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Foreword

The tomato (Lycopersicon esculentum) is a vegetable crop of the Solanaceae
family that originated in the Andean region of South America. It
increased in popularity and was rapidly expanded into large-scale
cultivation during the last half-century. During this period, considerable
progress was made in tomato breeding and use, such as advances in
increased yields, improved quality, better handling and storage
durability, improved pest resistance, expanded processing techniques,
and the development of a plethora of new tomato-based products.
Tomato production has been transformed into a large agricultural
industry, and tomato is one of the most important commercially
produced vegetables in the world. Technology has revolutionized tomato
production through cultural practices and new cultivars and new
hybrids that can be grown virtually throughout the world.

Tomato quality is a function of several factors including the choice of
cultivar, cultural practices, harvest time and method, storage, and
handling procedures. The tomato processing industry has made
tremendous advances, developing many forms of tomato-based foods,
such as sauces, catsup (ketchup), puree, pastes, soups, juices and juice
blends, and canned tomatoes either whole or in diced, sliced, quartered
or stewed form. The tomato’s attractive color and flavor have made it a
dietary staple in many parts of the world. Nutritional considerations also
bring the tomato to the forefront. Tomatoes and tomato products are rich
sources of vitamin C and A, lycopene, b-carotene, lutein, lectin, and a
variety of phenolic compounds such as flavonoids and phenolic acids.
They are rich in folates, potassium, fiber, and protein, but low in fat and
calories, as well as being cholesterol-free. With many consumers
becoming increasingly aware of its nutritional and health benefits, the
future of tomato production looks exceedingly bright.



Prof. Victor Preedy and Prof. Ronald Watson, both internationally
known scholars, have edited this present volume, Tomatoes and Tomato
Products: Nutritional, Medicinal and Therapeutic Properties. The book
consists of three sections: characterization and composition of the tomato
plant and fruit, cellular and metabolic effects of tomato and related
products or components, analysis and methods. The book offers readers
a broad and comprehensive coverage through its 29 chapters.

In the 12 chapters covering characterization and composition of the
tomato plant and fruit, the authors discuss the origin of tomato,
cultivation techniques and germplasm resources, cultivar and
agricultural management on lycopene and vitamin C contents in tomato
fruits, field trials of genetically modified tomato, postharvest ripening of
tomato, tomato flavor, antioxidant activity in carotenoids in tomato
plants, tomato lectin, zingiberene and curcumene in wild tomato leaves,
the role of intracellular and secreted purple acid phosphatases in tomato
phosphate nutrition, nutritional characterization of tomato juices, and
acrylamide in tomato products. 

In the 12 chapters covering cellular and metabolic effects of tomato
and related products or components, the authors discuss tomato leaf
crude extracts for insects and spider mite control, bioactive
polysaccharides from tomato, ingestion of tomato products and lycopene
isomers in plasma, comparative studies of antioxidant compounds in
different tomato cultivars, antioxidant activity of fresh-cut tomatoes,
effects of tomato on anticancer properties of saliva, DNA strand breaks
and tomatoes, tomato carotenoids and the IGF system in cancer,
consumption of tomato paste and benign prostate hyperplasia,
experimental prostate cancer and administration of tomato and its
constituents, and effect of tomato juice on the prevention and
management of prostate cancer, adenosine deaminase and lung diseases.

In the 5 chapters covering analysis and methods, the authors discuss
proteomics of tomato seed and pollen, gene transfer in tomato and
detection of transgenic tomato products, assaying vitamins and
micronutrients in tomato, methods for PCR and gene expression studies
in tomato plants, and DNA analysis of tomato seeds in forensic evidence.

The contributing authors are among the world’s experts in the plant
science of tomatoes, the chemistry and biochemistry of tomato and
products, and the area of human nutrition. Drawing on the wide range of
expertise from scientists in various interdisciplinary research areas,
including chemists, biochemists, molecular biologists, agronomists, food
technologists, medicinal and health professionals, the multidisciplinary
approach offers a comprehensive review of new research findings and
provides timely information focused on tomato products and their
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potential benefits for human health. This monograph will serve as a
critical reference book by providing a deeper understanding of the role
of agronomy practice for tomato production, chemical and biochemical
properties of tomato, and product development in promoting human
health.

John Shi, Ph.D.
Senior Research Scientist

Guelph Food Research Center
Agriculture and Agri-Food Canada

Canada
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Preface

The tomato is a humble fruit and has been part of the heritage of mankind
for hundreds of years. In various cultures, tomatoes form an integral part
of the diet and “cuisine”. Moreover, as well as the attributes of a pleasant
taste, epidemiological studies have shown that the tomato confers
beneficial health effects. This may be due to the fact that the tomato
contains an abundance of antioxidants and protective compounds, such
as carotenoids, bioactive exopolysaccharides, flavonoids, phenolic acids,
ascorbic acid and vitamin E.

Gaining an insight into the tomato plant, from its genetics to its role
in the diet is one of the preludes to understanding public health nutrition
in its broadest sense. But finding this knowledge in a single coherent
volume is presently problematical. However, Tomatoes and tomato
products: Nutritional, medicinal and therapeutic properties addresses
this.

The contributors to Tomatoes and tomato products: Nutritional,
medicinal and therapeutic properties are authors of international and
national standing, leaders in the field and trend-setters. Emerging fields
of science and important discoveries relating to tomatoes and related
products will also be incorporated in these books. This represents one
stop shopping of material related to tomatoes. This book will be essential
reading for plant scientists, nutritionists, dieticians, pharmacologists,
health care professionals and research scientists.

Professor Victor R Preedy, Professor Ronald Ross Watson
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PART 1

Characterization and Composition of Tomato
Plant and Fruit





Tomatoes: Origin, Cultivation Techniques
and Germplasm Resources

Derly José Henriques da Silva1*, Flávia Barbosa Abreu2,
Fabiano Ricardo Brunele Caliman1, Adilson Castro Antonio1

and Vinood B. Patel3
1Universidade Federal de Viçosa, Departamento de Fitotecnia, Avenue P.H. Rolfs s/n,

Viçosa, MG 36571-000, Brazil
2Universidade Federal de Mato Grosso do Sul, Campus de Chapadão do Sul, Caixa

Postal 112, Cep: 79560-000, Chapadão do Sul, MS, Brazil
3University of Westminster, School of Biosciences, 115 New Cavendish Street,

London, UK

ABSTRACT
The tomato originated from South America and its most widely known scientific
name is Lycopersicon esculentum, but it can also be identified as Solanum
lycopersicon, as originally classified by Linnaeus in 1753, because of the
similarity between tomatoes and potatoes. This fruit contains a variety of micro-
components, such as lycopene (an antioxidant), potassium, vitamins (A, C, E
and K), sucrose and folic acid.

Among several climatic factors affecting tomato cultivation, the temperature
should be emphasized. This is because the rate of liquid assimilation, i.e.,
efficiency of growth, is observed when the temperature is 18-28oC. In this
temperature range optimum tomato production is carried out using appropriate
techniques, such as the production of seedlings, soil preparation, application of
organic matter, transplanting, planting and coverage, chemical nutrition,
staking, pruning and pest control.

1

*Corresponding author



Tomatoes and Tomato Products4

Factors such as temperature, relative air humidity, luminosity and genetics can
affect the tomato fruit content of organic acids (citric and malic acids), sugars
(glucose, fructose and sucrose), solids insoluble in alcohol (proteins, celluloses,
pectin and polysaccharides), carotenes, and lipids, among others. Finally, many
physiological, phytopathological and entomological disturbances can be
resolved by genes that are in germplasm banks.

INTRODUCTION

In legends and stories from pre-Columbian America the tomato was
known as a fruit eaten by wolves and werewolves. It was later
domesticated in Mexico and introduced in Europe, where initially it was
considered a poisonous fruit. The tomato is now acquiring more and more
consumers because of its versatility of use, in domestic cooking and in
commercial production of processed and packaged soups, sauces and
condiments.

The use of tomato in the modern diet is so extensive that it is almost
impossible to dissociate it from the menus of fast foods and pizza
parlours. Its per capita consumption in fresh and processed form
surpasses 20 kg/yr (Jones et al. 1991). The fruit is a source of potassium,
vitamin C, folic acid and carotenoids, with lycopene (antioxidant) being
predominant. It also contains vitamin E, vitamin K and flavonoids. It has a
low calorie content of around 20 kcal/100 g of fruit. Its flavour comes
mainly from its sugars (fructose, glucose, sucrose) and organic acids
(malic and citric). As the fruit ripens the content of fructose and glucose
increases and the content of acids decreases (Jones et al. 1991).

BOTANICS AND ORIGIN

Officially the cultivated tomato belongs to the order Scrophulariales,
suborder Solanineae, family Solanaceae, tribe Solaneae, genus
Lycopersicon, subgenus Eulycopersicon, species Lycopersicon esculentum
(lycopersicon = wolf peach, esculentum = edible).

The following subspecies are recognized:
Lycopersicon esculentum var. esculentum is the main plant of commercial

interest, with great variability in form, colour and size of fruits.
Lycopersicon esculentum var. cerasiforme is typically known as cherry
tomato; the fruits are small, normally with diameters from 2 to 5 cm.
Lycopersicon  esculentum var. pyriforme has a pear-shaped fruit, with an
average length of 4 cm. Lycopersicon esculentum var. grandifolium is known
as “potato leaves”; leaves are large with few follicles. Lycopersicon
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esculentum var. validium plants are erect and compact with very short
internodes. At present the scientific name is undergoing evaluation
because Linnaeus (1753) was the first author of the scientific name that
related the tomatoes to the genus Solanum, which includes the potato (S.
tuberosum L.). One year later, Miller (1754) classified the tomato in the
genus Lycopersicon. Today, Miller’s classification is still used by the
majority of botanists and plant breeders.

However, according to Peralta and Spooner (2000), a minority of
authors (Spooner et al. 1993, Bohs and Olmstead 1999, Knapp and Spooner
1999, Olmstead at al. 1999) still name tomatoes Solanum. Supporting this
molecular data is DNA from chloroplasts (Spooner et al. 1993, Bohs and
Olmstead 1997, 1999, Olmstead and Palmer 1997, Olmstead et al. 1999),
which reinforces the close genetic relationships of tomatoes and potatoes,
justifying Linnaeus’s original denomination of tomato as Solanum (Peralta
and Spooner 2000). The continuation of the name Lycopersicon has been
justified by the convenience and stability of the nomenclature. For this
reason, Spooner et al. (1993) transferred Lycopersicon to Solanum sect.
Lycopersicon and proposed new combinations of names for many of the
species of Lycopersicon (Table 1).

As to the origin, the tomato plant has a possible centre of variability
along the Pacific coast between the Equator and the north of Chile,
including the Galapagos Islands, to an elevation of approximately 2,000 m
in the Andes mountain range. However, the domestication and cultivation

Table 1 List of species of the genus Solanum, with the equivalents of species previously
designated Lycopersicon.

Genus Solanum Equivalent Lycopersicon

S. arcanum L. peruvianum
S. cheesmaniae L. cheesmaniae
S. chilense L. chilense
S. chmielewskii L. chmeilewskii
S. corneliomuelleri L. peruvianum
S. galapagense L. cheesmaniae
S. habrochaites L. hirsutum
S. huaylasense L. peruvianum
S. lycopersicum L. esculentum
S. neorickii L. parviflorum
S. pennellii L. pennellii
S. peruvianum L. peruvianum
S. pimpinellifolium L. pimpinellifolium
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were carried out by Indian tribes that inhabited Mexico (Giordano and
Silva 2000), where the name tomato originated.

CLIMATIC DEMANDS AND PLANTING SEASONS

The crop can be grown under different conditions, but the most suitable
are high altitudes, with low humidity and high luminosity. In regions with
altitudes of 500-900 m, the tomato plant may be cultivated for the whole
year. At altitude less than 300 m it is preferably cultivated in the winter
and at altitude above 1200 m it is best cultivated in the summer (Fontes
and Silva 2002). Among the diverse climatic factors, temperature merits
emphasis, because higher net assimilation rate, that is, greater growth
efficiency, is observed when the temperature is between 18 and 28°C
(Jones et al. 1991).

The temperature requirement of the tomato plant varies with the
development of the plant. In the germination phase the ideal temperature
is 16-29°C. Close to 5°C or 40°C the germination is inhibited. For plant
development the ideal average temperature is 21 to 24°C and for fruit set
the optimum temperature is 24°C during the day and 14-17°C at night.
With temperatures above 35°C at day and 30°C at night, fruit abortion
occurs, resulting in the production of small fruits with few seeds, and low
liberation and germination of the pollen grain. The negative effect of this
temperature is more intense from 8 to 13 d before anthesis and is enhanced
with increasing temperatures (Jones et al. 1991).

The range of temperatures ideal for the formation of lycopene, the main
carotenoid responsible for the intense red colour of the fruit, is 20-24°C
during the day and around 18°C at night. Temperatures above 30°C
inhibit the formation of lycopene and favour the formation of other
carotenoids, which gives a yellow-orange colour to the fruit.

SEEDLING PRODUCTION

Commercial production of tomato for the fresh market is highly regulated,
beginning with the seedlings, which should originate from high quality
seeds. The seedlings are produced in trays and in a substrate free of pests
and diseases. However, for domestic production less rigorous formulae
may be used for the production of seedlings.

Containers

The containers may be perforated polyethylene bags or made from
newspapers that will be filled with substrate. To manufacture a bag out of
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newspaper, a strip of newspaper is cut to a width of 12 cm and a length of
60 cm and rolled around a PVC tube of 6 cm diameter. The lower part of
the strip is bent into the interior of the PVC tube, making up the bottom. In
this way a bag is produced to hold 170 cm3 of substrate. The bags are filled
with the appropriate substrate. A sample formula for substrate contains
60 L subsoil, 10 L sand, 20 L cured farmyard manure, 700 g dolomite and
300 g 2-20-2 fertilizer. Alternatively, the subsoil and sand mixture can be 2
parts soil and 1 part cured manure (Fontes and Silva 2002).

Trays

Normally trays made of polystyrene are used for the production of
seedlings with cells shaped like a cone or inverted pyramid and the
bottom open so as to allow for trimming of the roots by air. It is common to
use trays with 128 cells, with cell volumes of 35 cm3. Alternatively, trays
with 72 cells might be used with volumes of 113 cm3. After receiving the
substrate and the seeds, the trays should not be in contact with the ground,
but be held up by supports. The cells are planted and irrigated manually.
Before trays are reused, they should be washed, immersed in 1% sodium
hypochlorite solution for 30 min, washed again in clean water and
allowed to air dry.

The seedlings should be produced in sites with abundant illumination
in a protected environment covered with new plastic free of dust, fenced
by anti-aphid lateral screens to reduce insect transmitters of viruses, and
irrigated with pathogen-free water (Fontes and Silva 2002). The seedlings
must be irrigated daily and are sprayed weekly with a protective
insecticide. Currently, seedlings are vaccinated against virus-transmitting
insects by means of systemic insecticides. However, such a practice is not
officially recognized.

The nutrients in the substrate may not be sufficient for full development
of the seedling. In this case the plant may be sprayed weekly with a
nutrient solution. For example, the following nutrients may be mixed in
1 L water: 100 mg super simple fertilizer, 100 mg potassium chloride, 100
mg magnesium sulphate, 5 mg iron sulphate, 4 mg borax, 2 mg manganese
sulphate, 2 mg zinc sulphate, 0.4 mg copper sulphate, 0.2 mg sodium
molybdate and eventually 150 mg nitrocalcium.

PLANTING METHODS

Site

The ideal site will be easily accessible for labourers and equipment such as
tractors or ploughs. The other requirements are ample sunshine, a good
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quality water supply, and a slightly inclined topography to facilitate
drainage.

Soil Preparation

The tomato plant needs a structured soil, medium texture and good
drainage so as to allow for good development of roots, thus avoiding
phytosanitary problems. The most widespread procedure of soil
preparation is the conventional one, which consists of ploughing twice
and one passage of roto tiller. Direct planting of the tomato plant has been
investigated: however, the results are still being assessed.

Liming

The tomato plant adapts well to soil with a pH of 5.5 to 6.0. This is because
in these conditions it is possible to reduce the prejudicial effects of high
concentrations of aluminium and manganese ions, as well as increase the
availability of phosphorus and molybdenum. On the other hand, the
tomato plant is demanding of calcium and magnesium, such that the
application of calcium to the soil is indispensable.

Application of Organic Matter

In soils that are poor in organic matter (< 0.4 g/kg soil), it is difficult to
obtain productivity around 140 t/ha without the addition of organic
matter (manure). Although it is difficult to recommend a fixed quantity of
organic matter, about 30 t/ha of well-matured farmyard manure is a good
rule of thumb.

With respect to nitrogen and potassium, it is suggested that only 5% of
the total recommended dose be used during the planting. The rest should
be divided into weekly doses applied on the soil.

Transplanting

The seedlings grown in the newspaper cups or trays are transplanted in
furrows. Normally the furrows are 1 to 1.20 m apart, with a width of
approximately 15 cm and depth made by a tractor tractioned furrower.
The furrows should be made in a 0.5% slope. Planting fertilizer is applied
in the furrows, containing organic matter and macro- and micronutrients,
and, if necessary, insecticide is applied in the soil. After these applications
the planting furrows should be closed.



Derly José Henriques da Silva et al. 9

Seedlings are transplated when they have three to four definitive
leaves. If the seedlings are in newspaper cups, it is not necessary to remove
the cups at the time of transplanting. If they are in Styrofoam trays the
trays should be removed, maintaining the substrate adhering to the roots.
The plants should be placed in the furrows and a slight pressure exerted
on the soil in the direction of the seedlings, to assure adhesion of the soil to
the roots.

As to spacing, the most usual in Brazil is 1 to 1.2 m between furrows,
and 0.30 to 0.60 m between plants in rows. Such spacing allows for 13,900
to 33,300 plants per hectare. In other countries a density of only 8,000
plants per hectare is recommended. The Mexican spacing is commonly
used, in which plants are settled with a supporting stake at a spacing of
1 m between furrows and 0.4 m between plants in rows. In this fashion it is
possible to grow 25,000 plants per hectare (Fontes and Silva 2002).

Staking and Pruning

Staking

An assembly constructed so as to leave the plant shoot free from contact
with the soil should be set up 10 to 15 d after the seedlings are
transplanted, before they start to fall. Pruning is also initiated by that time.
The plants may be tied with ribbon, plastic tape or other materials.

Crossed Fence

The most common staking method for the tomato plant is the crossed
fence or inverted V, although it is quite expensive. Bamboo stakes are
used, supported by a set of posts and wire. The bamboo that is used to
make the stakes should be fresh, 8-10 cm in diameter and longitudinally
split. Bamboo posts of 15 cm diameter should be placed about every 8 m.
These should be 2.30 m in length and inserted 40 cm into the soil. The
upper part of each post, at the height of ± 1.80 m, is united with #14 wire,
stretched parallel to the soil. At the end of each planting row a thicker post
should be sunk as reinforcement. Then, 10 cm from the base of each plant,
a bamboo stake 2.30 cm long is inserted in the soil to a depth of 5-10 cm.
This stake should be bent so as to reach the wire above between the
planting rows. This is the stake that will support the plant. After the
staking structure is installed, the plant stem is pulled in the direction of the
stake and tied to it.

Individual Vertical Staking, with Ribbon

As in a greenhouse, the tomato plant may be staked with plastic ribbon.
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Posts of 15-20 cm diameter and 2.30 m length are affixed in the soil to a
depth of 40 cm, every 4-5 m along the planting row. On these post two #12
wires are stretched parallel to the soil, one at the top and another at the
base, close to the ground along the planting row. One strengthened
wedge-shaped stake at a 45° angle should be stuck in the soil at the end of
each planting row to hold up the post.

Almost always, depending on the weight of the clusters, it is necessary
to affix thinner stakes (whole bamboo) between the posts, after every two
or three plants, to sustain the weight of the fruits and to help keep the
upper wire tight, with slight arching. In this method of staking the plants
are tied before they fall over. One end of the ribbon is tied to the lower
wire. Then the ribbon is looped once or twice around the plant and tied to
the upper wire (or to the bamboo). The plants are trained as they grow,
that is, at the appearance of each cluster they should be twisted around the
ribbon (Fontes and Silva 2002).

Trellises or Horizontal Fence

The tomato plant may be staked in trellises made of 5 to 6 rows of #14 wire
or bamboo, arranged horizontally with respect to the soil, at every 25-30
cm and tied to reinforcement stakes or posts affixed in the soil at every 5 m
along the planting row. The tomato plant is tied to the wire or to the
bamboo. If wire is used, it is necessary to put in a vertical bamboo stake
after every three plants to support the weight of the plant. This staking can
be used single or double.

Pruning

To prune a plant means to manage the development of the shoots. Tomato
plants can be grown with one or two stems. The maintenance of two stems
allows for the development of the first sprouting below the first cluster.
However, studies at the Federal University of Viçosa (UFV) have
concluded that growing tomato plants with one stem increases the
production of large fruits without reducing the yield (Marim et al. 2005).
The plants should be pruned weekly, eliminating the original shoot from
the axilla of each leaf and allowing only the gemma of the apex to grow.
This is when the plant is grown with one stem. Some producers grow the
tomato plant with two stems. In this case, in the shoot, one axial gemma is
left besides the apex gemma. The chosen shoot almost always is the one
that sprouts in the axilla of the leaf situated immediately below the first
inflorescence (Fontes and Silva 2002).

The grower should decide how many clusters should be left on the
plant. The smaller the number, the larger will be the fruits. However, this
results in lower production, although the contrary has been observed, that
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is, plants with many clusters tend to produce more small and medium-
size fruits than larger fruits. At UFV, several investigations concluded that
between six and seven clusters is optimal to obtain high productivity of
large fruits.

Irrigation

For tomato plants, irrigation methods that wet the leaves should not be
used because the crop is highly sensitive to leaf diseases. The furrow,
dripping and micro-aspersion methods should be preferred. In evaluating
the different methods it should be kept in mind that drip irrigation
reduces labour requirement over the crop cycle.

Integrated Pest Management of Tomato

Key pest fruit borers are tomato pinworm (Tuta absoluta), small tomato
borer (Neoleucinodes elegantalis) and tomato fruitworm (Helicoverpa zea).
Secondary pests are the vectors of viruses, including whitefly (Bemisia
tabaci), the green peach aphid (Myzus persicae), potato aphid (Macrosiphum
euphorbia) and the thrips (Frankliniella schulzei). Other pests are the leaf
miners (Liriomyza spp.), tomato russet mite (Aculops lycopersici), two-
spotted spider mite (Tetranychus urticae) and red-legged spider mite
(Tetranychus ludeni).

Control Decision Making

Sampling: The plantation should be divided into uniform plots according
to the planted cultivar, age of the transplant, spacing, staking and slope of
the terrain. Forty samples per plot should be collected. This is determined
by taking 10 points of sampling, so as to cover the whole plot, and then
evaluating four sequential plants in the planting row per sampling point,
thus giving 40 samples per plot. In addition, weekly samples should be
taken.

In the sampling for a virus vector, a leaf is shaken from the median third
of the median canopy into a white plastic tray and the number of insects
are counted (i.e., thrips, green peach aphid and whitefly). In the sampling
of miners the presence of active miners in the two leaves between the third
apical and medium of the canopy should be evaluated. As for the pests,
the fruits should be evaluated from the second and third clusters from the
apex for the presence of eggs of small tomato borers, tomato pinworm and
tomato fruitworm.
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Levels of Control

Artificial measures of control (i.e., chemical, applied or behavioural)
should be employed only when the intensity of attack of the pests is equal
to or larger than the levels of control, as stated in Table 2.

Table 2 Levels of control for pests of the tomato plant.

Pest group Levels of control

Fruit borers 4% of attack
Virus vectors 1 virus vector per plant
Leaf miners 10% of attack

Control Techniques

Crop Control

Various measures of crop control can be used. These include netting in the
nurseries and the seedbed to avoid transmission of viruses, planting of
barriers (sorghum or corn) around the plantation area, physical barriers
against pests, destruction of crop residues, use of dead covering (rice rind
or straw), prevention of colonization by solar light reflection, apical
clipping, which facilitates the penetration of the insecticide into the
foliage, reduction of the crop period so as to break the pest cycle, and
management of invading plants, which serve as shelter to natural
enemies.

Biological Control

Bacillus thuringiensis with vegetable oil as an adhesive is used to control
caterpillars and eggs of microhymenopter parasitoid of Trichogramma
pretiosum to control the small tomato borers, tomato pinworm and tomato
fruitworm.

Behavioural Control

The synthetic sexual pheromone of the tomato moth is already available
on the market and tests have been carried out for the pheromone of the
small tomato borer (Heuvelink Dorais 2005).

Chemical Control

A protective suit should be worn at all times and only insecticides
registered with state and federal agencies should be employed on the crop
in accordance with the agronomical guidelines. Indiscriminate use of
fungicides should be avoided as it has a deleterious effect on
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entomopathogenic fungi. Chemical control should be employed only
when the intensity of attack is equal to or surpasses the level of control.

Around 0.25% of mineral oil should be added to the insecticide broth
for the control of leaf miners and fruit borers. The active constituents
should be rotated for the management of resistance to insecticides in
accordance with the recommendations of the Resistance toward
Insecticides Committee. Selective insecticides should be employed in
favour of the natural enemies and should be sprayed preferentially at the
end of the afternoon when the activity of the natural enemies in the crop is
lower (Tomato News 2000).

TOMATO PLANT DISEASES

Root, Pith and Vascular System

Pith and root rotting may be caused by fungus and bacteria capable of
infecting a large number of plants. These diseases are difficult to control
and normally cause total loss of the plant. The fungi Sclerotium rolfsi Sacc,
Rhizoctonia solani and Sclerotinia sclerotiorum are inhabitants of the soil and
form sclerotia (resting bodies that stay in the soil for long periods of time).
The signs of infection are normally rotting, with necrosis of the tissues at
the base of the stem. Depending on the age of the lesion and the
environmental conditions, it is possible to see the sclerotia (dense, dark-
coloured bodies) next to the mycelium (white and cotton-like) associated
with the affected part.

Species of bacteria Erwinia, mainly E. carotovora ssp. carotovora, cause
rotting of the soft tissues in the basal portion of the stem and normally
destroy the plant cortex. This feature is popularly known as “hollow
stem”. The bacteria penetrates the tissues of the plant through injuries.
Therefore, care is recommended during weeding, pruning and other
maintenance activities.

Root galls are common in tomato crop. The nematode Meloidogyne
incognita is abundant and the most common feature is alteration in the
growth of root points where the galls form. Many species of plants are
hosts to M. incognita; thus, before planting, it is necessary to investigate the
occurrence of nematodes in the area.

Vascular wilt is caused by the fungi Fusarium oxysporum f.sp. lycopersici
and Verticillium dahliae and V. albo-atrum and by the bacterium Ralstonia
solanacearum. The fungus F. oxysporum f.sp. lycopersici affects only the
tomato plant, whereas V. dahliae, V. albo-atrum and R. solanacearum may
affect other hosts. The main features are vascular darkening and wilting of
the leaves. Wilt caused by fungi is managed by the planting of resistant
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species. However, commercial species resistant to bacterial wilt are still
not available.

Shoot Diseases: Powdery Mildew, Late Blight,
Spots and Mosaic

Powdery mildew is the most serious disease in protected plantations but
can also occur in the field, especially in the dry season. The signs are
discoloured areas in the leaf that may progress to chlorosis. However, the
structures of the pathogen, the fungus Oidiopsis sicula, grow externally to
the host and are easily identified. Mycelium, conidiophores and conidium
form a cottony whitish growth. The colonies are most frequently observed
on the adaxial face of the leaf. Sulphur-based fungicides are in many
situations efficient in controlling the spread of this fungus (Fontes and
Silva 2000).

Late blight is one of the most destructive diseases of the tomato plant.
The causal agent, Phytophthora infestans, may complete its life cycle in less
than 5 d. Thus, under favourable environmental conditions (mild
temperatures and high humidity), the intensity of the disease increases
rapidly. The disease may manifest in leaves, stems and fruits and varies
according to the affected organ. In leaves, the lesions initially appear
waterlogged and later become necrosed. In stems and fruits dark brown
spots are observed. Late blight is controlled almost exclusively by
application of fungicide.

Leaf spot may be caused by fungi or bacteria. The affected areas are
necrosed and in general are well delimited. The most frequently occurring
fungus-originated spots are caused by Alternaria solani, Septoria lycopersici
and Stemphylium solani, that is black spot, septoriosis and stenophylla spot,
respectively. Hot and rainy seasons are most favourable to the
development of spots. Several fungicides are used for the control of these
diseases. Some plant varieties show resistance to S. solani.

The most common bacterial leaf spots are bacterial spot (Xanthomonas
campestris pv. vesicatoria) and bacterial speck on tomato (Pseudomonas
syringae pv. tomato) caused, respectively, by Xanthomonas campestris pv.
vesicatoria and Pseudomonas syringae pv. tomato. Bacterial spot is favoured
by high temperatures (> 24°C), whereas bacterial speck is favoured by
mild temperatures (< 24°C), both needing high humidity to develop. The
pathogens may be transmitted by seeds. Thus, the control should start
with the acquisition of healthy seeds. The application of cupric fungicides
helps in the control of spots of bacterial origin (Fontes and Silva, 2000).
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The tomato plant is affected by many viruses. The most common
diseases are caused by geminivirus, tobamovirus and tospovirus. The
affected plants commonly exhibit subnormal growth, leaf deformation
(e.g., curling, thinning, wrinkling) and variation in the green colour of
leaves (mosaic appearance). Geminivirus and tospovirus are transmitted
by vectors such as the whitefly (Bemisia tabaci) and thrips (Frankliniella
spp.). Tobacco mosaic virus, a tobamovirus, is transmitted mechanically
from a sick plant to a healthy one. Use of resistant varieties is the main
method of control for these diseases (Jones et al. 1991).

These are only some of the several important diseases that affect the
crop. It is important to emphasize that the adoption of a varied set of
control measures is the most efficient way to manage diseases and reduce
plant loss. The following practices are recommended:

• Choose a planting area free of pathogens and rotate crops.
• Use resistant varieties.
• Use healthy and treated seeds or seedlings.
• Prepare the soil well.
• Supply nutrients in a form adequate to satisfy the plant’s

demands.
• Execute crop treatments carefully so as to reduce plant injury.
• Irrigate adequately and effectively (e.g., ensure adequate quality

and quantity of water and frequency of irrigation).
• Use products listed for the crop, conforming to the

recommendation of the manufacturer.
• Integrate a larger number of practices to reduce the intensity of

diseases.

HARVESTING, CLASSIFICATION AND PACKING

Harvesting starts 85 to 125 d after seeding. It may take 30 to 70 d
depending on the number of clusters per plant and the variety. At this
stage, the fruits may be cut without affecting the seeds, and this stage can
be recognized by the colour of the fruit, which changes from intense green
to green-yellow. If the consumer marker is nearby the fruit can be
harvested ripe, that is totally red, the tomato will have more taste and
flavour. The harvested tomato should be kept in the shade, cleaned of
pesticide residues and checked for defects. Tomatoes should be classified
by diameter and each class should be packed separately.
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NUTRITIONAL COMPOSITION, COLOUR, FLAVOUR AND
TASTE OF TOMATO AND RELATIONSHIP TO CLIMATE

Tomatoes are composed of 93-95% water. The remaining constituents
include 5-7% inorganic compounds, organic acids (citric and malic),
sugars (glucose, fructose and sucrose), solids insoluble in alcohol
(proteins, cellulose, pectin, polysaccharides), carotenoids and lipids
(Giordano and Ribeiro 2000). Although not rich in essential nutrients for
human beings, the tomato possesses many valuable properties including
abundance of potassium (Grierson and Kader 1986). Potassium is
important in the control of the osmotic pressure of the blood, kidney
function and control of heart muscle contractions (Anderson et al. 1998).

Carotenoids are also important to humans because of their nutraceutic
property. The carotenoid lycopene is responsible for the red colour of the
fruit and constitutes 75-83% of the total carotenoids. The b-carotene
pigment is responsible for the yellowish colour and represents 3-7%
(Dorais et al. 2001). Lycopene is found in great concentrations, but only in
a restricted number of vegetables. The tomato is the main source of these,
containing high amounts, which, however, vary as a function of time of
harvest, geographic location and plant genotype. The highest
concentrations are found in wild cultivars, up to double the
concentrations found in commercial cultivars (Dorais et al. 2001). In the
human organism the lycopene is present in high concentrations in the
blood plasma, seemingly an essential fraction, acting as a natural defence
pathway and acting as an antioxidant and antimutagenic agent.

The content of b-carotene determines the activity of vitamin A, which
has been cited as important in the prevention of coronary diseases and
cancer (Abdulnabi et al. 1996). The concentration of b-carotene varies
considerably among species, cultivars or lineages. According to Stevens
and Rick (1986), the concentrations are up to 100 times as high in progeny
obtained from the crossing of the cultivated species of the tomato plant L.
esculentum and the wild species L. hirsutum. Besides vitamin A, the most
important vitamins in the constitution of the fruit are vitamin B1
(thiamine), B2 (riboflavin), B3 (pantothenic acid), B6, niacin, folic acid,
biotin, C (ascorbic acid) and E (a-tocopherol). Among these, several
studies have reported the importance of vitamin C in the human diet, cited
mainly for its antioxidant activity (Abdulnabi et al. 1996).

Vitamin E is present exclusively in the seeds (Tomato News 2000) and
as these are eliminated in most of the processes to which the fruits are
subjected its contribution to the human diet becomes irrelevant.
Processing also reduces levels of the remaining vitamins.
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In addition to the substances mentioned, other characteristics should be
observed aiming to obtain cultivars with high acceptance in the market, for
consumption in fresh as well as processed form, with emphasis on the
contents of soluble solids, pH, total acidity and colour. The content of
soluble solids is one of the main characteristics of the fruits. It is in this
fraction that sugars and acids, the main compounds related to flavour, are
found. They are also indicators of the quality of the fruits for processing.
The larger the content of soluble solids, the greater will be the industrial
yield. In practical terms, for each increased amount of °Brix (percentage of
soluble solids as flavour indicator) in fruit, there is an increase of 20% in
the industrial yield. This content, besides being a genetic characteristic of
the cultivar, is influenced by the edaphoclimatic conditions of the
cultivation region (Giordano and Ribeiro 2000).

Reducing sugars such as glucose and sucrose represent 50% of the dry
matter content of the fruit, the remaining being proteins, pectin, cellulose,
hemicelluloses, organic acids, minerals, pigments, vitamins and lipids.
The concentration of sugars varies greatly as a function of the cultivar and
cultivation conditions. According to Dorais et al. (2001), the concentration
of sugars may vary from 1.66 to 3.99% and 3.05 to 4.65% of the fresh
matter, as a function of the cultivar and cultivation conditions,
respectively.

As with the sugars, the organic acids are crucial to the flavour of the
fruits and characteristics related to processing. There is a continuous
variation in the acidity of the fruit during its development and maturation,
increasing with the growth of the fruit until reaching its maximum with
the development of colouration and diminishing with the advance of
maturation (Stevens 1972).

Among the acids present in the tomato fruit, the main acids are citric
and malic, with citric acid being predominant over malic acid (Bertin et al.
2000). Any change in the contents of citric and/or malic acid will alter the
content of titratable acid and will change the degree of acidity of the fruit,
altering its flavour. It is important to emphasize that the potassium
present in the fruits is positively related to the reduction of maturing
disorders and to the increase in acid concentration in the fruits (Ho 1996).
In general, a tomato pulp with a pH lower than 4.5 is desirable. Under
these conditions the development of microorganisms harmful to the
conservation of the processed products is inhibited (Ho 1986). The pH also
has an important effect on the time of heating required for the sterilization
of tomato byproducts. The more alkaline pH implies a greater heating
time is required in processing (Tigchelaar 1986).

The colour of the fruits is an essential parameter for consumption of
fresh fruit as well as for the industry. Consumers associate the colour
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characteristics of foods with other quality attributes such as flavour and
nutritional value. The colouring of the tomato is due to chlorophylls
(green pigments), carotenoids (mainly lycopene and b-carotene) and
xanthophylls (yellow pigments). The green colour of the immature fruits
is due to a mixture of chlorophylls, levels of which decrease with the
maturing of the fruit. When the fruit begins to mature yellow (b-carotene)
is produced, which becomes more apparent with the decrease in the
content of chlorophyll. Afterwards there is a rapid increase in the
concentration of lycopene, which gives the fruit a red colour (Ho 1986).

The influence of environmental factors such as temperature, relative air
moisture and luminosity on the attributes of the composition of the fruits
has been extensively investigated. Temperature may influence the
distribution of photo assimilates between the fruits and the vegetative
part of the plant (Heuvelink 2005). High temperatures favour the
distribution of photo assimilates to the fruits at the expense of vegetative
growth (De Koning 1989). Besides that, there is a positive correlation
between the temperature of cultivation of the fruit and import of photo
assimilates due to the increase of the drainage force of the fruit (Ho and
Hewitt 1986). Similarly, the water movement to the fruit increases with
temperature, as long as the availability of water in the plant is not a
limiting factor. Temperatures equal to or lower than 15°C considerably
reduce the absorption of water by the fruit (Dorais et al. 2001).

The influence of temperature on the metabolism is direct, affecting
cellular structures and other components that determine the quality of the
fruit such as colour, size, and organoleptic properties. High temperatures
accelerate the development of the fruit, reduce the time necessary for its
maturing and its final size (Dorais et al. 2001). The colour develops best in
environments with temperatures between 12 and 21°C. Temperatures
below 10°C or above 30°C inhibit the normal development of the fruit and
the synthesis of lycopene. The biosynthesis of b-carotene apparently is less
sensitive to temperature. As a consequence of maturing under suboptimal
conditions of temperature fruits acquire an orange colour (Stevens and
Rick 1986). Studies have evidenced that temperatures near 23°C improve
the quality of the fruit and also increase the content of dry matter (Dorais
et al. 2001).

Relative humidity of the air also affects the composition of the fruits.
Under conditions of very low relative humidity (15-22%), the
photosynthetic ratio is significantly reduced because of the closing of the
stomata. There is also a reduction in plant growth, fruit size and total
production. Under conditions of low vapour pressure deficit (high relative
humidity), there is a decrease in plant transpiration and a decrease in the
absorption of nutrients (Dorais et al. 2001).
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Light intensity also affects the composition of tomato fruits. Of the total
luminous radiation that reaches the plant in a greenhouse, about 10% is
reflected, 10% transmitted and approximately 80% absorbed (Dorais et al.
2001). Of the absorbed radiation, a small proportion (5%) is used in
biological reactions such as photosynthesis and the largest proportion is
dissipated by transpiration or convection.

High light intensity on the plant canopy may affect the contents of
soluble sugars (Davies and Hobson 1981), ascorbic acid (Giovanelli et al.
1998), pigments (lycopene) and the quantity of photo assimilates available
to the fruit. High light intensity is associated with the content of vitamin C
in the fruits (Venter 1977). Thus, cultivations in greenhouse exhibit
differentiated vitamin C content when compared to field plantations. Low
light intensity reduces the synthesis of pigments, resulting in plants with
uneven colouration. Although the formation of carotenoids in mature
fruits does not require induction by light, shaded fruits have lower content
of carotenoids (Dorais et al. 2001).

The interception of light by the plant canopy may be altered by the
density of the plant. Increase in density is positively correlated with fruit
production (kg/m2) but negatively correlated with fruit size because of
insufficient supply of assimilates to the fruits (Dorais et al. 2001). The
choice of density should be based on the vigour of the plant, the cultivar
and the levels of light intensity.

All of these factors are influenced by genetics. That is, new genes can be
used as needed to mitigate the impact of diseases, pests and environment
on the composition and flavour of the tomato. Several of these genes may
be found in germplasm banks.

USEFUL GENES IN GERMPLASM BANKS

A survey of the Tomato Crop Germplasm Committee (Tomato CGC)
identified a series of tomato problems that could be resolved (or
minimized) by genetic methods using genes from germplasm banks
(Tomato CGC 2003). Fontes and Silva (2002), Jones (1999) and Jones et al.
(1991) analysed problems in tomato culture. These issues can be
elucidated from genetic features conserved in germplasm banks. Some of
these problems are diseases (Table 3), pests (Table 4) and abiotic stresses
(Table 5). The solutions to some problems lie in wild species of
Lycopersicon (Table 6).

Several genes of interest in the improvement of the tomato plant have
been identified from accessions conserved in germplasm banks ranging
from those important to nutrition or human health to genes resistant to
biotic and abiotic factors that limit production in the field. The
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Table 3 Diseases of tomato plants.

Common name Scientific name

Verticillium wilt race 2 Veticillium albo atrum
Bacterial canker Corynbacterium michiganense
Late blight Phytophthora infestans
Geminiviruses Begomovirus
Powdery mildew Leveillula taurica
Fruit rots Erwinia carotovora
Bacterial spot Xanthomonas vesicatoria
CMV Cucumber mosaic virus
Fusarium wilt race 3 Fusarium oxysporium f. lycopersici
PVY Potato virus Y

Table 4 Resistant pests of tomato plants.

Common name Scientific name

Silverleaf, whitefly Bemisia spp.
Potato aphid Macrosiphum euphorbiae
Spider mites Tetranichus spp.
Pinworm Tuta absoluta
Small tomato borer Neoleucinodes elegantalis
Tomato fruitworm Helicoverpa zea
Green peach aphid Myzus persicae
Thrips Frankliniella schulze
Tomato russet mite Aculops lycopersici

Table 5 Abiotic stress resistances of interest in tomato breeding from tomato germplasm
banks.

Characteristics Description

Aluminium sensitivity Sensitivity to content of aluminium in the soil solution,
determined by the degree of root suppression

High temperature fruit set Subjective evaluation based on fruit set at high
temperatures that normally inhibit set in an area of
evaluation

Salt sensitivity Sensitivity to salt concentration determined by the
degree of top growth suppression

characterization of wild parents of the tomato conserved in several
germplasm banks has revealed potential with respect to characteristics of
interest (Table 6).
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In the United States the accessions to the germplasm are denominated
by PI or LA. Several studies have demonstrated the usefulness of some
accessions in breeding programmes. Accession PI 134417 of hirsutum f.
glabratum is resistant to pests such as Tuta absoluta, Scrobipalpuloides
absoluta and Tetranychus sp. (Leite et al. 2001, Gonçalves et al. 1998,
Giustolin and Vendramim, 1994).

Accession PI 126445 of L. hirsutum f. typicum is another important source
of resistance to T. absoluta and Spodoptera exigua (Eigenbrode et al. 1994).
Accessions PI 127826 of L. hirsutum f. hirsutum (Freitas et al. 1998, Campos
et al. 1999) and LA 1777 of L. hirsutum f. typicum (Ecole et al. 1999) also
exhibit compounds that confer resistance to the tomato plant moth. As for
disease resistance, PI 126410 of L. pimpinellifolium presents a recessive gene
that controls resistance to PVY (Nagai 1993) and PI 126445 of L. hirsutum
presents resistance to Septoria lycopersici.

Studies undertaken in the germplasm bank of vegetables at UFV (BGH-
UFV) revealed that accession BGH 6902 of L. hirsutum possesses elevated
levels of resistance to Phytophthora infestans (Abreu 2005) and Pepper yellow
mosaic virus (Juhász et al. 2006).

Even though germplasm of wild species have several interesting
characteristics for plant improvement, many times the transference of
these genes to the cultivated species L. esculentum presents some
limitations. Thus, the search for useful genes in germplasm of cultivated
species is a more strategic action, since it easier to carry out the intended
transfer. As an example, LA 1421 of L. esculentum presents resistance to
Ralstonia solanacearum bacteria (Mohamed et al. 1997), which although it is

Table 6 Characteristic features of conserved wild type tomato species found in germplasm
banks around the world.

Source Character of interest

L. peruvianum Resistance to several pests; rich source of vitamin C
L. pennellii Resistance to drought; increased contents of vitamins A

and C and sugars
L. pimpinellifolium Resistance to diseases, lower acidity, intense colour,

greater content of vitamins and soluble solids
L. esculentum var. cerasiforme Resistance to high temperatures and humidity and to fungi

that attack leaves and roots
L. chmielewskii Intensity of fruit colour and sugar content
L. chilense Resistance to drought
L. chesmanii Tolerance to sea water and pedicles without articulations
L. hirsutum Resistance to insects, spider mites, viruses and other

diseases; tolerance to cold
L. parviflorum Intensity of fruit colour and high contents of soluble solids
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a quantitative characteristic, becomes easier to incorporate into
commercial cultivars.

Accessions of L. esculentum from BGH-UFV have been characterized
and some interesting characteristics are available for tomato plant
breeders. Accessions BGH 4619 and BGH 4686 have elevated contents of
total sugars; BGH 4350 and BGH 4474 exhibit high fruit firmness; BGH
1498 and BGH 3472 presented tolerance to Phytophthora infestans; BGH
4206 and BGH 4054 presented resistance to Alternaria solani; and BGH 1538
and BGH 225 possess resistance to Ralstonia solanacearum (Silva et al. 2006).

CONCLUSION

Originally used as an ornamental plant, the tomato has many applications
in the food industry. Besides being a nutritious food with low calorific
content the tomato is an excellent source of antioxidants and vitamins. The
tomato plant originated in South America and is now cultivated in many
parts of the world, under a range of temperature conditions. However, the
main challenges it faces are diseases, pests and antibiotic resistance,
though these may be overcome by modifying genes.
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ABSTRACT
Lycopene, constituting 80-90% of the total carotenoid content present in
tomatoes and tomato products, has been believed to contribute to the reduced
risks of some types of cancers. Vitamin C of tomato fruits accounts for up to 40%
of the recommended dietary allowance for human beings. As a result,
enhancing the levels of these two health chemicals in tomato fruits may form an
efficient way to improve human health conditions. In response to this
opportunity, numerous investigations have been conducted to identify the
factors influencing the contents of lycopene and vitamin C in tomatoes. The
results demonstrate consistent differences in lycopene and vitamin C content
between tomato cultivars, which can be magnified by agricultural management.
A relationship has been established associating electrical conductivity (EC) and
light intensity with lycopene and vitamin C content in tomato fruits. Generally,
moderate EC growing conditions enhance tomato health quality; solar radiation
is favourable to lycopene and vitamin C accumulation, whereas strongly intense
light exposure inhibits lycopene synthesis. Temperatures beyond the optimum
temperature range may inhibit lycopene biosynthesis. However, the effects of
temperature on vitamin C content are not always conclusive. The effects of
nutrients (N, P, K, and Ca) and water availability have also been reviewed, but
results are sometimes contradictory. Up-to-date studies dealing with cultivar
and agricultural management on lycopene and vitamin C contents in tomato
fruits are reviewed in this chapter.
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INTRODUCTION

Tomato, Lycopersicon esculentum, is among the ten most important fruits
and vegetables in terms of consumption, with an estimated 124.4 million
tons of tomato fruits produced every year all over the world (Maul 1999,
FAO 2004). Tomatoes are important not only because of the large amount
consumed, but also because of their high health and nutritional
contributions to humans. A survey conducted by the University of
California at Davis ranked tomatoes as the single most important fruit or
vegetable of western diets in terms of overall source of vitamins and
minerals (Petro-Turza 1986). Most important, tomato consumption has
been shown to reduce the risks of cardiovascular disease and certain types
of cancer, such as cancers of prostate, lung, and stomach (Giovannucci
1999, Canene-Adams et al. 2005). The benefits of tomatoes and tomato
products have been attributed mostly to the significant amount of
lycopene contained, which constitutes 80-90% of the total carotenoid
content present in tomatoes and tomato products (Table 1) and appears to
be the most efficient quencher in vitro of singlet oxygen and free radicals
among the common carotenoids, in addition to their role in fruit colour
(Dorais et al. 2001). Offord (1998) reported that fresh tomatoes are an
important source of vitamin C (220 kg–1), providing up to 40% of the
recommended dietary allowance. Increasing the levels of dietary lycopene
and vitamin C through the consumption of fresh tomatoes and tomato
products has been recommended by many health experts. In particular,
trend surveys in North America have suggested over the past decade that
many people have strong interests in diet and nutrition to improve their

Table 1 The contribution of carotenoid species in tomato fruits.

Carotenoid species Composition (%)

Lycopene 80-90
a-carotene 0.03
b-carotene 3-5
g-carotene 1-1.3
x-carotene 1-2
Phytoene 5.6-10
Phytofluene 2.5-3.0
Neurosporene 7-9
Lutein 0.011-1.1

Source: Shi and Le Maguer 2000.
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health and are actively making food choices (American Diabetes
Association 2002). As a result, enhancing the health value of tomatoes and
tomato products may form an efficient way to improve health conditions
and to reduce the risk of cancer, which is becoming an increasing burden
upon society.

To satisfy this demand, people should be aware of the possibility and
potential of improving the health value of tomato fruits. That is, basically,
we must understand the factors and their effects on the contents of the
health-promoting chemicals present in tomatoes and tomato products. For
the present, in order to maximize the content of lycopene and vitamin C in
tomato fruits, numerous investigations have been conducted to evaluate
the influences of genotype, agricultural practices, and the environment.
Here we review the effects of cultivars and some major pre-harvest factors
on contents of lycopene and vitamin C, two important healthful and
nutritional compounds in tomato fruits.

CULTIVARS

Tomatoes include several hundred cultivars and hybrids, developed in
response to consumer demands, but most cultivars have been bred for
characteristics such as consistency in colour, shape and size, long shelf-
life, high yield, uniform ripening, and disease resistance, while their
nutritional and flavour values have been neglected. As interest in the high
health values of tomatoes and tomato products rises among consumers,
insight into the effects of cultivars on the health and nutritional quality of
tomatoes would not only aid in the selection of high added-health-value
cultivars for growers, but also provide breeders with important
information to develop new tomato cultivars for superior health qualities.

Lycopene

Existing evidence shows that lycopene content varies significantly among
tomato cultivars. Kuti and Konuru (2005) investigated 40 tomato varieties,
including cluster F1 hybrid tomatoes, round breeding line tomatoes, and
cherry tomato types, and found that lycopene content ranged from 4.3 to
116.7 mg kg–1 on a fresh weight basis, with cherry tomato types having the
highest lycopene content (Table 2). Martínez-Valverde et al. (2002)
observed that lycopene content ranged from 18.60 to 64.98 mg kg–1 fresh
weight among nine commercial varieties of tomatoes produced in Spain.
George et al. (2004) found that the extent of variation arising from different
cultivars in lycopene content was 48 to 141 mg kg–1 in peels and 20 to
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Table 2 Lycopene contents in raw red-ripe fruits of 40 tomato varieties grown under
greenhouse and field environments.

Lycopene content (mg kg–1 fresh weight)
Varieties

Greenhouse Field

Round tomato type Golden Jubilee 30.4 23.3
Early Cascade 29.6 20.2
First Lady 37.2 26.5
Better Boy 19.9 14
Early Girl 23.9 20.2
Super Steak 8.4 6.2
Early Pick 18 12.6
Fantastic 35.1 16.2
Monte Carlo 8.3 6.1
Dona 5.7 4.3
Italian Beefsteak 30.6 29.6
Terrific 23.4 11.7
Mar Globe Select 26.1 21.3
Stupice 45.9 27.5
Druzba 29.7 23.6
Red Brandywine 37.3 17.6
Miracle Sweet 30.6 28.8
Sweet Cluster 34.2 16.2
Big Beef 27.4 13.5
Saint Pierre 39.6 27.2
Boxcar Willie 31.5 19.8
Goliath Bush 23.8 20.5
Red Plum 47.8 31.5
Husky Red 33.6 10.8
Bonny Best 26.4 16.2
Polish Giant 9.7 5.3
Keepsake 27.2 18.3
Kada 35.1 19.9
Sun Master 27.8 20.1

Cluster tomato type ALMA-01 34.4 27.9
GS-111 21.9 15.3
GS-114 33.3 12.6
TMT-510 30.6 23.4
TMT-521 35.4 21.6
TMT-555 29.6 14.3

Cherry tomato type Juliet Hybrid 54.7 94.5
Gardener’s Delight 48.9 73.8
Sugar Lump 63.6 116.7
Sun Cherry 57.3 82.5

Source: Kuti and Konuru 2005.
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69 mg kg–1 in pulp, on a fresh weight base, and that cherry tomatoes
usually contain higher amounts of lycopene. Similar variations ranging
from 50 to 110 mg kg–1 of lycopene content in tomatoes have also been
reported by Abushita et al. (2000) in Hungarian varieties. Additionally, a
variation of 26 to 63 mg kg–1 has been reported by Rao and Yadav (1988)
and Thakur and Lal Kaushal (1995) for Indian varieties. On average, the
deep-red varieties contain more than 50 mg lycopene kg–1 fresh weight,
whereas the yellow varieties contain about 5 mg kg–1 (Hart and Scott,
1995). Tomato cultivars that contain the Crimson gene are usually found
to have a higher lycopene content (50.86 to 57.86 mg kg–1 fresh weight)
than those lacking the gene (26.22 to 43.18 mg kg–1 fresh weight)
(Thompson et al. 2000). The Crimson gene may open up the lycopene
formation pathway, thereby producing tomatoes with higher lycopene
content (Thompson et al. 1964). However, the expression may be
tempered by climate, as lycopene synthesis is favoured at temperatures
between 16 and 21°C and inhibited at temperatures above 30°C (Leoni,
1999). On the contrary, when examining tomatoes of several varieties
grown for processing in the European Union, no such variations in the
carotene concentration were observed (Dumas et al. 2003).

The potential of lycopene to control cancers has already driven tomato
breeders at the University of Florida to produce high lycopene cultivars.
Lycopersicon esculentum’s wild relative, L. pimpinellifolium, also known as
the currant tomato, produces tiny fruits that contain over 40 times more
lycopene than domesticated tomatoes. Since hybrids between the two are
relatively simple to achieve, this source of genetic diversity is open for
exploitation and will most likely become a sought-after hybrid trait (Cox
2000). Since cherry tomatoes often contain significantly higher amounts of
lycopene (Kuti and Konuru 2005, George et al. 2004), it has been suggested
that they may be useful varieties for improvement of nutritional and
health benefits in tomato breeding programmes (Tigchelaar 1986).
Recently, breeding programmes have paid close attention to the cultivars
that are referred to as ‘hp’, since hybrids have shown a significant
increment for lycopene content from 2.4- to 7-fold higher than those of
commercial varieties (Fig. 1).

Vitamin C

Large variations in vitamin C levels have been reported among tomato
cultivars and species. Abushita et al. (1997) found that the vitamin
C content of tomatoes cultivated in Hungary ranged from 210 to 480 mg
kg–1, which is significantly higher than the values of 61.3 to 175.6 mg
kg–1 reported by Bajaj et al. (1990) after analysing 35 varieties. George et al.
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(2004) also observed significant differences between vitamin C contents
among 13 cultivars, with values ranging from 84 to 324 mg kg–1 fresh
weight in tomato pulp, and from 90 to 560 mg kg–1 fresh weight in tomato
peel. Maclinn et al. (1937) found that vitamin C levels varied from 130 to
440 mg kg–1 among 98 cultivars. Particularly, Lincoln et al. (1943) found
vitamin C concentrations ranging from 80 to 1190 mg kg–1 among species,
cultivars, and strains. Wild species Lycopersicon peruvianum contains far

Fig. 1. Content of lycopene in various cultivars of cherry and high pigment tomatoes. Data are
means ± standard deviation of three replicates (modified from Lenucci et al. 2006).
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higher level of vitamin C (1190 mg kg–1 fresh weight) than cultivated
varieties (Stevens and Rick 1986). It has also been noted that cherry
tomatoes often contain higher levels of vitamin C than other varieties
(George et al. 2004, Causse et al. 2003), as shown in Table 3.

Table 3 Variations of vitamin C content in tomato as a function of genotype.

Vitamin C content (mg 100 g–1)
Varieties Peel Pulp

fwb dwb fwb dwb

818 (cherry tomato) 56.0 454 32.4 383

BR-124 (cherry tomato) 40.6 362 29.0 455

T56 (cherry tomato) 50.8 462 28.6 413

DT-2 25.9 256 15.2 365

5656 20.1 196 13.4 270

7711 17.2 169 12.7 308

Rasmi 42.0 385 14.8 349

Pusa Gaurav 13.4 141 9.2 195

DTH-7 24.0 315 10.7 224

FA-180 45.5 415 9.4 171

FA-574 9.4 104 8.4 211

R-144 8.6 262 30.4 291

fwb: fresh weight basis; dwb: dry weight basis.

Source: George et al. 2004.

In contrast, Hamner et al. (1945) stated that the variations in the
cultivated tomato fruit vitamin C content due to the variety are fairly small
in comparison with those resulting from the growth conditions. Similarly,
Abushita et al. (2000) found no great differences in vitamin C content
between cultivars for fresh consumption (salad tomatoes) and those for
processing. In fact, the variations in the vitamin C content of cultivated
tomatoes during a long period of 40 years were remarkably small,
considering the differing environmental factors and cultivars, though
there was some indication that the vitamin C content of tomatoes has
increased slightly since the 1950s (Davies and Hobson 1981).

Berger et al. (1966) indicated that the characteristic of high vitamin C
level is an inherited one and can be transferred into cultivated tomato
varieties. They noted that the level of vitamin C found in the fruits of the
wild, green-fruited tomato species, Lycopersicum minutum, was much
higher than that in L. esculentum. However, some lines derived from the
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interspecies cross L. esculentum ¥ L. minutum showed vitamin C levels as
high as 430 mg kg–1, while standard tomato strains had 170 mg kg–1.
Gould (1992), in his recommendations for breeding varieties for
processing purposes, suggested the need for developing varieties that
have vitamin C in excess of 200 mg kg–1. However, in spite of considerable
effort to develop cultivars with higher vitamin C levels, few successful
cultivars have been released because of an apparent relationship between
high vitamin C levels and relatively poor yields (Stevens 1986, Dumas et
al. 2003).

AGRICULTURAL MANAGEMENT

Nutrients

Lycopene

Nitrogen (N) availability is closely linked to carotenoid biosynthesis in
higher plants (Weston and Barth 1997). However, the effects of N
application on lycopene content in tomato fruits have been found to be
inconsistent. Dumas et al. (2003) reported that lycopene content of tomato
grown in nutrient solution tended to decrease with increasing N levels.
Meanwhile, in tomatoes grown in pots filled with peaty loam soil receiving
N at a rate up to 600 kg N ha–1 the fruit lycopene content increased with an
increase in N rate by an average of 30% (Montagu and Goh 1990).
Obviously, more studies are needed to investigate the effects of N supply
on lycopene contents in tomatoes under various growing conditions.

As for phosphorus (P), Saito and Kano (1970) observed that, under
hydroponic growth conditions, increasing the P supply from 0 to 100 mg
P L–1 in the nutrient solution greatly increased the lycopene content of
tomatoes. In contrast, Oke et al. (2005) observed that the lycopene levels
did not differ greatly in response to phosphorus fertilization during
different seasons. In fact, P application did not seem to affect the contents
of many parameters of tomato quality such as organic acids, sugars,
vitamin C, or volatile compounds (Oke et al. 2005).

Current evidence shows that potassium (K) application increases
lycopene contents in tomato fruits. Trudel and Ozbun (1971) reported a
40% increase in lycopene concentration when the level of K in the nutrient
solution was increased from 0 to 8 mM. Similarly, Fanasca et al. (2006)
observed that a high proportion of K in the nutrient solution increased
lycopene contents of tomatoes. Moreover, they noted a positive
correlation between fruit tissue K and lycopene content, further
confirming that K supply may enhance lycopene synthesis in tomatoes.
Potassium may be involved in the process of lycopene biosynthesis
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through its influence on the activity of enzymes that regulate
carbohydrate metabolism, such as pyruvate kinase and
phosphofructokinase, as well as precursors of IPP (pyruvate and
glyceraldehydes 3-phosphate).

The negative effects of calcium (Ca) addition on the lycopene contents
of tomatoes were recorded. Fanasca et al. (2006) observed a decrease in
lycopene content when the nutrient solution with a high proportion of Ca
was used to grow tomatoes, and a negative correlation was recognized
between fruit tissue Ca and lycopene content. It was also reported that the
lycopene levels in the tomato fruits decreased with increasing Ca
concentration from 0.2 to 20 mM in nutrient solution (Paiva et al. 1998).
This is possibly due to the simultaneous decrease in K absorption that
occurred because of cationic competition, or a possible Ca influence on
ethylene biosynthesis (Fanasca et al. 2006). However, in another study, the
fruit lycopene content significantly increased from a level of 85 mg kg–1 to
levels of 263, 300, and 340 mg kg–1 on a fresh weight basis, in the case of
sprays with 0.1, 0.2, and 0.3% Ca concentrations, respectively (Subbiah
and Perumal, 1990).

Vitamin C

Numerous studies have shown that increasing the N rate tends to decrease
the vitamin C content of the tomato fruits, though the influence of mineral
nutrition on vitamin C content had first been thought to be relatively
minor (Hamner et al. 1945). For tomatoes grown in the field, it was
demonstrated that increasing N fertilization reduced the fruit vitamin C
concentration (Kaniszewski et al. 1987). Giovanelli et al. (1998) found that
the vitamin C accumulation under N deficiency tended to decrease
linearly with N application (Montagu and Goh 1990). In fact, high N
concentration in the nutrient solution favours plant leaf area development,
thereby decreasing light penetration in the canopy and fruit vitamin C
content (Locascio et al. 1984). As a result, it can be expected that the
negative effects of N application on vitamin C contents exist in other
vegetables such as potatoes (Weston and Barth 1997). The N source
provided to the plants also plays a major role in determining the levels of
lycopene in tomatoes. For example, N supply in the form of urea had
almost no effect on vitamin C content in the tomato fruit compared to that
in the NO3 form (Kowalska and Sady 1996). Toor et al. (2006a) observed
that vitamin C contents in tomatoes from organic or ammonium-fertilized
treatments were higher than in tomatoes from nitrate-fertilized treatments
(Table 4). Additionally, it was noted that the real effects of N application
on the vitamin C of tomato fruits were possibly associated with other
agricultural management practices, such as fertilization time and light
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intensity. Somers et al. (1951) found that N-NO3 supplied to tomatoes for
one month prior to the onset of ripening reduced the fruit vitamin C
content; however, NO3-N supplied after the onset of ripening had no
effect on the vitamin C content. Though Murneek et al. (1954) also
observed a decrease in the tomato fruit vitamin C content with increasing
rates of N application, the differences may be slight when the tomato crop
is grown under a prevalently low light intensity but considerable in the
presence of bright sunlight.

Some studies have been conducted to investigate the effects of other
nutrients on vitamin C content of tomato fruits. Oke et al. (2005) did not
observe a significant difference in the vitamin C levels of tomato fruits in
response to P fertilization, which was in accordance with the finding that
increasing the P supply in hydroponics did not significantly affect the
vitamin C content of fruit (Saito and Kano 1970). However, increasing
both P and N application (up to 140 kg P ha–1 and 150 kg N ha–1,
respectively) significantly increased the vitamin C content of tomato fruits
(Dumas et al. 2003).

Calcium application markedly increased the concentration of vitamin C
in tomato fruits. For example, Premuzic et al. (1998) noted a positive
correlation between Ca and vitamin C levels in tomato fruits obtained in
various growth environments. Subbiah and Perumal (1990) found a
significant increase in the tomato fruit vitamin C content upon applying
Ca sprays in a soil-pot experiment. Dong et al. (2004) suggested that
spraying Ca solution on the leaves during anthesis greatly enhanced
vitamin C synthesis in tomato fruits, increasing it by 50% compared with
the control. However, Ca spray on the 3-wk-old fruit did not significantly
affect vitamin C content. As for K, Weston and Barth (1997) reported that
optimal levels of K elicit a favourable response in vitamin C content.
However, little further information is available about the effects of K
application on the vitamin C content of tomato fruits.

Table 4. Effects of N sources on vitamin C of tomato fruits.

Treatment Vitamin C (mg 100 g–1 fresh weight)

NO3
– dominant 97.5

NH4
+ dominant + Cl– 120.2

NH4
+ dominant + SO4

2– 128.8
Chicken manure 147.6
Grass-clover mulch 148.8

All treatments were supplied in the equivalent levels of total N, P and K; for the NO3
– dominant treatments, N

was supplied in the NO3
–:NH4

+ ratio 4:1; for the NH4
+ dominant treatments, N was supplied in the NO3

–:NH4
+

ratio 1:4; both Cl– and SO4
2– were designed to balance the positive/negative ions of the N form.

Source: Toor et al. 2006a.
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Electrical Conductivity (EC)

Lycopene

It is widely believed that fruits from tomato plants grown under
moderately saline conditions are of higher quality. Most important, this
higher EC growing condition resulted in significant increases in lycopene
concentration. For example, Krauss et al. (2006) found that the lycopene
content of tomato fruits reached 58 mg kg–1 for EC 10 dS m–1 from 43 mg
kg–1 for EC 3 dS m–1 on a fresh weight basis. De Pascale et al. (2001)
observed that the lycopene content of the tomato fruits expressed on both
fresh- and dry-weight basis gradually increased from the non-sanitized
control to the 4.4 dS m–1 treatment and they decreased at an EC of the
irrigation water higher than 4.4 dS m–1 (Table 5). Similarly, Wu et al. (2004)
showed that the lycopene concentration of tomato fruits was enhanced
significantly without reducing the total yield by growing plants under a
moderate salt stress provided by high salt concentration in the nutrient
solution. Moreover, the increase in total lycopene in the tomato fruits was
shown to be cultivar specific under high EC conditions, varying from 34 to
85% (Kubota et al. 2006). Increases in EC can be reached not only by
adding NaCl to a nutritional solution, but also by applying water stress
caused by limited irrigation, that is, by increasing the strength of the
nutrient concentration, in order to enhance lycopene concentration of
tomato fruits (Krauss et al. 2006, Matsuzoe et al. 1998, Zushi and Matsuzoe
1998).

The exact mechanisms underlying the enhancement of lycopene
concentration under high EC stress are not clear, but evidence suggests
that ethylene synthesis triggered by water and salt stress could be central
to the increase in lycopene deposition within the flesh of the tomatoes
(Kubota et al. 2006). Giuliano et al. (1993) indicated that the stress-induced
up-regulation of the genes encoding for the enzymes involved in the key
steps for lycopene biosynthesis may explain the increased lycopene level

Table 5. Effects of EC levels on lycopene of tomato fruits.

EC level (dS m–1) Lycopene
(mg 100 g –1 fresh weight) (mg/fruit)

0.5 5.89 6.11
2.3 8.31 8.15
4.4 10.22 9.15
8.5 7.88 6.55

15.7 6.71 4.22

Source: De Pascale et al. 2001.



Tomatoes and Tomato Products38

detected in the salt-grown tomatoes. However, at excessive salinity,
inhibition effects may take over, resulting in reduced lycopene. This was
probably due to a high temperature-induced inhibition of lycopene
biosynthesis in tomatoes exposed to high solar radiation arising from
smaller leaf area and consequently more fruits directly exposed to sunlight
in salt-stressed plants (De Pascale et al. 2001).

Vitamin C

Increased EC leads to higher contents of vitamin C in tomato fruits. Krauss
et al. (2006) found that the vitamin C content in tomatoes grown at EC of 10
dS m–1 was 101 mg kg–1 fresh weight, whereas it was just 97 mg kg–1 fresh
weight at EC of 3 dS m–1. De Pascale et al. (2001) observed that the vitamin
C content of the fruits increased with salinity and it was 60% higher in
tomatoes grown at EC of 15.7 dS m–1, compared with non-sanitized
controls. Moreover, they noted that the rate of vitamin C increase with
salinity was higher at low or moderate salinity and when ammonium was
used as N source.

Temperature

Lycopene

Tomatoes exposed to direct sunlight in the field often develop a poor
colour, mainly because fruits exposed to high temperatures have lower
lycopene contents (Dumas et al. 2003). Davies and Hobson (1981)
demonstrated that temperatures between 16 and 21°C favour lycopene
synthesis, whereas temperatures above 30°C inhibit lycopene synthesis,
and the fruits remained yellow rather than turning red. A similar
phenomenon was found in other studies. Chang et al. (1977) reported that
the concentration of lycopene was much lower in fruit ripened at 32°C
than in fruit ripened at 21°C. Robertson et al. (1995) reported that a
temperature between 18 and 26°C was optimum for lycopene production.
On the other hand, in fruit cultured in vitro at 16°C, lycopene
concentration was 1.7 times that of the 26°C treatment (Ishida, 1998, Ishida
et al. 1998). They suggested that low temperature (16°C), which involves
tomato IAG1 gene activation, leads to an elevated lycopene production
and may, in part, explain this high concentration.

When seasonal variations in lycopene contents of tomatoes were
evaluated, Toor et al. (2006b) found that increase in temperature over the
summer months had a negative effect on lycopene content in tomato
fruits. Raffo et al. (2006) also observed that the hot temperatures of mid-
summer in the Mediterranean basin may produce a significantly negative
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effect on lycopene accumulation in tomato fruits. Cherry tomatoes grown
in the greenhouse have lower lycopene contents in fruits because of
temperatures over 32°C in most cases (Kuti and Konuru 2005). As a result,
it appears that some additional cooling of the greenhouse during the peak
hours of solar radiation in summer months may help to increase the
lycopene content of tomatoes.

Vitamin C

Raffo et al. (2006) investigated seasonal variations in antioxidant
components of cherry tomatoes and found that high temperatures may
contribute to the relatively high levels of vitamin C observed in fruits
harvested in June and July. However, Murneek et al. (1954) suggested that
fruit ripening occurring at relatively high temperatures, whether on or off
the plant, along with low light intensity levels, probably leads to a
decrease in the vitamin C content due to oxidation. Most interestingly,
seasonal variations in vitamin C content observed in greenhouse-grown
tomatoes at the mature-green stage may be a result of temperature
variations under greenhouse conditions (Liptay et al. 1986). In general,
limited information is available on the effects of temperature on vitamin C
content of tomato fruits.

Light

Lycopene

Concentration of lycopene in tomatoes was reportedly altered by light
quantity. Toor et al. (2006a,b) found that solar radiation had slightly
positive effects. McCollum (1954) reported that, at lower temperatures, the
rate of development of lycopene can be increased by greater illumination
of the tomatoes. However, lycopene synthesis was inhibited when green
fruits were exposed to 650 W m–2 for 1.5 to 4 hr, which indicated that
lycopene synthesis is severely inhibited by exposure to intense solar
radiation. It has been suggested that radiation injury to tomato fruit might
be due to the general effects of overheating on irradiated tissues
(Adegoroye and Jolliffe 1987, Dumas et al. 2003). Meanwhile, light quality
also affects lycopene synthesis in tomato fruits. Red light and its intensity
have a positive effect on carotenoid synthesis in detached mature-green
fruit, and this effect was not temperature dependent (Thomas and Jen
1975). Moreover, Alba et al. (2000) found that brief red-light treatment of
harvested mature-green fruit stimulated lycopene accumulation 2.3-fold
during fruit development. This red-light-induced lycopene accumulation
was reversed by subsequent treatment with far-red light. Establishing
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light-induced accumulation of lycopene in tomato is regulated by fruit-
localized phytochromes.

Vitamin C

Light exposure is favourable to vitamin C accumulation (Dumas et al.
2003, Lee and Kader 2000). Hamner et al. (1945) observed that the very
large variations in vitamin C content observed in tomatoes may be
attributable to the light intensity a few days previous to harvest. In
general, the lower the light intensity, the lower the content of vitamin C in
plant tissues (Kader 1987). In addition, vitamin C concentration also
generally increases with increased exposure to light, particularly in leafy
greens (Nagy and Wardowski 1988, Shewfelt 1990). Thus, it can be
expected that shading (by leaves or artificial covers) decreases the vitamin
C content (El-gizawi et al. 1993, Venter 1977). Greenhouse-grown
tomatoes were usually found to have lower vitamin C levels than those
grown outdoors (Lopez-Andreu et al. 1986).

Water Availability

Lycopene

Irrigation is also believed to be an important pre-harvest factor
influencing the biosynthesis of antioxidant compounds. However, the
results of the effects of irrigation on lycopene are not conclusive. De
Pascale et al. (2001) observed significant increases in lycopene contents
when tomatoes were irrigated with moderately saline solution combined
with different N fertilizer treatments. However, Naphade (1993) found
that moisture stress reduced lycopene content in some tomato varieties,
while increasing lycopene as well as b-carotene content in others.
Irrigation methods also affect lycopene content in tomatoes. Kadam and
Sahane (2002) found that tomatoes grown under drip irrigation recorded
3.2 mg kg–1 lycopene in fruits, a result significantly superior to that
achieved with surface irrigation (2.6 mg kg–1).

Vitamin C

Dumas et al. (2003) reviewed the effects of water availability on vitamin C
content in tomato fruits and indicated that water shortages tend to
increase the fruit’s vitamin C contents. Lumpkin (2005) suggested that
deficient irrigation often improved tomato fruit’s nutritional values by a
concentration effect when the fruit’s water content was reduced,
accompanying decreased water consumption by plants. In some cases,
however, the effects of water deficits on vitamin C content on a fresh
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weight basis may be insignificant, depending on the particular cultivars
(Dumas et al. 2003).
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ABSTRACT
In the past twenty years, plant genetic engineering has been used to confer
traits of both heuristic and applied interest to tomato. Genetic modifications
have aimed to improve either the quality of the fruit and/or agronomical aspects
of tomato cultivation. In open field trials, the novel genotype is tested under
agronomical and environmental conditions similar to those used for production.
Thus, field trials represent the most stringent test for any novel plant genotype,
including genetically modified plants. In this Chapter, we discuss field trials
performed with transgenic tomato plants that represent examples of different
genetic strategies used in modern plant breeding. The examples chosen are
genetic modifications related to three general aspects: (1) macro- and micro-
nutrient content of the fruit, such as sugar content and beta-carotene content,
(2) biological processes of either direct or indirect agronomical interest, such as
parthenocarpy and resistance to disease, (3) features related to post-harvest
and processing technology, such as fruit firmness and prolonged fruit vine-life.
The discussion is focused on three main aspects: the genetic strategy used to
confer the novel phenotypic trait(s), quality assessment of the genetically
modified plant and fruit, and plant production. The results obtained confirm the
value of plant genetic engineering as a means of improving tomato productivity
and tomato products.
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INTRODUCTION

Tomato was introduced into southern Europe at the beginning of the 16th
century. By the end of the 18th century, tomato fruit consumption was
very popular in this region, as indicated by its presence in several recipes
(Mattioli 1568, Felici 1572, Corrado 1773). By the end of the 19th century,
tomato fruit consumption and processing were common all over Europe
and North America. When tomato was introduced in Europe, its fruit was
often considered to be an aphrodisiac and unhealthy. Some of its names
are reminiscent of this imaginary effect (love apple, pomme d’amour,
pomo d’oro). A more rational basis for the initial resistance to tomato fruit
is the presence, in plants belonging to the Solanaceae, of toxic
glycoalkaloids, such as potato solanine and chaconine (Friedman 2002).
However, the tomato glycoalkaloid tomatine not only is less toxic than
solanine and chaconine, but also has several possible beneficial effects on
human health (Friedman 2002).

Tomato breeding probably started soon after the widespread
cultivation of tomato. Indeed, the cultivars imported from the New World
had either yellow or red fruits, but varieties cultivated by the end of the
18th century had mostly red fruits. Thus, the breeding of tomato started
with its consumption, and since then its evolution has been driven by
human demand. At first, tomato breeding probably consisted of mere
empirical selection and propagation of plants with the most interesting
features. During the 20th century, tomato breeding has been based on
genetic knowledge. In the last twenty years, new genetic tools have been
developed to genetically modify plants and these have consequently been
used in tomato breeding too (Gepts 2002).

In this chapter, we focus on field trials of tomato plants genetically
modified with the aim of improving, either directly or indirectly, tomato
fruit quality and productivity. Genetically modified tomato fruits can also
be produced for purposes other than nutrition. Indeed, any crop plant can
be designed to produce molecules of biotechnological interest not meant
for human nutrition (Twyman et al. 2003).

In the past twenty years, tomato genetic engineering has implemented
genetic modifications aimed at improving features related to fruit quality.
Such modifications are broadly related to three general aspects: (1) macro-
and micro-nutrient content of the fruit, (2) biological processes of either
direct or indirect agronomical interest, such as parthenocarpy and
resistance to disease, and (3) features related to post-harvest and
processing technology.

The value of any new tomato variety is determined by its performance
in farmers’ fields. Activities concerned with genetic improvement and,
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particularly, genetic engineering are first carried out in a controlled
environment. However, fruit quality parameters are influenced not only
by the interaction between the introgressed (trans)gene and the genetic
background, but also by cultivation practice and environmental
conditions (Brandt et al. 2006, Collins et al. 2006). Thus, any new plant and
its product must be assessed under the cultivation conditions used for
crop production. In this regard, field trials are essential to provide quality
and productivity information that cannot be otherwise gathered. First of
all, productivity and quality data on genetically modified tomato fruits
have to be analysed in comparison with their background genotype(s).
Then, the new transgenic cultivar or line has to be evaluated by
comparison with commercial cultivars different from the parental one.
This is because centuries of tomato breeding, also exploiting its
solanaceous wild relatives, have produced a large number of cultivars and
lines. Such huge intra-species variability in tomato fruit quality and
productivity has to be taken into consideration when evaluating
genetically modified tomato fruit. Thus, a genetically modified fruit is
defined as a “substantial equivalent” by comparison with its genetic
background (i.e., the genotype in which the novel gene(s) has been
introduced) and when its fruit quality parameters are within the range of
variability of the species Solanum lycopersicum. This comparison should
take into account the main macronutrients, liposoluble vitamins, vitamin
C and tomatine content. With regard to the latter, it is interesting to note
that for rather a long time, tomatine glycoalkaloids were considered to be
as toxic as solanine and chaconine of potato (Keeler et al. 1991). However,
recent findings have shown that tomatine has several properties that may
have beneficial effects on human health and it is now estimated to be 20
times less toxic than solanine and chaconine (Friedman 2002).

Transgenic plants have been often tested under field conditions for
trait(s) of interest. More rarely, fruit productivity and fruit quality
parameters have been concomitantly analysed. In this article, we present
examples of genetically modified tomatoes evaluated by field trials and
discuss the genetic rationale and, when available, both the quality and
productivity data (Table 1).

GENETIC ENGINEERING OF TOMATO

For the sake of clarity, we have divided the genetically modified plants
discussed here into three groups: (1) tomato genetically modified in the
macro- and micro-nutrient content of the fruit, (2) tomato genetically
modified for biological processes of either direct or indirect agronomical
interest, such as parthenocarpy and resistance to disease, and (3) tomato
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genetically modified to confer features related to post-harvest and
processing technology.

Plant genetic engineering has so far used two general strategies. The fir
st type aims to express novel genes in the chosen plant species. The trait(s)
of interest are then achieved via the biochemical action of the product
encoded by the introgressed gene. The gene product can be completely
novel or already codified in the genome. In the latter case, the pattern
and/or strength of expression of the gene are modified.

The second type of genetic strategy produces the trait(s) of interest by
curtailing the function of the target gene(s). This strategy came about
because of the discovery of RNA interference (Fire et al. 1998) and relies on
the understanding of its pathways (Zamore and Haley 2005). RNA
interference is a eukaryotic epigenetic mechanism controlling gene
expression either transcriptionally or post-transcriptionally. Post-
trascriptional mechanisms consist of either degradation of target mRNA
and/or inhibition of translation of target mRNA. Small non-coding RNA
molecules, either small interfering RNAs (siRNA) or microRNAs
(miRNA), confer specificity to RNA interference. Specificity relies on
sequence homology between the small RNAs and the target RNA.
Degradation or translation inhibition is mediated by protein complexes
such as RISC, the RNA-Induced Silencing Complex that contains SLICER
(AGO protein), an endoribonuclease that degrades the target RNA
annealed to the complementary siRNA (Hammond et al. 2000). RNA
interference is easily triggered by expressing long (usually 100-500 bp
long) double-stranded RNA molecules that are processed to siRNA by the
activity of DICER ribonucleases (Bernstein et al. 2001). Thus, RNA
interference allows us to silence any gene(s) of interest by using
appropriate transgenic constructs (Horiguchi 2004). As a consequence,
RNA interference has been used to silence the expression of genetic
information either endogenous (i.e., present in the genome of the plant) or
exogenous (e.g., present in the genome of either a plant virus or
nematode). In this second type of genetic strategy, the trait(s) of interest
are achieved by suppressing the expression of the target gene(s).

Both types of genetic strategies can be articulated and implemented in
various ways. The novel transgene can have a plant origin. In such cases, it
is derived from genetic information present in the genome of the same
species or of other plant species. Alternatively, the novel gene can derive
from genetic information present in the genome of species belonging to
other kingdoms of life. The use of genes of plant origin is somewhat
reminiscent of interspecies hybridization employed in classical plant
breeding. The use of genetic information derived from genomes other
than plants further enlarges the genetic repertoire amenable to plant
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Table 1 Transgenic tomato field trials surveyed in this chapter. For each trial the author of the cited publication, the engineered phenotype, the
transgene used, the location of the field trial, the genotypes employed and the presence of qualitative and/or productivity data are reported.

Authors Phenotype Gene(s) Location Destination/Cultivars Data Yield
measured quality

Laporte et al. Improved productivity Sucrose-phosphate USA Processing Y Y
1997, 2001 and sugar content synthase inbred lines

Giorio et al. 2007 Increased beta-carotene Lycopene beta-cyclase Italy Processing Y Y
content (tLcy-b) F1 hybrid

Rotino et al. 2005 Parthenocarpy DefH9-RI-iaaM (auxin- Italy Processing Y Y
synthesis) inbred cv UC 82

Accotto et al. 2005 Virus resistance (TMSV) TSWV modified Italy Fresh market  Y Y
Corpillo et al. 2004 nucleoprotein gene F1 hybrid

FDA 1992 (Calgene) Fruit firmness Transgene (antisense) USA Processing N Y
for silencing line CR3
polygalacturonase

Porretta et al. 1998 Fruit firmness Transgene for silencing Italy Processing N Y
(Zeneca) polygalacturonase inbred cv

Kalamaki et al. 2003 Fruit firmness/texture Transgenes for silencing USA Tomato cv Ailsa N Y
Powell et al. 2003 polygalacturonase and Craig

expansin 1

Metha et al. 2002 Prolonged vine life ySAMdc gene (yeast USA Processing commercial N Y
Polyamine content S-adenosylmethionine variety
Fruit ripening decarboxylase)

Y= data available; N= no data available.
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breeding. The genetically modified plants chosen in this survey provide
examples of the two main genetic strategies used to breed plants via
genetic engineering.

Tomato Genetically Modified in Nutrient Content of Fruit

Sugars

Sugars are important macronutrients of the human diet. In plants, sucrose
is the main transported form of carbohydrates. Moreover, sucrose
regulates transcription and/or translation of target genes (Ciereszko et al.
2001, Wiese et al. 2005). Sucrose metabolism and transport might be
altered by several genetic mechanisms. The chosen example shows that
sucrose-phosphate synthase activity influences whole-plant carbon
allocation affecting both tomato productivity and fruit sugar content
(Laporte et al. 2001). This conclusion is based on field trials performed
with tomato lines transgenic for the sucrose-phosphate synthase gene
from maize (Laporte et al. 1997, 2001) driven either by the CaMV35S
promoter or by the rbcS promoter. Interestingly, only plant lines with a
moderate (i.e., two-fold) increase in sucrose-phosphate synthase activity
showed an increased fruit production (on the average 20%; Laporte et al.
1997, 2001) and sometimes a slight increase of soluble solids in genetically
modified fruits in comparison to wild-type control (Laporte et al. 1997).
This study (Laporte et al. 2001) also shows that the choice of the proper
gene (e.g., sucrose-phosphate synthase from maize) as well as an
appropriate level of expression of the transgenic construct are crucial to
achieve a valuable product. Indeed, only plants with a moderate increase
in sucrose-phoshate synthase activity (i.e., activity increased twice in the
leaves) display all the desired benefits, while a higher expression level of
sucrose-phosphate synthase is not beneficial for plant growth and
production.

Beta-carotene

Beta-carotene is a micronutrient component converted in our body to
vitamin A. Beta-carotene is also used as natural food colouring additive.
Among several strategies employed to increase beta-carotene in crop
plants via genetic engineering, one strategy has been tested under open
field cultivation conditions (Giorio et al. 2007). This strategy has
genetically modified lycopene beta-cyclase gene expression in tomato
(Giorio et al. 2007). Lycopene beta-cyclase converts lycopene to beta-
carotene. Expression of lycopene beta-cyclase is down-regulated at the
breaker stage of tomato fruit development, causing accumulation of
lycopene (Pecker et al. 1996). Consequently, expression of lycopene beta-
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cyclase during late phases of fruit development increases beta-carotene
content. The HighCaro tomato has been genetically modified in order to
express the lycopene beta-cyclase gene under the control of the CaMV35S
promoter, a promoter expressed also during late phases of fruit
development. In HighCaro tomato fruits, lycopene beta-cyclase is
expressed also after the breaker stage, causing the almost complete
conversion of lycopene to beta-carotene (Giorio et al. 2007). HighCaro
tomato fruit has an increased (more than 10-fold) beta-carotene content,
while lycopene content is drastically reduced. Total carotenoids and lutein
content was also lower. Other common fruit quality parameters, such as
dry weight, soluble solids and titratable acidity, are increased in
HighCaro fruits; however, their values are well within the range of
intraspecies variability (Table 2). The HighCaro tomato line gave a
marketable fruit yield statistically not different from its control. Total

Table 2 Tomato fruit genetically modified for high content of beta-carotene by lycopene beta-
cyclase over-expression.

Fruit quality parameters Genotypes
HP RS HC

Dry weight (%) 5.64 a 5.08 b 5.58 a

Soluble solids (°Brix) 4.13 b 3.96 c 4.36 a

Titratable acidity (mEq/100 g) 5.95 a 5.41 b 6.12 a

Total carotenoids (mg/g fw) 131.7 a 125.4 a 84.0 b

b-carotene (mg/g fw) 5.7 a 6.3 a 76.6 b

Lycopene (mg/g fw) 108.9 a 102.9 a 0.5 b

Lutein (mg/g fw) 11.4 a 10.9 a 2.3 b

HP, commercial hybrid; RS, background untransformed genotype; HC, transgenic line. Different letters mean
significant differences in each row (modified after Giorio et al. 2007).

yield (marketable plus unmarketable fruit) was significantly lower than
its control (Table 2).

Tomato Genetically Modified for Biological Processes of
Agronomical Interest

Parthenocarpy

Parthenocarpy, or fruit set without pollination/fertilization, represents a
useful trait in tomato. Parthenocarpic fruits are seedless, and the absence
of seeds is advantageous for both the processing industry (e.g., tomato
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paste, tomato juice) and fresh consumption (Fig. 1). Other advantages of
parthenocarpy are related to the increase of soluble solids content and
increased plant productivity. The increased productivity, observed under
greenhouse cultivation conditions (Acciarri et al. 2000), is mainly due to
improved fruit set because parthenocarpic plants set fruits under
environmental conditions adverse for pollination/fertilization. To be a
valid product, a genetically modified parthenocarpic plant should have
not only seedless fruits and an improved plant productivity under
cultivation conditions adverse for fruit set, but also fruit quality at least
equal to that of its genetic background. Parthenocarpic plants transgenic
for an ovule-placenta-specific auxin synthesizing gene have also been
tested under field trial conditions (Rotino et al. 2005). The parthenocarpic
trait conferred on the tested tomato lines is facultative (i.e., when
pollinated the genetically modified lines can develop seeds).
Nevertheless, both the number of seeded fruits and the number of seeds
per seeded fruit were decreased (Table 3).

Altogether, seed content was on the average approximately 90% lower
(Table 3). Beta-carotene increased in both parthenocarpic genetically
modified lines tested (Table 4).

Other fruit quality parameters were substantially equivalent to wild-
type controls and the observed variability was well within the variability
of the species (Tables 3 and 4). Fruit yield, measured as fruit fresh weight,
was comparable in parthenocarpic and control plants (Rotino et al. 2005).
However, the number of fruits per plant was significantly higher in
transgenic parthenocarpic plants, while fruit weight was significantly
lower. A cultivation practice adapted to the higher fruit setting capacity of
the genetically modified parthenocarpic plants (e.g., watering,
fertilization) might result in a less pronounced reduction in fruit weight
and consequently in a higher fruit production. In conclusion, genetically
modified parthenocarpic tomato fruit showed very little variation in
comparison with untransformed control genotype except for seedlessness
and beta-carotene content.

This case study also shows that a successful strategy must not only
identify the proper gene to be used to confer the trait of interest, but also
choose the appropriate tissue-specificity of expression (i.e., promoter).
Moreover, the level of expression must be optimized in light of the genetic
background (Fig. 1). In this case study, the iaaM gene was chosen to confer
auxin synthesis, the DefH9 promoter to confer ovule-placenta tissue
specificity of expression and a DNA sequence derived from the rolA intron
to optimize the level of expression in some tomato genotypes with a high
auxin sensitivity (Pandolfini et al. 2002). Thus, gene action and organ/
tissue specificity of expression are crucial elements for a successful genetic
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Fig. 1 Seedless parthenocarpic fruit from different tomato genotypes obtained by auxin-
synthesis transgene expression. Cut fruits from different tomato genotypes engineered for the
parthenocarpic trait. A, parental line L276 (Ficcadenti et al. 1999); B, parental line INB777 (our
unpublished result); C hybrid “Giasone” (LH76PC ¥ L276 iaaM 1-1) (Acciarri et al. 2000); D, an
experimental hybrid using L276 iaaM 1-1 as male parent (Acciarri et al. 2000); E, cherry type
line CM (Ficcadenti et al. 1999); F, cultivar UC 82 (Rotino et al. 2005); G, Italian tomato ecotype
“Pizzutello” (our unpublished result); H, cultivar “Ailsa Craig” (our unpublished result). A, B, C, D,
E and H tomato fruits transgenic for the auxin-synthesis gene DefH9-iaaM; F and G, tomato fruits
transgenic for the DefH9-RI-iaaM gene (i.e., modified version of the DefH9-iaaM gene with
reduced level of expression, see Pandolfini et al. 2002).
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Table 3 Tomato fruit genetically modified for parthenocarpy: seedlessness and technological features. Allflesh (commercial hybrid); UC82 (background
untransformed genotype); Ri4 (UC82 line transgenic for parthenocarpy); Ri5 (UC82 line transgenic for parthenocarpy). Mean values of percentage of
fruits with seeds, number of seeds per seeded fruit, colour (coordinate L, a* e b*), Soluble Solids (S.S.), dry matter (DM), titratable acidity (tit. ac.), skin
resistance (firmness) (modified after Rotino et al. 2005).

Genotypes Fruit with Seed number Colour Colour Colour S.S. pH DM (%) Tit.ac. Firmness
 seeds (%)  L *  a * b*  °Brix (mEq/100 ml (kg)

NaOH 0.1 N)

Allflesh 87a 68.8a 39.2b 36.5a 25.4c 5.3a 4.29a 6.19a 6.12a 0.43a

UC82 85a 36.5b 41.1a 35.8a 27.9a 3.8c 4.08bc 5.06bc 7.23a 0.40a

Ri4 27b 18.4c 39.9ab 34.1b 25.9bc 4.5b 3.96c 4.85c 6.12a 0.43a

Ri5 20b 11.4c 40.0ab 34.0b 27.1ab 4.2bc 4.11b 5.24b 6.70a 0.41a

For each trait at least one common letter indicates no significant difference according to the Duncan test (a = 0.05). Colour coordinates: L, brightness; a*, red colour; b*,
yellow colour.
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Table 4 Tomato fruit genetically modified for parthenocarpy: biochemical analyses. Allflesh
(commercial hybrid); UC82 (background untransformed genotype); Ri4 (UC82 line transgenic for
parthenocarpy); Ri5 (UC82 line transgenic for parthenocarpy). Mean value of citric acid, tartaric
acid, oxalic acid and vitamin C (mg/100 g dw), and b-carotene, lycopene and tomatine (mg/g dw),
detected in the four genotypes tested (modified after Rotino et al. 2005).

Genotypes Citric Tartaric Oxalic Vit C b-carotene Lycopene Tomatine

Allflesh 2194a 40.2a 37.3a 539.6a 491.1c 659.5a 189.4a

UC82 1434b 32.1a 36.0a 445.6a 566.6b 815.9a 248.2a

Ri4 2271a 30.4a 36.0a 436.5a 698.9a 928.5a 202.8a

Ri5 1837ab 40.6a 22.9b 374.3a 643.6a 811.1a 169.3a

For each trait at least one common letter indicates no significant difference according to the Duncan test
(a=0.05).

strategy. However, to be employed in many different tomato genetic
backgrounds the level of expression of the transgene might need to be
optimized for the chosen genotypes.

Virus Resistance

Viral diseases represent one of the most limiting factors for tomato
production. Chemicals are ineffective against plant virus diseases. Thus,
virus protection is mainly based on genetic resistance. Genetic resistance
to viral disease has been traditionally searched for in the genomes of
various tomato wild relatives. Traditional plant breeding has been
supported by the development of genetic engineering strategies to obtain
virus-resistant transgenic tomato.

Tomato spotted wilt virus (TSWV), an extremely polyphagus virus, can
have devastating effects on tomato. Consequently, a resistance gene (Sw-
5) from S. peruvianum has been introgressed into modern F1 hybrids, but
new isolates of TSWV able to overcome this resistance have been reported
(Latham and Jones 1998). One of the first approaches to genetically
engineer TSWV-resistant tomato plants consisted in the expression of a
modified pathogen-derived nucleoprotein (N) gene (Glein et al. 1991). The
original rationale envisaged that the expression of a dysfunctional protein
would inhibit virus proliferation. Transgenic tomato hybrids resistant to
TSWV proved, in two field trials performed in 1999, to have reliable TSWV
protection (Accotto et al. 2005). In the first open field trial, the virus
“pressure” was high. Under these conditions, the transgenic virus-
resistant hybrids outperformed the corresponding untransformed
controls, which were severely infected by the TSWV. In the second field
trial, virus “pressure” was absent. Under these conditions, transgenic
virus-resistant and control tomatoes showed a similar fruit production.
The substantial equivalence of the transgenic TSWV-resistant hybrids was
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assessed by proteomic analysis. Transgenic tomato seedlings did not
display any major change in their protein profile in comparison with their
wild-type control genotypes (Corpillo et al. 2004).

The TSWV-resistant tomato plants produced aberrant RNA transcripts
but not the N protein (Nervo et al. 2003). These data indicate that virus
resistance was most likely caused by RNA interference. Thus, this and
several other findings showing that expression of transgenic viral RNA by
itself, and not the expression of viral protein(s), elicits resistance to many
viruses have prompted the development of new genetic strategies based
on the mechanisms of RNA interference (Lindbo and Dougherty 2005). In
this regard, RNA interference represents a mechanism of defence against
viruses that is presently exploited to confer virus resistance to plant
species by eliciting the production either of siRNA or of newly designed
miRNA (Lindbo and Dougherty 2005, Schwab et al. 2006).

It is worthwhile mentioning that not only was the development of
plants resistant to virus diseases one of the first aims of plant
biotechnology, but they also represent one of the first pieces of scientific
evidence of the phenomenon of RNA interference. Later, the discovery
that double-stranded RNA is the elicitor of RNAi (Fire et al. 1998) allowed
the molecular understanding of this epigenetic mechanism of gene
regulation.

Tomato Genetically Modified for Features Related to Post-
harvest and Processing Technology

Fruit Firmness

Most tomato fruit is consumed after processing. Fruit firmness is valuable
for both post-harvest and processing technology. Several strategies have
been developed to improve fruit consistency and juice viscosity. During
ripening, polygalacturonase (PG) hydrolyses pectins and causes fruit
softening. Consequently, PG was one of the first targets chosen for
modifying fruit firmness by down-regulation of PG gene expression.
Down-regulation of PG inhibits cell wall degradation and consequently
improves fruit firmness in tomato (Smith et al. 2002).

Down-regulation of PG gene expression and activity in tomato fruit has
been achieved by several transgenes acting most likely through a common
molecular mechanism: silencing of the PG gene. Thus, although not
formally proven by showing the presence of siRNA homologous to the
target gene, the case studies described here most likely represent genetic
strategies based on eliciting in planta RNA interference. siRNA
homologous to PG mRNA would guide the degradation of PG mRNA by
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the Slicer activity of the RISC complex. The selective degradation of PG
mRNA would then cause a decreased PG mRNA steady-state level
curtailing PG mRNA translation and consequently reducing PG content
and activity.

The FLAV-SAVRTM tomato has reduced PG gene expression and
activity (Calgene 1992). The expression of an antisense PG gene construct
silenced endogenous PG gene expression and consequently the
production of the PG enzyme. The PG activity in FLAV-SAVRTM fruit was
lower than that found in control fruit (http://www.cfsan.fda.gov/
~acrobat2/bnfMFLV.pdf). Polygalacturonase is associated with the
breakdown of pectin, so its reduced expression and activity results in red
fruit that remain firm for a longer time. FLAV-SAVRTM tomatoes can
consequently be left to ripen on the vine for a longer time, enabling fruit to
develop an enhanced flavour. Field trials with FLAV-SAVRTM tomatoes
have evaluated some fruit quality parameters, such as vitamin C, vitamin
A, and tomatine (http://www.cfsan.fda.gov/~acrobat2/bnfMFLV.pdf,
http://vm.cfsan.fda.gov/~lrd/biopolcy.html#eval). Vitamin C and
vitamin A content were within the range of commercial tomato varieties.
Tomatine level in red ripe fruit was comparable to commercial fruits. No
other glycoalkaloids were detected by HPLC analysis in comparison with
parental tomato fruit.

Silencing of PG gene expression has also been achieved by transcription
of only a fragment of the PG mRNA (http://www.cfsan.fda.gov/~rdb/
bnfm003.html). Transgene transcription was under the control of the
CaMV35S promoter and the PG gene fragment was transcribed either in
the sense or in the antisense orientation. Both types of transgenic
constructs silenced the expression of the endogenous PG gene, also in
these cases most likely by eliciting RNA interference. The genetically
modified tomato fruits had a decreased PG activity and a prolonged shelf-
life. The only difference between the genetically modified and the parental
variety of tomato is the molecular weight distribution of pectin molecules.
No difference in tomatine, lycopene, soluble carbohydrates, fibres,
minerals, malic and citric acid was found (http://www.cfsan.fda.gov/
~rdb/bnfm003.html; VIB 2001).

Porretta et al. (1998) investigated the physicochemical and sensory
properties of processed pulp from genetically modified PG silenced and
control fruits. The PG-silenced fruit had improved viscosity, measured as
Bostwick juice, syneresis, and sensory attributes. Another parameter
showing a small difference was volatile acidity. Other parameters,
reducing sugars, total acidity and pH, showed no significant differences
(Table 5).
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Table 5 Tomato fruit genetically modified for improved firmness by decreasing
polygalacturonase gene expression. Physicochemical and sensory analyses between control and
genetically modified tomato. Statistical differences, indicated by different letters, are evaluated
between each genetically modified tomato sample and the corresponding control. (Modified from
Porretta et al. 1998.)

Trait Control 1 Genetically Control 2 Genetically Control 3 Genetically
modified 1 modified 2 modified 3

Glucose (g/kg dw) 244 a 259 a 223 a 234 a 209 a 215 a

Fructose (g/kg dw) 288 a 298 a 270 a 277 a 252 a 250 a

Total acidity (% dw) 6.21 a 6.52 a 6.66 a 6.47 a 5.71 a 5.88 a

pH 4.55 a 4.48 a 4.51 a 4.43 a 4.55 a 4.53 a

Volatile acidity (g/kg 0.024 a 0.035 b 0.011 a 0.026 b 0.027 a 0.018 b
dw)

Total pectin (% dw) 3.76 a 4.03 a 3.11 a 3.69 a 3.98 a 4.21 a

Bostwick juice (cm 9 a 6 b 10 a 5 b 11 a 5 b
in 30 s)

Syneresis (%) 45 a 7 b 95 a 9 b 80 a 10 b

Viscosity (sensory 3.1 a 7.7 b 3.7 a 6.9 b 2.4 a 6.4 b
result)

Under greenhouse cultivation conditions, transgenic tomato plants
silenced in the expression of LeExp1, a ripening-regulated expansin,
showed an improved fruit firmness only during early stages of fruit
ripening (Brummel et al. 2002). Expansin and PG influence pectin and
other cell wall polymers via different mechanisms of action.
Consequently, they could act synergistically on fruit softening and
texture. These considerations prompted Powell et al. (2003) to evaluate
tomato plants suppressed in the expression of both PG and expansin
(LeExp1) under open field trial conditions. Expression of PG was silenced
by an antisense construct driven by the CaMV35S promoter, while
expansin was silenced by a sense-suppression construct driven by the
same type of promoter (Powell et al. 2003). Both genes were efficiently
silenced. Polygalacturonase activity was reduced to less than 1% of
control fruits, while expansin was barely detectable by western blot
analysis. Under open field conditions and in the Ailsa Craig genotype, a
fresh market tomato cultivar, silencing either the PG or the expansin gene
alone was not sufficient to increase fruit firmness (Powell et al. 2003).
Improvement of firmness during all ripening stages, i.e., from breaker to
ripe red, was obtained by silencing the tomato plants for both PG and
expansin. The double genetically modified plants were obtained by
crossing two homozygous lines transgenic for either the PG antisense or
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the expansin-suppressing construct, respectively. In fully ripe tomatoes
silenced for both genes fruit firmness was improved by 15%. The juice of
the genetically modified fruits silenced in either PG or in both PG and
expansin expression had higher viscosity than juice from parental fruits.
Soluble solids and pH were measured during ripening and they were
indistinguishable among all genotypes (Powell et al. 2003). The shelf life of
fruits silenced for expansin was improved, and yet silencing the PG gene
also did not further improve fruit shelf life. This study has used RNA
interference to silence two target genes whose products are known to be
involved in the cell wall disassembly that takes place during ripening. The
concomitant suppression of both PG and expansin shows synergistic
effects on fruit ripeness, while the prolonged shelf life and the increased
juice viscosity appear to be due to silencing of only one of the two target
genes: either the expansin or the PG gene, respectively (Powell et al. 2003).
Ailsa Craig is a tomato cultivar for the fresh market. Kalamaki et al. (2003)
have used industrial tomato hybrids, albeit cultivated under greenhouse
conditions, to show that the combined suppression of LeExp1 and LePG is
a valid strategy to improve the quality of tomato fruit for the processing
industry. Most likely, this genetic strategy will have to be optimized for
the chosen genetic background and it might include the genetic
modification of other genes involved in ripening-associated changes in
firmness and texture.

Prolonged Vine Life

During tomato fruit ripening, polyamines content decreases (Galston and
Sawhney 1990), while ethylene biosynthesis and action increases.
Ethylene is a phytohormone that controls fruit ripening. Evidence has
suggested that polyamines inhibit ethylene biosynthesis and that
polyamines and ethylene interact during tomato fruit ripening. Thus,
polyamines are considered to have an anti-ripening function (Cassol and
Mattoo 2002).

The polyamines and ethylene biosynthetic pathways have a common
substrate: S-adenosylmethionine (SAM). The enzyme SAM decarboxylase
converts SAM into decarboxylated SAM, and thus it controls a rate-
limiting step in polyamine biosynthesis. In the ethylene biosynthetic
pathway, SAM is converted to 1-aminocyclopropane-carboxylic acid
(ACC) by ACC synthase. The ACC is then converted to ethylene. These
considerations prompted Metha and collaborators to genetically modify
tomato with a transgene driving expression of the SAM decarboxylase
from yeast under the control of the fruit-specific E8 promoter (Metha et al.
2002). The transgene was expressed only in the tomato fruit during
ripening and it caused an increase in spermine and spermidine content of
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the fruit. Fruit ripening was significantly delayed, thus prolonging fruit
vine life. Genetically modified fruits were of normal size. Lycopene
content was more than doubled in genetically modified fruits. This
increase is beneficial because of its antioxidant properties. Tomato fruits
genetically modified for an increased polyamine content are also
improved in quality parameters relevant for processing technologies: juice
viscosity (on the average 40% increased) and precipitate weight ratio
increment (on the average 50% increased) in comparison to controls.
Despite a higher content of polyamines (spermine and spermidine),
genetically modified fruits produced more ethylene than control fruits.

CONCLUSIONS

Most transgenic tomato plants have been raised for heuristic reasons.
Thus, the main benefit obtained from transgenic tomato plants has been,
so far, knowledge of plant biological phenomena. In this regard, crop
improvement based on genetic knowledge is the consequent, and yet
subordinate, product of our zest for knowledge. A genetic strategy to
engineer a novel plant product, transgenic or not, must be tested under
cultivation conditions used for production. This final assessment
represents also the most severe test for our understanding of biological
processes.

Fruit productivity and quality are both crucial for the successful
assessment of any novel tomato cultivar or hybrid. Consequently,
transgenic tomatoes must meet these criteria in order to represent an
innovative product worthy of widespread cultivation. An innovative
tomato plant, in order to be valuable for consumers, farmers and the
processing industry, must be improved either in its quality or in its
productivity, and preferably in both. In any case, an improved quality of
the product should not curtail plant productivity.

Several studies on genetically modified plants have been performed
within projects whose approval is required by public institutions of food
safety (e.g., European Commission, US Food and Drug Administration),
in order to ensure the safety of these products for human health and for
the environment (EU 2001, FDA 1992, FAO/WHO 1996). An examination
of the summary notifications that have been submitted under EU
directives for the deliberate release into the environment of genetically
modified organisms (http://genetically modifiedoinfo.jrc.it/genetically
modifiedp_browse.aspx; http://biotech.jrc.it/deliberate/genetically
modifiedo.asp) shows that the genetically modified tomato plants so far
tested in field trials were mainly modified for virus resistance, delayed
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ripening, or parthenocarpic fruit development. In the United States (http:/
/www.cfsan.fda.gov/~lrd/biocon.html), most of the tomato plants tested
under field cultivation conditions were genetically modified either for
disease resistances or for delayed ripening. The field trials so far
performed have shown that the quality of genetically modified tomato is
either equal or superior to their parental genotypes. In some cases, tomato
plant productivity has been improved.
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ABSTRACT
The main changes occurring during the ripening process of tomato, either on
plant or during post-harvest storage, are described in this chapter. These
changes are associated with the increase in ethylene production and occur
relatively early after harvesting; the fruits reach an over-ripe state considered
unmarketable. Thus, most post-harvest storage technologies are focused on
controlling the biosynthesis and action of ethylene in order to delay the
evolution of these changes and in turn to extend the storage life with optimum
quality before consumption. A revision of the researched post-harvest tools,
including heat treatment, modified atmosphere packaging, edible coatings and
1-methylcyclopropene (1-MCP) treatment are addressed, the best results
being obtained with the use of 1-MCP, although edible coatings seem to be a
promising technology.

INTRODUCTION

Wild-type tomato species are thought to be native to western South
America and specifically the dry coastal desert of Peru. Some authors
have postulated that tomato originated from the Mexican region, where
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the people called it “tomati”. During the 16th century, Spanish explorers
introduced tomato into Europe. Some believe the Spanish explorer Cortez 
might have been the first to carry the small yellow tomato to Europe after
he captured the Aztec city of Tenochtítlan in 1521, now Mexico City,
although  others believe Christopher Columbus, also from Spain,
discovered the tomato earlier in 1493 (Gould 1983). Initially, tomato was
considered an ornamental plant from the New World and it became
popular in Europe as an edible fruit from the 18th century.

Tomatoes (Solanum lycopersicum, formerly Lycopersicon esculentum)
belong to the Solanaceae family. In the late 1880s, 171 cultivars were
named, of which only 61 were truly different lines. Currently, the total
production of tomatoes worldwide is over 123 million t (FAOSTAT 2006),
with the main producers being China, the United States and Turkey. In
Europe, the total production is more than 17 million t. The most important
producer countries are those within the Mediterranean Sea (EUROSTAT
2006): Italy (42%), followed by Spain (21%) and Greece (11%).

Tomato fruit is characterized to follow a ripening-climacteric pattern,
which is controlled by the plant hormone ethylene, involving a wide range
of physical, chemical, biochemical and physiological changes, which start
in the plant and follow after detachment from it. These changes occur
relatively quickly after harvest and the fruits reach an over-ripe state
considered unmarketable. Thus, most post-harvest storage technologies
are focused on controlling the biosynthesis and action of ethylene in order
to delay these changes and to extend the storage life with optimum quality
before consumption.

In this chapter, the changes that occur during both development and
ripening of tomato on plant and/or during post-harvest storage affecting
the organoleptic, nutritive and functional properties are reviewed. In
addition, conventional and recent innovative post-harvest tools to
maintain tomato quality during storage and marketing are described.

CHANGES IN TOMATO FRUIT RIPENING ON PLANT AND
DURING POST-HARVEST STORAGE

The growth cycle of tomato fruit follows a simple sigmoid curve with
three distinct phases. Phase I is characterized by slow growth involving
the cell division processes and reaching the maximum number of cells. It
lasts 7-14 d after pollination, depending on cultivar, environmental factors
and growth conditions. Phase II comprises cell expansion leading to rapid
fruit growth and attainment of maximum fruit size, in 3-5 wk. The final
phase involves ripening with low or null growth rate but with intense
metabolic changes (Srivastava and Handa 2005).
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Tomato fruit ripening is a genetically programmed complex of events
that terminates with senescence. In tomato, as well as other climacteric
fruits, the plant hormone ethylene is required for normal fruit ripening
and thus considered a trigger of a wide range of physical, physiological,
and biochemical changes, which make tomato fruit attractive for
consumption. The conversion of tomato fruit from the mature green to the
fully ripe stage involves the above changes affecting quality parameters
such as colour, texture, flavour, and bioactive compounds, which can
occur during development on plant and after harvest.

Colour Changes

The typical colour changes during tomato ripening from green to red are
associated with chlorophyll breakdown and the synthesis of carotenoid
pigments due to the transformation of chloroplasts to chromoplasts. The
measurement of colour by reflexion using the Hunter Lab procedure
shows that the parameter a* is a good indicator of the tomato colour
changes, since it shows negative values for green colour and positive
values for red colour. In fact, Fig. 1 shows the evolution of colour a* at six
ripening stages selected according to the USDA colour chart (USDA 1991).
At green stage, for example, the a* value was –14, which increased
significantly along the ripening process, reaching values of +22 at the red
stage. The increase of parameter a* was highly correlated (r2 = 0.978) with
the increase of lycopene concentration (Fig. 1). Lycopene is considered the
predominant carotenoid of tomato fruit (80-90%), followed by b-carotene
(5-10%) (Lenucci et al. 2006). Lycopene has been suggested as a good
indicator of the level of ripening. At the breaker stage, and when coloration
becomes evident, lycopene starts to accumulate and its concentration
increases up to 500-fold in ripe fruits, although concentrations vary
significantly among cultivars (Fraser et al. 1994, Kaur et al. 2006).

Texture

During the ripening of tomato fruit, a softening process occurs on account
of the activity of several enzymes that alter the structural components of
the cell wall and diminish cell adhesion. The main enzymes responsible for
tomato softening are polygalacturonase, pectin-methyl-esterase, endo-b-
mannase, a- and b-galactosidases and b-glucanases (Fischer and Bennett
1991, Brummel and Harpster 2001, Seymour et al. 2002, Carrari and Fernie
2006). The activity of these enzymes causes softening of the whole fruit by
degrading some components of the cell wall and decreasing the adhesion
of the mesocarpic cells. In addition, not only the adhesion of mesocarp
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parenchymatic cells but also the epidermis and cuticle are important
structural components for the integrity of the tomato fruit, and their role in
the softening process has been reported (Bargel and Neinhuis 2005). As
can be seen in Fig. 2, there is a significant decrease in fruit firmness,
expressed as deformation force, from the green to the red ripening stage,
although the main firmness losses of about 70% of the initial levels
occurred from green to pink stage.

Flavour

The typical taste of tomato is mainly attributed to soluble sugars, organic
acids and volatile compounds. During tomato ripening there is an increase
in total soluble solids (TSS), expressed as °Brix, and diminution of total
acidity (TA) (Fig. 2). The main components of TSS are sugars, of which

Fig. 1 Colour a* (bars) parameter and lycopene concentration (straight line) in tomato fruit from
‘Raf’ cultivar at different ripening stages. Data are the mean ± SE of 10 individual fruits. Inset
plot shows the linear regression between the two parameters. Colour was measured using
Minolta colorimeter as previously described (Serrano et al. 2005). Lycopene was extracted and
determined by absorbance according to Fish et al. (2002).
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fructose and glucose are found to be predominant in domesticated
tomatoes, while some wild tomato species accumulate sucrose. In relation
to organic acids, citric acid is considered the main one responsible for
acidity and it decreases from green to red ripening stage (Carrari and
Fernie 2006). With respect to aroma, over 400 volatile compounds have
been identified in fresh and processed tomato products (Petro-Turza
1987), although 20-30 have proved to be the most important compounds
contributing to the aroma. Among these compounds, C6 compounds such
as hexanal, cis-3-hexenal, trans-2-hexenal, cis-3-hexenol, and hexenol are
considered predominant in macerated tomatoes (Buttery and Ling 1993,
Yilmaz et al. 2001, Ruiz et al. 2005). The elevated presence of 2-
methylbutanol, which derives from the amino acid leucine (Buttery and
Ling 1993), has been described as one of the main components
contributing to sweet/fresh ripe tomato flavour (Tandon et al. 2000,
Maneerat et al. 2002, Baldwin et al. 2004). During post-harvest storage,
there is an increase of most of the volatile compounds, and specifically
hexanal correlated negatively to sourness and positively to sweetness
(Krumbein et al. 2004).
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Fig. 2 Total acidity (g citric acid eq. 100 g–1), total soluble solids (°Brix) and firmness (N mm–1)
at different ripening stage of ‘Raf’ tomato. Data are the mean ± SE of 10 individual fruits.
Parameters were determined by refractometer (TSS), titration (TA) and texturometer (firmness)
according to Serrano et al. (2005).
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Bioactive Compounds

It is well known that tomato possesses a wide range of bioactive
compounds as a pool of antioxidants that have positive effects on health,
associated with their anti-carcinogenic and anti-atherogenic potential
(Omoni and Aluko, 2005). These bioactive compounds include
carotenoids (mainly lycopene), ascorbic acid, phenolic compounds, and
tocopherols, which are at higher concentrations in the skin followed by
seed and pulp fractions (Toor and Savage, 2005). In addition,
concentration of bioactive compounds in tomato fruit is significantly
influenced by genotype (George et al. 2004, Lenucci et al. 2006),
environmental factors and agricultural techniques (Dumas et al. 2003).
Figure 3 shows the evolution of some bioactive compounds during tomato
ripening. For example, decreases in total phenolics and ascorbic acid were
detected as ripening advanced, while there was an increase in lycopene
and total antioxidant (TAA) activity, which were highly correlated (R2 =
0.972). These results are in agreement with those for other tomato
cultivars, in which the increase in carotenoids and a-tocopherol led to
increased TAA in the water-insoluble fraction (Raffo et al. 2002).
However, these authors reported no significant variations in ascorbic acid
or vitamin C as ripening stage advanced. During post-harvest storage,
increases in lycopene concentration have been also reported, the
enhancement being higher as temperature increased (Toor and Savage
2006), although TAA increased to higher extension at 5 than at 10°C,
probably because of the stimulation of the biosynthesis of antioxidant
active compounds by chilling stress (Javanmardi and Kubota 2006).

In relation to phenolic content, chlorogenic acid and rutin have been
found to be the most important flavonoids in tomato. Butta and Spaulding
(1997) reported high levels of phenolics at the earliest stage of tomato
development but concentrations declined rapidly during fruit ripening, as
well as during post-harvest ripening (Fig. 3), although other authors have
shown that the content of total phenolics remained stable during ripening
(Slimestad and Verheul 2005).

Physiological Changes

Tomato is considered a good model to study the biosynthesis and action of
ethylene in climacteric fruits. Excellent and recent reviews are available
about the ethylene biosynthesis, perception, signal transduction and its
regulation at biochemical, genetic and biotechnological levels (Alexander
and Grierson 2002, Giovannoni 2004, Carrari and Fernie 2006). Tomato
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shows a climacteric physiological ripening pattern, with peaks in both
ethylene production and respiration rates (Fig. 4). The maximum ethylene
production is found at turning stage, while respiration rate peaked at pink
stage. From green stage, at which the ethylene production began, the
physicochemical parameters related to ripening started to change, mainly
the diminution in total acidity and firmness, while the major changes in
total soluble solids and lycopene accumulation occurred after the
climacteric peak (turning stage), as can be seen in Figs. 1 and 2.

EFFECTS OF POST-HARVEST TECHNOLOGIES TO MAINTAIN
TOMATO FRUIT QUALITY

Tomato fruit has a relatively reduced post-harvest life since many
processes affecting quality loss take place after harvesting. The major
limiting factors in the storage of tomato fruit are transpiration, fungal
infection, acceleration of the ripening process and senescence. Under
ambient temperature, tomato ripens rapidly and becomes unmarketable
in a short period. The use of low temperature is effective in delaying and/
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or reducing the ethylene production, but tomato fruits are sensitive to
chilling injury (Cheng and Shewfelt 1988), and then temperatures over
11°C are advisable for post-harvest storage. Since the production of
ethylene accelerates the above-mentioned biochemical and physiological
changes that occur during ripening leading to senescence, any tool that
prevents ethylene biosynthesis and/or action would delay the quality
losses and in turn increase the post-harvest shelf life, with obvious
commercial interest. Apart from low temperature storage, very few post-
harvest technologies have been researched to maintain tomato quality
parameters: they include heat treatments, modified atmosphere
packaging, 1-methylcyclopropene (1-MCP) applications and the use of
edible coatings.

Heat Treatment

The main objective of mild heat treatment prior to tomato storage has been
to alleviate occurrence of chilling injury. For this purpose, hot water dips
or hot air treatments have been used (McDonald et al. 1999, Ali et al. 2004,
Saltveit 2005, Polenta et al. 2006), with several combinations of
temperature and duration at ranges of 27-48°C and 15-90 min. Generally
heat treatments can alleviate chilling injury symptoms in tomatoes by
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reducing decay, loss of firmness, and electrolyte leakage by protecting
membrane components.

Modified Atmosphere Packaging (MAP)

The principles of fruit storage under modification of the atmosphere are
based on changes in the internal atmosphere composition from
refrigerated produce packaged in closed polymeric films. The gas
composition is generated by the interaction between the respiration of the
fruit or vegetable and the permeability of the film (Artés et al. 2006). In
tomato, there is some evidence on the effect of MAP use on quality.
Several modifications in gas levels have been reported with positive
effects in different cultivars of tomatoes: 5kPa O2 – 10 kPa CO2 (Boukozba
and Taylor 2002), 5 kPa O2 – 8 kPa CO2 (Suaparlan and Itoh 2003), 5 kPa O2
– 3 kPa CO2 (Artés et al. 2006), and 4 kPa O2 – 10 kPa CO2 (Bailén et al.
2006). The use of MAP led to reduction in weight losses and delay in both
colour changes and softening, while the content of TSS and TA were
unaffected. It is important to note that the use of MAP could not
sufficiently control decay, which could be attributed to the high level of
humidity inside the packages, which stimulates mould growth. In this
sense, the addition of activated carbon impregnated with palladium
(active packaging) showed diminutions in decay (60%) after one month of
storage by reducing the ethylene accumulation with a net increase in shelf
life compared to control MAP packages (Bailén et al. 2006). One of the
disadvantages of using MAP to store tomatoes was the loss of volatile
compounds due to the low oxygen conditions, although high losses were
only found under low temperature storage (Boukozba and Taylor 2002).
MAP has also been used on fresh-cut tomato slices, showing that shelf life
could be extended by reducing microbial spoilage, decay and chilling
injury symptoms when 1 kPa O2 – 20 kPa CO2 were reached (Hong and
Gross 2001, Gil et al. 2002). In addition, lower colour changes and better
appearance were detected with atmosphere modification of 2.5 kPa O2 – 20
kPa CO2, while TSS and TA were not significantly affected (Artés et al.
1999).

1-Methylcyclopropene

1-MCP was discovered by Sisler and Blankenship as a potent ethylene
antagonist. It is able to bind the ethylene receptor with 10 times as much
affinity as ethylene itself, being more active at much lower concentrations
(Serek et al. 1995, Sisler and Serek 1999, Blankenship and Dole 2003). This
compound has attracted great interest worldwide as a new, non-toxic
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agent for humans and environment (Environmental Protection Agency
2002) and safe post-harvest chemical in the agro-food industry capable of
maintaining post-harvest quality of many fresh commodities, both
climacteric and non-climacteric (Blankenship and Dole 2003). There are
several reports that prove the efficacy of 1-MCP in inhibiting ethylene
production in tomato and delaying the ripening process (Wills and Ku
2002, Mostofi et al. 2003, Opiyo and Ying 2005). In these papers, several
combinations of 1-MCP dosage and duration of treatments were reported,
but it has been recently proposed that the optimum treatment for tomato
was 0.5 µl l–1 during 24 hr (Guillén et al. 2007a). These authors also showed
that tomato cultivar and ripening stage at the time of 1-MCP treatment
affect its efficacy in controlling post-harvest ripening (Guillén et al. 2006).

The efficacy of 1-MCP (at 0.5 µl l–1 during 24 hr) in seven tomato
cultivars (‘Boludo’, ‘Cherry’, ‘Daniela’, ‘Patrona’, ‘Raf’, ‘Roncardo’ and
‘Tyrade’) was assayed during post-harvest storage. The results after 28 d
of storage revealed that 1-MCP treatment was able to reduce weight loss
(Fig. 5), delay the increase in colour parameter a* (Fig. 6), retard the

'Boludo' 'Cherry' 'Daniela' 'Patrona' 'Raf' 'Roncardo' 'Tyrade'

2

4

6

8

10 Control

1-MCP

W
e
ig

h
t

L
o

s
s

(%
)

Fig. 5 Weight loss of different tomato cultivars after 28 d of storage at 10°C, treated or not
(control) with 1-MCP at 0.5 ml l–1 during 24 hr after harvesting. Data are the mean ± SE of 3
replicates of 20 fruits.
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softening process (Fig. 7) and reduce acidity loss (Fig. 8). No significant
variation was obtained for TSS attributed to 1-MCP treatment for any
cultivar (data not shown).

All these effects clearly indicated that tomato receptors were blocked by
1-MCP, the ethylene production was inhibited, and, in turn, the ripening
process of tomato was delayed. Loss of weight is one of the most
important causes of fruit quality deterioration, and very few reports
describe the effect of 1-MCP on this parameter. On average, the observed
reduction of weight loss was 10-50% depending on cultivar. This lower
weight loss has an important economic repercussion during long
shipment periods. In tomato, colour, firmness and acidity are very
important for consumer acceptance, and their rapid evolution during
post-harvest storage is responsible for the reduced shelf life of tomato. The
magnitude of the inhibition of increase of colour a* parameter, and
firmness and acidity retention by 1-MCP during storage was dependent on
both cultivar and the value for each parameter at harvest.
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Fig. 6 Increase in colour a* parameter of different tomato cultivars after 28 d of storage at
10°C, treated or not (control) with 1-MCP at 0.5 ml l–1 during 24 hr after harvesting. Data are the
mean ± SE of 3 replicates of 20 fruits.
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Fig. 7 Fruit firmness (N mm–1) of different tomato cultivars at harvest and after 28 d of storage
at 10°C, treated or not (control) with 1-MCP at 0.5 ml l–1 during 24 hr after harvesting. Data are
the mean ± SE of 3 replicates of 20 fruits.

Edible Coatings

Edible coatings have been used to improve food appearance and
preservation. They act as barriers during processing, handling and
storage. They not only retard deterioration, enhancing food quality, but
also improve food safety due to their natural biocide activity or the
incorporation of antimicrobial compounds (Petersen et al. 1999, Cha and
Chinnan 2004). Different compounds have been used as edible coatings to
prevent commodity deterioration, including wax, milk proteins,
celluloses, lipids, starch, zein, and alginate. In tomato particularly, there is
little evidence about the effectiveness of edible coating as post-harvest
treatment. We have found that coating of tomatoes with alginate or zein
(at 5 or 10 % w/v) reduced the softening process and the increase in colour
a* parameter after 9 d of storage at 20°C compared to control non-coated
fruits (Fig. 9).

In fact, tomatoes coated with 10% zein retained more firmness than
those with 5%, which could be related to the higher film thickness.
Another explanation for the reduction of softening could be related to the
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Fig. 8 Total acidity (g citric acid eq. 100 g–1) of different tomato cultivars at harvest and after 28
d of storage at 10°C, treated or not (control) with 1-MCP at 0.5 ml l–1 during 24 hr after
harvesting. Data are the mean ± SE of 3 replicates of 20 fruits.

lower weight loss observed (data not shown). The diminution of weight
loss seems to be a general effect of coatings in fruits and might be based on
the hygroscopic properties of the coatings, which enable formation of a
barrier to water diffusion between fruit and environment, preventing its
external transference (Morillon et al. 2002). The lower increase in colour a*
parameter could be related to a delay of the ripening process probably due
to a modification of the internal atmosphere (an increase in CO2 level and
a decrease in O2), as was reported earlier (Park et al. 1994). In the case of
colour, zein at 10% was also more effective than zein at 5% in delaying the
colour evolution, although alginate was the most effective in controlling
this parameter.

CONCLUDING REMARKS

In this chapter, the major changes occurring in tomato ripening on plant
and during post-harvest storage have been described. Acceleration of the
parameters related to ripening after harvest leads to a reduction in tomato
quality affecting marketability and shelf life. Apart from low temperature
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storage, there are few post-harvest technologies to retard the tomato
ripening process and extend storage life. Some attempts have been carried
out using heat treatments (to alleviate chilling injury), MAP technology,
1-MCP treatments and edible coatings. From the results reported herein,
1-MCP seems to have a promising future for commercial application.
Currently, 1-MCP is being commercially used in cut flowers and fruits
such as apples, bananas and melons. It is registered (under the trade name
Smartfresh®, by Agrofresh, Inc, a subsidiary of Rohm & Haas, Spring
House, Pennsylvania, USA) for use as post-harvest fruit treatment in 6 EU
countries and 15 countries outside Europe, including the United States
and Canada. In Spain, authorization and registration are pending for the
use of 1-MCP in tomato. More research is necessary in the field of edible
coatings, which could be considered safe for humans because of the use of
natural products as ingredients. Finally, the combination of different tools
to reduce and/or inhibit ethylene action in tomato deserves further
research.
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ABSTRACT
Tomato is one of the more popular fruits cultivated and consumed in a large
number of countries throughout the world. Besides texture and colour, flavour
characteristics are an important factor taken into account by the consumer. The
characteristic flavour of tomato is mainly due to volatile and small, water-soluble
non-volatile components. Their structure and origin are very different. Most
volatile compounds responsible for tomato aroma derive mainly from fatty acids
and amino acids but pigments such as lycopene and carotenoids can also be
precursors of qualitatively important aroma compounds. Reducing sugars and
free acids are at the origin of the sweet-sour taste of tomato but minerals and
nitrogen compounds can also intervene as potential taste-active compounds.
However, aroma and taste components quantitatively vary greatly according to
many factors such as the tomato species, stage of ripeness, year of growth and
conditions of cultivation. For the past few years, consumers seem increasingly
to desire improved flavour of commercial tomato varieties; therefore, research
on tomato flavour and selection of more “savoury” products are fully justified.

INTRODUCTION

Flavour is defined as the result of retronasal aroma, taste and trigeminal
perceptions. In the formation of the characteristic flavour of tomato, most
constituents may play a role. The effect is direct for aroma or taste
compounds or indirect in the case of precursors or compounds that affect

A list of abbreviations is given before the references.
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the availability of the stimulus. As with many foods, the characteristic
flavour of tomato is due to the complex effect of volatile and non-volatile
components and their interactions. The interactions can have a physico-
chemical origin with the food matrix components, resulting in retention
with pectin or proteins, or in release due to salting out effect with intrinsic
mineral salts. Moreover, the very complex flavour compound
composition of tomato can generate intra- and intermodal sensory
interactions.

A wide range of sugars, acids, vitamins and volatile compounds was
found in various cultivars of tomato (Davies and Hobson 1981, Buttery et
al. 1988, Islam 1997). They are mainly implicated in tomato flavour.
Concerning tomato aroma compounds, many studies have been carried
out on the identification of volatile compounds (Petro-Turza 1986-1987).
There are nearly 400 identified aroma compounds in tomato but only a
few of them are aroma-active compounds and directly involved in the
characteristic fresh tomato aroma. Some volatile compounds originate
from non-volatile precursors by enzymatic reactions occurring very
quickly after the fruit has been blended or chewed by consumers. The
main consequence of this phenomenon is that the amounts of volatile
compounds vary with time and new techniques were developed to get
initial concentration of volatiles in the fruit and to follow the biosynthesis
and aroma release kinetics of tomato aroma compounds. The main tomato
volatile compound formation pathways and the main factors influencing
the volatile compound composition in the fruit were reviewed by
Boukobza (2001).

Substances affecting taste in tomato are small and water-soluble
organic and mineral compounds that are the main constituents of the dry
matter of tomato. It is well established that sugars, organic acids and
minerals fully participate in tomato taste but the participation of other
components such as nitrogen compounds is probable but still
questionable. However, compared to tomato aroma compounds, even
though many studies have been carried out on tomato composition, very
few have been specifically dedicated to tomato taste.

This chapter starts with a presentation of the main methods used to
extract and analyse volatile and non-volatile tomato components, then
aroma and taste components of interest to fully explain tomato flavour are
reviewed.

TOMATO AROMA COMPOUNDS

Techniques for Extraction and Analysis of Tomato Flavour

The extraction of volatile compounds, generally by steam distillation,
dynamic headspace extraction under vacuum or more recently by solid
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phase micro extraction (SPME), is a key step in the analysis of aroma
compounds of a particular food and the question of the representativity of
the odour of the obtained extract compared to the odour of the crude
product should be examined each time. Therefore, the different steps
leading to the obtaining of tomato aroma extract must be optimized, as a
universal extraction method does not exist. Etiévant and Langlois (1999)
optimized each step such as fruit blending, enzyme deactivation and
volatile compound extraction/distillation by comparing the quality of the
aroma extracts with that of the crude product by sensory evaluation to get
the most representative aroma extract.

The conventional method to identify volatile compounds from an
aroma extract is the use of GC-MS (gas chromatography coupled with
mass spectrometry) and the comparison of linear retention indexes of
volatile compounds contained in the sample with reference compounds.
Volatile compounds are then quantified by GC using an internal standard.
When these techniques are not sufficient to identify volatiles,
complementary techniques can be used. Infrared spectroscopy and
particularly GC-FTIR (GC coupled with Fourier Transformation Infra
Red) is an analytical tool for detection of functional groups by infrared
absorption in molecules. Nuclear magnetic resonance (NMR) gives
information on the structure of the molecules. Both techniques were used
for the identification of tomato aroma compounds after extraction (Buttery
et al. 1994). New strategies are now used, in the field of metabolomic,
using full mass spectral alignment of GC-MS profiles for fast multivariate
analyses (Tikunov et al. 2005).

The coupling of GC with olfactometry (GC-O) allows detection of
odorant zones characterized by an olfactive index and by a description of
the perceived odour from an aroma extract. The reliability of the results
depends mainly on the representativity of the aroma extract. This is an
interesting technique particularly because of the high sensitivity of the
human nose, often higher than any electronic detector. Applying GC-O
method to tomato aroma extracts, Langlois et al. (1996) were able to
identify several aroma-active compounds of tomato.

With the advent of direct headspace or nose-space analyses linked to
Atmospheric Pressure Ionization Mass Spectrometry (APCI-MS) or more
recently to Proton Transfer Reaction (PTR) (Taylor and Linforth 2003), it is
now possible to measure mixtures of volatiles in headspace and nose-
space directly in real time. APCI-MS was first applied to tomatoes to
measure volatile release following the enzymatic process during the
eating of tomato fruits (Brauss et al. 1998). APCI-MS or PTR-MS does not
need extraction steps, is capable of simultaneous detection and allows real
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time analysis but the identification of volatile compounds is not
unequivocal. However, previous conventional analysis steps such as
GC-O are sometimes necessary to determine what ion corresponding to
active component this technique should follow.

The main active compounds involving taste are small non-volatile
molecules, so, they can be easily analysed using conventional techniques.
The main mineral cations are analysed by atomic absorption or flame
ionization and mineral anions by colorimetric methods or high
performance liquid chromatography (HPLC) using conductimetry as the
detection method. Concerning organic compounds, sugars and acids can
be analysed using specific enzymatic kit reagents or by HPLC using
refractometry, UV/visible (Salles et al. 2003, Marconi et al. 2007),
amperometric or conductimetric detection.

Biogenesis of Aroma Compounds

Tomato aroma compounds, like aroma compounds in numerous fruits
and vegetables, mainly originate from proteins, sugars and lipids (Fig. 1).
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Fig. 1 Biosynthesis of volatile compounds in tomato.
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Amino Acids Metabolism

Many volatiles are derived from amino acids. The absence of differences
between crude and blended fruits for some volatiles suggested that they
were formed during the ripening process. Moreover, concentrations of
these compounds at different stages of ripening showed that the main
formation of these compounds seems to occur between the breaker and the
table ripe stage (Buttery and Ling 1993a). The use of C14 labelled amino
acid precursors showed that it mainly concerns alcohols, carbonyls, acids
and esters. Amino acid is first deaminated into the corresponding keto
acid by an amino transferase, then, the a-keto acid is converted into an
aldehyde by decarboxylation, as a result of which various volatile esters
are formed (Petro-Turza 1986-1987). The main amino acids involved in
this process are leucine, isoleucine, valine, alanine and phenylalanine
(Buttery and Ling 1993a). For example, 3-methylbutanal originates from
leucine (Fig. 2). Leucine is deaminated by a leucine aminotransferase to
give a keto-acid that can be enzymatically both decarboxylated to give 3-
methylbutanal and dehydrogenated to give an acyl CoA derivative. This
acyl CoA intermediate can give by the action of alcohol acyl transferase
several types of esters. 3-Methylbutanol derived from the corresponding
aldehyde can also be esterified to give esters. The in vitro formation of 3-
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methylbutanol from leucine using a crude enzyme extract from tomato
was reported by Yu et al. (1968a) and confirmed using labelled [14C]-
leucine (Yu et al. 1968b). Concerning aromatic compounds, Tieman et al.
(2006a) reported that tomato aromatic amino acid decarboxylase
participates in the synthesis of 2-phenylethanol and 2-
phenylacetaldehyde from phenylalanine.

The presence of nitro-compounds has been reported in many studies
(Petro-Turza 1986-1987). It could be formed by a Nef reaction from
phenylalanine to 1-nitro-phenylethane and hence to phenylacetaldehyde
(Buttery 1993). 2-isobutylthiazole was also reported in several studies
(Petro-Turza 1986-1987). Hypotheses were proposed to explain its
formation but need to be validated. Volatile sulphur and ammonium
compounds were reported in fresh tomato by Petro-Turza (1986-1987).

Fatty Acid Metabolism

Some tomato volatiles are produced enzymatically from lipid oxidation
after tissue damage (Kazeniac and Hall 1970, Galliard et al. 1977). A
general scheme of the formation of volatile compounds from acyl lipids is
presented in Fig. 3. Buttery et al. (1988) confirmed the formation of these
volatiles during the disruption process of tomato fruit tissue. C6
aldehydes are produced in tomato in different parts of the plant (Buttery

Fig. 3 Pathway of volatile compounds formation by enzymatic degradation of tomato acyl lipids.
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and Ling 1993a). These aldehydes contribute to the “green note” of fresh
tomato. They could be components of plant defence mechanism and it has
been suggested that the lipoxygenase activity, in the case of pea, increases
in response to drought stress (Oneill et al. 1996).

Tomato fruit tissue disruption results in the degradation of endogenous
lipids by hydrolytic and oxidative enzymes resulting in the formation of
free fatty acids (mainly linoleic C18:2 and linolenic C18:3), which are
subsequently oxidized to their hydroperoxides by lipoxygenase action.
The C18 hydroperoxides are cleaved to C6 aldehydes (hexanal and cis-3-
hexenal) by a specific enzyme, hydroperoxide lyase, for 13-hydroperoxide
isomers. The specific enzyme for 9-hydroperoxide isomers is not present
in the tomato tissue, therefore 9-hydroperoxy-fatty acids accumulate in
the cell, and their fate is not known. Cis-3-hexenal is rapidly converted
into its isomer trans-2-hexenal by an isomerase and can readily occur
chemically. Through the action of alcohol dehydrogenase, the aldehydes
can be converted to their corresponding alcohols. The ratio of linolenic
acid to linoleic acid and the ratio of hexanal to hexenal generated from
macerated fruits were compared and found to be different according to
tomato varieties (Gray et al. 1999).

Although lipoxygenase is widely distributed in plants, its role in cell
physiology is not well defined. It catalyses oxidation of free fatty acids
containing the cis,cis-1,4-pentadiene structure, mainly linoleic (18:2) and
linolenic (18:3) acids, resulting in a hydroperoxide located at carbon 9 or
carbon 13 depending on the isoenzyme (Riley et al. 1996). The
lipoxygenase pathway is important for the production of flavour
compounds as well as for plant defence, development and inter- and intra-
plant communication (Bate et al. 1998).

Only a few data are related to subcellular distribution of the relevant
enzymes (lipoxygenase, hydroperoxyde liase). A membrane-associated
lipoxygenase was first reported by Todd et al. (1990) in green tomato, and
appeared to be located in thylakoids of chloroplasts (Todd et al. 1990,
Bowsher et al. 1992). Studies report data on the subcellular generation and
distribution of lipid-derived volatiles during the ripening of tomato and in
ripe tomato (Riley et al. 1996, Riley and Thompson 1997). Membrane-
associated lipoxygenase activity increases during tomato development,
peaking during the breaker stage, whereas hydroperoxide lyase exhibits
constant activity from mature green through ripe stages of fruit
development, and lipid particles and key flavour volatiles could be both
derived from membranes (Riley et al. 1996). Lipidic particles could serve
as a vehicle for moving flavour volatiles out of membranes and the
volatiles subsequently partition out of the particles into the cytosol in
accordance with partition coefficients (Riley and Thompson 1997).
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Hydroperoxide lyase seems to exist in multiple locations in plant and has
also been reported to be membrane bound in tomato (Galliard et al. 1977).

Cellular damage initiates a rapid chain of reactions that include the
activation of the previously described enzymatic systems (lipase,
lipoxygenase, hydroperoxide lyase, isomerase and alcohol
dehydrogenase) utilizing O2 as a substrate along with polyunsaturated
fatty acids. Among all the enzymes, lipoxygenase and hydroperoxide
lyase seem to be the most important since product specificity of
lipoxygenase and substrate specificity of hydroperoxide lyase determine
the pattern of volatile aldehydes formed (Hatanaka et al. 1986).

Other volatile compounds showing a relatively large increase in
concentration when tomato fruits are blended are formed upon disruption
of the tissue from the lipid oxidation pathway. Some compounds found at
a negligible concentration in raw fruit but at measurable levels in blended
fruits derive from the oxidation of free fatty acids by the action of
lipoxygenase. However, degradation of hydroperoxides does not require
hydroperoxide lyase; homolytic cleavage could also give rise to various
types of aldehydes, ketones and alcohols.

Alcohols can be derived from their corresponding aldehydes by the
action of alcohol dehydrogenase. 4,5-Epoxy-(E)-2-decenal is another
important lipid oxidation product present in tomato (Buttery and Ling
1993a). Its pathway formation from linoleic acid has been proposed by
Buettner and Schieberle (2001). Enzymatic cooxidation of carotenoid by
tomato lipoxygenase could be responsible for the formation of certain
volatiles. Purified tomato lipoxygenase oxidized b-carotene faster than
a-carotene and lutein, whereas lycopene remained unaffected (Cabibel
and Nicolas 1991). Geranyl acetone, b-ionone and 6-methyl-5-hepten-2-
one are likely to be derived from the cooxidation of carotenoids (Buttery
and Ling 1993b).

Fatty acid peroxyl radicals, formed by enzymatic oxidation of the free
fatty acids, can be the oxidizing agent for carotenoids forming peroxy
carotenoid radical. The peroxy radical reacts with the carotenoid, which
becomes oxidized and is fragmented into some volatile molecules.
Alternatively, as described by Wu et al. (1999) for b-carotene, the addition
of peroxy radical can give fatty acid peroxyl radicals-carotenoid from
which further derived products such as epoxides can be formed.

Isoprenoid Pathway

Volatile monoterpenes represent only a low fraction of the terpenoids
present in tomato. Oxygenated monoterpene volatiles such as linalool,
geranial and neral were identified in ripe tomato fruit, while a-Copaene
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was identified in green fruit (Buttery and Ling 1993b). The pathway of
carotene biosynthesis from the isopentenyl diphosphate (isoprene unit) in
tomato fruit has been established (Porter and Spurgeon 1979). This
isoprenoid pathway becomes important during the ripening process.
Camara et al. (1995) reported studies on changes and accumulation of
carotenoid pigments in Capsicum annuum (same family as tomato). These
studies showed, using isolated chromoplasts, that carotenoids were
formed by the condensation of C5 units derived from mevalonate with
several enzymatic steps and that phytoene is the first C40 precursor of
carotenoids. An alternative to this pathway has been considered (Bach
1995). A biosynthetic pathway of isopentenyl pyrophosphate formation
should be via the Rohmer pathway (Rohmer et al. 1996). Important
correlations between specific aroma compounds and carotenoid
precursors were shown (Stevens 1970). The conversion to volatile
compounds appeared to be an oxidative process occurring at the first
conjugated diene bonds. It was observed that ketones are more abundant
than aldehydes, suggesting that oxidation preferentially occurs at methyl-
substituted rather than unsubstituted double bonds or that the aldehydes
formed are less stable. Phytoene, phytofluene, carotene, neurosporene
and lycopene are respectively carotenoid precursors of farnesyl acetone,
farnesyl acetone and geranyl acetone, geranyl acetone, 6-methyl-5-
hepten-2-one and geranyl acetone, and 6-methyl-5-hepten-2-one. The
production of these compounds might also be derived from other different
chemical pathways such as thermal hydrolysis of tomato glycosides
releasing high amounts of 6-methyl-5-hepten-2-one but no geranyl
acetone. A large increase on maceration and absence of production in the
glycoside hydrolysis for geranyl acetone demonstrate its origin from an
oxidative process possibly coupled with the lipid oxidation (Buttery 1993).
There is a good correlation between b-carotene content and b-ionone
concentration. Crouzet and Seck (1982) described a pathway for the
formation of b-ionone from b-carotene.

Other Pathways

Other pathways for the formation of minor volatile compounds found in
tomato were also reported. Phenolic compounds such as eugenol, methyl
salicylate and guaiacol were reported in highly variable amounts in
tomato fruits. b-oxidation is also described as an important pathway for
the formation of various aldehydes, ketones, esters from saturated and
unsaturated fatty acids. The combination of the action of pyruvate
decarboxylase and alcohol dehydrogenase on pyruvate can generate both
ethanol and acetaldehyde. In lactic acid fermentation, lactate is formed by
the action of lactate dehydrogenase and ethanol can accumulate in many
plant species (Tadege et al. 1999).
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Glycosides

Compared to grapes or wine, very few studies on glycoside aroma
precursors were carried out on tomato fruits. Volatile aldehydes such as
3-methylbutanal and phenylacetaldehyde could be formed from
enzymatic oxidation of the corresponding alcohols, released by enzymatic
hydrolysis of glycosides during ripening. Isolation of the fresh tomato
glycoside fraction yielded 3-methylbutyric acid and b-damascenone as
major products upon hydrolysis (Buttery et al. 1990, Buttery 1993). Marlatt
et al. (1991) isolated several glycosidically bound C13 norisoprenoids
from tomato. Later, Marlatt et al. (1992) showed the presence of a larger
variety of glycosides that can release volatile compounds using enzyme-
mediated hydrolysis. The presence of furaneol glucoside and free furaneol
were reported in intact tomatoes (Buttery et al. 1994). Krammer et al.
(1994) reported the identification of 2,5-dimethyl-4-hydroxy-3(2H)-
furanone glucoside in tomato. Measurement of volatiles after deactivation
of enzymes using a saturated NaCl solution supports the view that
furaneol was formed by slow enzymatic hydrolysis of the glucoside
occurring during ripening (Buttery et al. 1995). Furaneol concentration
was found above its threshold value in fresh fruit, suggesting that it
contributes to the fresh aroma (Buttery et al. 2001). Krammer et al. (1995),
using countercurrent chromatography system, collected highly purified
fractions and characterized for the first time by NMR techniques 3-(4-
hydroxyphenyl)propionic acid and benzyl-b-D-glucosides, and 2-
phenylethyl-b-D -gentiobioside.

Aroma Compounds Formed during Processing

The maceration process and high temperature contribute to the formation
of new volatiles in tomato. An important loss occurs for a number of
compounds such as (Z)-3-hexenal, 1-penten-3-one, while other
compounds such as dimethylsulfide, acetaldehyde and b-damascenone
show a significant increase in concentration in processed tomato paste
(Petro-Turza 1986-1987). Moreover, the quantity of some other
components also changes upon heat treatment. Buttery (1993) formulated
a synthetic tomato paste and its aroma, judged by a sensory panel, was
found to be very similar to tomato paste. Glycosides are an important
precursor of volatile aroma compounds in processed tomato (Buttery et al.
1990), as they are progressively hydrolysed in both hot and acid
conditions.
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Table 1 Volatile compounds quantified in three tomato varieties (unpublished results). The
average of three replicates (mg/kg fruit) and the standard deviation (%) are reported.

Volatile compounds Cencara Zucker Lucy

3-methyl-butanal 24.6 26.6 92.0 16.8 179.2 14.2
2-methyl-butanal 10.9 47.7 65.8 5.5 108.0 16.1
pent-1-en-3-one 155.7 17.8 295.3 24.1 202.6 4.5
pentanal 47.8 21.0 52.4 14.3 38.1 4.0
pentan-3-one 33.9 6.5 48.0 10.8 33.8 8.6
2-methylbut-2-enal 44.9 64.1 246.1 12.3 349.8 7.6
2- and 3-methyl butan-1-ol 110.4 58.2 680.9 4.8 1043.8 10.8
pent-2-enal 35.3 35.6 93.8 39.5 57.9 5.3
hexanal 2100.0 14.9 2224.5 15.5 1001.0 6.6
(Z)-hex-3-enal 44.0 28.7 111.0 18.7 63.8 9.5
3-methylpentan-1-ol 5.1 32.2 1.5 126.7 6.0 14.7
(E)-hex-2-enal 1745.6 22.1 3979.9 6.4 1950.3 9.9
hex-3-en-1-ol 43.8 34.8 57.2 23.3 29.2 6.9
hexan-1-ol 7.9 21.6 7.6 26.9 4.4 26.8
2-methyl-thio-ethanol 9.5 34.6 41.2 41.2 8.7 29.2
3-methyl-thio-propanal 8.6 68.8 38.7 25.8 80.7 8.0
hept-2-enal 42.5 21.1 37.5 26.1 22.9 7.5
6-methylhept-5-ene-2-one 213.9 24.9 96.2 15.5 91.7 9.1
benzaldehyde 18.3 4.6 19.5 21.5 10.6 7.2
6 methylhept-5-ene-2-ol 23.8 34.1 4.6 8.3 4.3 18.9
isobutylthiazole 26.6 27.3 8.3 38.0 23.0 9.7
butanolactone + heptadienal 30.8 12.2 36.8 26.1 50.9 13.8
3-methyl-thio-propan-1-ol 9.0 23.2 22.0 38.1 20.5 21.6
2-methyl-butanolactone 12.4 4.9 6.2 11.8 6.7 8.1
2-phenyl-ethanal 141.5 25.8 63.8 10.0 94.3 15.5
nonanal 18.8 68.0 13.0 19.3 9.9 9.2
phenyl-methanol 88.9 9.8 31.7 2.9 52.0 21.2
2-methoxy-phenol 10.8 80.1 1.9 62.4 1.1 105.6
2-phenyl-ethanol 1043.2 27.2 846.8 22.4 853.9 21.1
decanal 21.3 40.5 12.9 10.8 9.2 13.1
methyl salicylate 50.3 15.6 1.9 74.2 48.0 18.6
2,3-epoxy-geranial 23.9 22.4 6.2 13.2 7.7 11.3
benzothiazole 17.6 90.4 21.4 60.9 21.9 111.0
neral 13.0 19.5 6.6 7.9 5.4 17.3
geranial 48.1 18.7 17.2 14.9 16.0 14.0
3(1,1-dimethyl-ethyl)phenol 2.7 23.8 3.9 10.0 2.6 13.6
geranylacetone 148.3 10.0 146.9 26.2 62.9 5.1
b-ionone 5.0 2.1 10.2 5.3 5.4 3.9
5,6-epoxy-b-ionone 6.1 8.9 7.2 12.7 3.9 29.3
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Factors Influencing Fresh Tomato Flavour

Tomato aroma compound composition varies qualitatively and
quantitatively according to the variety (Table 1). These compounds are
mainly produced by the metabolism of lipids, amino acids, lycopene and
carotenoids but large differences are observed between varieties (Table 2)
that can influence flavour qualities of tomatoes. In order to evaluate the
impact of these volatile compounds on tomato flavour and to evaluate to
what extent aroma active components can characterize tomato varieties,
Langlois et al. (1996) performed GC-O analysis by three judges with
tomato varieties that were described by different flavour qualities. The
results for one judge are reported in Table 3 as an example. Among the 40
volatile compounds identified in fresh tomato (Table 1), the three judges
were able to detect a total of 32 odours but only 13 of them were clearly
identified. Among these potent odorant compounds, 11 appeared
particularly important in discriminating between varieties. Most of these
compounds are related to the metabolism of amino acids (2- and 3-
methylbutanol, 2- and 3-methylbutanal, 2-methyl-2-butenal, 2-phenyl-
ethanol, phenylmethanol, benzaldehyde and 3-methylthiopropanal). Only
geranylacetone is related to the metabolism of carotenes in this study,
though important fruit aroma volatiles are derived from the degradation
of carotenoid pigments and lycopene, the major pigment of red tomato,
and give rise to several volatile compounds (Lewinsohon et al. 2005).
Conversely, they found that the metabolism of unsaturated fatty acids

Table 2 Importance of volatile compounds originating from different metabolic ways in several
tomato varieties (unpublished results).

Variety Fatty acids Aliphatic Aromatic Lycopene Carotenes
amino acids amino acids and others

Cencara + +++ +++ +++
Ibiza + ++ ++
Lucy ++++ ++
Melody ++++ Variable
Zucker ++++ ++ ++ ++++
Elena Variable Variable
Rondello + +++
Daniela Variable
Lemon boy — —

+ to ++++: importance of the presence of volatile compounds originating from the same precursor family.
—: absence.
Variable: the importance of the presence of volatile compounds originating from the same precursor family
varies according to the growing year.
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Table 3 Gas chromatography–olfactometry analysis obtained for three tomato varieties by one subject (unpublished results).

Zucker Lucy Cencara

LRI ND Area Odour description LRI ND Area Odour description LRI ND Area Odour description

735 4 56 Unpleasant odour 735 5 108 Unpleasant odour 735 4 44 Unpleasant odour
763 7 328 Chemical strawberry 763 3 27 Chemical strawberry 763 4 65 Strawberry
773 1 15 Chemical odour 773 1 13 Plastic 773 2 23 Chemical, plastic
884 7 595 Green, grass 883 6 422 Grass 884 6 393 Grass
963 3 25 Apple 962 1 7 Apple 963 3 28 Apple
988 1 12 Green tomato 995 1 15 Green tomato 993 1 13 Green tomato

1012 7 834 Foot, socks 1011 5 367 Foot, socks 1011 5 264 Foot, socks
1045 9 5243 Potatoes 1045 7 1767 Potatoes 1046 7 1117 Potatoes
1083 6 493 Green bean 1083 3 72 Green bean 1083 4 194 Green bean

1109 3 37 Neutral odour 1109 2 30
1138 2 20 Green, green tomato 1139 1 17 Chemical odour

and potatoes
1177 1 6 Sweat 1179 1 7 Sweat 1179 3 28 Sweat
1182 5 175 Floral 1182 5 160 Floral 1182 6 378 Floral

1234 1 26 Unpleasant odour 1232 2 37 Chemical
1279 5 210 Floral 1278 4 60 Lip tip 1280 4 103 Floral
1302 7 1142 Wet wood 1302 4 203 Wet wood 1300 6 533 Wet wood

1380 1 15 1381 1 26
1455 8 1639 Green pepper
1463 8 1701 Modelling clay 1463 5 425 Modelling clay 1455 8 3127 Modelling clay

1509 1 26 Orange flower 1509 7 1104 Soap, banana
1564 7 1053 Green, vegetable 1564 5 305 Green 1564 7 779 Green

LRI: linear retention index; ND: number of dilutions
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does not appear to produce more aroma-active compounds in particular
varieties. Using GC-O, Krumbein and Auerswald (1998) identified (Z)-3-
hexanal, hexanal, 1-octen-3-one, methional, 1-penten-3-one and 3-
methylbutanal as the most odour-active volatile compounds in fresh
tomato.

Harvesting conditions such as stage of maturity, handling procedure,
and storage condition and external factors such as temperature, humidity,
soil quality, and light have an important impact on fruit quality and
should be taken into account for the development of flavour quality. For
example, fruit size and soluble solid content can also be manipulated by
controlling the electrical conductivity of the nutrient solution (Auerswald
et al. 1999b, Krauss et al. 2006). Potassium supply can influence the acid
content, colour and shape of the fruits (Wright and Harris 1985). Flavour
quality at harvest is also influenced by the maturity of the fruit (Maul et al.
1998), the manner in which the fruits were ripened (Arias et al. 2000), and
growing conditions (Moraru et al. 2004, Thybo et al. 2006). Temperature
affects the rates of fruit development and carotenoid synthesis. When
fruits are bruised, during harvesting or transportation, they release
ethylene, which hastens the ripening process and reduces the shelf life of
fruits. Tomato fruits are also sensitive to high temperature and reduced
levels of oxygen, which can affect flavour quality.

The selection of new varieties includes as an important factor the
increase of fruit firmness. Moreover, the shelf life of fruits has been
increased with the development of modified atmosphere packaging and
fruits can be stored several weeks according to their maturity stage.
Temperature and atmosphere composition have a direct effect on fruit
metabolism post-harvest and can lead to change in flavour compound
metabolism.

Sugar and acid ratios of mature green or light pink fruits vary during
storage at low temperature (Buescher 1975, Kader et al. 1978b). Changes in
flavour attributes are also observed (Kader et al. 1978b, Auerswald et al.
1999a). Buttery et al. (1987) showed that storage of ripe fruit at cold
temperature led to a decrease of the major volatiles. The flavour quality of
the fruit is closely related to its maturity stage (Paull 1999). The final
ripening temperature has also an important effect on flavour compound
level (Stern et al. 1994). The reduction of oxygen level slows down the
ripening process. O2 level lower than 3% and CO2 level higher than 15%
can have negative effects on the flavour (Kader et al. 1989). Moreover,
storage under low O2 increases ethanol and acetaldehyde production
(Ratanachinakorn et al. 1997). Boukobza and Taylor (2002) researched the
effect of temperature, storage, and atmosphere on flavour change in
tomato. Mimicking typical storage and transport scenarios, they were able
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to follow in real time and simultaneously nine volatile compounds
released upon disruption that were subject to change following the effects
of stress factors. Bailen et al. (2006) showed that the use of granular-
activated carbon alone or impregnated with palladium as a catalyst inside
modified atmosphere packages helps maintain tomato fruit qualities such
as sweetness, firmness, juiciness, colour, odour and flavour during cold
storage.

The main challenge of the breeders is now to improve fresh tomato
quality. So far the focus has mainly been on production, colour, texture,
and time of storage in taking into account flavour quality. Studies focused
on the determination of molecular genetic factors responsible for each
quality component were carried out to define quality criteria and their
impact on consumer perception. The definition of genes and quantitative
trait loci (QTLs) corresponding to quality components were reported
(Causse et al. 2001) but their correlation with flavour compounds was
rather weak. These authors observed clusters of QTLs for aroma, taste and
texture attributes in fresh market tomato. They found that most of the
favourable alleles came from the cherry tomato parent, showing the
potential of this line for tomato quality improvement. Concerning taste
compounds, Fulton et al. (2002) reported QTLs affecting sugars, organic
acids and several other biochemicals that possibly contribute to flavour.
Later, Tieman et al. (2006b) identified multiple loci affecting the
composition of chemicals related to flavour in fresh tomatoes. In
particular, they identified 25 loci significantly altered in one or more of 23
volatile compounds and 4 loci altered in citric acid content.

TASTE COMPOUNDS OF TOMATO

References for non-volatile taste compounds in the tomato are much less
numerous than for volatile compounds. This fruit contains 5-7.5% dry
matter, which is in particular constituted of fructose (25%), glucose (22%),
citric acid (9%), malic acid (4%), dicarboxylic acids (2%), minerals (8%),
peptidic and protein compounds (8%), and traces of ascorbic acid,
pigments, vitamins, polyphenols, and monocarboxylic amino acids
(Davies and Hobson 1981, Petro-Turza et al. 1989a, b). So, most of the dry
matter content of tomato fruit is composed of sugars and organic acids.
The sugars are primarily the reducing sugars fructose and glucose with a
trace amount of sucrose, while the major organic acids in tomato are citric
and malic, with citric predominant. Thus, the amount of reducing sugars
in tomato generally correlates with soluble solids content (Stevens 1972,
Stevens et al. 1977).
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A large range of sugars, acids and vitamins were found in various
cultivars of tomato (Davies and Hobson 1981, Islam 1997). Some of these
compounds depend on several factors such as variety, soil composition,
and nutrients (Davies and Hobson 1981, Heeb et al. 2005, 2006) and are
indicative of the harvest stage of the fruit. They also mainly contribute to
the total taste of tomato. Generally, an increase in organic acids and sugars
resulted in a corresponding increase in overall flavour intensity (Buescher
1975, Stevens et al. 1977, Kader et al. 1978b), but the ratio of sugars to acids
was also shown to be an important factor in defining flavour differences
among tomato cultivars (Stevens 1972).

Reducing sugars and organic acids are significant components of sweet
and sour tastes in tomato, respectively (Stevens et al. 1977). Their
concentration level may significantly affect flavour acceptability.
Malundo et al. (1995), demonstrated the impact of increasing the content
of sugars and acids on flavour acceptability; maximum levels of acid were
reached above which further increases negatively affected consumer
acceptability. Studies have shown that the levels of sugars and acids in
tomato affect not only tomato taste attributes of sweetness and sourness,
but also the overall flavour as perceived by trained sensory judges
(Stevens et al. 1977, Kader et al. 1978b, Hobson and Bedford 1989).
Moreover, these authors pointed out some synergistic effects between
citric acid and glucose. In particular, the concentration of citric acid
seemed to enhance the importance of glucose compared to fructose in the
sweet taste, which is also affected by the presence of salts (De Bryun et al.
1971). Stevens et al. (1977) reported that citric acid decreased the
sweetness perception when the concentration of sugars was low in tomato
and increased it when the concentration of sugar was high. This viewpoint
is supported by a psychophysical study (Schifferstein 1994). Watada and
Aulenbach (1979) and Jones and Scott (1984) found that although
sweetness was probably highly dependent on sugar content, the
perception of this taste was not explained simply by the presence of
sugars. Concerning sourness, all authors agreed on the importance of
organic acids, mainly citric and malic acids, in this taste characteristic
(Petro-Turza 1986-1987). They reported a good correlation between
sourness and titratable acidity. Though malic acid was sourer than citric
acid (De Bryun et al. 1971), its influence was weaker than that of citric acid
present in a higher concentration. At low citric acid and glucose
concentrations, fructose reduced sourness (Stevens et al. 1977). Salles et al.
(2003) confirmed this data (Table 4) using omission tests, which consisted
in omitting one or several components in a model mixture mimicking the
tomato juice and studying the effect of omission on perception. They
found in particular that reducing sugars were totally responsible for
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sweetness, which is only slightly modulated by citric acid. They explained
the contradiction of these results and those obtained by Jones and Scott
(1984), who reported that only 50% of the perceived sweetness was due to
reducing sugar, other fruit constituents contributing to part of the
remaining 50%. The difference can be explained by the fact that only Salles
et al. (2003) used nose-clips to suppress aroma perception. This difference
in sweet perception intensity could be at least partly explained by
sensorial interactions between aroma compounds and sweetness
perception, as can occur in tomato (Baldwin et al. 1998).

Salles et al. (2003) observed that sugar had a masking effect on sourness
(Table 3), as already reported by Stevens et al. (1977). Concerning the
effect of acids on sweetness, neither omission of citric acid nor omission of

Table 4 Omission tests performed from a tomato model juice (adapted from Salles et al. 2003,
copyright Elsevier).

Mean taste intensity (/100)
Fraction Sweet Sour Salty Umami

MJ 42.6bcd 45.9defg 25.3cdefghi 17.3b

MJ-Gluc-Fruc 8.3hij 66.2abc 52.8a 25.7 b

MJ-Cit-Mal 64.5a 1.0i 3.2j 26.7 b

MJ-Gluc 23.0efgh 49.0cdef 36.8abcdef 9.1 b

MJ-Fruc 14.2hij 59.8abcd 41.3abcd 15,2 b

MJ-Cit 40.4cde 25.5h 19.5defghij 16.9 b

MJ-Mal 44.2bcd 33.3fgh 16.1fghij 17.1 b

MJ-Gluc-Cit 21.2fghi 34.1fgh 18.6efghij 27.5 b

MJ-Gluc-Mal 19.8ghi 28.5gh 24.2cdefghi 20.1 b

MJ-Fruc-Cit 13.6hij 33.5fgh 35.7abcdef 18.5 b

MJ-Fruc-Mal 8.9hij 40.1efgh 35.3abcdef 25.8 b

MJ-Gluc-Fruc-Cit-Mal 3.1ij 2.25i 9.9ghij 47.8a

MJ-AA 43.5bcd 34.8fgh 17.5efghij 5.8 b

MJ-Nu 34.7defg 46.7defg 29.7bcdefg 13.6 b

MJ-Mn 42.2bcd 55.9bcde 30.5bcdefg 9.9 b

MJ-AA-Mn 46.3bcd 52.3cdef 25.4cdefghi 8.3 b

MJ-Gluc-Fruc-Mn 14.0hij 73.4ab 48.1ab 16.6 b

MJ-Cit-Mal-Mn 55.9abc 12.0i 8.2hij 28.1 b

For each attribute, the means with the same letter (a-j) are not significantly different at the level of 5%
according to Newman-Keuls tests.

MJ, model juice; Gluc, glucose; Fruc, fructose; Cit, citric acid; Mal, malic acid; Nu, mononucleotides; Mn,
minerals (CaCl2, MgCl2, Na2HPO4, K2HPO4); AA, amino acids.
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malic acid has led to significant effects on the perception of sweetness,
probably because of the concentration of sugars ranking in a range where
the effect of citric acid was low. Salles et al. (2003) reported an effect on
sweetness only when the two main acids were omitted together, showing
a significant masking effect on sweetness only due to the effect of the sum
of the two acids (Table 3). The opposite results reported by Stevens et al.
(1977) are supported by significant interactions between acids and
sweetness encountered in tomato only when the concentration of acids
and sugars is high or when the ratio of acid to sugar is unbalanced.

Otherwise, Petro-Turza (1986-1987) and Petro Turza and Teleky-
Vamosky (1989) showed the positive influence of the presence of salts on
taste characteristics of tomato. In addition, minerals can have an indirect
action on taste. Potassium can influence the free acid content, while
phosphate can interact by its buffering capacity (Petro-Turza 1986-1987).
Salles et al. (2003) showed that the association of organic acids and
potassium ions was a determinant for the saltiness characteristic of
tomato.

Regarding non-volatile nitrogen compounds (i.e., amino acids and
peptides), very contradictory results have been reported. On the one hand,
because of their low quantity, their contribution to taste was considered
negligible (Kader et al. 1978a) and their buffer activities were of minor
importance beside the main organic acids (Stevens 1972). On the other
hand, Fuke and Shimizu (1993) considered that the predominant amino
acids, glutamic and aspartic acids, have an effect on global tomato taste.
Teleky-Vamossy and Szepes-Krell (1989) showed that the addition of
amino acids to a model juice made of mineral salts, sugars and acids led to
a significant improvement of its taste characteristics, but the presence of
salts was important for self-assertion of their characteristic flavour.
However, an excessive quantity of amino acids led to an unfavourable
change in the taste of tomato (De Bryun et al. 1971). Using omission tests,
Salles et al. (2003) showed that the neutral and alkaline amino acids had no
effect on tomato taste. Acid amino acids such as glutamic, aspartic and
gamma-aminobutyric acids were shown to develop umami taste in the
model tomato juice only when organic acids and sugars were omitted.
Indeed, though monosodiumglutamate, which is the main component
responsible for umami, is present at a level higher than its perception
threshold value, it is totally masked by the other taste components.

Bitterness is not characteristic of tomato and was rarely reported.
However, Salles et al. (2003) reported a retentate of ultrafiltration of ripe
tomato juice presenting mainly bitterness. Alpha-tomatine, which could
be responsible for this taste in tomato (Davies and Hobson 1981), was not
detected. This compound is generally more abundant in green tomato
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than in red tomato. Though peptides were a minor constituent of tomato
juice, Salles et al. (2003) suggested that they could be at least partly
responsible for the bitter taste of the fraction.

TOMATO FLAVOUR QUALITY

Relationships between sensory and instrumental data were frequently
used in order to understand how a physicochemical property such as a
particular flavour-active component, colour or texture characteristic acts
to produce a more or less specific sensation or how a change of ingredient
affects sensory properties between species, between ripening stages, or
after a process. These relationships make an important contribution to our
understanding of how physicochemical properties act to produce specific
sensations. Many multivariate techniques were used to provide
visualization tools that are helpful to observe relationships between
variables.

The obtaining of such data sets requires many sensory evaluation
sessions and the measurements of many physicochemical properties and
the identification and quantification of many metabolites, which is
expensive and time-consuming. Several works reported rapid new
instrumental measurements to simplify and accelerate physicochemical
analyses and the development of predictive models for quality assessment
(Azodanlou et al. 2003).

The lack of flavour in fresh market tomatoes was noticed early in the
development of post-harvest storage procedures (Kader et al. 1978b). That
was confirmed later by analyses of volatiles carried out on fresh fruits
stored at low temperature (Buttery et al. 1987). Improvements made to
maintain a good quality of colour or texture in processed tomato products
were not sufficient and consumers still complained about the lack of
flavour of fresh fruits as well as the poor quality flavour of processed
tomato products. Therefore, the improvement of flavour and the
evaluation of consumer attitude became the aim of many researchers.

Several studies reported relationships between instrumental
measurements and consumer preference. Malundo et al. (1995) showed
that increasing total sugar and acid levels did not affect fresh tomato note
but did significantly and positively affect flavour acceptability. However,
too much acid in fresh tomato negatively affected consumer acceptability.
Significant relations were found between the content of acid and
quantitative descriptive analysis to smell, flavour, and aftertaste attributes
such as sour, tomato-like, sweet, spoiled, sweetish and mouldy
(Auerswald et al. 1999a). Auerswald et al. (1999a) found also significant
relationships between fruit deformation and descriptive mouth-feel
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attributes. Concerning tomato quality during storage (4 to 7 d), they
showed that tomatoes stored for a shorter time were preferred by
consumers in flavour, aftertaste, mouth-feel, and appearance, with an
equal or better score than fresh harvested tomatoes.

Fresh tomatoes are now marketed in various forms, sizes, colours and
flavours. However, few studies have been published on consumer
behaviour related to fresh tomato consumption. Simonne et al. (2006)
showed through a survey that in the United States, consumers preferred
low-price and high-lycopene-content fresh-market tomatoes. However,
preferences were found to differ with age and sex of consumers. For
example, younger participants (< 39 yr) gave greater importance to
production method, lycopene content and tomato type, while older
participants (39-57 yr) were the most price-sensitive, and females were
less sensitive than males. Segmentation of consumers was also reported
for preference for fresh tomatoes by Lê and Ledauphin (2006), Plaehn and
Lundahl (2006), and Brueckner et al. (2007). Serrano-Megias and Lopez-
Nicolas (2006) used agglomerative hierarchical clustering to identify
consumer tomato preferences and showed the presence of four consumer
clusters from physicochemical and sensory characteristics. However, the
choice of the consumer seems more complex and is not based only on
sensory or physicochemical criteria; nutrition (Jahns et al. 2001, Causse et
al. 2003), growing conditions (Johansson et al. 1999) and gene technology
use information also influence consumer attitude (Saba and Vassallo
2002).
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ABSTRACT

A continuous understanding of the relationship between food genotype and diet-
related diseases has initiated an exciting era for nutritional and medicinal
science. The proven beneficial effects of the “Mediterranean diet”, a
phenomenon partly attributed to lycopene, have fuelled great interest in
exploring antioxidants in tomatoes (Lycopersicon esculentum Mill.). Antioxidant
composition in tomatoes is a strong environment-regulated genetic response
and strategies to enhance antioxidant levels involve mediation of the cultivars,
temperature, light, mineral content and post-harvest ripening. Huge genetic
variability among commercial and wild genotypes offers considerable
opportunity to improve functional quality in tomatoes. Cherry tomatoes and
Mediterranean cultivars seem to be valuable genotypes with indisputable high
antioxidant composition. Lycopersicon pennelli var. puberulum and accession
LA 1996 seem to be promising wild genotypes for producing tomatoes rich in
flavonoid and anthocyanin through genetic manipulations. Antioxidant labeling
for defining functional quality in tomatoes relies on selection of a standardized
assay system including both hydrophilic and lipophilic components.
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INTRODUCTION

Discovery of antioxidant phytochemicals and their promising health-
promoting effects has paved the way to a food revolution, promising an
age of good health (Rodriguez et al. 2006). Health concerns are driving
plant breeders and food producers to develop food products with
functional health ingredients comprising of both nutritive and non-
nutritive antioxidants. Epidemiological studies and successive scientific
investigations have transformed fruits and vegetables into functional
foods and neutraceuticals for promoting health and reducing the need for
health care tools (Kaur and Kapoor 2001). In this context, it is customary to
find the health-promoting compounds present in raw materials, their
concentrations and total antioxidant effects (Van der Sluis et al. 2001).
Genetics seems to have a prime role in the ability of cultivars to respond to
biotic and abiotic stresses, which ultimately can impact their antioxidant
capacity. Evaluation of different varieties and cultivars and selection and
identification of the superior genotype for high antioxidant capacity have
been a subject of active research in the last decade (Brovelli 2006). It is
important to characterize crops on the basis of total antioxidant capacity,
which depicts a total interaction between plant genotype and
environment rather than a single specific antioxidant compound (Scalzo et
al. 2005). This offers greater opportunity for enhancing the levels of
antioxidants and their anti-proliferative and chemo-protective properties
through both conventional and transgenic genetic manipulations.
Exploration of genetic variability for the production of healthy foods rich
in antioxidants or neutraceuticals is a recent trend in plant science.

Tomato (Lycopersicon esculentum Mill.), among antioxidant-rich
commodities, has achieved a spectacular status because of its rich
composition and widespread consumption. It is one of the major vegetable
crops, grown in almost every country of the world. Studies indicate that
regular intake of cooked tomato as a part of the vegetable regimen appears
to be the major nutritional factor accounting for lower risk of prostrate
cancer, digestive tract cancer and coronary heart diseases in the
Mediterranean region, particularly in southern Italy (Giovannucci et al.
1995, La Vecchia 1997). Supported by overwhelming and convincing
epidemiological studies, tomato has been called a functional food and an
effective preventive strategy against major lifestyle diseases such as
cardiovascular diseases and cancer, and it is said to protect cells from
DNA damage (Weisberger 2002, Sesso et al. 2003, Willcox et al. 2003,
Canene-Adams et al. 2005).
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ANTIOXIDANT CONSTITUENTS AND FUNCTIONAL QUALITY

Tomatoes have been ranked first as a source of lycopene (71.6%), second as
a source of vitamin C (12.0%), pro-vitamin A carotenoids (14.6%) and
other carotenoids (17.2%), and third as a source of vitamin E (6.0%)
(Garcia-Closas et al. 2004). In the Italian diet, tomatoes have been assessed
as the second most important source of vitamin C after orange juice (La
Vecchia 1997). The major antioxidant compounds in tomatoes are
characterized as lipid-soluble and water-soluble. Lycopene represents the
predominant lipid-soluble compound and constitutes more than 80% of
total tomato carotenoids in fully red-ripe fruits. Although devoid of pro-
vitamin A activity, it is a well-known bio-molecule of interest in
epidemiological studies (Rao and Agarwal 1999). Lycopene principally
occurs in all-trans form with small amounts of cis isomers (Nguyen and
Schwartz 1999) and shows strong antioxidant activity (AOX) both in vitro
and in vivo, having a physical quenching rate constant with singlet oxygen
almost twice that of b-carotene. Generally, processing, lycopene
degradation and agronomic and physiochemical parameters of crop cycle
in the field (temperature, sun exposure, fertilizer and irrigation regimes)
result in irreversible isomerization of all-trans lycopene to cis isomers.
Most of the lycopene is attached to the insoluble and fibrous parts of the
tomato and the skin may contain about five times as much lycopene as the
pulp. Other carotenoids in tomato constitute b-carotene and small
amounts of phytoene, phytofluene, a-carotene, g-carotene, neurosporene,
and lutein (Khachik et al. 2002). b-carotene is of special interest for its pro-
vitamin A activity and constitutes nearly 7-10% of total tomato carotenoid
synthesis (Nguyen and Schwartz 1999).

Tomatoes also contain moderate amounts of water-soluble phenolics,
flavonoids (quercetin, kaempferol and naringenin) and the
hydrocinnamic acids (caffeic, chlorogenic, ferulic and p-coumaric acids),
mainly concentrated in skin (Martinez-Valverde et al. 2002, Minoggio et al.
2003). Rutin, caffeoyl, quinic and chalconaringenin have also been
identified in tomato fruit (Proteggente et al. 2002). With the exception of
tomato containing Aft gene, tomato fruit does not contain significant levels
of anthocyanins (Jones et al. 2003). Vitamin C content in tomato is
moderate (84 to 590 mg/kg), but its contribution to diet is significant
because of its high consumption. One hundred grams of tomato can
supply about 20% and 40% of adult US recommended daily allowance of
vitamins A and C respectively. Tomatoes are also a good source of
potassium, folate and vitamin E, soluble and insoluble dietary fibres
(pectins, hemicelluloses and celluloses, with a concentration ranging from
0.8 to 1.3 g/100 g fresh weight) (USDA National Nutrient Data Base for
standard reference, http: www.nal.usda.gov/fnic/foodcomp).
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ANTIOXIDANT ACTIVITY: METHODS AND SAMPLE
PREPARATION

Methods

The health benefits of fruits and vegetables are a function of additive and
synergistic combinations of various antioxidants and phytochemicals;
thus, it becomes essential to measure total AOX apart from evaluating
antioxidants (Liu et al. 2004). Antioxidant activity is a unique parameter
that quantifies the ability of a complex biological sample to reduce free
radicals and scavenge reactive oxygen species. Carotenoids, polyphenols,
flavonoids, anthocyanins and vitamin C are the major contributors to
AOX. In the last decade, there has been an unprecedented rise in research
activities focusing on and stressing the need to estimate AOX as an
essential biomarker tool to establish the functional quality of raw material
and processed products. A large number of methods have been
developed, but there has been no consensus on an approved and preferred
method (Prior et al. 2005). Lack of standardized assays has led to use of
multiple assays to generate an antioxidant profile encompassing reactivity
towards both aqueous and lipid/organic radicals directly via radical
quenching and radical reducing mechanisms and indirectly via metal
complexing. No single assay can elucidate a full profile of antioxidants
and a multi-functional approach using multiple methods is probably the
only answer to end the present chaos in methodologies (Frankel and
Meyer 2000). Evaluation of AOX in tomato is a challenge, as there are few
methods that permit evaluation in both water- and lipid-soluble
component in food samples. The most popular and widely used assays are
primarily designed to evaluate hydrophilic components and the lipophilic
component is often neglected. Most commonly employed assay systems
used for studying AOX in tomatoes are TEAC, ORAC, FRAP and Folin-
Ciocalteu assay (Table 1). The First International Congress on Antioxidant
Methods held in Orlando, Florida, in 2004 recommends all of them as
standard methods for evaluation of AOX, barring FRAP (Prior et al. 2005).

The TEAC method employs ABTS+ radical cation to evaluate AOX in
both hydrophilic and lipophilic constituents in the same sample. The
method is operationally easier, accurate, and quickly applied (Arnao et al.
2001) and recent modifications have further improved its practicability
(Ozgen et al. 2006). The ORAC developed by Cao et al. (1996) and recently
modified by Ou et al. (2002) and Wu et al. (2004) is closely related to
biological functions of chain-breaking antioxidants and evaluates in vivo
responses to dietary antioxidant manipulation. ORAC measures
antioxidant inhibition of peroxyl radical-induced oxidations and thus
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Table 1 Antioxidant activity in tomato genotypes.

Research groups Methods Antioxidant activity Phenolic  content Countryb Solvents  used

1. Wang et al. 1996 ORAC 1.89 a – USA Ethanol
2. Paganaga et al. 1996 ABTS 1.60 a – – –
3. Scalfi et al. 2000 ABTS Hydrophilic 0.30-0.51c – Italy Aqueous and petroleum ether

Lipophilic 0.73-1.55d

4. Martinez-Valverde ABTS 0.58-3.50 mmol/l1.27 ¥ 10–6 7.19-43.59 Spain 80% aqueous methanol
et al. 2002 DPPH 13.46  ¥  10–6 (1%-HCl) mg/kg (Quercetin)

5. Ou et al. 2002 FRAP ORAC 2.35–4.20a – USA Ethanol
1.65-3.35a

6. Cano et al. 2003 ABTS Hydrophilic 1.92-2.18a – Spain Sodium phosphate buffer
Lipophilic 0.33-0.88 a (50 mM)

7. George et al. 2004 FRAP 0.6-2.2a – India 80% ethanol
8. Wu et al. 2004 ORAC Hydrophilic 0.24a – USA Acetone : water : acetic acid

Lipophilic 3.26 a (10:29.5:0.5)
Total 3.4a

9. Toor and Savage 2005 ABTS 1.16-1.63a – New Acetone : water : acetic acid
Zealand (70:29.5:0.5)

10. Rotino et al. 2005 ABTS Hydrophilic 2.11-2.60 a – Italy Ethanol : water (80:20)
Lipophilic 0.39-0.42 a

11. Chun et al. 2005 ABTS 29.44 mg*VCE /100 g 23.69 mg USA
GAE/100 g

12. Zhou and Yu 2006 ABTS 1.27-4.8 a – USA 50% Acetone
13. Toor et al. 2006 ABTS 2.4-2.6 a 287-328 New Acetone : water : acetic acid

mg GAE/100 g Zealand (70:29.5:0.5)
dry matter

14. Raffo et al. 2006 ABTS Hydrophilic 1.70-4.20 a 8.66-17.38 Italy Phosphate buffer (pH 7.0)
Lipophilic 0.26-0.34 a mg/100 g
Total 1.90-4.50 a

15. Lenucci et al. 2006 FRAP 2.16-4.53 a 970-1330 Italy Phosphate buffer
 mg GAE/kg

aAntioxidant activity expressed as mmol/g fresh weight. bCountries in which varieties were grown. cmg ascorbic acid/g. dmg BHT/g.

ABTS, 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulfonic acid diammonium salt; DPPH, 2,2 diphenyl picryl hydrazyl; FRAP, ferric reducing antioxidant power; ORAC, oxygen radical
absorbance capacity; *VCE, vitamin C equivalent activity.
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reflects classical radical chain-breaking AOX by hydrogen atom transfer.
Inclusion of b-cyclodextrin in the ORAC assay improves correlation
between ORAC and lycopene concentration, thus expanding the scope of
the ORAC assay to include an additional fat-soluble antioxidant
(Bangalore et al. 2005). The FRAP method developed by Benzie and Strain
(1996) measures the ability of compound to reduce Fe3+ (ferric ion) to Fe2+

(ferrous ion) in the presence of antioxidants. It is popular among
researchers as it is simple and consistent and requires no sophisticated
equipments. However, FRAP is not suitable for lipophilic components
because of the inability of the carotenoids to reduce Fe3+ to Fe2+ (Pulido et
al. 2000, George et al. 2004). Basically, the FRAP and ABTS+ assay are the
same as they both take advantage of electron transfer using a ferric salt
with a redox potential similar to that of ABTS+. Folin-Ciocalteu assay
routinely used for measuring the total phenolic content in natural
products is based on the basic mechanism of oxidation and reduction
reaction and is yet another assay used for AOX measurement.

Sample Preparation

Measurement of AOX encompasses a series of steps in sample
preparation, involving extraction methods, appropriate temperature,
sequential solvent processing and concentration steps, which
dramatically influence the final results. The task of recovery of desired
constituents is complicated as fruits constitute a natural matrix with a high
enzyme activity and, hence, extreme care must be taken to ensure correct
extraction devoid of chemical modification, which will invariably result in
artefacts. The ultimate goal is the preparation of sample extract uniformly
enriched in all compounds of interest and free from interfering matrix
compounds. Considering the lipophilic and hydrophilic nature of tomato
constituents, two different solvent extractions have been considered that
are as mild as possible to avoid oxidation and thermal degradation of
lycopene and phenolics. For hydrophilic fractions, mild extractants such
as methanol, ethanol, acetone or sodium phosphate buffer (pH 7.5) have
been mostly used and found to favour the recovery of most of the phenols
in tomatoes. Methanol has been considered to be the most suitable solvent
for extraction of both flavanones and flavanone glycosides. However, for
lipophilic fractions, acetone or hexane have been used as most suitable
solvents to completely extract the pigmented antioxidants such as
carotenoids followed by concentration under nitrogen to avoid any
possible oxidation or thermal degradation of carotenoids. Often,
measurement of both hydrophilic and lipophilic AOX in the same medium
is the major limiting factor. Wu et al. (2004), using ORACFL, have stressed
the need for evaluating the antioxidant properties of lipophilic and



Charanjit Kaur and H.C. Kapoor 117

hydrophilic antioxidant in different solvents separately and clubbing the
values together to prevent the possibility of any lipophilic component
being extracted along with the hydrophilic components. Sequential
solvent extraction with water, acetone extraction is found to contribute the
most towards AOX (Pellegrini et al. 2007).

ANTIOXIDANTS IN RESPONSE TO ENVIRONMENT AND
GENOTYPES

Antioxidants and phytochemicals accumulate in plants in an organ-
specific manner and their distribution and accumulation is governed by a
variety of environmental factors, pre- and post-harvest conditions and
genotypes or cultivars (Brovelli 2006). A close look at the antioxidant
contents in tomato reveals that it is a strong environment-regulated
genetic response and absence of the requisite genetic or environmental
conditions may result in poor quality. Since antioxidant content also
governs the technological parameters such as taste, flavour and colour of
tomatoes it is essential to assess their genetic performance of cultivars at
several locations over years.

Environmental Factors

The functional quality and antioxidant constituents are significantly
affected by environmental factors (temperature, light, water availability,
nutrients) and their interaction with agronomic practices and genotypes
(Dumas et al. 2003, Yahia et al. 2005). Depending on the prevailing
weather conditions in any region, tomatoes are grown either in the field or
under greenhouse conditions. Environmental factors have less impact in
the greenhouse than in the field. However, changes in solar radiation and
variable temperature during different seasons may affect the antioxidant
components of greenhouse-grown tomatoes as well (Dumas et al. 2003,
Toor et al. 2006). Greenhouse-grown tomatoes receive less ultraviolet
radiation than field-grown tomatoes, which might affect the levels of
antioxidants (Davey et al. 2000, Stewart et al. 2000). The available
literature on the effects of environmental factors in tomato has been
mainly concentrated on lycopene and a few reports exist for ascorbic acid
and phenolics.

Lycopene

Tomato is a moderate salinity-tolerant crop that requires relatively high
irradiance and temperature for optimum yield and quality. Lycopene
formation is strictly dependent on the temperature and is severely affected
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by exposure to intense solar radiation. The favourable temperature range
is 12 to 32°C with an optimum range of 26°C at pink-ripe stage. Excessive
sunlight inhibits lycopene and best conditions are sufficiently high
temperature along with dense foliage (Andgoroyes and Jolliffe 1987,
Leoni 1992, Dumas et al. 2003). At favourable temperature (22-25°C), the
rates of synthesis during ripening can be increased by illumination.
Martinez-Valverde et al. (2002) and Raffo et al. (2006) clearly
demonstrated that the hot temperature of mild summer in the
Mediterranean basins has significant negative effect on lycopene
accumulation because of stimulation in the conversion of lycopene to b-
carotene (Leoni 1992, Robertson et al. 1995, Hamauza et al. 1998). In an
earlier study (Cabibel and Ferry 1980), field-grown tomatoes showed
higher lycopene followed by those grown under plastic tunnel and glass.
The light-promoting effects have been attributed to light-induced
lycopene accumulation regulated by fruit-localized phytochrome, with
red light having a positive effect (Thomas and Jen 1975).

Considerable variations have been observed in total lycopene content
in tomato cultivars grown under field and greenhouse conditions. Cherry
tomatoes responded more favourably to field conditions, whereas cluster
and round tomatoes responded favourably to greenhouse conditions
(Kuti and Konuru 2005). The genetic accumulation of lycopene appears to
be regulated by over-expression of phytoene desaturase (lycopene
synthesis) or repression of lycopene cyclase (b-carotene synthesis) with hp
locus, shown to regulate response to light (Yen et al. 1997).

Water management is a critical factor influencing lycopene
accumulation. Controlled level of salinity in irrigation water has proven to
increase the concentration of total carotenoids, lycopene and AOX of
tomato fruit (De Pascale et al. 2001). Sgherri et al. (2007) reported that
tomatoes can grow well in diluted sea water and produce more natural
antioxidants, representing a valid approach to tackle the problem of stress
under drought conditions. A recent attempt to engineer drought-resistant
tomatoes resulted in over-expression of the gene AVP1 responsible for
stronger and larger root systems (Park et al. 2005). Since sensitivity to salt
treatment is genotype-dependent, it will be worthwhile to explore its
effects on the antioxidant composition of modern cultivars and identify
salt-tolerant genotypes. The studies are extremely relevant in the present
scenario of changing global climatic patterns of water scarcity and
increased salinity.

There is a distinct effect of mineral nutrients and growth regulators on
lycopene content; potassium results in a sharp increase, while there are
contradictory reports for phosphorus and calcium that need confirmation
(Dumas et al. 2003). A high proportion of K in the nutrient solution
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increased the lycopene content of tomato fruit, whereas a high proportion
of Ca improved tomato fruit yield and reduced the incidence of blossom-
end rot. The highest AOX was observed in the treatment with a high
proportion of Mg in the ‘Lunarossa’ cultivar (Fanasca et al. 2006). Growth
regulator CPTA markedly increased the â-carotene content. The ability of
CPTA to bring about carotenogenesis when tested on tomato cell
suspension cultures brought about an increase of around 60-fold in total
carotenes and around 70-sfold in lycopene (Dumas et al. 2003).

Ascorbic Acid

Ascorbic acid has been shown to increase from green to red-ripe stage
during post-harvest ripening; increase of 2.14- and 1.4-fold was observed
in cultivars ‘Vermone’ and ‘Heinz 9478’ during ripening (Venter 1977, Shi
et al. 1999). Light exposure and water stress have been found to be
favourable to ascorbic acid accumulation in tomato fruit (Lee and Kader
2000, Dumas et al. 2003). An increase of 60% in the ascorbic acid content of
ripe fruit resulted when plants were transferred from the shade to
sunshine at mature green stage (Liptay et al. 1986, Vanderslice et al. 1990).
Raffo et al. (2006) reported a direct correlation between ascorbic acid
content and temperature and attributed this to cultivar, salinity and sunny
climate. Excessive nitrogen fertilization and greenhouse conditions were
usually found to yield tomato fruits with lower vitamin C levels (Lopez-
Andreu et al. 1986, Mozafar 1993).

Phenolics

Genetic control of phenolics represents the main factor in determining
their accumulation in vegetables, although external factors may also have
a significant effect (Macheix et al. 1990). The phenolics of tomatoes are
found to occur in the skin and 98% of flavonols detected in tomatoes occur
as conjugates (quercetin and kaempferol). The content in current
commercial cultivars in Spain, characterized as flavonoids and
hydroxycinnamic acid, ranged from 7.2 to 43.6 mg/kg. Additionally,
chalconaringenin, naringenin, naringenin-7-glucoside, and m- and
p-coumaric acids were characterized in tomato cultivars (‘Alisa Craig’,
‘Alicante’ and ‘Grower’s Pride’). In cherry tomatoes, plants grown in
greenhouse under high light accumulated approximately twice as much
soluble phenol content as low-light plants (Wilkens et al. 1996). However,
low light and red light were found to favour formation of
chalconaringenin. Raffo et al. (2006) observed great variability among
phenolic compounds during different times of the year, with narningenin
content ranging from 1.84 to 9.04 mg/100 g and rutin content from 1.79 to
6.61 mg/100 g in cherry tomatoes (Lycopersicon esculentum cv. Naomi F1).
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Marked variations, with no definite seasonal trend, were also observed in
quercetin levels in cherry tomatoes grown at different times of the year
(Crozier et al. 1997, Stewart et al. 2000). Phenolic content of tomato fruits
has been reported to be significantly affected by the cultivar (Giuntini
2005) and spectral quality of solar UV radiation (Luthria et al. 2006).

Genotypes

Variety manipulations in tomato have been recognized as a powerful tool
for modifying antioxidant fruit patterns and contents. A large number of
genotypes and cultivars have been screened for their compositional
profile, in order to identify genotypes with enhanced levels of
antioxidants for health (Lenucci et al. 2006, Martinez-Valverde et al. 2002,
George et al. 2004). The major emphasis has been on the cultivars from the
Mediterranean region (Italy, Spain, Hungry), the United States and New
Zealand. Identification of lycopene-rich tomato lines or germplasm has
been the major focus of research workers because of its importance in
imparting a rich colour to processed products such as sauce, puree and
paste. In recent years, however, the focus has shifted to phenolics and
flavonoids because of their significant health-promoting effects.

Total AOX of average red tomatoes weighing 123 g has been reported to
be in the range of 116-517 mmol in ORAC assay, 290-423 mmol in FRAP
assay and 232-314 mmol in TEAC assay (Wang et al. 1996, Ou et al. 2002,
Proteggente et al. 2002, Halvorsen et al. 2002, Wu et al. 2004, Beer et al.
2004). When converted on unit basis, the values are 1.16-5.17 mmol Trolox/
g in ORAC, 2.90-4.23 mmol Trolox/g in FRAP and 2.32-3.14 mmol Trolox/
g in TEAC. The reported Folin’s assay values range from 11 to 30 mg
GAE/100 g (George et al. 2004, Chun et al. 2005, Toor and Savage 2005,
Lenucci et al. 2006). Cherry tomatoes (Lycopersicon esculentum var.
cerasiforme), among tomato genotypes, have universally been shown to
contain high lycopene content and high total AOX (Kuti and Konuru 2005,
Lenucci et al. 2006). Hydrophilic AOX in tomato is significantly affected
by genotype and processing and is almost independent of the ripening
stage; on the other hand, lipophilic AOX is influenced more by ripening
stage than by genotype (Raffo et al. 2006). The hydrophilic components
account for 83-92% of total AOX in comparison to lipohilic components.

Information on AOX in tomato genotypes is scarce. In most cases,
market samples have been used and specific cultivars have not been
mentioned. According to the most elaborate studies, exploring genetic
variability in antioxidant components and their activity in tomatoes
(Martinez-Valverde et al. 2002, Abushita et al. 2000, George et al. 2004,
Kuti and Konuru 2005, Lenucci et al. 2006, Toor and Savage 2005, Toor et
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al. 2006, Raffo et al. 2006, Frusciante et al. 2007), Italian varieties seem to
dominate the tomato scene. The high-pigmented cultivars from Italy have
been reported to contain lycopene content as high as > 200 mg/kg fresh
weight. The highest content of 253 mg/kg fresh weight (2.7 g/kg dry
weight) was observed in the variety ‘Kalvert’ among the pigmented
cultivars and 129 mg/kg fresh weight (1.3 g/kg dry weight) in LS-203
among cherry cultivars (Lenucci et al. 2006). Critical evaluation of these
results based on dry matter shows that these cultivars are also high in dry
matter ranging from 7 to 9% in comparison to an average dry matter
content of 5-6% observed in common tomato cultivars and this could be
the reason for high lycopene content observed in these cultivars, as most of
the lycopene is associated with dry matter. These cultivars were also
found to be rich in total phenolics, the pigmented cultivar ‘HLY13’
showing 1330 mg of GAE/kg and cherry cultivar ‘Lycorino’ showing 1370
mg GAE/kg. The AOX as measured by FRAP assay was found to be in the
range of 2.16 µmol FRAP/g in ‘Sharon’ and ‘Saentino’ to 4.53 µmol FRAP/
g in ‘Corbus’. Italian cherry varieties ‘LS 203’ and ‘corbus’ appear to be
cultivars with the highest content of lipophilic and hydrophilic
antioxidants among cherry tomatoes. Considering their promising traits,
researchers feel that they are ideal germplasm for breeding programmes
as well as for processing (George et al. 2004).

Cherry tomatoes (‘Pomodoro di Pachino’ cv. Naomi F1) grown in Italy
showed nearly 2.36-fold variation in AOX depending on the season of
cultivation. Tomato samples harvested in March showed markedly higher
content of 4.5 µmol/g than those harvested in April, which showed 1.9
µmol/g. These higher values are attributed to higher rutin content in the
hydrophilic fractions (Raffo et al. 2006). In another report, Martinez-
Valverde et al. (2002), using DPPH and ABTS assay, identified Spanish
cultivars ‘Pera’ and ‘Durina’ as most promising with high lycopene,
phenolic and AOX. Total AOX among nine cultivars ranged from 0.58 to
3.5 mmole/L in ABTS and 1.90 ¥ 10–6 to 13.46 ¥ 10–6 in DPPH assay. Total
extractable phenolics ranged from 25.2 to 50.0 mg/100 g and ‘Daniella’
was found to contain high levels of flavonoids. The quercetin content
ranged from 7.19 in ‘Rambo’ to 43.59 mg/100 g in ‘Daniella’. In a
comprehensive study on New Zealand tomato cultivars (‘Excell’,
‘Tradiro’, ‘Flavourine’, and ‘Camapri’), AOX ranged from 11.96 to 19.60
µmol/g (Toor and Savage 2005). Cultivar ‘Campari’, among the cultivars
studied, had 1.4 times the AOX of normal-sized cultivars. High AOX was
correlated with its high total flavonoid (254 mg rutin/100 g dry matter),
phenolics and ascorbic acid. The hydrophilic extract contributed to more
than 92% of total observed AOX, with skin containing higher levels than
flesh. In another study, on Indian cultivars, AOX ranged from 0.63 to 2.3
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ìmol FRAP/g, the highest being in cherry cultivar 818; moderate values
ranging from 1 to 1.19 mmol FRAP/g were observed in ‘BR-124’, ‘Rasmi’,
‘DTH’ and ‘Pusa Gaurav’ (George et al. 2004).

Ecotypes of Corbarini small tomatoes, grown in Italy (Scalfi et al. 2000),
and Campari’, a small New Zealand cultivar (Toor and Savage 2005), were
correlated with shape and surface ratio between surface (skin) and total
fruit weight. The AOX as estimated with the DMPD (N,N’-dimethyl-p-
phenylenediamine) method in the water-soluble fractions and with ABTS
in the water-insoluble fractions in 16 ecotypes of Corbarini small tomatoes
were found to be strongly related to each other and varied significantly
among the ecotypes (Scalfi et al. 2000). The round tomatoes were richer in
both water-soluble and water-insoluble antioxidants than the long
tomatoes.

Abushita et al. (2000) critically evaluated the antioxidant constituents of
Hungarian salad and processing tomato varieties: ‘Jovanna’, with highest
lycopene content, was identified as the most promising one for industrial
use. Other lycopene-rich varieties were ‘Sixtina’ followed by ‘Simeone’,
‘K-541’, and ‘Soprano’, while ‘Amico’, ‘Gobe’, and ‘Zaphyr’ had high
b-carotene content. Processing tomatoes contained almost the same
amounts of ascorbic acid but had higher a-tocopherol content than salad
tomatoes. a-tocopherol ranged from 122 to 326 µg/100 g, with ‘Monika’
containing the highest levels (612 µg/100 g).

Frusciante et al. (2007) have proposed an index for defining antioxidant
nutritional quality (IQUAN) in tomatoes. The index highlights the
importance of all the antioxidant components including lycopene,
b-carotene, polyphenols, and flavonoids apart from technological
parameters of dry matter and dietary fibre. The index seems to be useful
for plant breeders and processors who may like to consider each
individual component that contributes to yield and quality of tomatoes for
better selection for commercial purposes. Tomatoes to be analysed were
divided into three categories according to their IQUAN values: high
antioxidant quality (IQUAN > 90), intermediate antioxidant quality (IQUAN =
70-90), and low antioxidant quality (IQUAN < 70). Lycopene showed the
major significant variations among all genotypes analysed followed by
b-carotene and other carotenoids. The lines ‘Motelle’ and ‘Poly 20’ showed
the highest average lycopene content (16.9 and 16.0 mg/100 g,
respectively). The average dry matter content was observed to be 5.5%.
Vitamin C showed significant variations among lines. The ascorbic acid in
cultivars ranged from 11.4 to 16.3 mg/100 g, in the following decreasing
order: Heline > Motelle > 981 > Momor > Poly 56. Vitamin E content
ranged from 0.17 to 0.62 mg/100 g in the following decreasing order: Poly
56 > Momor > Motelle. The content of phenolic acids was also significantly
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different among lines ranging from 2.04 (Cayambe) to 3.75 mg/100 g
(Motelle).

GENETIC MANIPULATIONS FOR ENHANCED ANTIOXIDANTS

There is a worldwide surge in genetic improvement of tomato for
improving health-promoting effects either by traditional breeding (Ronen
et al. 1999, Zhiang and Stommel 2000) or by transgenic incorporation
(Giuliano et al. 2000). Continuous domestication and modern breeding
have significantly depleted the natural variation of tomato and flavonoids
are nearly absent from fruits of cultivated tomato (Lycopersicon esculentum
Mill.). Undue domestication through inadvertent counter-selection has
resulted in selection against nutritional traits in favour of agronomic ones.
Although lycopene has been the main target compound (Mehta et al.
2002), restoration of functional pathway for tomatoes of high flavonoid
content has also been targeted for enhancing the health-promoting
compounds (Schijlen et al. 2006). Wild-type tomato and flavonoid-
enriched tomato were found to significantly reduce basal human
cardiovascular risk protein concentrations by 43 and 56%, respectively
(Rein et al. 2006). A HighCaro, a transgenic tomato with high content of
pro-vitamin A, sufficient to cover three times the daily recommended
allowance for an adult (6 mg pro-vitamin A per day), has been identified
(http://www.invenia.es/tech:04_it_susi_0bi6).

Flavonol biosynthesis has been well characterized through the use of a
commercial processing tomato variety, FM6203, to develop transgenic
tomatoes with increased levels of flavonols (Verhoeyen et al. 2002).
Tomato transformed with a sequence encoding the enzyme chalcone
isomerase (which utilizes naringenin chalcone as a substrate to produce
dihydrofavonols) from P. hybrida showed an overall (~78-fold) increase in
total fruit flavonols (Bovy et al. 2002). In an alternative approach, P.
hybrida sequences encoding key enzymes chalcone synthase, chalcone
isomerase, flavanone-3-hydroxylase and flavonol synthase were
expressed simultaneously to get transgenics with very high levels of
quercetin glycosides and significant increased levels of kaempferol and
naringenin-glycosides in the peel (Colliver et al. 2002). Since quercetin is a
more potent antioxidant it may be desirable to enhance its levels in tomato
flesh by over-expressing flavanone-3-hydroxylase, the enzyme that
converts dihydrokaempferol to dihydroquercetin, which in turn is
converted to quercetin.

Metabolite profiling of wild-type tomato genotype ‘Alisa Craig’ and
mutant high pigment (hp-1) and ‘LA 3771’ has confirmed that
perturbations in carotenoid biosynthesis generally do not alter phenolic or
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flavonoid content and these lines can act as the hosts for further genetic
manipulation for increased AOX content (Long et al. 2006).

High AOX activity associated with anthocyanins and their role in
preventing the risk of diseases is prompting plant breeders to incorporate
the anthocyanin fruit (Aft) (anthocyanin) into carotene-rich tomatoes for
producing purple tomatoes (Jones et al. 2003). Normal tomato genotypes
routinely have anthocyanin in vegetative tissues, and petunidin 3-(p-
coumaryl rutinoside)-5-glucoside and malvidin 3-(p-coumaryl
rutinoside)-5-glucoside as the principal anthocyanins have been identified
in vegetative tissues of tomato (Bovy et al. 2002). The simple introgression
of Aft gene in the existing germplasm provides the opportunity to develop
new cultivars rich in water- and lipid-soluble antioxidants. Transgenic
approach for inducing parthenocarpy in tomato is yet another promising
area for improving technological properties of tomato in the ketchup
industry (Rotino et al. 2005).

Use of wild genotypes in modern breeding programmes offers
significant promise to improve the hydrophilic component of tomato.
Recently, Willits et al. (2005) developed a high-flavonoid tomato using a
wild genotype Lycopersicon accession LA 1926 via a non-transgenic
metabolic approach. The strategy, using an RNA-based approach to
screen potential germplasm, is a viable method to trace the genetic
potential of wild germplasm resources vis-á-vis a non-transgenic
manipulation of metabolic pathways and to produce healthier tomatoes
rich in flavonoids. In yet another innovative attempt, introgression of wild
germplasm of green-fruited species L. pennelli improved the nutritional
quality of domesticated tomato, L. esculentum (Rousseaux et al. 2005). A
total of 20 quantitative trait loci were identified, including five for total
antioxidant capacity in water-soluble fraction, six for ascorbic acid, and
nine for total phenolics. Some of the identified quantitative trait loci
showed increased levels of ascorbic acid and phenolics as compared to the
parental line L. esculentum. Apart from improving antioxidant
composition, wild genotypes possess higher regenerative ability, and
transfer of this desired trait into cultivated tomato via somatic
embryogenesis is a promising technique for mass production of
genetically improved tomato cultivars (Bhatia et al. 2004).

FUTURE PROSPECTS

Lycopene and flavonoids represent interesting bio-molecules for
increasing the overall antioxidant capacity and health-promoting capacity
of tomatoes. Strategy for improvement involves selection of genotypes
showing favourable response to environmental variations and biotic
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stresses. Changing global climatic patterns, water stress, salinity and UV
radiation are challenges for plant breeders to develop adaptable cultivars
with desirable traits through conventional and transgenic means. There is
an urgent need to tap the unlocked potential of wild genotypes of tomato
for improving quality. Integrating knowledge on the effects of
environmental factors on the antioxidant quality and incorporation of
wild genotypes will yield functionally laced and healthier tomatoes.
Encouraging results from transgenic tomatoes with enhanced flavonoids
represent a trend for production of neutraceutical tomatoes with cardio-
protective and anticancerous effects. However, the issue of yield and
disease susceptibility of high-antioxidant cultivars needs to be addressed
to systematically capitalize on the consumer market. Genotypic labelling
for antioxidant quality tomatoes requires consistent use of standardized
assays and indexes incorporating both antioxidant quality and
technological parameters.

ABBREVIATIONS

ABTS: 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid diammo-
nium salt; AOX: Antioxidant activity; CPTA: 2-4–chloro phenyl
thiotriethylamine hydrochloride; DMPD: N,N’-dimethyl-p-
phenylenediamine; DPPH: 2,2 diphenyl picryl hydrazyl; FRAP: Ferric
reducing antioxidant power; IQUAN: Index for antioxidant nutritional
quality; ORAC: Oxygen radical absorbance capacity; TEAC: Trolox
equivalent antioxidant capacity
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ABSTRACT
Tomato (Lycopersicon esculentum) and tomato-based products are important
sources of many traditional nutrients and a predominant source of several
carotenoids. As numerous studies suggest an association of tomato
carotenoids, especially lycopene, to reduced risk of various chronic diseases
such as cardiovascular disease and cancer, its presence in the diet is of utmost
importance. This chapter reviews the composition, variety, content and
distribution of carotenoids in tomato plants and tomato products, various growth
factors that influence the synthesis of carotenoids in tomato plants, methods of
analysis, and stability during processing and storage. The structural and
biochemical properties as well as bioavailability and biological activity of tomato
carotenoids are also emphasized.

INTRODUCTION

Carotenoids, a class of micronutrients found predominantly in tomatoes
(Lycopersicon esculentum), are frequently studied for their established
association with prevention of chronic diseases such as cardiovascular
disease and prostate cancer (Giovannucci 1999, Giovannucci et al. 2002).
Among foods typically consumed by humans, tomatoes are a particularly
rich source of several carotenoids, especially lycopene. Of the 14
carotenoids found in human serum, tomato and tomato-based products
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contribute to 9 and are the principal source of about half of the carotenoids
(Khachik et al. 1995). The red color and quality of tomatoes can be
attributed mainly to the presence of the major carotenoid, lycopene,
representing a key factor for their commercial value. In plants, carotenoids
are localized in cellular plastids and are associated with light-harvesting
complexes in the thylakoid membranes or present as semicrystalline
structures derived from the plastids (Kopsell and Kopsell 2006).
Carotenoids assist in harvesting light energy, mostly in the blue-green
wavelength range, which is transferred to the photosynthetic reaction
centers of plants. This distinctive feature is due to their extensive
conjugated double bond system that serves as the light-absorbing
chromophore, imparting yellow, orange or red color to tomatoes.

The composition of carotenoids synthesized by tomato plants can be
affected by various factors such as cultivar and genotype variety, maturity
stage, climate or geographic site of production, seasonal variation,
nutrient composition, harvest and post-harvest handling, processing and
storage (Gross 1991). This unfolds the scope of carotenoid research in
tomatoes regarding their variety, content and degradation pattern under
the variation in aforesaid conditions, besides evaluating their biological
activities and developing methods for analysis. This chapter aims to cover
all these issues incorporating recent developments, in addition to
presenting some of the important basic aspects of tomato carotenoids.

CAROTENOID CHEMISTRY AND PLANT BIOSYNTHESIS—AN
OVERVIEW

Structure, Nomenclature and Classification

Carotenoids are isoprenoid polyenes formed by the joining of eight C5
isoprenoid units so that the arrangement of the units is reversed at the
centre of the molecule, leaving the two central methyl groups in a 1,6
position relative to each other and non-terminal methyl groups in a 1,5
relationship. Food carotenoids are usually C40 tetraterpenoids derived
from the acyclic C40H56 conjugated polyene lycopene by various reactions.

The numbering of carotenoid molecule is 1 to 15 from the left end to the
center, 16 to 20 for the additional methyl groups and 1¢ to 15¢ from the right
end to the center. Semi-systematic names that provide the structural
information of carotenoids are based on their parent stem name
“carotene” prefixed by any two end group designations (y, b, e, k, j or c)
of carotenes as detailed elsewhere (Britton 1995, Gross 1991). The
numbering of carbon position and semisystematic names are illustrated
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called carotenes and their oxygenated derivatives termed xanthophylls. A
hydroxy substituent occurs chiefly at C-3 in the e- or b-ring. The double
bonds in the 5,6 and 5¢,6¢ of b-ring of cyclic carotenoids are susceptible to
epoxidation, while unconjugated double bond in the e-ring is not.

Biosynthesis of Carotenoids in Plants

Carotenoids are biosynthesized in plant plastids using the precursor
isopentenyl pyrophosphate (IPP), which is formed from mevalonic acid
(mevalonate pathway) after successive phosphorylation by kinase
enzymes and adenosine triphosphate followed by decarboxylation (Gross
1991, Kopsell and Kopsell 2006). A recently identified 1-deoxy-D-
xylulose-5-phosphate (DOXP) pathway produced IPP by condensation of
a C2 unit, derived from pyruvate decarboxylation, with glyceraldehyde
3-phosphate and a transposition yielding the branched C5 skeleton of
isoprenic units (Bramley 2002). The IPP on isomerization yields

Fig. 1 Illustration of carbon position, numbering and semisystematic names for (A) lycopene
and (B) b-carotene.
Dotted lines identify the two end-group moieties in the carotenoid molecule; (A) semisystematic
names of lycopene; (B) semisystematic name of b-carotene.

for the two biologically important tomato carotenoids, lycopene and
b-carotene (Fig. 1).

Carotenoids are basically classified into hydrocarbons collectively
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dimethylallyl diphosphate (DMAPP), which in turn condenses with
successive addition of IPP forming a C20 geranylgeranyl pyrophosphate
(GGPP) mediated by the enzyme GGPP synthase. The condensation of
two molecules of GGPP yields the first C40 carotenoid, phytoene. The
sequential introduction of double bonds at alternate sides of phytoene
gives rise to phytofluene, z-carotene, neurosporene, and lycopene (Fig. 2).

The carotenoid pathway branches by cyclization of lycopene to produce
carotenoids with either two b-rings (e.g., b-carotene, zeaxanthin and
antheraxanthin) or carotenoids with one b-ring and one e-ring (e.g., a-
carotene, g-carotene and lutein). The pathway advances with addition of

Fig. 2 The biosynthetic pathway of carotenoids in plants. DOXP, 1-deoxy-D-xylulose; GA-3-P,
glyceraldehyde 3-phosphate; IPP, isopentyl diphosphate; DMAPP, dimethylallyl diphosphate;
GGPP, geranylgeranyl pyrophosphate; 1, phytoene synthase; 2, phytoene desaturase; 3,
z-carotene desaturase; 4, lycopene e-cyclase; 5, lycopene b-cyclase; 6, b-carotene hydroxylase;
7, zeaxanthin epoxidase; 8, violaxanthin de-epoxidase; A, desaturation; B, cyclization; C,
hydroxylation; D, epoxidation.
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oxygen moieties, which convert the hydrocarbon a- and b-carotenes into
xanthophylls (Fig. 2). A number of epoxy carotenoids are synthesized
from xanthophylls. The red-ripe tomatoes rich in lycopene lack sufficient
cyclase activity to convert lycopene to g-carotene and b-carotene
efficiently.

CAROTENOIDS IN TOMATO PLANT

Variety, Content and Distribution in Tomato Fruit

The visible red color of the tomato fruit is due to its major carotenoid,
lycopene, making up 80 to 90% of the total carotenoids (Shi and Le Maguer
2000). It also contains colorless carotenoid precursors such as phytoene
and phytofluene (15-30%), xanthophylls (free and esterified, 6%) and
minor tomato hydrocarbon carotenes such as b-carotene, g-carotene, z-
carotene, a-carotene and d-carotene (Gross 1991). The carotenoid
composition varies in some tomato strains. The yellow and orange tomato
strains either do not synthesize lycopene or other carotenes may
predominate. b-Carotene and d-carotene are the major carotenoids in beta
and delta strains, respectively. Tangerine-type tomatoes synthesize a poly
cis-isomer of lycopene (prolycopene) instead of all-trans-lycopene (Gross
1991).

The total carotenoid content of tomato varies between 7 and 19
mg/100 g fresh weight (Gross 1991). Lycopene content ranges from 0.5 to
7 mg/100 g for various genotypes of tomato fruits (Kuti and Konuru
2005), though a higher amount is also shown for some other varieties. The
lycopene content in whole tomato fruit is about 9.27 mg/100 g (Tonucci et
al. 1995), while some deep-red and yellow varieties contain 15 and
0.5 mg/100 g, respectively (Hart and Scott 1995). The amount of b-carotene
in tomato is approximately one-tenth of lycopene.

The distribution of carotenoids in tomato fruit is not uniform. The outer
pericarp constitutes the largest amount of total carotenoids and lycopene,
while the locule contains a high proportion of carotene (Shi and Le
Maguer 2000). About 12 mg of lycopene per 100 g fresh weight was found
in tomato skin, while the whole tomato fruit contained only 3.4 mg/100 g
fresh weight (Al-Wandawi et al. 1985). According to Sharma and Le
Maguer (1996b), the concentration of lycopene in outer pericarp (53.9
mg/100 g) was about 3- to 6-fold higher than in whole tomato pulp (11
mg/100 g). Thus, tomato skin is a rich source of lycopene, indicating that
lycopene is attached to the insoluble fiber portion of tomatoes, whereas
b-carotene is equally distributed in tomatoes.
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Carotenoids in Other Parts of Tomato Plant

Unlike in pericarp, tomato seeds of two red and one tangerine-type
varieties contain lutein (64.4 and 90.2%) as the major carotenoid, followed
by b-carotene (21.5 and 5.3%) and lycopene (14.1 and 4.5%), respectively
(Rymal and Nakayama, 1974). On the contrary, b-carotene (54.4%) is the
dominant carotenoid in cherry tomato seeds, followed by lycopene
(34.6%), g-carotene (3.4%), a-carotene (2.5%), phytofluene (1.7%) and b-
zeacarotene (1.3%) (Rodriguez et al. 1975). In flowers and leaves, the major
pigments are xanthophylls making up 90 and 70% of total carotenoids,
respectively, with lutein representing the predominant xanthophyll in
both (Bramley et al. 1992). A low level of neoxanthin (14%), neurosporene
(10%), and a- and b-carotenes (10%) are also present in both flowers and
leaves.

Carotenoid Composition in Tomato Products

Over 80% of tomatoes produced are consumed in the form of various
processed products such as juice, paste, sauce, soup, puree, catsup and
spaghetti sauce. Tonucci et al. (1995) determined lycopene to be present in
highest concentration, followed by g-carotene, phytoene, neurosporene,
phytofluene, b-carotene, z-carotene, lycopene-5,6-diol and lutein, with the
level of individual carotenoids in tomato products exceeding their
corresponding concentrations in whole tomatoes (Table 1). Mechanical
and/or thermal treatments carried out during processing should account
for the enhanced release of carotenoids from the tomato matrix.

GROWTH, ENVIRONMENTAL AND TECHNOLOGICAL
FACTORS AFFECTING CAROTENOID CONTENT

Effect of Temperature

Carotenoids are among the antioxidants severely affected by temperature
in tomato fruits. Generally, high temperature due to excessive direct
sunlight and intense solar radiation reduces the bioaccumulation of
carotenoids except b-carotene. The rate of lycopene synthesis was
inhibited at both high (> 30°) and low temperatures (< 12°) (Dumas et al.
2003). Thus, the optimal temperature for lycopene formation was reported
to range between 12 and 32°, but within that the critical optimum levels
vary with variety, cultivar and other environmental and growth
conditions of tomato plants (Dumas et al. 2003). For instance, in tomatoes
harvested for processing, the lycopene levels rose by 5 and 33% for
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Table 1 Carotenoid content (mg/100 g) in whole tomatoes and tomato products (Tonucci et al. 1995).

Sample b-carotene g-carotene z-carotene Lutein Lycopene Neurosporene Phytoene Phytofluene Lycopene-
5,6-diol

Whole 0.23 ± 0.04a 1.50 ± 0.28 0.21 ± 0.05 0.08 ± 0.02 9.27 ± 1.02 1.11 ± 0.13 1.86 ± 0.29 0.82 ± 0.14 0.11 ± 0.01
tomatoes

Paste 1.27 ± 0.24 9.98 ± 1.15 0.84 ± 0.08 0.34 ± 0.11 55.45 ± 0.90 6.95 ± 0.84 8.36 ± 0.80 3.63 ± 0.38 0.44 ± 0.08

Puree 0.41 2.94 0.25 0.09 16.67 2.11 2.40 1.08 0.17

Sauce 0.45 ± 0.13 3.17 ± 0.64 0.29 ± 0.03 trb 17.98 ± 1.47 2.48 ± 0.54 2.95 ± 0.43 1.27 ± 0.20 0.16 ± 0.02

Juice 0.27 ± 0.04 1.74 ± 0.20 0.18 ± 0.03 0.06 ± 0.02 10.77 ± 1.07 1.23 ± 0.27 1.90 ± 0.19 0.83 ± 0.14 0.11 ± 0.03

Soup 0.23 ± 0.05 1.95 ± 0.41 0.17 ± 0.02 0.09 ± 0.02 10.92 ± 2.92 1.53 ± 0.20 1.72 ± 0.17 0.72 ± 0.18 0.11 ± 0.03

Catsup 0.59 ± 0.12 3.03 ± 1.25 0.33 ± 0.05 ndc 17.23 ± 2.18 2.63 ± 0.73 3.39 ± 0.38 1.54 ± 0.18 0.18 ± 0.05

Spaghetti 0.44 ± 0.07 3.02 ± 0.42 0.34 ± 0.07 0.16 ± 0.04 15.99 ± 0.90 3.15 ± 0.90 2.77 ± 0.66 1.56 ± 0.53 0.17 ± 0.03
sauce

amean ± standard deviation (number of observations: 4 to 9); btraces (below 0.005 mg/100 g); cnot detected.
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temperatures at 30-34° and 37°, respectively, while it decreased at
temperatures above 30° in salad varieties. The most appropriate conditions
in enhancing lycopene synthesis are sufficiently high temperature
(22-25°) along with dense foliage to protect fruits from direct exposure to the
sun.

Effect of Light

Under favorable temperatures, the carotenoid biosynthesis can be increased
by illuminating tomato plants during ripening. Red light had a more
pronounced effect on synthesis of carotenoids than white or green light,
while far-red light inhibited it in ripening tomatoes, indicating a
phytochrome-mediated response. Harvested mature-green fruit exposed
to red light raised lycopene accumulation by 2.3-fold from 3.7 (control in
dark) to 8.7 mg/100 g (at red ripe stage) and reversed back to 5.2 mg/100 g
by subsequent treatment with far-red light (Alba et al. 2000). Tomatoes
ripened in the dark or under light showed the same carotenoid pattern
(Gross 1991), suggesting that carotenogenesis in tomato plants is
independent of light. Light may augment carotenoid synthesis but is not
required for its induction.

Effect of Water Availability and Salinity

Water deficit in terms of soil moisture content increased both total
carotenoid and lycopene contents (Matsuzoe et al. 1998). In other words,
moisture stress must be avoided to obtain maximum carotenoid levels.
Water with varying salinity (0.5 to 15.7 dS/m) showed a gradual rise in
lycopene until 4.4 dS/m treatment (approximately 0.25% NaCl, w/v) and
decreased thereafter, indicating increased susceptibility of lycopene loss
at electrical conductivity of water > 4.4 dS/m (De Pascale et al. 2001).
Further studies are required for a more comprehensive understanding of
this effect.

Effect of Mineral Nutrients

Nutrient solutions containing low levels of nitrogen generally increased
the lycopene content in tomatoes. Tomatoes grown in nutrient solution
with three different levels of nitrate-nitrogen showed the highest lycopene
content at a low nitrogen dosage, yielding 6.8, 4.4 and 3.8 mg/100 g fresh
weight of lycopene for nitrogen levels at 1.0, 12.9 and 15.8 meq/L,
respectively (Dumas et al. 2003). On the contrary, raising phosphorus or
potassium supply in nutrient solution greatly increased the lycopene
content (Dumas et al. 2003, Fanasca et al. 2006). However, high calcium
and chloride as well as low sulfur levels in fertilizers were found to reduce
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lycopene content in tomatoes (Paiva et al. 1998, Toor et al. 2006). A
comparative study of tomatoes (Corfù and Lunarossa cultivars) grown in
nutrient solutions containing different potassium, calcium and
magnesium proportions revealed tomatoes fed with a high potassium
nutrient solution to produce a larger level of lycopene and b-carotene,
followed by magnesium- and calcium-enriched nutrient solutions, with
lutein showing a reverse trend (Fanasca et al. 2006). Furthermore,
tomatoes grown by the conventional and organic agricultural practices
did not show any significant difference in the carotenoid content (Caris-
Veyrat et al. 2004).

Effect of Growth Regulators

Carotenoid synthesis can also be influenced by several growth regulators
such as 2-(4-chlorophenylthio)triethylamine hydrochloride (CPTA),
which exhibited a positive influence on carotenoid formation in tomato
fruits except for b-carotene, with the effect being more pronounced at 20°
than 30° (Dumas et al. 2003). The seedlings grown in greenhouse at 24/18°
day/night temperature after treatment with different doses of 2-(3,
4-dichlorophenoxy)triethylamine (DCPTA) with 0.1% Tween 80 at 24° for
6 hr produced a high amount of lycopene (5.8 to 11.8 mg/100 g) and
b-carotene (0.22 to 0.57 mg/100 g) for the DCPTA level from 0-5 mg/100 g
(Keithly et al. 1990). Gibberellic acid and cycocel (2-chloroethyl trimethyl
ammonium 3-chloride) increased the b-carotene content in field-grown
tomatoes (Dumas et al. 2003). Several other growth regulators found to
elevate carotenoid level in tomatoes include chlormequat, alar (succinic
acid 2,2-dimethylhydrazide) (Gabr et al. 2006), brassinosteroids (Vardhini
and Rao 2002), ethephon (Dumas et al. 2003), auxins (Cohen 1996) and
osmotic solutions such as sucrose (Télef et al. 2006).

Effect of Ripening and Post-harvest Storage

Carotenoids are largely accumulated in tomato during fruit ripening by
the disappearance of chlorophylls and transformation of chloroplast into
chromoplast during the lag phase that precedes maturation. This results in
a change in tomato fruit color from green to yellow, yellow to orange,
orange to pink and pink to red during ripening. Changes in the content of
individual carotenoids during different ripening stages of cherry
tomatoes as investigated by Raffo et al. (2002) are shown in Table 2. It can
be seen that lycopene is synthesized rapidly over the entire ripening
period, while the levels of phytoene, phytofluene, lycopene 1,2-epoxide
and 5,6-dihydroxy-5,6-dihydrolycopene gradually increased. However,
g-carotene occurred only at a later ripening stage, whereas z-carotene
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Table 2 Carotenoid content (mg/100 g) at different ripening stages of cherry tomatoes
(Raffo et al. 2002).

Carotenoid compound
Ripening stage

G-Y G-O O-R L-R R

Lycopene 0.45a 2.23b 4.51c 6.92d 10.44e

b-Carotene 0.34a 0.71b 0.90d 0.84c 1.07e

Phytoene 0.05a 0.19b 0.40c 0.46c 0.58d

Phytofluene 0.02a 0.12b 0.26c 0.27cd 0.30d

z-Carotene 0.19c 0.11b 0.09b 0a 0a

g-Carotene 0a 0b 0.02b 0.03c 0.05d

5,6-dihydroxy- 0a 0.01b 0.02c 0.02d 0.04e

5,6-dihydrolycopene
Lycopene 1,2-epoxide 0a 0.02b 0.07c 0.09d 0.18e

Lycopene/b-carotene 1.3 3.1b 5.0 8.2 9.7

Total carotenoids 1.08a 3.39b 6.28c 8.66d 12.71e

G-Y, green-yellow (~ 30% yellow skin); G-O, green-orange (50% orange skin); O-R, orange-red
(90% orange or red skin); L-R, light red (fully orange or red skin); R, red (fully red skin); a-e, values
with same letter in a row are not significantly different (p > 0.01).

markedly decreased during ripening. Though b-carotene followed an
increased trend during ripening, conflicting data on its accumulation rate
have been shown in the literature. Some studies reported b-carotene to reach
a maximum prior to full ripeness (Davies and Hobson 1981), while others
showed a gradual decrease during ripening (Gross 1991). As lycopene
concentration varies significantly from one maturity stage to another, it is
commonly used as a maturity index.

Carotenogenesis in tomato fruits continues even after harvest and vine-
ripened tomatoes were reported to produce more carotenoids than those
ripened in storage (Gross 1991). Nevertheless, maintenance of appropriate
post-harvest conditions was shown to enhance the level of carotenoids in
tomatoes (Giovanelli et al. 1999). Controlled-atmosphere storage of
relatively high CO2 and low O2 levels for optimized exposure time has
been proved beneficial in delaying ripening to extend the post-harvest life
span by suppressing chlorophyll degradation and ethylene synthesis,
which would prevent carotenoid accumulation (Sozzi et al. 1999, Batu and
Thompson 1998).

Effect of Genotype and Cultivar Variety

The carotenoid content in tomato can also vary with genotype and cultivar
variety. The lycopene and its cis-isomer content determined in 39 tomato
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genotype varieties ranged from 0.6 to 6.4 mg/100 g and 0.4 to 11.7
mg/100 g for greenhouse and field-grown tomatoes, respectively (Kuti
and Konuru 2005). Similarly, different cultivar varieties have been shown
to possess varied lycopene concentrations (Abushita et al. 2000, Fanasca et
al. 2006, Hart and Scott 1995, Thompson et al. 2000, Toor and Savage 2005).

STRUCTURAL AND BIOCHEMICAL PROPERTIES OF TOMATO
CAROTENOIDS

The color, photochemical and antioxidant properties of carotenoids are
due to their extended conjugated double bonds. Most carotenoids have
maximum absorption at three wavelengths and the greater the number of
conjugated double bonds, the higher the lmax values. Thus, z-carotene
having 7 conjugated double bonds absorbs at a lower wavelength than
lycopene, while phytoene and phytofluene with less than 7 are colorless
(Davies 1976). Some structural characteristics of tomato carotenoids are
summarized in Table 3.

Carotenoids can undergo isomerization around each C = C bond in the
polyene chain. Though theoretically a large number of stereoisomers are
possible, in reality only a few stereoisomers exist because of steric
hindrance effect. The formation of stereoisomers from various carotenoids
by light absorption was related to their molecular structure (Zechmeister
1962). The presence of a cis double bond creates greater steric hindrance
between nearby hydrogen atoms and/or methyl groups and hence cis-
isomers are thermodynamically less stable than the trans form. During
processing, the predominant all-trans-lycopene isomer in tomato
undergoes isomerization to various cis-lycopene isomers such as 5-cis, 9-
cis 13-cis and 15-cis-lycopene (Fig. 3), which were identified in tomato
products and human serum as well (Lin and Chen 2005a, Rajendran et al.
2005, Schierle et al. 1997, Wang and Chen 2006). Change in isomeric forms
has been reported to cause variation in biological activity (Boileau et al.
1999). The size and shape of a carotenoid molecule also affects its
properties and functions. Cis-isomers because of their kinked structure
have a lesser tendency to aggregate or crystallize and therefore may be
more readily solubilized in lipids, absorbed and transported than their all-
trans counterparts (Boileau et al. 1999, Britton 1995). Bohm et al. (2002)
reported that cis-isomers of lycopene, a-carotene and b-carotene
possessed a higher Trolox equivalent antioxidant capacity than their
corresponding trans forms.

Carotenoids react with free radicals by three different mechanisms: (1)
radical addition (adduct formation), (2) electron transfer to the radical, or
(3) allylic hydrogen abstraction (Krinsky and Yeum 2003). The antioxidant
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Table 3 Tomato carotenoids and their structural characteristics.

Carotenoid Semisystematic  name Conjugated Absorption Extinction

double bonds spectrum (lmax) coefficient ( )

Lycopene y,y-carotene 11 444, 470, 502 3450a

b-Carotene b,b-carotene 11 (2 in ring) 425, 450, 477 2592b

a-Carotene b,e-carotene 10 (1 in ring) 422, 445, 473 2800a

g-Carotene b,g-carotene 11 (1 in ring) 437, 462, 494 2760b

z-Carotene 7,8, 7¢8¢-tetrahydro-y, y-carotene 7 378, 400, 425 2555b

d-Carotene ey-carotene 10 431, 456, 489 3290a

Phytoene
7,8,11,12,7¢,8¢,11¢,12¢- 3 276, 286, 297 1250b

octahydro-y,y-carotene

Phytofluene
7,8,11,12,7¢,8¢- 5 331, 348, 367 1577b

hexahydro-y,y-carotene

Lutein b,e-carotene-3,3¢-diol 10 (1 in ring) 422, 445, 474 2550c

b-cryptoxanthin b,b-caroten-3-ol 11 (2 in ring) 425, 449, 476 2386a

max, absorption wavelength maximum; , specific extinction coefficient of a 1% carotenoid solution measured in a 1 cm light-path spectrophotometer
cuvette; a-c, measured with carotenoid dissolved in apetroleum ether, bhexane or cethanol solvents.
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activity in terms of singlet oxygen and peroxy radical quenching were
shown to be higher for lycopene than for other carotenoids (Miller et al. 1996,
Stahl and Sies 1996). Apparently, the antioxidant activity of carotenoids is
mainly due to their conjugated double bonds and is less influenced by its
cyclic or acyclic end groups or nature of substituents on the end groups
(Stahl and Sies 1996). Nevertheless, the cyclic carotenoids derive
antioxidant activity partly also from the 5,6 and 5¢,6¢ double bonds in their
cyclic end groups (Mortensen et al. 2001). Since lycopene lacks a b-ionone
ring, it does not exhibit pro-vitamin A activity. However, b-carotene, a-
carotene and g-carotene, all of which contain one or two b-ionone rings, do
show pro-vitamin A activity. The vitamin A activity of b-carotene, a-
carotene, g-carotene, 9-cis-b-carotene, 13-cis-b-carotene, 9-cis-a-carotene
and 13-cis-a-carotene was reported to be 100, 53, 42-50, 38, 53, 13 and 16%,
respectively (Gross 1991). The vitamin A value of commercial tomatoes is
200 mg retinol equivalents/kg (Gross 1991).

Oxidative and Cleavage Products of Carotenoids

Hydroxylated derivatives of lycopene have been detected in human serum
and tomato as well as tomato-based products. It was proposed that
lycopene may undergo oxidation during tomato processing or in vivo
metabolism to form lycopene 5,6-epoxide, which may be rearranged
to 2,6-cyclolycopene-1,5-epoxides, followed by hydrolysis to their
corresponding diols in both acidic tomatoes catalyzed by enzymes
and human stomach in the presence of acids (Khachik et al. 2002).

Fig. 3 Major cis-isomers of lycopene in tomato products and human serum as well as tissues.
(A) 15-cis-lycopene; (B) 13-cis-lycopene; (C) 9-cis-lycopene; (D) 5-cis-lycopene.



146 Tomatoes and Tomato Products

Ferreira et al. (2003) identified both cleavage products (3-keto-apo-13-
lycopenone and 3,4-dehydro-5,6-dihydro-15,15¢-apo-lycopenal) and
oxidative products (2-apo-5, 8-lycopenal-furanoxide, lycopene-5,6,5¢,6¢-
diepoxide, lycopene-5, 8-furanoxide and 3-keto-lycopene-5¢,8¢-furanoxide)
during incubation of lycopene with intestinal post-mitochondrial fraction of
rat and soy lipoxygenase.

Lycopene on quenching the singlet oxygen leads to the formation of
2-methyl-2-hepten-6-one and apo-6¢-lycopenal as well as other reaction
products (Shi and Le Maguer 2000). Likewise, several epoxides and
carbonyl compounds (apocarotenals) were formed during radical attack
on b-carotene. These decomposition products have been reported to
possess biological activity as precursors of vitamin A (Krinsky and Yeum
2003).

BIOAVAILABILITY OF TOMATO CAROTENOIDS

Bioavailability of carotenoids from consumption of tomato or tomato
products is influenced by many factors, such as quantity of consumption,
degree of release from the tomato matrix, co-ingestion with dietary lipids
and fibers, absorption in the intestinal tract, transportation within the
lipoprotein fractions, biochemical conversions and tissue-specific
depositions as well as the nutritional status of the human subject (Kopsell
and Kopsell 2006). The bioavailability is usually determined using three
complementary models: (1) an in vitro digestion model to evaluate
bioaccessibility, (2) the human Caco-2 (TC-7 clone) intestinal cell line and
(3) postprandial chylomicron responses in humans (Reboul et al. 2005).
Likewise, gerbils and ferrets, which absorb carotenoids similarly to
humans, are the animals most commonly subjected to bioavailability
studies (Cohen 2002).

Carotenoids are more bioavailable from processed tomatoes than from
raw tomatoes (Gärtner et al. 1997). Mechanical or heat treatment facilitates
disruption of cell matrix in tomato leading to a greater release of tomato
carotenoids. A combination of homogenization and heat treatment
processes was reported to enhance carotenoid bioavailability (van het Hof
et al. 2000). Cis-isomers of lycopene are more bioavailable than its trans-
isomer (Boileau et al. 2002). Though lycopene in tomato and tomato
products is predominantly in all-trans form, its cis-isomers make up > 50%
of the total lycopene in human serum and tissues (Clinton et al. 1996).
Probably, cis-isomers are more soluble in bile acid micelles and
preferentially incorporated into chylomicrons, which may be caused by
their lower tendency to aggregate and form crystals (Boileau et al. 1999).
In addition, the level of cis-isomers of lycopene increased during
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incubation of tomato puree with a model gastric juice, revealing that acidic
conditions in stomach could result in lycopene isomerization (Re et al.
2001). However, only a slight rise of cis-isomers in stomach (6.2%) and
intestine (17.5%) was observed in an in vivo study of ferrets, which did not
account for a high percentage of cis-isomers found in intestinal mucosa
(58.8%) (Boileau et al. 2002). Thus, the mechanism of selective
incorporation of cis-isomers into micelles remains poorly understood. A
recent report showed that the bioavailability of b-carotene from tomato
puree was higher than lycopene, which may be attributed to a better
solubility of the former in micelles or to a different localization of
carotenoids in tomato cells (Reboul et al. 2005). Carotenoids are more
bioavailable when supplemented with dietary lipids, while dietary fibers
(especially pectin) decreased the carotenoid absorption (Gärtner et al.
1997, Shi and Le Maguer 2000). Also, the bioavailability can be affected by
interaction of lycopene with other carotenoids (Shi and Le Maguer 2000).
Lycopene and b-carotene levels in blood and human tissues are
summarized in the literature (Boileau et al. 2002, Rajendran et al. 2005,
Stahl and Sies 1996).

BIOLOGICAL ACTIVITY OF TOMATO CAROTENOIDS

Several epidemiological studies have shown a positive correlation
between increased intake of tomato or tomato-based products and
reduced risk of various diseases including cardiovascular disease and
cancer (Giovannucci 1999, Giovannucci et al. 2002, Petr and Erdman,
2005). The important underlying mechanism often cited is the potential of
tomato to modulate radical-mediated oxidative damage, which may
contribute to the initiation and progression of many chronic diseases
(Hadley et al. 2003, Lehucher-Michel et al. 2001). However, the presence of
some other functional components in tomato and/or other potential
mechanisms may also play a vital role in preventing chronic disease
(Boileau et al. 2001, Clinton et al. 1996). Prevention of cardiovascular
disease could possibly be due to reduction in inflammation and low-
density lipoprotein oxidation, inhibition of cholesterol synthesis and
enhancement of immune function (Heber and Qing-Yi 2002, Petr and
Erdman 2005). Prevention of cancer risk can be attributed to the ability of
tomato carotenoids to inhibit tumor cell proliferation and cell
transformation, increase gap junction communication through
stabilization of connexin 43 (tumor suppressor gene) and modulate the
expression of gene determinants and cell-cycle progression as well as
increase pro-differentiation activity (Campbell et al. 2004, Heber and
Qing-Yi 2002, Kucuk et al. 2001, Wang et al. 2003). It also prevents
endogenous levels of DNA strand-breaks in human lymphocytes by
resisting the oxidative stress (Heber and Qing-Yi 2002).



148 Tomatoes and Tomato Products

Among 72 epidemiological studies reviewed, only 35 reported inverse
associations between tomato intake or blood lycopene level and risk of
cancer with statistical significance (Giovannucci 1999). Evidence of strong
association was shown for lung, stomach and prostate cancers, while
evidence was only suggestive for cancers of the cervix, breast, oral cavity,
pancreas, colorectum and esophagus. Though the consumption of tomato
and its products reduced the risk of a variety of cancers, the direct benefit
of its major carotenoid lycopene has not been proved, suggesting a
possible synergistic effect of lycopene with various tomato micronutrients
(Giovannucci 1999, Giovannucci et al. 2002).

ANALYTICAL METHODS FOR DETERMINATION OF TOMATO
CAROTENOIDS

The analysis of carotenoids, especially lycopene, is quite complicated as
they are sensitive to light, heat, oxygen and acids and therefore extreme
care should be taken to perform all the analytical operations under dim
light and inert conditions (under N2 or vacuum); solvents used must be
pure and free of oxidizing compounds to avoid isomerization or
oxidation.

Color Index Method

The red color of tomatoes has been shown to be directly proportional to its
quality and concentration of carotenoids (particularly lycopene), and thus
evaluation of color offers a less tedious, non-destructive assessment of
tomato ripening and change in carotenoid concentration during
processing than the other chemical methods (Barreiro et al. 1997,
Thompson et al. 2000). Color measurement is based on the Hunter’s L, a
and b tristimulus values and color parameters such as DE (total color
difference), SI (saturation index), D (hue angle) and a/b ratio derived from
L, a and b values have been commonly used for quality specification in
tomato and tomato products. After calibrating the tristimulus colorimeter
with an appropriate color standard, the parameters DE, SI and hue angle
were calculated from the L, a and b values of tomato sample directly read
from the instrument using the following equations:

DE = 

SI = 

Hue angle = tan–1(b/a)
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An a/b ratio of 2.0 and above is indicative of an excellent color, while a
value below 1.8 is considered unacceptable. The hue angle value of 0 or
360° represents red hue and angles of 90, 180 and 270° denote yellow,
green and blue hues, respectively (Barreiro et al. 1997). The inability of the
method to distinguish clearly between isomerization and oxidation
responsible for decrease in color is the major limitation. In addition, the
off-shades resulting from Maillard browning reactions may be
misleading. Nevertheless, this method is extensively used for determining
tomato quality during ripening and online quality monitoring of tomato
products during processing.

Extraction of Carotenoids

Carotenoids are routinely extracted with organic solvents because of their
fat-soluble nature. Solvents such as ethanol, acetone, petroleum ether,
hexane, benzene, and chloroform can be used for carotenoid extraction,
but solvent mixtures including hexane, acetone and methanol or ethanol
are used most often (Lin and Chen 2003, Periago et al. 2004). Initially, the
tomato sample to be analyzed must be made into a paste by blending or
mechanical grinding to achieve maximum extraction. Fresh samples are
preferred and dehydrated material requires moistening with a water-
miscible solvent prior to extraction with a water-immiscible solvent
(diethyl ether) to achieve greater extraction efficiency (Gross 1991). A
saponification procedure is normally adopted in carotenoid analysis in
order to remove unwanted lipids, chlorophylls and other water-soluble
impurities to minimize interference during subsequent separation and
identification. It is often carried out by adding about 1 or 2 mL of 40-60%
potassium hydroxide to the extract and allowing the mixture to stand in
the dark under N2 gas for 12-16 hr (Gross 1991).

Some rapid extraction methods such as microwave solvent extraction
and pressurized accelerated solvent extraction can achieve a high
lycopene recovery ranging from 98.0 to 98.6% (Sadler et al. 1990, Benthin
et al. 1999). Extraction using supercritical CO2 is emerging as a non-toxic
(solvent-free) and eco-friendly alternative, which reduces the organic
solvent consumption and time required for extraction and concentration
(Baysal et al. 2000, Gómez-Prieto et al. 2003, Rozzi et al. 2002).
Supercritical CO2 possesses solvent strength approaching that of non-
polar liquid solvents. For optimizing conditions to achieve maximum
extraction, the solvent strength of supercritical CO2, which is directly
related to its density, can be adjusted by changing the extraction pressure
and temperature. Wang and Chen (2006) obtained a high yield of lycopene
from tomato pulp by using the optimized conditions of pressure at 350 bar
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and temperature at 70°, with cis-isomers making up 41.4% of total
lycopene.

Spectrophotometric Method

Spectrophotometric method allows quantitative determination of
carotenoids by measuring the absorbance (or optical density) of an
isolated pure carotenoid compound (dissolved in an organic solvent) at
maximum absorption wavelength and the amount of carotenoid in
micrograms per gram material can be determined using the expression

mg carotenoid/g = 

where V is the total volume (mL) containing W g of sample, and  is the
extinction coefficient of the carotenoid analyzed. The extinction
coefficients for various tomato carotenoids are given in Table 3 (Davies
1976).

HPLC Method

Open-column and thin-layer chromatographic techniques have been
extensively discussed in earlier reviews (Davies 1976, Gross 1991). High
performance liquid chromatography (HPLC) is a rapid, reproducible and
highly sensitive technique used with wide varieties of stationary phases,
mobile phase systems and detectors for determination of carotenoids in
tomato and tomato products. The standard method for determination of
carotenoids fails to resolve cis-isomers (AOAC 1995). Both C18 and C30
stationary phase columns are used, but the former allows only partial
separation of cis-isomers, whereas the latter provides a higher resolution
of cis-isomers. Research (2000-2006) on HPLC methods with their
conditions used in the determination of carotenoids and/or lycopene in
tomato and tomato products is summarized in Table 4, while the earlier
HPLC methods have been reviewed by Shi and Le Maguer (2000).

Identification

Carotenoids are usually identified by their chromatographic and
spectrophotometric behavior. The absorption spectrum of each
chromatographically pure pigment is recorded and compared with values
from the literature. For identifying the geometric isomers,
photoisomerization is induced by illuminating authentic standards of
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Table 4 HPLCa methods for determination of carotenoids and/or lycopene in raw tomatoes and tomato products.

Extraction HPLCa column Mobile phase/flow rate/detector References

0.2 g spray-dried tomato C18 (250 ¥ 4.6 mm i.d., Acetonitrile/methanol/2-propanol (44:54:2, v/v/v); Anguelova and
powder with 40 mL tetrahydro-  5 mm) Vydac column flow rate 1 mL/min; PDAb  Warthesen (2000)
furan/methanol (1:1, v/v)

2 g tomato paste extracted with C18 (150 ¥ 3.9 mm i.d., Methanol/tetrahydrofuran/water (67:27:6, v/v/v); Baysal et al. (2000)
hexane/ acetone/absolute alcohol/ 5 mm) Waters Symmetry flow rate 1.5 mL/min; PDAb

toluene mixture (or) 53 g tomato column
paste extracted with supercritical
fluid CO2 at 55°, pressure 300 bar,
flow rate 4 kg/h

5 g tomato pulp extracted with C30 (250 ¥ 4.6 mm i.d., Gradient elution using methanol/methyl Tiziani et al. (2006)
50 mL methanol and filter cake with 3 mm) YMC column with tert-butyl ether (95:5, v/v for initial 5 min and
50 mL acetone/hexane (1:1, v/v) after C30 guard column changed to 30:70, v/v for 55 min); flow rate
homogenizing with 1 g CaCO3, 4 g 1 mL/min; PDAb

Celite and 50 mL methanol for 1 min
and filtered

150 g tomato/tomato juice/50 g C18 (250 ¥ 4.6 mm i.d., Linear gradient using acetonitrile/methanol/ Takeoka et al. (2001)
tomato paste homogenized with 5 mm) Rainin Dynamax dichloromethane/hexane (85:10:2.5:2.5 to
10% Celite, 10% MgCO3 and column with a guard 45:10:22.5:22.5% at 40 min); flow rate
250 mL tetrahydrofuran, followed column 0.8 mL/min; PDAb

by extraction in 250 mL
tetrahydrofuran

10 g fresh/processed tomato C30 (250 ¥ 4.6 mm i.d., multi-step linear gradient using 15 to 50% Nguyen et al. (2001)
homogenized with 50 mL 3 mm) polymeric column methyl-tert-butyl ether in methanol for 55 min;
methanol, 1 g CaCO3 and with a C30 guard column flow rate 1 mL/min; PDAb

3 g Celite followed by extraction
with acetone/hexane (1:1, v/v)

1-10 g tomato pericarp extracted C30 (250 ¥ 4.6 mm i.d., Methyl-tert-butyl ether/methanol/ethyl acetate Ishida et al. (2001)
with 20 mL dichloromethane after 3 mm) YMC column (40:50:10, v/v/v); flow rate 1 mL/min; PDAb
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homogenizing with 10-20 mL
methanol, 0.01% ethylenediamine
tetraacetic acid and butylated
hydroxyanisole (1-10 mg)

2 g tomato seeds and skins C18(2) (150 ¥ 4.6 mm i.d., Gradient elution using A: methanol/0.2 M Rozzi et al. (2002)
extracted by sonication with 20 mL 3 mm) Phenomenex ammonium acetate (90:10, v/v) and B: methanol/
chloroform for 30 min (or) Luna column 1-propanol/1.0 M ammonium acetate
Supercritial fluid CO2 at 32 to 86°, (78:20:2, v/v/v); electrochemical detector
pressure 138 to 483 bar, flow
rate 2.5 mL/min

10 g tomato slurry extracted by C30 (250 ¥ 4.6 mm i.d., Methyl tert-butyl ether/methanol (7:3, v/v); Dewanto et al. (2002)
shaking with a mixture of 5 mL 3 mm) YMC column flow rate 1 mL/min; UV-VISc at 471 nm
chloroform 3 mL acetone and
15 mL hexane for 5 min

0.5 g freeze-dried tomato C30 (250 ¥ 4.6 mm i.d., Linear gradient using A: methanol-water Gómez-Prieto et al.
extracted with supercritical 5 mm) Develosil UG (96:4 v/v) B: methyl tert-butyl ether from  (2003)
fluid CO2 at 0.25–0.90 g/mL column at 20° 83(A):17(B) to 33(A):67(B) at 60 min;
density, temperature 40°, flow rate 1 mL/min; PDAb

flow rate 4 mL/min

8 g tomato juice agitated with C30 (250 ¥ 4.6 mm i.d., Gradient elution with A: 1-butanol/ acetonitrile Lin and Chen (2003)
0.2 g MgCO3 and 40 mL 5 mm) YMC column (30:70, v/v) and B: methylene chloride; flow
ethanol/hexane (4:3, v/v) rate 2 mL/min; PDAb

for 30 min

2 g tomato juice/sauce/soup/ C30 (250 ¥ 4.6 mm i.d., Methanol/methyl-tert-butyl ether; flow rate Seybold et al. (2004)
baked tomato slices 5 mm) YMC column at 23∞ 1.3 mL/min; PDAb

homogenized with 400 mg MgO,
and 500 mL echinenone followed
by extraction with 35 mL methanol/
tetrahydrofuran (1:1, v/v) in ice
for 5 min

Contd.
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6 kg of tomato puree with 250 mL C30 (250 ¥ 4.6 mm i.d., Variable gradient condition with methyl-tert-butyl Hackett et al. (2004)
acetone/hexane (50:50 v/v) after 5 mm) YMC column with ether/methanol for oleoresins from different
homogenizing with 500 mL ethanol a C18 guard column at 25° tomato varieties; flow rate 1 mL/min; PDAb

5 g tomato puree with 120 mL C30 (250 ¥ 4.6 mm i.d.) Methanol/methyl-tert-butyl ether/ethyl acetate Qiu et al. (2006)
hexane/acetone/ethanol (2:1:1, v/v/v) YMC column) at 24° (50:40:10, v/v/v); flow rate 1.5 mL/min; UV-VISc

3 g of tomato extracted by stirring C18 (300 ¥ 2 mm i.d., Methanol/acetonitrile (90:10 v/v) plus 9 mM Barba et al. (2006)
with 100 mL hexane/acetone/ 10 mm) mBondapack triethylamine; flow rate 0.9 mL/min; UV-VISc at
ethanol (50:25:25, v/v/v) for 30 min column with a C18 475 nm

precolumn (20 ¥ 3.9 mm
i.d., 10 mm) at 30°

250 mg raw/cooked tomato C18 (250 ¥ 4.6 mm i.d., Methanol/acetone (90:10, v/v); flow rate Mayeaux et al. (2006)
extracted in acetone/ethanol/ 5 mm) Discovery column 0.8 mL/min; PDAb

hexane mixture of 1 mL each
(vortexed for 30 s)

aHPLC, high performance liquid chromatography; bPDA, photodiode array; cUV-VIS, ultraviolet-visible.



154 Tomatoes and Tomato Products

anticipated carotenoids and subjecting to HPLC analysis under the same
condition as that of unknown carotenoid extract. By comparing the retention
time and absorption spectrum, the geometric isomer can be tentatively
determined. A cis-isomer differs from the all-trans-isomer in its adsorption
affinity and absorption spectrum. The absorption maximum of a cis-isomer
shifts to lower wavelength compared to its all-trans counterpart. The di-cis-
isomers may shift to a lower wavelength than mono-cis-isomers. The
identification of carotenoids based on spectral characteristics has been well
described in the literature (Davies 1976, Goodwin 1981). Further
confirmation of identified carotenoids can be made by performing
cochromatography test using isomerized and non-isomerized carotenoid
standards.

A photodiode array detector (PDA) coupled with HPLC provides online
monitoring of absorption spectrum of carotenoid peaks at multiple
wavelengths. However, it fails to provide complete structural and
stereochemical information of carotenoids. Mass spectrometer enables the
quantification and elucidation of carotenoid structure on the basis of
molecular mass and characteristic fragmentation pattern. Figure 4A
shows the negative-ion atmospheric pressure chemical ionization (APCI)
product ion tandem mass spectrum of lycopene molecular ion radical
(m/z 536.43) (van Breemen 2005). Though lycopene, a-carotene and b-
carotene show similar molecular ion peaks, lycopene can be selectively
monitored using its characteristic fragment ion of m/z 467 obtained by
elimination of terminal isoprene group, while a-carotene and b-carotene
fail to form this fragment ion because of their terminal ring groups. b-
Carotene gives a characteristic fragment ion m/z 444 because of loss of
toluene, as illustrated in a positive-ion APCI spectrum (Fig. 4B) (Lacker et
al. 1999). Structurally significant fragment ions of a-carotene are m/z 480
and 388, which correspond to the retro-Diels-Alder fragment ion, [M-56]+.,
and a loss due to both toluene and retro-Diels-Alder fragmentation [M-92-
56]+., respectively (van Breemen et al. 1996). The collision-induced
dissociation mass spectrum of lutein was found to show fragment ions of
m/z 551, 459 and 429 due to the losses of water [MH-18], both water and
toluene [MH-18-92] and the terminal ring [MH-140], respectively (van
Breemen et al. 1996). However, mass spectrometer fails to distinguish
among stereoisomers.

High resolution nuclear magnetic resonance (NMR) spectroscopy with
higher magnetic field strength (800-900 MHz) and the application of two-
dimensional pulse sequences assist in elucidating the double-bond
stereochemistry, which is the key area for identification of most
carotenoids and their isomers. Tiziani et al. (2006) recently profiled
carotenoids in a lipophilic mixture of tomato juice by a combination of
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homonuclear and heteronuclear 2D NMR techniques, and 1H and 13C
NMR assignments for all-trans-lycopene, 5-cis-lycopene, 9-cis-lycopene,
13-cis-lycopene, all-trans-b-carotene and 15-cis-phytoene have been
reported.

Fig. 4 Mass spectrum of (A) lycopene and (B) b-carotene (van Breeman 2005, Lacker et al.
1999). (A) negative-ion APCI (atmospheric pressure chemical ionization) product ion tandem
mass spectrum of the lycopene molecular ion radical of m/z 536.43 (note the m/z 467 fragment
ion due to elimination of an isoprene group in lycopene does not occur for a- and b-carotenes);
(B) positive-ion APCI mass spectrum of b-carotene.
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Other non-destructive methods including Fourier transform-Raman
spectroscopy, attenuated total reflection infrared spectroscopy, and near
infrared spectroscopy were also recently employed for determination of
lycopene and b-carotene in tomato and tomato products, and the most
appropriate statistics for calibration models was shown by infrared
spectroscopy (Baranska et al. 2006, Pedro and Ferreira 2005).

STABILITY OF TOMATO CAROTENOIDS DURING
PROCESSING AND STORAGE

Typical thermal processing condition (boiling in water) for short duration
of time increased the level of lycopene due to disruption of tomato cell
matrix (Dewanto et al. 2002). The high-temperature-short-time treatment
(121° for 4 s) of tomato juice enhanced the leaching of lycopene with
minimum degradation (Lin and Chen 2005a). However, high temperature
along with long-duration treatment can cause isomerization and/or
degradation to occur. When tomato was boiled in water for 30 min, lutein
and b-carotene were isomerized to a greater extent, while lycopene, g-
carotene and d-carotene were relatively stable to isomerization (Nguyen et
al. 2001). This may be attributed to the difference in the structural
characteristics of carotenoids and their localization/accumulation in the
tomato. The lycopene loss under various household cooking conditions
followed the order: frying > baking > microwaving (Mayeaux et al. 2006)
and soaking tomato slices in only vinegar retained more lycopene than
soaking in oil or oil/vinegar mixture (Sahlin et al. 2004). Temperature,
oxygen permeability, moisture content and texture (fine or coarse) of the
tomato sample are the factors that determine the stability of dehydrated
tomato products. Freeze-drying is preferred over air- and spray-drying, as
the latter treatments can cause progressive carotenoid degradation due to
exposure to oxygen and heat (Wang and Chen 2006). Dehydration to
intermediate moisture content (20-40%) with water activity (aw) 0.69-0.86
at a storage temperature £ 18° could minimize carotenoid loss in tomato
products (Zanoni et al. 2000).

Complete inactivation of natural enzymes in tomato by blanching can
prevent carotenoid degradation in tomato during frozen storage (Fellows
2000). Several studies have demonstrated that the higher the storage
temperature, the faster the degradation rate (Lin and Chen 2005b, Sharma
and Le Maguer 1996a). Lycopene degradation under different storage
conditions followed the order: air and light > air and dark > vacuum and
dark (Sharma and Le Maguer 1996a). Canned tomato juice stored either in
dark or under light showed minimum carotenoid degradation due to less
exposure to oxygen or light (Lin and Chen, 2005b).
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Carotenoid loss in tomato can be minimized by treating tomato
products with osmotic solution (sucrose or high dextrose equivalent
maltodextrin) under optimized conditions prior to processing or storage
(Dermesonlouoglou et al. 2007, Shi et al. 1999). In addition, subjecting the
tomato sample to high hydrostatic pressure before storage could offer a
sterilization effect to inactivate enzymes and reduce carotenoid
degradation (Qiu et al. 2006).

FUTURE CONSIDERATIONS

1. More studies need to be explored on tomato carotenoids other than
lycopene and b-carotene.

2. More frequent investigation should be carried out on the impact of
various growth, environmental and technological factors.

3. New pretreatment techniques must be developed to prevent
carotenoid loss during processing and storage of tomato and
tomato products.

4. The mechanism of selective incorporation of cis-isomers into bile
acid micelles should be explored, and various factors influencing
the bioavailability of cis-isomers and their importance in human
health should be further investigated.

5. In addition to antioxidant effect, other potential mechanisms of
biological action by tomato and tomato products need to be
elucidated. In addition, the biological activity of oxidative and
cleavage metabolites of tomato carotenoids and its mechanism
require further investigation.

6. The importance and mechanism of lycopene interaction with other
carotenoids and micronutrients in tomato requires to be
characterized for evaluating the possible synergistic effect in
biological action. Also, the pharmacokinetic studies on lycopene
remain uncertain and epidemiologic studies focusing upon the
relationship between biomarkers of tomato product intake, such as
serum lycopene or other phytochemicals, and biomarkers of health
risk should be critically examined.

ABBREVIATIONS

ABS: Absorbance; AOAC: Association of Official Analytical Chemists;
APCI: Atmospheric pressure chemical ionization; CPTA: 2-(4-
Chlorophenylthio)triethylamine hydrochloride; DCPTA: 2-(3,4-
dichlorophenoxy)triethylamine; DMAPP: Dimethylallyl diphosphate;
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DOXP: 1-Deoxy-D-xylulose-5-phosphate; GGPP: Geranylgeranyl
pyrophosphate; HPLC: High performance liquid chromatography; IPP:
Isopentyl pyrophosphate; NMR: Nuclear magnetic resonance; PDA:
Photodiode array; SI: Saturation index
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ABSTRACT
Tomato is a classic example of a food plant that contains a potent
hemagglutinating protein in its edible part. Though the tomato lectin (also called
Lycopersicum esculentum lectin or LEA) was already isolated and
characterized in some detail in 1980, the exact molecular structure has not yet
been elucidated. A reinvestigation of the relevant literature combined with a
detailed analysis of the publicly accessible genome and transcriptome
sequence data revealed that tomato fruits express a mixture of three
structurally and evolutionarily related lectins: (1) a previously cloned lectin-
related protein called Lycesca, (2) a previously isolated lectin-related 42 kDa
chitin-binding protein and (3) the genuine lectin (LEA). Complete sequences
are available for Lycesca and the 42 kDa protein but not for the lectin itself.
However, a fairly accurate model could be elaborated for LEA based on partial
sequences. The lectin consists of two sugar-binding modules (comprising two in
tandem arrayed hevein domains) separated by a Ser/Pro-rich linker. All four
hevein domains are active, rendering LEA a potent tetravalent
hemagglutinating lectin. In contrast, both Lycesca and the 42 kDa protein
possess a single active hevein domain and are monovalent lectins devoid of
hemagglutinating activity. Recent specificity studies revealed that LEA is not a
chitin-binding lectin sensu strictu because it interacts equally well with complex
and high mannose N-glycans. It is predominantly but not exclusively expressed
in fruits, where it accumulates at an exponential rate during the first 10 days of
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fruit development. Striking varietal differences indicate that the tomato fruit
lectin content is genetically determined. At present, the physiological role of the
tomato fruit lectin is poorly understood. There are no indications for acute or
chronic toxicity of LEA in mammals. However, the documented biological
activities of LEA and the closely related potato lectin suggest that they might
affect the immune system on oral uptake. Moreover, LEA might cause latex-fruit
syndrome in sensitive individuals. This raises the question whether low-lectin
tomatoes are possibly safer for the consumer.

BRIEF INTRODUCTION TO PLANT LECTINS

Many plants contain proteins that are commonly known as lectins,
agglutinins or phytohemagglutinins (for recent reviews see Van Damme et
al. 1998, 2004a, 2007b). This terminology has a historical background and
refers to the capability of lectins to cause a macroscopically visible
clumping of human and animal red blood cells. The mechanism
underlying the erythrocyte agglutination activity remained unclear until it
was eventually demonstrated that it relies on a specific sugar-binding
activity of lectins. Once this crucial discovery had been made lectins were
no longer simply considered clumping agents but acquired their status of
carbohydrate-binding proteins. For a long time all plant lectins were
classified into a single group of proteins on the basis of one common but
rather aspecific biological activity. However, detailed biochemical
analyses in the late 1970s and early 1980s provided the first firm evidence
for major differences between lectins from different plant species.
Subsequent structural and molecular studies confirmed the existence of
different types of plant lectins. Moreover, sequence data generated by
molecular cloning of lectin genes and transcriptome analyses revealed a
fairly widespread occurrence of chimeric proteins comprising a
carbohydrate-binding domain fused to an unrelated domain with a totally
different structure and activity/function. The latter finding put the notion
“lectin” in a new perspective and urged a rethinking of both the definition
and classification of (plant) lectins in terms of carbohydrate-binding
domain(s). In principle, the presence of at least one non-catalytic domain
that binds reversibly to a specific carbohydrate can be used as a simple
criterion for a protein to be considered a lectin. Accordingly, plant lectins
were defined as “all plant proteins possessing at least one non-catalytic
domain, which binds reversibly to a specific mono- or oligosaccharide”.
Hitherto, nine different sugar-binding domains/motifs have been
identified with certainty in plants. Using these domains as basic structural
units, a relatively simple system was elaborated that allows classification
of virtually all known plant lectins in less than 10 families of structurally
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and evolutionarily related proteins. Most plant lectins belong to one of the
seven “widespread” families, which are (in alphabetic order): the
amaranthins, the Cucurbitaceae phloem lectins, the Galanthus nivalis
agglutinin family, the lectins with hevein domain(s), the jacalin-related
lectins, the legume lectins and the ricin-B family (Van Damme et al. 1998,
2007b). In addition, two families with a narrow taxonomic distribution
were identified only recently, namely orthologues of the fungal Agaricus
bisporus agglutinin (which are found in the liverwort Marchantia
polymorpha and the moss Tortula ruralis) (Peumans et al. 2007) and
catalytically inactive homologues of class V chitinases (which are
apparently confined to the family Fabaceae) (Van Damme et al. 2007a).

HISTORICAL OVERVIEW OF THE DISCOVERY, ISOLATION
AND CHARACTERIZATION OF THE TOMATO LECTIN

As early as 1926, Marcusson-Begun mentioned in a paper describing the
results of his research on a hemagglutinin in potato tubers that Schiff
previously discovered hemagglutinating activity in the sap of tomatoes. A
first report on the extraction and preliminary characterization of a tomato
(Lycopersicum esculentum Mill. now called Solanum esculentum L.,
Solanaceae) lectin (abbreviated LEA, Lycopersicum esculentum agglutinin)
appeared in 1968 when Hossaini demonstrated that a saline extract of
tomato seeds was able to agglutinate human type A, B and O erythrocytes
(Hossaini 1968). Isolation of the fruit lectin was achieved independently in
1980 by two different groups using affinity chromatography on
immobilized A+H blood group substance (Nachbar et al. 1980) and
adsorption to trypsin-treated human type B erythrocytes (Kilpatrick 1980).
Using these affinity-purified preparations the biochemical properties,
sugar-binding specificity and some biological activities of the tomato fruit
lectin could be corroborated in some detail (Nachbar et al. 1980). In
addition, it became evident that the tomato lectin closely resembled the
potato tuber lectin that was isolated and characterized a few years before
(Allen and Neuberger 1973, Allen et al. 1978). During the next two decades
rapid progress was made in the study of the sugar-binding specificity,
biological activities and applications of the tomato lectin in biological and
biomedical research. However, the exact molecular structure of the tomato
lectin as well as that of all other Solanaceae lectins remained unclear. Only
recently, molecular cloning of the potato lectin allowed unambiguous
determination of the molecular structure of a typical Solanaceae lectin
(Van Damme et al. 2004b). A structurally similar homologue of the potato
lectin was also found in tomato (Peumans et al. 2004). However, the cloned
tomato homologue does not correspond to the genuine tomato fruit lectin.
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DEFINITION AND NOMENCLATURE OF TOMATO LECTINS
AND RELATED PROTEINS

As is discussed below in detail tomatoes contain a fairly complex mixture
of a genuine lectin and at least two lectin-related proteins. In the absence of
a uniform nomenclature these proteins are still referred to by the names
introduced by the authors who described them for the first time. In this
contribution the following nomenclature is used:

(1) the genuine hemagglutinating tomato lectin is referred to by the
standard acronym “LEA”, which stands for Lycopersicum
esculentum agglutinin.

(2) the non-hemagglutinating 42 kDa lectin-related protein described
by Naito et al. (2001) is referred to as “42 kDa lectin-related
protein”.

(3) the expressed and cloned but still unidentified lectin-related
protein (Peumans et al. 2004) is referred to by the name “Lycesca”.
This name (which is not considered an abbreviation) was
introduced in the original report to distinguish it from the genuine
lectin.

CUMBERSOME ELUCIDATION OF THE MOLECULAR
STRUCTURE OF TOMATO LECTIN

Early Work on Isolation and Biochemical Characterization
of Tomato Fruit Lectin(s)

The first detailed description of the purification and biochemical
characterization of the tomato lectin dates back to 1980 (Nachbar et al.
1980). Nachbar and colleagues isolated the lectin in a single step from a
cleared fruit extract using affinity chromatography on a column of
immobilized hog A + H blood group substance and analysed the
agglutinin by the biochemical techniques available at that time (including
polyacrylamide gel electrophoresis, isoelectric focusing, amino acid and
carbohydrate analysis, N-terminal amino acid sequencing and analytical
ultracentrifugation). From their results, Nachbar et al. concluded that the
tomato lectin is a monomeric 71 kDa protein that contains approximately
50% covalently bound carbohydrate (85% arabinose and 15% galactose).
The lectin is especially rich in cysteine (Cys) and hydroxyproline (Hyp)
and contains a methionine (Met) residue at its N-terminus. Isoelectric
focusing further revealed that the lectin is a natural mixture of two
isoforms with an isoelectric point of 8.8 and 10.0, respectively. Hapten
inhibition assays demonstrated that the lectin specifically interacts with
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oligomers of N-acetylglucosamine (GlcNAc) and suggested that the binding
site can accommodate at least four GlcNAc-residues.

It should be mentioned here that Nachbar et al. (1980) were not the first
to report the isolation of the tomato lectin. A few months earlier, Kilpatrick
(1980) had already described the purification of the same lectin by affinity
adsorption on trypsin-treated erythrocytes and the inhibition of its
agglutinating activity by oligomers of GlcNAc. Moreover, Kilpatrick
demonstrated that the tomato lectin is a glycoprotein that cross-reacts
immunologically with the lectin from Datura stramonium (thorn-apple).

After the pioneering work by Kilpatrick (1980) and Nachbar et al.
(1980), several other papers were published on the isolation and
characterization of the tomato lectin. Kilpatrick et al. (1983) introduced
chromatofocusing to isolate the tomato lectin. In addition, novel
purification schemes based on affinity chromatography on immobilized
ovomucoid (Merkle and Cummings 1987a) and erythroglycan-Sepharose
(Zhu and Laine 1989) were developed. However, none of these papers
provided better insight into the molecular structure of the tomato lectin.
The same applies to a paper describing the purification and
characterization of the lectin from “cherry” tomatoes (Saito et al. 1996). In
that paper, the authors made a clear distinction between “normal” and
cherry tomatoes, which is rather unfortunate because they give the wrong
impression that the corresponding lectins are different (which evidently is
not correct because all tomato varieties belong to the very same species).

Development of Models of a Multi-domain Structure of
the Tomato Lectin

In contrast to the tomato lectin, substantial progress was made in the
elucidation of the molecular structure of the potato lectin during the 1990s.
Early studies of especially the potato lectin led to the hypothesis that the
Solanaceae lectins are chimeric proteins comprising a Cys-rich chitin-
binding domain equivalent to wheat germ agglutinin and a domain
resembling the cell wall glycoprotein extensin (Allen 1983). Partial amino
acid sequencing confirmed the modular structure of the potato lectin and
indicated that the Cys-rich lectin domain might be located at the N-
terminus of the protein (Kieliszewski et al. 1994). Later, more detailed
analyses prompted Allen and collaborators to the conclusion that the
potato lectin is a three-domain glycoprotein built up of an N-terminal
domain of approximately 100 residues that is rich in proline (Pro) but poor
in Hyp, a middle extensin-like domain of at least 104 residues that is
extremely rich in glycosylated Hyp-residues and a C-terminal domain
comprising two tandemly arrayed hevein domains (Allen et al. 1996).
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Taking into account the presumed close relationship between Solanaceae
lectins from different species one could reasonably expect to resolve the
structure of the tomato lectin by a similar approach. However, when applied
to the fruit lectin from cherry tomatoes, a combination of amino acid analysis
and protein/peptide sequencing of native and deglycosylated lectin yielded
a model quite different from those proposed for the potato lectin (Naito et al.
2001). It was concluded that the genuine tomato lectin is a three-domain
protein consisting of an N-terminal extensin-like domain, a middle Cys-rich
domain resembling wheat germ agglutinin, and a glutamine (Gln)-rich C-
terminal domain equivalent to the large subunit of the tomato seed 2S
albumin. According to this model the tomato lectin comprises a C-terminal
domain that has not yet been identified in any other Solanaceae lectin. While
studying the genuine cherry tomato lectin, Naito et al. (2001) identified an
additional chitin-binding protein that is devoid of agglutinating activity but
cross-reacts with antibodies against the lectin. Following the same
approach as for the lectin, the authors concluded that the newly found “42
kDa” chitin-binding protein corresponds to a homologue of the lectin that
lacks the N-terminal extensin-like domain.

Taking into account the very similar biochemical properties (in terms of
size, amino acid composition, carbohydrate content, serological
relationship), the striking differences in overall domain structure of the
proposed models of the tomato and potato lectins are difficult to explain.
Since models, which are based on a few partial sequences, always suffer an
inherent uncertainty, one has to conclude that the long-lasting enigma of
molecular structure of the Solanaceae lectins can be resolved only by
determining the complete amino sequence of the proteins or cloning of the
corresponding genes.

Molecular Cloning of Tomato Lectin(s)

The identification and sequencing of a complete cDNA encoding a potato
tuber lectin eventually made it possible to determine the molecular
structure of a typical Solanaceae lectin (Van Damme et al. 2004b). Analysis
of the sequence demonstrated that the potato lectin consists of two nearly
identical chitin-binding modules (each comprising two tandemly arrayed
hevein domains) that are interconnected by a serine/proline (Ser/Pro)-
rich linker of approximately 60 amino acid residues, and in addition
contains two short unrelated domains located at its N- and C-terminus,
respectively. Molecular cloning of the potato lectin confirmed the
“canonical” chimeric nature of the Solanaceae lectins but at the same time
demonstrated that none of the previously proposed models was correct.
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Using the information generated by the cloning of the potato lectin we
were able to identify an (incomplete) expressed sequence tag (EST)
encoding a putative homologue in tomato leaves. Further analysis revealed
that this EST (clone cLET21N20) encodes a putative lectin (called Lycesca)
that possesses the same overall modular domain structure as the
potato lectin but contains a shorter (only 11 residues) Ser/Pro-rich linker
between the two chitin-binding modules (Peumans et al. 2004) (see Fig.
1A). However, since the precursor of Lycesca does not comprise internal
sequences that match the determined N-terminal and internal sequences
of the genuine lectin (Naito et al. 2001) and, in addition, cannot yield a
mature (glycosylated) polypeptide of 71 kDa, we had to conclude that
clone cLET21N20 does not correspond to the genuine high molecular mass
tomato lectin. Moreover, since the precursor of Lycesca does not contain
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Fig. 1 Schematic representation of the tomato fruit lectin and related chitin-binding proteins.
Modular organization of (A) the expressed lectin-related protein Lycesca, (B) the 42 kDa lectin-
related protein, and (C) the genuine lectin LEA (Lycopersicum esculentum agglutinin).
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an internal sequence matching the N-terminus of the 42 kDa lectin-related
protein, this protein also can be excluded as the product of clone
cLET21N20.

Fortunately, the recent release of a large number of novel ESTs (especially
from tomato fruit development and ripening transcriptome analysis
programs) as well as a set of genomic clones allowed researchers to
readdress the issue of the molecular structure of the tomato lectins. A
comprehensive analysis of the accessible sequence data revealed that at
least three different lectins are expressed in tomato fruits.

First, 16 new EST clones, all from fruit tissues, could be identified that
are identical to cLET21N20 (Fig. 2; Table 1). This implies that Lycesca is
also expressed in fruits.

Fig. 2 Amino acid sequence of cDNA clone encoding the lectin-related protein Lycesca. The
deduced amino acid sequence of the cDNA clone FC03AA06 (from Lycopersicum esculentum cv.
Micro-Tom fruit) was determined. The signal peptide is indicated in italic.

Second, two ESTs from fruit tissue were identified that apparently match
the N-terminus of the 42 kDa lectin-related protein described by Naito et al.
(2001) (Table 1). Both ESTs are short and comprise only the N-terminus of the
42 kDa protein. However, a contig could be assembled by combining EST
and genomic sequences (Fig. 3). The deduced sequence of this contig
comprises perfect matches of both the reported (30 residue) N-terminal
sequence of the intact 42 kDa protein and the (9 residue) N-terminus of a
(proteolytic) 28 kDa cleavage product (Fig. 3). Therefore, one can reasonably
assume that the protein encoded by the assembled contig corresponds to the
42 kDa chitin-binding lectin-related lectin. An analysis of the deduced
sequence indicates that the 42 kDa protein is synthesized as a
preproprotein. Co-translational removal of a 22 residue signal peptide
yields a precursor that is apparently further processed by the cleavage of a
22 residue N-terminal propeptide into the mature protein. The overall
domain structure of the mature 42 kDa protein resembles that of Lycesca in
that it comprises two chitin-binding modules interconnected by a 13
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residue Ser/Pro-rich linker (Fig. 1B). However, there is one major
difference because the N-terminal chitin-binding module consists of three
tandemly arrayed hevein domains (instead of two). Taking into account
that the native 42 kDa protein contains 10% carbohydrate (Naito et al.
2001), glycosylation of the 257 residue polypeptide chain (calculated Mr:
26631.8 Da) should in principle yield a mature protein of approximately 30
kDa. This calculated value is considerably lower than the molecular mass
estimated by sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS-PAGE). Most probably this discrepancy has to be ascribed to the
anomalous migration of the protein in the gel. Because of the presence of
the densely glycosylated Ser/Pro-rich linker sequence, Solanaceae lectins
migrate considerably more slowly than “normal” proteins upon SDS-
PAGE (Van Damme et al., 2004b). It is worth mentioning in this context
that the genuine tomato lectin, which has a molecular mass of
approximately 70 kDa (as estimated by ultracentrifugation), also migrates
with a much higher apparent molecular mass (> 100 kDa) in an SDS-
polyacrylamide gel.

A major conclusion to be drawn from the sequence data is that the
model of the 42 kDa protein proposed by Naito et al. (2001) can no longer

Fig. 3 Deduced amino acid sequence of the 42 kDa chitin-binding fruit protein. The sequence
encoding the 42 kDa chitin-binding fruit protein described by Naito et al. (2001) is translated
from a contig assembled from EST LeTFR44 and genomic clones LE_HBa0222N02 and
LE_HBa0163K05. The signal peptide is indicated in italic and the N-terminal propeptide is boxed
black. Sequences corresponding to the reported N-terminal sequences of the native 42 kDa
protein and a 28 kDa proteolytic fragment are boxed grey. Stars represent conserved positions in
the amino acid sequence.
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be maintained. It can be ruled out, indeed, that the protein comprises at its C-
terminus a Gln-rich domain resembling the large subunit of the tomato seed
2S albumin.

Third, four other EST sequences (all from fruits) were deposited that
encode a protein comprising sequences that almost perfectly match the N-
terminus and/or two proteolytic fragments of the genuine tomato fruit
lectin (LEA) (Table 1). At present, no complete contig could be assembled
(Fig. 4). However, the available sequence data provide some interesting

Table 1 Summary of expressed sequence tags encoding the tomato lectin and related
proteins.

cDNA library ESTs1 corresponding to:
Lycesca 42 kDa protein LEA

L. esculentum cv. Micro-Tom fruit FC03AA06 FB03DB07
FC14DD09 FA03CH05,
LEFL2007I12 FB12BG06
LEFL2037G23
LEFL2022B01
LEFL2036N09
LEFL2046O15
LEFL2027I12

L. esculentum maturing fruit FB05BE09
(cv. Micro-Tom) FA18DC05

FA18CG05
FB19BC12
FA24CF07
FB17BF04

L. esculentum var. cerasiforme LE15BG11
fruit 15 d post-anthesis

L. esculentum var. cerasiforme LE08BA02
fruit 8 d post-anthesis

Tomato fruit related cDNA library- LeTFR9 LeTFR44
yeast signal sequence trap 1 LeTFR49
(cultivar Ailsa Craig)

Tomato mixed elicitor, BTI Clone
(S. lycopersicum cultivar Rio cLET21N20
Grande PtoR )

The NCBI database was searched for expressed sequence tags corresponding to the genuine tomato lectin (LEA,
Lycopersicum esculentum agglutinin), the 42 kDa lectin-related protein and the expressed lectin-related protein
called Lycesca.
1Numbers refer to NCBI database.



Willy J. Peumans and Els J.M. Van Damme 175

information about LEA. cDNA clone FA03CH05 encodes a 91 residue
polypeptide in which sequences corresponding to the N-terminus
(residues 36-45) and two fragments of the lectin (residues 67-80 and 81-91,
respectively) can be recognized. Since the sequence corresponding to the
N-terminus of the native lectin starts with Met36, one can reasonably
assume that next to the cotranslational removal of the 24 residue signal
peptide an 11 residue N-terminal propeptide is cleaved. A comparison of
the deduced and experimentally determined N-terminal sequence
indicates that the Pro residues at positions 41, 42 and 43 are hydroxylated
(these residues are indicated by “O”) and possibly substituted with O-
linked galactose or (oligo)arabinoside. It should also be mentioned here that
as early as 1980 Nachbar et al. reported that N-terminal analysis of their
lectin preparation yielded only methionine. Moreover, the lectin from

Fig. 4 Partial sequence of the genuine tomato fruit lectin. The sequence of the genuine
tomato fruit lectin (LEA, Lycopersicum esculentum agglutinin) is translated from cDNA clones
FA03CH05 (N-terminus) and FB03DB07 (C-terminus) from L. esculentum maturing fruit. The
signal peptide is indicated in italic and the N-terminal propeptide is boxed black. Sequences
corresponding to the reported N-terminal and internal sequences of LEA are boxed grey. Stars
represent conserved positions in the amino acid sequence.
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“samta tomatoes” (which is just another variety of the species L. esculentum)
also yielded a sequence that closely resembles the deduced sequence except
for residues 5-7 (Wang and Ng 2006). Most probably the latter discrepancy
has to be ascribed to problems inherent in the sequencing of Hyp containing
proteins. Taking into account that the deduced sequence almost perfectly
matches three different experimentally determined sequences, one can
reasonably assume that cDNA clone FA03CH05 encodes the N-terminal
part of LEA.

Besides a cDNA clone encoding the N-terminus of LEA, another
incomplete cDNA clone (FB03DB07) that apparently corresponds to the
109 residue C-terminal part of the genuine lectin could be retrieved.
FB03DB07s comprises two sequences that are identical to peptide B4 and
one sequence that differs at only two positions from peptide A2 (Fig. 4). It
seems likely, therefore, that clone FB03DB07 corresponds to the C-terminal
part of LEA.

Combining cDNA clones FA03CH05 and FB03DB07 yields an
incomplete sequence covering 56 and 109 amino acid residues of the N-
and C-terminus of LEA, respectively (Fig. 4). The length and sequence of
the missing middle part are still unknown. However, taking into account
that LEA closely resembles the potato lectin in its amino acid composition
and carbohydrate content but is definitely larger (approximately 70 kDa
versus 55 kDa for potato lectin), one can reasonably assume that the LEA
polypeptide is at least 300 residues long. This implies that roughly half of
the sequence remains to be determined and that accordingly no definitive
model can be given of the structure of the tomato lectin. However, it seems
likely that LEA has the same domain structure as the potato lectin except
that the Ser/Pro-rich domain is 15-25 residues longer (Fig. 1C).

Though no definitive model can be elaborated yet it is evident that the
“domain construction” of the tomato lectin described by Naito et al. (2001)
is not correct. First, there is no hydroproline-rich glycoprotein domain at
the N-terminus of the lectin but just a short (14 amino acid residue) Ser/
Pro-rich peptide. Second, the lectin definitely does not comprise a Gln-rich
C-terminal domain that resembles the large subunit of the 2S albumin. As
we pointed out earlier (Peumans et al. 2004), the presence of a polypeptide
resembling the large subunit of the 2S albumin has to be ascribed most
probably to contamination of the lectin preparation isolated by Naito et al.
(2001) by non-covalently bound fruit 2S albumin. The latter protein is
strongly amphiphilic and hence tends to interact through non-specific
interactions with other proteins.
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Active and Inactive Hevein Domains in Tomato Fruit
Lectins: Predictions Based on Analysis of Deduced
Sequences

Lycopersicum esculentum agglutinin has for a long time been known as a
potent hemagglutinin and accordingly must be a multivalent
carbohydrate-binding protein. The 42 kDa lectin-related protein also binds
chitin but possesses no agglutination activity, indicating that it might be
monovalent. Since Lycesca has not been isolated yet its possible sugar-
binding and agglutinating activity are not supported by experimental
evidence. Taking into account that the three tomato lectins comprise at
least four hevein domains, they are in principle all multivalent and hence
should behave as agglutinins. Since this is clearly not the case for the 42
kDa protein and perhaps also for Lycesca, the question arises whether all
hevein domains are functional. To address this issue it was checked
whether the residues that are involved in the binding of GlcNAc residues
(of chitooligosaccharides) to the saccharide-binding site of hevein (Ser19,
Trp21, Trp23 and Tyr30) (Anderson et al. 1993) are conserved (or
alternatively replaced by functionally homologous residues) in the
individual hevein domains of the respective tomato lectins. As shown in
Fig. 5, both in the 42 kDa protein and Lycesca only the first hevein domain
possesses a fully active binding site. Owing to substitution(s) of one or
more essential residues, all other hevein domains have a binding site with
a strongly reduced or completely abolished activity. This implies that both
proteins are monovalent and hence are devoid of agglutinating activity,
which is in perfect agreement with the data reported by Naito et al. (2001).
In contrast, all three identified hevein domains of LEA possess a fully
active site. Evidently, this obvious multivalency explains why the genuine
tomato lectin behaves as a potent hemagglutinin.

In summary, it can be concluded that tomato fruits contain three
different proteins with multiple hevein domains. Complete sequences are
available for Lycesca and a 42 kDa lectin-related protein. It appears that
both proteins are monovalent lectins and hence are devoid of
agglutinating activity. No complete sequences were reported of the
genuine lectin. However, there is sufficient sequence information to
confirm the multivalency of LEA and build a fairly accurate model. All
evidence suggests that LEA closely resembles the previously described
potato lectin, the main difference being that the Ser/Pro-rich linker
between the N- and C-terminal chitin-binding modules is substantially
longer in LEA.
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CARBOHYDRATE-BINDING SPECIFICITY OF THE TOMATO
LECTIN

Though it was demonstrated that the 42 kDa protein is retained on chitin
and can be eluted with GlcNAc, no further details are available for what
concerns the sugar-binding properties of this lectin-related protein. In
contrast, the specificity of the genuine lectin LEA has been studied in great
detail.

Initially LEA was described as a lectin that specifically binds GlcNAc-
oligomers. According to hemagglutination inhibition studies, the binding
site was most complementary to three or possibly four b-(1-4)-linked
GlcNAc units (Nachbar et al. 1980). Therefore, LEA was—like all other

Fig. 5 Alignment of the deduced amino acid sequences of the hevein domains of tomato
lectin and related proteins compared to the sequence of hevein. The deduced sequences of the
individual hevein domains of the 42 kDa lectin-related protein, the expressed lectin-related
protein Lycesca and the genuine tomato lectin (LEA, Lycopersicum esculentum agglutinin) are
aligned and compared with the sequence of mature hevein (NCBI: gi|42543425|). Residues
identical or functionally identical to the amino acids forming the binding site of hevein are boxed
grey. Residues in white and boxed black indicate functionally not conserved residues. Key to
symbols: *, identity; :, conservative replacement; ., non-conservative replacement.
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Solanaceae lectins—for a long time considered a “chitin-binding” lectin.
However, in a later study Merkle and Cummings (1987b) demonstrated that
immobilized LEA interacts with a high affinity with glycopeptides
containing long poly-N-acetyllactosamine chains (which are built up of
the repeating disaccharide [3Galb1-4GlcNAcb1]). This observation was of
paramount importance because it demonstrated that LEA does not
exclusively bind chitin but also interacts with complex type N-linked
glycans substituted with long poly-N-acetyllactosamine chains (and
accordingly made clear that LEA reacts not only with a typical fungal cell
wall polysaccharide but also with typical animal glycoproteins). A more
recent (qualitative) study of the carbohydrate-binding specificity using
lectin blot analysis not only confirmed that LEA reacted with
glycoproteins containing tri- and tetra-antennary complex type N-glycans
but also revealed that the lectin bound to animal glycoproteins containing
high mannose type N-glycans as well as to a horseradish peroxidase
(Oguri 2005). Moreover, using a combination of LEA blot analysis and
exoglycosidase treatment of the glycoproteins it could be demonstrated
that LEA interacted with the N-acetyllactosaminyl side chains of the
complex type N-glycans and the proximal chitobiose core of the high
mannose type N-glycans, respectively. Surprisingly, however, the
reactive glycoproteins were not capable of inhibiting the
hemagglutinating activity of LEA. At present, there is no simple
explanation for the apparent discrepancy between the blotting and
hemagglutination inhibition experiments. One possible explanation is that
the complex type and high mannose type N-glycans are recognized by
different hevein domains (or even a different set of hevein domains). It
should be mentioned in this context that the sites that accommodate the N-
glycans might be more extended than the “canonical” sugar-binding site
found in hevein.

Further analyses using the high performance glycan array systems
developed by the Consortium for Functional Glycomics made it possible
to determine the specificity of LEA in more detail and—what is more
important—yielded fairly accurate indications for what concerns the
relative affinity of the lectin for different carbohydrates. For example, the
relative fluorescence units observed for (GlcNAcb1-4)6, N-
acetyllactosamine and the high mannose N-glycan [Mana1-3(Mana1-
6)Manb1-4GlcNAcb1-4GlcNAcb-] were 49045, 47289 and 42301,
respectively. Though these data have to be interpreted with care they
indicate that LEA interacts with a comparable affinity with all three types
of glycans. Full details of the specificity analyses can be found in the
publicly accessible data of the Consortium for Functional Glycomics
(http://www.functionalglycomics.org/glycomics/publicdata/
primaryscreen.jsp) (select plant lectins; select LEA).
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In a recent report a totally different specificity was attributed to the fruit
lectin from “samta” tomatoes (Wang and Ng 2006). According to the
authors the lectin exhibits specificity towards rhamnose and O-
nitrophenyl-b-D-galactopyranoside. However, the results of these studies
are useless because none of the relevant sugars/glycans (GlcNAc-
oligomers, complex and high mannose type N-glycans) were included in the
inhibition assays.

In summary, it can be concluded that LEA is a polyspecific lectin that
reacts with several structurally different glycans such as GlcNAc-
oligomers and complex type and high mannose type N-glycans. Therefore,
LEA can no longer be considered a lectin with an exclusive specificity
towards the fungal cell wall polysaccharide chitin but should be regarded
as a protein that is also capable of interacting with animal and plant
glycoproteins. These novel insights in the specificity are highly relevant
because they put the possible role of LEA in a totally different perspective
(see below).

BIOLOGICAL ACTIVITIES OF THE TOMATO LECTIN

Effects on Isolated Cells

Lycopersicum esculentum agglutinin strongly agglutinates human and
animal erythrocytes. Minimal concentrations required for agglutination
are in the µg/ml concentration range depending on the species and
preparation (e.g. protease or sialidase treatment) of the red blood cells.
With regard to human erythrocytes LEA exhibits no preference for any
blood group within the ABO system. Though hemagglutination is a very
sensitive and versatile technique for the detection of lectin activity the
observed effect (i.e., clumping of red blood cells) on itself is of little
biological relevance because no further attention is given to possible
reactions within the cells.

At the time of the discovery and purification of LEA, plant lectins were
primarily known as “mitogens” (agents capable of inducing or stimulating
division and proliferation of lymphocytes). Especially the lectins from
Canavalia ensiformis (concanavalin A or ConA), Phaseolus vulgaris
(phytohemagglutinin or PHA) and Phytolacca americana (pokeweed
mitogen) were very popular because they were the only readily available
mitogens for biological and biomedical research. Owing to the “canonical”
association between lectins and mitogens, virtually all newly discovered
plant lectins in the 1970s and 1980s were extensively tested for possible
mitogenic activity. Therefore, it is not surprising that even the first full
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paper on the tomato lectin described in some detail the effects of LEA on
lymphocytes. It was non-mitogenic for mouse and chicken lymphocytes.
On the contrary, the tomato lectin exhibited a dose-dependent inhibition
of the mitogenic effects brought about by ConA, PHA and pokeweed
mitogen in chicken lymphocytes (Nachbar et al. 1980). A similar
antagonistic effect of LEA was observed on PHA and pokeweed mitogen-
induced transformation of human peripheral blood lymphocytes
(Kilpatrick 1983, Kilpatrick et al. 1986). Moreover, in this test system the
inhibition was more potent with antigen (e.g., tuberculin) mediated
transformation.

Effects on Whole Organisms

Hitherto there have been no reports of acute toxic effects of LEA on whole
organisms. Feeding trials with artificial diets indicated that the tomato
lectin is non-toxic to the insects Ostrinia nubilalis and Diabrotica
undecimpunctata (Czapla and Lang 1990). There are also no indications for
acute toxicity to mammals or other vertebrates.

Though it is unlikely that LEA exerts direct toxic effect(s), the lectin as
well as Lycesca and the 42 kDa protein are potential allergens that
indirectly affect human health. The potential allergenicity of the tomato
lectins is due to the presence of hevein domains. Hevein is a major IgE-
binding allergen for patients allergic to natural rubber latex (Wagner and
Breiteneder 2002). It is estimated that 30-50% of the individuals who are
allergic to natural rubber latex show an associated hypersensitivity to
some plant-derived foods, and especially to freshly consumed fruits. This
association of latex allergy and allergy to plant-derived foods has been
called “latex-fruit syndrome”. Besides avocado, banana, chestnut, kiwi
and peach, tomato, potato and bell pepper are also associated with this
syndrome. It is believed that allergen cross-reactivity is mediated by IgE
antibodies that recognize structurally similar epitopes on evolutionarily
conserved proteins from different plant species.

Severe allergic reactions to tomatoes are rather rare. Though the
responsible allergens have not been identified yet with certainty, two
independent reports associate allergic reactions to tomato with a 43-44
kDa protein (Reche et al. 2001, Zacharisen et al. 2002). Taking into
consideration that the 42 kDa lectin-related protein is one of the most
abundant proteins in at least cherry tomatoes, it might well correspond to
the 43-44 kDa allergen.
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APPLICATIONS OF TOMATO LECTIN IN BIOLOGICAL AND
BIOMEDICAL RESEARCH

Many plant lectins are widely used in fundamental and applied biological
and biomedical research. Some applications directly exploit the sugar-
binding activity/specificity of lectins. For example, lectins are used as
molecular probes for the detection and/or localization of specific glycans
or as highly specific affinity sorbents for the isolation of specific glycans or
glycoproteins. Other applications are based on effects provoked in cells
(e.g., mitogenic lectins) or organisms (e.g., insecticidal lectins). In addition,
there are some specialized applications whereby lectins are used as
specific carriers for other bioactive agents (e.g., immunotoxins based on
ricin, lectin-mediated drug delivery).

The tomato lectin was (virtually) not used as a tool until Merkle and
Cummings (1987b) observed that LEA exhibits a marked specificity
towards poly-N-acetyllactosamine chains. After this crucial observation
LEA was rapidly introduced as a favourite tool for the detection/
localization of poly-N-acetyllactosamine structures on proteins and cells,
and for the purification of poly-N-acetyllactosamine-containing
glycoproteins by affinity chromatography on the immobilized lectin. The
first documented application of LEA was the purification of murine cell
surface T200 glycoprotein (carrying poly-N-acetyllactosamine) by affinity
chromatography on tomato lectin-Sepharose 4B (Gilbert et al. 1988). Soon
thereafter, LEA was successfully used as a molecular probe for the
localization of poly-N-acetyllactosamine-containing membrane proteins
in gastric parietal cells and for the subsequent identification of a tomato
lectin binding 60-90 kDa membrane glycoprotein of tubulovesicles
(Callaghan et al. 1990). In the meantime, only a few more glycoproteins
were isolated (e.g., pig gastric H+/K(+)-ATPase complex, Callaghan et al.
1992; Trypanosoma brucei flagellar pocket proteins, Nolan et al. 1999).
Besides proteins, there is also a report of the isolation of bovine
choriocapillary endothelial cells using LEA-coated Dynabeads (Hoffman
et al. 1998). Most probably, the limited availability hampers a large-scale
use of immobilized LEA for the purification of proteins and cells. Since
applications of LEA as a molecular probe require only very small
quantities there were far fewer restrictions on use of tomato lectin in
histochemistry and lectin blotting experiments. As a result, applications of
LEA as a histochemical tool are fairly well documented. Early work
described the use of LEA for differential and specific labeling of epithelial
and vascular endothelial cells of the rat lung (Bankston et al. 1991) and for
staining of poly-N-acetyllactosamine-containing lysosomal membrane
glycoproteins in human leukaemia cells (Wang et al. 1991). After studies
with rat brain tissue revealed that LEA specifically stains macrophages
and microglia (Acarin et al. 1994), the tomato lectin became an important
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tool in the histochemistry of brain and nerve tissue of various animal species
including fish (Velasco et al. 1995), mouse (Vela Hernandez et al. 1997),
human (Andjelkovic et al. 1998), rabbit (Bass et al. 1998), chicken
(Miskevich, 1999) and pig (Salazar et al. 2004). Recent studies with rat,
mouse and guinea pig at different developmental stages also revealed that
the tomato lectin can be used as an effective and versatile endothelial
marker of normal and tumoral blood vessels in the central nervous system
(Mazzetti et al. 2004). Lycopersicum esculentum agglutinin has also been
used to visualize the pattern of tomato lectin binding sites in the basement
membranes of the developing chick embryo (Ojeda and Icardo 2006).
Thereby, a marked heterogeneity was observed of the chick embryo
basement membranes during development. Moreover, LEA appeared to
constitute an excellent marker for the primordial germ cells.

Besides applications as a tool, LEA was also used as a model lectin for
the development of oral drug delivery systems. The underlying idea is to
develop a bioadhesive drug delivery system on the basis of molecules that
selectively bind to the small intestinal epithelium by specific, receptor-
mediated mechanisms (Naisbett and Woodley 1990, Lehr et al. 1992).
Because LEA resists digestion in the mammalian alimentary canal and
binds to intestinal villi without deleterious effects (Kilpatrick et al. 1985), it
is a suitable carrier molecule. Ex vivo studies with different structures of rat
intestinal mucosa demonstrated that coating with the tomato lectin
enhanced the interaction of latex particles with the mucus gel layer (Irache
et al. 1996). Experiments with rats confirmed that coating with tomato
lectin enhanced subsequent intestinal transcytosis of orally administered
colloidal particulates (in casu polystyrene nanoparticles) to which it is
bound (Hussain et al. 1997). Further studies confirmed that LEA might be
a suitable candidate for the development of an oral drug delivery system.
However, even though there is a strong belief that the concept of
bioadhesion via lectins can be applied to the gastrointestinal tract as well
as to other biological barriers (like the nasal mucosa, the lung, the buccal
cavity, the eye and the blood-brain barrier), it is evident that much work
remains to be done and that before advanced drug delivery systems using
lectins can be realized, rigorous evaluation of their toxicity and
immunogenicity is required (Woodley 2000, Bies et al. 2004).

THE BIOLOGY OF TOMATO LECTIN

Tomato Lectin is Preferentially but Not Exclusively
Expressed in Fruits

Until 2002, all tomato lectin preparations were isolated from cleared juice.
Accordingly, LEA is usually considered a fruit-specific protein. However,
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recent experiments with the cultivar ‘Moneymaker’ demonstrated that
leaves contain a lectin that in its agglutination properties and molecular
structure is indistinguishable from the fruit lectin. Moreover, the overall
yield of the fruit lectin (2 mg/kg) was approximately 4-fold that of the leaf
lectin (0.5 mg/kg) (Peumans et al. 2004). It should be mentioned here that
despite the relatively high lectin content, extracts from leaves exhibited no
clearly visible agglutination activity. However, the failure to agglutinate
the red blood cells was not due to a lack of lectin activity but to the rapid
lysis of the erythrocytes (by saponins that are present in leaves but absent
from fruits).

Within the fruits the lectin is not uniformly distributed. Semi-
quantitative agglutination assays with extracts from different tissues
revealed that 64% of the lectin is located in the locular fluid and 20% in the
locular gel (Merkle and Cummings 1987a). The remaining 16% was found
in the placenta. No lectin activity was detected in seeds, outer and inner
wall pericarp, radial wall and skin.

Developmental Control of LEA Accumulation in Fruits

For historical and practical reasons, LEA was always isolated from ripe
tomatoes. Though it is evident that LEA is synthesized during fruit
development, the timing and kinetics of its accumulation were only
recently studied. Using semi-quantitative agglutination assays, Naito et al.
(2001) made a detailed analysis of the accumulation of lectin activity in
developing cherry tomato fruits. The total lectin content increased
logarithmically until 10 d after pollination, after which it remained
constant till complete maturity. Since only LEA is a genuine agglutinin, the
observed changes in agglutination activity reflect the accumulation of
LEA. Parallel determinations of the fresh weight indicated that the fruit
size also increased logarithmically to reach a plateau 15 d post-anthesis.
This implies that the accumulation of LEA is completed approximately 5 d
before the fruits reach their final size.

It is not clear whether the results obtained with the cherry tomatoes can
be extrapolated to other varieties. However, one can reasonably expect
that the overall shape of the lectin accumulation curve will be similar but
that there might be substantial differences in the exact timing (depending
on the total length of the fruit development period).

Lectin Content of Tomato Fruits is Genetically Determined

An overview of the reported data reveals that the overall yield of purified
LEA varies from 2.5 to 25 mg per kg fresh fruits (Nachbar et al. 1980,
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Merkle and Cummings 1987a, Naito et al. 2001, Wang and Ng, 2006).
Though these values are not necessarily a correct measure of the lectin
concentration of the starting material, they indicate that there might be major
differences in LEA content between individual tomato varieties. Moreover,
there is a reasonable chance that lectinologists searched tomatoes with a
high lectin content, which implies that the lectin content of many varieties is
even (much) lower than the reported values. To corroborate this issue we
compared the agglutinating activity of the locular fluid from a series of
tomato varieties. As shown in Table 2, there are marked varietal differences
in lectin content. The locular fluid of some varieties contains up to 1 mg
lectin/ml, whereas in others no agglutination activity could be detected.
This apparent lack of lectin activity does not necessarily imply that these
varieties are lectin-deficient. It can only be concluded that their lectin content
falls below the level of detection (approximately 5 mg/ml) by the
agglutination assay.

The data summarized in Table 2 clearly demonstrate that there are
striking differences in lectin content between tomato varieties. Since all
varieties were grown under identical conditions and assayed in the same

Table 2 Comparison of the lectin content in the locular fluid of different tomato varieties
checked for agglutination activity.

Variety Titre1 Variety Titre Variety Titre

Ambiance 160 Drw 49-90 320 Rz74-52 < 5

Blitz 5 Drw 51-80 160 S&g 61-26 80

Bst 44-28 40 Drw 51-53 160 S&g 61-97 < 5

Bst 29-14 480 Durinta 160 S&g 62-63 < 5

Bst 26-37 160 E 20-29-972 60 Tradiro 40

Bst 26-38 160 Fausto 80 Ws 86-29-74 80

Cabrion 480 F 17-204 240 Ws 84-44-13 640

Drw 50-16 160 F 61-97 5 Ws 87-94-58 1280

Drw 51-33 160 Gc 62-63 10 Ws 87-92-18 160

Drw 51-49 480 Mississippi < 52 Ws 85-22-26 10

Drw 50-07 10 Rapsodie 15

Drw 46-28 40 Rz 74-21 160 LEA (1 mg/ml) 960

1The agglutination titre is defined as the highest dilution of the locular fluid that still yields a visible agglutination
of a 1% suspension of trypsin-treated rabbit red blood cells. Parallel assays with purified LEA indicated that a
titre of 960 corresponds to a lectin content of 1 mg/ml.
2A titre < 5 means that no lectin activity could be detected. This does not imply that there is no lectin but just
that the lectin content falls below the level of detection (approximately 5 mg/ml).
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experiment, the observed differences strongly argue that the lectin content of
tomato fruits is genetically determined.

PHYSIOLOGICAL ROLE OF TOMATO LECTIN

At present, the physiological role of the tomato lectin(s) and related
Solanaceae lectins is still far from understood. In contrast to most other
highly expressed plant lectins it is difficult to attribute a storage and/or
defence role (Peumans and Van Damme 1995) to the group of Solanaceae
lectins. For example, the expression levels and spatio-temporal regulation
of the tomato and potato lectins can hardly be reconciled with a storage
role. Moreover, there are no indications that these lectins contribute to the
plant’s defence against herbivores or phytophagous invertebrates.
Furthermore, it is difficult to attribute a specific role within the plant cell
(analogous to that of the inducible cytoplasmic/nuclear plant lectins) (Van
Damme et al. 2004a) to the Solanaceae lectins.

Most probably the Solanaceae lectins do not fulfil an essential role in or
outside the plant. It should be emphasized, indeed, that the Solanaceae
lectins are a small, highly specialized subfamily of lectins that are confined
to a narrow taxonomic group covering just a few genera of a single family.
If these lectins were really indispensable they would certainly be more
widespread.

As was pointed out in a previous paper (Van Damme et al. 2004b), the
final elucidation of the domain structure of the potato lectin urged revision
of the physiological role of this chimeric lectin. It was suggested that the
presence of a long rigid linker between the two chitin-binding modules is
a crucial feature because it allows cross-linking of two distant
carbohydrate receptors. Furthermore, it was speculated that the potato
lectin might be a structural analogue of some animal collectins (collagen-
like lectins), which play an important role in the recognition and binding
of microorganisms (Lu et al. 2002). Though still speculative, the presumed
(distant) structural and functional similarity between the potato lectin and
the collectins might explain why the potato lectin specifically interacts
with some strains of Pseudomonas solanacearum (Sequeira and Graham
1977) and the D. stramonium lectin interferes with bacterial motility
(Broekaert and Peumans 1986). Possibly the Solanaceae lectins are a group
of specialized defence proteins that were developed in a common ancestor
of the genera Solanum and Datura to specifically act against bacteria and/
or other microorganisms.

TOMATO LECTIN AND FOOD SAFETY

Lectins, especially those found in food and feed plants, are an important
issue for food safety because many plant lectins are notorious toxins or



Willy J. Peumans and Els J.M. Van Damme 187

antinutrients (Peumans and Van Damme 1996). Most knowledge about
toxic or harmful lectins comes from feeding trials with experimental
animals. However, a few rare cases of accidental food poisoning (e.g.,
insufficiently cooked beans) illustrate how devastating the effects of a
food-borne plant lectin can be. In general, potentially dangerous or
harmful lectins are inactivated during food processing. For example,
proper heating completely abolishes the toxic lectins in beans and
soybeans. Evidently, this does not apply to plants or plant products that
are eaten raw (like some vegetables and fruits). Though there are no
vegetables or fruits that contain toxic lectins, (supposedly) harmless
lectins are quite common in fruits (e.g., banana, tomato, jack fruit) and
vegetables (e.g., onions, leek, cucumber, melon) (Peumans and Van
Damme 1996). None of these lectins exerts a known acute or long-term
toxic effect. However, taking into account that most of these dietary lectins
survive in the gut and recognize and bind animal and human glycans,
they almost certainly interact with glycoconjugates exposed on the surface
of the gastrointestinal tract. Such an interaction does not necessarily
provoke adverse or deleterious effect(s) but it cannot be ruled out that
especially upon repeated or prolonged exposure some of these lectins
eventually cause more or less severe damage. The latter considerations
also apply to the tomato lectin. Lycopersicum esculentum agglutinin
survives passage through the gut (Kilpatrick et al. 1985) and is capable of
interacting with complex and high mannose type N-glycans (Oguri 2005)
exposed along the gastrointestinal tract. At present, there are no reports of
noxious effect of LEA on animals or humans. However, it has been shown
that the tomato lectin suppresses mitogen-induced proliferation of animal
and human lymphocytes (Kilpatrick et al. 1986). If the lectin exerts a
similar effect on the immunocompetent cells in the gastrointestinal tract
there is always a possibility that it affects the immune system, especially in
individuals who consume tomatoes on a daily basis. Moreover, there is
another reason to worry about dietary LEA. In a recent report, it was
demonstrated that potato lectin activates basophils and mast cells of atopic
subjects by its interaction with core chitobiose of cell-bound non-specific
immunoglobulin E (Pramod et al. 2007). On the basis of these observations,
it was suggested that dietary potato lectin might increase the severity of
the clinical symptoms of non-allergic food hypersensitivity in atopic
subjects. Most probably, LEA is capable of having similar effects, in light of
its very similar carbohydrate-binding specificity. Even in the absence of
evidence for a possible harmful effect of the tomato lectin it may be worth
considering promoting the production of tomatoes with a strongly
reduced or no lectin content. According to the results summarized in Table
2, such varieties are already available. An additional advantage of lectin-
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less or low-lectin varieties is that they contain fewer antigens that can cause
the latex-fruit syndrome in sensitive individuals.

OTHER TOMATO LECTINS

Hitherto, only LEA and related chitin-binding proteins have been identified
in tomatoes. However, it is very likely that tomato fruits contain minute
amounts of other lectins. Screening of the tomato transcriptome databases
revealed that developing fruits express two different types of lectin: (1) an
orthologue of the tobacco leaf lectin (called Nictaba, encoded by cDNA clone
FC17CB09), which is classified in the family of Cucurbitaceae phloem
lectins (Chen et al. 2002), and (2) a mannose-binding jacalin homologue
(encoded by cDNA clone FB02CE01).

ABBREVIATIONS

cDNA: copy DNA; ConA: concanavalin A; Cys: cysteine; EST: expressed
sequence tag; GlcNAc: N-acetylglucosamine; Gln: glutamine; Hyp:
hydroxyproline; LEA: Lycopersicum esculentum agglutinin; Man: mannose;
Met: methionine; Pro: proline; PHA: Phaseolus vulgaris agglutinin; SDS-
PAGE: Sodium dodecyl sulphate polyacrylamide gel electrophoresis.
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ABSTRACT
Two monocyclic sesquiterpene hydrocarbons, zingiberene and curcumene,
were found by gas chromatography and mass spectrometry (GC/MS) analysis
to be the most abundant sesquiterpenes in the leaf oil of the wild tomato
Lycopersicon hirsutum f. typicum (Solanaceae). Volatile metabolites of
Lycopersicon species such as zingiberene and curcumene have a role in
tomato flavor, human health-related properties, and host plant defense against
arthropod herbivores. Many of these compounds are known for their medicinal
and anti-oxidative properties. Zingiberene [5-(1,5-dimethyl-4-hexenyl)-2-
methyl-1,3-cyclohexadiene] is known as the main constituent of ginger oil from
the rhizomes of Zingiber officinale, Roscoe (Zingiberaceae). An authentic
specimen of zingiberene isolated from commercial ginger oil and an authentic
specimen isolated from wild tomato leaves of Lycopersicon hirsutum f. typicum
(PI-127826 and PI-127827) have identical zingiberene and curcumene GC/MS
spectrum. The main sesquiterpene hydrocarbons identified in the leaves of wild
tomato species were a-zingiberene, a-curcumene, and trans-caryophyllene.
Leaves of six wild tomato accessions of L. hirsutum f. glabratum (Mull), three
accessions of L. hirsutum f. typicum (Humb & Bonpl.), two accessions of L.
pennellii Corr. (D’ Arcy), one accession of L. pimpinellifolium, and leaves of
cultivated tomato L. esculentum cv. Fabulous (Solanaceae) were analyzed for
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chemical composition. Crude extracts of wild tomato leaves were purified using
an open glass chromatographic column containing alumina and the contents
were separated for GC/MS identification and quantification. Analysis of L.
hirsutum f. typicum accessions (PI-127826, PI-127827) indicated the presence
of zingiberene, curcumene, and other lipophilic secondary metabolites in their
leaves. Zingiberene and curcumene were found mainly in type VI glandular
trichomes of typicum accessions. Sesquiterpene content of tomato leaf oil
varied considerably among species. Seasonal variation affected the amount of
zingiberene and curcumene per unit area of leaves by controlling concentration
of zingiberene and curcumene in the glandular tips of type VI trichomes present
on the leaves of wild tomato species. Total leaves collected from each plant of
accessions PI-127826 and PI-127827 provided 10.7 and 9.8 g of zingiberene,
respectively. Wild tomato accessions (PI-127826 and PI-127827) of L. hirsutum
f. typicum can be explored as a biorational source of zingiberene.

INTRODUCTION

Ginger, Zingiber officinale Roscoe (Zingiberaceae), is a widely used spice,
flavoring agent, and herbal medicine and is also employed in the perfume
industry. It was well known in England as early as the 11th century and
became a major item of the spice trade in the 13th and 14th centuries
(Wohlmuth et al. 2006). Ginger is a perennial plant that grows in India,
China, Mexico, and several other countries (Bartley and Foley 1994, Menut
et al. 1994, Onyenekwe and Hashimoto 1999). It is now cultivated in many
tropical and subtropical areas, the main producers being India, China,
Indonesia, and Nigeria (Sutarno et al. 1999). The characteristic pleasant
aroma of ginger oil from fresh ginger rhizomes is due to its contents of
monoterpene hydrocarbons, zingiberene and curcumene. In food and
pharmaceutical industries, the efficacy of ginger rhizomes for the
prevention of nausea, dizziness, and vomiting as symptoms of motion
sickness (kinetosis), as well as postoperative vomiting and vomiting of
pregnancy, has been well documented in numerous clinical studies
(Langner et al. 1998). Overwhelming evidence from various studies
indicated that the foliage of the wild tomato Lycopersicon hirsutum f.
glabratum (Mull), L. hirsutum f. typicum (Humb & Bonpl.), and L. pennellii
Corr. (D’Arcy) is covered with a dense vesture of type IV and type VI
glandular trichomes (plant hairs) (Luckwill 1943, Lin et al. 1987, Snyder et
al. 1993, Antonious and Snyder 1993, Eigenbrode et al. 1996, Antonious
2001a, b). Structure of type IV and type VI glandular trichomes and their
surface areas were recently described (Antonious 2001a). Several major
chemicals in the glandular tips of type VI trichomes of Lycopersicon species
were identified and quantified by gas chromatography and mass
spectrometry (GC/MS). Many monoterpenes, including limonene, have
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been found in the leaves of the domestic tomato Lycopersicon esculentum,
and most are also found in wild tomato species. Research has shown that
the sesquiterpene content of tomato leaf oil varies considerably among
species. During the course of evolution, plants have synthesized
thousands of secondary compounds that are not essential to a plant’s
primary metabolic processes but serve other adaptive roles (Antonious et
al. 1999). Several active compounds such as sesquiterpene hydrocarbons,
sesquiterpene acids, methylketones, and glucolipids in glandular
trichomes on the leaves of wild tomato accessions can be extracted and
quantified.

Terpenoids in ginger may be regarded as important protectants against
gastric lesions, thus supporting the use of ginger as a natural stomatic
medicine. Ginger contains several active ingredients such as a-
zingiberene and a-curcumene (Fig. 1). The sesquiterpene hydrocarbon
zingiberene [5-(1,5- dimethyl-4-hexenyl)-2-methyl-1,3-cyclohexadiene]
has been shown to have a considerable spectrum of biological activity
such as antiviral, antiulcer (Yamahara et al. 1988) and antifertility (Ni et al.
1989) effects. From an entomological point of view, zingiberene is also
associated with resistance to the Colorado potato beetle (Leptinotarsa
decemlineata Say) (Carter et al. 1989) and beet armyworm (Spodoptera
exigua) (Eigenbrode and Trumble 1993, Eigenbrode et al. 1996).
Curcumene, a C15 sesquiterpene hydrocarbon in ginger rhizomes, also has
antiulcer (Yamahara et al. 1992) and insecticidal properties (Agarwal et al.
2001).

GROWING WILD TOMATO PLANTS FOR MASS PRODUCTION
OF LEAVES

Lycopersicon hirsutum is a non-cultivated, green-fruited relative of
domestic tomato (L. esculentum). Glandular trichomes and their secretions
are very different between L. esculentum and L. hirsutum (Antonious et al.
2005). Generally, trichomes on the wild tomato L. hirsutum are associated
with an abundance of oil-like compounds, but these compounds are
largely absent on L. esculentum.

Wild tomato seeds of six accessions of L. hirsutum f. glabratum Mull
(PI-126449, PI-134417, PI-134418, PI-251305, PI-251304, and LA-407), three
accessions of L. hirsutum f. typicum Humb & Bonpl. (PI-127826, PI-127827,
and PI-308182), two accessions of L. pennellii Corr. (D’ Arcy) (PI-246502
and PI-414773), and one accession of L. pimpinellifolium (PI-1335) were
obtained from the USDA/ARS, Plant Genetic Resources Unit, Cornell
University Geneva, New York (USA). Seeds of the cultivated tomato
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(L. esculentum cv. Fabulous-F1), obtained from Holmes Seed Co., Canton,
Ohio (USA), were included as a control. All seeds were germinated in the
laboratory on moistened filter paper in Petri dishes kept in the dark. After
germination, all seedlings were transplanted into plastic pots containing
commercial Pro Mix (Premier Horticulture Inc., Red Hill, Pennsylvania,
USA) and maintained under fluorescent light in the laboratory. At the

Fig. 1 Chemical structures of two methylketones (2-tridecanone and 2-undecanone), three
sesquiterpene hydrocarbons (trans-caryophyllene, a-zingiberene and a-curcumene), and
glucolipids (sugar-esters) detected in glandular trichomes of Lycopersicon hirsutum f. glabratum,
L. hirsutum f. typicum, and L. penellii, respectively.
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six-leaf stage, plants from each accession were transported into the
greenhouse and transplanted into plastic pots containing Pro-Mix and
grown under natural daylight conditions supplemented with sodium
lamps providing additional photosynthetic photon flux of 110 µmol
s–1 m–1. Pots were distributed on the greenhouse benches in a randomized
complete block design. Plants were irrigated daily and fertilized twice a
month with water containing 200 ppm of Peters (Scotts Co., Marysville,
Ohio) as a general purpose fertilizer of N, P, and K (20:20:20). Average
greenhouse temperature and relative humidity were 30 ± 3.9°C and 49.5 ±
11.8%, respectively. No insects were observed in the greenhouse on both
the wild tomato foliage and the cultivated tomato (Fabulous-F1) plants
and no insecticides were applied.

When plants were 90 d old, three leaves free of visible defects from each
accession were sampled from equivalent positions below the plant apex
(designated as node number below the apical meristem). The second,
fourth and sixth pairs of leaves were considered upper, middle and lower
leaves of each plant, respectively. One leaflet of each pair of leaves was
used to obtain adaxial trichome counts and the corresponding opposite
leaflet was used for abaxial counts. Only Type VI trichomes were counted
using a light microscope (Antonious 2001a) at magnification of 100 ¥ (10 ¥
ocular and 10 ¥ objective). Three counts were made for each leaflet surface
(within interveinal areas) at the top, near the center, and at the bottom of
each leaflet. Leaflet lengths and number of Type VI trichomes per mm2

and on each leaflet were recorded. Leaflet surface area in mm2 was
calculated using a laser leaf-area meter (CID, Inc., Vancouver,
Washington, USA). A regression line for each accession was established
on the basis of the relationship between leaflet surface area (cm2) and
leaflet weight (g). Number of type VI trichomes per leaflet was
determined by multiplying trichome density per mm2 by leaflet surface
area. At harvest, leaves were weighed and their weight and surface area
were determined per plant using regression lines.

OCCURRENCE OF TYPE VI GLANDULAR TRICHOMES ON
WILD TOMATO LEAVES

The morphology of Type VI glandular trichome tip differed between
species. When magnified, type VI tips on L. esculentum (cultivated tomato)
leaves appeared to have four lobes, due to marked divisions between the
four lobes. On the leaves of the wild tomato relative, L. hirsutum f. typicum
(Fig. 2), these divisions are less apparent, resulting in a globular
appearance of the tip (Fig. 3). Type IV and Type VI glandular trichomes
were the most prevalent on leaflets of the wild tomato species examined.
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Fig. 2 Two wild tomato accessions of Lycopersicon hirsutum f. typicum (Family: Solanaceae),
PI-127826 (upper photo) and PI-127827 (lower photo) grown under greenhouse conditions at
KSU Research Farm, Franklin County, Frankfort, Kentucky.
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Type IV trichomes as described by Luckwill (1943) were absent on L.
esculentum. The hairs of type VI trichomes on leaflets of L. hirsutum
(hirsutum f. glabratum and hirsutum f. typicum) are about 0.2 mm long,
consisting of a stalk cell and a neck cell, and are topped by a nearly round
cap, resulting in a globular appearance of the tip, that makes up about one
third of the length of the hair. The morphology of the type VI tip differs
between tomato species; the rounded morphology of hirsutum type VI tip
is different from the four-lobed structure of the esculentum type VI tip.
Leaflets of the cultivated tomato L. esculentum cv. Fabulous contain only
one type of glandular trichome (type VI), which consists of a stalk cell
(about 0.1 mm long) and a neck cell, topped by a cap that makes up about
one third of the length of the hair; the cap contains four lobe cells.
Microscopic examination of the two types of trichomes (type IV and type
VI) in hirsutum leaflets indicated that the surface area of type VI trichomes
is 3.4 times the surface area of type IV trichomes, considering that the
surface area of a trichome tip is similar to the surface area of a sphere
(4 pr2) and the surface area of the trichome stalk is similar to the surface
area of a cylinder (2 pr ¥ h), where r is the radius of the sphere and h is the
height of the cylinder (Antonious 2001a).

Type IV trichomes were significantly more abundant on adaxial than
abaxial surfaces, averaging 56,851 trichomes ◊g–1 leaflets on the former,

CURCUMENE ZINGIBERENE

PI-251305
PI-127826
PI-127827

&

Fig. 3 Structure of type VI glandular trichomes (containing a-zingiberene and a-curcumene) on
the leaves of wild tomato accessions PI-251305 of Lycopersicon hirsutum f. glabratum, PI-
127826 and PI-127827 of L. hirsutum f. typicum. Note that type VI glandular trichomes on the
leaflets of these wild tomato species are about 0.2 mm long, topped by a nearly round cap of
0.04 mm radius, and a base of 0.01 mm radius.
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and 39,527 trichomes ◊g–1 leaflets on the latter. Type IV trichomes occurred
at much higher densities than type VI trichomes over all accessions and
both abaxial and adaxial leaflet surfaces. Type VI trichome densities were
significantly higher on abaxial surfaces than on adaxial surfaces (data not
shown). Number of type VI glandular trichomes on the leaves of three
accessions containing zingiberene and curcumene is presented in Table 1.

ISOLATION AND PURIFICATION OF ZINGIBERENE AND
CURCUMENE FROM WILD TOMATO LEAVES

Leaf extracts of L. hirsutum f. glabratum, L. hirsutum f. typicum, L.
pimpinellifolium, L. pennellii, and L. esculentum cv. Fabulous-F1 plants were
prepared by shaking leaflets of each accession (sampled from equivalent
positions as second, fourth and sixth leaves from the apex) with n hexane
(Antonious and Kochhar 2003). The solvent rinse containing the trichome
and leaf surface contents was then decanted through a Whatman 934-AH
glass microfiber filter and the filtrate was evaporated to dryness under
vacuum using a rotary vacuum evaporator (Buchi Rotovapor Model 461,
Switzerland) at 35°C followed by a gentle stream of nitrogen gas (N2). The
concentrated extract was then redissolved in 10 mL of n-hexane and
applied to the top of a glass chromatographic column (20 ¥ 1.1 cm)
containing 10 g alumina grade-II that was pre-wetted with n-hexane. The
column was eluted with 75 mL of n-hexane to obtain a fraction (Fraction-1)
rich in a-zingiberene and a-curcumene (Fig. 4) as identified by their mass
spectral data. This alumina column also can be used to separate
methylketones from sesquiterpene hydrocarbons and from glucolipids
(glucose esters) present in some wild tomato species as shown in Fig. 4.
Glucolipids are non-ionic surfactants containing sucrose as hydrophilic
group and fatty acids as lipophilic group (Juvik et al. 1994), while
methylketones (such as 2-tridecanone and 2-undecanone) are major
constituents of type VI glandular trichomes of the wild tomato relative, L.
hirsutum f. glabratum (Antonious 2001a). Leaves of three wild tomato
accessions, PI-127826, PI-127827, and PI-251305, which have shown
considerable levels of a-zingiberene and a-curcumene (Table 2) were
fortified with zingiberene and curcumene (prepared from ginger
rhizomes) to test the efficiency of the extraction procedure to recover the
two sesquiterpenes. The actual amount of zingiberene and curcumene
recovered from each sample was obtained from the difference between the
amount detected in the sample before and after fortification. Recovery
values of added compounds averaged 93 and 89% for zingiberene and
curcumene, respectively. Mass production of zingiberene and curcumene
from whole plant leaves of L. hirsutum f. typicum accessions containing
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Table 1 Average number of type VI glandular trichomes (containing zingiberene and curcumene) on the leaves of three wild tomato accessions grown
in two greenhouses at Kentucky State University Research Farm, Franklin County, Kentucky (January to December, 2002).

Tomato Taxon No. of type VI/g No. of type VI/cm2 No. of type VI No. of type VI
accession (two surfaces) (two surfaces) leaflet –1 plant–1 (thousands)

PI 251305 L. hirsutum f. glabratum 60,505 ± 22,359 774 ± 312 8,069 ± 2,172 12,113 ± 1,158

PI 127826 L. hirsutum f. typicum 72,722 ± 23,835 803 ± 163 10,868 ± 2,675 23,059 ± 1,893

PI 127827 L. hirsutum f. typicum 64,024 ± 20,397 683 ± 117 9,720 ± 1,633 20,708 ± 1,544

Each value in the table is an average ± SE obtained from five samples collected monthly during the study period (January to December, 2002).
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considerable concentration of zingiberene and curcumene was achieved
by steeping the leaves in a 20 L tank. A bulk crude extract of zingiberene
and curcumene was prepared by soaking 5 kg wild tomato leaves
collected from the greenhouse-grown wild tomato plants in 10 L of water
containing 15 mL of 2% Sur-Ten (sodium dioctyl sulfosuccinate), obtained
from Aldrich Chemical Company, Milwaukee, Wisconsin (USA)
(Antonious 2004). After continuous manual shaking, the mixture was
filtered through cheesecloth and each liter of the filtrate was partitioned
with 200 mL of n-hexane in a separatory funnel. The hexane layers were
combined and the procedure was completed as described above.

OCCURRENCE OF ZINGIBERENE AND CURCUMENE IN
TYPE VI TRICHOMES OF WILD TOMATO LEAVES

Leaflets of all accessions investigated were collected from the greenhouse-
grown plants and wiped with a cotton swab soaked with methanol to
remove trichome exudates. Analysis of the leaflets of PI-127826 and PI-
127827 wiped with a cotton swab soaked with methanol indicated that
methanol removed 90% of zingiberene and curcumene from the surface of
the wiped leaves, confirming that these exudates are present on the leaf
surface rather than in the leaf interior matrix. The strong correlation (r =
+ 0.96, P = 0.0001) between trichome density per mm2 and per g fresh
leaflets indicated that the selection of accessions based on fresh weight of
leaflets would be a suitable criterion in selection of accessions for exudates
extraction.

Fig. 4 Glass chromatographic column (1.2 × 22 cm) containing alumina grade-II used for
separation of sesquiterpene hydrocarbons (Fraction-1), methylketones (Fraction-2), and
glucolipids (Fraction-3) present in glandular trichomes on the leaves of wild tomato species.

Alumina-II

Fraction-1

Fraction-2

Fraction-3

75 mL of Hexane

elute Sesquiterpene

Hydrocarbons

50 mL of Hexane: Ether (1:1)

elute methyl ketones

100 mL of Methanol

elute sugar-esters (Glucolipids)

Separation of Wild Tomato Active Ingredients
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Table 2 Chemical composition of hexane† and methanol‡ extracts prepared from the leaves of 12 wild tomato accessions and a cultivated tomato (L.
esculentum cv. Fabulous) grown under greenhouse conditions at KSU Research Farm, Franklin County, Kentucky.

Sesquiterpene hydrocarbons†, Methylketones†,
 µg/g fresh leaves µg/g fresh leaves Glucolipids‡,

Tomato Taxon a-curcumene a-zingiberene trans- 2-undecanone 2-tridecanone mg g –1 Fresh
accession caryophyllene Leaves

PI 251304 glabratum ND ND 8.64 ± 3.22 113.22 ± 24.80 60.35 ± 20.45 90.7 ± 15.2

PI 126449 glabratum ND ND 5.03 ± 2.54 98.56 ± 18.42 52.35 ± 12.8 110.8 ± 20.0

PI 251305 glabratum 0.04 ± 0.01 170.41 ± 34.67 ND 4.77 ± 0.92 ND 123.2 ± 18.6

PI 134417 glabratum ND ND 8.20 ± 3.15 98.24 ± 19.33 53.27 ± 17.90 25.5 ± 3.8

PI 134418 glabratum ND ND 5.72 ± 2.77 99.98 ± 22.82 59.65 ± 12.50 245.5 ± 44.5

LA 407 glabratum ND ND 5.38 ± 2.44 93.15 ± 17.60 60.90 ± 22.65 39.1 ± 5.2

PI 1335 pimpinellifolium ND ND 0.58 ± 0.13 ND ND 93.5 ± 8.8

PI 308182 typicum ND ND ND ND ND 164.4 ± 19.4

PI 127826 typicum 0.06 ± 0.01 560.65 ± 122.80 ND ND ND 132.5 ± 13.6

PI 127827 typicum 0.35 ± 0.12 440.33 ± 98.56 ND ND ND 124.4 ± 18.5

PI414773 pennellii ND ND ND ND ND 1,678.0 ± 121.4

PI-246502 pennellii ND ND ND ND ND 2,029.6 ± 153.9

Fabulous esculentum ND ND ND ND 0.73 ± 0.22 128.2 ± 23.5

ND indicates not detectable at the detectability limits of 0.001 mg/g fresh leaves. Each value in the table is an average ± SE of three replicates of three locations within each
plant.
† Indicates the composition of hexane extract (Sesquiterpene) hydrocarbons and methyl ketones).
‡ Indicates the composition of methanol extract (glucolipids).
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Methanol was used rather than another solvent mainly to minimize
possible damage to the leaves caused by removal of epicuticular leaf
waxes along with trichome exudates. Leaflets were then extracted with n-
hexane and 1 µL of the purified extract was injected into a GC/MS
(Hewlett Packard (HP) gas chromatograph (GC), model 5890 equipped
with mass selective detector (MSD) and HP 7673 automatic injector) for
identification and quantification. The instrument was auto-tuned with
perfluorotributylamine (PFTBA) at m/z 69, 219, and 502. Electron impact
mass spectra were obtained using an ionization potential of 70 eV. The
operating parameters of the GC were as follows: injector and detector
temperatures 210 and 275°C, respectively. Oven temperature was
programmed from 70 to 230°C at a rate of 10°C/min (2 min initial hold).
Injections onto the GC column were made in splitless mode using a 4 mm
ID single taper liner with deactivated wool. A 25 m ¥ 0.2 mm ID capillary
column containing 5% diphenyl and 95% dimethyl-polysiloxane (HP-5
column) with 0.33 µm film thickness using helium as a carrier gas was
used at a flow rate of 5.2 mL/min.

Identification of a-zingiberene, m/z 204 (7), 161 (2), 119 (88), 93 (100),
77 (30), 69 (44), 56 (28), 27 (19) and a-curcumene, m/z 202 (28), 145 (26),
132 (72), 119 (100), 105 (44), 95 (7), 83 (16) was confirmed by comparing the
retention time and electron impact spectrum of a-zingiberene and a-
curcumene with those from the oil of ginger rhizomes (Zingiber officinale
Rosco) (Antonious and Kochhar 2003, Antonious and Snyder 2006). Trans-
caryophyllene, m/z 204 (14), 189 (16), 161 (33), 147 (28), 133 (74), 121 (37),
107 (42), 93 (100), 79 (56), 69 (98) was confirmed by comparing the
retention time and mass spectrum of analytical-grade trans-
caryophyllene. 2-undecanone, m/z 170 (5), 155 (2), 127 (2), 112 (5), 85 (7),
71 (30), 58 (98), 43 (100), 27 (19) and 2-tridecanone, m/z 198 (2), 140 (2), 96
(2), 85 (5), 71 (30), 58 (93), 43 (100), 27 (16) were similarly confirmed.

Identification of the chemical contents in glandular heads of type VI
trichomes was based on several samples of 100 intact mature glands
collected from 4-mon-old plants of each wild tomato accession. Using
dissecting microscope, a glass probe was used to rupture the glands and
transfer their contents directly into n-hexane. The probe was rinsed
between sample collections to prevent contamination of subsequent
samples. After about 3,000 glands were collected from the greenhouse
plants, the contents of type VI glandular trichome tips were dissolved in
250 µL of n-hexane and 1 µL was injected into the GC. a-Zingiberene
detected in L. hirsutum f. typicum Humb. & Bonpl. occurred in the tips of
type VI trichomes of accessions PI-127826 and PI-127827 of L. hirsutum f.
typicum and was undetectable in other trichomes on the leaflet matrix.
These findings are in agreement with those of Carter et al. (1989), who
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reported that zingiberene is present in type VI glandular trichomes and
apparently does not occur at substantial levels in any other trichomes or in
the leaf matrix.

ZINGIBERENE AND CURCUMENE IN GINGER RHIZOMES

Fresh ginger rhizomes (three replicates of 50 g each) were obtained from
the local market (Meijer’s Super Market, Lexington, Kentucky) and
chopped into small pieces. The pieces were ground in a mortar and stirred
five times with n-hexane for 6 h to furnish a golden-colored ginger oil.
Ginger oil extracts were passed through an alumina glass
chromatographic column (as described in Fig. 4). Diluted solutions of pure
ginger oil (95% purity) purchased from Spectrum Bulk Chemicals (SBC,
14422 South San Pedro St, Gardena, California, USA) and fresh ginger oil
prepared from fresh ginger rhizomes were injected separately into the GC
for comparison and confirmation purposes. Quantification of
sesquiterpene hydrocarbons in wild tomato leaves and fresh ginger
rhizome extracts was carried out using 1 µL aliquot injections of diluted
extracts. Detection of sesquiterpenes in the leaves of L. hirsutum f. typicum
plants and ginger fresh rhizomes was confirmed by GC/MSD analysis of
the hexane extracts. Under the GC conditions described above, retention
times were 14.46, 14.52, 14.68, and 14.82 min for a-curcumene,
a-zingiberene, b-bisabolene, and b-sesquiphellandrene, respectively. The
retention time and mass spectra of zingiberene and curcumene isolated
from the leaf samples (PI-127826, PI-127827, and PI-251305) matched those
from ginger rhizomes. The two sesquiterpenes were also identified as
a-zingiberene and a-curcumene by comparing their mass spectra with
those reported in the literature (EPA/NIH 1998, Agarwal et al. 2001).
Three sesquiterpenes were detected in purified ginger root hexane extract
and identified by GC-MS analysis as a-zingiberene, b-bisabolene, and
a-curcumene. Other constituents (beyond the scope of this chapter)
detected in ginger rhizomes included 1,8-cineole, b-citronellol, z-citral,
trans-geraniol, citral, a-pinene, b-farnesene, and farnesol (Antonious and
Kochhar 2003).

Chemical composition of wild tomato leaves was compared to
solutions of zingiberene and curcumene prepared from ginger rhizomes
and purified using alumina grade-II glass chromatographic column as
described above. Linearity over the range of concentrations was
determined using regression analysis. Concentrations of sesquiterpenes
were determined per leaflet area in cm2 and per g fresh leaves of each wild
tomato accession. Means were analyzed and separated using Duncan’s
LSD test (SAS Institute 2001). Correlation coefficients between mean
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estimates of glandular trichome densities and sesquiterpene
concentrations were also determined.

QUANTIFICATION OF ZINGIBERENE AND CURCUMENE BY
GC/MS

Analysis of purified hexane extracts prepared from the leaves of two
accessions of L. hirsutum f. typicum (PI-127826 and PI-127827) and one
accession of L. hirsutum f. glabratum (PI-251305) revealed the presence of a-
zingiberene and a-curcumene. No zingiberene or curcumene was
detected in other L. hirsutum f. glabratum, L. pennellii, L. pimpinellifolium
accessions, L. esculentum,or PI-308182 of L. hirsutum f. typicum (Table 2).
Mass spectrometric analysis of leaf extracts prepared from the three wild
tomato accessions (PI-127826, PI-127827 and PI-251305) and from fresh
ginger rhizomes showed fragments with identical molecular ions at m/z
202 (Fig. 5) and at m/z 204 (Fig. 6), along with other characteristic
fragment ions that are consistent with the assignment of the molecular
formula of curcumene (C15H22) and zingiberene (C15H24), respectively,
known as major constituents of ginger rhizomes. Zingiberene spectral
data, which showed a molecular ion peak (M+) at m/z 204, were in
agreement with those previously reported in ginger rhizomes (Agarwal et
al. 2001). Curcumene was also assigned on the basis of its mass
fragmentation pattern, which gave a molecular ion peak (M+) at m/z 202,
along with other characteristic fragment ion peaks.

The use of dried rhizomes of the ginger plant as a medicinal agent and
biorational alternative source for antiviral and anticancer activity is well
established. It is an important medicinal and culinary herb, known
worldwide for its health-promoting properties (Ma and Gang 2006).
Owing to the complexity of the active ingredients in ginger extracts,
commercial synthesis is likely to be impractical. In addition, since ginger
does not reproduce by seed but is clonally propagated via rhizome
division and replanting, it is susceptible to accumulation and transmission
of pathogens from generation to generation. Using standard agricultural
practices under greenhouse conditions, two L. hirsutum f. typicum
accessions produced considerable amounts of zingiberene and curcumene
(Table 2). Because these amounts do not include exudates from type VI
glandular trichomes on the plant stem, which are also found in large
numbers, the amount of sesquiterpene hydrocarbons from plant foliage
when including the stem is expected to be more than what is obtained
from the leaves only.

Monthly variations in number of type VI trichomes per g fresh leaves
and per leaflet surface area (Fig. 7, upper graph) and total concentrations
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Fig. 5 Electron impact mass spectrum of curcumene (C15H22) extracted from the leaves of Lycopersicon hirsutum f. typicum accessions (PI-127826
and PI-127827) indicating the molecular ion of m/z 202, along with characteristic fragment ions.
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Fig. 6 Electron impact mass spectrum of zingiberene (C15H24) extracted from the leaves of Lycopersicon hirsutum f. typicum accessions (PI-127826 and
PI-127827) indicating the molecular ion of m/z 204, along with other characteristic fragment ions.
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of zingiberene and curcumene in the leaves of L. hirsutum f. glabratum
accession PI-251305, an accession with relatively low levels of zingiberene
and curcumene (Fig. 7, lower graph), indicated variation in trichome
density during sampling periods. Total concentrations of zingiberene and
curcumene per accession per year were obtained by adding amounts
obtained from each harvest time per plant. These total concentrations
were 2,305 and 13 mg per plant of zingiberene and curcumene,
respectively (Fig. 7, lower graph). In PI-127826 the corresponding
concentrations were 10,725 and 24 mg per plant, respectively (Fig. 8, lower
graph) and in PI-271827 they were 9,730 and 52 mg per plant, respectively
(Fig. 9, lower graph). Photoperiod affects the amount of zingiberene per
unit surface area and per unit weight of leaves as reported by Gianfagna et
al. (1992), who found that photoperiod affects concentration of
zingiberene by controlling zingiberene content per trichome. Working
with subspecies of L. hirsutum f. glabratum, Kennedy et al. (1981) found
that type VI trichome density was greater in plants grown under long day
than in short day conditions, as was 2-tridecanone (a methylketone)
content in trichomes. Snyder and Hyatt (1984) also found higher trichome
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Fig. 7 Number of type VI glandular trichomes on the leaves of PI-251305 of wild tomato,
Lycopersicum hirsutum f. glabratum (upper graph) and concentration of zingiberene and
curcumene in the leaves at each harvest time (lower graph). Each value is an average ± SE of five
replicates. Statistical comparisons were carried out between sampling months. Values of each
compound accompanied by an asterisk indicate a significant difference (P < 0.05) using ANOVA
procedure (SAS Institute 2001).
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Fig. 8 Number of type VI glandular trichomes on the leaves of PI-126826 of wild tomato,
Lycopersicum hirsutum f. typicum (upper graph) and concentration of zingiberene and curcumene
in the leaves at each harvest time (lower graph). Each value is an average ± SE of five replicates.
Statistical comparisons were carried out between sampling months. Values of each compound
accompanied by an asterisk indicate a significant difference (P < 0.05) using ANOVA procedure
(SAS Institute 2001).

densities in plants grown under long day conditions in both L. hirsutum f.
hirsutum and L. hirsutum f. glabratum. Data reported in this chapter is
based on wild tomato plants grown in greenhouse under natural light
conditions supplemented with sodium lamps providing consistent
photosynthetic photon flux of 110 µmol s–1 m–1, which minimize
variability in light intensity and photoperiod.

Research review has shown that type VI glandular trichomes of some
typicum accessions per plant leaves are abundant (Table 1). Type VI
trichomes produce a rich spectrum of sesquiterpenes (Table 2). The
sesquiterpene content of tomato leaf oil varies considerably among
species, with caryophyllene being widespread (Cloby et al. 1998).
Curcumene occurs in L. hirsutum f. typicum at lower concentrations than
zingiberene. Although the concentration of zingiberene and curcumene
on the leaves of wild tomato is low compared to the concentration of these

Harvest Plant–1
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sequiterpenes in ginger rhizomes, wild tomato foliage of L. hirsutum f.
typicum (PI-271826 and PI-271827) (Fig. 2) can be considered a biorational
source of zingiberene and curcumene, and this chapter provides
background information on the level of these two sesquiterpene
hydrocarbons in wild tomato species that may provide an opportunity for
many farmers and organic growers who may be able to grow wild tomato
foliage for use in crop production as medicinal agents for industrial use.
The extraction of a few milligrams of zingiberene from wild tomato foliage
is a simple procedure. However, more studies are needed in growing wild
tomato plants with nutrient and soil management practices to identify
optimum growing conditions and harvest periods through time course
measurement of foliage yield and constituent concentration.
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Fig. 9 Number of type VI glandular trichomes on the leaves of PI-127827 of wild tomato,
Lycopersicum hirsutum f. typicum (upper graph) and concentration of zingiberene and curcumene
in the leaves at each harvest time (lower graph). Each value is an average ± SE of five replicates.
Statistical comparisons were carried out between sampling months. Values of each compound
accompanied by an asterisk indicate a significant difference (P < 0.05) using ANOVA procedure
(SAS Institute 2001).
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ABSTRACT
Phosphate (Pi) is a crucial but limiting macronutrient for plant growth and
metabolism. Agricultural Pi deficiency is alleviated by the massive application of
Pi fertilizers. However, Pi assimilation by fertilized crops is quite inefficient and
unsustainable, as a large proportion of the applied Pi becomes immobile in the
soil or may run off into, and thereby pollute, nearby surface waters. The
projected depletion of global rock-Pi reserves has prompted plant scientists to
develop strategies and molecular tools for engineering Pi-efficient transgenic
crops. However, for this to succeed we need to achieve a thorough
understanding of the intricate molecular and biochemical adaptations of Pi-
deprived (–Pi) plants, which include the de novo synthesis of purple acid
phosphatases (PAPs). Purple acid phosphatases likely function in –Pi plants to
recycle and scavenge Pi from intra- and extracellular organic Pi-esters. Three
Pi-starvation inducible (PSI) PAP isozymes demonstrating distinctive physical
and kinetic characteristics have been recently purified and characterized from
–Pi tomato suspension cell cultures. Two are secreted monomeric PAPs having
Mrs of 84 and 57 kDa, whereas the third is a 142 kDa heterodimeric intracellular
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PAP composed of 63 and 57 kDa subunits. The three PSI tomato PAPs
efficiently hydrolyzed Pi from a wide variety of Pi-esters under acidic conditions
and are multifunctional proteins exhibiting significant alkaline peroxidase
activity, indicating a potential additional function in the metabolism of reactive
oxygen species. Time-course immunoblot studies of tomato cells and seedlings
undergoing a transition from Pi sufficiency to Pi deficiency revealed a close
relationship between total acid phosphatase activity and relative amounts of the
three antigenic PSI PAPs. These results corroborated recent transcript profiling
studies suggesting that PSI proteins are subject to both temporal and tissue-
specific syntheses in –Pi plants. The discovery of intracellular and secreted PSI
tomato PAP isozymes may lead to biotechnological strategies to increase Pi
efficiency in tomato plants grown on Pi-limited soils. The aim of this chapter is to
present an overview of the properties and functions of PSI PAPs in tomato Pi
nutrition.

INTRODUCTION

Phosphorus (P) is a key macronutrient required for metabolism and
energy transduction processes in all living cells. It is a structural
component of pivotal biomolecules such as ATP, NADPH, nucleic acids,
phospholipids, and sugar phosphates. In humans, P is an important
nutrient for maintaining regular bone growth and formation, as well as
serving as a blood buffering component (Yates et al. 1998). The daily P
requirement for humans ranges from 275 to 1250 mg/d, and the richest P
sources for the human diet are milk, meats, nuts and legumes. Absorption
of orthophosphate (H2PO4

–, Pi) by the kidney helps to regulate Pi
homeostasis in humans. P homeostasis in plants is also important for their
optimal growth and metabolism. Unlike animals, plant cells are
dependent on soluble soil Pi as the only form of P that they can directly
assimilate from the environment. Pi plays a central role in virtually all
major metabolic processes in plants, including photosynthesis,
respiration, and C and N allocation. Despite its importance, Pi is one of the
least available macronutrients in most terrestrial and aquatic ecosystems.
Although plentiful in the earth’s crust, soil Pi forms strong ionic
interactions with Al3+, Ca3+, or Fe3+ cations in acidic soils, resulting in the
formation of insoluble mineral Pi complexes (Plaxton and Carswell 1999,
Vance et al. 2003, Plaxton 2004). This is particularly relevant to tomato
plants, which are typically cultivated in acidic soils, with optimal growth
in the pH range 5.5-6.5. Similarly, soil organic Pi-esters originating from
decaying biomatter cannot be directly absorbed by roots but must be first
enzymatically dephosphorylated to liberate soluble Pi for its subsequent
uptake by low or high affinity plasmalemma Pi transporters of root
epidermal cells (Raghothama 1999).
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The typical concentration of soluble Pi in unfertilized soils is often 103-
to 104-fold lower than intracellular Pi concentrations (5-20 mM) present in
nutrient-sufficient plants (Bieleski 1973). Pi deficiency in plants including
tomato and other crops is associated with a marked reduction in biomass
accumulation. In comparison to many other crops, tomato plants require
significantly more soil Pi for their optimal growth and fruit development.
The maximal deleterious influence of Pi deficiency on tomato seedling
growth and development was evident in 3- to 5-wk-old plants (Besford
1978). Indeed, tomato seedlings cultivated for 24 d under –Pi conditions
accumulated only 65% of the biomass relative to Pi-sufficient (+Pi) control
plants (Bozzo et al. 2006). Similarly, a 60% decrease in the fresh weight of
heterotrophic tomato suspension cells was observed in –Pi vs +Pi cultures
following their 14 d growth period (Bozzo et al. 2006). This marked
inhibition in the growth of –Pi tomato suspension cells was correlated
with a ~50-fold reduction in their intracellular free Pi levels (Fig. 1).

The massive use of Pi fertilizers in agriculture demonstrates that the
soluble Pi levels of most soils are suboptimal for plant growth. Of the
approximately 40 million t of Pi fertilizers currently applied annually, less
than 20% is absorbed by crops during their first growth season (Vance et
al. 2003). Pi runoff from fertilized fields into nearby surface waters is
associated with environmentally damaging processes, particularly
aquatic eutrophication. Unlike the global N cycle, Pi fertilizers rely on
extraction from non-renewable rock-Pi reserves, which are mainly
derived from fossilized bone deposits. The application of Pi fertilizers is
quite expensive, particularly in developing countries, and the problem is
exacerbated in tropical and sub-tropical regions containing acidic soils.
The projected depletion of global rock-Pi reserves within the next 60-80
years raises an interesting dilemma in the face of the world’s population
explosion (Plaxton 2004). In order to ensure agricultural sustainability and
a reduction in Pi fertilizer use, plant scientists need to bioengineer Pi-
efficient transgenic crops. The design of biotechnological strategies to
enhance Pi acquisition in crops should follow detailed and precise
analyses of the complex adaptive mechanisms of –Pi plants as a means of
identifying suitable engineering targets. The aim of this article is to
provide a brief overview of the remarkable adaptations of –Pi plants, with
an emphasis on the properties and roles of intracellular and secreted
purple acid phosphatase (PAP) isozymes in facilitating tomato
acclimation to nutritional Pi deprivation.

THE PLANT PHOSPHATE-STARVATION RESPONSE

Plants have evolved the ability to acclimate, within species-dependent
limits, to extended periods of Pi deprivation. Plant Pi deprivation elicits a
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Fig. 1. Influence of nutritional Pi deprivation on Pi and Pi-ester levels of heterotrophic tomato
suspension cells. Time-course of (A) extracellular (clarified culture filtrate or ‘CCF’) Pi levels, and
intracellular (B) total, (C) free, and (D) esterified Pi levels of tomato suspension cells cultured in
MS media containing 3.5 mM Pi (+Pi; ) or 0 mM Pi (–Pi; ). “Esterified [Pi]” represents the
difference between the respective levels of total versus free Pi. All values represent means ±SEM
of n = 3 separate flasks (from Bozzo et al. 2006; reproduced with permission of Blackwell
Publishing Ltd.).

complex array of morphological, physiological and biochemical
adaptations, collectively known as the “Pi starvation response”. This
response arises in part from the coordinated induction of hundreds of Pi-
starvation inducible (PSI) genes in order to reprioritize internal Pi use and
maximize external Pi acquisition (Raghothama 1999, Hammond et al.
2004, Ticconi and Abel 2004).

Morphological Adaptations of –Pi Plants

Morphological adaptations that help to increase plant Pi acquisition from
soils containing suboptimal Pi levels include (1) alterations in root
architecture and diameter, (2) a shift from primary to lateral root growth

–
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as a means of promoting topsoil exploration, (3) increased root hair
growth and density, and (4) an increase in the root:shoot growth ratio
(Plaxton and Carswell 1999, Vance et al. 2003). For example, 35-d-old –Pi
tomato seedlings displayed a 4-fold increase in their root:shoot fresh
weight ratio relative to +Pi plants (Bozzo et al. 2006). All of these
morphological adaptations have evolved as a strategy to significantly
increase the root surface area for absorption of the limiting Pi nutrient. An
analogous adaptive strategy of most –Pi plants, including tomato, is the
formation of symbiotic associations between their roots and beneficial
mycorrhizal fungi.

Mycotrophic vs Non-mycotrophic Plants

Pi acquisition by so-called mycotrophic plants is significantly enhanced
by the presence of arbuscular mycorrhizae formed between soil-
inhabiting fungi of the order Glomales and roots of about 90% of known
plant species (excluding Chenopodiaceae, Cruciferae, Cyperaceae,
Junaceae, and Proteaceae families) (Bolan 1991). The symbiosis develops
in the plant roots where the fungus colonizes the apoplast and cells of the
cortex to access photosynthate (sucrose) supplied by the host plant. Root
colonization of non-fertilized tomato plants by mycorrhizal fungi
increases the plant’s shoot and root growth and Pi uptake capacity (Kim et
al. 1998). However, disruption of beneficial mycorrhizal associations due
to Pi fertilization and soil tilling has been an undesirable consequence of
modern agriculture. It is notable that many non-mycotrophs, such as
buckwheat, white lupin, and harsh hakea plants, are notorious for their
ability to thrive on infertile soils. This reflects the view that relative to
mycotrophic plants, the non-mycotrophs have evolved to allow more
efficient acclimation to low Pi conditions (Murley et al. 1998).

Biochemical Adaptations of Pi-starved Plants

The plant Pi starvation response is associated with numerous biochemical
adaptations (Plaxton and Carswell 1999, Plaxton 2004, Plaxton and
Podestá 2006). These include the accumulation of the protective pigment
anthocyanin in leaves and the induction of high affinity plasmalemma Pi
transporters, as well as metabolic Pi recycling and alternative bypass
enzymes to Pi- and adenylate-dependent glycolytic and respiratory
electron transport reactions (Fig. 2). Anthocyanin accumulation has been
observed in leaves of many –Pi plants including tomato and functions to
protect chloroplasts against photoinhibition (Plaxton and Carswell 1999,
Bozzo et al. 2006, Fig. 4A). Other secondary metabolites such as flavonols
(i.e., quercitin) accumulate in the skins of mature green fruit of –Pi tomato
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Fig. 2. A model suggesting various adaptive metabolic processes (indicated by asterisks) that
are believed to help plants to acclimate to nutritional Pi deficiency. Alternative pathways of
cytosolic glycolysis, mitochondrial electron transport, and tonoplast H+-pumping facilitate
respiration and vacuolar pH maintenance by –Pi plant cells because they negate the dependence
on adenylates and Pi, the levels of which become markedly depressed during severe Pi starvation.
Large quantities of organic acids produced by PEP carboxylase (PEPC), malate dehydrogenase
(MDH), and citrate synthase (CS) may also be excreted by roots to increase the availability of
mineral-bound Pi (by solubilizing Ca-, Fe- and Al-phosphates = “Met-Pi”). A key component of
this model is the critical secondary role played by metabolic Pi recycling systems such as PEPC
during Pi deprivation. Apart from a role as a possible PEP phosphatase glycolytic “bypass” to ADP-
limited pyruvate kinase, the vacuolar IAP may also recycle Pi from other non-essential Pi-esters
and nucleic acid fragments. Likewise, SAP is proposed to scavenge Pi from extracellular Pi-
monoester and nucleic acid fragment pools for its eventual uptake by PSI high-affinity Pi
transporters of the plasma membrane.

plants, but their precise roles are largely unknown (Stewart et al. 2001).
Several PSI glycolytic bypass enzymes such as pyrophosphate-dependent
phosphofructokinase, phosphoenolpyruvate (PEP) phosphatase, and PEP
carboxylase promote intracellular Pi recycling in –Pi plants, as Pi is a by-
product of the reactions catalyzed by each of these enzymes (Fig. 2)
(Plaxton and Podestá 2006). Their reactions may also facilitate respiration
and/or organic acid excretion, while generating free Pi for its
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reassimilation into the metabolism of the –Pi cells. –Pi plants also scavenge
and conserve Pi by replacing their membrane phospholipids with non-P-
containing amphipathic galacto- and sulfonyl lipids. In addition, the
induction of secreted ribonuclease, phosphodiesterase, and acid
phosphatases functions in the systematic catabolism of soil localized
nucleic acids and their degradation products to mobilize Pi, which is then
made available for uptake by root-localized high affinity Pi transporter(s)
(Fig. 2) (Abel et al. 2000). Scavenging of soil Pi by –Pi plants also arises
from the enhanced excretion of photosynthate-derived organic acids.
Roots and suspension cell cultures of –Pi plants markedly up-regulate PEP
carboxylase (Duff et al. 1989b, Vance et al. 2003, Plaxton and Podestá
2006). PEP carboxylase induction during Pi stress has been correlated with
the excretion of significant quantities of malate and citrate. This causes
acidification of the rhizosphere, which contributes to the solubilization
and assimilation of mineral Pi from the environment.

PLANT ACID PHOSPHATASES

Acid phosphatases (APases) catalyze the hydrolysis of Pi from a broad
and overlapping range of Pi-monoesters with an acidic pH optimum (Duff
et al. 1994). Eukaryotic APases exist as a wide variety of tissue- and/or
cellular compartment–specific isozymes that display variation in their
physical and kinetic properties. The induction of intracellular and
secreted APases (IAP and SAP, respectively) is thought to be pivotal to the
ability of –Pi plants to remobilize and scavenge Pi from non-essential Pi-
monoester pools (Fig. 2). The probable function of IAPs is to scavenge and
recycle Pi from expendable intracellular Pi-monoester pools (Fig. 2). This
is accompanied by a marked reduction in cytoplasmic P-metabolites
during extended Pi stress (Duff et al. 1989b, 1994, Plaxton 2004, Bozzo et
al. 2006). Secreted APases belong to a group of PSI phosphohydrolases
secreted by roots and cell cultures of –Pi plants to hydrolyze Pi from
external organophosphates, known to comprise up to 80% of total soil P
(Ticconi and Abel 2004). For example, the combined action of secreted PSI
ribonucleases, phosphoesterases, and SAPs allows –Pi tomato cell cultures
and seedlings to efficiently scavenge extracellular nucleic acids as their
sole source of nutritional Pi (Abel et al. 2000, Bosse and Köck 1998, Ticconi
and Abel 2004). High-affinity plasmalemma Pi transporters are also
induced in –Pi plants, including tomato, to facilitate extracellular Pi
uptake against a steep (up to 10,000-fold) concentration gradient
(Raghothama 1999).
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Purple Acid Phosphatases

Purple APases are distinguished biochemically from other APases by their
characteristic pink or purple color in solution, binuclear transition metal
active site center, and insensitivity to L-tartrate inhibition (Olczak et al.
2003). They were initially purified and characterized from several
microorganisms and mammalian tissues. Over the past 15-20 years,
however, a number of plant PAPs have been characterized (Table 1). For
many years the main distinction between animal and plant PAPs was
thought to be that the former exist as 35 kDa monomers containing a
binuclear Fe(III)-Fe(II) center and the latter as larger 110 kDa homodimers
containing either an Fe(III)-Zn(II) or Fe(III)-Mn(II) center (Table 1) (Olczak
et al. 2003). However, reports of a number of low Mr PAPs in Arabidopsis
and a plant-like 55 kDa PAP in humans and other animals suggest that
there are some similarities between plant and animal PAP proteins (del
Pozo et al. 1999, Li et al. 2002, Flanagan et al. 2006). The biochemical
characterization of three PSI tomato PAPs added further complexity to the
molecular characteristics of plant PAPs, as the two secreted tomato PAPs
exist as monomers of varying Mr, whereas the corresponding intracellular
PAP exists as a heterodimer (Bozzo et al. 2002, 2004a). A family of 29
putative Arabidopsis PAPs has been grouped into subfamilies of high and
low Mr isozymes (Li et al. 2002). Structurally distinct plant PAP isozymes
may have specific functions in plant Pi metabolism.

BIOCHEMICAL PROPERTIES OF PSI TOMATO PAP ISOZYMES

Tomato suspension cell cultures were generated from seedling cotyledons
of Moneymaker tomato, a common greenhouse variety. These
heterotrophic suspension cells have been widely used to examine tomato
Pi starvation responses as their biochemical and molecular responses to Pi
stress closely parallel many of those that occur in planta (Köck et al. 1998,
Raghothama 1999, Bozzo et al. 2006). Suspension cell cultures represent an
undifferentiated tissue in which a homogeneous cell population is equally
exposed to the environmental parameters prevalent in the liquid culture.
Moreover, relatively large quantities of secreted and intracellular proteins
can be generated from –Pi cultures, which greatly facilitates the eventual
purification and detailed analyses of PSI secreted and intracellular
enzymes, including PSI PAPs.

Eight days following subculture of tomato suspension cells into –Pi
growth media, secreted (culture media) APase activity increased from
undetectable levels to a maximum of 7.5 units/mg protein (Bozzo et al.
2002), whereas intracellular APase activity increased 4-fold from 0.4 to 1.6
units/mg protein (Bozzo et al. 2004a). Two monomeric SAPs (84 kDa
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Table 1. Properties and proposed functions of purified plant purple acid phosphatases.

Source Subcellular Preferred Physical Proposed function Reference
localization substrate properties

Native Subunit Amax Metal
Mr Mr(s) (nm) center

(kDa) (kDa)

Yellow lupin seeds n.d.a Phenyl-P 94 50, 44 n.d. n.d. Pi-mobilization Olczak et al. 2003
Red kidney beans Secreted ATP 130 55 560 Fe, Zn Pi-mobilization Beck et al. 1986
Soybean cotyledon Secreted Phytate 130 70 n.d. n.d. Phytate degradation Hegeman and Grabau

2001
Soybean suspension cells Secreted n.d. 130 58 556 Mn(II) Pi-metabolism LeBansky et al. 1992
Spinach leaf n.d. pNPPb 92 50 530 Mn Pi-metabolism Fujimoto et al. 1977
Duckweed Cell wall pNPP 100 57 556 Fe,Mn Pi-recycling Nakazato et al. 1998
Sweet potato tuber n.d. pNPP 110 55 515 Mn(III) Pi-metabolism Sugiura et al. 1981
Arabidopsis seedlings n.d. n.d. 34 34 n.d. n.d. Pi-recycling/ROSc Del Pozo et al. 1999
(AtPAP17) metabolism
Arabidopsis suspension Vacuolar PEP 100 55 520 n.d. Pi-recycling/ROS Veljanovski
cells (AtPAP26) metabolism et al. 2006
Tomato suspension cells

(SAP1) Secreted PEP 84 84 518 n.d. Pi-scavenging/ROS Bozzo et al. 200
metabolism

(SAP2) Secreted pNPP 57 57 538 n.d. Pi-scavenging/ROS Bozzo et al. 2002
metabolism

(IAP) Vacuolar PEP 142 63,57 546 n.d. Pi-recycling/ROS Bozzo et al. 2004a
metabolism

Rice suspension cells Cell wall n.d. 155 65 555 Mn Cell wall regeneration Igaue et al. 1976

an.d., not determined.
bpNPP, p-nitrophenylphosphate.
cROS, reactive oxygen species.
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SAP1 and 57 kDa SAP2) were resolved during cation-exchange
chromatography and fully purified from the media harvested from the 8-
d-old –Pi tomato cultures (Bozzo et al. 2002), whereas a single IAP was
purified from clarified extracts of the –Pi tomato cells. They were
designated as PAPs because of their (1) violet color in solution, (2) amino
acid sequence similarity to putative or previously characterized plant
PAPs, and (3) insensitivity to tartrate. Glycosylation is a post-translational
modification common to plant APases (Duff et al. 1994). Lectin-affinity
chromatography (Con-A Sepharose) is commonly used to bind the glycan
side chains of many plant APs, including the 3 PSI tomato PAPs, during
their purification. The three tomato PAPs were confirmed to be
glycoproteins (Bozzo et al. 2002, 2004a).

Several lines of evidence indicated that the three PSI tomato PAPs are
structurally distinct isozymes that differ from the majority of the 100-130
kDa homodimeric plant PAPs examined to date (Table 1). Electrophoresis
and analytical gel filtration indicated that SAP1 and SAP2 exist as
monomeric glycoproteins of 84 and 57 kDa, respectively. Conversely, the
purified IAP is a 142 kDa heterodimer, composed of an equivalent ratio of
63 and 57 kDa subunits (a- and b-subunit, respectively). N-terminal and
tryptic peptide sequences of all three tomato PAPs showed similarity with
deduced portions of different members of the Arabidopsis PAP family.
CNBr peptide maps of SAP1 and SAP2 were quite dissimilar, whereas
CNBr cleavage patterns indicated that IAP’s a- and b-subunits were
structurally distinct. Immunoblots probed with rabbit antibodies raised
against the purified SAP1 or IAP indicated the immunological
distinctiveness of the 84 kDa SAP1 relative to IAP and SAP2 (Bozzo et al.
2006). SAP1, SAP2 and IAP also displayed different Amax values of 518, 538
and 546 nm, respectively (Table 1). Both tomato SAPs were relatively heat-
stable, as 100% activity was retained following their incubation at 70oC for
5 min, whereas the IAP was relatively heat-labile, losing 80% of its activity
when incubated under identical conditions.

Interrogation of the Arabidopsis genome with PAP motif sequences (i.e.,
the domains containing the conserved metal ligating residues) identified
29 PAPs (Li et al. 2002). According to transcript profiling studies, two of
these putative PAPs (AtPAP11 and AtPAP12) were up-regulated by Pi
stress. Biochemical analysis of PSI APases from –Pi Arabidopsis suspension
cells and seedlings identified AtPAP26, a 100 kDa homodimeric vacuole-
localized PAP, as the predominant PSI intracellular PAP of Arabidopsis
(Veljanovski et al. 2006). Although a maximal 5-fold increase in AtPAP26
polypeptide levels and activity occurred following Pi deprivation, no
corresponding change in AtPAP26 mRNA expression level was observed,
since AtPAP26 appears to be constitutively transcribed in all Arabidopsis
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tissues examined to date. Thus, transcriptional controls exert little
influence on AtPAP26 levels, relative to translational and/or proteolytic
controls. It is interesting to note that the deduced amino acid sequence of
AtPAP26 was highly similar (76% identity) to the deduced sequence for
the 57-kDa b-subunit of the heterodimeric PSI IAP previously isolated
from –Pi tomato suspension cells (Bozzo et al. 2002, Veljanovski et al.
2006), suggesting that this PAP ortholog plays a key role in mediating
intracellular Pi scavenging and recycling by –Pi plant cells. Moreover,
comparison of the N-terminal sequence of the 57 kDa b-subunit of the PSI
tomato IAP with its deduced full-length sequence revealed that its 31
amino acid signal peptide is cleaved at an identical position as AtPAP26
(Veljanovski et al. 2006).

Plant and mammalian PAPs characterized to date display non-specific
substrate selectivity, as they are generally capable of catalyzing Pi
hydrolysis from a broad spectrum of Pi-monoesters (Table 1). There are a
few reports of vacuolar PAPs exhibiting a substrate preference for the
glycolytic intermediate PEP (Duff et al. 1989a), whereas a PAP purified
from germinating soybeans displayed preferential utilization of phytate
(Hegeman and Grabau, 2001). Many of the plant PAPs examined to date
have been proposed to function in the hydrolysis of Pi-monoesters during
Pi starvation (Table 1). In fact, all three PSI tomato PAP isozymes were
classified as non-specific APases (Table 1), capable of hydrolyzing Pi from
a wide range of physiologically relevant Pi-esters (Bozzo et al. 2002,
2004a).

Differential Synthesis of PSI Tomato PAP Isozymes is
Correlated with Intracellular Pi Levels

Prolonged Pi deprivation of tomato suspension cells and seedlings led to
decreased biomass accumulation, and in the case of seedlings an increased
root:shoot ratio. This altered growth pattern was associated with a marked
(up to 50-fold) decrease in intracellular Pi concentration (Fig. 1) (Bosse and
Köck 1998, Bozzo et al. 2006). This magnitude of intracellular Pi decline
has been well documented in various plants (Duff et al. 1989b, Theodorou
and Plaxton 1994, Plaxton and Carswell 1999, Veljanovski et al. 2006). The
biochemical Pi starvation response of plants can be divided into an early
and late stage. In the early Pi starvation response, cytoplasmic Pi is
maintained at the expense of vacuolar Pi. Prolonged Pi starvation results
in depletion of vacuolar Pi pools and subsequent marked reductions in
cytoplasmic Pi and P-metabolite levels (Plaxton 2004, Bozzo et al. 2006).
Tomato suspension cells undergoing a transition to Pi deficiency
experienced a 10- and 50-fold reduction in intracellular free Pi within 6 d
(early phase) and 14 d (late phase) of their transfer into –Pi media (Fig. 1).
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 The shift of tomato suspension cells and seedlings from +Pi to –Pi
conditions resulted in increased SAP1, SAP2, and IAP polypeptide
synthesis and activity (Bozzo et al. 2006). The induction of PSI PAP
isozyme synthesis and activity in –Pi tomato suspension cells occurred 5 d
following the depletion of Pi in the growth media (Fig. 3) (Bozzo et al.
2006), and in maize roots this phenomenon was correlated with the
depletion of vacuolar Pi stores (Plaxton and Carswell 1999). This points to
an intracellular Pi-sensor that may trigger the Pi starvation response, as
has been suggested for the induction of tomato PSI ribonucleases and
APases (Köck et al. 1998). The marked delay in IAP induction in leaves
and stems relative to roots of the –Pi tomato seedlings (Bozzo et al. 2006)
agrees with reports that –Pi plants preferentially redistribute limiting Pi to
the leaves at the expense of roots (Theodorou and Plaxton 1994, Mimura et
al. 1996). This has been hypothesized to represent an adaptive strategy to
sequester limiting Pi to the leaves so as to maintain optimal rates of
photosynthesis for as long as possible in –Pi plants (Theodorou and
Plaxton 1994) and is in accord with our observation that free Pi levels of
leaves of the 30-d-old –Pi tomato seedlings were at least 3-fold those of the
corresponding roots (Bozzo et al. 2006).

That enhanced IAP synthesis plays an important in vivo role recycling
Pi from intracellular P-metabolites in the 6 to 11 d –Pi tomato cells was
supported by the concomitant 2-fold reduction in levels of intracellular
esterified Pi over the same time period (Figs. 1 and 3). In addition, purified
PSI IAP from –Pi tomato suspension cells displayed potent allosteric
inhibition by Pi (Ki = 1.6 mM) (Bozzo et al. 2004a). The intracellular Pi
concentration of the 0 to 4 d –Pi cells (~2.0-4.5 mM, assuming 1 g FW ~1
ml) (Fig. 1C) should exert significant IAP inhibition in vivo. Conversely,
the subsequent > 20-fold reductions in intracellular Pi levels of the 6-11 d
–Pi cells is expected to relieve the PSI tomato IAP from Pi inhibition.
Between day 11 and 14, the IAP activity and concentration of the –Pi
suspension cells decreased to that of +Pi cells (Fig. 3A and 3C). This could
be due to IAP-mediated depletion of intracellular P-metabolites to a
minimal level necessary to sustain cellular viability.

It is notable that the large reduction in intracellular Pi content of the –Pi
tomato suspension cells was associated with the temporal induction of
IAP (day 6) and SAP (day 8) activities and corresponding antigenic IAP
and SAP1/SAP2 polypeptides respectively present in clarified cell
extracts and cell culture filtrate (Fig. 3). Similarly, SAP1 polypeptide
accumulation began at least 7 d following the up-regulation of IAP protein
in roots of the –Pi seedlings (Bozzo et al. 2006). Likewise, genome-wide
expression studies of –Pi Arabidopsis seedlings implicated a variety of PSI
genes that display short-term expression, whereas prolonged
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Fig. 3. Acid phosphatase activities and immunological detection of intracellular and secreted Pi-starvation inducible purple acid phosphatase isozymes
of tomato suspension cells. The cells were cultured in Murashige-Skoog media containing 3.5 mM Pi (+Pi; ) or 0 mM Pi (–Pi; ). (A and B) Time-course
of intracellular and secreted APase activity (IAP and SAP) respectively present in clarified cell extracts (A) and CCF (B). All values represent the means
± S.E. of n = 3 separate flasks. (C, D, and E) Immunoblot analyses of PSI tomato PAP isozymes. Purified IAP (C) (50 ng), SAP1 (D) (20 ng), SAP2 (E)
(20 ng), and clarified cell extract proteins (C) (5 mg/lane) or CCF proteins (D and E) (1.4 mg/lane) were resolved by SDS-PAGE and blotted as described
in Bozzo et al. (2006). Immunoblots were probed with a 1:50 dilution of affinity-purified anti-(tomato IAP)-IgG (C and E) or a 1:2000 dilution of anti-
(tomato SAP1) immune serum (D). Relative amounts of antigenic polypeptides were estimated via laser densitometry. Lanes labeled “+” and “–” denote
clarified cell extracts or CCF from +Pi and –Pi cultures, respectively (from Bozzo et al. 2006; reproduced with permission of Blackwell Publishing Ltd).
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Pi-deficiency elicited a switch to the expression of alternate PSI genes
(Hammond et al. 2004).

Of further interest was the apparent tissue-specific synthesis of SAP1 in
roots of –Pi tomato seedlings (Fig. 4) (Bozzo et al. 2006). Similarly,
transcript profiling of –Pi Arabidopsis seedlings indicated that numerous
PSI genes exhibited contrasting synthesis in leaves versus roots
(Hammond et al. 2004), lending support to the idea that different plant
organs exhibit distinct Pi starvation response strategies. Seedling root
surface and suspension cell culture media accumulation of PSI SAP1 and
SAP2 (Figs. 3 and 4) is proposed to function with additional PSI
phosphohydrolases (Bosse and Köck 1998, Köck et al. 1998, Ticconi and
Abel 2004) to mobilize Pi from extracellular organophosphates that are
released into the culture media or apoplast by damaged or dying cells, or
otherwise present in the rhizosphere of the –Pi tomato seedlings (Fig. 2).
The recent immunological analysis of the small family of PSI tomato PAPs
provided the first (1) comparison of the influence of Pi deprivation on the
coordinate synthesis of the principal PSI IAP and SAP isozymes in a cell
suspension culture with the homologous in planta system, and (2)
biochemical and immunological evidence that PSI proteins are subject to
both temporal and tissue-specific synthesis in –Pi plants.

PSI Tomato PAP Isozymes Exhibit Alkaline Peroxidase
Activity

Pi-starvation induced tomato and Arabidopsis PAPs displaying both APase
and alkaline peroxidase activity have been hypothesized to function in the
metabolism of reactive oxygen species (del Pozo et al. 1999, Bozzo et al.
2002, 2004a, Veljanovski et al. 2006) (Table 1). Their peroxidase activity
was suggested to contribute to the metabolism of intracellular reactive
oxygen following loss of vacuolar integrity that occurs during
programmed cell death which accompanies senescence. The APase
activity of these PAPs could simultaneously participate in intracellular Pi
recycling from senescing tissues.

Phosphate or Phosphite Addition Promotes the
Proteolytic Turnover of PSI Tomato PAPs

Within 48 hr of the addition of 2.5 mM Pi to 8-d-old –Pi tomato suspension
cells, (1) SAP and IAP activities decreased by about 12- and 6-fold,
respectively, and (2) immunoreactive PAP polypeptides either
disappeared (SAP1 and SAP2) or were substantially reduced (IAP) (Bozzo
et al. 2004b). In-gel protease assays correlated the disappearance of both
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Fig. 4. Influence of Pi starvation on tomato seedling growth and root secretion of extracellular
purple acid phosphatase isozymes. (A) Tomato seedlings cultivated on Murashige-Skoog-
solidified agar supplemented with 0 mM (–Pi) or 2.5 mM Pi (+Pi) were harvested at 11 d (shown
on left) and 24 d (shown on right) post-imbibition. (B) Localization of root surface SAP activity and
protein. +Pi and –Pi tomato seedlings (35-d-old) were harvested, and excised root material
incubated with 5-Br-4-Cl-3-indoyl-P (BCIP) (colorless APase substrate). Root surface SAP activity
is visualized as a dark color, indicating BCIP hydrolysis. Following in situ SAP activity staining,
immunoblots of the intact root preparations were probed with a 1:2000 dilution of rabbit anti-
(tomato SAP1) immune serum or a 1:50 dilution of affinity-purified anti-(tomato IAP)-IgG.
Antigenic polypeptides were visualized using an alkaline phosphatase-tagged secondary antibody
(from Bozzo et al. 2006; reproduced with permission of Blackwell Publishing Ltd).

– –

–
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PSI SAP isozymes with the appearance of two extracellular serine
proteases having Mrs of 127 and 121 kDa. In vitro proteolysis of purified
tomato SAPs was evident following their 24 hr incubation with culture
media filtrate from the 48 hr Pi-resupplied cells (Bozzo et al. 2004b). The
results indicated that Pi addition to –Pi plant cells not only represses PAP
genes, but simultaneously induces proteases that specifically target PSI
PAPs.

Phosphite (HPO3
–, Phi) is a reduced form of Pi in which a non-acidic

hydrogen replaces one of the oxygens bound to the P atom. Phi is an
important, but controversial agricultural commodity that is widely
marketed either as a crop fungicide or as a superior source of crop P
nutrition (McDonald et al. 2001). It is well established that Phi-based
fungicides effectively control plant pathogens belonging to the order
Oomycetes (particularly Phytophthora sp.) that are responsible for a host of
crop diseases. However, evidence that plants can directly utilize Phi as
their sole source of nutritional P is lacking. Although plant cells readily
assimilate Phi, it is relatively stable in vivo and does not appear to be
readily oxidized or metabolized. Interestingly, low Phi concentrations are
highly deleterious to the development of –Pi but not +Pi plants, including
tomato (McDonald et al. 2001, Singh et al. 2003, Ticconi and Abel 2004).
Phi negates their acclimation to Pi deficiency by specifically blocking the
derepression of genes encoding PSI proteins (i.e., repressible PAP, etc.)
(McDonald et al. 2001, Ticconi and Abel 2004). As a result, Phi treatment
markedly accelerated the initiation of programmed cell death that
otherwise occurs when B. napus suspension cells were subjected to one
month of Pi starvation (Singh et al. 2003). The addition of 2.5 mM Phi to –Pi
tomato suspension cells also resulted in the induction of secreted serine
proteases that target the PSI SAP1 and SAP2 (Bozzo et al. 2004b). While
Phi is not a substrate in enzyme-catalyzed phosphoryl transfer reactions,
plant and yeast Pi transporters participating in Pi uptake or signal
transduction components involved in sensing cellular Pi status do not
appear to efficiently discriminate between the Pi and Phi anions. Although
Phi is pivotal in the control of Phytophthora infection of numerous crop
plants, it is clearly phytotoxic to –Pi plants. Thus, its widespread
marketing in agriculture as a supposed superior source of crop P nutrition
is very questionable, since –Pi crops treated with Phi will be at a distinct
metabolic and physiological disadvantage relative to similar plants
receiving Pi fertilizers (McDonald et al. 2001, Singh et al. 2003).

CONCLUDING REMARKS

The design of biotechnological strategies to enhance crop Pi acquisition
from organic and inorganic pools of soil Pi is of great interest to plant
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scientists and agronomists wishing to reduce the overuse of non-
renewable and polluting Pi fertilizers in agriculture. Characterization of
intra- and extracellular PSI tomato PAP isozymes (1) indicated their
probable physiological role in Pi scavenging and Pi recycling by –Pi
tomato, (2) corroborated recent transcriptomic studies suggesting that PSI
proteins are subject to both temporal and tissue-specific synthesis in –Pi
plants, and (3) led to the discovery of Pi and Phi inducible secreted serine
proteases that target PSI tomato SAPs. It will also be of interest to assess
whether these proteases are also involved in the degradation of additional
secreted PSI hydrolytic enzymes of –Pi tomato cell cultures, including PSI
ribonucleases and phosphodiesterases. Any gains in plant Pi nutrition that
might arise from the successful overexpression of intracellular or secreted
PSI tomato PAP isozymes could be lost if crops were cultivated in Pi-rich
soils or Pi-deficient soils where Phi is applied either as a fungicide or as a
supposed Pi-fertilizer substitute. Therefore, biotechnological strategies for
engineering Pi-efficient crops should bear in mind that PSI protein
overexpression in transgenic plants may be enhanced by modified
protease expression and/or the design of protease-resistant PSI proteins.
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ABSTRACT
Tomato (Lycopersicon esculentum Mill.) is the second most important vegetable
crop. Tomato and tomato products such as tomato juice have remarkably high
concentrations of micronutrients, such as vitamin C, vitamin E, folate, and
minerals. In addition to their micronutrient content, tomatoes and in
consequence tomato juice also contain valuable phytochemicals or bioactive
components: phenolic compounds and carotenoids such as lycopene and the
provitamin A b-carotene. There are several factors affecting the nutritional value
of tomato products, among them tomato variety and maturity, and processing
and storage conditions. The bioactive components in tomato are thought to
contribute to the reduced risk of cardiovascular disease and prostate cancer in
humans by reducing oxidant status and inflammation, inhibiting cholesterol
synthesis, improving immune function, or acting as chemopreventive agent. In
vitro studies, epidemiological studies, cellular, animal and human intervention
studies provide support for significant health effects of tomato juice
consumption, although the molecular pathways of tomato components need
further investigation.
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INTRODUCTION

Tomato (Lycopersicon esculentum Mill.) is the second most important
vegetable crop next to potato. Present world production is about 100
million t fresh fruit from 3.7 million ha (FAOSTAT 2001). Tomatoes are the
second highest produced and consumed vegetable in the United States
today. Apart from its macronutrient composition (Table 1), tomato has
remarkably high concentrations of folate, vitamin C, vitamin E, and
carotenoids, such as lycopene and the provitamin A b-carotene (Beecher
1998). Consequently, tomatoes and tomato-based foods may provide a
convenient matrix by which nutrients and other health-related food
components can be supplied to humans. Accordingly, protective activity
of tomato products on in vivo markers of lipid oxidation (low density
lipoprotein (LDL) oxidizability, and F2-isoprostanes) has been reported
(Visioli et al. 2003). Moreover, the consumption of tomato products has
been associated with a lower risk of developing digestive tract and
prostate cancers (Giovannucci et al. 2002). These protective effects may be
due to the ability of lycopene and other antioxidant components to
prevent cell damage through synergistic interactions (Friedman 2002,
George et al. 2004).

More than 80% of tomatoes produced are consumed in the form of
processed products such as juice, paste, puree, ketchup, sauces and soups
(Willcox et al. 2003). There is some confusion in the literature concerning
the definitions of concentrated tomato juice, pulp, puree, and paste, but the
following definitions are found (Hayes et al. 1998): Tomato pulp refers to
crushed tomatoes either before or after the removal of skins and seeds.
Tomato juice refers to juice from whole crushed tomatoes from which the
skins and seeds have been removed and which has been subject to fine
screening, and is intended for consumption without dilution or
concentration. Tomato paste is the product resulting from the
concentration of tomato pulp, after the removal of skins and seeds, and
contains 24% or more natural tomato soluble solids. Tomato paste that is

Table 1 Nutritional composition of tomato juice (macronutrients and energy).

Macronutrients Units Values per 100 g Values per 243 g

Water g 93.90 228.18
Carbohydrate g 4.24 10.30
Total dietary fiber g 0.4 1.0
Protein g 0.76 1.85
Total lipid (fat) g 0.05 0.12
Energy kcal 73 177

Source: USDA 2006a.
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marketed to the consumer in small packs and sold as a condiment may
also be described as tomato puree. Tomato puree is the term applied to
lower concentrations of tomato paste (containing 8-24% natural tomato
soluble solids). Rather unfortunately, tomato puree in the United States
can also be called “tomato pulp” or, if it satisfies certain legislative criteria,
“concentrated tomato juice”.

In any case, the nutritional value of tomato products depends on
processing and storage conditions (Shi and Le Maguer 2000, Anese et al.
2002). Homogenization, heat treatment, and the incorporation of oil in
processed tomato products leads to increased lycopene bioavailability,
while some of the same processes cause significant loss of other nutrients.
Nutrient content is also affected by variety and maturity (Willcox et al.
2003). Special concerns arise in the case of juice or other tomato beverage
products because of the losses of vitamin C (Hayes et al. 1998).

MICRONUTRIENTS

The main micronutrients in tomato juice are vitamin C, total folate,
vitamin A, vitamin E, and potassium (Table 2). The primary contributors
to daily vitamin intake are fruit juices.

Vitamin C

A serving of about 243 g of tomato juice provides 44.5 mg of vitamin C
(Table 2, USDA 2006a). Vitamin C is particularly susceptible to destruction
by oxidation during processing and storage of tomato juice. For a long
time, vitamin C has been studied as a quality parameter in the processing
of tomato juice (Sidhu et al. 1975). It has been shown that the retention of
ascorbic acid by processed juices was 90.3% for juice made by cold
extraction and 93.7% for juice made by hot extraction, both using a screw-
type equipment, and 83.2% for juice made by cold extraction and 85.5% for
juice made by hot extraction, both using a superfine pulper with stainless
steel paddles and strainer. In this context, the effects of processing on the
quality attributes of tomato juice were studied, showing that ascorbic acid
was destroyed to a high extent during mechanical extraction for tomato
juice elaboration. In addition, there was a remarkable variation among
heat treatments in their effects on the quality components of tomato juice
(Daood et al. 1990). In another study, the vitamin C content of different
tomato products (juice, baked tomatoes, sauce, and soup) decreased
during the thermal processing of tomatoes (Gahler at al. 2003). Sánchez-
Moreno et al. (2006a) found a mean value for ascorbic acid and vitamin C
of 17.9 ± 4.31 mg/100 mL and 20.0 ± 4.19 mg/100 mL, respectively, in
different commercial tomato juices analyzed. The authors showed that the
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Table 2 Nutritional composition of tomato juice (micronutrients—vitamins and minerals).

Micronutrients Units Values per 100 g Values per 243 g

Vitamins
Vitamin C, total ascorbic acid mg 18.3 44.5
Thiamin mg 0.047 0.114
Riboflavin mg 0.031 0.075
Niacin mg 0.673 1.635
Pantothenic acid mg 0.250 0.608
Vitamin B6 mg 0.111 0.270
Folate, total mcg 20 49
Vitamin A, IU IU 450 1094
Vitamin A, RAE mcg RAE 23 56
Vitamin E (alpha-tocopherol) mg 0.32 0.78
Vitamin K (phylloquinone) mcg 2.3 5.6

Minerals
Calcium mg 10 24
Iron mg 0.43 1.04
Magnesium mg 11 27
Phosphorus mg 18 44
Potassium mg 229 556
Sodium mg 10 24
Zinc mg 0.15 0.36
Copper mg 0.061 0.148
Manganese mg 0.070 0.170
Selenium mcg 0.3 0.7

Source: USDA 2006a.

stability of vitamin C was affected by the type of container (Table 3).
Podsêdek et al. (2003) showed variable contents of ascorbic acid in tomato
juices, varying from 0.69 mg/100 g to 26.87 mg/100 g of tomato juice.

Traditionally, foods have been preserved by using heat (commercial
sterilization, pasteurization and blanching), but the industry is developing
alternatives to the use of heat preservation. Recently, interest in non-
thermal food preservation technologies, such as high-pressure and pulsed
electric fields technologies, has increased appreciably in order to affect the
nutritional quality of the food as little as possible. In this context, vitamin
C was measured in tomato purees subjected to high-pressure (as
emerging, non-convectional, non-thermal or even new technology) and
traditional thermal technologies. In general, high-pressure and thermal
treatments showed a decrease in total vitamin C content (about 29%), with
no statistically significant differences among them. Although thermal
treatments were relatively short (30 s and 1 min), the temperature use for
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Table 3 Vitamin C content (mg/100 mL) of freshly made (A) and commercial traditional
pasteurized (B-G) tomato juices.a

Sample Ascorbic acid Total vitamin C

A 13.3 ± 0.13b 16.5 ± 0.81b
B 23.6 ± 1.03f 25.4 ± 1.74d
C 7.65 ± 0.15a 9.19 ± 0.52a
D 14.4 ± 0.47c 15.7 ± 0.36b
E 20.8 ± 0.22e 23.1 ± 0.65d
F 17.3 ± 0.40d 19.3 ± 0.60c
G 59.4 ± 0.71g 67.6 ± 4.55e

a Values are means ± standard deviation, n = 6. Means within a column with different letters are significantly
different at P < 0.05 (Sánchez-Moreno et al. 2006a).

the pasteurization (70ºC and 90ºC) could be responsible for the depletion
in vitamin C. This was in accordance with the large body of evidence
supporting vitamin C destruction in tomato products within this
temperature range. The authors also found depletion in vitamin C content
in the high-pressurized tomato puree, which could be due to the long
treatment time (15 min). No studies dealing with the effect on vitamin C in
tomato products preserved by high-pressure treatment were found in the
literature (Sánchez-Moreno et al. 2006b). Min et al. (2003) showed that
tomato juice processed by pulsed electric fields retained more ascorbic
acid than thermally processed (92ºC for 90 s) tomato juice stored at 4ºC for
42 d.

Vitamin A

According to the USDA National Database, 100 g of tomato juice has 450
IU of vitamin A. Vitamin A is provided from plant foods as carotenoids
that can be biologically transformed to active vitamin A (Rodríguez-
Amaya 1996). In a study in which commercial tomato juices were
nutritionally evaluated, the provitamin A b-carotene, and the vitamin A
value, ranged from 182 to 321 mg/100 mL and from 17.6 to 31.5 retinol
activity equivalents/100 mL, respectively. In freshly made tomato juice
these values were slightly higher (369 mg/100 mL and 32.8 RAE/100 mL,
respectively) (Sánchez-Moreno et al. 2006a).

Vitamin E

Vitamin E refers to a family of eight molecules having a chromanol ring,
four tocopherols (a -, b-, g-, and d-) and four tocotrienols (a -, b-, g-, and d-).
Vitamin E in tomatoes is predominantly represented by a-tocopherol, the



Tomatoes and Tomato Products240

content of which is 0.32 mg per 100 g in the case of tomato juice.
Homogenization and sterilization of tomatoes during production of
tomato juice resulted in significant losses of contents of a-tocopherol on
wet as well as dry weight bases (Seybold at al. 2004). The a-tocopherol
content for tomato juices from a local market in Poland was 1.60 mg/100 g
of tomato juice (Pods“dek et al. 2003).

B Vitamins

Cataldi et al. (2003) showed the content of flavins obtained for tomato
juice. They obtained a concentration for flavin mononucleotide (290.8
mg/L) relatively high compared with the mean values of flavin adenine
dinucleotide (15 mg/L) and riboflavin (137.3 mg/L).

Minerals

Tomato juice is a rich source of potassium. Glucose, fructose, citric and
malic acids and their potassium salts were shown to be the main taste-
active components of tomato juice (Salles et al. 2003).

BIOACTIVE CONSTITUENTS IN TOMATO

Tomatoes contain many bioactive components including carotenoids and
phenolic compounds (Table 4).

Table 4 Nutritional composition of tomato juice (bioactive compounds).

Bioactive compounds Units Values per 100 g Values per 243 g

Carotenoids
Carotene, beta mcg 270 656
Carotene, alpha mcg 0 0
Cryptoxanthin, beta mcg 0 0
Lycopene mcg 9037 21960
Lutein + zeaxanthin mcg 60 146
Phytoene mcg 1900 4617
Phytofluene mcg 830 2017

Polyphenols
Apigenin mg 0.00 0.00
Luteolin mg 0.00 0.00
Kaempferol mg 0.06 0.144
Myricetin mg 0.05 0.12
Quercetin mg 1.46 3.504

Source: USDA 2006a, b, Tonucci et al. 1995.
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Carotenoids

Tomatoes and tomato-based food products such as juice are the major
sources of lycopene (10.77 mg/100 g) and a number of other carotenoids,
such as phytoene (1.90 mg/100 g), phytofluene (0.83 mg/100 g),
z-carotene (0.18 mg/100 g), g-carotene (1.74 mg/100 g), b-carotene (0.27
mg/100 g), neurosporene (1.23 mg/100 g), and lutein (0.06 mg/100 g)
(Khachik et al. 2002) (Fig. 1).

Fig. 1 Chemical structures of carotenoids in tomatoes and tomato-based food products
(Khachik et al. 2002).
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 Pods“dek et al. (2003) found a mean carotenoid content in tomato juices
from Poland of 5.67 mg/100 g; Markovic et al. (2006) reported a lycopene
content of 20.10 ± 13.83 mg/100 g wet weight for tomato juice commonly
consumed in Croatia. The distribution of lycopene and related carotenoids
in tomatoes and tomato-based food products has been determined by
extraction and high-performance liquid chromatography-UV/visible
photodiode array detection. In this context, Lin and Chen (2003) identified
and quantified 16 carotenoids, including all-trans-lutein, all-trans-b-
carotene, all-trans-lycopene and their 13 cis isomers. Of the various
extraction solvent systems, the best extraction efficiency of carotenoids in
tomato juice was achieved by employing ethanol-hexane (4:3, v/v).
Lycopene was found to be present in largest amounts in tomato juice,
followed by b-carotene and lutein. Recently, the profile of these
biomolecules was characterized by application of high-resolution
multidimensional nuclear magnetic resonance techniques using a
cryogenic probe, allowing the rapid identification of (all-E)-, (5Z)-, (9Z)-,
and (13Z)-lycopene isomers and other carotenoids such as (all-E)-b-
carotene and (15Z)-phytoene with minimal purification procedures
(Tiziani et al. 2006).

The carotenoid profile in tomato products depends on tomato variety
as well as the thermal conditions used in processing and storage. Lin and
Chen (2005a) showed that 16 carotenoids, including all-trans plus cis forms
of lutein, lycopene and b-carotene, were present in tomato juice. Most cis
isomers of carotenoids showed inconsistent change during heating. The
high-temperature, short-duration treatment generated the highest yield of
all-trans plus cis forms of lutein and lycopene, followed by heating at 90°C
for 5 min and heating in water at 100°C for 30 min. Only a minor change in
b-carotene was observed for these heating treatments. On the other hand,
Lin and Chen (2005b) showed that the higher the tomato juice storage
temperature, the greater are the losses of all-trans plus cis forms of lutein,
b-carotene and lycopene during illumination. All-trans-lycopene showed
the highest degradation loss, followed by all-trans-b-carotene and all-
trans-lutein. More cis-isomers of lycopene than lutein or b-carotene were
generated during storage. However, the type of major isomers formed
may be inconsistent, depending on storage conditions. In a study in which
tomato juice was produced under industrial-like conditions, on wet as
well as dry bases, contents of (E)-lycopene and (E)-b-carotene significantly
decreased following homogenization (Seybold et al. 2004). In contrast, no
consistent changes in lycopene levels were observed as fresh tomatoes
were processed into hot break juice, but statistically significant decreases
in lycopene levels of 9-28% occurred as the tomatoes were processed into
paste (Takeoka et al. 2001). Moreover, the effect of microwave processing
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on the nutritional characteristics of tomato juice was investigated and
compared with conventional extraction methods such as hot break and
cold break extraction. The authors showed that microwave-processed
juice had low electrolytes, high viscosity and high retention of ascorbic
acid, total carotenoids and lycopene contents compared to conventionally
processed tomato juice (Kaur et al. 1999). Generally, studies on carotenoid
content of tomato juices have not systematically followed changes
throughout processing. In some cases it is not known whether observed
changes are due to improved extraction during the processing or to the
effects of the heat treatment.

In another study, commercial conventional thermal pasteurized tomato
juices were nutritionally evaluated, at the same point in their commercial
shelf life, for their carotenoid contents. Higher lycopene epoxide,
lycopene, g-carotene, b-carotene contents, and vitamin A values were
found in those juices obtained from a concentrated tomato source,
suggesting structural changes in the tomato tissue due to the
concentration process (Sánchez-Moreno et al. 2006a) (Table 5).

The same authors compared the impact of high-pressure (emerging
technology) and low pasteurization, high pasteurization, freezing, and
high pasteurization plus freezing (traditional thermal technologies) on
carotenoids of tomato puree. Individual and total carotenoids, and
provitamin A carotenoids, were significantly higher in high-pressurized
tomato puree than in the untreated and other treated tomato purees
(Sánchez-Moreno et al. 2006b). It has been reported that high-pressure
treatment can affect the membranes in vegetable cells (Smelt 1998). In
addition, carotenoids are tightly bound to macromolecules, in particular to
protein and membrane lipids, and high-pressure processing is known to
affect macromolecular structures such as proteins and polymer
carbohydrates (Butz and Tauscher 2002). In this context, in a study
designed to investigate the effect of combined treatments of high-pressure
and natural additives (citric acid and sodium chloride) on carotenoid
extractability and antioxidant activities of tomato puree, the carotenoid
extractability was at a maximum when tomato puree was subjected to
pressures from 200 to 400 MPa, and without additives (Sánchez-Moreno et
al. 2004). In contrast, Fernández-García et al. (2001) did not observe effect
of pressurization in the concentration of lycopene and b-carotene,
extracted with tetrahydrofuran, but lower recovery of carotenoids with
petroleum ether suggested structural changes in the tomato pulp tissue
due to processing.
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Table 5 Carotenoid content and vitamin A value (RAE/100 mL) of freshly made (A) and commercial traditional pasteurized (B-G) tomato juices.a

Sample Lutein Lycopene epoxide Lycopene g-Carotene b-Carotene Total carotenoids Vitamin A

A 29.4 ± 4.31a 53.2 ± 5.02a 1024 ± 98.3a 48.3 ± 4.23a 369 ± 20.0d 1524 ± 160.3a 32.8 ± 3.02d

B 33.6 ± 1.96a 78.7 ± 4.30a 2129 ± 270b 56.4 ± 5.95a 182 ± 8.79a 2480 ± 272b 17.6 ± 0.72a

C 70.3 ± 5.29cd 136 ± 19.4c 2449 ± 284bc 103 ± 16.1cd 265 ± 40.0b 3023 ± 221c 26.4 ± 3.94bc

D 51.2 ± 7.98b 183 ± 23.0d 2930 ± 297d 109 ± 16.0d 314 ± 38.4bc 3587 ± 309d 30.7 ± 3.19cd

E 61.3 ± 4.17c 133 ± 22.4bc 2544 ± 260c 101 ± 9.00cd 290 ± 40.2bc 3129 ± 187c 28.4 ± 3.69bcd

F 70.6 ± 10.09d 108 ± 21.9b 2369 ± 189bc 85.6 ± 7.49bc 265 ± 25.5b 2899 ± 249c 25.7 ± 2.39b

G 64.2 ± 4.49cd 155 ± 12.8c 3435 ± 226e 115 ± 5.47d 321 ± 14.4c 4090 ± 232e 31.5 ± 1.42d

a Values are means ± standard deviation, n = 6. Means within a column with different letters are significantly different at P < 0.05 (Sánchez-Moreno et al. 2006a).
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Polyphenols

Among phenolic compounds, tomatoes contain, primarily as conjugates,
the flavonoids quercetin and kaempferol. Tomato juice was found to be a
rich source of flavonols with total flavonol contents of 15.2-16.9 µg/mL
(Stewart et al. 2000). In contrast to tomato fruit, which contains almost
exclusively conjugated quercetin, up to 30% of the quercetin in processed
produce was in the free form. These authors did not observed the
hydrolysis of flavonol conjugates during cooking of tomatoes, so the
accumulation of quercetin in juices, puree, and paste may be a
consequence of enzymatic hydrolysis of rutin and other quercetin
conjugates during pasteurization and processing (Stewart et al. 2000). The
authors suggest that the concentration of flavonols in tomato juice is likely
to depend on the extraction of flavonols from the skin into the juice during
initial processing, which often involves heating, and also on the amount of
skin remaining in the tomato juice following filtration. TokuÕo™lu et al.
(2003) found a content of 17.6 mg/L of quercetin in tomato juice. Volikakis
and Efstathiou (2005) found 17 mg/L of quercetin in tomato juice
quantified as quercetin equivalents (quercetin + 1.06[kaempferol] + 1.37
[myricetin]). Hertog et al. (1993) reported that tomato juice contains
13 mg/L quercetin. Stewart et al. (2000) reported that two different types
of tomato juice (commercial composite) contained 14.4 and 16.2 µg/mL
quercetin. TokuÕo—lu et al. (2003) found kaempferol levels in fresh
tomatoes (0.2-0.6 mg/kg) similar to that in tomato juice (1.7 mg/L) and
tomato salsa (0.9-1.1 mg/kg). In this context, Stewart et al. (2000) found
that tomato juice contained 0.7-0.8 µg/mL kaempferol after hydrolysis.
Regarding myricetin content, both TokuÕo—lu et al. (2003) and Hertog et al.
(1993) found less than 0.5 mg/L in tomato juice. Pods“dek et al. (2003)
reported a mean total polyphenol content of 36.77 mg/100 g of tomato
juice.

Other Bioactive Compounds

Plant sterols occur both as free sterols and as bound conjugates, i.e., fatty
acid esters (mainly C16 and C18 fatty acids), esters of phenolic acids,
glycosides (most commonly with b-D-glucose) and acylated glycosides
(esterified at the 6-hydroxy group of the sugar moiety). The plant sterol
content in a given plant may depend on many factors, such as genetic
background, growing conditions, tissue maturity and post-harvest
changes. Piironen et al. (2003) showed that the total plant sterol content in
cucumber, potted lettuce, onion, potato and tomato was < 100 mg/kg, but
no data have been found regarding sterol content in tomato juice.
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HEALTH-RELATED PROPERTIES

In vitro Antioxidant Aspects

Antioxidant can neutralize free radicals, which cause oxidative damage to
biological molecules, especially to lipids, proteins, and nucleic acids.
Vitamins C and E, carotenoids, and polyphenols are the major antioxidant
compounds of fruits and vegetables. Tomato juice is rich in these
micronutrients and bioactive compounds with antioxidant properties.
There are several studies describing the antioxidative activity of tomato
juice. The trolox equivalent antioxidant capacity (TEAC) was evaluated in
tomato juice, along with other lycopene-containing foods, showing that
the foods with the highest antioxidant capacity per serving did not have
the highest lycopene levels (Djuric and Powell 2001). Pods“dek et al. (2003)
reported that the average antioxidative capacities of hydrophilic fractions
by the 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
method were 1.40 µmol TEAC/g for tomato juices. Mean values for
lipophilic fractions were 0.31 µmol TEAC/g for tomato juices. The authors
concluded that the higher activity of hydrophilic fraction could be due to
high antioxidant content and/or high antioxidative activity of
polyphenols. In addition, Sánchez-Moreno et al. (2006a) reported that
radical-scavenging capacity (by the 2,2-diphenyl-1-picrylhydrazyl
(DPPH) method) was higher in the aqueous fractions than in the organic
fractions of tomato juices. Vitamin C was mainly responsible for the
radical-scavenging capacity of the aqueous tomato juice fractions, whereas
lutein and lycopene were the carotenoids responsible, not only for the EC50
(amount of antioxidant necessary to decrease by 50% the initial DPPH
concentration) but also for the kinetic of the DPPH changes of the organic
tomato juice fractions. The antioxidant capacity of tomato juice had been
also analyzed by the oxygen radical absorbance capacity (ORAC) assay. In
this study, among the commercial fruit juices, grape juice had the highest
ORAC activity, followed by grapefruit juice, tomato juice, orange juice,
and apple juice (Wang et al. 1996). Common European fruit and vegetable
juices were also evaluated according to their scavenging capacity against
three reactive oxygen species, peroxyl and hydroxyl radicals and
peroxynitrite. Nearly all juices (apple, beetroot, blueberry, carrot,
elderberry, lemon, lingonberry, orange, pink grapefruit, sauerkraut, and
tomato) were most efficient against peroxyl radicals; a much smaller
number were efficient against peroxynitrite, and even fewer were efficient
against hydroxyl radicals (Lichtenthaler and Marx 2005).

Naturally occurring antioxidants could be significantly lost as a
consequence of processing and storage. In particular, thermal treatments
are believed to be the main cause of the depletion in natural antioxidants.
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Therefore, considering the role of these compounds as health-promoting
factors, the original antioxidant properties of raw foods should be
maintained through the use of optimized food processing conditions. In
this context, the changes in the antioxidant properties (chain breaking and
oxygen scavenging activities) of tomato juices as a consequence of heat
treatments were studied. The results showed that heating caused an
increase in the overall antioxidant potential of the tomato juice, as a
consequence of the formation of melanoidins during the advanced steps of
the Maillard reaction. However, short heat treatment promoted an initial
reduction in the original antioxidant potential, suggesting that
compounds with pro-oxidant properties were formed during the early
stages of the Maillard reaction (Anese et al. 1999). Gahler et al. (2003)
studied changes in the antioxidant capacity by processing tomatoes into
different products. The hydrophilic antioxidant capacity was measured by
three different methods: TEAC assay, ferric reducing antioxidant power
(FRAP) test, and the photochemiluminescence assay (PCL). A significant
increase (FRAP and PCL) resulted only after the homogenization step.
Sterilization and bottling led to decreases in antioxidant capacity. The
authors suggested that this decrease might be based on the interaction of
the juice with oxygen during the processing (Gahlet et al. 2003).

Fernández-García et al. (2001) found that the high-pressure processing
of tomato homogenate did not lead to changes in the antioxidant activity,
by means of the radical cation assay, within the water-soluble fraction;
however, during cold storage it exceeded that of the controls, which could
be due to pressure-induced changes in enzyme activity. When the impact
of high pressure (emerging technology) was compared with that of low
pasteurization, high pasteurization, freezing, and high pasteurization
plus freezing (traditional thermal technologies) on radical scavenging
activity of tomato puree, no significant differences were found among
high-pressurized, low pasteurized, high pasteurized, and high
pasteurized plus frozen tomato purees. In the study, an inverse significant
correlation between the ascorbic acid content and the total carotenoid
content was found in the different processed tomato purees, suggesting a
protecting effect of the hydrophilic component ascorbic acid over the
lipophilic components during processing (Sánchez-Moreno et al. 2006b).

It is worthy to mention some studies in which the tomato juice was
functionalized by adding vegetable byproduct extracts (Larrosa et al.
2002) or synthesized hydroxytyrosol (Larrosa et al. 2003). In these two
studies, the antioxidant activity of functional tomato juice significantly
increased over control juice according to a set of in vitro antioxidant assays
(i.e., inhibition of lipid peroxidation determined by the ferric thiocyanate
method and scavenging of both ABTS and DPPH free radicals). More
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recently, tomato juice had been functionalized with soy with the idea that
a soy-enhanced tomato juice could potentially deliver several health
benefits as a result of a synergistic effect arising from combining soy
isoflavones and tomato lycopene (Goerlitz and Delwiche 2004, Tiziani and
Vodovotz 2005).

Cardiovascular Disease and Cancer Prevention

Among bioactive components in tomatoes, lycopene (the main
carotenoid) is often assumed to be responsible for the positive health
effects seen with increased intake of tomato and tomato products. The
antioxidant effect of lycopene is potentially beneficial in prevention of
cardiovascular disease (Arab and Steck 2000). In addition, it has been
suggested that increased plasma concentrations of lycopene are associated
with a decreased risk of prostate cancer (Giovannucci 2002). In this regard,
lycopene and tomato products such as juice could possibly reduce the
disease development by reducing oxidant status and inflammation,
inhibiting cholesterol synthesis, improving immune function, or acting as
chemopreventive agent.

Epidemiological Evidence

Some epidemiological studies have reported an inverse association
between consumption of tomato juice or tomato products and prevention
of cardiovascular disease. A prospective cohort of 39,876 middle-aged and
older women initially free of cardiovascular disease and cancer were
enrolled in a study designed to determine whether the intake of lycopene
or tomato-based products was associated with the risk of cardiovascular
disease. Although the authors found no association between total dietary
lycopene intake and the risk of cardiovascular disease in women, there
was evidence that overall intake of tomato-based products may be
associated with a reduced risk of cardiovascular disease (Sesso et al. 2003).
Lycopene accounts for about ~50% of the carotenoids found in human
blood. It is believed that the major dietary sources of lycopene are
tomatoes and tomato products (Mangels et al. 1993, Scott et al. 1996).
However, tomatoes and tomato products vary in their lycopene
bioavailability, depending on whether they are processed, consumed raw,
or cooked (Stahl and Sies 1992). In the over 521,000 subjects who
volunteered to participate in a study by the European Prospective
Investigation into Cancer and Nutrition (EPIC), the consumption of
tomatoes (raw and cooked) and tomato products (sauces, pastes, ketchup)
was measured with country-specific dietary questionnaires across 10
countries (Denmark, France, Germany, Greece, Norway, Italy, Spain,
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Sweden, the Netherlands, and the United Kingdom). The authors found
that the Greek EPIC cohort had one of the highest intakes of tomato and
tomato products in this study. However, the correlation of plasma
lycopene with the Mediterranean diet score in the EPIC Cross-Sectional
Study was determined to be weak in most EPIC regions (Jenab et al. 2005).
In the Health Professionals Follow-Up Study, an intake of two or more
servings a week of tomato products (including tomatoes, tomato sauce,
tomato juice, pizza, salsa, taco sauce, and ketchup) resulted in a lower risk
of prostate cancer (Giovannucci et al. 2002). In general, future
epidemiologic studies should examine populations with relatively high
intakes of tomato products, be sufficiently large to evaluate moderate
relative risks, and examine a wide range of age populations.

Experimental Evidence—Intervention Studies

There are several human intervention studies dealing with the plasma
carotenoid response to the intake of selected foods, such as tomato juice
(Micozzi et al. 1992, Stahl and Sies 1992, Paetau et al. 1998, 1999, Muller et
al. 1999, Hadley et al. 2003, Allen et al. 2003, Cohn et al. 2004, Porrini et al.
2005, Frohlich et al. 2006). In all these studies, healthy subjects consumed
realistic amounts of tomato juice during intervention periods ranging
from 15 d to 6 wk. In general, the subjects involved in these studies
showed increased concentrations of plasma carotenoids after the
intervention periods, and changes in plasma carotenoid concentrations
occurred rapidly with variation in dietary intake.

Carotenoids such as lycopene are highly lipophilic and are commonly
found within cell membranes and other lipid components. It is therefore
thought that the ability of carotenoids to scavenge free radicals may be
greatest in a lipophilic environment. Studies that support the in vivo
oxidation of LDL contribute to the hypothesis that dietary components
may be important for LDL oxidative modification. In this context, Oshima
et al. (1996) found that the LDLs from a healthy volunteer following a
long-term supplementation with tomato juice accumulated cholesteryl
eter hydroperoxides more slowly than the LDL prepared before
supplementation when the suspensions containing these LDLs were
subjected to a singlet oxygen-generating system. A study was undertaken
to investigate the effect of dietary supplementation of lycopene on LDL
oxidation in 19 healthy human subjects. Dietary lycopene was provided
using tomato juice, spaghetti sauce, and tomato oleoresin for 1 wk each.
Dietary supplementation of lycopene significantly increased serum
lycopene levels by at least 2-fold. Although there was no change in serum
cholesterol levels (total, LDL, or high-density lipoprotein), serum lipid
peroxidation and LDL oxidation were significantly decreased (Agarwal
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and Rao 1998). Another study concluded that the fact that the 3- to 6-fold
enrichments of LDL with b-carotene achieved by dietary supplementation
of healthy humans with tomato juice were more effective in inhibiting
oxidation than the 11- to 12-fold enrichments achieved by an in vitro
method suggested that dietary supplementation is a more appropriate
procedure for studies involving the enrichment of lipoprotein with
carotenoids (Dugas et al. 1999). There are also studies measuring the LDL
oxidation in response to dietary intervention with tomato juice in different
patients. Sutherland et al. (1999) found that increased oxidative stress and
susceptibility of LDL to oxidation may not be reduced by increasing
plasma lycopene levels with regular consumption of tomato juice for 4 wk
in 15 patients with a kidney graft. This same research group found that
consumption of commercial tomato juice for 4 wk increased plasma
lycopene levels and the intrinsic resistance of LDL to oxidation almost as
effectively as supplementation with high dose of vitamin E, which also
decreased plasma levels of C-reactive protein, a risk factor for myocardial
infarction, in 57 patients with diabetes (Upritchard et al. 2000). The effects
of tomato juice supplementation on the carotenoid concentration in
lipoprotein fractions and the oxidative susceptibility of LDL were also
investigated in 31 healthy Japanese female students. The authors conclude
that a-tocopherol was the major determinant in protecting LDL from
oxidation, while lycopene from tomato juice supplementation may
contribute to protect phospholipids in LDL from oxidation (Maruyama et
al. 2001). A more recent study designed to evaluate in 17 healthy subjects
the effects of a long-term tomato-rich diet, consisting of various processed
tomato products, on bioavailability and antioxidant properties of lycopene
concluded that at the end of the treatment (4 wk), serum lycopene level
and total antioxidant potential increased significantly, and lipid and
protein oxidation was reduced significantly (Rao 2004).

As a conclusion from these studies it could be stated that the reduced
susceptibility of lipoproteins from subjects fed a carotenoid-rich tomato
product diet to ex vivo oxidative stress suggests a protective effect against
oxidative stress in vivo.

In addition to the oxidative modification of LDL, considered to play an
important role in the pathogenesis of atherosclerosis, lipid oxidation
products are involved in the formation of mutagenic DNA adducts, which
may contribute to carcinogenesis. Moreover, it has been suggested that the
antioxidant and anti-inflammatory properties of some phytochemicals,
such as carotenoids and tocopherols present in tomato juice, may be
responsible for the anticancer effects of diets rich in fruits and vegetables.
In consequence, there are cellular and animal studies (Okajima et al. 1998,
Balestrieri et al. 2004, Cetin et al. 2006, Kasagi et al. 2006) and several
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human intervention studies evaluating the effect of tomato juice on total
antioxidant capacity of plasma, markers of inflammation,
immunomodulation, oxidative stress, and DNA damage (PoolZobel et al.
1997, Rao and Agarwal 1998, Steinberg and Chait 1998, Bohm and Bitsch
1999, Watzl et al. 1999, 2000, 2003, Bub et al. 2000, 2002, Durak et al. 2003,
Briviba et al. 2004, Tyssandier et al. 2004, Aust et al. 2005, Porrini et al.
2005, Madrid et al. 2006, Riso et al. 2006a, b).

These studies suggest that tomato juice can significantly modulate
carotenoid levels in the bloodstream. In addition, they imply that
consumption of tomato juice may provide protection from in vivo
oxidative damage.

In conclusion, tomatoes and tomato products such as tomato juice are
an important source of micronutrients and some phytochemicals. Certain
carotenoids found in tomatoes and tomato products appear to be more
highly associated with potential health benefits. However, synergistic or
additive effects of several tomato micronutrients and phytochemicals may
mediate these findings. Therefore, future studies of tomato juice
micronutrients and bioactive components on bioavailability, metabolism,
and bioactivity will provide more insight into these potential health
benefits suggested by the epidemiological and experimental evidence.
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ABSTRACT
In 2004, initial research from the Swedish National Food Administration and
Stockholm University indicated that acrylamide formation is associated with
traditional high-temperature cooking processes for certain carbohydrate-rich
foods. Among the breadth of products consumed in the Mediterranean diet, the
tomato occupies a position of primary importance. Acrylamide levels in several
tomato sauces common in the Italian market were evaluated. The results
indicated that acrylamide values were < 50 mg/kg for simple tomato sauces and
< 103 mg/kg for tomato sauces containing seasoning ingredients: in practice the
previous published data were confirmed. These results confirm the safe use of
processed tomato derivatives. The data reported should not be considered
indicative of food product choices by consumers.

INTRODUCTION

Our previous studies have investigated the content of acrylamide in
tomato sauces, which were not mentioned in other studies, including one
by the US Food and Drug Administration (FDA 2006) examining
acrylamide contents in various foodstuffs. The aims of the FDA study were
to evaluate the health risks associated with acrylamide consumption
through food and to inform the public of progress in this area of research.
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Fig. 1 Acrylamide levels in different foods and food products from Norway, Sweden,
Switzerland, the United Kingdom, and the United States.

Preliminary data concerning acrylamide levels in different foods and
food products groups from Norway, Sweden, Switzerland, the United
Kingdom and the United States were reported in the Opinion of the
Scientific Committee on Food (European Commission 2002) (Fig. 1).

Table 1 reports minimum and maximum levels of acrylamide in various
product samples, deduced from data published by the US Food and Drug
Administration. Data corresponding to tomato sauces are not mentioned
in the list: gravies and seasonings reported cannot be identified as tomato
sauces.

The first data on acrylamide in tomato sauces from the Italian market
were reported by Tateo et al. (2007). In Table 2 are assembled results
derived from two papers by Tateo and Bononi (2003) and Tateo et al.
(2007): nine tomato sauces most commonly found on the Italian market
were considered. Tomato sauces containing various ingredients were

(*) and (**): less than 30 and 50 mg/kg
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Table 1 Acrylamide values in food product samples (minimum and maximum values deduced
from data collected by US Food and Drug Administration, Department of Health and Human
Services, from December 2002 to July 2006)

Min (mg/kg) Max (mg/kg)

Baby food < 10 130
Breads and bakery products < 10 364
Canned fruits and vegetables < 10 83
Cereals < 10 1057
Cookies < 20 955
Crackers 37 1540
Dairy < 10 43
Dried foods < 10 1184
French fries 20 1250
Frozen vegetables < 10
Fruit and vegetables products < 10 239
Gravies and seasonings < 10 151
Olives < 20 1925
Potato chips 117 2762
Snack foods (other than potato chips) < 20 1340

Table 2 Acrylamide levels in various food samples from the Italian market. Minimum and
maximum values deduced from data published by F. Tateo, M. Bononi and G. Andreoli, University
of Milano, Italy (Tateo and Bononi 2003, Tateo et al. 2007).

Min (mg/kg) Max (mg/kg)

Boiled rice < 50
Seasoned risotto < 50 113
Tomato sauces < 50
Various fast food (Italian market) < 50 150
Biscuits < 50 403
Homogenized meat < 50
Oven-baked foods 126 385
Snack foods < 50 148

analysed and the increase of acrylamide level was found to depend on the
use of other ingredients (such as olive and capers).

 This study considered a large number of tomato sauce samples
available on the Italian market. From a chemistry standpoint, Friedman
(2003) reported that acrylamide (Fig. 2) in food is largely derived from
heat-induced reactions between the amino group of the free amino acid
asparagine and the carbonyl group of reducing sugars such as glucose.
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Fig. 2 Molecular structure of acrylamide.

We examined the possibility of acrylamide formation during tomato
processing by applying an original method (Tateo and Bononi 2003) and a
modified method (Bononi et al. 2005). The aim of this research was to
determine whether transformation of the tomato by cooking or
concentration results in the production of detectable quantities of
acrylamide.

STUDY DESIGN

Chemicals and Equipment

Acrylamide (99+%) (catalogue number 14.866-0) was obtained from
Sigma Aldrich (Milan, Italy); n-hexane (98+%), 2-propanol (99.8%), and
anhydrous sodium sulphate were obtained from Merck (Darmstadt,
Germany).

The quantification of acrylamide levels in food was performed on a
Shimadzu 2010 GC (Shimadzu, Milan, Italy) coupled to a Shimadzu
QP2010 quadrupole MS (Shimadzu, Milan, Italy). The GC column was a
SupelcowaxTM-10 fused silica capillary column (30 m ¥ 0.25 mm i.d., 0.25
mm film thickness) (Supelco, Milan, Italy).

Analysis of Acrylamide by GC/MS

Approximately 10 g of homogenized sample was weighed and
dehydrated by adding 10-50 g of anhydrous sodium sulphate, depending
on the water content of the sample. Each sample was defatted with 80 mL
of hexane at room temperature, stirring for 30 min. Most of the solvent was
removed by Pasteur pipette, and the residual solvent was removed by
vacuum. A total of 100 mL 2-propanol was added to the defatted sample in
a sealed flask, and the mixture was stirred for 15 min and shaken for 1 min
in an ultrasonic bath. The 2-propanol phase was recovered by filtration
(~70 mL) and concentrated in a rotary evaporator to < 2 mL. The residue
was carefully transferred to a graduated vial, then diluted to 2 mL and fast
filtered. Using an autosampler, 1 mL of the sample was injected in splitless
mode (15 s), and then a splitting ratio of 1:20 was used.
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The temperature programme for the GC was as follows: isothermal for
1 min at 60°C, temperature increase at a rate of 5°C/min to 240°C, then
isothermal for 10 min. Analysis was performed using EI (70 eV) and
selected ion monitoring. The ions monitored for identification of the
analyte were m/z 55, 71, using m/z 71 for quantification.

Quantification was performed by comparison with a calibration curve
(150-1000 mg/L of standard acrylamide in 2-propanol) corresponding to
40 and 285 mg/kg if 70 mL of 2-propanol extract were concentrated.
Corrections for percentage recovery were required. Recovery tests were
repeatedly performed by quantification of acrylamide in fresh tomato
before and after the addition of acrylamide. Samples containing more than
400 mg/kg acrylamide were diluted up to a factor of two in the first
extraction step.

Samples

Twenty tomato sauces from the Italian market were analysed. Special
ingredients declared in labels for tomato sauces are listed in Table 3.

Table 3 Acrylamide levels in 20 tomato sauces from the Italian market.

Sample Product* Acrylamide level (mg/kg)

1. Peeled tomato GS < 50
2. Peeled tomato “Pomidori Pelati” Cirio < 50
3. Sauce “Verace” Cirio < 50
4. Sauce “Classica” Santa rosa Bertolli < 50
5. Sauce “Pummarò” Star < 50
6. Sauce “Ortolina” Rodolfi Mansueto < 50
7. Sauce Knorr with Bolognese meat spaghetti sauce  72
8. Sauce “Scarpariello” Voiello with sweet peppers  55
9. Sauce with basil “1” Althea < 50

10. Sauce GS with Arrabbiata hot pepper sauce < 50
11. Sauce Star with pesto and ricotta < 50
12. Sauce Star with Amatriciana pork bacon sauce  82
13. Sauce Bertolli Puttanesca with olives and marrows  103
14. Sauce Barilla with Bolognese meat spaghetti sauce  66
15. Sauce Barilla with Arrabbiata hot pepper sauce < 50
16. Sauce Coop < 50
17. Sauce Cordoro < 50
18. Tomato pulp Scelgobio < 50
19. Tomato pulp “PolpaPiù” Cirio < 50
20. Tomato pulp “1” Franzese < 50

* Tomato sauces most commonly found on the Italian market
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ACRYLAMIDE CONTENT IN TOMATO PRODUCTS

The acrylamide contents of the 20 tomato sauces most commonly found on
the Italian market are presented in Table 3. Acrylamide values were
< 50 mg/kg for simple tomato sauces and £ 103 mg/kg for tomato sauces
containing seasoning ingredients. The use of seasoning ingredients
(olives, capers, meat, olive oil, onion, dye, mushrooms) may increase the
acrylamide content as a consequence of cooking operations.

The highest acrylamide value reported for bread, the most common
product in the diet, is ~49 mg/kg (Tateo and Bononi 2003). The
consumption of tomato sauces in the diet is lower than that of bread, and
for this reason, quantification values < 50 mg/kg were not considered
significant.

The recovery data of the adopted analytical method and CV values
were reported in a previous study (Tateo et al. 2007).

The data reported here cover only a limited number of brands because
the aim of this work was to obtain exploratory data and not to allow
absolute comparisons or to generate statistical data representative of the
standard products. The same criterion was adopted by the FDA in its
study on acrylamide in food (FDA 2006).

It was clear from previous works that substantial acrylamide formation
did not result from heating tomatoes at moderate temperatures in the
presence of water for the purpose of concentration to produce tomato
sauce.

 Thus, the data reported in this note confirm the safe use of processed
tomato derivatives.

ABBREVIATIONS

FDA: Food and Drug Administration; GC: gas chromatograph; MS: mass
spectrometer; CV: coefficient of variation; i.d.: internal diameter; EI:
electronic impact
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ABSTRACT
Phytochemicals present in wild Lycopersicon taxa have been associated with
pest resistance. Secondary compounds from the leaves of the wild tomato
relatives L. hirsutum f. glabratum, L. hirsutum f. typicum, and L. pennellii
(Solanaceae) have been identified as methylketones (2-tridecanone, 2-
undecanone, 2-dodecanone, 2-pentadecanone), sesquiterpene hydrocarbons
(zingiberene and curcumene), and glucolipids (sugar esters), respectively. The
main constituents in crude extracts of tomato leaves were separated, purified,
and screened for their insecticidal/acaricidal activity. Methylketones provided a
strong insecticidal and acaricidal efficacy against the green peach aphid,
tobacco hornworm, tobacco budworm, Colorado potato beetle, whitefly, and
two-spotted spider mite. Two spider mite bioassays, one a measure of
antibiosis and the other a measure of repellency, were used to determine the
acaricidal performance of wild tomato leaf extracts. Wild tomato leaves
possess pest-resistance mechanisms associated with their glandular
trichomes and the exudates they produce. Type IV and type VI glandular
trichomes on the leaves of six wild tomato accessions of L. hirsutum f.
glabratum (PI 126449, PI 134417, PI 134418, PI 251304, PI 251305, and LA
407) were counted. Major chemical compounds from glandular leaf trichomes
of the accessions tested were quantified using gas chromatography (GC) and
mass spectrometry (GC/MS). The toxicity of two methylketones, 2-undecanone

13
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and 2-tridecanone—the major constituents of trichome secretions from the L.
glabratum accessions tested—to adults of the sweet potato whitefly, Bemisia
tabaci Gennadius, and fourth instar larvae of the Colorado potato beetle,
Leptinotarsa decemlineata Say, was determined using no-choice bioassays. 2-
undecanone caused 80% mortality of the fourth instar larvae of Colorado potato
beetle at the highest concentration tested (100 mg 2-undecanone mL–1 of
acetone), while 2-tridecanone caused 72% mortality of whiteflies at 20 mg 2-
tridecanone mL–1 of ethanol. The concentration of 2-undecanone was greatest
on the leaves of LA 407, and that of 2-tridecanone was greatest on PI 134417
compared to other accessions tested. Density of type VI trichomes varied
among accessions and among sampling seasons. PI 134417 and LA 407
produced the highest number of type VI trichomes during the month of June.
The two accessions of L. pennellii (PI 246502 and PI 414773) produced
considerable concentrations of glucolipids. The two wild tomato accessions of
L. hirsutum f. glabratum (PI 134417 and LA 407) are promising sources of 2-
tridecanone and 2-undecanone that may be used for control of many insects
and spider mites.

INTRODUCTION

Tomato, Lycopersicon esculentum Mill., is a well-known vegetable used
around the world. This cultivated species is highly variable, with fruit
ranging in diameter from 1.5 cm to more than 10 cm. Fruit color, when
ripe, is usually red, but some varieties have yellow or green fruit when
ripe. There are several undomesticated species of Lycopersicon, including
L. pimpinellifolium, L. hirsutum, L. pennellii, L. cheesmanii, and L. peruvianum.
Lycopersicon pimpinellifolium is the only undomesticated species that has
red fruit when ripe, but the fruit are very small, usually less than 1.5 cm in
diameter. All of the other undomesticated species also have small fruit.
However, the undomesticated species of Lycopersicon harbor a great deal
of genetic variability and have been studied extensively as sources of
genes for genetic improvement of tomato. The undomesticated (wild)
species have provided genes that confer resistance to disease, insects and
nematodes. Two of the wild species, L. hirsutum and L. pennellii, are
notably resistant to insects. In fact, resistance to more than 20 species of
arthropods has been reported to occur in the genus Lycopersicon (Table 1).
When mechanisms for arthropod resistance have been established, often
leaf trichomes have been implicated as causes of resistance. Seven types of
trichomes (leaf hairs) are generally recognized in Lycopersicon (Luckwill
1943). Of these seven types, the glanded Type IV and Type VI trichomes
have most often been associated with arthropod resistance. In fact, the
composition of trichome secretion can be very important with regard to
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Table 1 Economically important insect and spider mite pests of tomato to which tomato
breeders have successfully bred host-plant resistance.

Arthropod pest Common name Reference

Aculops lycopersici Tomato russet mite Kamau et al. 1992
Aphis gossypii Cotton aphid Williams et al. 1980
Bemisia argentifollii Silverleaf whitefly Heinz and Zalom 1995
Bemisia tabaci Tobacco whitefly Muigai et al. 2003,

Channarayappa et al. 1992
Epitrix hirtipennis Tobacco flea beetle Gentile and Stoner 1968
Frankliniella occidentalis Western flower thrips Krishna Kumar et al. 1995
Heliothis armigera Tomato fruitworm Kashyap and Verma 1986
Heliothis zea Tomato fruitworm Fery and Cuthbert 1974,

Cosenza and Green 1979
Keiferia lycopersicella Tomato pinworm Schuster 1977,

Lin and Trumble 1986
Leptinotarsa decemlineata Colorado potato beetle Schalk and Stoner 1976
Liriomyza sativae Vegetable leafminer Webb et al. 1971
Liriomyza trifolii American serpentine Bethke et al. 1987

leafminer
Macrosiphum euphorbiae Potato aphid Stoner et al. 1968,

Quiros et al. 1977
Manduca sexta Tomato hornworm Kennedy and Henderson 1978
Neoleucinodes elegantalis Tomato fruit borer Salinas et al. 1993
Phthorimaea operculella Potato moth Juvik et al. 1982
Plusia chalcites Tomato looper Juvik et al. 1982
Spodoptera eridania Southern armyworm Schuster 1977
Spodoptera exigua Beet armyworm Juvik et al. 1982,

Eigenbrode and Trumble 1993
Spodoptera littoralis Egyptian cotton leaf worm Juvik et al. 1982
Tetranychus cinnabarinus Carmine spider mite Stoner and Stringfellow 1967
Tetranychus marianae Mariana mite Wolfenbarger 1965
Tetranychus urticae Two-spotted spider mite Gilbert et al. 1966,

Aina et al. 1972
Trialeurodes vaporariorum Greenhouse whitefly Ponti et al. 1980
Tuta absoluta Tomato leafminer Azevedo et al. 2003

arthropod resistance. Some secretions from wild tomato are toxic to
arthropods, and others are repellent. Chemical composition can vary
widely, from straight chain methylketones in certain lines of L. hirsutum f.
glabratum to sesquiterpene hydrocarbons in lines of L. hirsutum f. typicum.
The sesquiterpenes, depending on the particular line or accession of L.
hirsutum, are structurally diverse. Methylketones and sesquiterpenoids
are not the only components of trichome secretions in the wild species of
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Lycopersicon. Trichome secretions on L. pennellii are often composed of
acylated sugars (glucolipids), usually glucose and/or sucrose. Depending
on the particular accession, however, the composition of the acyl sugar can
vary with regard to the chain length and branching of the acyl group, as
well as the sugar. While both L. hirsutum and L. pennellii are known for
insect resistance, they are also known to produce a wide array of
compounds in their trichome secretions that may be useful as botanical
pesticides.

Insects and spider mites have developed resistance to many, in some
cases all, of the synthetic insecticides used for their control. Insecticides
and acaricides from wild tomato leaves may offer a partial solution as
substitutes for synthetic pesticides, particularly when two or more active
components are combined. Combination of more than one active
ingredient in one formulation of botanical insecticides has the advantage
of providing novel modes of action against a wide variety of insects. The
risk of cross resistance will be reduced because insects will have difficulty
adapting to a diverse group of bioactive compounds. Fewer pesticide
applications will be required, with a significant saving for growers and
farmers with limited resources.

This investigation is an approach to develop a new insecticide/
acaricide from wild tomato leaves. While significant research effort is
currently directed toward biological and cultural control strategies against
agricultural pests, the application of synthetic pesticides remains an
essential activity in many production systems. Pesticide resistance is
increasing and the development and registration rate of new pest control
chemicals on vegetable “minor crops” is low compared to pesticides used
for large-acreage crops. New approaches to these problems are needed.

One way to protect crops is host-plant resistance. Plant resistance to
insects enables a plant to avoid, tolerate, or recover from the injurious
effects of insect feeding. Most commercial tomato varieties are susceptible
to infestation by several insects (Antonious et al. 1999) and spider mites.
As long as yields are comparable, the three advantages of controlling
insects by resistant varieties are (1) little or no expense to the grower, (2)
reduced chance for adverse environmental impacts from pesticide
residue, and (3) reduced probability of toxic residues on the crop reaching
the consumer. The elimination of even one spray application per season
can mean a significant saving to the grower.

Because of the inherent toxicity of most existing synthetic pesticides to
non-target organisms and because of their persistence in the environment
(Antonious 2003, 2004a), there is increasing pressure on the agricultural
industry to find more acceptable pest control alternatives to synthetic
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pesticides. In addition, some of the commonly used insecticides on
vegetable crops either break down to more toxic metabolites (Antonious
and Snyder 1994, Antonious 1995) or have other serious environmental
effects (Antonious and Byers 1997, Antonious 1999, 2003, Antonious and
Patterson 2005). Concerns about pesticide safety usually involve two
sides, the environment and the end-user. To protect the environment, the
general trend is to use reduced levels of active ingredients. This trend
creates a need for pesticide formulations with improved efficacy at low
application rates. To protect the end-user, environmentally safe
formulations that eliminate organic solvent-based formulations are
needed. The focus of this investigation is the development of an efficient
natural product with low mammalian toxicity and little or no impact on
environmental quality for use against vegetable pests that have gained
resistance against many classes of insecticides.

The two-spotted spider mite, Tetranychus urticae Koch, is a well-known
herbivorous pest of domestic tomato and many other crops. Often, mite-
susceptible crops must be protected with synthetic acaricides during the
hot and dry seasons that favor severe outbreaks of spider mites. Many
studies have indicated the potential ecological damage due to the
widespread use of synthetic pesticides (Sances et al. 1992, Antonious and
Snyder 1994, Antonious et al. 1998, Strang 1998). The US Food Quality
Protection Act in 1996 initiated a systematic effort to identify and reduce
potential risks posed by synthetic pesticides to safeguard public health.
Among the provisions of the Act is a requirement for the US
Environmental Protection Agency to reassess all synthetic pesticide
tolerances (9,700+) within 10 years of passage of the Act. Among those that
are significant to varying degrees to many vegetable growers are
azinphos-methyl (Guthion), chlopyrifos (Lorsban), phosmet (Imidan),
diazinon and malathion (Cythion) (Strang 1998). Some agrochemical
companies are already dropping organophosphorus insecticides and
shifting to pyrethroids (synthetic insecticides) and natural products.
However, in some specific situations replacements for pesticides that fall
into the range specified in the Act are not currently available.

The use of natural plant products for insect control (Xia and Johnson
1997, Pillmoor 1998, Rice et al. 1998, Antonious 2001a, b, Antonious et al.
2007) may impart a selective advantage to plants by inhibiting, repulsing,
and even killing non-adapted organisms that feed on or compete with the
plant. Production of toxic chemical compounds against insects is one
method by which wild tomato trichomes (leaf hairs) can impart resistance
against insects. Research on the wild tomato L. hirsutum f. glabratum has
demonstrated that glandular trichomes and the exudates they produce
contribute to host resistance to insects (Xia and Johnson 1997, Eigenbrode
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et al. 1996, Guo et al. 1993). However, introgression of host-plant
resistance from L. hirsutum into commercially acceptable cultivars has not
been successful (Hartmann and St. Clair 1998). Although breeding has not
been successful, the observation that L. hirsutum plants are resistant to
herbivorous organisms makes glandular secreting trichomes of wild
tomato an attractive system for study of biopesticides that may have
activity against vegetable insects that have become resistant to all major
classes of modern synthetic insecticides. There appear to be no
environmental studies conducted with specific reference to the use of
methylketones, especially 2-tridecanone, on vegetables as an organic
insecticide. Four methylketones (2-undecanone, 2-dodecanone,
2-tridecanone, and 2-pentadecanone) were detected in L. hirsutum f.
glabratum accessions (PI 251304, PI 126449, PI 134417, PI 134418, and LA
407) (Antonious 2001a, Antonious et al. 2003, 2005).

Recent research on L. hirsutum f. glabratum (Fig. 1) has demonstrated
that their type VI glandular trichomes (Fig. 2) and the exudates they
produce contribute to insect resistance (Antonious et al. 2003). In addition
to methylketones, the sesquiterpene hydrocarbon zingiberene [5-(1,5-
dimethyl-4-hexenyl)-2-methyl-1,3-cyclohexadiene] has been associated
with resistance to the Colorado potato beetle (Leptinotarsa decemlineata
Say) (Carter et al. 1989) and the beet armyworm (Spodoptera exigua
Hübner) (Eigenbrode and Trumble 1993, Eigenbrode et al. 1996).
Curcumene, another sesquiterpene hydrocarbon found in some accessions
of L. hirsutum f. typicum Humb & Bonpl., has also shown insecticidal
efficacy (Agarwal et al. 2001). Lycopersicon hirsutum f. typicum plants were
highly resistant to the beet armyworm, as indicated by reduced survival
and growth on excised leaflets (Eigenbrode et al. 1996). Resistance to a
number of pests, including the carmine spider mite (T. cinnabarinus
Boisduval), two-spotted spider mite (T. urticae Koch), greenhouse whitefly
(Trialeurodes vaporariorum Westwood), cotton bollworm (Heliothis armigera
Hubner), cotton leaf worm (S. littoralis Boisduval), and potato aphid
(Macrosiphum euphorbiae Thomas), has been reported in L. pennellii (Fig. 3),
a wild relative of the cultivated tomato (Rodriguez et al. 1993), due to the
presence of viscous exudates (glucolipids) produced by their type IV
glandular trichomes (Figs. 4 and 5). Characterization of insecticidal
glucolipids has been reported (Chortyk et al. 1996, 1997, Xia et al. 1997).

Trichome-borne chemicals, such as the antibiotic 2-tridecanone and
repellent 2,3-dihydrofarnesoic acid in L. hirsutum plants, have been
associated with resistance of L. hirsutum plants to spider mites, T. urticae.
Resistance of L. hirsutum to the whitefly Bemisia argentifolii was reported
(Heinz and Zalom 1995, Muigai et al. 2003). Some accessions of L. hirsutum
f. typicum were highly resistant to the beet armyworm (S. exigua).
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Fig. 1 Leaves of the wild tomato Lycopersicon hirsutum f. glabratum grown at Kentucky State
University Research Farm (Franklin County, Kentucky, USA). PI 134417 is resistant to most
arthropods (insects and spider mites) because of the presence of type IV and type VI glandular
trichomes on the leaf surface.

Resistance to a number of pests, including the carmine spider mite
(T. cinnabarinus Boisduval), two-spotted spider mite (T. urticae Koch),
greenhouse whitefly (T. vaporariorum Westwood), cotton bollworm
(H. armigera Hubner), cotton leaf worm (S. littoralis Boisduval), and potato
aphid (M. euphorbiae Thomas), has been reported in L. pennellii (Corr.)
D’Arcy (Rodriguez et al. 1993), a wild relative of the cultivated tomato (L.
esculentum Mill.). Several active compounds such as sesquiterpene
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Fig. 2 Photomicrographs (400×) of type IV and type VI glandular trichomes on the leaves of
Lycopersicon hirsutum f. glabratum obtained by scanning electron microscopy.

Fig. 3 Leaves of the wild tomato Lycopersicon pennellii grown at Kentucky State University
Research Farm. PI 246502 is resistant to most arthropods (insects and spider mites) because of
the presence of type IV and type VI glandular trichomes on the leaf surface.
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Fig. 4 Photomicrographs (165×) of type IV and type VI glandular trichomes on the leaves of
Lycopersicon pennellii obtained by scanning electron microscopy. Resistance is due to
entrapment of the insects and spider mites in the viscous exudates of type IV glandular trichomes
on the leaf surface.

hydrocarbons, sesquiterpene acids, methylketones, and glucolipids
(sugar esters) in glandular trichomes of wild tomato contribute to
resistance by a variety of mechanisms including toxicity (Walters et al.
1990, Chatzivasileiadis and Sabelis 1997) and repellency (Walters et al.
1990, Snyder et al. 1993, Chatzivasileiadis and Sabelis 1997, Antonious
and Snyder 2006). The purpose of the following is to explore the
possibility of developing biopesticides from wild tomatoes. Bioactivity
and production of extracts and development of formulations are all
aspects of this development.

CRUDE EXTRACTS FROM WILD TOMATO LEAVES—
METHODS

Seeds of wild tomato accessions were obtained from the USDA/ARS,
Plant Genetic Resources Unit, Cornell University Geneva, New York
(USA). Seeds of L. esculentum cv. Fabulous (included as control) were
obtained from Holmes Seed Co. (Canton, Ohio, USA). Wild tomato plants
studied included six accessions of L. hirsutum f. glabratum (PI 126449, PI
134417, PI 134418, PI 251304, PI 251305, and LA 407), three accessions of L.
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Fig. 5 Structure of type VI glandular trichomes (containing 2-undecanone, 2-tridecanone, 2-
dodecanone, and 2-pentadecanone) on the leaves of wild tomato accessions PI-126449, PI-
134417, PI-134418, PI-251304, and LA 407) of Lycopersicon hirsutum f. glabratum (upper
structure) and structure of type IV glandular trichomes (containing glucolipids) on the leaves of L.
pennellii (lower structure). Note that type VI glandular trichomes are about 0.2 mm long, topped
by a nearly round cap of 0.04 mm radius, and a base of 0.01 mm radius.

hirsutum f. typicum (PI 127826, PI 127827, and PI 308182), two accessions of
L. pennellii (PI 246502 and PI 414773), and one domestic tomato, L.
esculentum cv. Fabulous. Seeds were germinated in the laboratory on
moistened filter paper in Petri dishes kept in the dark. After potted
seedlings attained six leaves, plants were transported into the greenhouse
and transplanted into 20 cm diameter plastic pots containing Pro-Mix
(Premier Horticultural Inc., Red Hill, Pennsylvania, USA) and grown
under natural day-length conditions with sodium lamps providing
additional photosynthetic photon flux of 110 mMoles s–1 m–1. Plants were
irrigated daily and fertilized twice a month with water containing 200
ppm of general purpose fertilizer with the elements N, P, and K (20:20:20).
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Average greenhouse temperature and relative humidity were 30 ± 4°C
and 50 ± 12% respectively. To obtain trichome counts newly mature leaves
free of visible defects were sampled. One leaflet from a leaf was used to
obtain adaxial trichome counts and the corresponding opposite leaflet was
used for abaxial counts. Only type VI trichomes were counted using a light
microscope (Antonious 2001a) at magnification of 100 ¥ (10 ¥ ocular and
10 ¥ objective). Three counts were made for each leaflet surface (within
interveinal areas) at the top, near the center, and at the bottom of each
leaflet.

Crude extracts of leaflets were prepared by shaking 5 g of leaflets of
each accession with chloroform for 10 min. Similar extracts were prepared
in n-hexane. The extracts were filtered through a Whatman 934-AH glass
microfiber filter of 55 mm diameter (Fisher Scientific, Pittsburg,
Pennsylvania). One µL of each extract was injected into a GC/MS for
quantification of methylketones. In addition, an aliquot was taken from
each extract for quantification of glucolipids (sugar esters). Quantification
of glucolipids was carried out by a colorimetric sugar assay (Moore and
Antonious 2003) to determine the amount of glucose released from the
sugar ester in each accession tested after hydrolyzing the ester using 0.4N
NaOH.

For bulk extraction of trichome contents, all leaves of five plants from
each accession of L. hirsutum f. glabratum were harvested and weighed. A
bulk crude extract of 2-undecanone and 2-tridecanone was prepared by
soaking leaves at the rate of 50 g of leaves per liter of water containing 3
mL of 2% Sur-Ten (sodium dioctyl sulfosuccinate), obtained from Aldrich
Chemical Company, Milwaukee, Wisconsin (USA). After continuous
manual shaking, portions of the mixture were filtered through a Whatman
934-AH glass microfiber filter and portions of the filtrate were partitioned
with 200 mL of n-hexane in a separatory funnel. The hexane layers were
combined and the solvent was evaporated to dryness using a rotary
vacuum evaporator (Buchi Rotavapor Model 461, Switzerland) at 35°C
followed by a gentle stream of nitrogen gas (N2) and a concentrated bulk
crude extract of wild tomato leaves was prepared. 2-undecanone and 2-
tridecanone in the wild tomato crude extracts were identified and
quantified on a Hewlett-Packard (HP) gas chromatograph (GC), model
5890 equipped with mass selective detector (HP 5971) and a HP 7673
automatic injector. The instrument was auto-tuned with
perfluorotributylamine at m/s 69, 219, and 502. The instrument detection
limit (the lowest concentration of 2-undecanone and 2-tridecanone that
the instrument can detect) was 12.5 ng of each compound using the total
ion mode. Electron impact mass spectra were obtained using an ionization
potential of 70 eV. The operating parameters of the GC were as follows:
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injector and detector temperatures 210 and 275°C, respectively. Oven
temperature was programmed from 70 to 230°C at the rate of 10°C min–1 (2
min initial hold). Injections on to the GC column were made in splitless
mode using a 4-mm ID single taper liner with deactivated wool. A 25 m ¥
0.2 mm ID capillary column containing 5% diphenyl and 95% dimethyl-
polysiloxane (HP-5 column) with 0.33 µm film thickness was used. Carrier
gas (He) flow rate was 5.2 mL min–1. Quantification was based on average
peak areas from two consecutive injections. Retention times of
2-undecanone and 2-tridecanone under these conditions were 11.39 and
14.57 min, respectively. Peak areas were determined on a HP Model 3396
Series II integrator. Area units were compared to an external standard
solution of 2-undecanone, 99% purity, and 2-tridecanone, 99% purity
(Aldrich Chemical Company). Linearity over the range of concentrations
was determined using regression analysis. The retention time and mass of
each methylketone isolated from L. hirsutum f. glabratum leaf samples (PI
251304, PI 126449, PI 134417, PI 134418, and LA 407) matched those of the
authentic standards. Detectability limits (minimum detectable quantity
(mg) divided by sample weight (g)) were similar for 2-undecanone and
2-tridecanone and averaged 0.013 mg g–1 fresh leaves using the conditions
described above.

TOXICITY OF WILD TOMATO LEAF EXTRACTS TO VEGETABLE
INSECTS

Our previous work on natural products indicated that wild tomato leaf
extracts could be explored as an alternative to synthetic pesticides. Three
methylketones (2-tridecanone, 2-dodecanone, and 2-undecanone) were
effective against the tobacco hornworm, Manduca sexta L. 2-tridecanone
was the most effective methylketone against tobacco hornworm and
tobacco budworm, H. virescens (LC50 of 0.015 mMoles cm–2) (Antonious et
al. 2003).

Two methyl ketones, 2-tridecanone and 2-dodecanone, were more
effective against the tobacco hornworm, M. sexta (LC50 of 0.015 and 0.028
mM ◊cm–2, respectively) than 2-undecanone (LC50 of 0.096) and
2-pentadecanone. 2-pentadecanone at the highest concentration tested
(5 mMoles/cm2) killed only 27% of the tobacco budworms, 15% of the
tobacco hornworms, 15% of the two-spotted spider mites, and none of the
green peach aphids (data not shown). It was found that 2-tridecanone was
the most effective methyl ketone against tobacco hornworm and
budworm (LC50 of 0.015 mM◊cm–2 of filter paper surface area) (Antonious
et al. 2003).
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2-tridecanone also was effective against adults of the green peach
aphid, Myzus persicae (LC50 of 0.07 m Moles cm–2), at a significantly lower
dose than 2-undecanone. Crude leaf extracts of L. hirsutum f. glabratum
Mull (accessions PI 134417, PI 134418, and PI 126449) were the most
effective against larvae of the two Lepidoptera species, tobacco hornworm
and tobacco budworm. The toxicity of two methylketones (2-undecanone
and 2-tridecanone), the major constituents of L. hirsutum f. glabratum
accessions tested, to adults of the sweet potato whitefly and fourth instar
larvae of the Colorado potato beetle (CPB) was determined using no-
choice bioassays. 2-undecanone caused 80% mortality of the fourth instar
larvae of the CPB at the highest concentration tested (100 mg
2-undecanone mL–1 of acetone), while 2-tridecanone caused 72% mortality
of whiteflies at 20 mg 2-tridecanone mL–1of ethanol (Antonious et al. 2005).
2-tridecanone, which has an herbaceous, spicy odor (Vernin et al. 1998),
was found toxic to a number of insect species by contact, ingestion, or
vapor action (Farrar et al. 1994, Muigai et al. 2002).

The CPB, L. decemlineata (Say), and the sweet potato whitefly, B. tabaci
(Gennadius), are two important global vegetable insects that have
developed resistance to many synthetic pesticides. The CPB can quickly
destroy a plant and has become the most destructive pest of potatoes
world-wide. It has become resistant to esfenvalerate, carbofuran,
phosmet, and endosulfan (Wyman et al. 1995, Sikinyi et al. 1997). Costs of
CPB control will continue to increase because most of the current
insecticides are no longer effective and newly developed products are up
to five times as costly (Grafius 1997).

Likewise, the sweet potato whitefly is a pervasive pest and vector of
plant viruses affecting food and industrial crops and has become a major
constraint to development in tropical and subtropical agriculture
(Morales 2001) and greenhouse production systems (Oliveira et al. 2001).
Historically, it has been difficult to control using conventional insecticides
in agronomic and horticultural production systems (Palumbo et al. 2001)
and has developed a high degree of resistance to several chemical classes
of insecticides, including organophosphates, carbamates, pyrethroids,
insect growth regulators and chlorinated hydrocarbons (Elbert and Nauen
2000).

Fourth instar larvae of the CPB were collected from unsprayed potato
plants (Solanum tuberosum L.) grown at Kentucky State University
Research Farm for bioassays. Beetles were subsequently stored at 10°C to
slow their development until needed. At testing, larvae were removed
from cold storage and warmed to room temperature. Fresh potato leaves
were provided daily to the larvae for 10 d before testing (Antonious et al.
1999). A series of glass Petri dishes (9 cm diameter by 2.2 cm depth) were
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prepared. A small piece of cotton soaked in distilled water was placed in
each plate to provide moisture. After 5 hr starvation, larvae (3 replicates of
10 larvae each) were placed in the dishes and offered 10 potato leaf disks
(2.5 cm diameter) treated by topical application with 60 mL of each of the
two methylketones (2-undecanone or 2-tridecanone) prepared in acetone.
The solvent was allowed to evaporate before the leaf disks were
introduced to the starved beetles. Disks treated with acetone only were
used as controls. The glass lid was then placed on the plate and the plates
were held for 8 hr at 20°C. After the exposure period, numbers of dead and
live larvae were recorded. Larvae were considered alive if they moved at
least one leg when probed. The test was replicated and four concentrations
(10, 25, 50, and 100 g mL–1 of acetone) of each of the two methylketones
were tested. Statistical comparisons were carried out using ProProbit
analysis (Sakuma 1998).

Adults of the sweet potato whitefly were obtained from a greenhouse
colony reared on a mixture of several vegetables (Simmons 1994). Plastic
Petri dishes (9 cm diameter by 2.2 cm depth) were used as test arenas. A
hole (about 0.5 cm2) was drilled into the cover of the dish to allow insertion
of the test insects. The bottom of the Petri dish was lined with two filter
papers (Whatman No. 3), which were moistened with deionized water. 2-
undecanone and 2-tridecanone solutions were prepared in 65% ethanol at
10, 15, and 20 mg mL–1 of ethanol. Leaves of commercial tomato plants, L.
esculentum (Mill) cv. Homestead, free of defects were obtained from the
greenhouse and examined to ensure the absence of whitefly eggs before
the assays were run. Both surfaces of each leaf were sprayed with one of
two methylketones applied at a distance of 20 cm using a Preval sprayer
(Precision Valve Corporation, Yonkers, New York) so that the spray
deposits on each leaf were uniform. Tomato leaves sprayed with 65%
ethanol only were used as controls. The leaves were held vertically with
forceps during spraying. They were allowed to air-dry and each was then
placed in a Petri dish. The dish was covered with the lid. One hundred
adult female whiteflies were placed into each dish via the entrance hole in
the lid, and the hole was plugged with a cotton pad. The dishes were held
for 8 hr in an environmental chamber with constant light at 26°C and 70 ±
5% relative humidity. After the exposure period, the number of dead
whiteflies and number of eggs laid on both leaf surfaces were counted
using a dissecting microscope. Whiteflies were considered dead if they
exhibited no movement. The experiment was replicated five times for each
concentration of each of the two methylketones tested.

Results of bioassays conducted to determine the toxicity of 2-
undecanone and 2-tridecanone to adults of the sweet potato whitefly and
the fourth instar larvae of the CPB indicated a concentration gradient
effect. 2-undecanone caused the highest mortality (80%) of the fourth
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instar larvae of the CPB at the highest concentration tested (100 mg of 2-
undecanone mL–1 of acetone), while 2-tridecanone caused 72% mortality
of whiteflies at 20 mg of 2-tridecanone mL–1 of ethanol. The two natural
products, 2-undecanone and 2-tridecanone, significantly reduced the
numbers of whitefly eggs compared to the control (Antonious et al. 2005).
The fact that the two insects (whitefly and CPB) differed greatly in their
response to each of the two methylketones suggests that insect resistance
in an accession may result from the synergistic or additive effects
involving more than one chemical compound.

In other assays, 2-dodecanone and 2-tridecanone were about equal in
toxicity against adult aphids M. persicae and required a significantly lower
dose than 2-undecanone. Spider mite (T. urticae) was more sensitive to 2-
undecanone and 2-dodecanone than 2-tridecanone and was also
insensitive to 2-pentadecanone (15 % mortality at 5 mM cm–2 of treated
surface area: Antonious et al. 2003). Clearly, there are differences in
sensitivity among arthropods in their sensitivity to components of
potential biopesticides.

PRODUCTION OF BIOPESTICIDES

Using standard agricultural practices under greenhouse conditions, some
wild tomato accessions produced high levels of methylketones (Fig. 6).
Concentrations of 2-tridecanone were greatest in PI 134417, while
2-undecanone concentration was greatest in LA 407. Antonious and
Snyder (2003) reported that an average 3-mo-old wild tomato accession of
L. hirsutum f. glabratum (PI 134417) that has 227.5 g leaves averaging about
49,872 cm2 exposed leaflet surface area (not including the surface area of
the plant stem, in which trichomes are also found in large numbers) would
produce 411.3 mg 2-tridecanone, 0.44 mg 2-dodecanone, 98.9 mg
2-undecanone, and 33.1 mg 2-pentadecanone. Accordingly, it is possible
to obtain about 2.4 mg of methylketones from one gram of wild tomato
leaflets. Because these amounts do not include exudates from trichomes
present on the plant stem, the amount of methylketones from 1 kg of plant
foliage that includes plant stems is expected to be greater than what is
obtained only from the leaves. Type VI trichome counts on the leaves of PI
134417 and LA 407 were significantly higher during the month of June
(Fig. 7, upper graph). The greater weight of fresh leaves was obtained
from accession PI 134417 compared to LA 407 (Fig. 7, lower graph).
Differences in toxicity among accessions tested can be arranged as: PI
126449 > PI 251304 > LA 407 (Fig. 8). Heliothis is generally less sensitive to
toxicity of crude extracts compared to Manduca. This contrasts with results
obtained when using pure compound of each methylketone alone as
reported by Antonious et al. (2003). In these bioassays pure 2-tridecanone
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Fig. 6 Concentrations of two methylketones (2-tridecanone and 2-undecanone) in chloroform
leaf extracts of 11 wild tomato accessions and one domestic tomato, Lycopersicon esculentum
cv. Fabulous. Statistical comparisons were carried out for each compound among all accessions.
Each value is an average of three replicates. Values accompanied by an asterisk indicate a
significant difference between the concentration on that accession and all other accessions
(P < 0.05) based on results from the ANOVA procedure (SAS Institute 2001).

and 2-undecanone were equally toxic to Manduca and Heliothis.
2-undecanone was somewhat more toxic to Heliothis than Manduca.
Apparently, compounds present in trichome secretions but absent in
bioassays of pure compounds are responsible for the observed differences.
This indicates that toxicity of trichome exudates is due to the presence of
more than one active compound in complex mixtures of crude extracts.

Lycopersicon pennellii, like L. hirsutum, is resistant to a number of
arthropod pests (Rodriguez et al. 1993). Host resistance to the carmine
spider mite (T. cinnabarinus), two-spotted spider mite (T. urticae),
greenhouse whitefly (T. vaporariorum), cotton bollworm (H. armigera),
cotton leaf worm (S. littoralis), and potato aphid (M. euphorbiae) has been
reported. Often, the sugar esters produced by type IV trichomes on leaves
of L. pennellii have been implicated in arthropod resistance. Thus,
examination of the production of these sugar esters is one aspect of their
development as biopesticides.

Sugar-esters are nonionic surfactants consisting of glucose as
hydrophilic moiety and fatty acids as lipophilic moiety. A colorimetric
sugar assay was used to determine the amount of glucose released from
the sugar-ester after hydrolyzing the ester using 0.4 N NaOH (Moore and

�
g
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Fig. 7 Number of type VI glandular trichomes per gram of fresh leaves of two wild tomato
accessions (PI 134417 and LA 407) of L. hirsutum f. glabratum (upper graph) and weight (g) of
leaves collected at each harvest time (lower graph). Statistical comparisons were carried out
between sampling months. Each value is an average of three replicates. Values accompanied by
an asterisk indicate a significant difference (P < 0.05) between the two accessions for each
sampling time using ANOVA procedure (SAS Institute 2001).

Antonious 2003). As shown in Fig. 9, only the two accessions of L. pennellii
(PI 246502 and PI 414773) contained the high concentrations of sugar-
esters (glucolipids) in their leaves compared to L. hirsutum f. glabratum
accessions and L. esculentum (domestic tomato). Furthermore,
concentrations tended to be higher in the summer than in the winter.

REPELLENCY AND TOXICITY OF TOMATO LEAF EXTRACTS
TO SPIDER MITES

Using repellent chemicals for crop protection is a unique way to prevent
insects and spider mites from laying eggs on target plants, and to prevent
leaf and fruit damage. Defense of tomato against spider mites is

Leaf Harvest Plant
–1



Tomatoes and Tomato Products286

Fig. 8 Mortality of Heliothis virescens and Manduca sexta (average of 10 replicates of 10
neonate larvae) exposed to ethanol leaf extracts from three wild tomato accessions (PI 251304,
LA 407, and PI 126449 from Lycopersicon hirsutum f. glabratum). Values accompanied by an
asterisk indicate a significant difference (P < 0.05) between the two insects for each weight of
leaves (SAS Institute 2001).

considered to be based mainly on glandular trichomes (Farrar and
Kennedy 1991). Cultivated tomato (L. esculentum) is more susceptible to
attack by the two-spotted spider mite than wild tomato species (L.
hirsutum). Both physical and chemical effects of glandular trichomes on
spider mites have been reported. Mites have been shown to become
entrapped in the sticky exudates of trichomes on the leaves of wild
tomato. Volatile exudates of wild tomato include 2-tridecanone and 2-
undecanone or the terpenoids zingiberene and curcumene, depending on
the tomato species. Wild tomato leaves from which the trichomes have
been removed were still more resistant to two-spotted spider mites than
cultivated tomato leaves without trichomes, suggesting that factors other
than trichomes may also be involved in resistance in wild tomato, i.e., the
glycoalkaloid a-tomatine, chlorogenic acid and rutin present in tomato
leaves (Hoffland et al. 2000).
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Fig. 9 Concentrations of sugar esters (glucolipids) in the leaves of 11 wild tomato accessions
and one domestic tomato (Lycopersicon esculentum cv. Fabulous). Statistical comparisons were
carried out between accessions. Bars compound accompanied by an asterisk indicate a
significant difference (P < 0.05) between accessions for each sampling month (SAS Institute
2001).

Bioassays for repellency of crude extracts to spider mites were carried
out using the diving board bioassay assembly that was developed by Guo
et al. (1993). One gravid female mite (n=30) was placed in the center of a
filter paper strip (bridge) and given the freedom to exit over the treatment
or control strip. Exits over treatment or control strips were recorded and
exit ratios were calculated (treatment to control) for each of 30 mites per
accession or concentration tested. Exit ratios of diving board bioassays of
crude trichome extracts of L. hirsutum (LA 1363) and L. pennellii (LA 716)
are presented in Fig. 10. Extracts were tested in 0–100 mg cm–2. A high exit
ratio indicates repellency. Therefore, the extract from LA 1363 was more
repellent than that from LA716.

To measure and test spider mite repellency, 2,3-dihydrofarnesoic acid
(DFA), a known spider mite repellent, and 2-pentadecanone, a
methylketone that has lesser degree of spider mite repellency (Antonious
and Snyder 2006), were tested over a wide range of concentrations. Results
have shown that the higher the concentration of DFA on filter paper rings,
the longer mites stay inside the ring, indicating greater repellency of the
compound. This trend was less pronounced when 2-pentadecanone was
tested for repellency. Compared to the ethanol and chloroform crude leaf
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extracts, the hexane leaf extracts exhibited greatest spider mite repellency
from L. hirsutum f. glabratum accessions (PI 251304, PI 134417, PI 134418,
and PI 126449).

Solvent used for extraction also can lead to differences in mortality. The
chloroform extracts were considerably more toxic to spider mites than
other solvents tested. The extracts from four L. hirsutum f. glabratum
accessions (PI 251304, PI 126449, PI 134417, and PI 134418) were
considerably more toxic than those from the domestic tomato cultivar, L.
esculentum cv. Fabulous and all other accessions tested. Toxicity of the
hexane extract from PI 126449 also was significantly greater than hexane
extracts from the other accessions. Spider mite mortality was highest
when exposed to the chloroform extracts of PI 251304, PI 134417, PI
134418, and PI 126449, suggesting that toxic action of certain
phytochemicals in or on their leaves may contribute to this mortality. On
the other hand, the fact that the repellency and response of spider mites
differ greatly among the accessions tested indicates that repellency may
result from the synergistic effects involving more than one chemical
compound in wild tomato crude extracts. Performance of crude extracts
from wild tomato leaves having a potentially acaricidal performance can
be explored for developing a natural product for use as a biodegradable
alternative to many synthetic acaricides especially in small-acreage, high-
value crops.

Fig. 10 Response index from spider mite diving board bioassays of crude trichome secretions
from Lycopersicon hirsutum (LA1363) and L. pennellii (LA716). A response index of 1 indicates
that all mites exited over the control, and a response index of 0 indicates that 50% of the mites
exited over the control, and the other 50% exited over the trichome secretions. Trichome
secretions from L. hirsutum were more repellent than those from L. pennellii.

Doss ( g cm )�
–2
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CHEMICAL DIFFERENTIATION AMONG TOMATO
ACCESSIONS

We investigated differences in chemical composition of the extracts that
may explain the observed differences in toxicity and repellency among
extracts from the 11 wild tomato accessions. Mass chromatographic
analysis indicated the presence of 2-undecanone, trans-caryophyllene, a-
curcumene, 2-tridecanone, and a-zingiberene. Generally, the hexane leaf
extracts of L. hirsutum f. glabratum were dominated by two methylketones,
2-undecanone and 2-tridecanone, while only low concentrations of
2-tridecanone were detected in the domestic commercial tomato cultivar L.
esculentum cv. Fabulous. This finding is consistent with previous data
(Antonious and Snyder 2006) obtained from the analysis of L. hirsutum
plants grown under similar greenhouse conditions. Chatzivasileiadis and
Sabelis (1997) tested the effects of 2-tridecanone and 2-undecanone in the
ratio found in the wild accession PI 134417 of L. hirsutum f. glabratum on
two strains of T. urticae, from tomato and cucumber in greenhouses. Their
results indicated that the LC50s (1.44-1.84 mg mL–1) were comparable to
that of amitraz (a non-systemic synthetic acaricide/insecticide).

AN APPROACH TO DEVELOP A NEW INSECTICIDE FROM
WILD TOMATO LEAVES

A bulk crude extract of 2-tridecanone was prepared by soaking 5 kg wild
tomato leaves collected from greenhouse wild tomato plants in 10 L of
water containing 15 mL of 2% Sur-Ten (sodium dioctyl sulfosuccinate),
obtained from Aldrich Chemical Company. After continuous manual
shaking, the mixture was filtered through cheesecloth and each liter of the
filtrate was partitioned with 200 mL of n-hexane in a separatory funnel.
The hexane layers were combined and the solvent was evaporated to
dryness using a rotary vacuum evaporator (Buchi Rotavapor Model 461,
Switzerland) at 35°C followed by a gentle stream of nitrogen gas (N2). To
the concentrated wild tomato leaf extract, Triton X–100, an inert nonionic
surfactant (t-octylphenoxypolyethoxy ethanol) was added at 0.1% (v/v) as
an emulsifier and the contents were mixed and used for spraying 45-d-old
pepper (Capsicum annum cv. Aristotle X3R), squash (Cucurbita maxima cv.
Blue Hubbard), radish (Raphanus sativus cv. Brio), domestic tomato (L.
esculentum cv. Ponderasa), broccoli (Brassica oleracea cv. Italian Green),
Swiss chard (Beta vulgaris cv. Lucullus), and watermelon (Citrullus lanatus
cv. Stars & Stripes). To purify and determine the concentration of
2-tridecanone in the crude extract, 1 mL of the extract was re-dissolved in
10 mL of n-hexane and applied to the top of a glass chromatographic
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column (20 ¥ 1.1 cm) containing 10 g alumina grade-II that had been pre-
wetted and eluted with n-hexane (Fobes et al. 1985). The eluent was
evaporated to dryness and reconstituted in n-hexane for GC/MSD
quantification. 2-tridecanone in the prepared insecticide formulation was
used at the rate of 0.44 g active ingredient (AI) L–1 of water in such a
manner that the plants were drenched to the point of runoff (Shafer and
Bukovac 1989). Spraying was carried out using a microsprayer (Plant Care
Sprayer, Delta Industries, Pennsylvania) of 475 mL capacity capable of
producing monosize droplets of 200 mm diameter. Spraying resulted in
20-30 drops cm–2 of treated leaf surface as determined by use of water-
sensitive paper (Syngenta Crop Protection AG, CH-4002 Basle,
Switzerland). Leaves were randomly collected at intervals of 1, 3, 5, 24,
and 48 hr following spraying from both sprayed and unsprayed plants.
Twenty grams of leaves were blended with 100 mL of chloroform for 2 min
at high speed. After homogenization, the mixture was vacuum filtered
through a Buchner funnel containing a glass microfiber filter containing 10
g anhydrous Na2SO4 and the extract was concentrated by rotary vacuum
evaporator as described above. Clean-up of the concentrated extracts was
achieved using the procedure described by Fobes et al. (1985) and
Antonious and Snyder (1993). The retention time and mass of
2-tridecanone isolated from L. hirsutum f. glabratum leaf samples (PI
251304, PI 126449, PI 134417, PI 134418, and LA 407) matched those of the
authentic standard. Minimum detectable levels averaged 0.02 to
0.005 mg g–1 leaves. Results indicated that 2-tridecanone spectral data,
which showed a molecular ion peak (M+) at m/z 198, along with other
characteristic fragment ion peaks are consistent with the assignment of the
molecular formula of tridecanone (C13H26O).

PERSISTENCE OF 2-TRIDECANONE ON PLANT TISSUES

Decline of 2-tridecanone residues on the greenhouse sprayed vegetable
leaves as a function of time indicated that half-life (T1/2 ) values (calculated
as described by Anderson 1986) of 2-tridecanone were 1.3 hr on squash
leaves and 4.0 hr on broccoli leaves. Maximum residue limits of
2-tridecanone on vegetables have not been established. The short
persistence of 2-tridecanone on the leaves of the greenhouse vegetables
tested so far can be recognized as a desirable chemical characteristic.
Ideally, safe pesticides remain in the target area long enough to control the
specific pest, then degrade into harmless compounds. The minimum
intervals for worker reentry into treated areas are based upon pesticide
deposits following spraying, repeated exposure, and residues remaining
on the treated foliage and fruits (Antonious 1995). Foliage may accept and
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retain much greater pesticide deposits longer than fruits. This suggests
that the plant foliage is important when considering worker reentry into
pesticide-treated vegetables, since workers may be exposed to much
greater surface areas of foliage than of fruits (Antonious 2002, 2004b). No
phytotoxicity was observed on the leaves following spraying with
2-tridecanone formulation at 0.44 g L–1 of water. Many leaf surfaces
represent the most unwettable of known surfaces. This is due to the
hydrophobic nature of the leaf surface, which is actually covered with
crystalline wax of straight chain paraffin alcohols. An important factor
that can affect the biological efficacy of foliar spray application of pesticide
is the extent to which the liquid wets and covers the foliage surface. The
persistence of 2-tridecanone on vegetables and fruits can be tailor made by
using appropriate surface active agents (Stevens 1993, Liu and Stansly
2000) and/or photo stabilizers for use under field conditions as described
by Johnson et al. (2003). Most formulations of pesticides contain
surfactants as emulsifiers and wetting agents to provide greater coverage
and retention. In plant protection systems, the search for new efficient and
safe compounds is highly desirable. The medium chain length
methylketones, in particular 2-tridecanone, have been shown to be potent
agents against a variety of insects and spider mites. With more research on
the persistence and environmental toxicology of 2-tridecanone on
vegetables and fruits, this compound could be a substitute for many
synthetic pesticides used in plant protection. The genus Lycopersicon is
characterized by great diversity within and among its species. Host-plant
resistance to arthropods has been studied most intensively in L.
esculentum, L. hirsutum, and L. pennellii. However, use of crude extracts
and preparation of a new formulation from wild tomato leaf constituents
having insecticidal and acaricidal performance for use in crop protection
have received little attention.

FUTURE PLANS

Tomato is often considered a high-risk crop, requiring intensive use of
pesticides. Current levels of resistance to arthropods in domestic tomato
cultivars are not high enough to permit a significant decrease in amount of
pesticides applied. This investigation provides evidence of the toxicity of
methylketones (2-tridecanone and 2-undecanone) against the green peach
aphid (M. persicae), tobacco hornworm (M. sexta), tobacco budworm (H.
virescens), and two-spotted spider mite (T. urticae), which are important
worldwide tomato pests. Future trends in agriculture and crop protection
chemical technology will necessitate the discovery of agrochemicals with
high selectivity, high mammalian and environmental safety, low rates of
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application, and low costs. This investigation provides background
information on the level of methylketones in wild tomato species and may
provide an opportunity for many farmers and organic growers who may
be able to grow wild tomato foliage for use as botanical insecticides in their
farms, which could be an effective tool in pest management programs
against a wide variety of arthropod pests. The extraction of methylketones,
glucolipids and sesquiterpenes from wild tomato foliage is a simple
procedure. Many farmers may be able to grow wild tomato foliage from
different species for use as multi-purpose insecticide on cultivated tomato
and other crops in their farms. Such alternatives, which have few or no
side-effects on the environment, low toxicity to warm-blooded animals
and humans, high efficacy against insects and spider mites, and lower
potential for insect resistance development, are in great demand.

For agrochemical companies, performance of methylketones as
potential insecticidal and acaricidal products from wild tomato leaves can
be explored for developing natural products for use as biodegradable
alternative to synthetic pesticides. A formulation prepared from the leaves
of selected accessions may therefore create a mixture with the desired
level of constituents. However, if methylketones and other constituents in
wild tomato leaves are to be used within the conventional and organic
production systems to control vegetable insects and spider mites, further
work is needed to investigate their performance under field conditions
and the impact of methylketones on natural enemies.
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ABSTRACT
Recent studies concerning the isolation and purification of exopolysaccharides
from suspension-cultured cells of tomato (Lycopersicon esculentum L. var. San
Marzano) and the description of a simple and rapid method with low
environmental impact to obtain polysaccharides from solid wastes of tomato-
processing industry (Lycopersicon esculentum variety “Hybrid Rome”) are
reported. Their chemical composition, rheological properties and partial primary
structure were determined on the basis of spectroscopic analyses (ultraviolet,
infra red, gas chromatography-mass spectroscopy, 1H, 13C nuclear magnetic
resonance spectroscopy).

Moreover, the anticytotoxic activities of exopolysaccharides from culture
cells of tomato were tested in brine shrimp bioassay and the achievement of
biodegradable film by using chemical processes from polysaccharide of solid
waste tomato industry was also reported.

INTRODUCTION

Polysaccharides from natural sources raise remarkable interest among
several biotechnological products and have a large range of industrial and
commercial applications. Some of them, for example, showing strong anti-
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genic and pathogenic activities, are employed successfully by the
pharmaceutical industry for the formulation of vaccines, and others are
used as industrial food additives because of their chemical-physical
properties (e.g., emulsifying, viscoelasticity, polyelectrolyte, adherence,
bio-compatible, stabilizer) (Gross 1986, Tong and Gross 1990, MacDougall
et al. 1996, Maugeri et al. 2002, Arena et al. 2006).

Polysaccharides, because of their unusual multiplicity and structural
complexity, are able to contain many biological messages and accordingly
perform several functions. Moreover, these biopolymers have the ability
to interact with other polymers, such as proteins and lipids, as well as
polysaccharides (Koch and Nevis 1989, Pazur et al. 1994, Steele et al. 1997).

Vegetables are the most important sources of polysaccharides (cellular
wall or stock products). More recently it has been seen that many
microorganisms (bacteria and cyanobacteria) are also able to produce
polysaccharides. Microbial polysaccharides are located in the cell wall,
attached to the cells forming capsules or secreted into the extracellular
environment in the form of slime (exopolysaccharide, EPS) (Nicolaus et al.
1999, 2002, Maugeri et al. 2002, Poli et al. 2004), but few data are available
in literature regarding polysaccharides from the cell cultures of Solanaceae
(Walker-Simmons and Ryan 1986).

In this chapter we report the isolation and chemical characterization of
water-soluble bioactive polysaccharides from suspension-cultured cells of
tomato (Lycopersicon esculentum L. var. San Marzano) and their
anticytotoxic activities tested in a brine shrimp bioassay (Poli et al. 2006).

The chapter is also focused on the illustration of a rapid method
conceived to recover high-grade polysaccharide in high yield from solid
waste tomato processing industry (Lycopersicon esculentum variety
“Hybrid Rome”). The tomato polysaccharide obtained from this natural
and renewable source was characterized and used to realize useful
biodegradable film (Strazzullo et al. 2003) and to obtain cheaper bacterial
biomasses (Romano et al. 2004). The management of wastes represents the
main issue of the food industry, which is an important sector of the world
economy. Besides the manipulation of fresh products, new
biotechnologies allow the recycling of wastes in order to obtain bio-
products with high added value (Rosales et al. 2002). Several tons of
tomatoes are processed annually worldwide and the desiccation of solid
waste tomato produced represents the main approach to produce
fertilizers; the goal to recover biopolymers from such a solid waste
(harmful for the environment and economically disadvantageous for the
industry) represents an excellent alternative for their exploitation



Giuseppina Tommonaro et al. 301

according to the new philosophies concerning sustainable industrial
development (Leoni 1997). Here, we report a rapid polysaccharide
extraction method suitable to manipulate the solid waste and to transform
it into an excellent source of products of high added value (Strazzullo et al.
2003).

EXOPOLYSACCHARIDES FROM CELL CULTURE OF
LYCOPERSICON ESCULENTUM L. VAR. SAN MARZANO

The cell culture of Lycopersicon esculentum L. var. San Marzano was able to
produce two main water-soluble EPSs and the presence of extracellular
polysaccharides was observed from the high viscosity of culture medium.
The callus was inducted from a sterile explant of L. esculentum cultured on
MS basal medium supplemented with (mg L–1): myoinositol (100),
nicotinic acid (0.5), pyridoxine hydrochloride (0.5), thiamine
hydrochloride (0.1), glycine (2), sucrose (30000), and agar (9000) (De Rosa
et al. 1996). After 4 wk, the initial callus was transferred to fresh medium
and cultured and maintained as above. Suspension cultures were
obtained from the fourth generation callus by transferring about 3 g callus
into 100 mL liquid medium. The suspension cultures were further
maintained in 250 mL flasks by transferring about 1 g of fresh weight
tissue (about 10 mL) into 100 mL fresh medium every 21 days. Cultures
were maintained at 24°C, 150 rpm, in continuous light. Polysaccharide
fraction was collected from the culture medium of tomato suspension cells
(1 L) after 4 weeks of growth. The cell suspension was filtered and EPS
fraction (260 mg) was obtained by EtOH precipitation of free cells culture
broth (Fig. 1). The raw material, tested for sugar content (70%), protein
content (10%) and nucleic acid content (1%), was purified by gel
chromatography (Sepharose CL-6B DEAE) with a yield of 89%, and the
resulting compounds comprised three different fractions, EPS(1) 9%,
EPS(2) 60%, and EPS(3) 31%, all containing less than trace amounts of
protein and nucleic acids (Fig. 1). EPS(1) was eluted in H2O, representing
the neutral fraction, while EPS(2) and EPS(3) were eluted at different salt
concentrations (0.3 and 0.4 M NaCl, respectively) representing the acidic
fractions.

Structural Characterization

Sugar mixtures of each fraction, native and carboxyl reduced, were
identified by high pressure anion exchange-pulsed amperometric
detection (HPAE-PAD) of hydrolysed polysaccharide and by gas-liquid
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Fig. 1 Flow chart of polysaccharides isolation from suspension-cultured cells of tomato
(Lycopersicon esculentum var. San Marzano).
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chromatography (GLC) and gas chromatography-mass spectroscopy (GC-
MS) of alditol acetates and methyl glycoside acetates. The sugar analysis
of native EPSs indicated that EPS(1) was composed of Arabinose:
Galactose: Glucose: Mannose in a relative ratio of 0.7:1.0:0.4:0.9, EPS(2)
was composed of Arabinose: Galactose in a relative ratio of 0.3:1.0, and
EPS(3) was composed of Arabinose: Mannose in a relative ratio of 1.0:0.5.
The results of sugar analyses of methyl glycoside acetates indicated that
EPS(2) was constituted of L-Arabinose: D-Galactose: L-Arabinuronic acid
(0.5:1.0:0.2) and EPS(3) of L-Arabinose: D-Mannose: L-Arabinuronic acid
(0.5:0.3:1.0).

Only EPS(2) and EPS(3) were further analysed because EPS(1) was less
pure and recovered in a low yield. EPS(2) and EPS(3) were analysed by
chemical and spectroscopic analysis. The quantities of uronic acid
(Jansson et al. 1994) varied with different preparations reaching 170
mg/mg EPS(2) and 240 mg/mg EPS(3). The specific rotations of EPS(2) and
EPS(3) were [a]25

D–50.40 and –60.80 (concentration of 5 mg/mL H2O)
respectively.

The absolute configuration of carbohydrates, performed as described
by Leontein et al. (1978), using optically active (+)-2-butanol by GLC of
their acetylated (+)-2-butyl glycosides, was shown to be D-Galactose and
L-Arabinose for EPS(2) and D-Mannose and L-Arabinose for EPS(3). It
was evident that the sugar residues in both EPSs were pyranosidic, while
arabinose was furanosidic.

The molecular weight of EPSs was estimated from calibration curve of
standard dextrans obtained by gel filtration on Sepharose CL-6B and also
by density gradient centrifugation. In both methods, the molecular
weights were approximately 8.0 ¥ 105 Da for EPS(2) and 9.0 ¥ 105 Da for
EPS(3).

The infrared (IR) spectra of EPSs were similar to those of bacterial
polysaccharides (Manca et al. 1996). A broad absorption band attributable
to OH was observable at 3400 cm–1. The absence of sulfate groups in
EPS(2) as well as in EPS(3) was confirmed by IR spectra and also by a
negative colour reaction with sodium rhodizonate (Fig. 2).

Analysis of the partially methylated alditol acetates, obtained from the
permethylated EPSs after acid hydrolysis, showed that in both
polysaccharides there is the presence of hexose chains linked on C1-C2,
C1-C3 and C1-C6, and the presence of side chains on C1-C2-C6 (Table 1).

The 1H and 13C nuclear magnetic resonance spectroscopy (NMR)
spectra recorded in H2O at 70°C were quite complex (d chemical shifts are
expressed in parts per million, ppm) (Fig. 2). In the non-anomeric proton
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Table 1 GC-MS of EPS(2) and EPS(3) from tomato cells of Lycopersicon esculentum var. San
Marzano.
EPS(2)

tr (min) Sugar % area Link position

9.8 2,3,4,6-tetra-OMe exose 27.96 Terminal exose binds in C1
11.98 3,4,6-tri-OMe exose 17.43 Internal exose binds in C1 and C2
12.44 2,4,6-tri-OMe exose 7.08 Internal exose binds in C1 and C3
12.90 2,3,4-tri-OMe exose 17.37 Internal exose binds in C1 and C6
15.4 3,4-di-OMe exose 30.16 Branching exose binds in C1,C2 and C6

EPS(3)

tr (min) Sugar % area Link position

9.8 2,3,4,6-tetra-OMe exose 39.23 Terminal exose binds in C1
12.0 3,4,6-tri-OMe exose 18.91 Internal exose binds in C1 and C2
12.4 2,4,6-tri-OMe exose 7.36 Internal exose binds in C1 and C3
12.90 2,3,4-tri-OMe exose 5.70 Internal exose binds in C1 and C6
15.4 3,4-di-OMe exose 28.8 Branching exose binds in C1,C2 and C6

Methylation of the polysaccharides was carried out according to Manca et al. (1996).

The methylated material (0.5 mg) was hydrolysed with 2 M Trifluoro-acetic acid (TFA) at 120°C for 2 hr and then
transformed in partially methylated alditol acetates by reduction with NaBH4, followed by acetylation with Ac2O-
pyridine (1:1) at 120°C for 3 hr. Unambiguous identification of sugars was obtained by Gas-Chromatography
Mass Spectroscopy (GC-MS) using sugar standards. GC-MS was performed on a Hewlett-Packard 5890-5970
instrument equipped with an HP-5-MS column and with an N2 flow of 50 mL min–1; the programme temperature
was: 170°C (1 min), from 170° to 250°C at 3°C min–1.
tr retention time.

region, several overlapping spin systems were evident. The 1H NMR
spectrum of EPS(2) showed, in the anomeric region, four major signals at d
5.26 (1H, d, J = 3.0 Hz), 4.71 (1H, d, J = 1.5 Hz), 4.52 (1H, d, J = 8.0 Hz), 4.49
(1H, d, J = 8.3 Hz) (Table 2). The 1H NMR spectrum of EPS(3) showed five
major anomeric signals at d 5.47 (1H, d, J = 2.9 Hz), 5.44 (1H, d, J = 1.5 Hz),
5.39 (1H, d, J = 2.0 Hz), 5.32 (1H, d, J = 3.9 Hz), 4.55 (1H, d, J = 7.8 Hz)
(Table 2). The 13C NMR spectrum of EPS(2) showed four signals at d 111.9,
106.0, 106.3 and 106.4 in the anomeric region, confirming the presence of
four residues in the repeating unit, and a small signal at d 178.4 (COOH)
due to the presence of uronic acid in minute quantities. The 13C NMR
spectrum of EPS(3) showed the presence of five signals at d 111.5, 110.7,
105.1, 105.0 and 100.9, confirming the presence of five residues in the
repeating unit, and an intense signal at d 176.9 (COOH) indicative of the
presence of uronic acid. The 1H and 13C chemical shifts and the C-H
coupling constants of each anomeric carbon were assigned by
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Fig. 2 (Contd.)
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Heteronuclear Multiple Quantum Correlation spectroscopy experiments
(Perlin and Casu 1982). Sugar residues were labelled from A to D for
EPS(2) and from A to E for EPS(3) in decreasing order of proton chemical
shifts. The comparison of these values gave information about the
anomeric configuration of some residues (Table 2). In 1H NMR spectrum

Fig. 2 1H NMR spectra of EPS(2) and EPS(3), panel A and C, respectively. 13C NMR spectra of
EPS(2) and EPS(3), panel B and D, respectively. NMR spectra were performed on a Bruker AMX
(500 and 125 MHz for 1H and 13C, respectively) at 70°C. Samples were exchanged twice with
D2O with intermediate lyophilization and then dissolved in 500 ml of D2O to a final concentration
of 40 mg/ml. Chemical shifts were reported in ppm relative to sodium 2,2,3,3-d4-
(trimethylsilyl)propanoate for 1H and CDCl3 for 13C-NMR spectra.

Table 2 Chemical shiftsa and coupling constantsb of anomeric signals in 1H and 13C spectra of
EPSs from tomato cells of Lycopersicon esculentum var. San Marzano.

 EPS(2) EPS(3) 

Residue ad H-1/C-1 bJH-1,H-2
bJH-1,C-2

ad H-1/C-1 bJH-1,H-2
bJH-1,C-2

A 5.26/111.9 3.0 175.05 5.47/110.7 2.9 172.5
B 4.71/106.3 1.5 161.4 5.44/100.9 1.5 163.4
C 4.52/106.0 8.0 n.d. 5.39/111.5 2.0 176.0
D 4.49/106.4  8.3 n.d. 5.32/105.1 3.9 168.3
E 4.55/105 7.8 170.6

NMR spectra were performed on a Bruker AMX (500 and 125 MHz for 1H and 13C, respectively)
at 70°C. Samples were exchanged twice with D2O with intermediate lyophilization and then
dissolved in 500 ml of D2O to a final concentration of 40 mg/ml. aChemical shifts were reported
in parts per million (ppm) relative to sodium 2,2,3,3-d4-(trimethylsilyl) propanoate for 1H and
CDCl3 for 13C-NMR spectra. Sugar components of EPS(2) are labelled from A to D, and those of
EPS(3) are labelled from A to E, in both cases with decreasing chemical shifts.
bCoupling constants are in Hz.
 n.d. = not detected

D

180 160 140 120 100 80 60
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Fig. 3 Infra red spectra of EPS(2) and EPS(3), panels A and B, respectively. Fourier Transform
Infra Red spectrum was recorded by using a Perkin-Elmer Paragon 500 single-beam
spectrophotometer. The sample as powder was grounded with KBr and put under beam as
diskette and the spectrum was collected after 16 scans under nitrogen.

of EPS(2) the signal of the residue B at d 4.71 was a b-manno (J = 1.5 Hz),
while the signals at d 4.52 and 4.49 of the residues C and D were typical of
a b-gluco/galacto (J = 8.0-8.3 Hz) configuration. In the 1H NMR spectrum
of EPS(3) at d 5.44 an a-manno (J = 1.5 Hz) configuration for residue B was
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observed, an a-gluco/galacto at d 5.32 for residue D (J = 3.9 Hz) was
observed, and a b-gluco/galacto (J = 7.8 Hz) configuration at d 4.55 for
residue E was observed. The down field 13C chemical shift observed for
residues A of both EPS(2) and EPS(3) and residue C of EPS(3) may be
indicative of a furanosidic form instead of pyranosidic. This was also
confirmed by the presence of signals belonging to ring carbons in the
region at d 88-80 ppm, attributable to arabino furanosidic residue present
in both EPSs.

From these data, both polysaccharides showed a very complex primary
structure. EPS(2) resulted in a heteropolysaccharide with a tetrasaccharide
repeating sugar unit whose residue configurations are a-manno, b-manno
and b-gluco/galacto (1, 1 and 2, respectively); EPS(3) resulted in a
heteropolysaccharide with a pentasaccharide repeating sugar unit having
residue configurations: a-manno, a-gluco/galacto and b-gluco/galacto (3,
1, 1, respectively).

Biological Assay

The effect of EPSs produced by tomato suspension cultures on the
inhibition of the cytotoxic effects produced by avarol were also studied.
The ability of the EPSs obtained in this study to induce inhibition of avarol
(10 mg/mL) toxicity tested in the brine shrimp (Artemia salina) bioassay
was evaluated. Avarol is a sesquiterpene hydroquinone that showed
strong toxicity (LC50 0.18 mg/mL or 0.57 nM) in brine shrimp bioassay,
which gives results that correlate well with cytotoxicity in cancer cell lines
such as KB, P388, L5178y and L1210 (De Rosa et al. 1994). EPS(2) was a
potent anticytotoxic compound in this bioassay; in fact, the inhibition of
the avarol toxicity of 50% (IC50) was observed at a concentration of 3 and
11 mg/mL for EPS(2) and EPS(3), respectively.

Conclusion

Three EPSs, EPS(1), EPS(2), and EPS(3), were isolated from suspension-
cultured L. esculentum (var. San Marzano) cells. The partial primary
structures, hypothesized on the basis of spectroscopic analyses, resulted in
a peculiar complex primary structure for all EPSs. In particular, EPS(2)
was a heteropolysaccharide characterized by a tetrasaccharide repeating
unit and EPS(3) was a heteropolysaccharide characterized by a
pentasaccharide repeating unit. The anticytotoxic activities of EPSs, tested
in brine shrimp bioassay, showed a potential role in host defence
mechanisms and further studies are necessary to test other biological
activities.
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POLYSACCHARIDES FROM TOMATO WASTE
(LYCOPERSICON ESCULENTUM VARIETY “HYBRID ROME”)

The extraction method of tomato polysaccharide from solid wastes of
tomato processing industry, produced by mechanical tomato pressing for
the production of pulp and puree, is outlined in Fig. 4.

Fig. 4 Flow chart of polysaccharide extraction from tomato waste material.

The lyophilized biomass (20 g, peels and seeds, rotten and unripe
tomatoes) was treated with 5 N KOH under stirring for 3 d and then
centrifuged at 10.000 g for 40 min. After centrifugation the supernatant
was precipitated with cold ethanol (v/v) at –20°C for a night. The pellet,
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collected after centrifugation, was dissolved in hot water, dialysed against
running water for 3 d and dried under vacuum obtaining 1.5 g of tomato
polysaccharide.

Structural Characterization

The HPAE-PAD analysis performed on tomato polysaccharide, after
hydrolysis with TFA 2N, (120°C for 2 hr), showed the neutral sugar
composition glucose: xylose: galactose: galactosamine: glucosamine:
fucose in a relative molar ratio of 1:0.9:0.5:0.4:0.2:tr. Its carbohydrate
content was 100% and the uronic acid content was 20%. The galacturonic
acid was the major uronic acid detected in tomato polysaccharide.
Moreover, the sample was protein free.

The chromatographic elution profile on Sepharose CL-6B of
polysaccharide, using a calibration curve of standard dextrans, indicated a
molecular weight of 1 ¥ 106 Da. In addition it has [a]25

D values of – 0,186 at
concentration of 1 mg ml–1 in H2O.

1H NMR spectrum of tomato polysaccharide showed a complex profile.
The anomeric region of the spectrum (from d 4.5 to d 5.5) exhibited eight
peaks; five of them were well-resolved doublets (d) with the same value of
constant coupling J1–2 (3.8-4.0 Hz) due to a probably gluco-galacto
configuration of sugars and three were anomeric peaks, almost singlets
with a small J1–2 (0.5–1 Hz), indicating the occurrence of a manno
configuration. The upfield region of spectrum showed a peak doublet at d
1.20 indicative of presence of deoxy-sugars in the polysaccharide. The
eight anomeric signals indicated the presence of eight different
monosaccharides, regarding type or glycosidic linkage position. The eight
monosaccharides were labelled A to H with respect to increasing d
(Table 3). On the base of chemical shifts and coupling constant data A, D, F
residues have an a manno configuration, B, C, E, G residues have an a
gluco-galacto configuration and H residue has a b gluco-galacto
configuration.

The rheological properties were also characterized. The specific
viscosity (h) of this biopolymer was measured for the aqueous solutions of
polysaccharide at different concentration and pH values and proved to be
influenced by the size and number of macromolecules in solution. As
concentration increases coils start to overlap and become entangled, with
viscosity showing a more marked dependence on concentration reaching
h = 1.7 at 4% of concentration (Fig. 5). The viscosity does not change
drastically respect to the increase of pH and its maximum value was
obtained at pH 3.0 for a 1% polysaccharide solution in 50 mM citrate
buffer (h = 3.29).
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Fig. 5 The viscosity of aqueous solution of waste tomato polysaccharide at different
concentration values was determined using Cannon-Ubbelohde 75 suspended level viscometer
at 25°C.

Table 3 1H-NMR dataa for anomeric region of spectrum of waste tomato polysaccharide.

Typeb d 1H Molteplicity of signals J1-2
c Configuration

A 5.30 pseudo s 0.5-1 Hz manno
B 5.27 D 3.8-4.0 Hz gluco-galacto
C 5.26 D 3.8-4.0 Hz gluco-galacto
D 5.18 pseudo s 0.5-1 Hz manno
E 5.09 D 3.8-4.0 Hz gluco-galacto
F 5.07 pseudo s 0.5-1 Hz manno
G 5.06 D 3.8-4.0 Hz gluco-galacto
H 4.94 D 3.8-4.0 Hz gluco-galacto

aBruker AVANCE 400MHz; sample was exchanged twice with D2O with intermediate lyophilization
and then dissolved in 500 ml of D2O to a final concentration of 30 mg/ml. d values (ppm) referred
to sodium 2,2,3,3-d4-(trimethylsilyl) propanoate.
bLabels referred to different monosaccharides, regarding type of glycosidic linkage position.
cCoupling constants are in Hz.

The temperature of degradation of tomato polysaccharide (10 mg) was
250°C in 20 min with a residue of about 5 mg (Fig. 6A). Moreover, the
infrared spectrum of this biopolymer showed the characteristic peak
signals of polysaccharides: OH stretching at 3.400 cm–1, CH and C = O
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Fig. 6 (A) Thermogravimetric analysis of tomato polysaccharide was performed using Mettler
Toledo Star System equipped with thermo analytical balance in a temperature range of 50° to
450°C with a temperature programme of 10 min at 50°C following by 10°C/min. (B) Fourier
Transform Infra Red spectrum of tomato polysaccharide was recorded using a Perkin-Elmer
Paragon 500 single-beam spectrophotometer. The sample as powder was grounded with KBr and
put under beam as diskette and the spectrum was collected after 16 scans under nitrogen.

stretching at 2929 cm–1 and 1730–1660 cm–1 respectively. SO group was
absent; in fact no signals were detected at 1240 cm–1 (Fig. 6B).

Biodegradability Test and Biotechnological Features

In order to verify the biodegradability of tomato polysaccharide, growth
test was performed using a new thermohalophilic Thermus thermophilus
strain (Samu-Sa1 strain) isolated from hot springs of Mount Grillo (Baia,
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Naples, Italy) (Romano et al. 2004). This strain was grown on M162
medium (Degryse et al. 1978) modified with 0.2% NaCl at pH 7.2 and
using as sole carbon source 0.1% of tomato polysaccharide. After 30 hr of
batch incubation at 75°C (the optimal temperature of Samu-Sa1strain) the
tomato polysaccharide was completely hydrolysed as resulted from
phenol/sulphuric acid method tested on cell-free cultural broth (Dubois et
al. 1956) (Fig. 7). Moreover, the growth curves of strain on polysaccharide
medium was 2.6 times that obtained in TH medium (standard medium)
with a yield of 1.2 g of dry cells/L (Fig. 7).

Fig. 7 Strain Samu-SA1 cell growth (expressed as dry cell weight for ml of culture broth, mg/ml)
on polysaccharide medium ( - - ) and on TH medium ( - - ) at 75°C. The growth was
followed by measuring absorbance at 540 nm and converted to the cell dry weight by an
appropriate calibration. The depletion of polysaccharide reported as g/L followed using Dubois
method ( - - ).

The tomato polysaccharide was used for the preparation of
biodegradable films by solubilizing 50 mg of polysaccharide in 5 ml of
distilled water at room temperature and adding 5 mg of glycerol as
plasticizer (Strazzullo et al. 2003). The biofilms were clear, elastic, solid
and durable when recovered from small static deformations produced by
the applied tensile stress.

Conclusion

Food canning industries represent an important area of the Italian
economy, in particular the industrial conversion of tomato into tomato
purée, pulp and minced tomato from seed producer firms. One of the
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main problems of the food industry is the management of waste and its
conversion into products of higher added value. Contemporary eco-
compatible technologies promote the use of food waste to obtain
biopolymers that can be re-used in the same sector as the raw materials.

The method here described is a rapid procedure with high yield cell-
wall polysaccharide production (7.5%) with very low environmental
impact. The sugar analysis of this polymer revealed the presence of
glucose and xylose as major components, and a low level of uronic acids,
in contrast to that of the cell-wall pectic polysaccharides that contain
arabinose in large amount and higher content of uronic acids (MacDougall
et al. 1996). These unusual findings are due to different minor
polysaccharide extracted by the use of this new method. The data we have
presented are appropriate for the obtaining of minor polysaccharide from
tomato waste material in high yield and with interesting chemical-
physical properties such as high viscosity, high thermal resistance and
high molecular weight. Therefore, it can be used in a better way than
commercially available polysaccharides. The structure of the tomato
polysaccharide was highly complex and presented eight monosaccharides
as repeating unit, three of them with a probably a manno configuration,
four residues with an a gluco-galacto configuration and one residue
showing a b gluco-galacto configuration.

The main point of interest was the formation of biodegradable films
using this bio-polymer on addition of glycerol. The film formed from
tomato polysaccharide was durable and elastic and could be used in
different fields such as agriculture, i.e., for protected cultivation with
mulching operation technique. In fact, the plastic material usually used for
mulching and solarization has optimum mechanical characteristics and
low cost but it is not biodegradable or reusable, and used film is discarded
as a special waste.

An additional biotechnological use of the tomato polysaccharide could
be as a cheaper substrate to obtained microbial biomasses. Thermus
thermophilus strain Samu-SA1 possesses many hydrolytic enzymes with
potential biotechnological applications and was able to grow on very
cheap medium. In fact, 1.2 g/L of dry cells were obtained when tomato
waste polysaccharide, extracted from discarded industrial tomato
processing, was used as sole carbon source with a biomass yield 2.6 times
that obtained with standard medium.
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ABBREVIATIONS

EPS: Exopolysaccharide; GLC: gas-liquid chromatography; GC-MS: gas
chromatography-mass spectroscopy; HPAE-PAD: high pressure anion
exchange-pulsed amperometric detection; IR: infra red; LC50: lethal
concentration at which 50% mortality is observed; NMR: nuclear magnetic
resonance spectroscopy
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ABSTRACT
Several epidemiologic studies indicated a beneficial effect of tomato
consumption in the prevention of some major chronic diseases. One of the
main phytochemicals in tomato products is lycopene, an aliphatic hydrocarbon
with 13 double bonds, 11 of them being conjugated. The molecule exists in
trans-(all-E)-form as well as in several cis-(Z)-forms. Around 85% of the
lycopene ingested comes from tomatoes and tomato products. Lycopene is
absorbed together with lipids and lipid-soluble vitamins. Food processing as
well as the type of food matrix affect the absorption of lycopene and other
carotenoids. The main isomer in all food samples investigated was (all-E)-
lycopene. In contrast, in plasma the main lycopene isomers were (all-E)-
lycopene and (5Z)-lycopene. In several human intervention studies, the (all-
E):(Z)-ratio of lycopene changed from 40:60 to 25-30:70-75 during the
depletion period and returned approximately to the baseline values with
intervention. Several hypotheses exist in literature to explain why lycopene is
found in the human body as more than 50% (Z)-isomers in contrast to more
than 85% (all-E)-lycopene in foods.

INTRODUCTION

Several epidemiological studies indicated a beneficial effect of tomato
consumption in the prevention of some major chronic diseases, such as
some types of cancer (Giovannucci et al. 2002) and cardiovascular diseases
(Klipstein-Grobusch et al. 2000). One of the major phytochemicals in

15
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tomato products contributing to the prevention of cancer is lycopene.
Reports from epidemiological studies, studies in animals and cell culture
experiments suggested that lycopene has anticarcinogenic properties (Rao
and Agarwal 1999, Etminan et al. 2004). In addition to its antioxidant
properties (DiMascio et al. 1989, Böhm et al. 2002), lycopene has been
shown to induce cell-cell communication (Zhang et al. 1991, Stahl et al.
2000), activate phase II enzymes (Breinholt et al. 2000), inhibit tumour cell
proliferation (Levy et al. 1995), repress insulin-like growth factor receptor
activation (Karas et al. 2000), and improve antitumour immune responses
(Clinton 1998). The mechanisms by which lycopene might exert its
biological activities are still unknown.

The general structure of lycopene is an aliphatic hydrocarbon with 11
conjugated carbon-carbon double bounds, making it soluble in lipids and
red in colour. Being acyclic, lycopene has no vitamin A activity. Recent
investigations showed that lycopene derivatives could activate retinoid
receptors. However, the physiological significance has to be shown in
future studies (Sharoni et al. 2004). Lycopene from tomatoes and tomato-
based foods exists predominantly in (all-E)-configuration, the
thermodynamically most stable form (Porrini et al. 1998). In contrast,
various (Z)-isomers account for over 50% of blood lycopene and for over
75% of tissue lycopene (Clinton et al. 1996, Ferruzzi et al. 2001). The
processes that influence isomer patterns and the mechanisms of
interconversion are still an essentially unexplored area of research.
Isomerization of lycopene may have significant consequences since the
large three-dimensional differences between these geometric isomers may
influence their pharmacological properties (Holloway et al. 2000).

GENERAL ASPECTS

Lycopene is an aliphatic hydrocarbon (C40H56) with 13 double bonds, 11 of
them being conjugated. The molecule exists in trans-(all-E)-form as well as
in several cis-(Z)-forms due to rotation of the substituents. (Z)-double
bonds lead to sterical hindrance between hydrogen atoms and methyl
groups. Thus, the (all-E)-isomer is generally thermodynamically more
stable than the (Z)-isomers. Theoretically, lycopene can exist as 2048 (211)
different geometrical isomers. However, only 7 of the 11 conjugated
double bonds are “stereochemically active” (Fig. 1). So, lycopene can be
determined as 72 different isomers (Zechmeister 1944). Up to now, the
mechanism of formation of lycopene (Z)-isomers is nearly unknown. In
plants, isomerization takes place partly by enzymes. (7Z,9Z,7’Z,9’Z)-
lycopene in tangerine tomatoes, for example, isomerizes to (all-E)-
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Fig. 1 Molecular structure of (all-E)-lycopene, stereochemically effective double bonds are
marked with *.

lycopene by catalysis of a specific prolycopene isomerase (CrtlISO). In
contrast, (5Z)-, (9Z)- and (13Z)-lycopene are isomerized non-
enzymatically (Breitenbach et al. 1999, Giuliano et al. 2002, Breitenbach
and Sandmann 2005). Lee and Chen (2001) postulated the formation of
mono-(Z)-isomers from (all-E)-lycopene and the further formation of di-(Z)-
isomers from the mono-(Z)-isomers. In plant products, lycopene normally
exists as (all-E)-lycopene, the thermodynamically most stable isomer. In
tangerine tomatoes, with yellow to orange fruits, the tetra-(Z)-isomer
(7Z,9Z,7’Z,9’Z)-lycopene is the main isomer (Isaacson et al. 2002,
Lewinsohn et al. 2005). Schierle et al. (1997) determined (7Z, 9Z)-lycopene
as the main isomer in a special species of apricots (Prunus armeniaca L.)
with only 8% of the lycopene as (all-E)-lycopene. In human blood,
lycopene was determined with more than 50% as (Z)-isomers, in tissues
over 75% of the lycopene was analysed as (Z)-isomers (Krinsky et al. 1990,
Stahl et al. 1992, Clinton et al. 1996, Fröhlich et al. 2006). In human blood as
well as in human tissues, 20-30 different lycopene isomers were detected
(Clinton et al. 1996, Clinton 1998). Only a few of them were structurally
unambiguously characterized.

ABSORPTION OF LYCOPENE

Around 85% of the lycopene ingested comes from tomatoes and tomato
products. Watermelon, papaya and pink grapefruit also deliver lycopene
(Grünwald et al. 2002). Lycopene is absorbed together with lipids and
lipid-soluble vitamins. After liberation of the carotenoids from the food
matrix and breakage of carotenoid protein complexes they are solubilized
in lipid droplets (Fig. 2). Within the duodenum, mixed micelles are formed
from gallic acids, free fatty acids, monoglycerides and phospholipids.
Lycopene as unpolar compound is located mainly in the inner part of the
micelles, while the more polar xanthophylls are located at the outer
surface. The micelles are mainly absorbed by passive diffusion into the
enterocytes of the mucosa. However, the involvement of special receptors
in absorption of carotenoids was also discussed (Erdman et al. 1993,
Gustin et al. 2004, Zaripheh and Erdman 2005). Carotenoids are
incorporated into chylomicrons and transported to the liver and to other
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Fig. 2 Schematical overview on pathway of absorption of lycopene within the human body: LYC,
lycopene; LPL, lipoprotein lipase; VLDL, very low density lipoprotein; LDL, low density lipoprotein;
HDL, high density lipoprotein.

tissues. After partial storage in the liver, carotenoids are transported via
lipoproteins to other places in the organism, carotenes, as lycopene, mainly
in low density lipoproteins (LDL) and xanthophylls in LDL particles as
well as in high density lipoproteins (HDL) (Romanchik et al. 1995).
Lycopene is mainly located in tissues with a high number of LDL
receptors, for example, liver and prostate (Kaplan et al. 1990, Schmitz et al.
1991). Some scientists postulated the existence of specific lycopene-
binding proteins responsible for the tissue-specific uptake (Zaripheh and
Erdman 2005). Up to now, specific proteins binding or transporting
lycopene were not identified.

BIOAVAILABILITY OF LYCOPENE

Often bioavailability is defined as the fraction of diet ingested that is
available within the body for metabolism and for different activities (Shi
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and Le Maguer 2000). The absorption of carotenoids is affected at different
steps after ingestion of foods containing these compounds. Food
processing as well as the type of food matrix and the type and content of
lipids are some important aspects affecting the liberation of carotenoids
and their absorption. In contrast to other food ingredients the
bioavailability of carotenoids is very low. While only 5% of the carotenoids
were absorbed from raw fruits and vegetables the absorption rate was >
50% from micellar solutions (Olson and Krinsky 1995). After uptake of
synthetic lycopene or tomato lycopene only 1.2% or 0.2-0.3% of the
lycopene were determined in human blood (Tang et al. 2005). Other
studies found 0.2% lycopene circulating in the blood system after uptake
of tomato paste (Gärtner et al. 1997, Richelle et al. 2002). Several studies
showed a lower intestinal absorption for lycopene compared to other
carotenoids (Micozzi et al. 1992, Carughi and Hooper 1994, Clark et al.
1998, 2000, Sugawara et al. 2001). (Z)-isomers of lycopene showed a better
solubility in mixed micelles compared to (all-E)-lycopene as well as a
better incorporation in chylomicrons due to a shorter structure and a
slightly higher polarity than (all-E)-lycopene (Parker 1997, Boileau et al.
2002).

Uptake of lycopene-containing food led to lycopene concentrations in
plasma/serum of up to 1 µmol/L. Dietary supplements as well as
ingestion of lycopene-rich food products were able to increase the content
of lycopene in plasma to values of 1-1.5 µmol/L (Fröhlich 2007). Dietary
interventions with 5 mg/d (Böhm and Bitsch 1999) as well as with 70-75
mg/d (Paetau et al. 1998) led to a similar plateau of the concentration of
lycopene in plasma (0.2-0.3 µmol/L). Investigations with lycopene doses
between 10 and 120 mg/d showed comparable amounts absorbed for all
doses. Calculation of lycopene mass in the plasma compartment suggested
a saturation of absorption with doses of around 5 mg/d (Diwadkar-
Navsariwala et al. 2003).

LYCOPENE ISOMERS IN FOOD PRODUCTS

Different commercial tomatoes and tomato products were analysed for
their carotenoid contents. Besides nine samples of tomatoes, nine samples
(per category) of tomato juices, tomato ketchups, pizza tomatoes (cans),
and tomato pastes (tetrapack) and eight samples of tomato sauces were
investigated. The samples were homogenized, extracted and analysed
with C30-HPLC-DAD (Seybold et al. 2004). Lycopene was the main
carotenoid (89-99%) in all samples investigated. Tomatoes had the lowest
content (Fig. 3) of total lycopene (9.4 ± 2.9 mg/100 g), while tomato juices
contained the highest concentrations (19.8 ± 2.2 mg/100 g). The main
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Fig. 3 Contents of (total)-lycopene [mg/100 g] of tomatoes and tomato products (M + s) as well as mean values of products groups; groups with
different letter are significantly different (p < 0.05, one way ANOVA, Tukey-HSD).
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isomer in all samples investigated was (all-E)-lycopene. The (Z)-isomers of
lycopene were summarized to give the total content of (Z)-lycopenes.
Tomatoes, tomato juices, tomato ketchups, canned tomatoes and tomato
pastes showed comparable (p > 0.05) ratios between (all-E)-lycopene and
(Z)-isomers of lycopene with 93-96% (all-E)-lycopene. In contrast, tomato
sauces showed significantly (p < 0.05) lower relative contents of (all-E)-
lycopene (about 82%). Thus, they contained around 18% (Z)-isomers of
lycopene (Table 1). The analyses of commercial products showed higher
contents of (total)-lycopene for all tomato products compared to the raw
tomatoes. One reason for these differences is the loss of water during
thermal processing of tomatoes. In addition, for tomato products, industry
uses special tomato varieties with higher lycopene contents (Abushita et
al. 2000). Many studies showed a high resistance of lycopene within the
matrix against thermal degradation and isomerization (Khachik et al.
1992, Nguyen and Schwartz 1998, Abushita et al. 2000, Agarwal et al. 2001,
Nguyen et al. 2001, Takeoka et al. 2001). In all samples presented here, (all-
E)-, (13Z)-, (15Z)- and (9Z)-lycopene were detected. Processing of
tomatoes can lead to isomerization. However, in all samples, except
tomato sauces, more than 90% of the lycopene was found as (all-E)-
lycopene. Longer heating times as well as addition of oil might be
responsible for the higher content of (Z)-isomers of lycopene (18.3 ± 10.1%)
in the tomato sauces.

Table 1 Mean relative portions of (all-E)-lycopene and of sum of (Z)-isomers of lycopene
related to (total)-lycopene in tomatoes and tomato products (mean ± s), groups with different
superscript letters are significantly different (p < 0.05, one way ANOVA, Tukey-HSD).

tomatoesA tomato tomato canned tomatoe tomato
juicesA ketchupsA tomatoesA pastesA saucesB

(all-E) 95.2 ± 1.5 94.0 ± 1.0 93.6 ± 2.0 94.6 ± 1.9 93.1 ± 0.7 81.7 ± 10.1

Â (Z)  4.8 ± 1.5 6.0 ± 1.0  6.4 ± 2.0  5.4 ± 1.9  6.9 ± 0.7 18.3 ± 10.1

HUMAN INTERVENTION STUDY

A human intervention study (Fröhlich et al. 2006) investigated the effect of
ingestion of lycopene from three different matrices (tomatoes, tomato
juice, tomato purée) on lycopene content in plasma as well as the lycopene
isomer pattern. Seventeen non-smoking volunteers were divided
randomly into three groups. After a 2 wk depletion period they received
12.5 mg/d of lycopene comprised in 145-320 g tomatoes or in 94-101 g
tomato juice or in 25-28 g tomato purée for 4 wk. The volunteers were
asked to eat the tomatoes or tomato products at breakfast together with a
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Fig. 4. HPLC chromatogram of a human plasma extract after 4 wk of intervention (T4) with
tomatoes.
HPLC conditions YMC C30 (250 ¥ 4.6 mm, 5 mm), 1.3 mL/min, gradient of methanol and methyl
tert butyl ether, 23 ± 1°C, 450 nm.
1 = (all-E)-lutein, 2 = (all-E)-zeaxanthin, 3 = (all-E)-canthaxanthin, 4 = (all-E)-b-cryptoxanthin,
5 = echinenone (IS), 6 = (13Z)-b-carotene, 7 = (all-E)-a-carotene, 8 = (all-E)-b-carotene, 9
= (9Z)-b-carotene, 10 = (13Z)-lycopene, 11 = unidentified (Z)-lycopene, 12 = (5Z,9’Z)-
+(9Z)-+(5Z,9Z)-lycopene, 13 = (all-E)-lycopene, 14 = (5Z)-lycopene.

portion of fat. During the whole intervention study, they had to follow a
diet poor in lycopene. Blood samples were drawn before the depletion
period (T-2), prior to start of intervention (T0) and weekly during the 4 wk
of intervention (T1-T4). Figure 4 shows a representative HPLC
chromatogram of a plasma extract after 4 wk intervention with tomatoes.
Concerning the lycopene isomers, besides (all-E)-lycopene different (Z)-
isomers were detected: (13Z)-, (5Z,9’Z)-, (9Z)-, (5Z,9Z), (5Z)-lycopene (for
characterization of most of these (Z)-isomers see Fröhlich et al. (2005)). In
addition, one yet unknown (Z)-isomer of lycopene was detected. Baseline
concentrations (prior to depletion period) of (total)-lycopene were between
0.57 and 0.78 µmol/L and were comparable (p > 0.05) for the three
intervention groups. The depletion period led to a significant decrease of
(total)-lycopene by 45-62% in all groups. The intervention with tomatoes
significantly increased the (total)-lycopene content in plasma from 0.25 ±
0.14 µmol/L to 0.39 ± 0.23 µmol/L after 1 wk of intervention. One week of
intervention with tomato juice significantly increased the values from 0.43
± 0.14 µmol/L to 0.61 ± 0.17 µmol/L. In contrast, intervention with tomato
purée led to significantly increased contents of (total)-lycopene after 2 wk
of intervention (0.40 ± 0.17 µmol/L to 0.72 ± 0.28 µmol/L). After 4 wk of
intervention, the contents of lycopene in plasma were comparable (p >
0.05) for the three groups (0.53-0.81 µmol/L). The main lycopene isomers
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in plasma were (all-E)-lycopene and (5Z)-lycopene. Figure 5 shows the
changes in ratios of (all-E)-lycopene to total (Z)-isomers of lycopene for all
three groups. Prior to the depletion period, the (all-E):(Z)-ratio was around
40:60. During the depletion period, it changed to 25-30:70-75. Thus, the
depletion period led to increased relative contents of (Z)-isomers of
lycopene. After 4 wk of intervention, the ratio returned approximately to
the baseline values for the groups ingesting tomato juice or tomato purée.
After 4 wk of ingestion of tomatoes the (all-E):(Z)-ratio was 50:50.

Fig. 5. Changes in relative portions [%] of (all-E)-lycopene ( ) and of sum of (Z)-isomers of
lycopene ( ) related to (total)-lycopene in human plasma during the tomato intervention study.
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SUMMARY ON ASPECTS OF ISOMERIZATION

There are mainly two hypotheses in literature about why lycopene is
found in the human body as more than 50% (Z)-isomers in contrast to more
than 85% (all-E)-lycopene in foods. One group of scientists propose that
(Z)-isomers of lycopene are preferred in absorption compared to (all-E)-
lycopene. Others discuss the isomerization of lycopene within the body.

Preferred Absorption of (Z )-isomers of Lycopene

Parker (1997) described a better absorption of (Z)-isomers of lycopene due
to their higher polarity and consequently lower affinity to crystallize as
well as better solubility of (Z)-isomers in lipids. Boileau and co-workers
(2000, 2002) discussed the same effects. Experiments with rats showed a
better absorption of (Z)-isomers of lycopene compared to (all-E)-lycopene
due to their better solubility in mixed micelles, their lower affinity to
crystallize and/or their shorter molecular structure. In contrast,
experiments with calves did not show a better absorption of (Z)-isomers of
lycopene (Sicilia 2004, Sicilia et al. 2005). Gustin et al. (2004) did not find
differences in absorption rates within the gastrointestinal tract for (Z)-
isomers of lycopene compared to (all-E)-lycopene.

Isomerization in the Gastrointestinal Tract

Isomerization within the gastrointestinal tract catalysed by stomach acid
and different enzymes was also discussed. In vitro investigations showed
the isomerization as well as oxidation of lycopene with different acids
(Zechmeister 1944). In experiments with rats an increase of the relative
portion of (Z)-isomers from 6% in stomach to 18% in colon was shown.
However, this increase is too low to explain 60% (Z)-isomers of lycopene in
colon mucosa cells (Boileau et al. 1999). Investigations using model
systems with human stomach juice showed also an isomerization (Re et al.
2001). Studies from Tyssandier et al. (2003) showed contradictory results.
They investigated the isomer pattern of lycopene in human stomach juice,
duodenal liquid and blood after ingestion of tomato paste. The isomer
pattern did not change significantly during digestion.

Isomerization during Crossing of Mucosa Membrane or
Formation of Chylomicrons

Investigation of different lipoproteins in human plasma on their lycopene
isomer ratio showed a ratio of 57% (Z)-isomers and 43% (all-E)-lycopene in
chylomicrons (Holloway et al. 2000). Those results support isomerization
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while passing the mucosa or during uptake into the chylomicrons. In
contrast, another study showed a ratio of 65% (all-E)-lycopene and 35%
(Z)-isomers in chylomicrons (Gärtner et al. 1997), supporting a later
isomerization.

The human intervention study presented here (Fröhlich et al. 2006)
showed a shift of the isomer ratio to higher relative contents of (Z)-isomers
during the depletion period. One explanation could be a systematic
isomerization of (all-E)-lycopene to (Z)-isomers within the body. A longer
half-life of the (Z)-isomers compared to (all-E)-lycopene might also be
possible or a transfer of (Z)-isomers from tissues to plasma. Pilot kinetic
studies showed an increase in contents of (all-E)-lycopene as well as
increasing relative contents of that isomer for up to 12 hr after ingestion of
the tomato product. After 12 hr, the (all-E):(Z)-ratio changed to higher
relative contents of (Z)-isomers, supporting isomerization within the body
(liver or other tissues).

One single explanation might not be enough to explain the differences
in the lycopene isomer pattern of foods and tissue as well as plasma
samples. Besides the isomerization of (all-E)-lycopene in the body a
preferred metabolism of (all-E)-lycopene in blood as well as a mobilization
of (Z)-isomers from body stores have to be discussed (Fröhlich 2007).
Continuing human intervention studies can further elucidate the
mechanism of isomerization of lycopene within the body. Especially
experiments with isotopically labelled lycopene might give more insight
into the isomerization process.
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ABSTRACT
In this chapter is illustrated the determination of the antioxidant activity of
hydrophilic and lipophilic fractions of nine different cultivars of tomato
(Lycopersicon esculentum). To assess the nutritional value of all varieties, the
total content of principal carotenoids, lycopene and b-carotene was analysed.
The antioxidant activity was determined by DMPD and ABTS methods for
hydrophilic and lipophilic fractions, respectively. It has been verified that there is
no correlation between high concentration of lycopene and b-carotene and total
antioxidant activity. It is reasonable to suppose, indeed, that the total
antioxidant activity may be due to synergistic action of different bioactive
compounds. Additionally, cytotoxic activity was determined by brine shrimps test
on all lipophilic extracts to evaluate potential anti-tumoral activity.

INTRODUCTION

Fruits and vegetables play a significant role in human nutrition (Goddard
and Matthews 1979, Block et al. 1992, Cohen et al. 2000) for their richness
in health-related food components. Tomato and tomato products
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represent a major natural source of several nutrients with beneficial effect
on human health and ability to prevent some major chronic diseases such
as some types of cancer and cardiovascular diseases. Tomatoes represent
an effective way to supply nutrients such as folate, vitamin C, and
potassium, but the peculiar compounds of these vegetables are
carotenoids, particularly b-carotene and lycopene (Akanbi and Oludemi
2004, Beecher 1997). About 600 carotenoids are known in plants, but only
14 are found in human tissues (Khachik et al. 1995). Nine of these 14
carotenoids have been recovered in tomato and tomato products, in
particular lycopene, neurosporene, gamma-carotene, phytoene and
phytofluene. It is well established that the antioxidant activity of these
carotenoids and high consumption of these nutrients prevent
cardiovascular diseases and cancer. Among the class of carotenoids,
lycopene is the more abundant and represents more than 80% of total
tomato carotenoid content in the fully ripened fruit. This compound has
notable antioxidant activity and several studies have been done to
evaluate its anticancer activity, in particular against prostate cancer
(Pastori et al. 1998, Giovannucci 1999, Hadley et al. 2002, La Vecchia 1998).
Some biological activities of lycopene are potentiated in the presence of
other compounds, such as a-tocopherol, glabridin, rosmarinic acid and
garlic (Balestrieri et al. 2004, Pastori et al. 1998, Fuhrman et al. 2000,
Crawford et al. 1998). A positive effect on health associated with their
consumption is exerted by the pool of antioxidants, with noticeable
synergistic effects. Therefore, to assess the nutritional quality of fresh
tomatoes, it is important to study the main compounds having antioxidant
activity.

Besides the compounds beneficial for human health, tomatoes also
contain tomatine and dehydrotomatine, glycoalkaloids having well-
known toxic properties (Friedman and McDonald 1997). The content of
these glycoalkaloids decreases during ripening, whereas that of
carotenoids increases (Kozukue et al. 1994, Rick et al. 1994). Therefore, it
can be concluded that the consumption of well-ripened tomatoes should
ensure maximum health benefit, with a high level of carotenoids coupled
with the absence of glycoalkaloids. However, efforts are in progress to
elucidate the physiological process as well as the storage conditions that
can control the phytonutrient content in foods (Goldman et al. 1999,
Grusak et al. 1999).

Tomato is represented by several hundred cultivars and hybrids in
response to the fresh consumption market, which demands fruits that
have very different characteristics (Leonardi 1994). Therefore, tomato
cultivars for fresh consumption show great differences in fruit size (from a
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few grams to some hundreds of grams), shape (from flattened to
elongated), and colour (from yellow to dark red). Besides, according to
consumer and market requirements, tomato fruits are harvested at
different stages of ripening: from breaking to red colour. There are several
studies describing the variation of the qualitative characteristics of
tomatoes in relation to cultivars (Davies and Winsor 1969, Gormley et al.
1983, Stevens et al. 1977) and growing conditions (Blanc 1989, La Malfa et
al. 1995, Mitchell et al. 1991). Most of these works have taken into
consideration only some qualitative characteristics (e.g., dry matter and
soluble solids), whereas the antioxidant ability and the carotenoid
composition have not been considered. Recently the antioxidant ability in
water-soluble and water-insoluble fractions of different cultivars of
tomato and the level of b-carotene and lycopene were established
Moreover, cytotoxic activity by brine shrimps assay was tested on all
lipophilic extracts to evaluate potential anti-tumoral activity (Strazzullo et
al. 2007)

EVALUATION OF ANTIOXIDANT ACTIVITY

Nine different cultivars were harvested at the same stage of ripening at
which they are usually consumed or processed by food industries. The
samples of cultivars San Marzano 823, Cirio 3, All Flash 900, Castiglione
del Lago Perugia, and Roma (commonly used by Italian tomato
processing industries or for fresh consumption) and the varieties Holland,
Red Beefsteak and Finest Tesco (English varieties) were cultivated in the
area of Agro Nocerino-Sarnese (Salerno, Italy); the sample of English
variety Black Tomato, mainly used as fresh food, was cultivated in the
area of Pachino (Siracusa, Italy). Seeds of all varieties were bought from
MFM International S.r.l., Torre del Greco, Naples, and all varieties were
cultivated outdoors with the same fertilizing and pedoclimatic conditions.
The field showed fertility, structure and presence of organic components.
Seeds were planted in greenhouse in April and seedlings were
transplanted in the open field in May. The berries were harvested at the
end of July. All the fruits appeared red inside and outside, with a good
degree of ripening.

Each sample was homogenized in a blender and centrifuged at 9.500
rpm for 20 min, and supernatant and pellet were collected separately for
analysis. Pellets were extracted with diethyl ether (w/v 1:2) under stirring
in the dark, overnight. Lipophilic extracts were filtered and concentrated
in a rotary evaporator in vacuum (T < 35°C) and dried under N2 (Table 1).
Supernatant collected from each sample was tested for hydrophilic
antioxidant activity and the test was carried out in triplicate, according to
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DMPD (N,N-dimethyl-p-phenylenediaminedihydrochloride) method
developed by Fogliano et al. (1999); the antioxidant activity was expressed
as percentage of the absorbance of the uninhibited radical cation solution.

Crude diethyl ether extract from each sample was dissolved in
dichloromethane analytical grade (20 mg/ml) and prepared to assess
lipophilic antioxidant activity in triplicate according to ABTS [2,2’-Azino-
bis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt] method
as described by Miller et al. (1996) and Miller and Rice-Evans (1997); the
antioxidant activity was expressed as percentage of the absorbance of the
uninhibited radical cation solution.

We reported the data of antioxidant activity of hydrophilic and
lipophilic fractions of all tomato cultivars in terms of percentage of
inhibition of radical cations DMPD+• and ABTS+•. The percentage of
inhibition, calculated in terms of percentage of inhibition per milligram of
fresh material, ranged from 7.72% to 25.85% and 0.25% to 2.12% for
hydrophilic and lipophilic fractions, respectively, as shown in Fig. 1. The
cultivars Holland and Finest Tesco, among hydrophilic fractions, were
those with high activity (25.85% and 20.23%, respectively).

Table 1 Amounts of material used for analyses of nine cultivars of tomatoes.

Cultivars Fresh material Supernatant Pellet Diethyl ether
(g) (ml)a (g)b extract (mg)c

San Marzano 823 341.5 220 35.0 324.0

Cirio 3 353.6 240 87.3 223.0

All Flash 900 300.4 210 37.0 345.0

Castiglione del Lago 383.4 285 44.0 259.0
Perugia
Roma 396.0 290 56.7 210.0

Black Tomato 394.0 380 68.8 265.6

Red Beefsteak 248.0 165 55.0 178.8

Finest Tesco 250.0 140 79.8 154.1

Holland 290.0 170 85.2 411.3

a Volumes of supernatant measured after centrifugation of homogenate of all fresh material
b Weight of pellets collected after centrifugation of homogenate of all fresh material
c Weight of lipophilic fractions measured after filtration and drying of diethyl ether extraction of pellets.

Between lipophilic fractions of all cultivars, the major antioxidant
activity was observed for Italian varieties; the cultivar San Marzano,
commonly used by processing industries, showed highest activity. In
Table 2 we report the antioxidant activity expressed as TEAC (Trolox
equivalent antioxidant capacity).



Giuseppina Tommonaro et al. 337

Fig. 1. Percentage of the absorbance of the uninhibited radical cation solution expressed per
milligram of fresh material, obtained by using DMPD (N,N-Dimethyl-p-
phenylenediaminedihydrochloride) and ABTS [2,2’-Azino-bis (3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt] methods for aqueous and lipophilic fractions respectively of tomato
cultivars.  % inhibition radicalic cation DMPD+•  % inhibition radicalic cation ABTS+•

CAROTENOID CONTENT

To assess the content of lycopene and b-carotene in all cultivars, the diethyl
ether extracts of samples were purified by reversed-phase HPLC. The
analysis of HPLC chromatograms allowed us to collect three fractions
named FR1, FR2 and FR3. In Fig. 2 we report, as an example, the HPLC
chromatogram of lipophilic extract of San Marzano cultivar. FR1
contained more unidentified polar compounds in low concentration; FR2
and FR3 were identified as lycopene and b-carotene, respectively, by
retention time and co-injection with purchased authentic standards. The
amounts in terms of percentage of lycopene and b-carotene calculated per
unit weight of fruits in all cultivars are comparable except for the
concentration of lycopene of Holland variety (2.5 ¥ 10–3%) and the content
of b-carotene of San Marzano 823 and Black tomato (0.047% and 0.06%,
respectively). In analysing the data reported in Fig. 3, we concluded that
there is no correlation between high contents of lycopene and b-carotene
and antioxidant activity. Indeed, in spite of the fact that the concentration
values of lycopene and b-carotene in San Marzano 823 and Black tomato
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Fig. 2 Chromatogram of diethyl ether extract from San Marzano 823 cultivar obtained by
reverse-phase HPLC on a Shimadzu LC 6A system with a Kromasil 100A C18 column, 5 mm,
250 ¥ 10 mm (Phenomenex) with UV-VIS detector SPD 10A VP, CR 3A recorder, system
controller SCL 10A VP, and Chemstation integration software Class–VP 5.0. Chromatographic
conditions were: gradient elution 60:40 to 30:70, v/v, A/B [A was methanol/water 95/5 v/v (0.1%
of butylated hydroxytoluene from Aldrich and 0.05% of triethylamin from Fluka) and B was
dichloromethane (0.1% of butylated hydroxytoluene and 0.05% of triethylamin)], linear gradient
changed over a period of 35 min and return to starting condition in 5 min before next injection;
flow rate 1.5 ml min–1; wavelength of UV detector, 450 nm, sensitivity adjusted to 0.04 AUFS;
room temperature. FR1: more polar unidentified compounds; FR2: Lycopene; FR3: b-carotene.

Table 2  Antioxidant activity of aqueous and lipophilic fractions of all cultivars expressed as
TEAC (mM)-Trolox Equivalent Antioxidant Capacity per milligram of fresh material

Cultivars TEAC (mM) aqueous TEAC (mM) lipophilic
fraction fraction

San Marzano 823 24.9 0.55

Cirio 3 36.6 0.38

All Flash 900 24.4 0.48

Castiglione del Lago Perugia 31.1 0.35

Roma 31.7 0.30

Black Tomato 14.2 0.26

Red Beefsteak 23.6 0.073

Finest Tesco 37.1 0.065

Holland 47.4 0.10
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Fig. 3. Total concentration of lycopene and b-carotene recovered by reverse-phase HPLC from
lipophilic extracts of tomato cultivars. Results were expressed as percentage (x10–3) of
carotenoids per unit weight of fruits.  b- carotene;  lycopene.

type lipophilic extracts are comparable, the total antioxidant activities
expressed as TEAC per milligram of fresh material are 0.55 mM and
0.26 mM, respectively.

BIOLOGICAL ACTIVITY BY BRINE SHRIMP ASSAY

The brine shrimp (Artemia salina) assay was performed in triplicate on
lipophilic extracts and fractions recovered by HPLC of all cultivars of
tomato, dissolved in DMSO (1% final volume) to reach final
concentrations of 1000, 100 and 10 ppm, using 10 freshly hatched larvae
suspended in 5 ml of artificial sea water (Meyer et al. 1982). Briefly, for
each dose tested, surviving shrimps were counted after 24 hr, and the data
statistically analysed by the Finney program (Finney 1971), which affords
LD50 values with 95% confidence intervals.

In Fig. 4 are reported data concerning the cytotoxic activity of the
diethyl ether extracts of all cultivars expressed in terms of lethal dose
(LD50). Among the crude extracts the Roma type exhibits the highest
activity (lowest value of LD50). We also performed brine shrimp assay on
fractions FR1, FR2 and FR3 recovered by HPLC analyses of all lipophilic
extracts. The data showed that FR2 (lycopene) and FR3 (b-carotene), for all
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Fig. 4. Cytotoxic activities in brine shrimp assay of total lipophilic fractions and fraction FR1
(unidentified carotenoids) of nine tomato cultivars. Both fractions were tested at three
concentrations, 1000, 100 and 10 ppm, using 10 freshly hatched larvae suspended in 5 ml of
artificial sea water. For each dose tested, surviving shrimp were counted after 24 hr, and the data
statistically analysed by the Finney program, which affords LD50 values.  Diethyl Ether extract
LD50 (ppm);  FR1 LD50 (ppm)

cultivars, presented low cytotoxic activity with values of LD50 (ppm) of
286.00 and 455.56 respectively. As shown in Fig. 4, where we have
reported only the data of activity of FR1, the high cytotoxic activity of
Roma variety detected in diethyl ether extract was mainly concentrated in
FR1 and due probably to minor unidentified compounds.

CONCLUSION

We have assessed the total antioxidant activity of aqueous and lipophilic
fractions of nine different cultivars of tomato, harvested at the stage at
which they are usually consumed or processed by food industries. We
have also quantified the total amount of lycopene and b-carotene
(carotenoids) for each variety, because it is well known that carotenoids
are natural lipophilic antioxidants. The lipophilic fraction of tomato, due
to the high content of carotenoids, shows, obviously, antioxidant activity
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and the results are in agreement with those reported in scientific literature.
Varietal, agricultural, technological, and environmental factors influence
the carotenoid type and the content of lycopene and b-carotene in different
cultivars of tomato. Our results show that lycopene and b-carotene
content are not solely responsible for total antioxidant activity of tomato.
Lycopene and b-carotene, in association with minor carotenoids (detected
in FR1), play an important role in antioxidant activity, as reported above.
Furthermore, these minor compounds are also responsible for the
cytotoxic activity.
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ABSTRACT
The protective effect of a diet rich in fruits and vegetables against chronic
diseases is well documented and at least partly ascribed to the action of
antioxidant compounds such as carotenoids, ascorbic acid, tocopherols, and
polyphenols. Because of that, campaigns to increase the consumption of fresh
fruits and vegetables were launched in many countries. Minimally processed or
fresh-cut fruits and vegetables (peeled, cut and ready to use) are presented as
a convenient alternative to supply the dietary need for fresh food. However, the
wounding stress resulting from processing operations can induce changes in
the antioxidant content, composition and activity of these tissues that will affect
their health-promoting properties. In the present review, changes in the
antioxidant activity of fresh-cut tomato during refrigerated storage and during
maturation are addressed. The potential impact of these changes in the value
of fresh tomato as a source of bioactive compounds in the diet is discussed
taking into consideration the characteristics and drawbacks of the available
methodologies to measure antioxidant activity and current knowledge about
other fresh-cut fruits and vegetables.
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INTRODUCTION

The consumption of a diet rich in fresh fruits and vegetables has been
associated with a number of health benefits including the prevention of
chronic diseases (Klerk et al. 1998, WHO 2003). This beneficial effect is
believed to be due, at least partly, to the action of antioxidant compounds
such as carotenoids, ascorbic acid, tocopherols, and polyphenols, which
reduce oxidative damage in the body (Grassmann et al. 2002, Prior and
Cao 2002, Wargovich 2000). However, the prescription of supplements
containing antioxidants has resulted in contradictory results on human
health, while epidemiological studies comparing populations with
different diets show a clear trend in reduction of chronic diseases when
there is an increase in the consumption of fruits and vegetables (Liu 2003).
The joint FAO/WHO expert consultation on diet, nutrition and
prevention of chronic diseases recommended the intake of a minimum of
400 g of fruits and vegetables per day (excluding potatoes and other starch
tubers) for the prevention of chronic diseases (FAO/WHO 2005).

In urbanized societies, a series of barriers can result in less than optimal
level of consumption of fresh fruits and vegetables (FAO/WHO 2005).
These include lack of time for preparation and cooking as urbanization
increases and more women work outside the home and rapid increase of
fast food culture. Fresh-cut fruits and vegetables are presented as an
alternative for healthy and convenient food. Tomato is a vegetable that
presents great interest for this industry since it is a natural ingredient of
fast food dishes such as sandwiches and salads. The consumption of
tomato and tomato products is stimulated in view of its reported benefits
on health (Caputo et al. 2004, Giovannucci 1999, Rao and Agarwal 2000,
Willcox et al. 2003).

However, the impact of minimal processing on the amount and
composition of nutrients and other bioactive components is not well
known. There is a general perception that processed foods are of lower
nutritional value and that preservation methods cause a depletion of
naturally occurring antioxidants in food. However, food processing and
preservation procedures can increase or decrease the overall antioxidant
properties of food or promote no change, depending on the product and
processes considered (Nicoli et al. 1999).

Most of the available information on the effect of dietary antioxidants
from plant foods is related to operations such as canning, freezing, heating
and blanching (Klein and Kurilich 2000) and much less is known about the
effects of minimal processing operations such as peeling, cutting,
shredding and slicing. These operations are expected to affect the content,
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activity and bioavailability of bioactive compounds and hence the health-
promoting capacity of fruits and vegetables.

In this chapter, attention is given to the effects of minimal processing
operations on the antioxidant activity of tomato fruit. Additionally, ways
in which the antioxidant activity changes during maturation and ripening
are discussed, as well as the possible interactions between the two factors.

EFFECTS OF MINIMAL PROCESSING ON ANTIOXIDANT
ACTIVITY OF TOMATO FRUIT

Studies with fresh-cut tomato are quite scarce (Lana and Tijskens 2006) in
contrast with a vast literature on the effects of heat processing on
antioxidant activity and antioxidant content of tomato products (Dewanto
et al. 2002, Lavelli and Giovanelli 2003, Sahlin et al. 2004, Sánchez-Moreno
et al. 2006, Shi and Le Maguer, 2000, Takeoka et al. 2001). The effect of
processing operations other than minimal is not considered here, and the
interested reader should be addressed to the cited literature.

The scarce volume of literature on the effects of minimal processing
operations in the chemical composition of tomato fruit makes it
impossible at the moment to come to a final conclusion whether these
operations alter the value of tomato as a source of bioactive compounds in
the diet. In view of that, the results obtained for fresh-cut tomato are
discussed together with results obtained for other fresh-cut fruits and
vegetables and inferences are addressed about expected changes in the
antioxidant activity of fresh-cut tissues.

 Fresh-cut tissues are primarily subjected to oxidative stress (Brecht
1995), which presumably could induce changes in the composition and
content of antioxidant compounds and consequently changes in the total
antioxidant activity of the tissue. In view of that, it was first hypothesized
that processed fruits and vegetables would have a lower health-protecting
capacity than fresh ones because of depletion of antioxidant compounds
in response to wounding stress. More recent studies show that this is not
necessarily the case, depending on which product and which class of
antioxidant is considered (Gil et al. 2006, Reyes et al. 2007).

In Table 1 is shown a summary of the most relevant results available in
the literature about the effect of minimal processing on the antioxidant
activity of fruits and vegetables. This subject is quite recent and has
received less attention than other aspects of quality such as firmness,
colour, microbial contamination and other visual or organoleptical
aspects.
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Table 1 Effects of minimal processing operations (peeling, cutting, slicing or shredding) on antioxidant activity of fruits and vegetables.

Fresh-cut produce Extract Antioxidant method Result Comments Reference

Iceberg lettuce Methanol DPPH Increased Correlated with Kang and Saltveit  2002
phenolics content

Methanol FRAP Increased Correlated with
phenolics content

Phosphate buffer FRAP Increased Correlated with
phenolics content

Romaine lettuce Methanol DPPH Increased Correlated with Kang and Saltveit  2002
phenolics content

Methanol FRAP Increased Correlated with
phenolics content

Phosphate  buffer FRAP Increased Correlated with
phenolics content

Celery, lettuce, Methanol  DPPH Increased Correlated with Reyes et al. 2007
parsnips, carrot, soluble phenolics
white cabbage, content
sweet potato

Purple-flesh Methanol DPPH Increased Correlated with total Reyes and Cisneros-Zevallos
potatoes phenolic content 2003

 Mandarin Diluted juice DPPH Decreased Paralleled by decrease Piga et al. 2002
in ascorbic acid

Spinach Methanol DPPH Decreased Related to a decrease Gil et al. 1999
in ascorbic acid and
flavonoids

Contd.
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Fresh-cut produce Extract Antioxidant method Result Comments Reference

Zucchini, potato, Methanol DPPH Decreased Correlated with soluble Reyes et al. 2007
red cabbage phenolics content

Papaya Phosphate buffer ORAC Decreased Associated with Rivera-Lopez et al. 2005
depletion  of ascorbic
acid

Celery Methanol DPPH Decreased initially, Vina and Chaves  2006
followed by increase
and later decrease

Tomato Na-phosphate ABTS Initial decrease Lana and Tijskens 2006
buffer followed by small

increase

Lemon in slices Methanol DPPH Did not  change Related to ascorbic Artes-Hernandez et al. 2007
5 mm thick, wedges, or slightly decreased acid changes but not
½ slices or ¼ slices to phenolics changes

Orange carrot ORAC Did not change
Alasalvar et al. 2005

Purple carrot ORAC Did not change

Tomato Water Lipid peroxidation Did not change

Pro-oxidant activity Lana and Tijskens 2006
inhibition

Methanol Lipid peroxidation Did not  change
inhibition

THF, hexane and Lipid peroxidation Did not change
ethyl acetate inhibition

Contd.
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Tomato Ethyl acetate ABTS Did not  change Lana and Tijskens 2006

Celery Methanol DPPH Did not  change Short-term storage Vina and Chaves 2007
(24 hr)

Cactus fruit Diluted juice DPPH Did not  change Paralleled by no Piga et al. 2003
changes  in ascorbic
acid

Radish Methanol DPPH Did not change Correlated with soluble Reyes et al.
phenolics content 2007
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Fig. 1 Antioxidant capacity of unprocessed (whole) and minimally processed (wounded)
vegetables after storage for 2 days at 15°C. Vertical lines represent one-sided standard deviation
(n = 9). Non-significant differences in content after processing are marked with “ns” (P > 0.05).
Reproduced from Reyes et al. (2007) with permission from Elsevier.

The results presented in Table 1 and Fig. 1 indicate that the antioxidant
activity can increase, decrease or remain unchanged after processing.
Reyes et al. (2007) proposed that the changes in antioxidant content and
activity after wounding are tissue dependent. The antioxidant activity of
methanol extracts measured by DPPH (2,2-diphenyl-1-picrylhydrazyl)
assay increased in response to wounding in lettuce, celery, carrot,
parsnips, and sweet potato, while it decreased for red cabbage, potato, and
zucchini and did not change significantly for radish (Fig. 1). Other authors
found increase in antioxidant activity after minimal processing for lettuce
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(Kang and Saltveit 2002) and potato (Reyes et al. 2007) and decrease for
mandarin (Piga et al. 2002) and spinach (Gil et al. 1999). No changes were
measured in the antioxidant activity of carrot (Alasalver et al. 2005), cactus
(Piga et al. 2003), and lemon (Artes-Hernandez et al. 2007) after cutting.

The antioxidant activity of both the hydrophilic and the lipophilic
extracts of sliced tomato stored at 5oC for 11 d was evaluated through
ABTS (2,2’-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid) assay by
Lana and Tijskens (2006). Both extracts showed the same exponential
decay starting after processing, with a reference rate constant of 0.949 ±
0.092 for lipophilic antioxidant activity (LAA) and 0.281 ± 0.065 for
hydrophilic antioxidant activity (HAA). Later on, the HAA increased with
storage time, while the LAA remained practically unchanged.

The pattern of change of HAA (concave curve) was the same whether
the fruits were intact or cut, but the antioxidant activity was systematically
lower for cut fruits (Fig. 2). The rate constant for the linear HAA increase
was higher for intact than for cut fruit and consequently the difference
between cut and intact fruit increased with storage time. A similar pattern
of change was reported for fresh-cut mandarin, where the antioxidant
activity decreased in the beginning of the storage period and later
increased (Piga et al. 2002).

Significant changes in LAA of sliced tomatoes were observed only in
the first 3 d of storage (Fig. 3) but could not be attributed to cutting since
the same phenomenon occurred in intact tomato fruits (Lana and Tijskens
2006). The reasons for this decrease in LAA could not be determined but
since it happened in both cut and whole fruits at the same magnitude, it is
more likely related with harvest or low temperature stress.

The changes in antioxidant activity of sliced tomato measured using the
ABTS assay were not confirmed in another experiment when a rat liver
microsome peroxidation assay was used (Lana and Tijskens 2006). The
water extract showed pro-oxidant activity without a clear effect of sample
concentration. The tetrahydrofuran (THF) extract showed very flat
response curves and no accurate calculation of antioxidant activity could
be performed. The antioxidant activity of the methanol extract changed
slightly during storage but no clear trend could be established either.

More consistent evaluation of the effect of minimal processing
operations on the antioxidant activity of fresh-cut tomato using different
methods is still missing. The limitations of uni-dimensional methods
based on artificial radical scavenging capacity such ABTS and DPPH to
evaluate the health-promoting capacity of food as well as the difficulties in
evaluating the antioxidant activity of lipophilic extracts are addressed in a
later section. The importance of the antioxidant assay as much as the
solvent used to extract the antioxidants can be gauged from the following
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Fig. 2 Hydrophilic antioxidant activity of tomato fruits harvested at stages I (breaker), II (turning)
or III (red) and stored sliced (open symbols and dotted line) or intact (closed symbols and solid
lines) at 5oC. Points are measured data (means of 5 replicates) and lines are simulated values.
Reproduced from Lana and Tijskens (2006) with permission from Elsevier.
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Fig. 3 Lipophilic antioxidant activity of tomato fruits harvested at stages breaker ( ), turning ( )
or red ( ) and stored sliced (S) (open symbols) or intact (I) (closed symbols) at 5oC. Points are
measured data (means of 5 replicates) and lines are simulated values. Reproduced from Lana
and Tijskens (2006) with permission from Elsevier.

reports for intact tomato fruits, where contradictory results are found
depending on the experimental conditions.

The total antioxidant activity of 14 cherry tomato cultivars was mainly
due to HAA that varied from 2.16 to 4.53 mM ferric reducing ability of
plasma (FRAP)/g fresh weight, while the LAA varied from 0 to 0.71 mM
FRAP/g fw (Lenucci et al. 2006). The same was observed for four high-
pigment cultivars that had total HAA varying from 2.67 to 4.07 mM
FRAP/g fw and LAA varying from 0.62 to 1.75 mM FRAP/g fw (Lenucci
et al. 2006). The HAA was also the main contributor of total antioxidant
activity (TAA) when antioxidant activity was evaluated by ABTS assay
(Cano et al. 2003, Pellegrini et al. 2007, Toor and Savage 2005). This
contribution varied from 71 to 93% in these reports.
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With the Free Radical Quenching assay (FRQA) the activity of the
lipophilic extract was much higher than that of the hydrophilic extract
(George et al. 2004) and the ranking of several tomato genotypes was
approximately the same in both extracts. With FRAP assay it was possible
to measure the antioxidant activity of methanol but not of hexane extracts.
Ranking tomato genotypes in the FRAP assay was different from ranking
them in the FRQA (methanol extracts). Contrasting results depending on
the model system used were also reported by Lavelli et al. (2000). The
tomato lipophilic fraction, containing carotenoids, was not very effective
in the xanthine oxidase-mediated reaction and in the neutrophil
myeloperoxidase-mediated reaction systems but very effectively
inhibited the copper-catalysed lipid peroxidation. This behaviour was
contrary to that of the hydrophilic fraction.

Evaluation of the antioxidant activity of processed and stored products
must include the evaluation of the intact product stored under the same
conditions to avoid misinterpretation of data, since storage time and
temperature can themselves induce changes in the antioxidant activity, as
observed for intact tomato and apple fruit. The soluble phenolics and
ascorbic acid contents of intact tomatoes harvested at light-red stage
showed slight increases during storage parallel to an increase from 17 to
27% in the soluble antioxidant activity during storage regardless of
temperature (Toor and Savage 2006). Long-term cold storage of apple fruit
reduced the total phenolics concentration and TAA measured by DPPH
assay (Tarozzi et al. 2004).

CHANGES IN ANTIOXIDANT CONTENT AND COMPOSITION
IN RESPONSE TO WOUNDING STRESS AND ITS RELATION
WITH ANTIOXIDANT ACTIVITY

Attempts to relate changes in antioxidant activity with changes in the
content of individual antioxidant components are a common approach
taken by many authors. In principle, this correlation will always be a
partial one since the measurement of antioxidant activity takes into
account interactions among individual components and the activity of
“unknown compounds”, both not measured in assays for the
quantification of one individual known compound.

Studies on correlation content versus activity of antioxidants are then
concentrated on those compounds believed to impart health benefits and
to be of biological significance to humans, namely carotenoids, phenols
and antioxidant vitamins such as C and E.

The results presented in Table 1 show that the changes in antioxidant
activity of fresh-cut products are mainly related with changes in phenolic
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compounds or ascorbic acid. However, before concluding that in view of
these results these are the two classes of compounds most affected by
processing, one must take into consideration the limitations of the
methods used (mainly radical scavenging methods) and consider that in
the majority of the reports only aqueous or methanol extracts were used.
This means that the activity of lipophilic antioxidants as important as
carotenoids and a-tocopherol was not taken into account.

The biosynthesis of some phenols is clearly related to wound response
(Kang and Saltveit, 2002, Lavelli et al. 2006, Tudela et al. 2002), while
others can be degraded in response to stress (Vina and Chaves 2006).
Changes in phenol composition can result in compounds with different
antioxidant activities. With a similar increase in phenolics content (330%
and 305% for Iceberg and Romaine lettuce respectively), there was an
increase of 140% and 255% in the antioxidant activity. It appears that the
wound-induced phenolics in Romaine have more antioxidant capacity
than the phenolics in Iceberg, or that other compounds with different
antioxidant activity at different concentrations in both lettuces influence
the antioxidant activity (Kang and Saltveit 2002). With increased storage
time, the antioxidant potential of a polyphenol-containing food can vary
greatly because of progressive enzymatic or chemical oxidation.
Polyphenols with an intermediate oxidation state can exhibit higher
radical scavenging efficiency than non-oxidized ones (Piga et al. 2002).

Since phenols are part of a very large group of compounds, differences
in individual phenols are expected (Table 2). Differences due to storage
duration are also reported. Quercetin concentration was not significantly
different between whole and chopped onions during storage for 11 d at
4oC, but higher quercetin concentration was found in chopped onions
with 11-30 d storage (Martinéz et al. 2005). Chlorogenic acid content
increased in cut celery in the first 24 hr after processing (Vina and Chaves
2007), while it decreased markedly after storage for 28 d (Vina and Chaves
2006).

Changes in total phenolics content was strongly correlated with the
antioxidant capacity measured by DPPH (methanol extracts) and FRAP
(phosphate buffered saline solution and methanol extracts) assays for
many products but not for fresh-cut lemon (Table 1). The possibility was
raised that other compounds with antioxidant activity could have
influenced the antioxidant assay and/or that it would depend also upon
synergistic effects among all water-soluble antioxidants and their
interaction with other constituents of the fraction (Kang and Saltveit 2002,
Lenucci et al. 2006).

Martinez-Valverde et al. (2002) used Pearson correlation to ascertain
the relationship between individual antioxidants and antioxidant activity
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Table 2 Effects of minimal processing operations (peeling, cutting, slicing or shredding) on antioxidant content of fruits and vegetables.

Product Antioxidant compound Result Comments Reference

Potato strips Flavonol (Quercetin 3- Increased Lag time of 3 d Tudela et al. 2002
glucosylrutinoside)
Flavonol (Quercetin 3- Increased Lag time of 3 d
diglucoside)
Flavonol (Quercetin 3- Increased Lag time of 3 d
rutinoside)
Total flavonols Increased
Phenolic acids (Caffeic Increased
acid derivatives)

Celery Chlorogenic acid Increased Short-term storage (24 hr) Vina and Chaves 2007

Shredded orange Total phenolics Increased Purple carrots at a higher Alasalvar et al. 2005
and purple carrot rate

Lettuce Total phenolics Increased Kang and Saltveit 2002

Potato Total phenolics Increased Reyes and Cisneros-Zevallos
2003

Celery Total flavonoids Decreased Vina and Chaves 2007

Celery Chlorogenic acid Decreased Long-term storage (21 d) Vina and Chaves 2006

Shredded red Anthocyanin Decreased Reyes et al. 2007
cabbage

Contd
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initial increase slices > ½ slices, > ¼
slices

Sliced potato Anthocyanin Did not change or Decreased only in the Reyes and Cisneros-Zevallos
decreased peel of tubers exposed 2003

to light

Celery Total phenols Did not change Vina and Chaves 2006, 2007

Spinach Total flavonoids Did not change Gil et al. 1999

Shredded orange Anthocyanins Did not change Only purple carrot Alasalvar et al. 2005
and purple carrot

Pumpkin – ½ slice, Ascorbic acid Decreased Decrease in shredded > Sasaki et al. 2006
cubes and shredded cube > slice

Celery Ascorbic acid Transient increase at Vina and Chaves 2006
14 d storage, decreasing
to initial levels after 28 d

Shredded carrot, Reduced ascorbic acid Decreased Reyes et al. 2007
parsnips, celery,
potato, zucchini,
white cabbage

Shredded sweet Reduced ascorbic acid Did not change Reyes et al. 2007
potato, radish,
red cabbage

Contd
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Sliced lemon Ascorbic acid and total Did not change Artes-Hernández et al. 2007
vitamin C

Sliced lemon Dehydroascorbic acid Slight increase Artes-Hernández et al. 2007

Sliced strawberry Total ascorbic acid Did not change Wright and Kader 1997
Reduced ascorbic acid Initial decrease on day 1

followed by increase to
levels close to initial

Dehydroascorbic acid Increase on day 1
followed by decline

Spinach Vitamin C (AA + DHAA) Decreased Gil et al. 1999

Shredded orange Total carotenoids Decreased Alasalvar et al. 2005,
and purple carrot Martin-Diana et al. 2005

Cut pineapple, Total carotenoids Decreased Spoilage occurred Gil et al. 2006
cantaloupe, before significant
mango and losses of carotenoids
strawberry

Pumpkin – ½ Total carotenoids Decreased Decrease in shredded Sasaki et al. 2006
slice, cubes and >> cube = slice
shredded

Shredded carrot, Total carotenoids No changes Reyes et al. 2007
sweet potato

Contd
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Kiwi slices and Total carotenoids No changes Gil et al. 2006
watermelon cubes

Watermelon cubes Lycopene Decreased Perkins-Veazie and Collins
2004

Sliced tomato Lycopene Increased or did not Lana et al. 2005
change depending on
temperature

Watermelon cubes b-carotene No changes Perkins-Veazie and Collins
2004

Papaya cubes b-carotene Decreased Decrease was significant Rivera-Lopez et al. 2005
and slices after longer storage and

dependent on temperature

Carrot sticks b-carotene Initial small increase, Returned to initial levels Lavelli et al. 2006
a-carotene followed by decrease after 10 d
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measured by DPPH and ABTS assay in tomato extracts. Lycopene, feluric
acid and caffeic acid were found to be related with the antioxidant
capacity, but not quercetin and chlorogenic acid. It must be considered,
however, that only ripened fruits were used and the content of
chlorogenic acid decreases with ripening so that its content in these fruits
was low compared to that of other phenolic compounds.

The retention of ascorbic acid is dependent on the integrity of the tissue
(Davey et al. 2000) and degradation of ascorbic acid is expected to
contribute to a decrease in antioxidant activity. Differences between
commodities in ascorbic acid degradation (Table 2) and in the relative
importance of vitamin C in TAA (Table 1) could be due to its initial
content, which varies greatly between and within species (Kalt 2005). It is
also likely that some of the conflicting results are related with differences
in extraction procedures and antioxidant assays.

The HAA of methanol extracts of tomato fruit (14 cherry cultivars and 4
high-lycopene cultivars) measured by FRAP assay showed a good linear
correlation with ascorbic acid (R2 = 0.49; P < 0.001) and was not correlated
(R2 = 0.02) with total phenolic content (Lenucci et al. 2006). This was not
confirmed by Slimestad and Verheul (2005), who also used methanol
extracts of cherry tomato and the FRAP assay. Changes in antioxidant
activity were not correlated with changes in ascorbic acid and they
seemed rather to be related with changes in the amount of phenols in
general and especially that of chalconaringenin and chlorogenic acid in
particular.

The antioxidant activity of tomato towards the ABTS radical using Na-
phosphate buffer extract showed strong correlation with ascorbic acid
(R² = 0.90) but no correlation with aqueous phenols (Cano et al. 2003). The
water/methanol extracts using the same assay were not correlated with
total flavonols (Caputo et al. 2004). When methanol extracts were used, the
HAA was well correlated with total phenols (R² = 0.7928). When
considering each polyphenol subclass, a good correlation was found for
phenolic acids (R² = 0.7796), a low correlation for rutin and its analogue
(R² = 0.4685), and no correlation for narigenin and its chalcone (Minoggio
et al. 2003). Better extraction of phenols by methanol than by water (Yu et
al. 2005) can partly explain the conflicting results reported by Cano et al.
(2003) and Minoggio et al. (2003).

Decrease in the content of ascorbic acid of fresh-cut carrot, parsnips,
celery, potato, zucchini and white cabbage did not affect the antioxidant
activity measured by DPPH assay (Reyes et al. 2007), while for other
products such as mandarin, spinach, lemon and cactus fruit the changes in
antioxidant activity measured by the same DPPH assay reflected changes
in ascorbic acid content (Table 1). The depletion of ascorbic acid in fresh-
cut papaya was also associated with decrease in antioxidant activity by
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ORAC (oxygen-radical absorbance capacity) assay (Rivera-Lopez et al.
2005).

Reyes et al. (2007) proposed that tissues with high levels of ascorbic
acid are prepared to control the increase in radical oxygen species (ROS)
induced by wounding; thus, the phenolics being synthesized are used for
other purposes (e.g., lignin or suberin formation). Conversely, in tissues
with low levels of reduced ascorbic acid, ascorbic acid is consumed readily
and phenolics are possibly synthesized to partly control ROS. Since
wounding could induce or decrease the synthesis of phenolic compounds
in the tissues, it was hypothesized that the resulting antioxidant capacity
of wounded produce would depend on the specific phenolic profile
present. A change in the phenolic profile due to wounding would be
reflected in changes in the antioxidant activity of the plant tissue.

The results reported by Lana and Tijskens (2006) are compatible with a
situation in which minimal processing results in degradation of ascorbic
acid and consequent reduction in HAA. The role of phenols in this
equation is not clear at the moment, since Cano et al. (2003) reported that
in the method used by both teams the correlation between aqueous
phenols and HAA was not significant.

Changes in carotenoid content in fresh-cut tissues were expected in
view of the instability of carotenoids when exposed to oxygen and light
(Shi and Le Maguer 2000), a situation likely to occur when internal tissues
are exposed after cutting. Wounding also promotes the production of
wound ethylene (Brecht 1995), which hastens senescence, including the
oxidation of fatty acids by lipoxygenase, during which carotenoids can be
degraded by co-oxidation (Biacs and Daood 2000).

A summary of the most relevant results on retention of carotenoids in
fresh-cut tissue is shown in Table 2. Decrease in total carotenoid content
after minimal processing and during low-temperature storage was
reported for carrot (Martin-Diana et al. 2005), watermelon (Perkins-Veazie
and Collins 2004), papaya (Rivera-Lopez, 2005), pineapple, cantaloupe,
mango and strawberry (Gil et al. 2006). Under different conditions no total
carotenoid loss was observed during storage of fresh-cut carrots at 4 and
10°C (Lavelli et al. 2006). On the contrary, a small increase happened at
4°C after 3 d of storage, followed by a small decrease. During storage at
5°C for 9 d, no losses in carotenoid were found in kiwi slices (Gil et al.
2006).

Not all carotenoids are equally stable in fresh-cut tissues. In fresh-cut
watermelon stored at 2°C for 10 d, reduction of lycopene content was
observed but no changes in b-carotene (Perkins-Veazie and Collins 2004).

Changes in individual and total carotenoids of fresh-cut tissues are also
expected to depend on storage temperature. Tomato slices stored at
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temperature varying from 8 to 16°C showed net increases of lycopene
concentration during storage. At lower temperature down to 2°C, no
increase or a small decrease was observed (Lana et al. 2005).

The LAA of hexane extracts measured by FRAP assay was correlated
with lycopene content (R2 = 0.45) and with the sum of all lipophilic
antioxidants (lycopene, a-tocopherol, b-carotene) (R2 = 0.46) (Lenucci et al.
2006). The LAA of tomato towards the ABTS radical paralleled the total
amount of carotenoids, mainly lycopene, in THF extracts (Caputo et al.
2004), dichloromethane extracts (Raffo et al. 2002) and ethyl-acetate
extracts (Cano et al. 2003). No clear trend was observed between LAA and
a-tocopherol (Raffo et al. 2002) or between LAA and organic phenols
(Cano et al. 2003).

The results reported by Lana and Tijskens (2006) are compatible with a
situation in which minimal processing of tomato resulted in preservation
of lycopene and no changes in LAA compared with intact fruit. A similar
situation was reported for fresh-cut and intact watermelon that presented
the same lycopene content, which decreased equally with increased
storage time (Gil et al. 2006). As observed for sliced tomato, this decrease
could not be ascribed to a processing effect.

STAGE OF MATURITY AND ANTIOXIDANT ACTIVITY

If minimal processing operations result in changes in antioxidant activity,
it is expected that this will depend on the stage of maturity of the fruit,
since its chemical composition will change with maturation and ripening.

Changes in antioxidant activity during ripening of tomato fruits were
reported by Cano et al. (2003), Giovanelli et al. (1999), Jimenez et al. (2002),
Lana and Tijskens (2006) and Raffo et al. (2002).

On the basis of results obtained for oxidative stress and antioxidant
enzyme systems during maturation of two tomato cultivars, Mondal et al.
(2004) proposed that tomato fruits respond to progressive increase in
oxidative stress during earlier stages of maturation by increasing the
activities of scavenging enzymes as well as the concentration of ROS
scavenging compounds. However, at later stages, the ROS scavenging
system does not cope with the production system, leading to the
accumulation of ROS.

Antioxidant activity measured as radical scavenging capacity towards
ABTS radical increased during ripening in both lipophilic (THF extracts)
and hydrophilic (aqueous/methanol extracts) fractions (Caputo et al.
2004, Lana and Tijskens, 2006). The decrease in TAA from deep red stage
to overripe stage was possibly associated with antioxidant depletion
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caused by fruit defence mechanisms against ROS, which are produced in
large amounts during the climacteric (Caputo et al. 2004).

Similar results for LAA using ABTS assay were reported by Cano et al.
(2003) and Raffo et al. (2002) and were related to changes in carotenoid
content, mainly lycopene.

Contrary to what was reported by Lana and Tijskens (2006) and by
Caputo et al. (2004), no change in HAA during ripening of tomato was
observed by Cano et al. (2003) when using the same ABTS assay (Table 3)
and the same extraction procedure as Lana and Tijskens (2006). In another
assay, crocin bleaching inhibition test, water-soluble tomato extracts
exhibited a slight decline during ripening (Raffo et al. 2002). This trend
could be only partly attributed to changes in phenolics and ascorbic acid
content, and it was not unequivocally related to any single component. It
is plausible that the TAA depended also upon synergistic effects among
all water-soluble antioxidants and their interactions with other
constituents of the fraction.

Table 3 Total (TAA), hydrophilic (HAA) and lipophilic (LAA) antioxidant activities at successive
ripening stages of on-vine tomatoes, expressed as mmol Trolox ¥ 100 g–1 fw. Reproduced from
Cano et al. (2003), with permission from Elsevier.

Ripening HAA HAAa LAA LAAa TAA c

stage measured calculated measured calculated

Green 195 a 129 a 33 a 12 a 228 a

Breaker 211 a 242 b 65 b 28 b 276 b

Pink 192 a 214 b 79 bc 57 c 271 b

Red-ripe 218 a 304 c 88 c 81 d 306 c

a HAA calculated as TEAC ascorbic acid (1) ¥ [ascorbic acid] + TEAC gallic acid (3) ¥ [amount of aqueous
phenols].
b LAA calculated as TEAC b-carotene (2.5) ¥ [b-carotene] + TEAC lycopene (3) ¥ [lycopene + TEAC gallic acid
(3) ¥ [amount of organic phenols].
c Values followed by different letters within a column are significantly different at P < 0.05.

The effect of stage of maturity was more pronounced in LAA than HAA
although TAA was mainly due to HAA at all stages (Table 3; Lana and
Tijskens 2006).

Changes in antioxidant activity due to ripening are likely to be different
whether the fruits ripen on vine or off vine (Giovanelli et al. 1999).
Tomatoes that are picked at mature-green stage and ripened off vine
developed greater levels of antioxidants (lycopene, b-carotene and
ascorbic acid) than fruits picked at the full ripe stage. The synthesis of
lycopene and b-carotene was linear with maturity for vine-ripened fruits,
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while for off-vine fruits it was exponential. In post-harvest tomatoes,
ascorbic acid showed an initial decrease followed by a considerable
increase in the last stages (upward concave curve), while in vine-ripened
tomatoes, ascorbic acid accumulated during the first stages and then
decreased. At later stages of maturity the ascorbic acid content was
slightly higher for fruits ripened off vine. The two ripening conditions also
gave different pattern of phenolic accumulation. Total phenolics on vine-
ripened fruits showed a small linear decrease with ripening, while off vine
it first increased, then decreased and increased again at later stages of
maturity. The total phenolics content was higher for fruits ripened off
vine.

When the antioxidant activity was measured as inhibition of lipid
peroxidation in rat liver microsomes, the antioxidant activity of methanol
extracts increased from mature-green stage to turning stage and decreased
again at red stage (Lana and Tijskens 2006). No clear trend could be
established for THF and water extracts in the same assay.

INTERACTION BETWEEN PROCESSING AND MATURITY
STAGE IN THE CASE OF TOMATOES

An interaction between the effects of stage of maturity and minimal
processing was expected in view of the changes that happen in the
antioxidant content along maturation and ripening of the tomato fruit.
However, differences due to stage of maturity, for both sliced and whole
tomato, were mainly due to differences in the initial antioxidant activity
when the fruits were processed, since the same pattern of changes during
storage was observed for all stages (Lana and Tijskens 2006). The
interaction between processing and maturity was not significant for LAA
(Pr > F = 0.8299) and marginally significant for HAA (Pr > F = 0.0732).
When the effects of time, processing and maturity were considered
simultaneously by multiple non-linear regression, the parameters for
HAA model could be estimated in common for all maturity stages in
whole and cut fruit, confirming that a possible interaction between
maturity stage and processing was not relevant in this case.

MEASUREMENT OF ANTIOXIDANT ACTIVITY—LIMITATIONS
OF THE MOST COMMONLY USED METHODOLOGIES

The impact of processing on the amount and composition of antioxidant
compounds of fruits and vegetables can be evaluated through the
assessment of individual components known to be important antioxidants
in each particular product (Table 2). This procedure can be cumbersome
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when there are many compounds of interest, each one evaluated by a
different method. To measure TAA is a way to overcome this limitation
with the additional benefit of taking into consideration synergistic
interactions among antioxidants and the action of other compounds
whose antioxidant activity is unknown. Total antioxidant activity is
particularly useful in obtaining an overall picture of relative antioxidant
activity in food and plant material and how it changes after processing or
storage (Halliwell 2002).

There are numerous antioxidant assays to measure antioxidant activity
but there are no approved standardized methods (Frankel and Meyer
2000). The advantages and drawbacks of the most commonly used assays
have been the subject of numerous reviews (Arnao 2000, Aruoma, 2003,
Frankel and Meyer, 2000, Halliwell 2002, Pellegrini et al. 2003, Roginsky
and Lissi 2005).

Radical scavenging methods are the most widely used because they are
sensitive and easy to perform. They involve the generation of radical
species in vitro followed by their removal from the medium by the
antioxidant present in the sample and include DPPH assay (Jimenéz-
Escrig et al. 2000) ABTS assay (Cano et al. 2000), FRAP and TRAP assays
(Pellegrini et al. 2003) and ORAC (Cao et al. 1993).

More complex methods involve testing of antioxidants in food and
biological systems where a lipid or lipoprotein substrate is oxidized under
standard conditions and the inhibition of oxidation after addition of the
antioxidant is measured (Chang et al. 2000, Frankel and Meyer 2000, Sluis
et al. 2000). Although closer to the situation experienced in vivo, these
methods also present some drawbacks related to partitioning properties
of the antioxidants between lipid and aqueous phase, oxidation conditions
and physical state of the oxidizable substrate (Frankel and Meyer 2000).

As is shown in Table 1, the oxidant activity of fresh-cut products was
mainly evaluated by radical scavenging methods. These results must be
interpreted cautiously, since the ability of antioxidants to scavenge an
artificial radical may not reflect the antioxidant activity in vivo or its action
against physiologically relevant radicals (Frankel and Meyer 2000,
Roginsky and Lissi 2005). In practice, these methods measure the H-
donating activity, which does not always correlate with chain-breaking
antioxidant activity (Roginsky and Lissi 2005). Although very sensitive,
they neglect important compositional and interfacial phenomena
concerning charge and solubility of multiple components in real food or
biological systems that strongly affect antioxidant performance (Frankel
and Meyer 2000). As a rule, the different antioxidant activity methods are
poorly correlated with each other (Roginsky and Lissi 2005). Even
methods based on the same principle such as DPPH and ABTS differ in
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their selectivity in the reaction with H-donors and consequently give
different results for the same antioxidant (Martinez-Valverde et al. 2002,
Wilborts 2003).

Another aspect that deserves attention refers to the antioxidant
extraction procedure. Extraction of tomato antioxidants with a sequence
of water and acetone was not effective in the case of foods with a high
content of lipophilic compounds such as lycopene and b-carotene. An
additional extraction with chloroform did not increase the recovery of
these lipophilic compounds, which was equal to 20% of the total
carotenoid extracted by THF (Pellegrini et al. 2007). Methanol extracts are
predominant in the assays listed in Table 1 and a poor recovery of
lipophilic antioxidants is expected in this situation.

Even within the hydrophilic antioxidant group, remarkable differences
in antioxidant activity can be measured depending on the solvent or
reaction medium used. For example, feluric acid, which showed high
correlation with the antioxidant activity in aqueous tomato extracts, is
150% more efficient as antioxidant than caffeic and chlorogenic acid in
aqueous phase (others by Martinez-Valverde et al. 2002).

The importance of the lipid substrate should also be taken into
consideration, as shown from the results of Takeoka et al. (2001). The
lycopene-containing hexane extract of fresh tomatoes presented greater
antioxidant activity than the aqueous and methanol extracts when
phosphatidylcholine liposome was used as substrate for oxidation but
about half the activity of methanol extracts when linoleic acid was used as
substrate.

Also, for HAA measurements, the substrate for oxidation was shown to
interfere in the measured antioxidant activity. Hydrophilic extracts from
tomato samples showed pro-oxidant action in a copper-catalysed linoleic
acid oxidation assay (Lavelli et al. 2000). In another experiment, tomato
aqueous extracts showed antioxidant action in a copper-catalysed
phosphatidylcholine liposome oxidation assay but no activity in a linoleic
acid emulsion oxidation induced by endoperoxide (Takeoka et al. 2001).
The pro-oxidant action reported by Lavelli et al. (2000) was considered to
be due to the presence of ascorbic acid and its action activating metal-ion
catalysed reactions, which probably also happened in the conditions of the
rat liver microsome peroxidation inhibition assay where ascorbic acid was
used as oxidative inducer together with iron sulphate (Lana and Tijskens
2006).

The effect of cutting, fruit maturity stage and storage time on the
antioxidant activity of tomato extracts was not the same in two different
antioxidant assays (Lana and Tijskens 2006). Although different solvents
were used in each assay, part of the compounds extracted by the Na-P
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buffer in the ABTS assay should be present in the water and methanol
extracts used in the rat liver microsome peroxidation assay. Similarly, part
of the compounds extracted by ethyl acetate in the ABTS assay should be
present in methanol and THF extracts of the lipid peroxidation assay. The
lack of antioxidant activity in the THF extract in the lipid peroxidation
assay was highly unexpected, since this extract contains lycopene, which
is known to be an efficient scavenger of peroxyl radicals (Woodall et al.
1997). However, Chen and Djuric (2001) questioned whether carotenoids
can act as antioxidants in biological membranes and suggested that
although carotenoids are sensitive to degradation by free radicals they do
not protect against lipid peroxidation. The possibility that THF, a strong
organic solvent, disturbed the biological system remains to be
investigated.

Contrasting results between radical scavenging methods and in vitro
lipid peroxidation methods were discussed in an extensive review by
Frenkel and Meyer (2000) and reported by Garcia-Alonso et al. (2004). This
apparently contradictory behaviour occurs because the effectiveness of
antioxidants depends on the test system used (Frankel and Meyer 2000).
Lipid peroxidation methods include mechanisms of antioxidant action
besides radical scavenging. On the other hand, partitioning and interfacial
properties are not taken into consideration in radical scavenging assays,
while they represent an important factor in biological assays.

CHANGES IN ANTIOXIDANT ACTIVITY AS A RESULT OF
PROCESSING—IMPLICATIONS FOR HUMAN HEALTH

Data on changes in antioxidant activity and their significance in diet and
human health must be interpreted with care in view of the limitations of
the methods for antioxidant activity measurement, as discussed in the
previous section. Additionally, it is possible for an antioxidant to protect
in one biological system, but fail to protect (or even sometimes to promote
damage) in others (Halliwell 2002).

Measurement of TAA alone is probably not enough to conclude about
the healthiness of the food. It is necessary to investigate whether an
increase in HAA could, for example, be due to the increase in phenolic
compounds with adverse effects on health (Ohshima et al. 1998). On the
other hand, in vitro and animal studies indicate a potential for phenolics
acids to have beneficial cardiovascular effects independent of their
antioxidant activity (Morton et al. 2000).

An important point, generally neglected in the evaluation of the effect
of minimal processing on the antioxidant activity and composition of
fruits and vegetables, is whether the gain in one individual or in one class
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of antioxidants can compensate the loss of others. In fresh-cut carrot there
was an increase in antioxidant activity of 77% and an increase in total
phenol content of 191% (Reyes et al. 2007). For this same product there was
a decrease in ascorbic acid of 82% in relation to initial content after 48 hr at
15oC. Is it right to conclude that the increase in phenolic content at the
expense of a decrease in vitamin C is good for health? Vitamin C is an
essential component of the diet, since humans are not able to synthesize
ascorbic acid and virtually all the ascorbic acid in the western diet is
derived from fruits and vegetables (Davey et al. 2000). On the other hand,
the role of dietary antioxidants in the prevention of chronic and
degenerative diseases is still a subject of debate (Astley 2003, Buttriss et al.
2002, Kaur and Kapoor 2001, Morton et al. 2000, Ohshima et al. 1998,
Rietjens et al. 2002, Shvedova et al. 2000).

More consistent results showing that in fact the health-promoting
activity of fruits can be reduced after harvest were shown not for fresh-cut
but for intact apple fruit. Six-month storage markedly decreased the
bioactivity of apples measured as the levels of intracellular antioxidant,
cytoprotective and antiproliferative activity in Caco-2 cells (Tarozzi et al.
2004). In fresh-cut fruits that present a very short shelf-life the fruits
commonly spoil visibly before significant nutrient loss occurs (Gil et al.
2006).

The results obtained for sliced tomato indicate that processing can
induce a reduction of radical scavenging capacity, which is only one of the
mechanisms by which antioxidants can prevent oxidative damage (Lana
and Tijskens, 2006). The fact that an artificial radical was used should be
kept in mind while extrapolating the results to an in vivo situation.

Although a minor decrease in antioxidant activity was measured in
sliced tomato as a response to processing, at the moment it is not possible
to know the impact of this decrease in the value of tomato as source of
antioxidant in the diet.

CONCLUSIONS

The studies outlined in the present review show that inconsistent results
have been obtained for different fresh-cut products and many times for a
single product, depending on the system composition and analytical
methods used to measure antioxidant activity. There is a predominance of
in vitro radical scavenging methods, the results of which cannot be directly
extrapolated to an in vivo situation.

It is clear that minimal processing operations induce changes in the
content and composition of fresh-cut products, but it is not yet clear what
is the impact of these changes in the total antioxidant activity of the tissue
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or in the value of this product as a source of antioxidants and other
bioactive compounds in the human diet.

Studies with tomato fruit have concentrated on the impact of
processing involving thermal operations other than minimal processing.
The current knowledge on fresh-cut tomatoes indicates that processing
tomato fruit into transversal slices induces a decrease in the radical
scavenging capacity of hydrophilic extracts towards the ABTS radical.
This indicates a potential effect of processing to decrease the antioxidant
activity in vivo. This would represent a decrease in the value of cut
tomatoes as a source of antioxidants in the diet compared with the fruit
stored intact. The observed increase in hydrophilic antioxidant activity at
the end of the storage period indicates that some repair or recycling
mechanism is operative. This same mechanism is present in intact fruits,
since they showed the same pattern of change as sliced fruits. The radical
scavenging capacity of lipophilic extracts, rich in lycopene, was not
affected by cutting. Since no relevant interaction was found between
storage time and stage of maturity, the major factor determining the level
of antioxidants in sliced tomatoes seems to be the initial level of
antioxidant activity at the moment of harvest.

ABBREVIATIONS

ABTS: 2,2’-azino-bis-(3-ethylbenzthiazoline-6-sulphonic acid); DPPH:
2,2-diphenyl-1-picrylhydrazyl; FRAP: ferric reducing ability of plasma;
FRQA: free radical quenching assay; FW: fresh weight; HAA: hydrophilic
antioxidant activity; LAA: lipophilic antioxidant activity; ORAC: oxygen-
radical absorbance capacity; ROS: radical oxygen species; TAA: total
antioxidant activity; THF: tetrahydrofuran
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Tomato and Anticancer Properties of Saliva
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ABSTRACT
It has been suggested that intake of some nutrients may be related to the
anticancer properties of saliva. Furthermore, epidemiological studies have
suggested that tomatoes may protect against carcinogenesis. In this research,
we investigated the effect of a period of daily tomato juice drinking on the
anticancer properties of saliva. Of the 22 healthy male university students we
recruited, 11 drank 3 cans (570 g) per day (morning, noon, and night) of tomato
juice for 10 d (tomato-juice-drinking group). Saliva samples were collected
immediately before and after this period of thrice daily consumption of tomato
juice, and 3 d after the end. The anticancer properties of the saliva samples
were determined using the umu test. The tomato-juice-drinking group showed a
significant increase in the anticancer properties of saliva after drinking tomato
juice for 10 d (p < 0.05). This increase, however, did not persist to 3 d later. The
control group showed no such change. These findings suggest that
consumption of tomato juice increases the anticancer properties of saliva and
that a persistent effect of tomato consumption on the anticancer properties of
saliva can be maintained only by regular consumption.

INTRODUCTION

In an earlier study (Toda et al. 2002a), we looked into the relationship
between health-related lifestyle factors and the anticancer properties of
saliva. Of the health-related lifestyle items, a nutritionally balanced diet
was one of the main factors that promoted the anticancer properties of
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saliva. Thus, we conjectured that intake of some nutrients may be related
to the anticancer properties of saliva. In this research, using the umu test,
we investigated the effect of a period of daily tomato juice drinking on the
anticancer properties of saliva.

Tomatoes seem to protect against carcinogenesis. Epidemiological
studies have revealed an inverse relation between tomato intake, which
increases serum lycopene, and the risk for several types of human cancers
(Giovannucci 1999, Sengupta and Das 1999). Furthermore, lycopene, a
carotenoid abundantly present in tomato, has been shown to be a
powerful antioxidant (Di Mascio et al. 1989a, Khachik et al. 1995).

At present, the Ames test (Ames et al. 1975) and the umu test
(Nakamura et al. 1987, Nakamura 1988, Oda et al. 1985) are widely used
for assaying mutagenicity. In this study, we selected the umu test because
of the many advantages it has over the Ames test: while the sensitivity is
similar, only a single bacterial strain is required to test for various types of
mutation. The assay is completed more quickly and is not influenced by
histidine. Thus, the umu test seems more suitable for samples that can
include histidine, such as components of the human body, and when large
numbers of samples must be tested.

TESTING THE EFFICACY OF TOMATO JUICE

We recruited 22 healthy male university students to take part in the study.
None were smokers or taking medication. These subjects were randomly
assigned to either of two groups, a tomato-juice-drinking group (n = 11)
and a control group (n = 11). Table 1 shows the basic characteristics of each
group. We found no significant differences in age or physique between the
two groups. In addition, responses to a questionnaire survey revealed no
significant difference in their ordinary daily intake of vegetables or
vegetable juice. In the protocol, the tomato-juice-drinking group drank 3
cans (570 g) per day (morning, noon, and night) of tomato juice (Yakult
Co., Tokyo, Japan) for 10 d (Table 2).

Saliva samples of 10-15 ml were collected directly into test tubes (Toda
et al. 2002b) immediately before and after this period of thrice daily
consumption of tomato juice, and 3 d after the end (Fig. 1). To exclude
the effects of possible circadian variation, samples were all collected at the
same time (17:00). It has been reported that the presence of many
components of saliva tends to be stable in the mid-afternoon (Ferguson
and Botchway 1980). Subjects were requested to refrain from eating and
drinking for at least 2 hr before each saliva sampling and not to consume
similar beverages during the protocol period. The samples were stored at
–80ºC until the assay.
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Table 1 Subject characteristics.

Group Number Values (mean ± SD)
Age (yr) Height (cm) Body weight (kg) BMI (kg/m2)

Tomato juice 11 23.5 ± 3.6 172.2 ± 4.1 60.6 ± 4.6 20.4 ± 1.2
drinkers
Control group 11 22.6 ± 1.0 172.7 ± 4.5 62.7 ± 8.3 21.0 ± 1.9

The subjects were randomly assigned to either of two groups, a tomato-juice-drinking group and a control group.
We found no significant differences in age or physique between the two groups.

Table 2 Nutrients in 190 g can of tomato juice.

Calories 36 kcal
Protein 1.3 g
Fat 0 g
Carbohydrates 7.8 g
Sodium 151 mg
Lycopene 19 mg

Source: Yakult Co.

The anticancer properties of the saliva samples were assayed using the
umu test (Fig. 2). A volume of 0.1 ml (0.024 mg/ml) of AF-2
(furylfuramide) was used as a mutagen. The mutagenicity of AF-2 has
been well confirmed by the umu test (Nakamura and Kosaka 1993, Okada
et al. 1989, Uenobe et al. 1997). Bacteria were grown in either Luria’s broth
or TGA medium (1% bacto tryptone, 0.5% NaCl and 0.2% glucose)
supplemented with ampicillin (20 mg/ml). Z-buffer was prepared as
described previously (Miller 1972). Chemicals were of the purest grade
available.

Using Salmonella typhimurium TA1535/pSK1002 as the tester strain, the
umu test was carried out essentially as previously described (Nakamura
et al. 1987, Nakamura 1988, Oda et al. 1985). It has been reported that
0.2 ml of saliva sufficiently inhibits the mutagenicity of AF-2 and that this
amount has no effect on the proliferation of the tester strain (Okada et al.
1989). After adding 0.2 ml of saliva to the test system, using a previously
described method (Miller 1972), SOS responses were evaluated according
to b-galactosidase activity. The SOS response-inhibiting capacities of
saliva, referred to here as the anticancer properties of saliva, were
calculated using the following equation: [1 – (A – C)/(B – D)] ¥ 100 (%)
(Yamamoto et al. 1994), where A is the assay result for SOS responses
induced by the mutagen mixed with saliva, B is the result for the mutagen,
C is the result for saliva, and D is the result without additions (baseline).

All results are displayed as mean values ± standard deviation. ANOVA
with repeated measures was performed to detect inter-group and time-
related differences. Bonferroni’s test was used for multiple comparisons.
Values were considered to be significantly different when p < 0.05.
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were collected immediately before and after this period of thrice daily consumption of tomato juice, and 3 d after the end.
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FINDINGS

Table 3 shows the modifying effect of saliva on the mutagenicity of AF-2.
Anticancer properties of 33.3 ± 25.5% were found.

The effect of drinking tomato juice on the anticancer properties of saliva
is shown in Fig. 3. Tomato juice drinkers showed a significant increase in
the anticancer properties of saliva after drinking tomato juice for 10 d
(p < 0.05). This increase, however, did not persist to 3 d later. Meanwhile,
in the control group, there was no such change.

IMPLICATIONS

It has been shown that active oxygen species such as singlet oxygen or free
radicals can cause a wide spectrum of cell damage including lipid
peroxidation, enzyme inactivation, and DNA damage (Cerutti 1985, Di
Mascio et al. 1989b, Fridovich 1978, Meneghini 1988). This evidence
suggests that the presence of active oxygen species may play an important
role in carcinogenesis. Meanwhile, many antioxidants are antipromoters

Mutagen

Tester strain

SOS responses

(Generation of -galactosidase)�

DNA damage

Tester strain

MutagenSaliva

DNA damage (�)

SOS responses ( )�

Fig. 2 Determination of anticancer properties of saliva using umu test. Tester strain:
Salmonella typhimurium TA1535/pSK1002. Mutagen: furylfuramide (AF-2; 0.024 mg/ml). The
anticancer properties of saliva were calculated using the following equation: [1 – (A – C)/(B –
D)] ¥ 100 (%), where A is the assay result for the SOS responses induced by the mutagen mixed
with saliva, B is the result for the mutagen alone, C is the result for saliva, and D is the result
without additions (baseline).
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and anticarcinogens (Cerutti 1985): for example, in carotenoids, the
conjugated polyene structure is involved in quenching harmful active
oxygen species (Krinsky 1993). Furthermore, compared with other
carotenoids, it has been reported that lycopene possesses exceptionally
potent antioxidant capabilities (Di Mascio et al. 1989a). The tomato juice
consumed in the present study included 19 mg of lycopene per can
(Table 2). It is likely to have been a major contributor to the increased
anticancer properties of saliva.

Table 3 Modifying effect of saliva on SOS responses induced by AF-2 (n = 22).

b-galactosidase activity (units) Anticancer properties (%)
AF-2 (0.024 mg/ml) Control (DMSO)

Saliva (+) 584.05 ± 165.99 171.29 ± 28.64 33.3 ± 25.5
Saliva (–) 829.53 ± 15.52 210.65 ± 5.64

Values are expressed as mean ± SD.
AF-2 = furylfuramide; DMSO = dimethyl sulfoxide
0.2 ml of saliva was added to the test system in the presence of the mutagen (AF-2). SOS responses were
evaluated according to b-galactosidase activity. Anticancer properties of 33.3 ± 25.5% were found.

Fig. 3 Mean values (±SD) for anticancer properties of saliva in tomato juice drinkers (solid
line; n = 11) and control group (broken line; n = 11) during the sampling period. *p < 0.05
(ANOVA with repeated measures and Bonferroni’s test). Tomato juice drinkers showed a
significant increase in the anticancer properties of saliva after drinking tomato juice for 10 d.
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While the saliva of tomato juice drinkers showed a significant increase
in anticancer properties, the increase did not persist to 3 d later. This
finding suggests that a persistent effect of tomato consumption on the
anticancer properties of saliva can be maintained only by regular
consumption.

The optimal or minimal intake of lycopene or tomato to maintain
efficacy has not yet been clearly determined and, at present, information
on the absorption, distribution and metabolism of lycopene is sparse
(Sengupta and Das 1999). In our protocol, for 10 d, subjects drank 3 cans
per day of tomato juice, because we conjectured that this quantity might
produce a measurable effect on the anticancer properties of saliva and that
subjects could tolerate it without strain. As we expected, this level of
consumption of tomato juice did have a significant effect on the anticancer
properties of saliva. More detailed study is required, however, to better
elucidate the relationship between intake of tomato juice and the
anticancer properties of saliva.

In this study, we found that consumption of tomato juice did increase
the anticancer properties of saliva. The research, however, has several
limitations. The effect of substances other than lycopene in tomato juice
cannot be excluded. This can be investigated by supplementing a regular
diet with lycopene. Furthermore, salivary lycopene levels should be
determined. To elucidate how dietary items affect the anticancer
properties of saliva, it is necessary to carry out further studies with
various nutrients.

ABBREVIATIONS

AF-2: Furylfuramide; TGA medium: Tryptone-glucose-ampicillin
medium
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ABSTRACT
Epidemiological and experimental data suggest that an increased intake of
tomato products can reduce the risk of cancers, especially prostate and colon
cancer. DNA damage is an important step in the initiation of carcinogenesis.
Human intervention studies have shown that daily consumption of tomato
products containing about 15 mg lycopene or more can decrease DNA damage
and even those with about 6 mg or more can increase the antigenotoxic
resistance of peripheral blood lymphocytes against strand breaks initiated by
pro-oxidants such as hydrogen peroxide or iron ions. It would appear that the
protective effects of tomatoes cannot be attributed solely to lycopene, which is,
however, possibly a good marker for consumption of tomato products. Little is
known about the protective effects of tomatoes on DNA damage in cells other
than lymphocytes in human. Prostate and colon epithelial cells are of special
interest because of well-known epidemiological links. Further studies are
necessary to estimate the protective tomato compounds, molecular
mechanisms of action, and subpopulations that are sensitive to the cancer-
preventive effects of tomato.

DNA STRAND BREAKS, FORMATION, REPAIR AND
BIOLOGICAL CONSEQUENCE

A DNA single strand break (SSB) is a discontinuity of one strand of a DNA
duplex and can be caused by a number of reactive oxygen and nitrogen
species (ROS/RNS) such as hydroxyl radical, singlet oxygen, hydrogen
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peroxide and peroxynitrite reacting directly with DNA (von Sonntag
1984, Epe et al. 1996). Reactive oxygen and nitrogen species are generated
during numerous physiological processes such as oxidative
phosphorylation in mitochondria or in a large number of enzymatic
reactions. Increased formation of ROS/RNS is observed during
pathological processes such as inflammation, ischemia/reperfusion, or
tissue damage or induced by environmental factors such as ultraviolet
irradiation from the sun, ozone, nitrogen oxides, tobacco smoke, asbestos
particles, or medical drugs (Sies 1991). Many ROS/RNS can directly cause
SSB by attacking the sugar-phosphate backbone (von Sonntag 1984), but
they are also able to modify DNA bases. A number of modified DNA
bases can be recognized by DNA base excitation and nucleotide-excitation
repair enzymes and removed, causing indirect SSBs (Epe et al. 1996).
Additionally, topoisomerases cause indirect SSBs. Most SSBs are rapidly
repaired by a complex mechanism that includes removal of damaged
bases and sugars, restoration of damaged 3’ and 5’ termini, gap filling and
ligation (for review, see Caldecott 2007). More than 130 human DNA
repair genes have been identified. Proteins such as X-ray repair cross-
complementing protein 1 (XRCC1), 8-oxoguanosine DNA glycosylase
(OGG1), excision-repair cross-complementing 1 (ERCC1) xeroderma
pigmentosum complementation group (XPP), poly (ADP-ribose)
polymerase-1 (PARP-1), DNA Ligase 3 (Lig3a), human polynucleotide
kinase (hPNK,) apurinic/apyrimidinic endonuclease-1 (APE1), and DNA
polymerase b (Pol b) play an important role in the repair of DNA base
damage and SSB.

High frequency of SSBs can lead to formation of double strand breaks
(DSBs), which are proposed to be the most hazardous lesions arising in the
genome of eukaryotic organisms. The repair mechanisms of DSB are more
complex than those of SSBs and efficient repair is very important for the
maintenance of genomic integrity, cellular viability and prevention of
tumorigenesis.

Many thousands of DNA lesions occur in each cell, every day. The
steady-state level of strand breaks (SBs) is kept at a very low level and can
be regulated by expression of many enzyme systems including antioxidant
(e.g., glutathione peroxidase), detoxification of prooxidative xenobiotics
(e.g., glutathione S-transferases), and the DNA repair system. There are a
number of polymorphisms of some antioxidant, detoxification and DNA
repair proteins, which can result in a large variety of possible
combinations of activities of these enzymes and a large number of subsets
of individuals with different resistance or susceptibility to genotoxic
agents. There are some descriptive reports on the influence of nutrition in
humans, but little information is available on how nutrition and, in
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particular, tomato consumption modulate this very complex system,
which regulates the in vivo concentrations of genotoxic agents and DNA
repair enzymes.

EFFECT OF TOMATO CONSUMPTION ON STRAND BREAK
LEVELS IN HUMAN BLOOD CELLS

Pool-Zobel et al. (1997) first reported that consumption of heat-processed
tomato juice (330 mL/d) by healthy subjects for 2 wk significantly reduced
endogenous DNA strand breaks in lymphocytes (Pool-Zobel et al. 1997).
The authors reasoned that the protective effect of tomato consumption
could be attributed to the enhancement of a detoxification protein
(cytosolic glutathione S-transferase P1) and DNA repair proteins (Pool-
Zobel et al. 1998). Following this report a number of human intervention
studies investigated the effect of daily consumption of tomato puree,
sauce and extracts on DNA damage in humans (Riso et al. 1999, 2004,
Porrini and Riso 2000, Briviba et al. 2004) (Table 1). Most of these studies
showed a protective effect of consumption of various tomato products on
DNA damage in lymphocytes. The most consistent effect seems to be an
increased resistance of DNA against pro-oxidant-induced SB formation in
lymphocytes in ex vivo experiments. Thus, three out of four studies and
one out of one study showed a statistically significant increase in DNA
resistance to H2O2 and Fe2+, respectively (Pool-Zobel et al. 1997, Riso et al.
1999, 2004, Porrini and Riso 2000, Porrini et al. 2005). These data indicate
that consumption of different processed tomato products increases the
capacity of the cellular antioxidant network to more effectively inactivate
H2O2 and/or prevent formation of the reactive species that can be formed
from H2O2 such as hydroxyl, ferryl, oxo-ferryl radicals.

The effect on endogenous SSB formation is not so consistent; only two
(Pool-Zobel et al. 1997, Briviba et al. 2004) out of six studies showed
statistically significant reductions in endogenous levels of SB in
lymphocytes (Table 1). Also, our data using a study design similar to that
of Pool-Zobel et al. (1997) (tomato juice 330 mL; intervention time 2 wk)
did not show statistically significant reduction in SBs in lymphocytes, in
spite of a significant increase in plasma lycopene concentration (Fig. 1).
The explanation for these discrepancies in the effects could be differences
in the level of SB at the beginning of the experiments. In the study by Pool-
Zobel et al. (1997), this level was about twice as high as ours. Also, the
plasma concentrations of lycopene, which reflect the consumption of
tomato products, were different at the beginning of the studies.
Furthermore, the content of bioactive substances such as polyphenols and
carotenoids differs significantly between tomato varieties and maturity
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Table 1 Effect of intervention with tomato products on the levels of DNA strand breaks (SB)
and/or on the resistance to H2O2-induced formation of DNA strand break in human lymphocytes.

Tomato product Lycopene Duration of Effect References
content intervention
(mg/day)

Tomato juice, 40 2 wk Significant decrease Pool-Zobel et al.
330 mL/day in SB; no effect on 1997

H2O2-induced SB
formation

Tomato puree, 16.5 3 wk No effect on SB; Riso et al. 1999
60 g/day significant increase in

resistance to H2O2-
induced SB formation

Tomato puree, 7 2 wk No effect on SB; Porrini et al.
25 g/day significant increase in 2000

DNA resistance H2O2-
induced SB formation

Tomato oleoresin 14.64 2 wk Significant decrease Briviba et al.
extract (capsules) in SB 2004

Mix of tomato 8 3 wk Significant increase in Riso et al. 2004
products DNA resistance to

Fe2+-induced SB
formation

Tomato oleoresin 5.7 26 d Significant increase in Porrini et al.
extract (soft drink) DNA resistance to 2005

H2O2-induced SB
formation

Tomato oleoresin 5.7 26 d No effect on SB Riso et al. 2006
extract (soft drink)

Tomato juice, 37 2 wk No effect on SB This work
330 mL/d

Daily consumption of heat-processed tomato products containing 5.7 mg lycopene or more significantly
increases the resistance of lymphocytes and possibly other cells against DNA strand break formation caused by
pro-oxidants such as hydrogen peroxide or ferrous ion. Oleoresin extracts of tomatoes containing in addition to
lycopene a number of other lipophilic tomato compounds are able to mimic these effects. The effect on the
formation of DNA strand breaks is not consistent.
SB, DNA strand break; H2O2, hydrogen peroxide; Fe2+, ferrous ion.

stages. Processing and storage also affect the concentrations and a large
difference is reported between subjects in bioavailability and metabolism
of carotenoids, polyphenols and other bioactive substances. These two
studies indicate that not every tomato product (juice) can decrease DNA
damage in every population subset. Some populations may be more
sensitive to the protective effects of tomato products than others.
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Fig. 1 Effect of intervention with tomato and carrot juice on the levels of single strand breaks in
human blood lymphocytes (A) and the plasma levels of b-carotene (B) and lycopene (C) in
healthy men. Twenty-two non-smoking, non-supplement-taking men in good health were
selected for the intervention trial. The study was designed as a randomized cross-over trial,
consisting of two 2 wk treatments with tomato juice or carrot juice (each 330 mL/d,
Schoenenberger, Magstadt, Germany). Tomato juice (330 mL) provided 37 mg lycopene and
1.6 mg b-carotene, carrot juice delivered 27.1 mg b-carotene and 13.1 mg a-carotene.
Intervention periods were preceded by wash-out phases of a low-carotenoid diet for 2 wk. After
the second treatment period a third 2 wk wash-out period followed, resulting in a study period of
8 wk. Subjects were told to consume the juices with their main meals. Their daily diet was not
restricted, but the subjects were instructed to avoid fruits and vegetables high in carotenoids
throughout the whole study. DNA damage was measured in isolated peripheral blood
lymphocytes by the single cell microgel electrophoresis assay (comet assay) as described by
Briviba et al. (2004). Data on the concentration of carotenoids are from Watzl et al. (2003).
Carotenoids were determined by reverse-phase HPLC as described previously (Briviba et al.
2001). Data are mean ± SD.

The protective effects of tomatoes were observed with various tomato
products at different dosages. Lycopene, the major tomato carotenoid,
was estimated in all the tomato products used for the intervention studies
and can be used to recalculate the amount of different tomato products
that can protect DNA. The protective effects were observed after intake of
tomato products providing 5.7 mg lycopene or more (Table 1). This
lycopene amount corresponds to about 25 g tomato puree, 60 mL tomato
juice, 30 g ketchup or 210 g fresh tomatoes. The mean daily dietary intake
of lycopene is close to 5.7 mg in some European countries such as the
Netherlands (4.9 mg) and France (4.8 mg) but considerably lower in Spain
(1.7 mg) (O’Neill et al. 2001). Thus, for at least a part of the European
population the consumption of tomato products is close to that which can
protect DNA from damage.
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WHICH TOMATO COMPOUNDS ARE RESPONSIBLE FOR THE
PROTECTIVE EFFECT?

An oleoresin tomato extract, which contains mostly lipophilic compounds,
was able to mimic the effect of tomato products in at least two out of three
studies. These protective effects of extract indicate that fat-soluble tomato
ingredients are mostly responsible for the observed effects. Tomatoes are
the most important dietary source of lycopene (about 80% in the United
States). In addition to lycopene, tomatoes contain other carotenoids such
as b-carotene, phytoene and phytofluene and bioactive compounds such
as ascorbate, folate and polyphenols such as chlorogenic acid, rutin,
naringenin, and chalconaringenin with potential antigenotoxic
compounds. In vitro experiments show that these compounds can protect
DNA from damage. Which of these compounds, or mixtures thereof, are
responsible for the observed anti-genotoxic effects is not yet known.

The antigenotoxic effects of synthetic or isolated carotenoids such as b-
carotene and lycopene have been investigated in a number of intervention
studies. Recently, the study by Zhao et al. (2006) demonstrated a decrease
in SSB by synthetic lycopene (12 mg/d, 56 d) or b-carotene (12 mg/d, 56 d),
but there was no effect on DNA resistance in lymphocytes to H2O2 that
seems to be typical for the tomato products. There are also reports that
demonstrate no effect of lycopene on DNA SSB and/or resistance to H2O2
in lymphocytes in human intervention studies (Torbergsen and Collins
2000, Astley et al. 2004). No significant correlation was observed between
plasma lycopene concentration and oxidative DNA damage in
lymphocytes either (Collins et al. 1998). It appears that lycopene alone
cannot completely mimic the antigenotoxic effects of tomatoes and the
compounds responsible for this effect have not yet been identified.

The effect of tomatoes on DNA damage is not unique and the daily
consumption of 1 kiwi fruit, blood orange juice (600 mL, 3 wk) or spinach
(150 g, 3 wk) also caused decreased DNA damage in humans (Collins et al.
2003, Porrini et al. 2002, Riso et al. 2005). However, not all fruits and
vegetables are able to protect DNA. Several studies report no effect of
several types of fruits and vegetables such as blackcurrant juice, cooked
carrots, tinned mandarins in orange juice and others (for a review see
Moller and Loft, 2006) and about 600 g mixed fruits and vegetables also
failed to show significant effect (van den Berg et al. 2001, Moller et al.
2003). Consumption of 12 servings (1200 g/d ) of mixed vegetables and
fruits a day was necessary to significantly decrease genotoxicity in
lymphocytes (Thompson et al. 1999, 2005). Thus, it is possible to increase
the antigenotoxic effect by selectively choosing foods such as tomato
products.
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CONCLUSIONS

Daily consumption of heat-processed tomato products containing 6 mg
lycopene or more significantly increases the resistance of lymphocytes
and possibly other cells against DNA strand break formation caused by
pro-oxidants such as hydrogen peroxide or iron ions. Oleoresin extracts of
tomatoes containing in addition to lycopene a number of other lipophilic
tomato compounds seem to be able to mimic these effects. The effect of
isolated or synthetic lycopene on DNA damage is not consistent. Taking
all these experimental and epidemiological data into consideration, it
appears that a daily consumption of tomato products may decrease the
risk of cancer by protecting DNA against damage.
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ABSTRACT
Our interest on the subject of dietary carotenoids and the insulin-like growth
factor (IGF) system stems from two basic observations. First, IGF-I is an
important risk factor in several major cancers and second, the activity of this
complex growth factor system can be modulated by various dietary regimes. In
this short review we will examine the evidence on the interference of lycopene
and other carotenoids with the activity of the IGF system and describe the data
supporting further human studies of the long-term effects of dietary carotenoids
that may provide a basis for a preventive strategy for some malignancies.
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INTRODUCTION

Insulin-like growth factor I (IGF-I) is important in normal growth and
development. In addition, the IGF system plays a prominent role in
cancer. Prospective cohort studies have observed that subjects with
elevated blood levels of IGF-I , reduced levels of IGF-binding protein-3
(IGFBP-3) or an increased ratio of IGF-I to IGFBP-3 are at increased risk of
developing several types of cancer, including prostate, premenopausal
breast, lung and colorectal cancer (Giovannucci et al. 2003) (Fig. 1). Thus,
attenuation of the IGF signaling may result in cancer prevention.

The IGF system comprises the IGF ligands (IGF-I and IGF-II), cell
surface receptors that mediate the biological effects of the IGFs, including
the IGF-I receptor (IGF-IR), the IGF-II receptor (IGF-IIR), and the insulin
receptor (IR), as well as a family of IGF-binding proteins (IGFBPs) (Fig. 2).
These binding proteins (IGFBP-1 to -6) affect the half-lives and availability
of the IGFs in the circulation and in extracellular fluids. Thus, IGF action is
determined by the availability of IGF-I to interact with the IGF-I receptor,
which is regulated by the relative concentrations of IGFBPs (LeRoith and
Roberts 2003). For example, a high concentration of IGFBP-3, the main
IGFBP in plasma, reduces IGF-I action. IGF-IR is a transmembrane protein
tyrosine kinase that mediates the biological effects of IGF-I and most of the
actions of IGF-II (LeRoith and Roberts 2003). Binding of IGF-I to the IGF-IR
results in receptor autophosphorylation, phosphorylation of intracellular
substrates, and activation of specific signaling processes that promote
growth (LeRoith and Roberts 2003) (Fig. 3).

Fig. 1 Positive association between IGF-I levels and cancer risk. Prospective cohort studies
have observed that subjects with elevated blood levels of IGF-I are at increased risk of developing
several types of cancer, including prostate and premenopausal breast cancer. Based on results
from Chan et al. (1998) and Hankinson et al. (1998).
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Fig. 2 The IGF axis. The IGF/insulin system comprises the ligands, IGF-I, IGF-II and insulin, cell
surface receptors that mediate their biological effects including the IGF-I receptor (IGF-IR), the
IGF-II receptor (IGF-IIR), and the insulin receptor (IR), as well as a family of six IGF-binding
proteins (IGFBPs), which bind mainly IGF-I. IGF-IR mediates all the growth stimulatory effects of
both IGF-I and IGF-II.

Fig. 3 A model for activation of transcription and cell growth by IGF-I. Binding of IGF-I to the IGF-
IR results in receptor autophosphorylation on tyrosine (P-Y), phosphorylation of intracellular
substrates (IRS), and activation of specific transcription processes that induce cell growth-
promoting proteins.
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Nutritional factors are critical regulators of the IGF system
(Giovannucci et al. 2003). This review addresses the evidence that tomato
carotenoids as a part of a diet rich in fruits and vegetables may attenuate
the activity of the IGF system and thereby reduce cancer risk. Two possible
mechanisms can account for the lowering of IGF-related cancer risk by
tomato lycopene. This carotenoid may decrease IGF-I plasma levels,
thereby diminishing the risk associated with its elevation, and/or it can
interfere with IGF-I activity in the cancer cell. Evidence for the successful
intervention in the IGF system by tomato carotenoids both in model
systems and in humans, using these two strategies, is presented in this
review. A short description of the role of the IGF system in specific
malignancies precedes a summary of the current knowledge of dietary
intervention in this system with emphasis on carotenoids.

IGF AND SPECIFIC CANCERS

Several prospective studies suggested that high circulating levels of IGF-I
are associated with an increased risk of developing prostate cancer (Cohen
1998, Wolk et al. 1998). Further support for the role of IGF action in
prostate growth has come from a report that systemic administration of
IGF-I increases rat prostate growth (Torring et al. 1997). Mechanistically,
deregulated expression of IGF-I and constitutive activation of IGF-I
receptors in basal epithelial cells resulted in tumor progression similar to
that seen in human disease. In premenopausal breast cancer, but not in
post-menopausal disease, women in the highest tertile of serum IGF-I
levels had a significantly increased risk of developing breast cancer
(Hankinson et al. 1998). These findings have been generally supported by
most subsequent studies (Vadgama et al. 1999) but not all (Jernstrom and
Barrett-Connor 1999). Ma et al. (2001) and Palmqvist et al. (2002) have
reported positive associations between serum IGF-I and colorectal cancer
risk in US, Greek and Swedish cohorts, while Probst-Hensch et al. (2003)
found an association between IGF-I or IGFBP-3 levels and colorectal
cancer risk in a Chinese cohort. Yu et al. (1999) reported a positive
association between high IGF-I, but not IGF-II, and low IGFBP-3 levels and
lung cancer risk.

INTERFERENCE IN THE IGF AXIS AS POTENTIAL
THERAPEUTIC APPROACH

The results of preclinical studies indicate that a diversity of factors that
antagonize IGF-IR signaling or augment IGFBP-3 function can inhibit
tumor cell growth in models of human cancers. For example, reducing the



Joseph Levy et al. 399

number of functional IGF-IRs through the use of antisense
oligonucleotides (Resnicoff et al. 1996) or an IGF-I receptor dominant
negative mutant (Scotlandi et al. 2002) is associated with decreased cell
growth in vitro and delayed tumor formation with increased survival in
vivo. Another experimental approach to interrupt IGF association with the
IGF-IR uses aIR3, a monoclonal antibody that associates with the ligand-
binding domain of the IGF-IR and inhibits IGF-I-mediated effects. In vivo
administration of aIR3 has been shown to induce a complete regression of
established tumors in nearly half of the mice inoculated with Ewing’s
sarcoma cells (Scotlandi et al. 1996). The clinical success of small molecule
tyrosine kinase inhibitors has sparked interest that resulted in the
development of compounds that specifically target the IGF-IR tyrosine
kinase (Blum et al. 2000). The ultimate success of such inhibitors in the
clinics remains to be determined.

Attenuation of IGF-IR signaling can also result from increased levels of
specific IGF-binding proteins. Increased expression of wild-type IGFBP-3
or treatment with recombinant human IGFBP-3 has been shown to inhibit
cancer cell growth and to induce cancer cell death in a variety of
experimental systems (Lee et al. 2002). IGFBP-3 has also been shown to
have potent antitumor activity in vivo (Devi et al. 2002), either alone or in
combination with standard chemotherapeutic agents.

Clinical studies have demonstrated that reduced IGF-I levels (Pollak et
al. 1990) and increased IGFBP-3 levels (Campbell et al. 2001), which result
in decreased IGF-I/IGFBP-3 ratio, can be achieved by the antiestrogen
tamoxifen. These effects are important in the treatment and prevention of
breast cancer. Another estrogen receptor modulator, raloxifene (used for
the treatment and prevention of osteoporosis in postmenopausal women),
was shown to decrease the IGF-I/IGFBP-3 ratio and has been proposed for
future studies in breast cancer prevention (Torrisi et al. 2001).

DIET AND THE IGF SYSTEM

Nutritional factors are critical regulators of IGFs (Giovannucci et al. 2003).
In particular, under-nutrition of either protein or energy substantially
lowers IGF-I levels (Thissen et al. 1994). For example, fasting for 10 d
causes a 4-fold reduction in IGF-I to levels that are usually associated with
growth hormone deficiency (Clemmons et al. 1981). Over-eating may
increase IGF-I somewhat, but excess calories are not nearly as strong a
stimulus as nutritional restriction (Giovannucci et al. 2003). Short-term
studies of protein deprivation demonstrate a potent and independent role
of protein consumption in the regulation of IGF-I levels. Deficiency of
essential amino acids, in particular, has a severe depressing effect on IGF-
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I levels (Clemmons et al. 1985). A high carbohydrate diet increases IGF-I
levels relative to a high fat diet, possibly by maintaining hepatic
sensitivity to growth hormone (Clemmons et al. 1981). Reports from the
Nurses’ Health Study showed that higher energy, protein, and milk
intakes were associated with higher levels of IGF-I (Holmes et al. 2002).

CAROTENOIDS AND THE IGF SYSTEM

The central role of the IGF system in controlling cell proliferation,
differentiation, apoptosis and malignant transformation, and the fact that
this system has been implicated as a major cancer risk factor make it a
suitable target for cancer prevention in particular for high-risk
populations. Prevention strategies based on nutritional changes have
obvious advantages over drug-based intervention. As discussed below,
carotenoids, as part of a diet rich in vegetables and fruits, are promising
candidates.

Epidemiological Studies

Several epidemiological studies looked for an association between tomato
products or lycopene consumption and components of the IGF system
(Signorello et al. 2000, Vrieling et al. 2004), but only one found a possible
positive association between lycopene intake and IGFBP-3 (Holmes et al.
2002). In other studies, tomato consumption was inversely associated with
IGF-I levels and/or its molar ratio with IGFBP-3 in disease-free men
(Gunnell et al. 2003, Mucci et al. 2001). Among foods, the consumption of
cooked tomatoes was significantly inversely associated with IGF-I levels.
Mucci et al. (2001) suggested that the mechanism for the anticancer effects
of tomato lycopene to prevent prostate cancer may be related to its ability
to decrease IGF-I blood level.

A more recent study (Tran et al. 2006) investigated whether intakes of
fruits, vegetables, and antioxidants (beta-carotene, lycopene, and vitamin
C) are associated with plasma IGF-I and IGFBP-3 concentrations.
Although higher intake of citrus fruit and vitamin C were associated with
higher concentrations of IGF-I and lower concentrations of IGFBP-3, total
intakes of beta-carotene and lycopene were not related to either IGF-I or
IGFBP-3 concentrations.

Mechanistic Studies in Cell Cultures

A considerable amount of data from epidemiological studies have
demonstrated that carotenoids, and lycopene in particular, decrease the
risk of human malignancies (Giovannucci 1999). However, the molecular
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mechanisms of carotenoid inhibition of cancer cell growth as well as the
mode of interaction between carotenoids and the IGF system at the
cellular level remain largely unclear. We have previously demonstrated
that lycopene inhibits the growth of breast, endometrial, and lung cancer
(Levy et al. 1995) and leukemic (Amir et al. 1999) cells. Furthermore,
growth stimulation of MCF-7 human breast cancer cells by IGF-I was
markedly reduced by lycopene (Karas et al. 2000, Levy et al. 1995).
Interestingly, these effects were not accompanied by either necrotic or
apoptotic cell death but were associated with a marked inhibition of
serum- and IGF-I-stimulated cell cycle transition from G1 to S phase (Amir
et al. 1999, Karas et al. 2000, Nahum et al. 2001, 2006). Key proteins
participating in this cell cycle transition are shown in Fig. 4. Lycopene
treatment markedly reduced the IGF-I stimulation of tyrosine
phosphorylation of IRS-1. These effects were not associated with changes
in the number or affinity of IGF-I receptors, but with an increase in
membrane-associated IGF-binding proteins (Fig. 5). Inhibition of cell cycle
progression was evident also by other carotenoids such as beta-carotene
(Murakoshi et al. 1989) and fucoxanthin, a carotenoid prepared from
brown algae (Okuzumi et al. 1990).

Deregulated cell cycle is one of the major hallmarks of the cancer cell.
Thus, elucidation of the mode by which carotenoids inhibit cell cycle
progression would provide a mechanistic basis for the anti-cancer effect of

Fig. 4 Events during G1-S phase. Cell cycle transition through a late G1 checkpoint is governed
by a mechanism known as the “pRb pathway”. The central element of this pathway,
retinoblasoma protein (pRb), is a tumor suppressor that prevents premature G1-S transition via
physical interaction with transcription factors of the E2F family. The activity of pRb is regulated by
an assembly of cyclins, cyclin-dependent kinases (Cdks) and Cdk inhibitors (p21/p27).
Phosphorylation of pRb by Cdks results in the release of E2F, which leads to the synthesis of
various cell growth-related proteins. Cdk activity is modulated in both a positive and a negative
manner by cyclins and Cdk inhibitors, respectively.
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Fig. 5 Mechanism for lycopene inhibition of IGF-I induced cancer cell growth. Lycopene
treatment markedly reduced the IGF-I stimulation of tyrosine phosphorylation (Y-p) of IRS. These
effects were not associated with changes in the number or affinity of IGF-I receptors, but with an
increase in membrane-associated IGF-binding proteins.

these micronutrients. Cell cycle progression is activated by growth factors
primarily during G1 phase. The main components of the cell cycle
machinery that act as growth factor sensors are the D type cyclins (Sherr
1995). Cyclin D1 is an oncogene that is overexpressed in many breast
cancer cell lines as well as in primary tumors (Buckley et al. 1993).
Interestingly, many anticancer agents, including those used for breast
cancer therapy, convey their inhibitory effect in G1 phase primarily by
reducing cyclin D1 levels, for example, pure antiestrogens (Carroll et al.
2000, Watts et al. 1994), tamoxifen (Planas Silva and Weinberg 1997),
retinoids (Teixeira and Pratt 1997, Zhou et al. 1997), progestins (Musgrove
et al. 1998), and 1,25-dihydroxyvitamin D3 (Wang et al. 1996). We have
demonstrated that the lycopene inhibition of serum-stimulated cell cycle
traverse from G1 to S phase correlates with reduction in cyclin D1 levels,
resulting in inhibition of both cdk4 and cdk2 kinase activity (Nahum et al.
2001). Inhibition of cdk4 was directly related to lower amount of cyclin
D1-cdk4 complexes, while inhibition of cdk2 was related to retention of
p27 molecules in cyclin E-cdk2 complexes due to the reduction in cyclin
D1 level. These results, together with the fact that neither cyclin E nor cdk2
or cdk4 levels were changed by lycopene treatment, suggest that the
inhibitory effect of this carotenoid on cell cycle progression is mediated
primarily by down-regulation of cyclin D1 (Fig. 6). To further support this
suggestion we determined the effect of lycopene on IGF-I-stimulated cell
cycle progression in a clone of MCF-7 cells capable of exogenously
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Fig. 6 Inhibitory effect of carotenoids on cell cycle progression induced by IGF-I is mediated
primarily by down-regulation of cyclin D1. Growth factors affect the cell cycle apparatus primarily
during G1, and the main components acting as growth factor sensors are the D-type cyclins. By
increasing the level of cyclin D1 and thus the activity of Cdk2, IGF-I induce cell cycle progression
and cancer cell growth. Lycopene and other carotenoids reduce the level of cyclin-D1 and thus
attenuate cell cycle progression.

controlling cyclin D1 expression. We found that ectopic expression of
cyclin D1 can overcome cell cycle inhibition caused by lycopene and all-
trans retinoic acid (atRA) suggesting that attenuation of cyclin D1 levels
by these compounds impairs the mitogenic action of IGF-I (Nahum et al.
2006).

More recently (Kanagaraj et al. 2007), the action of lycopene on
components of the IGF system was examined in PC-3 androgen-
independent prostate cancer cells. The cells treated with lycopene showed
a significant decrease in proliferation accompanied by increased level of
IGFBP-3 and a decrease in the IGF-IR expression. These changes were
associated with increased apoptotic cell death. The authors suggest that
the components of the IGF system may act as a positive regulator of
lycopene-induced apoptosis in PC-3 cells.

Mechanistic Studies in Animal Models

The effect of lycopene on normal prostate tissue was examined to gain
insight into the mechanisms by which lycopene can contribute to primary
prostate cancer prevention (Herzog et al. 2005). Young rats were
supplemented with 200 ppm lycopene for up to 8 wk. Lycopene
accumulated predominantly in the lateral prostate lobe, which is
primarily affected by malignancy. Transcriptomics analysis revealed that
lycopene treatment mildly but significantly reduced gene expression of
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androgen-metabolizing enzymes and androgen targets. Moreover, local
expression of IGF-I was decreased in the lateral lobe (Herzog et al. 2005).

As discussed above, the IGF system is important in lung cancer as well.
In addition, higher intake of lycopene is related to a lower risk of lung
cancer (Giovannucci 1999). Liu et al. (2003) examined the effect of
lycopene on the IGF system in their smoking ferret model. Lycopene
supplementation was tested at low and high doses equivalent to an intake
of 15 and 60 mg/day in humans, respectively. Ferrets supplemented with
lycopene and exposed to smoke had significantly higher plasma IGFBP-3
levels and a lower IGF-I/IGFBP-3 ratio than ferrets exposed to smoke
alone. Both low- and high-dose lycopene supplementations substantially
inhibited smoke-induced squamous metaplasia and proliferating cell
nuclear antigen expression in the lungs of the ferrets. The authors
concluded that lycopene may mediate its protective effects against smoke-
induced lung carcinogenesis in ferrets through up-regulating IGFBP-3,
which promote apoptosis and inhibit cell proliferation.

Human Intervention Studies

In a small clinical trial, a reduction in plasma IGF-I and IGFBP-3 levels was
observed after tomato lycopene supplementation (Kucuk et al. 2001).
However, a similar change was observed in the control group, suggesting
that the reduction was not related to the lycopene treatment.

To determine whether short intervention with dietary tomato lycopene
extract will affect serum levels of the IGF system components, a double-
blind, randomized, placebo-controlled study was conducted in colon
cancer patients (Walfisch et al. 2007). Patients, candidates for colectomy
(n = 56), were recruited from the local community a few days to a few
weeks before surgery. Personal and medical data were recorded. Plasma
concentrations of lycopene and IGF-I, IGF-II and IGFBP-3 were measured.
Plasma lycopene levels increased two-fold after supplementation with
tomato lycopene extract. In the placebo-treated group, there was a small
non-significant increase in lycopene plasma levels. The plasma
concentration of IGF-I decreased significantly by about 25% after tomato
lycopene extract supplementation, as compared to the placebo-treated
group. No significant change was observed in IGFBP-3 or IGF-II, whereas
the IGF-I/IGFBP-3 molar ratio decreased significantly. These results
support the hypothesis that tomato lycopene extract has a role in the
prevention of colon and possibly other types of cancer by modulating the
plasma levels of IGF-I, which has been suggested as a risk factor for those
malignancies.
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In another study, a 4 wk randomized, double-blind, placebo-controlled
lycopene supplementation was carried out with healthy male volunteers
(Graydon et al. 2007). Plasma samples were analyzed for lycopene, IGF-I
and IGFBP-3. Median change in lycopene was higher in subjects in the
intervention than those on the placebo group. There was no difference in
median change in IGF-I concentrations or in IGFBP-3 concentrations
between intervention and control groups. However, the change in
lycopene concentration was associated with the change in IGFBP-3 in the
intervention group. The authors concluded that the association between
change in lycopene concentration and change in IGFBP-3 in the
intervention group suggests a potential effect of lycopene
supplementation on IGFBP-3.

Riso et al. (2006) supplemented the diets of healthy subjects with a
tomato-based drink. Twenty healthy young subjects participated in a
double-blind, cross-over design study. Subjects consumed a tomato drink
or a placebo drink for 26 d separated by 26 d wash-out. The tomato drink
intake increased plasma lycopene, phytoene, phytofluene, and b-carotene
concentrations. No significant effect of the tomato drink intake on IGF-I
levels was observed. However, changes in lycopene before and after each
experimental period were inversely and significantly correlated with
those of IGF-I. No correlation was found with the other carotenoids. A
significant reduction of IGF-I serum level was observed in subjects with
the highest plasma lycopene response following the tomato drink intake.
No effect was evident after the placebo treatment.

CONCLUSIONS

Growth factors, either in the blood or as part of autocrine or paracrine
loops, are important for cancer cell growth. As discussed in this review,
the IGF system plays a prominent role in cancer, and IGF-I have been
implicated as a major cancer risk factor. Thus, attenuation of IGF signaling
by dietary tomato lycopene may result in cancer prevention. The
presented results of short intervention studies with healthy people or
cancer patients suggest that a small but significant reduction in IGF-I
activity (either decrease in IGF-I or increase in IGFBP-3) could be obtained
with tomato lycopene. It should be noted that the source of the blood IGF-I
and IGFBP-3 may be different in healthy people and in cancer patients.
Thus, the decrease in IGF-I activity detected in healthy people is more
relevant for cancer prevention. The accumulated evidence warrants
further human studies of the long-term effects of tomato carotenoids and
their combination with other phyto-nutrients. Such studies may provide
the basis for a preventive strategy for some malignancies.



Tomatoes and Tomato Products406

ABBREVIATIONS

IGF: insulin-like growth factor; IGFBP: IGF-binding protein; IGF-IR: Type
I IGF-receptor; IGF-IIR: Type II IGF-receptor; IR: Insulin receptor; aIR3:
Anti IGF Receptor, a monoclonal antibody to the ligand-binding domain
of the IGF-IR; IRS-1: Insulin receptor substrate-1; Cdk: Cyclin-dependent
kinase; atRA: All-trans retinoic acid
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ABSTRACT
The prostate, a major male accessory gland, is a potential source of serious
disorders affecting health and the quality of life in older men. Benign prostate
hyperplasia (BPH) is the most prevalent disease in the prostate, and it
represents a considerable health problem to aging men through its associated
signs, symptoms, and complications. Although BPH is a major public health
problem, little is known about its risk factors, including diet and other lifestyle
factors. There seems to be a correlation between intake of tomato and its
derivative products and the prevention of prostate diseases. Epidemiological
studies have shown an inverse association between dietary intake of tomato
products and prostate cancer risk. Nevertheless, there are only a few studies
on the correlation between tomato and its byproducts and BPH. Tomato is an
excellent source of nutrients and phytochemicals that may contribute to the
health of the prostate. Lycopene is one of the main substances that might
provoke such effects in prostate. Many mechanisms are proposed for the role of
lycopene in the prevention of prostate diseases: antioxidant function, inhibition
of cell cycle progression, increase in apoptotic index, increase of gap-junctional
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communication, inhibition of insulin-like growth factor-1 (IGF-1) signal
transduction, inhibition of interleukin-6 expression, induction of phase II
enzymes and inhibition of androgen activation and signaling. This carotenoid of
red pigmentation is more bioavailable in tomato-processed products, such as
tomato paste. Tomato paste is obtained by the concentration of ripened and
healthy fruit pulp through an adequate technological process. Studies involving
food have important limitations, such as the difficulty in performing a double-
blind study. However, they should be encouraged because the bioactive
substances, vitamins and minerals, are more bioavailable when consumed with
foods than as supplements.

INTRODUCTION

The connection between diet and health has been recognized for many
years. About 2,500 years ago Hippocrates used to say, “Let food be the
medicine and medicine be the food.” However, in the past few decades
more and more has been discovered about how diet can prevent diseases
(Andlauer et al. 1998).

The term functional food first appeared in 1993 in Nature magazine and
was defined as “Any food or part of food with health-promoting and/or
disease-preventing property, besides meeting the basic nutritional
requirements” (Swinbanks and O’Brien 1993). The concept of functional
foods had already been proposed in 1984, when a group of researchers in
Japan started a nationwide project, sponsored by the government, to
explore the interface between medicine and food (Arai 1996).

Currently, tomato and its byproducts are among the most studied
functional foods. Several epidemiologic studies support the hypothesis
that an increased intake of tomatoes and tomato-based products can
influence prostate health, mainly reducing the risk of prostate cancer
(Mills et al. 1989, Tzonou et al. 1999, Edinger and Koff 2006). These
observations gave rise to the hypothesis that lycopene, the main
carotenoid in tomatoes, may be the active component of tomatoes and
their byproducts (Clinton 1998, Giovannucci et al. 2002).

This chapter specifically addresses the correlation between intake of
tomato paste, which is the tomato byproduct with the highest lycopene
concentration, and benign prostate hyperplasia (BPH), the most prevalent
prostate disease (Lee et al. 1995).

TOMATO PASTE OR TOMATO CONCENTRATE

Tomatoes are important for worldwide agriculture, in terms of production
and economic value, and tomato production is among the more
industrialized in the world. In the United States, tomato consumption per
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capita is second only to that of potato (Garcia-Cruz et al. 1997, Gann and
Khachik 2003). Over 80% of the processed tomatoes are consumed in the
form of juice, pulp, sauce, puree and paste (Shi and Le Maguer 2000).

Tomato paste is produced from the concentration of ripened and
healthy fruit pulp through an adequate technological process, with the
addition of 1 to 3% of sodium chloride. It is low in calories and total fat. In
Table 1 are described some nutritional facts of tomato paste used in a
previous study (Edinger and Koff 2006). It is also referred to as “tomato
mass” or “tomato concentrate”, easily found in any supermarket all over
the world, usually canned to avoid the addition of preservatives and
therefore a natural and safe product.

Table 1 Nutritional information for 50 g of tomato paste.

Calories 18 Kcal
Carbohydrates 2.8 g
Proteins 1.3 g
Total fat 0.2 g
Saturated fats 0.1 g
Sodium 180 mg
Lycopene 13 mg

Source: Edinger and Koff (2006).

Tomato paste is used all over the world in sauces, pastas, lasagnas,
pizzas or other dishes. The price of canned tomato paste is generally
accessible to all social classes. In Brazil, a 350 g can of tomato paste costs
around US$ 0.50; in the United States, the price varies from US$ 1.00 to
1.50.

TOMATO PASTE: A SOURCE OF LYCOPENE

The most frequent pigment in tomato is the carotenoid lycopene (YY-
carotene), which gives the fruit its red coloring (Wertz et al. 2004).
Lycopene corresponds to 80-90% of all tomato pigments. Other
carotenoids, such as a-carotene, b-carotene, x-carotene, g-carotene,
phytofluene, neurosporene, lutein and b-cryptoxanthin, are found in small
amounts (Curl 1961).

Other red fruits and vegetables can also be sources of lycopene (Hart
and Scott 1995, Shi and Le Maguer 2000, Edinger 2005), but tomato and its
derivative products are considered the largest sources of lycopene in the
human diet (Takeoka et al. 2001), as illustrated in Table 2. In the United
States, they correspond to over 80% of the lycopene intake (Arab and Steck
2000).
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The amount of lycopene in fresh tomatoes depends on the variety,
degree of maturation, and environmental conditions during ripening.
Typically, tomatoes contain 3-5 mg of lycopene in 100 g of raw matter.
Some intense red varieties have over 15 mg lycopene in 100 g tomato,
while the yellow varieties have 0.5 mg lycopene (Hart and Scott 1995).
Thermal processing ruptures the tomato cell wall and allows lycopene
extraction from chromoplasts (Gann et al. 1999), so processed or cooked
products present the highest amount of bioavailable lycopene (Gartner et
al. 1997).

A study (Pimentel 2003) conducted in Porto Alegre, Brazil, compared
the content of lycopene in some tomato varieties and processed tomato
products, in different parts of the world. The results are presented in
Table 3.

Trans-lycopene is the most important geometric isomer in fresh
tomatoes, but a change in structure results in processed tomato products
with 1.7 to 10% of cis-isomers. Isomerization of trans to mono or poly-cis-
lycopene can occur through light, through thermal energy or during
chemical reactions (Agarwal and Rao 2000, Bramley 2000).

Table 2 Lycopene content in some red foods.

Food Lycopene content (mg/100 g)

Tomato paste 18.4-26.8
Tomato 0.5-15.0
Red guava 5.2-5.5
Watermelon 2.3-7.2
Tomato pulp 8.6
Ketchup 6.8
Papaya 0.1-5.3
Pepper sauce 4.9
Grapefruit 0.4-3.4
Guava paste 2.5
Guava jam 1.9
Carrot 0.7-0.8
Guava juice 1.2
Guava jelly 0.9
Pumpkin 0.4-0.5
Strawberry jelly 0.3
Apple pulp 0.1-0.2
Sweet potato 0.0-0.1
Apricot 0.0-0.1

Source: Edinger (2005), Hart and Scott (1995), Shi and Le Maguer (2000).
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It was observed that blood concentration of lycopene was higher in
people who consumed heat-processed tomato products than in those who
consumed fresh tomato (Giovannucci et al. 1995, Gartner et al. 1997). It
was also observed that tomato byproducts subjected to 100ºC for one hour
can have 20-30% of cis-isomers of lycopene (Stahl and Sies 1992).
However, some studies suggest only a small increase (< 10%) in the cis-
isomer content (Boileau et al. 2002). Thus, thermal processing, such as
cooking, and destruction of mechanical texture, such as cutting and
triturating, are useful methods to increase the bioavailability of lycopene
by breaking the membrane of chromoplasts (Shi and Le Maguer 2000).

Boileau et al. (1999) demonstrated that cis-isomers of lycopene are more
bioavailable than the trans structures, probably because cis-isomers are
more soluble in the biliary acid micelles and can preferably be
incorporated into the chylomicrons.

Lycopene is the most abundant carotenoid present in the prostate
(Clinton et al. 1996), but a variety of other tomato carotenoids accumulate
as well, including phytoene, phytofluene, b-carotene, x-carotene and
g-carotene (Khachik et al. 2002).

PROSTATE AND BENIGN PROSTATE HYPERPLASIA

The prostate is a gland that is part of the male reproductive system (Fig. 1).
Its name derives from Greek pro-histamai, which means “being ahead”, a
reference to the distal structure from the bladder. Its shape is compared to
a chestnut and it is crossed by the urethra. The prostate is responsible for
producing prostatic liquid, a secretion that, combined with products of the

Table 3 Lycopene content of food in Porto Alegre, Brazil (Pimentel 2003), and other locations.

Products Porto Alegre Other locations References
(mg/100 g) (mg/100 g)

Fresh tomato 3.7 Tonucci et al. 1995
3.5 1.6-4.8 Hart and Scott 1995

Longa Vida 8.2
Super Marmante
Santa Cruz Kada 6.6 6.5-19.4 Tonucci et al. 1995

Processed tomato 9.3 9.3 Nguyen and Schwartz 1999
Sauce 10.0 10.3-41.4 Tavares and Rodrigues-

Amaya 1994
Pulp 27.2 30.1 Nguyen and Schwartz 1999
Ketchup
Paste
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Fig. 1 Prostate location

seminal vesicle and paraurethral gland, constitutes the sperm, the liquid
secreted during ejaculation. The prostate and seminal vesicle secretions
represent 70% of the sperm. The prostatic secretion participates in the
nutrition and preservation of spermatozoids and contains spermina,
which acts on sperm liquefaction (Netto Júnior and Wroclawski 2000).

The prostate is affected by the two most frequent diseases in older men:
BPH and prostate cancer (Berry et al. 1984, Brasil 2006). Although studies
have shown that mortality rates due to BPH are low, 0 to 0.25%, this
disease affects the quality of life (Furuya et al. 2006, Rassweiler et al. 2006)
and increases health care costs. The cost of BPH treatment in Brazil is
estimated to be US$ 2.26 to 3.83 billion a year (Suaid et al. 2003), and in the
United States it represents the largest expense incurred in health care, over
US$ 4 billion a year (Taub and Wei 2006).

Benign prostate hyperplasia is the most prevalent disease of the
prostate, with about 50% of men presenting histological evidences of BPH
at the age of 50 and 90% at the age of 80. It is considered a progressive
disease, defined as a continuous prostate enlargement, leading to
increasing symptoms and risk of complications with age, such as acute
urinary retention (Lee et al. 1995).

Benign prostate hyperplasia starts in the prostate transition or
paraurethral zone, under the hormonal action of 5-a-dihydrotestosterone
(DHT), an active metabolite of testosterone transformed by 5-a-reductase,
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on the epithelium of ducts and acini. Substances such as epithelial growth
factor, fibroblast growth factor, vascular growth factor, and insulin-like
growth factor-1 (IGF-1) stimulate the prostate stroma hyperplasia (smooth
and conjunctive muscle). The combined action of DHT and growth factors
increases the infravesical resistance, determining instability of the
detrusor and the progressive increase of vesical urine residue (Cury 2005).

Dietary and nutritional factors can change the risk of BPH through a
number of mechanisms, but the scientific literature is not sufficiently clear
on these topics (Gu 1997, Lagiou et al. 1999, Suzuki et al. 2002, Bravi et al.
2006).

Studies designed to evaluate the relationship between BPH and
consumption of tomato or its byproducts, or lycopene supplementation,
are rare. There are more studies about tomato and prostate cancer
(Etminan et al. 2004, Edinger and Koff 2006).

STUDIES INVOLVING TOMATO AND ITS DERIVATIVE
PRODUCTS OR LYCOPENE SUPPLEMENTATION IN
PROSTATE HEALTH

As previously mentioned, studies on the correlation between tomato and
its byproducts and BPH are rare. For this reason, most studies mentioned
below are related to prostate cancer. However, we believe that they should
be addressed in this section, as the carcinogenic process of the prostate has
some similarity with benign prostate enlargement. For instance, DHT and
IGF-1 have been implicated in benign and malignant tumor prostate
enlargement (Furstenberger and Senn 2002, Oliver et al. 2004). Serum
prostate-specific antigen (PSA) levels are significantly increased in
prostate cancer patients, as well as in patients with infection or BPH
(Brawer 2000, Balk et al. 2003).

Cohort Study of Diet, Lifestyle and Prostate Cancer

This cohort study started in 1976, and it was one of the first to establish an
association between tomato consumption and the risk of prostate cancer.
It included about 14,000 Adventist men, who answered a food frequency
questionnaire for 7 d. Six years after that, 180 men had developed prostate
cancer. Consumption of tomato, bean, lentil and pea and its byproducts
was significantly associated with a reduced risk of prostate cancer. When
comparing men who consumed tomato five times a week to those who
consumed less than a portion a week, the relative risk (RR) of prostate
cancer was 0.60 (95% confidence interval [CI] = 0.37-0.97, P = 0.02) (Mills et
al. 1989).
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Carotenoid and Retinol Intake in Relation to the Risk of
Prostate Cancer

This study gave more strength to the hypothesis that foods with tomato
can prevent prostate cancer. It was a prospective cohort study that started
in 1986, with the purpose of investigating the relation between several
carotenoids and the risk of prostate cancer. It involved approximately
47,000 men, all health professionals (Health Professionals Follow-up
Study). They answered a detailed questionnaire, reporting their medical
conditions, lifestyle, dietary habits and nutrition in 1988, 1990 and 1992. In
1992, 812 new cases of prostate cancer had been reported. Some fruits and
vegetables were significantly associated with reduced risk of prostate
cancer. The consumption of two to four portions of raw tomato a week
was associated with a reduction of 26% in the risk of prostate cancer when
compared to the consumption of one portion a week (RR = 0.74, 95% CI =
0.58-0.93, P = 0.03). In addition, the intake of tomato sauce was also
significantly associated with a reduced risk of prostate cancer by 34%,
when consumed two to four times a week, compared to no consumption at
all (RR = 0.66, 95% CI = 0.49-0.90, P = 0.001). When all tomato sources were
combined, the consumption of > 10 portions a week was associated with a
significant reduction of 35% in the risk of prostate cancer, when compared
to consumption of a little more than 1.5 portion a week (RR = 0.65, 95%
CI = 0.44-0.95, P = 0.01) (Giovannucci et al. 1995).

Tomato Products, Lycopene and the Risk of Prostate
Cancer

This study is a continuation of the Health Professionals Follow-up Study
1995 (Giovannucci et al. 1995). Since its first publication, 1,708 new cases
of prostate cancer were reported, totaling 2,481 cases, in 1998. The later
publication emphasized two hypotheses: the protective effect of tomato-
based products can be higher against prostate cancer in older individuals
and against prostate cancer in advanced stage. The relationship between
tomato sauce intake and the risk of prostate cancer was not observed in
men less than 65 years old (RR = 0.89, 95% CI = 0.67-1.17, P = 0.20), but
there was a considerable risk reduction in men older than 65 (RR = 0.69,
95% CI = 0.56-0.84, P = 0.001). A reduction in metastasis risk was observed
in those who consumed tomato or its byproducts twice a week, compared
to those who consumed less than one portion a week (RR = 0.34, 95% CI =
0.13-0.90, P = 0.01) (Giovannucci et al. 2002).



Magda Edinger de Souza et al. 419

Diet and Prostate Cancer: A Case-control Study in Greece

This study compared the dietary habits of 320 men with prostate cancer
(cases) and 246 men without prostate cancer (controls), and reported that
men with prostate cancer had a lower intake of cooked (P < 0.005) and raw
tomato (P = 0.12). The authors concluded that the increased intake of
cooked tomato was associated with a 15% reduced risk of prostate cancer
(Tzonou et al. 1999).

High Serum Lycopene Levels and Reduced Risk of
Prostate Cancer

This study was conducted to determine whether serum concentrations of
different antioxidants, such as carotenoids, a-tocopherol or g-tocopherol,
have any connection with the risk of prostate cancer. It was a case-control
study, and serum samples were obtained from individuals who
participated in a double-blind randomized clinical trial with b-carotene
(Hennekens et al. 1996). Thirteen years later, 578 men had developed
prostate cancer (cases) and were compared to 1,294 controls sorted by age
and smoking habit. Serum lycopene levels were defined as high (> 580
mg/L) and low (< 262 mg/L). Among all the antioxidants studied, only
lycopene was significantly lower in prostate cancer patients (P = 0.04 for all
cases). The odds ratio (OR) for prostate cancer was not significantly
reduced in men with high serum lycopene levels (OR = 0.75, 95% CI =
0.54-1.06, P = 0.12), but prostate cancer was less aggressive in this group
(OR = 0.56, 95% CI = 0.34-0.91, P = 0.05) (Gann et al. 1999).

Lycopene and the Modulation of Carcinogenesis
Biomarkers

This study investigated 32 men with prostate cancer who received 30
mg/d of lycopene through tomato paste, distributed in food (pasta,
lasagna, sauces) for 3 wk, before being subjected to radical prostatectomy.
Both serum and prostate tissue were analyzed before and after tomato
paste intake. Serum and prostate lycopene levels were higher by 1.97 and
2.92 times, respectively (P < 0.001). Serum PSA and 8-OH-deoxyguanosine
levels decreased by 17.5% (P < 0.002) and 21% (P < 0.005), respectively,
after lycopene administration.(Bowen et al. 2002). These results should be
interpreted cautiously because there was no control group.
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Powder Tomato, Lycopene and Energy Restriction in Mice

A very interesting study was performed with 194 mice that received three
different diets: diet with 20% caloric restriction, diet with lycopene
supplementation (0.025%) and diet with tomato powder (10%). When
compared to the control group, mice fed tomato powder had a reduction of
26% in mortality related to prostate cancer (hazard ratio [HR] = 0.74, 95%
CI = 0.59-0.93, P = 0.009). Lycopene was not associated with decreased
mortality (HR = 0.91, 95% CI = 0.61-1.35, P = 0.630). However, caloric
restriction diet reduced independently the specific mortality of prostate
cancer (HR = 0.68, 95% CI = 0.49-0.96, P = 0.029). These data suggest that
tomatoes have other substances, besides lycopene, that can modify
prostate carcinogenesis. The mechanisms mediating the benefits
associated with low-calorie diet and tomato phytochemicals are probably
independent (Boileau et al. 2003).

Meta-analysis of Observational Studies

In total, 11 case-control studies and 10 cohort or nested case-control
studies were included in this meta-analysis. The authors concluded that
tomato-based products can play a role in prostate cancer prevention.
There is also an indication that specific components of these foods, besides
lycopene, can be related to benefits for prostate health (Etminan et al.
2004).

Tomato Paste Intake by Patients with BPH

This study was the first published study that specifically correlated a
tomato-based product (in natural form and without supplementary
lycopene addition) with BPH. This non-controlled study evaluated 43 BPH
patients with serum PSA levels between 4 and 10 ng/mL, before and after
the intake of 50 g tomato paste daily, mixed or not with other foods, for
10 wk. Mean serum PSA levels were 6.51 ± 1.48 ng/mL before tomato
paste ingestion and decreased to 5.81 ± 1.58 ng/mL at the end of the
observation period (P = 0.005). It was also observed that 88.3% of the
patients considered the product intake good. The study concluded that
tomato paste ingestion had some effect on prostate biology, but it cannot
be asserted that such effect can improve BPH. Additional studies are
required, mainly controlled clinical trials, with tomato and its byproducts,
concerning the diseases that affect prostate (Edinger and Koff 2006).
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Some Studies in Progress

Two studies are being developed to evaluate the effect of the intake of
lycopene or tomato and its byproducts on BPH.

One study (van Breemen 2005) is already in the result analysis process.
It is a controlled double-blind phase II clinical trial evaluating the effect of
lycopene supplementation (30 mg/d) in a series of biological markers in
men with prostate cancer or BPH (Fig. 2). It is a very interesting and
important study, but it does not analyze the intake of tomato or its
byproducts. As mentioned before, tomato is likely to have substances
other than lycopene that can provide benefits to prostate health, or the
lycopene present in tomato may be better utilized by the human body
when combined with other tomato components. It is known that tomato
ingestion had a better impact on prostate health than lycopene
supplementation (Boileau et al. 2003).

Prostate cancer

(randomized, placebo-

controlled, double blind)

BPH (randomized,

placebo-controlled, double

blind)

Placebo (30 men)

Lycopene 30 mg/day (30 men)

Placebo (30 men)

Lycopene 30 mg/day (30 men)

Fig. 2 Diagram of the placebo-controlled double-blind phase II study of the lycopene effects on
intermediate endpoint markers in men with prostate cancer or benign prostate hyperplasia (BPH)
(van Breemen 2005).

The second study is a double-blind randomized clinical trial,
performed by the authors of this chapter, that is presently under way,
comparing supplementation with lycopene and placebo, and tomato
paste, non-blind, in BPH patients with serum PSA levels between 4 and 10
ng/mL (Fig. 3). The main purpose of this study is to verify what will
happen with some biochemical and clinical parameters related to BPH.
The results of this study are expected to be published in 2008.
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Studies involving food present some limitations, such as the difficulty
in performing a double-blind study. Tomato paste, for instance, should
have a placebo of the same aspect, consistency and taste, containing
artificial colors, flavors and thickeners. In addition, there is the product
standardization issue, as soils and harvests in different periods produce
foods with different compositions. The study duration should not be
longer than one year, as it may affect the adhesion of the volunteers, since
consuming the same food systematically for a long period provokes
dietary monotony. But studies involving foods should be encouraged,
even under those difficult conditions, as the bioactive substances, for
example carotenoids and phytochemicals, that are as essential nutrients as
vitamins and minerals, are more bioavailable when consumed with foods
than as supplements (Block et al. 1994).

PROPOSED MECHANISMS OF LYCOPENE ACTION ON THE
PROSTATE

Although tomato and its byproducts have other substances besides the
carotenoid lycopene, there is much evidence that this is one of the main
substances responsible for the assumed ability of this food to prevent or
mitigate prostate diseases. For this reason, possible mechanisms of the
attributed effects of lycopene on prostate health have been widely studied.

BPH with PSA 4-10 ng/ml

(double-blind randomized for

the lycopene and placebo

supplementation; in parallel, a

group receives tomato paste)

Placebo (51 men)

Lycopene 15 mg/day (51 men)

Tomato paste 50 g/day (51 men)

Fig. 3 Diagram of the clinical trial conducted in Porto Alegre, Brazil, by the authors of this
chapter (BPH, benign prostate hyperplasia; PSA, prostate-specific antigen).
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Wertz et al. published an excellent revision in 2004 on the proposed
lycopene action promoting prostate health. Several mechanisms are
mentioned, such as antioxidant function, as it is the carotenoid with the
highest free oxygen sequestration ability, inhibition of cell cycle
progression, increase in apoptosis index, increase in gap junction
communication, inhibition of IGF-1 sign transduction, inhibition of
interleukin-6 expression, induction of phase II enzymes and inhibition of
androgenic signaling and activation; the last may be more relevant, since
the male hormones have a significant influence on BPH and prostate
cancer development (Freire and Piovesan 1999, Brawley 2003, van
Breemen 2005).

Studies suggest that DHT is the main androgen responsible for BPH
and for the development of malignant tumors in prostate. This hormone is
produced from testosterone, through the action of 5-a-reductase enzyme
(Rizner et al. 2003). It was observed that men with 5-a-reductase
deficiency have a hypoplastic prostate and do not develop prostate cancer
(Bartsch et al. 2000). Then, the decrease in DHT synthesis might be one of
the lycopene actions on the prostate, as it has already been observed that
lycopene was associated with a decrease in the expression of 5-a-
reductase in mice (Siler et al. 2004).
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ABSTRACT
The accumulation of data from a variety of sources has led to a hypothesis that
tomatoes, tomato products, or specific components derived from tomatoes may
have the ability to inhibit certain phases of prostate carcinogenesis. However,
not all studies support this relationship, and a definitive, randomized controlled
trial of tomato products for the prevention of prostate cancer has never been
undertaken. Thus, it is critical for readers to recognize that the relationship
remains a hypothesis that requires continued reassessment as additional
studies are completed and published in peer-reviewed scientific literature. Most
important, readers should appreciate that no single study will provide the
answers we need, although such an idea is often widely promoted by the public
media. Only through a compilation of data derived from a variety of studies can
we assess this relationship and provide evidence-based guidelines to enhance
public health and patient care.
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An expanding array of in vivo rodent experimental models mimicking specific
aspects of human prostate carcinogenesis and tumorigenesis have been
developed. These models offer vital opportunities to conduct carefully controlled
studies and assess dietary and nutritional hypotheses. Several laboratories
have undertaken studies in experimental models targeting the relationship
between tomatoes, tomato products and prostate cancer that provide data
relevant to our interpretation of the epidemiologic, clinical, and in vitro data
regarding tomato products or their components. These studies provide critical
insight into efficacy, safety and biomarkers, which are relevant to the design of
definitive intervention studies in humans. This chapter will focus primarily on a
summary of accumulated knowledge derived from studies in rodent models
relevant to the relationship between tomatoes and their constituents as
modulators of prostate carcinogenesis.

INTRODUCTION

Prostate cancer is a common disease throughout the world, particularly in
the economically developed nations of North America and northwestern
Europe (Ferlay et al. 2001, World Cancer Research Fund 1997). In the
United States in 2007, 29% of newly diagnosed male cancer cases will be
from prostate cancer, which remains the second leading cause of cancer
death (Jemal et al. 2007). As a result, one in every six men will develop
prostate cancer over their lifetime (Jemal et al. 2007). Risk factors for
prostate cancer that cannot be modified include gender, race, age, and
family history. The etiology is certainly complex and multifactorial, and
ways to define and quantify effective, safe, and acceptable interventions
for prevention are not yet established.

Undoubtedly, we can conclude that environmental and lifestyle factors
contribute to an increase in prostate cancer risk, and that a genetic
component is also important. In addition, overall incidence may be
influenced by governmental and economic policies influencing screening
and diagnostic interventions. This issue is dramatically illustrated by the
recently completed landmark study called the Prostate Cancer Prevention
Trial, a randomized, double-blind and placebo-controlled study of
finasteride (a drug that inhibits the enzyme 5-alpha reductase) (Thompson
et al. 2003). The study involved over 18,000 men, aged 55 or older at
randomization. Sixty percent of men in the finasteride group and 63% of
men in the placebo group completed a prostate biopsy for clinical cause
during the study, or as a planned end-of-study procedure on completion
of seven years of study. In this cohort, 22% showed histological prostate
cancer. This alarming rate of cancer diagnosis indicates how extensively
the prostate carcinogenesis cascade has progressed in most American men
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over the age of 60. Yet, we believe that the majority of these cancers, which
were diagnosed without meeting previously recommended screening
criteria of serum prostate specific antigen (PSA) over 4.0 ng/mL or exam
abnormalities, would probably follow an indolent biological course.
Unfortunately, at the present time, we lack appropriate biomarkers to help
us further refine the traditional predictive models for clinically significant
disease based upon digital rectal exam findings, clinical staging, PSA, and
Gleason scoring. We clearly need to define and validate additional
biomarkers to discern which men with localized histopathological
prostate cancer are most likely to benefit from therapeutic interventions.
Research in this area is critical, so that we can determine with greater
precision which cancers lack risk of progression, and predict which men
will be able to avoid treatments and their associated side effects.

Another approach to solving the prostate cancer plague is to reduce the
overall rate of prostate cancer progression, with a specific focus on the
earliest steps in the transition from normal to premalignancy and early
histological cancer. Indeed, prostate cancer prevention remains the ideal
solution, yet investment in this approach, particularly translation of basic
science into human clinical trials, has been woefully inadequate. It is often
argued that the cost of prevention studies is prohibitive, yet the massive
expenditures generated by the health care system for screening, diagnosis,
and therapy of prostate cancer illustrates the ineffectiveness of the current
strategy. The consumption of tomato products is only one of many active
preventive hypotheses established through a range of investigations,
including epidemiologic and clinical studies and preclinical laboratory
investigations. Unfortunately, definitive controlled clinical trials remain
rare.

THE EVOLUTION OF THE TOMATO, LYCOPENE, AND
PROSTATE CANCER HYPOTHESIS

The landmark publication by Giovannucci et al. in 1995 stimulated great
interest within the biomedical community as well as the popular press.
The original findings in the Health Professionals Follow-up Study (HPFS)
have been reinforced by subsequent publications as the prospectively
evaluated cohort has aged (Giovannucci 2002, Giovannucci et al. 1995).
These studies suggest a relationship between diets rich in tomato products
and estimated lycopene intake and a lower risk of prostate cancer,
particularly cancers with more aggressive features. However, not all
epidemiologic studies support a relationship between tomato products
and lower risk of prostate cancer, leading to divergent opinions within the
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field (Giovannucci 2005, Kristal and Cohen 2000, Peters et al. 2007). In
such situations, reviews and meta-analyses can occasionally provide some
additional insight simply by providing critical statistical power to detect
modest effects within a heterogeneous disease. A meta-analysis
conducted in 2004 examined relevant tomato and prostate cancer
epidemiologic studies with 11 case-control and 10 cohort studies chosen
for analysis (Etminan et al. 2004). It was estimated that compared to those
rarely consuming raw tomatoes, the relative risk (RR) for prostate cancer
in the highest quartile of intake was 0.89 (95%, confidence interval (CI)
0.80–1.00), and for those consuming cooked tomato products, the RR was
0.81 (95% CI 0.71–0.92). Although supportive of a benefit, it is now
abundantly clear that epidemiologic studies alone are unlikely to resolve
the dilemma for several reasons, including concerns regarding the
precision of diet assessment tools, the well-known recall bias of case-
control studies, and the likelihood that the relative risk reduction of
10-30% is simply difficult to define when superimposed on the complexity
of prostate carcinogenesis. We should also appreciate the significant
heterogeneity of human prostate cancer, which represents a family of
diseases, each of which may have many interacting etiologic factors.

Closely intertwined within the tomato/prostate cancer relationship is
the hypothesis that lycopene, the predominant carotenoid in tomatoes that
provides the familiar red color, has anticancer properties and may mediate
the protective effect against prostate cancer. However, in spite of the
enormous emphasis on lycopene, investigators should recognize that
tomatoes also contain a vast array of nutrients and phytochemicals that
can be hypothesized either as single agents or as a collective entity, to
modulate carcinogenesis. Nutrients such as the vitamins C, K, E, and folate
are present, and their roles in cancer prevention are the subject of many
reviews (World Cancer Research Fund 1997). It is our opinion that no
single nutrient, using the classic definitions, can account for the
hypothesized anti-prostate cancer properties of tomato products. We feel
that the non-nutrient phytochemicals such as the polyphenols (Wang et al.
2003) (such as quercitin and rutin) and the carotenoids (including
lycopene and its precursors, phytofluene and phytoene) are the more
likely anticancer components (Canene-Adams et al. 2005).

Lycopene has received the bulk of research attention for several
reasons. First, various in vitro and rodent studies suggest that lycopene
may have unique antioxidant properties and perhaps additional
biological activities that may alter carcinogenesis (Di Mascio et al. 1989,
Herzog et al. 2005, Herzog and Wertz 2005, Kim et al. 2003). Second,
serum or tissue lycopene can be readily measured by quality laboratories
and may have some value as a surrogate biomarker of long-term exposure
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to tomato products, as few other foods are widely consumed in quantities
sufficient to dramatically alter in vivo concentrations (Clinton 1998, 2005,
Miller et al. 2002, Wu et al. 2003). The lycopene hypothesis gained support
from the epidemiologic studies, as lycopene content of foods has been
quantified in the USDA databases used to assess the nutrient and
phytochemical content of foods. Predictably, estimated intake of lycopene
was associated with a reduced risk of prostate cancer in epidemiologic
studies using food frequency questionnaires (Giovannucci and Clinton
1998), as tomato products are the major source of lycopene intake (Clinton
2005, Clinton 1998, Giovannucci and Clinton 1998). The biological
plausibility of lycopene mediating anti-prostate cancer activity was
enhanced when lycopene and its isomers were found in significant
concentrations in human prostate tissue (Clinton et al. 1996). In parallel,
reports of “anti-cancer” activity for lycopene in vitro, using prostate cancer
cells, have added to the growing enthusiasm.

A wave of additional epidemiologic studies of varying statistical power
and precision have followed the original reports, focusing on the
relationship of blood lycopene to prostate cancer risk. For example, in an
analysis of plasma samples from men enrolled in the Physicians’ Health
Study, lycopene was found at significantly lower concentrations in the
blood of men with prostate cancer than in matched controls (P = 0.04)
(Gann et al. 1999). This inverse association was particularly evident for
aggressive types of prostate cancer and for men who were not taking a
beta-carotene supplement (highest v. lowest quintile P = 0.006). Another
case-control study examined plasma carotenoids and risk for prostate
cancer with a reported 83% reduction in prostate cancer risk observed in
the group with the highest plasma lycopene concentration (0.40 :mmol/L),
in comparison to the lowest lycopene group (0.18 :mmol/L) (Lu et al.
2001).

There is inconsistency among epidemiologic studies. Recently, two
reports from the Prostate, Lung, Colorectal, and Ovarian Cancer
Screening Trial cohort study, which have followed over 28,000 men,
detected no relationship between estimated dietary lycopene
consumption (Kirsh et al. 2006) or serum lycopene and prostate cancer
incidence (P for trend = 0.433) (Peters et al. 2007). The inconsistency is
perhaps predictable when estimates of intake are imprecise, the
documentation of exposure during critical early time points is limited, and
the benefit if modest (for example a 10-20% reduction in risk) may be
difficult to detect. Furthermore, the epidemiologic studies are still limited
in their ability to control for many potentially important variables
regarding anticancer components with regard to absorption, distribution,
and metabolism of specific phytochemicals that are defined by genetic
variability and modulated by other dietary components. Additionally,
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prostate cancer is not a single disease, but rather a family of diseases
affecting a single organ, and future efforts to define molecular signatures
of prostate cancer subtypes showing specific biological patterns will help
improve the data derived from epidemiologic studies.

The U.S. Food and Drug Administration (FDA) recently published a
review of tomatoes, lycopene and risk of a number of different cancer
subtypes, including ovarian, gastric, pancreatic and prostate cancers. The
purpose of this review was to evaluate tomato, lycopene and cancer
literature in the context of a qualified health claim. Health claims are
granted by the FDA for use by food manufacturers, if a food or food
component has met rigorous scientific criteria where there is a consistent
and clear health benefit. The FDA report found that the accumulated
evidence, which focused on human research, did not support the role of
tomato products or lycopene for reduction in the risk for any of the cancer
subtypes. Although this report garnered significant attention by the
popular press, readers should understand that the approval of a health
claim requires significant scientific agreement. The report indicated that
studies of lycopene and tomatoes have produced some provocative, but
inconsistent results, and more research is needed (Giovannucci 2007,
Kavanaugh et al. 2007).

It is interesting to note that lycopene from tomatoes or tomato-
containing food products is consumed primarily in the all-trans isomer
form, but blood and tissues demonstrate a variety of cis-isomers. This
observation has fueled speculation that lycopene isomer patterns may
provide some insight into biological activity, but this has yet to be proven.
Wu et al. (2003) investigated the relationship between plasma
concentrations of cis and trans-lycopene isomers and total plasma lycopene
in blood samples taken three to four years apart from 144 men enrolled in
the HPFS. There was a strong correlation between concentrations of total
lycopene and its major isomers over time, suggesting that a single plasma
measurement of blood lycopene concentration is a reasonable estimate of
long-term exposure (Wu et al. 2003).

Several groups have completed small human intervention studies with
lycopene or tomato products and assessed biomarkers of biological
activity. For example, we have observed that daily consumption of tomato
juice, soup and sauce can quickly alter blood and tissue content of
lycopene and its isomers (Allen et al. 2002, 2003, Clinton et al. 1996,
Hadley et al. 2003, Jatoi et al. 2007). Several groups have reported an
improvement in markers of oxidative stress and more favorable
histopathological markers following intake of tomato products or
lycopene (Chen et al. 2001, Hadley et al. 2003, Kim et al. 2003, Kucuk et al.
2001). None of the published studies have had the statistical power to fully
address the ability of tomato products or components to influence prostate
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carcinogenesis, yet some of the data is supportive of moving forward with
rigorously controlled multi-institutional clinical studies targeting specific
biomarker outcomes.

Taken together, the epidemiologic and clinical research has provided
enough circumstantial evidence to warrant continued investigations
regarding the potential for tomato products and their components to
prevent or slow the progression of prostate cancer. The remainder of this
review focuses in greater detail on the contributions derived from
important investigations of experimental prostate carcinogenesis and
tumorigenesis where intake and exposure to tomato products or
constituents can be precisely controlled.

EXPERIMENTAL PROSTATE CANCER

Dietary studies in rodent models of prostate carcinogenesis (de novo
development of cancer) or tumorigenesis (growth of a tumor in a
transplantable model) have a number of advantages that allow an
investigator to control heterogeneity and provide estimates of efficacy and
safety for a hypothesized intervention. These include (1) uniform age and
genetic background of the subjects, (2) control of environmental variables,
(3) precision in defining dietary exposures in terms of dose and source of
components, (4) precise control of the timing and duration of exposure
targeting critical stages of carcinogenesis, (5) uniform exposure to
carcinogenic stimuli (chemical initiators and promoters, specific genetic
alterations) or inoculation of tumor cells (defined number of cells), (6) the
ability to examine combinations of chemopreventive agents or dietary
patterns for additive or synergistic effects, (7) the ability to assess precisely
critical hormones that influence human prostate cancer, which are
similarly important in rodents, and (8) availability of biological specimens
for cellular and mechanistic studies.

The interpretation of rodent prostate cancer studies must also consider
the following issues when extrapolating experimental data to humans: (1)
the carcinogenic stimuli may be irrelevant to humans, (2) absorption and
distribution of nutrients or phytochemicals may differ among species, (3)
metabolism of phytochemicals may involve different host enzymatic
pathways or bacterial flora, and (4) the animal model may represent only
one subtype of the “family” of human prostate cancer.

The perfect rodent model, one that mimics all characteristics of human
prostate cancer, does not exist. The following characteristics are deemed
highly desirable (Bosland 1999, Lucia et al. 1998, Tennant et al. 2000):
(1) adenocarcinoma histology derived from the epithelium of the prostate,
(2) availability of a large number of animals to all interested investigators,
(3) androgen dependency during early stages of carcinogenesis,
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(4) relatively slow-growing cancers, (5) tumors that respond to surgical or
pharmacologic castration and show evolution of androgen independence
over time, and (6) cancers that primarily metastasize to lymph nodes and
bone. Efforts to define models that mimic many of these key
characteristics continue and will provide important tools for those
interested in studies on prevention by diet and nutrition, in addition to
chemically defined chemopreventive agents.

Clearly, rodent experiments alone cannot serve as the basis for dietary
guidelines or public health recommendations. However, in vivo rodent
models provide a type of nutritional investigation that is far more
convincing than in vitro cell culture studies. The cell-based approach, at
best, can define potential molecular mechanisms of action in response to
an agent and identify biomarkers, which of course is an important aspect
of evaluating the tomato/prostate cancer hypothesis.

Although prostate tissue is nearly a ubiquitous accessory sex gland in
the animal kingdom, spontaneous prostate cancer is remarkably rare
among free-living mammals, except for humans and dogs, which present
a similar disease. Thus, rodent models showing spontaneous prostate
carcinogenesis are limited (Cohen 2002, Lamb and Zhang 2005, Shirai et al.
2000). The current rat prostate carcinogenesis models include several
strains: Wistar Unilever, Fischer F344, Noble, ACI, and Lobund-Wistar
with a variety of characteristics (Pollard and Suckow 2005). Murine
models of prostate carcinogenesis continue to expand in number and are
primarily based on genetic modification, often focusing on prostate
specific expression of oncogenes, and have been reviewed (Klein 2005,
Shappell et al. 2004). Transplantable models, such as the Dunning prostate
cancer lines, are useful to evaluate tumorigenesis, as opposed to
carcinogenesis (Bosland 1999).

No single animal model of prostate cancer can mimic the entire
spectrum of characteristics of human prostate carcinogenesis. Indeed, if it
existed, the model would be cumbersome, its tremendous heterogeneity
making it difficult to employ, and would require large numbers of animals
to detect effects of intervention and long periods of study. Thus,
laboratory models are developed to be more homogeneous and easily
reproducible among laboratories and investigators, and of acceptable cost
to research teams and funding agencies.

EXPERIMENTAL RESULTS ON TOMATO AND PROSTATE
CARCINOGENESIS

The results of the published studies are summarized in Table 1. An early
rodent study by Imaida et al. (2001) employed the Fisher 344 rat treated
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Table 1 Representative tomato and lycopene studies in rodent prostate carcinogenesis models.

Model used Dietary intervention Results Comments

Fisher 344 (Imaida • Three 60-wk experiments with male rats • Lycopene given after DMAB Dietary concentrations of lycopene
et al. 2001) 1) Carcinogen (DMAB) administration concurrent significantly decreased incidence of PIN in may be insufficient to provide

with diets containing either 15 ppm lycopene or the ventral prostate compared with DMAB significant tissue concentrations of
500 ppm curcumin alone (6% v. 70% respectively, P < 0.05). lycopene

2) Animals pretreated with varying doses of DMAB • None of the experiments suggested that
followed by diets containing either 15 ppm lycopene could consistently inhibit rat
lycopene or 500 ppm curcumin prostate carcinogenesis.

3) Carcinogen (PhIP) administration followed by diets
containing 45 ppm lycopene or 500 ppm curcumin
or both for 50 wk.

MutaTM mice • 36 male mice randomized to one of three diets: • Lycopene tomato oleoresin resulted in This study also reported a significant
(Guttenplan et al. 2001) 1) Control diet (AIN 76 diet) a dose-dependent decrease in both increase in colon and lung

2) Control diet + 7 g lycopene-rich tomato oleoresin/ spontaneous and BaP induced prostate mutagenesis in mice receiving the
kg diet (2.4% other carotenoids) mutagenesis, but not statistically control diet + 14 mg lycopene/

3) Control diet + 14 g lycopene-rich tomato significant. kg diet
oleoresin/ kg diet (2.4% other carotenoids)

NMU in Wistar Rats • 194 male rats, randomized to one of three diets: • Diet with tomato powder significantly Tomato powder was more effective
(Boileau et al. 2003)  1) Control diet increased survival than lycopene in spite of much lower

2) Tomato powder (10% of diet, 13 mg lycopene/ (HR = 0.74; 95% CI = 0.59-0.93; blood concentrations.
kg diet) P = 0.009)

3) Lycopene beadlet (161 mg/kg diet) • Diet with lycopene resulted in a non-
significant reduction in survival from
prostate cancer
(HR = 0.91; 95% CI = 0.61-1.35;
P = 0.6)

Lady mice • 76 mice, randomized to one of four diets: • Animals receiving the antioxidant- Details regarding the diet
(Venkateswaran et 1) Standard diet supplemented diets developed less composition and content of
al. 2004)  2) Standard diet + antioxidant blend (lycopene, vit prostate cancer. antioxidants are not reported.

E and selenium) • Cancer rates for each group were reported Individual contribution of the
3) 40% calorie restricted, high-fat diet as follows:74% of animals in group 1 antioxidants employed are not
4) 40% calorie restricted, high-fat diet + antioxidant developed cancer, 11% of animals in group known in this model.

blend 2 (P < 0.0001), 100% of animals in group
3, and 16% of animals in group 4
(P < 0.0001)

DMAB, 3,2’-dimethyl-4-amino-biphenyl, NMU, N-methyl-N-nitrosourea; HR, hazard ratio; CI, confidence interval.
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with the carcinogens 3,2”-dimethyl-4-aminobiphenol (DMAB) and
2-amino-1-methylimidazo[4,5-b]pyridine (PhIP). Lycopene was provided
as the carotenoid-enriched tomato lipophilic extract called LycoRed at 5,
15, or 45 ppm (lycopene). In one of three studies, a slight trend towards a
reduction in prostatic intraepithelial neoplasia (PIN) incidence was
reported in the DMAB model but with no effect on prostate cancer in
either the DMAB or PhIP studies. The study was compromised by the
relatively low concentrations of lycopene reported in the serum and liver
tissue of the rats. It is important for all investigators to appreciate that rats
and mice typically show a lower absorptive capacity than humans for
many carotenoids, including lycopene (Boileau et al. 2000, 2001). Thus,
higher dietary concentrations must be fed to rodents, compared to
humans, in order to achieve the blood and tissue concentrations that are
typically associated with “anticancer” activity in human clinical or
epidemiologic studies. As a result, the Imaida et al. (2001) study may not
have achieved biologically relevant anti-cancer concentrations of the
agent being tested. Additionally, the statistical power was limited by the
small number of rats per dietary group (less than 20 in this study). This
problem is common in the experimental carcinogenesis literature and
limits the investigators’ ability to detect real effects that may be in the
range of 10-30%, a range of benefit that is hypothesized by epidemiologic
studies.

The N-methyl-N-nitrosourea (NMU) androgen-induced rat model of
prostate cancer has been used in a number dietary and chemoprevention
studies (Bosland 1999, McCormick et al. 1998). Our laboratory (Boileau et
al. 2003) compared prostate carcinogenesis in rats fed a semipurified
American Institute of Nutrition (AIN) control diet or one prepared with
10% tomato powder (freeze-dried whole tomatoes) with 13 mg lycopene/
kg diet, or lycopene beadlets at 0.0025 g/kg diet (161 mg lycopene/kg
diet). The concentration of lycopene beadlets chosen was such that the rats
accumulated lycopene in the prostate and blood in a range that
approximates those found in humans (Boileau et al. 2000). The risk of
death from prostate cancer was lower for rats fed the tomato powder diet
than for rats fed the control diet with a hazard ratio of 0.74 (95% CI = 0.59
to 0.93, P < 0.009). Interestingly, the risk of prostate cancer-related death
for rats fed the control diet or the lycopene beadlet diet was statistically
similar. In addition, the tomato-fed rats showed an inhibition of prostate
carcinogenesis even though the lycopene content of blood and tissues was
much lower than the lycopene beadlet-fed rats. This study strongly
suggests that tomatoes contain a variety of components that inhibit
prostate carcinogenesis in the NMU model more effectively than lycopene
alone. The study further suggests that blood and tissue lycopene may not
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serve as a biomarker for the anticancer activity of tomato products. It does
not mean that lycopene may not be one of the contributing components,
but that when fed alone it appears to be much less effective at this dose
than when provided in the context of other tomato components. Perhaps
only in combination with other tomato-derived phytochemicals can we
see biologically relevant anticancer activity.

The first study evaluating a tomato component in murine prostate
carcinogenesis employed the LADY transgenic model (Venkateswaran et
al. 2004), which is based upon prostate expression of the viral large T
antigen. The model progresses to androgen independence and a poorly
differentiated neuroendocrine type of prostate cancer. Interestingly, the
authors compared mice fed a “standard diet” to one containing a
combination of supplemental selenium, lycopene, and vitamin E along
with energy restriction. The authors report a significant reduction in
prostate carcinogenesis for the experimental diet. However, it is
impossible for another investigator to repeat the published work as the
composition and formulation of the diets are not defined in the
publication, and there is no documentation of the concentrations of the
supplements in the diet or their sources. Furthermore, the design of the
study does not allow one to determine the individual, additive, or
synergistic effects of the components of the “intervention” diet. Thus, this
report will remain an interesting testimony but is essentially non-
interpretable with respect to the role of tomato components or lycopene as
a preventive intervention for prostate carcinogenesis.

Another murine study employed the MutaTM mice given 7 or 14 g of
lycopene-rich tomato oleoresin per kg diet (which also contained b-
carotene, phytofluene, x-carotene, and 2,6-cyclolycopene-1,5-diol). The
authors reported a dose-dependent but non-significant reduction in both
spontaneous and benzo[a]pyrene-induced mutagenesis in the prostate
(Guttenplan et al. 2001). Interestingly, this study also suggested a
statistically significant increase in colon and lung mutagenesis in the
animals receiving 14 g lycopene/kg diet compared with controls
(Guttenplan et al. 2001). This interesting study, although not evaluating
carcinogenesis, suggests that dietary tomato components may have tissue-
specific effects that warrant further study.

EXPERIMENTAL TUMORIGENESIS

Models employing prostate cancer cell lines established by injection or
transplantation, isolated tumor cells, or viable pieces of tumor allow
investigators to examine tumor growth rates and biomarkers related to
growth and progression. Several laboratories have conducted studies with
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lycopene or tomato components. These studies are summarized in Table 2.
The MatLyLu subline of the Dunning rat model was derived from a
rapidly growing metastatic prostate cancer that originally metastasized to
the lymph nodes and lungs. When these poorly differentiated cells were
injected directly into the ventral prostate of rats, it was found that neither
dietary lycopene nor vitamin E caused a significant decrease in tumor size
at 18 d (Siler et al. 2005). However, the authors did assess the tumor by
magnetic resonance-imaging and on the basis of the examination of
intratumor structure the authors suggest that there is an increase in the
necrotic area of the tumors of rats fed lycopene at 200 ppm (Siler et al.
2005). Microarray analysis (mRNA) was conducted on these tumors, and
lycopene treatment was associated with a down-regulation of 5-alpha
reductase 1 suggesting an impact on androgen signaling. Other genes
down-regulated in lycopene-fed prostate tumors were probasin, IGF-1,
and IL-6.

Two studies have examined an effect of lycopene on human prostate
cancer cell lines inoculated into immune-suppressed mice. The effects of
lycopene on the growth of human DU145 tumor xenografts in BALB/c
male immune-deficient nude mice were examined by Tang et al. (2005).
The authors report that the tumor growth rate was reduced by 56 and 76%
respectively in mice fed AIN-based diets containing lycopene at 100 and
300 mg/kg compared to those fed lycopene-free diets for 8 wk. The poorly
differentiated PC-346C human prostate cancer cell line was employed in a
study of orthotopic implantation in NMRI nu/nu mice (Limpens et al.
2006). Lycopene was provided daily at 5 and 50 mg/kg body weight.
There was no significant effect on tumor growth observed for lycopene
alone, but when both lycopene and vitamin E were provided at 5 mg/kg
body weight a significant inhibition of tumor growth by 73% was reported
over the 95 d duration of the study.

A recent study from our laboratory using the Dunning rat prostate
cancer model employed the slow-growing and well-differentiated
R3327H androgen-dependent subline (Canene-Adams et al. 2007). The
rats were fed AIN-based semipurified diets containing various
combinations of tomato and/or broccoli powder or lycopene for 22 wk
(Figs. 1 and 2). The diet intervention groups were compared with rats that
were castrated or received finasteride (5-alpha reductase inhibitor) in
order to compare dietary effects with disruption of androgen signaling.
The animals fed 10% whole tomato powder had a significant 33%
reduction in tumor weights over the 18 wk study. In contrast, lycopene at
23 or 224 nM/g diet did not significantly reduce tumor weight, in spite of
a slight positive trend of 7% and 18% smaller tumors. Of interest was the
fact that castration at 16 wk caused dramatic tumor regression, while
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Table 2 Representative tomato and lycopene studies in rodent prostate tumorigenesis models.

Model used Dietary intervention Results Comments

Dunning MatLyLu 30 male Copenhagen rats randomized to 1 • No interventions decreased tumor size Lycopene reduced 5-alpha
(Siler et al. 2004) of 5 groups: • Significant increase in tumor necrotic area with reductase 1, IGF-1, & IL-6

1) Control diet lycopene (P = 0.02) or vitamin E (P = 0.006) gene expression measured
2) Control diet (40 ppm vitamin E) by GeneChip analysis
3) Control diet + 540 ppm vitamin E
4) Control diet (40 ppm vitamin E) & 200 ppm lycopene
5) Control diet + 540 ppm vitamin E & 200 ppm lycopene

Xenograft (BALB/c Male BALB/c mice injected with androgen-independent • 100 mg/kg lycopene reduced tumor growth Anti-tumor effects
mice with DU145 DU145 xenografts and randomized to 1 of 4 diet groups: by 56% (P < 0.05) correlated with parallel in
cells) 1) Control diet • 300 mg/kg lycopene reduced tumor growth by vitro studies.
(Tang et al. 2005) 2) Control diet + 10 mg/kg lycopene 76% (P < 0.01)

3) Control diet + 100 mg/kg lycopene • DU145 cells pretreated in vitro w/ 20 mmol/L
4) Control diet + 300 mg/kg lycopene lycopene did not form tumors
5) DU145 cells pretreated with or without 20 mmol/L lycopene

Xenograft (NMRI nu/nu 54 male NMRI nu/nu mice inoculated with PC-346C tumor • No single treatment suppressed tumor growth Plasma PSA levels were
mice with PC-346C xenograft and randomized to 1 of 6 groups • Lycopene + vitamin E suppressed orthotopic growth lowest in the mice fed the
cells) 1) Control diet by 73% (P < 0.05) and increased median survival lycopene + vitamin E
(Limpens et al. 2006) 2) Control diet + 5 mg lycopene/kg body wt time by 40% (P = 0.02) combination (P = 0.06

3) Control diet + 50 mg lycopene/kg body wt compared with controls)
4) Control diet + 5 mg vit E/kg body wt
5) Control diet + 50 mg vit E/kg body wt
6) Control diet + 5 mg lycopene & 5 mg vit E/kg body wt

Dunning R3327-H 206 male Copenhagen rats randomized to 1 of 9 groups: • Lycopene at 23 nmol/g insignificantly reduced tumor Rats consuming tomato
(Canene-Adams et al. 1) Control diet weights by 7% powder exhibited lower
2007) 2) Control diet + finasteride • 224 nmol lycopene/g insignificantly reduced tumor proliferative index

3) Control diet + castration growth by 18% percentages (PCNA stain-
4) Control diet + 23 nmol lycopene/g diet • Tomato powder reduced tumor weights by 34% ing) and higher apoptosis
5) Control diet + 224 nmol lycopene/g diet (P = 0.05) rates (ApopTag staining).
6) Control diet with 10% tomato powder
7) Control diet with 10% broccoli powder
8) Control diet with 5% tomato & 5% broccoli powder
9) Control diet with 10% tomato & 10% broccoli powder

PCNA, Proliferating Cell Nuclear Antigen
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finasteride at 5 mg/kg body weight daily provided a 14% smaller tumor
weight compared to controls, but this difference was not statistically
significant. As seen in the NMU-induced carcinogenesis model, rats fed
freeze-dried whole tomatoes had significantly less blood and tissue
lycopene yet showed a more effective inhibition of tumor growth. Another
key finding is that combinations of tomato and broccoli are more effective
than individual food items alone and at least as effective as finasteride, an
agent proven to serve as a human prostate cancer chemopreventive agent
(Thompson et al. 2003). Among the biomarkers evaluated, tumor
apoptotic index was increased and proliferative index reduced (Fig. 1) for
those fed tomato components (Canene-Adams et al. 2007). Furthermore,
tomato powder was more effective than finasteride for the inhibition of
prostate cancer, which is of enormous interest when we consider that
finasteride has been tested in a human prostate cancer prevention trial and
shown to reduce the diagnosis of prostate cancer by approximately 25%
over 7 yr of exposure (Thompson et al. 2003).

HYPOTHESIZED ANTI-CANCER MECHANISMS OF TOMATO
PRODUCTS OR LYCOPENE

There are numerous anti-cancer mechanisms proposed for tomato
products and lycopene (Bowen 2005), with the majority of efforts falling
into several general categories, including reduced cellular oxidative

Fig. 1 The effects of various endocrine and dietary manipulations on the growth of the Dunning
R3327H transplantable prostate adenocarcinoma in rats were evaluated (Canene-Adams et al.
2007). The data is presented as the percentage change compared to control. The tomato
products were more effective than lycopene in this study and combinations of tomato and
broccoli components were active and compared favorably to endocrine manipulations.
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damage reducing genetic damage, decreased tumor cell proliferation,
enhanced sensitivity to apoptosis, anti-inflammatory activity, and
inhibition of tumor-promoting hormone and growth factor action. The
evidence for each of these pathways has been generated by a variety of
approaches ranging from in vitro cell biology studies to in vivo rodent and
human investigations, yet none has achieved the level of evidence
necessary to be considered definitive.

The antioxidant activity of lycopene in vivo and its potential impact on
carcinogenesis has been an experimental quagmire for decades. Although
it is well established that carotenoids can quench specific types of reactive
oxygen in highly controlled chemical studies, our ability to investigate the
in vivo antioxidant activity is typically limited to indirect biomarker
studies, and specific evidence for a linkage between antioxidant activity
and reduced damage to critical genes or other macromolecules directly
linked to carcinogenesis has been elusive. Lycopene is considered to be
one of the most efficient of common dietary carotenoids in scavenging
singlet oxygen and reactive oxygen species (Conn et al. 1991, Di Mascio et
al. 1989). One in vivo study of 12-wk-old Wistar rats investigating the effect
of lycopene on iron-induced oxidative DNA damage warrants particular
interest. Rats pretreated with intraperitoneal injections of lycopene for 5 d
prior to ferric nitrilotriacetate (Fe-NTA) injection showed a 70% reduction
in prostate tissue 8-oxo-7,8-dihydro-2'-deoxyguanosine (8-oxoGuo) levels
compared with animals that received only the Fe-NTA injection (Matos et
al. 2006). Several small human clinical trials have supported the role of
lycopene and tomato products in reducing oxidative damage. The first
significant study, reported by Chen et al. (2001) in men fed tomato-based
diets for several weeks, showed a reduction in DNA damage of the
prostate in a pre-prostatectomy design. Another study, with non-smoking
male subjects consuming 40 mg lycopene from tomato juice each day for 2
wk, documented a significant decrease in DNA strand breaks in
peripheral blood lymphocyte cells (Pool-Zobel et al. 1997). In 2001, a
clinical trial was reported involving 32 men with localized prostate
adenocarcinoma consuming tomato sauce-based pasta dishes daily,
providing approximately 30 mg lycopene per day, for 3 wk prior to a
scheduled radical prostatectomy (Chen et al. 2001). Tomato product
consumption resulted in decreased serum PSA from 10.9 to 8.7 ng/mL (P
< 0.001) and leukocyte oxidative DNA damage was significantly lower
(from 0.61 8-OHdG/105 dG with 95% CI = 0.45 to 0.77 8-OHdG/105 dG,
compared to 0.48 8-OHdG/105 dG with 95% CI = 0.41 to 0.56 8-OHdG/105

dG)(P = 0.005) after regular tomato consumption compared to before the
dietary intervention. Additionally, 8-OHdG measurements of prostate
tissue showed less oxidative DNA damage in men who consumed
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tomatoes. Hadley et al. (2003) investigated lycopene bioavailability and
blood antioxidant capacity in 60 healthy adults who consumed between 23
and 35 mg lycopene from tomato products for 15 d. They reported that
consumption of tomato products significantly enhanced the protection of
lipoproteins to ex vivo oxidative stress (Hadley et al. 2003, Basu and
Imrhan 2007). Although limited in number and scope, the above
representative studies suggest that in cellular and in vivo models which
measure biomarkers of oxidative damage, these biomarkers are improved
with consumption of tomato products. Yet, definitive assessment of
antioxidant activity focusing on targets directly affecting the carcinogenic
cascade are lacking.

The balance between the number of proliferating cells and those
undergoing apoptosis is critical with respect to normal tissue function and
is dysregulated during tumor growth to favor survival of malignant cells.
Several cell-culture studies report antiproliferative activity or increased
apoptosis after treatment with lycopene. Lycopene has been known to
inhibit the growth of human androgen-independent prostate cancer cells
and Dunning AT6.3 cells by increasing apoptotic rate (Kim et al. 2003,
Tang et al. 2005, Wang et al. 2003) and perhaps cause an inhibition of cell-
cycle progression characterized by an increase in the number of cells in the
G(2)/M phase of the cell cycle (Hwang and Bowen 2004, 2005, Hwang and
Lee 2006, Tang et al. 2005). Additionally, lycopene has been shown in
prostate cancer cell studies to induce the release of cytochrome c from the
mitochondria, increase annexin V binding, and induce apoptosis (Hantz et
al. 2005, Ivanov et al. 2007, Tang et al. 2005). Proliferating cell nuclear
antigen (PCNA) was identified in 1978 and was so named because it was
observed in the nucleus of dividing cells. Today PCNA is often used as a
biomarker for tumor cell proliferation for in vitro and in vivo studies
(Kelman 1997). Increasing lycopene intake and dietary tomato powder in
the Dunning R3327-H rat model has been shown to reduce
immunohistochemical staining for PCNA, reducing the proliferative
index (Fig. 1), in parallel with a change in tumor volume indicating a
decrease in cell proliferation (Fig. 2) (Canene-Adams et al. 2007).
Similarly, immunohistochemical staining for apoptotic markers has been
reported to be increased in BALB/c male nude mice that were inoculated
with DU145 tumor xenografts and fed lycopene (100 or 300 mg/kg) and in
the Dunning tumors of rats fed tomato powder (Canene-Adams et al.
2007). Flow cytometry analysis indicated a dose-dependent increase in
apoptosis in the mice treated with lycopene (Tang et al. 2005). Although
these studies suggest an increase in sensitivity to apoptosis and reduced
proliferative rates, the precise mechanisms by which these components
may act on prostate cancer cells remain to be defined.
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It has been proposed that lycopene or other carotenoids may act on
prostate cancer cells to modulate cell-cell communication and adhesion in
a manner that reduces carcinogenesis or tumor growth (Vine et al. 2005).
One small human study suggests that lycopene may increase the
expression of connexin 43, a known tumor suppressor gene. In this study,
15 men were given either a placebo or Lyc-O-Mato (Beer-Sheva, Israel),
containing 15 mg lycopene, 2.5 mg phytoene and phytofluene, and other
minor carotenoids, twice a day for 3 wk before radical prostatectomy
(Kucuk et al. 2001). Prostate tissue analysis revealed a suggestion of an
increase in connexin 43 levels in the lycopene-supplemented groups
compared with controls (mean absorbance: 0.63 ± 0.19 v. 0.25 ± 0.08, P =
0.13). However, larger studies with greater statistical power are need to
investigate this potential mechanism in humans.

Inflammation within the prostate, perhaps initiated by a variety of
pathways, is hypothesized to result in oxidative stress and macromolecule
damage that enhances risk of carcinogenesis. The possibility that lycopene
or other phytochemicals may inhibit this process is supported by a few
studies. For example, the expression of inflammatory proteins such as
proinflammatory cytokines, immunoglobulins and immunoglobulin
receptors was found to be reduced in the prostate tissue of Copenhagen
rats fed 200 ppm lycopene for 8 wk (Herzog et al. 2005). A few human
studies have attempted to examine the relationship between lycopene and
biomarkers of oxidative damage and inflammation, but no clear
relationship for prostate cancer has yet emerged (Almushatat et al. 2006).

Fig. 2 The effects of various endocrine and dietary manipulations on the proliferative index
(PCNA staining) of the Dunning R3327H transplantable prostate adenocarcinoma in rats were
evaluated (Canene-Adams et al. 2007). The data is presented as the percentage change
compared to control. The tomato products were more effective than lycopene in this study and
combinations of tomato and broccoli components were active and compared favorably to
endocrine manipulations.  
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Tomato products and lycopene are also proposed to alter hormone and
growth factor signaling. Androgens are essential for the normal growth
and function of prostate tissue, in addition to being critical factors for early
stages of prostate carcinogenesis. Rodent studies have reported that
lycopene-containing diets lower the expression of 5-b-reductase, the
enzyme responsible for metabolism of testosterone to the more potent
androgen dihydrotestosterone in normal and prostate cancer tissue
(Herzog et al. 2005, Siler et al. 2004). Rodent studies have clearly shown
that androgens influence lycopene metabolism (Boileau et al. 2000, 2001).
In addition, some studies, but not all, suggest that diets containing
lycopene or tomato powder can reduce serum testosterone concentrations
(Campbell et al. 2006) or androgen receptor expression (Xing et al. 2001).
Thus, an interaction between lycopene and the critical androgen-prostate
axis clearly exists, but it remains only superficially understood at this
time.

Elevated levels of serum insulin-like growth factor-1 (IGF-1) have been
correlated with an increased risk of benign prostate hyperplasia (BPH) and
prostate cancer on the basis of several studies (Chen et al. 2004). Prostate
cancer cell proliferation and survival is responsive to IGF-1 signaling
(Wang et al. 2003). IGF-1 expression was reduced in Copenhagen rats as a
result of lycopene-containing diets (Herzog et al. 2005, Siler et al. 2004).
Our group has shown that several of the tomato polyphenols are potent
inhibitors of IGF-1 signaling pathways in prostate cancer cells, resulting in
anti-proliferative and pro-apoptotic signaling (Wang et al. 2003). Others
have reported that lycopene disrupts IGF-I receptor expression in prostate
cancer cells (Kanagaraj et al. 2007). A human case-control study
investigating the relationship between dietary factors, serum IGF-1, and
prostate cancer reports an inverse relationship between the consumption
of cooked tomatoes and blood IGF-1 levels, with a mean reduction of
31.5% for each additional serving of cooked tomatoes consumed per day
(95% CI, -49.4 to -7.9; P = 0.014) (Mucci et al. 2001). These representative
examples from the literature suggest that additional studies of
carotenoids, tomato polyphenols, and effects on autocrine, paracrine, and
endocrine growth factor expression and signaling may provide key clues
to a potential mechanism of action.

THE NEED FOR RANDOMIZED CONTROLLED CLINICAL
TRIALS

Although evidence from epidemiology, cell biology, and rodent models
provide enough support to establish the hypothesis that tomatoes or
lycopene may have inhibitory activity for prostate carcinogenesis, the lack
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of randomized human intervention trials of substantial statistical power
remains the major obstacle to adequate testing and procurement of
definitive answers. Studies focusing on mechanisms and relevant
biomarkers are needed, and, if supportive, definitive studies with a cancer
endpoint will be necessary.

Although limited in number, there are several small human
intervention studies which have investigated potential impact of tomato
products and lycopene and specific biomarkers relevant to prostate
carcinogenesis (Bowen 2005, Kim et al. 2003). In one study, 43 men with
histologically diagnosed BPH consumed 50 g tomato paste daily for 10
wk. Plasma PSA values were analyzed at baseline, during and after
intervention. The authors reported a significant reduction in mean plasma
PSA levels between baseline and end-of-study (P = 0.005) (Edinger and
Koff 2006). Prostatic premalignant lesions such as high-grade prostate
intraepithelial neoplasia (HGPIN) are present in a large number of aging
men; in a small proportion of these men, the lesions progress to clinically
significant prostate cancer. The use of chemopreventive agents that are
well tolerated and have minimal risk is of particular interest in this
population. A recent study randomized 40 men with HGPIN to receive
either 4 mg lycopene twice a day for one year (8 mg total per day, Lyc-O-
Mato, Beer-Sheva, Israel), or routine monitoring (which included PSA
analysis) every 3 mon. By the end of the intervention, men receiving the
lycopene supplement had a lower serum PSA than at baseline (mean PSA
6.07 ng/mL at baseline, 3.5 ng/mL at end-of-study) compared with an
increase reported in the control group (6.55 ng/ mL at baseline, 8.06
ng/mL at end-of-study) (Mohanty et al. 2005). Unfortunately, the authors
did not provide information regarding statistical calculations or adequate
information on randomization, diet, the type of supplement used or the
use of other prescription medications that may affect serum PSA.

The role of tomatoes and lycopene in prevention of biochemical relapse
after primary treatment for prostate cancer has also been investigated.
Clark et al. (2006) conducted a dose-escalating trial of lycopene
supplementation in 36 men with relapsed prostate cancer, based on PSA
progression. The doses of lycopene ranged from 15 to 120 mg/d for one
year. The median serum PSA at study entry was 4.4 ng/mL with a range of
0.8 to 24.9 mg/mL. Although no serum PSA responses (defined as a 50%
decrease in baseline PSA) were observed, lycopene supplementation was
well tolerated (Clark et al. 2006). It may be that the definition of a PSA
response in this study (as typically used for chemotherapy) was too
rigorous and other calculated outcomes such as PSA velocity and PSA
doubling time may be more appropriate measures to assess impact of
dietary interventions. PSA velocity was studied in a clinical trial of 37 men
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with localized prostate cancer who were receiving clinical surveillance
only. All 37 men were given two lycopene tablets (5 mg lycopene per
tablet plus vitamins C and E, phytoene, phytofluene, and beta carotene).
The men had monthly clinical evaluations and serum PSA analyses for a
mean intervention time of 10 mon. The velocity of PSA rise decreased in 26
of the 37 men in the study and in 8 men, the slope of PSA rise was negative
after lycopene intervention (Barber et al. 2006). Although none of these
studies provides definitive data regarding efficacy of tomato products or
lycopene for the prevention of prostate cancer or prostate premalignancy,
or as an adjunct to the treatment of prostate cancer, all suggest that studies
are feasible with either carotenoid supplements or dietary interventions,
and that no major toxicities are noted over a range of intake.

SUMMARY

The scientific evidence that tomatoes and tomato phytochemicals are
important modulators of prostate carcinogenesis is provocative, yet
further research is needed with a combination of well-designed studies in
laboratory models, humans, and population groups (Clinton 2005, Gann
and Khachik 2003). Thus far, on the basis of evidence from all available
sources, our team hypothesizes a reduction in the risk of clinically
significant prostate cancer, perhaps in the range of 10-20%, in response to
daily tomato product consumption over a lifetime. We further propose
that the data thus far accumulated are stronger for a benefit from tomato
products than from pure lycopene. However, lycopene may be one of the
components necessary for an optimal beneficial response. Mechanistic
studies published to date also support a potential benefit, yet no unifying
mechanism has been established. Additional studies should be
undertaken, in hope of providing consistent data across the spectrum of
studies from in vitro to rodent models, and humans. In addition, there are
a number of critical issues that remain to be examined that will influence
our understanding of the tomato, lycopene, and prostate cancer
relationship. We are only beginning to understand the genetic
polymorphisms that influence the absorption, metabolism, excretion, and
biological activity of tomato-derived phytochemicals. For example, the
role of genetic variation in carotenoid monooxygenase enzymes critically
involved in carotenoid metabolism has not been examined with respect to
anti-cancer activities of carotenoids (Lindshield et al. 2007). Additional
efforts are needed to define ways in which the metabolism and biological
activity of tomato phytochemicals are influenced by other components of
the diet or pharmaceutical agents. Continued efforts to better understand
prostate carcinogenesis and further classify prostate cancer into subtypes
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and families with specific biological behaviors and responses to
interventions will allow a more precise assessment of how specific dietary
components influence the disease risk and course.

ABBREVIATIONS

PSA: prostate specific antigen; ng: nanogram; HPFS: Health Professionals
Follow-Up Study; RR: relative risk; CI: confidence interval; DMAB: 3,2”-
dimethyl-4-aminobiphenol; PhIP: 2-amino-1-methylimidazo[4,5-b]pyri-
dine; PIN: prostatic intraepithelial neoplasia; NMU: N-methyl-N-
nitrosourea; AIN: American Institute of Nutrition; IGF-1: insulin-like
growth factor 1; IL-6: interleukin 6; nM: nanomols; FeNTA: ferric
nitrilotriacetate; 8-oxoGuo: 8-oxo-7,8-dihydro-2’deoxyguanosine; PCNA:
proliferating cell nuclear antigen; ppm: parts per million; BPH: benign
prostate hyperplasia; HG PIN: high grade prostate intraepithelial
neoplasia; CMO: carotenoid monooxygenase
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ABSTRACT
Plants are taking an important place in the treatment of various diseases.
Especially tomato and its products have been documented to play a significant
role in the treatment of prostate disesases. One of the constituents of tomato is
lycopene, which is a carotenoid found predominantly in tomato and tomato
products. Lycopene is not destroyed during the processing of food; rather, its
bioavailability improves. It plays an important role in reducing risk of prostate
cancer because of its high antioxidant power. Cis-lycopene has been shown to
predominate in both benign and malignant prostate tissues, suggesting a
possible beneficial effect of high cis-isomer concentrations, and also the
involvement of tissue isomerases in in vivo isomerization from all-trans to cis
form. The plasma AD2 (adenosine deaminase isoform) is also increased in
most cancers. Adenosine deaminase plays an important part in purine
metabolism and DNA turnover. It irreversibly deaminates adenosine,
converting it to the related nucleoside inosine, which then is deribosylated and
converted to hypoxanthine. In some studies, it was shown that tomato extract
significantly inhibits the adenosine deaminase of cancerous tissues, thereby
eliminating this advantage of cancer cells, which might be the basis for the
beneficial effect of tomato in prostate cancers.
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INTRODUCTION

The prostate, found only in men, is a walnut-sized gland located in front of
the rectum and beneath the urinary bladder. It contains gland cells that
make some of the fluid that protects and nourishes sperm cells in semen
(Fig. 1). Male hormones, which are also called androgens, cause the
prostate gland to develop in the fetus. The most common androgen is
testosterone. The prostate continues to grow until a man reaches
adulthood and then stays about the same size as long as male hormones
are produced. In older men, the part of the prostate around the urethra
may continue to grow, a condition called benign prostate hyperplasia
(BPH). This can cause problems with urination because the urethra (the
tube that carries the urine) is squeezed by the growing prostate tissue. If a
cancer starts in glandular cells, it is named adenocarcinoma. Other types of
prostate cancer are rare. Some prostate cancers can grow rapidly, whereas
most prostate cancers grow slowly. Some doctors believe that prostate
cancer begins with a condition called prostatic intraepithelial neoplasia
(PIN), which begins to appear in some men in their twenties. Almost half
of men have PIN by the time they reach 50. In this condition, there are
changes in the microscopic appearance of prostate gland cells. These
changes are classified as either low grade, meaning they appear almost
normal, or high grade, meaning they look abnormal.

Fig. 1 Prostate is an endocrine gland in men.
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Malign prostate diseases have become a major public health problem
worldwide. Although the etiologic factors of prostate cancer remain
largely unknown, dietary factors and physical activity might be important
in the prevention of the disease. In some of the studies, it was observed that
high consumption of meat and dairy products and high levels of
circulating insulin-like growth factor 1 (IGF-1) have been linked to a
greater risk, whereas consumption of fatty fish, vitamin E, selenium and
tomato products has been associated with a reduced risk (Wolk 2005).

For more than 30 years, researchers have worked to identify the
etiological factors that might explain the almost 40-fold difference in the
reported incidence and the about 12-fold difference in mortality from
prostate cancer between various geographic and ethnic populations
(Hsing and Devesa 2001). Although it was estimated that 40% of prostate
cancer can be explained by genetic factors (Lichtenstein et al. 2000), there is
strong relation between lifestyle and environmental factors. It was shown
that among migrants moving from countries with a low prostate cancer
incidence (e.g., Japan) to North America, the incidence increases to almost
equal that of white Americans within a generation. Large geographic
differences were observed in the morbidity and mortality. Men from the
same ethnic group but living in different environments have different risk
ratio of prostate cancer (Kolonel 2004).

Tomatoes and tomato products are rich sources of folate, vitamin C, and
potassium. The most abundant phytonutrients in tomatoes are the
carotenoids (Fig. 2). Lycopene is the most prominent carotenoid, followed
by beta-carotene, gamma-carotene and phytoene as well as several minor
carotenoids. The antioxidant activity of lycopene as well as several other
carotenoids and their abundance in tomatoes makes these foods rich
sources of antioxidant activity (Fig. 3). The provitamin A activity of beta-
and gamma-carotene, their modest levels in tomato products, and the high
consumption of these foods results in a rich supply of vitamin A activity

Fig. 2 Lycopene all-trans form.



Tomatoes and Tomato Products460

from tomato-based foods. Tomatoes also contain several other
components that are beneficial to health, including vitamin E, trace
elements, flavonoids, phytosterols, and several water-soluble vitamins
(Beecker 1998).

Adenosine deaminase (ADA) is an enzyme (EC 3.5.4.4) involved in
purine metabolism (Fig. 4). It is needed for the breakdown of adenosine
from food and for the turnover of nucleic acids in tissues. It irreversibly
deaminates adenosine, converting it to the related nucleoside inosine by
the removal of an amine group. Inosine can then be deribosylated by
purine nucleoside phosphorylase, converting it to hypoxanthine (Fig. 4).

People who consume tomato and its products in their diets present a
lowered risk of several important chronic diseases, including coronary
heart disease and various types of cancers such as cancers of the prostate,
breast, and colon (Kolonel et al. 2004).

Fig. 3 ADA enzyme structure.
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STUDIES

Tomato Consumption in Relation to Prostate Cancer

Stacewicz et al. showed that consuming tomato sauce and pasta
significantly diminished oxidative DNA damage in leukocytes and
prostate tissues in patients with prostate cancer 3 wk before their
scheduled prostatectomy. Their explanations may show that lycopene
affects the genes governing the androgen stimulation of prostate growth,
cytokines and the enzymes producing reactive oxygen species (Stacewicz-
Sapuntzakis and Bowen 2005). Population studies have suggested that
lycopene, which is mostly found in tomato and tomato products, may
reduce the risk of prostate cancer. A study by Kim et al. was designed to
determine whether apoptotic cell death and associated Bcl-2 and Bax
proteins were modulated by tomato sauce intervention (Kim et al. 2003).
Thirty-two patients diagnosed by biopsy with prostate carcinoma were
given tomato sauce (approximately 30 mg lycopene/day) for 3 wk before
prostatectomy. Thirty-four patients with prostate cancer who did not

Fig. 4 Purine metabolism.
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consume tomato sauce and underwent prostatectomy served as controls.
When tumor areas with the most apoptotic cells were compared in the
biopsy and resected prostate tissue, tomato sauce consumption increased
apoptotic cells in BPH and in carcinomas. When comparable
morphological areas were counted, apoptotic cell death in carcinomas
increased significantly with treatment, from 0.84 ± 0.13% to 1.17 ± 0.19%,
and apoptotic cell death in BPH showed a tendency toward an increase
from 0.66 ± 0.10% to 1.20 ± 0.32%. When the values of apoptotic cells in
BPH and carcinomas of patients who consume tomato sauce were
compared with corresponding control lesions of the patients who did not
consume tomato sauce in resected prostate tissue, the differences of values
were not significant. They showed that tomato sauce consumption did not
affect Bcl-2 expression but decreased Bax expression in carcinomas (Kim et
al. 2003).

Epidemiological evidence associating the decreased risk of prostate
cancer with frequent consumption of tomato products inspired us to
conduct a small intervention trial among patients diagnosed with prostate
adenocarcinoma. Tomato sauce pasta was consumed daily for 3 wk before
their scheduled prostatectomy, and biomarkers of tomato intake, prostate
cancer progression and oxidative DNA damage were followed in blood
and the available prostate tissue. The whole food intervention was so well
accepted by the subjects that the blood lycopene (the primary carotenoid in
tomatoes responsible for their red color) doubled and the prostate

Table 1 Inhibitory effects of tomato juice on ADA activity (mIU/L) in prostate tissue from
patients with prostate cancer.

Amounts Mean ± standard deviation

A, No tomato juice 15.82 ± 6.36

B, 25 ml tomato juice 8.85 ± 2.96

C, 50 ml tomato juice 6.07 ± 2.64

D, 100 ml tomato juice 4.03 ± 1.93

Paired t-test statistics

A-B P < 0.01

A-C P < 0.01

A-D P < 0.001

B-C P < 0.01

B-D P < 0.001

C-D P < 0.05
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lycopene concentration tripled during this short period. They found that
oxidative DNA damage in leukocytes and prostate tissues was
significantly diminished, the latter mainly in the tumor cell nuclei,
possibly because of the antioxidant properties of lycopene. Quite
surprising was the decrease in blood prostate-specific antigen, which was
explained by the increase in apoptotic death of prostate cells, especially in
carcinoma regions. Prostate cancer cell cultures (LNCaP) were also
sensitive to lycopene in growth medium, which caused an increased
apoptosis and arrested the cell cycle. A possible explanation of these
promising results may reside in lycopene effects on the genes governing
the androgen stimulation of prostate growth, cytokines and the enzymes
producing reactive oxygen species, all of which were recently discovered
by nutrigenomic techniques. Other phytochemicals in tomato may act in
synergy with lycopene to potentiate protective effects and to help in the
maintenance of prostate health (Stacewicz-Sapuntzakis and Bowen 2005).

Adenosine Deaminase

Adenosine deaminase plays an important part in purine metabolism and
DNA turnover. It irreversibly deaminates adenosine, converting it to the
related nucleoside inosine, which then is deribosylated and converted to
hypoxanthine. Mutations in the gene for ADA, which cause it not to be
expressed, are one reason for severe combined immunodeficiency.
Mutations causing it to be overexpressed are the causes of hemolytic
anemia. There is some evidence that a different allele (ADA2) may lead to
autism.

Table 2 Effects of different amounts of tomato juice on percentage inhibition of ADA activity.

Amounts % Inhibition

A, No tomato juice 0

B, 25 ml tomato juice 32.58 ± 9.17

C, 50 ml tomato juice 50.27 ± 10.09

D, 100 ml l tomato juice 70.12 ± 5.15

Paired t-test statistics

A-B P < 0.001

A-C P < 0.001

A-D P < 0.001

B-C P < 0.01

B-D P <0.001

C-D P < 0.01
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There are two isoforms of ADA: ADA1 and ADA2. ADA is found in
most body cells, such as lymphocytes and macrophages. ADA2 has been
found only in the macrophage, where it co-exists with ADA1 and where
the two isoforms regulate the ratio of adenosine to deoxyadenosine to
potentiate the killing of parasites. ADA2 is the predominant form present
in human blood plasma and is increased in many diseases, particularly
those associated with the immune system: for example, rheumatoid
arthritis, psoriasis and sarcoidosis. The plasma AD2 isoform is also
increased in most cancers. Total plasma ADA can be measured using high
performance liquid chromatography, enzymatic or colorimetric
techniques. The simplest system is the measurement of the ammonia
released from adenosine when broken down to inosine. After incubation
of plasma with a buffered solution of adenosine the ammonia is reacted
with a Berthelot reagent to form a blue color, which is proportionate to the
amount of enzyme activity. To measure ADA2, erythro-9-(2-hydroxy-3-
nonyl) adenine (EHNA) is then added to the reaction mixture so as to
inhibit the ADA1. It is the absence of ADA1 that causes severe combined
immunodeficiency (Aghaei et al. 2005).

Studies on ADA and Prostate Tissue

In one of our previous studies (Durak et al. 2004), we aimed to investigate
possible effects of aqueous extract of Urtica dioica leaves on ADA activity in
prostate tissue from patients with prostate cancer. In this study, 10

Table 3 Inhibitory effects of urtica dioica on ADA activity (mIU/mg) in prostate tissue from
patients with prostate cancer.

Amounts (Mean ± standard deviation)

A, No aqueous extract of urtica dioica 14.8 ± 6.8

B, 25 ml aqueous extract of urtica dioica 13.35 ± 4.24

C, 50 ml aqueous extract of urtica dioica 6.49 ± 2.38

D, 100 ml aqueous extract of urtica dioica 0.98 ± 0.76

Wilcoxon Signed Ranks Test

A-B P > 0.05

A-C P < 0.01

A-D P < 0.02

B-C P < 0.01

B-D P < 0.02

C-D P < 0.02
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samples of prostate tissue from patients with pathologically proven
localized prostate cancer (Gleason scores 4 to 7) were used. In the tissues,
ADA activities with and without preincubation with different amounts of
U. dioica extracts were measured. We found that aqueous extract of U.
dioica results in significant inhibition of ADA activity of prostate tissue. We
conclude that ADA inhibition might be one of the mechanisms in the
observed beneficial effect of U. dioica in prostate cancer (Durak et al. 2004,
Table 3 and Table 4).

In another study (Durak et al. 2003), we investigated possible effects of
tomato juice on ADA activity in prostate tissue from cancer patients. Ten
samples of prostate tissue from patients with pathologically proven
localized prostate cancer (Gleason scores 4 to 7) were used in the study. In
the tissues, ADA activities with and without preincubation with different
amounts of tomato juice were measured. Tomato juice (pH 3.6) was
prepared by homogenization and centrifugation (5000 rpm for 10 min) of
Ayas tomato (Ayas is a city in Turkey). The upper clear tomato juice was
used. We have seen that tomato juice causes significant inhibition of ADA
activity in the prostate tissues. It has been suggested that the protective
effect of tomato against prostate cancer may result from its potential to
inhibit ADA activity (Durak et al. 2003, Table 1 and Table 2).

In yet another study (Durak et al. 2005), effects of extract of dried whole
black grape including seed on ADA, 5' nucleotidase (5’NT) and xanthine
oxidase (XO) enzymes were investigated in cancerous and non-cancerous
human colon tissues. Enzyme activities were measured in 20 colon tissues,
10 from cancerous region and 10 from non-cancerous region with and
without preincubation with black grape extract. ADA and 5’NT activities
were found increased and that of the XO decreased in the cancerous
tissues relative to non-cancerous ones. After incubation period with black
grape extract for 12 hr, ADA and 5’NT activities were found to be
significantly lowered but that of XO unchanged in both cancerous and

Table 4 Effects of different amounts of aqueous extract of Urtica dioica on percentage
inhibition of ADA activities.

Amounts (Mean ± standard deviation)

A, No aqueous extract of urtica dioica 0.0

B, 50 ml aqueous extract of urtica dioica 59.4 ± 9.2

C, 100 ml aqueous extract of urtica dioica 92.8 ± 5.3

Wilcoxon Signed Ranks Test

A-B P < 0.02

A-C P < 0.02

B-C P < 0.02
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non-cancerous tissues. Results suggest that ADA and 5’NT activities
increase but XO activity decreases in cancerous human colon tissues,
which may provide advantage to the cancerous tissues in obtaining new
nucleotides for rapid DNA synthesis through accelerated salvage pathway
activity. Black grape extract significantly inhibits the ADA and 5’NT
activities of cancerous and non-cancerous colon tissues, thereby
eliminating this advantage of cancer cells, which might be the basis for the
beneficial effect of black grape in some kinds of human cancers (Table 5)
(Durak et al. 2005).

Table 5 Activities of ADA, XO and 5'NT enzymes in cancerous and non-cancerous human colon
tissues incubated with and without whole black grape extract (mean ± SD).

ADA (mIU/mg) XO (mIU/mg) 5' NT (mIU/mg)

Group 1 8.67 ± 1.72 0.043 ± 0.020 10.72 ± 6.03

Group 2 1.53 ± 0.48* 0.038 ± 0.013 1.61 ± 1.31*

Group 3 12.66 ± 1.06** 0.021 ± 0.008 20.17 ± 14.16**

Group 4 3.03 ± 0.24** 0.039 ± 0.010 1.56 ± 0.23**

Group 1: Non-cancerous tissue without black grape extract. Group 2: Non-cancerous tissue with black grape
extract. Group 3: Cancerous tissue without black grape extract. Group 4: Cancerous tissue with black grape
extract.
*Group 1 vs. Group 2: P < 0.05; Mann-Whitney U test.
**Group 1 vs. Group 3: P < 0.05; Mann-Whitney U test.
***Group 3 vs. Group 4: P < 0.05; Mann-Whitney U test.

Table 6 Guisti Method.

Reagent blank Standard Sample blank Sample

Phosphate buffer 1.0 ml - - -

Buffered adenosine solution - - 1.0 ml 1.0 ml

Ammonium sulphate standard - 1.0 ml - -
solution

Sample - - - 0.05 ml

Distilled water 0.05 ml 0.05 ml - -

Incubate for 60 min in a 37ºC
water bath

Phenol-nitroprusside solution 3.0 ml 3.0 ml 3.0 ml 3.0 ml

Sample - - 0.05 ml -

Alkaline hypochloride solution 3.0 ml 3.0 ml 3.0 ml 3.0 ml

Incubate for 30 min in a 37ºC water bath. Measure against distilled water.
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ADA and Cancer

In a study by Aghaei et al. (2005), the potential relationship between ADA
activity and cancer progression was examined by investigating the activity
of total ADA and its isoenzymes in serum and simultaneously in the
cancerous tissue of each patient with breast cancer. In that study, total
ADA and its isoenzymes were measured using the Guisti method (Table
6). ADA2 activity was measured in the presence of a specific ADA1
inhibitor, EHNA. Their results indicated that ADA2 and total ADA
activities were higher in serum and malignant tissues than those of
corresponding controls (P < 0.05). Tumor ADA2 and total ADA activities
were significantly (P < 0.05) correlated with lymph node involvement,
histological grade and tumor size, whereas their levels in serum were
significantly (P < 0.05) correlated with menopausal status and patient age.
Although in serum and in tumoral tissues, total ADA activity and its
ADA2 isoenzyme were both found to be increased, distinct correlation
patterns were observed with some of the prognostic factors. It can be
speculated that increased ADA and isoenzyme activities in serum
originates from sources other than the breast tumors (Aghaei et al. 2005).

In a study by Walia et al. (1995), serum levels of ADA, 5’NT and alkaline
phosphatase were studied in 25 patients with breast cancer and 25 normal
subjects. Adenosine deaminase was found to be the better probable
parameter for the detection of cancer and assessment of the development
of various stages of cancer, whereas 5’NT had only diagnostic significance.
After mastectomy, a significant decrease was found in the levels of serum
ADA and 5’NT (Walia et al. 1995).

Prostate Cancer and Tomato

A study by Hodge et al. (2004) was designed to examine the risk of prostate
cancer associated with foods and nutrients, including individual fatty
acids and carotenoids. It was a population-based case-control study of 858
men aged < 70 yr and diagnosed with histologically confirmed prostate
cancer of Gleason Grade 5 or greater, and 905 age-frequency-matched
men, selected at random from the electoral rolls. Dietary intakes were
assessed with a 121-item food frequency questionnaire. Results showed
inverse associations between prostate cancer and the following foods
(odds ratio, OR, 95% confidence intervals, 95% CI for tertile III compared
with tertile I): allium vegetables 0.7, 0.5-0.9, p trend 0.01; tomato-based
foods 0.8, 0.6-1.0, p trend 0.03; and total vegetables 0.7, 0.5-1.0, p trend 0.04.
However, margarine intake was found to be positively associated with
prostate cancer 1.3, 1.0-1.7, p trend 0.04. The only statistically significant
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associations observed with nutrients were weak inverse associations for
palmitoleic acid (p trend 0.04), fatty acid 17:1 (p trend 0.04), and 20:5 n-6 (p
trend 0.05), and a non-significant trend for oleic acid (p trend 0.09). Neither
total nor beverage-specific intake of alcohol was associated with risk. On
the basis of these findings, diets rich in olive oil (a source of oleic acid),
tomatoes and allium vegetables might reduce the risk of prostate cancer
(Hodge et al. 2004).

Carotenoids as well as their metabolites and oxidation products
stimulate gap junctional communication between cells, which is thought to
be one of the protective mechanisms related to cancer-preventive activities
of these compounds. Increased intake of lycopene by consumption of
tomatoes or tomato products has been epidemiologically associated with a
diminished risk of prostate cancer. Aust et al. (2003) reported a stimulatory
effect of a lycopene oxidation product on gap junctional communication in
rat liver epithelial WB-F344 cells. The active compound was obtained by
complete in vitro oxidation of lycopene with hydrogen peroxide/osmium
tetroxide. For structural analysis, high performance liquid
chromatography, gas chromatography coupled with mass spectrometry,
ultraviolet/visible-, and infrared spectrophotometry were applied. The
biologically active oxidation product was identified as 2,7,11-trimethyl-
tetradecahexaene-1,14-dial. Their data indicate a potential role of lycopene
degradation products in cell signaling and enhancing cell-to-cell
communication via gap junctions (Aust et al. 2003).

In a study by van Breemen et al. (2002), men with clinical stage T1 or T2
prostate adenocarcinoma were recruited (n = 32) and consumed tomato
sauce-based pasta dishes for 3 wk (equivalent to 30 mg lycopene per day)
before radical prostectomy. Prostate tissue from needle biopsy just before
intervention and prostectomy after supplementation from a subset of 11
subjects was evaluated for both total lycopene and lycopene geometrical
isomer ratios. A gradient HPLC system using a C(18) column with UV-vis
absorbance detection was used to measure total lycopene. Because the
absorbance detector was insufficiently sensitive, HPLC with a C(30)
column and positive ion atmospheric pressure chemical ionization mass
spectrometric (LC-MS) detection was developed as a new assay to
measure the ratio of lycopene cis/trans isomers in these samples. The limit
of detection of the LC-MS method was determined to be 0.93 pmol of
lycopene on-column, and a linear response was obtained over 3 orders of
magnitude. Total lycopene in serum in the group supplemented with
tomato sauce increased 2.0-fold from 35.6 to 69.9 mg/dL, whereas total
lycopene in prostate tissue increased 3.0-fold from 0.196 to 0.582 ng/mg of
tissue (from 0.365 to 1.09 pmol /mg). All-trans-lycopene and at least 14 cis-
isomer peaks were detected in prostate tissue and serum. The mean
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proportion of all-trans-lycopene in prostate tissue was approximately
12.4% of total lycopene before supplementation but increased to 22.7%
after dietary intervention with tomato sauce. In serum there was only a
2.8% but statistically significant increase in the proportion of all-trans-
lycopene after intervention. These results indicate that short-term
supplementation with tomato sauce containing primarily all-trans-
lycopene (83% of total lycopene) results in substantial increases in total
lycopene in serum and prostate, and a substantial increase in all-trans-
lycopene in prostate but relatively less in serum (van Breemen et al. 2002).

Consumption of lycopene has been associated with reduced risk of
prostate cancer. Guttenplan et al. (2001) investigated the effects of
lycopene, fed as a lycopene-rich tomato oleoresin (LTO) at two doses, on in
vivo mutagenesis in prostate, colon, and lungs of lacZ mice. Both short-
term benzo[a]pyrene (BaP)-induced and long-term spontaneous
mutagenesis were monitored. Non-significant inhibition of spontaneous
mutagenesis in prostate and colon was observed at the higher dose of LTO,
and the observation of inhibition in colon was facilitated by an unusually
high spontaneous mutagenesis rate. BaP-induced mutagenesis was
slightly inhibited by LTO in prostate. However, enhancement of BaP-
induced mutagenesis was observed in colon and lung. These results
indicate that any antimutagenic effects of LTO may be organospecific
(Guttenplan et al. 2001).

In another study (Canene-Adams et al. 2007), combinations of tomato
and broccoli in the Dunning R3327-H prostate adenocarcinoma model
were evaluated. Male Copenhagen rats (n = 206) were fed diets containing
10% tomato, 10% broccoli, 5% tomato plus 5% broccoli (5:5 combination),
10% tomato plus 10% broccoli (10:10 combination) powders, or lycopene
(23 or 224 nmol/g diet) for approximately 22 wk starting 1 mon prior to
receiving s.c. tumor implants. Researchers compared the effects of diet to
surgical castration (2 wk before termination) or finasteride (5 mg/kg body
weight orally, 6 d/wk). It was found that castration reduced prostate
weights, tumor areas, and tumor weight (62%, P < 0.001), whereas
finasteride reduced prostate weights (P < 0.0001) but had no effect on
tumor area or weight. Lycopene at 23 or 224 nmol/g of the diet
insignificantly reduced tumor weights by 7% or 18%, respectively,
whereas tomato reduced tumor weight by 34% (P < 0.05). Broccoli
decreased tumor weights by 42% (P < 0.01), whereas the 10:10 combination
(tomato plus broccoli) caused a 52% decrease (P < 0.001). Tumor growth
reductions were associated with reduced proliferation and increased
apoptosis, as quantified by proliferating cell nuclear antigen
immunohistochemistry and the ApopTag assay (Canene-Adams et al.
2007).
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Dietary lycopene has been reported to concentrate in the human
prostate, so its uptake and subcellular localization was investigated in the
controlled environment of cell culture using the human prostate cancer
cell lines LNCaP, PC-3, and DU145. After 24 hr incubation with 1.48 mmol/
L lycopene, LNCaP cells accumulated 126.6 pmol lycopene per million
cells, which was 2.5 times higher than PC-3 cells and 4.5 times higher than
DU145 cells. Among these cell lines, only LNCaP cells express prostate-
specific antigen and fully functional androgen receptor. Levels of prostate-
specific antigen secreted into the incubation medium by LNCaP cells were
reduced 55% as a result of lycopene treatment (1.48 mmol /L). The binding
of lycopene to the ligand-binding domain of the human androgen receptor
was carried out, but lycopene was not found to be a ligand for this
receptor. Next, subcellular fractionation of LNCaP cells exposed to
lycopene was carried out using centrifugation and followed by liquid
chromatography-tandem mass spectrometry quantitative analysis to
determine the specific cellular locations of lycopene. The majority of
lycopene (55%) was localized to the nuclear membranes, followed by 26%
in nuclear matrix, and then 19% in microsomes. No lycopene was detected
in the cytosol. These data suggest that the rapid uptake of lycopene by
LNCaP cells might be facilitated by a receptor or binding protein and that
lycopene is stored selectively in the nucleus of LNCaP cells (Liu et al.
2006).

It has been known that elevated serum androgens are associated with
increased prostate cancer risk. Tomato consumption is also associated
with reduced prostate cancer incidence, and the primary tomato
carotenoid, lycopene, may modulate androgen activation in the prostate,
yet little is known about other tomato carotenoids. In a study, animals
were castrated or sham-operated to evaluate interrelations between
phytofluene, lycopene, or tomato powder consumption and androgen
status. For this aim, 8-wk-old male F344 rats were fed a control AIN 93G
diet. Animals were provided with daily oral supplementation of
phytofluene or lycopene (approximately 0.7 mg/d) or fed a diet
supplemented with 10% tomato powder (AIN 93G) for 4 d. Sham-operated
rats provided with either phytofluene, lycopene, or tomato powder had
approximately 40-50% lower serum testosterone concentrations than the
sham-operated, control-fed group. Tissue and serum phytofluene and
lycopene concentrations were greater in castrated rats than in sham-
operated rats, which might have been due in part to a decrease of hepatic
CYP 3A1 mRNA expression and benzyloxyresorufin-O-dealkylase
activity. Some changes in prostatic and testicular steroidogenic enzyme
mRNA expression were found; in particular, prostate 17 beta-
hydroxysteroid dehydrogenase 4 mRNA expression in castrated rats fed



Aslihan Avci and Ilker Durak 471

lycopene or tomato powder was 1.7-fold that of the sham-operated,
control-fed group. Modest changes in mRNA expression of steroidogenic
enzymes with short-term carotenoid intake may alter the flux of androgen
synthesis to less potent compounds. Overall, results illustrate that short-
term intake of tomato carotenoids significantly alters androgen status,
which may partly be a mechanism by which tomato intake reduces
prostate cancer risk (Campbell et al. 2006).

As seen from the studies, lycopene preferentially accumulates in
androgen-sensitive tissues such as the prostate (Erdman 2005). When rats
were fed diets containing tomato powder, the biodistribution of phytoene,
phytofluene, and lycopene differed in various tissues. Interestingly,
lycopene accumulated in higher amounts in the prostate even if tomato
powder-fed animals received an oral dose of phytoene or phytofluene.
Lycopene is the predominant carotenoid found in the prostate and its
levels were significantly higher in malignant than in benign prostates
(Clinton et al. 1996). Furthermore, in foods, lycopene is predominately
found in the all-trans forms, but the prostate accumulated primarily cis-
isomers of lycopene. This can be explained by a study in ferrets that
demonstrated that cis-isomers of lycopene are more bioavailable than the
all-trans form (Boileau et al. 1999).

There also appears to be differential tissue metabolism or accumulation
of 14C lycopene in rats fed lycopene. Liver and the androgen-sensitive
seminal vesicles accumulated about 20% of radiolabeled lycopene dose as
polar products. In contrast, the dorsolateral prostate, the region of the rat
prostate most homologous to the peripheral region in which men develop
prostate cancer, accumulated up to 80% of the radiolabeled dose as polar
products of lycopene (40). It was believed that these polar products are
lycopene metabolites and oxidation products that have yet to be identified.
Further research determined that whether or not lycopene was prefed did
not alter the amounts of polar products that accumulated in the prostate of
rats after receiving a 14C lycopene dose (Zaripheh et al. 2003). These
studies together indicate that prostate tissue metabolizes or preferentially
accumulates these polar lycopene products.

Lycopene Metabolites

The first in vivo lycopene metabolite reported was 5,6-dihydroxy-5,6-
dihydrolycopene in human serum (Khachik et al. 1992a). The authors
hypothesized that this metabolite resulted from oxidation of lycopene to
form lycopene 5,6-epoxide, which then was metabolically reduced to 5,6-
dihydroxy-5,6-dihydrolycopene (Khachik et al. 1992a, b, 1995). This same
lab also identified epimeric 2,6-cyclolycopene-1,5-diols in human serum
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and milk. They hypothesized that they were produced in a similar fashion
as 5,6-dihydroxy-5,6-dihydrolycopene.

CONCLUSION

As seen from the studies, the consumption of tomatoes has been
demonstrated in in vivo and in vitro studies to have beneficial, protective
effects with regard to prostate cancers. Scientific data suggest that use of
tomato for the treatment of prostatic disorders including cancer and BPH
might give some therapeutic advantage in addition to classic medicinal
therapies. However, the subject needs further studies to elucidate possible
mechanism(s) involved and adverse effects and interactions with some
medicines used by the patients.

ABBREVIATIONS

BPH: Benign prostatic hyperplasia; neoplasia; Insulin-like growth factor 1;
ADA: Adenosine deaminase; EC 3.5.4.4: Enzyme committee (Adenosine
aminohydrolase); Low density lipoprotein; High performance liquid
chromatography; N- methyl-N-nitrosurea; LNCaP: Prostate cell cultures;
Erythro-9-(2-hydroxy-3-nonyl) adenine; 5’ NT: 5’ Nucleotidase; Liquid
chromatography-mass spectrophotometry; LTO: Lycopene-rich tomato
oleoresin.
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ABSTRACT
Chronic obstructive pulmonary disease (COPD) and bronchial asthma are the
most common inflammatory lung diseases and share various clinical
manifestations in terms of their pathophysiology and treatment. Oxidative stress
attracts increasing attention in aging, inflammatory diseases including COPD
and asthma. The role of oxidative stress was investigated by the administration
of tomato juice containing plenty of lycopene, a carotenoid with a powerful
antioxidant activity. To investigate COPD, the senescence-accelerated mouse

A list of abbreviations is given before the references.
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(SAM) was used. This is a naturally occurring animal model for accelerated
aging after normal development and maturation. The SAMP1 strain shows age-
related structural and functional changes in the lung and is considered to be a
mouse model of the senile lung. Aging of the lung is postulated to be an
important intrinsic process for the development of emphysema so that even a
short period of cigarette smoke exposure may be able to generate emphysema
in SAMP1 mice. When SAMP1 mice were exposed to cigarette smoke for 8 wk
from the age of 12 to 20 wk, the mean liner intercepts (MLI) and destructive
index (DI) of the lung were significantly increased (control air vs. smoke (mean ±
SEM); MLI, 68.8 ± 0.7 vs. 75.3 ± 1.7 mm, p < 0.05 and DI, 8.6 ± 0.4 vs. 16.2 ±
1.5%, p < 0.05), whereas no significant changes were observed in SAMR1,
control mice that show normal aging. In contrast, smoke-induced emphysema
was completely prevented by concomitant ingestion of lycopene given as
tomato juice (MLI: smoke with or without lycopene (mean ± SEM), 62.9 ± 0.8 vs.
66.9 ± 1.3 mm, p < 0.05). Smoke exposure increased the apoptosis of the airway
and alveolar septal cells and reduced vascular endothelial cell growth factor
(VEGF) in lung tissues, but tomato juice ingestion significantly reduced
apoptosis and increased the tissue VEGF level. SAMP1 is a useful model for
cigarette smoke-induced emphysema and a valuable tool to explore how aging
influences the development of lung diseases, and both pathophysiologic
mechanisms and the effect of therapeutic intervention on smoke-induced
emphysema.

The antioxidative state was analyzed in both healthy subjects and asthma
patients by determining the serum concentration of carotenoids. The results
demonstrated that the serum lycopene concentration was significantly lower in
asthma patients than in healthy subjects. On the other hand, no significant
difference has been detected in other carotenoid concentrations. Accordingly,
an additional study was conducted in patients with asthma who continued to
take tomato juice every day for 12 mon to evaluate its effect on peak flow rate
(PEFR), daily variation of PEFR, daily symptoms, and quality of life. After a year
of daily tomato juice ingestion, the best PEFR value increased from 352 ± 19 to
399 ± 21 (L/min) after 12 mon (p < 0.01). Decrease of the daily variation of PEFR
value was also observed (p < 0.01). Atopic patients with asthma responded
better than non-atopic patients. Most patients had a positive impression on daily
tomato juice intake since asthma patients realized the improvements of quality
of life and asthmatic symptoms. No obvious adverse effect was observed
throughout the study. Although the precise mechanism(s) and the active
ingredient(s) responsible for these results must be elucidated in detail, the daily
intake of tomato juice could therefore be a new candidate of controller for
asthma patients.

INTRODUCTION

Chronic obstructive pulmonary disease (COPD) is defined as a
preventable and treatable disease with significant extrapulmonary effects
that may contribute to the severity in individual patients (Committee of
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GOLD2006, 2006). Its pulmonary component is characterized by airflow
limitation that is not fully reversible. The airflow limitation in COPD is
usually progressive and associated with an abnormal inflammatory
response of the lungs to noxious particles or gases such as tobacco smoke
(Committee of GOLD2006, 2006). Accordingly, chronic cigarette-smoke
exposure is the most important risk factor for COPD, evoking chronic
inflammation in the airways and lung parenchyma. Asthma is another
chronic inflammatory disorder of the lungs, especially of the airways, in
which various inflammatory and allergic cells are involved. The chronic
inflammation in asthma is associated with airway hyperresponsiveness
leading to recurrent episodic respiratory symptoms (Committee of
GINA2006, 2006). Therefore, both COPD and asthma are major chronic
obstructive pulmonary diseases, involve underlying chronic
inflammation, share many aspects in terms of pathophysiology and
treatment, and tend to be difficult to differentiate from each other. This
chapter describes the effect of tomato juice on the prevention of cigarette
smoke-induced emphysema in a mouse model and the management of
asthma in humans, and addresses the possible role of oxidative stress as
an important component of the chronic inflammation-mediated disease
process in both COPD and asthma.

TOMATO JUICE AND COPD

COPD and Its Pathogenesis—The Role of Oxidative Stress
and Aging

The pathological changes characteristic of COPD can be identified in the
entire structure of lungs including the proximal airways (bronchi more
than 2 mm internal diameter), peripheral airways (bronchiole less than 2
mm internal diameter), lung parenchyma, and pulmonary vasculature.
However, emphysema and inflammation in the peripheral airways (also
referred to as small airways) are the principal pathological findings in
COPD. Emphysema is defined as a condition of the lung characterized by
abnormal, permanent enlargement of airspaces distal to the terminal
bronchiole, accompanied by the destruction of their walls, and without
any obvious fibrosis (Snider et al. 1985). Emphysema must be clearly
distinguished from a senile lung or aging lung, which shows uniform
respiratory airspace enlargement without apparent alveolar wall
destruction. It is still unclear whether the airspace enlargement associated
with aging is due to age alone or the combination of age and
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environmental history, but the occurrence of these changes in nearly all
individuals suggests that the changes are “normal”, thereby the term
aging lung is preferable to “senile emphysema”, which implies, by
definition, the presence of alveolar wall destruction (Snider et al. 1985).

The prevailing theory for the pathogenesis of emphysema was
originally assumed to be a proteinase/antiproteinase imbalance, which
was deduced from the clinical observation of patients with alpha-1-
antitrypsin deficiency who are at increased risk of early-onset emphysema
(Eriksson 1999). Chronic cigarette smoke exposure induces airway and
parenchymal inflammation by recruiting and activating inflammatory
cells to release proteinases, particularly elastase from neutrophils and
various metalloproteinases from alveolar macrophages, which will
overwhelm the antiproteinase defense in the epithelial lining fluid and
lung tissues. However, recent advances have revealed that not only
various cells and mediators but also different biological processes are
involved in the pathogenesis of emphysema, including an imbalance
between oxidant and antioxidant defenses in the lungs (MacNee 2005a,
Tuder et al. 2003b) or between cellular apoptosis and regeneration
(Aoshiba et al. 2003, Tuder et al. 2003a, b) (Fig. 1).

COPD develops in only 10 to 15% of smokers, suggesting that some
individuals have some intrinsic properties resulting in amplification of
cigarette smoke-induced inflammation and will develop COPD. Since
COPD usually develops in elderly individuals with a long smoking
history, it may be associated with the aging process, especially the aging of
the lungs. On the other hand, there are many studies concerned with the
relationship between aging and oxidative stress (Irshad and Chaudhuri
2002, Junqueira et al. 2004). Moderate oxidative stress may gradually
develop with advancement in age since plasma levels of lipoperoxidation
products and antioxidant enzyme activities in red blood cells increase with
age, while the plasma levels of nutritional antioxidants decrease
(Junqueira et al. 2004). The lungs are persistently exposed to oxidants
generated either endogenously from phagocytes and other cell types
or exogenously from air pollutants or cigarette smoke (MacNee 2005b).
Since cigarette smoke contains about 1017 oxidant molecules per puff and
generates an oxidant/antioxidant imbalance in the lungs, oxidative stress
is thus postulated to play an important role in the pathogenesis of
emphysema (MacNee 2005b). In patients with COPD, biomarkers of
oxidative stress, such as protein carbonyls and lipid peroxidation
products, are reported to be elevated in the lungs (Rahman et al. 2002) and
respiratory muscles (Barreiro et al. 2005).
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SAMP1 Strain of Mice: A Unique Animal Model for
Cigarette Smoke-induced Emphysema

Senescence-accelerated Mice Strains

The senescence-accelerated mouse (SAM) strains, established by Takeda
et al. (1981), are naturally occurring animal models for accelerated aging
after normal development and maturation. The SAM strain of mice
consists of series of SAMP (accelerated senescence-prone, short-lived) and
SAMR (accelerated senescence-resistant, longer-lived) strains. While the
SAMR strains show normal aging, the SAMP strains have been widely
used as a model for investigating the aging process, including senile
cataracts (Teramoto et al. 1992), amyloidosis (Takeshita et al. 1982),
osteoporosis (Matsushita et al. 1986), senile lung (Kurozumi et al. 1994,
Teramoto et al. 1994) and age-related impairment in memory and learning
(Miyamoto et al. 1986). Among the several substrains of SAMP, both the
SAMP1 and SAMP2 strains are reported to manifest the functional and

Fig. 1 Current understanding on pathogenesis of chronic obstructive pulmonary disease
(COPD). COPD, which presents as emphysema and chronic inflammation of airways, is caused by
chronic exposure to noxious gases or particles. Age-related cellular and molecular changes may
be of significant pathophysiologic importance in the development of COPD. Accelerated aging
may enhance susceptibility to COPD through amplification of a part or the entire pathophysiologic
process presented in this figure modified from GOLD (Committee of GOLD 2006, 2006).
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morphologic aspects of the senile lung with the increasing of age,
including age-related airspace enlargement without significant
parenchymal destruction and hyperinflation with the increase of lung
compliance (Kurozumi et al. 1994, Teramoto et al. 1994). Since SAMP1
mice have an intrinsic property of accelerating senescence and are
considered to be a unique model for the aging lung, it is postulated that
SAMP1 mice could be a unique animal model for cigarette smoke-induced
emphysema of humans in whom a long period of smoking and the aging
process may together interact in regard to the development of COPD.

Emphysema Developed in SAMP1 Mice Chronically Exposed
to Cigarette Smoke

An experiment was conducted to examine whether emphysema develops
in SAMP1 mice when they chronically inhale cigarette smoke. Both
SAMP1 and SAMR1 strains were maintained in a limited access barrier
and then housed in a room with controlled humidity (55 ± 10%) and
temperature (24 ± 2°C) under a 12 hr light and 12 hr darkness cycle. All
mice were provided with standard commercial chow (CRF-1, Oriental
Kobo Inc., Tokyo, Japan) and allowed free access to food and water. They
inhaled cigarette smoke from unfiltered research cigarette 1R1 (Tobacco
Health Research Institute, Kentucky University, Lexington, Kentucky,
USA). Researchers used the Tobacco Smoke Inhalation Experiment System
for small animals (Model SIS-CS) (Shibata Scientific Technology Ltd.,
Tokyo, Japan), where mice are set in a body holder and inhale tobacco
smoke through a nostril (Fig. 2). The precise protocol for smoke exposure
is described elsewhere (Kasagi et al. 2006). The inhalation of either
cigarette smoke or fresh air was initiated when mice were 12 wk old and
was continued for 8 wk.

The body weights before and after exposure to cigarette smoke for 8 wk
and body weight gain during the experiment did not change significantly
in both SAMR1 and SAMP1 strains. However, there was an airspace
enlargement in the SAMP1 mice as compared to the SAMR1 after 8 wk
exposure to fresh air (age 5 mon), indicated by a significant increase in the
mean linear intercept (MLI) (7.7%) (SAMP1 vs. SAMR1, 68.8 ± 0.7 vs. 63.8
± 1.2 mm, mean ± SEM) (p < 0.05) (Fig. 3A). The destructive index (DI) was
greater in SAMP1 than SAMR1 (Fig. 3B), but still less than a cut-off value
of 10%, indicating the absence of significant alveolar destruction. These
results confirmed the findings already reported by Kurozumi et al. (1994)
that SAMP1 mice have an intrinsic accelerated aging process of the lungs
and constitute a model for aging lung. On the other hand, after 8 wk
exposure to cigarette smoke, the MLI was significantly increased in the
SAMP1 mice (9.5%) in comparison to the air-exposed SAMP1 (p < 0.01)
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and smoke-exposed control strain SAMR1 (p < 0.05) (Fig. 3A). In contrast,
there was no significant change in the MLI detected in the control SAMR1
strain exposed to cigarette smoke as compared with the air-exposed
SAMR1. The DI was increased to greater than the cut-off value of 10% in
smoke-exposed SAMP1 strain, while there was no relevant increase of DI
recognized in SAMR1 mice (Fig. 3B). Taken together, these results indicate
that emphysema developed in SAMP1 but not in SAMR1 after cigarette
smoke exposure under these experimental conditions.

Oxidative Stress and Accelerated Senescence Rather than
Inflammatory Cells-mediated Process Appears to Operate
in the SAMP1 Strain

The SAMP1 and SAMR1 strains appear to be unable to evoke a TNFa-
mediated inflammatory response and the associated influx of neutrophils
into the lungs observed in other strains of mice such as C57B6 mice (Churg
et al. 2002, 2003, 2004, Hautamaki et al. 1997, Shapiro 2000b). After 8 wk
exposure to air or cigarette smoke, the total cell counts and cell
populations in bronchoalveolar lavage fluid did not differ significantly in
both SAMR1 and SAMP1 strains between air-exposed and smoke-
exposed groups (Kasagi et al. 2006). Bronchoalveolar lavage cells
comprised mainly macrophages and neutrophils were barely detected
even after cigarette smoke exposure for 8 wk. Furthermore, TNFa did not

Fig. 2 A. Cigarette Smoke Inhalation Experiment System for small animals (Model SIS-CS)
(Shibata Scientific Technology Ltd., Tokyo, Japan). Model SIS-CS consisted of both a cigarette
smoke generator (Model SG-200) and the inhalation chamber. The smoke generator is controlled
by a laptop computer and automatically generates cigarette smoke by setting a volume of syringe
pump (10-50 cm3 per puff) and a number of puffs per minute (1-12 puffs). Thereafter, the
generated cigarette smoke is delivered to the inhalation chamber to which the mice body holders
are set (a maximum of 12 body holders can be set at a time) and then the mice inhale cigarette
smoke through their nostrils. B. Close-up view of the inhalation chamber. Mice are set in a holder
and only their nostrils are exposed to the chamber through which the diluted cigarette smoke
passes.
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increase in bronchoalveolar lavage fluid of smoke-exposed SAMP1 and
SAMR1 after the 8 wk exposure. In other animal models of smoke-induced
emphysema, TNFa-mediated inflammatory responses, the influx of
inflammatory cells including neutrophils and macrophages and their
subsequent release of various proteinases such as neutrophil elastase and
metalloproteinases have been reported to contribute to pulmonary
parenchymal destruction (Churg et al. 2002, 2003, 2004, Hautamaki et al.
1997, Shapiro 2000b). In the present model using SAMP1 mice, however,
this does not appear to be the case. This may be due to specific
characteristics of this strain or simply due to the limited period of smoke
exposure, compared to others (Churg et al. 2002, 2003, 2004, Hautamaki et
al. 1997, Shapiro 2000b).

Accordingly, another mechanism by which smoke-induced
emphysema is generated must be occurring in the SAMP1 mice. It appears
that the oxidant-antioxidant imbalance (MacNee 2005a, Tuder et al. 2003a,
b) and the production of growth factors for lung cells (Kasahara et al. 2000,

Fig. 3 Morphometric analysis of a lung specimen exposed to cigarette smoke from the SAMR1
and SAMP1 strains. A. MLI. Data are expressed as mean ± SEM (n = 6 in each strain). White
and black bars indicate lung specimens exposed to air and cigarette smoke, respectively. B. DI.
Data were presented in the same manner as in Fig. 3A (n = 6 in each strain). DI, destructive
index; MLI, mean linear intercept; SAMP1, senescence-accelerated mouse, senescence-prone
strain 1; SAMR1, a control strain for SAM and senescence-resistant strain 1. (Data from Kasagi
et al. 2006. By copyright permission of American Physiological Society.)
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2001) may play a role. Glutathione, a major antioxidant in the lung, was
measured as well as VEGF, a growth factor important for maintaining the
structural integrity of the lung parenchyma (Kasahara et al. 2000), in the
lung homogenate of SAMP1 and SAMR1 (Fig. 4). The baseline level of
lung glutathione (air-exposed mice) was significantly higher in SAMP1
than SAMR1, but the lung content significantly increased in SAMR1 in
response to cigarette smoke exposure, while SAMP1 did not show a
significant response (Fig. 4A). The experimental condition of chronic
cigarette smoke exposure used in this study appeared to drive chronic
oxidative stress appropriately in mice since the glutathione concentration
was increased in the lung tissues after chronic exposure to cigarette
smoke. This is consistent with the observation that an increase of the
glutathione level in the epithelial lining fluid was associated with an
increased oxidant burden in chronic smokers (Cantin et al. 1987) and that
g-glutamylcysteine synthetase was up-regulated by cigarette smoke in
type-II alveolar epithelial cells (Rahman and MacNee 1999). Since higher
oxidative stress is postulated to be one cause of the accelerated senescence

Fig. 4 Glutathione (A) and VEGF (B) contents in the SAMR1 and SAMP1 lung tissues
specimens. Lung tissues were homogenized after exposure to air (white bar) or cigarette smoke
(black bar) for 8 wk. Data are presented as mean ± SEM (n = 6 in each group). SAMP1,
senescence-accelerated mouse, senescence-prone strain 1; SAMR1, a control strain for SAM
and senescence-resistant strain 1; VEGF, vascular endothelial cell growth factor. (Data from
Kasagi et al. 2006. By copyright permission of American Physiological Society.)
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and age-dependent alterations in cellular structure and function
(Hosokawa 2002), these observations may indicate that SAMP1 lungs
have an intrinsic higher oxidative stress resulting in up-regulation of
glutathione level, but cannot increase glutathione when additional
exogenous oxidative stress is imposed on the lungs. However, it is also
possible that the baseline level of glutathione content in the lung tissues is
simply different between SAMP1 and SAMR1.

In contrast, the baseline level of VEGF in the lung tissues was lower in
SAMP1 than SAMR1 and the response to cigarette smoke was different
between SAMP1 and SAMR1. VEGF decreased in SAMP1 after cigarette
smoke exposure, but it remained constant in SAMR1 (Fig. 4B). Taken
together, these differences may be important factors contributing to both
the phenotypical differences between SAMP1 and SAMR1 and the
accelerated development of smoke-induced emphysema in SAMP1. It is
possible that the senile lung observed in SAMP1 mice may result from a
higher level of intrinsic oxidative stress and a decreased ability to produce
growth factors to maintain lung cells. To prove this, the biomarkers of
oxidative stress in SAMP1 mice lungs must be measured and the
production of VEGF by airway epithelial cells and alveolar cells must be
examined using an in vitro culture system.

Animal Models for Emphysema Established in the Past

There have been several animal models for emphysema reported in the
literature (Shapiro 2000a, b) including a classic model introducing
proteinases via the airways, mice genetically engineered to overexpress
collagenase (D’Armiento et al. 1992) or interferon-g (Wang et al. 2000),
inducible targeting of IL-13 (Zheng et al. 2000), and transgenic disruption
of klotho (Suga et al. 2000). Several groups reported the successful
development of smoke-induced emphysema in mice (Churg et al. 2004,
Hautamaki et al. 1997, March et al. 1999, Shapiro et al. 2003) although they
required an extended period of smoke exposure (generally 6 or 7 mon) to
generate emphysema. Among these animal models for emphysema, the
klotho mice are unique since they show various phenotypes associated
with aging such as arteriosclerosis, osteoporosis, skin atrophy, and ectopic
calcifications (Kuro-o et al. 1997). However, klotho mice show emphysema
early at the age of 4 wk without smoke exposure (Suga et al. 2000).

The experimental model in this study, cigarette smoke-induced
emphysema in SAMP1 strain, is a unique animal model since this strain
has intrinsically accelerated aging process of the lungs. It is possible that
the age-related characteristics of the lungs in SAMP1 made it possible to
generate smoke-induced emphysema in a short period while other groups
required a longer period of smoke exposure (6-7 mon) to generate smoke-
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induced emphysema (Churg et al. 2004, Hautamaki et al. 1997, March et
al. 1999, Shapiro et al. 2003). Therefore, this study suggests that aging is an
important factor for the development of smoke-induced emphysema.
However, it does not exclude the possibility that the different conditions
of smoke generation and exposure employed here might have contributed
to the development of emphysema within a relatively short period.

Daily Ingestion of Tomato Juice Inhibits Development of
Cigarette Smoke-induced Emphysema in SAMP1 Mice

Carotenoids, common dietary constituents that are naturally contained in
most fruits (orange-yellow) and vegetables (green leaves), are known to
exert antioxidant activities and prevent free radical-induced cellular
damage (Bendich 1993). Numerous studies have investigated the
potential role of antioxidant nutrients in the prevention of chronic diseases
and aging processes in human (Mayne 2003). Lycopene is a major
carotenoid abundantly contained in tomatoes (Kaplan et al. 1990) and
considered to be the most efficient biological carotenoid in quenching
singlet oxygen (Di Mascio et al. 1989). Since cigarette smoke delivers an
excess of oxidative stress into the lungs, it is conceivable that dietary
carotenoid intake may influence the development of cigarette smoke-
induced emphysema.

Accordingly, a preventive experiment was conducted to determine
whether ad libitum ingestion of tomato juice prevents the development of
smoke-induced emphysema in SAMP1. Tomato juice (lycopene 5 mg,
vitamin A 52.6 mg, protein 0.68 g, lipid 0 g, fiber 0.68 g, sodium 110 mg,
potassium 279 mg, calcium 6.8 mg, and 20 kcal in 100 g tomato juice) was
diluted with equal volume of water to reduce its density and then
administered to mice by replacing their drinking water with diluted
tomato juice. There was no significant difference in the amount of
commercial chow ingested whether water or diluted tomato juice was
provided.

Histopathological and morphometrical analyses clearly demonstrated
emphysematous change in smoke-exposed SAMP1 ingesting tap water
but not in SAMP1 ingesting tomato juice (Fig. 5). The MLI was
reproducibly increased in smoke-exposed SAMP1 as compared with air-
exposed SAMP1 (p < 0.05) when tomato juice was not administered, but
the increase of MLI was completely prevented by concomitant ingestion of
tomato juice (p < 0.05) (Fig. 5A and C). In contrast, the increase of DI was
significantly prevented by tomato juice but the DI did not return to the
control level (Fig. 5B).
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Fig. 5 Morphometric and histological observations of lung tissue specimens from SAMP1 after
exposure to air or cigarette smoke with or without administration of tomato juice. A. MLI. Data are
expressed as mean ± SEM (n = 6 in each group). White and black bars indicate without and with
administration of tomato juice, respectively. B. DI. Data are presented in the same manner as in
Fig. 5A (n = 6 in each strain). C. Representative histological views (n = 6 in each group) are
presented (hematoxylin-eosin stain, original magnification 20×). Note that cigarette exposure for
8 wk generated airspace enlargement (a), but the administration of tomato juice prevented the
development of emphysema (b). DI, destructive index; MLI, mean linear intercept; SAMP1,
senescence-accelerated mouse, senescence-prone strain 1. (Data from Kasagi et al. 2006. By
copyright permission of American Physiological Society.)
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Lycopene was detected in both the serum and lung tissues when mice
ingested tomato juice for 1 and 4 wk instead of tap water (Table 1). No
significant difference in lycopene concentration was observed in either
serum or lung tissue at 1 or 4 wk between air- and smoke-exposed SAMP1,
although serum lycopene level tended to decrease in the smoke-exposed
SAMP1 as compared with air-exposed SAMP1. The longer the mice
ingested tomato juice, the more lycopene appeared to accumulate in the
lungs and eventually reached a level similar to that in the serum.
Lycopene was detected in neither serum nor lungs unless tomato juice was
given to the SAMP1 mice. Taken together, these observations may indicate
that lycopene was consumed at the sites of oxidative stress induced by
cigarette smoke exposure and recruited from serum to the sites of
consumption. In addition, lycopene recruited from serum to the lungs
seemed enough to overcome the oxidative stress since no difference was
noted between air- and smoke-exposed SAMP1 mice at both 1 and 4 wk
exposure. It is possible that the prevention of emphysema in a smoke-
exposed group with tomato juice ingestion was mediated by the
antioxidant activity of lycopene since induction of glutathione synthesis
tended to be suppressed and the lycopene level in both the serum and lung
tissues decreased in the smoke-exposed as compared with the air-exposed
SAMP1, probably because of its consumption by oxidant stress.

It is widely accepted that free radicals and reactive oxygen species
delivered by cigarette smoke directly damage cells and induce apoptosis
(Aoshiba et al. 2001, 2000, Church and Pryor 1985). Immunohistochemical
examination using anti-ssDNA antibody demonstrates that the apoptosis
of lung cells is enhanced by cigarette smoke and widely detected in

Table 1 Concentration of lycopene in serum and lungs of SAMP1 mice.

Period Serum (ng/mL) p Lung (ng/g tissue) p

1 wk
air 13.25 ± 3.24

= 0.0569
   1.11 ± 0.16

= 0.9716smoke   4.49 ± 1.83 1.07 ± 1.07

4 wk
air 9.45 ± 2.30

= 0.2897
   8.61 ± 2.09

= 0.4720
smoke 5.79 ± 2.05 6.84 ± 1.24

Tomato juice was given instead of tap water for 1 or 4 wk with exposure to air or cigarette smoke. Data were
presented as mean ± SEM (n = 4 in each group). Lycopene content in lung tissue significantly increased at
4 wk compared with that at 1 wk in both air-exposed (p < 0.01) and smoke-exposed (p < 0.05) SAMP1.
However, there was no significant difference noted in serum lycopene concentration of the air-exposed or
smoke-exposed SAMP1 between 1 wk and 4 wk. SAMP1, senescence-accelerated mouse, senescence-prone
strain 1; and SAMR1, a control strain for SAM and senescence-resistant strain 1. (Data from Kasagi et al.
2006. By copyright permission of American Physiological Society.)
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bronchial, bronchiolar, and alveolar septal cells. However, apoptosis is
significantly reduced by concomitant ingestion of tomato juice in SAMP1
(Kasagi et al. 2006). VEGF in the lung homogenate reproducibly decreased
after cigarette smoke exposure, but tomato juice prevented the decrease of
VEGF associated with smoke exposure, while it even up-regulated VEGF
in the smoke-exposed SAMP1 (Kasagi et al. 2006).

Recent studies clearly provide the evidence that apoptosis of lung cells,
especially alveolar epithelial and endothelial cells, causes emphysema
without apparent inflammation: the direct administration of activated
caspase-3 generated emphysema (Aoshiba et al. 2003) and the blockade of
vascular endothelial growth factor signaling by VEGF-receptor antagonist
resulted in apoptosis of alveolar septal cells and generated emphysema
(Kasahara et al. 2000). Several lines of evidence indicate an interaction
between oxidative stress and apoptosis where a vicious cycle may be
established: cells undergoing apoptosis show increased oxidative stress,
which further contributes to apoptosis (Hockenbery et al. 1993, Tuder et
al. 2003b). In the interaction between oxidative stress and apoptosis
associated with emphysema, VEGF, a growth factor abundantly
expressed in the lung that exerts a survival signal for endothelial cells, is
considered a key molecule (Tuder et al. 2003b). Accordingly, the reduction
of VEGF concentration could have some role in the apoptosis of alveolar
septal cells in the present smoke-induced emphysema model. However,
other mechanisms are likely to be involved in the apoptosis of lung cells,
since tomato juice completely prevented the decrease of VEGF in the
SAMP1 lung tissues by cigarette smoke exposure and appeared to up-
regulate VEGF in the lungs, but apoptosis of the lung cells did not return
to the control level. SAMP1 mice ingested tomato juice but were not given
pure lycopene. As a result, it is possible that ingredients other than
lycopene in tomato juice affected the results, including the increase of
VEGF in smoke-exposed SAMP1 lung tissues.

In conclusion, these experiments demonstrated that cigarette smoke-
induced emphysema in SAMP1 strain was completely prevented with the
concomitant administration of lycopene given as tomato juice. This model
appears to have a potential application for various in vivo experiments, not
only to better understand the pathophysiology of cigarette smoke-
induced emphysema but also to carry out interventional projects.

TOMATO JUICE AND BRONCHIAL ASTHMA

Bronchial Asthma and Oxidative Stress

Bronchial asthma is characterized by an allergic airway inflammation
resulting in a reversible airflow limitation. However, it has been pointed
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out that the oxidative stress is likely to be involved in airflow limitation in
bronchial asthma (Barnes et al. 1998, Bowler and Crapo 2002).
Inflammatory cells such as eosinophils, neutrophils, and macrophages
will migrate into the airway and generate reactive oxygen species to
produce local airway damage by oxidative stress. Although there is a
scavenger system involving various antioxidants to protect from
oxidative stress, an imbalance of oxidative/antioxidative system may
amplify the local inflammation (Misso et al. 2005). There have been several
reports suggesting that increased production of reactive oxygen species
and dysfunction of the scavenge systems due to viral infection and air
pollution cause acute exacerbation of bronchial asthma (Caramori and
Papi 2004). In addition, several epidemiologic studies have reported that
decreased pulmonary function and various pulmonary symptoms are
observed in individuals with lower intake of foods with active antioxidant
activities (McKeever and Britton 2004, Ochs-Balcom et al. 2006, Paredi et
al. 2002, Seaton et al. 1994). Accordingly, it is considered that some
antioxidant compounds may play some role in the treatment and
management of bronchial asthma.

Serum Concentration of Lycopene is Decreased in Patients with
Bronchial Asthma

The serum concentration of various carotenoids including lycopene, a-
carotene, b-carotene, zeaxanthin, lutein, b-cryptoxanthin and a-
tocopherol and retinol were measured by HPLC (Fig. 6) in 266 healthy
subjects (189 males and 77 females, age of 47 ± 1 (mean ± SEM) years old)
and 53 patients with bronchial asthma (38 males and 15 females, age of
50 ± 1 years old). No significant difference was observed in a-carotene, b-
carotene, zeaxanthin/lutein, b-cryptoxanthin and retinol between healthy
volunteers and patients with bronchial asthma. Only the serum
concentration of lycopene was significantly different between the healthy
volunteers (0.26 ± 0.01 mg/mL, mean ± SEM) and patients with bronchial
asthma (0.18 ± 0.02 mg/mL, p < 0.001) (Fig. 7). Compared to healthy
subjects, serum lycopene concentration was about 30% lower in patients
with bronchial asthma. Although patients with severe asthma often
showed low values, a significant correlation between the severity of
asthma and the serum lycopene concentration was not confirmed. It
remains unclear, however, whether the lowered lycopene level is a
reflection of an excessive consumption according to the increased
oxidative stress in the airway and/or the clinical conditions of asthma.

In healthy individuals, there exists no correlation between serum levels
of each of the carotenoids and lycopene. Gender, smoking habits, and the
cholesterol level in the serum have been shown to influence the serum
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lycopene concentration, but not age (Fig. 8). Although the study
population was limited, the tendency observed in healthy individuals was
also observed in patients with bronchial asthma.

Effect of Daily Intake of Tomato Juice for 12 Months on
Asthma Control

Sixteen patients with bronchial asthma (11 males and 5 females, age 55 ± 4
(mean ± SEM)) drank at least 160 mL tomato juice a day (no salt added,
Kagome Co., Ltd., Tochigi, Japan) for 3 mon. Changes in asthmatic
symptoms and quality of life were measured. In addition, 46 patients with
bronchial asthma (30 males and 16 females, age 53.1 ± 5.4 (mean ± SEM))
drank tomato juice (no salt added, Kagome Co., Ltd.) for 12 mon. The
patients drank the tomato juice twice a day (at least 160 mL per day,
basically at breakfast and dinner). Patients continued the medicines they
had taken prior to the trial and did not change medication except in
response to acute exacerbation.

Fig. 6 Determination of carotenoids in the serum by HPLC. Carotenoids were extracted from
200 ml of serum with ethanol followed by hexane/dichloromethane (4:1) and then analyzed by
HPLC (Oshima et al. 1997). Peaks indicated are: 1, zeaxanthin/lutein; 2, apocarotenal (internal
control); 3, b-cryptoxanthin; 4, lycopene; 5, a-carotene; and 6, b-carotene. HPLC, high
performance liquid chromatography.
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Before starting the daily intake of tomato juice, the maximum value of
peak flow rate (PEFR) was 352 ± 19 L/min (mean ± SEM), but it gradually
increased to 396 ± 19 L/min after 6 mon (p < 0.01, as compared with the
baseline) and to 399 ± 21 L/min after one year (Fig. 9). In addition, the
minimum value of PEFR before the trial was 259 ± 18 L/min and it
increased up to 302 ± 20 L/min after 6 mon and up to 330 ± 18 L/min after
one year (p < 0.01, see Fig. 9). Atopic patients and male patients showed
greater improvement in PEFR than the non-atopic and female patients.
The dairy variation of PFER was also improved from 27% to 16% (Fig. 9).
Quality of life was improved regardless of gender, disease severity, age
and atopic factors. The significant improvement on quality of life was
already observed as early as 3 mon (p < 0.05) from starting the daily intake
of tomato juice and continued until the end of the study. More than 80% of
patients with bronchial asthma recognized the positive effect on their
asthmatic symptoms while they were daily taking tomato juice. Blood
examinations showed no significant change in the levels of eosinophils,
IgE, liver function, and lipids while patients were taking tomato juice for a
year. No adverse effect was observed.

Effect of Tomato Juice on Management of Bronchial Asthma

There have so far been many reports addressing tomatoes and lycopene
that document their strong quenching capacity against cigarette smoke,
increasing or controlling effect of vascular permeability, inhibition of
histamine release, inhibition of leukotriene secretion by macrophages, and

Fig. 7 Serum concentrations of carotenoids. The serum concentration of lycopene was
significantly diminished in patients with bronchial asthma as compared with healthy individuals.
Data are presented as mean ± SEM (*p < 0.05, **p < 0.001).
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protection against anaphylactic reaction (Cantrell et al. 2003, Hsiao et al.
2005, Kaliora et al. 2006, McDevitt et al. 2005, Moore et al. 2004, Steck-Scott
et al. 2004). These findings suggest that the components of tomatoes have
the potential to improve allergenic diseases, but the possible prevention of
asthmatic symptoms has not yet been documented. The observation that
the PEFR, asthmatic symptoms, and quality of life were significantly
improved after the daily intake of tomato juice for one year clearly
demonstrates that tomato juice is a potential therapeutic for bronchial
asthma. It appears that the improvement obtained during the one year
study was completely attributed to the daily intake of tomato juice since
the study population had been treated according to the standard

Fig. 8 Influence of clinical background on serum lycopene concentration in healthy volunteers.
Data are presented as mean ± SEM (*p < 0.05, **p < 0.001) . The cholesterol in the serum
is designated as high if it is greater than 220 mg/dL.
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Fig. 9 Significant improvements of PEFR and its variation were observed over time.
In the left panel, PEFR (best) or (worst) of the day during the given month was averaged per
individual and then the value of PEFR (best) or (worst) of the given month was calculated (mean
± SEM, *p < 0.05,**p < 0.01). In the right panel, individual variations were calculated using
the best or worst PEFR value of the given month, and then the value of variation of the given
month was calculated (mean ± SEM, **p < 0.01). PEFR, peak flow rate.

guidelines prior to their enrollment and continued to take the same
medications throughout the study period. Although this improvement
was observed within a few months, the trial was designed to be long-term
and to last one year to eliminate the effects of seasonal factors. However,
further study is needed, including a control group treated only with a
standard medication without tomato juice to demonstrate whether daily
intake of tomato juice is truly effective in controlling asthma.

A daily variation in PEFR is characteristic of bronchial asthma and it
shows the existence of airway hyperreactivity. It gradually decreased
during the study period and the minimum value of PEFR showed more
significant improvement than the maximum value of PEFR. These results
suggest that the daily intake of tomato juice may therefore ameliorate
allergic airway inflammation, thereby preventing the airway from being
remodeled, and consequently improving airflow limitation. Tomato juice
is less expensive than conventional medications and it acts via a different
mechanism to manage bronchial asthma. It is necessary to evaluate the
histopathological conditions in the airways, biomarkers of oxidative stress
such as nitric oxide concentration in exhaled breath, hydrogen peroxide
concentration or inflammatory cytokines in exhaled breath condensates
before and after the use of this treatment in order to verify the efficacy of
tomato juice for the management of bronchial asthma.
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ABSTRACT
Proteomic analyses of tomato seed, dry and during germination, and mature
pollen were conducted using one- and two-dimensional gel electrophoresis and
mass spectrometry. Both the tomato seed and pollen contain a number of
defense-related proteins that could be part of the survival strategy of these
small, free-floating structures. The tomato seed contains a high number of
storage proteins, such as vicilins, legumins, albumins and prolamins, not
identified in the pollen, which are potentially required for seed germination and
growth of the multicellular embryo. The seed and pollen also possess
cytoskeleton-related proteins, glycine-rich proteins, proteins involved in nucleic
acid and general metabolism, and signaling proteins, all of which are designated
to have important roles in germination and growth of these two structures.

INTRODUCTION

Proteins are the functional molecules of living cells that, either alone or in
interaction with other proteins and metabolites, drive various metabolic
processes in a biological system. An understanding of the nature of
proteins and their interactions is, therefore, essential for determining how
cells and their individual organelles function in an organism. With recent
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technological advancements in the areas of protein isolation, separations
and molecular characterization, combined with the availability of
genomic and proteomic databases and expressed sequence tags (ESTs) of
various organisms, proteomic studies, that is, analyses of the nature of
proteins, protein modifications and protein-protein interactions in a
biological system, are now at the forefront of molecular biology (Hirano et
al. 2004, Rose et al. 2004, Twyman 2004, Rossignol et al. 2006). An analysis
of the role of a protein in a biological process is, however, complex because
of the dynamic nature of these molecules in living cells. Proteins undergo
several post-translational modifications, such as phosphorylation,
acetylation, sulfation, ubiquitylation, and glycosylation, which affect both
their activity and stability in a biological system. In addition, the
localization of proteins in different cellular compartments adds to the
complexity of protein analysis in cells and tissues. Although the
proteomics of animal, human and yeast cells and tissues are well ahead of
plants, in recent years there has been a surge of research activity in plant
proteomics (Canovas et al. 2004, Park 2004, Peck 2005, Sheoran et al. 2005,
2006, Rossignol et al. 2006), especially because of the completion and
availability of Arabidopsis and rice genome sequences, as well as an
increase in the number of protein databases including that of tomato.

Tomato (Lycopersicon esculentum) is an important crop grown in nearly
every part of the world. In the United States alone, it is the second major
vegetable crop, next to maize, and is the center of a $2 billion industry of
fresh and processed tomatoes (Decoteau 2000). Fruit production in tomato
is dependent on successful sexual reproduction and an important
structure in this process is the pollen grain (male gametophyte), which,
after its release from an anther, lands on the stigma of a pistil (the female
reproductive organ), germinates and forms a pollen tube through which
sperm cells travel to the ovule and are delivered to the egg cell. After
fertilization, fruit and seed develop, and seeds then produce the next
generation of tomato plants. Since plants are sedentary organisms, pollen
and seed serve as two important dispersal agents, the former for the
transport of sperm cells and the latter for dissemination of offspring. The
seed and pollen also have some common characteristics; they are both
independent, dormant, and highly desiccated structures and have a tough
protective coating, the seed coat and pollen wall, respectively. Thus, the
proteome analysis of these two structures should provide not only
insights into the survival strategies of these small free-floating structures,
but also an understanding of proteins required for germination and
subsequent growth of these two important plant organs.
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This chapter will focus on our current understanding of tomato seed
and pollen proteome and, wherever possible, a comparison will be made
of proteins identified in similar structures in other species. First, a brief
outline of the current procedures and technologies involved in proteome
analysis is presented.

METHODOLOGY AND INSTRUMENTATION

The most direct approach for analyzing the proteome of a cell, organelle or
tissue at any one stage or time of development is the separation of proteins
from tissue extracts by one-dimensional gel electrophoresis (1-DE) based
on molecular weight and two-dimensional gel electrophoresis (2-DE)
based on charge and molecular weight. Protein bands and spots in 1-DE
and 2-DE gels respectively are commonly visualized with stains such as
Colloidal Coomassie Blue or the more sensitive silver stain, or fluorescent
stains such as SYPRO Ruby (Miller et al. 2006). One of the limitations of
2-DE is the detection of low-abundance proteins, especially in crude
extracts; therefore, some studies are restricted to either specific organs or
cell components. Some non-gel techniques such as multidimensional
protein identification technology (Mud-PIT), isotope labeling using
isotope-coded affinity tags or isobaric tags for relative and absolute
quantification, and protein-protein and protein-antibody micro-arrays are
also used for proteome analyses (Paoletti et al. 2004, Roe and Griffin 2006,
Wu et al. 2006). In Mud-PIT, the protein mixture is digested and the
peptides are then separated on a strong cation exchange phase in the first
dimension and reverse phase chromatography in the second dimension
(Koller et al. 2002, Washburn 2004). Braconi et al. (2006) suggested using
both 2-DE and Mud-PIT approaches, which would provide increased
proteome coverage of a structure or an organelle. Another approach,
especially for determining differences in proteins spots between samples
from different treatments or from different genetic lines, is the differential
in-gel electrophoresis. For this technique, proteins in tissue extracts are
labeled with different fluorescent dyes and separated by 2-DE on a single
gel, and the differential proteins are detected by scanning at dye specific
wavelength and analyzed using 2-DE analysis software (Komatsu et al.
2006, Rossignol et al. 2006). This technique also eliminates gel-to-gel
variation.

Protein analysis of spots from 2-DE gels involves excision of spots
followed by digestion with proteases, e.g., trypsin, and the digests are
then subjected to mass spectrometry (MS). There are variations in MS
based on ionization of proteins and peptides; commonly matrix-assisted
laser desorption ionization (MALDI) and electrospray ionization (ESI) is
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used. In many cases time-of-flight mass spectrometry (TOF MS) is
combined with MALDI, or TOF is linked to quadrupole MS (Q-TOF MS).
In other cases liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is used for the analysis and it may be combined with ESI and
Q/TOF (LC-ESI-Q/TOF MS). The MALDI-TOF MS is generally used for
protein identification by peptide mass fingerprinting, but for amino acid
sequence of peptides and to identify post-translational modifications,
Q-TOF MS is preferred (Hirano et al. 2004, Twyman 2004). For rapid
analysis, Nano-LC MS/MS and Chip-LC MS/MS are used. The
identification of proteins is achieved by using search engines such as
MASCOT (www.matrixscience.com) or ExPASy (www.expasy.org). There
are several plant and organelle databases, for example, the database of the
National Center for Biotechnology Information or NCBI, available for
protein identification, and for further information on these and other
aspects of protein isolation, separation, identification and quantitation the
reader is referred to various reviews (e.g., Hirano et al. 2004, Rose et al.
2004, Twyman 2004, Braconi et al. 2006, Rosssignol et al. 2006). A
simplified flow chart of the steps involved in proteomic studies is
presented in Fig. 1.

Fig. 1 Flow chart of steps involved in proteome analysis.
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TOMATO SEED PROTEOME

Seeds are a rich source of proteins (Bewley 1997) and it has been estimated
that tomato seeds, depending on the variety, have proteins in the range of
22-30% (Sogi et al. 2002). In tomato, the embryo occupies a major part of
the seed and is very well embedded in the endosperm. By using the
proteomic approach, we have identified a number of proteins in both the
embryo and endosperm of dry seeds, as well as determined changes in
major proteins in these two structures during seed germination.

The relative quantity of soluble protein in the embryo and endosperm
each of dry seed (0 hr) was in the range of 60-100 µg/organ, and during
germination, from 0 to 120 hr, the protein content increased gradually in
the embryo to approximately 250 µg, but in the endosperm it declined
rapidly after 48 hr (Sheoran et al. 2005). The 1-DE of embryo in the dry and
germinating seed showed six major protein bands of 45, 36, 33, 26, 23 and
22 kDa (Fig. 2) and these constitute approximately 60% of total protein.
These bands reflect major seed storage proteins (see details below); there

Fig. 2 1-DE gel of embryos from dry tomato seeds (0 hr) and during seed germination from 0 to
120 hr. The arrows indicate six major proteins, and the left lane contains standard molecular
weight markers (from Sheoran et al. 2005, with permission from Wiley-VCH Verlag GmbH & Co
KGaA).
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was little change in the relative quantity of these bands during the early
part of germination but later, especially at 120 hr, the quantity was
reduced. A similar pattern of protein changes was observed in the
endosperm, except that reduction in the protein level was earlier and
greater than that in the embryo (Sheoran et al. 2005).

In 2-DE gels, 352 and 369 protein spots were detected in the embryo and
endosperm respectively of dry seeds, and during germination from 0 to
120 hr the number of spots increased to 519 in the embryo (Fig. 3A and B)
but declined to 298 in the endosperm (not shown). Also, in the embryo,
whereas some groups of protein spots increased in intensity from 0 to 120
hr, others decreased and some were unchanged (see boxes in Fig. 3B). The
relatively low number of total spots in these tomato tissues, relative to the
proteomics of other seeds (Gallardo et al. 2001, Ostergaard et al. 2004), is
attributed to the abundance of major storage proteins (Figs. 2 and 3).
Protein spots (numbered on 2-DE gels) were analyzed both by MALDI-
TOF MS and by LC-ESI-Q/TOF MS, and protein identification was
achieved by searching various databases including tomato ESTs.

Fig. 3 2-DE gels of proteins extracted from tomato embryo at 0 hr (A) and at 120 hr (B). The
numbered protein spots were identified by MS. In B the boxes indicate groups of proteins that
were increased (≠), decreased (Ø) or unchanged (a, b), and arrowheads indicate individual
protein spots that increased or decreased from 0 to 120 hr (from Sheoran et al. 2005, with
permission from Wiley-VCH Verlag GmbH & Co KGaA).

Of the proteins identified in both the embryo and endosperm of tomato,
the two major groups were storage proteins (52%) and defense-related
proteins (23%); others included proteins involved in nucleic acid
metabolism, general metabolism, cytoskeleton formation and glycine-rich
proteins (GRPs) (Fig. 4). The storage proteins included globulins (vicilins
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and legumins), albumins and prolamins. Three forms of vicilin of
approximately 44, 27 and 17 kDa, and a- and b-legumins were identified
in both the embryo and endosperm (Sheoran et al. 2005). Globulins are the
major storage proteins in the seeds of many dicotyledons (Bewley and
Black 1994, Shewry et al. 1995) and legumins are especially reported in the
legumes (Tiedemann et al. 2000). Both the vicilins and legumins are
generally broken down during seed germination and their content also
decreased during tomato seed germination. Two protein spots of 2S
albumins were identified, which are cysteine-rich proteins and are present
in the seed of a number of dicotyledons species, including tomato (Oguri
et al. 2003). In addition, two spots of non-specific lipid transfer proteins
(nsLTPs) were identified, which, along with 2S albumin, belong to a
family of storage proteins called the prolamins (Shewry et al. 1995) and
have roles in storage and in defense against pathogens (Blein et al. 2002,
Maldonado et al. 2002). nsLTPs were especially high in the tomato
endosperm and may also have a role in the mobilization of lipids from the
endosperm to the embryo during seed germination. Proteomic analyses of
the seed of other species have also reported various forms of storage
proteins although the embryo and endosperm tissues were generally not
analyzed separately (Gallardo et al. 2001, Koller at al. 2002, Mooney and
Thelen 2004, Ostergaard et al. 2004, Hajduch et al. 2006).

A number of defense-related proteins, mainly in the endosperm, were
identified in the tomato seed. These included coat proteins (CP) of tobacco
mosaic virus (TMV) and tomato mosaic virus (ToMV). It has been shown
that the constitutive expression of genes coding CP of TMV results in a

Fig. 4 The relative distribution of major proteins identified in the tomato seed.
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virus-resistant plant (Koo et al. 2004), which suggests that the presence of
CPs in tomato seed could provide resistance against viruses. Another
group of proteins Pto-like serine/threonione kinases, which confer
resistance against Pseudomonas, Xanthomonas and Cladosporium (Tang et al.
1999, Pedley and Martin 2003), were present in the embryo and
endosperm of tomato seed. Vicilins along with 2S albumins and nsLTPS
also play major roles in plant defense (Blein et al. 2002, Maldonado et al.
2002). A number of GRPs, which have various functions including their
role in stress tolerance, were identified in the tomato seed. The presence of
these various proteins in the tomato seed could provide defense against
different biotic and abiotic stresses. Defense-related proteins were also
identified in Arabidopsis and barley seed (Gallardo et al. 2001, Ostergaard
et al. 2004).

Other proteins identified in the tomato seed, in both the embryo and
endosperm, were cytoskeleton-related proteins, for example, profilins,
which are actin-binding proteins, and their level increased during seed
germination, especially in the embryo. The presence of profilins is
reflective of their requirement for cell growth during radicle emergence
and root growth. A number of housekeeping proteins involved in nucleic
acid metabolism, such as KH domain-containing protein and MAR
binding protein, and in general metabolism, such as glyceraldehydes-3-
phosphate dehydrogenase, alcohol dehydrogenase and phenyl-ammonia
lyase, were also present in the embryo and endosperm of tomato seed. The
14-3-3 protein, a highly conserved protein that acts as a signaling molecule
in a number of processes including growth, apoptosis and cell cycle (Ferl
2004), was identified in both the tomato embryo and endosperm, and at
various stages of seed germination (Sheoran et al. 2005).

The above represents only the partial proteome of tomato seed. A
number of low-abundance proteins in 2-DE gels could not be identified
and, although this is a major challenge in proteomic research (Hirano et al.
2004, Twyman 2004), our future efforts will be directed in this area.

TOMATO POLLEN PROTEOME

Mature pollen of tomato were collected from flowers at anthesis and clean
preparations, checked under microscope, were used for protein
extraction, separation and analysis by procedures similar to those for
tomato seeds (as above). Of the 960 spots identified on 2-D gels, 190 were
selected for analysis by MALDI-TOF MS, and 133 distinct proteins
representing 158 spots were identified by searching various ESTs and
databases.
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The major groups of proteins in tomato pollen were those related with
defense, energy, and protein synthesis and processing. The proteome
profiles of rice and Arabidopsis also revealed the same major groups of
proteins (Holmes-Davis et al. 2005, Noir et al. 2005, Dai et al. 2006, Sheoran
et al. 2006). The defense-related proteins included Pto-serine/threonine
kinases and ToMV coat protein, which are similar to those found in the
tomato seed. Thus, tomato seed and pollen have similar defense
mechanisms in place against pathogens. Tomato pollen also had a number
of proteins related with abiotic stress resistance (Sheoran et al. 2007), such
as heat shock proteins as protectants of heat stress, late embryogenesis
abundant proteins for desiccation tolerance, and enzymes involved in the
detoxification of reactive oxygen species, which, in high concentration,
can damage cellular organelles.

Other proteins in tomato pollen included those involved in
cytoskeleton formation, for example, profilins and actin-like proteins, as
well as a number of proteins related with energy metabolism and protein
synthesis and processing. All these proteins play potential roles in pollen
germination and pollen tube growth. In addition, proteins involved with
Ca2+ binding and signaling, such as calmodulin and calreticulin, and those
with hormone signaling, such as G proteins, were identified in tomato
pollen (Sheoran et al. 2007). Most of these proteins play important roles in
pollen germination and growth of pollen tubes (Taylor and Hepler 1997)
and many of them were also reported in Arabidopsis and rice pollen
(Holmes-Davis et al. 2005, Noir et al. 2005, Dai et al. 2006, Sheoran et al.
2006). The tomato pollen also had 14-3-3 protein, as in the seed, and the
LAT52 protein, which has a role in pollen development (Muschietti et al.
1994).

In conclusion, a comparison of the proteome of tomato seed and pollen
indicates that both these free-floating structures are enriched with a
number of defense-related proteins (Fig. 5) that could be part of their
survival strategy. In addition, they contain cytoskeleton-related proteins,
GRPs, 14-3-3 protein and a number of proteins and enzymes involved in
nucleic acid metabolism and general metabolism (Fig. 4), all of which are
important for the germination and growth of both the seed and pollen. The
storage proteins were found only in the seed and this could be attributed
to their requirement for germination and growth of the multicellular
embryo with different organs. In contrast, in the pollen grain, germination
and formation of the pollen tube involves the growth of a single vegetative
cell, which may not necessitate the presence of stored proteins.
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ABSTRACT
Transformation is the genetic alteration of a cell resulting from the uptake and
expression of foreign genetic material. The development of improved
transformation techniques with the immediate insertion of genes into parental
lines of tomato cultivars facilitates the use of transgenes in advanced breeding
programmes. The potential in the use of transgenes especially from plants in
either sense or antisense origin is also quite high. Genes expressed during
reproductive development or disease resistance have been manipulated in
tomato plants, but concerns about consumption of genetically modified products
still exist. Agrobacterium tumefaciens is more than the causative agent of crown
gall disease affecting dicotyledonous plants. It is the most common natural
instance for the introduction of foreign gene in plants allowing its genetic
manipulation. Direct gene transfer also allows the insertion of foreign DNA into
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cells without the use of transfection vectors with future gene transfer methods
targeting specific genes or DNA sequences. Green genetic engineering is still
perceived in the first place as a risk. And although scientists have been
conducting biological safety research on genetically modified plants for years,
the belief that possible consequences for the environment have not been
researched is widespread.

INTRODUCTION

The cultivated tomato, Lycopersicon esculentum, is one of the most
important crops in the world. It is the number one vegetable crop
consumed fresh worldwide, and in processed form it accounts for one
third of the total world yield. The geographical distribution of the species
was achieved by breeding for adaptation to diverse growth conditions and
for resistance to plant diseases. Gene transfer for resistance to plant
pathogens has acquired great importance nowadays in view of the various
pesticides and fungicides and their residues as well as consumer interest in
healthier foods through breeding for a high concentration of antioxidants
and vitamins. Nowadays, different qualities are required from different
varieties that will be used for diverse products ranging from canned
tomatoes to juice, ketchup and pastes.

The development of genetic engineering techniques that modify fruit
ripening (enhancement of total soluble solids) and other characteristics
such as fruit quality and colour in conjunction with the development and
improvement of tomato transformation protocols opens a new era in
tomato breeding. Researchers have prepared technologies such as
Agrobacterium-mediated transformation and antisense technology to
develop new varieties.

GENE TRANSFER IN TOMATO

Gene Transfer Methods

One method of gene insertion makes use of a bacterial vector,
Agrobacterium tumefaciens. To achieve genetic modification using this
technique, a restriction enzyme is used to cut non-virulent plasmid DNA
derived from A. tumefaciens and thus create an insertion point, into which
the gene can be ligated. The engineered plasmid is then put into a strain of
A. tumefaciens, which contains a “helper” plasmid, and plant cells are
treated with the recombinant bacterium (Dandekar and Fisk 2005). The
helper plasmid assists the expression of the new gene in plant as these
grow in culture. The utility of A. tumefaciens-mediated gene transfer is
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illustrated by its use to develop potato plants that are resistant to Colorado
beetle (Perlak et al. 1993). The inserted cryIIIa gene encodes for an
insecticidal protein from soil bacterium B. thuringiensis. When expressed
in potato plants this protein is toxic to Colorado beetles by combining with
a protein found within their digestive epithelium to form a membrane
channel that results in cell lysis (Fig. 1).

Fig. 1 Agrobacterium tumefaciens plasmid. Gene transfer with A. tumefaciens starts with
activation of inner membrane protein VirA by acetosyringone and other plant cell wall
intermediates. The subsequent steps are as follows: activation of cytoplasmic VirG protein by
VirA; transcriptional activation of the vir gene operons by VirG; processing of T-DNA by vir gene
products; transfer of T-DNA into the plant cell as single-stranded DNA; integration of T-DNA into
plant nuclear genome; transcription of T-DNA genes; translation of T-DNA gene transcripts;
production of auxin and cytokinin; stimulation of plant cell growth and division; production of
opines catalysed by T-DNA gene products and uptake and catabolism of opines.

In microballistic impregnation or gene gun, the target gene is applied to
minute particles of gold or tungsten, which are fired into plant tissue at
high velocity. Cells that incorporate the target and marker genes can then
be selected in culture and grown (Baum et al. 1997, Christou 1997).
Electroporation is the application of a pulsed electric field that allows the
transient formation of small pores in plant cells, through which genes can
be taken up and in the form of naked DNA incorporated into the plant
genome (Bates 1995, Terzaghi and Cashmore 1997).
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Methods of direct DNA transfer include PEG-induced DNA uptake,
microinjection of DNA into cultured cells, electroporation and
microprojectile bombardment. Gene transfer is combined with efficient
methods of plant regeneration, availability of new gene constructs,
improved vector systems based on Ti and Ri plasmids of Agrobacterium,
appropriate organ-specific promoters for gene expression and a series of
selectable marker genes.

Genetically Modified Tomato Fruits

The first commercial product of recombinant DNA technology was the
FlavrSavr™ tomato characterized by prolonged shelf life. This was
achieved by introducing an antisense polygalacturonase gene
(Redenbaugh et al. 1995). Antisense technology involves introduction of
the non-coding strand sequence of a particular gene to inhibit the
expression of the desired gene. The application of antisense technology has
resulted in a consumer food product, the FlavrSavr™ tomato, in which
shelf life is enhanced by suppression of the enzyme polygalacturonase
(Sitrit and Bennett 1998). A similar increase in the shelf life of tomatoes can
also be achieved using antisense technology against the enzyme 1-amino-
1-cyclopropanecarboxylic acid synthase (Hamilton et al. 1995). In
traditional breeding technology, the development of a new variety was
possible only using particular species and crossing its known types.

Disease Resistance

Presented methodologies and information from experimental data for
gene expression gradually find their way into industry for commercial
production of tomato cultivars. Plants have evolved a large variety of
sophisticated and efficient defence mechanisms to prevent the
colonization of their tissues by microbial pathogens and parasites. The
induced defence responses can be assigned to three major categories.

The incorporation of disease resistance genes into plants was initially
initiated with classical breeding, which yielded high crop productivity.
However, plant biology is currently oriented toward clone identification
and characterization of genes involved in disease resistance. The
following approaches are adopted toward developing disease-resistant
transgenic plants (Punja 2004):

1. Expression of gene products that are directly toxic to or that reduce
growth of the pathogen, including pathogenesis-related proteins
such as hydrolytic enzymes, antifungal proteins, antimicrobial
peptides and phytoalexins.
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2. Expression of gene products that destroy or neutralize a
component of the pathogen (lipase inhibition).

3. Expression of gene products that enhance the structural defences
(high levels of peroxidase and lignin).

4. Expression of gene products that release signals regulating plant
defences such as salicylic acid.

5. Expression of resistance gene products involved in race-specific
avirulence interactions and hypersensitive response.

One of the most significant contributions of genetic engineering to
agriculture has been the introduction of viral genes to plants, including
tomato, as a means of conferring resistance to viral diseases (Barg et al.
2001). Apart from the introduction of Bacillus thuringiensis (Bt) toxin genes
in tomato, characteristics related to the quality of fruit (total soluble solids,
fruit colour) were also genetically engineered.

The site of gene integration into the genome also influences epitope and
transgene accumulation in plants. Agrobacterium tumefaciens infection is
most frequently used to achieve permanent integration into the nuclear
DNA, where integration occurs at random chromosomal sites. A second
promising approach is based on the integration of the gene or epitope into
the circular chloroplast DNA that is present in multiple copies within
defined plant cells. In this case transformation is usually achieved through
the use of the “particle gun” and results in site-specific integration. These
two approaches can be used to integrate genes into the plant genome and
produce vaccines against infectious diseases.

Modified viruses such as derivatives of the tomato golden mosaic virus,
in which an antibiotic resistance gene replaces the viral coat protein genes,
can be used to enhance integration (Elmer and Rogers 1990). Once inside
the genome, the virus has the ability to propagate, while the removal of the
coat protein genes inhibits the production of new viable virus, thus leaving
replicated copies of the viral DNA within the nucleus. Similar results have
been obtained using other viral vector combinations such as the
Agrobacterium geminivirus vectors and Agrobacterium-cosmid vectors (van
den Eede et al. 2004).

Stable integration of a gene into the plant nuclear or chloroplast
genome can transform higher plants (e.g., tobacco, potato, tomato,
banana) into bioreactors for the production of subunit vaccines for oral or
parental administration (Sala et al. 2003). This can also be achieved by
using recombinant plant viruses as transient expression vectors in infected
plants. The use of plant-derived vaccines may overcome some of the major
problems encountered with traditional vaccination against infectious
diseases, autoimmune diseases and tumours. They also offer a convenient
tool against the threat of bio-terrorism (Table 1).
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Table 1 Expressed gene product, and its effect on disease/composition.

Expressed gene product Effect on disease/composition Reference

Tomato chitinase Fewer diseased plants due Grison et al. 1996
to Cylindrosporium concentricum
and Sclerotininia sclerotiorum

Tomato Cf9 gene Delayed disease development Hennin et al. 2001, Punja
due to Leptosphaeria maculans 2004
Resistance against Cladosporium
fulvum

1-aminocyclopropane-1- Increased tolerance to flooding Grichko and Glick
carboxylic acid deaminase stress and less subject to 2001

deleterious effects of root hypoxia
on plant growth

Synthetic cry1Ac gene coding Expression resulted in high level Mandaokar et al.
for an insecticidal crystal of protection of transgenic plant 2000
protein of B. thuringiensis leaves and fruits against larvae

of tomato fruit borer (Helicoverpa
armigera)

Avr9 gene from Cladosporium HR-associated defense responses Joosten and De Wit
fulvum in tomato plants that carry the 1999, Van den
LRR-TM structure matching Cf-9 resistance gene Ackerveken et al.

1992, Jones et al.
1994

Avr4 gene from Cladosporium HR-associated defence responses Joosten et al.
fulvum in tomato plants that carry the 1994, Thomas et al.
LRR-TM structure matching Cf-4 resistance gene 1997

Avr2 gene from Cladosporium HR-associated defence responses Takken et al. 2000
fulvum in tomato plants that carry the
LRR-TM structure matching Cf-2 resistance gene

Ecp1, Ecp2 and Ecp4, 5 HR-associated defence Van den Ackerveken
genes from Cladosporium responses in tomato plants that et al. 1993, Lauge
fulvum carry the matching Cf-Ecp1 et al. 1997, 2000

and Cf-Ecp2 and Cf-Ecp4, 5
resistance genes

Wilt resistance genes Kawchuk et al. 2001
Unknown Avr matching genes

Ve1 and Ve2 from Verticillium Pseudomonas syringae,
dahliae Xanthomonas campestris
Coiled-coil structure LRR bacterial resistance
TM-Pro-Glu-Ser-Thr structure

Herbicide tolerance
(Phospinothricin, glyphosate)

Contd.
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Fungal resistance such as (USDAAPHIS http://
powdery mildew resistance www.aphis.usda.gov/

Kanamycin
biotech/notday.html)

Marker genes PVY virus resistance Hilbeck 2001

Altering of seed colour and Rosati et al. 2000
fruit ripening

Catalase level reduced, Fraser et al. 2001
polyamine metabolism altered,
polygalacturonase level reduced

Lycopene cyclase (Arabidopsis) Provitamin A and lycopene increase Muir et al. 2001

Phytoene desaturase (Erwinia) Provitamin A increase Mehta et al. 2002

Chalcone isomerase (Petunia) Flavonoids increase Wang et al. 2006

Engineered polyamine Lycopene increase Siddiqui and Shaukat
accumulation 2003

Coat protein gene transformed Resistance to cucumber mosaic Sanders et al. 1992
into tomato virus

Expression of the reporter The ability of Pseudomonas Notz et al. 2002
gene phl‘-’lacZ reflects actual fluorescens strain CHA0 to
production of DAPG 2,4- suppress root-knot plant
diacetylphloroglucino, an disease caused by soil-borne
antimicrobial metabolite pathogens.

Various expressed gene products are shown as well as their effects on disease/composition. Some very well-
known genes are Avr and Ecp genes of Cladosporium fulvum, a biotrophic fungus causing leaf mould of tomato
plants (Westerink et al. 2004). Analysis of the proteins present in the apoplast of colonized tomato leaves led
to the cloning of seven genes that encode elicitor proteins. Four elicitor proteins (AVR2, AVR4, AVR4E and
AVR9) are arre specific and trigger HR-associated defence responses in tomato plants that carry the matching
Cf resistance gene. The other five elicitors, extracellular proteins ECP1, ECP2, ECP3, ECP4 and ECP5, are
secreted by all strains of C. fulvum. The matching R genes, designated Cf-ECPs, have not yet been introduced
into commercial cultivars.

Contd.

Pest Resistance

A number of transgenes conferring resistance to insects and diseases and
herbicide tolerance have been transferred into crop plants from a wide
range of plant and bacterial systems. In the majority of cases, genes
showing expression in transgenic plants are stably inherited into the
progeny without detrimental effects on the recipient plant (Babu et al.
2003); transgenic plants under field conditions have also maintained
increased levels of insect resistance. During the last 15 years,
transformations have been produced in more than 100 plant species;



Tomatoes and Tomato Products522

notable examples include maize, wheat, soybean, tomato, potato, cotton,
and rice. Among these, herbicide-tolerant and insect-tolerant cotton,
maize and soybean carrying Bt genes are grown on a commercial scale.
Genetic transformation and gene transfer are routine in many
laboratories. However, isolation of useful genes and their expression to
the desired level to control insect pests still involves considerable
experimentation and resources. Developing pest-resistant varieties by
insertion of one or a few specific genes is becoming an important
component of breeding. Use of endotoxin genes such as Bt and plant-
derived genes (proteinase inhibitors) to the desired levels offers new
opportunities to control insects and strategies involving combination of
genes. Transgenic technology should be integrated in a total system
approach for ecologically friendly and sustainable pest management.
Issues related to intellectual property rights, regulatory concerns, and
public perceptions for release of transgenics need to be considered (Babu
et al. 2003). Providing a wealth of information on gene expression in
higher plants by switching the gene on and off as and when required
makes gene manipulation a more direct process for genetic improvement
of crops.

To convert transgenics into an effective weapon in pest control, for
example, by delaying the evolution of insect populations resistant to the
target genes, it is important to deploy genes with different modes of action
in the same plant. Pyramiding of different genes would reduce the
likelihood of resistance development, since multiple mutations would be
needed concurrently in individual insects. Integration of single transgenes
to plant genomes has been valuable; however, multiple integration is
essential to allow manipulation of complex metabolic pathways and to
combine various agronomic characteristics in the next generation of plant
molecular breeding. Sugita et al. (2000) reported that MAT-vector system
used for generating marker-free transgenic plants is also an efficient and
reliable transformation system for the repeated introduction of multiple
transgenes independent of sexual crossing. Thus, pyramiding of single
genes or multiple genes through new transformation procedures could be
important for long-term durable resistance to insects.

Delannay et al. (1989) evaluated transgenic tomatoes expressing Bt
insect control protein under field conditions in 1987 and 1988. The
transgenic plants showed very limited feeding damage after infestation
with tobacco hornworm (Manduca sexta), whereas control plants showed
heavy feeding damage and were almost completely defoliated within 2
wk. Significant control of tomato fruit worm and tomato pinworm was
also observed (Table 2).
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The R genes can be divided into six clases of proteins (Takken and
Joosten, 2000). Three of these classes contain leucine-rich repeats (LRRs),
of which the class of nucleotide-binding site proteins is the most
abundant. The other two classes of LRR proteins involve the
LRR-transmembrane anchored (LRR-TM) proteins providing resistance to
fungi and nematodes and the LRR-TM-kinase proteins providing bacterial
resistance. Members of the fourth class of R genes are protein kinases,
which, in the case of Pto, confer resistance to Pseudomonas syringae pv.
tomato carrying AvrPto. These genes also lead to fungal disease resistance.
RPW8, a small putative membrane protein that confers powdery mildew
resistance in Arabidopsis, represents the fifth class of R genes. Finally, the
sixth class of R genes are the tomato verticillium wilt Ve resistance genes
(Kawchuk et al. 2001). The two closely linked Ve1 and Ve2 genes, whose
products might recognize different ligands, encode TM-surface
glycoproteins having an extracellular LRR domain, endocytosis-like
signals and leucine zipper or Pro-Glu-Ser-Thr sequences. The leucine
zipper can facilitate dimerization of proteins through the formation of
coiled-coil structures, while Pro-Glu-Ser-Thr sequences are often involved
in internalization and protein degradation.

Field Effects

Parthenocarpy, development of the fruit in the absence of fertilization, has
been employed to evaluate the equivalence of genetically modified (GM)

Table 2. Gene insertion and expression in transgenic plants for insect resistance.

Crop target Inserted gene Origin of transgene Trait Reference

Lycopersicon Cry1A (c) B. thuringiensis Resistance to Fischhoff et al.
esculentum L. tobacco hornworm 1987

(Manduca sexta)

Lycopersicon Bt (k) B. thuringiensis Resistance to Delannay et al.
esculentum L. tobacco hornworm 1989

(Manduca sexta),
tomato pinworm
(Keiferia, Lycopersi-
cella, Walshingham)
and tomato fruit
worm H. zea Boddie

Solanum CpTi Cowpea Tolerance to tomato Gatehouse et al.
tuberosum moth 1997

Solanum GNA Snowdrop lectin Tolerance to tomato Gatehouse et al.
tuberosum moth 1996
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and non-GM fruit and to evaluate the advantages of parthenocarpy
produced by genetic engineering compared to traditional methods. In this
work, we present an analysis of parthenocarpic tomato fruit obtained from
field-grown GM plants to address some aspects of the equivalence of GM
fruit. The trait of parthenocarpy is particularly important for crop plants
whose commercial product is their fruit. During flowering, adverse
environmental conditions may either prevent or reduce pollination and
fertilization, decreasing fruit yield and quality. Moreover, parthenocarpic
fruits are seedless, and seedlessness is highly valued by consumers in
some fruit (e.g., table grape, citrus, eggplant, cucumber).

Thus, transgenic parthenocarpic plants have been obtained for
horticultural crops (Carmi et al. 2003). In particular, the chimeric gene
DefH9-iaaM has been used to drive parthenocarpic fruit development in
several species belonging to different plant families (Ficcadenti et al. 1999).
The DefH9-iaaM transgene promotes the synthesis of auxin (indole acetic
acid) specifically in the placenta, ovules and tissues derived therefrom.

Rotino et al. (2005) have cultivated parthenocarpic tomato lines
transgenic for the DefH9-RI-iaaM gene under open field conditions to
address some aspects of the equivalence of GM fruit in comparison to
controls (non-GM).

Under open field cultivation conditions, two tomato lines (UC 82)
transgenic for the DefH9-RI-iaaM gene produced parthenocarpic fruits.
DefH9-RI-iaaM fruits were either seedless or contained very few seeds.
The quality of GM fruits, with the exception of a higher b-carotene level,
was not different physically (colour, firmness, dry matter, °Brix, pH) or
chemically (titratable acidity, organic acids, lycopene, tomatine, total
polyphenols and antioxidant capacity) from that of fruits from the control
line. Highly significant differences in quality traits exist between the
tomato F1 commercial hybrid Allflesh and the three UC 82 genotypes
tested, regardless of whether or not they are GM. Total yield per plant did
not differ between GM and parental line UC 82. Fruit number was higher
in GM lines, and GM fruit weight was lower.

DETECTION METHODS FOR GM TOMATO PRODUCTS

The food industry has long suffered loss of income due to extensive fraud.
Since adulteration is always ahead of analysis and detection methods,
there is an urgent need to invent faster, more accurate and cheaper
technology and to get more reliable results. Biotechnological advances
have paved the way for effective and reliable authenticity testing. The
latter can be focused either on determination of variety and geographical
origin or traceability testing of a wide range of food products, products of
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agricultural and animal origin and package counterfeiting. Apart from the
widely employed DNA methods, other instrumental methods include
Site-Specific Natural Isotope Fractionation–Nuclear Magnetic Resonance,
and more updated technology micro-satellite marker, restricted fragment
length polymorphism and Single Strand Conformation Polymorphism.
Expensive fish and meat species in conjunction with orange juice and olive
oil attracted the researchers’ interest because of their adulteration with
other species of lower quality and price. Another important issue is the
detection of geographical origin of agricultural produce of added value
and special properties such as rice, olive oil and wine. Post-
commercialization tracking of GM crops requires three types of tests
(Auer 2003):

1. A rapid detection assay to determine whether a GM crop is present
in a sample of raw ingredients or food products.

2. An identification assay to determine which GM crop is present.
3. Quantitative methods to measure the amount of GM material in

the sample.
The first stage can be accomplished by qualitative methods (presence or

absence of transgene), whereas the third stage uses semi-quantitative
methods (above or below a threshold level) or quantitative methods
(weight/weight percentage or genome/genome ratio). Currently, the
two most important approaches are immunological assays using
antibodies that bind to the novel proteins and methods based on
polymerase chain reaction (PCR) using primers that recognize DNA
sequences unique to the GM crop. The two most common immunological
assays are enzyme-linked immunosorbent assays (ELISA) and
immunochromatographic assays (lateral flow strip tests). ELISA can
produce qualitative, semi-quantitative and quantitative results in 1-4 hr of
laboratory time (http://www.ers.usda.gov/publications/aib762/ and
http://anrcatalog.ucdavis.edu/pdf/8077.pdf).

Nested PCR is used to confirm the PCR product, and it allows
discrimination between specific and non-specific amplification signals.
Therefore, the PCR product is re-amplified using another primer pair,
located in the inner region of the original target sequence (Anklam et al.
2002). It increases PCR sensitivity, allowing low levels of GM organisms to
be detected (Zimmermann et al. 1998b). In order to detect the presence of
Roundup Ready soybean, a nested PCR method was applied to
commercially available soy flour, infant formula containing soy protein
isolate and soymilk powder samples. Greiner et al. (2005) analysed soy
flour, infant foods and soy protein isolates.

Electrochemiluminescence (ECL), wherein light-emitting species are
produced by reactions between electrogenerated intermediates, has
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become an important and powerful analytical tool in recent years. An ECL
reaction using tri-propylamine (TPA) and tris (2,2-bipyridyl) ruthenium
(II) (TBR) has been demonstrated to be a highly sensitive detection method
for quantifying amplified DNA (Blackburn et al. 1991). TPA and TBR are
oxidized at approximately the same voltage on the anode surface. After
deprotonation, TPA chemically reacts with TBR and results in an electron
transfer. The resulting TBR molecule relaxes to its ground state by
emitting a photon. The TPA decomposes to dipropyl amine and is
therefore consumed in this reaction. The TBR, on the other hand, is
recycled. Since both reactants are produced at the anode, luminescence
occurs there. Compared with other detection techniques, ECL has some
advantages: no radioisotopes are used; detection limits are extremely low;
the dynamic range for quantification extends over six orders of
magnitude; the labels are extremely stable compared with those of most
other chemiluminescence systems; and the measurement is simple and
rapid, requiring only a few seconds. The ECL method is a
chemiluminescent CL reaction of species generated electrochemically on
an electrode surface. It is a highly efficient and accurate detection method.
Liu et al. (2005) applied an ECL PCR combined with two types of nucleic
acid probes hybridization to detect GM organisms. The presence of GM
components in organisms was determined by detecting the cauliflower
mosaic virus 35S (CaMV35S) promoter and nopaline synthase (NOS)
terminator. The experimental results showed that the detection limit is 100
fmol of PCR products. The promoter and the terminator can be clearly
detected in GM organisms. The method may provide a new means for the
detection of GM organisms because of its simplicity and high efficiency.
The instrument used was composed of an electrochemical reaction cell, a
potentiostat, an ultra high sensitivity single photon counting module, a
multi-function acquisition card, a computer and labview software. The
electrochemical reaction cell contains a working electrode (platinum), a
counter electrode (platinum) and a reference electrode (Ag/AgCl2).

Peano et al. (2004) evaluated and compared four different methods for
DNA extraction. To rank the different methods, the quality and quantity of
DNA extracted from standards containing known percentages of GM
material and from different food products were considered. The food
products analysed, derived from both soybean and maize, were chosen on
the basis of the mechanical, technological, and chemical treatment they
had been subjected to during processing. Degree of DNA degradation at
various stages of food production was evaluated through the
amplification of different DNA fragments belonging to the endogenous
genes of both maize and soybean.
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From these results it is evident that the treatments of foodstuffs can
affect DNA degradation level, and at the same time it is also evident that
the method of extraction can greatly influence DNA degradation and/or
yield and/or PCR amplification efficiency on degraded DNA. Among the
analysed methods of extraction, the QIAamp DNA Stool Minikit gave
good-quality DNA with a very low level of degradation from simple
foodstuffs; the Nucleo Spin Food kit (Macherey-Nagel) proved to be the
most efficient in recovering good-quality DNA with a low level of
degradation from complex foodstuffs. Genomic DNA was extracted from
Roundup Ready soybean and maize MON810 standard flours, according
to four different methods, and quantified by real-time PCR with the aim of
determining the influence of the extraction methods on DNA
quantification through real-time PCR. It could be concluded that for each
food matrix, the DNA extraction method that correlates best with
performance of subsequent DNA analysis, such as real-time PCR testing,
should be employed.

There are also in-process methods aimed at comparing the primal and
GM plant. These techniques can be divided into targeted and non-targeted
approaches. Targeted approaches monitor directly the consequence of
novel gene product presence on the GM plant phenotype. Moreover,
changes in chemical composition are detected. Non-targeted approaches
consist of three basic levels: functional genomics, proteomics,
metabolomics. Functional genomics contain methods such as mRNA
fingerprinting and DNA microarray. Considering proteomics, the protein
composition of original and GM plant is compared using methods such as
two-dimensional electrophoresis (Gorg et al. 1999) and its modification or
two-dimensional electrophoresis in connection with MALDI-TOF mass
spectroscopy analysis (Andersen and Mann 2000). For testing two samples
on the same gel, a method called difference gel electrophoresis (Unlu 1999)
is used. The metabolomics level of analysis tries to identify and quantify
the maximum amount of particular components. This involves separating
methods such as gas chromatography, liquid chromatography, and high
performance liquid chromatography combined with various detection
methods such as nuclear magnetic resonance, Fourier transform impaired
spectroscopy, mass spectroscopy, flame ionization detector (Celec et al.
2005).

The principle of direct detection of recombinant DNA in food by PCR is
discussed following the three main steps: DNA extraction, PCR
amplification, and verification of PCR products.

Suitable methods for genomic DNA isolation from homogeneous,
heterogeneous, low DNA containing matrices (e.g., lecithin), gelatinizing
material (e.g., starch), derivatives and finished products based on classical
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protocols and/or a combination with commercially available extraction
kits are discussed. Various factors contribute to the degradation of DNA,
such as hydrolysis due to prolonged heat treatment, nuclease activity and
increased depurination and hydrolysis at low pH. The term “DNA
quality” is defined as the degree of degradation of DNA (fragment size
less than 400 bp in highly processed food) and by the presence or absence
of potent inhibitors of the PCR; it is, therefore, a key criterion. In general,
no DNA is detectable in highly heat-treated food products, hydrolysed
plant proteins (e.g., soy sauce), purified lecithin, starch derivatives (e.g.,
maltodextrins, glucose syrup) and defined chemical substances such as
refined soybean oil (Meyer 1999).

If the nucleotide sequence of a target gene or stretch of transgenic DNA
is already known, specific primers can be synthesized and the segment of
rDNA amplified. Detection limits are in the range 20 pg ± 10 ng target
DNA and 0.0001 ± 1% mass fraction of GM organism. Amplification
products are then separated by agarose gel electrophoresis and the
expected fragment size estimated by comparison with a DNA molecular
weight marker.

Several methods are used to verify PCR results and they vary in
reliability, precision and cost. They include specific cleavage of the
amplification products by restriction endonucleases or the more time-
consuming, but also more specific, transfer of separated PCR products on
to membranes (Southern Blot) followed by hybridization with a DNA
probe specific for the target sequence. Alternatively, PCR products may be
verified by direct sequencing. Nested PCR assays combine high specificity
and sensitivity.

There are methods available for the screening of 35S-promoter, NOS
terminator and other marker genes used in a wide range of GM organisms,
the specific detection of approved products such as FlavrSavr tomatoes,
Roundup Ready Soya, and Bt maize 176, and official validated methods
for potatoes and genetically modified micro-organisms that have a model
character. Methods to analyse new GM products are being validated by
interlaboratory tests and new techniques are in development. However,
these efforts may be hampered by the lack of availability of GM reference
material as well as specific sequence information owned by the suppliers
only.

The first detection method specifically developed for the identification
of a commercialized genetically engineered plant was demonstrated for
detection of the FlavrSavr tomato (Meyer 1995a, b). Specific detection of
the FlavrSavr tomato (Calgene), the first approved genetically engineered
crop, was demonstrated by a PCR assay targeting the combination of the
sequence of the CaMV35S promoter followed by the antisense gene from
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the polygalacturonase. In addition, the presence of the nptII (neomycin
phosphotransferase II) marker gene was determined.

Regarding Zeneca’s GM tomato puree, genetic modification of a
processing cultivar of tomato was carried out with a short sense construct;
210 individual transgenics were produced and these formed the basis for
further selection, breeding and development. All the development work
has been rigorously reviewed in the United States and United Kingdom by
the regulatory bodies. It was alleged that the development of this product
was due to “contamination or a chance turnaround” (Bright and Schuch
1999).

Genetically modified tomatoes intended for processing (especially for
tomato paste) were analysed (Zeneca 1996) for their levels of a-tomatine,
solanine and chaconine in both the GM fresh fruit and paste samples
(Zeneca 1996). The results showed that the glycoalkaloid levels in the
modified tomato paste fall well within the range of glycoalkaloid levels of
commercially available pastes, and the genetic modification has not
altered the levels of the glycoalkaloids in the paste made from modified
tomatoes.

New methods and techniques have been developed within the
framework of the European Research Project “Development of Methods to
Identify Foods Produced by Means of Genetic Engineering”, DMIF-GEN
(project no. SMT4-CT96-2072). In the scope of this project, DNA-extraction
methods have been compared (Zimmermann et al. 1998a), new primers
and probes have been defined, ring tests with tomato, processed maize
and soybean are being performed, and a database has been set up to record
detailed information about food containing GM components on the
market, sequences, primers and detection methods (Schreiber 1997).

In China, GM tomato Huafan No 1 with a character of long shelf life
was the first GM plant approved for commercialization in 1996. To meet
the requirement of the GM tomatoes labelling policy that has been
implemented in China since 2001, screening and construct-specific PCR
detection methods for detecting the universal elements transformed into
tomato, such as CaMV35s promoter and the NOS terminator of A.
tumefaciens, and the specifically inserted heterologous DNA sequence
between CaMV35s promoter and antisense ethylene-forming enzyme
gene were set up. To make the detection methods normative, a novel single
copy tomato gene LAT52 was also used as an endogenous reference gene
in the PCR detection systems (Yang et al. 2005). The limit of detection of
screening and construct-specific detection methods for Huafan No 1 was
68 haploid genome copies in conventional PCR detection, and three copies
in TaqMan real-time PCR detection. The limit of quantitation of screening
quantitative PCR assays for Huafan No 1 was three copies and for
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construct-specific quantitative PCR it was 25 copies. Two samples with
known Huafan No 1 tomato content were detected using the established
conventional and real-time PCR systems, and these results also indicated
that the established Huafan No 1 screening and construct-specific PCR
detection systems were reliable, sensitive and accurate. In addition to the
official methods for GM tomato detection in the field or in food products,
research methods have also been employed to evaluate possible toxic
effects of GM products on other organisms. These methods are used by
companies or government laboratories to evaluate possible toxic effects
of GM products before their official release for human consumption
(Table 3).

Table 3 Representative toxicity studies carried out on rats and mice with GM tomato (adapted
from Kuiper et al. 2001, ILSI 2004).

Vegetable Trait Duration Parameters Reference

Tomato Cry1 Ab endotoxin 91 d Feed consumption Noteborn et al.
(B. thuringiensis var. Body weight 1995
kurstaki) Blood chemistry

Organ weights
Histopathology

Tomato Antisense 28 d Feed consumption Hattan 1996
polygalacturonase Body weight
(tomato) Blood chemistry

Organ weights
Histopathology
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ABSTRACT
Recent epidemiological studies suggest a positive correlation between the
ingestion of diets rich in vegetables and fruits and a reduced incidence of
chronic diseases, such as cancer, cardiovascular disease, Alzheimer’s disease
and cataracts. This beneficial effect is primarily attributed to the occurrence of
vitamins, minerals and secondary phytochemicals, for example, carotenoids,
anthocyanins, flavonoids, and other phenolic compounds that are widely
distributed throughout the plant kingdom. Tomatoes are a source of antioxidants
and they contribute to the daily intake of a significant amount of these
compounds. One hundred grams of tomato can contribute 24-48%, 0.5-0.8%
and 2.7-4.0% of the recommended daily intake of vitamin C, vitamin E and b-
carotene, respectively. Tomato fruits are also considered the major source of
lycopene. Mineral content is normally between 0.60 and 1.80%; the major
elements are K, Na, Ca, Mg, P, Fe and Mn.

The main problem of the analysis of micronutrients and bioactive
compounds in tomatoes is the selection of an adequate pre-treatment and
clean-up method. In the case of fat-soluble vitamins and carotenoids, the main
analytical difficulty is the isolation of these compounds from a large excess of
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physically hydrosoluble materials, and hence a great deal of effort has been
made to improve extraction and clean-up procedures. Liquid-liquid extraction is
frequently used. An attractive alternative to alleviate the risk of isomerization
and oxidation of these compounds is supercritical fluid extraction.

There are several methods for measuring total antioxidant activity, and in
general all of them imply the generation of radical species and the subsequent
evaluation of the presence of antioxidants by the disappearance of these free
radicals.

Although there are also official methods based on spectrometric
quantification, liquid chromatography has proved to be one of the most useful
techniques for the analysis of vitamins. This is a consequence of the versatility
in column technology and detection methods. Reverse phase high performance
liquid chromatography is the method most widely employed for analysis of
carotenoids because of their hydrophobic character. C-18 columns, which are
less selective, are preferable for less detailed analysis, while C-30 columns in
combination with gradient elution are suitable for the separation of carotenoids
and their different isomers with a wide polarity range. High performance liquid
chromatography coupled with mass spectrometry improves the sensitivity and
the selectivity of the analyses of micronutrients and bioactive compounds,
especially with the introduction of modern ionization systems such as
atmospheric pressure chemical ionization.

For analysis of minerals, classical methods (Kjeldahl method for total
nitrogen and colorimetric method for phosphate analyses) are still routinely
employed. On the other hand, when several elements need to be analysed in a
plant over a large range of concentration, the analytical tool of choice is usually
inductively coupled plasma-mass spectrometry (ICP-MS), followed by ICP-
atomic emission spectrometry (ICP-AES) and atomic absorption spectrometry.
ICP-AES allows simultaneous measurement of metals together with some non-
metals, such as P or B. Thus, this technique has rapidly replaced colorimetric
procedures for P and B determinations.

This chapter also describes the different analytical methods that can be
applied for the determination of micronutrients and bioactive compounds in
tomato fruits and tomato products taking into account trends of the future in
analytical methods.

INTRODUCTION

It is well known that a greater intake of fruits and vegetables can help
prevent heart disease and mortality. Plant foods, such as fruits and
vegetables, contain many components that are beneficial to human health
and regular consumption of fruits and vegetables is associated with
reduced risks of cancer, cardiovascular disease, stroke, Alzheimer’s
disease, cataracts, and some of the functional declines associated with
aging. Their consumption has been reported as one of the safest and most
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effective strategies in the prevention of cardiovascular disease, and it is
worth stressing that it is a more effective strategy than is treatment of
chronic diseases (Greenwald et al. 2001, Liu 2003).

Epidemiological studies suggest a positive correlation between diets
rich in vegetables and fruits and a reduced incidence of chronic diseases
(Lasheras et al. 2000). This beneficial effect is primarily attributed to the
occurrence of vitamins, minerals and secondary phytochemicals such as
carotenoids, anthocyanins, flavonoids, and other phenolic compounds
that are widely distributed throughout the plant kingdom.

Vegetables form an important part of the diet, supplying appreciable
quantities of micronutrients in a relatively low-fat energy source food.
Fruits have long been valued as foodstuffs owing to their pleasant flavour
and aroma and their attractive appearance (Fig. 1).

Food Composition

Fig. 1 General composition of foods.

The major component of fresh vegetables and fruits is water, with
contents in the range of 80-95% in the edible portion. The nutrient
composition of different vegetables and fruits varies considerably and can
also be influenced by agronomic factors (Hallman and Renbialkowska
2007, Toor et al. 2006), storage, and processing or preservation techniques.

Vegetables are important sources of vitamin C (ascorbic acid), b-
carotene (a vitamin A precursor), certain vitamins B, vitamin E, and
minerals, including selenium, all of which have antioxidant potential.
Fruits are an important low-fat energy source containing varying
proportions of sugars and starches as well as being good sources of dietary
fibre, mineral salts and vitamins, especially vitamin C (Fig. 2) (Arnao et al.
2001, Greenwald et al. 2001, Luthria et al. 2006, Pither 1995).

A large number of fresh fruits and vegetables are primary sources of
bioactive antioxidants. Tomatoes are a major source of antioxidants and



Tomatoes and Tomato Products540

they contribute to the daily intake of a significant amount of these
compounds. They are consumed fresh or as processed products: canned
tomatoes, sauces, juices, ketchup, and soup (Lenucci et al. 2006).

Antioxidants are a structurally diverse group of chemicals that can be
naturally found in vegetables, fruits and plants in general. They have
disease-fighting properties that protect cells from damage by substances
known as free radicals. Antioxidants work by rendering ineffective
harmful free radicals that are formed when our cells burn oxygen for
energy. They may also help keep the immune system healthy and reduce
the risk of some forms of cancers and other diseases. Antioxidant
compounds found in fruits and vegetables may influence the risk of
cardiovascular diseases by preventing the oxidation of cholesterol in
arteries (Voutilainen et al. 2006).

BIOLOGICAL RELEVANCE OF MICRONUTRIENTS AND
BIOACTIVE COMPOUNDS IN TOMATO

Carotenoids

Nowadays, the major interest of carotenoids is due not only to their
provitamin A activity but also to their antioxidant action by scavenging
oxygen radicals and reducing oxidative stress in the organism. Besides,

Fig. 2 Common macronutrients and micronutrients in foods.
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they seem to help reduce the risk of some diseases, such as cancer or
cardiovascular diseases or immunity system dysfunctions (Cantuti-
Castelvetri et al. 2000, Clinton 1998, Levy and Sharoni 2004, Livny et al.
2002, Rao and Agarwal 2000, Rao and Honglei 2002). Tomato fruits and
related products are important sources of lycopene and b-carotene. One
hundred grams of tomato can contribute 24-48%, 0.5-0.8% and 2.7-4.0% of
the recommended daily intake of vitamin C, vitamin E and b-carotene,
respectively (Abushita et al. 1997).

The major importance of some of the carotenoids lies in their
relationship to vitamin A. A molecule of orange b-carotene is converted
into two molecules of colourless vitamin A in the animal body. Other
carotenoids such as a-carotene, g-carotene, and cryptoxanthin also are
precursors of vitamin A, but because of minor differences in chemical
structure one molecule of each of these compounds yields only one
molecule of vitamin A (Oliver et al. 1998).

Lycopene is a carotenoid present in tomatoes, processed tomato
products and other fruits. It is one of the most potent antioxidants among
dietary carotenoids. Dietary intake of tomatoes and tomato products
containing lycopene has been shown to be associated with a decreased risk
of chronic diseases, such as cancer and cardiovascular disease. Serum and
tissue lycopene levels have been found to be inversely related to the
incidence of several types of cancer, including breast cancer and prostate
cancer. Although the antioxidant properties of lycopene are thought to be
primarily responsible for its beneficial effects, evidence is accumulating to
suggest that other mechanisms may also be involved (Rao and Agarwal
2000, Rao and Honglei 2002).

Although lycopene has no provitamin A activity, it is now considered
an important fruit component because of its ability to act as an antioxidant
and to quench reactive oxygen species in vitro. Tomato fruits are
considered to be important contributors of carotenoids to the human diet
and the major source of lycopene.

The combination with other compounds of the diet has a synergic effect
in this regard (Amir et al. 1999). This fact makes advisable the
consumption of vegetables with high lycopene content rather than
supplementation of diet with synthetic lycopene.

Lycopene is fairly stable after storage and cooking. In addition, heat
processing such as cooking, required for the preparation of tomato sauces,
is recommended because it increases the bioavailability of lycopene in the
human body (Halliwell et al. 1995).

Agarwal and Rao (2000) have reported the lycopene content in tomato
fruits and different tomato-derived products and these values are shown
in Table 1.
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Vitamins

Vitamins (hydrophilic and lipophilic), phenolic compounds, phytosterols,
flavonoids and other organic micronutrients are naturally occurring plant
substances. They are present in tomato and other foods of plant origin
with significant biological relevance. Thus vitamins, in small amounts, are
essential substances for normal metabolism of organisms and the other
minor components and protect biological systems against potentially
harmful effects. Epidemiological studies based on preclinical data show
that the presence of foods with the above micronutrients in diets
contributes to cancer prevention (Greenwald et al. 2001) and the
alleviation of neurodegenerative diseases (Gilgun-Sherki et al. 2001) that
appear as consequence of oxidative stress. The increased bioavailability of
flavonoids and other compounds present in tomato puree (Simonetti et al.
2005) has positive consequences for human health.

Minerals

Minerals are present as salts of organic or inorganic acids or as complex
organic combinations (e.g,. chlorophyll, lecithin); they are in many cases
dissolved in cellular juice. Vegetables are richer in minerals than fruits.
Mineral content is normally between 0.60 and 1.80% and more than 60
elements are present; the major elements are K, Na, Ca, Mg, Fe, Mn, Al, P,
Cl and S (Belitz et al. 2004).

Among the vegetables that are especially rich in minerals are spinach,
carrot, cabbage and tomato. Important quantities of potassium and
absence of sodium chloride give a high dietetic value to fruits and to their
processed products. Phosphorus is supplied mainly by vegetables.

Vegetables usually contain more calcium than fruits; green beans,
cabbage, onions and beans contain more than 0.1% calcium. The calcium/
phosphorus ratio is essential for calcium fixation in the human body; this

Table 1 Daily intake of lycopene from tomato fruit and tomato products.

Product Serving size Total daily lycopene intake (%)

Tomato fruit 200 g 50.5
Tomato puree 60 mL 4.1
Tomato sauce 227 mL 6.0
Pizza sauce 60 mL 2.6
Tomato ketchup 15 mL 2.1
Tomato juice 250 mL 8.7

Data from Agarwal and Rao (2000).
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value is considered normal at 0.7 for adults and at 1.0 for children (Belitz et
al. 2004).

Some metals and non-metals (i.e., sodium, potassium, calcium,
chloride, phosphorus) possess biological relevance because they play a
role in maintaining the hydrosaline balance. Other minor elements (e.g.,
iron, copper, zinc) are part of prostetic groups in enzymes. Trace levels of
these metals are essential in the diet, but at higher concentrations toxic
properties become apparent. In light of the different range of concentration
of these elements in food samples, the methodology and analytical
technique should be selected with respect to the appropriate sensitivity
required (Sumar and Coultate 1995).

The mean contents of vitamins, carotenoids and minerals most often
found in tomato and tomato products are shown in Table 2.

Table 2 Comparative data of the micronutrient composition in tomato fruit and tomato products
(values in mg/ 100 g tomato).

Composition Data from Data from Data from Data from Data from
Souci et al. Mataix-Verdú Mataix-Verdú Belitz et al. Salles et al.

1996 et al. 1995 et al. 1995 2004 2003
(tomato fruit) (tomato fruit) (tomato puree) (tomato fruit) (tomato juice)*

Mineral
components
Sodium 6 6 240 6.3 12.6
Potassium 295 245 1150 297 3901
Magnesium 20 11 48 20 92.3
Calcium 14 10 48 14 9.3
Iron 0.500 0.600 1.600 0.5 –
Phosphate 25 25 94 26 746
Chloride 60 – – 30 260

Organic
components
Carotenoids 0.820 g 0.036 (1) 0.217 (1) 0.600 (2)
Vitamin E 0.800 1 5.370 0.800
Vitamin K 0.008 – – –
Vitamin C 25 16 38 23
Vitamin B1 0.055 0.050 0.220 0.060
Vitamin B2 0.035 0.030 0.120 0.040
Vitamin B6 0.100 0.090 0.440 –
Nicotinamide 0.530 0.080 (3) 4.100 (3) 0.500 (4)
Panthotenic acid 0.310 – – –
Folic acid 0.040 0.025 0.054 0.020

* Values in mg/L.
(1) This amount corresponds to equivalent of retinol (vitamin A).
(2) This amount corresponds to equivalent of b-carotene.
(3) This amount corresponds to equivalent of niacin.
(4) This amount corresponds to equivalent of nicotinic acid.
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In the following sections, the physical and chemical characteristics of
the main micronutrients (vitamin C, tocopherols, vitamins of group B and
minerals) and bioactive compounds (carotenoids) of the tomato, as well
the different methods that can be applied for their determination in
tomato fruits and tomato products are discussed.

ANTIOXIDANTS

Antioxidant activity (AOA) is related to the presence of vitamins A, C and
E, carotenoids, flavonoids, and other simple phenolic compounds. It has
been found in different amounts in cereals, fruits and vegetables. There
are several methods for measuring total AOA; in general all of them imply
the generation of radical species and subsequent evaluation of the
presence of antioxidants by the disappearance of these free radicals
(Arnao et al. 1999, 2001). The use of pre-treatment methods specific for
lipid-soluble and water-soluble vitamins is necessary to ensure their
determination in both extracts following different methods. A patented
method for AOA determination based on the enzymatic system ABTS/
H2O2/HRP (2,2’-azino-bis-(3-ethyl benzothiazoline-6-sulphonic acid)/
H2O2/horseradish peroxidase) is easy, accurate and rapid, besides being
free from interference due to peroxidase activity in the samples. The
reactive cation ABTS*+ is generated enzymatically from ABTS and then the
sample is added to the reaction medium and the decrease in the
absorbance due to ABTS*+ can be related to the antioxidant concentration.
This method has been successfully applied to hydrophilic (Cano et al.
1998) and lipophilic samples (Samaniego et al. 2007).

Other methods for evaluation of antioxidant levels in tomato employ
the measurement of reducing power by means of the DPPH (2, 2’-
diphenyl-1-picryhydrazyl) scavenging ability. In the different tomato
samples studied (fresh, freeze-dried and hot-air-dried tomatoes), the AOA
found was the same as that observed using butylated hydroxyanisole as a
reference antioxidant (Chang et al. 2006). This study reveals that the
amounts of the different antioxidants vary depending on the drying
process employed and the antioxidant determined. Thus, in hot-air-dried
tomatoes the amounts of ascorbic acid (AA) were higher than the amounts
of total flavonoids and also in the same type of sample the amounts of total
phenolic compounds found were higher than lycopene. Hanson et al.
(2004) suggest the evaluation of AOA by means of anti-radical power and
inhibition of lipid peroxidation. Using these methods, the total phenolic
compounds determined in tomato are principally responsible for the
antioxidant behaviour of tomato compared to other compounds with
antioxidant effect (lycopene, b-carotene and ascorbic acid). No significant
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differences were observed in the flavonoids and total phenolic content in
different samples of tomato (cherry and high pigment) using the FRAP
(ferric-reducing ability of plasma) reagent (1 mM 2,4,6-tripyridyl-1,3,5-
triazine and 20 mM ferric chloride in 0.25 M sodium acetate buffer pH =
3.6) (Lenucci et al. 2006). The total phenolic compounds present in tomato
were evaluated using the classical colorimetric method by Folin-
Ciocalteu, but the individual phenolic acids were separated and examined
by reverse phase (C18)-high performance liquid chromatography (HPLC)
with diode array detection (DAD)-UV detection. The tomato samples
were hydrolysed in alkaline media and the extracts were analysed in the
chromatographic system. Caffeic acid was predominant among the
phenolic compounds (Luthria et al. 2006).

CAROTENOIDS

Carotenoids are polyene hydrocarbons biosynthesized from eight
isoprene units (tetraterpenes) and have a 40-C skeleton. The cyclization
reaction can occur at one or both end groups.

They are highly soluble in apolar solvents but not in water. Hence, they
are known as “lipochromes”. Carotenoids are readily extracted from plant
sources with ether, benzene or petroleum ether as well as ethanol or
acetone (Belitz et al. 2004).

Regarding the presence of oxygen atoms in their chemical structure,
carotenoids can be divided into two main groups: carotenes (pure polyene
hydrocarbons, only composed of carbon and hydrogen atoms) and
xanthophylls (oxygenated hydrocarbon derivatives that contain at least one
oxygen function such as hydroxy, keto, epoxy or carboxylic acid groups)
(Fig. 3A).

Their main structural characteristic is a conjugated double bond system,
which influences their chemical, biochemical and physical properties.
Because of the presence of this conjugated double bond system,
carotenoids are responsible for the intense yellow, orange or red colour of
some fruits and vegetables. For example, it is well known that the typically
red colour of tomato is due to lycopene and the yellow colour in tomato
cultivars is due to the mixture of lycopene precursors (such as phytoene or
phytofluene) and b-carotene. Therefore, carotenoids are directly related to
the perception of quality of fruits and vegetables, as colour does influence
consumer preferences (Clydesdale 1993, Meléndez-Martínez et al. 2004).

Carotenoids exhibit a peculiar visible spectrum characterized by the
presence of three maxima between 400 and 500 nm, whose wavelengths
depend on the number of conjugated double bonds, the presence of methyl
groups in the rings (hypsochromic shift), or oxo groups (bathochromic
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Fig. 3 Chemical structures of vitamins and carotenoids present in tomato. (A) Carotenoids. (B)
Water-soluble vitamins. (C) Fat-soluble vitamins.
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shift). Besides, the cis-trans isomerization produces a slight shift in the
absorption bands with a new minor shoulder on the side of the shorter
wavelength (Belitz et al. 2004, Britton 1992, 1995). The position of the
absorption maxima and the shape of the spectrum are also strongly
influenced by the environment of the pigment (e.g., solvent, temperature)
(Schoefs 2002). In Table 3, the absorption maximum wavelengths and
molar absorptivities of the main carotenoids found in tomato are
summarized (Lin and Chen 2003, Rao et al. 1998, Scott 2001).

Carotenoids are highly sensitive to oxygen, light, heat and active
surfaces. Therefore, determination of carotenoids must be carefully
undertaken in order to avoid degradation, formation of stereoisomers,
structural rearrangement or other physicochemical reactions. This is
particularly important in the case of standard carotenoid solutions,
especially lycopene, as is discussed below.

Table 3 Spectral characteristics of micronutrients found in tomato.

Compound l (nm) Log e Solvent

Vitaminsa

a-Tocopherol 292 2.549 MeOH
b-Tocopherol 296 2.553 MeOH
g-Tocopherol 298 2.554 MeOH
d-Tocopherol 298 2.549 MeOH
Ascorbic acid 244 3.980 Water
Thiamine 235 (pH = 8) 4.100 Water

268 3.900 Water
Riboflavin 267 4.510 Water

373 4.020 Water
447 4.090 Water

Niacin 255 3.400 EtOH
262 3.400 EtOH

Calciferol 265 4.270 EtOH
Vitamin K 263 4.200 MeOH

270 4.220 MeOH
328 3.500 MeOH

Carotenoidsb

Trans-b-Carotene 425, 450, 478 5.143 Hexane
b-Cryptoxanthin 428, 450, 478 5.134 Hexane
Lutein 421, 445, 474 5.161 EtOH
Trans-lycopene 444, 470, 502 5.267 Hexane

aLide 1992.
bScott 2001.
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In the literature there are several methods described for determining
carotenoids in tomato and related products, most of them based on solvent
extraction followed by HPLC separation (Cserháti and Forgács 2001,
Rodríguez-Bernaldo de Quirós and Costa 2006, Shoefs 2002). The
instability of carotenoids, especially lycopene, during the processes of
extraction, handling, and elimination of organic solvents makes the
preparation of a sample for analysis an extremely demanding task, often
requiring successive and complex procedures to ensure that all the
carotenoids are extracted. Therefore, the development of new methods
that allow the analysis of these compounds without preliminary
preparation is of relevance.

In general, the following steps can be distinguished in the analysis of
carotenoids:

• sampling,
• homogenization, extraction and clean-up,
• preparation of standards, and
• quantification.

Sampling

Sample preparation consists mainly of quartering, cutting and mixing
followed by grinding or homogenizing in a blender or food processor. If
the determination is not carried out immediately, the homogenized and
freeze-dried samples can be stored for 3-6 mon at –20ºC until analysis
(Konings and Roomans 1997). If the samples are not freeze-dried, they can
be stored in an air-tight bottle under nitrogen at –20ºC for up to 3 d prior to
analysis (Scott 2001).

Extraction and Clean-up

Extraction and clean-up are necessary when UV-vis spectrophotometry or
chromatographic techniques are employed. For the extraction of
carotenoids from the tomato or tomato products, different systems can be
used, such as liquid-liquid extraction, solid phase extraction (SPE) or
supercritical fluid extraction (SFE). Microwave-assisted extraction has
been reported for the extraction of carotenoids from paprika (Capsicum
annuum) but not from tomato (Cserháti and Forgács 2001).

Liquid-liquid Extraction

In order to prevent carotenoid losses, the extraction must be carried out
very quickly, avoiding exposure to light, oxygen, high temperatures and
pro-oxidant metals (iron or copper). Antioxidants, such as butylated
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hydroxytoluene (BHT) (0.05-2.5%), are often added to the extracting
solvent mixture (Davis et al. 2003, Lenucci et al. 2006, Kozukue and
Friedman 2003, Rao et al. 1998, Sadler et al. 1990). It is also advisable to add
magnesium or calcium carbonate to the extracting solvent mixture to
neutralize trace levels of organic acids (Ferruzzi et al. 2001, Granado et al.
1992, Hart and Scott 1995, Konings and Roomans 1997, Kozukue and
Friedman 2003).

Saponification with methanolic potassium hydroxide (20%) can be
performed to enhance the analysis of lycopene by eliminating chlorophyll
and lipid materials, which can interfere with its chromatographic elution
and detection. Goula et al. (2006) have included saponification among the
pre-treatment steps for the quantification of lycopene in tomato pulp.
However, Granado et al. (1992) have reported a loss of total carotenoid
content during saponification.

Instead of saponification, hydrolytic enzymes can be employed to help
release the intracellular content, since in tomatoes b-carotene is found in
the globulous chromoplast situated in the jelly part of the pericarp, while
lycopene is in the chromoplast at the outer part of the pericarp. Enzyme-
aided extraction of lycopene from whole tomatoes, tomato peel and
tomato waste has been reported by Choudhari and Ananthanarayan
(2007), obtaining remarkable increases in the yield of lycopene: in the case
of cellulose-treated sample, 198% for whole tomato and 107% for tomato
peel and, in the case of pectinase-treated sample, 224% and 206% for
whole tomato and tomato peel, respectively.

Regarding the solvents employed in the extraction of carotenoids, there
are several organic solvents as well as solvent mixtures cited in the
literature. AOAC (1993) recommends methanol/tetrahydrofurane
(MeOH/THF) (50:50 v/v) for extracting the carotenoids, because of their
great solubility in THF. Moreover, Lin and Chen (2003) and
Taungbodhitham et al. (1998) studied different solvent mixtures to extract
lycopene and b-carotene from tomato juice and obtained the best
extraction efficiency employing ethanol (EtOH)/hexane (4:3 v/v). Other
authors have used hexane/acetone/EtOH in different proportions (Fish et
al. 2002, Lenucci et al. 2006, Olives Barba et al. 2006, Sadler et al. 1990),
hexane/acetone/MeOH (2:1:1 v/v/v) (Ferruzzi et al. 2001, Rao et al.
1998), acetone/petroleum ether (50:50 v/v) (Choudhari and
Ananthanarayan 2007, Goula et al. 2006, Niizu and Rodríguez-Amaya
2005), acetone/diethyl ether (Kozukue and Friedman 2003), or
chloroform/MeOH (3:1 v/v) (Abushita et al. 1997).

In the liquid-liquid extraction procedure, carotenoids are partitioned
into the organic solvent and water. The organic phase is removed after the
sample and the extracting solvent mixture have been magnetically stirred
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and centrifuged or, in other cases, filtered. These operations should be
repeated until the pulp or matrix becomes colourless. The combined
organic phases are evaporated to dryness under N2 flow and under
vacuum. Finally, the residue is dissolved in an appropriate solvent
depending on the technique chosen for quantification (Ferruzzi et al. 2001,
Granado et al. 1992, Lin and Chen 2003, Niizu and Rodríguez-Amaya
2005, Olives Barba et al. 2006). A scheme of this procedure is shown in Fig.
4a.

Solid Phase Extraction

Fig. 4 Pre-treatment and clean-up procedures for extraction of carotenoids.

Solid phase extraction has been used by Baranska et al. (2006) for
determining lycopene and b-carotene by HPLC in tomato fruits. An
exactly weighed sample is dissolved in distilled water and the solution
obtained is applied to Chromabond C18 cartridge. First, interfering
substances such as sugars and organic acids are removed by washing the
cartridge with water/MeOH (2:1 v/v). Second, carotenoid fraction is
eluted with MeOH/dichloromethane (DCM) (1:1 v/v). Then the eluate is
evaporated until dryness. The residue is redissolved in acetonitrile
(ACN)/DCM (1:1 v/v), remaining ready to be injected in the HPLC
system.

Homogenized tomato

Evaporate to dryness under vacuum and N flow2
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Solid phase extraction has also been employed for carotenoid extraction
in orange juice (Fisher and Rouseff 1986) and in nutritional supplements
(Iwase 2002).

Supercritical Fluid Extraction

Supercritical fluid extraction minimizes the risk of degradation via
isomerization and oxidation of carotenoids, allowing an enhancement in
the efficiency of the chromatographic separations. Besides, it provides a
faster and more environmentally friendly extraction procedure. CO2 has a
low critical temperature (31ºC), making it ideal for extraction of heat-labile
compounds, e.g., carotenoids. Regarding sample pre-treatment, removal
of water (freeze-drying or adding Hydromatrix) and reduction of particle
size facilitate the SFE (Rodríguez-Bernaldo de Quirós and Costa 2006).

Gómez-Prieto et al. (2002, 2003) and Rozzi et al. (2002) extracted
lycopene from tomato fruits and tomato processing by-products using
CO2 without modifier, while Baysal et al. (2000) employed EtOH,
Vasapollo et al. (2004) used vegetable oil, and Pól et al. (2004) used MeOH
as modifiers in the extraction of tomato paste waste and raw tomato. In
Table 4, the SFE conditions employed by these authors are shown.

Moreover, Pól et al. (2004) developed an on-line SFE-HPLC system. The
reliability and repeatability of the analysis were improved since the
analysis and sample clean-up took place in a closed, automated system
and the risks of sample loss and contamination decreased. Furthermore,
the negative effects of light, atmospheric oxygen and moisture are
eliminated.

Table 4 SFE conditions employed in carotenoid analysis.

Sample Supercritical fluid Temperature Pressure Flow rate

Tomatoa CO2 without modifier 40ºC 281 bar 4 mL/min

Tomatob CO2 + 10% vegetable oil 65-70ºC 450 bar 18-20 kg/h

Tomato seeds CO2 without modifier 86ºC 345 bar 2.5 mL/min
and skinsc

Tomato paste CO2 + 5% EtOH 55ºC (lycopene) 300 bar 4 kg/h
wasted 65ºC (b-carotene)

a Gómez-Prieto et al. 2003.
b Vasapollo et al. 2004.
c Rozzi et al. 2002.
dBaysal et al. 2000.
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Preparation of Standards

The preparation of adequate standards is a critical step in the
determination of any substance, and especially in the case of carotenoids,
because of the risk of photo-isomerization and oxidation during their
manipulation. Besides, it is important not to assume that any carotenoid
standard has remained stable during storage, even when kept in the dark,
under nitrogen, at –20ºC and stabilized with BHT. Therefore, it is very
important that all standards are spectrophotometrically calibrated to
calculate stock concentrations and their purity verified by HPLC (Craft
2001, Hart and Scott 1995, Scott et al. 1996, Scott 2001).

Individual stock standard solutions should be freshly prepared every
day adding a suitable volume of hexane or another adequate solvent to the
vial containing the carotenoid standard and mixing until complete
dissolution; then the solutions are transferred to a volumetric flask and the
concentration is determined spectrophotometrically using Beer’s law and
molar absorptivities shown in Table 3. An aliquot of each individual stock
standard solution is evaporated to dryness under vacuum and nitrogen
atmosphere to avoid oxidation and is redissolved in the phase mobile to
check its purity. Thus, considering the purity obtained, the concentrations
must be corrected according to the absorbance. Once the standard solution
concentrations have been established, the individual stock solutions can
be mixed to form calibration solutions of the required concentrations
(Hart and Scott 1995, Konings and Roomans 1997, Olives Barba et al.
2006).

Quantification

The selection of the technique used to evaluate the carotenoid content
depends on several factors, for example, on whether it is necessary to
know the content of each individual carotenoid or, on the contrary, only
the global content is required expressed as b-carotene or lycopene. On the
other hand, sometimes it is interesting to use non-destructive techniques
that avoid the pre-treatment steps and allow results to be obtained in the
field.

UV-vis Absorption Spectrophotometry

This technique seems to be the simplest way to identify and quantify the
major carotenoids in a mixture. The determination requires only pigment
extraction with an adequate solvent in which specific or molar
absorptivities have been determined followed by the absorbance
measurement at its maximum wavelength. The precision of the method
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depends on the ability to determine the absorption maxima and on the
accuracy of the absorptivity used for the calculation of the pigment
concentration (Beer’s law) (Schoefs 2002, Scott 2001).

The overlapping of the absorbance bands of the carotenoids present in
an extract makes it difficult to estimate the individual carotenoid
concentration. Another potential problem arises when the concentration
of one of the carotenoids is much higher than that of the rest, and both
limitations are present in the case of tomato. Olives Barba et al. (2006) have
reported that the lycopene contents evaluated by HPLC or
spectrophotometry at 501 nm were coincident in all samples analysed, but
not for total carotenoids at 446 nm in tomato and watermelon, whose real
content was lower than the content found by spectrophotometry.
Therefore, UV-vis absorption spectrophotometry is not acceptable for the
determination of total carotenoids expressed as b-carotene in lycopene-
rich products, such as tomato, because of overestimation of b-carotene
content as a consequence of the lycopene absorption.

Nevertheless, it can be considered a simple and quick alternative for
routine analysis of lycopene content in products with lycopene as the
major compound (Davis et al. 2003, Olives Barba et al. 2006, Rao et al.
1998).

A complete protocol to carry out the determination of carotenoids by
UV-vis spectrophotometry is described by Scott (2001). Analyses of
lycopene in tomato by this technique are reported by Choudhari and
Ananthanarayan (2007) in petroleum ether extract from tomato tissues, by
Goula et al. (2006) also in petroleum ether extract from tomato pulp, and
by Davis et al. (2003) in hexane extract from tomato and tomato products
such as juice, soup, ketchup, and different kinds of sauces.

Chromatographic Methods

Chromatographic techniques allow calculation of individual carotenoid
contents, and even distinction among different isomers of a single
carotenoid. They are the most commonly employed techniques in the
determination of carotenoids in fruits and vegetables and their derived
products. All of these methods require previous extraction of the analytes
from the matrix followed by evaporation of the solvents under nitrogen
and under vacuum and finally redissolution in the mobile phase or in a
solvent mixture compatible with the mobile phase. On average, it takes 40-
50 min to get the results of one sample if the preparation time and the
chromatographic run are considered (Bhosale et al. 2004, Craft 2001, Pedro
and Ferreira 2005). Figure 5A shows an example of a chromatographic
separation of carotenoids present in tomato fruit.
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Initially, the first analysis of carotenoids was carried out by open
column chromatography, thin layer chromatography (TLC) or high
performance TLC (HPTLC) (Almeida and Penteado, 1988, Cserháti and
Forgács 2001, Rodriguez-Amaya 1996, Schiedt and Liaaen-Jensen 1995).
Nowadays, open column chromatography or TLC is still employed for the
isolation of standards (Meléndez-Martínez et al. 2007a, Niizu and
Rodriguez-Amaya 2005). Gas chromatography (GC) is seldom used,
because carotenoids typically decompose when exposed to the high
temperatures of the GC process. Therefore, HPLC is the most widely used
chromatography in carotenoid determination.

Concerning the type of stationary phase, normal or reverse phase
HPLC can be used depending on the aim of the analysis. Normal phase
HPLC is chosen when the interest is centred in the xanthophyll fraction,
because the xanthophylls (more polar) are more strongly retained in the
stationary phase than carotenes. The stationary phase could be silica or
polar bond phases as alkylamine in combination with non-polar mobile

Fig. 5 Chromatograms of (A) carotenoids (isocratic reverse phase elution on C18 column,
mobile phase: MeOH/ACN (90:10, v/v) + TEA 9 mM, UV-vis detection lmax = 475 nm) and (B)
tocopherols (isocratic normal phase elution on silica column, mobile phase: hexane/2-propanol
(98:2, v/v), fluorescence detection lex = 298 nm; lem = 330 nm) A (a.u)-absorbance in
arbitrary units, F(a.u.)-Fluorescence intensity in arbitrary units.
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phases, i.e., hexane/dioxane/indole-3-propionic acid (80:20:1.5, v/v/v) +
triethylamine (TEA) 0.1% (Craft 2001).

The addition of TEA to the mobile phase is very common, because it
helps to prevent both non-specific adsorption and oxidation of the
analytes (Hart and Scott 1995, Niizu and Rodriguez-Amaya 2005, Olives
Barba et al. 2006). It is also advisable to add BHT to the mobile phase in
order to protect the carotenoids during the chromatographic analysis
(Hart and Scott 1995, Meléndez-Martínez et al. 2003a). Other antioxidants
such as ascorbic acid or ammonium acetate present more drawbacks
(Rodríguez-Bernaldo de Quirós and Costa 2006).

The most widely employed method for carotenoids analysis, due to
their hydrophobic character, is RP-HPLC. C-18 columns, which are less
selective, are preferable for less detailed analysis, while C-30 columns in
combination with gradient elution are suitable for the separation of
carotenoids and their different isomers with a wide polarity range. Both
isocratic and gradient elution systems are used in the case of C-18
columns. In general, the resolution is better with gradient elution,
although the total analysis time is higher because of the need to re-
equilibrate the column after each injection. Mobile phases are mixtures of
MeOH/ACN in different proportions, with the occasional addition of
other solvents such as THF, DCM, water, hexane, acetone, or propanol
(Craft 2001, Cserháti and Forgács 2001, Rodríguez-Bernaldo de Quirós
and Costa 2006, Schoefs 2002).

The literature contains numerous examples of the application of RP-
HPLC to the analysis of carotenoids in tomato and tomato products; some
of them are summarized below.
Using C-18 stationary phase:

• Abushita et al. (1997) separated 14 carotenoids, the major ones
among them being lutein, lycopene and b-carotene, from tomato
fruits using Chromasil C-18 (6 mm, 250 ¥ 4.6 mm) as stationary
phase and ACN/2-propanol/MeOH/water (39:52:5:4, v/v/v/v)
as mobile phase at 1.0 mL/min.

• Garrido Frenich et al. (2005) analysed lycopene and b-carotene in
four varieties of tomato (raf, cherry, rambo and daniela), dried
tomato and canned tomato employing two coupled C-18 columns
(Simmetry C-18 – 3.5 mm 75 ¥ 4.6 mm + Atlantis dC-18 – 5 mm 150 ¥
2.0 mm, both from Waters) and a mobile phase composed by
MeOH/THF/ACN (60:30:10, v/v/v) in isocratic mode.

• Hart and Scott (1995) found lutein, b-carotene and lycopene in
tomato fruits (raw and cooked) and canned tomato using a column
system consisting of ODS2 (5 mm, 10 mm) a metal-free guard
column, with ODS2 (5 mm, 100 ¥ 4.6 mm) a metal-free column and



Tomatoes and Tomato Products556

Vydac 201 TP54 (5 mm, 250 ¥ 4.6 mm) analytical column. The
mobile phase consisted of ACN/MeOH/DCM (75:20:5, v/v/v) +
BHT 0.1% + TEA 0.05% at 1.5 mL/min.

• Konings and Roomans (1997) separated lutein, b-carotene, trans-
lycopene and cis-lycopene in tomatoes using a pre-column (Vydac
201 TP C-18, 10 mm, 10 ¥ 4.6 mm) and an analytical C-18 column
(Vydac 201 TP, 5 mm, 250 ¥ 4.6 mm), eluted with a mixture of
MeOH/THF (95:5, v/v) at 1.0 mL/min.

• Kozukue and Friedman (2003) determined b-carotene and
lycopene from tomato fruits employing a C-18 Intersil ODS2
column (5 mm, 250 ¥ 4.6 mm) and ACN/MeOH/DCM/hexane
(50:40:5:5, v/v/v/v) as mobile phase at 1.0 mL/min.

• Lenucci et al. (2006) studied the contents of lycopene, b-carotene,
a-tocopherol, vitamin C and total phenols and flavonoids in
cherry tomatoes and four cultivars of high-pigment tomato
hybrids. In the case of lycopene and b-carotene, the assay was
carried out using an Acclaim column C-18 (5 mm, 250 ¥ 4.6 mm)
and a linear gradient of ACN (A), hexane (B) and MeOH (C), as
follows: from 70% A, 7% B and 23% C to 70% A, 4% B and 26% C
within 35 min at 1.5 mL/min.

• Niizu and Rodriguez-Amaya (2005) analysed the carotenoid
composition of raw salad vegetables. They also found a high
content of lycopene, together with lutein and b-carotene, in much
smaller amounts, in tomato (Lycopersicon esculentum). The
quantitative analysis was performed using a C-18 column
(Spherisorb S3 ODS2, 3 mm, 150 ¥ 4.6 mm) and a mobile phase
consisting of ACN + TEA 0.05%/MeOH/ethyl acetate (60:20:20,
v/v/v) at 0.8 mL/min.

• Olives Barba et al. (2006) quantified lycopene and b-carotene in
four varieties of tomato (rambo, raf, cherry and canario), carrot,
pepper, watermelon, persimmon and medlar by RP-HPLC
employing a mBondapack C-18 guard column (10 mm, 20 ¥ 3.9 mm)
and a mBondapack C-18 analytical column (10 mm, 300 ¥ 2 mm),
both from Waters, with MeOH/ACN (90:10, v/v) + TEA 9 mM as
mobile phase at 0.9 mL/min. The analysis is completed within 10
min.

• Vasapollo et al. (2004) determined lycopene content in tomato
using a Zorbax column C-18 (5 mm, 250 ¥ 4.6 mm) and a mixture of
MeOH/THF/water (67:27:6, v/v/v) as mobile phase at
1.5 mL/min.
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Using C-30 stationary phase:
• Ferruzzi et al. (2001) separated 13 lycopene isomers including

prolycopene (a novel tetra-cis-lycopene) from common red Roma
tomato and orange Tangerine tomato (a mutant variety that has the
capacity to biosynthesize several cis isomers of lycopene that are
not commonly found in other varieties). The separation was
achieved using a polymeric C-30 column (3 mm, 250 ¥ 4.6 mm,
prepared by National Institute of Standards and Technology) and
a gradient elution with a binary mobile phase of different
concentrations of MeOH/methyl terc-butyl ether (MTBE)/
ammonium acetate 1% in water within a run time of 50 min.

• Gómez-Prieto et al. (2003) obtained good or adequate selectivity
and sensitivity for the determination of all-trans-lycopene from
their cis-isomers as well as acceptable separations among the
individual cis compounds themselves. The analyses were
performed with Develosil UG C-30 column (250 ¥ 4.6 mm) and
gradient elution using as mobile phase MeOH/water (96:4 v/v)
(eluent A) and MTBE (eluent B). A linear gradient was applied
during 60 min from initial conditions (A/B, 83:17, v/v) to those
maintained until the end of the analysis (A/B, 33:67, v/v). The
samples analysed were tomato fruits (pear variety).

• Lin and Chen (2003) employed a C-30 column (YMC, 5 mm, 250 ¥
4.6 mm) and a mobile phase of ACN/1-butanol (7:3, v/v) (A) and
methylene chloride (B) with the following gradient elution: A/B
(99:1, v/v) initially, increased to 4% B in 20 min, 10% B in 50 min
and returned to 1% B in 55 min. In these conditions, 16 carotenoids,
including all-trans-lutein, all-trans-b-carotene, all-trans-lycopene
and their 13 cis isomers could be separated, identified and resolved
from tomato juices.

Another aspect to be taken into account is the type of detector coupled
to the column, which influences the sensitivity of the method. The most
widely employed is UV-vis absorption detector and, more recently, DAD,
which allows a continuous collection of spectrophotometric data during
the analysis contributing to the identification of the carotenoids (Abushita
et al. 1997, Burns et al. 2003, Gómez Prieto et al. 2003, Hart and Scott 1995,
Niizu and Rodriguez-Amaya 2005). When the chromatograms are not
complex, the signals are measured at only one wavelength, at 450 nm
(Craft 2001, Konings and Roomans 1997, Kozukue and Friedman 2003), at
475 nm (Lin and Chen 2003, Olives Barba et al. 2006, Sadler et al. 1990,
Vasapollo et al. 2004) or at 503 nm (Lenucci et al. 2006, Rao et al. 1998).

When high sensitivity is required, electrochemical array detection is a
good alternative (Ferruzzi et al. 1998, 2001, Rozzi et al. 2002). The
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advantage of coulometric array detection is its very low detection limits
(picogram levels); the disadvantage is the need to add a supporting
electrolyte to the mobile phase, which may alter the elution profiles
(Ferruzzi et al. 1998).

In complex matrixes, when DAD is not enough to allow identification
because of spectral interferences, mass spectrometry coupled with HPLC
(HPLC-MS) has been successfully used. HPLC-MS is a powerful
analytical tool for the identification of carotenoids, because it provides
structural information and is highly sensitive (identifying even
subpicogram levels). The most common interfaces used in carotenoid
analysis are atmospheric pressure chemical ionization (APCI) (Garrido
Frenich et al. 2005, Guil-Guerrero et al. 2003, Huck et al. 2000, Kurilich et
al. 2003, van Breemen 2001, van Breemen et al. 2002) and electrospray
ionization (ESI) (Careri et al. 1999, Hadden et al. 1999, van Breemen 2001).

In HPLC-ESI-MS, the typical mobile phase is a mixture of MeOH and
MTBE (50:50, v/v), although other solvents such as water or THF can be
used. Besides, volatile buffers such as ammonium acetate or ammonium
carbonate can be used at concentrations < 40 mM. Electrospray ionization
is compatible with a wide range of flow rates of the mobile phase, from 0.1
nL/min to 1 mL/min. The scan range is usually m/z 300 to 1000 in order to
include known carotenoids and their esters, because ESI produces
molecular ions, M+0, with almost no fragmentation for carotenes and
many xanthophylls. The optimum sensitivity for these compounds is
obtained using the highest possible voltage (2000-7000 V) on the
electrospray needle before corona discharge occurs. The dynamic range is
relatively narrow, approximately two orders of magnitude (van Breemen
2001).

In HPLC-APCI-MS, the same mobile phases and scan range of m/z
described in HPLC-ESI-MS can be employed. Carotenoids form molecular
ions and protonated molecules during positive ion APCI or deprotonated
molecules during negative ion analysis. The main advantage of APCI
compared to ESI for carotenoid analysis is the higher dynamic range (four
orders of magnitude) with similar sensitivity, which suggests that this
tandem technique may become the standard for carotenoid quantification.
However, APCI produces multiple molecular ion species, which might
lead to ambiguous molecular weight determinations and, moreover, tends
to produce more fragmentation in the ion source than ESI, although these
fragment ions are often not abundant (van Breemen 2001).

With regard to the use of internal standard in the analysis of
carotenoids, it is difficult to find a suitable substance with complex
samples containing numerous peaks that can appear as a consequence of
the photoisomerization of these compounds in spite of a careful
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manipulation. Craft (2001) states that compounds that may be used as
internal standards for carotenoid analysis are unfortunately not available
commercially and hence their use for quantification should be considered
optional. For example, although the use of b-apo-8’-carotenal or
echinenone or cholesterol as internal standard has been described (Gómez
Prieto et al. 2003, Hart and Scott 1995, Konings and Roomans 1997, Pól et
al. 2004), there are also recent papers in which the inner standard is not
used (Garrido Frenich et al. 2005, Guil-Guerrero et al. 2003, Lenucci et al.
2006, Lin and Chen 2003, Niizu and Rodriguez-Amaya 2005, Olives Barba
et al. 2006).

Mass Spectrometry

The high sensitivity and selectivity of MS facilitates the identification and
structural analysis of carotenoids. In electron impact and chemical
ionization MS, the carotenoid must be volatilized prior to ionization using
thermal heating. Thus, it results in some pyrolysis before ionization and
produces fragmentation after ionization. Therefore, electron impact and
chemical ionization mass spectra show abundant fragment ions below m/z
300 and hardly any molecular ions. Fragments above m/z > 300 are useful
in confirming the presence of specific ring system and functional groups
(van Breemen 2001). Minimizing fragmentation has been achieved by
means of matrix-mediated desorption techniques: fast atom
bombardment, liquid secondary ion, matrix-assisted laser desorption/
ionization (MALDI), ESI or APCI.

Fast atom bombardment MS and liquid secondary ion MS employ 3-
nitrobenzyl alcohol as a matrix for carotenoid ionization and the mass
spectra obtained show molecular ions, M+0, almost without
fragmentation. If structurally significant fragment ions are desired, then
collision-induced dissociation can be used to fragment the molecular ions
followed by MS/MS to record the resulting product ions. These ions
provide information about the presence of hydroxyl groups, esters, rings
or the extent of conjugation of the polyene chain as well as the possibility
of distinguishing between isomeric carotenoids. MALDI-TOF-MS
(matrix-assisted laser desorption/ionization time of flight mass
spectrometry) has been effective in the ionization of intact esterified
carotenoids that would fragment too extensively using other ionization
methods. The sample matrix employed is acetone saturated with 2,5-
dihydroxybenzoic acid (van Breemen 2001). Electrospray ionization and
APCI are combined with HPLC, as has been described above.

Non-destructive Methods

A rapid non-destructive estimation of carotenoid levels in intact fruits and
vegetables and their juices could have great value in selecting
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nutritionally valuable crops for further propagation and commercial use
(Gould 1992).

A non-destructive and rapid technique is the evaluation of colour,
which is a very useful tool for quality control of carotenoids in the
industry. The objective measurement of colour by means of colorimeters,
which measure reflected visible colour, is being increasingly used for the
analysis of carotenoids (Arias et al. 2000, Bicanic et al. 2003, Meléndez-
Martínez et al. 2003b, Schoefs 2002).

Each colour can be described by a set of three parameters: hue,
saturation and lightness. In 1976 the Commission Internationale de
1’Eclairage adopted a standard method of calculating colour attributes
(CIE Lab Colour Space). The lightness coefficient L* ranges from black
(L* = 0) to white (L* = 100), while the coordinates a* and b* designate the
colour on a rectangular-coordinate grid perpendicular to the L* axis. The
colour at the grid origin is achromatic (grey: a* = 0 and b* = 0). On the
horizontal axis, a* values indicate the hue of redness (a* > 0) or greenness
(a* < 0), whereas on the vertical axis, b* values indicate the hue of
yellowness (b* > 0) or blueness (b* < 0) (Schoefs 2002). Meléndez-Martínez
et al. (2007a) have summarized the colour coordinates for 17 carotenoids,
among them lycopene, b-carotene, lutein and b-cryptoxanthin, and have
studied the relationship between their colour and their chemical structure.

D’Souza et al. (1992) showed that the lycopene concentration of tomato
(L. esculentum Mill.) can be estimated using a tristimulus colorimeter set to
read in the CIE L* a* b* colour scale using the equation (a* / b*)2 (R2 = 0.75).
Arias et al. (2000) reported that a* / b* readings on tomato yielded a highly
linear regression (R2 = 0.96) when compared with lycopene quantity. In
this study, the samples were green tomatoes and red tomatoes with
relatively low lycopene content. Thompson et al. (2000) also found a good
correlation (R2 = –0.85) between CIE L* a* b* hue values and lycopene
content in tomato homogenate, but the correlation got worse in the red
ripe stages.

Baranska et al. (2006), Bhosale et al. (2004) and Pedro and Ferreira
(2005) employed Fourier Transform-Raman Spectroscopy (FT-Raman),
Attenuated Total Reflection-Infrared Spectroscopy (ATR-IR) and/or Near
Infrared Spectroscopy (NIR) for the determination of lycopene and
b-carotene in tomato fruits and related products. These spectroscopies
allow identification and analysis of carotenoids in minutes directly in the
plant tissue and food products without preliminary sample preparation
except grinding. Their use has also been reported in other vegetables such
as carrot (Baranska and Schultz 2005, Baranska et al. 2005), sugar beet and
pepper (Baranski et al. 2005) and maize (Brenna and Berardo 2004).
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Koyama (1995) reported that the carotenoid response is characterized
by three strong, high-frequency, Stokes-shifted signals originating from
carbon-carbon double-bond and single-bond stretches of the molecule’s
polyene backbone and from methyl bends with associated Raman peak
positions at 1525, 1159 and 1008 cm–1 respectively. Baranska et al. (2006)
distinguished the same peaks described by Koyama in the FT-Raman
spectrum of tomato puree and assigned the peak at 1510 cm–1 to lycopene
and the shoulder at 1520 cm–1 to b-carotene.

Among these techniques, FT-Raman spectroscopy seems to be better
suited for simultaneous determination of both carotenoids in tomato
products, because ATR-IR and NIR spectra showed mainly strong water
signals and no bands characteristic for carotenoids (Baranska et al. 2006).
Nevertheless, although there has been good correlation between Raman
or NIR measurements and the total carotenoid content determined by
HPLC (Baranska et al. 2006, Bhosale et al. 2004, Pedro and Ferreira 2005),
these spectroscopies will never replace HPLC as the technique of choice
for the analysis of these compounds.

VITAMINS

Vitamin C

Most of the biological properties of vitamin C (Fig. 3B) are a consequence
of its chemical properties and therefore these characteristics determine the
method used for its analysis. Ascorbic acid (AA) is a diprotic acid (pKa1 =
4.1 and pKa2 = 11.8) and a strongly reducing agent because it is easily
oxidized to dehydroascorbic acid (DHAA) in aqueous solution. This
oxidation reaction is reversible and is catalysed in basic media in the
presence of oxygen, Cu2+ and Fe2+. Epidemiological studies have shown
that the risk of cancer (stomach, oesophagus, pharynx, lung, pancreas and
cervix) decreases in persons with high levels of intake of vitamin C (Negri
et al. 2000).

During the last decades, various chromatographic methods, such as
RP-HPLC, have been developed and applied to the quantification of AA
and DHAA. An example of a method for preparation and purification of
samples for the analysis of vitamin C is shown in Fig. 6.

More “classic” procedures involve the determination of AA by titration
with 2,6-dichloroindophenol (DCIPh) and the colorimetric detection of the
equivalence point. Ascorbic acid is in excess in the sample solution and
then the solution remains colourless because the resulting reaction product
and DHAA are colourless; however, the titration endpoint is indicated by
the pink colour of the solution due to the absence of reducing agent (AA).
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Fluorimetric detection affords higher sensitivity to quantitative analysis of
vitamin C, besides being suitable for the quantification of vitamin C in
coloured samples such as tomato samples. Ascorbic acid is oxidized to
DHAA and then o-phenylenediamine (PDA) is added to the sample
solution to produce a fluorescent quinoxaline derivative (Seiler 1993). This
procedure allows the evaluation of AA and DHAA simultaneously in the
sample. Both procedures, together with a semiautomated fluorimetric
method based on the fluorescent reaction of vitamin C and PDA in a flow
injection system, are reference AOAC methods. Sample preparation
requires the maceration or extraction of vitamin C from the tomato
samples and its stabilization with metaphosphoric acid or trifluoroacetic
acid (AOAC 1996).

Ascorbic acid was determined spectrophotometrically in papaya and
tomato pulp and the values obtained varied in the range of 40.5-41.4 mg/
100 g; the effects of hydrocolloids (pectin, starch and ethyl cellulose) on
the physicochemical, sensory and texture characteristics were studied. The
presence of hydrocolloids does not affect the levels of vitamin C during 4
mon storage (Ahmad et al. 2005). Ascorbic acid and DHAA have been
quantified in high-pigment tomato hybrids and cherry tomatoes.
Differences in the AA/DHAA ratio were observed in different tomato
cultivars. Considering that the environmental conditions affect this redox
system, the tomato cultivars perceive the surrounding environment

Fig. 6 Pre-treatment and clean-up procedures for extraction of vitamin C.

A po tion of homogenized tomator
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according to their genotype (Lenucci et al. 2006). The levels of vitamin C
change with the storage and processing of the samples, as a consequence of
the low stability of AA associated with its easy oxidation; this can be
employed as a good parameter for detection of problems during the
storage. The levels of vitamin C have been determined
spectrophotometrically in different samples with the aim of studying the
effect of storage (Meléndez-Martínez et al. 2007b).

Liquid chromatography (LC)-UV detection has been applied to the
analysis of vitamin C in foods (Arnao et al. 2001), using UV detection
(Table 3). Vitamin C was analysed in tomato fruits from different cultivars
by RP-HPLC-UV detection, the selected wavelength being 225 nm;
absorptiometric detection using DAD was also employed (Abushita et al.
1997). HPLC-UV detection has been employed for the determination of
AA and total vitamin C (AA + DHAA) after reduction of DHAA with
dithiothreitol in green beans (Sánchez-Mata et al. 2003), and the results
obtained were compared to those from the reference spectrofluorimetic
quantification of vitamin C. Spectrofluorimetric determination is
adequate and more precise for the analysis of total vitamin C, while LC
analysis shows better linearity and sensitivity (Sánchez-Mata et al. 2000).
This method (HPLC-UV detection) has been applied to the quantification
of vitamin C in tomato with the aim of characterizing Lycopersicon
germplasm (Fernández-Ruiz et al. 2004).

Sensitivity and selectivity of analysis are improved when HPLC is
coupled with MS. The ionization mode in MS was ESI at atmospheric
pressure. The freezing, manipulation and preservation processes affect
the levels of AA in tomato (Frenich et al. 2005).

More sophisticated and precise techniques such as capillary zone
electrophoresis were employed for the determination of AA together with
other organic acids such as oxalic, malic and citric acids (Galiana-Balaguer
et al 2006). The levels of these compounds have been found to be a precise
tool to classify and select Lycopersicon germplasm for internal quality
attributes.

An attractive alternative to the conventional spectrofluorimetric
analysis of vitamin C consists of a determination of total and reduced
vitamin C in fruit using a colorimetric reaction developed in microplates
and detection employing a plate reader (Stevens et al. 2006). For the
evaluation of the total contents of vitamin C, the samples containing AA
and DHAA are treated with dithiothreitol reducing the DHAA present in
the samples. The plate containing the samples is then incubated at 37ºC for
40 min in the presence of a coloured reagent (iron chloride) reduced from
Fe3+ to Fe2+ by AA. The absorbance was read at 550 nm using a microplate
reader and results obtained were compared with the results of the classical
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spectrofluorimetric determination of vitamin C. These methods are
inexpensive and rapid and allow the determination of analytes in 96
samples at the same time and in the same reaction conditions.

Vitamin E

The name vitamin E comprises a group of compounds known as
tocopherols (TCs), which are derived from 6-chromanol substituted by a
saturated isoprenoid chain. The most abundant naturally occurring
component is a-TC, while the dimethyl (b- and g-TC) and monomethyl (d-
TC) derivatives are present in lower amounts (Fig. 3c). All these
derivatives possess strong reducing properties due to the phenolic group
and they are easily oxidized in the presence of trace amounts of metals and
oxygen. Alkaline media favour the oxidation of TCs. Tocopherols absorb
in the UV region (lmax varies for each compound, Table 3), exhibit native
fluorescence (lem= 330 nm), and can be electrochemically oxidized.
Consequently TCs can be determined by LC with UV-DAD, fluorescence
detection (FD) and electrochemical detection (ECD).

The main analytical problem for the analysis of vitamin E is related, as
in the case of the other fat-soluble vitamins, to the isolation of these
compounds from a large excess of physically hydrosoluble materials, and
hence a great deal of effort has been taken to improve extraction and clean-
up procedures. Liquid-liquid extraction is frequently used. Addition of
antioxidants (AA or BHT) is necessary for the saponification step in the
purification process. The influence of KOH concentration in the
saponification procedure on the efficiency of the TC extraction from
tomato was considered. The optimal conditions found were 60% KOH and
a saponification time around 50 min at 70ºC (Lee et al. 2000). The use of
SFE in fat-soluble vitamin analysis provides an interesting alternative to
the use of organic solvents. Supercritical CO2 can be employed for the
extraction of carotenoids, lycopene and vitamins A, D, E and K from
different vegetable samples (Turner et al. 2001).

According to the AOAC methods, vitamin E can be determined
colorimetrically in foods after its isolation by TLC and also by GC-FID
(flame ionization detector) (AOAC, 1996). The capillary GC analysis of
vitamin E can be easily coupled with MS, and in such cases the conversion
of the hydroxyl group of vitamin E into the corresponding acetate or
butyrate esters enhances the sensitivity of the quantification of TCs.

Liquid chromatography separation of the TCs has been developed in
normal phases (silica and polar bonded phases, i.e., amino) and also in
reverse phase under isocratic elution conditions. The detection technique
more frequently employed is UV-absorption or DAD, although the FD or
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ECD enhance notably the detection limit for TCs. a-TC has been assayed
by normal phase HPLC under gradient elution conditions. The solvents
employed were ACN followed by hexane and MeOH, and a-TC was UV
detected at 280 nm. The levels of a-TC change with the cultivar of tomato,
being higher in the case of high-pigment than for cherry tomatoes (Lenucci
et al. 2006). Normal phase HPLC with FD was also employed by Abushita
et al. (1997) for the determination of TCs in tomato. a-TC and g-TC
predominate over b-TC and the total amount of TCs varies depending on
the cultivars. The a-TC to g-TC ratio changes for the 22 different
vegetables studied. The clean-up procedure involves evaporation of the
extraction liquors under a nitrogen atmosphere to preserve vitamin E.
Among the different vegetables studied, the amount of a-TC detected in
tomato by normal phase HPLC-FD was higher than that of g-TC (Chun et
al. 2006). RP-HPLC with ECD allows the separation and quantification of
a-, g- and d-TC in trace amounts, no b-TC being found in the different
genotypes of tomato (Sgherri et al. 2007). HPLC was the selected
technique to evaluate the levels of vitamin E in different foods. The results
obtained were compared with the corresponding data afforded by food
composition tables and the differences found can be explained
considering factors such as season, country of origin, ripeness and
freshness (Sundl et al. 2007). New agricultural technologies may lead to
changes in the nutrients of tomato and decrease the vitamin E amounts up
to 12.69% (Hou and Mooneyham 1999). An extensive revision of the
chromatographic analysis (GC and HPLC) of vitamin E in a great variety
of samples including vegetables and plant samples discusses the
experimental conditions and their advantages and drawbacks (Rupérez et
al. 2001).

Vitamin D

Vitamin D, together with other micronutrients present in tomato fruit
(vitamin E, lycopene and phenolic compounds), has been related in
different epidemiological studies with a decrease of prostate cancer risk in
men and these dietary substances are considered as chemopreventive
agents against this disease (Bemis et al. 2006, Cohen 2002). Food
composition tables usually give no vitamin D in tomato. Vitamin D3
(cholecalciferol) is synthesized by vertebrates and is named “animal
vitamin D” in contrast to vitamin D2 (ergocalciferol) (Fig. 3C), which is
known as “plant vitamin D”, although vitamin D3 and related compounds
have been found in different plant species, e.g., potatoes and tomatoes
(Aburjai et al. 1998, Prema and Raghuramulu 1996). Gradient elution in
HPLC with UV detection (lmax

 is shown in Table 3) was employed for
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identification and quantification of vitamin D3 in tomato leaves (Aburjai et
al. 1998). On the other hand, normal phase (propanol/hexane) and reverse
phase (MeOH/ACN) in the mode of isocratic elution were employed by
Prema and Raghuramulu (1996) for the characterization of vitamin D3 in
tomato plants.

The presence of the diene chain (the isoprenoid side chain) makes
vitamin D sensitive to air and heat with isomerization and oxidation
reactions being the main degradation pathways. This low stability must be
taken into account in the clean-up of the samples to ensure the accurate
quantification of vitamin D. The extraction procedures imply that fat
components (carotenoids, vitamins D, E and K) remain in the same extract.
Therefore, the colorimetric reaction of vitamin D with antimony
trichloride (AOAC method) produces a coloured compound (lmax = 500
nm) but vitamin A also produces the same coloured products. The
derivatization of vitamin D with acyl chlorides facilitates its
determination by GC-FID, GC-MS. HPLC-DAD and HPLC-MS have also
been used for the determination of vitamin D with higher sensitivity (De
Leenheer et al. 1995). The utility of HPLC with MS detection in the
ionization mode ESI has been shown for the identification and
quantification of vitamin D2 and D3 in different samples of vegetables
(Wang et al. 2001). HPLC techniques have been employed for the
separation of vitamin D3 and their hydroxylated derivatives in various
plant species belonging to Solanaceae family (Skliar et al. 2000). RP-HPLC
using isocratic and gradient elution were employed for the separation of
vitamin D, with UV and MS as detection techniques. The biosynthesis of
vitamin D3 in plant species (Solanum glaucophyllum) involves the same
intermediates as in vertebrates. These compounds were isolated by
organic solvent extraction and their identification and quantification were
carried out by HPLC in the isocratic elution mode employing MeOH/
water mixtures (Curino et al. 2001).

Vitamin K

There are different forms of vitamin K, among which vitamin K1
(phylloquinone) (Fig. 3C) is naturally occurring in green plants. The levels
of phylloquinone in tomato and tomato products are low. Vitamin K2 is a
group of substances named menaquinones and is produced by bacteria.
Menadione is vitamin K3 and exhibits vitamin K activity due to its
conversion into menaquinones.

The problems for the extraction of vitamin K are close to those described
for the other fat-soluble vitamins in a hydrophilic environment (fruits and
vegetables). Therefore, besides liquid-liquid extraction, SPE on silica
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cartridges (Damon et al. 2005) and SFE have been successfully applied to
vitamin K extraction (Turner et al. 2001).

The naphthoquinone ring is the chromophoric group in vitamin K,
which is responsible for its UV-vis absorption (Table 3). The quinone form
is not fluorescent but its reduction to the corresponding naphthalenediol
leads to the appearance of a notable fluorescence that can be employed for
its identification and quantification. Considering these properties, HPLC
with UV detection and FD are widely employed. In the case of FD the post-
column reactor is necessary to reduce the non-fluorescent quinone form of
vitamin K to the corresponding quinolic fluorescent derivative. Thus,
reverse phase and gradient elution HPLC-FD have been applied to the
identification and quantification of vitamin K1 in different food samples.
The detection of the quinones was carried out in a post-column reactor
packed with dry zinc (Dumont et al. 2003, Koivu-Tikkanen et al. 2000).
This method has been applied to verify the levels of vitamin K and the
values of the food composition data in Finland (Piironen and Koivu 2000).
Vitamin K was also determined by RP-HPLC-FD with post-column
derivatization with zinc in different samples of vegetables (broccoli,
spinach, lettuce) including tomato. Tomatoes are typically low in
phylloquinone, but since this compound is concentrated when water
content decreases, the levels of phylloquinone found in tomato juice were
0.9 mg/100 g, while levels in tomato paste were 9.9 mg/100 g (Damon et al.
2005).

Group of B Vitamins

Vegetables are an important source of B vitamins. In the case of tomato,
pyridoxine, nicotinamide and pantothenic acid present a special
relevance. Several B vitamins are determined using microbiological tests,
but other techniques can also be applied. A common characteristic of the
vitamin B group is their participation in a number of enzymatic reactions
and they also behave as coenzyme forms. The group of substances with
vitamin B activity presents different chemical structures (Fig. 3B), different
physicochemical behaviours (Table 3), and also different chemical
properties and reactivity. Therefore, the analytical methods have to be
considered individually for each compound.

Liquid chromatography has proved to be one of the most useful
techniques for the analysis of B group of vitamins. Nicotinamide,
pyridoxine, thiamine, folic acid and riboflavin can be separated in one
single analysis. This is the consequence of the versatility in column
technology and detection methods.
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Thiamine

Thiamine is stable at pH values 2-4 but is labile at alkaline pH and it is also
heat-labile. In alkaline media it is easily oxidized to the yellow-coloured
and fluorescent compound known as thiochrome. Measurement of
thiochrome fluorescence is a valuable method for quantification of
thiamine and has been selected as the official method (AOAC 1996). The
values obtained by Martín-Belloso and Llanos-Barriobero (2001) for
thiamine in whole peeled canned tomatoes were 0.216 ± 0.008 mg/kg and
they are lower than those described in Food Composition Tables (Souci et
al. 1989). RP-HPLC facilitated the determination of thiamine in food
samples, with thiamine usually reacting to produce thiochrome in a pre-
column derivatization oxidation. The fluorescent compound is detected at
lex = 370 nm, lem = 430 nm. Pre-column derivatization reaction followed
by HPLC separation with FD was employed for the determination of
thiamine in a great variety of food samples (El-Arab et al. 2004). The levels
for vitamin B1 found were 0.0434 mg/100 g in raw tomato (moisture
93.2%), 0.0976 mg/100 g in canned tomato (moisture 74.4%), and 0.0326
mg/100 g in tomato salad (moisture 93.1%).

Riboflavin

Riboflavin is highly sensitive to UV light and its solutions are slowly
degraded under daylight. It also shows a yellow-green fluorescence that
decreases with time. Measurement of native fluorescence from riboflavin
is a sensitive method that corresponds to the official method of AOAC
(1996) for quantification of riboflavin in foods. This fluorimetric method
can be automated employing a flow injection system with FD. According
to Martín-Belloso and Llanos-Barriobero (2001), the content of riboflavin
in tomatoes is 0.25 ± 0.04 mg/kg. The characteristic fluorescent emission of
riboflavin (lex = 370 nm, lem = 520 nm) is employed for the quantification
of riboflavin by HPLC with FD (Esteve et al. 2001). The introduction of the
new separation technique capillary zone electrophoresis with laser-
induced fluorescence detection increases the sensitivity, selectivity and
routine method for analysis of riboflavin in food samples (Cataldi et al.
2003). Riboflavin can be oxidized by KMnO4 and the fluorescence
emission (lex = 440, lem = 565 nm) can be used for its quantitative
determination in green beans (Sánchez-Mata et al. 2003).

Nicotinamide

Nicotinamide is stable in neutral solution, while nicotinic acid is stable in
both acid and alkaline media. Nicotinamide adenine dinucleotide
phosphate (NADP+) and a reduced form of NADP+ (NADPH) are
determined spectrophotometrically at lmax = 625 nm with DCIPh in the
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presence of glucose-6-phosphate, phenazine methosulfate, and glucose-6-
phosphate hydrogenase. The concentrations were calculated on the basis
of the absorbance values in the corresponding calibration curves for
NADP+ and NADPH (Sgherri et al. 2002, 2007). In different tomato
genotypes the presence of NADPH was lower than that of NADP+ and the
ratio NADPH/NADP+ increased during ripening.

Nicotinamide can also be colorimetrically quantified by reaction with
sulfanilic acid and CNBr solution; the reaction produces a coloured
compound absorbing at 470 nm. This method can be applied for the
automated analysis of nicotinamide in a flow injection system with
spectrophotometric detection (AOAC 1996). The influence of NaCl on the
growth of tomato plants in controlled media has been proved. The levels
of nincotinamide adenine dinucleotide (NAD+) and its reduced form
(NADH) in tomato plants change with the salinity of the media; under
salinity 25 mM and 50 mM NaCl concentrations the NADH-GDH
(glutamate dehydrogenase) activation increased by 64% and 89%,
respectively. NAD-GDH activity is greatly decreased in the leaves and
roots of tomato plants (Debouba et al. 2006).

Other B Vitamins

Pyridoxine is photosensitive. According to Martín-Belloso and Llanos-
Barriobero (2001), the levels of pyridoxine found in whole peeled
tomatoes were 0.47 ± 0.05 mg/kg. Pyridoxine can be determined
spectrophotometrically (lmax = 424 nm) by diazotation-diazo coupling of
pyridoxine with NaNO2 and sulfanilic acid (Sánchez-Mata et al. 2003).

Pantothenic acid is more stable in acid media than in alkaline media.
Folic acid is easily oxidizable. When the samples are prepared for the
determination of folic acid the use of antioxidants is required in order to
avoid losses in the concentration of folic acid. Pantothenic acid is more
stable in acid media than in alkaline media. Besides microbiological
assays, ion exchange HPLC is used for the determination of folic acid and
pantothenic acid. Radioimmunoassay and competitive protein binding
assays have shown selective methods for the analysis of these acids
(Parviainen 1995). The levels of folic acid change with the soil for different
cultivars (Lester and Crosby 2002)

Factors such as soil composition, light and water affect the growth and
ripeness of fruits. The cultivars and their varieties and new agricultural
technologies also affect the composition of micronutrients and bioactive
compounds in tomatoes. Some of these factors are considered below.

The effect of diluted sea water and ripening on the nutritional
components of tomato has been studied (Sgherri et al. 2007); salinity
induced oxidative stress and increased AA and a-TC, whereas total level
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of vitamin C (AA+DHAA) and total TC were decreased. These changes
depended on the tomato cultivars and the breeding lines. Total content of
vitamin C was determined by isocratic RP-HPLC with ECD exploiting the
redox behaviour of vitamin C.

New agricultural technologies (Hou and Mooneyham 1999) affect the
nutritional components in tomato. Thus, the levels of vitamin C and
vitamin E in tomato decrease to 2.10% and 12.69% using agri-wave
technology. However, the content of sugar, vitamin A and niacin is
remarkably increased. There are no significant differences in the levels of
vitamins D, B1 and B2. This procedure stimulates the growth of tomato and
improves its quality.

The influence of agar-based substrates on tomato pollen germination
has been studied. The presence of polyethylene glycol or mannitol affects
the levels of vitamins (thiamine, riboflavin, pyridoxine, niacin and
pantothenic acid) and produces an increase in pollen germination
(Karapanos et al. 2006).

MINERALS

Minerals are the constituents that remain as ash after the combustion of a
plant. Minerals are divided into main elements (Na, K, Ca, Mg, Cl and P),
trace elements (Fe, I, F, Zn, Cu, Mn, Mo, Co), and ultra-trace elements (Cd,
Pb, Sb, Sr, etc.). The mineral content in a vegetable or fruit can fluctuate
greatly depending on genetic and climatic factors, agricultural
procedures, soil composition and ripeness of the harvested crops, among
other factors (Belitz et al. 2004, Bryson and Barker 2002). In tomato, ashes
represent around 0.5% of the fresh edible portion. Potassium is by far the
most abundant constituent, followed by magnesium, calcium and sodium.
The major anions are phosphate, chloride and carbonate (Belitz et al.
2004). All other elements are present in much lower amounts (Table 2).

Ashes

Ashes were obtained by incineration in an oven at £ 450ºC and dried until
a constant dry weight was achieved (AOAC 1990, Bryson and Barker 2002,
del Valle et al. 2006, Guil Guerrero et al. 1998a).

Total Nitrogen

Total nitrogen can be determined by the Kjeldahl method (AOAC 1996,
Gálvez Mariscal et al. 2006).
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Phosphorus

Phosphorus as phosphate is determined by the molybdate-vanadate
method followed by spectrophotometric measurement at 470 nm (Bryson
and Barker 2002, Guil-Gerrero et al. 1998a).

Mineral Nutrients

When several elements need to be analysed in a plant over a large range of
concentration the analytical tool of choice is usually ICP-MS, followed by
ICP-AES and atomic absorption spectrometry, but these techniques
require chemical extraction or dissolution of the ashes with a mixture of
HCl and HNO3 (Bryson and Barker 2002, Chatterjee and Chatterjee 2003,
Dong et al. 2004, Ebbs et al. 2006, Guil-Guerrero et al. 1998b, Henández et
al. 2005, Martín-Belloso and Llanos-Barriobero 2001, Pohl and Prusisz
2007, Premuzic et al. 1998, Rouphael and Colla 2005, Ruiz et al. 2005, Salles
et al. 2003). In the case of calcium, lanthanum salts must be added to avoid
phosphorus interference (AOAC 1990). Salles et al. (2003) and Martín-
Belloso and Llanos-Barriobero (2001) have used flame atomic emission
spectrophotometry to evaluate sodium and potassium concentrations.
ICP-AES allows the simultaneous measurement of metals together with
some non-metals, such as P or B. Thus, this technique has rapidly replaced
colorimetric procedures for P and B determinations (Taber 2004).

Dry ashing methods can lead to losses through volatilization of
important heavy metals such as cadmium, lead or zinc, although digestion
assisted by microwaves is acceptable for heavy metal analysis (Ebbs et al.
2006).

Another alternative for mineral determination is instrumental neutron
activation analysis. This technique requires only simple sample
preparation and its particularly sensitive for trace element analysis of
plants and food; however, it is too slow for routine application. X-ray
fluorescence spectrometry provides an alternative multielement
analytical tool for routine non-destructive analysis with minimal sample
preparation. Because of its poor sensitivity for many important elements,
it is seldom applied to vegetables. Stephens and Calder (2004) described
an X-ray fluorescence method for the rapid and non-destructive analysis of
30 elements (including P, Cl, S, Ca, K, Mg, Fe, Mn, Zn, Cu) in plant leaves
for five orders of magnitude. The sample preparation consisted of
pulverizing and briquetting of dried samples. Accuracy was evaluated
using certified reference materials from NIST, among them NIST 1573
tomato leaves.

Tables 5 and 6 summarize the various methods (conventional, official,
and others) and the relevant instrumental techniques most often
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employed in the determination of vitamins, carotenoids and minerals.
Non-routine techniques have been included as a future trend.
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Table 5 Analytical methods for quantification of vitamins and carotenoids.

Organic compound Method/technique
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RP-HPLC (UV-Vis detection and DAD. ESI-MS. ECD)
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Vitamin D Colorimetric reaction and detection HPLC (UV and MS detection)

Vitamin E GC-FID. GC-MS
HPLC (UV-Vis detection and DAD. FD. ECD)

Vitamin K HPLC-UV detection and HPLC-FD

Table 6 Analytical methods for analysis of minerals.

Element Method/technique

Na, K Flame atomic emission spectrometry
Ion selective electrodes
ICP-AES

Ca, Mg, Fe, Cu, Zn, Mn, Se Atomic absorption spectrometry
ICP-AES
Colorimetric reaction and detection

F, Cl, I Direct titration with silver nitrate (for chloride and
iodide). Potentiometric detection of the end point. Ion
selective electrodes

P Colorimetric reaction and detection (molybdic acid and
vanadic acid)
ICP-AES
Instrumental neutron activation analysis
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ABBREVIATIONS

AA: Ascorbic acid; ABTS: 2,2’-azino-bis-(3-ethyl benzothiazoline-6-
sulphonic acid); ACN: Acetonitrile; AOA: Antioxidant activity; APCI:
Atmospheric pressure chemical ionization; ATR-IR: Attenuated Total
Reflection Infrared Spectroscopy; BHT: Butylated hydroxytoluene; DAD:
Diode array detection; DCIPh : 2,6-Dichloroindophenol; DCM: dichloro-
methane; DHAA: Dehydroascorbic acid; DPPH: 2,2’-Diphenyl-1-picry-
hydrazyl; ECD: Electrochemical detection; ESI: Electrospray ionization
detection; EtOH: Ethanol; FD: Fluorescence detection; FID: Flame
ionization detector; FRAP: Ferric-reducing ability of plasma; FT-Raman:
Fourier Transform-Raman Spectroscopy; GC: Gas Chromatography;
GDH: Glutamate dehydrogenase; HPLC: High performance liquid
chromatography; HPTLC: High performance thin layer chromatography;
HRP: Horseradish peroxidase; ICP-AES: Inductively coupled plasma
atomic emission spectrometry; ICP-MS: Inductively coupled plasma mass
spectrometry; lem: Fluorescence emission maximum; lex: Fluorescence
excitation maximum; lmax: Maximum absorption wavelength; LC: Liquid
Chromatography; MALDI: Matrix-assisted laser desorption/ionization;
MALDI-TOF-MS: Matrix-assisted laser desorption/ionization time of
flight mass spectrometry; MeOH: Methanol; MS: Mass spectrometry;
MTBE: Methyl terc-butyl ether; NAD+: Nicotinamide adenine
dinucleotide; NADH: Reduced form of NAD+; NADP+: Nicotinamide
adenine dinucleotide phosphate; NADPH: Reduced form of NADP+; NIR
Spectroscopy: Near Infrared Spectroscopy; PDA: o-Phenylenediamine;
RP-HPLC: Reverse phase high performance liquid chromatography; SFE:
Supercritical fluid extraction; SPE: Solid phase extraction; TCs:
Tocopherols; TEA: Triethylamine; THF: Tetrahydrofurane; TLC: Thin
layer chromatography; UV: Ultraviolet
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ABSTRACT
In the last few decades, technological progress in molecular biology and
information science has resulted in methods with extended capabilities in the
study and analysis of genomes. Many countries are investing more and more in
gene expression studies as a way to meet their needs for growth in food. Most
economically important traits of crop plants follow a continuous distribution
caused by the action and interaction of many genes and various environmental
factors. Past techniques for genome analysis have been greatly improved and
new methods have emerged, the latest based on micro-array technology. The
core part in most of the methods for gene expression studies is the polymerase
chain reaction technique. The commercial significance of tomato plants led to
efforts of genetic modification and gene transfer from the early days of the
molecular genetics revolution. As a result of these efforts, information data for
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the tomato genome are increasing constantly. Tomato microarrays for
expression analysis are already useful to identify markers genes implicated in
fruit ripening and development in the Solanaceae. Molecular marker analysis of
tomato plants allows the identification of genome segments, so-called
quantitative trait loci that help to select superior genotypes without uncertainties
due to genotype by environment interaction and experimental error.

INTRODUCTION

Progress in molecular biology and bioformatics has offered new
possibilities in the study of the plant genome. Since the time of Southern
blot analysis, technological advances have led into new methods such as
restriction fragment length polymorphism (RFLP), randomly amplified
polymorphic DNA (RAPD), amplified fragment length polymorphism
(AFLP) and more computerized methods such as expressed sequence
tags—serial analysis of gene expression (EST-SAGE), real time
polymerase chain reaction (PCR) and microarray analysis. The core part in
all of these methods is PCR technology and, with the aid of information
science, data resulting from these methods have already been stored in
databases under the name of each method. Gene expression studies
mainly include quantification of mRNAs being produced under different
conditions such as stress, growth, development, and cell and tissue
localization or as part of evaluation of the effects of gene transfection. A
variety of techniques exist to quantify mRNAs and usually involve
northern hybridization, ribonuclease protection or real-time PCR assays
(Suzuki et al. 2000). An outline of these methods is presented, followed by
applications in the analysis of tomato genome and gene expression
profiling.

METHODS FOR GENOME ANALYSIS

Restriction Fragment Length Polymorphism

Using the RFLP technique, organisms may be differentiated by analysis of
patterns derived from cleavage of their DNA. Organisms can differ in the
distance between sites of cleavage of a particular restriction endonuclease;
the length of the fragments produced will differ when the DNA is digested
with a restriction enzyme. The restriction fragments are separated
according to length by agarose gel electrophoresis. The resulting gel may
be further analysed by Southern blotting using specific probes. The
similarity of the patterns generated can be used to differentiate even
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strains of the same organism (Fig. 1). The RFLP method has been
combined with microsynteny analysis comparing tomato to Arabidopsis
genome and new microsyntenic EST markers were rapidly identified
(KwangChul et al. 2002)

Randomly Amplified Polymorphic DNA

The RAPD technique is a type of PCR reaction with DNA sequences
amplified randomly. It is applied by using several arbitrary, short primers
(8-12 nucleotides) to DNA in the expectation that some parts of DNA will
amplify. By resolving the resulting patterns by agarose gel electrophoresis
it is possible to differentiate strains of the same organism. The method has
been used to assess populations of mRNA with differential display (Liang
and Paedee 1992) or arbitrarily primed PCR (Welsh et al. 1992),
amplification of random mRNA subsets and subsequent analysis of the

restriction

site

probed

region

Gel electrophoresis and Southern blotting

Genomic DNA

Blotted

DNA

Direction of

DNA migration

and size

separation

Fig. 1 Restriction Fragment Length Polymorphisms are molecular markers used in creating
genetic maps of chromosomes. Combinations of enzymes and probes with digested DNA
produce different profiles of DNA fragments, unique for each organism.
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resulting fragment pool by gel electrophoresis. RAPD genome analysis of
53 species and cultivars of the genus Lycopersicon (Tourn.) Mill. has
revealed high genetic polymorphism and their phylogenetic relationships
(Kochieva et al. 2002).

Amplified Fragment Length Polymorphism

The AFLP technique is based on the selective PCR amplification of
restriction fragments from a total digest of genomic DNA. It involves three
steps: (1) restriction of the DNA and ligation of oligonucleotide adapters,
(2) selective amplification of sets of restriction fragments, and (3) gel
analysis of the amplified fragments. PCR amplification of restriction
fragments is achieved by using the adapter and restriction site sequence as
target sites for primer annealing. The selective amplification is achieved
by the use of primers that extend into the restriction fragments, amplifying
only those fragments in which the primer extensions match the
nucleotides flanking the restriction sites (Fig. 2). With this method, sets of
restriction fragments are determined without prior knowledge of
nucleotide sequence. The method allows the specific co-amplification of

Fig. 2 In Amplified Fragment Length Polymorphism analysis, genomic DNA is digested usually
with Msel, and EcoRI enzymes. The resulting fragments are ligated to end-specific adapter
molecules and are used in a preselective PCR with primers complementary to each of the two
adaptor sequences having also an additional base at the 3’ end. Amplification of only 1/16 of
EcoRI-Msel fragments occurs.
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high numbers of restriction fragments and is usually accompanied by
automated capillary electrophoresis (Vos et al. 1995). The technique was
originally described by Vos and Zabeau in 1993 in a patent submitted to
the European Patent Office. AFLP, Simple Sequence Repeat and Single
Nucleotide Polymorphism have been applied to the tomato genome for
assessment of polymorphism and for genome mapping (Suliman-
Pollatschek et al. 2002), while new AFLP sequences are constantly added
at the Gene Bank database.

Serial Analysis of Gene Expression

Serial analysis of gene expression was developed as an elegant means to
analyse mRNA populations by large-scale sequence determination of
short identifying stretches of individual messengers (Velculescu et al.
1995), but the required depth of sequencing under different conditions
makes it also labour intensive and time consuming (Fig. 3).

AAAAA

AAAAA

AAAAA

AAAAA

Isolate tags

Tag

Link tags together and sequence

R

N

A

Quantitate tags and determine pattern of gene expression

Fig. 3 In Serial Analysis of Gene Expression methodology, short sequence tags (10-14bp)
obtained from a unique position within each transcript are used to uniquely identify transcripts.
The number of times a particular tag is observed provides the expression level of the
corresponding transcript.
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Microarrays

More recent developments have made it possible to study altered gene
expression in a more efficient and informative way by using DNA
microarray technology (Lockhart and Winzeler 2000, Panda et al. 2003,
Mockler et al. 2005). Using DNA microarrays, the expression of a large
number of genes can be analysed simultaneously and in a semi-
quantitative manner (Fig. 4). This allows for the analysis of different
metabolic pathways in interaction and facilitates the identification of key

Fig. 4 Micro-arrays are commonly used to study gene expression. mRNA extracted from a
sample is converted to complementary DNA (cDNA) and tagged with a fluorescent label. The
fluorescent cDNA samples are then applied to a micro-array that contains DNA fragments
corresponding to thousands of genes. Fluorescence intensity in each spot is used to estimate
levels of gene expression.

RNA isolation

Sample A Sample B

cDNA preparation

cDNA fluorescence labelling

Hybridization of cDNA to the array

Spotted

DNA
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responsive genes. For a limited number of species, microarrays have been
constructed that represent all identified metabolic routes and genes active
therein. These are the so-called whole genome arrays, oligo-arrays where
all expressed gene sequences are represented by one or more short DNA
sequences, usually up to 100 nucleotides (Mockler et al. 2005). Microarray
analysis combined with suppression subtractive hybridization has been
used in the identification of early salt stress response genes in tomato root
(Ouyang et al. 2007).

Real Time PCR

In real time PCR, quantification of mRNA sequences is accomplished by
absolute or relative analysis methods (Bustin 2002). Increasingly, the
relative method of analysis is being used, as trends in gene expression can
be better explained, but results depend on reference genes necessary to
normalize sample variations (McMaugh and Lyon 2003, Weihong and
Saint 2002).

A common technique in relative quantification is the choice of an
endogenous control to normalize experimental variations, caused by
differences in the amount of the RNA added in the reverse transcription
(RT) PCR reactions. Specifications of reliable endogenous controls (i.e.,
housekeeping genes) are that they need to be abundant, remain constant
in proportion to total RNA and be unaffected by the experimental
treatments. The best choices proposed to be used as normalizers of
isolated mRNA quantities are mainly RNAs produced from
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Wall and
Edwards 2002, Bhatia et al. 1994), b-actin (Kreuzer et al. 1999), tubulin
(Brunner et al. 2004) or rRNA (Bhatia et al. 1994). However, in general,
depending on the developmental stage or environmental stimuli, the
expression of certain reference genes is either up- or down-regulated.

The use of GAPDH mRNA as a normalizer is recommended with
caution as it has been shown that its expression may be up-regulated in
proliferating cells (Zhu et al. 2001). Use of 18S RNA as a normalizer is not
always appropriate, as it does not have a polyA tail and thus prohibits
synthesis of cDNA with oligo-dT. Expression of actin or tubulin often
depends on the plant developmental stage (Diaz-Camino et al. 2005,
Czechowski et al. 2005) and is affected by environmental stresses (Jin et al.
1999), making their use as normalizers inappropriate.

Argyropoulos et al. (2006) proposed an alternative method for an
internal control that would be applicable to different organisms without
prior knowledge of genomic sequences assuming that one wants to
normalize against total mRNA. In the presented methodology, synthetic
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Fig. 5 Second strand synthesis of adapter molecules has been used to differentiate samples
according to total mRNA quantity and to normalize sample variation. For each mRNA sample,
reverse transcription was performed using Oligo d(T)18 extended at the 5’ end with a synthetic
DNA sequence of 100 bases length (adapter) forming a molecule of 118 bases. The adapter
consisted of a random sequence of 60 bases RD (dNTP)60 extended at both its ends with
sequences of 20 bases length serving as the forward (PRF)20 and the reverse (PRR)20 primer of
the adapter. (Argyropoulos et al. 2006).

mRNA 5´ 3´ (A)n

cDNA 3´ 5´ (T)18-(PRF)20-RD( dNTP)60-(PRR)20

mRNA 5´ 3´ (A)n

(T)18-(PRF)20-RD( dNTP)60-(PRR)20
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mRNA 5´ 3´ (A)n

cDNA 3´

Anneal Oligo(dT)-

extended with

Adapter to mRNA

Copy mRNA into

cDNA with

Reverse

Transcriptase

Second strand

sytnthesis of

Adapter with

Polymerase I

DNA molecules (adapters) of known sequence tail cDNA during reverse
transcription and are used instead of internal reference genes. Tailing
sequences are further amplified with polymerase I or Klenow polymerase
leading to second strand cDNA synthesis of the adapter molecules to be
used as indicators of the total mRNA quantity (Fig. 5).

The method was applied in the study of transient expression pattern of
the germination-specific endo-b-mannanase gene, in germinating tomato
seeds (Lycopersicon esculentum Mill.), where there are no documented
stably expressed genes to serve as normalizers. Endo-b-mannanase is
expressed exclusively in the endosperm cap tissue, prior to radicle
emergence. It has been shown that its activity develops prior to
germination, specifically in the micropylar region of the endosperm
opposite the radicle tip (Toorop et al. 1996, Still and Bradford 1997), and is
involved in hydrolysis of the mannan-rich cell walls of the tomato
endosperm during germination, leading to radicle protrusion (Nonogaki
and Morohashi 1996, Still and Bradford 1997).

A common housekeeping gene, GAPDH, was tested in parallel to
determine its efficiency as a normalizer of the sample variation. In
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conclusion, the proposed method with which to analyse mRNA helped to
obtain a well-defined profile of the transiently expressed mannanase gene
in germinating tomato seeds. Furthermore, it was shown that mannanase
mRNA accumulated, in parallel with mannanase activity, to the same
extent in seeds 5 hr prior to the completion of germination, irrespective of
seed treatment, suggesting a close relationship between endo-b-
mannanase accumulation, activity and tomato seed germination (Fig. 6).

Fig. 6 Time course of mRNA production from the endo-b-mannanase gene (amounts
expressed relative to that of 12h) and endo-b-mannanase activity (pkat/mg of total protein)
during seed inbibition of the tomato cultivar ACE. Estimation of the mRNA levels was achieved by
Real Time PCR normalizing sample variation using synthetic DNA molecules (adapters) of known
sequence to tail cDNA during reverse transcription. Adapter molecules were used instead of
reference genes (Argyropoulos et al. 2006).

GENE EXPRESSION STUDIES: EFFECTS IN MORPHOLOGY,
PHYSIOLOGY AND AGRONOMIC TRAITS

Tomato Hormones

Representational difference analysis (RDA) is a hybridization selection
procedure in which mRNAs that are present in one condition (wanted),
and not in the other (unwanted), are selectively amplified. Tomato was
chosen as a model system for a less well-documented species. cDNA
libraries for two distinct physiological conditions of tomato fruits, red and
green, were made (Kok et al. 2007). Tomato was used as a model because it
is an important agricultural crop and a sufficient number of sequences
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have been annotated (NCBI/EMBL databases and TIGR tomato gene
index database (http://www.tigr.org/tdb/tgi/plant.shtml). In addition,
expression information is available, which allows for assessment of the
success of the approach. The libraries were characterized by sequencing
and hybridization analysis. The RDA procedure was shown to be effective
in selecting for genes of relevance for the physiological conditions under
investigation, and against constitutively expressed genes. Abscisic acid
(ABA) plays important roles during plant development and adaptation to
water stress. It influences seed maturation and dormancy but also
regulates root growth and stomata aperture.

The role of ABA in regulating salt-responsive gene expression in roots
was explored by Wei et al. (2000). The differential display or DD-PCR data
indicate that the majority of the salt-induced changes in the root mRNA
profile occurred in an ABA-independent manner.

The recently developed DD-PCR technique provides a sensitive and
flexible approach to the identification of differentially expressed genes. It
has been used successfully to identify several cDNAs corresponding to
genes regulated by gibberellic acid (Knaap and Kende 1995), ozone
(Sharma and Davis 1995), salt (Nemoto et al. 1999), heat (Joshi et al. 1996),
senescence (Kleber-Janke and Krupinska 1997), sucrose (Tseng et al. 1995)
and those differentially expressed during development (Tieman and
Handa 1996).

Two 9-cis-epoxycarotenoid dioxygenase (NCED) cDNAs have been
cloned from a petal library of Gentiana lutea. Both cDNAs carry a putative
transit sequence for chloroplast import and differ mainly in their length
and the 50-flanking regions. GlNCED1 was evolutionary closely related to
Arabidopsis thaliana NCED6, whereas GlNCED2 showed highest
homology to tomato LeNCED1 (Burbidge et al. 1997) and A. thaliana
NCED3 (Zhu et al. 2007). In addition, genetic engineering has been
applied to change the carotenoid cleavage capacity by over-expression or
down-regulation of NCEDs. For example, constitutive over-expression of
LeNCED1 from tomato resulted in a marked elevation of the ABA content
(Thompson et al. 2000).

Temperature Resistance

Chilling tolerance is a multigenic complex trait (Tokuhisa and Browse
1999). Various mechanisms correlated with the acquisition of chilling
tolerance have been identified including the 18:1 desaturase gene for the
production of polyunsaturated membrane lipid (Miquel et al. 1993) and
the catalase and alternative oxidase (AOX) genes in the oxidative stress
defence mechanism (Kerdnaimongkol and Woodson 1999). Methyl
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salicylate (MeSA) vapour increased resistance against chilling injury in
freshly harvested pink tomatoes. The expression patterns of AOX before
and during the chilling period demonstrated that pre-treatment of tomato
fruit with MeSA vapour increased the transcript levels of AOX. Methyl
jasmonate (MeJA) and MeSA treatments induced chilling resistance in
mature green tomatoes (Ding et al. 2002) and in green bell peppers (Fung
et al. 2004).

However, MeJA is not as effective as MeSA in alleviating chilling injury
of pink maturity stage tomatoes. This result confirms previous work
demonstrating that tomato fruits at different maturity stages respond
differently to plant growth regulator treatment (Ding and Wang 2003).
Fung et al. (2006) used four EST tomato clones of AOX from the public
database that belong to two distinctly related families, 1 and 2 defined in
plants. Three clones were designated as LeAOX1a, 1b and 1c and the
fourth clone as LeAOX2. Using RT-PCR, 1a and 1b genes were found to be
expressed in leaf, root and fruit tissues, but 1c was expressed
preferentially in roots. RNA transcript from LeAOX1a of AOX subfamily 1
was present in much greater abundance than 1b or 1c. Closely related
LeAOX1a and 1b gene transcripts are expressed in chilled tomatoes
(Holtzapffel et al. 2003). Enzymatically, LeAOX1a and 1b proteins were
shown to be different in their regulatory properties.

The presence of longer AOX transcripts detected by RNA gel blot
analysis in cold-stored tomato fruit was confirmed to be the un-spliced
premRNA transcripts of LeAOX1a and LeAOX1b genes. Intron splicing of
LeAOX1c gene was also affected by cold storage when it was detected in
roots. This alternative splicing event in AOX pre-mRNAs molecules
occurred, preferentially at low temperature, regardless of mRNA
abundance. Fung et al. (2006) investigated the relationship of induced
AOX gene expression and chilling tolerance by characterizing three
closely related (Family 1) and one distinctly related (Family 2) LeAOX
genes in chilled tomatoes.

A subset of SR family proteins (9G8) was shown to promote the
nucleocytoplasmic export of mRNAs in mammalian cells (Huang and
Steitz 2001). A gradual decrease in 9G8-SR transcript levels in cold-stored
tomatoes was observed by Fung et al. (2006), who also suggested in their
study that RNA processing steps may be important in the regulation of
stress-related AOX expression at low temperature and are potentially
related to chilling tolerance in tomatoes. High temperature is one of the
most important restrictions on crop production. Plants respond to
elevated temperatures by expressing several families of evolutionally
conserved heat-shock proteins (HSPs). Heat-induced chilling tolerance,
especially in fruits, has been related to the induction and maintenance of
HSPs (Sabehat et al. 1996).
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Small heat-shock proteins (sHSPs) are the major family of HSP induced
by heat stress in plants. In this report, an approximately 1.9 kb of
Lehsp23.8 50-flanking sequence was isolated from tomato genome. By
using the b-glucuronidase (GUS) reporter gene system, the developmental
and tissue-specific expression of the GUS gene controlled by the Lehsp23.8
promoter was characterized in transgenic tomato plants. Strong GUS
staining was detected in the roots, leaves, flowers, fruits and germinated
seeds after heat shock. The heat-induced GUS activity was different in the
floral tissues at various developmental stages. Fluorometric GUS assay
showed that the heat-induced GUS activity was higher in the pericarp
than in the placenta. The heat-shock induction of the Lehsp23.8 promoter
depended on the different stages of fruit development. The optimal heat-
shock temperatures leading to the maximal GUS activity in the pericarp of
green, breaker, pink and red fruits were 42, 36, 39 and 39.8°C, respectively.
The heat-induced GUS activity in tomato fruits increased gradually
within 48 hr of treatment and weakened during tomato fruit ripening.
Obvious GUS activities under cold, exogenous ABA and heavy metal
(Cd2+, Cu2+, Pb2+ or Zn2+) stress conditions were also detected. These
results show that the Lehsp23.8 promoter is characterized as strongly
heat-inducible and multiple-stress responsive.

Structural and Developmental Proteins

Aquaporins facilitate water flux across biomembranes in plant cells and
are involved in various physiological phenomena in several plant tissues
(Baiges et al. 2002). Genome analysis has revealed that more than 30
aquaporins exist in higher plants (Johanson et al. 2001). The plant
aquaporins are classified into plasma membrane intrinsic proteins (PIPs),
tonoplast intrinsic proteins, small basic intrinsic proteins, and Nod26-like
intrinsic proteins. The genes encoding plant aquaporins are expressed in
several plant tissues and are regulated by certain environmental stress
factors, such as cold, drought, and salinity (Tyerman et al. 2002, Jang et al.
2004). To determine whether aquaporins have physiological roles during
seed development, Shiota et al. (2006) analysed the expression of genes
encoding PIPs during seed and fruit development in tomato (Lycopersicon
esculentum Mill.). Six genes encoding PIPs were detected in mature tomato
seeds by RT-PCR using PCR primers corresponding to conserved
transmembrane domains and asparagine-proline-alanine (NPA) motifs.
The expression of these genes in developing seeds and fruit was analysed
by RT-PCR using primers specific for nine tomato PIPs, including the six
PIPs detected and an additional three PIPs from the tomato EST database.
Increased expression of seven PIPs was detected during the earlier phase
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of seed development (12–32 days after flowering or DAF), and the
expression of these genes decreased during the later phase (36–56 DAF).
Each tomato PIP showed a distinct expression pattern during fruit
development. In addition, the water content of the cells was calculated.
The seed water content decreased gradually in the earlier phase of seed
development (12–32 DAF) and was subsequently maintained at 44–50%
from 36 to 56 DAF, whereas the water content of the fruit remained at 90%
throughout fruit development. These results suggest that plasma
membrane aquaporins play a physiological role during seed and fruit
development in tomato. Previous studies have revealed the interaction of
tomato aquaporins, tomato ripening-associated membrane protein and
LeAqp2, but the expression of these genes in seeds has not been
determined (Chen et al. 2001, Werner et al. 2001).

Glycine-rich proteins (GRPs) are a group of common proteins existing
in various organisms. In plants, a wealth of GRPs has been identified and
characterized (Sachetto-Martins et al. 2000). Plant GRPs represent a large
group of proteins containing tandem glycine-rich (Gly-X)n domains and
can be further classified into several sub-groups based on specific
sequence domains. Furthermore, plant GRPs have been shown to localize
in specific sub-cellular components; with the presence of certain specific
sequence domains in some GRPs as suggestive of their sub-cellular
localization, regulation of gene expression of plant GRPs varies
considerably. Plant GRPs exhibit a wide range of tissue- or organ-specific
expression patterns, even at a given developmental stage (de Oliveira et
al. 1990). A number of plant GRPs are involved in the development of
vascular and epidermal tissues (Parsons and Mattoo 1994). Some GRPs are
preferentially expressed in specific organs or tissues such as fruit (Santino
et al. 1997), flowers (Murphy and Ross 1998), roots (Matsuyama et al.
1999), root nodules (Kevei et al. 2002), or epidermis (Sachetto-Martins et
al. 1995). Moreover, some GRPs are post-transcriptionally regulated
(Carpenter et al. 1994) or post-translationally modified (Matsuyama et al.
1999).

To search for genes specifically or abundantly expressed in root, Lin et
al. (2005) set out to identify tomato transcripts predominantly
accumulated in roots, but not in fruit tissues. They reported the
identification of a group of tomato genes (namely LeGRP), which are
predominantly expressed in roots and exist as a gene family in plant
genomes. The deduced amino acid sequences of two identified LeGRP
genes share significant sequence homology to some plant structural GRPs
that are targeted to the cell membrane/wall. LeGRP gene regulation is
regulated by developmental cues as well as some environmental factors.
The expression patterns of LeGRPs are quite unique and distinct from
other plant GRPs that have been previously reported.
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Lin et al. (2005) used Southern blot analysis to reveal the presence of
multiple copies of LeGRP homologues in tomato, as well as in other dicot
or monocot plant species tested. Comparative genomic Southern and PCR
analyses indicated that some LeGRP genes could be cultivar-specific. An
open-reading frame was identified in the sequence of one of the LeGRP
genes (LeGRP2), with the predicted protein sharing good sequence
homology with a few known and putative plant structural signal peptide-
containing GRPs. However, the patterns and modulation of LeGRP gene
expression were distinct from those of known plant GRP genes identified
to date. LeGRP transcripts predominately accumulated in roots at different
developmental stages, but not in leaves or ripe fruit tissues, and their
levels declined gradually during plant development. Accumulation of
LeGRP transcripts was effectively reduced by treatment with hydrogen
peroxide and completely suppressed by salinity and application of
sodium salicylate, but it was significantly enhanced with nutrient
supplements such as HYPONeX solutions.

Chromosome Structure

Telomeres are specialized nucleoprotein structures located at the ends of
linear eukaryotic chromosomes. They are essential for the maintenance of
chromosome integrity and for the protection of chromosomes from
exonucleolytic degradation or end-to-end fusion (Blackburn 1991). The
functions of telomere-binding proteins that bind to these regions have
been well described for humans and yeast and can be classified in two
groups: control of telomere length by regulation of telomerase activity and
maintenance of chromosome stability. Telomerase is a reverse
transcriptase that uses its own RNA subunits as templates for the addition
of telomere sequences to the ends of telomeres, compensating for the loss
of telomeres in cell division.

Moriguchi et al. (2006) cloned and characterized the tomato telomere-
binding protein LeTBP1 and transformed it into tobacco BY-2 cells to
analyse its function in vivo. In addition, they discovered curious
expression patterns of LeTBP1 during reproductive development.
Sequence analysis revealed that LeTBP1 contained an open reading frame
of 2067 bp and encoded a protein consisting of 689 amino acids with a
predicted molecular mass of 77.0 kDa. The deduced amino sequence of
LeTBP1 indicated that a myb-like motif, a structure particular to double-
stranded telomere-binding proteins found in various organisms, existed
in the C-terminal region. Southern blot analysis revealed that LeTBP1 was
a single-copy gene in the tomato genome. Northern blot analyses showed
that LeTBP1 was highly expressed in tissues with high cell division
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capacities as well as in fully differentiated tissues. The high level of
expression of LeTBP1 in inflorescences was independent of flower
formation, as shown with mutant inflorescences lacking flowers.

However, the level of LeTBP1 mRNA was greatly reduced in fruit. Gel
shift assay revealed that LeTBP1509-689, which contained Gly509 to
Ala689 of LeTBP1, including a myb-like motif, bound specifically to the
double-stranded telomeric sequence, indicating that LeTBP1 is a double-
stranded telomeric DNA-binding protein (Moriguchi et al. 2006).

Photoreceptors

The ability of plants to respond to light is achieved through a number of
photoreceptor families, which include phytochromes that sense red and
far-red light and blue-light-specific phototropins and cryptochromes
(CRY) (Chen et al. 2004).

Cryptochromes are flavoproteins that share structural similarity to
DNA photolyases but lack photolyase activity (Lin and Shalitin 2003).
Although originally identified in Arabidopsis, cryptochromes have now
been found in bacteria, plants and animals (Brudler et al. 2003). Most
cryptochrome proteins, with the exception of CRY-DASH (or CRY3), are
composed of two domains, an amino-terminal photolyase-related (PHR)
region and a carboxy-terminal domain (DAS) of varying size. The PHR
region appears to bind two chromophores: one is flavin adenine
dinucleotide and the other 5,10-methenyltetrahydrofolate (pterin) (Lin et
al. 1995). The carboxy-terminal domain of cryptochromes is generally less
conserved than the PHR region; CRY-DASH proteins lack the DAS
domain (Kleine et al. 2003). The CRY-DASH gene, recently characterized
in Arabidopsis, shares little sequence homology with the other
cryptochromes and carries an N-terminal sequence that mediates its
import into chloroplasts and mitochondria. Furthermore, CRY-DASH
lacks the C-terminal domain, which is present in most plant
cryptochromes. In Arabidopsis, three cryptochrome genes (CRY1, CRY2
and CRY-DASH) have been described so far (Kleine et al. 2003). Plant
cryptochromes play an important role in several blue-light-regulated
developmental processes such as de-etiolation, flowering and flavonoid
biosynthesis (Weller et al. 2001, Giliberto et al. 2005). CRY1 and CRY2 are
intimately connected with the circadian clock machinery.

In tomato (Solanum lycopersicum), three cryptochrome genes have been
discovered and analysed in detail so far: two CRY1-like (CRY1a and
CRY1b) and one CRY2 gene [18,19]. The use of transgenic and mutant
lines has shed light on the role of tomato cryptochromes in seedling
photomorphogenesis, flavonoid and carotenoid accumulation, adult
development, fruit pigmentation and flowering (Ninu et al. 1999).
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A new member of the blue-light photoreceptor family, CRY-DASH,
was reported in Arabidopsis, though its distinctive biological functions
are still unclear. Facella et al. (2006) characterized the CRY-DASH gene of
tomato and evidenced that its mRNA is expressed in both seeds and adult
organs showing diurnal and circadian fluctuations. Moreover, the CRY-
DASH transcription pattern is altered in both in a cry1a mutant and in a
transgenic CRY2 over-expressor, suggesting that CRY-DASH regulation
must be mediated at least partly by an interaction of CRY1a and CRY2
with the time-keeping mechanism.

Ripening

In climacteric fruit, including tomato, ripening is closely associated with
an increase in respiration and the plant hormone ethylene stimulates both
processes (Abeles et al. 1992). The ethylene-induced respiration has been
related to the stimulation of the synthesis of nuclear-encoded proteins that
are targeted to the mitochondria such as an alternative oxidase and
uncoupling protein (Considine et al. 2001). Data of the screening of genes
expressed during tomato ripening using cDNA microarrays (Alba et al.
2005) show that four genes putatively encoding mitochondrial proteins
are up-regulated by ethylene: the 7 kDa subunit of a translocase of outer
membrane, Nicotinamide adenine dinucleotide (NAD) aldehyde dehy-
drogenase, a protoporphyrinogen IX oxidase isozyme and a serine
hydroxymethyltransferase. Since mitochondria are not a site for ethylene
synthesis (Diolez et al. 1986) or for ethylene perception (Chen et al. 2002),
stimulation of respiration appeared to be related to imported proteins
only and not to the stimulation of its endogenous machinery. However,
Zegzouti et al. (1999) showed that treating mature green tomato fruit with
ethylene resulted in a transient enhanced accumulation of a transcript
named ER49 encoded by a nuclear gene later denominated LeEF-Tsmt and
corresponding to a mitochondrial elongation factor involved in protein
synthesis in the mitochondria (Benichou et al. 2003). EF-Ts are nucleotide
exchange factors that promote the exchange of guanosine 5’-diphosphate
(GDP) for guanosine 5’-triphosphate (GTP) with elongation factors of the
EF-Tu type (Merrick 1992). The elongation steps of mitochondrial
translation are well documented in mammals and prokaryotes but not in
plants. Girardi et al. (2006) have recently carried out a study aimed at
assessing the function of the LeEF-Tsmt protein. It was demonstrated that
the protein was targeted to the mitochondria rather than to the
chloroplasts.

In order to further investigate the role of LeEF-Tsmt, Girardi et al. (2006)
studied the spatio-temporal expression of the gene in different organs of
tomato plants with special attention to the ripening fruit and to the effect
of ethylene and abiotic stress conditions. Tomato plants in which the LeEF-
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Tsmt gene has been over-expressed and down-regulated have been
generated. Biochemical and physiological studies have shown that the
level of LeEF-Tsmt RNA has no influence on fruit respiratory activity.

Hoeberichts et al. (2002) treated tomato fruit (Lycopersicon esculentum L.
cv Prisca) with 1-methylcyclopropene (1-MCP), a potent inhibitor of
ethylene action, delayed colour development, softening, and ethylene
production in tomato fruit harvested at the mature green, breaker, and
orange stages. 1-MCP treatment also decreased the mRNA abundance of
phytoene synthase 1 (PSY 1), expansin 1 (EXP 1), and 1-
aminocyclopropane-1-carboxylic acid (ACC) oxidase 1 (ACO 1), three
ripening-related tomato genes, in mature green, breaker, orange, and red
ripe fruit. These results demonstrate that the ripening process can be
inhibited on a physiological and molecular level, even at very advanced
stages of ripening. The effects of 1-MCP on ripening lasted 5–7 d and could
be prolonged by renewed exposure.

Physiological changes associated with tomato fruit ripening can be
halted or delayed by inhibiting ethylene perception, even when the fruit
has reached advanced stages of ripening. Recent additional data showing
that application of 1-MCP to ripe tomatoes results in an increase in
postharvest life based on fruit appearance (Wills and Ku 2001) confirm
these findings. Information is lacking on fruit genes that are specifically
expressed at early developmental stages. Using a cDNA subtraction
technique, Ohta et al. (2005) isolated fruit-specific genes that are expressed
during the cell expansion phase of tomato (Lycopersicon esculentum Mill.)
fruit development.

This phase is of physiological and horticultural importance, because the
increase in cell volume during this time contributes greatly to the final
fruit size (Gillaspy et al. 1993). One of the isolated cDNAs, LeODD, is
transiently expressed 15 DAF in a nearly fruit-specific manner during the
initial period of cell expansion. Southern blot analysis indicated that
LeODD is encoded by a single gene. LeODD is homologous to 2-
oxoglutarate-dependent dioxygenase genes, and the key amino acid
residues in the binding sites for ferrous iron and 2-oxoglutarate are
completely conserved. The amino acid sequence identity between LeODD
and other 2-oxoglutarate-dependent dioxygenases is relatively low,
suggesting that LeODD is a novel enzyme of this family. Another of the
isolated, LeGLO2 cDNAs is also highly expressed at 15 DAF. LeGLO2 is
thought to be a novel glycolate oxidase isoform that functions in fruit. 2-
Oxoglutarate, the co-substrate of LeODD, could be supplied by a LeGLO2-
mediated glycolate pathway in immature fruit. The coordinate expression
of LeODD and LeGLO2 may play a role in the biosynthesis of a metabolite,
such as a plant hormone or secondary metabolite that is required during
the initial period of the cell expansion phase of fruit development.
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Stress Resistance

Maskin et al. (2001) continued to dissect the Asr (ABA/water stress/
ripening-induced) gene family originally described in tomato.
Accumulated ABA is responsible for the expression of various target
genes. Abscisic acid brings about the accumulation of different gene
products during periods of water deficit. Tomato Asr1 was the first
reported member of the Asr family, which subsequently drew the
attention of other groups at the level of gene expression. Asr1 then led to
the discovery of other members of the same family, Asr2 and Asr3, that
map to chromosome 4 of tomato. RT-PCR-based strategy was developed
to assess the organ (leaf, root and fruit) and developmental (immature and
ripe fruit) specificity of expression of the three known members of the Asr
gene family under normal and stress conditions. Maskin et al. (2001)
concluded that, whereas Asr1 and Asr2 are the members of the family
preferentially induced by desiccation in leaves, Asr2 is the only one
activated in the roots from water-deficit-stressed plants. We also observed
that expression of the three genes does not change significantly in fruit at
different developmental stages, except for that of Asr2, which decreases
after the breaker yellow stage. In addition, they identified a 72 amino acid
polar peptide region, rich in His, Lys, Glu and Ala, which contains two
internal imperfect repeats and is highly conserved in more recently
discovered Asr-like proteins from other plant species exposed to different
kinds of abiotic stress such as water deficit, salt, cold and/or limiting
amount of light.

The molecular basis for the increase in ethylene production observed in
flooded tomato plants is the induction of ACC synthase, a key enzyme in
ethylene biosynthesis (Olson et al. 1995). ACC, which is synthesized in
roots, is transported to shoots, where it is converted to ethylene (Else et al.
1998). Tomato plant roots express different ACC synthases at various
times, each of which performs overlapping functions during flooding
stress (Shiu et al. 1998). To determine the importance of the enzyme
lipoxygenase (LOX) in the generation of volatile C6 aldehyde and alcohol
flavour compounds, Griffiths et al. (1999) constructed two antisense LOX
genes and transferred them to tomato plants. The first of these constructs
(p2ALX) incorporated the fruit-specific 2A11 promoter. The second
construct (pPGLX) consisted of the ripening-specific polygalacturonase
(PG) promoter and terminator. High levels of ripening-specific reporter
gene expression directed by tomato fruit PG gene-flanking regions were
reported. Reduced levels of endogenous TomloxA and TomloxB mRNA
(2–20% of wild-type) were detected in transgenic fruit containing the
p2ALX construct compared to non-transformed plants, whereas the levels



Dimitris Argyropoulos et al. 603

of mRNA for a distinct isoform, TomloxC, were either unaffected or even
increased. The pPGLX construct was much less effective in reducing
endogenous LOX mRNA levels. In the case of the p2ALX plants, LOX
enzyme activity was also greatly reduced compared with wild-type
plants. Analysis of flavour volatiles, however, indicated that there were no
significant changes. These findings suggest that either very low levels of
LOX are sufficient for the generation of C6 aldehydes and alcohols, or that
a specific isoform such as TomloxC, in the absence of TomloxA and
TomloxB, is responsible for the production of these compounds. To
increase the soluble solid content of the tomato, Klann et al. (1996) used
genetic engineering to switch off expression by adding a complement of
the gene (antisense), without substantially altering other desirable traits of
the fruit.

Antimacrobial Resistance

Plant defensins comprise a family of small cationic, cysteine-rich peptides
(45-54 amino acid) that are mostly found to contribute to broad-spectrum
host defence against pathogens and are widely distributed among plants,
including wheat, barley, spinach, pea, and several members of the
Brassicaceae family (Lay and Anderson 2005, Thomma et al. 2002).

Many plant defensins can inhibit the growth of a broad range of fungi at
micromolar concentrations but are non-toxic to both mammalian and
plant cells. The use of defensin genes in genetic engineering has resulted
in broad spectrum resistance against fungal pathogens (Gao et al. 2000,
Kanazaki et al. 2002). A recent reassessment of defensin-like sequence in
the near complete genome sequence of Arabidopsis thaliana revealed that
317 homologous sequences could be identified (Silverstein et al. 2005).
Defensins may have evolved into such a large multigene family in order to
provide non-host resistance to numerous pathogens in many different
tissues and in addition seem also to be involved in non-pathogen
resistance mechanisms.

Solis et al. (2006) reported the isolation of a defensin gene, lm-def, from
the Andean crop maca (Lepidium meyenii) with activity against the
pathogen Phytophthora infestans, responsible for late blight disease of
potato and tomato crops. The lm-def gene has been isolated by PCR using
degenerate primers corresponding to conserved regions of 13 plant
defensin genes of the Brassicaceae family assuming that defensin genes
are highly conserved among cruciferous species. It belongs to a small
multigene family of at least 10 members possibly including pseudogenes
as assessed by genomic hybridization and nucleotide sequence analyses.
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GENE EXPRESSION STUDIES: EFFECTS ON DIETARY
PROPERTIES

Allergenic Properties

Tomato has been reported to cause allergic reactions after ingestion in
patients with food allergy (Ortolani et al. 1989). Profilin, b-
fructofuranosidase, and non-specific lipid transfer proteins (nsLTP) were
recently identified as allergens in tomato (Westphal et al. 2004) and
denominated as Lyc e 1, Lyc e 2, and Lyc e 3, respectively, by the
International Union of Immunological Societies Allergen Nomenclature
Subcommittee. Lyc e 3 belongs to a family of nsLTPs with a molecular size
of 8 to 10 kd and is a member of the group of 14 pathogenesis-related
proteins.

Lorenz et al. (2006) sought to achieve stable inhibition of expression of
the allergenic nonspecific lipid transfer protein Lyc e 3 in tomato and to
analyse the reduction of allergenicity in vitro by using histamine release
assays and in vivo by using skin prick tests with transgenic tomato fruits.
The aims of the study were to investigate the reduction of allergenicity of
transgenic fruits showing a suppressed allergen expression in vivo by
means of SPTs and to investigate the heritability of this effect on the next
generation of plants. In addition, results of SPTs were confirmed by using
in vitro mediator release assays. Their data showed a remarkable
reduction of allergenicity in the majority of tested patients and stability of
the inhibition of allergen expression in first-generation (T0) and second-
generation (T1) transgenic fruits.

Prediction of potential allergenicity is one of the major issues in the
safety assessment of genetically modified crops. During the assessment of
the potential allergenicity of a protein it is recommended that its amino
acid sequence be compared with those of known allergenic proteins
(Gendel 2002). In a joint FAO/WHO expert consultation (2001), it was
proposed that the amino acid sequence of a protein should be compared
with all known allergenic proteins retrieved from protein databases to
identify any stretches of 80 amino acids with more than 35% similarity or
any small identical peptides of at least 6 amino acids; it was also proposed
that the outcome of such comparisons should then be combined with other
information on allergenicity, such as its digestibility and binding to IgE in
sera from allergic patients.

SuSy and Invertase Pathways

The developing tomato (Lycopersicon esculentum) fruit metabolizes
translocated sucrose either via sucrose-synthase (SuSy) that cleaves
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sucrose to UDP-glucose and fructose, or via invertase that cleaves sucrose
to glucose and fructose. The SuSy pathway is associated with young green
tomato fruits that undergo a period of transient starch accumulation
(Wang et al. 1993), whereas the invertase pathway is associated with the
starchless, later stages of fruit development (Ho and Hewitt 1986). Yet, the
starch accumulation period is characterized by increased activities of SuSy
and fructokinase together with ADP-glucose pyrophosphorylase and
starch synthase, two key enzymes in starch biosynthesis (Schaffer and
Petreikov 1997). Several fructokinase enzymes have been identified in
tomato plants. Martinez-Barajas and Randall (1996) reported two isoforms
of fructokinase in tomato fruit, both of which showed similar
characteristics of inhibition by fructose, a phenomenon known as
substrate inhibition. Petreikov et al. (2001) isolated three fructokinase
isozymes from tomato fruit, FKI, FKII and FKIII, and found that FKI
contributes most of the fructokinase activity in young fruits.

Three genes encoding different fructokinases have been isolated from
tomato plants (Kanayama et al. 1998). One of them, LeFRK 1, is expressed
throughout fruit development and its yeast-expressed gene product does
not exhibit substrate inhibition. The second gene, LeFRK 2, is highly
expressed at the early stages of fruit development and its product, when
expressed in yeast, is inhibited by fructose (Kanayama et al. 1997). The
third gene, LeFRK 3, is not expressed in fruits and does not exhibit
substrate inhibition. It has been proposed that the LeFRK 2 gene product
plays a role in transient starch accumulation in developing L. esculentum
fruits. To analyse the role of LeFRK 2 in starch biosynthesis, Dai et al.
(2002a) produced transgenic tomato plants with sense and antisense
expression of StFRK, the potato homologue to LeFRK 2. Fruits of
homozygous plants expressing sense or antisense StFRK exhibited
suppression of LeFRK 2, concomitantly with specific elimination of the FKI
isozyme, indicating that FKI is the gene product of LeFRK 2. The activity of
fructokinase was reduced in antisense and sense homozygous fruits and
increased in fruits of sense hemizygous plants. The modified activities of
fructokinase led to small but significant changes both in the steady state
levels of sugars and in the level of phosphorylated sugars in fruits.
However, fruits lacking FKI had increased rather than decreased starch
content. Hence, the authors concluded that LeFRK 2 is not required for
transient starch accumulation in tomato fruits and might have a role in the
regulation of sucrose import into tomato fruits.

Lycopene

Lycopene is the main carotene accumulated in ripe tomato fruits. This
linear carotenoid is synthesized in plants through a pathway starting from
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geranylgeranyl diphosphate and is the biosynthetic precursor of most
cyclic carotenoids including beta-carotene. Lycopene is converted into
beta-carotene by the action of lycopene beta-cyclase (b-Lcy), an enzyme
introducing beta ionone rings at both ends of the molecule (Cunningham
et al. 1994). Moreover, the B gene entails the accumulation of beta-carotene
in fruits. The genes controlling lycopene synthesis in tomato are Psy1 and
Pds, respectively encoding the fruit-specific phytoene synthase and
phytoene desaturase, which are up-regulated during fruit ripening
(Corona et al. 1996), whereas those controlling lycopene cyclization such
as b-Lcy or e-Lcy are down-regulated. As a result, beta-carotene in ripe
tomato fruits does not exceed 15% of the total carotenoids.

Lycopene may benefit the cardiovascular system by reducing the
amount of oxidized low-density lipoprotein. Recent epidemiologic
studies have suggested a potential benefit of this carotenoid in reducing
the risk of prostate cancer, particularly the more lethal forms of this
cancer. Five studies support a 30–40% reduction in risk associated with
high tomato or lycopene consumption in the processed form in
conjunction with lipid consumption, although other studies with raw
tomatoes were not conclusive (Giovannucci 2002). In an intriguing paper,
Mehta et al. (2002) used a genetic modification approach to modify
polyamines in tomato fruit to retard the ripening process. These modified
tomatoes had longer vine lives, suggesting that polyamines have a
function in delaying the ripening process. There was also an unanticipated
enrichment in lycopene content of the genetically modified tomato fruit.
The lycopene levels were increased 2- to 3.5-fold compared to the
conventional tomatoes. This is a substantial enrichment, exceeding that so
far achieved by conventional means. This novel approach may work in
other fruits and vegetables. Rosati et al. (2000) reported the over-
expression and antisense repression of the b-Lcy under the control of the
Pds promoter. The over-expression increased the levels of beta-carotene
up to 7-fold, a level sufficient to cover the vitamin A RDA. Total fruit
carotenoid levels were slightly increased.

CONCLUSIONS

The study of tomato genome and gene expression profiling targets mainly
the production of genetic maps that are invaluable in marker-assisted
selection for agronomical traits at the stage of cultivation as well as for the
determination of useful properties for processed tomato products. As
molecular biology, and to a greater extent biotechnology, enter the era of
nanotechnology it will be possible for information of this kind to be used
to create tomato products that have unique dietary or medicinal
properties.
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ABBREVIATIONS

ABA: Abscisic acid; AFLP: Amplified fragment length polymorphism;
GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; PCR: Polymerase
chain reaction; RAPD: Randomly amplified polymorphic DNA; RDA:
Representational difference analysis; RFLP: Restriction fragment length
polymorphism; SAGE: Serial analysis of gene expression
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ABSTRACT
Vegetative materials such as stems, roots, and seeds found in a crime victim’s
stomach contents, on a suspect’s clothing, or at the crime scene can be
valuable evidence for providing investigative leads in criminal and civil
litigations. Currently, the identification of vegetative materials still relies on
microscopic and morphological methods. Most seeds from a particular species
generally have the same microscopic appearance, especially those recovered
from stomach content or in excretions. Therefore, the use of a DNA typing
technique could provide a more reliable way for seed identification.

To further explore the use of tomato evidence in forensic investigations, we
have developed a procedure to extract high quality DNA from tomato seeds for
subsequent DNA- AFLP (Amplified Fragment Length Polymorphism) analysis. It
was found that DNA in tomato seeds is often protected from acid degradation
during stomach digestion by their tough exterior seed coat. The DNA-AFLP
method was performed and we have found that DNA obtained from single seeds
could be used for polymerase chain reaction analysis. From the AFLP results,
several DNA markers for identifying seeds from tomato and other plant species
were identified. These data on DNA analysis of tomato seeds indicate that AFLP
analysis is a viable procedure for the individualization of seeds from stomach
contents in medico-legal and forensic investigations.
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INTRODUCTION

Non-human materials such as plant and animal products not only provide
important information for criminal investigations by linking a victim,
suspect, witness or weapon to a crime, but also may verify an alibi or
provide investigative leads during criminal investigations (Bock and
Norris 1997, Mildenhall 2004). Tomato (Lycopersicum esculentum) seeds
were selected as a model system since tomato is commonly found in a
variety of cuisines around the world. Investigators may find different
types of tomato evidence, such as tomato sauce, fresh tomato, tomato juice
or tomato seeds in a vehicle, on clothing or at crime scene due to vomiting
or defecation. In addition, tomato seed is often found in stomach contents
collected during autopsy. The examination of ingested food from feces,
stomach contents, and both small and large intestine are important steps
in medico-legal investigation.

The results of such examination often provide valuable information for
forensic purposes. Identification of seeds from stomach contents can
verify the last meal of the deceased, provide linkages between victim and
suspect, or help supply traceable seed evidence in death investigations
(Bock and Norris 1997, Coyle 2005). In addition, stomach contents
collected at autopsy may contain identifiable plants and seeds that can be
used for estimating the time of death (Pathak 2002) or verifying an alibi
(Bock and Norris 1997 ).

Several methods have been reported for the identification of plant
species in gastric contents. It has been reported that the high performance
liquid chromatography (HPLC) technique can be used to identify
vegetable species in gastric contents (Hayashiba et al. 1996, Nagata et al.
1991). However, the majority of medical examiners and forensic scientists
still rely on microscopic and morphological methods to identify plant and
food materials from stomach contents (Bock and Norris 1997, Mertens
2003, Platek et al. 2001). Many edible fruits and vegetables contain seeds
with tough, durable seed coats that remain intact after passing through the
human digestive system. However, many of the materials are not
recognizable after passing through the human digestive system.
Therefore, alternative methods, such as DNA tests, must be developed.
The DNA databases of genetic profiles with variety-specific markers can
be established to identify and characterize different cultivars of edible
plant and seed species for forensic application (Diaz et al. 2003, Suliman-
Pollatschek et al. 2002, Vos et al. 1995).

DNA analysis of digested tomato seeds to determine the source of the
seed sample is a novel area of research. The approximate time for the
digestive process in humans has been established as follows: mouth 0-2
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min, stomach 2-6 hr, small intestine 2-8 hr, and large intestine 6-9 hr, for a
total time of 10-25 hr. Ingested seeds may acquire surface contaminants
such as bacteria when they pass through this lengthy digestive system. In
addition, seed components have different genetic inheritance patterns.
The seed coat is maternal in origin, whereas the embryo is a unique (F1)
hybrid of parental genetics due to recombination events. Limited DNA
from a small seed may yield insufficient material for further testing.

Our study has shown that high quality DNA could be recovered from
ingested tomato seeds and DNA extraction from a seed embryo will avoid
the maternal component or other surface contaminants as sources of DNA.
The amplified fragment length polymorphism (AFLP) technique was used
to identify DNA from tomato seeds. It was first described by Vos et al.
(1995) and represented a method for genotyping single source plant
samples for a large number of markers to generate a highly discriminating
DNA band pattern. The AFLP technique is based on the detection of
genomic restriction fragments after polymerase chain reaction (PCR)
amplification. Band patterns are produced without prior sequence
knowledge, using a limited set of amplification primers. This technique
has been used to identify fresh tomato samples but not previous to our
work for ingested samples (Bonnema et al. 2002, He et al. 2003, Thomas et
al. 1995). It permits the inspection of polymorphisms at a large number of
loci within a short period of time and requires only a small amount of
DNA (about 10 ng). Although other DNA typing techniques exist and
have been developed for specific applications (Congiu et al. 2000, Jakse et
al. 2001, Korpelainen and Virtanen 2003, Yoon 1993), AFLP analysis is the
method of choice since it has general applicability to any single source
plant sample regardless of the species ( Miller Coyle et al. 2001, Coyle et al.
2002, Vos et al. 1995). Once tomato seeds have been identified that would
yield sufficient quantity and quality of DNA for further testing, AFLP
analysis may be performed. AFLP analysis was performed to generate
special bands or peak patterns from tomato in this study. It is envisioned
that AFLP can be performed to link a seed back to a parent plant or
original fruit to aid in criminal investigations.

A SIMPLE METHOD FOR RECOVERY OF DNA FROM A
SINGLE TOMATO SEED

Tomato seeds were collected from different varieties of fresh tomatoes
obtained from the local grocery. Approximately 10-25 hr after each
volunteer ingested a different tomato, excrement was collected. The seed
samples were sieved and washed with 10% bleach. After air drying, seeds
were examined under an Olympus microscope (model BH-2) at 40X
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magnification before dissection to avoid other adherent material that
might later affect DNA quantitation on an agarose gel image. DNA
extractions were performed as recommended by the manufacturer’s
protocol unless otherwise stated (DNeasy plant mini kit, QIAGEN,
Valencia, California).

There are two kinds of seed preparation methods. In the first, samples
were ground in the presence of liquid nitrogen using Mixer Mill MM300
(QIAGEN, and Retsch Technologies GmbH, Haan, Germany), following
the manufacturer’s protocol. In the second, a seed was ground with liquid
nitrogen to a fine powder using a 2 mL collection tube and a disposable
micropestle (Bel-Art Products, Pequannock, New Jersey) or a ceramic
mortar and pestle (“hand grinding method”). For the final step, 50 mL of
preheated (65°C) buffer AE was added to the DNeasy membrane to elute
the extracted plant DNA. DNA yields were estimated by comparison with
genomic DNA standards (K562, Gibco BRL) after electrophoresis on 1%
agarose gels containing ethidium bromide for visualization. A portion of
each DNA sample (10 mL) was loaded on the agarose gel for estimating
yield. To test the ability of the DNA to amplify for AFLP analysis ( Miller
Coyle et al. 2003, Coyle 2005), DNA from a single representative seed was
typed following the manufacturer’s protocol (Plant Mapping kit, Applied
Biosystems, Inc., Foster City, California).

The structure of the tomato seed (seed coat and embryo) is shown in
Fig. 1. The tomato seeds were processed as dissected embryos (cut in half)
and intact tomato seed (embryo plus seed coat, cut in half). The average
yield from three DNA extractions of a single tomato seed was 100 ng and
62.5 ng for exterior seed coat and interior embryo respectively (Fig. 2). The
yield of digested seed DNA was approximately equivalent to the fresh
seed (Fig. 3). The above results showed that high quality DNA (40 ng total)
could be extracted from only half a seed embryo. It means that the small
amount of tomato sample is sufficient for further DNA testing.

For optimal DNA yield, hand grinding of seeds in liquid nitrogen to
disrupt cells with a sterile disposable micropestle is recommended. The
results indicate that hand grinding of samples in liquid nitrogen yielded
high quality DNA and a greater quantity than grinding with the Mixer
Mill. This result is probably due to the tube design used for the Mixer Mill
and the small size of tomato seed samples. The major reason for the
different yield between the two procedures was the sample tube design
(Fig. 4) used in our experiments. With larger samples (e.g., leaf tissue), the
tubes are efficient for optimal contact between the tissue and the beads
used for tissue disruption; however, significantly smaller tissue samples a
few millimeters in length (e.g., tomato seeds) become trapped in the space
between the side of the sample tube and the bottom of the tube cap. This
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Fig. 1 The structure of a whole and dissected tomato seed viewed at 40 ¥ magnification.

Fig. 2 High quality total genomic DNA was recovered from dissected embryos (cut in half) and
intact tomato seeds (embryo plus seed coat, cut in half) from two of the five tomatoes. Lanes
1-6 are DNA quantitation standards, human K562 (12.5, 25, 50, 100, 200, 400 ng,
respectively); lane 7 is a half embryo from tomato type 1; lane 8 is a half seed coat from tomato
type 1; lane 9 is a half seed (embryo + seed coat combined) from tomato 1; lane 10 is a half
seed (embryo + seed coat combined) from tomato 2; lane 11 is a half seed coat from tomato 2;
lane 12 is a half embryo from tomato 2; lane 13 is an intact seed from tomato 3; lanes 14-16
are standard size markers 100 bp, 1 Kb and Lambda DNA-Hind III ladder, respectively (New
England Biolabs, Beverly, Massachusetts). In all cases, the recovered DNA from the tomato
seeds or dissected seed components was approximately 12.5 ng/10 mL or less.
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design results in limited contact between the bead and tissue sample and
reduces the efficiency of the grinding procedure such that DNA yields are
reduced. Our proposed modification of the tube design may improve
single seed DNA yields with the Mixer Mill method. We found that the
plant DNeasy kit from QIAGEN was used to efficiently process intact
tomato seeds and dissected tomato seed embryos to obtain PCR-quality
plant DNA. Fresh tomato seeds, after they have passed through the
human digestive system, also yielded sufficient DNA for further PCR-
based experiments (Fig. 3).

DNA ANALYSIS WITH AFLP METHOD

The Modified Process of AFLP

AFLP: Digestion-Ligation Reactions

Prepare amounts of reagents as with the AFLP Digesting-Ligation
Worksheet:

Fig. 3 High quality total genomic DNA was recoverable from a single fresh seed and single fresh
tomato digested seed. This DNA was of sufficient PCR quality as tested by the AFLP method.
Lanes 1-6 are DNA quantitation standards, human K562 (12.5, 25, 50, 100, 200, 400 ng,
respectively); lanes 7-10 are single intact fresh tomato seeds 1-4 from one tomato type; lane 11
is from a single, fresh digested tomato seed; lane 12 is a negative control; lanes 13-15 are
standard size markers 100 bp, 1 Kb and Lambda DNA-Hind III ladder respectively (New England
Biolabs).
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Fig. 4 The suggested improvement in tube design may increase single seed DNA yields with the
Mixer Mill machine seed preparation method. The cap design is inverted to avoid the space in
which the seed can become caught between the cap and the tube wall.

Enzyme/adapter mix 5.5 mL

DNA/dH2O 5.5 mL

Total volume/sample 11 mmmmmL

Reagent Volume (mL)

MseI (50 U/mL) 0.02

EcoRI (50 U/mL) 0.1

T4 ligase (30 Weiss U/mL) 0.03

Enzyme mix 0.153
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Reagent Volume (mL)

10 ¥ ligase buffer 1.1

0.5M NaCl 1.1

5 mg/mL BSA 0.11

MseI adapter 1

EcoRI adapter 1

dH2O 1.037

Adapter mix 5.347

(1) DNA ligase is very sensitive to minor temperature changes. Keep
MseI & EcoRI restriction enzymes in a –20°C cold block at all times. These
enzymes are in a 50% glycerol solution (viscous), and it is difficult to
pipette accurately. (2) Remove adapter pair stocks to 0.5 mL tubes.
Incubate 5 min in a 95°C water bath. Then, keep at room temperature for
10 min. (3) Keep all enzymes in –20°C cold block while working. Prepare
enzyme mix and adapter mix individually. (4) Prepare the adapter mix in
0.5 mL tube first, mix and centrifuge briefly. Then, transfer to the tube
containing the enzyme mix. Mix carefully without forming bubbles. (5)
Immediately add 5.5 mL of the enzyme/adapter mix to each of the DNA
sample tubes. Carefully avoid forming bubbles. (6) Incubate at 37°C in a
thermal cycler: GeneAmp PCR System 9700 Base Unit (PE Corporation,
Foster City, California; P/N 805-0200) with a GeneAmp PCR 9700
interchangeable sample block (PE Corporation, P/N 4314443 or 4314445)
with heated cover for 2 hr.

AFLP: Pre-selective Amplification

Keep those reagents in a –20°C non-frost freezer. Avoid exposing them to
light for long periods of time. Thaw slowly, mix and centrifuge briefly
before use. (1) Transfer 4 mL DL (Digestion-Ligation) to clean 0.2 mL PCR
tubes. Prepare a negative control tube with 4 mL Tris EDTA (TE) buffer. (2)
Prepare master mix by mixing the following: (n = number of samples)

(n + 1) ¥ 1 mL AFLP EcoRI/MseI pre-amplification primers
(n + 1) ¥ 15 mL AFLP core mix

(3) Quickly transfer 16 mL pre-amp mix to each DL tube and mix gently. (4)
Using the GeneAmp PCR System 9700 thermal cycler according to the
following parameters, with the ramp speed set to MAX. Unused DL can be
stored at –20°C.
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Pre-selective amplification (PSA) thermal-cycling temperature
parameters:
72°C for 2 min.
20 cycles of 94°C for 2 sec, 56°C for 30 sec, 72°C for 2 min.
60°C for 30 min with a final 4°C hold.

AFLP: Selective Amplification

(1) Transfer 3 mL PSA product to 0.2 mL tubes. Prepare a negative control
tube with 3 mL negative control PSA. (2) Prepare master mix by mixing the
following and centrifuging briefly.

(n + 1) ¥ 1 mL AFLP EcoRI (AAC) selective primer
(n + 1) ¥ 1 mL AFLP MseI (CAA) selective primer
(n + 1) ¥ 15 mL AFLP core mix

(3) Quickly transfer 17 mL selective amplification mix to each of 0.2 mL
tubes and mix gently. (4) Use a GeneAmp PCR System 9700 thermal cycler
according to the following parameters, with the ramp speed set to MAX.
Unused DL can be stored at –20°C.

Selective amplification thermal-cycling temperature parameters:
94°C for 2 min.
1 cycle of: 94°C for 2 sec, 66°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 65°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 64°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 63°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 62°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 61°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 60°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 59°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 58°C for 30 sec, 72°C for 2 min.
1 cycle of: 94°C for 2 sec, 57°C for 30 sec, 72°C for 2 min.
20 cycles of: 94°C for 2 sec, 56°C for 30 sec, 72°C for 2 min.
60°C for 30 min with a 4°C hold.

Detecting AFLP Products with an ABI PrismTM 377 DNA Sequencer

The instrument and accompanying computer should be equipped with
ABI PrismTM 377XL Firmware version 2.5. (1) Prepare acrylamide gel
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with a LongRanger® Singel pack® according to the manufacturer’s
instructions. Use 36 cm well-to-read distance glass plates, 0.2 mm spacers
and a 34-well square-tooth comb. Polymerize at least 2 hr. After first 15
min of polymerization, wet and wrap the end of the gel with plastic wrap
to prevent it from drying. (2) Plate check: Left Double click the Desktop
“ABI Prism® 377 Collection Alias.” Under the pull down file menu, select
New, then select Genescan run. Close door, click plate check button. Wait
for 1-2 min for “Scan Image” window to appear. All colors should be flat-
lined at the bottom near 2000 units; if not, re-clean the region with dH2O,
methanol, and/or canned air as needed. (3) Mix 500 ml deionized
formamide with 100 ml blue dextran loading solution (FLS solution). (4)
The number of samples to be loaded = n. In a separate tube, mix n × 4.75 mL
formamide/blue dextran solution with n × 1 mL GeneScan-500 ROX size
standard (red dye standard for sizing DNA fragments). (5) Mix 4 mL of
each Selective Amplification product (designated SA) with 5 mL
formamide/blue dextran/ROX solution. (6) Heat formamide/blue
dextran/ROX/SA at 95°C for 2 min, then immediately transfer to ice or
cold block. (7) Gently flush the wells of the gel with 1 × Tris, borate, EDTA
(TBE) buffer. Pre-run the gel (Pre-Run Module: GS PR 36F-2400) with 1 ×
TBE buffer for 5 min, Hit Pause. (8) Gently flush the wells again. Load 2 mL
of formamide/blue dextran/ROX/SA into each well. (9) To cancel the
Pause Pre-Run, hit Resume, then Cancel. Run the following Run Module:

EP Voltage: 1680 volts
EP Current: 60.0 mA
EP Power: 200 watts
Gel Temp: 51°C
Laser Power: 40.0 mW
Run time: 5.50 hr
CCD Offset: 0
CCD Gain: 2
CCD X Pixel Position: 200

Genescan Analysis of AFLP Peak Profiles

(1) Open Run file and double click on the gel image. Allow the Genescan
software to create a gel image. (2) Click on the Gel tab and scroll down to
select Install New Gel Matrix. Choose an appropriate matrix and hit Open.
(3) Click on the Gel tab and scroll down to select Track Lanes. When a pop-
up menu appears, choose Auto-Track Lanes. (4) Click on the Gel tab and
scroll down to select Adjust Gel Contrast to increase the contrast of the red
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dye. (5) Click on the Gel tab and scroll down to select Regenerate Gel
Image. When a pop-up menu appears, type in the smaller scan number as
2200 of the scan range and the larger number as the stop of the scan range.
(6) Click on the Gel tab and scroll down to select Extract Lanes. When a
pop-up menu appears, deselect Auto-Analysis New Sample Files and
Over-Write Original Sample files. Select OK. (7) Choose the appropriate
size standards and parameters for analysis of samples. In this case, to
select a Size Standard, proceed to the top of the Size Standard column and
use the right arrow to select threshold parameters as sample 50. Click
Analyze. (8) View the analysis log. For AFLP samples, ROX size standards
should cover the range from 50 to 500 bases. (9) Click on the Windows tab
and scroll down to select Result Control. Change the number of panels to 8
by clicking and holding down the mouse button. To view each sample in
its own panel, click on the number 1 on the left-hand side and do the same
for the next 7 samples. Click on Display to view the allele peaks. (10)
Check to make sure that all the negative and positive controls worked as
expected.

A schematic diagram of the AFLP general procedure is shown in Fig. 5.
The AFLP technique was performed according to the manufacturer’s
protocol and as modified in our previous published studies (Lee et al.
2005, 2006). To select optimal primer sets, different random selections of
primers from 64 possible primers in the AFLP Plant kit were screened and
used in further testing on samples.

Sixty-four possible primer combinations allow scoring for hundreds of
markers (peaks). Peaks between 50 and 500 bases were sized using
GeneScan software (version 3.1.2). AFLP patterns were determined for
each seed sample and each DNA fragment within the pattern is
represented as a “peak”. If the pattern was the same for different seeds, the
primer set was not useful for discriminating different seed samples. If each
seed AFLP pattern was different, the primer set was suitable and used for
distinguishing the seed sample. From the optimal primer combinations,
the more different a pattern is, the better it will be for distinguishing the
different seed types. In this purpose, many variable peaks were selected as
markers to distinguish the different species or cultivar seed samples.
Using customized Genotyper software (Applied Biosystems), AFLP
polymorphic peaks were scored as present (1) and absent (0), and then the
binary code for the different genotypes was compared. The criteria for
scoring DNA fragments to binary code included selected peaks in the size
range of 75-460 nucleotides (X-axis) and a relative fluorescence unit (RFU),
Y-axis threshold of 50. There are 64 possible AFLP selective primers
available from the kit. The sequence information of the adapters and PCR
primers are presented in Table 1.
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The seed samples from different plants could be easily distinguished
from each other using one of the 64 possible primer combinations (Table
1). In addition, with the AFLP patterns, many of the peaks differed
between different species and cultivars; these were useful for
discriminating different species and cultivars and may prove to be
variety-specific markers. For example, some peaks were at the same
position and common to all tomato types but different with all pepper
types; those peaks were of no value for tracing the source of the tomato but
may be the tomato-specific markers. We could recognize those peaks with

Fig. 5. The AFLP technique uses stringent PCR conditions to amplify DNA fragments. The AFLP
amplification primers are generally 17-21 nucleotides in length and anneal perfectly to their
target sequences, i.e., the adapter and restriction sites, and a small number of nucleotides
adjacent to the restriction sites. This makes AFLP a reliable and robust technique, unaffected by
small variations in amplification parameters (e.g., thermal cyclers, template concentration, PCR
cycle profile). The high marker densities that can be obtained with AFLP are a characteristic of the
technology: a typical AFLP “fingerprint” contains 50-100 amplified fragments. Moreover, the
technology requires no sequence information or probe optimization prior to the generation of
AFLP fingerprints. The frequency with which AFLP markers are detected depends on the level of
sequence polymorphism between the tested DNA samples. Steps in AFLP analysis: 1. Restriction
digestion of genomic DNA using MseI and EcoRI enzymes. 2. Ligation of adapters using EcoRI
Adapter = 5'-CTCGTAGACTGCGTACC (EcoRI-oligo.1) and MseI Adapter = 5'-
GACGATGAGTCCTGAG (MseI-oligo.1). 3. Pre-selective amplification using EcoRI + A oligo and
Mse I + C oligo. 4. Selective amplification using EcoRI + ANN oligo and MseI + CNN oligo. 5.
Gel electrophoresis, fluorescence detection, data analysis and binary coding.
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different species (pepper). Some peaks were at a different position and
varied with all tomato types; those peaks were valuable for tracing the
tomato cultivar.

To make the experimental data easier to understand, the final analysis
of AFLP pattern was converted to a binary Excel file (Microsoft Corp,
Santa Rosa, California) (Table 2). The Excel file format provides a simple
method to easily compare seed samples and types. With additional
screening of genetically controlled seed populations, it may be possible to
identify fragments that can be used as species/cultivar-specific markers.

AFLP Method to Identify Tomato with Other Plant Species

Ingested tomato and pepper seeds were used as a model system to test the
feasibility of performing DNA testing for plant species identification.
Seeds were collected from volunteers who had ingested different types of
tomato and pepper. After approximately 10-25 hr, excrement was
collected. The seed samples were sieved and washed from the feces to
collect visible seeds that had passed through the digestive system (Fig. 6).
When seeds of tomato and pepper pass through a human digestive
system, it is difficult to differentiate them, because of similarities in size,
shape and microscopic appearances. Fresh and ingested tomato and
pepper seeds were selected as known control samples for this study.
Additional seeds were selected for use in a blind test. This approach can be
applied to other plant species in addition to tomato and pepper seeds.

From the tomato and pepper DNA extraction results, it is clear that high
quality DNA could be extracted from either a single fresh seed or an
ingested seed. The DNA quality and quantity were sufficient for the PCR
methods using the DNA-AFLP technique. To select optimal primer sets,

Table 1 PCR primer combinations used for AFLP analysis.

Primers used in pre-selective amplification
EcoRI + 1-A 5¢-GACTGCGTACCAATTC + A-3¢
MseI + 1-C 5¢-GATGAGTCCTGAGTAA + C-3¢

Primer combinations used in selective AFLP amplification
EcoRI + 3-AAC* 5¢-GACTGCGTACCAATTC + AAC-3¢
MseI + 3-CAA* 5¢-GATGAGTCCTGAGTAA + CAA-3¢

* EcoRI Primer + AAC/AAG/ACA/ACC/ACG/ACT/AGC/AGG
* MseI Primer + CAA/CAC/CAG/CAT/CTA/CTC/CTG/CTT

The PCR primer sequences used in this study are listed for the pre-selective and selective amplification steps
for the AFLP analysis of tomato samples.

*Other possible primer combinations available in the AFLP kit but not used in this study.



Tomatoes and Tomato Products630

Table 2 Binary coding for 12 variable AFLP markers for tomatoes A-E.

Sample 01 02 03 04 05 06 07 08 09 10 11 12

A1 0 0 0 0 0 0 1 0 0 1 0 0

A2 0 1 0 0 0 0 1 0 0 1 0 0

A3 1 0 0 0 0 0 1 0 0 1 0 0

A4 0 1 0 0 0 0 1 0 1 1 0 0

B1 0 0 0 0 1 1 0 0 0 0 1 1

B2 1 0 0 0 1 1 0 0 0 0 1 0

B3 0 0 0 0 1 1 0 0 0 0 1 0

B4 0 0 0 1 1 1 0 1 0 0 1 1

C1 0 1 0 0 1 1 0 0 0 0 1 0

C2 0 0 0 0 1 1 0 1 0 1 1 1

C3 0 0 0 0 1 1 0 1 0 0 1 1

C4 0 0 0 0 1 1 0 1 0 0 1 1

D1 0 0 1 0 1 0 0 1 0 0 1 1

D2 0 0 0 0 1 1 0 1 0 0 1 0

D3 0 0 1 0 1 0 0 1 0 0 1 0

D4 0 0 1 0 1 1 0 1 0 0 1 1

E1 1 0 1 1 1 0 0 0 0 0 0 0

E2 1 0 0 1 1 1 0 0 0 0 0 0

E3 1 0 0 1 1 1 0 0 0 0 0 0

E4 1 0 0 1 1 1 0 0 1 1 0 0

A comparison of embryos from each of the five morphologically different tomatoes showed that a single PCR
primer combination could distinguish between samples. Some markers (peaks) were common to all of the
tomato samples and may be useful for species identification. Others were highly variable and useful for
individualizing samples from separate tomatoes. With a database of tomato markers, it should be easy to trace
a source of a tomato sample for forensic purposes. (1) = peak present at bin location; (0) = peak absent at
bin location. Twelve bins were scored for the selective primer set EcoRI-AAC and MseI-CAA. Letter designations
for the sample column indicate tomato source (A-E); numbers 1-3 = embryos and 4 = intact seed.

64 possible primers in the AFLP plant kit were screened. We selected the
AFLP pattern with some peaks at the same position and common to all
tomato types but different with all pepper types; those peaks were
valuable for recognizing the species and may be the tomato-specific
markers. We could use those peaks to differentiate those species (pepper).
The sequence information of the selected PCR primers are EcoRI + 3-AAC
and MseI + 3-CAA as referenced in our published data (Lee et al. 2005,
2006). Using the primer combinations, it is easy to obtain AFLP patterns
with many peaks that differed between tomato and pepper samples.
Those peaks may be used as the species-specific markers (Fig. 7).



Henry C. Lee and Cheng-Lung Lee 631

From the above results, we showed that AFLP analysis can be
performed to distinguish two plant seed samples at the species level, thus
providing an additional tool for criminal investigations and other
applications of forensic science. Using the AFLP method, it is possible to
use a DNA-based system to discriminate different species and even
closely related plant sources.

AFLP Method to Identify the Cultivar Tomatoes

Tomato seeds were used as a model system to test the feasibility of
performing DNA testing for cultivar identification within species. Five
phenotypically different fresh tomatoes were selected (Fig. 8, labeled A-E)
from the local supermarket. No genetic variety names were available from
the supermarket or its produce supplier. Digested seeds were obtained in
the following manner: seeds were ingested and collected after they passed
through the digestive system of volunteers. Seeds from feces were sieved,
washed copiously with water to remove adherent material, and examined

Fig. 6 Seeds were ingested and collected after they passed through the digestive system of
volunteers. Different seed species from feces were sieved and mixed together. It is difficult to
discern between tomato and pepper seeds visually.



Tomatoes and Tomato Products632

microscopically. DNA extractions were performed as recommended by
the above protocol. The identification of candidate markers for
distinguishing phenotypically distinct tomatoes indicates that it is
possible to use a biological method (DNA-based system) with sufficient
markers to discriminate even closely related plant sources (e.g., two
groups of seed from the same tomato plant as well as potentially for
cultivar identification). The AFLP patterns showed us that many of the
peaks differed between different cultivars of tomato; these were useful for
discriminating different cultivars and may prove to be variety-specific
markers. From the binary Excel file data, we can easily distinguish the
different patterns for each tomato type. Here, we also show that AFLP
analysis was performed to generate an individualizing band or peak

Fig. 7 There are five samples including A: Fresh pepper seed; B: Ingested pepper seed; C:
Unknown seed sample recovered from feces; D: Ingested tomato seed; E: Fresh tomato seed.
The AFLP patterns of A and B are similar, belonging to the pepper group. The AFLP patterns of D
and E are similar, belonging to the tomato group. Patterns from each tomato and pepper AFLP
profile was different (the arrows indicate marks present in tomato but absent in pepper).

A

B

C

D

E

Fresh tomato

Size (bases)

R
e

la
ti
v
e

F
lu

o
re

s
c
e

n
c
e

U
n

it
s

(R
F

U
) Fresh pepper

Ingested pepper

Unknown sample

Ingested tomato



Henry C. Lee and Cheng-Lung Lee 633

pattern from tomato seeds. It is envisioned that AFLP can be performed to
link a seed back to a parent plant or original fruit to aid in criminal
investigations.

In Fig. 9, the arrows showed different peaks in the AFLP pattern and
the data illustrates some representative DNA profiles generated from
those tomato seeds. DNA typing with the AFLP method can be useful for
further individualization of the tomato samples. Interestingly, these same
markers were observed in whole seeds as well as from the three extracted
embryos per tomato, which suggests that it may not be necessary to dissect
the seeds for cultivar identification applications.

SUMMARY

Seeds from stomach contents can verify a last meal or provide traceable
evidence in criminal investigations. Many seeds with tough, durable seed
coats remain intact after passing through the human digestive system.
These seeds can be retrieved from a crime scene where a suspect may have

Fig. 8 Five different tomatoes were used in this study (designated A-E). The figure illustrates
seeds and cross-sections of whole tomatoes (letter = color, diameter; A = red, 3.5 cm2; B = red,
8.5 cm ¥ 5.4 cm; C = yellow, 7 cm2; D = red, 7.5 cm2; E = red, 9 ¥ 7.7 cm). The diameter of
the tomato did not correlate to seed size and seed morphology was not a predictor of the tomato
cultivar and thus not useful for cultivar identification.
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vomited or defecated. In addition, stomach contents collected at autopsy
may contain identifiable plants and seeds that can be used for estimating
the time of death or to verify an alibi. These pieces of information may
become key evidence and very useful in forensic investigations. Our study
shows DNA could be recovered from tomato seeds in fecal material, after
passing through the stomach, small intestine and large intestine.
Therefore, seeds collected from stomach contents, an earlier step in the
digestive pathway, will yield equivalent or even better results.

The recovered tomato seed was useful for DNA typing by the AFLP
method. From our discussion, a sufficient quality and quantity of DNA
can be obtained to generate an individualizing DNA profile. The species/
cultivar-specific markers could be easily distinguished by the AFLP
method. By using the selected PCR primers EcoRI + 3-AAC and MseI + 3-
CAA combinations, we could easily obtain AFLP patterns with many
peaks that differed between species/cultivar samples. Those peaks were
valuable and may be used as species-specific markers for further forensic
applications. Once additional cultivar-specific markers have been
identified and catalogued into a database, this method should be useful
and provide a model system for tracing edible plant matter for criminal
investigation.

Fig. 9 Five phenotypically different tomato seed samples yielded AFLP profiles after DNA
extraction using the hand grinding method. The DNA extracted from fresh tomato seeds, both
digested and undigested, was of sufficient quality for PCR amplification by the AFLP method. The
negative and positive amplification controls performed as expected. The arrows indicate
differences in DNA profiles that can be useful for further individualization of the seed samples.
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ABBREVIATIONS

AFLP: amplified fragment length polymorphism; HPLC: high
performance liquid chromatography; PCR: polymerase chain reaction; TE:
Tris EDTA buffer; DL: digestion ligation reaction; PSA: pre-selective
amplification reaction; ROX: red dye standard for sizing DNA fragments;
SA: selective amplification reaction; TBE: Tris, borate, EDTA buffer
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