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PREFACE

This book provides research from around the globe on Genetically modified plants which
is a plant genetically engineered to contain one or more genes of another species. The aim is
to introduce a new trait to the plant species which does not occur naturally in this species, for
example resistance to certain pests, diseases or environmental conditions, or the production of
a certain nutrient or pharmaceutical agent. Genetically modified plants are often called
"transgenic plants", as they contain one or more transgenes from other organisms, however,
this term also includes plants in which the transgene was integrated by naturally occurring
processes.

Chapter 1 - Monitoring changes in Bacillus thuringiensis (Bt) resistance allele
frequencies in field insect populations is essential for sustainability of the transgenic Bt crops.
Resistance monitoring for Bt crops should be able to provide information on early shifts in
resistance allele frequency so that proactive measures can be implemented to delay and even
restrict the occurrence of widespread control failures. However, early detection of a change in
the Bt resistance frequency in an insect population is often difficult and costly, especially if
information is lacking or unavailable on resistance mechanism(s). Since 2004, a coordinated
monitoring program for detecting a low frequency of Bt resistance in field populations of the
sugarcane borer, Diatraca saccharalis (F.), a major target lepidopteran pest of Bt corn in the
mid-southern region of the United States, has been implemented in Louisiana. This
monitoring program includes 1) planting field corn after the optimum planting dates at multi-
locations in the primary corn production areas of the state to attract and maintain late-season
pest populations; 2) collecting larvae and pupae from these areas on multiple dates to ensure
sufficient sample sizes for developing family-lines; 3) rearing field-collected larvae to pupal
stage and sexing all pupae within a location; 4) establishing two-parent family-lines for an F,
screen or hybridizing field-derived moths with those from a Bt resistant strain that were used
in an F; screen; 5) detecting Bt resistance alleles using F,/F; screens on Bt corn leaf tissues;
6) confirming Bt resistance for potential positive family-lines identified in the F,/F, screens;
and 7) estimating Bt resistance allele frequencies. Each year since the implementation of this
monitoring program, 251-560 feral sugarcane borers were examined for Bt resistance alleles.
Major resistance alleles that allowed resistant insects to complete larval development on Bt
corn plants were detected in three populations sampled during 2004, 2006, and 2007, but not
in 2005. The estimated Bt resistance allele frequency ranged from 0-0.0039 with an overall
rate of 0.0013 and a 95% confidence interval of 0.0003-0.0028 during the monitoring period.
The estimated time required for examining two feral insects (a two-parent family-line for F,
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screen or two lines for F; screen) was 0.91 hours using the F, screen and 0.66 hours using the
F, screen. These results indicate that the Bt resistance allele frequency in Louisiana
populations of sugarcane borer appears somewhat higher compared to that estimated for other
corn stalk boring species targeted by Bt corn. No significant shift in the Bt resistance allele
frequency has been observed during this four-year period. Furthermore, the resistance
frequency observed in these populations does not require remediation or support a proactive
change in the current resistance management strategies for Bt field corn.

Chapter 2 - The generation of therapeutic antibodies and fusion proteins for medical
application is one of the fastest growing areas of the pharmaceutical industry with more than
150 therapeutic antibodies and fusion proteins currently either in clinical trial or use. At the
same time, the use of virus-like particles has become an interesting tool in the fight against
viral infections. Thus, some devastating high-incidence diseases such as HIV or cancer are
currently chosen as clear targets for this type of therapeutical strategy. However, the high
production cost of the current manufacturing systems of these molecules is a latent hurdle to
overcome. With the advent of biotechnology, transgenic plants have emerged as a more
economical new strategy for recombinant protein production. Antibodies and virus-like
particles have been demonstrated to be well expressed in plants. In addition, the achieved
protein expression level of most of them in the plant system has been reported to be
compatible with that established for commercial viability. These facts make the use of plants
for the generation of these types of recombinant molecules a very promising strategy to the
development of lower cost biopharmaceuticals. In consequence, it could lead to exert
important economical and medical implications as being affordable for developing countries
where the incidence of infectious diseases is the highest. The development and production of
these therapeutic molecules in plants is reviewed in this chapter, and the medical
implications, advantages and limitations of both the plant-system and plant-derived molecules
for practical use are discussed.

Chapter 3 - Lolium and Festuca species are the most important forage and turf grasses,
and are cultivated in temperate zones around the world. Since most of these species are
outcrossing plants, genetic diversity is observed even within a single cultivar developed by
means of conventional breeding. Thus, genetic engineering is expected to be an attractive and
powerful tool for improving the sophistication of breeding programs and ensuring that even
within a genetically diverse cultivar, it is possible to incorporate useful genes in all
individuals; as a result, this approach has been experimentally adopted in both groups of grass
species. In this review, the authors present the current state of genetic modification that has
been achieved in Lolium and Festuca species, and discuss how we can produce practical
transgenic plants of these species.

Chapter 4 - The main focus of first-generation GE (Genetically Engineered) plants were
agronomic traits, such as herbicide tolerance or pest resistance, which benefited mainly
farmers. The benefits for human or animal health, when present, were indirect, for instance a
reduced mycotoxin content, due to a lower plant colonization by mycotoxigenic fungi, or a
reduction in commodity prices, due to higher yield or improved farming practices, translating
in increased food availability.

At present GE plants with nutritionally interesting traits are becoming available, both for
feed and food. Forages with improved digestibility, due to a reduction in lignin, have been
obtained and also soybean and cereals with increased content of lysine, methionine and
tryptophan have been developed. Other interesting GE plants in the pipeline are corn and
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soybean with increased resistance to mycotoxins-producing fungi or able to degrade
mycotoxins. Another important research trend is the reduction of anti nutritional factors such
as phytate, which reduces phosphorus availability and increases environmental impact of
livestock, particularly of pigs. Oleaginous crops with altered oil composition are available
since many years but, while in previous years the increase of oleic acid content was the main
target of genetic engineering, recent research focused to improve the content of the
cardiovascular protective omega 3 and 6 fatty acids in seed oil.

Other important topics of importance both for human and animal nutrition are the
increased content of vitamins (Vit. E, By and C), pro-vitamin (B-carotene) and flavonoids, an
important component of a health promoting diet. The development of oilseed crops with
increased sterol content could be an interesting way for reducing cholesterol uptake in
humans.

The alteration of starch composition or the accumulation of sugars in different
polysaccharides could be used in order to obtain processed foods with a more suitable
glycemic index, an important characteristic, especially considering the increasing incidence of
diabetes.

Chapter 5 - “Hairy root” — an infectious disease caused by the soil bacteria
Agrobacterium rhizogenes — is a natural phenomenon, which has existed for centuries. The
development of molecular biology and genetic engineering tools at the end of the 1970s and
in the early 1980s revealed the principles and mechanisms of infection and allowed scientists
to “copy” this phenomenon. Today, genetic transformations using the ‘“natural genetic
engineer” Agrobacterium rhizogenes are widely used for induction of the so-called “hairy
root” plant in vitro systems. Such systems are valuable for the production of economically
important biologically-active substances. Furthermore the opportunity to express and
integrate foreign genes into plant cells using Agrobacterium rhizogenes plasmids has allowed
the mass production of desirable phytochemicals, medicinally important emzymes and
foreign proteins either in in vitro conditions (bioreactors) or through plant regeneration (in
greenhouses or in the field).

This chapter summarizes recent progress in the techniques and methods relating to the
genetic transformation of plant cells and the further maintenance and cultivation of hairy root
cultures, as well as recent results from the authors’ laboratories on using flow cytometry for
investigating the polysomaty of transformed root in vitro systems, and the bioreactor systems
(submerged and temporary immersion) used for the cultivation of hairy roots.

Chapter 6 - Mycotoxins are acutely toxic or carcinogenic compounds produced primarily
by Aspergillus and Fusarium molds that infect seeds of high oil content in the field, such as
maize, cottonseed, peanuts, wheat and tree nuts. Damage by insects facilitates entry of the
molds, and maize hybrids that express the Bacillus thuringiensis (Bt) crystal protein at
sufficiently high levels to provide near immunity to the European corn borer can have greatly
reduced levels of mycotoxins such as fumonisin in the presence of these pests. However, the
number of different species of ear-damaging insect pests requires many different Bts, and the
recent reports of field collected European corn borers with high levels of resistance to Bt
CrylAb suggest nonBt strategies for broad spectrum insect control may be valuable in the
future.

Our approach toward solving the mycotoxin problem involves the investigation of plant-
derived genes, alone and in combination with each other, that have the potential to provide
high levels of resistance to insects, including those genes that can be used as selectable
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markers. The authors have investigated directly active proteins, such as ribosome-inactivating
proteins and N-acetyl hexosaminidases, and demonstrated significant effects against both
beetles and caterpillars when these genes were expressed transgenically. Broad spectrum
resistance to species in several different insect orders has been noted for plants producing
enhanced levels of peroxidases, including in the field. A model anti-cell-death protein
enhanced insect resistance when expressed in transgenic plants. Robotics has been used to
develop antiinsectan peptides with enhanced oral activity over original forms. The authors
have recently begun to introduce combinations of genes for directly active proteins in
different functional classes, and have identified plants with greatly enhanced resistance over
that seen with introductions of individual genes.

Chapter 7 - Mycotoxins are toxic or carcinogenic compounds produced by fungi,
including Aspergilllus and Fusarium molds that colonize seeds of maize, cotton, peanuts or
tree nuts. Insect herbivory of plant tissue often enhances mold infection. Transgenic maize
expressing the Bacillus thuringiensis (Bt) toxin produce ears with lower mycotoxin levels
when the target insect pest is effectively controlled. However, Bt toxins are generally species
specific and therefore new transgenic strategies for broad insect control need to be developed.
The vast diversity of plant secondary biochemicals reflects the strategy of non-motile plants
to defend themselves from pathogens and animal herbivores. Research in recent years
revealed that many of these plant biochemicals are synthesized by a number of enzymes that
are coordinately regulated at the gene level by transcription factors. Altering the expression of
these transcription factors by genetic engineering opens the possibility that these secondary
biochemicals may be synthesized in specific tissues to combat insect herbivory and reduce
mycotoxin contamination. Alternatively, well studied secondary biochemical pathways may
be modified or transferred from one plant species to another and tested for effective insect
resistance. Transgenic manipulation of secondary metabolism must be carefully considered
because redirection of plant energy reserves may hinder plant yield. The advent of genetic
engineering and advances in plant biochemistry has opened up the exciting possibilities of
utilizing the diversity of secondary biochemicals for protecting valuable crop commodities.

Chapter 8 - Gene expression levels of transgene 35S-gshl (y-glutamylcysteine synthetase)
cloned from E. coli, and the endogenous gene gshl of poplar (Populus x canescens) were up-
regulated by the DNA demethylating agent DHAC (5,6-dihydro-5'-azacytidine hydrochloride)
(10 M for 7 days) in aseptic leaf discs cultures. Two 35S-gshl-transgenic (6lgl and 11ggs)
and wild type (WT) poplar clones were used. The efficiency of gene upregulation was also
analyzed under herbicide paraquat stress (4 x 107 M). Levels of gshl-mRNA and gshl-
mRNA were determined by RT-qPCR (reverse transcriptase quantitative PCR) after cDNA
synthesis. For internal control, the constitutively expressed housekeeping poplar genes a-
tubulin and actin were used, and the 27 method was applied for data analysis. In long term
DHAC treatment (21 days), a morphogenetic response of de novo root development was
observed on leaf discs in a wide concentration range of DHAC (10 to 10 M). Adventitious
shoots (11ggs clone) also emerged from leaf discs after a combined treatment with DHAC
(10™ M) and paraquat (10”7 M). Shoots were dissected, rooted and transplanted in glass
houses for further analyses for phytoremediation capacity. Since DNA methylation patterns
are inherited (epigenetic memory), these poplar plants with increased gene expression levels
of both transgene 35S-gshl and endogenous gene gshl provide novel plant sources for in situ
application.
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Chapter 9 - Soy is a food rich in proteins, fibers, vitamins, minerals and isoflavones,
compounds with a very similar chemical structure to estrogen, being able to perform similar
activities as this hormone. Studies report that its use decreases the risk of cardiovascular
diseases by the reduction of cholesterol and triglycerides serum levels. 24 female Wistar rats
were divided into three groups (N = 8): organic soy group (OSG) receiving an organic soy-
based diet, genetically modified soy group (GMSG) receiving a transgenic soy-based diet,
and a control group (CG) receiving a casein-based. All animals with water, isocaloric and
isoproteic diets Ad libtum during all their lives until old age. It was observed that the
consumption of organic and transgenic soy seems to promote a reduction in the levels of
cholesterol and triglycerides compared with control group. It was also observed that the
genetically modified soy behaved in a similar way to the organic soy in relation to lipids
levels, no inserted DNA or any other component of the transgenic soy had any adverse effect
that could imply the transgenic food is not adequate for consumption.

Chapter 10 - Canola is one of the biotechnologically developed crops in the world.
Biotech canola is a GMO (genetically modified organism) in food and an LMO (living
modified organism) in environment. Several kinds of biotech canola have been
commercialized in United States and Canada. Among them, two kinds of biotech canola,
GT73 and Ms8/Rf3, were mainly cultivated in the world.

The detection method is an essential element for the GMO labeling system or LMO
management about the biotech crops. In this study, the specific primer pairs and probes were
developed to the qualitative and quantitative PCR methods for GT73 and Ms8/Rf3. The
designed primers were confirmed in specificity and sensitivity. The single PCR product was
obtained from GT73 or Ms8/Rf3 by the specifically designed primer pair, respectively. Limits
of detection (LODs) of the qualitative method were all 0.03% for these biotech canola events.

On the other hand, the quantitative method was developed by using a TagMan real-time
PCR. As a reference molecule, a synthetic plasmid was constructed from a taxon-specific
DNA sequence of canola and construct-specific DNA sequences of GT73 and Ms&/Rf3. The
validation of this quantitative method was performed using six levels of mixing samples, 0.1
to 10.0%, with two biotech canola. As a result, the biases from the true value and the relative
standard deviations were almost within the range of £30%. Limits of quantitation (LOQs) of
the quantitative method were all 0.1%. Consequently, the authors report that the proposed
detection methods were applicable for qualitative and quantitative analysis for the biotech
canola GT73 and Ms8/Rf3.
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Chapter 1

DETECTION AND MONITORING OF BACILLUS
THURINGIENSIS RESISTANCE ALLELES IN THE
SUGARCANE BORER, DIATRAEA SACCHARALIS (F.)

Fangneng Huang and B. Rogers Leonard

Department of Entomology, Louisiana State University Agricultural Center, Baton
Rouge, Louisiana 70803, U.S.A

ABSTRACT

Monitoring changes in Bacillus thuringiensis (Bt) resistance allele frequencies in
field insect populations is essential for sustainability of the transgenic Bt crops.
Resistance monitoring for Bt crops should be able to provide information on early shifts
in resistance allele frequency so that proactive measures can be implemented to delay and
even restrict the occurrence of widespread control failures. However, early detection of a
change in the Bt resistance frequency in an insect population is often difficult and costly,
especially if information is lacking or unavailable on resistance mechanism(s). Since
2004, a coordinated monitoring program for detecting a low frequency of Bt resistance in
field populations of the sugarcane borer, Diatraea saccharalis (F.), a major target
lepidopteran pest of Bt corn in the mid-southern region of the United States, has been
implemented in Louisiana. This monitoring program includes 1) planting field corn after
the optimum planting dates at multi-locations in the primary corn production areas of the
state to attract and maintain late-season pest populations; 2) collecting larvae and pupae
from these areas on multiple dates to ensure sufficient sample sizes for developing
family-lines; 3) rearing field-collected larvae to pupal stage and sexing all pupae within a
location; ; 4) establishing two-parent family-lines for an F, screen or hybridizing field-
derived moths with those from a Bt resistant strain that were used in an F; screen; 5)
detecting Bt resistance alleles using F,/F; screens on Bt corn leaf tissues; 6) confirming
Bt resistance for potential positive family-lines identified in the F,/F; screens; and 7)
estimating Bt resistance allele frequencies. Each year since the implementation of this
monitoring program, 251-560 feral sugarcane borers were examined for Bt resistance
alleles. Major resistance alleles that allowed resistant insects to complete larval
development on Bt corn plants were detected in three populations sampled during 2004,
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2006, and 2007, but not in 2005. The estimated Bt resistance allele frequency ranged
from 0-0.0039 with an overall rate of 0.0013 and a 95% confidence interval of 0.0003-
0.0028 during the monitoring period. The estimated time required for examining two
feral insects (a two-parent family-line for F, screen or two lines for F, screen) was 0.91
hours using the F, screen and 0.66 hours using the F; screen. These results indicate that
the Bt resistance allele frequency in Louisiana populations of sugarcane borer appears
somewhat higher compared to that estimated for other corn stalk boring species targeted
by Bt corn. No significant shift in the Bt resistance allele frequency has been observed
during this four-year period. Furthermore, the resistance frequency observed in these
populations does not require remediation or support a proactive change in the current
resistance management strategies for Bt field corn.

Keywords: corn, transgenic plants, resistance monitoring, Cry proteins, Bt, F)/F,
screen, IRM, corn borer.

INTRODUCTION

Transgenic corn varieties expressing Bacillus thuringiensis (Bt) endotoxins have become
the most important tools for managing corn stalk boring pests in the United States and several
other countries. During 2007, Bt corn cultivars were planted on more than 18.4 million
hectares and represented approximately 49% of the total corn hectarage planted in that year
(NASS 2007). The widespread acceptance of transgenic Bt corn will place significant
selection pressure on corn borer populations and could accelerate the development of resistant
populations; thereby increasing concerns about the long-term sustainability of Bt corn as an
effective insect pest management tool (Ostile et al. 1997, Gould 1998). To prolong the
effectiveness of Bt corn, a mandatory insect resistance management (IRM) plan has been
implemented for planting Bt corn in the United States and Canada (US EPA 2001, Baute
2004).

Field corn is a major crop and contributes significant value to agriculture in Louisiana, as
well as, in other mid-southern U.S. states. During 2007, producers across Texas, Louisiana,
and Mississippi planted >1.5 million hectares of field corn. Recently and during the
foreseeable future, the urgent need for alternative energy sources has greatly increased the
value of corn. Producers across this region will likely continue to plant significant corn
hectarage because of the high price of this commodity.

A corn stalk borer complex consisting of the sugarcane borer, Diatraea saccharalis (F.)
and southwestern corn borer, D. grandiosella Dyar are major yield limiting pests across this
region. Yield losses up to 30% on conventional non-Bt corn can be attributed to this pest
complex (Sankula and Blumenthal 2004). Bt corn cultivars adapted to the mid-southern
region were commercialized during 1999 and adoption of this technology has increased
rapidly. Bt corn has significantly reduced yield losses from all corn borer species and is
currently the primary strategy for managing these pests. This technology has nearly saturated
the marketplace and accounts for about 50% of the total corn acreage in this region. Given the
recognized value of this technology by producers, additional hectarage would be planted if
IRM guidelines would allow them to do so.

Managing or delaying sugarcane borer resistance to Bt corn in the mid-southern region
appears to be even more critical than that proposed for the two most important corn borer



Detection and Monitoring of Bacillus Thuringiensis Resistance Alleles... 3

species across the North Central and Mid-Western Regions of the US Corn Belt, European
corn borer, Ostrinia nubilalis Hiibner, and southwestern corn borer. The sugarcane borer, a
key pest of sugarcane (Reagan 2001), has expanded its geographic range during the late
1990’s and has now replaced the southwestern corn borer as the dominant corn borer species
in Louisiana and some areas of Texas (Castro et al. 2004a, Porter et al. 2005, Huang et al.
2006a). In Louisiana, significant field corn hectarage was seriously damaged by late-season
populations of sugarcane borer during 2002 and 2003 (Castro et al. 2004a). In many non-Bt
corn fields, yield losses from sugarcane borer infestations exceeded 30%. A four-year survey
(2004 — 2007) of Louisiana corn stalk borer species found that sugarcane borer accounted for
more than 80% of the total corn borer populations across the major production areas (Huang
et al. 2006a; FH, BRL unpublished data). During 2005 across some areas of Texas, field corn
was heavily damaged by sugarcane borer (Porter et al. 2005). Economic infestations were
reported from Corpus Christi to Victoria, extending northwards to the Dallas area. Field
samples collected during 2006 and 2007 showed that sugarcane borer accounted for >99% of
the total corn borer populations in these areas (RP, CC, FH, unpublished data). Sugarcane
borer infestations have also been reported in Mississippi and southern Arkansas corn fields.
Sugarcane borer has been documented to successfully overwinter in corn stubble across
northeast Louisiana and in much of the mid-South. This species is now occurring in regions
of corn where no sugarcane is planted (Huang et al. 2006a). The explanations for this increase
in the pest status of sugarcane borer across the region have largely remained unknown.

Because of the increasing sugarcane borer problem on corn in the mid-southern region,
this boring species was recently listed as a target pest of Bt corn in the United States (US
EPA 2005a, b). In addition, laboratory bioassays showed that sugarcane borer is inherently
less susceptible to the CrylAb protein in Bt corn compared to European corn borer and
southwestern corn borer (Huang et al. 2006b). Two previous studies from Louisiana also
showed that Bt corn performance against sugarcane borer varied among Bt corn varieties
(Castro et al. 2004b, McAllister et al. 2004). The widespread adoption of Bt corn, present and
future value of this technology to sustainable corn IPM, and increased incidence of sugarcane
borer across the mid-southern region demand an effective monitoring program that can detect
early shifts in Bt resistance allele frequency in field borer populations. These data are
necessary to support implementation of the high dose/refuge strategy for managing sugarcane
borer resistance to Bt corn across this region.

A systematic monitoring program for detecting early changes of Bt resistance allele
frequencies in field populations of sugarcane borer was coordinated among scientists across
Louisiana in 2004. Based on the principles of an F, screen method proposed for detecting Bt
resistance in European corn borer (Andow and Alstad 1998), a cost-effective modification of
an F, screening technique was developed for detecting rare Bt resistance alleles in sugarcane
borer populations sampled from corn fields across the major Louisiana corn production areas
during 2004-2005 (Huang et al. 2007a, b). During 2006-2007, an F; screening procedures for
identifying resistance, simplified from the F, screening method, was developed and used to
screen F; progeny of crosses between feral individuals and a known resistant strain of
sugarcane borer. This paper outlines the F,/F; screening procedures, reports the results of the
four-year monitoring, and discusses the costs of the monitoring program.
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PROCEDURES OF F2/F1 SCREENS FOR DETECTING RARE BT
RESISTANCE ALLELS IN SUGARCANE BORER

Insect samples. The first step of the monitoring program to detect Bt resistance in
sugarcane borer populations required collections of insects from field of corn across the
sampling regions (Figures 1 and 2). During 2004, larvae and pupae of first and second
generations of sugarcane borer were collected from corn fields near Winnsboro, Louisiana
(Franklin Parish) (Huang et al. 2007a). To facilitate the insect collection during 2005 to 2007,
corn was planted beyond optimum planting dates at multiple locations in the primary
production areas to attract and maintain late-season corn borer populations. Larvae and pupae
of sugarcane borer were collected from these field areas on several dates to ensure sufficient
sample sizes for developing family-lines to detect Bt resistance alleles. Field-collected larvae
were reared individually in 30-ml plastic cups (Fill-Rite, Newark, NJ) containing 5-10 ml of a
meridic diet (Bio-Serv, Frenchtown, NJ), and maintained in environmentally-controlled
chambers within the conditions of 20 - 28 °C, with 50-65% RH, and a 16:8 (L:D) h
photoperiod. Pupae, collected from fields or derived from field-collected larvae, were
separated according to sex before adult emergence and were segregated until adult emergence
for pair matings in the development of family-lines for screening Bt resistance.

F, screen. A cost-effective F, screening method was developed to detect rare Bt
resistance alleles in field populations of sugarcane borer sampled during 2004 and 2005
(Figurel.) (Huang et al. 2007b). Two-parent family-lines were established by pairing newly
emerged male and female adults derived from field-collected samples in 450-ml paper
containers (Huhtamaki Foodservice, De Soto, Kansas) (Huang et al. 2007b). The paper
containers were then placed in growth chambers maintained at 27-28 °C, 50-65% RH, and a
16:8 (L:D) h photoperiod for adult mating and oviposition. F; eggs produced from each
single-pair mating were collected after 3-4 days. F; larvae (60-150) of each single-pair mating
were reared individually in 30-ml plastic cups each containing a meridic diet in
environmental growth chambers maintained at 27°C, 50% RH, and a 16:8 (L:D) h
photoperiod. F; adults within each single-pair mating were sib-mated in 3.8-liter cardboard
cartons (Neptune Paper Products, Newark, NJ) to produce an F, generation. F, progeny
produced from a single-pair mating were considered as a two-parent family-line and used to
screen for Bt resistance.

F; screens for detecting Bt resistance alleles were performed in 8-well trays (Bio-Smart-
8, C-D International, Pitman, NJ) containing corn leaf tissue, dissected from fully expanded
leaves of V5-V8 stages of a commercial Bt (Cryl Ab) corn hybrid, DKC 69-70 (Monsanto, St.
Louis, MO) (Huang et al. 2007b). For each two-parent family-line, 150-300 F, neonates were
screened in 3-5 wells in environmental chambers maintained at 27-28°C, 50% RH, and a 16:8
(L:D) h photoperiod. Larval survival was recorded after 5, 10, and 15 days. . If one of the two
parents for a family-line carried a major recessive Bt resistance allele, 6.25% of F, larvae
were expected to be homozygous for Bt resistance and should survive in the F, screen
(Andow and Alstad 1998). A line was considered a potential positive line expressing Bt
resistance alleles if F, neonates survived for more than 10 days in the F; screen.

Resistance confirmation for the F, screen. To validate if the initial positive lines
identified in the F, screen actually possessed resistance alleles, non-selected F; neonates
(>240 neonates/ family-line) produced from the potential positive lines were placed into the
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whorls of vegetative stage plants of DKC69-70 Bt and DK697 non-Bt plants in the
greenhouse for larval growth and development (Figure 1). DK697 is a conventional non-Bt
corn hybrid that is genetically similar to the DKC69-70 Bt corn hybrid, both commonly
planted in Louisiana. Larval survival on Bt and non-Bt corn plants were recorded after 27
days in 2004 and 21 days in 2005. Similarly, if one of the two parents for a line carried major
recessive Bt resistance alleles, 6.25% of F; larvae were expected to be homozygous for Bt
resistance and should survive on Bt corn plants (Huang et al. 2007b).

A family-line (line 55) derived from samples collected during 2004 was identified as a
potential positive line in the F, screen. Larvae of this family line survived on intact Bt corn
plants in greenhouse tests for >27 days. To evaluate if line 55 could complete larval
development (from neonate to pupal stage) on Bt corn plants, survivors were recovered from
Bt corn plants after 27 days, and were backcrossed with a Bt-susceptible laboratory strain (Bt-
SS strain) (Huang et al. 2007b). Second generation neonates of this backcross were re-
exposed to Bt corn plants in the greenhouse and evaluated for larval survival and
development. Approximately 80 neonates from the second generation of the backcross were
exposed to each of 75 Bt plants. Insect survival was recorded when the first pupa from a Bt
plant was observed.

Progeny mortality of the F, neonates of the backeross Survivors from Bt plants
survivors from Bt plants were  ywere released un Blplans  Were backerossed with SS
assayed on Bt leaf issues

Parental individually
Larvae were m
colleted from corn . m
fiolds Vs
Larvae were Motential resistant
transferad to 20-ml . ¥ s tamilies were screened  §
plastic cups P. RS x S8 on greenhouse Bt corn
containing a meridic plants
dict (Parcnt) ' ; Resi ok
I:1: % 88 2 RS confirmation

Larval rearing trays
were placed in
growth chambers
{Parent)

: Checking larval E
F2- RR suryival on Bt corn ——
16 16 1/16 leaf issues E
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on Bt corn leaf tissuas L“%g

Painngwirgin 7 and
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Figure 1. Schematic procedures of an F2 screening method for detecting rare Bt resistance alleles in
field populations of sugarcane borer.
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If survivors of the non-selected F; insects were homozygous for Bt resistance, 25% of the
second generation larvae of the backcross were expected to be homozygous for Bt resistance
and should survive on Bt corn plants in the resistance re-verification study.

Estimation of Bt resistance allele frequencies for the F, screen. For the F, screen, a
family-line was defined to possess a major resistance allele(s) if F, larvae of the line could
survive for 10 days on Bt corn leaf tissues and its offspring could complete larval
development on Bt corn plants. A line was considered to carry a minor resistance allele(s) if
F; larvae of the line survived for 10 days but its offspring could not survive on Bt corn plants
for >21 days. The expected Bt resistance allele frequencies (E[q]) in the combined
populations collected each year were estimated using a Bayesian analysis (Andow and Alstad
1998),

E[q] = (S + 1)/[4(n +2)] [1]

where n = the number of two-parent family lines, and S = the number of positive two-parent
family-lines possessing Bt resistance alleles. The 95% confidence interval of the estimated
resistance frequency was calculated using F distributions as described by Andow and Alstad
(1999). The probability (or detection power) that a resistance allele could be identified in a
family-line (if present) was estimated according to the methods described in Stodola and
Andow (2004).

F; screen. Field samples of sugarcane borer collected during 2006 and 2007 were
examined for Bt resistance alleles using an F; screening method (Figure 2). For Bt resistance
traits expressed in a recessive manner, F; screening procedures can be simplified by screening
F, progeny of the crosses between field-collected individuals and Bt resistant insects
(hereafter referred as F, screen) (Gould et al. 1997). Using the previously described F, screen
method, line 55 collected in 2004 was identified to possess a major resistance allele to
CrylAb in Bt corn. A Bt resistant strain (Bt-RR strain) was developed from pupae and large
larvae (5™ intars) of this line that survived on Bt corn plants during the resistance re-
verification tests. Resistance in this sugarcane borer strain most likely was controlled by a
recessive or near completely recessive gene (Huang et al. 2007b). The availability of this Bt
resistant strain allowed detection of Bt resistance alleles in field populations of this insect
species using F, screening procedures. If the feral parent in a single-pair cross possesses the
same resistance allele as the resistant parent, 50% of the F; progeny are expected to be
homozygous for Bt resistance, and the homozygous Bt-resistant insects should survive in the
F, screen (Gould et al. 1997).

Two types of mating (single pair and group) were used to develop F; progeny for
screening Bt resistance in field collections of sugarcane borer. In the single pair-mating
procedure, newly emerged virgin males and females of field-derived moths were paired
individually with Bt-resistant insects in 450-ml paper containers for adult mating and
oviposition as described in the single-pair matings for the F; screen (Huang et al. 2007b). In
the group mating procedure, five newly emerged virgin females of field-derived moths and
four virgin males of the Bt-RR strain were placed into a 1-liter cardboard carton (Neptune
Paper Products, Newark, NJ) for adult mating and oviposition to produce F; generations for
each group.
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Figure 2. Schematic procedures of an F1 screening method for detecting rare Bt resistance alleles in
field populations of sugarcane borer.

In the resistance screen, 50-F; neonates were released on Bt corn leaf tissues in each of
two wells for each single-pair mating (n = 100) or four wells for each group mating (n = 200
neonates) as described in the F, screen (Figure2, Huang et al. 2007b). Larval survival was
evaluated after 5 and 10 days during 2006 or after 6 and 12 days during 2007. Chi-square (x* )
tests were used to determine if the observed survival rates were different from the expected
values at the a = 0.05 level. The expected survival rates were adjusted to the baseline survival
of the Bt-RR strain and the heterozygous genotype (Bt-RS) on Bt corn leaf tissues before the
data were subjected to statistical analyses. Baseline survival levels of the three genotypes (Bt-
SS, Bt-RS, and Bt-RR) on Bt and non-Bt corn leaf tissues were determined using the same
procedures as described in the F; screen. A line was considered as a potential positive line for
a Bt-RS feral parent if its observed larval survival rate after 10 or 12 days in the F; screen was
not considerably lower (e.g. >10%) than the expected rate.

Resistance confirmation for the F; screen. To validate the presence of resistance alleles
previously identified in the F; screen, F; survivors were transferred into 30 ml plastic cups
containing a meridic diet and reared to the pupal stage. Pupae derived from the survivors were
placed in 3.8-liter cardboard cartons for adult emergence, mating, and oviposition. Upon
eclosion, larvae (20 neonates) representing the 1 generation progeny of the survivors in the
F, screen and the Bt-RR strain were placed on Bt and non-Bt corn leaf tissues in each of 6-8
wells (n =120-160) (Figure 2). Larval survival was examined after 10 and 15 days or after 5
and 10 days for 2006 and 2007, respectively. Differences in larval survival between the two
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strains was compared using z-tests at the a = 0.05 level. A suspected positive line was

validated if the survival rates from the F; screen were similar to that of the Bt-RR strain.
Estimation of Bt resistance allele frequencies for the F; screen. For the F screen, the

expected frequency of Bt resistance alleles (g ) for insect samples collected in each year was

estimated using the equation (Wenes et al. 2006),

g=1-[1-(S+D/(N,

a1 2]
where S = the number of positive lines with Bt-RS feral parents, and N, = the number of
single parent lines screened plus the number of females in the group screens that contributed
to the F; generation. A female was considered successfully mated and a contributor to the F,
generation in a group mating if the female contained empty spermatophores in the bursa
copulatrix. F; neonates hatched from eggs of each single-pair or group mating were used in
the F; screen for Bt resistance. The 95% confidence interval was calculated based on the
equation [15] from Andow and Alstad (1999). The detection power in an F; screen was
estimated using the equation as described in Wenes et al. (2006).

ESTIMATED BT RESISTANCE ALLELE FREQUENCIES IN SUGARCANE
BORER

F, screen for insect samples collected during 2004. A total of 213 two-parent family-lines
of sugarcane borer derived from field collections near Winnsboro, Louisiana (Franklin Parish)
were screened for CrylAb resistance on Bt corn leaf tissue using the F, screening method
(Figurel., Table 1). In the F; screening, 37 neonates from four family-lines survived for >10
days on Bt corn leaf tissue. Most of the survivors (27) in the F, screening were from a single
line (line 52). In the greenhouse confirmation tests, 14 live larvae of the non-selected F;
generation of line 52 were recovered from 27 Bt plants after 27 days. In the resistance re-
verification tests, the first pupa of the second generation of the backcross was observed on a
Bt corn plant 55 days after larval inoculation. Therefore, the re-verification tests in the
greenhouse were terminated, and insect survival was recorded thereafter. A total of 351 live
sugarcane borers including 20 pupae, 48 fifth instars, and 283 second-forth instar larvae were
recovered from 55 Bt plants. The survivors were collected in plant stalks, ears, or ear shanks.
The other 20 Bt corn plants infested with neonates of the second generation of the backcross
were used for monitoring insect growth and development to determine the termination date of
the tests. Line 52 survival on Bt corn leaf tissue in the F, screen and on Bt corn plants in the
resistance confirmation and re-verification tests suggested that one of the parents possessed at
least one major Bt resistance allele and was capable of survival on intact Bt corn plants
expressing CrylAb. Segregation analysis of line 52 suggested that Bt resistance in this family
was likely controlled by a near completely recessive allele at a single locus (Huang et al.
2007a). Under this assumption, the estimated major Bt resistance allele frequency in this
population of sugarcane borer was 0.0023 with a 95% confidence interval (CI) of 0.0003 to
0.0064.
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Table 1. Estimated frequency of Bacillus thuringiensis resistance alleles in Louisiana
sugarcane borer populations sampled during 2004-2007

Year F./F, No. feral No. No. Minor Major resistance Detection
screen individuals individuals individuals resistance allele frequency probability
screened possessing ~ possessing  allele and/or 95% CI
(lines) minor major frequency
resistance resistance (95% CI)*
alleles alleles
2004 F, 416 (213) 3 1 0.0047 0.0023(0.0003- 0.98
(0.0013- 0.0064)
0.0101)
2005 F, 560 (280) 6 0 0.0063 (0-0.0027) 0.94
(0.0025-
0.0117)
2006 Fi 331(331) --- 1 --- 0.0030(0.0004- 0.98
0.0084)
2007 F, 251 (251) - 1 - 0.0039(0.0005- 0.98
0.0110)
Overall - 1558 9 3 0.0051(0.0024-  0.0013(0.0003- 0.96
0.0087) 0.0028)

Frequencies for the combined populations (overall) is re-calculated as a function of the total data set.
Overall minor resistance allele frequency was estimated based only the data from F, screen during 2004
and 2005.

The other three family-lines demonstrated a low survival rate (< 1.7%) on Bt corn leaf
tissue after 10 days in the F; screen and were considered to possess a minor resistance allele.
Thus, the estimated resistance frequency with minor alleles was 0.0047 with a 95% CI of
0.0013 to 0.0101 in this population. If a resistance allele existed in the population, the F,
screen had a detection power of 97.5%.

F; screen for insect samples collected during 2005. A total of 280 two-parent family-lines
of sugarcane borer were examined for Bt resistance using the F, screening procedures during
2005 (Table 1). The four populations were collected across primary corn production areas of
the state, including three populations (East Carroll, Tensas, and Franklin) from Northeast
Louisiana and one population (Rapides) from Central Louisiana. For each population, 54-90
F, family-lines were screened for Bt resistance. A total of 84 F; larvae from eight family-lines
survived on Bt corn leaf tissue after 10 days in the F; screen. Six of these lines demonstrated
larval survival rates of > 5%, and the other two lines had <1.5 % larval survivorship. None of
these families in the F, screen completed larval development on Bt corn plants in resistance
confirmation tests in the greenhouse. Thus, the F, screen suggested that none of the 280
family-lines possessed major resistance alleles to CrylAb Bt corn. The estimated frequency
for major Bt resistance alleles in the four populations collected during 2005 was less than
0.0027 with a 95% probability. The six family-lines that demonstrated significant survival
levels were considered to express minor resistance alleles. Based on Bayesian analysis, the
estimated minor resistance allele frequency was 0.0063 with a 95% CI of 0.0025 to 0.0117.
The F, screen had a detection power of 94% if a resistance allele existed in the populations.

Fy screen for insect samples collected during 2006. A total of 331 feral individuals of
sugarcane borer were collected from the same four locations during 2006 as those during
2005. These insects were crossed with the Bt-RR strain and screened for Bt resistance using
the F; screening method (Figure 2, Table 1). Insect sample size from each location ranged
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from 5 (East Carroll Parish) to 223 (Rapides Parish) lines. Two lines (19 and 28) of Rapides
populations demonstrated significantly greater larval survival rates (12 and 40%,
respectively) than the Bt-RS genotype (6%) on Bt corn leaf tissue after 10 days in the F,
screen. The observed survival rate of line 28 in the F; screen was not significantly different
from the adjusted expected rate (37.8%) for a Bt-RS feral parent. The progeny survival rates
of F; survivors from line 28 on Bt corn leaf tissue were 52% after 10 days and 48% after 15
days, and neither were significantly different from the Bt-RR strain. The results of the F,
screen and resistance confirmation tests suggested that the feral parent of line 28 possessed
the same resistance allele found in the Bt-RR strain. The 12% larval survival rate of line 19
after 10 days in the F; screen was considerably lower than that of the expected rate for a Bt-
RS feral parent (37.8%). An effort to establish a strain with the survivors of this line for
resistance confirmation was unsuccessful because of low survivorship. Therefore, it is likely
that the feral parent of this line did not carry resistance alleles. Results of Bayesian analysis
suggested the expected Bt-resistance allele frequency for the four Louisiana populations of
sugarcane borer collected during 2006 was 0.0030 with a 95% CI of 0.0004 to 0.0084. The F,
screen had a detection power of 98% if a resistance allele existed in the feral parents.

F, screen for insect samples collected during 2007. A total of 251 feral individuals of
sugarcane borer were collected during 2007 from three locations (Tensas, Franklin, and
Rapides Parishes) in Louisiana. These insects were crossed with the Bt-RR insects and
screened for Bt resistance using the F; screening procedures (Figure 2, Table 1). The feral
parent sample sizes for the F; screen were 33, 74, and 144 lines for Tensas, Franklin, and
Rapides population, respectively. One line (24) developed from a cross between a field-
collected male of the Franklin population and a Bt-RR female demonstrated a 23% survival
rate on Bt corn leaf tissue after 12 days in the F; screen. The observed survival rate of line 24
was not significantly lower than the expected rate (29%) for a Bt-RS feral parent, and was
considerably greater than the survival rate (1%) of the Bt-RS genotype. In the resistance
confirmation tests, the corrected progeny survival rates of F, survivors from line 24 on Bt
corn leaf tissue was 78% after 5 days and 65% after 10 days. These survival levels were not
significantly different from that of the Bt-RR strain. The results of the F; screen and
resistance confirmation tests suggested that the feral parent of line 24 of the Franklin
population possessed the same resistance allele as presented in the Bt-RR strain. A different
line (22) from a cross between a male collected from the Franklin population and a Bt-RR
insect survived the 12-day screen; however the survival rate was only 1%. F; neonates of all
other lines did not survive on Bt corn leaf tissue after 12 days. Thus, the F; screen and the
resistance confirmation tests suggested that one (line 24 of the Franklin population) out of the
251 feral parents collected during 2007 possessed the same resistance allele as the Bt-RR
strain. Thus, the expected Bt-resistance allele frequency for the three Louisiana populations of
sugarcane borer was estimated to be 0.0039 with a 95% CI of 0.0005 to 0.0110. The F; screen
had a detection power of 98% to identify a resistance allele if one existed in the samples.
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ESTIMATION OF LABOR COSTS OF THE F,/F; SCREENS FOR
DETECTING RARE BT RESISTANCE IN SUGARCANE BORER

Most of the detecting procedures that have been used by the scientific community to
monitor rare Bt resistance alleles in field insect populations are costly and labor intensive
(Andow and Alstad 1998, Huang 2006). In particular, the labor cost of an F, screen is often
considered a significant limitation of this technique. To estimate labor costs, the entire
procedure of both screens was divided into individual tasks, 10 for the F, screen and 7 for the
Fy screen (Table 2). The time required to complete each task was determined based on a work
group consisting of a professor, two undergraduate interns, one M.S. student, and three Ph.D.
students. A 70% success rate for single-pair matings was considered in the cost estimation for
the F, and F, screens. A successful single-pair mating means that the pair produced enough F,
or F progeny for screening Bt resistance.

The time required for each task in examining 100 two-parent family-lines using the F,
screen ranged from 2 hours in the replacement of leaf tissues to 17 hours for meridic diet
preparation (Bio-Serv, Frenchtown, NJ) (Table 2). The total time required to complete the ten
tasks of an F, screen for screening 100 lines was 90.5 hours (approximately 1 hour/line). If an
equivalent number (e.g. 200 lines) of feral individuals were examined for Bt resistance using
the F, screen, the time required was reduced to 66 hours (Table 2); a reduction of 27%
compared to the F; screen.

Table 2. Estimated labor costs (time/hours) for examining Bt resistance in sugarcane
borer for 100 two-parent family-lines with the F, screen or 200 single-pair lines using
the F; screen

Task F, screen (h) F, screen (h)
Diet preparation 17 1.5
Adult pairing 55 13.5
Handling of F; and F, eggs 12 12
Transfer F, larvae 15 0
Recover F, pupae 15 0

F, sib-mating 5

Place F, or F, eggs into 7 11
screening trays

Place leaf tissue for screening 2 4
Replace leaf tissue 5 10
Check results 7 14
Total 90.5 66

* Estimation was based on a personnel team consisting of one professor, two undergraduate interns, one
M.S. student, and three Ph.D. students.

Estimations were adjusted with a 70% success rate for single-pair mating. A successful single-pair
mating was defined as one that produced sufficient F, or F; progeny for screening.
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SIGNIFICANCES OF THE PRESENT F,/F; SCREENS FOR DETECTING
RARE BT RESISTANCE ALLELES IN FIELD INSECT POPULATIONS

Several methods have been used for monitoring Bt resistance in field insect populations
(Andow and Alstad 1998, Huang 2006). Among these, the dose-response and diagnostic
concentration techniques (Margon et al. 2000, Tabashnik et al. 2000) are the two most
common procedures because of their relatively simple procedures. However, both methods
may be not suitable for monitoring insect resistance to cry proteins in Bt crops at early stages
because they are not sufficiently sensitive in detecting rare recessive resistance alleles (Roush
and Miller 1986, Andow and Alstad, 1998).

Andow and Alstad (1998) introduced a novel F, screening technique for detecting
recessive alleles in field populations of European corn borer. This technique involves
collecting mated females from fields, inbreeding within each iso-female line, and screening
their F, progeny for Bt resistance on Bt corn plants or on meridic diet containing Bt toxins.
The F, screen method is expected to be more effective in detecting rare recessive Bt
resistance alleles in field insect populations than the traditional dose-response or diagnostic
dose methods. Since 1998, more than 2,000 family-lines of European corn borer and
southwestern corn borer have been screened for Bt resistance using the F, screening method,
but no major resistance alleles have been detected among these populations (Andow et al.
1998, 2000; Bourguet et al. 2003; Stodola et al. 2006; Huang et al. 2007¢c). A major allele for
Bt resistance would allow larval development on the Cryl Ab dose expressed in commercial
Bt corn plants. The major Bt resistance allele identified in line 52 of the Louisiana sugarcane
borer population collected during 2004 represents the first report of a Bt-resistant corn stalk
borer to survive and complete larval development on commercial CrylAb corn plants. The
successful identification of a major resistance allele to Bt corn in line 52 also suggests that the
F, screening procedures are effective in detecting rare Bt resistance alleles in field
populations of sugarcane borer.

The present F, screen can represent several advantages and should significantly reduce
the overall cost compared to the F, screen proposed for other corn borer species (Huang et al.
2007b). Relative to the F, method used for detecting Bt resistance alleles in European corn
borer (Andow et al. 1998, 2000; Bourguet et al. 2003), the present F, screening procedures
have two notable modifications: 1) the use of field-collected larvae or pupae for establishment
of family-lines rather than field-collected adult males or mated females and 2) the use of Bt
corn leaf tissue for screening F, neonates rather than directly screening F, larvae on whole Bt
corn plants or on diet containing Bt toxins. F, screen for detecting Bt resistance alleles needs
to rear and maintain each of many family-lines separately for one or more generations after
insect samples are collected from fields. In addition, resistance screening should be performed
on each family-line. Therefore, the cost (both in labor and materials) can be a significant
concern in implementation of an F, screen for monitoring Bt resistance (US EPA 2001). The
estimated time required for examining one family-line using the present F, screen was about
one hour. Based on these observations and estimations, a sample of 200-300 two-parent
family-lines for a representative field site could be considered a suitable sample size for
estimating Bt resistance allele frequencies. This translates to a total of 200-300 hours required
to conduct the F; screen for these samples, an amount of labor cost that could be affordable in
a period of 2-3 months for many laboratories. However, the actual time needed to complete
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these tasks could vary greatly depending on the experience and skills of personnel conducting
the screen. Some tasks such as diet preparation, removing pupae from diet, larval transferring,
egg handling, require less experience and skills. However, other activities such as conducting
single-pair mating for establishing family-lines and checking larval survival in screening
resistance require extensive experience. In addition, temperature conditions for insect rearing
could be varied to control insect development so that insect samples could be utilized at
different times, which is particularly important when large insect samples were collected.

One major task of an F, screen that is not listed in Table 2 involves field collection of
insects. The labor costs associated with field collections could vary significantly, depending
on insect population densities. The majority of field corn is planted during March and April in
Louisiana to maximize yield and reduce insect damage. Corn planted after the optimum
planting dates become more attractive to the sugarcane borer late in the growing season. To
ensure that sufficient numbers of insects could be collected for the F»/F; screens during 2005-
2007, corn was planted late in a season at several selected locations across the primary corn
production areas. In most cases, several hundred sugarcane borer larvae and pupae were
collected from these late-planted corn fields in a few hours. The use of late-season insects for
screening Bt resistance also allows detection of field resistance status at the end of the
growing season.

In addition, resistance confirmation tests to validate potential positive lines in an F,/F,
screen are necessary. Labor costs associated with the resistance confirmation can be variable
depending on the number of lines that require re-testing and the confirmation methods. Based
on these experiments, Bt resistance validation tests on intact Bt corn plants in the greenhouse
(e.g. method used for line 52 in 2004) cost significantly more compared to the use of Bt corn
leaf tissue in the laboratory (e.g. method used for line 28 of the Rapides population collected
in 2006 and line 24 of the Franklin population collected in 2007). Our results suggest that Bt
resistance confirmation can be done in laboratory bioassays with Bt corn leaf tissue after the
larval survival rates of Bt-RR, Bt-RS, and Bt-SS insects (including both on Bt and non-Bt
corn) are established. Other than labor costs, material expenditures for an F, screen are
another concern in monitoring Bt resistance. The F, screening procedures using Bt corn leaf
tissue could significantly reduce the material costs compared to screening on whole Bt plants.
A rough estimate of non-reusable materials required for screening one family-line of
sugarcane borer with the current F, screening method was about $2 for purchasing insect diet,
rearing materials (cups and lids), and plastic covers. The relatively high efficiency of this
screening method has allowed this protocol to be adopted with slight modifications for
detecting Bt resistance alleles in field populations of southwestern corn borer (Huang et al.
2007c) and the cotton bollworm, Helicoverpa armigera (Hiibner) (ZX, JLX. unpublished
data).

To further facilitate Bt resistance screening in sugarcane borer, an F; screening method
was evaluated in this study. Two out of 582 feral insect samples collected during 2006-2007
were identified to possess a major resistance allele. The successful identification of resistance
alleles in two feral individuals of sugarcane borer suggested that the current F; screening
procedure is effective and can be used to detect rare Bt resistance alleles in field populations.
The estimated labor costs of the F; screen were about 30% less than the costs associated with
the F; screen. The non-reusable materials required for an F; screen were estimated to be 50%
less ($1 for 2 lines) than the F; screen. In addition, the F; screening method appears to have a
greater detection power than the F, screen. In an F; screen, 50% of the F; progeny in a line
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are expected to be homozygous for Bt resistance for a feral Bt-RS parent (Gould et al.1997),
while only 6.25% individuals in the F, generation are expected to be homozygous for Bt
resistance if one parent of a family-line possesses a Bt-resistance allele (Andow and Alstad
1998). However, the F; screen can only detect the same allele as the one present in the
laboratory resistant strain (Bt-RR). The F; screen also assumes that the resistance allele in the
known Bt resistant strain is the only important genetic factor in resistance development.
Therefore, a sufficient number of feral insects need to be examined with the F, screening
method to identify ‘all possible’ resistance alleles in target insect populations, before an F,
screen is used as the primary procedure for detecting rare Bt resistance alleles.

The four-year monitoring program showed that Bt resistance allele frequency in
Louisiana populations of sugarcane borer across the primary corn production areas ranged
from 0-0.0039 with an overall rate of 0.0013 and a 95% CI of 0.0003 to 0.0028. Bt resistance
alleles in Louisiana sugarcane borer may not be as rare as that reported for other corn stalk
boring species (Andow et al. 1998, 2000; Bourguet et al. 2003; Stodola et al. 2006; Huang et
al. 2007c). However, it appears that the resistance frequency in these populations has not
reached a level that would lead to control failures with Bt corn that expresses Cry 1Ab. These
results suggest that continuous monitoring of Bt resistance in sugarcane borer is necessary to
ensure the sustainable use of transgenic Bt corn technologies across the mid-southern region
of the United States.

CONCLUSION

The F, and F; screening methods are being used to detect and monitoring rare Bt
resistance alleles in field populations of sugarcane borer. No significant shift in Bt resistance
frequency has been observed from 2004 to 2007. The resistance allele frequency in Louisiana
populations of sugarcane borer to Cryl Ab in Bt corn varieties is still relatively low after nine
years of using this technology. The current estimates appear to support the rare resistance
allele requirement of the “high dose/refuge” resistance management strategy for Bt corn.
Annual surveys to monitor Bt resistance in sugarcane borer is necessary for the sustainability
of Bt corn technology for corn borer management across the mid-southern region of the
United States.
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ABSTRACT

The generation of therapeutic antibodies and fusion proteins for medical application
is one of the fastest growing areas of the pharmaceutical industry with more than 150
therapeutic antibodies and fusion proteins currently either in clinical trial or use. At the
same time, the use of virus-like particles has become an interesting tool in the fight
against viral infections. Thus, some devastating high-incidence diseases such as HIV or
cancer are currently chosen as clear targets for this type of therapeutical strategy.
However, the high production cost of the current manufacturing systems of these
molecules is a latent hurdle to overcome. With the advent of biotechnology, transgenic
plants have emerged as a more economical new strategy for recombinant protein
production. Antibodies and virus-like particles have been demonstrated to be well
expressed in plants. In addition, the achieved protein expression level of most of them in
the plant system has been reported to be compatible with that established for commercial
viability. These facts make the use of plants for the generation of these types of
recombinant molecules a very promising strategy to the development of lower cost
biopharmaceuticals. In consequence, it could lead to exert important economical and
medical implications as being affordable for developing countries where the incidence of
infectious diseases is the highest. The development and production of these therapeutic
molecules in plants is reviewed in this chapter, and the medical implications, advantages
and limitations of both the plant-system and plant-derived molecules for practical use are
discussed.
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1. INTRODUCTION

Since the advent of plant biotechnology in the 1980’s, the use of transgenic plants has
proved an effective strategy for recombinant protein production. The use of plants as a
surrogate expression system for generation of therapeutics provides an important number of
advantages compared to other standard production systems: (i) Plants are eukaryotic organism
and their endomembrane system is organized in identical manner to that in mammalians, (ii)
recombinant protein production and storage can be made near the site of use, (iii) since plant-
derived therapeutics could be heat stable formulations there would be no need for
refrigeration, (iv) with the adoption of oral administration the need for needles could be
reduced and so would the need for skilled medical practitioners, (v) the risk of human
pathogens contamination is significantly reduced, (vi) importantly, the plant system offers
high potential for scale-up (virtually limitless amounts of recombinant protein could be
achieved depending only on the planting area) and lower costs than current production
systems. In contrast, a hurdle to overcome is still the low expression levels reported for most
pharmaceuticals, particularly antigens, (0,0005%-0.3% of total soluble protein, TSP) (Arntzen
et al., 2005) and investigations in the area continue to be one of the most important driving
factors in the development and optimization of this expression system. In fact, several
molecular strategies have been approached and significant biotechnological improvements
have already been achieved (Gil et al., 2001; Yu and Langridge, 2001) (Richter et al., 2000);
(Walmsley et al., 2003); (Nugent and Joyce, 2005); (Satub et al., 2000). Notwithstanding this,
high expression level of antibody molecules (>1% TSP) in transgenic plants, accepted as
compatible with commercial viability, has been reported in most cases. Thus, it is a clear
example of therapeutic molecules which can be favoured by the plant-based production
system. In a similar manner, the generation and expression levels of virus-like particles
(VLPs) indicate the plant system could be a promising alternative for production of these
molecules.

Developing countries are the areas more affected by some of the most important diseases
currently affecting the world, such as the HIV/AIDS epidemic, and other infectious diseases
like hepatitis B, tuberculosis, rabies and malaria, for examples. Little economical and medical
resources are two main reasons for the high prevalence and rapid propagation of many of
these diseases in this part of the world. Studies on the field have demonstrated that plant-
production systems could become a better option than the current fermentation or bioreactors
systems to meet the production and availability of therapeutics demanded in the less
favourable regions. In this context, the study and development of plant-based antibodies has
transformed both the therapeutic options and application field of these molecules. In addition,
the generation of highly structured particles such as VLPs in transgenic plants has led to
expanding the window into the study of production of important therapeutics in plants.

In this chapter, the generation and production of plant-based antibodies and VLPs for
human therapeutic use are reviewed.
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2. ANTIBODIES

2.1. Immunotherapy and Monoclonal Antibodies

Antibodies are protein molecules which form part of the immune system of vertebrates.
They play a crucial role during immune response by neutralizing the antigen (foreign
molecule presented in the organism as an isolated form or as part of an invading organism)
and target it for elimination from the cell. There are five main types of serum antibodies or
immunoglobulins (Ig), IgG, IgA, IgM, IgD and IgE. An antibody structure basically consists
of two pairs of identical polypeptides. One pair is formed by those termed as heavy chains
and another one by those polypeptides termed as light chain. The two heavy chains are joined
to each other in a specific area of the molecules, the Fc region. The Fc region is also involved
in elicit particular immune effector functions (Metzger and Kinet, 1988). Due to the
conformation of each heavy chain, this bound structure results in a Y-shaped molecule. One
light chain is connected to each arm of the Y molecule forming a complete antibody (Box 1,
serum type IgG represents the most common type of antibody formed in the cells). The end of
each chain, heavy and light, carries a variable region (Fv) involved in specific recognition of
a particular antigen (Kiyoi and Naoe, 2001). Thus, heavy and light chains are formed by two
regions, the constant and the variable region. The constant region of a heavy chain is
constituted by three or four domains, or modules (abbreviated as Chl, Ch2, Ch3, Ch4)
depending on the Ig class.

The secretory antibodies (mainly sIgA, and less abundant pentameric sIgM, as
specialized antibodies of the immune response at mucosal areas) are molecules which present
a more complex structure. sIgA consist of two serum-type antibodies attached to each other
by a small peptide, the joining chain (J-chain) (Box 1). In addition, they carry a fourth
polypeptide known as the secretory component (SC). The SC protects the antibodies from
proteases and adverse agents at the mucosal environment. Serum-type antibodies are formed
by the specific immune system B cells developed into plasma cells. Secretory antibodies
however require two types of cells for its generation, B/plasma cells and epithelial cells.

Monoclonal antibodies (MAbs) are antibodies that are identical because they are
produced by one type of immune cell which is a clone of a unique single-parent cell. Thus,
their specificity is the feature that makes the monoclonal technology so valuable. As a result,
a definitive advantage of these molecules is their diversity of applications in, at least, medical,
environmental protection and industrial areas. We will focus only on the human medical field.

After MAbs were developed for first time in 1975, the scientific community has sought to
investigate their use in diagnostic and therapeutic application for different diseases (Kohler
and Milstein, 1975). In the 1980’s, studies in humans had been already started and at least
150 antibodies in clinical trials and 19 already approved by the Food and Drug
Administration (FDA) in clinical use can be currently listed. MAbs are proven as therapeutic
molecules to protect against diseases but also to help in the diagnosis of a wide variety of
illnesses and detection of any potential abnormal substance in the blood. Thus, the MAbs
market is a continually increasing market, which has become one of the fastest growing areas
of the pharmaceutical industry with an estimated value from 20.6 billion dollars in 2006 to at
least 30.3 billion in 2010, and represents the single largest group of biotechnology-engineered
recombinant molecules in clinical trials.
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Box 1. Schematic representation of antibodies and antibody-derived forms expressed in plants.

At present the applicability of monoclonal antibodies has leaded the oncology products to
dominate the market, however, other diseases-related products are expected to grow strongly
and almost account for half of the manufactured goods by that time (2010). In this context,
one of the most important medical targets is the development of efficient treatments for
control of important infectious diseases like Tuberculosis, Hepatitis or HIV/AIDS.

Initially, late in the 1970’s no efficient technology was still developed to generate fully
human antibodies. The first MAb approved for clinical use was an IgG2 antibody of murinic
origin, the named as OKT3, or muromonab (1986) and since other murine antibodies have
been generated. However, after several studies in humans one of the most important concerns
for immunologists is the problem related to the immunogenicity, side effects (Human anti-
mouse antibody response or hAMA) and hampered therapeutic efficacy of the vast majority
of murine-derived antibodies generated. In consequence, in the 1980’s it was first reported the
development of chimeric antibodies followed by studies on humanization of murine MAb
(Jones et al., 1986; Morrison et al., 1984). An important feature that makes antibodies
attractive drug candidates is also their organization into distinct structural and functional
domains. Accordingly, MAbs are also a useful skill to the design and development of new
recombinant molecules with different modules and bifunctional activities. This fact along
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with the advance of molecular engineering has contributed to the continuing success of the
antibody use for clinical application in recent years. In addition, medical challenges
increasingly target to the development of molecules with specific structural and functional
characteristics necessary for particular medical applications. Thus, the pharmaceutical
industry approach is since progressively switching from murine to humanized antibodies, and
although the most scheduled objective is the generation of fully human antibodies, the
generation of derived-antibody molecules is a crucial fact to the study and development of
new therapeutic molecules with improved specific molecular, immunogenic and functional
characteristics (Adams and Weiner, 2005; Wu and Senter, 2005);.

Several strategies have been utilized as a mean for the production of MAbs. In a first
strategy immortalized human B cells were generated by infection with the Epstein-Bar virus
(EBV) and later on the use of cellular engineering (hybridomas or molecules inducer of long-
term B cell growth) has been other approach (Banchereau et al., 1989; Borrebaeck and
Moller, 1986). However, while in the first case it has allowed the generation and cloning of B
cells producing a number of approved and marketed MAbs (antiRheus D, antitetanus toxoid
and anti-HIV MADbs) this technique is limited by important problems such as cell line stability
and yield of antibody production. Similarly, the cellular engineering initially resulted in a
poorly efficient and difficult technique to set up. More recently, however, the co-application
of both EBV transformation and proliferation stimulation factors of B cells have lead the
cellular engineering to resurge as a technique to produce large quantities of high-affinity
specific Mabs (Karpas et al., 2001; Traggiai et al., 2004). Additionally, the use of
immunocompromised mice for production of human antibodies from injected human cord
blood cells has emerged as a possible new promising strategy. Notwithstanding this, the
emergence of new generations of antibodies and antibodies-derived fusion molecules will
represent an important subject for the biotech and big pharmaceutical companies to overcome
in terms of both scale up and cost of production.

2.2. Plant-Expressed Antibodies

The expression of MADbs in transgenic plants is a well established technology. Hiatt et al,
(Hiatt et al., 1989), reported the expression of the first antibody in transgenic plants (IgG
6D4) and the combination of two important growing technologies, the immunology and plant
genetic engineering, commenced. Later on (During et al., 1990) reported the expression of
another type of immunoglobulin (IgM) in tobacco plants. Since then a significant variety of
plant-derived antibodies (also known as “plantibodies”) have been generated in a vast range
of vascular plants and more recently in algae (Fletcher et al., 2007; Mayfield et al., 2003;
Smith and Glick, 2000; Stoger et al., 2002; Timko and Cahoon, 1999). It is interesting to
recall that although full antibodies (e.g. IgG) can be generated by a unique type of cells (B
cells of the immune system) in native conditions, the generation of secretory antibodies (e.g.
slgA) is a more complex process requiring two different types of cells (B/plasma cells and
epithelial cells). Notwithstanding this, both antibody types, full IgG (Hiatt et al., 1989;
Mayfield et al., 2003) and sIgA have been reported to be expressed and correctly processed in
transgenic plants (Ma et al., 1995; Wieland et al., 2006). Additionally, the expression of
plant-derived MADbs in tobacco plants is reported to be at higher levels (IgG 1% - IgA 5%
TSP) equal or above the 1% TSP established to be compatible with purification technology
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and commercial applications (Hiatt, 1990; Hood et al., 2002; Kusnadi et al., 1998; Ma et al.,
1995). This fact, along with the plant capability to produce different types of Igs, has lead to
investigate the generation of new recombinant full Ig and Ig-derived therapeutic molecules in
transgenic plants for clinical application by both routes systemic and mucosal. A schematic
representation of the antibodies and antibody-based molecules generated in plant is shown in
Box 1.

At least seven different plant species have been explored for antibody production (Hiatt
et al., 1989; Hiatt and Ma, 1992; Khoudi et al., 1999; Mayfield et al., 2003; Stoger et al.,
2002; Zeitlin et al., 1998) including tobacco, alfalfa, corn, rice, wheat and Arabidopsis
thaliana. In the latter case the expression of a human anti-rhesus D IgG1 antibody (Bouquin
et al., 2002) and, more recently, the expression of an anti-Hataan virus mouse/human
chimeric antibody, 3GIMH (A virus that affects rodents and humans in contact with it
producing Hemorrhagic fever and death) (Zhou et al., 2008) have been reported.

To date different plant transformation strategies have been used for plant-based antibody
production. Two major transformation methods have been used for generation of full size
antibodies: one is the nuclear transformation of the heavy and light chain genes separately
into individual plants. This system requires the following cross-pollination of those plants
expressing one of the two transgenes to yield a new T1 generation of plants carrying both the
heavy and light genes and thus to derive into a full assembled antibody (Hein et al., 1991;
Hiatt et al., 1989; Hiatt and Ma, 1992). A second alternative is the co-transformation of both
heavy and light chain genes on a single plant expression cassette (De Neve et al., 1993;
During et al., 1990). Although the first option is the most involved strategy, in both cases it is
possible to generate a broad range of novel full antibodies, chimeric antibodies and antibody-
derived molecules by combining different sets of modifications in any of the heavy or single
antibody chains. In addition, the use of Agrobacterium-mediated transient expression
(Agroinfiltration) and plant-virus-based vector systems have been also strategies successfully
applied (Vaquero et al.,, 1999; Verch et al., 1998). Higher protein expression levels are
achieved by these two last systems, however, due to its transient expression nature the use of
these technological alternatives are thought to be possibly aimed for both particular
production schemes and biotechnological requirements. Besides, though mainly non-
glycosilated proteins are limited to this expression system, the chloroplast transformation has
become a popular strategy in the effort to improve recombinant protein accumulation levels
and more recently it has been also reported for the expression of specific antibodies (Mayfield
et al., 2003).

Protein expression and stability of plant-derived Igs have been also investigated (Conrad
and Fiedler, 1998; Fiedler et al., 1998). Plants are very efficient at producing Igs probably
because the endomembrane system of plant and mammalian cells are organized in identical
manner. In addition, plant chaperones homologous to those within the plant endoplasmic
reticulum (ER) in mammalian cells and their interaction with Ig chains have been described.
This chaperone-recombinant Ig interaction in plants has been suggested to determine the
efficiency of protein folding and assembly (Nuttall et al., 2002). Moreover, studies on the
plant expression of Ig heavy and light chain indicate that the assembly status of these
molecules is a determinant of protein stability (Hiatt et al., 1989).

Full antibodies and antibody-derived molecules which contain glycosylation sites should
be targeted to the plant endomembrane system for glycosylation, disulfide bonding and
correct protein assembly. Most proteins are more stable in subcellular compartment or
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apoplastic space than in the cytosol. Likewise, antibody targeted to the plant secretory system
usually accumulates at significantly higher levels than those of antibodies expressed in the
cytosol. In several cases it has been reported that the highest accumulation of active full
length antibodies was achieved by targeting to the apoplastic space (Conrad and Fiedler,
1998). However, the stability of antibodies is lower in the apoplast than in the lumen of ER
where the antibody accumulation is also higher (Schouten et al., 1996). IgA antibodies
accumulate predominantly within the plant endomembrane system and, in part, are targeted to
vacuoles (Frigerio et al., 2000). (Hadlington et al., 2003) also described higher accumulation
levels of the same hybrid immunoglobulin Ig A/G heavy chain expressed in tobacco plants. In
this case a C-terminus cryptic sorting signal was identified in the C3[J tail (or Ch3 domain) of
the IgA heavy chain as responsible for the vacuolar targeting. However, this subcellular
targeting seems not to be disadvantageous for protein accumulation inside the cell as indeed
the expression of IgA has been reported to be at higher levels than that of the IgG antibody
secreted to the extracellular space. Accordingly, high expression levels of an HIV-1 antigen
were achieved by fusion to human IgA sequences, which also contained the same sorting
signal, and the recombinant protein was found to be retained inside the cell (Obregon et al.,
2006)

Studies on post-translational protein processing have shown differences in protein
glycosylation patterns between plants and animal cells. Although the base and frequency of
glycans are the same in both systems there are specific differences in the processing of
complex N-glycans in plants compared to that in mammalians. Glycan modifications could
lead to shorter half life of recombinant antibodies alongside some limitations for its plant-
based production and therapeutic use. Moreover, another reason for considering the N-glycan
structure of plant-based immunoglobulin important is the potential for inducing
immunogenicity/allergenicity reactions. People are continuously exposed to plant N-glycans
contained in food and no adverse effects are normally developed. Thus, it would seem
unlikely that those epitopes contained in plant-antibody glycans produce a different reaction.

It has been reported that no antibody response was detected against both the protein and
the glycan part of a plant recombinant antibody in mice subcutaneously immunized with a
plant-derived antibody and aluminum as adjuvant (Chargelegue et al., 2000). On the contrary,
a minor but significant immune response to two plant glyco-epitopes was observed in
C57BL/6 mice and a stronger response in rats was also described (Bardor et al., 2003).
Additionally, an anti-plant glycan immune response could vary especially when there is a
nasal or parenteral administration. In consequence, studies on generation of genetic modified
plants to provide a glycosylation pattern similar to that from mammalians are being
investigated (Bakker et al., 2001; Misaki et al., 2003; Palacpac et al., 1999) ; (Lerouge et al.,
2000) ;(Bardor et al., 2006) (Gomord et al., 2005) and production of humanized antibodies
expressed in plants has been reported (Schahs et al., 2007). Besides, a private company is also
involved in pursuing this strategy (www.greenovation.com).
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Plants have proven effective as production system for human antibodies manufacture. In
summary, they are correctly expressed, folded and assembled, and a yield in excess of 1%
TSP has been reported in most cases. Despite differences in glycan pattern generation of
plant-derived biological active antibodies has been also demonstrated (Brodzik et al., 2006;
Ko et al., 2005; Koprowski, 2005). As consequence, production of antibodies in transgenic
plants has moved from theory to Phase II clinical trials, and some biotechnology companies
with molecular farming portfolios are currently involved in the scale up production of plant-
derived therapeutic proteins for commercial purposes. Some examples are the Large Scale
Biology Corp. (http://www.Isbc.com/), Planet Biotechnology (http://www.
planetbiotechnology.com/), Medicago (http://www.medicago.com), Epicyte Pharmaceutical
(http://www.epicyte.com) and Sigma Aldrich http://www.sigmaaldrich.com/). Other relevant
companies involved in the development of plant-based pharmaceuticals are Monsanto
(http://www.monsanto.com/), and Neo Rx Corp. (http://www.neorx.com/).

At least 11 full size antibodies have been expressed in plants to target some of the most
relevant diseases affecting human health such as cancer, HIV/AIDS or hepatitis B. Important
antibodies produced in plant along with detailed information are shown in Table 1. Plant-
based antibodies in comparison with those parental antibodies isolated from hybridomas are
proven to show conserved biological functions suitable for efficient immunotherapy of cancer
and other diseases. Furthermore, although the efficiency of some antibodies depends mainly
on binding to virus antigens (neutralizing Abs), both antibody activity binding to antigens and
interaction with Fc receptors to exert antibody-dependant cell citotoxicity (ADCC) effectors
functions have been confirmed from plant-derived antibodies. These are particularly
important antibody functions for cancer therapy and development of an efficient HIV/AIDS
vaccine. Some of the most relevant plant-derived antibodies are following described.

Cancer-Immunotherapy-Related Antibodies

One of the first anticancer monoclonal antibodies produced in plants is the counterpart of
the 784.66 mAb. T84.66 recognizes the carcinoembryonic antigen (CEA). This is a well
characterized marker of epithelial cancers detected in practically all colon cancers, and at
least 50% of breast cancer. It has been successfully tested for both in vivo cancer imaging and
diagnosis of colorectal carcinoma (Neumaier et al., 1990). Thus, a functional full length
chimeric mouse/human T84.66 antibody (cT84.66) was expressed in tobacco (Vaquero et al.,
1999). Chimeric heavy and light chain genes were engineered and the mouse light and heavy
chain constant domain sequences were exchanged with their human counterparts. They were
cloned into two independent plant expression vectors and transformed into Agrobacterium
tumefaciens. Tobacco plant leaves were then vacuum infiltrated with both populations of
recombinant Agrobacterium. T84.66-derivatives molecules have been also engineered and
produced in a variety of plant systems for the study of expression efficiency and quality of
product of recombinant molecules in transgenic plants (see section “smaller antibody-
derivatives”), (Stoger et al., 2002; Vaquero et al., 1999).

Avicidin is a full size IgG that recognizes a specific antigen of colorectal cancer (anti-
epithelial cellular-adhesion molecule EpCAM). This antibody has been expressed in corn and
was the first one in being administered to humans and show anticancer activity as its
counterpart produced in animal cells. It was tested to treat resistant tumors to standard
therapies and reduction of tumor size was achieved. However, this is a mouse-derived
molecule and limitation in the number of doses to be administered had to be determined due


http://www/

28 Patricia Obregon, Alicia Fernandez-San Millan and Jon Veramendi

to the hAMA response generated in most patients. Despite this molecule has been withdrawn
of the market by the developers (NeoRx and Monsanto) during its test in phase II clinical
trials those side effects in patients were not identified as specific to the antibody produced in
plants (See review Fischer and Emans, 2000; For the expression of anti-EpCAM antibodies
by plant-based virus vectors see Verch et al., 2004; Verch et al., 1998). More recently a
murine anti-EpCAM GA733-2 antigen antibody (CO17-1A, an 1Gg2a) has been produced in
tobacco and reported to be efficient in binding SW948 colorectal cells. Furthermore, it has
been also demonstrated to inhibit tumor growth of xenotransplanted tumor cells in nude mice.
The antibody expression levels achieved were reported to be low (0.02% TSP). However, in
this case the antibody was not targeted to the plant ER (Ko et al., 2005).

BR55-2 (IgG2a) is a plant-expressed MAb more recently reported for its application in
this medical field. It recognizes a non-protein tumor-associated antigen, Lewis Y
oligosaccharide, overexpressed in human carcinomas, particularly in breast and colorectal
cancer. It bounds specifically to both SK-BR3 breast cancer and SW948 colorectal cancer
cells. In addition, the Fc domain of the plant-derived MAb shows similar Fc[IRI receptor
(CD64) binding to that of its counterpart from mammalian and comparables levels of
citotoxicity against SK-BR3 cells were also shown for both MAbs in antibody-dependent
cell-mediated citotoxicity assay. Furthermore, the plant-derived BR55-2 efficiently inhibited
SW948 tumor growth xenografted in nude mice.

Alkaloids are toxin compounds that have represented a cause of concern in regard to the
purity level of purified recombinant biopharmaceutical from tobacco plants. BR55-2
production in a low-alkaloid tobacco line (var. LAMDG609) has first demonstrated that
biological activity of antibodies produced in these plants is suitable for efficient cancer
immunotherapy and that plants modified to reduce the content of alkaloids are efficient as
manufacturer of recombinant antibodies (Brodzik et al., 2006).

Anti-hCG antibody (PIPP) is a full size IgG that recognizes the human corionic
gonadotropin (hCG). hCG is a pituitary hormone synthesized and secreted soon after
fertilization (Fishel at al., 1984). The use of the PIPP has been proposed as passive
immunization strategy for contraceptive purposes (Talwar et al., 1994) and other applications
in diagnosis as well as prognosis and immunotherapy of cancer (Okamoto et al., 2001).
Scientists, (Kathuria et al., 2002), have investigated the expression of a chimeric full length
IgG antibody (and derivative molecules, scFv and diabody; see section 2.3 and Box 1) from
the original anti-hCG murine MAb (PIPP) in transiently transformed tobacco plants. The
plant-derived antibody conserved its specificity for the B-subunit of hCG secreted by the
most aggressive hCG-producing tumors (B-hCG) (Butler et al., 2000). In addition, the hCG
induced testosterone production by Leydig cells was inhibited by the plantibody in vitro and
in vivo studies demonstrated that the use of plant-derived PIPP antibodies block the hCG
induced-increase in mouse uterine weight. The antibody studies on efficacy demonstrated that
the full length antibody was up to 1000 fold more active than its derivative molecules. These
results indicate that passive immunization with the hCG-specific plantibody may have clinical
utility in diagnosis and therapy for hCG-expressing cancers and as contraceptive measures.

Non-Cancer Disease Immunotherapy-Related Antibodies
Other clinical areas have also been explored for the expression of antibodies in transgenic
plants.
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The termed Carox Rx antibody is a first example. It recognizes the antigen from
Streptococcus mutans, the pathogen bacteria responsible of tooth decay in humans, and has
been shown to prevent oral colonisation by those bacteria in phase II clinical trials in humans
(Larrick and Thomas, 2001; Ma et al., 1998). This molecule is a chimeric secretory antibody
(IgA/G) produced in transgenic tobacco plants by crossing of four independent transformed
plants with a single transgene each of them. By this study it was demonstrated that plants
have the ability to accumulate transgenes to express more complex multimeric proteins as
these types of antibodies. Carox Rx was shown to have similar antigen affinity as its parental
murine IgG antibody, however, its half life was three fold higher that that of its murine parent
molecule due to its dimeric structure (see secretory Ig in Box 1). Planet Biotechnology Inc.
completed US FDA-approved phase I and II clinical trials in 2000. However, further results
have not been reported.

The Anti-HSV-2 is a humanized full length IgG antibody under development by The
Epicyte Pharmaceutical biotechnology Company. It recognizes the Herpes simplex virus
(HSV)-2 glycoprotein B antigen and has been expressed in transgenic soybean plants. It has
been shown to prevent vaginal HSV-2 transmission as its counterpart produced in CHO cells
(Chinese ovarian cells) in mice after topical application. Its stability in human semen and
cervical mucus as well as its ability to disperse in cervical mucus was also investigated. Thus,
the use of plant-derived antibodies would represent a good cost-effective preventative option
for sexually transmitted diseases if its efficiency is proven in humans (Zeitlin et al., 1998).

SO57 is a human anti-rabies virus neutralizing MADb. Rabies is a major zoonotic disease
and thus has a significant impact in global health. A vast majority of human rabies death is
sited in developing countries, particularly in India where more than 50% of the worldwide
rabies death are reported. In addition, limitations inherent to the combined administration of
Igs (RIG) used currently as vaccine have leaded to look into the use of monoclonal antibodies
as a safer and efficacious alternative. (Ko et al., 2003) have reported the expression of SO57
in tobacco plants. This MADb has as effective neutralizing activity of the rabies virus as the
mammalian-derived antibody or human rabies Igs formulation (HRIG). In addition, although
it shows a shorter half-life than mammalians MADs it is as efficient as (HRIG) for post-
exposure prophylaxis against rabies virus in hamsters (Ko et al., 2005; Ko et al., 2003).

CL4MAb is an anti-hepatitis B antigen (HBsAg) monoclonal antibody. Chronic Hepatitis
B infection occurs worldwide and more than the 10% of population in developing countries is
infected. The current immunization methods are based on the use of serum from antibody
positive donor’s and the product safety has to be assured by strict product standards.
However, both the use of donors and the standard production controls are expensive for its
application in developing countries. Human CL4MADb has been expressed in tobacco
suspension cultures. Parallely, monoclonal antibodies derived from parental CL4AMAb (B294
and B303) were selected and produced in plant. B294 and B303 MAbs have shown anti-HBs
relative affinity similar to that of the parental CL4MAD. In addition, B303 MADb showed to
induce complement-dependent cytotoxicity in a manner that was similar to the clinically used
anti-HBs human Igs (HBIg). These results have pointed out the production of HBsAg
monoclonal antibodies in plants as a feasible alternative to HBIg (Yano et al., 2004)

2G12 is the most recent IgG produced in plants. The parental 2G12 is a potent and
broadly active human anti-HIV-1 neutralizing antibody. It recognizes oligomannose-type- N-
glycans on the major HIV-1 gp120 envelop antigen. In vivo studies have demonstrated that it
is efficient in prevention and transmission of HIV infection (Hofmann-Lehmann et al., 2001;
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Mascola, 2002; Mascola et al., 1999; Veazey et al., 2003). HIV infection is one of the worst
epidemic currently affecting the global health. In addition, approximately 95% of the total
HIV infected-individuals live in developing countries. As example Sub-Saharan Africa which
has been particularly hit by the HIV epidemic counting with almost 70% of all HIV-infected
people living there. In most of those countries, poverty and lack of resources are a constant
that makes the necessary caring for HIV-infected people and effective prevention efforts
practically impossible. This fact has worsened the situation by collaborating to a major
dissemination of the infection. Therefore, an efficient and cost-effective HIV vaccine is
urgently needed for its application worldwide, particularly in the less favourable regions.

Plant-derived 2G12 has been produced in maize seed endosperm and studies demonstrate
that it presents antigen-binding properties and neutralizing activity in vitro nearly identical to
its counterpart produced in CHO cells. Although differences in the glycosylation patter have
been identified, the complete functionality of this corn-derived antibody has been confirmed.

Additionally, the use of the Discosoma red fluorescent protein (DsRed) as a visual
marker has been reported in this investigation. Thus, an easy strategy to identify genetically
modified maize and facilitate plant breeding optimization to selection of the best transgenic
lines has been also proposed (Rademacher et al., 2008).

2.3. Antibody-Based Molecules Expressed in Plants

An alternative to the engineering of humanized full size monoclonal antibodies is the
generation of antibody-derived molecules and fusion proteins (FPs) (Huston et al., 1991). In
the first instance the generation of smaller antibody-derivatives includes the engineering of
one or more antibody modules tailored to suit a particular therapeutic use. An example is the
development of bispecific antibodies (BsAbs) which may present different antigen affinity
patterns and crosslink different functions (e.g. effector and target cells) (Weiner, 1999). One
of the limitations of using large molecular size Igs is the undesirable increased time in
circulation of these molecules when used in clinical applications. More to the point, although
in some cases it may be required, the effectors functions mediated by the Ig Fc region are
another undesirable aspect in some applications. Thus, initial attempts to generate smaller
antibody fragments were based on the digestion of intact IgGs by proteolytic enzymes such as
pepsin and papain by which antigen binding fragments (Fab’or F(ab"),) were obtained. The
main advantages of these fragments compared to complete Igs are that they conserve their
specific antigen binding activity, are usually cleared from the blood stream faster that the
complete Igs but acquire sufficient half life to make useful clinical applications (important
aspect to determine the efficiency of these molecules in the medical field) and show a higher
penetration of target tissues. As a consequence, they are frequently more effective as drugs
than full size Igs.

FPs are artificial antibody-non-antibody protein fusion molecules which are able to retain
the functionality of both fusion partners. The generation of FPs was initially achieved by
covalent link of antibodies to other non-Ig molecules such as haptens, peptides or toxins.
Later on, in the 1980,s, the introduction of genetic engineering represented a leap forward in
this area of research. The tools necessary to develop gene fusion procedures in which a
protein or peptide could be fused to another one at DNA level had been achieved. The main
advantageous characteristic of FPs lays on the capability of these engineered molecules to
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exhibit different origin-protein modules with different functional activities. Thus, to help
prevent misfolding of FPs the introduction of a small DNA sequence, which uses to be only a
few amino acids, between the different fusion partner domains is a common feature in their
molecular design. At present there are at least two FPs (Etanercept, Abatacept) produced by
standard production systems in clinical trials or market, and the design of new more complex
FPs is increasing as well as it has opened the study to new therapy approaches (Moreland et
al., 2002; Weinblatt et al., 1999).

A wide range of antibody-based molecules for clinical application have been generated
by standard systems and tested in clinical trials with initial success (Ward, 1993); (Kipriyanov
and Gall, 2004). However, clinical application has been hampered by high costs of
development and production in bulk by those procedures. As alternative, the generation and
production of these molecules in transgenic plants have been investigated and at present the
plant expression of most of those Ig-derived molecules has been demonstrated. Furthermore,
the absence of glycosylation and disulfide bond requirement in some cases represents an
advantage for the expression of these molecules in the plant-system. A schematic
representation of the antibody-based molecules produced in plants is shown in Box 1.

Smaller Antibody-Derivatives

The expression of this type of molecules in plant include single variable region and single
chain Fv molecules (scFv) as univalent molecules; Bispecific scFv which recognizes two
different antigens; and minibodies, diabodies and large single chains (LSC) as dimeric
molecules (Benvenuto et al., 1991; Conrad and Fiedler, 1998; Schillberg et al., 2003; Stoger
et al., 2002). Additionally, expression of camelid antibodies in transgenic plants has been also
reported (Ismaili et al., 2007; Jobling et al., 2003). Camels and Llamas produce a unique class
of antibody termed heavy-chain antibodies. This antibody is formed by a dimmer of a unique
heavy chain and lacks of light chains. Hence, it favours the expression of the complete
antibody molecule by a single transgene. It comprises intrinsic features of wide interest in
antibody engineering and biotechnology fields. First, their variable domain (VyzH or
nanobody) is the smallest domain (15 kDa) capable of independently binding an antigen.
Additionally, an important fact is that the VyH have longer hipervariable or complementarity
determining regions (CDR) than those of the conventional Ig variable domains (Vi) which
enable it to improve penetration on hidden epitopes on the target antigens. Secondly, VyHs
display higher thermal and intracellular stability, solubility and affinities compared with the
Vu (De Genst et al., 2006; Nguyen et al., 2001), and an enthusiasm on its use in genetic
engineering and research to medical applications has been generated. Some of the most
important antibody-derivatives molecules expressed in plants are shown in Table 2.

ScFv are small (~30 KD) monovalent molecules with a useful short serum half life for
medical applications and diagnosis. This type of molecules are formed by the variable regions
of both the antibody heavy and light chains linked by a small flexible peptide. They have
been produced in bacteria, yeast, insect cell and mammalian cell culture (Jost et al., 1994;
Ridder et al., 1995; zu Putlitz et al., 1990). However, the requirement of difficult purification
procedures, low yield of recombinant protein in some cases and high production costs are
some limitations intrinsic to these expression systems. Besides, their uncomplicated assembly
and lack of processing through the ER make the scFv molecules an excellent candidate for
production in transgenic plants. Hence, scFvs have become the group of antibody-derived
molecules most commonly expressed in the plant system. In a first molecular approach scFv
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were targeted to plant cell apoplast and cytosol but only low protein expression levels were
achieved (< 0.5% of total soluble protein, TSP). However, studies on the expression of these
molecules in different plant species (tobacco, corn, rice), plant organs (leaves, seeds, fruits)
and subcellular compartments (e.g. ER retention by fusion of the KDEL sequence to the
transgene) have led to obtain a significant increase in recombinant protein accumulation
levels (up to 3% TSP in seeds and 6.8% TSP when the transgene is retained in ER), (Conrad
and Fiedler, 1998; Fiedler et al., 1997; Fischer et al., 1999). Additionally, high expression
levels of a LSC (Box 1) in algae chloroplasts has been reported (Mayfield et al., 2003). As a
result, the major limiting factor of recombinant molecule accumulation was determined to be
the protein stability; this effect however could be partially controlled by subcellular targeting.
Thus, the plant production system has also turned out in a promising strategy for the
development of at least a number of these chimeric molecules. Relevant plant-based smaller
antibody-derivatives are following described.

scFvT84.66 is a derivative molecule of the IgG1 T84.66 anti-cancer antibody (table 2).
For its expression in rice and wheat it was targeted to the cell apoplast and endoplasmic
reticulum (ER). It represents the first step in the transition of antibody production from model
plants as tobacco and Arabidopsis to widely cultivated cereals crops. Thus, it has been
demonstrated the viability of molecular farming in cereals for important pharmaceutical
production and their potential to development of edible plant-derived therapeutics for oral
administration. Other T84.66-derived molecules expressed in plants are the scFv-CH3 and
T84.66/GS8. The scFv-CH3 molecule was formed by an antibody fragment engineered to
contain the sequence VL-VH-CH3 of IgG antibody modules and thus a minibody generated
(Hu et al., 1996). Differently, the T84.66/GS8 is a diabody or bivalent molecule (Box 1). All
of T84.66 antibody-derivatives recognize the carcinoembryonic antigen (CEA) and have been
reported to conserve antigen specificity when expressed in plants.

PIPP scFv and PIPP diabody are recombinant anti-Human Chorionic Gonadothropin
(hCG) antibody-derivatives. See (Fishel et al., 1984) about hCG fisiological function. As
mention before, measurement of hCG levels are widely used in pregnancy testing, HCG
neutralizing antibodies as contraceptive measure (Bagshawe, 1983; Talwar et al., 1994) and
also the use of anti-hCG antibodies are used in diagnosis and immunotherapy of a number of
hCG producing cancers (carcinoma of bladder, pancreatic carcinoma, cervix carcinoma,
carcinoma of the nervous system) (Acevedo et al., 1997; Hameed et al., 1999; Okamoto et al.,
2001); (Butler et al., 2000). B-hCG subunit molecule can be recognized by monoclonal
antibodies, and passive immunization with antibodies prevents tumor growth.

The scFv PIPP molecule and PIPP diabody have been transiently expressed in tobacco
leaves. The antigen specificity for the B-hCG of the antibodies was confirmed. Plant-ScFv
was shown to neutralize hCG activity in vitro almost in an identical manner to that exerted by
the plant-diabody. This result has been proposed as the effect of the formation of scFv
dimeric molecules. Thus, the efficiency of the recombinant PIPP antibody forms was
confirmed. Since any of the engineered molecules retained its efficacy when investigated in
vitro, any of them could potentially be used in pregnancy detection, diagnosis and/or
treatment of hCG producing tumors (Kathuria et al., 2002).
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38C13 is a scFv molecule. It is based on the malignant idioptype of B lymphocytes from
the mouse lymphoma cell line 38C13. This antibody was produced in plant by using a virus-
based expression system. A tobamoviral vector was engineered to code the idiotype-specific
scFv fragment of the Ig and a rapid technique for production of tumor-specific vaccines in
transgenic plants reported (McCormick et al., 1999). High expression levels of scFv molecule
secreted to the extracellular compartment were also achieved. In addition, mice immunized
with plant-derived 38C13 were protected against a lethal dose of the syngeneic 38C13 tumor
in a similar manner to that of the native 38C13 IgM-keyhole limpet hemocyanin conjugate
vaccine. Therefore, it has been reported that this technique could provide a viable strategy for
production of therapeutic molecules for non-Hodgkin’s lymphoma treatment. Although scFv
38C13 was not expressed in stable transgenic plants the rapid production of plant-derived
recombinant molecules achieved by this system could suit to lower scale-up productions for
the development of specific personalised treatments. Studies of the plant 38C13 Ig molecule
on phase I clinical trials have been completed by Large Scale Biology Corp. (LSBC). LSBC’s
further clinical developments have not been reported.

Anti-CD4/CD28 scFv. It has been also reported that scFv antibody fragments are
promising candidates as topical drug for ophthalmic use. In contrast to full size antibodies the
scFv molecules can penetrate well into the eye when applied as eye drops. Bacteria culture is
the expression system most used for production of scFv and antibody fragments. However,
the compulsory endotoxin removal during purification is a difficult and high cost process. The
endotoxin cause eye inflammation and thus elimination of these molecules is a crucial
requisite in preparation of ocular therapeutic formulations. Transgenic plants provide a
system low in endotoxin containment and free of animal pathogens for protein
pharmaceuticals production.

The CD4 and CD28 are molecules involved in stimulation of T-cells during a cell-
mediated immune response. In some cases, this can produce undesirable effects against donor
tissue from recipients of corneal implants. An anti-CD4/CD28 scFv molecule has been
recently generated in a commercial variety of wheat (Westonia) (Brereton et al., 2007). High
recombinant protein expression levels similar to those achieved by bacterial system for
commercial purposes were obtained and anti-CD4/CD28 specificity was confirmed in a rat
model. The use of the plant-derived anti-CD4/CD28 scFv in corneal transplants and treatment
of eye diseases is proposed.

Antibody-Based Fusion Molecules

There are two main types of FPs. A first group is represented by molecules which retain
the antibody specificity. They are formed by either a complete antibody or antibody
fragments (e.g. scFv, Fab fragments) fused to molecules other than antibodies. This strategy
results in the generation of bifunctional molecules and has been particularly used for
oncology-therapeutic molecules design (Berger M et al., 2002). A second group is formed by
FPs which retain the Fc portion of an immunoglobulin fused to other types of molecules such
as receptors or antigens. The Fc region can provide different advantages to these types of
molecules. It facilitates formation of dimeric forms and thus increases the avidity to bind the
target molecule of the otherwise monovalent forms. It also increases the serum half life and
tissue diffusion of the molecules which contain it and eventually facilitates the clearance of
immune complexes. In addition, the Fc region can interact with Fc receptors expressed by
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immune cells which can result in stabilization of the fusion molecules interaction and trigger
effectors functions (antigen uptake and presentation and ADCC).

Generation and expression of antibody-based fusion molecules in transgenic plants have
been also investigated (Box 1). Plant-derived fusion proteins have been designed to meet
different objectives. Some of them are involved in facilitating recombinant protein
immunochemical detection and purification (Kuhnel et al., 2003; Schouten et al., 1996;
Semeniuk et al., 2003), increase of recombinant protein production in transgenic plants
(Obregon et al., 2006; Scheller et al., 2006) or the design, study and production of
bifunctional chimeric molecules for therapeutic use (Chargelegue et al., 2005; Obregon et al.,
2006; Vaquero et al., 2002) (Tabla 2). Two antibody-based fusion pharmaceuticals which
have been successfully expressed in tobacco plants are following described.

IgG-TTFC

It is one of the most complex functional recombinant molecules obtained in the field of
plant-based antibody engineering. The production of recombinant immune complexes (RICs)
is described for first time and plant-derived functional RICs are proposed as a new vaccine
model.

The co-administration of antigen and antibody has been determined to form immune
complexes and enhance the immunogenicity of the antigen. Thus, the use of immune
complexes preparations is a relevant option for the design of vaccines with the advantage that
not adjuvant may be needed. However, the optimum antigen-antibody ratio necessary in this
type of formulation is not easy to achieve and so either the use of immune complexes for
vaccine development.

In this work a murine anti-tetanus toxin fragment C monoclonal antibody (murine Mab
278.02, 1gG2a) fused with the Tetanus toxin fragment C antigen was engineered and
expressed in tobacco plants. The 3’end of the IgG heavy chain DNA sequence was fused to a
DNA sequence encoding the Tetanus toxin fragment C (TTFC) and a mouse IgG heavy
chain-Tetanus toxin fragment C fusion molecule generated (Heavy chain-TTFC). The Heavy
chain-TTFC genetic fusion was generated to ensure an optimal expression ratio between both
fusion partners. Plants stably transformed with this chimeric Heavy chain-TTFC genetic
construct were crossed with transgenic tobacco plants expressing the counterpart mouse IgG
light chain and the full length IgG antibody-Tetanus toxin Fragment C fusion molecule
obtained (IgG-TTFC) (Box 1). The recombinant IgG antibody binding region (Fab) specific
to recognize the Tetanus toxin was reported to maintain its affinity and functionality and the
formation of plant-derived IgG-TTFC antibody-antigen immune complexes demonstrated
(Box 1). In addition, it was reported that RICs elicited antibody titers that were at least 10,000
fold higher than those achieved in mice immunized with the Tetanus toxin antigen alone, and
adjuvant administration was not required. Furthermore, full protection of IgG-TTFC
subcutaneously immunized mice was demonstrated with lethal Tetanus toxin challenge.

It has been demonstrated that adequate fusion between antibody and antigen results in an
ensured optimal ratio between both moieties and entirely functional recombinant immune
complexes for the development of a new vaccine model (Chargelegue et al., 2005).
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p24/a2-a3

A chimeric HIV-1 antigen-human antibody (IgA) fusion protein was expressed in
tobacco plants. The enhancing effect of antibody-derived sequences on the plant-expression
of non-Ig proteins was demonstrated for first time.

The HIV-1 p24 antigen is a highly conserved core protein (It belongs to the termed Gag
proteins or group-specific antigens) and it is likely to be an important part of any
multicomponent HIV vaccine. Studies have demonstrated anti-Gag cross-clade antibody
response in HIV infected individuals, the absence of anti-Gag humoral response has been
correlated to disease progression and p24 antigen has been identified as target of T-cell
immune response in infected individuals, which is probably the most important protective
mechanism against HIV (McMichael and Rowland-Jones, 2001). HIV/AIDS has particularly
hit the developing countries and the current anti-HIV therapeutic products are too expensive
for these regions of the world. An efficient and cost-effective system for production of HIV
pharmaceuticals/vaccines is crucially needed. The p24 antigen has been expressed in different
production systems (Escherichia coli, yeast and baculovirus) and preliminary studies on the
expression of this antigen in transgenic plants had been done (Zhang et al., 2002).

Now, a new strategy for the high expression of the p24 antigen in plants was investigated.
A DNA sequence encoding the heavy chain Ch2 and Ch3 (a2-a3) domains of a human IgA
antibody was fused to the 3’end of the HIV-1 p24 antigen DNA sequence. As a result, an
HIV-1 p24/IgA heavy chain a2-a3 domains antigen-antibody fusion molecule was generated
(p24/02-0.3) (Box 1). Transgenic tobacco plants expressing p24/a2-a.3 fusion molecule were
generated. Alternatively, tobacco plants expressing the p24 antigen alone were generated as
control of the antigen expression level. In the context of the p24/a2-a.3 antigen-antibody
fusion molecule the p24 antigen expression levels were up to 13 fold higher than those of the
antigen expressed alone. In addition, the formation of p24/a2-a3 dimeric forms by a
functional IgA heavy chain a2-03 domains fusion partner was demonstrated (Box 1). In
addition, the plant-derived HIV-1 p24 antigen expressed as p24/a2-a3 fusion molecule
conserves its protein conformation and antigenicity. Furthermore, anti-HIV-1 p24 antibody
response and stimulation of T-cell proliferation was demonstrated in mice subcutaneously
immunized with purified p24/02-03 fusion molecule. The relevance of these findings for
either, the protein expression, and stability, of non-Ig proteins in plants and applicability of
antigen-antibody domains fusion molecules in the medical field is reported.

The use of Ig fusion partner is proposed as a generic technology for both increasing the
production of high value-proteins in transgenic plants and design of antigen-antibody fusion
protein based-vaccines with specific immunological characteristics (Obregon et al., 2006)

3. VIRUS-LIKE PARTICLES

3.1 Virus-Like Particles Produced in Plants: Expression, Particle Assembly
and Immunogenicity

Virus-like particles (VLPs) consist of highly repetitive and ordered structures that self-
assemble structural proteins derived from many viruses. VLPs lack viral nucleic acid and
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hence they are non-infectious. One or more chimeric capsid proteins can be expressed and
self-assemble.

Up to date, the major application field of VLPs is their use for vaccine development,
especially as a safer alternative to attenuated live or inactivated killed virus-based vaccines,
which include non-cultivable viruses (Santi et al., 2006). Since a single particle presents
thousands of epitopes, VLPs are commonly more immunogenic than subunit vaccines or
recombinant protein immunogens, and are able to stimulate both the humoral and cellular
arms of the immune system. VLPs can be targeted to antigen presenting cells (APC)
indirectly by endosomal uptake or directly displaying or incorporating specific molecules that
interact with dendritic cells. Contact with APC induces their maturation and triggers a
lymphoproliferative response together with production of inflammatory cytokines (Santi et
al., 2006). In addition, VLPs are capable of inducing strong cellular and humoral responses as
direct immunogens without the use of adjuvants. So far, most VLPs derived from different
viruses have proven to be strong stimulators of the immune system and several studies have
been performed. As a result, the first recombinant vaccine against hepatitis B, consisting on
yeast-produced VLPs, was marketed in 1982. During the past decade, subviral particles of
different origins have been considered as potential vaccines for cognate virus infections
including HIV, Human papillomavirus (HPV), Norwalk virus (NV), rotavirus or parvovirus
(Ludwig and Wagner, 2007). While HPV VLPs produced in yeast or insect cells have
recently made successful vaccines, VLPs from pathogens that directly affect immune cells
and those that successfully evade the immune system, such as HIV and hepatitis C virus have
proven to be more challenging.

Commercial vaccines composed of VLPs are administered by injection. However, VLPs
could also be used as oral vaccines since the compact, highly ordered structures very likely
provide resistance to degradative enzymes in the gut (e.g. NV VLPs are acid and protease
resistant). The particulate nature of VLPs allow them to be efficiently sampled by the “M”
cells of the gut epithelium that overlie the gut-associated lymphoid tissue and be efficiently
transported across the mucosal barrier and presented to dendritic cells. Moreover, the
presence of a structure that mimics the authentic viral particle may present a “danger signal”
that can overcome the perception of gut antigens as benign and thus provoke potent immune
responses (Huang et al., 2005b).

Expression of viral genes and VLP assembly has been performed in different
heterologous systems such as E. coli and other bacteria, yeast (Saccharomyces cerevisiae and
Pichia pastoris), baculovirus/insect cell system and mammalian cell lines. Yeast system has
some advantages as easy of expression and ability to scale-up. However, considerations such
as codon optimisation, correct assembly and protein glycosylation patterns make necessary
alternative production systems. E. coli neither allows for glycosylation and presents
difficulties to in vivo folding of VLPs. Baculovirus-driven expression of VLPs overcomes the
majority of these problems and mammalian cell culture systems are favoured for appropriate
modifications and authentic assembly. However these are high cost demanding systems
(Grgacic and Anderson, 2006).

Expression of antigens in plants has been proposed as a novel way of generating
inexpensive subunit vaccines. As mentioned before, production of protein antigens in plants is
substantially cheaper than in other systems and offers significant advantages over other
vaccine development strategies in cost, manufacturing, packaging, storage, transportation, and
most important, in the ease of administration and safety of the vaccine. Vaccine production in
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plants offers the possibility of parenteral administration after convenient purification steps or
oral administration by expression of proteins in edible organs. In the later case, plant cell wall
would potentially protect the antigen in the stomach and intestine (Tacket and Mason, 1999).
The production of a subunit vaccine in transgenic plants was first reported by Mason et al.
(1992). A DNA fragment encoding the hepatitis B surface antigen (HBsAg) was inserted into
the genome of tobacco plants using Agrobacterium-mediated transformation. In this system,
the expressed HBsAg retains the capacity to self-assemble into highly immunogenic VLPs
(Tacket and Mason, 1999).

Besides to their use as prophylactic vaccines, VLPs can also be exploited for the
presentation of foreign epitopes and/or targeting molecules on chimeric VLPs, such as small
therapeutics. Of special interest is their use as viral vectors carriers for gene therapy and DNA
vaccines. Hepatitis B virus (HBV) envelope L particles display a peptide that is indispensable
for liver-specific infection by HBV in humans. Nucleic acids were introduced in yeast-
derived L particles and specific targeting was demonstrated in human hepatocytes cultures
and in a mouse xenograft model (Yamada et al., 2003). Chimeric HBV VLPs including a
synthetic DNA fragment encoding a poliovirus epitope induced neutralizing antibodies
against poliovirus (Delpeyroux et al., 1986). In addition, taking advantage of their structural
stability and tolerance towards manipulation, VLPs can also be used as building blocks for
novel nanomaterials (Ludwig and Wagner, 2007). The tobacco mosaic virus-derived capsid
protein has proven to be a suitable scaffold for chemical modification allowing assembly of
nanobiopolymers (reviewed in (Gleba et al., 2007).

Correctly assembled VLPs have been produced in plants by three different methods.
First, plant virus vectors can be used to achieve transient expression of the foreign protein.
This approach usually results in rapid and high yields of protein. Second, transgenic plants
can be engineered to express VLPs through the stable integration into the plant nucleus
genome, but protein yields achieved by this approach are generally low. The third approach is
to insert the desired gene into the chloroplast genome. Despite some publications on VLP
assembly by infection with viral vectors, most of the reported articles use nuclear
transformation. More recently, it has been reported assembly of VLPs in chloroplasts by
plastid transformation (Fernandez-San Millan et al., 2008). This system has a number of
advantages over the insertion of genes into the nuclear genome (Daniell et al., 2002; Maliga,
2002; Maliga, 2003), but one of the most interesting for VLPs expression is the achieved high
expression level of the recombinant proteins (up to 46% of total soluble protein, TSP, (De
Cosa et al., 2001).

One of the main advantages of plant-derived vaccines is the possibility to practice the
oral administration. The adoption of oral vaccines will help to provide an effective
vaccination strategy with major benefits for generation of both mucosal and systemic
immunity and ease of administration.

Because of the ease of transformation and in vitro culture, tobacco and potato plants have
been used as a proof-of-concept of plant-derived vaccines. However, tobacco leaves are not
edible and the high levels of alkaloids, make protein extraction and purification a necessary
step prior to oral delivery. Raw potatoes are not eaten, but cooking would denature the
proteins and greatly reduce or eliminate the immunogenicity. Alternative edible plants (e.g.
banana, tomato, maize, lettuce and alfalfa) are being used for studies on plant-derived vaccine
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Table 3. Virus-like particles produced in plants
Immune
response
Production Highest
Pathogen Antigen system expression level VLP proof IP'  Oral’ Reference
. (Tacket and
HBV HBsAg Tobacco 66 ng/mg TSP Gradients, EM Mason, 1999)
K t al.
HBsAg  Potato tubers 8.5 ug/g FW EM -+ go(‘)"l‘f etals
Tobacco cell . (Kumar et al.,
HBsAg culture 2 ug/g FW Gradients - - 2003)
Tobacco cell 5.8 ng/ul . (Sojikul et al.,
HBsA, dient: + -
sne culture 226 ng/mg TSP Gradients 2003)
HBsAg . . (Huang et al.
. + -
M protein N. benthamiana 394 ng/mg TSP Gradients 2005b)
HBsAg Rice seeds 31.5 ng/g DW Gradients, EM  + - (Qian et al., 2007)
GFP- ]"l\"[r l;e;;tillctzmzana 24.7 ng/me TSP Gradients, EM (Huang and
HBsAg ansie -/ ngime FM Mason, 2004)
(Agrobac.)
HBcAg  Tobacco 24 pg/g FW EM - - (Tsudaetal,
1998)
N. benthamiana (Huang et al
HBcAg Transient 2.38 mg/g FW Gradients, EM  + + 2006) & v
(MagnICON)
N. benthamiana (Huang et al
HBsAg  Transient 295 ng/g FW Gradients, EM  + - 2008)g ”
(MagnICON)
N.benthamiana .
HBcAg Transient 100 pg/g FW EM - - S:/zch;(:)l(l)zr)lakova
(PVX) »
Vigna
angustifolia ) ) (Mechtcheriakova
HBeAE  ransient 10 ke/e FW EM et al., 2006)
(CPMV)
HBsA Banana 38 ng/g FW Gradients (Rumaret al.,
J g8 2005)
fi -
HBV-HIV HIV- Tobacco 257.8 ng/mg TSP :ij(())za;)rma ) ) (Greco et al.,
HBsAg A. thaliana . 2007)
antibody
HPV16- Tobacco 0.5% TSP . (Biemelt et al.,
+ +
HPV LI Potato tubers  0.2% TSP Gradients, EM 2003)
HPV16- (Varsani et al.,
+ -
L1 Tobacco 4 ng/kg FW EM 2003)
HPV16- Tobacco 887 ng/g FW . (Maclean et al.,
ts, EM  + -
LI N. benthamiana 533 pglg FW Gradients, 2007)
N. benthamiana .
HPV16- . tal.,
Ll 6 Transient 37 ng/g FW EM + - ;Xgr;)am cta
(TMV)
HPV11- Tobacco cell - (Warzecha et al.,
L1 culture 23 ng/g FW EM -7 2003)
Potato tubers ge
HPV11- A. thaliana 12 pg/g FW EM + (Kohler and
L1 Tobacco 2 pug/g FW Milstein, 1975)
HPV16 Tobacco (Fernandez-San
Chloroplast 3 mg/g FW Gradients, EM  + - Millan et al.,
L1 .
transformation 2008)
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Immune
response
Production Highest
Pathogen Antigen system expression level VLP proof P! Oral® Reference
N 1k . Tack
orwa NVCP Tobacco 0.23% TSP Gradients, EM -  + (Tacket and
virus Mason, 1999)
. (Tacket and
- +
NVCP Potato tubers 34 pug/g FW Gradients Mason, 1999)
NVCP Tomato fruits 20 pg/g FW Gradients - + (Huang et al.
30 ng/g DW 2005b)
Plant
optimized = Tomato fruits 8% TSP Gradients, EM - + %}(;Zr)lg etal,
NVCP
Plant
optimized  Potato tubers 0.4% TSP Gradients, EM - + ;%I(;zg;g etal,
NVCP
Plant N. benthamiana
optimized  Transient 0.86 mg/g FW Gradients, EM - + (Santi et al., 2008)
NVCP (MagnICON)
N. benthamiana .
. PVX-VP6 . 1 ng/g FW (O'Brien et al.,
Rotavirus VP6 Transient 50 no/e FW EM - - 2000)
VP2-VP6  Tomato fruits 1% TSP EM + - (Saldafia et al.,

2006)

1, IP: Intraperitoneal or subcutaneous administration,

2, Oral: Oral or intranasal administration,

+: specific immune response after vaccination

CPMV: Cowpea mosaic virus, DW: Dry weight, EM: Electron microscopy, FM: Fluorescence
microscopy, FW: Fresh weight, HBV: Hepatitis B virus, HIV: Human Immunodeficiency virus, HPV:
Human papillomavirus, PVX: Potato virus X, TMV: Tobacco mosaic virus, TSP: Total soluble protein.

production and oral administration (Streatfield et al., 2003; Tacket and Mason, 1999;
Wigdorovitz et al., 1999). In addition to their use as oral vaccines, extraction and purification
of VLPs will also be viable if high expression levels are achieved. This requirement can be
fulfilled with viral vectors for transient expression and chloroplasts transformation. In fact,
these two systems can compete with microbial fermentation or baculovirus-insect cell
systems for production of VLPs.

In the following sections plant-produced VLPs against important human infection
diseases are described in detail. Table 3 summarizes the different plant systems used for the
production of VLPs and target diseases.

3.2. Hepatitis B Virus (HBV)

Infant immunization is the most effective preventive measure against HBV infection. As
HBYV replicates in the hepatocytes of humans but does not grow in artificial cell cultures, it
was difficult to develop a vaccine. The first-generation vaccine consisted on VLPs purified
from the plasma of persons with chronic HBV infection. The hepatitis B surface antigen
(HBsAg) is a lipoprotein of the viral envelope that is produced in excess and circulates in the
blood as spherical particles 22 nm in size. The production of HBsAg in recombinant yeast
resulted in homogeneous particles that, after extraction and purification, constituted the
second-generation vaccine (McAleer et al., 1984). This was the first example of a vaccine
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produced from recombinant cells which is effective against a human viral infection. The
recombinant hepatitis B vaccine has been available since 1982. However, in 2000, there were
an estimated 5.7 million cases of acute hepatitis B infection and more than 500 000 deaths
from hepatitis B-related disease worldwide. Clearly, vaccine costs preclude the use of the
recombinant vaccine in developing countries, where they are needed most. A plant-derived
vaccine could solve the cost problem.

The first attempt to develop a plant-derived vaccine was the expression of the HBsAg in
tobacco (Tacket and Mason, 1999). The foreign gene was correctly transcribed and translated,
yielding a maximum of 66 ng/mg of TSP from leaf. Purified recombinant HBsAg self-
assembled into spherical particles with an average diameter of 22 nm, equivalent to the
subviral particles detected in serum from infected individuals. HBsAg has also been
expressed in tobacco cell suspension cultures (Kumar et al., 2003; Sojikul et al., 2003). To
facilitate oral delivery, HBsAg was expressed in potato tubers at levels up to 16 pg/g tuber
(Richter et al., 2000) by optimizing 5’ and 3’ flanking sequences and by targeting the antigen
to the endoplasmic reticulum. The expression of HBsAg in an edible fruit has been reported
for banana (Kumar et al., 2005). HBsAg was detected in leaves, but no data of HBsAg
expression in fruits was reported.

Partially purified HBsAg from tobacco was delivered by intraperitoneal (i.p.) injection to
mice. The antibody and T cell responses were qualitatively similar to that obtained with the
yeast-derived commercial vaccine (Richter et al., 2000). Oral immunogenicity was achieved
in mice after feeding raw potato tuber with cholera toxin as adjuvant. Mice produced HBsAg-
specific serum antibodies and, on parenteral boosting, generated a strong long-lasting
secondary antibody response (Kong et al., 2001). In addition, the effectiveness of oral
delivery by using a prime-oral boost immunization schedule was demonstrated. For humans,
the ability of plant-derived HBsAg to elicit specific antibody responses after oral
administration was demonstrated in two clinical trials with lettuce leaves (Kapusta et al.,
1999) and uncooked potato tubers (Richter et al., 2000).

Chimeric proteins of HBsAg with N- or C-terminal fusions are able to self-assemble into
VLPs without altering significantly their antigenic properties. HBsAg fusion with the green
fluorescence protein (GFP) at the N-terminus (but not at the C-terminus), transiently
expressed in Nicotiana benthamiana, formed VLPs similar to yeast-derived vaccine (Huang
and Mason, 2004). Interestingly, co-expression of HBsAg and GFP:HBsAg resulted in
heterodimer formation. This would be particularly useful for the development of
multicomponent vaccines. Other example is a fusion protein consisting of amino acids 21-47
of the hepatocyte receptor-binding presurface 1 region fused to the truncated C-terminus of
HBsAg (Qian et al., 2007). This chimeric protein was specifically expressed in rice seeds. It
was observed the formation of VLPs and the induction of immune responses against both the
HBsAg and the presurface 1 region. This strategy of fusion proteins was practically
developed by the successful expression of novel recombinant HIV-1/HBV VLPs in tobacco
and Arabidopsis thaliana (Greco et al., 2007). Both plants yielded comparable level of
recombinant VLPs. As both virus spread via similar transmission pathways, a bivalent
vaccine would be very useful, especially for developing countries where the two diseases
pose major public health problems.

In order to increase expression levels, HBsAg was targeted to the endoplasmic reticulum
by the signal peptide from soybean vegetative storage protein vspA (Sojikul et al., 2003).
Despite the signal peptide was not cleaved, the product was more stable and accumulated up
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to 226 ng/mg of TSP. The signal peptide was not an obstacle for VLP formation, and these
chimeric VLPs stimulated higher levels of serum IgG than native HBsAg when injected into
mice. Recently, a high-yield rapid production of HBsAg using a novel viral transient
expression system based on TMV-derived vectors has been described (Huang et al., 2008). M.
benthamiana leaves infiltrated with the MagnICON viral modular vectors (Gleba et al., 2007)
produced HBsAg at high levels (~295 pg/g FW). HBsAg assembled into VLPs and elicited
specific antibodies in mice immunized with partially purified extracts.

Despite most reports have focused on the major surface antigen (S-protein), some groups
have studied the expression of HBsAg middle protein (M-protein) in plant systems. M-protein
has an additional pre-S2 sequence at the N-terminus of the S-protein and confers higher and
earlier immunological response. Huang et al. (2005b) expressed the HBsAg M protein in
suspension cultures of N. benthamiana and demonstrated VLP formation. It was observed
that i.p. administration of N. benthamiana-derived HBsAg M protein provoked stronger
serum antibody responses in mice than did S protein. However, expression levels of M
protein in N. benthamiana (Huang et al., 2005b) and in potato (Ehsani et al., 1997) are much
lower than those of S protein.

In addition to HBsAg, HBV core antigen (HBcAg) has been expressed in plants. During
HBYV infection, HBcAg self-assembles into subviral particles. Specific antibodies developed
against HBcAg do not provide protection against HBV infection. However, HBcAg has an
immunoenhancing effect on co-delivered HBsAg (Lobaina et al., 2006; Lobaina et al., 2005).
The formulation containing the core and surface antigens could be a promising alternative for
the design of new therapeutic and preventive vaccines against HBV infection. HBcAg was
expressed in tobacco plants and self-assembled into spherical particles of 25-30 nm (Tsuda et
al., 1998). HBcAg was also transiently expressed in plants using two viral vectors, potato
virus X and cowpea mosaic virus for N. benthamiana and cowpea infection, respectively
(Mechtcheriakova et al.,, 2006). Assembly into VLPs was demonstrated, but the
immunogenicity of these VLPs was not tested. By using the MagnICON system (Gleba et al.,
2007), HBcAg was transiently expressed in N. benthamiana. The antigen was efficiently
produced in infected leaves with high expression levels (7% of TSP equivalent to 2 mg/g FW)
(Huang et al., 2006). Partially purified HBcAg stimulated strong serum IgG responses.
Furthermore, mice immunized mucosally in the absence of adjuvants also developed specific
serum IgG as well as intestinal IgA. This result suggests that HBcAg could be an excellent
carrier for epitope presentation and mucosal delivery. Indeed, the group of H. Mason
produced a fusion between HBcAg and the neutralizing epitope of the human papillomavirus
16 L2 protein in plant leaves, and found that the fusion formed chimeric VLPs (unpublished
result). In the same way, the VP21 epitope of the VP1 protein from the foot-and-mouth
disease virus (affecting cloven-hoofed animals) was fused to the internal region of HBcAg
and used for the transformation of tobacco plants. The formation of regular 27-nm particles in
the crude extracts from transgenic tobacco leaves was demonstrated (Huang et al., 2005a).
Mice, immunized i.p. with a soluble crude extract of transgenic tobacco leaves, were found to
produce specific antibody responses to both HBcAg and VP1. Importantly, a virus challenge
demonstrated that the immunized mice were highly protected against virulent foot-and-mouth
disease virus.
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3.3. Human Papillomavirus (HPV)

Cervical cancer is the second most prevalent cancer among women worldwide and the
most common cancer in developing countries. Every year, approximately 500 000 women
develop cervical cancer and the disease causes about 200 000 deaths. Most of these cancers
are associated with infection by high-risk HPVs. HPV-16 and HPV-18 types account together
for around 70% of cervical cancers. HPVs are small, non-enveloped viruses with two
structural proteins, L1 and L2, that form the viral capsid. The major capsid L1 protein
produced in yeast or insect cells self-assembles into VLPs, induces high titers of antibodies
and prevents the development of lesions induced by authentic virions (Suzich et al., 1995).
Recently, two subunit vaccines against HPV based on intramuscular injection have been
marketed (Cervarix® from GlaxoSmithKline produced in insect cells and Gardasil® from
Merck produced in yeast). In both cases, the selected antigen is the L1 protein and the
expression systems are yeast or insect cells (Lowy and Schiller, 2006). Gardasil® was
recently approved in some developed countries as a prophylactic cervical cancer vaccine. The
market for HPV treatments is expected to increase from 135 million US dollars in 2002 to 1.4
billion in 2012, with prophylactic vaccines driving this growth (http://www.drugresearch.com).
An ideal HPV vaccine should be inexpensive to manufacture, protect against all oncogenic
HPV types and act both therapeutically and prophylactically (Schiller and Nardelli-Haefliger,
2006). None of the marketed vaccines meet this ideal. In addition, the high cost of the current
vaccines will prohibit a widespread use in developing countries where they are needed most.
Therefore, there is need for the development of a second generation vaccine.

HPV-L1 protein has been produced in different plants, via stable or transient expression.
HPV-16 L1 was synthesized in transgenic tobacco and potato (Biemelt et al., 2003; Maclean
et al., 2007; Varsani et al., 2003) and in N. benthamiana by TMV infection (Varsani et al.,
2006). Biemelt et al. (2003) found that either the original L1 gene or an L1 gene with a codon
usage optimized for expression in plants failed. Surprisingly, L1 protein was detected with a
L1 gene optimized for expression in human cells. HPV-11 L1 protein was expressed in
transgenic potato, tobacco and A. thaliana (Kohler and Milstein, 1975; Warzecha et al.,
2003). Both groups observed that HPV-11 L1 expression was enhanced by removal of the
carboxy-terminal nuclear localization signal sequence. In general, yields were modest,
independent of the plant species or expression system, ranging from 4 ng to 12 pg/g of leaf
FW. Maclean et al. (2007) analysed different HPV-16 L1 gene variants and different
subcellular localization. It was found that a humanized gene expressed better than the native
or plant-optimized genes. Moreover, chloroplast localization by a transit peptide allowed
significantly higher levels of accumulation of L1 protein (up to 887 pug/g FW) than did
cytoplasmic or endoplasmic reticulum localization (Maclean et al., 2007). Recently,
Fernandez-San Millan et al. (2008) expressed the HPV-16 L1 in tobacco chloroplasts by
plastid transformation. A very high yield production was achieved in mature plants (3 mg/g
FW). A single mature plant synthesized 240 mg of L1 protein.

Despite the great differences in L1 expression, in all cases the plant-produced L1
assembled into VLPs of ~55 nm as evidenced by electron microscopy (EM). It was shown
that VLPs produced in N. benthamiana had a similar size to those derived from insect-cells
(Maclean et al., 2007), while VLPs of lower size were also detected in the case of potato
cytoplasm and tobacco chloroplasts (Biemelt et al., 2003; Fernandez-San Millan et al., 2008).
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Plant-derived HPV VLPs were highly immunogenic in mice after i.p. or subcutaneous
injection and elicited neutralizing antibodies (Fernandez-San Millan et al., 2008; Maclean et
al., 2007). Oral immunization of mice with transgenic potatoes did not evoke detectable
antibody responses; the addition of cholera toxin subunit or CpG plasmid DNA as adjuvants
to the raw material developed weak and transient responses in some animals (Biemelt et al.,
2003; Warzecha et al., 2003). Both groups observed that a subimmunogenic dose of insect-
cell derived VLPs administered at the end of the vaccination schedule significantly boosted
the L1-specific responses. This indicates the development of a specific immune memory
induced by transgenic potato tuber feeding. Further research using alternative adjuvants is
needed, since oral delivery is the most attractive advantage of plant vaccines for large-scale
human vaccination. For example, the E. coli heat-labile enterotoxin significantly improved
anti-VLP humoral and mucosal responses when co-administered orally with insect-cell
derived VLPs (Gerber et al., 2001).

3.4. Norwalk virus (NV)

Noroviruses are enteric viruses of the Caliciviridae family. NV is the prototype of human
noroviruses, the major cause of nonbacterial gastroenteritis in developed and developing
countries. Its viral morphology is generated by the icosahedral arrangement of the 58 kDa NV
capsid protein (NVCP) that assembles into a non-enveloped capsid. Expression of INVCP in
baculovirus-infected insect cells has shown that this protein alone can self-assemble into
VLPs of 38 nm antigenically and morphologically similar to the native NV particles (Jiang et
al., 1992). Naked NV-VLPs are immunogenic when administered parenterally and
intranasally in experimental animal models and when given orally to volunteers (Ball et al.,
1998; Guerrero et al., 2001; Tacket and Mason, 1999). Since there is no commercial vaccine
to prevent norovirus infections, VLPs are a potential vaccine candidate.

The first report of NVCP expression in plants as VLPs was done in tobacco and potato
(Tacket and Mason, 1999). They obtained rNV expression levels of up to 0.23% of TSP in
tobacco leaves and up to 0.37% in potato tubers (34 pg/g of tuber weight). The presence of
correctly assembled 38 nm VLPs purified from transgenic tobacco leaves was demonstrated.
They showed that either partially purified tobacco NVCP given orally or potato tubers
expression NVCP fed directly to mice, with or without the use of cholera toxin as mucosal
adjuvant, stimulated the production of humoral and mucosal antibody responses. However,
the immune response was lower than that obtained by gavage with a similar dose, perhaps
because the tuber material was consumed more slowly and was less pure. Afterwards, human
volunteers that received 2 or 3 doses of transgenic potato also developed immunogenic
response (Tacket and Mason, 1999). However, low levels of expression and the fact that the
degree of assembly of NVCP subunits in potato was relatively poor (25-50%), probably
limited its immunogenicity.

In an attempt to improve palatability and expression levels of the oral inmunogen to
avoid that volunteers eat large bolus of plant sample, NVCP was later produced in tomato at
up to 20 pg/g fruit fresh weight, mainly in the form of the 23 nm VLPs. They also showed
that freeze-drying of transgenic tomato fruit yielded stable preparations that stimulated good
humoral and mucosal responses when fed to mice (Huang et al., 2005b). (Zhang et al., 2006)
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studied the expression of a NVCP plant-optimized gene in tomato and potato. Expression of
assembled VLPs was increased fourfold in tomato and potato plants compared to the native
gene (8% and 0.4% of TSP respectively). VLPs of 23 and 38 nm were formed averaged about
41 and 22% respectively in fresh tomato fruit and about 24 and 40% in fresh potato tubers.
Authors found that air dried tomato fruit can induce more robust immune responses than
freeze-dried powder, indicating that a very convenient stabilization process has utility for
tomato-derived vaccine production. They saw better immunological results by feeding dried
tomato powder than dried potato tubers or than purified NVCP. Their hypothesis is that plant
cell encapsulation is more substantially retained in dried tomato fruit than in dried potato
tubers.

Recentlly, (Santi et al., 2008) utilized the magnlCON expression system to reach higher
levels of expression using leaves of N. benthamiana. They tested different cellular targeting
sequences to determine which plant cell compartment allowed maximal accumulation levels
(endomembrane, chloroplast or cytosol). Cytoplasmic accumulation of the antigen was found
to clearly give the highest expression. They reported a high level of INV expression of 0.86
mg/g fresh weight at 12 days post infection. They also showed proper assembly of VLPs.
Oral immunization of mice by gavage with a partially purified rNV enriched preparation, with
or without cholera toxin adjuvant, elicited systemic and mucosal immune responses. In
conclusion, this system has validated the transient technology for rapid production of high
yields of properly assembled VLPs.

3.5. Rotavirus

Rotavirus belongs to the Reoviridae family and produce infections that are the most
important cause of severe infantile gastroenteritis, accounting for more than 125 million cases
of diarrhea and an estimated 600 000 deaths per year, mainly in developing countries (O'Ryan
et al., 2005). Rotavirus-related deaths represent approximately 5% of all deaths in children
younger than 5 years of age and causes 39% of childhood diarrhea hospitalizations worldwide
(Dennehy, 2008). Rotavirus also constitutes an important source of economic losses in animal
production related to death, treatment costs and reduction in weight gain of affected animals
(Molinari et al., 2008).

The need of an effective vaccine is an international priority and initial efforts have been
focused on the development of oral, live attenuated human-animal vaccines. Several whole
attenuated rotavirus virions have been tested as candidate vaccines, showing a very variable
efficacy in clinical trials. For example, a oral rhesus-human rotavirus vaccine had been
licensed in USA, but it lasted for just over 10 months before its use was suspended because of
a series of intussusception cases in small children. A new live-attenuated vaccine (Rotarix®)
has recently been licensed for use in Mexico and the Dominican Republic and a pentavalent
vaccine (RotaTeq®) has been submitted for FDA approval in the USA (Dennehy, 2008).

An alternative to live rotavirus vaccines are recombinant VLPs produced by co-
expression of a different combination of rotavirus structural proteins. The rotavirus virion is a
nonenveloped icosahedral particle consisting of four main proteins. VP6 and VP2 represent
50% and 15% of total virion mass, respectively. The rotavirus outer coat is composed of the
glycoprotein VP7 and spikes of VP4. In general, the use of rotavirus VLPs produced in cell
culture containing VP2/VP6, VP2/VP6/VPT or VP2/VP6/VPT7P4 for protective immunization
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has yielded the best immune response in comparison to immunization with individual
rotavirus proteins. For example, VLPs produced by baculovirus infection of insect cells
composed of VP2 and VP6 capsid proteins administered parenterally, mucosally or
intrarectally provided protection against oral challenge in mice (Agnello et al., 2006; Madore
et al., 1999).

There are several studies about rotavirus capsid proteins VP6, VP7 and VP2 expression
in plants. However, only two of them have been able to demonstrate VLPs formation.
(O'Brien et al., 2000) produced VP6 (1-50 [Ig/g FW) by transient expression from a potato
virus x vector (PVX) in leaves of N. benthamiana. VP6 was expressed either independently or
as a fusion with the PVX coat protein separated by a catalytic peptide. When expressing VP6
independently, they were able to see assembly of VP6 into VLPs when combined with VP2
produced in baculovirus-infected cells. Expression as a fusion protein yielded PVX rods that
presented an external overcoat of VP6. But what is more interesting, VP6 released by self-
cleavage also was able to assemble into VLPs, although at a low efficiency. The assembly of
viral proteins into VLPs suggests that prior display of VP6 on the flexuous PVX rod
facilitates the subsequent assembly of VP6 into stable icosahedral particles. This was the first
report of the intracellular self-assembly of VP6 into VLPs. In a later work, Birch-Machin et
al. (2004) were not able to detect VP6-VLPs formation inside tobacco chloroplasts although
the amount of protein accumulated was six-fold higher. This finding suggests the importance
of the redox environment and/or the PVX presence.

Afterwards, Saldafia et al. (2006) based their work on co-expression of VP2 and VP6 coat
proteins in tomato plants. The result indicated that only a small proportion of VP2/VP6
assembled into VLPs in tomato fruits. The tomato-derived VLPs were slightly smaller than
purified virus, probably due to the fact that they consist of only two proteins as opposed to the
intact particle. When they inoculated mice i.p. with tomato-derived VLPs with a strong
adjuvant, a significant humoral immune response was obtained. This was similar to what had
been obtained previously using VP2/VP6 VLPs produced in baculovirus-infected insect cells.

In summary, higher levels of expression and production of efficiently and properly
assembled VLPs are needed to investigate the development of a plant-based rotavirus
vaccine.

4. CONCLUSION

Plants offer significant advantages over other expression systems for the production of
antibodies and vaccines. Thus, a promising prospect appears to sustain the optimized
development and practical use of this system in the future.

Expression of recombinant proteins in different plant species has progressed from single
functional molecules such as antigens to more complex biological active molecules such as
immune complexes and VLPs. Three main encouraging aspects of the plant expression
system could be emphasized: (i) The capability of this system to scale-up, (ii) the real
potential to the establishment of a cost-effective production system, and (iii) the availability
of a safer production method by the practically inexistent contamination with animal derived
pathogens, including virions or prions.
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On the contrary, specific issues still must be conquered to overcome specific limitations
currently affecting the advance to the use of plants as certified production technology. Thus,
although a significant number of pharmaceuticals has entered clinical trial stages approved by
the FDA, no therapeutics, including both antibodies and VLPs, have been commercialised so
far. Three main limitations could also be listed. They are (i) the low expression levels of most
recombinant protein, (ii) differences in post-translational protein processing mainly pointing
out the modifications in the glycosylation pattern between species and (iii) absence of clear
regulatory guidelines related to the choice of right plant species, harvesting and post-
harvesting processing procedures and biosafety and bioethical issues.

It has been widely assumed that a minimum level of recombinant protein expression
equivalent to 1% TSP is required for commercialization of plant-derived therapeutics. In
contrast, figures lower than 1% are commonly found in the literature and continuous efforts
are being made to set up efficient strategies to overcome this setback. In general terms, high
expression levels have been reported to be achieved mainly by two principal means: transient
expression of foreign proteins by viral-based vectors or chloroplast transformation. In fact,
expression levels higher than 20% TSP are commonly achieved by these systems.
Notwithstanding this, in the particular case of antibody production, nuclear transformation
and adequate subcellular targeting have demonstrated to reach protein expression levels
estimated feasible for commercial exploitation. In addition, conservation of the transgene
expression through plant generations and the possibility of providing a natural protein storage
system in seeds makes nuclear transformation an easy and attractive strategy with views to
develop a long-term stable production platform, cold-chain free protein storage and
undemanding product delivery schemes. Furthermore, the expression level of antibodies in
transgenic plants also can be increased by the use of appropriate regulatory elements in the
expression construct, optimizing codon usage of the recombinant transgene, and enhancing
the stability of the antibody. Similarly, the expression of VLPs has been demonstrated to
render up to 24 % TSP when expressed in chloroplasts.

An important factor affecting the acceptance and use of transgenic plants for
pharmaceutical production, particularly in the case of antibodies, is the foreign glycan
structures that these molecules have been shown to contain compared to those of their
counterparts from mammalian cells (Rudd et al., 2001; Wright and Morrison, 1997). There
are at least two concerns about modifications in the glycosylation pattern of plant-derived
antibodies. Firstly, it could change their longevity or biological activity. Secondly, it could
potentially provoke allergic responses of immunized individuals against plant glycan
epitopes. However, studies indicate that modified glycosylation does not affect the activity of
the antibodies and allergic responses have not been observed, if only in a few particular cases,
in the animal models utilized (Chargelegue et al., 2000; Bardor et al., 2003). Equally, the
EPIcyte company reported that a plant-derived mouse antibody did not elicit an immune
response in mice (Morrow, 2002). Furthermore, several strategies to avoid these concerns
including humanization of plant glycans have been approached (Bakker et al., 2001) and
particular strategies used in other expression systems for this objective are now applied to
plants. A guideline of those plant genes that could need to be expressed, removed or regulated
to match the glycosylation pattern of recombinant molecules as much as possible to their
native structure has been reported (Warner, 2000).

For plants to be feasible as production systems one must determine how to optimize the
manufacturing procedures from plant cultivation to protein purification and
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commercialization. However, although initial regulatory guidance for plant-based therapeutic
production has already been addressed, Good Manufacturing Practice guidelines specific for
purification and processing of these molecules has to be clearly defined. Validation of
specific facilities, protocols and analytical methods could be mentioned as a main purpose.
For example, purification of plant-antibodies has been a major concern because phenolic
compounds contained in the plant material are both toxic and can irreversibly alter the native
properties of the protein. In this regard, several strategies to enhance protein purification
levels have been investigated such as improved immunoprecipitation/affinity chromatography
methods (Ko et al., 2004), oleosin-fusion technology (Kuhnel et al., 2003) and rhizosecretion
through the transgenic plant roots (Drake et al., 2003).

Another important aspect is the selection of adequate plant species to achieve high yields
of recombinant protein. Many different plant species have been investigated and described for
production of high value proteins. These include edible and non-edible leafy crops, fruits and
vegetables, cereals, seeds, cell cultures, algae, hydroponic systems and aquatic plants (Fischer
et al.,, 2004; Twyman et al., 2003). In order to facilitate post-harvesting processing, tissue
specific promoters can be used to direct transgene expression in storage organs such as seeds
and tubers. An additional benefit of this approach is the higher protein stability and
accumulation in such organs. The use of seeds for large-scale production of recombinant
molecules has been demonstrated to provide many advantages compared to other plant-based
technologies and thus seeds, particularly maize, have become leading candidates. However,
several studies provide significant diversity of results between different crops and thus further
investigations are required. In this context, factors influencing protein processing,
compartmentalization and accumulation have a clear impact on the final protein yield.
Therefore, specific features inherent to particular species affecting the expression, targeting
and subcellular location of foreign proteins need to be identified. At the same time, the choice
of the right plant species for production of biopharmaceuticals is also a controversial issue.
The use of edible crops represents a real risk of contamination of the food chain with
biopharmaceuticals if transgenic and conventional crops coexistence assurance programs and
controls fail. Similarly, cross-pollination of non-edible transgenic crops with wild relatives
could not be tolerated. The importance placed on this issue by the regulatory agencies is
highlighted by the case of Prodigene Inc. This company accepted in 2002 to pay the US
Department of Agriculture more than $3 million in penalties for contaminating soybean crops
with genetically modified maize that contained an animal vaccine. Therefore, as done with
other production systems precise monitoring methods and required infrastructure for adequate
control of therapeutics production in plants need to be strictly established. Thus, independent
of the plant species used, all of them will require the following criteria to be met: isolation
from other crops if out-crossing is possible, identity preservation throughout crop
development to final product formulation, compliance with authorities’ regulations and
quality control with standard operating procedures to ensure final product quality (Nikolov
and Hammes, 2002). The next steps to product development will have to involve the
optimization to homogeneity of batches, product presentation and stability. However, as
exposed in this text, in spite of continuing advances, important issues need to be answered
before this new strategy can be put into practice. Furthermore, public acceptance of
transgenic plants and plant-based products, and definition of real final costs of plant-derived
pharmaceuticals are critical aspects under consideration.
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In conclusion, achievement of functional plant-derived molecules and progressing studies
on plant biotechnology are leading to an increasing advance to the practical field. Antibodies
and VLPs are prime candidates for immunotherapy and vaccine development. Plant
antibodies seem to appear as the first generation of plant therapeutics that could be released.
Pharmaceutical crops will need to satisfy the strict regulations that apply to genetically
modified plants as well as regulations related to the production of pharmaceuticals. The
harmonization of human health, agriculture and environmental regulations is one of the most
relevant challenges of the plant-derived pharmaceuticals production.
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ABSTRACT

Lolium and Festuca species are the most important forage and turf grasses, and are
cultivated in temperate zones around the world. Since most of these species are
outcrossing plants, genetic diversity is observed even within a single cultivar developed
by means of conventional breeding. Thus, genetic engineering is expected to be an
attractive and powerful tool for improving the sophistication of breeding programs and
ensuring that even within a genetically diverse cultivar, it is possible to incorporate useful
genes in all individuals; as a result, this approach has been experimentally adopted in
both groups of grass species. In this review, we present the current state of genetic
modification that has been achieved in Lolium and Festuca species, and discuss how we
can produce practical transgenic plants of these species.

INTRODUCTION

Lolium and Festuca species are the most important grasses grown as forage and turf crops
in temperate zones around the world. For instance, perennial ryegrass (Lolium perenne L.)
and Italian ryegrass (Lolium multiflorum Lam.) show high yield potential, fast establishment,
and the ability to establish on heavy and waterlogged soils, among other useful
characteristics. Tall fescue (Festuca arundinacea Schreb.), the most important grass in the
genus Festuca, is valued for its tolerance of a wide range of soil and climatic factors and its
high yield potential. Since the majority of Lolium and Festuca species are self-infertile,
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progeny are necessarily produced by outcrossing, and breeding lines and cultivars are
produced by crossing among several selected genotypes. Thus, genetic diversity and
phenotypic differences may be high even within a cultivar, because precise control of an
agronomically useful trait by conventional breeding methods is time-consuming and
troublesome to achieve. Therefore, other sophisticated breeding techniques are required to
develop new cultivars. In this context, genetic engineering is an attractive and powerful tool,
and has been experimentally adopted in several Lolium and Festuca species. This review
presents the current progress in genetic modification of these species to improve their
tolerance of abiotic and biotic stresses, improve their nutritional value, control flowering, and
permit the use of low-input stand management. Based on this review, we describe a
perspective for the practical application of transgenic plants in these species.

TRANSFORMATION SYSTEMS

Gene transfer can be generally carried out using polyethylene glycol, electroporation,
particle bombardment, whiskers, and Agrobacterium-mediated transformation. During the last
decade, systems for the transformation of both Lolium and Festuca species have been
developed using each of these gene transfer methods. Polyethylene glycol-mediated
transformation systems are often used to produce transgenic plants of Lolium and Festuca
species (Z.Y. Wang et al. 1992; Spangenberg et al. 1994; Dalton et al. 1995; G.R. Wang et al.
1997; Kuai et al. 1999). Electroporation was used in Festuca rubra L. (Ha et al. 1992). These
two methods, however, require delicate and complicated manipulation of protoplasts. Thus, in
the late 1990s, particle bombardment— and whiskers-mediated gene transfer were developed
as alternative transformation systems in Lolium and Festuca species, since these methods can
use callus and suspension cells as targets without the need for troublesome protoplast cultures
(Spangenberg et al. 1995; Ye et al. 1997; Dalton et al. 1998, 1999; Altpeter et al. 2000;
Takahashi et al. 2002). Although whiskers-mediated gene transfer is the simplest, cheapest,
and fastest direct gene transfer method, it has a lower transformation frequency and can treat
only limited amounts of target tissue compared with particle bombardment (Dalton et al.
1998). For this reason, particle bombardment is currently the dominant gene transfer method.
However, some research groups have devoted considerable effort to establishing an
Agrobacterium-mediated transformation system, even though neither genus is a primary host
of Agrobacterium (Bettany et al. 2003; Z.Y. Wang and Ge 2005; Bajaj et al. 2006; Cao et al.
2006; Sato and Takamizo 2006; Ge et al. 2007). Since Agrobacterium-mediated gene transfer
seems to produce a low transgene copy number and results in stable gene expression in the
transgenic plants, this method may prevail over the competing methods, along with particle
bombardment, in the near future.

HIGH-THROUGHPUT TRANSFORMATION SYSTEMS

To incorporate genetic transformation into breeding programs, practical, high-throughput
transformation systems are indispensable. A high-throughput transformation system combines
high transformation efficiency with an efficient supply of a large amount of homogeneous
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regenerable target tissue. As the self-infertility of most Lolium and Festuca species
necessitates outcrossing, many genotypes exist within a cultivar, and the regeneration
potential depends strongly on each genotype. Further, since regenerable genotypes are not
common in Lolium and Festuca species, screening to detect them is essential to obtaining
large quantities of such tissue. These ideas have underlain the breeding of Lol/ium species. For
example, Takahashi et al. (2004) screened 11317 genotypes of Italian ryegrass (L.
multiflorum) through callus culture of mature seeds of 12 cultivars, and aseptically preserved
and propagated the regenerable genotypes in vitro. Highly regenerable calluses were routinely
induced from meristems isolated from the screened genotypes and were incorporated in a
high-throughput particle bombardment-mediated transformation system (Takahashi et al.
2002). Similarly, Bajaj et al. (2006) screened genotypes of perennial ryegrass with high
embryogenic potential during tissue culture and maintained them as plants in vitro. In this
work, embryogenic callus derived from meristematic regions of the vegetative tillers was
subjected to Agrobacterium-mediated gene transfer, and a large number of transgenic plants
were efficiently produced. In both transformation systems, the highly regenerative genotypes
are maintained in vitro as plants. This permits the induction of a large amount of regenerable
calluses derived from a single genotype at any time. This is an advantageous approach, since
transgenic plants derived from a single genotype can be precisely evaluated by comparison
with original nontransgenic plants preserved in vitro as a control. These transformation
systems are effective in transforming outcrossing plants, especially in annual plant species
such as Italian ryegrass.

GENETIC MODIFICATION OF AGRONOMICALLY USEFUL TRAITS

Table 1 summarizes the recent attempts to genetically modify Lolium and Festuca species
to improve their tolerance of biotic and abiotic stresses, improve their nutritional value,
induce late flowering, reduce the allergenicity of their pollen, and permit the use of low-input
turf management. Details of this research are described in the following sections.

Table 1. Transgenic Lolium and Festuca species that have been engineered to express
various useful genes, and the results of the engineering

Transgenes

Traits  Plant species (marker genes in brackets) Outcome Reference
Abiotic stress tolerance

Lolium multiflorum sacB , [hpt] Stunted phenotype Ye et al. (2001)
Lolium perenne ipt, uidA", [hpt] Stay green Li et al. (2004)

Lolium perenne
Festuca arundinacea
Festuca arundinacea
Festuca arundinacea
Lolium perenne
Festuca arundinacea

Festuca arundinacea

wftl, wfi2, [bar]

ipt, [bar]

CuZn-SOD, APX, [hpt]
DREBIA/CBF3 , uidA, [hpt]
OsNHX1, [bar]

AtNHX1, [nptl]]

AeNHX1, [hpt]

Freezing tolerance
Freezing tolerance
ROS* — stress tolerance
Drought tolerance

Salt tolerance

Salt tolerance

Salt tolerance

Hisano et al. (2004)
Hu et al. (2005)

Lee et al. (2007)
Zhao et al. (2007a)
Y.Y. Wu et al. (2005)
Zhao et al. (2007b)
Qiao et al. (2007)
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Table 1. (Continued)
Traits Plant species Transgenes Outcome

(marker genes in brackets)

Festuca arundinacea

Biotic stress tolerance
Lolium perenne
Lolium multiflorum

Festuca arundinacea

Festuca arundinacea

High nutritional value
Festuca arundinacea
Festuca arundinacea
Festuca arundinacea
Lolium multiflorum

Lolium perenne

Late flowering
Festuca rubra

Lolium perenne

Hypoallergenicity
Lolium rigidum

Lolium perenne

CBF1, uidA, [hpt]

RgMV-CP, [nptl]]
RCC2, [hpt]

AGLUI, Pi9, dermaseptin SI,
[7pt]
T4 e, [hpt]

sfa8, [hpt]

CAD, [hpt]

COMT, [hpt]

FAE, [hpt]

1-SST, 6G-FFT, [bar), [nptll]

LpTFLI, [bar]
ATH1, [hpt]

Lol p 5, [nptI]
Lolp 1, Lol p 2, [hpt]

Salt, freezing, heat, and
drought tolerance

Viral disease resistance
Fungal disease resistance

Fungal disease resistance

Fungal disease resistance

Protein accumulation
High digestibility
High digestibility
High digestibility

Fructan accumulation

Late flowering

Late flowering

Hypoallergenicity of pollen
Hypoallergenicity of pollen

G.T. Wu et al. (2006)

Xu etal. (2001)
Takahashi et al. (2005)

Dong et al. (2007)

Dong et al. (2008)

Z.Y. Wang et al. (2001)
Chen et al. (2003)
Chen et al. (2004)
Buanafina et al. (2006)
Gadegaard et al. (2008)

Jensen et al. (2004)
Van der Valk et al. (2004)

Bhalla et al. (1999)
Petrovska et al. (2004)

Low-input management

Lolium perenne argE, [hpt] Selective mortality Chen et al. (2005)

tuidA: p-glucuronidase gene (reporter gene).
*ROS: reactive oxygen species.

TOLERANCE OF ABIOTIC STRESS

Potential crop productivity is greatly limited by unfavorable environments (Boyer 1982).
Therefore, conferring stress tolerance is a critical strategy for ensuring stable production of
crops, and genetic engineering is expected to be a powerful tool for the production of stress-
tolerant plants. The largest category of the studies in Table 1 were designed to produce
transgenic plants capable of tolerating various forms of abiotic stress. Modification of fructan
metabolism appears to be one of the most important approaches to developing stress-tolerant
grass species, since fructan is a main component of the carbohydrates that accumulate in
temperate C; grasses and is associated with winter hardiness and the ability to regrow
immediately after defoliation; it also contributes to the nutritive value of feed, as discussed
later in this chapter. Ye et al. (2001) produced transgenic Italian ryegrass that constitutively
expressed a Bacillus subtilis sacB gene that could be used for functional analysis of fructan
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synthesis. The transgenic plants accumulated small amounts of bacterial levan, whereas levels
of high-molecular-weight native fructan decreased, and the pattern of accumulation of
oligosaccharides with a degree of polymerization ranging from 5 to 35 was distorted. Growth
of the levan-accumulating sacB-transgenic ryegrass plants slowed down with onset of the
reproductive stage, and flowering plants were stunted and had narrower leaves and a poorly
developed root system. Such aberrant phenotypes may have resulted from the accumulation
of bacterial-type levan in the plants. Unfortunately, the levan-accumulating sacB-transgenic
plants were not evaluated against any stresses. Hisano et al. (2004) produced transgenic
perennial ryegrass plants that overexpressed two wheat-derived fructan metabolism-related
genes, wftl and wfi2, which encode sucrose-fructan 6-fructosyltransferase (6-SFT) and
sucrose-sucrose 1-fructosyltransferase (1-SST), respectively. Significant increases in fructan
content were detected in transgenic plants expressing 6-SFT or 1-SST. Freezing tolerance of
the transgenic plants was confirmed at the cellular level by means of a freezing test using the
electrical conductivity method to monitor detached leaves. In contrast with transgenic plants
that expressed sacB, no aberrant development was observed in transgenic plants that
accumulated a greater amount of fructan than non-transgenic plants. Gadegaard et al. (2008)
produced transgenic perennial ryegrass plants expressing onion fructosyltransferase genes /-
SST and 6G-FFT (fructan-fructan 6G-fructosyltransferase gene). Details of their study are
provided in the section “Nutritional value”, since the aim of their study was to improve the
nutritional value of the crop through fructan accumulation.

Freezing-tolerant transgenic tall fescue (F. arundinacea) was also produced using an
Agrobacterium tumefaciens—derived isopentenyl transferase (ipt) gene (Hu et al. 2005). A
freezing test using detached leaves indicated increased freezing tolerance in the transgenic
plants at the cellular level. Field trials of the transgenic plants showed higher tillering ability
and a phenotype that stayed green longer than non-transgenic plants under lower
temperatures. Li et al. (2004) also produced transgenic perennial ryegrass plants that
expressed the ipt gene. The transgenic plants also displayed a phenotype that stayed green
longer, although the stress tolerance of these plants was not evaluated.

To produce salt-tolerant plants, some researchers used the gene encoding a vacuolar
Na'/H" antiporter. The gene controls the process used to pump Na' from the cytoplasm into
the vacuole to maintain a higher K'/Na™ ratio in the cytoplasm than in vacuoles. This
mechanism for the compartmentalization of Na™ protects the cell from sodium toxicity. The
rice vacuolar Na'/H" antiporter gene (OsNHXI) was transferred into perennial ryegrass to
produce salt-tolerant transgenic plants (Y.Y. Wu et al. 2005). Transgenic plants that
expressed the antiporter gene survived irrigation with a nutrient solution containing 350
mmol/L. NaCl for 10 weeks, whereas non-transgenic plants died. Similarly, Zhao et al.
(2007b) produced transgenic tall fescue plants expressing the Arabidopsis-derived vacuolar
Na'/H' antiporter gene (4tNHXI). A higher germination rate, greater biomass, and less-
deleterious effects were observed in the transgenic plants than in nontransgenic plants under
saline conditions: transgenic plants grown hydroponically were not affected by NaCl
concentrations below 200 mM, whereas nontransgenic plants showed progressive chlorosis,
reduced leaf size, and growth inhibition as the NaCl concentration increased. Qiao et al.
(2007) also isolated a Na'/H" antiporter gene (4eNHXI) from the root tissue of Agropyron
elongatum L. that conferred strong tolerance of salt stress in tall fescue, and transgenic plants
that expressed the 4eNHX1 gene showed normal growth after irrigation with 300 mM NacCl at
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5-day intervals for 45 days and higher relative dry weight than nontransgenic control plants,
which showed chlorosis and wilting.

Genes that encode transcription factors that govern the plant's response to abiotic stresses
are promising tools for producing transgenic plants that are able to tolerate multiple abiotic
stresses, since many genes related to stress tolerance may be simultaneously regulated by the
transcription factor. For example, G.T. Wu et al. (2006) showed that transgenic turf-type tall
fescue plants that strongly expressed the stress tolerance-related CBFI gene from
Arabidopsis showed obviously higher performance under high salinity than non-transgenic
plants, and their tolerance of multiple stresses (low and high temperatures, dehydration, and
high salinity) were demonstrated by analysis of the electrical conductivity of detached leaves
in vitro. Similarly, the Arabidopsis DREBIA/CBF3 gene, which encodes a transcription
factor, was introduced into tall fescue by Zhao et al. (2007a). The transgenic plants contained
high levels of the compatible osmolyte proline, and showed higher drought survival than
nontransgenic plants under drought.

In addition, transgenic tall fescue plants capable of tolerating stress related to reactive
oxygen species (ROS) have been produced by Lee et al. (2007). Transgenic plants that co-
expressed two foreign genes that encoded anti-oxidative enzymes, cassava CuZn-superoxide
dismutase (CuZn-SOD) and pea ascorbate peroxidase (APX), under the control of the
oxidative stress—inducible promoter sweet potato peroxidase anionic 2 (SWAP2) were
produced by means of Agrobacterium-mediated transformation. Expression of the transgenes
in transgenic plants was upregulated during ROS-related stress, and lower amounts of ROS
were detected in transgenic plants exposed to the stresses than in nontransgenic plants,
resulting in decreased chlorophyll degradation and decreased cellular damage. This finding
indicates that the anti-oxidative defense in transgenic tall fescue was improved by co-
overexpression of CuZn-SOD and APX, and these transgenic plants might mitigate the
oxidative damage caused by abiotic and biotic stresses.

TOLERANCE OF BIOTIC STRESS

In addition to the tolerance of abiotic stress, research on transgenic tolerance of biotic
stress has also been performed. For example, Xu et al. (2001) have produced transgenic
perennial ryegrass plants that express an untranslatable ryegrass mosaic virus (RgMV) coat
protein (CP) under the control of the rice Actl promoter. After inoculation with RgMV, the
most resistant transgenic line showed no immunodetectable RgMV-CP in the primary
transformant and its sexual progeny. Molecular analysis clarified that the resistance of the
transgenic line to RgMV is triggered by targeted RNA degradation, resulting in post-
transcriptional gene silencing.

Takahashi et al. (2005), on the other hand, targeted enhanced resistance to the fungal
pathogen Puccinia coronata Corda, the causal agent of crown rust disease in Italian ryegrass,
by introducing the rice chitinase (RCC2) gene. Chitinase hydrolyzes a structural component
of the fungal cell wall, thereby weakening the fungus, and the resulting hydrolysate, N-acetyl-
D-glucosamine, elicits the plant's defense system. Bioassay of detached leaves of transgenic
plants expressing RCC2 showed increased resistance to crown rust. The most resistant
transgenic plants had approximately 8.7 times the chitinase activity of the nontransgenic
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plants. Dong et al. (2008) used another approach for the production of transgenic tall fescue
plants resistant to fungal disease by introducing the T4 phage lysozyme gene e (T4 e).
Lysozymes contain 1,4-p-N-acetylmuramidase, which hydrolyzes peptidoglycan in bacterial
cell walls and exhibits membrane-disrupting antifungal activity. Resistance conferred against
two fungal diseases, gray leaf spot (Magnaporthe grisea) and brown patch (Rhizoctonia
solani), was clearly observed in the transgenic plants. This research group also produced
transgenic tall fescue that expressed the gene (AGLUI) for alfalfa B-1,3-glucanase, which
degrades B-1,3-glucan, a major structural component in fungal cell walls. They also included
a truncated version of the frog dermaseptin SI gene that is cytolytic to bacteria, yeast,
filamentous fungi, and protozoa, or the rice Pi9 gene, which is an R gene that confers
resistance to rice blast (Dong et al. 2007). Transgenic plants expressing the AGLUI gene or
the dermaseptin SI gene showed high resistance to both M. grisea and R. solani. A transgenic
plant containing the rice Pi9 gene resisted turfgrass isolates of M. grisea.

NUTRITIONAL VALUE

The digestibility of dry matter is one of the most important traits of forage grasses. Slight
improvements in forage digestibility can have significant impacts on animal performance,
such as meat and milk production. A major factor limiting forage digestibility is the lignin in
plant cell walls. Lignins are phenolic heteropolymers associated with cellulose and
hemicellulose in the cell walls, and their presence limits the utilization of these cell wall
polysaccharides and thereby reduces energy extraction from forage grasses by livestock.
Therefore, altering the lignin content and thereby improving forage digestibility is a crucial
issue for efficient production of livestock products. Chen et al. (2003) isolated a gene (CAD)
that encodes the key lignin biosynthesis enzyme, cinnamyl alcohol dehydrogenase (CAD),
from tall fescue, and introduced it back into tall fescue with a construct for either sense or
antisense expression of CAD. Transgenic plants carrying sense CAD transgenes showed
severely reduced transcription of CAD, and plants carrying antisense CAD transgenes showed
significantly reduced endogenous CAD enzymatic activity. A significant reduction in the
Klason lignin content (by 14%-15%) and a significant increase in in vitro dry matter
digestibility (by 7.2%-9.5%) were found in the plants with downregulated CAD compared
with the control plants.

Chen et al. (2004) subsequently isolated another lignin biosynthesis gene (COMT) that
encodes caffeic acid O-methyltransferase (COMT) from tall fescue and produced transgenic
tall fescue plants with either sense or antisense COMT constructs. Two transgenic plants with
co-suppressed COMT were obtained with the sense COMT construct. These plants, with
downregulated COMT, showed drastically reduced COMT enzymatic activity, a significant
reduction (by 28%—29%) in the Klason lignin content, and an increase (by 9.8%—10.8%) in in
vitro dry matter digestibility. In contrast, Buanafina et al. (2006) focused on the ferulic acid
esters, which play a key role in crosslinking hemicellulose in plant cell walls. The crosslinks
hinder degradation of the cell wall by the microbes that help ruminants digest plant matter. To
address this problem, they produced transgenic Italian ryegrass that expressed a ferulic acid
esterase that releases both monomeric and dimeric ferulic acids from hemicellulose.
Production of this esterase in transgenic plants released monomeric and dimeric ferulic acids
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from cell walls and increased in vitro dry matter digestibility compared with non-transgenic
plants.

In addition to approaches based on increasing forage digestibility, the accumulation of
nutritionally useful proteins in the leaves of forage grasses is another way to improve forage
quality. For instance, forage crops that contain the sulphur-containing amino acids methionine
and cysteine are attractive in ruminant animal nutrition, since such forage improves the
growth of beef animals, milk production in dairy cows, and wool growth in sheep. To achieve
these improvements, Z.Y. Wang et al. (2001) produced transgenic tall fescue that expressed
the gene for sulphur-rich sunflower albumin 8 (SFAS8) protein under the control of the
cauliflower mosaic virus 35S promoter or the light-regulated wheat Cab promoter. SFAS
accumulated to as much as 0.2% of the total soluble protein in the leaves of transgenic plants.
However, a nutritionally useful level of SFAS8 is estimated to be approximately 4% of the
total leaf protein. Thus, these researchers are exploring strategies to improve the accumulation
of SFAS in transgenic plants, including the use of a stronger promoter and the development of
a chloroplast transformation technique.

In addition to improving the stress tolerance of temperate grasses, fructans also contribute
to their nutritive value as feed for ruminant animals (Chalmers et al. 2005). High
carbohydrate levels in forage crops lead to efficient utilization of amino acids by micro-
organisms in the rumen of these animals. This increased efficiency also inhibits the release of
ammonia into the environment. In addition, a recent study (Miller et al. 2001) showed that a
high sugar content in forage increased its nutritional value to support milk production by
dairy cows. To improve the nutritional value of perennial ryegrass by controlling
carbohydrate biosynthesis, Gadegaard et al. (2008) produced transgenic perennial ryegrass
plants that expressed the onion fructosyltransferase genes /-SST and 6G-FFT. The transgenic
plants showed up to three times the fructan content of the nontransgenic plants, and the
fructan content was higher and more stable than that of a high-sugar elite variety.

FLOWERING CONTROL

The nutritional value and digestibility of forage grasses decline significantly as the plants
mature. This is largely caused by the high amounts of low-digestibility compounds that
accumulate in floral stems, such as lignins and cell wall compounds coupled to lignins. Late
flowering as a result of an extended vegetative growth phase is therefore another option for
improving the digestibility of forage grasses. Late flowering is also expected to result in high
density and persistence of the turf and is thus an attractive feature for amenity use of grasses.
Jensen et al. (2004) isolated the floral repressor gene LpTFLI from perennial ryegrass and
used it to manipulate the transition between vegetative growth and flowering in red fescue (F.
rubra). Transgenic plants that expressed LpTFLI at low to intermediate levels flowered
approximately 2 weeks later than the control plants, whereas very high levels of LpTFLI
expression produced plants that remained in a vegetative state after exposure to strong
vernalization conditions in two successive years. Van der Valk et al. (2004) introduced the
Arabidopsis TALE homeobox gene ATHI into perennial ryegrass. In ATHI-expressing
transgenic plants, heading was delayed, and in many cases transgenic plants never flowered at
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all. These transgenic plants produced a leafy phenotype, and when they eventually underwent
heading, they generally produced a reduced number of inflorescences.

HYPOALLERGENIC POLLEN

Hay fever and seasonal asthma are both caused by grass pollen. Ryegrass pollen is a
major cause of these allergic diseases, and several allergenic proteins have been identified and
characterized from ryegrass pollen. To downregulate the expression of these allergenic
proteins, antisense strategies have been employed. Bhalla et al. (1999) targeted Lol p 5, the
most important widespread grass pollen allergen, since it reacts with IgE antibodies of more
than 90% of patients who are allergic to grass pollen, and transgenic Lolium rigidum L. plants
that expressed antisense Lo/ p 5 under the regulatory control of the rice pollen—specific
promoter Ory sl were produced. A dramatic reduction in the allergenicity of the transgenic
pollen was confirmed by means of Western blot analysis and slot blot analysis using the
serum of a patient with a grass allergy. Similarly, Petrovska et al. (2004) generated and
analyzed transgenic ryegrass plants with antisense expression of two major pollen allergens,
Lol p 1 and Lol p 2, under the control of the pollen-specific maize promoter Zm!3, and
molecular analysis revealed downregulation of the target gene expression, resulting in
reduced accumulation of the target proteins in transgenic pollen.

Low-INPUT CROP MANAGEMENT

A bialaphos resistance gene (bar) is often used as a selectable marker gene in the
transformation of many plants, including Lolium and Festuca species (Z.Y. Wang et al. 1992;
Spangenberg et al. 1994; Kuai et al. 1999; Cho et al. 2000; Hisano et al. 2004; Hu et al. 2005;
Y.Y. Wu et al. 2005). The resulting transgenic plants have resistance to glufosinate,
bialaphos, or phosphinothricin herbicides. This trait is useful for weed control in turf
management. However, it might have negative aspects if the transgene escapes into the
environment. Thus, herbicide resistance is viewed with ambivalence.

Aunique type of research was attempted with turf-type perennial ryegrass. Turf-type
perennial ryegrass is often used as a turf for winter overseeding of warm-season turfgrass
species in golf courses and athletic fields. In late spring to early summer, warm-season
turfgrass starts growing and turns green. Therefore, at this time, perennial ryegrass should
decline, since its persistence would disturb the growth of the warm-season turfgrass. Chen et
al. (2005) proposed an ideal scenario in which managers would selectively remove the
perennial ryegrass when it is no longer needed by using genetically engineered vulnerable
ryegrass lines. To do so, they produced transgenic perennial ryegrass plants that expressed the
E. coli argE gene, which encodes an N-acetylornithinase. The transgenic plants were
selectively eliminated by the application of a pro-herbicide, N-acetyl-L-phosphinothricin (V-
acetyl-PPT), since the N-acetylornithinase produced in transgenic plants converts N-acetyl-
PPT into the herbicide phosphinothricin (PPT).
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CONCLUSION

The important traits sought by breeders of Lolium and Festuca species are tolerance of
abiotic and biotic stresses, high nutritional value (such as high digestibility and the
accumulation of useful proteins and fructans), late flowering, the development of
hypoallergenic pollen, and improved ease of management. Although most of these traits are
commonly required in forage and turf grass species, it is difficult to improve them by means
of conventional breeding methods, since many forage and turf grass species are outcrossing
plants with high genetic diversity in their offspring. As another option, genetic engineering
appears to be a promising technique and a powerful tool to produce cultivars that possess
many of the abovementioned traits in outcrossing plants such as Lolium and Festuca species.

Considering the potential influence of escaped transgenic plants on natural ecosystems,
careful judgment is necessary to permit the practical use of these plants. This need will be
particularly important in wind-pollinated outcrossing Lolium and Festuca species because of
the long-distance transport of their pollen, the large areas cultivated with these plants, and the
fact that escaped volunteer transgenic plants of these species can become aggressive weeds
that easily hybridize with natural vegetation, and transgenic seeds would then spread widely
(Giddings 2000). In fact, Z.Y. Wang et al. (2004) reported that transgenic pollen of tall fescue
pollinated recipient plants at distances of up to 150 m from a central transgenic plot. As a first
step to resolve the issue of transgene flow through transgenic pollen, Takamizo et al. (2005)
proposed the utilization of a maternal inheritance trait through cytoplasmic male sterility
(CMS), in which viable pollen cannot be produced, and developed CMS lines of Italian
ryegrass and tall fescue as the recipients of transgenes. If a complete CMS trait can be stably
introduced into a transgenic line, there will no longer be a risk of hybridization by dispersal of
transgenic pollen. Also, transgenes are inherited maternally when they are integrated into the
plastid genome, thereby minimizing the possibility of transfer of transgenes into related weed
species (Daniell et al. 2005). Thus, plastid transformation will be a key technology in the next
generation of genetic engineering of Lolium and Festuca species.
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ABSTRACT

The main focus of first-generation GE (Genetically Engineered) plants was
agronomic traits, such as herbicide tolerance or pest resistance, which benefited mainly
farmers. The benefits for human or animal health, when present, were indirect. For
instance, a reduced mycotoxin content, due to a lower plant colonization by
mycotoxigenic fungi, or a reduction in commodity prices, due to higher yield or
improved farming practices, translating into increased food availability.

At present GE plants with nutritionally interesting traits are becoming available, both
for feed and food. Forages with improved digestibility, due to a reduction in lignin, have
been obtained and also soybean and cereals with increased content of lysine, methionine
and tryptophan have been developed. Other interesting GE plants in the pipeline are corn
and soybean with increased resistance to mycotoxins-producing fungi or able to degrade
mycotoxins. Another important research trend is the reduction of anti nutritional factors
such as phytate, which reduces phosphorus availability and increases environmental
impact of livestock, particularly of pigs. Oleaginous crops with altered oil composition
are available since many years but, while in previous years the increase of oleic acid
content was the main target of genetic engineering, recent research focused to improve
the content of the cardiovascular protective omega 3 and 6 fatty acids in seed oil.

Other important topics of importance both for human and animal nutrition are the
increased content of vitamins (Vit. E, By and C), pro-vitamin (B-carotene) and flavonoids,
an important component of a health promoting diet. The development of oilseed crops
with increased sterol content could be an interesting way for reducing cholesterol uptake
in humans.

The alteration of starch composition or the accumulation of sugars in different
polysaccharides could be used in order to obtain processed foods with a more suitable
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glycemic index, an important characteristic, especially considering the increasing
incidence of diabetes.

INTRODUCTION

In 1994 the commercialization of Flavr Savr® tomato marked the beginning of the
‘public’ era for genetically engineered (GE) plants. The main characteristic of this berry was
a sharp extension of the shelf-life, a very interesting feature for the supermarket industry and
customers, but deprived of nutritional significance.

In the same way, Bt corn and herbicide-resistant plants had no improvements in their
nutritive value, with the exception of the lower fumonisins content in Bt corn, presumably an
unforeseen positive side-effect. The only clear attempt to improve the nutritional quality of
foods were performed in soybean and rapeseed varieties, modified in order to increase the
content of palmitic, stearic and oleic acid content to the detriment of poly-unsaturated fatty
acids (PUFA) (Neff e List, 1999) (Wiberg et al., 1997) (Hawkins e Kridl, 1998).

The consequence of this modification was a better oxidative stability due to the lower
content of PUFA and a reduction of trans-fatty acid promoting cardio-vascular disease (Katan
et al., 1995; Nelson, 1998) when the oil is hydrogenated for margarine production. However
the reduction in PUFA content in itself should be considered negatively, because these fatty
acids are important cardio-protective agents, therefore these GE crops did not provide any
nutritional advantage to the consumer. Probably the first plant, specifically engineered for an
improved nutritional profile was the Golden Rice, characterized by accumulation of f-
carotene in rice endosperm, a tissue devoid of carotenoids (Ye et al., 2000) and whose content
in this pro-vitamin has been significantly improved further by Paine et al., (2005).

In the last years the interest of plant genetists moved from agronomic to nutritional traits
and now the results are at hand or close to be released. In this chapter we try to outline the
future trends for the improvement of nutritional quality of plant using genetic engineering.
We will deal mainly with new applications of genetic engineering which are already in the
commercialization phase or at the approval stage, but we will also mention interesting
research advances with great promise. Other reviews on this subject (Zhu et al, 2007; Hall et
al., 2008; Morandini et al., 2005) are available.

ANTI-OXIDANT AND ANTI-INFLAMMATORY MOLECULES

Resveratrol is an anti-fungal compound synthesized by grapevine in response to pathogen
attack (Schroder and Schroder, 1990), but resveratrol is also considered to have protective
effects on human health because it has anti-inflammatory, antiplatelet and anticarcinogenic
properties (Calabrese, 1999; Manna et al., 2000; Wallerath et al., 2002; Morelli et al., 2006).
Grapevine (Vitis vinifera) and red wine are the most important source of resveratrol in the
human diet, however wine is also a carrier for ethanol, whose excessive consumption is
dangerous. For this reason any increase in resveratrol content in grapevine can be regarded as
positive because it increase the intake of this protective molecule. It is therefore noteworthy
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the work of Fan et al. (2007) who where able to generate a grapevine containing 5.5 times
more resveratrol than conventional plant (0.469 pg/g vs 2.586 ug/g).

Another application for a grapefruit genetically engineered to increase the synthesis of
flavonoids was presented to APHIS. (Animal and Plant Health Inspection Service) In this
case the target of metabolic modification were three enzymes involved in the
phenylpropanoid pathway. This metabolic route is the source both of anthocyanins and
phytoestrogens, compounds exhibiting antioxidant, antiasthmatic, antimicrobial activity and
have beneficial roles as component of human diet (Dixon and Steele, 1999; Davis et al., 1999;
Clarkson, 2002).

The phenylpropanoid pathway starts with phenylalanine and has an important crossroad
in para-Coumaryl-CoA. The catalytic activity of chalcone synthase alone allows the
transformation of this compound in naringenin chalcone, while combining its catalytic
activity with chalcone reductase the 4,2°, 4’-trihyroxychalcone is produced. The naringenin
chalcone can be further metabolized to naringenin by chalcone isomerase (CHI) type 1,
naringenin is the precursor of many flavonoid compounds (Ralston et al. 2005). In legumes a
CHI type 2 is present and catalyzes the synthesis of isoflavonoids, like daidzein in soybean.

The regulation of the genes producing the pathway enzymes is coordinated at the
transcriptional level and a number of these transcription factors have been identified (Ni et al.,
1996; Weisshaar and Jenkins, 1998; Yu et al.,, 2000). To engineer the production of
economically important isoflavones in non legume plants the regulation of naringenin
accumulation is critical, because heterologously expressed enzymes must compete with
endogenous ones for naringenin (Yu and McGonigle, 2005)

Two enzymes were the target of the genetic modification of grapefruit: chalcone synthase
and chalcone isomerase, catalyzing the two last steps in the synthesis of naringenin.

Another opportunity to modify the phenylpropanoid pathway and increase/modify the
isoflavones biosynthesis, was proposed by Yu et al. (2003). The authors cloned into soybean
the corn transcription factors C1 and R, leading to the synthesis of anthocyanins (Grotewold
et al., 1998). This resulted in a decrease of genistein and an increase of daidzein levels, with a
small overall increase in total isoflavones. Cosuppression of flavanone 3-hydroxylase to block
the anthocyanins branch of the pathways, resulted in higher accumulation of isoflavones.

To increase the flavonoid content of potatoes, Lukaszewicz et al (2004) overexpressed
chalcone synthase, chalcone isomerase, and dihydroflavonol reductase, bringing about an
increase in the levels of phenolic acids and anthocyanins as well as an improved antioxidant
capacity. When compared to control values, increases in both pelargonidin (4-fold) and
petunidin (3-fold) were observed.

Antioxidant capacity showed a correlation with anthocyanins content and the best results
were obtained when all three enzymes were expressed.

Considering the growing interest on the nutritional relevance of polyphenols, the
metabolic engineering of phenylpropanoid pathway will receive much attention in the next
years.
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ANTHOCYANINS

Anthocyanins are red to violet pigments used by plants to attract insects and foraging
animals. Hundreds of different anthocyanins exist in nature, all with slightly different
chemical structures and composition. Anthocyanins also help to protect plants against
environmental stresses and diseases and they have anti-cancer properties. For this reason
there is growing interest for their inclusion or boost in the specific foods.

A promising research on the factors regulating anthocyanins’ production is in progress at
the John Innes Centre and the Institute of Food Research in Norwich. The key enzymes
involved in the production of plant pigments have been identified and the respective genes
have been modified and cloned from Arabidopsis thaliana. Anthocyanins conjugates are more
stable than original pigments and could be used as natural food colourants to replace many
artificial colours used in various foods.

Furthermore the improved understanding of the genetics of anthocyanins also provides a
better platform modify their profile, which is important in the fight against cancer,
cardiovascular disease and age-related degeneration. Therefore in the future we expect GE
plants with significant increases in the content of different antocyanins.

Another interesting source of anthocyanins is an Alaskan variety of cranberry (Vaccinium
spp.) that will be used by Agricultural Research Service (ARS) scientist for conventional
improvement of American cranberry. The wild cranberry accumulates glucose-linked
anthocyanins, contrary to marketed varieties that produce pigments bound to other sugars and
for this reason less digestible. The final goal is to transfer the genes for glucose-linked
anthocyanins from the experimental cranberry line into a variety acceptable to the market.
Researcher from ARS will use conventional breeding, but the use of genetic engineering
could speed up the process and allow the achievement of more precise and therefore more
predictable genetic modification.

SWEETENERS

The metabolic engineering of anthocyanins pathway can be modified in order to obtain a
compound with sweetener properties. The inclusion of a rhamnosyl transferase in a grapefruit
can add a rhamnose residue to an anthocyanins leading to the synthesis of neohesperidin
dihydrochalcone, a compounds about 2000 times sweeter than sucrose.

GLUCOSINOLATES

An interesting recent advance suggesting potential applications to food and feed, is the
identification of the regulators of the glucosinolates (GLS) pathway of Brassicaceae. GLS are
sulphur rich secondary metabolites derived from aminoacids, some of which have interesting
anticancer properties while other are toxic to animals (for a review see Halkier and
Gershenzon, 2006). Being abundant in crop plants such as rapeseed and broccoli there is
interest in modulating the overall content and the composition of GLS in a precise manner.
The isolation of mutants blocked in specific steps of GLS biosynthesis has allowed the
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generation of plants lacking some or all GLS (Halkier and Gershenzon, 2006). The
identification of several regulators however allows now the upregulation of specific branches
of the pathway. Some years ago, Myb34 was shown to be involved in the regulation of the
aromatic GLS pathway. Now several Myb factors (Myb29, 28, 76, 122 and 51) belonging to
the same Myb subfamily of Myb34 have been independently demonstrated to regulate either
the aliphatic (processing methionine or elongated methionine) or aromatic metabolic branch
(processing tryptophan or phenylalanine). Plants lacking either Myb28 or Myb 29 have a
diminished content of aliphatic glucosinolates, with the double KO completely lacking this
class, while plants mutated in Myb 34, 51 or 122 are altered in the aromatic branch (Hirai et
al., 2007; Gigolashvili et al., 2007a; Gigolashvili et al., 2007b; Senderby et al., 2007,
Gigolashvili et al., 2008; Beekwilder at al., PLoS ONE, in press, A. Aharoni et al., pers.
communication). Overexpression or inactivation of the different MYBs caused a different
pattern of GLS, demonstrating that it is possible to modulate the flux directly by toggling one
or more regulators. We expect many more examples of metabolic engineering performed
using regulators (from the same or from other species) rather than targeting the enzymatic
steps themselves; this approach should retain metabolite (and control) homeostasis
(Morandini et al., 2005) and is therefore expected to have less side effects.

VITAMINS AND CAROTENOIDS

Vitamin deficiencies are a major problem in many developing countries, but also in
Western Countries dietary supplementation with vitamins is proposed as anti-aging treatment
(using vitamin A, C and E) or for the prevention of neural tube defects (folic acid).

Vitamin A

In Asia poverty is associated with a predominant consumption of rice and because this
cereal lacks B-carotene (the pro-vitamin A), poor people’s diet often falls short of vitamin A.
This nutritional deficiency can result in permanent blindness and increase the incidence and
severity of infectious diseases.

In 2000 a GE rice, able to accumulate carotenoids in the endosperm thank to the insertion
of a phytoene synthase (psy) gene from daffodil and a Pds (phytoene desaturase gene from
bacteria), was developed (Ye et al., 2000) and because of its yellow colour it was named
‘Golden Rice’. In this cereal a maximum level of 1.6 pg/g of total carotenoids was achieved.
Recently Paine et al. (2005) substituting the psy gene of daffodil with an homologous gene
from maize, were able to increase the total carotenoids up to 37 pg/g (84.% of which was f3-
carotene) equivalent to 5.14 IU/g of retinol.

This sharp increase in pro-vitamin A has a relevant nutritional importance. As a matter of
fact Golden Rice consumption can fulfill a big part of daily intake for retinol recommended in
Europe (Table 1).
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Table 1. Vitamin A requirements (express as retinol equivalent, RE) according to the
Italian Society of Human Nutrition (SINU, 1996) and intake of Golden Rice required for

their fulfilment
Category Age (years) Requirements Golden Rice intake
(ng RE) (g/day)
Children 1-6 400 78.
7-10 500 98
Male 11-14 600 117
> 14 700 136
Female >11 600 117
Pregnant' 700 136
Milking 950 185

Other transgenic plants that have been developed with increased carotenoid/provitamin A
content include:

— Canola (Brassica rapa) with increased carotenoids (50-fold) developed by
introducing a gene coding for lycopene biosynthesis (Shewmaker et al., 1999);

— Tomato with increased P -carotene developed by inserting bacterial genes that code
for enzymes in the carotenoid pathway (Bramley et al., 2000; Fraser et al., 2002).

— Potato (Diretto et al., 2007) by engineering a mini bacterial pathway using CrtB, Crtl
and CrtY from Erwinia. Transgenic tubers contained 20-fold more carotenoids (114
ug/g dry weight), with B-carotene increasing 3600-fold (47 ug/g dry weight).

An increased carotenoid accumulation (6-fold) was obtained by Li and Van Eck (2007)
transferring in potato a novel gene mutation (Or) discovered in cauliflower (Lu et al., 2006).
The expression of the Or gene leads to the formation of chromoplasts in the cauliflower curd
cells. In potato the Or gene determines the formation of orange bodies (intact chromoplasts,
helical sheets and fragments of chromoplasts).

Such structures serve as deposition sink to sequester excess carotenoids and preventing
the end product inhibition of synthesis. The result is an increase in carotenoids, not
necessarily B-carotene, content.

Using association analysis, linkage mapping, expression analysis and mutagenesis at the
lycopene epsilon cyclase (lycE) Harjes et al. (2008) obtained some (non transgenic) corn
plants where the carotenids biosynthetic pathways was modified with reduction of a-carotene
and lutein synthesis and improvement of B-carotene, B-cryptoxanthin and xanthin synthesis.
At present no high-provitamin A corn is marketed, but these results are encouraging.

Carotenoids
Carotenoids constitute a vast group of pigments with several biological activities and

there is increasing evidence that higher intakes of carotenoids are associated with reduced risk
of cardio-vascular disease (CVD), age related macular degenerations and some cancers
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(Cooper et al., 1999; Craig, 1997; Neuhouser et al., 2001; Christen et al., 2008). The
precursor of vitamin A, P-carotene, and lutein are the predominant carotenoids in human
plasma (22) and along with zeaxanthin are found selectively at the centre of the retina; higher
intakes of these two carotenoids resulted associated with significant reduced risk of cataract
(Christen et al., 2008). Jayaraman et al. (2007) engineered the carotenoid biosynthetic
pathway in carrot tissue by introducing a B-carotene ketolase gene isolated from the alga
Haematococcus pluvialis. Endogenous expression of carrot f-carotene hydroxylases was up-
regulated in transgenic leaves and roots, and up to 70% of total carotenoids was converted to
novel ketocarotenoids, with accumulation up to 2,400 pg/g root dry weight. Astaxanthin,
adonirubin, and canthaxanthin were most prevalent, followed by echinenone, adonixanthin
and B-cryptoxanthin. However the content of the most nutritional important carotenoids: [3-
carotene, lutein and zeaxanthin, decreased. Although these last results are obviously
undesirable, this work shows that carrot can be suitable as bio-factory, and this put the basis
for a future manipulation of carotenoids’ synthesis aimed to the production of fortified foods.

Folic Acid

Deficiency in folate, also known as Vitamin B9, may cause various diseases in humans
such birth defects, anemia, cardiovascular diseases, and some types of cancer. A diet with
folate deficiency is a risk factor for the onset of neural tube defects. Because of the
importance of folate especially to pregnant women, (during pregnancy folate requirement
increases by 50%) food fortification programs are being implemented in many Countries.
However food fortification can be difficult to implement in developing Countries due to high
costs and distribution problems.

UNICEF estimates at least 200,000 birth defects in developing Countries due to folate
deficiency (Adamson, 2004). Since plants are major folate sources for humans, to increase
folate content by means of genetic engineering could be a suitable way to reduce these severe
problems. Folate are synthesized from pteridine, p-aminobenzoic acid (PABA) and glutamate
precursors, Diaz de la Garza et al. (2007) produced a double transgenic tomato with increased
expression of GTP cyclohydrolase I, the first enzyme of pteridine synthesis and
aminodeoxychorismate synthase, that catalyzes the first step of PABA synthesis. The
transgenic tomato fruits accumulate 25-fold more folate (840 ug/100 g of raw product), so
that a normal-size fruit contained enough folates to fulfill the whole dietary requirement for a
pregnant woman (600 pg/day). Storozhenko et al. (2007) were even more successful in
increasing folate content in rice (Oryza sativa japonica) achieving a 100-fold accumulation
compared to conventional varieties.

These manipulations however caused large accumulation of intermediate metabolites, an
effect easily foreseeable within the framework of Metabolic Control Analysis (Morandini et
al, 2005, Morandini and Salamini 2003). How these large changes in metabolites (for instance
the amount of pteridine was raised 140-fold in one of the transgenic lines) remains to be
tested.
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Vitamin E

Improving Vitamin E content has also witnessed major advances. Arabisopsis, soybean
Brassica, lettuce and potato with increased o—tocopherol content were developed (Van
Eenennaam et al., 2003; Valentin et al., 2006; Crowell et al., 2007; Della Penna and Pogson,
2006)

Vitamin C

Vitamin C (L-ascorbic acid) has important antioxidant and metabolic functions in both
plants and animals, humans and several other mammalian species have lost the ability to
synthesize it because of an inactivation of the last gene in the pathway, and so we are
dependent on dietary vitamin C from vegetables and fruits.

Two biosynthetic pathways for vitamin C in plants are presently known. The D-mannose
pathway appears to be predominant in leaf tissue, but a D-galacturonic acid pathway operates
in developing fruits (Agius et al., 2003; Radzio et al., 2003).

An important progress in the elucidation of ascorbate biosynthesis through the D-
mannose pathway was made by Laing et al. (2007) who cloned in tobacco a gene from
Actinidia chinensis, coding for a L-galactose guanyltransferase able to convert GDP-galactose
into a hexose-1P. Before of this research, the enzyme catalyzing this reaction was not known..

The expression of this gene in tobacco leaves resulted in a more than 3 fold increase in
ascorbate content.

Other researches have been reported to increase ascorbate content in plant tissue by
overexpressing an enzyme in a biosynthetic pathway presumably which uses myo-inositol
(MI) as the initial substrate Lorence et al. (2004). They cloned an Arabidopsis thaliana myo-
inositol oxygenase. mainly expressed in flowers and leaves. Its overexpression led to 2-3 fold
higher Ascorbate level compared to control. Jain and Nessler (2000) created a new pathway
by introducing a gene from animals and achieved a 2-fold increase in vitamin C leaf content
compared to controls.

Jain and Nessler (2000) demonstrated that by cloning the terminal enzyme of the animal
pathway, L-gulono-1,4-lactone oxidase (GLOase), in lettuce and tobacco, they were able to
increase the vitamin C leaf content between 4- and 7-fold, suggesting that at least part of the
animal pathway may be present in plants. When a wild-type of 4. thaliana was transformed
with a rat GLOase gene, ascorbic acid in leaves increases up to 3 fold (Radzio et al., 2003).
These data suggest that an alternative pathway is present in plants, which can bypass the
deficiency of GDP-mannose production, being this sugar used also in mannan biosynthesis
(Piro et al., 1993) and as a precursor in cell wall synthesis (Seifert, 2004), and possibly
circumvent other steps in the D-mannose pathway to synthesize vitamin C.

Ascorbate (Vitamin C) content was increased also by reducing consumption (Pignocchi
et al., 2003; Nunes-Nesi et al., 2005). In human body vitamin C can be regenerated from its
oxidated form in a reaction catalyzed by deydroascorbate reductase (DHAR), Chen et al.
(2003) over-expressed DHAR gene in transgenic corn and tobacco obtaining an increase in
ascorbic acid level of 2-4 fold. In addition the level of glutathione, the reductant used by
DHAR, also increases (Chen et al., 2003). These results demonstrate that increasing
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expression of the enzyme responsible for recycling ascorbate is an effective tool to elevate
vitamin C content in plant.

Nowadays the extra-nutritive effect of vitamins is becoming more and more important
and plants genetically engineered to increase the production of vitamins are becoming
available.

At present conventional or GE micro organisms are the major source of vitamins
intended to be included in supplements, however a growing number of information on the
regulation of metabolic pathways leading to vitamins synthesis in crops are becoming
available (Raschke et al., 2007). In the next years the use of GE plants for the production of
vitamins or for direct consumption will be probably widespread. We also anticipate that the
modification of riboswitch structures sensing specific vitamin levels to increase vitamin
content of plant tissues. For instance, a riboswitch able to sense thiamine has been
demonstrated in Arabidopsis and other plants (Bocobza et al., 2007; Wachter et al., 2007).

As an interesting approach to increase the nutritive value could be to alter cell number or
development. The hp-1 mutation in tomato which almost doubles carotenoid content in leaves
and fruits, and increases 9-fold the anthocyanin content in seedlings, is due to defects in cell
division and development (Cookson et al., 2003). The mutation dramatically increases the
periclinal elongation of leaf palisade mesophyll cells, which results in increased leaf
thickness; moreover, the total plan area of chloroplasts per cell was larger in the mutant.

IMPROVEMENT OF DIGESTIBILITY

Plant cell wall is the major constraint in forage digestibility by livestock, lignin in
particular is the fibrous component with the highest detrimental effect on feed digestibility.
Increasing forage digestibility will allow a reduction in the use of cereal and proteaginous
feeds and consequently of feeding costs.

According to the Field Test Release Database for the US, there is an application for the
release of an alfalfa with decreased lignin. In this case the fibre content was decreased by
gene silencing, while a different approach was utilized by Buonafina et al (2007-8) in
developing a tall fescue with high digestibility.

In this study, genetically modified Festuca arundinacea plants were produced expressing
an Aspergillus niger ferulic acid esterase (FAEA) targeted to the vacuole. In the cell walls of
forage grasses, ferulic acid is esterified to arabinoxylans and participates with lignin
monomers in oxidative coupling pathways to generate ferulate—polysaccharide-lignin
complexes that cross-link the cell wall. Such cross-links hinder cell wall degradation by
ruminant microbes, reducing plant digestibility.

Following grass harvest and consequently cell death, vacuole-targeted FAEA resulted in
the release of both monomeric and dimeric ferulic acids from the cell walls, and this was
enhanced several fold by the addition of exogenous endo-1,4-B-xylanase. Most of the FAEA-
expressing plants showed increased digestibility and reduced levels of cell wall esterified
phenolics relative to non-transformed plants.

Another interesting case where genetic engineering can improve feeds and foods quality
is represented by phosphate (P) digestibility; in plants about 2/3 of P is in form of phytic acid,
a molecule characterized by a very low digestibility in mammals and poultry, thereby making
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its P unavailable. Undigested P in liquid waste is an environmental pollutant, particularly for
lakes and sea; at present the feed industry tackles the problem supplementing concentrate feed
with phytases, but this increases the costs. Moreover phytate is an antinutritional factor
chelating essential metals like Ca, Zn and Fe.

In human the situation is less critical due to more diverse diet, however in vegan people P
lack is a realistic possibility.

In 1993 the first GE plant expressing a phytase was produced (Pen et al., 1993). A variety
of other crops have since then been transformed to express phytases from different sources
(Hamada et al., 2005; Chen at al., 2007; Brich-Pedersen et al., 2000). Another group reported
the development of maize and soybean with reduced phytate (Shi et al., 2007) due to
impairment of a specific transporter.

AMINO ACIDS PATTERN OF FEEDS AND FOODS

Amino acids are an important issue both in human and animal nutrition. The WHO-FAO
(1991) defined the requirements for amino acids in the human diet at different life stages but
no amino acids were defined as most limiting, quite in contrast with animal production, where
the most limiting amino acids are lysine and methionine (Schwab et al., 1992; Rulquin et al.,
1993). In order to support the high performance of modern livestock production it is
necessary to supplement animal diets with amino acids produced by fermentation
(Leuchtenberger, 1996; Kircher and Pfefferle, 2001).

Different feeds and foods typically lack specific amino acids: cereals have a well-known
lysine deficiency and partly of threonine, with corn lacking Trp as well. Methionine is the
limiting aminoacid of legumes.

A mutant corn (Opaque-2), with higher level of lysine, was discovered in 1964 and its
lysine content ranged from 0.34 to 0.37% compared to 0.26-0.30% for normal maize,
however the yield of Opaque-2 is about 7-10% lower than conventional corn (Thomison,
2005) and this is a serious limitation to its widespread use. It is therefore clear that improving
lysine levels is one of the main target of biotechnology research on corn. Requests for the
field release of 9 GE maize varieties are filed in the APHIS database from 2004 to December
2007.

Although methionine is not the most limiting amino acid in corn, authorization for field
test release were issued by APHIS in 2006 for corn with a high content of sulfur-containing
amino acids.

In corn with Opaque-2 mutations, the increase in lysine content was obtained by means
of 2-3 fold reduction in the activity of lysine-ketoglutarate reductase, a lysine catabolizing
enzyme (Brochetto-Braga et al., 1992). A different approach was utilized for the high lysine
corn LYO038 developed by Monsanto, this maize express the cordapA4 gene from
Corynebacterium glutamicum, encoding a lysine-insensitive dihydropicolinate synthase
enzyme (cDHDPS). Its expression under the control of the corn Glb 1 promoter,
predominantely active in the seed germ, results in accumulation of lysine in the grain (0.4%
of lysine).

The same company modified the lysine content of corn combining the expression of a
deregulated cordapA enzyme with the silencing of the lysine degradation enzyme lysine-
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ketoglutarate reductase/saccharophine dehydrogenase (LKR/SDH) (Frizzi et al., 2008)
obtaining a lysine content of 0.4% on DM, a value 40 fold higher than control (0.01% on
DM).

Assuming that grain represent 28% of corn plant at dough (Masoero et al., 2006) and
assuming a corn silage intake of 20 kg by a dairy cow, high lysine corn is expected to provide
7.4 g of lysine more than control. An additional 4 kg/day of corn grain translates into a lysine
intake of 15.6 higher than control. The total lysine supply coming from maize silage and corn
grain would thus be 23 g, a value very close to the average amount supplemented to high
producing dairy cows. Therefore high-lysine corn is a suitable tool for reducing or avoiding
the addition of purified lysine.

An alternative solution for increasing corn lysine content through GE was developed by
Houmard et al. (2007). They showed that by suppressing lysine catabolism transgenic corn
kernels accumulated significant amounts of lysine. This was achieved by RNA interference
(RNAIi) by the endosperm-specific expression targeting of the maize bifunctional lysine
degradation  enzyme,  lysine-ketoglutarate  reductase/saccharopine  dehydrogenase
(ZLKR/SDH).

Research for the improvement of amino acids pattern in rice have been carried out at the
beginning of ‘90s when grain methionine levels were increased by introduction of
methionine-rich genes (Altenbach et al., 1989; De Clercq et al., 1990; Altenbach et al. 1992;
Molvig et al., 1997).

Three further applications for field release of GE rice were presented. In all these crops
the gene for a storage protein from pea was cloned into rice. This strategy is coherent with the
goal of increasing the lysine content of the cereal, because pea, being a legume, has a good
content of lysine. In 1999 Momma et al. expressed a glycinin from soybean in rice, obtaining
an increase in protein (8% vs 6.5%), lysine (0.30% vs 0.25%) threonine (0.30% vs 0.23%) and
triptophan (0.11% vs 0.08%). In more recent years Met content of corn was increased by
manipulation of native mRNA stability (Lai and Messing, 2002), while the protein content
was increased in pomato (Chakraborty et al., 2000) and maize (Yu et al., 2004) by expressing
protein from other plants. Similarly Bicar et al. (2008) improved the amino acid pattern of
corn developing transgenic lines that produce the milk protein o-lactalbumin in the
endosperm. Total protein content in endosperm from transgenic kernels was not significantly
different from total protein content in endosperm from control kernels in three out of four
comparisons, whereas the lysine content of the lines examined was 29-47% greater in
endosperm from transgenic kernels. The content of some other essential amino acids was
increased to a lesser extent: Thr (+ 6.1 %), Ile (+ 9.8-17.9 %). The overall result means that
the transgenic endosperms has an improved amino acid balance. Kernel appearance, weight,
density and zein content did not exhibit substantial differences in kernels expressing the
transgene when compared to non-expressing siblings. However since o-lactalbumin is a
known human allergen, an assessment of the antigenicity is required in order to determine the
impacts on animal and human health.

Soybean protein quality is limited by the low sulfur content of its protein, particularly of
B-conglycinin (7S globulin). Glycinin, the other predominant storage protein, contains 3-4
times more sulfur. El-Shemy et al. (2007) successfully inserted a modified pro-glycinin gene,
encoding for 4 methionine residues, into soybean. Although the insertion of this gene was
demonstrated by Southern hybridization, no data on methionine content of transgenic soybean
was provided, so it is not possible to quantify the nutritional improvement of this soybean.
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In many developing Countries the daily intake of essential amino acids is often
inadequate due to the lack of food of animal origin. Rice, cassava and potato are staple foods
in many developing Countries, but have a low protein content. In order to improve the
nutritive value of cassava, a gene coding for ASPI1, an artificial storage protein rich in
essential amino acids, was introduced into embryogenic suspensions of cassava via
Agrobacterium-mediated gene transfer and successfully expressed (Zhang et al., 2003).

The results were disappointing, because, although the level of His and Arg increased by
18 and 27% respectively, the level of an essential amino acid like methionine decreased.

It is clear that the cloning of proteins rich in limiting amino acids will be one of the major
goal of biotechnological research aimed at improving the protein value of feeds and foods.
And usually, despite the claims of large increase in free aminoacid levels are formally true
(20-50 fold for lysine), the total lysine content is often only marginally changed because most
of the lysine present in seed is included in protein and free lysine is only a few % of the total
lysine content. Moreover Arabidopsis seed with a very high lysine content showed problems
at germination (Zhu et al., 2003).

FATTY ACIDS COMPOSITION

The studies on the modification of fatty acid pattern started at the beginning of the
“biotech era”, but the target of GE has changed during the years. At the end of ‘90s the
increase of saturated fatty acid (SFA) or at least the increase in oleic acid content (a mono-
unsaturated one) was the final goal for GE rapeseed or soybean. This higher content of SFA
was obtained to detriment of poly-unsatureated fatty acids (PUFA) (Neff e List, 1999; Wiberg
et al., 1997; Hawkins and Kridl, 1998) and would have allowed a reduction of trans fatty acid
produced during the hydrogenation process of saturated fatty acid. Due to their promoting
action toward cardio-vascular disease (Katan et al., 1995; Nelson, 1998), attempts to reduced
trans-fatty acid intake are generally regarded as positive.

However the growing evidence of positive effect of PUFA, particularly the ©-3 and ©-6
series, has shifted the strategies of metabolic modification of oilseeds and now the increase in
linoleic and linolenic acids are the target of genetic engineering in plants.

This change has had repercussions on the enzymes employed: 10 years ago the
researchers exploited SFA thioesterase in order to increase FA accumulation (particularly
laurate) in seeds or tried to obtain high-oleic soybean/rapessed oil, by cloning A-9 desaturase,
the enzyme that transforms stearic acid in oleic acid or silencing the A-12 desaturase whose
metabolic role is the addition of a second double bond to oleic acid transforming it in linoleic
acid.

A high-oleic oil is an obvious alternative to olive oil, but the positive effect of olive oil is
not due to its oleate content only, but also and primarily, to its content in polyphenols.

Now the focus is on the enzymes involved in the synthesis of essential PUFA (®-6 and o-
3 desaturase) for modification of oilseed or corn (for oil production). In the future this trend
will increase, due to growing interest towards essential PUFAs.
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MOLECULES FOR THE REDUCTION OF INTESTINAL ABSORPTION OF
CHOLESTEROL

Phytosterols and phytostanols are cholesterol-like molecules found in all plant foods, nut,
olive, oilseed, whole grains and legumes are good dietary sources of phytosterols. Several
studies have demonstrated that these compounds can lower blood levels of cholesterol and the
risk of cardiovascular disease. As phytostanols are more stable than phytosterols during food
processing, genetic engineering has been applied for the development of rapeseed and
soybean oils with modified ratios of phytosterols to phytostanols (Venkatramesh et al., 2003).

Plants were transformed with a gene from yeast, encoding the enzyme 3-hydroxysteroid
oxidase, which converts phytosterols to phytostanols.

ALTERATION OF CARBOHYDRATE COMPOSITION

Starch content and quality has been modulated in different crop plants. The most
interesting manipulations concern amylose/amylopectin ratio. High amylose potatoes were
developed (Hofvander et al., 2004; Andersson et al., 2006) and sweet potatoes with both high
and low amylose (Kitakara et al., 2007). The relevance of this is due to the possible effect on
glycemic index. Food with low glycemic index can help in the prevention of diabetes both by
reducing the hunger perception and insulin responses. Rats fed with a high amylose corn
(translating into a low glycemic index) showed a lower feed intake compared to animals fed
with high amylopectin corn diet (Sculati et al., 2007; Quilez et al., 2007; Behall et al., 2006).
Using another approach Stoop et al., (2007) produced maize and potato plants accumulating
inulin, a fructose polymer being used as a prebiotic for its capacity to stimulate lactic acid
bacteria living in the gut.

RESISTANCE TO FUSARIUM ATTACK AND FUMONISIN DEGRADATION

Mycotoxins are important toxic compounds produced by several type of moulds and
several factors affect the severity of moulds’ attack and mycotoxins contamination. One of
the side effect of Bt technology is the reduction in corn susceptibility to Fusarium attack,
however this characteristic is a secondly effect of resistance of stalk to ECB attack. The
reduction of damages to stalk, reduces also the sites for the entrance of fungi into the plant.

Use of genetic engineering for the development of germoplasm resistant to pathogen
fungi started about 15 years ago. In these years genes from various source have been tested
for fungal resistance in transgenic plants: a bean chitinase gene conferred resistance to
Rhizoctonia solani (Broglie et al., 2001), while an antimicrobial peptide, expressed in tobacco
plants, determined resistance to fungal (Aspergillus flavus, Fusarium moniliforme and
Verticillium dahliae) and bacterial (Pseudomonas syringae) pathogens (DeGray et al., 2001).

The discovery in corn of proteins that directly determine the susceptibility of plants to
fungi attack (Chen et al., 2007; Motto et al., 2004) boosted the research of genetic traits
related to fungi contamination of crop and mycotoxins contamination. At the end of 2007 six
corn varieties described as Fusarium resistant were tested in open field, but no information on
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the genes involved is available into the APHIS database. Very interesting is also the ability to
degrade fumonisin claimed for others four GE corn.

Aflatoxins are hepatic carcinogens produced mainly by Aspergillus flavus and A.
parasiticus and at present no Aspergillus-resistant corn was reported, but the paper of Chen et
al. (2007) refers to resistance to Aspergillus flavus and probably in the future transgenic corn
with low susceptibility to aflatoxin-producing fungi will be available.

The enforcement of new strict Regulations on the maximum levels allowed for
mycotoxins in foods and feeds, will increase the importance of a biotechnological research
aimed to reduce plants’ susceptibility to fungi.

CONCLUSIONS

As it can be gathered from this brief overview, the potential of genetic engineering for
improving plants used for feed or food is large and rich. This will not be tapped in its depth or
even lost altogether unless the regulatory burden is relieved. We advocate the use of a
regulation based on product characteristics, not on the method used to achieve such
characteristics, and a scrutiny proportional to risks. We propose that those kind of transgenics
which have proven benefits and pose low or evanescent risks (e.g. Bt crops) to be regulated at
a lower level than conventionally bred varieties.
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ABSTRACT

“Hairy root” — an infectious disease caused by the soil bacteria Agrobacterium
rhizogenes — is a natural phenomenon, which has existed for centuries. The development
of molecular biology and genetic engineering tools at the end of the 1970s and in the
early 1980s revealed the principles and mechanisms of infection and allowed scientists to
“copy” this phenomenon. Today, genetic transformations using the “natural genetic
engineer” Agrobacterium rhizogenes are widely used for induction of the so-called “hairy
root” plant in vitro systems. Such systems are valuable for the production of
economically important biologically-active substances. Furthermore the opportunity to
express and integrate foreign genes into plant cells using Agrobacterium rhizogenes
plasmids has allowed the mass production of desirable phytochemicals, medicinally
important emzymes and foreign proteins either in in vitro conditions (bioreactors) or
through plant regeneration (in greenhouses or in the field).

This chapter summarizes recent progress in the techniques and methods relating to
the genetic transformation of plant cells and the further maintenance and cultivation of
hairy root cultures, as well as recent results from the authors’ laboratories on using flow
cytometry for investigating the polysomaty of transformed root in vitro systems, and the
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bioreactor systems (submerged and temporary immersion) used for the cultivation of
hairy roots.

INTRODUCTION

Agrobacterium rhizogenes-mediated genetic transformations for the induction of in vitro
transformed root cultures (also frequently called “hairy root”, in analogy to the natural disease
of the same name) are known for more than two decades [40]. To date, hairy root cultures
have been induced from more than 450 different species of plants, including a diverse range
of dicotyledonous (the natural hosts of Agrobacterium) and, more recently,
monocotyledonous plant families and some gymnosperms [117].

During this period of research it was realized that hairy root cultures are not just a good
model system for the investigation of hairy root-disease, but are valuable producers of a wide
range of biologically-active substances. The transformed root cultures possess high genetic
and biochemical stability (theoretically initiated from a single cell), fast growth in media free
of plant regulators, and exhibit high productivity [40]. Understanding the mechanisms of
DNA transfer from Agrobacterium to the host plant cells has allowed the integration of
foreign gene(s) into hairy root cultures and, thus, the de novo production of high-value
compounds and foreign proteins has become possible [47]. The application of several
strategies to exploit the biochemical machinery of hairy root cells has led to significant
improvements in the yields of the desired metabolites, a development which would have been
very unlikely in field grown plants. Several bioreactor systems and designs at different scales
were developed for the cultivation of transformed root cultures, and these eventually allowed
the production of the required metabolites and proteins under aseptic conditions and fully
independent of any seasonal and geographic influences [40].

FROM PLANT CELL TO HAIRY ROOT CULTURE

The interest in the genus Agrobacterium dates from the beginning of the last century and
was the result of significant financial losses from vineyards, almond, plum, apple and peach
orchards [76]. It was found that the causative agents that led to a profusion of root hairs (so-
called “hairy root” disease) and unorganized tumors (so-called “crown gall” disease) are two
soil bacteria: Agrobacterium rhizogenes (formerly Phytomonas rhizogenes) and
Agrobacterium tumefaciens, respectively.

The ability of Agrobacterium strains to cause plant diseases is due to their relatively large
plasmids (200-800 kbp). Their names, given by the discoverers in Ghent (Belgium), are
derived from the disease caused, namely the Ti-(tumor inducing) plasmid of 4. tumefaciens
[10] and the Ri-(root inducing) plasmid of A. rhizogenes [34]. A fragment of T-DNA is
transferred to the host plant cell when bacteria come into contact with damaged plant tissue
[113]. It has been found that injured plant tissue produces and secretes phenolics and sugars
into the soil as a defense reaction. These compounds, particularly acetosyringone, activate the
virulent gene’s expression in the bacteria, and are responsible for the gene transfer. The T-
DNA transferred to the host plant cell is steadily integrated into the plant genome [112; 123]
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and goes on to cause uncontrolled cell proliferation in the form of neoplastic tumor growth (in
the case of 4. tumefaciens) or finely branched root tissue (in the case of 4. rhizogenes) [30;
76]. In this way, Agrobacterium accomplishes “genetic colonization” of susceptible plant
species and forces them into the production/secretion of compounds, called opines, which are
not specific to the host [95]. Opines are metabolized as a source of carbon and nitrogen
exclusively by Agrobacterium, conferring on them an advantage over other soil microbes
[35].

AGROBACTERIUM TAXONOMY

Bacteria of the genus Agrobacterium are gram negative, rod-shaped, non-spore-forming
soil bacteria. The taxonomy of the Agrobacterium genus is confusing and has still not been
conclusively determined. In addition to Agrobacterium rhizogenes and A. tumefaciens, A. vitis
(the causal agent of galls on grape plants), 4. rubi (the causal agent of cane gall disease) and
A. radiobacter (which is avirulent) have been added to the genus [35]. The taxonomic
difficulties arise from the fact that the replacement of the Ti-plasmid of A. tumefaciens
(causing crown gall) with the Ri-plasmid “converts” the bacteria into A. rhizogenes (causing
hairy root), while the removal of the plasmid converts these bacteria into non-pathogenic
species [35]. More recently Agrobacterium strains have been divided into three
biotype/biovars based on their physiological and biochemical differences [117]. Biotype I
includes A. tumefaciens and A. rubi, Biotype Il includes A. rhizogenes and Biotype III
contains A. vitis [35]. The genome sequencing of different Agrobacterium strains is now
complete (4. tumefaciens C58, A. radiobacter K84, A. vitis S4 and currently A. rhizogenes
A4) and has proved that the biotype classification is the best means of organizing the
taxonomy of Agrobacterium [117]. Another classification of the virulent Agrobacterium
strains, which has practical applications, is based on the plasmid present and the respective
opines produced after infection. This classification makes use of the fact that different
Agrobacterium strains possessing Ti- and Ri-plasmids biosynthesize different opines [20].
Opines are low molecular weight compounds, formed by condensation of an amino acid,
either with a keto acid or a sugar; they are not normally synthesized in plant cells [20]. Each
Ti- or Ri-plasmid encodes the information for the biosynthesis of a specific opine [11; 65;
95]. Based on the types of opines produced, A. rhizogenes can be divided into four lines:
agropine, mannopine, cucumopine and mikimopine [90]. This classification, however, is only
applicable to laboratory situations, since Agrobacterium could transfer the genetic element,
responsible for the utilization of a specific opine to other bacteria through conjugation [11].
Furthermore Agrobacterium could transfer the whole plasmid to other non-pathogenic
Agrobacterium strains or to closely related species of other a-Proteobacteria. Root mat
disease of cucumbers and tomatoes, for example, is caused by A4. radiobacter, Rhizobium sp.,
Ochrobactrum sp. and Sinorhizobium sp., harboring the Ri-plasmid of 4. rhizogenes [121].
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MECHANISM OF GENETIC TRANSFORMATION

The host range of Agrobacterium is quite broad and the species can transfer DNA to
numerous dicot and monocot angiosperm species [35; 64] and gymnosperms [64; 69; 128]. In
addition, Agrobacterium can transform several types of eukaryotic cells, including
phytopathogenic fungi [93], yeasts, ascomycetes, basidiomycetes [64; 113], as well as animal
cells [85]. Recently, Agrobacterium has been reported to transfer DNA to human cells as well
[59].

The molecular mechanism of hairy root induction is not completely understood [99; 117].
However, the process of hairy root formation can be divided into five steps:

(1) Bacteria-to-plant cell attachment and activation by chemoattractants,
(2) Processing in the bacterial cell,

(3) Bacteria-to-plant cell transport of the T complex,

(4) DNA integration and expression,

(5) Subsequent hairy root induction.

The transferred DNA (T-DNA) is a segment of the Agrobacterium Ri-plasmid, which is
flanked by 25-bp imperfect direct border repeats — both left and right borders. The T-DNA is
transferred as a single-stranded intermediate (T-strand) from the agrobacteria into the host
plant cells, where it is integrated into the nuclear genome [5]. The mechanism of T-DNA
transfer is similar for A. tumefaciens and A. rhizogenes [2; 35; 76; 113]. It has also been found
that the genes on the T-DNA are not responsible for the transfer and integration and thus any
fragment DNA, placed between the left and right borders, could be transferred to the host cell
[115]. This phenomenon makes it possible to clone the gene of interest between the border
sequences and for it to be transferred to the host cells [115]. Furthermore, Agrobacterium-
mediated transformations are considered preferable to genetic transformation relying on
artificial approaches because of the straightforward, low cost procedure and the relatively low
complexity of intact transgenes integrated into the plant genome [36].

The transformation begins with the bacteria—plant attachment [114]. However, little is
known about the assembly of the transfer apparatus or the molecular details of its operation. It
is known that the apparatus has a pilus and may form a transmembrane channel for cell-to-
cell trafficking of the T complex by a type IV secretion system [65; 113]. For successful
transformation the following must be present: the major loci (vird, virB, virC, virD, virE,
virG, and virf) of the vir region of the Ti- or Ri-plasmids, T-DNA with left and right borders
and some virulent civ genes, localized in the bacterial chromosome [112]. The products of
the virD2 and virE2 genes, i.e. VirD2 and VirE2 proteins, play a key role in the processes of
transfer, nuclear localization and integration into the host plant chromosome [5; 112; 119].
Experiments have shown that the integration of T-DNA into the plant genome is performed in
unspecified regions, but tends to occur in regions of plant DNA that are A-T-rich [8].

Most of the Agrobacterium strains transfer a single fragment, however there are some
(the agropine type of 4. rhizogenes for example), which transfer two independent T-DNAs,
denoted T -DNA and Tr-DNA [76]; these are separated by a non-integrated region [2]. Tgr-
DNA is highly homologous to the T-DNA of the Ti-plasmid of A. tumefaciens, while Tp-
DNA is completely different and possesses similarities to the T-DNA of the Ri-plasmid of
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mannopine 4. rhizogenes strains [76]. Both fragments (T.-DNA and Tg-DNA) are known to
be independently transferred and integrated to the host plant genome; however the transfer of
T.-DNA is both necessary and sufficient to induce hairy root syndrome [2; 76; 99].
Homologues of both the auxin biosynthesis genes (iaaM and iaaH) and the genes encoding
synthases for the opines mannopine (mas/’ and mas2’) and agropine (ags) have been found in
the TR-DNA genes [2; 76]. The auxin gene homologues in 4. rhizogenes are known as aux/
and aux2; they are considered to play an accessory role in hairy root induction [117]. The
sequence analysis of T -DNA identified 18 open read frames (ORF), of which four are
essential for hairy root induction. These loci were denoted root locus A, B, C and D (rol4,
rolB, rolC and rolD) and assigned to ORF10, ORF11, ORF12 and ORF15, respectively [76].

The molecular mechanism of root formation after infection with 4. rhizogenes has still
not been fully elucidated; in the case of A. tumefaciens, the formation of tumor growth is due
to changes in the phytohormonal balance in the plant cells. The neoplastic root formation in
plants infected with A. rhizogenes is not, however, due to changes in phytohormonal balance
in plant cells and is probably because the cells become more sensitive to auxins [2; 76]. The
products of the four rol (4, B, C and D) genes play key roles in the process of hairy root
formation. The rol4 gene contains an ORF of about 300 bp, encoding a 100-amino acid
protein [76] and is believed to be involved in the generation of a functional imbalance in
phytohormone levels [19]. The rolB gene contains an ORF of about 777 bp, encoding a 259-
amino acid protein, and appears to be the most important in hairy root induction, since
mutation in this locus renders the plasmid avirulent [2; 76]. In fact, when ro/B is introduced
into the host plant genome as a single gene, it is capable of hairy root induction [2]. It has
been proposed that 7ol4 and rolB effects are antagonistic to each other [117]. The rolC gene
contains an ORF of 540 bp, encoding a cytokinin-f-glucosidase [76; 117] and plays an
important role in shoot formation [45]. The ro/D gene contains an ORF of 1032 bp, encoding
a protein of 344 amino acids [76]. RolD protein bears sequence homology with ornithine
cyclodeaminase and acts as a stress-related osmoprotectant and it is also involved in the
production of proline at the flowering stage [2].

INDUCTION OF TRANSFORMED ROOT CULTURES

The induction of transformed root culture does not require any specific equipment or
facilities and could be easily performed in an ordinary microbiological laboratory [18; 49].
The procedure for hairy root induction (Figure 1) includes aseptic cultivation of a wounded
sterile explant (part of the mother plant: hypocotyls, leaf, stem, stalk, petiole, shoot tip,
protoplast, storage root and tuber) [117] with 4. rhizogenes suspension [40]. The infection
process is generally performed by direct inoculation with a bacterial suspension then
incubation on a solid medium, or by co-cultivation in a liquid medium (Figure 1) [40]. Using
the method of co-cultivation in the authors’ laboratories, transformed root cultures from
several plant species were induced (Figure 2). In both methods, the Agrobacterium is
subsequently destroyed by the use of antibiotics. The application of suitable antibiotics is of
great significance, since they should eliminate the bacteria effectively without influencing the
plant explant. Cefotaxime [84] and penicillin derivates [87] are the antibiotics most frequently
used.
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The resultant neoplastic hairy roots grow in a profusely branched manner, with many
lateral branches on Murashige and Skoog [38; 82; 84] or Gamborg’s B5 [99] hormone-free
media. These hairy root lines could be further used for the production of biologically-active
substances [40; 99], phytoremediation [43; 107; 108] or the regeneration of transgenic plants
[12; 14; 96].

There are several ways to prove the success of the genetic transformation. In the past, the
production of opines was used as being indicative of a successful transformation process.
However, in some cases opine production disappears after several cell division cycles [31;
99], thus it is not reliable. The other possibility is to determine T-DNA directly [40], either by
polymerase chain reaction or southern blot hybridization [61; 127]. The engineered strains of
Agrobacterium, harboring the B-glucuronidase (GUS) reporter gene, can easily confirm
transformation using PCR or northern blot [17]. A green fluorescent protein (GFP) marker
gene, cloned into a binary vector (under the control of a constitutive promoter) and inserted
into Agrobacterium can also be used as an indicator of cell transformation [73]. The benefits
are the easy screening or selection of the transformed (fluorescent) cells and lines.

Successful transformation and further hairy root induction depend upon the species, age
and type of plant explant, the strain of Agrobacterium used, the density of the bacterial
suspension and the addition of some chemicals promoting the infection process, such as
acetosyringone [54; 80; 99]. Recently, a new technique — sonication assisted Agrobacterium
mediated transformation, SAAT — for induction of hairy root cultures from difficult-to-
transform plant species was introduced [111]. Using the SAAT procedure, hairy root cultures
of Atropa belladonna [7], Papaver somniferum [61], and Leucojum aestivum [21] have been
obtained.

UTILIZATION OF TRANSFORMED ROOT CULTURES

During the last two decades, transformed root cultures have been shown to have great
potential for the production of phytochemicals, medicinally important enzymes and foreign
proteins. Interest in the utilization of transformed root cultures for mass production of useful
compounds is the result of a number of advantages, including genetic and biochemical
stability (compared to dedifferentiated plant in vitro systems), fast growth (compared to
adventitious root cultures), growth in hormone-free media, and the ability to produce
metabolites in the same or even greater quantities than intact plants. Lorence et al. [66], for
example, reported that the production of camptothecin (an anticancer and antiviral alkaloid)
from hairy root cultures of Camptotheca acuminata was equal to and sometimes greater than
that by intact plants. Table 1 and Figure 3 show some secondary metabolites of significant
value that are produced by transformed root cultures. Some medicinally important emzymes
have also been produced by transformed root cultures. Superoxide dismutase (SOD; EC
1.15.11.11), for example, was produced by transformed root cultures of carrot [56-57] in
batch and fed-batch modes. Peroxidase (EC 1.11.1.7), which in tandem with SOD scavenges
harmful oxygen radicals, was produced intracellularly by hairy root cultures of Beta vulgaris.
Furthermore the purified red beet peroxidase showed better thermal stability than the
commercial source from horseradish, hinting at its wider potential applications [94].
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Table 1. Examples of important secondary metabolites produced by hairy root cultures

Biological properties Metabolites Plant specie/hairy root culture Reference
Anticancer Paclitaxel Taxus x media var. Hicksii [33]
6-Methoxy-podophyllotoxin Linum album; Linum persicum [124]
Camptothecin Ophiorrhiza pumila [102]
Justicidin B Linum leonii [116]
Resveratrol Arachis hypogaea [71]
Antimalarial Artemisinin Artemisia annua [120]
Anti-inflammatory Asiaticoside Centella asiatica [58]
Rosmarinic acid Coleus forskohlii [63]
Iridoid glycosides Harpagophytum procumbens [38; 67]
Therapeutic agents for L-DOPA Stizolobium hassjoo [106]
treating Parkinson’s disease
Antimicrobial Thiarubrine A Ambrosia artemisiifolia [6]
Acetylshikonin Lithospermum canescens [86]
Verbascoside Catalpa ovata [126]

Metabolic engineering tools could be used to improve the production of desired
metabolites, as well as for the creation of de novo metabolic pathways [47]. The expression of
foreign genes, encoding key enzymes in biosynthetic pathways offers a good opportunity for
yield improvement and/or de novo synthesis [40]. One of the most remarkable examples is the
enzyme hyoscyamine 6B-hydroxylase (H6H; EC 1.14.11.11), which catalyzes the convertion
of hyoscyamine to the medicinally important scopolamine, in two consecutive steps
(hydroxylation followed by epoxidation) [129]. An engineered 4. rhizogenes strain, harboring
the 35S-H6H gene construct, was introduced into Hyoscyamus muticus; this finally resulted in
significant improvements in scopolamine yields (the best clone produced over 100-times
more scopolamine than the control one) [55]. Using the same approach, Palazon et al. [78]
transformed Duboisia hybrids (a plant with an initially high scopolamine content) using A.
rhizogenes carrying the 35S-H6H gene and further regenerated plants with an even higher
scopolamine content. The authors also observed some morphological changes, known as a T-
phenotype changes, in the regenerated plants (short, wide, wrinkled and dark green leaves,
and elevated rooting capacity associated with root plagiotropism) [78]. In more recent work,
Moyano et al. [74] reported on the establishment of an N. tabacum cell suspension culture,
containing the 35S-H6H gene from Hyoscyamus niger. The resultant transgenic N. tabacum
cell suspension culture showed a considerable capacity for the bioconversion of hyoscyamine
into scopolamine. This is a good example of how plant cells that do not produce secondary
compounds of interest are able to do so by the conversion of a suitable precursor, if they
overexpress the gene coding the key enzyme involved in the biosynthesis of such compounds
[74].

However, because only a few metabolic pathways in plants are well known, the progress
in the field of metabolic engineering remains slow and is frequently hampered [77; 118].
Thus, functional genomic approaches (including genomics, transcriptomics, proteomics and
metabolomics) are used to speed up comprehensive investigations of biological systems [77].
Using a genomics approach, all genes in a plant can be identified; by applying transcriptomics
and proteomics, the active genes in particular pathways could be identified. Finally the
incorporation of this knowledge to metabolomics data allows better exploitation of plants’
biochemical machinery [44].
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Recently, this type of combined genome-wide transcript profiling (by cDNA-amplified
fragment-length polymorphism) and metabolic profiling has been applied to Catharanthus
roseus cell cultures and has yielded a collection of both known and previously undescribed
transcript tags and metabolites associated with terpenoid indole alkaloids [92]. Such gene-to-
metabolite networks seem to be quite promising for the enhanced exploitation of plant cells’
biosynthetic potential; they could lead to improvements in the production of useful
compounds and to the design of new compounds with novel and/or superior biological
activities [44].

De novo synthesis of poly(3-hydroxybutyrate) has been reported for hairy root cultures of
Beta vulgaris, transformed with A. tumefaciens, harboring the root inducing plasmid
(pRi15834) together with the pBI ABC plasmid, containing the three Ralstonia eutropha
(today reclassified into Cupriavidus necator) genes phaA, phaB and phaC [72]. Foreign
protein production by transgenic hairy root cultures also is also developing rapidly. Sharp and
Doran [100] investigated the production of a monoclonal antibody (Guy’s 13 mouse [gG1) by
transgenic Nicotiana tabacum hairy root cultures in bioreactors and outlined the possibilities
for the enhancement of antibody accumulation. Ribosome-inactivating protein, which
possesses interesting pharmacological properties, has been produced by hairy roots of
Trichosanthes kirilowii [109]. During the search for ways to improve foreign protein stability
recently, chloroplast expression was recognized [26]. Because each plant cell contains many
chloroplasts, thousands of transgene copies could be expressed simultaneously. Positional and
gene silencing effects could be also avoided, and co-transcription of multiple genes facilitates
the expression of multiple proteins [26 and the literature cited therein].

A wide range of strategies and techniques have been developed to boost the yields of
useful metabolites. These include: selection of high-producing hairy root clones; nutrient
medium optimization; elicitation and bioreactor culture environment optimization [40]. Such
techniques have allowed the mass production of secondary metabolites and foreign proteins in
significantly higher quantities than is possible using intact mother plants, in sterile conditions;
the process is also completely independent of seasonal and geographic conditions [40].

In the middle of the 1980s, it was realized that transformed root cultures have the
potential to be regenerated into whole plants. Plants can be directly regenerated from hairy
root cultures either spontaneously or by transferring roots to a medium containing hormones
[41]. Plants regenerated from hairy roots do not produce chimeras or somaclonal variants
because they originate from single cells, a condition not necessarily expected for plants
transformed by infection with A. tumefaciens [12; 96]. A. rhizogenes-mediated
transformations allow the production of “composite plants”, a term derived from the fact that
transformed roots are induced on a non-transformed plant [14]. Saxena et al. [96] produced
transgenic plants of rose-scented geranium (Pelargonium graveolens) with increased
concentrations of geraniol and geranyl esters; this significantly improved oil quality with
respect to the citronellol/geraniol ratio. Christey [13] summarized that transgenic plants from
89 different taxa have been produced so far using A. rhizogenes-mediated transformations;
more than half of these have been transformed with foreign genes in addition to the Ri-
plasmid, and these include agronomically useful traits. Plants regenerated from hairy roots
frequently exhibited altered plant morphology, such as dwarfing, increased root branching,
altered flowering, and wrinkled leaves due to rol genes expression. These altered phenotypic
features could have potential applications for plant improvement, especially in the
horticultural industry where such morphological variations may be desirable [13]. 4.
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rhizogenes-mediated transformation of trees and the subsequent regeneration of transgenic
plants could be a useful alternative to the classical breeding programs used for trees; it would
provide a rapid and direct way of introducing and enhancing the expression of specific traits.
Furthermore, this would significantly reduce the time required for tree improvement and
would facilitate new gene combinations not possible using traditional methods [41].

Another interesting potential use for transformed root cultures, with respect to ecological
applications, is phytoremediation. Phytoremediation makes use of the ability of plants/plant
cells to absorb (directly or indirectly), sequester, and/or degrade inorganic and organic
contaminants in soils, sediments, surface waters, and groundwater [15]. Plants are also able to
hyper-accumulate various heavy metals through the action of phytochelatins and
metallothioneins, which form complexes with heavy metals that are then stored in the
vacuoles [107]. Gonzales et al. [43] reported on the successful phytoremediation of phenol
from wastewater using hairy root cultures of tomato (Lycopersicon esculentum) and
determined the association between tomato peroxidases and the removal of phenol. In another
study, Suresh et al. [108] described the degradation of DDT (a chemical used for pest control)
using hairy root cultures of Cichorium intybus and Brassica juncea. The rapid disappearance
of tetracycline and oxytetracycline antibiotics from aqueous media has been achieved using
transformed root cultures of sunflower (Helianthus annuus). Increasing knowledge about the
factors affecting the phytoremediation process will provide a basis for genetic modification of
plants/plant in vitro systems for improved performance and more efficient environmental
clean up.

CULTIVATION SYSTEMS FOR HAIRY ROOTS

Cultivation of transformed root cultures in bioreactors represents a critical step in the
development of scale-up technologies for the production of target metabolites. Although hairy
root cultures have several advantages (as mentioned above) they are extremely sensitive to a
number of stress factors that reduce their growth and/or biosynthetic capacity [81]. Thus, the
commercial exploitation of the hairy root culture biochemical machinery requires the
development of suitable bioreactor systems and operational regimes in which key physical
and chemical parameters need to be optimized [81]. Many types of bioreactor design have
been successfully used for the cultivation of transformed root cultures: stirred tank reactors
with or without a separate impeller [39; 60]; bubble column reactors [81]; trickle-bed reactors
[88]; mist [110] and biowave reactors [79] (Figure 4). The choice of the most suitable
bioreactor design should be consistent with the physiological peculiarities of the particular
hairy root clone. Disposable biowave reactor systems have developed rapidly in recent years
and a number of examples of their successful application to hairy root culture can be found.
The absence of mechanical agitation (the working principle is based on wave-induced
agitation) ensures a low-stress environment and the use of plastic disposable chambers
facilitates easy inoculation and adherence to GMP (Good Manufacturing Practice)
requirements [27; 28]. The successful cultivation of Harpagophytum procumbens,
Hyoscyamus muticus and Panax ginseng hairy root cultures has been achieved in wave
bioreactors of different volumes [29].
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Figure 4. Design of bioreactors used for hairy root cultivation [stirred tank reactor with separate
impeller (A) and without separate impeller (B); bubble column reactor (C); trickle-bed reactor (D); mist
bioreactor (E); biowave reactor (F) and RITA" temporary immersion system (G)].

Moreover, the commercially available wave systems with high volumes (600 L geometric
volume; Wave Biotech AG®, Switzerland) will allow the up-scaling of hairy root based
processes.

The only successful large-scale cultivation of hairy root culture was reported a decade
ago by Wilson [122], who used a 500 L bioreactor for the cultivation of a hairy root culture of
Datura stramonium immobilized on barbs. The author also proposed a solution for the
problems associated with the inoculation of large-scale reactors, namely using a seed vessel
(10 L capacity) and a transfer tube incorporating a conical stainless steel helical screw with a
blade attached to the leading edge [122]. Ramakrishnan et al. [89] proposed another possible
inoculation method, based on homogenizing the bulk root culture (at 3515 rpm for 3 s)
followed by an aseptic transfer of the resultant slurry to the reactor. Their data showed that
the accumulated hairy root mass was not significantly different from the control variant.
Chopping the roots and the homogenizing treatment, however, causes damage in different
ways, which may lead to a range of effects on the biosynthesis of secondary metabolites [60].
One alternative for large-scale cultivation of transformed root culture, which could solve the
difficulties associated with the inoculation procedure, is to change the cultivation mode from
batch to fed-batch [81]. A single feed application (1 L Murashige and Skoog media 13 days
from the beginning of the cultivation) resulted in 13.3 g accumulated dry biomass/L, dividing
the feed into five separate applications (200 mL Murashige and Skoog media 13 to 17 days
after the beginning of the cultivation) lead to 11 % more betalains (red-violet pigments with
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antioxidant and cancer-preventing properties) in a Beta vulgaris hairy root culture [81].
Although commercial applications of hairy root culture have not yet been achieved, the recent
commercial production of ginsenoside (10000 L bioreactor scale), in South Korea, from in
vitro adventitious root culture (normal non-transformed roots) of Panax ginseng [48] has
shown that it might be possible to cultivate plant organ cultures (e.g. hairy roots) at a
commercial scale. Furthermore, the growing interest in hairy root systems by commercial
organizations (e.g. ROOTec bioactives GmbH, Switzerland), will facilitate knowledge
transfer from laboratories to the pharmaceutical, food and cosmetic industries [40].

Cultivation of Devil’s claw hairy root cultures in submerged bioreactor and temporary
immersion systems.

Harpagophytum procumbens (Devil’s claw; Pedaliaceaec family) is an important
medicinal plant species, which grows in southern Africa and is abundant in the Kalahari
dessert region [70; 105]. Extracts from H. procumbens tubers, exhibiting analgesic and
antidiabetic properties are used as a drug for the treatment of different inflammatory
disorders, such as arthritis, lumbago and muscular pain [62]; the remarkable biological
activities of the extracts are due to the presence of iridoid glycosides (harpagoside, 8-p-
coumaroyl-harpagide, harpagide, prucumbide etc) [68; 70]. Transformed root cultures of H.
procumbens were induced using the co-cultivation method [38] and were maintained for
several weeks on solid MS media with the aim of producing roots with stable growth and
morphological characteristics. After this period the hairy root cultures were adapted to
submerged cultivation conditions through alternating cultivation in liquid and on solid media
(this period took about 3 months) and the adapted cultures were grown in the submerged
conditions in shaken-flasks [38], a 3-L bubble column bioreactor [37] and RITA" temporary
immersion systems with an immersion frequency of 15 min flooding/45 min standby [this
work] (Figure 5).

The results obtained from the cultivation of H. procumbens in the different cultivation
systems are summarized in Table 2.
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Figure 5. Transformed root cultures of Devil’s claw (Harpagophytum procumbens), cultivated in
shaken-flasks (A), 3-L bubble column bioreactor (B) and RITA" temporary immersion system (C).
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Table 2. Accumulated dry biomass, total iridoid content and production rates from in
vitro hairy root culture of Harpagophytum procumbens and micropropagated Devil’s
claw plants

Cultivation mode Cultivation ADB [g/L]* Total iridoids Production rate Reference
time [days] [mg HS [ug HS

equivalents/g equivalents/g

dry weight]® dry weight/day]®
Shaken-flasks 21 11.6 0.66 31.43 [38]
Bubble column 21 6.6 0.67 31.90 [37]
bioreactor (air flow rate
10 L/h)
Temporary immersion 30 6.3 0.95 31.67 This work
systems (air flow rate 60
L/h)
Propagated H. ~ 540 [62]
procumbens plants:
- leaves of plants - 1.00 1.85
- tubers of plants - 10.00 18.52

* ADB - accumulated dry biomass
" HS - harpagoside

The best conditions for root growth and biomass accumulation were achieved in shake-
flasks and the accumulated biomass (~0.58 g/flask and a growth index of 81.3) [38] was
significantly higher than the other cultivation systems studied. However the accumulated
biomasses in the bubble column reactor (6.6 g ADB/L) and temporary immersion systems
(6.3 g ADB/L) are comparable to those reported for other transformed root cultures from
Atropa belladonna and Panax ginseng, grown in bioreactors [16]. In a recent investigation,
Ludwig-Mueller et al. [67] found that the levels of stress-related hormones (abscisic acid,
salicylic acid, and aminocyclopropane carboxylic acid) were significantly higher in shaken-
flasks than in a bubble column bioreactor, indirectly supporting the belief that bubble
columns provide low-stress environments and are, therefore, suitable for the cultivation of
transformed root cultures. All of this imposes the optimization of the bioreactor culture
environment as a powerful tool for enhancing the yields of target metabolites [83]. In
addition, stress related hormones could be used to evaluate stress levels in transformed root
cells in different cultivation systems [67].

Total iridoid production was also influenced by different cultivation systems. The iridoid
content achieved during cultivation in shake-flasks and a bubble column was the same
(~0.66-0.67 mg harpagoside equivalents/g dry weight), while the accumulated iridoids in
temporary immersion systems were found to be about 40 % higher (0.95 mg harpagoside
equivalents/g dry weight). HPLC analysis showed greater harpagoside levels in a bioreactor
than in shake-flasks and significantly greater harpagide levels [67]. Since the amounts of total
iridoids in both cultivation regimes did not differ, this enhancement is probably on other
iridoids account (from the total iridoid pool). These amounts are lower than those detected in
the tubers of micropropagated H. procumbens plants and about 24-34 % lower than the
amounts detected in the leaves of the same species (Table 2). However, the production of
total iridoids from micropropagated plants requires a much longer cultivation time (~18
months), which leads to lower production rates (about 17-fold and 1.7-fold lower,
respectively, compared to the production rates calculated for the hairy root culture; see Table
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2). Furthermore, these initial yields indicate the potential value of further investigations,
addressing Dbetter exploitation of the biochemical machinery of the transformed
Harpagophytum roots. Recent GC-MS analysis has revealed the production of other high
value metabolites, namely P-sitosterol (possessing anti-tumor, chemopreventive properties
and anti-inflammatory, anti-microbial and cholesterol-lowering properties) and astaxanthin
(possessing immunostimulating properties) [67].

FLOW CYTOMETRY INVESTIGATIONS OF HAIRY ROOT CULTURE OF
BETA VULGARIS CV. EGYPT

Flow cytometry is a technique in which cells or particles flowing individually in front of
a light source are illuminated and the resultant signals are detected and correlated [91]. As
flow cytometry is a method for examining individual cells, these have to be suspended in a
liquid medium. First, the cytometrist has to obtain a suspension. Historically, blood cells were
analyzed as they are perfectly adapted to this application: they occur in an individual form
and do not have to be processed before analysis [42]. Recently, cultured cells, yeast and
bacteria have been the focus of flow cytometric analysis [101]. To support this, methods for
the separation of tissue cells by mechanical or enzymatic treatments have been developed
[97].

As plant cells do not occur in the form of single cells in suspension, the tissue has to be
processed before analysis can be performed. For this purpose, a variety of protocols have
been developed [24]. All these procedures include the extraction of intact nuclei from the
plant cell, staining with a DNA-specific dye and the analysis of the fluorescence intensity by
flow cytometry.

Usually, suspensions of nuclei are obtained by chopping up the tissue [22]. In this case,
the cells of the plant are cut to open them and allow access to the nuclei. Then, specific
buffers extract the nuclei, preserve their integrity and create optimal conditions for staining.
Many different buffers are referred to in the literature [46]; they vary in their efficiency of
extraction and staining with respect to different species and tissues. Unfortunately, there is no
a priori rule for the selection of the buffer and the staining conditions for a given tissue and
species, so that a trial and error approach is necessary to achieve the best results.

For the analysis of DNA-content, several fluorochromes can be applied. The most widely
used are 4',6-diamidino-2-phenylindole (DAPI) and propidium iodide (PI). While DAPI
specifically stains DNA, PI intercalates between base pairs of all double stranded nucleic
acids. For this reason, the enzymatic digestion of double stranded RNA has to be performed
prior to staining. While staining with DAPI results in very narrow and symmetrical peaks,
due to its high specificity, it does exhibit a strong preference for A-T base pairs in the DNA
sequence. This characteristic makes DAPI a good tool for estimating the base composition of
DNA, but not very suitable for the analysis of genome sizes, as the intensity of fluorescence
not only depends on the amount of DNA in a cell but on its base pair composition. Therefore,
and because of its favorable spectral properties, PI was the fluorochrome of choice for our
analysis.

Flow cytometry affords a great opportunity for the development of algorithms to select
high-secondary-metabolite-producing plant in vitro culture lines, based on the assessment of
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their nuclear DNA (ploidy levels, genetic stability, effects of endoreduplication etc.).
Compared to conventional methods (chromosome counting and densitometry), the analysis of
plant nuclear DNA is significantly faster, more accurate and more convenient. Nowadays,
flow cytometry investigations of the intact plant genome are well established [51; 53].
However, there are few data from such investigations of in vitro plant systems [50].

Red beet (B. vulgaris cv. Egypt) hairy roots have been obtained after transformation of
young leaves from intact plants with A. rhizogenes. The best four hairy root lines, with
respect to their growth rate and morphology, were selected for further work. B. vulgaris hairy
roots cultures have been widely investigated for their function as producers of betalains
pigments [75; 82] and as a model system for basic biochemical studies [98; 104]. The hairy
root cultures are reported to be genetically stable, in contrast to undifferentiated calli and
suspension, and their karyotype, as well as the number of chromosomes, has been found to be
identical to their parent plants [1; 4]. However, our preliminary studies of other Beta vulgaris
cultivars and their in vitro systems (Pavlov et al., unpublished results) showed significant
differences in ploidy levels of hairy roots and the parent leaf tissue from which they were
derived. On this basis, we investigated the ploidy levels and genome sizes of Beta vulgaris cv.
Egypt and hairy roots obtained from it by means of flow cytometry.

The results of the flow cytometric investigations of leaves of Beta vulgaris cv. Egypt
(Figure 6A) showed a small 2C (33 %) peak corresponding to diploid cells in phases GO and
G1. The main peak was 4C (56 %) resulting from a mixture consisting of diploid cells in G2
phase and tetraploid cells, and a small fraction (3 %) of 8C.
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Figure 6. Histograms of genome of plant (A) and hairy root culture (B) of B. vulgaris cv. Egypt: 1- 2C
peak; 2- 4C peak; 3- 8C peak; 4- 16C peak.
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Figure 7. Overlays of four hairy root lines from B. vulgaris cv. Egypt: 1- 2C peak; 2- 4C peak; 3- 8C
peak; 4- 16C peak.

This distribution of cells in different phases indicates that cells from leaf tissue undergo
two cycles of endoreduplication. In contrast, the data from flow cytometric analyses of hairy
roots showed that they undergo three cycles of endoreduplication (Figure 6B); the cells
exhibited four different levels of ploidy. The majority of cells were 4C (36 %) and 8C (32 %)).
The fractions of 2C and 16C cells were 17 % and 4 %, respectively. Endoreduplication is a
process of replication of the nuclear DNA content without cell division [9]. It is widespread in
plants and may occur in any cell type except the gametes and the meristematic and guard cells
[9]. Since this correlates with the stage of differentiation, it could serve as an indicator of
differentiation [32; 52].

All four investigated hairy root lines exhibited similar patterns of ploidy levels, so that no
significant changes in the DNA profiles were observed (Figure 7).

It is important to note that the differences in ploidy levels found in intact plants and hairy
root culture (Figure 6) contradict the widespread hypothesis that hairy roots have the same
genomic organization as the plants from which they were obtained [1; 4]. Moreover, these
results support preliminary results obtained in our laboratories that transformed root lines
from diploid Datura stramonium and Hyoscyamus niger plants were mixoploid, in contrast to
the primary plant material from which the lines were obtained. It must be emphasised that we
are at an early stage of investigating this phenomenon.

Flow cytometric investigations showed that the first DNA- peaks for both the leaf tissue
and the hairy roots, corresponding to the diploid level, exhibited identical fluorescence
intensities (Figure 6); this is in agreement with the observation that the size of the genome is
not influenced by transformation to in vitro cultures [25]. For the determination of the
genome size of Beta vulgaris cv. Egypt, intact plant- and hairy root- internal standardization
was used [23]. A sample of known standard (in this particular case Pisum sativum, kindly
provided by Dr. Dolezel, Czech Republic) is processed together with samples of unknown
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genome sizes, then the amounts of DNA in the unknown samples are determined by
interpolation from the fluorescence signals generated from the known genome (Figure 8)
using the following equation:

*k
sample 2 Cstandard

Gl
2Csample = Gl

b

standard

where, 2Cgppie 1s the amount of 2C DNA in the investigated sample (pg), G1ampre is the mean
DNA content of the sample’s G1 peak, Csndara 18 the amount of 2C DNA in the standard (pg)
and Gl gparg 1 the standard G1 peak.

The genome sizes (2C-values) for the plant and the hairy roots all were determined to
have values of 1.6 pg DNA. The values for the leaf tissue and the hairy roots confirm the
results we have obtained previously for Beta vulgaris cv. Detroit Dark Red (Pavlov et al.,
unpublished results) as well as in published investigations of Beta vulgaris genome size [3;
103]; there were only minor differences, which are due to the different cultivars investigated.
These values do not correspond to the C-values in the database of the Royal Botanic Garden,
Kew [125]. In their database, the genome size of Beta vulgaris is recorded as 2.50 pg for the
2C value, which is almost twice the amount we determined. As consequence of numerous
investigations mentioned in different laboratories, into the genome size of Beta vulgaris intact
plants, as well as its in vitro cultures, we suggest that the data deposited in the database of the
Royal Botanic Garden, Kew be brought up-to-date.
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Figure 8. Flow cytometric analyses of the genome size of plant (A) and hairy roots (B) of B. vulgaris
cv. Egypt: P.s- 2C peak of standard Pisum sativum cv. Ctirad (9.09 pg); P.s-2- 4C peak of P. sativum
cv. Ctirad; 1- 2C peak; 2- 4C peak; 3- 8C peak; 4- 16C peak.
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CONCLUSION

Hairy root culture is already in its third decade. Over this relatively short period, interest
in transformed root cultures has steadily increased and has become focused on their enormous
biosynthetic capacity. In addition, hairy root cultures have been used as a model system for
the investigation of different strategies for the induction of metabolite yields, metabolic
engineering and functional genomics. The high yields of economically important plant
derived metabolites and/or proteins that have been obtained have already attracted private
companies, suggesting that production at the laboratory scale will be exceeded in the near
future. The ever-expanding knowledge of the theoretical mechanism of hairy root induction
has allowed the transformation of an increasing number of plant species, making a significant
contribution to the preservation of global biodiversity and the alleviation of ecological
problems, connected with over-harvesting plant species for the supply of high-value plant-
derived metabolites. Furthermore, the tremendous potential of transformed root cultures for
phytoremediation will provide new tools for the elimination of contaminants from polluted
soils and for environmental clean-up.
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ABSTRACT

Mycotoxins are acutely toxic or carcinogenic compounds produced primarily by
Aspergillus and Fusarium molds that infect seeds of high oil content in the field, such as
maize, cottonseed, peanuts, wheat and tree nuts. Damage by insects facilitates entry of
the molds, and maize hybrids that express the Bacillus thuringiensis (Bt) crystal protein
at sufficiently high levels to provide near immunity to the European corn borer can have
greatly reduced levels of mycotoxins such as fumonisin in the presence of these pests.
However, the number of different species of ear-damaging insect pests requires many
different Bts, and the recent reports of field collected European corn borers with high
levels of resistance to Bt CrylAb suggest nonBt strategies for broad spectrum insect
control may be valuable in the future.

Our approach toward solving the mycotoxin problem involves the investigation of
plant-derived genes, alone and in combination with each other, that have the potential to
provide high levels of resistance to insects, including those genes that can be used as
selectable markers. We have investigated directly active proteins, such as ribosome-
inactivating proteins and N-acetyl hexosaminidases, and demonstrated significant effects
against both beetles and caterpillars when these genes were expressed transgenically.
Broad spectrum resistance to species in several different insect orders has been noted for
plants producing enhanced levels of peroxidases, including in the field. A model anti-
cell-death protein enhanced insect resistance when expressed in transgenic plants.

: Corresponding author, phone: 309-681-6242, FAX 309-681-6593, E-mail: Patrick. Dowd@ars.usda.gov.
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Robotics has been used to develop antiinsectan peptides with enhanced oral activity over
original forms. We have recently begun to introduce combinations of genes for directly
active proteins in different functional classes, and have identified plants with greatly
enhanced resistance over that seen with introductions of individual genes.

INTRODUCTION - THE MYCOTOXIN PROBLEM

Mycotoxins are toxins produced by different species of fungi, primarily molds, that are
acutely toxic and/or carcinogenic [CAST 2003]. Several are regulated by many countries,
both internally and as imports. The most highly regulated mycotoxin is aflatoxin in its various
forms, as it is one of the most potent carcinogens known. Acceptable contamination levels are
often in the range of single digit parts per billion or less. Aflatoxin has been attributed as the
cause of incidences of human liver cancer in certain areas of the world through
epidemiological studies, and its carcinogenicity has been demonstrated in feeding studies on
several animals [Wang and Tang 2005]. Aflatoxin can be a problem in peanuts, tree nuts, figs,
cottonseed, and maize; and is a more frequent problem in tropical and semitropical areas.
Another widespread toxin is fumonisin, which is produced by several species of Fusarium
fungi, including Fusarium verticillioides and F. proliferatum. Although less active than
aflatoxins, fumonisins are also carcinogens. Additionally, they can interfere with sphingolipid
metabolism in some animals, such that brain liquefaction can occur in horses, and neural tube
defects can occur in human embryos [Wu et al. 2005]. Fumonisin can be found in maize
essentially worldwide.

Although many environmental factors can contribute and interact to promote problems
with mycotoxins, insects are one indirect factor that has been recognized, at least with the
mold association, for around 100 years [Dowd 1998]. A large diversity of types of insects
have been reported to be associated with enhanced mycotoxin levels, including insects in the
orders Coleoptera (beetles), Lepidoptera (caterpillars), Hemiptera (true bugs), and
Thysanoptera (thrips) that attack maize kernels. Additionally, insect feeding that stresses the
plant can also potentially aggravate the problem, including that by root-feeding insects such
as rootworms or wireworms. Although the relative importance of insect damage was
somewhat controversial for many years, the commercial development and release of maize
(and to a lesser extent cotton) plants expressing different forms of the Bt crystal protein
provided material that could be tested to better determine the relative importance of insect
damage in promoting the mycotoxin problems in maize. Under natural conditions, and when
the protein is expressed throughout the plant at levels promoting near immunity to target pests
(such as the European corn borer, Ostrinia nubilalis), maize expressing various Bt constructs
has had several fold less fumonisin compared with nonBt isogenic lines under conditions of
high infestation by the target insect [Dowd et. 2005]. Since then, a variety of other Bt genes,
targeting several different insect pests, have been placed into maize, but they have not been as
effective against the target pest, and as would be expected, have not provided the same degree
of reduction in mycotoxins under isogenic conditions with high target pest levels [Dowd et al.
2005]. An additional problem with Bt corn is the potential to develop resistance by the target
insect not only to the introduced Bt gene protein form, but also to other forms [e.g. Shelton et
al. 2002]. As Bt genes targeting different insect species continue to be combined, or "stacked"
to a greater extent in plants, the potential for widespread resistance increases [e.g. Ferre' and
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Van Rie 2002], although protein modification may help with some forms of resistance
[Sobero'n et al. 2007]. The first Bt maize was released and planted in the US in 1996, and
resistant field- collected individuals were first reported about 10 years later [Siegfried et al.
2007]. Additional concerns are voiced by a significant consumer population, in Europe and
elsewhere, about the "foreignness" of a bacterial gene being introduced into a food plant, as
well as the selectable markers conferring resistance to antibiotics [NRC 2000].

POTENTIAL CANDIDATE INSECT RESISTANCE PROTEINS

The essential physiological processes involved in basic metabolism, neurotransmission,
digestion, growth, and reproduction are all potential targets in insects for plant defensive
proteins. There are known plant proteins that can potentially affect many of these processes.
For example, digestion and absorption can be affected by proteins that inhibit digestive
enzymes (protease inhibitors), and block absorption (lectins). These roles may also be played
by enzyme products (such as those of peroxidases, discussed below), or secondary
metabolites (discussed by Johnson et al., 2008) which bind to nutrients and inhibit
degradation and/or absorption. Other potentially active proteins or peptides which have not
yet been described from plants but that are known to occur from microbial sources include
cholesterol oxidase inhibitors and neuroactive cyclic peptides [Dowd 2002a].

Physical properties of plant tissues may deter or prevent insects from feeding on them
(e.g. Sadasivam and Thayumanavan 2003). These properties may include smooth surfaces
that prevent egg adhesion or larval grips and penetration, rough or hairy surfaces that prevent
sucking insects from anchoring and then puncturing tissues, or material that is too tough or
gummy for insects to chew through it. Proteins may be involved in indirectly producing
gummy environments (such as the polyphenol oxidases in trichomes that polymerize contents
into sticky aphids traps [e.g. Medeiros et al. 2005]), or tougher tissues (such as lignifying
peroxidases). Extensins are proteins that toughen tissue. An advantage of these types of
proteins involved in forming physical barriers is that the U.S. EPA may register them more
quickly as less review is required (provided they naturally occur in food products)[Hagmann
1999].

Once the insect egg hatches (or live young are brought forth), the phytophagous insect
must begin feeding on the plant tissue, and risk being eaten or parasitized if it moves around.
Various chemical cues are used by the insect to initiate feeding, and protein components are
one of the cues. The insect must then digest the material using various proteases, amylases,
lipases and related enzymes. The digested material must then be absorbed. Plant proteins can
act as both digestion and absorption inhibitors, as well as degrade essential amino acids.
Enzymes from plants or insect pathogens that affect the insect gut lining (peritrophic
membrane) or gut cells themselves include those that degrade particular components, such as
chitin (chitinases, hexosaminidases), protein components (proteases), and mucin (viral
enhancin). Removal of these barriers can cause naturally toxic components in the insect's diet
to more readily penetrate to target sites (such as gut tissue) more effectively.

Insects also have general intracellular basic metabolic processes, as well as those unique
to insects, that can be targeted by plant defensive proteins provided they can penetrate to the
target site. Traditionally, insecticidal compounds that penetrate to intracellular target sites
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(such as the nervous system) are soluble in acetone. Acetone-soluble cyclic peptides
(typically microbially derived) that are highly active against insects include roseotoxin B,
valinomycin and destruxins [Dowd 2002a]. However, there are studies that demonstrate
relatively large non-lipophilic proteins can penetrate insect cells [Fishman and Zlotkin 1984,
Casartelli et al. 2005] and retain function [Casartelli et al. 2005]. Examples of plant defensive
proteins that appear to be capable of penetrating to intracellular target sites based on mode of
action are the ribosome-inactivating proteins, which occur widely in plants. Because of the
nature of insects, they have particular physiological processes that may be useful targets, such
as the production of uric acid, the storage of sugar as trehalose, and enzymes and hormones
involved in the molting process.

Insects have specific target sites for plant resistance proteins that they share in common
with fungal or other plant pathogens, such as chitin. When resistance genes have been
mapped, it has not been uncommon for insect and fungal resistance genes to map to the same
sites [McMullen and Simcox 1995]. From a evolutionary standpoint, it would be cost
effective for plants to make individual defensive proteins that would be effective against as
many potential pests as possible. Thus, introducing "insect" resistance proteins may also
confer resistance to plant pathogens, and vice versa. Utilization of these types of multitarget
pest organism proteins becomes more attractive when attempting to solve the mycotoxin
problem through use of resistant transgenic plants, considering that it is fungal pathogens that
make mycotoxins.

Gene mapping studies have also typically indicated that resistance to plant pests is due to
multiple genes that presumably code for proteins directly or indirectly affecting different
target sites [e.g. McMullen and Simcox 1995]. Studies with insecticides have indicated that
when multiple products affecting different target sites are used, resistance development can
be delayed [e.g. Gould 1998, Shelton et al. 2002]. This concept has led (perhaps obviously) to
the concept of combining, or "pyramiding" resistance genes in plants for effective, stable
resistance. Questions remain as to how regulatory agencies will interpret introduction of
multiple genes affecting different target sites in the same target organism. Perhaps
reintroduction of genes from the target plant itself in a constitutive or inducible manner will
help overcome potential regulatory concerns. The critical determination will be which genes
to employ so that the desired level of resistance will occur, and to use as few as possible, and
to make sure that they will not interfere with each other. For example, a combination of genes
coding for a protease and another active protein may result in the degradation of the second
gene product by the protease.

If effective resistance alleles are not available, identification of active protein derivatives
that might otherwise develop over long time frames through natural evolutionary processes
can potentially be sped up through man-made molecular means. For example, a Bt gene was
recently modified so that calmodulin binding was not necessary, resulting in efficacy against
insect strains resistant to the original protein form [Soberon et al. 2000]. More advanced
molecular evolution may result in the discovery of protein forms that are much improved and
more insect-specific compared to the original forms.

The following discussion will elaborate on the different functional classes of proteins just
mentioned. We admittedly will not be comprehensive and tend to emphasize our own work in
these areas due to greater familiarity. We will also include other examples that appear
relevant, due to their prior efficacy or presence in plants such as maize (which is our ultimate
target plant), and ones that potentially can contribute to mycotoxin control through acting on
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both insects and plant pathogens. We will also provide some thoughts on new opportunities
for discovery of plant genes coding for insect resistance proteins.

PROTEINS ACTING AS PHYSICAL BARRIERS

The number of proteins known to act as physical barriers to insects or pathogens is
relatively limited, although the toughening of plant tissues through lignification catalyzed by
peroxidases has been recognized for many years (Dowd and Lagrimini 1997b). One example
of a type of protein that does appear to be a direct participant as a physical barrier are the
extensins. These cell wall proteins typically contain high levels of less common amino acids,
such as hydroxyproline, and are highly glycosylated [Wilson and Fry 1986] Multiple forms
can occur in different plant species, including maize [Kieliszewski et al. 1990, 1992, Murphy
and Hood 1993]. They can be cross-linked through leucine or tyrosine residues [Heid et al.
2004]. This cross-linking appears to be performed by peroxidases that may be specific and
induced by wounding [Brownleader et al. 1995, Schnabelrauch et al. 1996]. Although no
insect studies appear to have been performed with plants expressing high levels of extensin,
Arabidopsis thaliana plants engineered to overexpress the EXT1 extensin gene had smaller
lesions that did not spread compared to wild type plants when challenged with a virulent
strain of Pseudomonas syringe [Wei and Shirsat 2006]. Because more insect resistant tomato
fruit, which appears to be due to tougher skin, was produced by expression of tobacco anionic
peroxidase in tomato [Dowd et al. 1998b - see below], plants that overexpress extensins may
also be more resistant to insects.

PROTEINS INTERFERING WITH INSECT NUTRITION

A variety of proteins have been identified as being involved in antinutritive defenses in
plants [e.g. Felton and Gatehouse 1996]. Protease inhibitors have been studied to a great
extent in transgenic plant systems, and were one of the earlier gene types introduced into
plants for insect resistance [Reeck et al. 1997]. However, it was found that Lepidoptera larvae
would soon express proteases resistant to the protease inhibitors, thereby circumventing this
resistance strategy. Multiple forms of the protease/amylase inhibitors are known for plants
such as maize [e.g. Malehorn et al. 1994], so it may be possible that forms that cannot be
circumvented by the insect's digestive process may be discovered and effectively utilized.
One such example of a protease inhibitor that did not stimulate protease production in
Helicoverpa armigera was recently reported from Cicer arietinum [Srinivasan et al. 2005].
Transgenic expression of protease inhibitors in plants can also increase resistance to fungi
such as Trichoderma reesei [Malehorn et al. 1994] and Fusarium verticillioides [Quilis et al.
2007]. Plants that expressed arginase were more resistant to the tobacco hornworm (Manduca
sexta) [Chen et al. 2005].

Lectins are carbohydrate-binding proteins that are widely distributed in the plant
kingdom, including in food plants such as beans and grains [Pusztai 1991, Sadasivam and
Thayumanavan 2003]. Lectins presumably interfere with absorption of nutrients by binding to
sites where absorption occurs, although some are capable of passing through the human small



132 Patrick F. Dowd, Eric T. Johnson, T. Scott Pinkerton et al.

intestine [Pusztai 1991]. Some are toxic to humans or animals (especially those from non-
food plants), while others are allergens [Pusztai 1991].

A series of studies with snowdrop (Galanthus nivalis) lectin has demonstrated activity
against a wide variety of insects including sucking insects, and to a more limited extent,
caterpillars [e.g. Loc et al. 2002]. Grain lectins such as those from barley and wheat have
been studied against insects as well [Czapla 1997]. Although not as active as snowdrop lectin,
significant reductions in feeding, and in some cases, mortality, have been reported in assays
involving insects and grain lectins [Balasubramaniam et al. 1991, Hopkins and Harper 2001].
Some enhanced resistance to European corn borers, corn rootworms [Czapla 1997] and
aphids [Kanrar et al. 2002] has been reported for plants transformed to express different grain
lectins. Using wheat germ lectin (as a model protein to investigate functional activity of this
class of grain lectins), we have also found activity against caterpillar and beetle pests [Dowd
2002b, Dowd et al. 2006b]. Our initial studies with transformed tobacco expressing the WGA
gene driven by a CaMV 35S promoter have indicated some plants that appear to express the
protein based on antibody assays will significantly reduce feeding by corn earworms within a
2-3 day period [Johnson et al. unpublished].

PROTEINS THAT DEGRADE INSECT BARRIERS

The insect cuticle (skin) is a complicated layered tissue composed of many different
structural components, often crosslinked, that includes protein, chitin, lipid, and other factors
[Hepburn 1985]. The cuticle lines the gut of the insect, and forms the peritrophic membrane
in the midgut, where much digestion and absorption occurs. This membrane serves to protect
the underlying gut cells from unwanted physical, chemical, and biochemical disruption.
Because insect microbial pathogens typically need to penetrate the cuticle in order to gain
entry into insect tissues, many studies have investigated the enzymes that these pathogens use
[Dowd 2002a]. Some effective resistance has been engineered into insect pathogens
[Narayanan 2002, Hayakawa et al. 2000]] or plants [Hayakawa et al. 2004] utilizing the genes
coding for these enzymes [Hayakawa et al. 2000, 2004]. Chitinases (see below), are one class
of enzymes produced by insect pathogens that has been investigated in transgenic plant
systems, and insect-derived chitinases (used during the molting process) have also been
engineered into plants and demonstrated some effective increases in resistance [Ding et al.
1998, Fitches et al. 2004b]. There are a wide diversity of chitinases produced by individual
plant species [Collinge et al. 1993], including those reported from maize [e.g. Nucere et al.
1991, Zhe-Fu et al. 1992, Wu et al. 1994, Moore et al. 2004].

Comparable enzymes to those produced by insect pathogens or the insects themselves
occur in plants, but few have been found to be active against insects so far. A cysteine
protease from maize enhanced resistance to insects when expressed in plant tissue [Pechan et
al. 2000]. Several studies have demonstrated that plants that overexpress different plant or
fungal degradative enzymes (such as chitinases or glucanases) have enhanced resistance to
various plant pathogens, although it appears combining different ones can result in greatly
enhanced (or synergized) resistance to fungi such as Rhizoctonia solani compared to
introduction of the individual genes [Jach et al. 1995]. Although chitinases are prevalent in
plants, it was not until recently that an endochitinase active against insects (Colorado potato
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beetle, Leptinotarsa decemlineata) was reported from poplar [Lawrence and Novak 2006].
The lack of activity of plant chitinases against insects has been attributed to their having a pH
optimum that is too low for them to be active in the alkaline gut of most caterpillars [Gongora
and Broadway 2002]. The poplar chitinase was found to be active against a leaf-feeding
beetle, which typically have a neutral gut pH [Purcelle et al. 1992], so it may be that the lack
of reports on plant chitinase activity against insects is because they have only been tested on
Lepidoptera (which are much easier to use in bioassays than beetle larvae). Another potential
disadvantage in using chitinases for insect (or plant pathogen) control is that high expression
of microbial chitinases can alter plant growth parameters [Gongora and Broadway 2002,
Bolar et al. 2000].

Our experiences with a plant "exochitinase" began with examination of activity of some
commercially available N-acetyl-hexosaminidases (NAHAs), although it is generally
assumed this form is less likely to be active on its own compared to endochitinases. A NAHA
from jack bean (Canavalia ensiformis) was particularly active, causing significant mortality
of neonate fall armyworm (Spodoptera frugiperda) larvae at 75 ppm in a few days [Dowd et
al. 2007a]. A NAHA from Aspergillus niger was much less active [Dowd et al. 2007a]. Once
the Arabidopsis genome was sequenced, several putative NAHAs became available. We
found that one apparent full length clone that was available from the Arabidopsis stock center
did have the three regions that are typically conserved by NAHAs in other organisms
[Peterbauer et al. 1996]. This clone was adapted and inserted into plasmid pAHC25
[Christensen and Quail, 1996] after removal of the GUS gene, and multiple series of callus
types were transformed biolistically, some lines of which were regenerated into plantlets
[Dowd et al. 2007a]. Even at the highest expression levels of over 100 ppm jack bean NAHA
equivalents in antibody assays, no abnormal plant growth associated with expression levels
was noted. Mortality of cigarette beetle (Lasioderma serricorne) larvae fed black Mexican
sweet corn (BMS) callus expressing the Arabidopsis NAHA was significantly higher than
that of larvae fed GUS or an inactive NAHA-transformant callus. Significantly smaller fall
armyworm larvae were also noted when fed on the active NAHA callus vs. the inactive form.
Both Hi-II and Oh43 NAHA transformed callus were regenerated to plants and evaluated for
insect resistance. Due to the small size of the plants and plans to cross with B73, the tassel of
the Hi-II plants was used in bioassays. In two separate batches of plant assays, plant tassels
from NAHA transformants causing high mortality compared to limited mortality of GUS
plants toward fall armyworms were noted. Overall mortality was significantly negatively
correlated with NAHA expression levels detected enzymatically. For Oh43 regenerated
plants, again some transformant plants expressing the gene caused high mortality compared to
limited mortality of null transformants, and leaf disk feeding levels were significantly
negatively correlated with expression levels detected with antibody (higher phenolic content
of Oh43 compared to Hi-II plants apparently interfered with the enzyme assay used with Hi-II
plants). A fungal NAHA expressed in plants enhanced resistance to the fungal pathogen
Venturia inaequalis, and resistance was greatly enhanced when both a NAHA and chitinase
were used together [Bolar et 2001]. We continue to explore the potential utility of plant
NAHAs for plant resistance to insects and plant pathogens.
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PROTEINS THAT AFFECT INTRACELLULAR TARGETS

A large variety of proteins can affect different intracellular targets. Potentially any
enzyme, receptor, regulatory protein, or structural protein could be targeted. Potential targets
are described in a number of reviews, [e.g. Christou et al. 2006, Ferry et al. 2006]. Despite
this potential, these defensive proteins must still need to be able to penetrate the insect gut to
reach their ultimate target site. We will discuss two types of proteins that have some unique
properties and/or appear to be active against multiple insect groups.

Ribosome-inactivating proteins (RIPs) are site-specific N-glycosidases that inactivate
ribosomes by removing a single adenine from large rRNA [Stirpe et al. 1992, Barbieri et al.
1993, Nielsen and Boston 2001]. They are produced by a variety of plants, including those
that are used for human food or related uses [Stirpe et al. 1992, Barbieri et al. 1993, Nielsen
and Boston 2001]. Their toxicity to vertebrates is highly variable. Ricin, from castor beans
(Ricinus communis) is very toxic (as it contains a cell binding chain as well as a toxic lectin
chain), but the forms from edible grains such as wheat, barley, and maize are not reported to
be toxic [Stirpe et al. 1992]. Initial tests of some from dicots such as castor bean, soapwort
(Saponaria officinalis) and bitter gourd (Momordica cochinchinenis) showed toxicity to
beetles examined [Gatehouse et al. 1990], but not caterpillars [Gatehouse et al. 1990,
Brandhorst et al. 1996].

The maize endosperm RIP is rather unusual among RIPs in that it requires removal of
both terminal and internal peptides to produce two large peptides that associate noncovalently
to the active form [Walsh et al. 1991, Bass et al 1992]. It can be activated in vivo by thiol
protease treatment such as with papain [Walsh et al. 1991, Bass et al. 1992]. Interestingly,
beetles typically contain thiol proteases in their guts [Murdock et al. 1987]. When activated
RIP was added to insect diets at naturally occurring levels of 1000 ppm, significant reductions
in feeding, and in some cases significant mortality, was noted for a non-maize feeder
(cabbage looper, Trichoplusia ni) and maize-feeding caterpillars such as the corn earworm
(Helicoverpa zea), European corn borer, and fall armyworm after 2 days of feeding by
neonate larvae. Although no effect was noted on larvae of the Freeman sap beetle
Carpophilus freemani), both pro- and active RIP significantly deterred feeding by adult
Freeman sap beetles, dusky sap beetles (Carpophilus lugubris), maize weevils (Sitophilus
zeamais) and strawberry sap beetles (Stelidota geminata). This same antifeedant activity was
noted for a fungal RIP (restrictocin) which was also toxic to Freeman sap beetle larvae
[Brandhorst et al. 1996].

The gene for an activated form of maize RIP (MOD1) [Krawetz and Boston 2000] driven
by a 35S CaMV promoter was introduced into tobacco using Agrobacterium Ti plasmid
[Dowd et al. 2003]. Two transformation events appeared to have good expression of the
protein, and progeny (R2) plants were evaluated in several insect assays. Greenhouse studies
indicated one of the lines was significantly more resistant to greenhouse whiteflies
(Trialeurodes vaporariorum) as mortality was significantly greater for leaf caged individuals
compared to the second line and wild type plants [Dowd et al. 2003]. Resistance of the
transformed lines to the tobacco hornworm (Manduca sexta) and cigarette beetle (Lasioderma
serricorne) larvae was variable, but some plants within an individual line were significantly
more resistant to both insect species compared to others. Seed was obtained from these more
resistant R2 plants, and progeny (R3) were again evaluated for insect resistance. Multiple sets
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of assays on two different ages of plants using corn earworms indicated significantly higher
mortality in some cases, and significantly reduced feeding in most cases, of both transgenic
maize RIP lines compared to wild type plants. Feeding damage by H. zea was significantly
negatively correlated with RIP levels for both lines. For cigarette beetles, although no
significant mortality differences were noted, feeding rates were often significantly lower for
both lines, and feeding damage was significantly negatively correlated with RIP levels for one
line, and the same trend was noted for the other line. Although expression levels, (which
ranged up to 100 ppm) were lower than would naturally be present in maize kernels,
apparently other plant factors were sufficient to interact and cause significant resistance with
maize RIP present compared to when the RIP was introduced into more optimized insect diets
during earlier assays [Dowd et al. 1998c]. However, the maize RIP was active against both a
representative beetle (cigarette beetle), caterpillar (corn earworm), and sucking/rasping insect
(whiteflies); indicating a potential broad-spectrum use. It is possible that other plant-derived
RIPs may have activity against multiple groups of insects, as the fungal RIP restrictocin is
also active against some caterpillar and beetle larvae [Brandhorst et al. 1996], and has shown
activity against insects when expressed in Aspergillus nidulans as well [Brandhorst et al.
2000]. Maize RIP is active against Aspergillus flavus [Nielsen et al. 2001] and other plant
RIPS are active in transgenic plant systems against pathogens such as tobacco mosaic virus
[Desmyter et al. 2003] and Fusarium culmorum [Balconi et al. 2007].

The regulation of cell numbers in multicellular organisms is important to normal growth
and development. Programmed cell death (apoptosis) is a progression of complicated events.
Both insects [Narayanan 2002, Clem 2005] and plants [e.g. Heath 2000] will trigger cells to
die prematurely when they are invaded by pathogens. Species of insect pathogenic viruses
that have a relatively wide host range (such as Autographa californica MNPV) produce
proteins such as p35 that inhibit capsases, a family of proteases involved in the signal cascade
that initiates programmed cell death [Stennicke et al. 2002]. In vitro feeding assays with p35
indicated significant negative effects on caterpillars when tested at 100-300 ppm, both in the
presence and absence of virus that is considered both pathogenic (to corn earworms) and
nonpathogenic (to fall armyworms)[Pinkerton et al. 2008].

The gene for p35 was inserted into the maize ubiquitin driven pAHC25 vector after the
GUS gene was removed, and the plasmid was introduced into maize line Oh43 by biolistic
transformation [Pinkerton et al. 2008]. Mortality above 20% was noted for some T, plants for
both corn earworms and fall armyworms [Pinkerton et al. 2008]. Significant feeding
reductions by caterpillars were noted for several transformant lines, and reductions in feeding
were significantly negatively correlated with the relative strength of the mRNA signal (the
protein was not detectible by antibody, as has been reported for other plant expression
systems [Lincoln et al. 2002]). Significant feeding reductions were noted in studies with T,
plants that contained vs. didn't contain the selectable marker (as an indicator of transgene
presence). When both caterpillar species were fed on leaves coated with AgMNPV (which is
considered an effective pathogen of corn earworms but not fall armyworms [Groner 1986]),
mortality was significantly enhanced for individuals of both species that were fed on positive
selectable marker vs. negative selectable marker leaves.

We presume that the enhanced toxicity of the transformed plants to the two caterpillar
species tested was due to activation of unknown species of latent virus that we found was
present in some moribund individuals of both insect colonies. Activation of latent virus
infections occurs after exposure to various environmental stress factors [Burand et al. 1986].
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However, because programmed apoptosis appears important to proper insect growth and
development [Hepburn 1985, Lockshin 1985] we cannot rule out at this point that the p35 is
also interfering with the natural apoptotic process in the insects and it is by this means (also)
that toxicity results.

Insect viruses also attack beetles and other insect groups, but different classes of viruses
are more common in some orders of insects than others [Adams and Bonami 1991]. MNPVs
primarily attack Lepidoptera (caterpillars), and to a lesser extent Diptera (flies) and
Hymenoptera (bees and wasps) [Adams and Bonami 1991], so it would be interesting to see
what effects p35 has on other groups of insects in the presence and absence of different
viruses. Expression of p35 protein and other antiapoptotic proteins in plants has resulted in
enhanced resistance to a number of plant pathogens, including Alternaria alternata [Lincoln
et al. 2002] tobacco mosaic virus [del Pozo and Lam 2003] and Xanthomonas axonopodis
[Scandiucci de Freitas et al. 2007].

PROTEINS THAT PRODUCE MULTIPLE RESISTANCE FACTORS

There are a number of proteins groups that might be considered to produce multiple
resistance factors. Among these groups of proteins are the regulatory proteins capable of
turning on pathways that produce multiple resistance factors (such as protease inhibitors or
pathways leading to bioactive secondary metabolites). Examples of overexpression of
regulatory proteins are described in the chapter by Johnson et al. [2008]. Overexpression of
proteins leading to the production of regulatory secondary metabolites such as salicylic acid
or jasmonic acid, in combination with the disruption or downregulation of pathways that
catabolize those compounds, is another potential example.

Another group of proteins that can potentially produce multiple resistance factors are
oxidative enzymes such as polyphenoloxidases, tyrosinases, and peroxidases. All of these
enzymes can potentially produce reactive quinones from the appropriate substrates, with the
peroxidases being the most versatile [Dowd and Lagrimini 1997b]. Additionally, reactive
oxygen species may be produced, and quinones may further complex or cause reactive
cascades to form quinones from other molecules [Dowd and Lagrimini 1997b]. There is an
extremely wide range of potential substrates for peroxidases [Gaspar et al. 1982]. Quinones
may then bind with proteins, causing enzyme inhibition (if the bound protein is an enzyme) or
resistance to nutrient digestion or absorption (if the bound material is a nutrient)[Felton et al.
1992, Dowd and Lagrimini 1997b]. Cross linking and polymerization reactions can also occur
to form tougher plant tissue, as has been discussed earlier.

Initial indirect studies involving the combination of peroxidases with different materials
in vitro were somewhat contradictory, as in some cases peroxidases appeared to increase
insect resistance, and in other cases, reduce resistance [Dowd and Lagrimini 1997b]. This is
perhaps not surprising, as activity would be dependent on which peroxidases are involved,
and which substrates are available for them to react with. Maize peroxidases appear to have a
wide range of capabilities, but also some substrate "preferences" [Dowd 1994]. Maize
secondary metabolites acted on by peroxidases can have varying toxicity to both insects
[Dowd and Vega 1996] and the plant pathogen Fusarium graminearum [Dowd et al. 1997].
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Studies with insects as affected by transgenic plants expressing high levels of tobacco
anionic peroxidase (TOBAP) involved examining several different plant varieties and species,
allowing for some assessment in different plant secondary metabolite contexts. Laboratory
studies were followed by some field tests with one of the high expressing tobacco lines,
which allowed for some evaluations under more natural conditions and led to the realization
that this peroxidase could lead to relatively broad spectrum increases in insect resistance that
did not adversely affect beneficial insects present. Ultimately this gene was introduced into
maize and led to the development of lines that were highly resistant to some insect pests,
including in field studies.

Initial evaluations involved tobacco lines that both under-expressed and over-expressed
the TOBAP (up to 4-fold higher levels of tobacco anionic peroxidase activity were noted in
leaves). Leaf disks from underexpressing lines were generally more damaged, and
overexpressing lines, less damaged by corn earworms [Dowd and Lagrimini 1997a]. A
similar trend was noted for intact plants. Sections of stem browned rapidly when cut (an
indicator of high peroxidase activity due to formation of colored quinones and coproducts),
and were also more resistant to feeding by corn earworms [Dowd and Lagrimini 1997b,
Dowd et al. 2000]. Field tests on one of the most consistently resistant tobacco lines were also
run. Significantly enhanced resistance was noted to caterpillars, grasshoppers, whiteflies, and
especially aphids [Dowd and Lagrimini 2006]. Fewer live aphids were present, and
significantly higher percentages of aphids present were dead, on the high peroxidase
compared to wild type plants on multiple sample dates. Predator presence (primarily stilt bugs
- Hemiptera: Berytidae, and syrphid larvae - Diptera: Syrphidae) were not adversely affected.
Significant associations were noted between aphid numbers and numbers of syrphid larvae on
both wild type and high peroxidase plants even though live aphid numbers were significantly
lower on high peroxidase plants. Laboratory assays have also noted no significant negative
effect of A/MNPV virus efficacy on corn earworms fed high peroxidase tobacco or tomato
compared to wild type plants [Behle et al. 2002].

This gene was also introduced into a commercial tomato variety, resulting in very high
levels of total peroxidase activity (over 100 fold for leaves and fruit compared to wild type
plants). Again, leaves were generally significantly more resistant to feeding by first instar
corn earworms, as well as tomato hornworms (Manduca sexta) compared to wild type plants,
although larger larvae fed equally well on both types of leaves [Dowd et al. 1998b].
Significantly higher numbers of corn earworm larvae died when fed on TOBAP compared to
wild type tomato fruit. Significantly higher mortality of some first instar corn earworms, and
dusky sap beetle adults was noted when fed on stem sections of high peroxidase compared to
wild type plants in some cases, and the percentage of high peroxidase stems penetrated by
dusky sap beetle adults was significantly lower in all cases. High peroxidase fruit was more
resistant to feeding by both neonate corn earworms. Significantly higher mortality was noted
for neonate corn earworm larvae that fed on fruit of high peroxidase vs. wild type plants.
Stem sections were also more resistant to both insect species. Abrasion (toughness) tests run
with equivalently aged ripe tomato fruit indicated that the skin of the high peroxidase
tomatoes was about 8-fold more resistant to abrasive puncture compared to the wild type fruit
[Dowd and Lagrimini, unpublished].

Even in a more distantly related dicot plant, sweetgum (Liguidambar styraciflua), insect
resistance was noted in plants that expressed the TOBAP, where soluble peroxidase activity
was increased about 10-fold over wild type plants in full-sized leaves [Dowd et al. 1998a].
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Enhanced resistance was noted to eastern tent caterpillars (Malacosoma americana), fall
webworms (Hyphantria cunea), gypsy moths (Lymantria dispar), cigarette beetles, and
European corn borers (not a natural pest). Significantly higher mortality of fall webworms
occurred and feeding damage was 30-fold less on TOBAP expressing compared to wild type
sweet gum leaves; feeding damage was significantly negatively correlated with the level of
peroxidase activity. Gypsy moth larvae were significantly smaller and ate significantly less
leaf material when fed on the TOBAP expressing compared to wild type sweetgum leaves.
However, high peroxidase leaves were more susceptible to feeding by corn earworm larvae
(not a natural pest)[Dowd et al. 1998b].

The TOBAP gene was also introduced into a monocot plant. When expressed in maize,
some TOBAP expressing initial transformants killed 100% of corn earworm and European
corn borer larvae. Transformed maize plants also produced low mortality of fall armyworms,
but significantly reduced growth of larvae in laboratory studies performed with T, plants
[Privalle et al. 1999]. Little or no activity was noted against beet armyworms (Spodoptera
exigua) or black cutworms (Agrotis ipsilon) fed T, plant material [Privalle et al. 1999]. Field
tests of progeny of the initial transformants that were inoculated with 300 neonate European
corn borers per plant had little or no damage when the insects were applied at whorl or tassel
stage, whereas corresponding plants that did not express the tobacco anionic peroxidase were
damaged so heavily that they all died [Privalle et al. 1999].

All of the work with TOBAP, especially that involving tobacco itself, suggests that
manipulation of source-plant expression of appropriate resistance genes (which naturally
occurs in resistant varieties as constitutive or inducible resistance responses), may be the most
predictably effective and environmentally benign means to enhance plant resistance to insects
or pathogens. We have begun to investigate some maize peroxidases, and there are
indications that some of these peroxidases are involved in insect and disease resistance,
including to Aspergillus flavus [Dowd and Johnson 2005, Dowd et al. 2007b].

MOLECULAR OPTIMIZATION OF RESISTANCE PROTEINS

Until sequencing and expression studies are more complete and until 3-D predictive
folding and substrate/target site models are developed for the many potential insect resistance
proteins, we will remain relatively uncertain of the amino acid sequence requirements for
activity. One method that has been utilized to develop more active forms of proteins has been
referred to as "molecular evolution". Past strategies used in molecular evolution have
involved a modified PCR methodology that is relatively slow, costly, and non-specific
(referred to as "error prone" PCR) [Maynard et al. 2002, Hughes et al. 2006]; and "gene
shuffling", which works best for families of closely related genes where longer polypeptides
can be used [Stemmer 1995]. Recent advances at our facility have involved the creation of a
robotic screening system that can be used to exhaustively modify all, or a subset, of the
nucleic acids in the sequence, manufacture the expression vector, introduce the vector into an
expression system, and then utilize the source organism or the expressed protein to evaluate
efficacy [Hughes et al. 2007].

Bioactive peptides are attractive molecules for testing different molecular evolutionary
strategies due to their small size. Plants can produce bioactive peptides such as thionins [Oard
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and Enright 2006] and some protease inhibitors [Reeck et al. 1997] that are active against
different organisms, but they are not as widespread as from other sources. Predatory and
parasitic arthropods often produce neuroactive peptides, several of which are very selective
toward insects. We selected an insect-specific 25 amino acid peptide produced by the
harmless Carolina wolf spider, Lycosa carolinensis, referred to as lycotoxin-1, for studies in
molecular evolution. This peptide acts by imbedding itself in cell membranes and forming
pores that dissipate ion and voltage gradients, resulting in toxicity to insects such as the house
fly Musca domestica, and bacteria such as Escherichia coli [Yan and Adams 1998]. When
this happens to insect muscles, nerve cells depolarize and the insect becomes paralyzed [Yan
and Adams 1998].

After evaluating a number of bioassay methods, it was found that feeding the peptide-
expressing yeast to the larvae as point sources in plates gave a reliable and sensitive means to
distinguish between activities of different forms of the peptide [Hughes et al. 2007](although
presently unavailable at NCAUR, automated larval dispensing units utilized in insecticide-
biotechnology companies could be readily adapted to the system for a total automation on the
platform). Initially a number of peptide-expressing lines were combined. Active combinations
were then subdivided into individual strains in order to identify active vs. inactive sequences.
Additionally, the sequence for the polyHIS tag used to assist in purification of the peptide was
separated from the active peptide sequence using a trypsin-labile sequence so that the tag
would not interfere with biological activity (which has been noted with RIP proteins in our
laboratory) and the peptide would not be cleaved off until it reached the insect gut. A series of
orally active peptides was found, which had changes that were still consistent with the
pharmacokinetic properties needed to form pores in targeted cells [Hughes et al. 2008]. One
of these sequences was selected for expression studies in tobacco, and introduced using Ti
plasmid. Some plants which contain the gene and appear to express the protein have caused
significant mortality/feeding reductions with corn earworms, and there may be some activity
against cigarette beetle larvae as well [Johnson et al. unpublished].

EFFECTIVE PROTEIN COMBINATIONS

Many plant resistance proteins do not cause 100% mortality of insects at naturally
occurring concentrations. As discussed earlier, the analogy with insecticide use suggests that
plant proteins can be combined to gain this level of mortality, while at the same time
producing a more stable resistance gene package compared to using highly active individual
genes. Again, this appears to be what the plants do naturally, as multiple resistance loci for
resistance to individual organisms typically occur, and fortunately these loci often overlap for
different species of organisms [e.g. McMullen and Simcox 1995]. The difficult part is
determining which gene combinations to use so that particular impediments can be most
effectively overcome and the fewest number of genes will be needed. Different types of
protease inhibitors have been combined and produced synergistic activity against the cowpea
weevil (Callosobruchus maculatus)[ Amirhusin et al. 2007]. In other cases, highly effective
"intracellular target site" proteins may be available from individual genes, but if the
peritrophic membrane is the limiting factor for penetration, use of a second protein to
eliminate the barrier in combination with an intracellular active protein may result in more
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effective control. This is in fact one of the types of combinations that has been proven most
useful with microbial genes so far. There are several examples where an insect active
microbial chitinase has been combined with another active protein, such as Bt [Kramer et al.
1997] or others [Dowd 2002b, Dowd et al. 2006b] to yield synergistic activity. In one study,
combination of a chitinase with a Bt protein also greatly delayed the time it took to develop
resistance to the Bt protein [Zhao et al. 1999]. In addition, the proteins must not interfere with
one another's activity. Obviously, if a proteolytic enzyme is used, it should be specific enough
so that it does not degrade another resistance protein that is also being used in combination.
Of course, when new genes are introduced, their products are potentially interacting with
other resistance proteins already being naturally produced by the plant. There may be a
greater advantage in not just using proteins, but in using directly active proteins plus proteins
that code for active secondary metabolites. However, interference between the insect-active
plant secondary metabolite group referred to as condensed tannins, and the Bt protein has
been reported [Navon et al. 1993], so this strategy also has to be examined carefully.
Hydrolytic enzymes may act on some unexpected substrates when expressed at high enough
levels [Dowd and Sparks 1988].

Our initial in vitro assays indicated that there were indeed some mnonobvious
combinations of proteins that needed to be avoided [Dowd 2002b]. Because of the wide range
of potential bioactive products produced by peroxidases, we had some reluctance in trying to
combine it with other genes, despite information that indicated effects against insects were
most likely due to the active quinones or other oxidized products produced (as discussed
above). However, when TOBAP overexpressing tobacco plants were crossed with maize RIP
tobacco plants, we found significant feeding reductions, and in some cases, significantly
enhanced mortality to both corn earworms and cigarette beetles compared to wild type plants
[Dowd et al. 2006a]. The degree of feeding reduction was significantly negatively correlated
with levels of RIP or peroxidase activity individually (indicating no synergistic activity).
Because gene levels were halved compared to homozygous parents, activity was thought to be
additive as it was comparable to that noted with the individual plants in the past [Dowd et al.
2006a]. Our recent work has involved combining genes based on the functional categories
described above [Dowd 2002b], and we have produced two gene combination plants that
appear to have proteins that interact synergistically in enhancing insect resistance, as activity
is much greater than in plants expressing the individual genes [Dowd et. al. 2006b].

Again, some of the best examples of effective gene combinations have been in transgenic
plant studies involving plant pathogens such as Rhizoctonia solani [Jach et al. 1995] and
Venturia inaequalis [Bolar et al. 2001]. Through utilization of genes that produce proteins
with activity against both insects and plant pathogens, we can potentially have the best of
both worlds.

FUTURE DIRECTIONS

Chimeric proteins that bind to tissues can allow for penetration of attached active
proteins. Practical plant examples of this include chitinases that have lectin-domains that
facilitate binding, combining the nontoxic beta chain of ricin with other proteins [Mehlo et al.
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2005] and use of bioactive lectins themselves in combination with other proteins [Zhu-
Salzman et al. 2003, Fitches et al. 2004a].

Genomic sequencing allows for the potential to discover analogs of compounds or
proteins active against insects that presently have unrecognized or unproven functions in
plants, but that ultimately may correspond to those previously known only from microbial
sources. Comparative genome work allows for the discovery of function of genes that may be
present, but of unknown function, until a resistance association is found. Once genomes are
known, it then also becomes possible to look for and test expressed allelar gene products for
resistance activities. Relatively minor changes in leader sequence can affect cellular
localization of resistance proteins [Dombrowski et al. 1993], and thus the other factors with
which they may interact. Recent information indicates that even "silent" changes in nucleic
acid sequence can lead to folding, and ultimately functional, changes [Kimchi-Safarty et al.
2007]. This information suggests that unexpected opportunities to discover more effective
resistance alleles may exist. High-throughput methodology to examine and optimize gene
sequences provides an alternative to enhancing gene product activity if natural variants of
gene alleles are not effective enough.

There is opportunity to discover gene forms that are active against common targets of
both insects and the pathogens that cause mycotoxins. Examples already available include
peroxidases [Dowd and Johnson 2005] and RIPs [Dowd et al. 1998c, 2003, Nielsen et al.
2001]. When combined through crossing two lines of transgenic tobacco expressing each
gene individually, resistance appeared to be additively enhanced [Dowd et al. 2006a]. Further
challenges will include determining which genes to combine in the fewest number (for
regulatory purposes), but the most effective manner to match the benchmark set for European
corn borer control in maize using the CrylAb forms commercialized such as events Mon810
and Bt11. It is not inconceivable that these genes will all be discovered from the target plant
for insect resistance, but the challenge will be discovering the most effective alleles.

CONCLUSION

A variety of genes encoding plant proteins that confer resistance to various insect species
have been introduced into plants. Some of these proteins are active against multiple orders of
insects. In order to promote highly effective resistance, it is likely that genes coding for
different resistance proteins will need to be combined, and the challenge will be to determine
which combinations should be used. Combining genes from different functional classes may
be one solution to this quandry. Genome sequencing and array technology are likely to assist
in the discovery of suitable insect resistance genes, and molecular evolution techniques can be
used to further selectively modify resistance genes. Based on available information, in the
near future it should be possible to select genes that code for resistance to both insects and
fungi associated with mycotoxin problems, thereby ultimately resulting in higher yields and
safer foods for humans and animals.
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ALTERING PLANT SECONDARY METABOLISM TO
ACHIEVE BROAD SPECTRUM INSECT CONTROL AND
REDUCE MYCOTOXINS

Eric T. Johnson, Patrick F. Dowd and T. Scott Pinkerton

Crop Bioprotection Research Unit, USDA-Agricultural Research Service, 1815 N.
University St., Peoria, IL 61604, USA

ABSTRACT

Mycotoxins are toxic or carcinogenic compounds produced by fungi, including
Aspergilllus and Fusarium molds that colonize seeds of maize, cotton, peanuts or tree
nuts. Insect herbivory of plant tissue often enhances mold infection. Transgenic maize
expressing the Bacillus thuringiensis (Bt) toxin produce ears with lower mycotoxin levels
when the target insect pest is effectively controlled. However, Bt toxins are generally
species specific and therefore new transgenic strategies for broad insect control need to
be developed. The vast diversity of plant secondary biochemicals reflects the strategy of
non-motile plants to defend themselves from pathogens and animal herbivores. Research
in recent years revealed that many of these plant biochemicals are synthesized by a
number of enzymes that are coordinately regulated at the gene level by transcription
factors. Altering the expression of these transcription factors by genetic engineering
opens the possibility that these secondary biochemicals may be synthesized in specific
tissues to combat insect herbivory and reduce mycotoxin contamination. Alternatively,
well studied secondary biochemical pathways may be modified or transferred from one
plant species to another and tested for effective insect resistance. Transgenic
manipulation of secondary metabolism must be carefully considered because redirection
of plant energy reserves may hinder plant yield. The advent of genetic engineering and
advances in plant biochemistry has opened up the exciting possibilities of utilizing the
diversity of secondary biochemicals for protecting valuable crop commodities.
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INTRODUCTION

Plants synthesize primary metabolites (carbohydrates, lipids and amino acids) which are
crucial for their day-to-day survival and serve as chemical building blocks for higher
organisms. Plants also produce low molecular weight chemicals, the secondary metabolites,
which are also extremely important for the plant’s continued existence. Plants have developed
chemical defense measures, which generally include secondary metabolites, against
pathogens, competitors or herbivores. Nearly 100,000 secondary metabolites have been
discovered from the plant kingdom but only half of the structures are known [91]. Based on
their biosynthetic pathway, secondary metabolites can be classified into three major groups:
the alkaloids, the terpenoids, and the phenylpropanoids and allied phenolic compounds [18].
Terpenoids are derived from the five-carbon precursor isopentenyl diphosphate while the
alkaloids, which contain one or more nitrogen atoms, are primarily synthesized from amino
acids [18]. The phenolic compounds come from either the shikimic acid pathway or the
malonate-acetate pathway [18].

Biosynthesis of secondary metabolites from primary metabolites (such as amino acids)
usually requires a number of enzymatic steps. Each of the biosynthetic enzymes is expressed
in the cell to complete synthesis of the metabolite. In recent years, studies have documented
the presence of metabolic channels in cells where each biosynthetic enzyme in a particular
pathway is in close proximity to each other and biosynthetic intermediates can be passed
between from one enzyme to the other [56]. Coordinated biosynthesis of secondary
metabolite requires a constant level of each enzyme, which is regulated in part at the gene
level. Expressing a master regulator (i.e. inducer) of all the genes coding for enzyme of a
biosynthetic pathway would ensure that sufficient enzyme is present for secondary metabolite
production, and this regulator has been identified for a number of plant secondary metabolite
pathways [63;81;118]. However, it is also possible that the biosynthetic pathway is regulated
by a rate-limiting enzyme which itself is regulated at the gene or protein (e.g.
phosphorylation) level. Genetic engineering of a secondary metabolite is clearly more
straightforward with a known master regulator that controls the entire pathway, but
modulation of a key enzyme(s) that influences the levels or types of secondary metabolites
has been accomplished [22;77;103]. The greatest hindrance to the engineering of secondary
metabolites in plants is the limited knowledge of their biosynthetic pathway and incomplete
genetic characterization. Others have discussed the recent advances in secondary metabolite
engineering [39;118;125] but this review will focus on describing the few studies that have
engineered secondary metabolites for effective insect resistance. In addition, the potential for
engineering pathways for well characterized secondary metabolites for insect resistance will
be discussed.

ANTHOCYANINS AND FLAVONOIDS

While it is generally agreed that anthocyanins are synthesized in floral tissues to attract
pollinators [63], there is data to suggest that these pigments have other roles. Some have
postulated that the anthocyanins may protect plant tissues from light stress, or serve as
antioxidants or function as osmoregulators [16;41;113]. However, others have argued that
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anthocyanins may be part of a defense strategy against potential herbivores [78;104]. Studies
of 2 tree species found that leaf anthocyanins possibly play a role in herbivore protection
[58;105]. It may be possible that anthocyanins inhibit larval growth. Some anthocyanins from
cotton or petunia flowers can inhibit the development of insect larvae [46;52;53].
Transforming anthocyanin transcription factors into a variety of plants can potentially
determine whether they do serve as anti-herbivore molecules. Although the pap/-D mutant
overexpresses other molecules besides anthocyanins, the growth of first instar fall amyworms
was inhibited while eating papI-D leaves compared to wild type leaves [55].

The anthocyanin pathway has been well characterized both at the enzyme and gene level
[63]. The studies have demonstrated that anthocyanin and flavonoid biosynthesis is controlled
by a small number of master regulators that control multiple genes. For example, in maize,
the combination of a basic helix-loop-helix (BHLH) protein (R) and MYB (DNA-binding
protein encoded by avian myeloblastosis virus) like protein (C1) control transcriptional
activation of anthocyanin biosynthesis [38;76]. This combination of BHLH and MYB
proteins for control is not limited to a single plant genus, as the maize R and C1 combination
also functions in other plants to induce anthocyanin production [73]. In Arabidopsis thalliana
(Arabidopsis), a single MYB-like protein (PAP1) induces the production of anthocyanins,
lignins and flavonoids in all tissues [12].

The maize MYB protein P1 induces a secondary metabolite pathway distinct from
anthocyanins without the need for a BHLH protein [42]. The maize p/ transcription factor
regulates production of 3-deoxy anthocyanins, phlobaphenes (polymers of flavan-4-ols), and
C-glycosyl flavones [42]. A number of the biosynthetic steps regulated by p/ are also utilized
by anthocyanin biosynthesis [42]. In silks, p/ induces the biosynthesis of maysin (Figure 1), a
C-glycosyl flavone that inhibits the growth of corn earworm larvae [14]. Corn lines that have
high levels of maysin in silks usually have red kernels colored by phlobaphenes, which are
generally not preferred by consumers. Transgenic expression of p/ in silks by a putative silk-
specific promoter induced maysin synthesis and increased resistance to first instar corn
earworm larvae [54]. However, browning of the transgenic kernels was observed, which
indicated that the gene promoter utilized was not tissue specific [54]. This study demonstrated
that engineering a transcription factor to produce secondary metabolites (maysin) can increase
insect resistance, but tissue specific expression is dependent on effective selective gene
promoters.

Isoflavonoids are a group of secondary metabolites produced primarily in legumes, where
they are responsible for interactions with microbes [5;101]. Studies have demonstrated that
some isoflavonoids act as deterrents, toxins or growth inhibitors to a variety of insects
[65;95;107;126;131]. Some isoflavonoids are synthesized by isoflavone synthase from
naringenin, which is also a precursor molecule of anthocyanins [72]. The cloning of
isoflavone synthase has enabled the metabolic engineering of isoflavones in both legume and
other plant species [20;72;111;117]. Induction of the phenylpropanoid pathway in soybean by
maize R and C1 transcription factors and concurrent suppression of flavonone 3-hydroxylase
(F3H) activity (by expressing the F3H gene in between synthetic inverted repeat sequences)
effectively blocked anthocyanin production and increased isoflavone levels [132]. The
success of these transgenic plant studies indicate that experiments can be performed to test the
effects of elevated levels of isoflavonoids on insect larvae. The non-legume transgenic plants
(tobacco, petunia and lettuce) engineered with soybean isoflavone synthase all produced
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genistein. Genistin (Figure 1), a glucoside of genistein, was implicated in resistance to
Anticarsia gemmatalis, a pest of soybean [95].

a-Rhamnosyl

°

OH

genistin

rutin

Figure 1. Representative phenolics.

Rutin (quercetin 3-rutinoside, Figure 1), a flavonol glycoside, has deleterious effects on a
number of insect species [10;27;49;50;112] but does not appear to affect Manduca sexta or
Heliothis virescens [7]. Experiments have demonstrated that rutin oxidized by peroxidases or
tyrosinases (which may occur upon herbivore attack) could be the insect toxic molecule [25].
Chalcone isomerase (CHI) catalyzes the reaction of chalcone to (2S)-naringenin [70]. Levels
of rutin in transgenic tomato fruit peel were improved up to 78 fold over control fruit peels by
the overexpression of petunia CHI [83]. Overexpression of Saussurea medusa (a Chinese
medicinal plant) CHI in tobacco plants increased leaf rutin levels [70]. CHI overexpression
enhanced floral levels of flavonoids (which includes rutin), but not anthocyanin content,
which indicates the presence of an unusual regulatory mechanism [70]. No other flavonols or
isoflavones were measured in the CHI overexpressing leaves [70]. Unfortunately, none of the
CHI overexpressing tissues mentioned above have been tested for insect resistance.
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Alkaloids

Alkaloids encompass a wide variety of secondary metabolites in 20% of all plants [101].
The current definition includes all nitrogen-containing compounds that are not classified as
non-protein amino acids, amines, cyanogenic glycosides, glucosinolates, peptides, cofactors,
phytohormones, purines or pyrimidines [101]. Alkaloids are classified into 12 groups based
on their chemical structure, and many of them have activity against insects [101]. Unlike
phenolic compounds, there is no general or common alkaloid biosynthetic pathway [101].
Thus the entire or partial biosynthetic pathway of an alkaloid with insect bioactivity would
need to be engineered into crops depending on whether the crop of interest is capable of
synthesizing some types of alkaloids. Biosynthetic pathways of indole (vinblastine,
vincristine and captothecin), tropane (atropine, cocaine), pyridine (nicotine), benzylquinoline
(morphine, codeine) and benzoxazinoid alkaloids have been fairly well elucidated, but some
enzymatic steps are still unknown and very few transcription factors have been identified
[39]. In addition, studies determined that biochemical regulation of the indole alkaloid
pathway was complex, with intermediates being transported among membrane components,
cells and tissues [93]. This makes the prospect of transfer of entire alkaloid pathways to crops
that do not produce alkaloids difficult with current knowledge and technology.

The existing understanding of alkaloid biosynthesis and availability of genes can still be
exploited for use in crop resistance. Two studies examined the transgenic production of the
terpenoid indole alkaloid (TIA) precursor tryptamine (Figure 2) in tobacco and poplar
[35;36]. Tryptamine is synthesized from tryptophan by tryptophan decarboxylase [36].
Products of this single gene addition significantly inhibited the growth of two different insect
larvae [36]. Though not tested for insect resistance, transgenic petunia plants with elevated
tryptamine levels have also been made [116]. These studies demonstrate that elevated levels
of some alkaloid biosynthetic intermediates can have detrimental effects on insect growth.
Experiments manipulating levels of different alkaloid biosynthetic intermediates for insect
resistance may be worth pursuing provided levels of primary metabolites are not significantly
compromised.

The benzoxazinoids (Bx) are alkaloids produced in grasses (rye, wheat and maize) that
act as defensive compounds against pathogens and insects [86]. 2,4-dihydroxy-7-methoxyl-
1,4-benzoxazin-3-one (DIMBOA, Figure 2) is the predominant Bx of maize and is stored as a
glucoside in the vacuole [119]. DIMBOA has a broad range of activity, affecting bacteria,
fungi and insects such as the corn borer and aphid [80]. When plant tissue is ruptured,
DIMBOA glucosides are hydrolyzed by resident B-glucosidases [90] producing DIMBOA
aglycones, which have lethal and antifeedant effects on insects [62;87]. A number of studies
determined that DIMBOA levels are highest in young seedlings but then decline as the plant
ages [8;15;61]. The decline in DIMBOA levels parallels changes in resistance to some maize
feeding insects; most strains of maize are resistant to first brood European corn borer larvae
as seedlings but most strains lose this resistance as the plant matures [61]. Significant
correlations were found between first brood European corn borer larvae resistance and Bx
levels in maize [60]. The pathway of DIMBOA biosynthesis has been elucidated and all of
the structural genes (Bx/ through Bx6) of the pathway have been cloned [30;31]. It would be
technically challenging to transform the entire pathway into a crop using robust promoters for
each biosynthetic gene. A more promising approach may utilize genomics to identify possible
transcription factors that regulate the entire pathway.
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Figure 2. Representative alkaloids, alkaloid precursor, and a cyanogenic glucoside.

Tryptophan plays an important role in plants not only as an amino acid for protein
production, but also as a precursor for indole and quinoline alkaloids [101]. Tryptophan
biosynthesis plays a key role in the synthesis of DIMBOA [80]. A key point of metabolic
control of tryptophan and related compounds is the enzyme anthranilate synthase (EC
4.1.3.27), which converts chorismate to anthranilate [134]. Anthranilate (Figure 2) is a
precursor for acridone and furoquinoline alkaloids that are found mainly in the Rutaceae
family [11;99]. Anthranilate synthase enzymatic activity is allosterically controlled by
tryptophan levels. Two genes have been identified in Arabidopsis as encoding anthranilate
synthase and one of those genes, ASA/, has been shown to be induced by wounding and
bacterial pathogen infiltration [88]. Mutations in anthranilate synthase that can abolish
allosteric control can lead to an increased amount of tryptophan as well as the accumulation
of derivatives of anthranilate. Several plant antranilate synthase mutants have been identified
[89;128;129]. Among the phenotypes associated with anthranilate synthase mutations is blue
fluorescence due to the accumulation of anthranilate and related compounds. Maize seeds of
an L289x1205 cross were exposed to radiation from a nuclear test in 1946 and several mutants
were described by Teas and Anderson, including two with a blue fluorescence phenotype
[115]. One of these mutants, bf-1, is characterized by blue fluorescence in seedlings and
anthers under UV illumination, and by volatiles producing a characteristic grape-like odor
due to the accumulation of anthranilate derived compounds [84]. The mutant is also resistant
to feedback regulation of tryptophan biosynthesis by tryptophan [108]. Sequencing of cDNA
from bf-1 plants showed a point mutation in a conserved chorismate binding region of the
anthranilate synthase o subunit which caused a leucine to proline shift at amino acid residue
531 [94]. This mutation is unique compared to other observed mutations in plant anthranilate
synthases that convey resistance to feedback inhibition of tryptophan biosynthesis. The bf-1
anthranilate synthase with an added c-terminal myc epitope tag was cloned into the plant
expression vector pAHC25 and transferred into maize line Hill by particle bombardment
[94]. The transgenic plants expressing the bf-/ mutant anthranilate synthase did not show the
strong odor phenotype associated with the bf-/ mutant plants and only mild fluorescence was
observed in some transgenic plants [94]. Callus derived from a transgenic line did show
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resistance to the anthranilate synthase inhibitory compound 6-methyl anthranilate [94].
Similar blue fluorescent mutants in Arabidopsis thaliana have been shown to be dependant on
an UDPglucose:salicylic acid glucosyltransferase [97]. Currently we are working to
characterize the maize version of this enzyme and another potential modification enzyme,
salicylic acid carboxymethyl-transferase, which transfers a methyl group from s-
adenosylmethionine to salicylic acid and related compounds (benzoic acid and anthranilic
acid) to form methyl esters [67]. The action of these enzymes could explain the presence of
both methyl anthranilate and anthranilate-glucose conjugate in the 5f-/ mutant. Work on these
enzymes is also of interest because of the recent discovery that methyl salicylate and the
salicylic acid carboxymethyltransferase are critical components of the plant systemic acquired
resistance pathway in tobacco [92].

Field assays with three different lines of bf-/ indicated reduced feeding by flea beetles
compared to other inbreds and commercial hybrids of the same age growing in the same field
(Dowd, unpublished results). Laboratory assays with leaf sections from 3 leaf plants indicated
the bf-1 line tested had significantly less feeding by fall armyworms compared to other lines
including its original source hybrid, plus Oh43, Hi-II, 1205 and L289 (Dowd, unpublished
results). Assays with transformed plants using the mutant bf~/ gene indicated feeding was
significantly inversely correlated with transgenic protein expression levels for corn earworms,
and the same trend was noted with fall armyworms [24]. Diet incorporation assays indicated
that diet containing 1% methyl anthranilate was significantly active against corn earworms
and fall armyworms, causing 100% mortality in both species, and significant feeding
reductions occurred when methyl anthranilate was at 0.1% in diet (Pinkerton and Dowd,
unpublished results). Although no significant mortality was noted, anthranilic acid caused
significant reductions in growth for both corn earworms and fall armyworms at 1% in diet
(Pinkerton and Dowd, unpublished results).

Terpenoids

Terpenoids are used for a wide range of commercial applications such as flavoring
agents, pharmaceutical, perfumes, insecticides and anti-microbial agents [3]. They are
synthesized by the melavonate pathway in the cytosol or the Rohmer (non-melavonate)
pathway in plastids. Addition of isopentenyl diphosphate groups to dimethyl allyl
diphosphate builds geranyl diphosphate (C10), farnesyl diphosphate (C15) or geranylgeranyl
diphosphate (C20). Terpene synthases or cyclases then convert these building blocks to the
C10 monoterpenes, C15 sesquiterpenes, or C20 diterpenes. Chloroplasts are the site of
monoterpene and diterpene biosynthesis while sesquiterpene biosynthesis occurs in the
cytosol [3].

Some diterpenes and sequiterpenes kill insects or inhibit their growth [101], but
biosynthetic modifications to monoterpene biosynthesis are the easiest to modify by current
technologies (see below). Therefore this review will briefly highlight some of the ways in
which monoterpenes help plants fight insect attack. Volatile monoterpenes can act as insect
repellents. Pure 1,8-cineole is a repellent of mosquitoes, confused flour beetles, and the
American cockroach [101;122]. The bicyclic monoterpene isoborneol repels subterranean
termites when applied to soil [9]. A number of monoterpenes (e.g. (£)-linalool (Figure 3) and
(x)-camphor (Figure 3)) from Artemisia vulgaris successfully repelled mosquitoes [51].
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Monoterpenoids can also be feeding deterrents. Limonene (Figure 3) and pulegone (Figure 3)
are feeding deterrents to cat fleas (Ctenocephalides felis) and fall armyworm (Spodoptera
frugiperda), respectively [101]. Verbenone suppressed the feeding of the pine weevil [71]
while both S (+) and R (-) carvone had antifeedant activity against the pales weevil [102].
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Figure 3. Representative terpenoids and a glucosinolate.

The pyrethroids from Tanacetum species are insect neurotoxin terpenoids that affect a
wide range of insect species (including caterpillars, beetles and flies) but are rapidly
metabolized and excreted in mammals [47]. Pyrethroids are unstable in air and light and thus
synthetic pyrethroids (e.g. allethrin) that are more stable have been developed for commercial
production [101]. The gene for the first reaction of pyrethroid biosynthesis has been cloned
[98], but the genes for the remaining 2 reactions to the insect active compound chrysanthemic
acid (Figure 3) have not been isolated. Monoterpenoids, especially pulegone, caused mortality
of larvae of Ostrinia nubialis when incorporated into artificial diet or when added to the diet
surface [68]. Pulegone can also inhibit the larval growth of Spodoptera eridania [45].
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Efforts to modify terpenoid levels by genetic engineering have been most successful
when monoterpene synthases were overexpressed, which increased and/or modified
monoterpene profiles [3]. For example, Arabidopsis leaves emit traces of only one
monoterpene, limonene [3]. When transformed with a strawberry nerolidol synthase 1 gene
targeted to plastids, transgenic Arabidopsis leaves emitted high levels of linalool, in some
lines reaching ~7-13 pg day™ plant "' [2]. In addition, the monoterpene profiles of a number
of other plants have been modified, including petunia, tobacco, carnation, tomato and potato
[3;66;69;74;75]. In the tobacco study, three different lemon monoterpene synthases were
transformed into tobacco and then combined into one line by breeding to produce a plant that
had higher levels of volatile monoterpenes than wild type plants [75].

Manipulation of monoterpenes for insect resistance is attractive because many important
crops, including maize, wheat and rice all synthesize terpenoids and therefore have the basic
building blocks of monoterpenoids available in either the cytosol or plastids [17;37;121]. On
the other hand, plants that produce high levels of monoterpenes (e.g. mint) store these
compounds as oil blends in glandular trichomes [13], presumably to reduce volatility and
avoid cytotoxicity. Plants that produce low levels of monoterpenes may have difficulty in
storing elevated levels of these compounds. For example, some transgenic potato plants
expressing high levels of the strawberry nerolidol synthase 1 gene exhibited bleaching under
greenhouse conditions [3]. It remains to be tested whether elevated levels of monoterpenes
that preserve plant morphology and yield will have better insect resistance.

A number of volatiles are emitted by plants after attack to attract predators or parasitoids
of herbivores, which is termed “indirect defense” [21]. For example, a blend of volatiles,
primarily composed of terpenes, is produced by maize after attack by Spodoptera larvae,
which causes parasitic wasps (Cotesia marginiventris) to oviposit on the larvae [123;124].
The blend of maize volatiles varies among maize varieties, which has made identification of
the bioactive volatile(s) difficult [40]. Rice plants also emit a blend of sesquiterpenes after
treatment with methyl jasmonate, which mimics insect attack [17;79].

The identification of many terpene synthases in recent years has led to the transgenic
manipulation of volatile production for indirect defense. The maize terpene synthase clone 10
(tps10) catalyzes the conversion of farnesyl diphosphate into a blend of (E)-B-farnesene, (£)-
a-bergamotene, and 7 other minor products in a bacterial system that mirrors the terpene
profile of insect damaged maize B73 plants [106]. When ps/0 was transformed into
Arabidopsis, the same volatile mixture described above was produced by the rosette leaves
and successfully attracted female parasitic wasps (C. marginiventris) that had a previous
experience of finding host larva on the #ps/0 transgenic leaves [106]. Another group
transformed Arabidopsis with a strawberry nerolidol synthase gene which produced the
homoterpenes (35)-(E)-nerolidol and 4,8-dimethyl-1,3(E),7-nonatriene in some of the primary
transformants [57]. These transgenic plants attracted carnivorous predatory mites
(Phytoseiulus persimilis) which can benefit plants under herbivore attack [57].
Overexpression of OsTPS3 (rice sesquiterpene synthase 3) in transgenic rice resulted in more
(E)-B-caryophyllene after methyl jasmonate treatment which attracted more parasitoid wasps
(Anagrus nilaparvatae) than wild type plants [17]. While these studies certainly indicate that
induced volatile blends can be changed via transgenic methodology to attract beneficial
insects, it remains to be determined if indirect defense is a viable strategy in commercial crop
protection.
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Glucosinolates

These compounds, produced mainly by members of the Brassicaceae, contribute to the
unique flavors and aromas of cruciferous vegetables [43]. In addition, glucosinolates are
involved in plant defense, auxin homeostasis, and can prevent cancer in humans [43]. The
core glucosinolate structure is synthesized from certain amino acids that have a beta-
thioglucosyl residue attached to the original alpha-carbon to create a sulfated ketoxime (see
Figure 3). Side chain modification and elongation of the amino acid contributes to ~120
known glucosinolate structures [28]. Glucosinolates are normally stored in vacuoles, and cell
rupture leads to contact with beta-thioglucosidases called myrosinases [43]. The degradation
of glucosinates leads to the creation of bioactive compounds such as isothiocyanates,
thiocyanates, nitriles (with B-hydroxylated side chains), and epithionitriles that protect against
herbivores and pathogens [101]. For example, isothiocyanates reduce the survival and growth
of Pieris rapae, an herbivore of plants of the Brassicaceae family, in a dose dependent
manner [1]. Glucosinolates also interfere with insect oviposition and egg hatchability, act as
phagostimulants for insects adapted to plants of the Brassicaceae, deter feeding of insects, and
are toxic to some insects that don’t feed on crucifers [101].

Glucosinolates, their biosynthetic pathway, and quantitative trait loci have been
extensively studied in Arabidopsis [44;127;135]. Most of the biosynthetic steps of the core
glucosinolate structure have been identified [44]. In addition, a number of gene regulators of
the pathway have also been identified [32-34;48;109]. If these Arabidopsis regulators
function similarly in other species in the Brassicaceae, it may be possible to increase the
levels of glucosinolates in important Brassica crops like radish, mustard and rapeseed.
Transferring the entire core glucosinolate pathway (once it is fully identified) to non-Brassica
species in the future may be possible. However, synthesized glucosinolates would need to be
properly transported to the vacuole for storage and glucosinolate vacuolar transporters have
yet not been identified [43]. In addition, a suitable myrosinase gene would also need to be
transformed into the non-Brassica species and expressed in such a manner that it would not
come in contact with glucosinolates. Studies of Brassica napus demonstrated that
myrosinases were stored in idioblasts called myrosin cells, which were found in all plant
organs [4]. Localization of glucosinolates is not as well studied, but it is clear they are stored
in vacuoles and not in myrosin cells [4;59]. Strategies for differential storage of
glucosinolates and myrosinase need to be identified before glucosinolates can be utilized in
plants outside of the Brassicaceae.

Cyanogenic Glucosides

Cyanogenic glucosides (CG; see example of dhurrin, Figure 2) are derived from amino
acids that release glucose, a ketone or aldehyde, and toxic HCN when hydrolyzed by specific
B-glucosidases followed by hydroxynitrile lyase [82;101]. CGs are synthesized in the
cytoplasm and stored in the vacuole. To avoid initiating hydrolysis, the CGs and hydrolyzing
enzyme are usually stored in different cells; in sorghum the CGs are stored in epidermal cells
while the degrading enzyme is in adjacent mesophyll cells [101]. Hydrolysis can occur under
conditions of herbivory, trampling, heat or frost where cellular integrity is compromised

[101].
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At least 75 different CG have been identified from some 2650 plants, including ferns,
gymnosperms, and the angiosperms [101]. Important crop plants containing CGs include
sorghum, almond, lima bean, white clover and cassava. Cassava tubers are a major food
staple in developing countries. Because the CGs are heat stable, grinding or grating of cassava
tubers are necessary for the CGs to come in contact with the f-glucosidase and release the
toxic HCN [96]. The free HCN can then be removed by water, cooking, air-drying or sun-
drying [96]. CGs are converted to thiocyanates in mammals. Chronic ingestion of CGs
coupled with iodine deficiency can lead to goiter and cretinism because thiocyanates interfere
with iodine uptake by the thyroid gland [100]. Future biotechnological strategies to utilize
CGs for insect resistance in crop plants must consider the necessary post-harvest treatments.

CG adapted insects can sequester CGs, detoxify the released HCN using 3-cyanolalanine
synthase or inhibit CG hydrolysis through insect produced B-glycosidases [101]. CGs are
toxic to non-adapted herbivores, primarily through cyanide inhibition of cytochrome oxidase
and other respiratory enzymes [101]. There is some evidence to suggest that hydrolyzed
ketones and aldehydes of CGs can also be toxic [110]. The presence of CGs in different lines
of Trifolium repens caused various grasshoppers, aphid, slugs, snails and deer to prefer
acyanogenic lines [26]. HCN release rates from sorghum leaves depend on plant age, variety
differences and other environmental conditions [130]. For example, Locusta migratoria will
often reject young sorghum leaves but eat older leaves because of differential HCN release
rates [130].

Biosynthesis of the CGs have been clearly elucidated in Sorghum bicolor, which
produces the CG dhurrin (Figure 2) using 3 enzymes that have been genetically identified [6].
The entire dhurrin biosynthetic pathway was engineered into Arabidopsis and the transgenic
plants accumulated dhurrin up to 4% dry weight [114]. The cruciferous flea beetle P.
nemorum was significantly deterred by dhurrin accumulating plants in choice tests comparing
wild type tissue [114]. In addition, most flea beetle larvae died while feeding on the dhurrin
accumulating Arabidopsis [114]. The three genes for dhurrin biosynthesis were also
transformed into grapevine hairy roots that produced up to 100 mg HCN kg™ fresh weight
[29]. However, specialist root-sucking insects (Daktulosphaira vitifoliae) fed on the
cyanogenic transgenic roots and control roots equally well; the authors speculated that higher
levels of dhurrin may be necessary for resistance, but only 1 insect species was tested [29].
The successful transformation of the dhurrin biosynthetic pathway from sorghum to two
distantly related plants indicates that economically important crops could be transformed as
well. The only limitation to development could be the post-harvest treatment necessary for
cyanogenic plant tissue that is consumed by humans. Alternatively, the dhurrin biosynthetic
pathway could potentially be expressed in tissues (by tissue-specific gene promoters) that are
susceptible to insect attack but are consumed in small amounts by humans (e.g. maize husk,
silk or tassel).

SECONDARY METABOLITES AND PLANT PERFORMANCE

Manipulation of secondary metabolites to enhance insect resistance can potentially hinder
other aspects of plant growth and development. However, only a handful of studies have
actually measured the metabolic costs of secondary metabolism. As mentioned above, the
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Arabidopsis pap1-D mutant overexpresses a MY B-like transcription factor that results in the
induction of anthocyanins, lignins and flavonoids in all tissues [12]. More recent and
extensive analysis of around 1800 metabolites of wild type and pap/-D mutant plants found
that there were only slight differences in the metabolic profile between wild type and the
papl-D mutant apart from the substantial increase in anthocyanins and flavonols [120]. The
more recent analysis [120] does not indicate changes in lignin accumulation between wild
type and papI-D plants while the earlier analysis demonstrated the pap!-D mutant produces
more lignin [12]. Transcriptome analysis revealed that 38 genes were induced by PAP1
transcription factor [120]. Surprisingly, there were no significant differences in the levels of
16 amino acids, or 12 sugars and anions between wild type and papI-D plants that had been
grown in vermiculite for 4 weeks or in sterile culture media for 3 weeks [120]. In addition,
there were no changes in levels of phenylalanine between wild type and the pap/-D mutant,
which indicates that the pools of free phenylalanine were sufficient for the enhanced
anthocyanin and flavonol production [120].

Similar results were found for Arabidopsis plants engineered with 3 sorghum genes that
synthesized the CG dhurrin up to 4% of the leaf dry weight [64]. The first step of dhurrin
biosynthesis utilizes tyrosine, and no significant changes in the free amino acid pools were
found between ~30 day old wild type and dhurrin-producing transgenic plants [64]. Analysis
of small and global microarrays found very few changes in gene expression between the wild
type and dhurrin-transgenic plants [64]. The small metabolic changes observed in the dhurrin
transgenic plants may be due in part to the ability of the enzymes of these biosynthetic
pathways to form metabolons, which are multiprotein complexes that effectively channel
pathway intermediates from one enzyme to the other as discussed above. Recent studies
found that the enzymes of the dhurrin biosynthetic pathway do form a metabolon [85].
Arabidopsis plants transformed with only the first 2 genes of dhurrin biosynthesis were
stunted and displayed pronounced changes in the transcriptome and metabolome because of
the necessary detoxification of p-hydroxymandelonitrile, a dhurrin pathway intermediate [64].
In the future, it may be possible to transform crop plants with multistep biosynthetic pathways
from heterologous species, as achieved with the dhurrin pathway. Changes to the host
transcriptome and metabolome can potentially be minimized by assuring that the donor
pathway forms a biosynthetic metabolon and does not “leak™ metabolites.

In our studies of the Arabidopsis pap/-D mutants, we grew plants with solid purple
leaves as well as leaves that only had purple veins, which suggested that some genetic
changes had occurred in some progeny of the original mutant [55]. We found the plants with
purple-veined leaves produced similar numbers of inflorescences but significantly fewer
siliques compared to wild type plants [55]. The solid purple plants produced significantly
fewer inflorescences and siliques compared to wild type plants [55]. These findings suggest
that the significant production of phenylpropanoid metabolites in the solid purple papi-D
plants lowered plant productivity. Perhaps the increased demand for protein deposition in
seeds and the continued production of phenylpropanoid metabolites directed by the PAPI
transcription factor begins to deplete the free amino acid pool in late plant development and
requires the catabolism of protein or more amino acid synthesis from photosynthate. Based on
the number of days (~53) from sowing to flowering of the Arabidopsis Columbia ecotype
[19], we presume that the metabolome-analyzed Arabidopsis (Columbia ecotype) wild type
and papl-D plants [120], which were metabolically similar apart from anthocyanin and
flavonol production, were likely not flowering at the time of leaf analysis. Therefore it
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remains to be determined if flowering and subsequent seed set significantly alters metabolism
in the pap1-D mutants. In any case, if secondary metabolism is manipulated in any tissues of
crop plants for insect resistance, metabolic studies will need to be measured to ensure that
primary metabolism is not compromised.

CONCLUSION

As demonstrated from this short review, there is wide diversity of plant secondary
metabolites that can potentially serve as insect resistant molecules. The advantage to studying
these secondary metabolites lies in the fact that we are simply trying to identify and utilize the
chemical resources that nature has developed over the millennia. The greatest hindrance to
utilizing these secondary metabolites is the lack of knowledge of the basic biochemistry of
their biosynthesis. Once the biosynthetic enzymes and genes are identified, the pathways may
be transformed into model species or the crops themselves. We imagine that as technology
improves in the next decade that it will be easier to transform plants with entire biosynthetic
pathways. Two metabolic studies of transgenic plants demonstrated that secondary
metabolism could be manipulated with very little cost to primary metabolism, but neither of
these studies documented the metabolome as the plants shifted their resources into
reproduction. Alternatively, if secondary metabolites are identified that are highly toxic to
insects and not vertebrates, it may be possible to express them in plants at levels that do not
incur a heavy metabolic cost. In addition, some secondary metabolites, such as anthocyanins
[133], can benefit human health while potentially reducing insect damage. Reductions in
insect herbivory in crops susceptible to fungal colonization (e.g. maize expressing Bacillus
thuringiensis crystal protein) can result in lower levels of mycotoxins that are harmful to
humans [23]. We believe that the utility of secondary metabolite engineering will greatly
benefit agriculture in the future.
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Chapter 8

GENE UP-REGULATION BY DNA DEMETHYLATION IN
35S-GSHI TRANSGENIC POPLARS
(POPULUS X CANESCENS)

G. Gyulail * Z. Toth', A. Bittsanszky L2 G. Gullner’, Z. Szabd’,

J. Kiss', T. Kémives’ and L. Heszky'
'St. Stephanus University, Institute of Genetics and Biotechnology,
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*Plant Protection Institute, Hungarian Academy of Sciences,
Budapest, H-1525, Hungary

ABSTRACT

Gene expression levels of transgene 35S-gshl (y-glutamylcysteine synthetase) cloned
from E. coli, and the endogenous gene gshl of poplar (Populus x canescens) were up-
regulated by the DNA demethylating agent DHAC (5,6-dihydro-5'-azacytidine
hydrochloride) (10™* M for 7 days) in aseptic leaf discs cultures. Two 35S-gshl-transgenic
(6lgl and 11ggs) and wild type (WT) poplar clones were used. The efficiency of gene
upregulation was also analyzed under herbicide paraquat stress (4 x 107 M). Levels of
gshI-mRNA and gshl-mRNA were determined by RT-qPCR (reverse transcriptase
quantitative PCR) after cDNA synthesis. For internal control, the constitutively expressed
housekeeping poplar genes a-tubulin and actin were used, and the 27**“' method was
applied for data analysis. In long term DHAC treatment (21 days), a morphogenetic
response of de novo root development was observed on leaf discs in a wide concentration
range of DHAC (10 to 10 M). Adventitious shoots (11ggs clone) also emerged from
leaf discs after a combined treatment with DHAC (10 M) and paraquat (10”7 M). Shoots
were dissected, rooted and transplanted in glass houses for further analyses for
phytoremediation capacity. Since DNA methylation patterns are inherited (epigenetic
memory), these poplar plants with increased gene expression levels of both transgene
35S-gshl and endogenous gene gsk1 provide novel plant sources for in situ application.

* e-mail: gyulai.gabor@mkk.szie.hu.
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ABBREVIATIONS:
5-mC: S-methylcytosine;
AdoMet: S-adenosyl methionine dependent methyltransferases;
C: cytosine nucleotide of DNA;
BA: benzyl adenine;
cDNA: copia DNA,
DHAC: 5,6-dihydro-5'-azacytidine hydrochloride;
E. coli: bacterium Escherichia coli;
GMO: genetically modified organism;
v-ECS: v-glutamylcysteine synthetase enzyme encoded by gene gsh;
GSH: glutathione tripeptide (y-L-glutamyl-L-cysteinyl-glycine);
MTases: DNA methylmransferases;
NAA: naphthalene acetic acid,;
PCR: polymerase chain reaction;
NTC: non template control;
PQ: paraguat (N,N'-Dimethyl-4,4"-bipyridinium dichloride; syn.:
methylviologen);
RT-qPCR: reverse transcription based guantitative PCR;
rbceS: gene for RBCS (syn.: RuBPCase SSU, ribulose-1,5-bisphosphate
carboxylase small subunit);
TGS: transcriptional gene silencing;
PTGS: post-transcriptional gene silencing;

6lgl and 11ggs: gshl-transformed poplar (Populus x canescens) clones;
WT: wild type.

INTRODUCTION

Poplars (Populus ssp) are capable of removing and degrading toxic substances and heavy
metals from polluted soils through phytoremediation due to the extensive root system, high
water uptake capacity, rapid growth and large biomass production (Kémives et al. 1998;
Burken and Schnoor 1998; Di Baccio et al. 2003; Gyulai et al. 2005). The oxidative stress
tolerance capacity of Populus x canescens clones has been significantly increased recently by
genetic transformation with the 35S-gshl gene, which encodes for y-glutamylcysteine
synthetase (y-ECS, EC 6.3.2.2) (Leple et al. 1992; Arisi et al. 1997; Noctor et al. 1998)
cloned from E. coli (Watanabe et al. 1986; NCBI X03954). The transformed poplar clones
(6/gl and 11ggs) showed higher levels of GSH and its precursor of y-L-glutamyl-L-cysteine
(y-EC) than the WT, which led to an improved detoxification capacity against various
environmental pollutants (Noctor et al. 1998; Peuke and Rennenberg 2005).

Transgenic clones (6/gl and 11ggs) studied have been maintained in aseptic shoot
cultures for about a decade without 35S-gshl transgene elimination (Gyulai et al. 2005;
Bittsanszky et al. 2006). However, transgenes have been exposed to gene silencing processes
either in the region of the constitutive CaMV-35S promoter, or in the coding region of the
genes. The CaMV-35S promoter is considered to be a constitutive promoter; nevertheless its
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expression might be modulated by photoperiod, temperature, developmental stages and DNA
methylation (Benfey and Chua 1990; Zardo ef al. 1999; Schnurr and Guerra 2000; Obertello
et al. 2005; Yang et al. 2005). By the application of a DNA-demethylation treatment, as in the
study presented here, this natural gene silencing process can be reversed.

DNA Methylation:

DNA methylation of plant genes is a general endogenous process for gene silencing
catalyzed by nuclear enzyme family MTases (DNMT - DNA methyltransferases in mammals;
and DNMT-orthologue MET - methylfransferases, CMT - cytosine methylfransferases, and
DRM in plants). These enzymes transfer a methyl group (CH;) mainly from S-adenosyl
methionine (AdoMet-dependent methyltransferases) either to the position of cytosine-Cs (EC
2.1.1.73), cytosine-N4 (E.C. 2.1.113) or adenine-Ng of DNA (E.C. 2.1.2.72) (Pésfai et al.
1989; Cheng and Roberts 2001; Vaucheret 2006). The cytosine methylation to 5-
methylcytosine (5mC) is the most frequent process resulting in down regulation of both genes
and transgenes. DNA methylation is frequently directed by RADM (RNA-directed DNA
methylation) (Linn et al. 1990; Kumpatla et al. 1997; Castilho et al. 1999; Mathieu and
Bender 2004).

Genetically, DNA methylation patterns are associated with two types of gene silencing in
plants, the franscriptional gene silencing (TGS) caused by methylation in the promoters of
genes, and the post-franscriptional gene silencing (PTGS; called RNA interference in animals,
RNAI) caused by methylation in the coding region of genes (Elmayan and Vaucheret 1996;
Kooter et al. 1999). DNA methylation is not universal, as in the insect fruit fly Drosophyla
where is does not occur (Hirochika et al. 2000). The meiotically heritable TGS (Park et al.
1996) results in methylation ’inprints’, whereas PTGS, which is not heritable, affects the
stability of the RNA transcripts, at a translational level under the control of RNAi (Napoli et
al. 1990; Krol et al. 1990; Fire et al. 1998; Agrawal et al. 2003). The PTGS (RNAI) system
allows cells to control endogenous nucleic acids (e.g. transposons) and exogenous (e.g. virus,
transgenes) invaders (Vaucheret 2006).

DNA methyltransferases can be blocked exogenously by MTase-inhibitors, which act via
covalent complex formation (Wolfe and Matzke 1999; Fan et al. 2005) when present either in
the cytosol or when incorporated into DNA (as base analogues) resulting in gene reactivation
(Bird 2002; Issa and Kantarjian 2005). Gene reactivation through the application of thymidine
analogues can also occur in demethylation-independent gene up-regulations (Fan et al. 2005).

The study presented here aims to achieve the simultaneous analysis of gene up-regulation
of both the prokarytic gene 35S-gsAl and the endogenous eukaryotic poplar gene gsi1 of two
35S-gshl-transformant (6/g/ and 11ggs) poplar clones (Leple et al. 1992; Arisi et al. 1997,
Noctor ef al. 1998) and the WT, in response to DHAC-treatment (10 M) combined with
paraquat (4 x 10”7 M) stress.
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(6661 11eH) wesoxd iipgorg Aq pazAjeue a1om (L661

Ip 12 [YDSIY) Saseqeiep [FON Ul PUnoj saouanbag “pajesrpur a1e SuonmIsqns dproa[onu (xoq pal proe oullie) SNOWAUOUAS-uou pue SNOWAUOUAS *(MO0[2q)

saouanbos (g) proe ourwe paje[suer) yim paudie (-

1pavyuia.L spuowopluvyy?) ed[e ‘(y1 — |

L1) Bypzoyps i pue (‘91) 1702 viyoLaydss Jo saokrexold Jo sy NO-1¢s3 sno3ojowoy-uou oy} pue (‘1)
) syuerd yo (soury doy) syopdin VN O-1%53 Jo (3u G 1) sited Jo apeys xoq pue syudwugie souonbas odnnyy 1 gy

®Tv sAT oxg 3sW x4s dig Bav ey zss Bay Bbav Ao 795 bay dig Bav sAD Bavy 195 Iyl STI Iyl sAD eIV 0Ig oug bav bav sko uTo eIV STI 295 bay sAT neT TeA A1o 295 oTI Bav  (dq 955T)  (£8L0004D)
909 ¥OY 920 SI° D" 9L 9OY DD " 'Y ¥HD 9OV DDD IDL IO 9OIL "9D DOL 09D "OI I°Y ¥'Y IOV DOL 9°9 9°D "°L VD" VOV DD “¥D ID° DI¥ IDL 09D V¥ ¥'° IL° OVD 901 "'V ¥ "s z930BQOISIUF LT
3I9W NST BTY --- IS OTI TeA eTY 9§ bay sAT A19 z9s stH dxy uro sAD neT I9s OTI Iyl Iyl sAD BTV 03g oYd --- sAT sAD pum Bay eTy IyL eTY OTI --- pudm AT9 sAT Tea oTI sAD Bay s&T neT ety dsy oz ayy neT (dq 8602) (vS6€0X)
©°* 9L' 909 9°D IOL VL' ©°9 99 ‘'Y ¥9D OWY D99 IOL LD 99I WD O9L IO OL LIV VOV IOV D9L 9°9 9°D 'L ¥'° ¥V DD° ¥OL D9° 90° 9'Y D9 'Y ¥C 'L 99 'Y OI° DIV I9I D9 W¥' ¥'° ID° DD 92D OV WL’ ‘TrO0 ' 91
TeA --- A9 --= IYL === === === —== IYL === === —m= —m SAT oo oo oo AVF == mmm mme cmo UPY mem mmm mme mme mem mee mee ces O] mee -e- sAT a1 TeA --- --- uro --- --- BT9 === -== -== -== --= -——  (dq €0¥Z)  0SZLBYEST)
T'99'® T I'9DD 2D T 9T D900 DT 9D 9T oY LSRRG R R - R R S R R A 09T 9T DT OINDTT CTY CTU O¥D DD CUC CUC DY) D' DDY OWD I'° ot et ‘qurer ‘pAweTyd ‘ST
--= === === --— -—— (dq z802)  (916805LC¥)

FEREEEEI TR eatges ez420 “y1

(da v6LT)  (v90V98AY)

oTI STH x95 bay sAT x5 noT 245 AT9 usy oxg sAT AT9 NI IYL Syd 0Ig I9S USY BTV SYd NOT BTY IYL BTY OTI 0Ig UTH noT eTY noT A9 eTv bay oyg sAT bavy oT1 39W dsy eTv nT9 I9s 195 9yg dsy noT usy TeA urd (dq 6602) (€86LT0aY)
LI¥ O¥D O9Y VOY OVV D9V DID IVL 19D IVY IDD VWYY V9D ¥V¥O IOV DLL IDD ¥OL IVY ¥OO LLI VIO ID9 YOV IDD IIV IOD OV¥D SLI D09 LID I99 IDD I9D OIL SVVY VOV DIV DIV O¥D IDD VV¥D IOL IOV OLL DVD SID IVY VIO O¥D ‘058 uoorsradoodT 1
| | | | o | | | | | | | | | | | | | | | o | | | | | | | | |

ost ovt o€t ozt o1t 00t 06 08 oL 09 05 oy og 0z ot

unaT3see WNOTITIL €1

—-- m-- —o- --- ——— (dq $99T)  (£8LZOELY)
7- " shew ®oz "g1

cmm mem o —oo ——— (dq ZT6T) (1z9107aY)
T TR edeo umTTTV TT

(dq zesT) (8v80TX)
esoun( eorssezg "0T

mem mmm mmm —m- ——— dq p98T) (vv6602)
i i euerreyy srsdoprqeav’e
e mem oo —o- ——— (dq 8S6T) (tzetvee)

ernjeounzy obeoTpeN ‘g
—== === —== -== --- (dq zOTT)  (ESV8ZIAV)
G g e xew sutohTo ‘L

(da 8102)  (9TSPOZAY)
sn3eTnoTuIod sn3or ‘9

(dq 6961)  (SS¥8ZTAV)
unatyes unstd ‘g

(dq 9v6T)  (pSvezTaV)
strebrna snroeseyd 'y

(da s102)  (5998¥1am)
3Tep 'd ¥ o133 'd '€

(da g112)
unoeqe; eueT309TN

(612YYyda)
‘z




Gene up-Regulation by DNA Demethylation in 35S-GSHI Transgenic Poplars... 177

gsh1/gsh1 (cDNA)
-G <-C
A T

Allium cepa

Populus trich. x P. delt.

Lotus corniculatus Pisum sativum

Figure 2. Nucleotide (G, C, A, T) compositions of gsh1-cDNAs of sixteen plant species and the non-
homologous gshl-cDNA of prokaryote E. coli. (accession # are indicated in Figure 1).
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Figure 3. Comparative amino acid (AA) content of complete sequences of the leucine (Leu)-rich GHS1

enzymes of eight plant species compared to non-homologous GSHI of E. coli (accession # are indicated
in Figure 1).
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CONCLUSION

Sequence Analysis of gsh Genes:

Comparative analysis of sequence alignments (Figure 1), DNA nucleotide diversities
(Figure 2), amino acid contents (Figure 3) and dendrogram analyses based on nucleotide and
amino acid sequences of both gs1 and gshl genes of prokaryotic and eukaryotic plant species
(Figure 4) reflects different rates of DNA nucleotide substitutions due to the consequences of
evolution and adaptation (Baldwin 1896; Amirnovin 1997).

As a result of redundancy of genetic code, which provides protection against mutations,
synonymous (silent) nucleotide substitutions (point mutation) in the protein coding triplets do
not cause amino acid replacement in the protein sequences (Wong 1981 in 1988). Sample
sections of the plant DNA and ¢cDNA of gshl genes and the non-homologous prokaryotic
gshl gene of E. coli revealed several synonymous and non-synonymous nucleotide
substitutions (Figure 1). In general, nucleotide substitution is a neutral processes as certain
codons are translated more frequently (codon use preferences) which might be related to
adaptation capacity (fitness) of the species (Palmer 1997); however, distance tree of gshl
sequences of plant species showed correlation with taxonomical lineages, with dominance of
Brassicaceae species (Figure 4). Both ¢cDNA and protein sequences of poplar showed the
closest linkage to Solanaceae species (tomato and tobacco), however nucleotide substitution
scale (0.005) showed double level of that of amino acids (0.01) (Figure 4).

The Role of Reduced Glutathione (GSH) in Plant Cell:

Reduced glutathione (GSH), the major non-protein, tripeptide thiol compound (Meister
and Anderson 1983), present in high concentrations (mM) of plant tissues, is regarded as one
of the major determinants of cellular redox homeostasis (Rusznyak and Szent-Gyorgyi 1936)
with a key role in the detoxification processes (Strohm et al. 1995; Foyer and Noctor 2005;
Mullineaux and Rausch 2005; Wachter et al. 2005). Glutathione becomes reactive as the thiol
group of cysteine residue releases electrons to unstable electron acceptor molecules, such as
reactive oxygen species. The two reduced GSH molecules form glutathione disulfide (GSSG)
which regenerates to GSH again by the catalysis of gluathione reductase. Cells under regular
conditions (‘healthy cells’) have a GSH / GSSG ratio over about 90 %. Changes in the GSSG
/ GSH ratio indicates that plants are exposed to oxidative stress.

Up-Regulation of gsh Genes by DNA Demethylation:

Gene expression levels can be easily triggered in vitro by up-regulation (syn.:
reactivation, hypomethylation and demethylation) or down-regulation (syn.: silencing,
hypermethylation and suppression) of the gene of interest (Goffin and Eisenhauer 2002;
Columbus 2006). For gene up-regulation, MTase-inhibitors such as the structurally modified
cytosine analogues zebularine, 5-azacytidine (5-azaC), 5-aza-2’-deoxycytidine and DHAC
have been shown to be highly effective (Chen and Pikaard 1997; Cao et al. 2000; Cheng and
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Roberts 2001). Alternatively, the drug 3-aminobenzamide has been used for gene down-
regulation in a series of genes by DNA hypermethylation (Zardo et al. 1999). In the study
presented here, DHAC was applied due to its high chemical stability in aqueous solutions of
long term treatments (Goffin and Eisenhauer 2002).

RT-qPCR:

Reverse transcription (RT) followed by qPCR analysis has proven to be an exceptionally
sensitive method compared to RNA-DNA hybridization (Northern blot) (Alwine et al. 1977)
for both absolute and relative quantification of gene expressions (Veres ef al. 1987). In the
study presented here, relative quantification was used as it is more relevant to compare
expression levels of different treatments rather than absolute quantification (Pfaffl 2001;
Livak and Schmittgen 2001; Tichopad et al. 2003).

The relative gene expression level of 35S-gskl transgene in the 6/g/ clone showed a 13.5-
fold increase over the 11ggs clone (1.0) which was doubled (1.8-fold) in the DHAC-treated
6/gl samples (23.7) but not in the 11ggs clone (0.4-fold) (Figure 5). This expression pattern
was contrary to the observation of relative copy numbers of the transgene 35S-gskl as it was
lower in the 6/g/ clone (1.0) than in the 11ggs samples (1.69) (Table 1). These results might
be due to the 35S-gshl transgene construct of the 6/g/ clone which included an additional
targeting sequence (from 32" nt to 202" nt of the total 206 bp; NCBI M25614) of a transit
peptide (TP) (57 amino acids) gene of rbcS (RuBPCase SSU: small subunit of RuBPCase,
ribulose-1,5-bisphosphate carboxylase) (Leple ef al. 1992; Arisi et al. 1997; Noctor et al.
1998; Bittsanszky et al. 2007). TPs as N-terminal extensions of transgene-products facilitate
targeting and translocation of the cytosolically synthesized RBCS-GSH complex into plastids,
which has also been found to be more effective in transgenic tobacco compared to regular
transgene cassettes (Creissen et al. 1996; Bruce 2001; Wachter et al. 2005).

Gene expression levels of the endogenous poplar gene gsil also showed high
responsiveness to DHAC-induced demethylation with an extremely high expression in the
untransformed WT poplar clone (19.8-fold). A competition in the reactivation capacity
between transgene 35S-gshl and poplar gshl of 6/g/ clone occurred as the gene expression of
transgene 35S-gskl increased from a high rel. expression level (13.5) up by about a two-fold
(1.8 times) rate to 23.7 compared to the poplar gshl gene that increased by an 8.7-fold
increment from a lower level (1.3) to 13.9 rel. unit (Figure 5). These results might indicate
differences in DNA methylating capacity between transgenes and proper wild type genes as a
type of cosuppression (Krol et al. 1990; Anand et al. 2003; Baumberger and Baulcombe
2005).

The phenomenon of co-suppression was originally discovered in plants (Napoli et al.
1990; Krol et al. 1990). Napoli et al. (1990) intended to up-regulate the activity of a gene for
chalcone synthase (chsA), an enzyme involved in the production of anthocyanin pigments.
Some of the transgenic petunia plants harboring the cisA coding region under the control of a
CaMV-35S promoter lost both endogene and transgene chalcone synthase activity. As a
result, many of the flowers were variegated in color or developed white sectors (Napoli et al.
1990). The molecular analysis discovered that transgene expression led to the formation of
dsRNA, which, in turn, initiated PTGS (Metzlaff et al. 1997).
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The interaction between transgenes and endogenous genes might also have resulted either
from multicopy integration of transgene at the same locus (Assaad et al. 1993), the position
effects due to random integration (Yang et al. 2005), the AT/CG composition of the transgene
(Matzke and Matzke 1998), the presence of inverted repeats in the integration site (Stam et al.
1997), the overexpression of the transgene (Que et al. 1997), or the environmental conditions
(Meyer and Heidman 1994).

Selective methylation capacity of transgene homologues has also been observed in
supertransformants (a type of transgene pyramiding) where the resident transgene promoter
Ubil from the first transformation remained unmethylated whereas the incoming 35S
transgene promoter of the subsequent transformation was silenced in rice (Yang et al. 2005).

W35S-gshl (11ggs) M 35S-gshl (61gl) Mgsh1 (WT) Mgshl (11ggs) Mgshl (6lgl)
35
35Sgshl = gsh1

10 - 28.1
. 23.7
£ 25
3
5 19.8
R 20 |
Qo
o
3 135 13.9
@ 15 - : :
&
€ 10

5 -
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Untreated DHAC-treated DHAC +PQ

Figure 5. Relative gene expression levels (RT-qPCR) of transgene 35S-gshl (E. coli) and endogenous
poplar (Populus x canescens) gene gshl in the 35S-gshl-transgenic clones of 11ggs, 6lgl and WT
exposed to DHAC (10 M; 7 days) and DHAC combined with paraquat (PQ) (4 x 107 M; 7 days) (n =
6) (n.d. - not detected).

Table 1. Relative copy number of transgene 35S-gshl (E. coli) in the transgenic poplar (P. x
canescens) clones 6/gl and 11ggs determined by RT-qPCR analysis using the 2**““ method with
the internal control of constitutively expressed poplar gene actin (three repetitions of two samples
in each case, n = 6)

Poplar 35S-gshl actin ACt AACt 35S-gshl copy # (27"
lines Ct SD Ct SD Value SD Value SD -/+ range Value
6lgl 2375 0.14 2341 024 0.34 0.21 0.0 0.21 086 1.16 1.00

11ggs 22.50  0.26 2291  0.14 -0.41 0.13 -0.75 0.13 1.54 1.85 1.69
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Paraquat Stress:

Paraquat (N,N'-Dimethyl-4,4"-bipyridinium dichloride; syn.: methylviologen) primarily
acts as an electron acceptor in the electron transport chains located in chloroplasts (Gyulai
1984; Lehoczki et al. 1992; Szigeti et al. 2001). The paraquat, at bleaching concentrations
totally impairs chloroplast function by reduction of the bleached tissues generating
superoxide radicals that react with unsaturated lipids in membranes (Bittsanszky et al. 2005).
This deleterious effect of paraquat was effectively eliminated by the DHAC treatment, as the
endogenous poplar gene gsil of the 11ggs clone did not show DHAC responses but under
paraquat stress it increased by 8-fold (from 3.1 to 28.1) along with co-expressing the
transformed 35S-gshl gene with 4-fold increment (from 1.0 to 4.0) (Figure 5). In contrast,
endogenous gshl of the WT clone showed extreme upregulation in response to DHAC-
induced DNA-demethylation with 20-fold increase (from 1.0 to 19.8) but no further responses
to paraquat stress (17.3) (Figure 5).

Increased gsh-activity with elevated levels of gsh-mRNA (syn.: y-ECS-mRNA) has also
been reported in Brassica napus (Sun et al. 2005), Brassica juncea (Schifer et al. 1998), and
Arabidopsis thaliana under different stress conditions (Xiang and Oliver 1998; Harada et al.
2002). The moss Physcomitrella patens also showed a high level of y-ECS overexpression
(5.7 — 7.9-fold increase) in response to heavy metal (10 uM Cd*", for 3 days) stress (Rother ef
al. 2006). These results indicate a wide stress-response capacity of gshl genes not only to
herbicides but also to heavy metals.

DHAC-Induced Morphogenesis:

A de novo root development was observed on DHAC-treated poplar leaf discs incubated
for long term (21 days) treatment, which indicates a multi-target action site of DHAC at
especially the auxin-related root initiating genes (Figure 6).

The morphogenetic capacity of DNA demethylating agents on plant development has
been reported in different organs (Finnegan and Kovac 2000; Xiao et al. 2006). Flower
induction of Arabidopsis (Finnegan et al. 1998) and shoot development of Petunia (Prakash
and Kumar 1997; Prakash et al. 2003) were initiated by DNA-demethylating agents. Early
flower bud development (vernalization, remembering winter) in Arabidopsis was found to be
coupled with low levels of DNA methylation (Finnegan et al. 1998, 2005; Henderson and
Dean 2004).

Low levels of methyl-cytosine were also associated with organogenetic capability in
sugarbeet (Beta vulgaris altissima) (Causevic et al. 2005). Contrary to morphogenesis,
incremental DNA methylation levels occurred during bud dormancy (Horvath ef al. 2003;
Law and Suttle 2003). Methylation also plays a key role in the chromosome modelling as it
turnes out that the Pc-G (Polycomb Group) protein complexes encoded by pcg-g genes
(polycomb group genes) control flowering in plants, which genes are similar to the PRC2
(Polycomb Repressive Complex 2) in animals, and functions as a histone methyltransferase
(Chanvivattana et al. 2004).

Adventitious shoots were also developed from leaf discs of the 11ggs clone treated with
DHAC (10 M) and paraquat (107 M) in long term cultur (Figure 7). Shoots (three in total of
the four repetition experiments) were micropropagated and rooted in vitro according to
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Gyulai et al. (2005), and transplanted in glass houses (86 lines) for further analyses for
phytoremediation capacity. As DNA methylation patterns are inherited (epigenetic memory),
these poplar plants with increased gene expression levels of both transgene 35S-gshl and
endogenous gene gsh1 provide novel plant sources with elevated stress capacity.

6lgl

Untreated  10® M DHAC 10"MDHAC  10°MDHAC  10° M DHAC
Figure 6. Root initiation capacity of the DNA demethylating agent DHAC (10™ M to 10 M) on leaf

discs of untransformed (WT) and 35S-gshl-transformed poplar (Populus % canescens) clones (6Igl and
11ggs) incubated on long-term (21 days) aseptic agar media.

PQ (107 M) DHAC (10*M) PQ + DHAC
e — - - g~

Figure 7. Samples of shoot regeneration from leaf discs of 35S-gshl-transgenic poplar (Populus x
canescens) clone (11ggs) treated with DNA demethylating agent DHAC (10 M) combined with
paraquat (107 M) stress and incubated on aseptic agar media for 21 days.

MATERIALS AND METHODS

Plant material: Clones (INRA 717-1-B4) of the untransformed (WT) poplar (Populus x
canescens = P. tremula x P. alba; 2n = 4x = 38; 4.5 to 5.5 x 10° bp) (Taylor 2002) and the
genetically transformed lines overexpressing 35S-gshl (y-glutamylcysteine synthetase; EC
3.2.3.3; cloned from Escherichia coli; 1.557 bp) (Watanabe et al. 1986) (NCBI X03954)
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gene product, glutathione (GSH) either in the cytosol (line 11ggs) or in the chloroplasts (line
6lgl) were used. Gene constructs are driven by a copy of the CaMV-35S promoter (Leple et
al. 1992; Arisi et al. 1997, Noctor et al. 1998).

Shoot culture in vitro: Nodal segments of poplar clones were micropropagated and
maintained in aseptic shoot cultures in vitro (Gyulai et al. 1995; Kiss 1999; Gullner et al.
2005).

Detection of gene expression levels by RT-qPCR analysis, RNA isolation: Relative gene
expression levels of 35S-gshl-transgene (E. coli) and the endogenous poplar gene gshl were
analyzed by RT-qPCR in the control of constitutively expressed housekeeping poplar gene a-
tubulin and actin. Total RNA was extracted from 0.05 g leaf disc tissues using the Absolutely
RNA Miniprep Kit (# 400800, Stratagene, USA - Biomedica, Hungary) following the
manufacture’s protocol. Three individual leaf discs were analyzed in duplicate measurements
(n = 6) in each case. The quality and quantity of extracted RNA samples (2 pl) were
measured by NanoDrop ND-1000 UV-Vis spectrophotometer (NanoDrop Technologies,
Montchanin, DE, USA — BioScience, Budapest, Hungary).

cDNA synthesis: Reverse transcription of first strand cDNA was synthesized on the
mRNA templates by RT (reverse transcriptase of Moloney Murine Leukemia Virus: M-
MuLV) with oligo(dT)s (0.5 pg) as the primer following the manufacturer’s protocol (#
K1622; Fermentas — Biocenter, Szeged, Hungary).

Gene expression analysis: First strand cDNA samples (2.5 pl) were directly applied in
RT-gPCR (25 pl) and probed by gene specific primers (400 nM). Primers were as follows:
35S-gshl: 5’-aggtcaggacatcgaactgg-3’ and 5°-gatgcaccaaacagataagg-3°; gshl-poplar: 5°-
agttccgaggctgacatgat-3° and  5’-cagcacggttgttgtcagta-3’;  o-tubulin  (poplar):  5’-
taaccgecttgtttctcagg-3°>  and  5’-cctggggtatggaaccaagt-3’; and actin  (poplar): 5’-
aatggtaccggaatggtcaa-3’ and 5’-cccaacatacgcatcctttt-3 according to Bittsanszky et al. (2007).

Kit of DyNAmo HS SybrGreenl qPCR kit (# F-410L, Finnzymes, Finland — Izinta,
Hungary) was used. Reactions were performed in forty cycles (95 °C/20sec, 60 °C/20sec, 72
°C/20sec) prior to a hold at 95 °C for 10 min, and a final hold at 4°C. Reactions were run by
Rotor Gene 6000 cycler (Corbett Research, Australia — [zinta, Hungary).

Detection of relative copy number of 35S-gshl-transgene: Relative copy number of 35S-
gshl-transgene in clones of 1lggs and 6lg/ were determined under the control of
constitutively expressed housekeeping gene actin by using selective primer pairs used for RT-
PCR. The levels of gshl-mRNA were detected by the amplified fragment (273 nt) of the
incorporated transgene (from 667 nt to 939 nt).

Data analysis of real-time RT-qPCR: For both calibration and quantification of reactions,
ten-fold serial dilutions (1x, 10'x, 107, 10'3x) of cDNAs were applied including controls of
NTC (non DNA-template control) and ddH,O. Data were analyzed by relative quantification
of the 2 %*“" method (Livak and Schmittgen 2001). Ct values (threshold cycle): The threshold
of fluorescence value (dR) of the amplified PCR products was determined manually above
the background of fluorescence signals. Standard curve correlating Ct values to log amount of
DNA were plotted at high R ratio (0.976 to 0.987). ACt: ACt values were calculated as Ctgonr
minus Cty.ypuin and Ctggp minus Ctyypuin according to (Livak and Schmittgen 2001). AACt
values: AACt values were determined as mean Ctyygeaea Minus mean Ctyeaeq (Livak and
Schmittgen 2001).

Multiple sequence alignments were carried out by BioEdit Sequence Alignment Editor
(NCSU, USA) (Hall 1999) and CLUSTALW EMBL-EBI (Thompson et al. 1994) software
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programs. BLAST (Basic Local Alignment Search Tool) analysis (Altschul et al. 1997) was
carried out by a computer program of NCBI (National Center for Biotechnology
Information). Distance trees based on gshl sequences were edited by either CLUSTALW
EMBL-EBI (Thompson et al. 1994) or MEGA4 (Tamura et al. 2007). For MEGA4 the
following steps were applied: Bootstrap Test of Phylogeny (1000); Neighbor-Joining; Gaps
(Complete deletions); Substitution model (Nucleotide Maximum Composite Likelihood)
according to Tamura et al. (2007). Diagrams were edited by Microsoft Office Excel program
(9625 West 76th Street, Eden Prairie, MN 55344, USA).
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ABSTRACT

Soy is a food rich in proteins, fibers, vitamins, minerals and isoflavones, compounds
with a very similar chemical structure to the estrogen, being able to perform similar
activities to this hormone. Studies report that its use decreases the risk of cardiovascular
diseases by the reduction of cholesterol and triglycerides serum levels. 24female Wistar
rats were divided into three groups (N = 8): organic soy group (OSG) receiving an
organic soy-based diet, genetically modified soy group (GMSQ) receiving a transgenic
soy-based diet, and a control group (CG) receiving a casein-based. All animals with
water, isocaloric and isoproteic diets Ad /ibtum during all their lives until old age. It was
observed that the consumption of organic and transgenic soy seems to promote a
reduction in the levels of cholesterol and triglycerides compared with control group. It
was also observed that the genetically modified soy behaved in a similar way to the
organic soy in relation to lipids levels, no inserted DNA or any other component of the
transgenic soy had some adverse effect that could imply the transgenic food is not
adequate for consumption.

Keywords: Soybean, transgenic soybean, isoflavones, cholesterol, triglycerides.
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INTRODUCTION

Soy (Glycine Max (L) Merril) is an important plant for human and animal nutrition, as
well as for industrial purposes. Approximately 60% of all the processed food products contain
ingredients derived from soy. It contains large amounts of protein despite its deficiency of
sulfur-containing amino acids such as methionine and cystine. Its grain contains
approximately 38% protein, 18% oil, 30% carbohydrates. It is also an important source of
various minerals (Fe, Zn, Mg, K, Ca, Mn and Se), vitamins (A, B1, B2, B6 and folic acid),
phytoestrogens and fiber [1].

Organic soy is grown in an ecological manner without chemical products, and does not
pollute the soil, does not contaminate the producer nor does it modify the product. This
process, however, implies a significant loss of productivity and profit [2].

Today there is a tendency to use soy in substitution of animal protein, as traditionally
done in countries like Japan and China. Because of the increased soy consumption, transgenic
soy has been created by genetic engineering. This is a genetically modified organism (GMO)
to which three foreign genes were added, one of them from a virus and the others from a
bacterium found in soil. The advantage of this modification is that the plant becomes resistant
to glyphosate herbicides used to destroy weeds, which end up by being harmful to the crop
itself. With the genetic modification, this problem does not occur, with consequent increased
production and reduced costs [3]. However, some studies report that this modification could
cause toxicity or allergic reactions, resistance to antibiotics and risks to the environment [4].
There are still many doubts about the possible risks of transgenic soy regarding consumption
and the environment and more studies are necessary to elucidate such questions.

Besides its high nutricional value, soy is the vegetable species which presented highest
concentration of isoflavones, compounds with chemical structure similar to the estrogen, a
hormone which has its production decreased in menopause. Due to this similarity, these
compounds may bind to estrogen receptors, being able to perform similar activites to the
estrogen, this way being called phytoestrogens. According to researches, the isoflavones are
capable of acting in the prevention of cardiovascular diseases, in the reduction of cholesterol
and triglycerides, in reduction of the osteoporosis, in the relief of menopause symptoms and,
in the prevention of the types of breast and uterus cancer which increase under the influence
of hormones. Nonetheless, they are considered weak estrogens, because their potency is from
1.000 to 10.000 times inferior to the estrogen, which would not cause so many side effects
[5].

According to studies, the consumption of soy besides helps in the reduction of cholesterol
levels, due it contents in isoflavones, increasing HDL and decrease LDL serum levels,
reducing the risk of cardiovascular diseases [6]. Such fact may be explained by the increase of
activity in the LDL receptors. A research made with rats which were deficient in LDL
receptors helped to support this hypothesis. When normocholesterolemic C57BL/6J mice
were fed with high cholesterol, isoflavone-poor diet, they developed hyperlipidemia and
lesions in aorta. However, those animals fed and isoflavone-rich diet exhibited a decrease in
total cholesterol and VLDL cholesterol. This benefit of an isoflavone-rich diet, however, was
not observed in rats deficient in LDL receptors [7].
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In another study, in which women were supplemented with 20g of soy protein per day, it
was observed a significant decrease in the diastolic pressure (Smm Hg), in the total
cholesterol (6%) and in the levels of LDL (7%) [8].

The isoflavones present antioxidant action, preventing the formation of free radicals due
to the increase of the superoxide dismutase synthesis, responsible for elimination of the
superoxide free radical, which promotes the formation of lesions and trombus [9]. They also
promote a decrease in the development of the arteriosclerotic lesion since it decreases the
cellular adhesion, reducing the platelet aggregation. The isoflavones also act promoting
vasodilatation which will interfere in the decrease of arterial pressure, probably due to the
increase in the production of nitric oxide [10].

Postmenopausal female monkeys feeded with diets based on phytoestrogens during six
months presented normal vasodilatation with the administration of acetylcholine. However,
vasoconstriction was verified in males and females which ingested low quantity of
phytoestrogens [11].

Nonetheless, there are studies which do not approve the benefits in the use of isoflavones
in relation to their cardiovascular effects. Twenty, healthy, postmenopausal women, aging
from 50 to 70 years old, with evidences of endothelial disfunction, were treated with
80mg/day of isoflavones. Placebo was used for the control group. After three weeks ingesting
a standard fat-reduced diet, subjects received isoflavones or placebo during eight weeks.
Comparing with the control group, no significant effects were found in relation to arterial
pressure, lipids levels, lipoprotein concentration or vasodilatation [12].

Nestel et all [13] demostrated that pills containing from 40 to 150 mg of isolated
isoflavones per day, compared to the placebo, did not presented the reducing effects in
cholesterol already verified in a diet rich in soy and in soy protein supplementation.

There are still many questions to be answered in relation to the benefits caused by
isoflavones, which demands more studies in order to prove their real effects.

The objective of this study is to evaluate organic and transgenic soy and their effects in
lipids serum levels when used by female rats during all their lives.

METHODS AND MATERIALS

Animals and Groups

The biological assay was conducted on 24 female Wistar rats aged 21 days (after
lactation) at the beginning of the experiment from the Laboratory of Experimental Nutrition
(LABNE) of the Department of Nutrition and Dietetics, Nutrition College, Fluminense
Federal University. The rats were divided into three groups of eight animals each, which
received the experimental diets, as follows: control group (CG) fed a casein-based diet,
organic soy group (OSG) fed an organic-soy based diet supplemented with 0.3g cystine, and a
genetically modified soy group (GMSG) receiving a transgenic soy-based diet.

All animals were fed the above diets exclusively, until they were 1 year and 3 months old
(which is considered as old age for this kind of animal) and were the offspring of parents
(preceding generation) who also received the same diet during all their lives. At the end of
this period, the animals were sacrificed. Blood collection was made through cardiac puncture,
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in order to determine the cholesterol, triglycerides serum levels. During all the time the rats
were kept in polypropylene cages, in an environment with controlled temperature at 22°C and
a 12-h light/dark period. Water and diets were offered Ad libitum. Food consumption and
animal weight were recorded daily.

The research was approved by Committee of Ethics from Fluminense Federal University.

Diets

Transgenic soy was supplied by Jasmine Integral Foods (Curitiba, PR, Brazil) and
organic soy was supplied by Bunge Foods (Porto Alegre, RS, Brazil). The suppliers of the
other components of the diets were: Maizena starch by Refinements of Maize Ltda
(Granhuns, Recife, PE, Brazil), refined sugar by Unido (Rio de Janeiro, RJ, Brazil), Liza soy
oil by Cargill Agricultural Ltda (Mairinque, SP, Brazil), Microcell cellulose by Blanver Ltda
(Cotia, SP, Brazil) and cysteine, choline bitartrate, casein and mixtures of vitamins and
minerals by Rhoster Commerce and Industry (Vargem Grande Paulista, SP, Brazil).

The soybeans used for the preparation of flour were manually selected, weighed on a
Toledo digital scale (S@o Paulo, SP, Brazil) with 0.1 g accuracy and dried in a ventilated
Fabbe-Prima (Sao Paulo, SP, Brazil) stove at 60°C for 30 min. Boiling water was then added
to the grains for 3 min and discarded, to permit husk removal under running water. The grains
were then left in water for 4 h and the water was discarded. The soybeans were cooked in
water for 30 min, the water was discarded again, and the beans were placed in an oven for 12
h at 60°C. After this procedure, the beans were ground and the flour obtained was used as the
protein source for diet preparation.

All diets were prepared in the LABNE and contained 10% protein (1.75% nitrogen) and
363.95 kcal per 100g, added to the mixtures of vitamins and minerals according to the rules of
the Committee on Laboratory Animal Diets, 1979, modified according to the
recommendations of the American Institute of Nutrition-93 [14]. The ingredients of the diets
(Table 1) were homogenized in an industrial mixer with boiling water. The mass obtained
was transformed into tablets, which were dried in a ventilated oven at 60°C for 24 h, properly
identified and stored refrigeration until the time for use

Table 1. Composition of the diets used for the assay

Foods 100g Casein(g) Organic Soy(g) Transgenic Soy(g)
Proteic Source 11.54 20.96 20.28

Starch 61.41 57.23 58.04

Refined Sugar 10.00 10.00 10.00

Minerals Mix 3.50 3.50 3.50

Vitamins Mix 1.00 1.00 1.00

Soy Oil 7.00 2.81 2.94

Celulose 5.00 3.95 3.99

C. Bitartrate 0.25 0.25 0.25

Cistein 0.30 0.30 0.00

Total 100.00 100.00 100.00
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Collected Material

The animals were anaesthetized by inhalation of eter and the blood was collected through
cardiac puncture using needles and vacuum tubes (Vaccueete) in a volume of 10ml. The
blood collected in test tubes was centrifuged in a centrifuge (Sigma) during 30 minutes at
3.500 RPM, in order to obtain the serum for cholesterol and triglycerides analysis.

The cholesterol and triglycerides analysis were determined through kits BIOCLIN
(Industria Quibasa- Quimica Basica Ltda, Belo Horizonte, MG, Brazil) in the LABNE. The
reading was made in a spectrophotometer (Spec 20MV) in 500 and 490 nanometers (nm)
respectively.

Data are reported as means + SD and the results were analyzed statistically by multiple
comparison One-way analysis of variance, with the level of significance set at P < 0.05. When
a statistically significant difference was detected between variables, the Sheffé test was
applied using the Bonferroni coefficient for multiple comparisons. All statistical analyses
were performed using the Stratigraphics Software plus 6.0.

RESULTS AND DISCUSSION

Observing the means related to cholesterol levels (table 2), the experimental groups were
lower than the CG, even though no statistical difference was detected. OSG (104.2 + 11.1
mg/dl) and GMSG (86.8 = 6.1 mg/dl) had a reduction of 8.7 and 23.9%, respectively, in
relation to the CG (114.2 = 7.3 mg/dl). All the groups, including CG, presented cholesterol
serum levels within the normality, 40 to 130 mg/dl, according Harkness ¢ Wagner [16].

In relation to triglycerides serum levels, the groups which received soy based diet were
inferior to the CG. The GMSG had the lowest levels (60.3 £+ 4.6 mg/dl), with a significant
difference (p<0.04) from the CG. The OSG (72.3 + 10.1 mg/dl) was similar to the GMSG and
although it was numerically inferior to CG, these difference was not significant (table 2). A
hypothesis to explain this fact is that the supplementation of the OSG with L-cystine probably
made that the protein of the organic soy behaved in a similar way to casein. The CG had the
higher levels of triglycerides (97.8 = 13.1). According to Harkness e Wagner [16] all the
groups obtained triglycerides levels within normality, which is up to 145 mg/dl.

Kern et all [17] obtained results similar to the ones found in our research. Rats which
consumed isolated soy protein (with 20% of protein, supplemented with methionine) during
28 days presented a reduction in the levels of cholesterol and triglycerides, compared to the
control group (with a casein-based diet). The group which consumed isolated soy protein
presented levels of cholesterol of 59.3 £11.9 mg/dl against 73.8 £ 17.8 mg/dl from the casein
group (p<0.05). In relation to the triglycerides levels, the following results were found: 93.4
+37.4 mg/dl against 96.3 = 41.8 mg/dl from the control group. The group which received the
isolated soy protein presented a reduction in the levels of triglycerides even though it did not
present a significant difference. It was also observed that the addition of methionine did not
decrease the hypocholesterolemic effect of soy. As well as in our study, the supplementation
with cystine did not alter the hypocholesterolemic effect of organic soy, even though the
group which consumed this kind of diet did not present significant difference in relation to the
CG.
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Table 2. Serum Levels of Cholesterol and Triglycerides at the end of the experiment

GROUPS  Cholesterol (mg/dl) Triglycerides (mg/dl)
GC 1142 +7.3° 97.8 +13.1°

GSO 104.2 + 11.1° 72.3 +10.1%
GSGMO  86.8+6.1° 60.3 + 4.6"

Numbers followed by different superscript letter are statistically significant (p< 0,05, ANOVA followed
by Scheffé and Bonferroni test). CG= control group fed a casein-based diet; OSG= organic soy
group fed an organic diet supplemented with 0.3g cysteine; GMSG= genetically modified soy
group receiving a transgenic soy based diet.

In a study, after inducing diabetes in rats, the animals were supplied with diets with
different concentrations of isoflavones, in quantities 1, 2 and 8 times higher than the
consumption suggested by the manufacturer, during 24 days. A reduction in the cholesterol
levels was observed only in the group with higher concentration of isoflavones:
190.1+£154.1mg/dl against 224.4 +£77.8 mg/dl from the casein group. In relation to the
triglycerides levels there was a reduction also in the groups with higher levels of isoflavones
(190.1 £+ 154.1mg/dl). The control group presented higher levels (224.4 + 77.8). According to
these data, only a quantity of isoflavones much higher that the one indicated for consumption
was efficient in the reduction of total cholesterol and triglycerides levels [18].

Hodgson et all [19] verified that men and postmenopausal women who ingested 55 mg of
isoflavones/day during 8 weeks did not present reduction in the levels of cholesterol and
triglycerides. No effects were found regarding the lipid levels in healthy persons.

In a research were applied either isolated isoflavones (114 mg/dl) or placebo to
postmenopausal women during 3 months. It was observed that the isoflavones did not present
any effect in the levels of cholesterol and triglycerides [20].

According to Potter [21], in a study with postmenopausal women who received different
concentrations of isoflavones, it was observed that small quantities of isoflavones presented
effects in the lipid profile earlier than in the groups which received high concentrations. This
fact suggests that the cholesterol lowering component of soy is not or is only partially related
to the isoflavones.

In the present study, isoflavones were not supplied to the rats in the isolated form but,
instead, in the form of soy protein with isoflavones. In the researches quoted above we
verified a reduction in these lipid levels only in the cases when soy protein was used, or
isoflavones in such high concentrations that would be inadequate for human consumption. In
the groups which received isoflavones in the isolated form it was not verified reduction in the
lipid levels. Such fact questions if the isoflavones are, really, the soy component capable of
acting in the reduction of the cholesterol and triglycerides levels. The reduction verified
among the experimental groups in our study, may have occurred not solely due to the
isoflavones, but due to the soy protein itself, or because it is a kind of food rich in fibers, what
helps to decrease the cholesterol levels.

A research helped to confirm this hypothesis. 60 Syrian female hamsters, from 6 to 8
months old were used. During 10 days, they were offered either soy protein, with different
concentrations of isoflavones, or soy protein, from which the content of isoflavones was
extracted. There was a reduction in the levels of cholesterol and triglycerides in all the
groups, including in the one from which the content of isoflavones was extracted and no
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significant difference was found among them. Based on these results, the authors report that
the hypocholesterolemic effect of soy cannot be entitled solely to the isoflavones but to the
aminoacids composition of soy protein itself, or to other factors such as the presence of fibers,
saponins and phenolic acids [22].

Tovar-Palacio et all [23] found similar results. They offered gerbils either isolated soy
protein or isolated soy protein supplemented with different concentrations of isoflavones (2.1;
3.6 ¢ 6.2 mg / g of protein). All the groups presented reduction in the levels of cholesterol in
relation to the control group, based on casein. The supplementation of isoflavones did not
promote higher reduction of the above mentioned levels.

It was also observed that the genetically modified soy behaved in a similar way to the
organic soy in relation to lipids levels, no inserted DNA or any other component of the
transgenic soy had some adverse effect that could imply the transgenic food is not adequate
for consumption. There are, however, many other questions in relation to the possible risks
caused by genetic modification, leading to the conclusion that more studies are necessary
regarding the transgenic soy.

Based on the results found, we may conclude that the consumption of organic or
transgenic soy in female rats, during all their lives until old age, seems to promote the
reduction in the plasma levels of cholesterol and triglycerides, a fact which - so far - cannot
be imputed solely to the isoflavones. And the genetically modified soy behaved in a similar
way to the organic soy in relation to lipids levels.
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Chapter 10

QUALITATIVE AND QUANTITATIVE PCR METHODS
FOR BIOTECH CANOLA GT73 AND MS8/RF3

Seong-Hun Lee’
Gene Analysis Laboratory, Experiment Research Institute of
National Agricultural Products Quality Management Service, Seoul, 150-043, Korea

ABSTRACT

Canola is one of the biotechnologically developed crops in the world. Biotech canola
is a GMO (genetically modified organism) in food and an LMO (living modified
organism) in environment. Several kinds of biotech canola have been commercialized in
United States and Canada. Among them, two kinds of biotech canola, GT73 and
Ms8/Rf3, were mainly cultivated in the world.

The detection method is an essential element for the GMO labeling system or LMO
management about the biotech crops. In this study, the specific primer pairs and probes
were developed to the qualitative and quantitative PCR methods for GT73 and Ms8/Rf3.
The designed primers were confirmed in specificity and sensitivity. The single PCR
product was obtained from GT73 or Ms8/Rf3 by the specifically designed primer pair,
respectively. Limits of detection (LODs) of the qualitative method were all 0.03% for
these biotech canola events.

On the other hand, the quantitative method was developed by using a TagMan real-
time PCR. As a reference molecule, a synthetic plasmid was constructed from a taxon-
specific DNA sequence of canola and construct-specific DNA sequences of GT73 and
Ms8/Rf3. The validation of this quantitative method was performed using six levels of
mixing samples, 0.1 to 10.0%, with two biotech canola. As a result, the biases from the
true value and the relative standard deviations were almost within the range of £30%.
Limits of quantitation (LOQs) of the quantitative method were all 0.1%. Consequently,
we report that the proposed detection methods were applicable for qualitative and
quantitative analysis for the biotech canola GT73 and Ms8/Rf3.

! correspondence should be addressed. Tel: 82-2-2165-6080, FAX: 82-2-2165-6005, E-mail: starlee@naqs.go.kr /
starslee7@hanmail.net.
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INTRODUCTION

A lot of biotech or genetically modified (GM) crops have been developed and
commercialized since the first born of GM tomato, Flavr Savr'™, in 1994. A living GMO is
also called as a living modified organism, LMO. The global area for biotech crops has
continuously increased from 1.7 million hectares in 1996 to 114.3 million hectares in 2007.
There are four major biotech crops which are now being cultivated worldwide; soybean 64%,
maize 24%, cotton 43% and canola 20% [1].

Biotech crops may affect human health and ecological environment. Most of consumers
continuously concern about potential risk of GMO. Thus a number of countries have made
their own labeling system for the biotech products. The purpose of the labeling system is to
inform consumers of the presence of the biotech products in the crops or derived-products,
and therefore to help the consumers to choose their preferred products. Many countries have
established labeling systems based on their own criteria, with thresholds for adventitious
presence (AP) of biotech crops defined as 0.9% in the EU [2], 3% in Korea [3] and 5% in
Japan [4]. In addition, biotech crops are also treated as LMOs in the area of environment
according to the Cartagena Protocol on Biosafety (BSP). There are the specific provisions for
handling, transport, packaging and identification of LMOs between countries in BSP. In
Korea, the mandatory GMO labeling system has been performed since 2001 and the
consolidated notice on transboundary movement of LMO started on January 1* in 2008. As a
management tool for these systems, the detection methods for GMOs or LMOs have been
required from the regulatory authorities in many countries.

The detection method is an essential element for the GMO labeling system or LMO
management about the biotech crops. The polymerase chain reaction (PCR) is the most
commonly used DNA-based detection method for the identification of biotech crops.
Qualitative methods using conventional PCR have been developed to detect the presence of
the biotech crops [5-9]. Quantitative methods using real-time PCR have been also developed
to analyze contents of biotech crops [10-16]. There are several kinds of biotech canola in the
world; Ms1/Rfl, Ms1/Rf2, Ms8/Rf3, GT73, T45, and Topas 19/2. However, only GT73 and
Ms8/Rf3 canola events are currently cultivated. Others are not produced from companies
now. The detection methods for some biotech canola have been developed [17-19].

Canola (Brassica napus L.) is one of four major genetically modified crops; soybean,
maize, cotton and canola. Canola is mainly grown in U.S.A, Canada and India, and used as a
vegetable oil in food for human and feed for livestock. Several biotech canola events have
been commercialized. GT73 canola expresses glyphosate tolerant CP4 EPSPS (5-
enolpyruvylshikimate-3-phosphate syntease) and gox v247 (glyphosate oxidoreductase
variant) for glyphosate degradation proteins, which allow GT73 canola to be protected against
herbicide glyphosate damage [20].

On the other hand, Ms8/Rf3 canola has bar gene encodes phosphinothricin aceyl
transferase (PAT) enzyme to allow the use of herbicide glufosinate ammonium. Ms8/Rf3
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canola is gene stacked hybrid between Ms8 and Rf3. For the pollination control system, the
parental line Ms8 has barnase gene encodes ribonuclease for male sterility and another
parental line Rf3 has barstar gene encodes ribonuclease inhibitor for fertility restorer [21].

In this study, we report the qualitative and quantitative detection methods for biotech
canola GT73 and Ms8/Rf3 by using the specific primer pairs, probes, and one standard
plasmid, and confirmed the applicability for practical use by in-house validation experiment.

MATERIALS AND METHODS

Plant Materials. Ground seeds of non-biotech canola and biotech canola, GT73 and
Ms8/Rf3, were provided from Monsanto (St. Louis, USA) and BayerCropScience (Gent,
Belgium) companies, respectively. Biotech canola, T45 and Topas 19/2, were also provided
from BayerCropScience. Other biotech canola Ms8 and Rf3, biotech soybean Roundup
ReadyTM , biotech maize Bt176 and biotech cotton RR1445 were purchased from Institute for
Reference Materials and Measurements (IRMM, Geel, Belgium).

Genomic DNA Extraction and PCR Inhibitor Check. Canola and other plant materials
were ground by an electric mill (Fritsch pulverisette 14, Germany). According to the modified
manufacturer’s protocol [22], the genomic DNA was extracted from about 1 g of the ground
sample by using the DNeasy Plant Maxi kit (Qiagen, Germany). The concentration of the
extracted DNA was measured by a UV spectrophotometer ND-1000 (Nano Drop
Technologies., USA) and confirmed on agarose gel by electrophoresis. As a good quality of
DNA for PCR, the absorption ratios at 260/280 and 260/230 nm wavelengths should be all
more than 1.7.

The extracted DNA was checked to identify if the PCR inhibitor is present or not by
quantitative PCR. Two levels of concentration (50ng/u¢ and 10ng/u¢) with GT73 or Ms8/Rf3
genomic DNAs were prepared and quantitated by Hmg-F/R and GT-F/R or MS-F/R
primers/probe sets, respectively. The absence of PCR inhibitor was confirmed by comparison
with copy numbers between two levels of concentrations.

Primers and Probes. As a canola-specific reference system, the Hmg-F/R primer pair and
Hmg-Taq probe were designed to qualitatively or quantitatively detection for the high
mobility group protein (Hmg) gene (GenBank Accession No. AF127919), which is a taxon-
specific reference gene for canola.

On the other hand, as the construct-specific target systems for two kinds of biotech
canola, GT-F/R primer pair and a GT-Taq probe were designed to qualitatively or
quantitatively detection for GT73 based on the junction region between the gox v247 gene
(GenBank Accession No. AR016595) and E9 gene (GenBank Accession No. X00806).

MS-F/R primer pair and an MS-Taq probe were designed to qualitative or quantitative
detection for Ms8 and Ms8/Rf3 based on the junction region between the barnase gene
(GenBank Accession No. X12871) and nopaline synthetase (NOS) gene (GenBank Accession
No. V00087). RF-F/R primer pair and RF-Taq probe were also designed to qualitative or
quantitative detection for Rf3 and Ms8/Rf3 based on the junction region between the barstar
gene (GenBank Accession No. X15545) and NOS gene. Both of MS-F/R and RF-F/R primers
are specific to Ms8/Rf3 because Ms8/Rf3 is gene stacked hybrid between Ms8 and Rf3
events. We selected the MS-F/R primers and MS-Taq probe for quantitation of Ms8/Rf3.



204 Seong-Hun Lee

All primers and probes were designed by using the Primer Express software 3.0 (Applied
Biosystems, USA). They were synthesized and purified by Genotech Company (Dagjeon,
Korea). The probes were labeled with 6-carboxy-fluorecein and 6-carboxyteramethyl-
rhodamine at the 5’ and 3’ ends, respectively. The locations of primers and probes are shown
in Figure 1, and their nucleotide sequences are listed in Table 1.

A

P-FMV | Arab/CTP1 Gox v247 E9 P-FMV [ Arab/CTP2 QRGIRICLEO DS Nl E9 |

GT-F {F GT-R

GT-Taq
(B)
___| TL-gene7 PrbcS1A | NOS barnase PTA29
MS-F MS-R
MS-Taq
RF-F RF-R
RF-Taq

Figure 1. Schematic diagram of PCR strategy to detect biotech canola GT73 and Ms8/Rf3. The arrows
indicate the specific primers and stars indicate the specific probes for qualitative or quantitative
detection for biotech canola GT73 (A) and Ms8/Rf3 (B).

Conventional PCR for Qualitative Analysis. Conventional PCR was performed to
confirm the specificity of the designed primers on the genomic DNAs extracted from non-
biotech canola, six biotech canola including GT73 and Ms8/Rf3, biotech soybean, biotech
maize, and biotech cotton. In order to determine the sensitivity of the qualitative PCR
method, DNA mixtures were prepared from two biotech canola GT73 and Ms8/Rf3 by the
following levels: 0, 0.03, 0.1, 0.3, 1.0, 3.0, 5.0, and 15.0% (w/w).

The conventional PCR was run with a 25u¢ volume of reaction solution using a
GeneAmp PCR System 9700 (Applied Biosystems, USA). A reaction solution contained
50ng of genomic DNA, 2.51¢ 10xPCR buffer, 0.2mM dNTPs, 1.5mM MgCl,, 0.5uM of each
primer, and 1.25 unit of AmpliTaqgGold DNA polymerase (Applied Biosystems). The PCR
was performed according to the following program: 1 cycle of 10 min at 94°C, 40 cycles of
30 sec at 94°C, 30 sec at 60°C, 30 sec at 72°C, and a final extension cycle of 7 min at 72°C.
The PCR product was resolved on 2% (w/v) agarose gel by electrophoresis.
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Table 1. Primers and probes used for qualitative and quantitative PCRs.

Target Name Sequence (5" — 3" ) Specificity g;n)gth
Endogenous
High mobility ~Hmg-F CCG TTT CAT ATG GTA GAT CTG ATT TTT T Hmg
group protein ~ Hmg-R GAT CGC CGT CTT GTT GCA A Hmg 111
(Hmg) gene Hmg-Taq FAM-ATC GAA GCA TCG AAC GAC GCG AAC-TAMRA Hmg
Construct Specific
GT-F CAT TCG CACCAAACCGTITT gox v247
GT73 GT-R GAT GAT ACG AAC GAA AGC TCTAGCT E9 115
GT-Taq FAM-TAT TGG TAA GTC CAA GCA AAC TGG TCC TGC-TAMRA gox v247
MS-F GAG GCC GTT TTT TTC AGC TTT AC barnase
Ms8 MS-R TGC CAA ATG TTT GAA CGA TCT G NOS 118
MS-Taq FAM-CGG TCA ATT TCA CTT TCC GGC TCT AGA GG -TAMRA  barnase/NOS
Ms8/Rf3
RF-F GCG ACATCACCATCATACTTT CTT AATA barstar
Rf3 RF-R CCA AAT GTT TGA ACG ATC TGC TT NOS 113

RF-Taq FAM-AGA TGA ACA ATA TGG AAA CAC AAA CCC GCA-TAMRA  barstar/NOS

Reference Molecule for Quantitative PCR. As a reference molecule, a standard plasmid
was constructed based on a pCR2.1 vector (Invitrogen, USA) integrated with four PCR
products, which were amplified from the specific primer pairs for canola Hmg gene, GT73,
MsS8 and Rf3.

The standard plasmid was constructed according to Kuribara et al. (10). Two kinds of
PCRs were performed for connection and cloning of PCR products. Firstly, to make a blunt-
end PCR product for connection, a 501¢ volume of reaction solution was composed of 51¢ of
10xPCR buffer, 0.2 mM dNTP, 1 mM MgSOy, 0.3 uM primer pair, 1 unit KOD-Plus-DNA
polymerase (Toyobo Co., Japan), and 2ng of plasmid DNA as a reaction template. Secondly,
to connect the first PCR products for cloning, a 25u¢ reaction solution contained 2.5u¢ of
10xPCR buffer, 0.2 mM dNTP, 1.5 mM MgCl,, 0.5 pM primer pair, 1.25 unit of
AmpliTaqGold DNA polymerase, and 2u¢ of the two first PCR products as reaction
templates. All PCRs were performed by GeneAmp PCR system 9700 (Applied Biosystems,
USA) according to the following PCR program: 1 cycle of 10 min at 94°C, 40 cycles of 30
sec at 94°C, 30 sec at 60°C, 30 sec at 72°C, and a final extension cycle of 7 min at 72°C.

The final-connected PCR product was ligated into the pCR2.1 plasmid vector by TOPO
TA cloning kit (Invitrogen, USA), and this recombinant plasmid transformed Escherichia coli
strain TOP10 cell (Invitrogen, USA). The cloned plasmid was selected by BstX [ digestion
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(Roche Applied Science, Germany) and confirmed through DNA sequencing analysis by
Solgent Company (Daejeon, Korea).

The cloned plasmid was extracted by the Qiagen Plasmid Midi kit (Qiagen) and the
extracted plasmid DNA was cut by Not I restriction endonuclease (Roche). The linearized
plasmid DNA was purified from 2% agarose gel by the QIA Quick Gel Extraction kit
(Qiagen). The concentration of the plasmid DNA was measured by the UV spectrophotometer
ND-1000 (Nano Drop Technologies., USA). As a calibrant for quantitation, the standard
plasmid was serially diluted to 2x10, 1.25x10%, 1.5x10°, 2x10* and 2.5x10° copies per 2.5u¢
with ColEl DNA (5ng/u¢, Wako, Japan).

Real-Time PCR for Quantitative Analysis. For quantitation of biotech canola DNA, a
real-time PCR was performed in duplicates using two wells. A 25u¢ volume of one well
contained 50ng of sample DNA, 0.5 uM primer pair, 0.1 uM probe, and 12.51¢ Universal
Master Mix (Applied Biosystems, USA). The real-time PCR was carried out by ABI PRISM
7900(Applied Biosystems, USA). The PCR amplification was run with the following
program: uracil-N-glycosylate treatment at 50°C for 2 min, denaturation at 95°C for 10 min,
45 cycles of denaturation at 95°C for 30 sec, and annealing or extension at 59°C for 1 min.

Five levels of standard plasmid were used for the standard curve as calibrants, which are
reference molecules. ColE1 DNA (5ng/u¢) was used as no template control (NTC). To
calculate the biotech cotton content, the conversion factor (Cy) was required. It defines the
ratio of the DNA copy numbers between an introduced gene and an endogenous gene, and it
is used to change the experimental value into real value.

In order to validate the quantitative method, the test samples were prepared by mixing
DNAs from conventional cotton, two biotech cotton GT73 and Ms8/Rf3 according to the six
levels 0f 0.1, 0.5, 1.0, 3.0, 5.0, and 10.0%.

RESULTS AND DISCUSSION

Specific Detection of Qualitative PCR Method. The Hmg-F/R primer pair was designed
to differentiate canola from other crops such as soybean, maize and cotton. There are several
reference genes in canola. The Hmg gene also presents as a single copy gene in the canola
genome [23-25]. Hmg-F/R primer pair is specific to a high mobility group protein (Hmg)
gene of the canola. The newly designed primer pairs, GT-F/R and MS-F/R or RF-F/R were
specific to GT73 and Ms8/Rf3, respectively.

We used the qualified genomic DNAs, which had no PCR inhibitor, extracted from GT73
and Ms8/Rf3(data not shown). When the GT73 and Ms8/Rf3 DNA was amplified as
templates, amplified fragment of 115 and 118 or 113 bp was observed, respectively. On the
other hand, no amplification was observed from the non-biotech canola, biotech canola T45
and Topas 19/2, biotech soybean, biotech maize and biotech cotton (Figure 2).

This specificity is basically attributable to the specific primer pair designed to amplify the
junction region containing two genes of each biotech event. These results showed that the
developed qualitative PCR detection methods could be applicable for the identification of
GT73 and Ms8/Rf3.
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Figure 2. Specificity of the primer pairs designed for biotech canola GT73 and Ms8/Rf3. PCR products
were electrophoresed on 2% agarose gel. Arrowheads indicate the expected PCR amplification
products. The respective primer pairs for detecting Hmg (A), GT73 (B), Ms8 and Ms8/Rf3 (C), Rf3 and
Ms8/Rf3 (D) were used. Template DNAs for each lane were as follows: Lanel-11; No template control,
Non-biotech canola, biotech canola GT73, Ms8, Rf3, Ms8/Rf3, T45, Topas 19/2, biotech soybean RRS,
biotech maize Bt176 and biotech cotton RR1445. M: 100 bp size ladder.

Limit of Detection of Qualitative PCR Method. The sensitivity test was performed to
determine the limit of detection (LOD) of the qualitative PCR method by three times repeat.
The test DNA samples, mixed with GT73 and Ms8/Rf3, were prepared to eight levels; 0,
0.03, 0.1, 0.3, 1.0, 3.0, 5.0 and 15.0% (w/w). As a result, the LODs for GT73 and Ms8/Rf3
were all 0.03% (Figure 3). The lowest threshold value is 0.9% of EU in the world. Thus, this
result indicated that the qualitative PCR method developed from this study could be used in
monitoring work for the GMO labeling systems in every country.

Standard Plasmid as a Reference Molecule used in Quantitative Method. A plasmid
pCano2 was constructed by the integration of four PCR amplicons, which were from one
endogenous gene, Hmg and three introduced genes of GT73, Ms8 and Rf3, into a pCR2.1
vector (Invitrogen). The nucleotide sequences of the integrated PCR amplicons of pCano2 are
shown in Figure 4.

As a reference molecule, five levels of standard plasmid were set to 2x10, 1.25X102,
1.5x10%, 2x10%, and 2.5x10° copies per reaction for the quantitative real-time PCR. It was
sufficient to quantitate 0.1~ 100% of biotech canola using 50 ng of genomic DNA for one
reaction ranging from 2x10 to 2.5x10° copies. The linearity of the standard curves for GT73
and Ms8/Rf3 was confirmed in the quantitative PCR using the designed primer pair, probe
and the standard plasmid, and calculated to 0.999 of R* value (Figure 5).
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Figure. 3. Sensitivity of the primer pairs designed for biotech canola GT73 and Ms8/Rf3. PCR products
were electrophoresed on 2% agarose gel. Arrowheads indicate the expected PCR amplification product.
The primer pair for detection of biotech canola GT73(A, GT-F/R) and Ms8/Rf3(B, MS-F/R; C, RF-
F/R) was used. Template mixing DNAs for each lane were as follows; Lanel-8; 0, 0.03, 0.1, 0.3, 1.0,
3.0, 5.0 and 15.0%, respectively. M; 100bp size ladder.

As for the five levels of the standard plasmid (pCano2), the repeatability of the copy
number at each level of standard plasmid was confirmed from the data of duplicate reactions.
The values of relative standard deviation (RSD) of the duplicate reactions ranged from 0.00 to
23.39% (Table 2). Most of RSD values were below 25%. The variation within this range was
not significant, so the standard plasmid was confirmed to be stable and reliable reference
material.

In Europe, the genomic DNAs from the certified reference materials (CRMs) have been
used as reference molecules. Compared with the genomic DNA, the standard plasmid can be
supplied as unlimited quantities with a consistent quality and a single plasmid can be used as
a single reference molecule for several biotech events. As a result of this study, we propose
that this standard plasmid can be used as a credible reference molecule for quantitating GT73
and Ms8/Rf3 in biotech canola.

Conversion Factors for Quantitation. Biotech canola has different copy numbers of
recombinant DNA, so it is necessary to know the original copy numbers of a recombinant
DNA of each biotech canola event for standard-plasmid quantitative method. The conversion
factor (Cy¢) is a ratio of the copy numbers between a recombinant DNA and a taxon-specific
DNA in a biotech canola event.

The biotech canola content of a canola sample can be calculated from the following
formula; (copy numbers of a construct-specific recombinant DNA sequence / copy numbers
of a taxon-specific DNA sequence) x 1/ C¢ x 100(%). All experiments were repeated three
times and the mean value was determined to be C; for real content.
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(A)

Hma GT73 Ms8 Rf3

pCano2

(B).

ccgtttcata tggtagatct gattttt;CG GTTTTTGTGG AAATCAGATG 50
Hmg-F

ATCATGGAAG CGATCGAAGC ATCGAACGAC GCGAACGQt t gcaacaagac 100
Hmg-Taq Hmg-R

ggcgatdcat tcgcaccaaa ccgtt;CGGT ATTGG TAAGT CCAAGCAAAC 150
' GT-F GT-Tagq

TGGTCCTGCA TCCTA AGTGG GAATT CGAGC TCGGT ACCGG ATCCT CTage 200

tagagcttte gttcgtatca tcGGTTTCga ggccgttttt ttcagettta 250

GT-R MS-F

_c’ ATAAAGTGT GTAATAAATT TTTCTTCAAA CTCTGATCGG TCAATTTCAC 300
MS-Taq

TTTCCGGCTC TAGAGGATC CGAAGgagatc gttcaaacat ttggcaGAAG 350
D MS-R

GCTgcgacat caccatcata ctttcttaat aCGATCAATG GGAGATGAAC 400
RF-F g

AATATGGAAA CACAAACCCG CAAGCTTGGC TCTAGAGGAT CCGgageaga 450
RF-Tagq RF-R

tcgttcaaac atttgg 466

Figure 4. Standard plasmid pCano?2 as a reference molecule. (A) Schematic diagram of pCano2. (B)
Sequence of the integrated PCR amplicon of Hmg gene, GT73, Ms8 and Rf3 in the pCano2. The
lowercase letters in bold indicate the sequence of primers with arrows indicating the orientation. The
capital letters and italics in bold indicate the sequence of TagMan probes.
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Figure 5. Amplification plots and standard curve of real-time PCR. (A) Amplification plots were
generated from PCR of GT-F/R primers and GT-Taq probe for the detection of biotech cotton GT73 by
the five levels of pCano2. (B) The standard curve from the data of the above amplification plots.
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Table 2. Repeatability of the copy numbers of pCano2.
Copy No.

Target True value Mean value RSD?
20 22.20 23.39
125 127.01 10.37
Hmg 1500 1459.46 1.89
20000 20397.37 10.84
250000 248852.61 2.36
20 20.75 3.28
125 119.06 5.62
GT73 1500 1476.58 0.00
20000 20470.54 7.02
250000 248770.99 0.47
20 22.14 13.91
125 113.21 2.89
Ms8/Rf3 1500 1463.00 12.95
20000 19273.49 2.89
250000 263016.86 5.77

"RSD = an average of the relative standard deviations of the duplicate reactions in a single experiment
for Hmg, GT73 and Ms8/Rf3

Canola (Brassica napus L.) is primarily self-pollinating plant. GT73 is a homozygous
trait, and so the F1 seed of GT73 contains four GT73 copies per four haploid genomes. In
case of gene stacked heterozygous hybrid Ms8/Rf3, their parental line MsS is a heterozygous
trait, while Rf3 is a homozygous trait. But only Ms8/Rf3 (Ms8 x Rf3) F1 hybrid seeds are
currently used for cultivation in the market. The F1 seeds of Ms8/Rf3 contain one copy of
Ms8 and two copies of Rf3 per four haploid genomes. Thus, theoretical C¢ of canola F1 seed
with one or four copies transgenes per four haploid genome will be 0.25 or 1.0 because the
Hmg gene, which is an endogenous gene, is a single copy per haploid genome of canola. The
experimental mean Cy values are 0.85 for GT73 and 0.23 for Ms8/Rf3 (Table 3).

Table 3. Conversion factors (Cys) of quantitative PCR for GT73 and Ms8/Rf3

Target Mean SD* RSD®
GT73 0.85 0.04 4.71
Ms8/Rf3 0.23 0.03 13.04

*SD = Standard deviation.
’RSD (Relative standard deviation) was calculated by dividing the standard deviation by the mean
value, and given in %. Experiments were performed three times each.
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Table 4. Accuracy and precision of the quantitative PCR method

Accuracy

Precision
Mean Bias BeloW
20 copiesc
. True value Experimental True value a b
Biotech event %) Value (%) %) SD RSD

0.1 0.10 0.0 0.02 20.0 0/3
0.5 0.43 -14.0 0.03 7.0 0/3
1.0 1.06 6.0 0.03 2.8 0/3
GT73 3.0 2.79 -7.0 0.26 9.3 0/3
5.0 4.27 -14.6 0.08 1.9 0/3
10.0 9.89 -1.1 1.49 15.1 0/3
0.1 0.09 -10.0 0.03 33.3 0/3
0.5 0.46 -8.0 0.13 28.3 0/3
1.0 0.99 -1.0 0.18 18.2 0/3
Ms8/R3 3.0 2.79 -7.0 0.57 20.4 0/3
5.0 4.79 -4.2 0.31 6.5 0/3
10.0 9.41 -5.9 0.98 10.4 0/3

*SD = Standard deviation.
"RSD = Relative standard deviation. Experiments were repeated three times.
‘Below 20 copies = the number of experiments below 20 copies/total number of experiments.

Validation of the Quantitative PCR Method. The accuracy of the method was evaluated
as the bias (%) of the experimental mean value from the theoretical value. The precision was
evaluated by the relative standard deviation (RSD).

To evaluate the accuracy and precision, the test DNA samples were prepared as six
mixing levels; 0.1, 0.5, 1.0, 3.0, 5.0 and 10.0%. According to the GMO labeling systems of
some countries, thresholds for the adventitious presence (AP) level of biotech products are
0.9% in the EU, 3.0% in Korea and 5.0% in Japan.

As aresult at 1.0, 3.0, and 5.0% mixing levels, in case of GT73, the biases (mean vs. true
value) were 6.0, -7.0 and —14.6%, and their RSDs were 2.8, 9.3 and 1.9%, respectively. In
case of Ms8/Rf3, the biases (mean vs. true value) were —1.0, -7.0 and —4.2%, and their RSDs
were 18.2, 20.4 and 6.5%, respectively. Overall result, the values of biases and relative
standard deviations (RSDs) of the three times repeated tests ranged from 1.9 to 33.3% at six
levels (Table 4). Except the lowest level, most of variations were within 30%, therefore the
accuracy and precision of this quantitative method was credible for the method’s practical
application [26].

On the other hand, the limits of quantitation (LOQs) of the detection methods for biotech
canola GT73 and Ms8/Rf3 were all 0.1%. Therefore, our method can be applicable for GMO
labeling systems in the world because the lowest AP threshold is 0.9% of the EU. In
conclusion, we report that the qualitative and quantitative PCR methods for biotech canola
GT73 and Ms8/Rf3 were developed and validated in house. Consequently, we confirmed
these methods could be used as a practical monitoring method for the biotech canola.
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