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Preface

The nutritional demands of the world for the availability of tasty nutri-
tious food that is free of pathogens, but also free of harmful additives,
are growing more intense. The demand, therefore, is for foods produced
with milder treatments (e.g., less heat, salt, sugar, and chemicals), and new
technologies for preventing the growth of pathogenic bacteria are increas-
ingly required. Despite the wide range of potential antimicrobials, rela-
tively few are suitable for use in practice, in particular food products, and
in response to these modern consumer trends and also to food legislation,
the food industry is faced with a serious challenge to successfully attain
their objective. Organic acids have for many years been used in food pres-
ervation, but because of their natural occurrence in food and because they
inhibit the growth of most microorganisms, they are ever increasingly
being used.

This informational book is aimed at providing as much as possible
of the available information that may be needed on the organic acids in
food preservation. This information is relevant for hands-on use in the
food industry, various academic disciplines, research, education, and
food technologies. Problems identified thus far with regard to the organic
acids have been approached and discussed and possible solutions inves-
tigated. This was made possible by studying the newest relevant research
findings reported from industries and laboratories around the globe. In a
quest for providing the ultimate reference book, the outcome of this book
project is a combination of information, application regimes, and future
prospects of the organic acids as food preservatives. This may provide
the food industry as well as the food science and academic worlds with
a book that contains most of the factual information on organic acids in
food preservation, in combination with the latest and greatest research
data (the “past, present, and future of organic acids”). In other words, the
authors endeavored to represent the actual situation to the reader.

This is a unique book by itself, as to our knowledge there is no other
book available that focuses solely on the subject of the organic acids as
food preservatives. The book not only provides information on these
acids, but also highlights the problems and provides relevant solutions
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where possible. Information available on the organic acids is expanding
daily and this book should be a decidedly relevant source of information
in both the food industry, which is, after all, one of the strongest indus-
tries in the world, as well as several disciplines in the academic world,
including microbiology, food science, food technology, biochemistry, and
biotechnology. Audiences from both the formal and the informal sectors
from countries all over the world will be able to benefit from this book,
even developing countries. Food-related problems are similar all over the
world. Numerous problems in food preservation are encountered even
in developed countries, who also claim to be leaders in the fields of food
production, food processing, and food safety.

Numerous books have, over the last century (the authors found one
as early as 1905!) and longer, been published on food preservation, which
include methods of preservation, as well as the variety of food additives.
However, it is surprising to find that there appears to be no book, older or
recently published, that fully addresses the organic acids, even though it
may be assumed that researchers, scientists, industrial processors, and
even food technologists have recognized the need for such a single vol-
ume that covers most of the information (the broad and vast spectrum)
available on the organic acids as natural food preservatives. Because
many of these acids are naturally produced by various microorganisms,
occur naturally in foods, and inhibit the growth of most microorgan-
isms, they have been of great value as preservatives. Although organic
acids have for many years been used in food, especially processed food,
as additives, either as flavorants or preservatives, have they really been
assessed as to their continuing effectiveness and sustainability? The con-
cept of compiling all the relevant important information on the organic
acids into one descriptive book may just be the ultimate vade mecum for
any scientist, researcher, food processor, or food technologist.
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chapter one

Introduction

1.1  The evolution of preservation with organic
acids: From stone age to space age

1.1.1  More than a century of preservation with organic acids

The ability to store large quantities of food has played a pivotal role in
mankind’s development. Evidence of food preservation dates back to the
postglacial era, from 15,000 to 10,000 BC, and the first use of biological
methods has been traced back to 6000 to 1000 BC, with evidence of fer-
mentation processes used in producing beer, wine, vinegar, bread, cheese,
butter, and yogurt (Soomro, Masud, and Anwaar, 2002).

Evidence also exists that points to a notable award that was offered by
the Emperor Napoleon of France in 1787 for anyone who could propose a
way to preserve the food intended for the soldiers in the French armies.
This award was won in 1809 by Nicholas Appert for his idea to put food
in bottles, stopper them, and heat the contents, killing bacteria and pre-
venting further contamination. However, he was apparently not aware at
the time of the existence of bacteria and that they were the cause of the
spoilage. In 1819 Peter Dunrand used metal containers to apply the same
principle. These containers were called cannisters, which is the origin of
the word “can” (Saint Xavier University, 2000).

The cause of food spoilage was affirmed in 1864 by Louis Pasteur
who showed that microorganisms in foods were the cause of such con-
tamination. He subsequently found that microbes were killed by heating
and that sealed containers could be used to preserve food by preventing
recontamination from atmospheric air.

In 1940, a major development in the distribution and storage of foods
was achieved, when low-cost home refrigerators and freezers became avail-
able. Other developments followed and included artificial drying, vac-
uum packaging, ionizing, radiation, and chemical preservation (Soomro,
Masud, and Anwaar, 2002). A combination of techniques in which acids
have played an important role have emanated as part of consequent pres-
ervation protocols for various foodstuffs (Hsiao and Siebert, 1999). One of
the fundamental principles of food safety has been based on the division
of foods into low-acid and high-acid categories and the according applica-
tion of preservation treatments (Nakai and Siebert, 2003). Similarly to the
entire food preservation process that can be traced back centuries, the use
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2 Organic Acids and Food Preservation

of weak acids as antimicrobials also has a long history. The first reported
chemical preservative was sulfite which was employed for centuries for
the sterilization of wine vessels. Nowadays the use of sulfite as a preser-
vative has been largely curtailed because of reports of adverse effects on
human health, especially in steroid-dependent asthmatics, and conse-
quently in preservation protocols the sulfites have been predominantly
replaced by weak organic acids (Piper, 1999).

A contributing factor to the organic acids being of considerable value
as food preservatives is that they are also food ingredients, often naturally
produced by microorganisms and widely distributed in nature as normal
constituents of plants or animal tissues (Gauthier, 2005). Consequently,
in more recent times it has become commonplace to include organic
acids in chemical additives to control microbial contamination in foods
and feeds (Ricke et al., 2005). Vinegar is another preservative that was
applied by ancient civilizations and used as a seasoning or preservative
agent (Tesfaye et al., 2002). The present-day definition of vinegar as a food
constituent clearly hints at its being a pivotal component due to its pres-
ervation ability: “A liquid fit for human consumption, produced from a
suitable raw material of agricultural origin, containing starch, sugars, or
starch and sugars by the process of double fermentation, alcoholic and
acetous, and contains a specified amount of acetic acid” (FAO/WHO, 1987;
Tesfaye et al., 2002).

Benzoic acid is the oldest and most commonly used preservative
(Barbosa-Cénovas et al., 2003). In 1970 it was reported that sorbic acid had
been proposed for extensive use as a preservative, but its safety-in-use had
to be established before being added to the existing list of permitted food
additives (Shtenberg and Ignat’ev, 1970). A study done in 1956 reported on
the use of sorbic acid as a preservative in fresh apple juice (Ferguson and
Powrie, 1957). Worldwide, approximately 40% of food grown for human
consumption is lost to pests and microorganisms (Saint Xavier University,
2000). The preservation process itself was of little public interest until a
decade ago. Today it is one of the key issues addressed by every food pro-
cessor (Marz, 2000).

1.1.2  Toward preservative-free food

Preservation of food requires the control of microorganisms throughout
the food chain, and proper monitoring to ensure the safety and stability of
the product during its shelf life (Prange et al., 2005). It is said that except for
the food grown in one’s own garden, all food products contain preserva-
tives, and that every manufacturer adds preservatives to the food during
processing (Food Additives World, 2008). However, there is an increas-
ing demand for foods without chemical preservatives (Bégin and Van
Calsteren, 1999). Therefore, in attempting to satisfy consumer demands
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for foods that are ready to eat, yet fresh-tasting, rich in nutrients and vita-
mins, and also minimally processed and preserved, the food industry,
worldwide, is increasingly faced with numerous challenges (Leguerinel
and Mafart, 2001) and forced to respond by prioritizing the development
of minimally processed food products that are at the same time nutritious
and with high organoleptic quality. This places even greater strain on the
general market in commercialization as minimally processed products
generally present a very short shelf life, which may often be less than a
week (Valero et al., 2000).

Ithas also become evident that microorganisms are continuously adapt-
ing to survive in the presence of previously effective control methods (Rico
et al,, 2008). In response to safety concerns from these dilemmas, research
intensified to address new techniques demanded in all steps of the pro-
duction and distribution chain for maintaining required food quality that
will at the same time inhibit undesired microbial growth (Rico et al., 2008;
Samelis et al,, 2002). Research has also shifted the focus to the potential
implications of new decontamination techniques on pathogen behavior as
well as on the microbial ecology of food products (Samelis et al., 2002).

1.2 Unrivaled advantages

Organic acids have a long history of being utilized as food additives and
preservatives in preventing food deterioration and extending the shelf
life of perishable food ingredients, and have been demonstrated to be
effective under a wide variety of food processing conditions. They have
been applied in pre- and postharvest food production and processing and
various organic acids are approved or listed in FDA regulations for vari-
ous technical purposes, in addition to preservation (Ricke, 2003). These
include the application of organic acids as acidulants, antioxidants, flavor-
ing agents, pH adjusters, and even nutrients (Smulders and Greer, 1998).
Traditionally organic acids have, therefore, been extensively used in the
food and pharmaceutical industries as preservatives, chemical intermedi-
ates, and also buffer media (Bailly, 2002). Much research has been devoted
to the application of organic acids as preservatives because of their bac-
tericidal activity, and their “generally recognized as safe” (GRAS) status
(Tamblyn and Conner, 1997).

1.3 Economic implications: “Safer
food, better business”

Sustainable economic growth requires safe sustainable resources for
industrial production (Kamm and Kamm, 2004). However, microbial
contamination of foods plays a major role in economic losses to food
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processing companies worldwide and these problems are being experi-
enced despite intensified control measures, extensive research on food
safety, and modern food preservation regimes. Entire industries may be
affected, experiencing significant losses as a result of food spoilage as
well as food poisoning (Brul et al., 2002a). Contamination of foods with
pathogenic organisms may even have devastating effects on the foreign
trade of a country. This was evident in the early 1990s in Peru during the
initial stages of a cholera epidemic. Such economic losses may be devastat-
ing even when the hazard is recognized before any consumers have been
affected (Molins, Motarjemi, and Kéferstein, 2001). To make matters even
worse, public health officials have predicted that a number of underlying
forces may make foodborne illnesses even more of a problem in years
to come. Factors such as emerging pathogens, improper food preparation
and storage practices among consumers, insufficient training of retail
employees, increasing global food supply, and an increase in the number
of people at risk because of aging and compromised capacity to fight food-
borne illnesses will have to be contended with in the combat against the
effects of microbial contamination on food safety (Medeiros et al., 2001).

Several studies have demonstrated the high cost to society of food-
borne illness in different countries, including the United States (1996)
and Canada (1990), and there is a growing literature on the importance
of reducing foodborne illness in developing countries (Motarjemi et al.,
1996; Moy, Hazzard, and Kéferstein, 1997, Unnevehr and Jensen, 1999).
From these studies the immense benefits in improving food safety are
apparent, yet these benefits have not been fully internalized by market
mechanisms to reward the companies involved (Unnevehr and Jensen,
1999). Food preservation requires the control of microorganisms through-
out the food chain and in this regard there is a need to predict the behavior
of undesirable microorganisms and thus to get an insight to their cellu-
lar functioning under conditions generally encountered under relevant
food manufacturing conditions (Brul et al., 2002a). Producers or retailers
may, however, not be able to ascertain or certify the safety of foods, as a
result of the wide spectrum of potential microbial contaminating agents
and the hazards posed by them when encountered in food or food envi-
ronments (Unnevehr and Jensen, 1999). It is essential that thorough risk
assessment be the very first step taken by all leading food industries in
optimizing the quality and safety of food products (Brul et al.,, 2002b).
Although markets may undergo changes simultaneously with changes in
the marketing environment as well as political frameworks, direct contact
with the industry provides reliable and precise quantitative information
with regard to food additives and food safety (Marz, 2002).

It is worth mentioning in particular the spoilage of foods and bever-
ages characterized by high sugar contents, low pH, and low water activi-
ties (a,,) by yeasts as posing a major economic problem (Hazan, Levine,
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and Abeliovich, 2004). In the summer months fungal spoilage of bakery
products before their expiration date is an important concern for manu-
facturers. Adding to the problem is that preservatives added to bakery
products with relatively high pH (Juneja and Thippareddi, 2004) may be
ineffective, as they do not have any impact on their shelf life (Marin et al.,
2003). Although many of these products are carrying useless preserva-
tives that could just as well be excluded from their recipes, reduction in
preservatives to subinhibitory levels has been shown to stimulate growth
of fungi or to stimulate mycotoxin production (Marin et al., 2003; Suhr
and Nielsen, 2004). However, it is possible that these products have to rely
on a suitably low a,, for preservation (Marin et al., 2003).

In addition to economic losses as a result of spoilage by fungal growth
on bread products, production of mycotoxins and the health hazards asso-
ciated with these are also a serious concern (Arroyo, Aldred, and Magan,
2005). A mycotoxin commonly associated with bread products is ochra-
toxin A, the presence of which mainly comes from the wheat flour used
for manufacturing. Ochratoxin A is only partly destroyed in wheat grain
or in flour during the making of bread and little information is available
on the effect of preservatives in bread products on ochratoxin A produc-
tion by spoilage molds, especially in moderate climatic conditions (Arroyo,
Aldred, and Magan, 2005).

The evidence is clear that measures should be taken in the food safety
arena in addressing all the factors implicated in such serious economic
problems caused as a result of microbial contamination of food. The advan-
tages of a better understanding of the physiological actions of preservative
systems to the food manufacturing industry are endless. It is envisaged,
among others, to improve food quality and wholesomeness through lower
thermal treatment, provide possibilities for new products (mildly preserved,
organic foods), save energy through better controlled processes, use less
waste and cooling water, reduce the use of cleaning and disinfecting agents,
and produce less waste through better process control (Brul et al., 2002a).

It is, however, believed that food poisoning and in particular full
control of its morbidity is well within reach, speculated from a consis-
tent decline in the United States, among others, in the incidence of food-
transmitted salmonellosis, as a result of new developments such as the
introduction of pathogen reduction steps in food processing that have
been implemented in the United States by regulation (Olsen, 2001; Struijk,
Mossel, and Moreno Garcia, 2003). Similarly improved protection of the
consumer population is envisaged to be achievable in all areas of food-
transmitted infections. However, infection pressure on the food environ-
ment (from raw food, in particular from animal origin) will require the
implementation of a decontamination step which should be introduced
in production and distribution at a very specific point. This should be in
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addition to the usual hygienic practices already in place (Struijk, Mossel,
and Moreno Garcia, 2003).

1.4  Legislative issues in food production

In developed economies significant changes have been made to food
safety regulations over the last two decades, where many countries have
increased their standards for ensuring safety and quality of food intended
for domestic consumption as well as for the export market. However,
developing countries are reported to experience difficulties in meeting all
the requirements associated with implementing high-level sanitary mea-
sures involved in technical regulations and public and private standards,
as well as conformity tests (Martinez and Bafiados, 2004). Furthermore,
public authorities have been encouraging both the food and feed indus-
tries in developing extensive quality management systems in attempting
to improve food safety, to restructure a system for inspection, and also to
try to boost consumers’ trust by promoting adequate information (Rohr
et al, 2005). Another important factor is that continuous monitoring of
proposed regulations is achievable by online government resources in
updating food safety recommendations (Cabe-Sellers and Beattie, 2004).
Both the U.S. Food and Drug Administration (FDA) and U.S. Department
of Agriculture (USDA) are involved in the provision of extensive oversight
in regulating measures implemented in ensuring the safety of food. These
also include compulsory and meticulous studies on safety, with regard to
issues such as toxicology and pharmacokinetics, prior to the approval of
an antimicrobial agent or preservative for use and monitoring of the food
supply to ensure the agent is being used correctly (Donoghue, 2003).

Of specific importance are regulations with regard to safe food pro-
duction in the meat industry. In the list of feed additives authorized by
European Union (E.U.) legislation, organic acids are recommended as pre-
servatives, and their use is currently allowed in all livestock species. It is
recognized that the organic acids produce no detectable abnormal resi-
dues in meat and are, therefore, considered safe substances (Castillo et al.,
2004). In the United States organic acids such as lactic acid and acetic acid
have GRAS status, and are approved for use. Differences in regulatory
authorities are evident, particularly in the meat industry. The European
Union requires strictly hygienic processing sufficient to assure product
safety and does not allow any additional antimicrobial decontaminant,
as it regards decontamination strategies as a means of concealing poor
hygiene. Contrary to the E.U. requirements, it may be generally accepted
that U.S. abattoirs initiated the incorporation of organic acid sprays as a
component of the carcass dressing process. In the adaptation of E.U. reg-
ulations with regard to meat treatment, it should be kept in mind that
even with the best and most current hygienic practices, contamination of
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carcasses is inevitable. The USDA, therefore, regards such interventions as
an important addition to hazard analysis critical control point (HACCP)
in meeting the standards required for pathogen control (Smulders and
Greer, 1998).

1.5 Problems in an “organic world”

Consumers are increasingly, and often without grounds, questioning
the ability of modern food systems to provide safe and nutritious food
of high quality. In response to these consumer conceptions authorities
and the industry have to contend with frustration with these attitudes
of the public toward food risks, as they believe the public worries about
the wrong things. This then often results in twisted agendas and specific
efforts by food producers being unjustified and often wrongly allocated
(Macfarlane, 2002). The demand for safer food is also constantly grow-
ing as consumers, specifically in the developed countries, are becoming
more affluent, live longer, and with modern technology and available
information, have a better understanding of the relationship between diet
and health (Unnevehr and Jensen, 1999). As a result consumers today are
sceptical about any additives as preservatives and various industries are
compelled to reduce quantities or totally remove additives that are often
essential in ensuring quality and safety of a specific foodstuff (Suhr and
Nielsen, 2004). Contrary to consumer demands, studies have shown that
the use of suboptimal concentrations of preservatives such as the organic
acids may stimulate the growth of spoilage fungi (including Hyphopichia
burtonii, Candida guillermondii, and Aspergillus flavus) which may lead to
mycotoxin production (Arroyo, Aldred, and Magan, 2005). However, as
individuals may be sensitive to varying preservatives and may present
allergic reactions, there are circumstances when the type and amount of
preservatives should be controlled (Tang and Wu, 2007).

When considering consumer prerequisites in a typical decision-
making process, safety is usually a nonnegotiable attribute. Evidence
suggests that consumers expect all food to be intrinsically safe. However,
consumer perceptions also relate to human subjectivity which ultimately
determines their purchasing and consumption decisions. The meat cri-
sis and subsequent decline in beef consumption, particularly in Europe,
have forced governments and the meat industry into action in restoring
consumer confidence in meat safety and wholesomeness (Tang and Wu,
2007; Verbeke et al., 2007). Consumers also judge the quality of fresh food-
stuffs such as fresh-cut fruit and vegetables on appearance and freshness
at the time of purchase. However, satisfaction and subsequent purchases
will depend upon the consumer’s experience in terms of texture and fla-
vor of the product. Then again, everyone uses a different set of criteria to
interpret the quality of product and the term “acceptability” is a practical
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approach to quality when compared to a criterion, the quality limit (Rico
et al., 2007).

Consumers are also very concerned about pesticides used in food pro-
duction, because of possible residues in the food product. In surveys it has
been found that both organic and conventional food buyers believe organic
produce to be better (Macfarlane, 2002). Consumers, and more specifically
young people, are showing increased interest in more education about
food safety (Cabe-Sellers and Beattie, 2004). However, notwithstanding
the fact that the consumer is gaining more knowledge with regard to food
safety and quality, there is the gap between the experts and the public that
continues to exist (Macfarlane, 2002). The public perception of risk often
incorporates many factors in addition to the quantitative measure of risk.
It is, however, interesting to acknowledge that from constant research
findings, it is evident that what the consumers say they want, and what
they actually buy, are often not the same. The desires and realities of the
public are also often difficult to understand and impractical to achieve.
People want easy-to-prepare food (such as microwave foods) to look,
smell, and taste as good as those made in an oven. In attempting to satisfy
these desires, more not fewer additives are then needed. The nature of
foods also continues to change, more specifically the increasingly popular
prepared foods (Forman, 2002).

Foods are produced or processed by many technologies and this poses
problems and challenges for researchers who are concerned with the fac-
tors responsible for consumer choice, acceptance, and purchase behavior.
Consumer perceptions about safety, risks, benefits, and cost associated
with new and modern technologies can influence their purchase decisions
in a negative way. Much research has therefore been devoted to the evalu-
ation of consumers’ concerns regarding specific food safety issues such as
irradiated foods, bioengineered foods, foods containing pesticides, pro-
cessed foods that use laser light sources, and of course, microbial contam-
inated foods (Cardello, Schutz, and Lesher, 2007). Consumers” attitudes
toward food safety are not an independent issue and have been shown to
influence and predict their behavior. They are shown to be linked to con-
sumers’ demographic and socioeconomic status, culture, personal prefer-
ences, and experience (Cheng, Yu, and Chou, 2003).

As aresult of various food safety incidents consumers are increasingly
asking questions about the food they consume and how it is produced,
which has resulted in increasing demand for organic products (Martinez
and Banados, 2004). Surveys have indicated that many consumers choose
organic foods because of a belief in nutritional benefits of such organic
products. Findings of one survey demonstrated that the main reasons
consumers purchased organic foods were avoidance of pesticides (70%),
freshness (68%), health and nutrition (67%), and to avoid genetically modi-
fied foods (55%; Winter and Davis, 2006). It is, however, often very costly
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to test for the safety of products, causing some reason for concern, as pri-
vate markets often fail to provide for adequate food safety, a safety that is
not readily apparent to consumers (Unnevehr and Jensen, 1999).

Another concern in the food safety arena is consumers who may prefer
consuming raw or undercooked foods, despite the risks known to them.
Although consumers need to be educated about avoiding such foods it
is very difficult to change customs and cultures of a population and it
may be more effective to consider other more cost-effective interventions
(Molins, Motarjemi, and Kaferstein, 2001). However, increased public
scrutiny about the use of antibiotics and other additives in the animal feed
industry has now directed research toward alternative means for manipu-
lating gastrointestinal microflora in livestock (Castillo et al., 2004).

1.5.1 Nutrition and consumer perceptions

Some studies have concluded that organic production methods would
mean increased nutrient content, particularly organic acids and poly-
phenolic compounds. Although many of these substances are considered
to have potential human health benefits as antioxidants, their impact on
human health when consuming greater levels of organic acids and poly-
phenolics has not yet been determined (Winter and Davis, 2006).

1.5.2 Pesticides

In agricultural development pesticides have become indispensable as
plant protection agents and essential in enhancing food production.
Pesticides also play a significant role, apart from their role in food pro-
duction, in keeping society free from deadly diseases such as malaria,
dengue, encephalitis, and filiariasis among others. Moreover, pesticides
are also important in rural health programs, controlling biting or irritat-
ing insects and other pests that may plague humans and animals (Rekha,
Naik, and Prasad, 2006).

However, indiscriminate use has led to occupational hazards in the
developing world and is posing a severe risk to human health. The overall
trend is in developing a food production system that is socially, ecologi-
cally, and economically acceptable as well as sustainable. The ideal would
be the development of an alternative for economic crop production with-
out the use of agrochemicals. One such alternative to synthetic pesticide
use is organic agriculture and food processes, which are already widely
in practice in developed countries. The aims of organic food production
is to encourage and enhance biological cycles within the farming systems
in attempting to maintain and increase soil fertility, to minimize nega-
tive effects caused by fertilizers and pesticides, and ultimately to produce
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adequate quantities of high-quality food. However, this process is costly,
labor intensive, and not always effective (Rekha, Naik, and Prasad, 2006).

1.5.3 Mycotoxins

Mycotoxins are secondary metabolites produced by filamentous fungi.
These mycotoxins may cause a toxic response, referred to as mycotoxicosis,
when ingested by humans or animals. Aspergillus, Fusarium, and Penicillium
are the most abundant mycotoxin producers, contaminating foods through
fungal growth before harvest, during harvest, or often during improper
storage. Most common mycotoxins are the aflatoxins, which also represent
one of the most potentially carcinogenic substances known. Aflatoxins
are rated as Class I human carcinogens by the International Agency for
Research on Cancer (IARC) (Binder, 2007). It is, therefore, one of the more
serious problems to deal with in an organic food production setup, where
common preservatives and antifungal agents are almost nonexistent.

1.5.4 Food safety control measures

Effective control measures are the cornerstone for ensuring food safety.
These include methods available in preventing food contamination and
also decontamination, in instances where this may be necessary. It has
been shown, over and over again, that present production methods are
inadequate to totally prevent food contamination. Moreover, the complex-
ity of food handling and processing provides ample opportunity for con-
tamination, as well as survival and growth of pathogenic organisms. It
also cannot be foreseen that in the near future, production methods would
be able to ensure contamination-free foods, as many pathogens are part
of the normal flora of the environment, and to make things even worse,
public health authorities all over the world are faced with newly recog-
nized types of foodborne illnesses emerging and reemerging (Molins,
Motarjemi, and Kaferstein, 2001).

1.5.5 Seeking alternatives

The food safety problem has reached a stage where the presence of harmful
bacteria has become an even greater concern, as consumers remain wor-
ried about new technologies and ingredients in their food (Smith DeWaal,
2003). A real need has developed to find alternatives for preservation in
an ever-demanding consumer world. One area where various alternatives
have been suggested, is the preservation of fresh-cut fruit and vegetables,
to improve the efficacy of washing treatments. Alternative methods have
been proposed and include (1) antioxidants, (2) irradiation, (3) ozone, (4)
organic acids, (5) modified atmosphere packaging, and (6) whey permeate
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among others. These methods are actually modified methods, but have not
yet gained widespread acceptance by the industry. Their acceptance limit
is also primarily defined by economic and physiological factors, whereas
the quality of a product is largely defined by its intrinsic properties. For
example, for fruits and vegetables, the product properties such as color,
firmness, and taste are known to change over time (Rico et al., 2007).

1.6 New and emerging pathogens
1.6.1 Introduction

It has become evident that a need exists for better understanding of the
effectiveness of classical preservatives such as the organic acids as well
as naturally occurring antimicrobial biomolecules in combination with
the other common components of food preservation systems. This would
entail understanding the concept of microorganisms dying, surviving,
adapting, or growing as well as the physiological and molecular mecha-
nisms within cells that result in these phenotypes (Brul and Coote, 1999).
Microbiological problems and the implications of this in food safety have
been elucidated at the WHO food strategic planning meeting (WHO, 2003;
Galvez et al,, 2007). Of major concern is the emergence of new pathogens
together with problems with pathogens not previously associated with
food consumption. There are constant changes taking place in food pro-
duction, preservation, and packaging and because microorganisms, and
specifically pathogenic organisms, are not limited to cardinal ranges
of temperature, pH, and water activity, but can adapt to survive at val-
ues outside those given in textbooks, altered food safety hazards have
emerged (Galvez et al., 2007). New organisms continue to be added to the
list of potential diseases and increased attention is focused on foods not
previously considered to be common carriers of hazardous contaminants.
For example, in 2004 a widespread outbreak of Yersinia pseudotuberculosis
was reported that involved 47 cases, with iceberg lettuce identified as the
carrier (Cabe-Sellers and Beattie, 2004).

1.6.2  Foodstuffs implicated

Meat products are among the leading foods associated with listeriosis,
in addition to salmonellosis (Mbandi and Shelef, 2002). Although the
meat from a healthy animal is sterile, it is often contaminated from vari-
ous origins, such as dirty skin, hooves, hair, cutting tools, infected per-
sonnel, polluted water, improper slaughtering procedure, postslaughter
handling, and also during storage (Durango, Soares, and Andrade, 2006).
Pathogens that often contaminate freshly slaughtered beef carcasses typi-
cally originate from the bovine gastrointestinal tract, and contaminate via
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fecal matter or via contents from intestinal organs that are accidentally
damaged during removal (Berry and Cutter, 2000). Due to the ubiquitous
nature and increasing presence of the pathogen Listeria monocytogenes
in the slaughterhouse and meat packaging environments, the incidence
and behavior of this pathogen in meat products are receiving increasing
attention. Contamination of ready-to-eat (RTE) meats with Listeria mono-
cytogenes and Salmonella spp. occurs mainly at postprocessing, and it is
common practice for these products to be consumed without further heat-
ing. L. monocytogenes can, therefore, be hazardous to the consumer in both
refrigerated and temperature-abused RTE meats (Mbandi and Shelef,
2002).

An example of foodstuffs where hazardous microbial contaminants
are increasingly found, are salad bars, offering freshly cut lettuces. Such
salad bars have become increasingly popular, and have introduced new
environments that support the growth of foodborne pathogens, including
L. monocytogenes. These salad bars are found in restaurants, supermarkets,
and convenience stores and L. monocytogenes has been isolated from fresh
and minimally processed vegetables. However, washing and sanitizing
treatments should be able to reduce the presence or at least prevent pro-
liferation of L. monocytogenes during storage of vegetable foods (Allende
et al., 2007).

1.6.3 Laboratory methodologies

Bacteria are the only pathogens routinely tested for in food samples,
whereas viruses and parasites are typically tested in stool specimens
of persons infected after food consumption. The food processor tests
for specific types of bacteria and can choose among culture tests, gene
probes, manual immunoassays, and instruments (automated immunoas-
says) (Kroll, 2001).

1.6.4 Epidemiology

Food poisoning as well as food spoilage outbreaks are the ultimate
cause for concern for any food producer or health authority. It is, how-
ever, worth mentioning a few very important cases. Several processed
meat products, such as roast beef, turkey, and meat-containing Mexican
foods have been implicated in outbreaks of Clostridium perfringens. C.
perfringens is an important foodborne pathogen that is estimated to
cause, in the United States alone, 248,000 cases of foodborne illness
annually. Spores of C. perfringens are widely distributed in soil and
water and often contaminate raw meat and poultry during slaughter
operations. Outbreaks occur primarily as a result of consumption of
foods that are improperly handled after cooking. However, a serious
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problem is that spores present in raw materials that are used in the
preparation of meat products can survive the traditional heat process-
ing schedules employed by the meat industry. These heat-activated
spores surviving in cooked foodstuffs may then germinate, out-
grow, and multiply during subsequent chilling operations, especially
if chill rates are not properly followed, if products are not properly
refrigerated, or if products have been temperature abused (Juneja and
Thippareddi, 2004).

1.6.5 A review of emerging organisms

1.6.5.1 Bacteria

Since the first recognized outbreak in 1982, Escherichia coli O157:H7 has
emerged as a serious, potentially life-threatening, human foodborne
pathogen, implicated in causing diarrhea, hemorrhagic colitis, and hemo-
lytic uremic syndrome (Jordan, Oxford, and O’Byrne, 1999; Cheng, Yu, and
Chou, 2003). E. coli O157:H7 is a member of the enterohemorrhagic E. coli
that causes devastating bloody diarrhea in its victims (Audia, Webb, and
Foster, 2001). It has become clear in recent years that much more attention is
necessary to prevent contamination by E. coli O157:H7 in foods, especially
low pH foods (Cheng, Yu, and Chou, 2003). E. coli O157:H7 is associated with
eating contaminated undercooked beef and less frequently with drinking
raw milk, unpasteurized apple cider, water, or even person-to-person con-
tact (Ryu and Beuchat, 1999). The apparent source of these pathogens is
the bovine gastrointestinal tract from where the contents can contaminate
various processed meat products (Audia, Webb, and Foster, 2001). Safety
hazards of unpasteurized fruit and vegetable beverages have also been
noted. E. coli O157:H7 is known to be acid tolerant and has a low infectious
dose (10-2000 cfu/g) (Chikthimmah, LaBorde, and Beelman, 2003).

L. monocytogenes is another major concern to manufacturers world-
wide. This is due to the high mortality rate of listeriosis in susceptible
populations and due to the pathogen being resistant to a number of food
preservation practices. The ability of the organism to grow at refrigeration
temperatures, in particular, and the ability to grow on dry surfaces, which
would normally inhibit bacterial growth, make it well adapted to food
environments (Barker and Park, 2001). Between 2000 and 2003, there were
at least 111 reported recalls of RTE meat and poultry products suspected
of being contaminated with L. monocytogenes (Geornaras et al., 2005).

Campylobacter gastroenteritis is one of the important diseases that
has a serious impact on public health in developing countries. Poultry
has initially been infected by these bacteria and the consumption of con-
taminated chicken meat has frequently been implicated as the source of
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Campylobacter infection. It has been shown that water is an important route
of horizontal transmission on broiler farms (Chaveerach et al., 2002).

Bacterial strains that reside under the lactic acid bacteria (LAB) have
been reported to survive disinfection. These organisms then occur as
spoilage organisms and can also affect fermentation processes (Sidhu,
Langsrud, and Holck, 2001). In addition to this, there is increasing evi-
dence that LAB can act as opportunistic pathogens (Sims, 1964; Adams,
1999; Sidhu, Langsrud, and Holck, 2001). Several lactobacilli species have
been associated with human diseases such as septicemia, rheumatic dis-
eases, vascular diseases, meningitis, lung abscesses, infective endocardi-
tis, peritonitis, and urinary tract infections (Aguirre and Collins, 1993;
Harty et al,, 1994; Sidhu, Langsrud, and Holck, 2001). Some of the LAB
strains known to be implicated in foodborne diseases include Lactobacillus
casei, Lactobacillus plantarum, Lactobacillus rhamnosus, and the Lactobacillus
acidophilus group (Sidhu, Langsrud, and Holck, 2001).

1.6.5.2 Fungi

Yeasts and fungi are a major spoilage threat for many food products that
are preserved at low pH, low a,, or high levels of preservatives (Piper et
al.,, 2001). Of importance in the spoilage of bakery products are species of
Eurotium, Aspergillus, and Penicillium (Marén et al., 2003). Another impor-
tant spoilage fungus is Fusarium, often found in cereal grains where they
might produce a number of mycotoxins (Schniirer and Magnusson, 2005).
Adding to these is Zygosaccharomyces, a genus associated with the more
extreme spoilage yeasts. These spoilage yeasts are osmotolerant, highly
fermentative, and extremely resistant to most preservatives (Steels et al.,
2000). Zygosaccharomyces bailii originally attracted attention as a spoilage
agent of wine, with its high ethanol tolerance and ability to metabolize ace-
tic acid in the presence of the complex mixtures of sugars present in wine
fermentations. It is now known that Z. bailii was the first Zygosaccharomyces
gene of resistance to food preservatives that was characterized genetically
(Mollapour and Piper, 2001). Zygosaccharomyces lentus is another important
food spoilage organism able to grow in a wide range of food products,
particularly at alow pH as well as foods and drinks containing high levels
of sugar. It is likely to be more significant than Z. bailii in the spoilage of
chilled products (Steels et al., 1999).

In the past few years, interest has been increased in the yeast Yarrowia
lipolytica, due to its numerous biotechnological applications. Although it
has often been reported in incidents from food environments, sometimes
with serious consequences, this organism is, however, not considered to
be among the more dangerous food spoilage yeasts. Y. lipolytica is usu-
ally isolated from lipid-rich environments such as mayonnaise and salad
dressing, but can be found in dairy products, specifically butter, cheese,
and yogurt. The presence of this organism in these environments could
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be attributed to their being tolerant or even resistant toward stress envi-
ronments, such as the organic acids. Utilization and toxicity depend on
their capacity to use (as sole carbon and energy source) most carboxylic
acids often used as preservatives in the food industry (Rodrigues and
Pais, 2000).

1.6.5.3 Viruses

Reports on Norovirus outbreaks have increased in the past few years.
In 2007 the existence of a new Norovirus strain of genogroup II/4 was
confirmed by the CDC Enteric Virus Branch in Atlanta, Georgia. This
virus is acid-stable and can pass through the stomach undamaged. There
is an obvious problem emerging with regard to Norovirus infections
(Leuenberger et al., 2007).

1.6.5.4 Protozoa

Protozoa, such as Cyclospora cayetanensis, and also various foodborne trem-
atodes have been associated with infections, often with severe, chronic, or
fatal health consequences (Molins, Motarjemi, and Kéferstein, 2001).
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chapter two

Nature and composition
of organic acids

2.1 General characterization

Organic acids are typical products of microbial metabolism. All organic
acids occur naturally in a variety of vegetable and animal substrates and
can, therefore, be either naturally present as constituents of foods as a
result of normal biochemical metabolic processes, direct addition as acid-
ulants, hydrolysis, or bacterial growth, or can later be added directly or
indirectly to the products (Gomis, 1992).

An organic acid is an organic compound with acidic properties and
containing carbon, as do all organic compounds. The most common
organic acids are the carboxylic acids whose acidity is associated with
their carboxyl group -COOH. These are generally weak acids, whereas
sulfonic acids, containing the group OSO;H, are relatively stronger acids.
The acidity of an acid is determined by the relative stability of the conju-
gate base of the acid, although other groups can also confer acidity. This
acidity is, however, usually weak and is the result of the -OH, -SH, enol
group, and the phenol group (Figure 2.1) (Theron and Lues, 2007).

Organic acids do not dissociate completely in water as opposed to
the strong mineral acids. Although the lower molecular weight acids such
as formic and acetic acids are water soluble, the higher molecular weight
organic acids such as benzoic acid, are insoluble in the molecular (neutral)
form. Most organic acids are, however, very soluble in organic solvents.
Exceptions to this solubility may be prevalent in the presence of other sub-
stituents that may have an effect on the polarity of the compound (Theron
and Lues, 2007).

Organic acids have the common denominator of having carbon in
their structure, and although less reactive than inorganic acids, they are
able to dissolve minerals in the mineral reserve in the soil. Organic acids
that have 10 or fewer carbons in their structure, are distinguished from
fatty acids that, on the other hand, have straight carbon even-number
chains of 12 to 24. Organic acids exist in two basic forms: pure acids or
buffered acids. Included in the pure acids are lactic acid, propionic acid,
acetic acid, citric acid, and benzoic acid, whereas the calcium and sodium
salts of propionic, acetic, citric, and benzoic acids are buffered organic
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Figure 2.1 General structure of a few organic acids.

acids. These buffered organic acids are safer to handle and less caustic
to machinery (Hoffman and Possin, 2000). Most organic acids have an
advantage because of their simple structure and small molecular size or
mass, which allows them to move freely throughout cells. Organic acids
also have many vital roles and functions in plants, including contribut-
ing to growth and production of fruit, and are therefore applied in many
sectors of agriculture (AMCA, 2005). The organic acids commonly found
in foods differ considerably in structure and in their inhibitory effects on
different bacteria (Nakai and Siebert, 2003).

Various organic acids or organic acid compounds are used as additives
that are directly incorporated into human food. Alternatively these acids
can be the indirect result of fermentation activity of starter cultures often
added to foods such as dairy, vegetable, or meat products. Organic acids
may also originate from raw materials or be produced by fermentation
during processing and storage (Ricke, 2003). One of the most important
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characteristics of organic acids is that they have a direct influence on the
flavor and quality of some natural and many processed foods to which
they are added as stabilizers or preservatives (Gomis, 1992). On the other
hand, although organic acids are generally recognized as safe (GRAS) they
may also produce adverse sensory changes (Gomis, 1992; Min et al., 2007).
Dilute solutions of organic acids (1-3%) are, however, generally without
effect on the desirable sensory properties of, for example, meat when used
as a carcass decontaminant (Smulders and Greer, 1998, Min et al., 2007).
Weak organic acids have an extended history as food preservatives
due to their general antimicrobial activity. They are, in fact, the most com-
monly used chemical preservatives of food and are GRAS, broad-spec-
trum, antimicrobial agents (Plumridge et al., 2004; Steiner and Sauer, 2003).
Organic acids are such effective food preservatives because, apart from
their antimicrobial inhibitory activities, they also act as acidulants and in
so doing reduce bacterial growth by lowering the pH of food products to
levels that inhibit bacterial growth (Dziezak, 1990; Hinton, Jr., 2006).

2.2 Structural description

Organic acids primarily include the saturated straight-chain monocarbox-
ylic acids. Derivatives of such organic acids may consist of unsaturated,
hydroxylic, phenolic, and multicarboxylic acids. Often organic acids are
also referred to as fatty acids, volatile fatty acids, weak acids, or carbox-
ylic acids (Ricke, 2003). Organic acids are not members of a homologous
series as they differ in the number of carboxy groups, hydroxy groups,
and carbon—carbon double bonds in their molecules (Hsiao and Siebert,
1999; Permprasert and Devahastin, 2005) and can be classified according
to (1) the type of carbon chain (aliphatic, alicyclic, aromatic, and hetero-
cyclic), (2) being saturated or nonsaturated, (3) substituted or nonsubsti-
tuted, or (4) the number of functional groups (mono-, di-, tricarboxyclic,
etc.) (Gomis, 1992). It is, therefore, not typically possible to predict the
effect on food systems containing more than one acid (Hsiao and Siebert,
1999). However, it is known that these short-chain volatile organic acids
with carbon numbers ranging from 2 to 12 significantly affect the flavor
and quality of food (Hsiao and Siebert, 1999; Yang and Choong, 2001). The
lowest monocarboxylic (C,—C,) aliphatic acids are rather volatile liquids
with a distinct pungency, whereas those acids containing more carbon
atoms are of a relatively oily substance and slightly water soluble.

In comparison, dicarboxylic acids are colorless solids with melting
points at about 100°C. All these acids form somewhat soluble metal salts
and esters, of which the latter are adequately volatile for gas chromatog-
raphy analysis. They also have spectral absorption properties that make
them suitable for HPLC analysis (Gomis, 1992; Hsiao and Siebert, 1999).
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Table 2.1 Organic Acids Frequently Assayed in Foods and
Dissociation Constant?

Monocarboxylic

Organic acid Formula pPK,
Acetic acid CH,COOH 4.76
Benzoic acid CH,0O, 4.20
Butyric acid CHO, 4.83
Cinnamicacid C,H,O, 444
Formic acid CH,0O, 3.75
Gallic acid C,HOs 441
Lactic acid CHO, 3.83
Propionicacid  C;H(O, 4.87
Pyruvic acid C,H,0O, 2.39
Sorbic acid CH;0O, 4.76

Dicarboxylic

Organic acid Formula pK; pK,
Ascorbic acid CHO, 4.10 11.79
Fumaric acid C,H,0, 3.09 4.60
Malic acid CHOs 3.46 5.21
Succinic acid CHO, 4.22 5.70

Tricarboxylic

Organic acid Formula pK; pK, PK;
Citric acid CH;0O, 2.79 4.30 5.65
Isocitric acid C.H;O, 3.28 4.71 6.39

2 A dissociation constant K, is sometimes expressed by its pK,, where pK, = — log,, K. These
pK.s are mainly used for covalent dissociations because these dissociation constants can
vary greatly.

The strengths of weak acids are measured on the pK, scale. The pK, value
is the pH at which the acid and anion concentrations are equal (Table 2.1).
The smaller the number on this scale is, the stronger the acid. In solu-
tion, weak acids do not fully dissociate into ions, but form equilibria
between unchanged acid molecules and their respective charged anions
and protons:

HA A A- + H+
(acid molecule) (anion) (proton)
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2.3 An overview of individual organic
acids and their applications

2.3.1 Acetic acid

Acetic acid (Figure 2.2) is one of the oldest chemicals known to human-
ity and is produced naturally during spoilage of fruit and certain other
foods by the presence and activity of, among others, the acetic acid bacte-
ria (AAB), one of which is Acetobacterium, commonly found in foodstuffs,
water, and soil. Acetic acid is one of the main products of AAB metabo-
lism (Gonzalez et al.,, 2005). The acid has GRAS status and is approved
worldwide for use as a food additive and preservative (Smulders and
Greer, 1998). It is known to give a strong flavor profile and also increases
the effectiveness of other flavor additives and substances present in food,
particularly in bread (§imsek, Con, and Tulumoglu, 2006).

Acetic acid is known to be a stable substance and is also referred to as
“ethanoic acid” or “glacial acetic acid” (Ricke, 2003). Acetic acid has only
one COOH group, which implies that a higher concentration is needed
than for an organic acid with more than one COOH group, to achieve the
same pH. It is a weak acid and cannot dissociate as completely as a strong
acid. A lower ionization constant (K,) is characteristic of a weaker acid,
as it yields a lower amount of hydrogen ions in solution. The ionization
amount of weak acid in a solution must be determined from the ionization
constant (K,). In comparison to citric acid with 3 K, (7447 x 10, 1.733 x
1075, and 4.018 x 10-°), acetic acid with 1 K, (1.753 x 10-%) is weaker than cit-
ric acid (Permprasert and Devahastin, 2005). However, acetic acid is more
inhibitory than lactic acid, because of its higher pK, value (Farkas, 1998).
On the other hand, acetate is far less inhibitory to yeasts than the more
lipophilic sorbate (trans, trans hexane dienoate), although they have the
same pK, (4.76). This may be due to the sorbate’s much higher capacity to
dissolve in membranes (Bauer et al., 2003). In culture media acetic acid is

O

Chemical formula: CH;COOH

Figure 2.2 Structure of acetic acid.
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Figure 2.3 Structure of L-ascorbic acid.

also much more inhibitory against Listeria than lactic acid and addition of
acetic acid usually results in greater cell destruction, but similar concen-
trations of citric acid and lactic acid will reduce the pH of a broth such as
tryptic soy broth more than acetic acid (Doyle, 1999).

Acetic acid is lipid soluble and able to rapidly diffuse through the
plasma membrane, a factor that has a dramatic effect on the pH; of a cell
(Greenacre et al., 2003). Intracellular acidification may, however, play a role
in acids with short aliphatic chains (such as acetic acid), and much higher
concentrations (20-80 mM) are needed for growth inhibition (Hazan,
Levine, and Abeliovich, 2004).

2.3.2  Ascorbic acid

L-ascorbic acid (Figure 2.3) and its salts have, for many decades, been
leading antioxidants used on fruits and vegetables in fruit juices. This
application method is effective in preventing browning and other oxida-
tive reactions. Ascorbic acid also acts as an oxygen scavenger by remov-
ing molecular oxygen in polyphenol oxidase reactions (Rico et al., 2007).
L-ascorbic acid and its various derivatives have GRAS status and are
common preservatives in the production of canned foods (Perez-Ruiz,
Martinez-Lozano, and Garcia, 2007).

2.3.3 Benzoic acid

Benzoic acid (Figure 2.4) is one of the oldest and most commonly and
widely used chemical preservatives. However, the use of sodium benzo-
ate as a food preservative has been optimal in products that are acidic in
nature, specifically suitable for foods and beverages with pH < 4.5. The
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Figure 2.4 Structure of benzoic acid.

salt sodium benzoate is also more effective in food systems where pH < 4
(Barbosa-Cénovas et al., 2003), although it is mainly associated with the
preservation of fruit and fruit juices (Suhr and Nielsen, 2004). Here it is
primarily applied as an antifungal agent (Barbosa-Canovas et al., 2003).
Benzoic acid is also often used in combination with sorbic acid in many
types of products. This combination is particularly popular in confec-
tionery (Suhr and Nielsen, 2004). It has been detected as a natural con-
stituent of cranberries, raspberries, plums, prunes, cinnamon, and cloves
(Barbosa-Cénovas et al., 2003). In other applications, benzoic acid has also
been used as a mild antiseptic in cough medicines, mouthwashes, tooth-
pastes, and as an antifungal in ointments (Otero-Losada, 2003). Adverse
effects of sodium benzoate have been reported to be hyperactivity and
asthma (Poulter, 2007).

Derivative benzoates and parabenzoates have been used primarily
in fruit juices, chocolate syrup, pie fillings, pickled vegetables, relishes,
horseradish, and cheese (Barbosa-Céanovas et al., 2003). Other foodstuffs
where sodium benzoate is used include soft drinks, baked goods, and
lollipops (Poulter, 2007). Benzaldehyde and benzoic alcohol are better
known to be yeast inhibitors. Benzoic acid has been found to release fewer
protons than sulphite, nitrite, or acetic acid and it may be speculated that
benzoic acid is not a classic weak-acid preservative. However, due to a
lower pK, value, benzoic acid releases three to four times more protons
than sorbic acid. This is a sizable concentration of protons although not
as much as other weak-acid preservatives (Stratford and Anslow, 1998).
Inhibition of growth is strongly pH-dependent and most effective under
acidic conditions. Under these conditions the protonated form of the acid
is predominantly found (Visti, Viljakainen, and Laakso, 2003). Another
unexpected discovery was that benzoic acid appears to be a pro-oxidant.
This was unexpected as it is a well-known fact 2-hydroxybenzoic acid (or
salicylic acid) acts as a scavenger of free radicals in vivo (Piper, 1999).
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Figure 2.5 Structure of cinnamic acid.

Benzoic acid possesses GRAS status, and is conjugated in the liver
to produce benzoylglycine (or hippuric acid), which is then excreted in
urine (Piper, 1999). It is permitted for use in nondairy dips where pH < 4.5,
where appropriate amounts of benzoic acid (or sorbic acid) appear to be
safe as the acid has been tested by labs throughout the world (Tang and
Wu, 2007). Although sensory characteristics of benzoic acid are unknown,
the acid could be regarded as a classical mild pungent stimulus. The taste
of sodium benzoate cannot be detected by one in every four of the popu-
lation, but for those who can taste it, it is perceived as sweet, sour, salty,
or sometimes bitter. Benzoic acid has also been found to be superior in
bactericidal activity against coliform and lactic acid bacteria in both the
stomach and the intestinal content (Otero-Losada, 1999).

2.3.4  Cinnamic acid

Cinnamic acid (Figure 2.5) is a phenolic component (a derivative of phen-
ylalanine) of several spices, including cinnamon (Roller, 1995). It consists
of a relatively large family of organic acid isomers extracted from plants or
chemically synthesized. Cinnamic acid is also GRAS and used as a com-
ponent in several food flavorings and has been found to exhibit antibacte-
rial, antifungal, and antiparasitic activities. However, it has been found to
be particularly effective at acidic pH against fungi. Although high concen-
trations of cinnamic acid have been reported to cause browning in some
fruits (e.g., nectarines, limes, and pears), it has been found to be very effec-
tive in prolonging shelf life of several important fruit products, such as
fresh tomato slices stored at 4°C or 25°C. The Japanese are known to use
cinnamic acid as an antimicrobial agent in fish paste (Roller, 1995).
Cinnamic acid is well known for its role as a phenolic compound that
gives the oil cinnamon its characteristic odor and flavor. It is soluble in
water or ethanol and in nature cinnamic acid derivatives are known to
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Figure 2.6 Structure of citric acid.

be important metabolic building blocks in the production of lignins for
higher plants. Cinnamic acid is classified as a skin, eye, and respiratory
tract irritant (Roller, 1995).

2.3.5 Citric acid

Citric acid (Figure 2.6) is a popular acidulant and, due to its flexibility, its
use is standard in virtually every preserved food (Marz, 2002). Together
with its salts, citric acid is, in fact, one of the most commonly used
organic acids in the food as well as pharmaceutical industries (Couto and
Sanroman, 2006). It also has an important role in the metal processing
and chemical industries (Nikbakht, Sadrzadeh, and Mohammadi, 2007).
Citric acid does not fit under the description of the so-called classic weak
organic acid preservatives, which would be “a lipophilic, undissociated
acid that inhibits microbial growth at low pH, by causing intracellular
acidification” (Nielsen and Arneborg, 2007). Citric acid is more of a “che-
lator,” which may be defined as “a lipophobic, dissociated acid, inhibit-
ing growth of microorganisms by chelating divalent metal ions from the
medium” (Brul and Coote, 1999; Stratford, 1999; Nielsen and Arneborg,
2007). However, this has been found to be true, more specifically in bacte-
ria (Rammel, 1962; Imai, Banno, and lijima, 1970; Graham and Lund, 1986;
Nielsen and Arneborg, 2007).

Citric acid is a typical product of fermentation and was originally
produced by large fermentation companies in Western countries. More
recently the technological applications of citric acid (e.g., in detergents)
have contributed to the production and marketing of more environmen-
tally friendly products (Marz, 2002). Although citric acid has a fresh acidic
flavor (which is somewhat different from that of malic acid), it has a pleas-
ant taste and this, together with its flavor-enhancing characteristics and
also its being highly soluble, have rendered the substance a dominating
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position in the market. The food industry is the largest consumer of citric
acid, estimated to use almost 70% of the total production. This is followed
by the pharmaceutical industry (about 12%) with various other applica-
tions using the remaining 18% of the citric acid produced (Couto and
Sanroman, 2006).

Citric acid has three COOH groups and is an hydroxy acid (Fite et
al., 2004). It contains twice as many hydrophilic groups as hydropho-
bic groups, has a strong affinity with water, and cannot be adsorbed
at the surface (Permprasert and Devahastin, 2005). It is one of the larg-
est carboxylic organic acids produced by Aspergillus niger through fer-
mentation of low molecular weight carbohydrate solutions (Nikbakht,
Sadrzadeh, and Mohammadi, 2007). Citric acid is the most important
organic acid produced: global production is estimated to be around
620,000 metric tons per year and represents 60% of all food acidulants
utilized worldwide (Krishnakumar, 1994; Moresi and Sappino, 1998;
Nikbakht, Sadrzadeh, and Mohammadi, 2007). The entire production of
citric acid is carried out by fermentation. In studies done on organic acid
production by various yeast species, citrate was most often produced in
the greatest amounts by all the isolates tested (Guerzoni, Lanciotti, and
Marchetti, 1993). Citric acid can also be produced by chemical synthesis,
although the cost is much higher than with fermentation (Couto and
Sanroman, 2006).

Despite the popularity of citric acid as a food additive and preserva-
tive, its sharp and overwhelming acidic taste is, however, inclined to over-
power the flavor of sweeteners or other flavorants that may be present in a
foodstuff. Citric acid also presents a short-lived tartness flavor. Other dis-
advantages have also been noted when using citric acid as a food additive.
For example, due to its hygroscopic nature, it tends to cake when used in
dry powders such as soft drink or beverage mixes. It also has an uneven
particle size and is not always free-flowing. However, despite these few
drawbacks, citric acid is by far the most commonly used food acidulant.
The initial sharpness associated with citric acid is preferable in some end
products such as citrus-flavored drinks (Fowlds, 2002).

The inhibitory effect of citric acid on Listeria monocytogenes growth has
been found to be much more evident than the inhibitory effect of ascor-
bic acid. The difference in inhibition between both acids is most obvious
when the temperature is higher. Because of the pK values of citric acid
(pK;=3.14, pK, =477, and pK; = 6.39), it dissociates strongly inside micro-
bial cells (Carrasco, Garcia-Gimeno, and Seselovsky, 2006).

2.3.6  Formic acid

Formic acid (Figure 2.7) is the shortest chain organic acid (HCOOH). This
characteristic may be beneficial in enabling it to diffuse into a microbial
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Figure 2.7 Structure of formic acid.

cell and to accumulate very quickly at the expense of the microbial
membrane pH, causing acidification of the cytoplasm (El-Ziney, De, and
Debevere, 1997, Chaveerach et al., 2002). The principal use of formic acid
is as a preservative in livestock feed. As such it is sprayed on fresh hay or
other silage to arrest the decaying processes and may also cause the feed
to retain its nutritive value longer. It is, therefore, widely used in the pres-
ervation of winter feed for cattle.

A small excess of undissociated formic acid has a stronger bacteri-
cidal effect on the culturability of Campylobacter jejuni and Campylobacter
coli in comparison with a large excess of undissociated propionic or acetic
acid at the same pH levels. It may be possible that the structure of these
acids is the most important factor in the inhibition activity of C. jejuni and
C. coli viability (Chaveerach et al., 2002).

2.3.7 Fumaric acid

Fumaric acid (Figure 2.8) is one of the strongest of the weak organic acids
used as a food acidulant, primarily due to its low pK, values (3.03 and 4.54),
and is widely found in nature (Comes and Beelman, 2002). It is an essential
part of plant life and also the main by-product in r-lactic acid production
by Rhizopus oryzae, resulting from a specific metabolic pathway (Wang et al.,
2005). Fumaric acid is one of the cheaper food acids, but has a low solubility
in water and may also tend to dissolve slowly. However, it is sometimes sup-
plied as a very fine powder, which includes a wetting agent. This is referred
to as water-soluble fumaric acid. Although fumaric acid is primarily added to
foodstuffs as an acidulant, it also has a bacteriostatic function (Fowlds, 2002).

Fumaric acid would then appear to be a “stronger” acid in food and as
a result of this, less fumaric acid would be required to achieve a specific
level of tartness compared to other food acids. It is known to improve the
quality of food and beverages and may also reduce the cost of such prod-
ucts. Fumaric acid may also be used in animal feed. Since 1946 fumaric
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Figure 2.8 Structure of fumaric acid.

acid has been used in food and beverage products and it is still used in
wheat and corn tortillas, sour dough and rye breads, biscuit dough, fruit
juices, gelatin desserts, gelling aids, pie fillings, and wine. However, this
relatively strong acid taste and low solubility have made it less desir-
able for certain food applications. The use of fumaric acid has, therefore,
declined since the 1980s, when in 1985 nearly 50 million pounds were con-
sumed. Now fumaric acid has to compete with other acidulants such as
citric acid, tartaric acid, and malic acid, although it is less expensive than
some of these substitutes (Fowlds, 2002).

2.3.8 Gluconic acid

Gluconic acid (Figure 2.9) is a mild organic acid derived from glucose by
a simple oxidation reaction, facilitated by the enzyme glucose oxidase
in fungi and glucose dehydrogenase in bacteria (such as Gluconobacter).
Microbial production of gluconic acid dates back several decades and has
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Figure 2.9 Structure of p-gluconic acid.
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since been the preferred method for production. Aspergillus niger, in par-
ticular, is most widely used in the fermentation process. Gluconic acid and
its derivatives (such as sodium gluconate) are widely applied in the food
and pharmaceutical industries. Apart from being a mild organic acid, glu-
conic acid is also noncorrosive, nonvolatile, and nontoxic. It is popular for
causing a refreshing sour taste in various foodstuffs, including wine and
fruit juices and is used for prevention of milkstone in the dairy industry.
The derivative glucono-§-lactone functions as a slow-acting acidulant in
processing meat such as sausage, whereas sodium gluconate is known to
be highly overpowering (Ramanchandran et al., 2006).

2.3.9 Lactic acid

Lactic acid (Figure 2.10) is an organic acid with a wide range of indus-
trial applications. It is also an hydroxyacid (2-hydroxypropionic,
CH,CHOHCOOH) (Fite et al., 2004), classified as GRAS by the FDA and
very often used in foods as an acidulant, flavoring agent, pH buffering
agent, and of course as a preservative (Valli et al., 2006). Although lactic
acid also has wide applications in the pharmaceutical, leather, and tex-
tile industries and as a chemical feedstock (Couto and Sanroman, 2006),
a review published in 1995 reported that in the United States 85% of the
lactic acid was used in food or food-related applications (Zhang, Jin, and
Kelly, 2007). Lactic acid is not naturally present in foods, but is produced
during fermentation of foods by lactic acid bacteria. These foods include
sauerkraut, pickles, olives, and some meats and cheeses (Barbosa-Canovas
et al., 2003). Lactic acid is used in foodstuffs for acidification, to increase
flavor and aroma, and is a potent microbial inhibitor. Lactic acid is applied
to a diverse range of foodstuffs, including meats, fish, vegetables, cereals,
and cake products. In fermented drinks it is used to contribute specifically
to aroma and preservation (De la et al., 2005).
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Figure 2.10 Structure of p-lactic acid.
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Lactic acid exists naturally in two optical isomers: D(-)-lactic acid and
L(+)-lactic acid of which L(+) is preferred in food applications (Zhang, Jin,
and Kelly, 2007). This is the form used by the human metabolism and the
enzyme L-lactate dehydrogenase (Couto and Sanroman, 2006). Elevated
levels of the p-isomer are harmful to humans (Zhang, Jin, and Kelly, 2007).
The inhibitory activity of lactic acid is also stereospecific. L-lactic acid is
much more inhibitory for E. coli strains than for the p-isomer, whereas L.
monocytogenes is most sensitive to p-lactic acid (Gravesen et al., 2004). p-
and 1-lactic acid have an identical effect on the pH; of L. monocytogenes as
well as E. coli (McWilliam Leitch and Stewart, 2002). Lactic acid penetra-
tion across the cell membrane appears to be similar for the two isomers.
An additional antimicrobial mechanism has been described for lactic
acid that involves specific interaction with a chiral molecule (Gravesen et
al,, 2004). E. coli and L. delbrueckii subsp. bulgaricus produce p-lactic acid
(Benthin and Villadsen, 1995; Bunch et al., 1997), whereas L. monocytogenes
produces L-lactic acid. Bacterial strains are least sensitive to the isomer
that they intrinsically produce. This implies an additional resistance
mechanism, involving (1) an enzymatic reaction, or (2) a stereospecific
efflux system (Gravesen et al., 2004).

Lactic acid is a major end product from fermentation of a carbohydrate
by lactic acid bacteria (Tormo and Izco, 2004). However, lactic acid can
be produced commercially by either chemical synthesis or fermentation.
The chemical synthesis results in a racemic mixture of the two isomers
whereas during fermentation an optically pure form of lactic acid is pro-
duced. However, this may depend on the microorganisms, fermentation
substrates, and fermentation conditions. Lactic acid can be produced from
renewable materials by various species of the fungus Rhizopus. This has
many advantages as opposed to bacterial production because of amylolytic
characteristics, low nutrient requirements, and the fungal biomass, which
is a valuable fermentation by-product (Zhan, Jin, and Kelly, 2007).

Sodium lactate is the sodium salt of natural lactic acid (L+) and is a normal
component of muscle tissue (Choi and Chin, 2003). It is primarily used in meat
products to extend cold storage and the effects are more bacteriostatic than
bactericidal (Bolton et al.,, 2002). Sodium lactate is also produced by microbial
fermentation and has been used to control microbial growth during storage,
and for improving the flavor and production of processed meat (Choi and
Chin, 2003). The spectrum of activity of sodium lactate is actually quite nar-
row and may even be specific for a certain group of organisms (Lemay et
al,, 2002). It also has an antibacterial effect on pathogens such as Clostridium
botulinum and L. monocytogenes, the latter being notorious for causing severe
problems in meat products (Choi and Chin, 2003). Depending on the specific
conditions, the inhibitory activity of lactic acid against L. monocytogenes can
be either bacteriocidic or bacteriostatic (Gravesen et al., 2004).
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L. monocytogenes can utilize lactate as a carbohydrate source (Kouassi
and Shelef, 1996). Stereospecific antimicrobial activity of lactic acid is
not really applicable to L. monocytogenes. This also suggests considerable
species-to-species variation in relative sensitivity to the two isomers, which
may differentially influence the development of beneficial and unwanted
bacteria, and in so doing, alter the composition of complex microflora.
Clearer insight into the mechanisms involved could enhance the optimal
use of lactic acid or lactic acid producers (Gravesen et al., 2004).

Lactic acid is commonly found, which contributes to its wide use in
food and food-related industries. It also has the potential for production
of biodegradable and biocompatible polymers. These products have been
proven to be environmentally friendly alternatives to biodegradable plas-
tics derived from petrochemical materials (Zhang, Jin, and Kelly, 2007).
Lactic acid is slightly lipid soluble and diffuses slowly through the cell
membrane. As a result of this, the disruption of the cell pH; is not its main
mode of inhibition (Gravesen et al., 2004).

Lactic acid is the major LAB metabolite, causing pH reductions that
inhibit many microorganisms. However, both acetic and propionic acids
have higher pK, values than lactic acid and, therefore, have a higher pro-
portion of undissociated acid at a certain pH (Schniirer and Magnusson,
2005).

2.3.10 Malic acid

Malic acid (Figure 2.11) is an alpha hydroxy organic acid, widely found in
apples and other fruits and is, therefore, sometimes referred to as a fruit
acid or, more specifically, an apple acid. It is also found in plants and ani-
mals, including humans. Malic acid is also known as hydroxybutaneoic
acid or hydroxysuccinic acid. Itis a chiral molecule, the naturally occurring
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Figure 2.11 Structure of malic acid.
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stereoisomer being the L-form. The L-form is also the biologically active
one. Malic acid is also widely found in vegetables and is a potent inhibitor
of the growth of yeasts and some bacteria (Barbosa-Canovas et al., 2003).
Malic acid is more effective than acetic acid and lactic acid in inhibiting
growth of thermophilic bacteria, but is not as effective as lactic acid in
suppressing growth of L. monocytogenes (Doyle, 1999).

Malic acid has a smooth lingering taste. Although it also has a tart
taste, this is not as sharp as that of citric acid, yet it is longer lasting. It has
also been found to mask the bitter aftertaste of synthetic sweeteners, yet
when using sweeteners such as aspartame, it was found that the slower
increase to peak tartness does not overpower the sweeteners and as such,
less sweetener is needed. However, in some end products such as citrus-
flavored drinks, the initial sharpness associated with citric acid is prefer-
able (Fowlds, 2002).

Water used in many manufacturing processes often contains small
amounts of hard water salts. However, malic acid is highly soluble, and
the solubility of its calcium salt prevents cloudiness of end products
containing malic acid as an acidulant. Malic acid and its salts have been
confirmed by the FDA as GRAS to be applied as a flavor enhancer and
acidulant as well as a pH control agent at levels varying from 6.9% for
hard candy to 0.7% for miscellaneous uses (Fowlds, 2002).

2.3.11 Propionic acid

Propionic acid (Figure 2.12) was first described in 1844. Propionic
acid occurs in foods by natural processing. It has been found in Swiss
cheese at concentrations of up to 1% and is produced by the bacterium
Propionibacterium shermanii. Antimicrobial activity of propionic acid is
reported to be primarily against molds and bacteria (Barbosa-Canovas
et al, 2003). Commercial products containing propionic acid include
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Figure 2.12 Structure of propionic acid.
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Microguard® and Bioprofit®, where the use of a Propionibacterium freuden-
reichii strain, along with Lactobacillus rhamnosus increases inhibitory activ-
ity against fungi and some Gram-positive bacteria (Caplice and Fitzgerald,
1999). The esters of propionic acid have fruitlike odors and are sometimes
used as solvents or artificial flavorings. Propionic acid can also be used as
an intermediate in the production of other chemicals such as polymers.
Cellulose acetate propionate is a useful thermoplastic, and vinyl propi-
onate is used, in more specialized applications, to make pesticides and
pharmaceuticals (Schniirer and Magnusson, 2005).

Propionic acid is effective at reducing fungal growth, especially at
lower pH, by affecting fungal membranes at pH values below 4.5. Similar
to acetic acid, propionic acid also inhibits amino acid uptake. The salts of
propionic acid, such as sodium propionate and ammonium propionate
show a similar effect against yeasts and filamentous molds at a low pH
(Schniirer and Magnusson, 2005).

2.3.12  Sorbic acid

Sorbic acid (Figure 2.13) is the weak organic acid most extensively used
in food preservation. It has GRAS status and it is used in any food, ani-
mal feed, or pharmaceutical needing preservation (Piper, 1999). Together
with the organic acids, benzoic acid and acetic acid, sorbic acids (or trans-
trans-2,4-hexadienoic acids) are the most commonly used chemical pre-
servatives of food and are GRAS, broad-spectrum, antimicrobial agents
(Plumridge et al., 2004). Sorbic acid is also often used in combination with
benzoic acid for various types of products and confectionery (Suhr and
Nielsen, 2004).

Sorbic acid is preferred to other organic acids because of its physiologi-
cal harmlessness and organoleptic neutrality. In the United States, sorbic
acid is a GRAS substance and its use is permitted in any food product
to which preservatives may be added (Banerjee and Sarkar, 2004). Sorbic
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Chemical formula: CgHgO,

Figure 2.13 Structure of sorbic acid.
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acid is a six-carbon monocarboxylic acid, unsaturated at positions 2 and 4,
known to be a membrane-active compound (Stratford and Anslow, 1998).

Sorbic acid and its salts have several advantages as food preservatives.
They are highly active against fungi as well as a wide range of bacteria, in
particular the catalase-positive organisms, their effective concentrations
normally do not alter the taste or odor of a food product, and they are also
considered harmless. However, potassium salt is more commonly used
because of its stable nature. Potassium sorbate is also much more soluble
and very suitable for use in dipping and spraying decontamination prac-
tices (Gonzalez-Fandos and Dominguez, 2007). Solubility is 58.2% (139
g/100 ml) at 20°C. It may also be used for spraying or metering fruit and
vegetable products. The inhibitory activity of sorbates is similar to sorbic
acid, but usually 25% more potassium sorbate is needed to have the same
effect. However, sorbates have many uses because of their milder taste,
greater effectiveness, and broader pH range (up to 6.5), when compared to
either benzoate or propionate. This would effectively mean that in foods
with a very low pH, sorbate levels as low as 200 ppm may give more than
adequate protection. Sorbate can, therefore, be applied to a wide range of
food products and beverages, including among others, syrups, fruitjuices,
wines, jellies, jams, salads, and pickles (Barbosa-Céanovas et al., 2003). The
higher solubility of potassium sorbate, therefore, renders it the preferred
form of sorbic acid as a preservative in foods. However, sorbic acid is more
soluble in oils than the potassium salt. Sorbic acid and potassium sorbate
are not very effective at controlling spoilage in bakery products, where
the pH may exceed pH 7. Potassium sorbate may only be useful at pH 6
but not at pH 7.5 (Marin et al., 2003).

Sorbic acid has a pK, value of 4.76 and in a pH 4.2 solution about
75% will be in its undissociated form. At pH 7 > 1% will be undissoci-
ated. Although acetic acid has the same pK, value as sorbic acid, a tenfold
higher concentration of acetic acid is required to produce the same extent
of growth inhibition as sorbic acid (Papadimitriou et al., 2007).

Until recently, the use of sorbic acid was a standard approach for pres-
ervation in the food industry. However, much attention has now focused
on the development of resistance against this weak organic acid preserva-
tive (Brul et al., 2002).

As benzoic acid is generally assumed to be safe because it is conju-
gated in the liver to produce benzoylglycine (hippuric acid), sorbate is also
largely excreted in this case as the oxidation product 2,4-hexadienedioxic
acid (Piper, 1999). Sorbate has been found to have a bacteriostatic effect on
L. monocytogenes, but conflicting reports on the efficacy of sorbate against
L. monocytogenes may be due to variations in media or food, pH, or sorbate
concentrations (Gonzalez-Fandos and Dominguez, 2007). Potassium sor-
bate has been found to be much less effective than sorbic acid at inhibiting
fungal growth, specifically mainly at lower temperatures (15 and 20°C;
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Figure 2.14 Structure of succinic acid.

Marin et al., 2003), whereas sorbic acid is less linked to pH (Shtenberg and
Ignat’ev, 1970).

2.3.13 Succinic acid

Succinic acid (also called butanedoic acid) (Figure 2.14) is a dicarboxylic
acid of four carbon atoms and occurs naturally in plant and animal tis-
sues. It plays a significant role in the intermediary metabolism (Krebs
cycle) in the body. Succinic acid is a colorless crystalline solid medium
with a salty bitter taste. It is soluble in water, slightly soluble in ethanol,
ether, acetone, and glycerine, but not in benzene, carbon sulfide, carbon
tetrachloride, and oil ether (ChemicalLand21.com, 2008). Succinic acid is
used in foods as a sequestrant, buffer, and neutralizing agent. It is also
used as a chemical intermediate in medicine, and in the manufacturing of
lacquers and perfume esters (Hawley, 1988).

2.3.14 Tartaric acid

Tartaric acid (Figure 2.15) is also one of the hydroxy acids (Fite et al.,
2004). It is naturally present in fruits such as pineapples and grapes and
is consequently also the major acid in wine and wine vinegars (Barbosa-
Cénovas et al., 2003; Morales, Gonzalez, and Troncoso, 1998). Primarily
due to its low pK, values (3.03 and 4.54), tartaric acid is often used as
an acidulant (Comes and Beelman, 2002). The tartness profile of tartaric
acid is smoother than that of citric acid and it has a higher peak acid
taste than citric acid and this is also longer lasting. Tartaric acid may
well be the most expensive among the acids commonly used in food
(Fowlds, 2002).
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Chemical formula: C;HgOg

Figure 2.15 Structure of tartaric acid.

2.3.15 Other acids

Phenyllactic acid (Figure 2.16) is another organic acid with an interesting
potential for application as an antimicrobial agent in food. It has a broad
spectrum of inhibition, specifically against a variety of foodborne fungi.
Concentrations required for antifungal activity, particularly against molds
from bakery products are generally lower than concentrations required
against bacterial food contaminants. Phenyllactic solutions are odorless
(Lavermicocca, Valerio, and Visconti, 2003).

Gallic acid (also called 3,4,5-trihydroxybenzoic acid) (Figure 2.17) is a
natural plant phenol. It is an organic acid found in walnuts, sumac, witch
hazel, tea leaves, oak bark, and other plants. Gallic acid has been found to

H

Chemical formula: CoH19O3

Figure 2.16 Structure of phenyllactic acid.
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Figure 2.17 Structure of gallic acid.

possess antifungal and antiviral properties, and derivatives such as propyl
gallate, octyl gallate, lauryl gallate, and dodecyl gallate are also widely
used as food additives in reducing rancidity and as preservatives (Van der
Heijden, Janssen, and Strik, 1986; Serrano et al., 1998; Niho et al., 2001).

2.4 General applications

Organic acids, inorganic anions, amino acids, and carbohydrates are
important compounds in many fields, such as chemistry, biochemistry,
pharmaceuticals, agriculture, and food science (Cai et al., 1999). Organic
acids have traditionally been applied to a wide variety of foods and are
currently the most commonly used food preservatives (Gould and Jones,
1989; Wen, Wang, and Feng, 2007). These compounds and their salt deriva-
tives have for many decades been used to effectively control the growth of
select microorganisms by lowering the pH of foods. They are added delib-
erately to food products or can be functional as by-products as a result
of fermentation to acidify the food to control microbial contamination
and more important, foodborne pathogens (Murphy et al., 2006). Organic
acids have also been found to be beneficial in extending cold storage of
meat products (Bolton et al., 2002). Some organic acids, such as ascorbic
acid and citric acids are most generally used as preservatives for canned
foods or even fresh salad vegetables (Perez-Ruiz, Martinez-Lozano, and
Garcia, 2007; Rico et al., 2007). Salts of organic acids are used extensively
in meat and poultry products to enhance microbiological safety of these
products by controlling pathogens such as Listeria monocytogenes. In pro-
cessed meat, buffered salts, alone or in combination, are used as ingredi-
ents to provide an additional measure of safety during chilling (Juneja
and Thippareddi, 2004).

Some organic acids, such as sorbic acid and benzoic acid, are widely
regarded as the most active against yeasts and molds, and not against
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bacteria as such (Gonzalez et al., 1998). In the animal food industry, organic
acids were originally added to animal feeds, specifically as fungistats
(Ricke, 2003). Organic acids are also the most commonly utilized antimi-
crobial agents in edible coatings (Durango, Soares, and Andrade, 2006).
Preservation of bakery products commonly involves the use of preserva-
tives such as propionates and sorbates, and sometimes benzoates (Marin
et al, 2003). Sodium benzoate is used in soft drinks, baked goods, and
lollipops (Poulter, 2007).

Organic acids are also beneficial for use in perfume production, phar-
maceuticals, medicine, and the production of other chemicals. For exam-
ple, cinnamic acid is synthesized on a commercial scale from styrene and
carbon tetrachloride (Roller, 1995). Due to biodegradable properties, there
is a growing demand for organic acids for the production of polymeric
materials (Bailly, 2002).

2.5 Food products naturally
containing organic acids

Organic acids occur naturally in many foods as a result of metabolic pro-
cesses, hydrolysis, or bacterial growth (Table 2.2). Alternatively they can
be added directly to food as acidulants or flavorants (Gomis, 1992).

2.5.1 Fruit

Various organic acids are commonly found to be natural constituents of
fruit. Citric acid can be found in almost all fruits, especially citrus fruit and
pineapple (Nikbakht, Sadrzadeh, and Mohammadi, 2007). Malic acid is also

Table 2.2 Organic Acids Naturally Found in Foodstuffs

Organic acid Foodstuff

Acetic acid Vinegar

Benzoic acid Cranberries, prunes, greengage plums, cinnamon, ripe
cloves, apples
Butyric acid Butter

Citric acid Citrus fruits (oranges, lemons, grapefruit),
blackcurrents, strawberries

Formic acid Citrus essential oils

Gallic acid Witch hazel, gallnuts, tea leaves

Lactic acid Sour milk products (yogurt, cottage cheese)

Malic acid Apples, cherries, plums

Oxalic acid Tomatoes

Tartaric acid Grape juices
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widely found in fruits and vegetables (Barbosa-Canovas et al., 2003). Benzoic
acid is a common phenolic in cranberries, especially in freshly squeezed
cranberry juice. It is considered to be the main antifungal agent in cranber-
ries (Penney et al., 2004). Benzoic acid is also the natural constituent of rasp-
berries, plums, prunes, lingonberries, cloudberries, cinnamon, and cloves
(Barbosa-Canovas et al., 2003; Be-Onishi et al., 2004). The benzoic concen-
tration is especially high in lingonberries (0.6-1.3 g/1 free benzoic acid) and
the pH low (pH 2.6-2.9). Concentration of benzoic acid is increased further
if the fruit or fruit juice is stored in warm conditions (Be-Onishi et al., 2004).
Tartaric acid is commonly found in pineapples, grapes, and grape-derived
products. It is, therefore, also present in relatively large amounts in wine
vinegar, including balsamic vinegar, and in low concentration in cider vin-
egars (Morales, Gonzalez, and Troncoso, 1998).

Organic acids have been described as functioning as strong antimi-
crobial agents against psychrophylic and mesophilic microorganisms in
fresh-cut fruits as well as vegetables. Ascorbic acid and B-carotene are
antioxidants also present in the greatest quantities in fruits and vegetables,
but are better known for their oxidative characteristics (Rico et al., 2007).

2.5.2  Juices

Fruit juices prepared from the pulp contain relatively large amounts of
citric acid (Hayakawa, Linko, and Linko, 1999). In most juices citrate is
omnipresent, and malic acid is present in high concentrations, with min-
ute concentrations of other organic acids such as lactic acid (Arellano et
al,, 1997). Lemon juice is often used as an alternative to acidification with
citric acid (Valero et al., 2000).

2.56.3 Wine and vinegar

Acetic acid is the major volatile acid in wine. At levels above 1.2-14 g/1,
it is known to be one of the main reasons for wine spoilage (Gonzalez et
al.,, 2005). Acetic acid is also an active ingredient in household vinegar,
and common white household vinegar consists of approximately 5% ace-
tic acid (Kerth and Braden, 2007). It is speculated that acidity, alcohol con-
tent, and content of polyphenolic flavonoid compounds including tannins
and reveratrol may be responsible for antimicrobial activities reported for
wine against foodborne pathogens. This has recently evoked much inter-
est and the question arises whether wine formulations can be devised and
applied in improving food safety. These wine substances would then be
regarded as nontoxic, food-compatible, and plant-derived antimicrobials
(Friedman et al., 2006).
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2.54 Dairy

Citric acid is an organic acid found in abundance in raw milk, whereas
lactic acid is found to be more prevalent in yogurt and cheese (Tormo and
Izco, 2004).

2.5.5 Coffee

Malic and citric acids are already present in the green coffee bean, but
most of the acidity in the coffee bean is generated at the beginning of the
roasting process (Rodrigues et al., 2007).

2.5.6  Bakery products

Sourdough has long been known to improve the shelf life of bread and
bakery products, primarily because of the existence of lactic acid pro-
duced by lactic acid bacteria (Lavermicocca, Valerio, and Visconti, 2003).

2.5.7 Honey

The natural occurrence of varying amounts of organic acids in honeys
from different geographical areas have been documented. Much research
is being done to determine the use of honey as an antimicrobial agent in
various food systems (Suarez-Luque et al., 2002).
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chapter three

Application of organic acids
in food preservation

3.1 Introduction

Much research has been done on the antimicrobial efficacy of organic
acids, but there is relatively little data available on its use in commercial
practice (Smulders and Greer, 1998). Studies have predominantly been
conducted in research abattoirs and with artificial carcasses, or small
pieces of meat (Smulders, 1987; Siragusa, 1995; Smulders and Greer, 1998;
Theron and Lues, 2007). In evaluating the effectiveness of organic acids
for specific applications, a better understanding of general and specific
response capacities of foodborne pathogens is essential, as this may pave
the way to the development of more targeted strategies in controlling
foodborne pathogens (Ricke, 2003; Carroll et al., 2007). Food-processing
treatments in preventing pathogen contamination in food products must
also be effective against postprocessing contamination (Calicioglu, Sofos,
and Kendall, 2003b).

Although organic acids are food ingredients that are often utilized at
will (Bégin and Van Calsteren, 1999), thorough risk assessment should be
the first action taken by all leading food industries in the preservation of
food products (Brul and Coote, 1999; Van Gerwen et al., 2000; Hoornstra
and Notermans, 2001). It is crucial to first analyze the production process
as a whole, or the so-called from farm to fork or from raw material to
consumer. Such an assessment requires four processes that must be sys-
tematically followed (1) hazard identification, (2) hazard categorization,
(3) exposure evaluation, and (4) risk assessment (Brul and Coote, 1999).

3.2 Foodstuffs
3.21 Meat

In 1970 findings were reported that treating meat with organic acids can
provide other means of extending the distribution and visual attraction of
fresh meat (Bauernfeind and Pinkert, 1970; Barker and Park, 2001; Huang,
Ho, and McMillin, 2005).
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3.2.1.1 Cured meat
Brines, containing a combination of monolaurin and lactate, pumped into
microwave-ready beef roasts, have been found to be more effective in
inhibiting Listeria monocytogenes during cooking in bags than brines with
only lactate. Cured meats (sausage, ham, and frankfurters) contain salt
and other preservatives which all serve to enhance the listericidal effects
of organic acids (Doyle, 1999).

3.2.1.2 Poultry

Unlike the breast muscle (pH 5.7-5.9) of the poultry carcass, poultry leg
muscle has a pH of 6.4-6.7. The higher pH has an impact on the growth
of certain spoilage bacteria and as a result, the leg tends to spoil more
quickly than breast meat. High pH of the skin also plays a role in such
contamination (Gonzalez-Fandos and Dominguez, 2007).

3.2.1.3  Seafood

Variations have been found in the antimicrobial effect of organic acids and
salts on fish, which may be dependent on several factors, including (1) the
concentration of organic acid, (2) dipping time, (3) fish species, (4) fish prod-
uct, (5) degree of contamination, and also (6) the storage condition (Sallam,
2007a). Reports indicate a lack of effect on the psychrotrophic populations
in fish products, such as shrimp (Zhuang, Huang, and Beuchat, 1996), and
rainbow trout (Nykdnen et al., 1998) during refrigeration. On the other
hand, sodium acetate (2%) is reported to provide significant reduction in
the growth of psychrotrophic bacteria in catfish fillets over 12 days at 4°C,
but not in shrimp. Different organic acid salt treatments have all shown to
cause significant reduction (P < 0.05) in Pseudomonas populations in sliced
salmon (Sallam, 2007a).

Salmon slices treated with different organic salts also contained a
lower count of H,S-producing bacteria throughout storage. Complete inhi-
bition of these bacteria has been reported in fresh cod fillets after sprayed
application of 10% acetate buffer and stored under modified atmospheres
for 12 days at 7°C. Complete inhibition of Enterobacteriaceae is achieved
in fresh cod fillets, also after spraying with 10% acetate buffer during stor-
age under the same conditions (Boskou and Debevere, 2000). Dipping of
salmon slices in aqueous solutions (2.5%) of sodium salts of organic acids
is generally effective and was efficient against proliferation of various
spoilage microorganisms. This delays lipid oxidation and as such, extends
the shelf life of the product during refrigerated storage and can be utilized
as a safe organic preservative for fish under refrigerated storage (Sallam,
2007a). The quality of fish may rapidly degrade, due to a range of complex
physical, chemical, and microbiological forms of deterioration (Sallam,
2007b).
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3.2.2  Acidic foods

Acidified food products have been produced safely for many years with-
out heat treatments, but it has become evident that the organic acid(s)
present in such products have made a huge contribution to achieve this
(Zagory and Garren, 1999). Acidic foods (apple cider, dry-fermented sau-
sage, mayonnaise, and yogurt) have all been implicated in E. coli O157:H7
food poisoning outbreaks (Jordan, Oxford, and O’'Byrne, 1999).

3.2.3 Confectionery

In bakery products with relatively high pH (7), the use of preservatives is
often redundant, as they do not have any effect on the shelf life. Many of
these products may contain unnecessary preservatives that could just as
well be excluded from their recipes, as an appropriately low a,, serves as
the main preserving factor (Marin et al., 2003).

Bakery products have a short shelf life, but can be maximized by good
hygiene practices and preservatives (De la Rosa et al., 2005). In intermedi-
ate moisture bakery products, preservatives and moisture producers are
often added to prevent spoilage by fungi. Potassium sorbate and calcium
propionate are used at concentrations 3000 and 300 ppm (wt./flour wt.)
(Arroyo, Aldred, and Magan, 2005).

3.2.4  Fruits and vegetables

Preservation of fresh-cut fruits and vegetables requires improved effec-
tive washing treatments. Alternative methods that have been proposed
and investigated, include (1) organic acids, (2) antioxidants, (3) irradia-
tion, (4) ozone, (5) modified atmosphere packaging, and (6) whey perme-
ate, but none of these has thus far gained much widespread acceptance
in the industry. Main objectives of the implementation of minimal pro-
cessing techniques are to meet the challenges of maintaining nutritional
and sensory quality, even when sufficiently preserved (Rico et al., 2007).
However, the minimal processing to which fresh-cut fruits and vegetables
are generally subjected, delivers products that are highly perishable, and
need to be chilled during storage to ensure a reasonable extended shelf
life (Garcia and Barrett, 2002; Rico et al., 2007).

3.2.5  Fruit juices

Fruits have an inherent acidity and contain various organic acids that
protect against bacterial invasion (Fielding, Cook, and Grandison, 1997).
Fruit juices and other fruit products may be easily spoiled as a result of
contamination due to high water activity, which allows microbial growth
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(Gliemmo, Campos, and Gerschenson, 2006). These products are, there-
fore, preserved by a combination of hurdles that include low pH, suppres-
sion of water activity by solute addition, added preservatives, and heat
(Stiles et al., 2002; Gliemmo, Campos, and Gerschenson, 2006).

3.2.6  Salads

Salad bars are becoming increasingly popular and are also found in
supermarkets and convenience stores. They have introduced new growth
environments for microbial spoilage and also the prevalence of foodborne
pathogens (Allende et al., 2007). L. Monocytogenes has been isolated from
fresh or minimally processed vegetables (Francis and O’Beirne, 2006;
Crépet et al,, 2007), and has also been implicated in several outbreaks of
foodborne infections, as a result of contaminated vegetables (Beuchat,
Berrang, and Brackett, 1990; Beuchat, 1996; Sewell and Farber, 2001). It is,
therefore, essential that washing and sanitizing treatments be adequate
to prevent proliferation of L. monocytogenes during storage (Allende et
al.,, 2007).

Organic acids are strong antimicrobial agents against both psychro-
philic and mesophilic microorganisms in fresh-cut vegetables (Rico et al.,
2007). For example, citric and ascorbic acids are often used on salad veg-
etables, and ascorbic acid (L-ascorbic acid) and its various salts and deriva-
tives have for many years been popular GRAS (generally recognized as
safe) antioxidants used on fruits and vegetables, and in fruit juices to pre-
vent browning and other oxidative reactions (Rico et al., 2007). The use of
weak acids is also, for example, permitted in table olives, although there
is a lack of scientific information about their preserving effects. This is
in part responsible for reduced efficacy obtained with their application
(Arroyo Lopez, Duran Quintana, and Garrido, 2006).

3.2.7 Vegetables

Minimally processed vegetables can be inhabited by invasive microor-
ganisms that may be the cause of deterioration (Martins et al., 2004).

3.2.8 Dairy

Spoilage bacteria and fungi (especially yeasts) on or in fruit hinders the
production of minimally processed fruit yogurt. However, the use of
synthetic preservatives is known to reduce the natural sensory appeal of
these yogurts (Penney et al., 2004).
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3.2.9 Soft drinks

Some organic acids are naturally present in soft drinks, but may also be
intentionally added to provide sharpness, tang, and brightness (Chen and
Wang, 2001).

3.2.10 Sport drinks

Citric acid, lactic acid, and ascorbic acid are commonly found in sports
drinks. In most juices citrate is omnipresent, and vitamin C is present in
beverages, juices, and medicines (Wu et al., 1995).

3.2.11 Animal feed

In animal feed organic acids were originally added to inhibit fungal
contamination. However, in the past 40 years organic acids and various
combinations have been investigated for potential bactericidal activity in
feeds and feed ingredients (Ricke, 2003).

3.3 Industrial applications

The FDA and U.S. Department of Agriculture (USDA) both provide regu-
latory oversight in ensuring a safe food supply by conducting mandatory
and rigorous safety (toxicological and pharmacokinetic) studies prior to
approval of an antibiotic for use and also by monitoring the correct use
of such antibiotic (Donoghue, 2003). After the USDA and Food Safety and
Inspection Service (FSIS) established the requirement for E. coli biotype 1
enumeration as a means of verifying the control of slaughter processes,
renewed interest developed in meat decontamination technologies and
included the spraying of carcasses with either (1) organic acid solutions,
(2) hot water, (3) steam, or (4) nonacid chemical solutions in passing the
regulatory criteria (Samelis et al., 2002b).

3.3.1 Labeling

Sorbic acid and benzoic acid, as well as their salts (sodium sorbate, potas-
sium sorbate, calcium sorbate, sodium benzoate, potassium benzoate,
and calcium benzoate) are commonly allowed as food additives by the
European Legislative Directive no. 98/72/CE, but their presence must be
declared on the food label (Mota et al., 2003).



56 Organic Acids and Food Preservation

3.3.2  Vacuum packaging

In the production of boxed meat for domestic distribution as well as
export markets, the safety of vacuum-packaged products receives critical
consideration. It is envisaged that organic acids may play an important
role in future processing treatments directly prior to vacuum packaging.
Practical treatment conditions are essential and need to be established to
facilitate improvement of safety and storage without sacrificing satisfac-
tory sensory characteristics (Smulders and Greer, 1998).

3.3.3 Meat

In 1997 W. Dorsa commented on the vast difference between the large
numbers of laboratory results and the actual application of organic acids
as antimicrobials in industrial practices (Dorsa, Cutter, and Siragusa,
1997; Smulders and Greer, 1998). It would, therefore, not be appropri-
ate to extrapolate these results. However, organic acids are not widely
applied for meat decontamination. Meat hygiene regulations stipulated
by the European Union do not allow any method of decontamination
except for washing with potable water. Legislators are reluctant to grant
permission for implementing other technologies, as it is alleged a means
of compensating for inadequate hygienic practices in the abattoir. In
1996, a report was issued by the European Union’s Advisory Scientific
Veterinary Committee where the advantages of decontamination by irra-
diation, organic acids, alkaline compounds (e.g., trisodium phosphate),
hyperchlorinated water, steam, or hot water were evaluated (European
Union, 1996). Although this treatment is currently considered only
for poultry carcasses, it is generally accepted that in other major meat
processing, adherence to strict hygiene measures should be adequate
(Smulders and Greer, 1998).

In Table 3.1 some factors are stipulated that should be considered in
the decontamination of meat (European Union, 1996). Spraying with 1.5—
2.5% organic acids such as acetic or lactic acid is effectively applied on red
meat carcasses (Canadian Food Inspection Agency, 2004). Lactic and ace-
tic acid solutions are commonly used by the red meat slaughtering indus-
try as an antimicrobial spray wash on freshly slaughtered beef carcasses.
These spray washes are used in the early steps of beef carcass processing,
usually applied to carcasses after hide removal, before and after eviscera-
tion, but before chilling (Berry and Cutter, 2000).

Organic acid application is usually done by a spray cabinet. In some
U.S. beef plants an organic acid wash is regarded as a good manufacturing
practice (GMP) rather than a critical control point (CCP), because not all
carcasses are treated. Organic acids are not applied to carcasses when they
contain an open wound or a leaking abscess. The critical limits for organic
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Table 3.1 Application of Decontaminants as Proposed by the Scientific
Veterinary Committee of the European Union (1996)

Factors that influence the application

of decontaminants

Additional information

Chemical composition
Safety aspects

Adverse effects

Effect on organoleptic quality of
product

Nutritional value

Water retention

Antimicrobial effectiveness

Pathogen load

Health aspects of workers
Environmental impact
Microbial investigations

Application methods required
Concentrations required

Function

pH, water, fat solubility

Is it an approved additive?

Is it a GRAS compound?

Residues in product after
decontamination

Potential of toxic products forming

Taste, flavor, odor, appearance, etc.

Effect on spoilage and pathogenic
microorganisms

Prospect of desired effect
Hypersensitization

Susceptibility testing, determine
efficacy

Cost effectiveness

Within guidelines and consumer safety
limits

Food additive, or processing tool?

Source: Data from European Union, Report of the Scientific Veterinary Committee (Public
Health Section) on the Decontamination of Poultry Carcasses. VI/7785/96 Final. 1996.

acid application are monitored once every hour, and the equipment used
for monitoring is calibrated at least once per day. A combination of hot
water and organic acid application consists of hot water pasteurization
followed by organic acid decontamination, and has been developed for
use in beef slaughter processes. A chilled water spray may be required
after treatment to reduce carcass surface temperature prior to entering the
chiller to prevent condensation in the chiller and also to rapidly cool the
carcass (Salleh-Mack and Roberts, 2007).

It is necessary to use organic acids to disinfect the carcasses in an
environmentally friendly way and still produce the maximum shelf life
for fresh meat. These methods must, therefore, be simple, long-lasting,
and with a minimal effect on the sensory, chemical, and physical charac-
teristics of the meat, and be inexpensive (Ogden et al., 1995).

In Table 3.2 the application directives of organic acid sprays accord-
ing to the Canadian Food Inspection Agency (2004) are summarized,
and in Table 3.3 some of the factors in consideration of organic acid
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Table 3.2 Application of Organic Acid Sprays

In decontamination of
red meat carcasses the
use of 1.5-2.5% of the
following organic acids
is permitted

Acetic acid
Lactic acid

Citric acid Application/description

Conditions for
application:

May be applied where
the application of water
to a product is accepted
practice

Treatment followed by
appropriate measures:

Documentation:

1. Final carcass rinse
2. Pre-evisceration rinse

1. Before, after, during
2. Consist of a potable

systems

To ensure the removal
of organic acids to
negligible levels

To describe the process
and controls to
monitor the
concentration of the
treatment solution

water rinse (low
pressure), and a
second rinse with
organic acid (mist, fog,
or small droplets)

Final rinse with potable
water

¢ Equipment used

® Methods used to
ensure that acid
fumes are not
hazardous

e Type of acid

e Acid concentration

* Preparation of acid

solution

Solution flow rate

and pressure

Temperature of acid

solution at contact

point

e Methods to remove

residual acid

Actions taken if

system is operating

out of compliance

Source: Data from Canadian Food Inspection Agency. Meat Hygiene Manual of Procedures.

2004.

selection in meat decontamination are summarized (Smulders and

Greer, 1998).

3.3.4 Processed meats

Not many studies have reported on the potential use of organic acids or
the salts of organic acids as postprocessing antimicrobials, either individ-
ually or combined with other compounds prior to packaging. However,
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Table 3.3 Factors That Determine the Selection of Organic Acids in
Meat Decontamination

Factors that influence
antimicrobial effects

1. Acid concentration (pH) * pH dependent
e Dissociation of the acid
¢ Ability to penetrate the cell
2. Type of tissue ¢ Type of meat
¢ Lean versus fat
3. Type of bacteria e Sensitive to organic acid activity
® Resistant to organic acids
¢ Acid tolerance
4. Slaughter technology ¢ Extent of microbial contamination before
slaughtering
¢ Type of contaminating matter
5. Decontamination technique e Application method
e Time of acid exposure
* Temperature
® Pressure and angle of spray

Source: Data from Smulders, EJ. and Greer, G.G. International Journal of Food Microbiology
44:149-169, 1998.

dipping solutions containing concentrations of 2.5-5 g/100 ml lactic acid,
acetic acid, sodium acetate, sodium diacetate, and potassium sorbate have
been found to provide extensive protection against L. monocytogenes con-
tamination in refrigerated processed meat products (Samelis et al., 2005).

3.3.5 Seafood

In frozen prawns or shrimp the concentration of r-ascorbic acid is used
according to GMP, but is limited to such a level so as not to affect the
product negatively, or to disturb its compliance with legal requirements
(Van Heerden, 2003).

3.3.6  Poultry

In poultry carcass decontamination it seems a very attractive idea to inac-
tivate potential pathogens in the end product, because preservatives are
then applied just before retail distribution. Alternative sanitizing proce-
dures to ionization radiation in poultry processing operations include: (1)
spray application of lactic acid on carcasses, (2) surface heating, (3), in-
plant chlorination, or (4) trisodium-phosphate dip, but efficiency of these
methods is limited compared to ionizing radiation. Treating carcasses
with organic acid spray has also been reported to have limited efficiency
in controlling Escherichia coli O157:H7 (Farkas, 1998).
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3.3.7 Dipping/spraying

Acetic, citric, lactic, and tartaric acids and their salts (potassium sorbate,
potassium or sodium benzoate, sodium propionate, sodium acetate or
diacetate, and sodium lactate) have been tested and approved as dipping
or spraying treatments (Geornaras et al., 2005).

3.3.8 Acidified foods

Organic acids and their conjugate bases are widely applied in the preven-
tion of spoilage in fermented and acid or acidified foods. However, U.S.
FDA regulations do not allow the use of organic acids or preservatives as
primary barriers to microbial pathogens in acidified foods. In the Code
of Federal Regulations (21 CFR part 114) it is stated only that acid or acid
ingredients be added to maintain the pH at or below 4.6, together with a
heat treatment, if necessary. These regulations were designed to control
the growth and toxin production by Clostridium botulinum and do not take
into account the amount or type of organic acid already present in acidi-
tied food. Regulations (21 CFR part 114) were established in 1979 in the
United States to ensure safe production of acidified foods. However, at the
time, no pathogenic microorganisms were known to survive at or below
pH 4.6 (Breidt, Jr,, Hayes, and McFeeters, 2004).

3.4 Salts of organic acids

In contrast to numerous research reports on organic acids, comparatively
few studies have reported on the antimicrobial activity of their salts.
Moreover, available research results emerged mainly from laboratory
investigations and infrequently from commercial trials. However, from
these studies, the actions of lactic and sorbic acid salts have been shown to
be primarily bacteriostatic, and it has been established that the inactiva-
tion of organic acids may be both bacteriostatic and bacteriocidic. To our
knowledge, little research has been done on their application to red meat
carcasses. It has, however, been indicated that lactates, for example, are
not very active antimicrobials in raw meats stored in either air or vacuum.
These salts may, therefore, play a more significant role when used as pre-
servatives in cooked or cured products in combination with other pres-
ervation hurdles (Smulders and Greer, 1998). The closer the environment
is to the pK, of an acid, the greater is the lag phase of microbial growth.
However, the salts of organic acids appear to inhibit microbial growth
without changing the pH of a solution. This is advantageous in terms of
reducing purge and cook losses and would ultimately reduce production
costs (Mohd Adnan and Tan, 2007).
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There have been reports of potassium sorbate showing promise in
preventing fungal spoilage, but only at maximum concentrations at which
it was tested (0.3%). Similar concentrations of other salts, such as calcium
propionate and sodium benzoate have been found to be effective only
at low a,, levels. Potassium sorbate activity was also slightly reduced at
pH 5.5, as a concentration of 0.3% was only effective at 0.8 a,,. In other in
vitro studies calcium propionate, sodium benzoate, and potassium sorbate
have also been found to inhibit some isolates from bakery products at pH
4.5 when applied at a concentration of 0.3% (Guynot et al., 2005). Sodium
benzoate has, however, been found to be more effective at inactivating E.
coli O157:-H7 than potassium sorbate (Comes and Beelman, 2002). Higher
solubility of potassium sorbate renders it the preferred form of sorbic acid
to use in a wide range of food products (Marin et al., 2003). Although little
data exists as to their specific mode of inhibitory action, salts of organic
acids have been widely approved for use as food ingredients. Organic acid
salts are traditionally utilized to enhance the quality of cooked or cured
meat. These salts have also been employed as emulsifiers, color and flavor
enhancers, humectants, and in pH control (Smulders and Greer, 1998).

Organic acid salts are increasingly used by meat processors as fla-
vor enhancers and also microbial inhibitors, specifically in controlling
Listeria monocytogenes. Buffered sodium citrate alone or in combination
with sodium diacetate or sodium salts of lactic or acetic acids are often
used in processed meat products to provide additional protection against
C. perfringens contamination during the chilling of meat products (Juneja
and Thippareddi, 2004). Guidelines in the chilling of thermally process-
ing meat are explained in Table 3.4. Lactates are often used in meat and
meat products, but may play a more significant role as preservatives in
cooked or cured products in combination with other preservative hurdles
(Smulders and Greer, 1998). Sodium salts, specifically, of low molecular
weight organic acids (such as acetic, lactic, or citric) are commonly used to
control microbial growth, improve sensory attributes, and extend shelf life
of, among others, various meat, poultry, and fish products. These salts are
widely available, economical, and generally recognized as safe (GRAS).
Sodium acetate is remarkably effective in extending the shelf life of vari-
ous refrigerated fish. However, the antimicrobial effect of other sodium
salts, such as sodium lactate on fish have shown some variations, which
may be due to the various factors usually associated with the application
of organic acids as preservatives (Sallam, 2007a).

3.4.1 Potassium sorbate

Sorbates are effective against many food spoilage organisms, and have
many uses because of a milder taste, greater effectiveness, and broader
pH range of inhibitory activity in comparison with either benzoate or
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Table 3.4 Compliance Guidelines for Chilling of Thermally Processed Meat and

Poultry Products
Step 1 Step 2 (further chilling)
Starting Stop End
temperature temperature =~ Maximum = temperature Maximum
(°C) (°O) time (h) (°C) time (h)
OPTION 1:
54.4 26.7 15h 4.4 5h
OPTION 2:
48 26.7 1h 12.7 6h
4.4 cooling
continued*
OPTION 3#*
544 26.7 5h 44 10h

Sources: U.S. Department of Agriculture, Food Safety and Inspection Service. Federal Register
64:732-749, 1999 and U.S. Department of Agriculture, Food Safety and Inspection Service.
Federal Register 66:12589-12636, 2001.

* Stipulated that product not be shipped until it reaches 4.4°C.
# For cooked, cured meat products with minimum of 100 ppm sodium nitrite (ingoing).
(These guidelines are independent of the addition of organic acids or salts.)

propionate (Barbosa-Canovas et al., 2003). Potassium sorbate is most
effective in preventing fungal spoilage at 0.3%, as opposed to the same
concentration of other salts, such as calcium propionate and sodium
benzoate that are effective only at low a,, levels. However, the activity of
potassium sorbate is slightly reduced at pH 5.5 and 0.3% is only effective
at 0.8 a,,. Potassium sorbate is suitable to inhibit deterioration of FBPA of
slightly acidic pH (close to 4.5) by xerophilic fungi. In vitro studies have
demonstrated the effectiveness of calcium propionate, sodium benzo-
ate, and potassium sorbate to inhibit isolates from bakery products at
pH 4.5, applied at a concentration of 0.3%. Potassium sorbate has been
found to be effective, even at concentrations as low as 0.03% (Guynot et
al., 2005).

Notably high concentrations of acetic acid (80-150 mM) are needed
to totally inhibit the growth of Saccharomyces cerevisiae at pH 4.5, whereas
only 1-3 mM sorbate may be needed, even when they both have the same
pK, (degree of dissociation) (Piper et al., 2001). Although the activity of
sorbic acid as well as its salt against L. monocytogenes has been studied
in laboratory media and in some foods such as cheese, meat products, or
fish (Dorsa, Marshall, and Semien, 1993; Samelis et al., 2001), few studies
have reported on their effect on L. monocytogenes in poultry (Gonzalez-
Fandos and Dominguez, 2007). Poultry legs treated with 5% potassium
sorbate can preserve a reasonable sensorial quality after storage at 4°C
for seven days, whereas 10% potassium sorbate solutions were required
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to reduce mesophiles as well as psychrotroph counts in pork meat. No
significant differences were found in pH values after the different treat-
ments, and panel members could not distinguish between those legs
dipped in 5% sorbate and those dipped in distilled water. Poultry leg
muscle has a pH of 6.4-6.7, whereas other parts such as breast muscle
have lower pH values (5.7-5.9) and, therefore, spoil more quickly than
breast meat. The skin of a chicken carcass has a high pH. Shelf life of
fresh broilers at 3°C can be extended by dipping a freshly chilled carcass
in 5% (w/v) solution of potassium sorbate for 1 min (Gonzalez-Fandos
and Dominguez, 2007).

L. monocytogenes is predominantly isolated from chicken legs and
chicken wings, the parts that are still covered with skin, as this pathogen
is mainly located on the skin surface and the higher pH of leg meat may
provide favorable conditions for multiplication of L. monocytogenes (Barnes,
1976). Sorbate has a bacteriostatic effect on L. monocytogenes (Buncic et al.,
1995) and inconsistent reports on activity against L. monocytogenes may
be attributed to variations in media or food, pH, or concentration of the
added sorbate (Gonzalez-Fandos and Dominguez, 2007).

Potassium sorbate has greater solubility in water than sorbic acid and
is used accordingly in dipping or spraying fruit and vegetable products.
The antimycotic action of potassium sorbate is similar to sorbic acid, but
approximately 25% more potassium sorbate is usually needed to secure
the same protection. Stock solutions of potassium sorbate can be made
in water and concentrated up to 50%, to be mixed later with liquid food
products, or diluted in dips and sprays. In foods with very low pH, low
sorbate levels have excellent protective activity. Sorbates are applied in
beverages, syrups, fruit juices, wines, jellies, jams, salads, pickles, etc.
(Barbosa-Canovas et al., 2003). Salts of propionic and sorbic acids are often
added to intermediate moisture bakery products (Arroyo, Aldred, and
Magan, 2005).

3.4.2 Sodium benzoate

Sodium benzoate as a food preservative is generally limited to products
that are naturally acidic and is more effective in food systems where the
pH < 4. It is mainly used as an antimycotic agent and most yeasts and
molds are inhibited by a concentration of 0.05-0.1% (Barbosa-Canovas et
al., 2003). Benzoates and parabenzoates are used primarily in fruit juices,
chocolate syrup, candied fruit peel, pie fillings, pickled vegetables, rel-
ishes, horseradish, and cheese. Sodium benzoate produces benzoic acid
once it is dissolved in water (Marsili, Sobrero, and Goicoechea, 2003).
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3.4.3 Sodium lactate

Sodium lactate is used and approved as: (1) a flavor enhancer, (2) humec-
tant, and (3) pH control agent (Duxbury, 1988; Lemay et al., 2002). The salts
lactate and diacetate on their own are known to exhibit antilisterial activity
in RTE (ready-to-eat) meat, but enhanced inhibition has also been reported
when these salts are used in combination (Mbandi and Shelef, 2002).

Sodium lactate (3-4%) in cooked beef is effective in limiting prolif-
eration of Salmonella typhimurium, L. monocytogenes, and E. coli O157:H7
(Miller and Acuff, 1994). Sodium lactate (3%) added to vacuum-packaged
beef top rounds is effective as an oxidant and color stabilizer for cooked
beef (Maca et al., 1999; Choi and Chin, 2003).

3.4.4 Other

Buffered sodium citrate and buffered sodium citrate supplemented with
sodium diacetate can be effectively used to inhibit C. perfringens outgrowth
during chilling of roast beef (Juneja and Thippareddi, 2004). There are also
various reports on the antimicrobial effect of sodium salts of organic acids
on C. botulinum outgrowth and toxin production (Maas, Glass, and Doyle,
1989; Meng, 1992; Miller, Call, and Whiting, 1993; Juneja and Thippareddi,
2004). There is generally no correlation found between the effect of sodium
citrate on bacterial growth and the pH of the foodstuff (Sabah, Juneja, and
Fung, 2004; Macpherson et al., 2005). Citrate, lactate, and ascorbate are also
commonly used in sports drinks (Wu et al., 1995).

In the application of fumarate to ruminant feed, the sodium salt is
generally used because fumaric acid decreases ruminal pH. Sodium
fumarate is effectively used as a buffer, due to the properties of fumaric
acid, and also the sodium part that serves to raise the pH similar to the
role of sodium in sodium bicarbonate (Castillo et al., 2004).

General statements regarding the antimicrobial effect of combinations
of spices and organic acid salts cannot readily be made and each organic
acid salt and spice combination should be evaluated separately to deter-
mine the appropriate level of organic acid salt. Such combinations are use-
ful and can help food processors meet FSIS requirements, while providing
acceptable-tasting food products (Sabah, Juneja, and Fung, 2004).

3.5 Organic acid combinations

In extending the shelf life of minimally processed foods, the hurdle con-
cept uses a combination of suboptimal growth factors, such as (1) reduced
temperature, (2) reduced pH, (3) reduced a,, (4) addition of organic acids,
and (5) modified atmosphere packaging (Uyttendaele, Taverniers, and
Debevere, 2001). Treatment protocols that are based only on organic acid
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application have been found ineffective in reducing E. coli O157:H7 num-
bers (Bolton et al., 2002). It is believed that in carcass decontamination it
is better to implement more hurdles. Even a potent and commonly used
organic acid, such as lactic acid alone, was found to have no antimicrobial
effect against Staphylococcus aureus (Taniguchi et al., 1998).

Benzoic acid, mainly used in many types of acidic food products,
is also used in combination with sorbic acid in other types of products,
such as confectionery (Suhr and Nielsen, 2004). Sorbic and benzoic acids
are often used in combination, due to acclaimed antimicrobial synergy
between them (Cole and Keenan, 1986; Lambert and Bidlas, 2007).

3.5.1 Combinations in general

Increased effectiveness of organic acids may be achieved when used in
lower concentrations, but in combination with additional inhibitors. For
example, combining nisin with reduced organic acid concentrations may
decrease potential flavor flaws in meat products (Samelis et al., 2005). Citric
and ascorbic acids, in combination, are effective in inhibiting growth and
toxin production of C. botulinum type B in vacuum-packed foodstuffs
(Barbosa-Canovas et al., 2003; Samelis et al., 2005). In other studies, a com-
bination of equal amounts of ascorbic acid and citric acid did not have
additional benefits, compared with using ascorbic acid alone (Mancini et
al., 2007).

Mixtures of ethanoic and lactic acids exhibit synergistic antimicro-
bic action, which is mainly attributed to lactic acid (the stronger acid).
However, the effect of ethanoic acid is potentiated by increasing the pro-
portion present in the undissociated form (Adams and Nicolaides, 1997).
Combination treatments are also known as hurdle technology. These
treatments rely on the assumption that the susceptibility of organisms
to stresses to which they may be exposed can be accumulative (Fielding,
Cook, and Grandison, 1997). Organic acids and their salts greatly poten-
tiate the antimicrobial activity of bacteriocins, whereas acidification
enhances antibacterial activity of both organic acids and bacteriocins
(Galvez et al., 2007).

Combinations of two antimicrobials in a formulation provide greater
inhibition of L. monocytogenes growth, compared with antimicrobials
used individually. When two antimicrobials in such a formulation were
then also combined with a dipping in organic acid solutions, listericidal
effects were actually observed after processing. However, combinations
of antimicrobials did not decrease water activity, and sometimes even
increased it. Combinations of sodium lactate (1.8%) and sodium diacetate
(0.25%) have been found to completely prevent growth throughout stor-
age, whereas lactate (1.8%) and diacetate (0.125%) have been shown to
cause complete inhibition of L. monocytogenes during the first eight days of
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storage. Subsequent growth is then also known to be significantly reduced
(Barmpalia et al., 2004).

A combination of fumaric acid (0.15%) and sodium benzoate (0.05%)
was more effective against E. coli O157:H7 than a combination of fumaric
acid (0.15%) and potassium sorbate (0.05%). This combination has been
found to possess even more potent antimicrobial activity than sodium
benzoate (0.05%) plus potassium benzoate, which is a common commer-
cial practice (Comes and Beelman, 2002).

Chill-wash combined with citric acid and followed by low-temperature
incubation with or without the presence of nisin, is also useful in the
poultry industry for raw poultry products (Phillips and Duggan, 2002).
Hot water washings, followed by an organic acid rinse have been widely
evaluated on beef carcasses. The inclusion of organic acid rinses fur-
ther reduces the bacterial populations. The greatest reductions in E. coli
populations are found when combining hot water and acid treatment
(Eggenberger-Solorzano et al., 2002).

3.5.2  Salt combinations

Although much information is available on antimicrobial activities of lac-
tate and acetate salts, there is limited information on the effect achieved
when using them in combination. In a study done in 2002, enhanced inhi-
bition was found at various storage temperatures when used in combina-
tion (Mbandi and Shelef, 2002).

Buffered sodium citrate in combination with sodium diacetate or
sodium salts of lactic or acetic acids can be used as ingredients in pro-
cessed meat products to provide an additional measure of safety against
C. perfringens contamination of chilled meat products (Juneja and
Thippareddi, 2004). Addition of lactate does not affect meat pH, whereas
diacetate reduces pH from 6.3 to 5.9, and a combination of the two salts
reduces pH to 6.1 (Mbandi and Shelef, 2002).

3.5.2.1 Possible adverse effects

3.5.2.1.1 Sodium chloride (NaCl) The “hurdle” effect is commonly
applied to fermented and minimally processed foods in reducing the
risk of foodborne illness. It entails a combination of two or more inhibi-
tory agents being more inhibitory than alone. However, this is not always
the effect obtained against foodborne pathogens. Adding salt (NaCl) and
organic acid to foods is common practice. However, NaCl reduces the
inhibitory effect of lactic acid on E. coli O157:H45 by raising its cytoplasmic
pH. E. coli can use NaCl to cancel out the acidification of its cytoplasm
by organic acids. This protective mechanism is also found in other E. coli
as well as with other organic acids. A combination of NaCl and acid pH
is, therefore, less effective than acid pH alone in reducing the numbers
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of E. coli O157:H45. Sodium chloride also reduces the bactericidal effect
of lactic acid on E. coli O157:H45 cells in the exponential growth phase.
However, the addition of NaCl some time after acid challenge will not pro-
tect the cells, and, therefore, NaCl cannot reverse acid damage (Casey and
Condon, 2002).

3.56.2.1.2 Other Combination of sodium lactate with chili, or garlic
and herbs, has also been found to exert possible antagonist actions (Sabah,
Juneja, and Fung, 2004).

3.5.3 Aromatic compounds

When using individual aromatic compounds as preservatives, the high
concentration needed to inhibit spoilage bacteria often exceeds the flavor
threshold acceptable to consumers. Again, combining different preserva-
tive techniques is needed as an alternative to maintain high flavor quality.
Synergistic inhibition is indicated when a combination produces an addi-
tional one log,, reduction compared to the sum of the lethal effects of each
preservative on its own (Nazer et al., 2005). Although not much informa-
tion is available on acidic and aromatic compound combinations, sodium
citrate is known to increase the inhibitory action of eugenol and mono-
laurin (Blaszyk and Holley, 1998). Combinations of plant oils and deriva-
tives of benzoic acid have also been found to exert satisfactory activity
on Salmonella sv. Enteritidis (Nazer et al., 2005). However, combinations
containing methylparaben demonstrated higher levels of inhibition (Fyfe,
Armstrong, and Stewart, 1998).

3.5.4 Ethanol

Ethanol or lactate in combination have been found to be more bactericidal
than on their own against L. monocytogenes. In fact, for a variety of organic
acids, a combination with 5% ethanol resulted in a dramatic decline in
viability, and this was always greater than observed with either agent
alone. Although benzoate and formate used alone are effective at killing
L. monocytogenes at pH 3, the addition of ethanol will result in shorter kill-
ing times. Ethanol has GRAS status and can enhance the inactivation rate
of L. monocytogenes during exposure to low pH, organic acids, and also
osmotic stress (Barker and Park, 2001).

3.5.5 Irradiation

Organic acid and ionizing radiation can both disrupt the membranes
of bacterial cells. Acetic acid in combination with irradiation results in
increased membrane damage. In addition, the effect of irradiation on E.
coli (at all doses) is enhanced by the presence of acetic acid (0.02-1%). At
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least three possibilities have been proposed for the response of E. coli
to the presence of acetic acid during irradiation: (1) acid may sensitize
the organism to irradiation by disruption of metabolic functions such
as energy production or enzyme activity, (2) the increased demand
for energy that is placed on the cell by homeostasis may inhibit DNA
repair, and (3) another theory is that the effect of irradiation on the
acetic acid molecule produces a lethal free radical which subsequently
acts on the cell. The radiation process may also sensitize a cell to the
presence of an organic acid by injuring the cell membrane to allow
uncontrolled influx of acid molecules. However, undissociated acetic
acid has the ability anyway to freely permeate the cell membrane and
the synergism is then an indirect effect, as neither irradiation nor acetic
acid is producing the effect (Fielding, Cook, and Grandison, 1997).

A combination of ascorbic acid and gamma irradiation has also been
applied to achieve antibacterial effects (Ouattara et al., 2002).

3.5.6  Emulsifiers

Many pharmaceutical emulsifiers are GRAS in food applications. For
example, a combination of lactic acid and propylene glycol used on broiler
carcasses has been found highly effective in eliminating any salmonel-
lae present. The surfactant 12-butyryloxy-9-octadecenoic acid (BOA) is
composed of citric acid, EDTA, and sodium lauryl sulfate, and 0.6% of
this medium has been found to reduce levels of S. typhimurium cells by
>5 log,,. Sodium lauryl sulfate resulted in the greatest increase in activ-
ity. The addition of ethanol, DMSO, or Span 20 to acids had little or no
effect on their antimicrobial activity. In some cases it actually resulted in
decreased activity of the acid (Tamblyn and Conner, 1997).

3.5.7 Spices

It is not realistically possible to make general statements regarding the
antimicrobial activity of organic acid salts and spice combinations. Such
combinations should each be evaluated separately to determine the appro-
priate level of organic acid salt to effectively control the growth of C. per-
fringens (Sabah, Juneja, and Fung, 2004).

3.56.8  Liquid smoke

Liquid smoke, which contains approximately 10% acetic acid, has been
used as an antimicrobial agent against the pathogens E. coli O157:H7,
Salmonella, Listeria, and Streptococcus. It has been confirmed that combined
use of liquid smoke and steam had a synergistic thermal lethality effect on
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L. monocytogenes and also inhibited a potential effect on processed meat
(Murphy et al., 2006).

3.6 Considerations in the selection
of organic acids
3.6.1 Sensory properties

Organic acids are generally used to acidify various food products, but
have different abilities to lower the pH that depend on (1) the number
of acid functions, (2) the K, of the acid, and (3) the pH of the medium. In
addition, the effect of the type of acid on the taste of the product must
always be considered (Derossi et al., 2004). Although organic acids are
popular because of the lack of toxicological implications when applied at
the prescribed concentrations, there is constant consumer pressure toward
decreasing their concentrations or using as little preservative as possible
or even none at all (Marin et al., 2003). Organic acids have been reported
to produce adverse sensory changes, but diluted solutions of organic acids
(1-3%) are generally without effect on the desirable sensory properties of
meat (Smulders and Greer, 1998; Min et al., 2007).

3.6.2  Color stability

The organic acids, ascorbic acid and citric acid, are often applied to improve
color stability of fresh pork (CFR 2005) by dipping the meat into a solution
containing one of these agents. This dipping also helps to maintain the light-
ness of the meat (Huang, Ho, and McMillin, 2005). Ascorbic acid acts as both
an antioxidant and a pro-oxidant and the appropriate levels for preventing
muscle discoloration depend on a number of factors (Mancini et al., 2007).
Inconsistency is the result of a presence of metals within a food. The pro-
oxidant nature of ascorbic acid could be due to the production of ferrous
heme proteins, which may be more reactive and more oxidative than ferric
derivatives (Yamamoto, Takahashi, and Niki, 1987, Mancini et al., 2007).

3.6.3 Flavor

Sodium salts of low molecular weight organic acids are used to improve
sensory attributes and extend shelf life of various food systems in addi-
tion to their preservative characteristics (Sallam, 2007a). However, the use
of acetic, propionic, and lactic acids might be limited due to their flavor
and taste (Taniguchi et al., 1998). Benzoic addition is promising in flavor-
ing of reduced sucrose content products but with consideration of possible
unpleasant side sensations and also potential toxicological aspects (Otero-
Losada, 2003).
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Preservative-treated ciders have been found to have an overall con-
sumer rating between “like slightly” and “like moderately” (early season
cider) and “neither like nor dislike” and “like slightly” (late season cider)
(Comes and Beelman, 2002).

3.6.4 Carcass decontamination

In carcass decontamination dilute solutions of organic acids (1-3%) nor-
mally do not have any effect on the sensory properties of meat. However,
it is known that lactic and acetic acid can produce unfavorable sensory
changes if applied directly to meat cuts, which may be irreversible. Salts
of organic acids are approved for use as food ingredients such as emulsi-
fiers, color and flavor enhancers, and humectants. They are also used to
enhance the quality of cooked or cured meat products and to control the
pH (Smulders and Greer, 1998). Sodium lactate is approved for use as (1)
a flavor enhancer, (2) humectant, and (3) pH control agent (Lemay et al.,
2002).

3.6.5 Chemical stability

Dipping of fresh salmon slices in aqueous solutions of the sodium salts of
organic acids (approximately 2.5%) have been shown to maintain chemi-
cal quality, and also extend the shelf life of the product with only minor
sensory changes during refrigerated storage (Sallam, 2007b).

3.7 Organic acids in antimicrobial packaging

The immobilization of antimicrobials into structuring solutions has
become an advantageous technology in food preservation (Ouattara et al.,
2002). Antimicrobial films or coatings have been found to be more effec-
tive than addition of antimicrobial agents directly to food as these may
gradually migrate from the package onto the surface of the food, provid-
ing concentrated protection when most needed (Durango, Soares, and
Andrade, 2006).

3.71 Antimicrobial films

A major origin of food spoilage is microbial contamination of food sur-
faces (Weng, Chen, and Chen, 1999). The incorporation of organic acids
or other preservatives into a film is, therefore, an economically effective
method used in manufacturing antimicrobial packaging. For example,
sorbic and benzoic acid are incorporated into methylcellulose, hydroxy-
Ipropylcellulose, or chitosan films (Bégin and Van Calsteren, 1999). The
interaction between the organic acids and the film-forming material may;,
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however, affect casting of the film and also the discharge acids (Chen,
Yeh, and Chiang, 1996). Film thickness and film density have been found
to correlate well with the van der Waals molecular volume of the anion.
When the solutions are dried, the polymer concentration increases, and
formation is achieved, followed by film formation. Meanwhile, ionic
strength is increased, which results in a higher association between the
polyelectrolyte and the counter ions. This also causes an increase in the
shielding effect of the counter ions. In addition to this, the structure of the
counter ions can influence intramolecular and intermolecular interactions
(Bégin and Van Calsteren, 1999).

Lactic acid is a monocarboxylic acid and cannot act as a reticulating
agent. When considering the elongation of films in regard to anion vol-
ume, the acids belong to two classes: those of small volume, for example,
hydrochloric acid (HCI), formic and acetic acids, and those with larger vol-
ume (lactic and citric acids). During drying, citric acid and lactic acids will
promote gel formation at lower polysaccharide concentrations, resulting
in thicker films that are actually weaker, whereas films containing HCl
and formic acid are stronger, brittle, and of similar strength. Citric acid
is capable of forming multiple linkages, although this does not improve
strength. When using antimicrobial agents with a molecular volume
greater than that of acetic acid, soft films are produced which are only
suitable for use in multilayered films or as coating. Films containing chlo-
ride or formate may be used as support for films containing antimicrobial
agents or as biodegradable packaging. An example of antimicrobial film is
PEMA (polyethylene-co-methacrylic acid), based on incorporation of sor-
bic acid and benzoic acid (Bégin and Van Calsteren, 1999).

3.7.2  Active packaging

“Active packaging” is defined as packaging that extends shelf life and
improves safety or flavor characteristics while maintaining the quality
of the food. Antimicrobial packaging is a popular form of active food
packaging, especially in meat products. Active packaging is a challenging
technology, specifically designed to have an impact on shelf life extension
of various meat products. It is envisaged that an antimicrobial be released
from the package during an extended period, in order for activity also
to be extended, even entering the transport and storage phases of food
distribution. Antimicrobial compounds that have been evaluated in films
(polymers and edible) include organic acids, organic acid salts, enzymes,
bacteriocins, and other compounds such as triclosan, silver zeolites, and
fungicides (Quintavalla and Vicini, 2002).

Examples of active package/food systems are individually wrapped
ready-to-eat meat products, or deli products, where antimicrobial agents
may beinitially incorporated into the packaging materials and migrate into
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the food through diffusion and partitioning. There are several approaches
to incorporating antimicrobial compounds into the film (Quintavalla and
Vicini 2002):

1. The antimicrobial is added to the film by adding it in the extruder
when the film is produced. Disadvantages of this are that it is not
cost-effective and the surface of the film is not actually involved
in the activity.

2. The antimicrobial additive may be applied in a controlled way where
material is not lost, such as incorporation into the food-contact layer
of a multilayer packaging material.

In the design of antimicrobial films or packages various factors may be of
importance. These include the chemical nature of films and lasting antimi-
crobial activity, storage temperature, mass transfer coefficients, and physi-
cal properties of packaging materials (Quintavalla and Vicini, 2002).

3.7.3 Edible films

Films and coatings are useful in maintaining desirable characteristics of
food, such as color, flavor, spiciness, acidity, sweetness, and saltiness, and
only very small amounts of additives are needed. In addition, edible coat-
ings are conducive to the use of antimicrobials as well as antioxidants,
whereas these compounds are concentrated at the product surface, where
protection is needed. Edible films made from pectinate, pectate, or zein,
and containing citric acid, have been shown to be useful in preventing
rancidity and maintaining the attractive texture of, for example, nuts
(Guilbert, Gontard, and Gorris, 1996).

Edible antimicrobial coatings and films are also effectively used in
controlling food contamination (Debeaufort, Quezada-Gallo, and Volley,
1998). The most commonly used organic acids in edible coatings are sorbic,
propionic, potassium sorbate, benzoic acid, sodium benzoate, and citric
acid (Quintavalla and Vicini, 2002; Durango, Soares, and Andrade, 2006).
Others include bacteriocins (nisin and pediocin) (Sebti and Coma, 2002),
enzymes (peroxidase and lysozyme) (Padgett, Han, and Dawson, 1998),
and polysaccharides displaying natural antimicrobial properties (chito-
san) (Debeaufort, Quezada-Gallo, and Volley, 1998; Durango, Soares, and
Andrade, 2006).

The organic acids, sorbic, benzoic, and propionic acids, and anhy-
drates have been proposed and tested for antimicrobial activity in edible
films. Organic acids are also being applied as an edible film, together with
essential oils, into a chitosan matrix (Ouattara et al., 2000). From here they
are initially released quickly (with the high gradient of ion concentration
between the inside of a polymer matrix and the environment) but more
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slowly as the release of acids progresses. Most effective inhibition is found
on surfaces with lower water activity, onto which the acid is more slowly
released (Quintavalla and Vicini, 2002). Incorporation of ascorbic acid into
ground beef, and spice powder incorporated into edible coating film, have
been found to stabilize lipid oxidation and production of -SH radicals
during postirradiation storage (Ouattara et al., 2002).

Edible films can have very low permeability for O,, creating anaerobic
conditions on the food surface, which in turn, may lead to a risk of con-
tamination by anaerobic pathogens such as C. botulinum. The inclusion
of an antimicrobial such as sorbic acid is mostly advised to control this
pathogen. It is also important to know the ability of films to modify gas
transport in order to tailor films to specific applications. For example, coat-
ings or films applied to fresh fruits or vegetables that are characterized by
an active metabolism, even during refrigerated storage, should provide
correct modification of the gaseous environment inside the package. This
may entail allowing O, to penetrate into the package and unnecessary
CO, to escape from it (Guilbert, Gontard, and Gorris, 1996).

3.74  Modified atmosphere packaging (MAP)

The meat industry recently moved toward meat cuts ready to be packaged
in a modified atmosphere. Bone discolorization has, as a result, increased,
particularly those cuts packaged in high-oxygen MAP. Hemoglobin is
responsible for bone-marrow color in bone-in beef and it has been found
that untreated vertebrae will significantly discolor within 6 h of packaging.
However, this rapid discoloration was inhibited by organic acids such as
ascorbic acid. With ascorbic acid, the concentration was not critical. On the
contrary, an increase of citric acid concentration from 1-3% improved the
color early in display, whereas a 10% citric acid concentration had a signifi-
cant discoloration effect. Ascorbic acid can, however, reverse the oxidizing
effects of 10% citric acid, but treating vertebrae with combinations of ascor-
bic acid and 10% citric acid is not advised (Mancini et al., 2007).

3.8 Organic acids in animal feed preservation
3.8.1 The essence of preserving feed

Large quantities of feed are produced daily, transported, and stored, and
even a minor contamination with pathogens, for example, Salmonella,
has the potential to affect many herds (Sauli et al, 2005). To enhance
the nutritional value of feed, large-scale producers treat their feed with
organic acids or heat, or both. Dietary inclusion of organic acids has been
found to positively affect the growth rate and efficiency of feed utiliza-
tion (Giesting and Easter, 1991; Mroz et al., 2000), whereas heat treatment



74 Organic Acids and Food Preservation

of the feed increases digestibility of nitrogen and amino acids (Sauli et
al., 2005). Mainly only the smaller producers do not treat their feed and
although having a controlled market, they too can have a large impact on
the spread of infection. Organic acids are useful because of their ability to
protect against outgrowth after recontamination with pathogens such as
Salmonella, which is not achieved after heat treatment (Sauli et al., 2005).

3.8.2  The postantibiotic era

In a “farm to fork” food safety concept, safe feed is the first step for ensur-
ing safe food (Sauli et al., 2005). Organic acids were originally added to
animal feeds to inhibit fungal growth, but in the past 30-40 years, various
organic acids and combinations have been examined for their effects on
bacterial contamination in feeds and feed ingredients, more specifically
in targeting foodborne pathogens such as Salmonella spp. (Ricke, 2003).
Organic acids are increasingly accepted as an alternative to antibiotics
and are introduced as feed additives for ruminants, although application
is less extensive in ruminants than in other farm animals. Organic acids
are, however, known to buffer ruminal pH. Organic acids proposed and
approved for use include aspartic, citric, succinic, and pyruvic acids.
Malic and fumaric acids have not yet been intensively studied. Organic
acids fall in the preservative group on the list of feed additives autho-
rized by E.U. legislation. They are considered safe substances and produce
no detectable abnormal residues in meat and their use is allowed in all
species of livestock. The high cost does, however, pose a major problem,
especially for malic acid. Organic acids also reduce methanogenesis by
reducing energy losses associated with CH, production in rumen (Castillo
et al., 2004).

Not much literature is available on the ideal dosage, management,
or application of organic acids in feed or on the effects of organic acids
on beef cattle performance. The optimal amount of organic acid needed
will depend on the final form of the feed, and whether forage is included.
However, the proper dosage is 1-5% by body fat. Less than 0.1% will not be
sufficient, and higher than 10% will affect the palatability of the diet. When
the diet is mixed and contains roughage, the concentration is preferably
about 2-10% by body weight (Castillo et al., 2004).

Organic acids have been investigated in the control of postweaning
edema disease (PWOD), which is caused by enterotoxigenic E. coli (ETEC)
and occurs after weaning. Acidic conditions in the GIT normally have
bactericidal effects on potentially harmful bacteria and produce a more
tavorable environment for lactobacilli, which may inhibit the colonization
and proliferation of E. coli and also secrete metabolites that act against
Gram-negative bacteria. Organic acids incorporated into the feed or drink-
ing water have been found to prevent PWOD. PWOD is an important
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disease in the modern pig industry and control has become imperative.
Supplementation of a diet with pure lactic acid (1.6%) or 1.5% pure citric
acid (1.5%), started on weaning day, has been found to give satisfactory
results (Tsiloyiannis et al., 2001b).

The effect of dietary additions of organic acids on the control of
postweaning “colibacillosis” (diarrhea) in piglets also include a reduc-
tion in the incidence as well as severity of diarrhea in weaned pigs. This
could be as a result of a decrease of the pH in the gut after ingestion of
acids. However, the reduction of intestinal pH is not a primary effect of
feeding organic acids, and they have little effect on the intestinal micro-
flora. Unfortunately, organic acids do have odors that are not always
pleasant and as such reduce the palatability of the diet (Tsiloyiannis et
al., 2001a).

3.8.3 Chicken feed

Feed with formic and propionic acids has been found to reduce Salmonella
colonization in broilers (Thomson and Hinton, 1997), whereas decontami-
nation of chicken carcasses with acetic or lactic acid reduced Campylobacter
on carcasses or meat (Van Netten et al., 1994, Chaveerach et al., 2002).
Organic acids, when added to feeds, should be protected to avoid disso-
ciation in the crop and in the intestine that are known to possess higher
pH and to reach far into the GIT, where the targeted bacterial population
is situated (Gauthier, 2005).

The addition of organic acids to the feed or drinking water has also
been reported to decrease contamination of chicken carcasses as well as
egg contamination. Poultry feed is a major source for Salmonella introduc-
tion to the farm, but feed, treated with organic acids, when eaten by chick-
ens, is both warmed and moistened and the organic acid activity increases.
These added acids are capable of exerting an antimicrobial effect in the
crop and gizzard rather than the intestine. Moreover, drinking water is
also a major source of infection and it is essential to keep drinking water
Salmonella free. Organic acids are also used as sanitizers in drinking water
(Van Immerseel, Russell, and Flythe, 2006).

3.84 In combination with heat treatment

A heat treatment, combined with organic acid treatment, is a method
described as a solution for the control of Salmonella in pig feed. Pathways
of production may follow different procedures (Sauli et al., 2005). One
such production system in Switzerland has been described and consists of
eight pathways followed in feed manufacturing (Table 3.5).
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Table 3.5 Example of a Pathway Implemented in the Production of Feed

Pathway Steps involved Heat treatment Organic acid

Directly stored Mixed ingredients None None
directly stored as
feed

Acid treatment Organic acids None 1.2% propionic
added to mixed acid
ingredients

Heat treatment (1)  Mixed ingredients 71.1°C,5-10's None

submitted to short
heat treatment

Heat + Acid (1) Organic acid 71.1°C,5-10 s 0.2% propionic
added to mixed acid
ingredients and
submitted to short
heat treatment

Heat treatment (2)  Mixed ingredients 71.1°C, 25-35 s None
submitted to
intermediate heat

treatment
Heat + Acid (2) Organic acid added  71.1°C, 25-35s 0.2% propionic
to mixed acid

ingredients and
submitted to
intermediate heat

treatment

Heat treatment (3) ~ Mixed ingredients 71.1°C, 115-125s  None
submitted to long
heat treatment

Heat + Acid (3) Organic acid 71.1°C, 115-125s  0.2% propionic
added to mixed acid

ingredients and
submitted to long
heat treatment

Source: Data from Sauli, Danuser, Geeraerd, et al. International Journal of Food Microbiology
100:289-310, 2005.

3.8.5 Propionic acid in feed

Propionic acid displays inconsistent antimicrobial activities against fun-
gal populations in feed. This is attributed to possible buffering by protein
ingredients such as soybean meal, and conversion to its less active form
or batch differences in primary feed components, such as cornmeal. Feeds
treated with organic acids, once ingested by the animal, also limit patho-
gen infestation. Propionic and formic acids have been widely reported to
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reduce Salmonella, coliforms, and E. coli in the small intestinal and fecal
substances of chickens (Kerth and Braden, 2007).

3.8.6  Organic acids in animal nutrition

Studies done on the organic acids and their role in animal nutrition have
mainly been done on pigs. Citric acid seems to have no effect on various
parameters measured in the GI tract of pigs. Benzoic acid has not yet been
approved as an additive or preservative for pig or chicken feed. Although
benzoic acid has been found superior in bactericidal effect on coliform
and lactic acid bacteria in the stomach and intestinal tract, the killing
effect of organic acids in the GI tract of pigs has been investigated and the
effects found to be, from low to high: propionic < formic < butyric < lactic
< fumaric < benzoic (Jverland et al., 2007).

3.9 Concentrations

Concentrations of organic acids used as food preservatives range between
approximately 100-300 mM (Kwon and Ricke, 1998). It is, however, often
necessary to use organic acids at high levels (mM rather than pM levels)
to prevent spoilage of low pH foods and beverages by yeasts. For example,
a relatively high concentration of acetic acid (80-150 mM) is needed to
totally inhibit the growth of S. cerevisiae at pH 4.5, whereas only 1-3 mM
sorbate is needed, despite their having the same pK, (Piper et al., 2001).
Also the inhibition of Z. bailii by organic acids often requires concentra-
tions nearer or greater than the legal limits (Hazan et al., 2004).

3.9.1 Pressure toward decreased concentrations

Organic acids are popular preservatives and have no toxicological impli-
cations when applied at prescribed concentrations. However, consumers
are constantly pressuring for decreased concentrations. Concentrations
of propionates, sorbates, and benzoates added to bakery products com-
monly do not exceed 0.3%. The use of sorbic acid in baked goods does not
create any problems as it has no residual taste if baking powder is used to
raise the dough and the acid is added at 0.1-0.2%. It has been found that
0.025%, 0.05%, and 0.1% concentrations almost without exception led to an
increase in bacterial colonies, indicating counterproductivity and a nega-
tive effect on some foods (Marin et al., 2003). Reduction of preservatives
to subinhibitory concentrations has been found to stimulate growth of
fungi (Magan and Lacey, 1986; Marin et al., 1999) or mycotoxin produc-
tion (Yousef and Marth, 1981; Bullerman, 1985; Suhr and Nielsen, 2004). In
answer to this, propionic and sorbic acid may be added to bakery wares in
concentrations of up to 3000 and 2000 ppm, respectively, and benzoic acid
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in concentrations of up to 1500 ppm is allowed (European Union, 1995;
Suhr and Nielsen, 2004).

Potassium sorbate has been found to be effective in preventing fungal
spoilage at a concentration of 0.3%, whereas the same concentration of
calcium propionate and sodium benzoate is effective only at low a,, levels.
However, potassium sorbate activity is slightly reduced at pH 5.5, and 0.3%
is then only effective at a water activity of 0.8 a,. In some in vitro studies
calcium propionate, sodium benzoate, and potassium sorbate were effec-
tive in inhibiting isolates from bakery products at pH 4.5 when applied at
a concentration of 0.3%. At a pH of 4.5 potassium sorbate is also effective
at a concentration of 0.03% (Guynot et al., 2005). Long-term antilisterial
effects after dipping treatments in organic acids are often dependent on
the type and concentration of the acid or salt. A decrease in organic acid
concentration (to 1 g/100 ml), causes decreased antilisterial effects after
20-35 days of storage, irrespective of the presence of nisin (Samelis et al.,
2005).

3.9.2  Concentrations effective against common pathogens

In raw beef 2% fumaric acid was found to be more effective against L.
monocytogenes than 1% acetic or 1% lactic acid. The most effective treat-
ment for artificially contaminated raw chicken legs was demonstrated
to be a wash with 10% lactic acid/sodium lactate buffer (pH 3.0). In this
instance it was followed by packaging in 90% carbon dioxide and 10%
oxygen. Dipping frankfurters in 5% acetic or 5% lactic acid was demon-
strated to kill L. monocytogenes and even to prevent regrowth during 90
days storage. The addition of 1.8 or 2% lactic acid to raw or cooked ground
beef does not have any appreciable effect on the survival or growth of L.
monocytogenes. Sodium lactate (4%) suppresses growth of L. monocytogenes
in cooked beef and beef roasts (Doyle, 1999). Vacuum-packed treatment of,
for example, frankfurters, is being prescribed by the use of 2% acetic, 1%
lactic, 0.1% propionic, and 0.1% benzoic acids, combined with steam sur-
face pasteurization. This has been proven as an effective inhibition of L.
monocytogenes. This combination of organic acid and steam pasteurization
further inhibited the growth of surviving L. monocytogenes cells for 14 to
19 weeks after storage at 7°C and 4°C (Murphy et al., 2006).

3.9.3  Daily consumption of organic acids

Concentrations of 1-10 mM sorbic acid is routinely used in soft drinks and
this acid is, therefore, consumed daily in potentially physiologically sig-
nificant amounts (Piper, 1999). Acetic acid is an active ingredient of house-
hold vinegar. Normal white household vinegar consists of a concentration
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of approximately 5% acetic acid. When this is diluted to at least 2% it is actu-
ally recommended as a preservative (Kerth and Braden, 2007).

3.9.4 Legislation

The maximum permitted concentration of benzoic and sorbic acids in dif-
ferent foods are regulated by legislation (Wen, Wang, and Feng, 2007).
Sodium lactate has been approved for meat products as an antimicrobial
when applied at no more than 4.8% of the product weight. Sodium citrate
is a GRAS food additive and is applied according to current GMP (Sabah,
Juneja, and Fung, 2004).

3.10 A review of current methodologies

In the United States most processors of ready-to-eat meat and poultry
products include levels of up to 2% sodium or potassium lactate in their
products (Geornaras et al., 2005). Often these are combined with 0.05 to
0.015% sodium diacetate. Gluconic acid is used over a wide concentra-
tion range (0.2-200 mM) as a noninhibitory buffer (Bjornsdottir, Breidt,
Jr, and McFeeters, 2006). Liquid smoke contains approximately 10%
acetic acid and has been effective in inhibition of pathogens such as E.
coli O157:H7, Salmonella, Listeria, and Streptococcus (Murphy et al., 2006).
Sorbic acid, when added as a surface spray, must be carefully consid-
ered, in view of the spectrum of its action. A concentration of 0.62% had
no marked effect on the microbiological quality and shelf life of the
finished products (Hozova et al., 2002).

Approximately 3 g of benzoyl peroxide are added to 20 kg of wheat
flour. This is then easily decomposed to benzoic acid and other substances
such as biphenyl and phenylbenzoate (Be-Onishi et al., 2004). Aqueous
solutions of 2.5% of the sodium salts of organic acids are adequate to main-
tain the chemical quality and extend the shelf life of fresh salmon with
only minor sensory changes during refrigerated storage (Sallam, 2007b).
In carcass surface applications 2% lactic, 1.5% acetic plus 1.5% propionic
acids are usually applied (Dubal et al., 2004).

Application of phenyllactic acid (PLA) in the reduction of fungal mass
in food is more desirable compared to other preservatives commonly used
in bakery products, such as propionic acid and propionic salts. PLA con-
centrations effective against fungi from bakery products are usually lower
than those required for inhibitory activity. Required concentrations have
been reported as L. monocytogenes, 13 mg/ml; S. aureus, E. coli, Aeromonas
hydrophila, 20 mg/ml, whereas at pH 4 a concentration of < 7.5 mg/ml is
enough to inhibit > 50% of bacterial growth (Lavermicocca, Valerio, and
Visconti, 2003).
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3.11 Recommended applications

There is little or no data available on organic acid application to red
meat carcasses and these compounds may play a more significant role in
cooked or cured products in combination with other hurdles (Smulders
and Greer, 1998). However, inhibition of L. monocytogenes by sorbic acid
and sorbic salts has been studied in laboratory media and in foods such
as cheese, meat products, or fish (Dorsa, Marshall, and Semien, 1993; Moir
and Eyles, 1992; Samelis et al,, 2001), and only a few studies have been
done on the effect of sorbic acid or its salt on L. monocytogenes growth on
poultry (Gonzalez-Fandos and Dominguez, 2007).

There is a growing interest and also increased consumer selection of
fresh processed products (or minimally processed), yet not much infor-
mation is available on the nutrient stability or effectiveness of postharvest
treatments on nutritive value retention during storage (Ahvenainen, 1996;
Cocci et al,, 2006). At this stage of the development of minimally processed
foods, the maintenance of nutritional value has not been the primary con-
cern of producers and transporters, although particular attention has been
paid to safety and organoleptic aspects (Cocci et al., 2006).

Conlflicting reports on the efficacy of sorbate against L. monocytogenes
have been found and may be due to variations in media, food, pH, or
sorbate concentration. It has, however, been observed that sorbate has a
bacteriostatic effect on L. monocytogenes. No listericidal effect has yet been
observed (Buncic et al., 1995; Gonzalez-Fandos and Dominguez, 2007).

3.11.1 Carcasses

Treated carcasses are known to possess pH values ranging from 3.3-5.8
(Kanellos and Burriel, 2005; Mehyar et al., 2005; Del Rio et al., 2007). The
pH may be influenced by different factors, such as (1) the type of organic
acid, (2) treatment time, (3) organic acid concentration, and (4) combina-
tions with other decontamination techniques (Del Rio et al., 2007; Alvarez-
Ordonez et al., 2009).

More forceful use of water-based decontamination technologies,
alone or in combination with acidic interventions, may greatly contribute
to enhanced meat safety, by modulation of resistance of E. coli O157:H7
and other pathogens to acid. Water-based decontamination may also be
rotated with acidic interventions (Samelis et al., 2002a).

3.11.2  Processed meats

Sodium lactate has been evaluated as a potential replacement for potas-
sium sorbate or sodium benzoate. Sausages containing 3.3% sodium lac-
tate were compared with a control and sausages containing 0.05 or 0.1%
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sorbate or benzoate with regard to (1) changes of chemical composition,
(2) physicochemical and textural properties, and (3) growth of inoculated
L. monocytogenes when stored at 4°C for up to 8 weeks. Results indicated
inhibition of the proliferation of S. typhimurium, L. monocytogenes, and E.
coli O157:H7 by 3-4% sodium lactate (Miller and Acuff, 1994; Choi and
Chin, 2003). The addition of 3% sodium lactate to vacuum-packaged beef
top rounds served as an oxidant and color stabilizer for cooked beef (Maca
et al., 1999; Choi and Chin, 2003).

Frankfurters containing 3.3% sodium lactate were also found to have
lower microbial counts for lactic acid bacteria than those of a control
(Murano and Rust, 1995). Frankfurters manufactured with potassium sor-
bate and sodium benzoate, at 0.05% and 1.0%, were compared with those
containing 3.3% sodium lactate. After addition of 3.3% sodium lactate to
the sausage formulations, decreased TBARS (thiobarbituric acid react-
ing substances) values were found. Storage time was found to affect the
product quality and resulted in decreases in textural properties (Choi and
Chin, 2003).

A combination of organic acids, freezing, and pulsed electric fields
has been found to be insignificant in reducing E. coli O157:H7 on filter
paper, burger components, or burger patties. However, one exception, lac-
tic acid plus freezing provided a 6 log;, cfu/ml decrease in E. coli O157:H7
numbers, which may be attributed to synergistic interactions between low
pH and low temperature (Bolton et al., 2002).

3.12  Control of common pathogens

Studies have reported on the strong antimicrobial activity of sodium cit-
rate and sodium lactate in controlling C. perfringens during cooling proce-
dures. In a study on the antimicrobial activity of sodium citrate, sodium
lactate, and spices, alone or combined, in controlling C. perfringens in
ground beef products, when following procedures in violation of FSIS
safe cooling guidelines, no correlation was found between the effect of
sodium citrate on C. perfringens growth and the pH of the sample. In some
studies a lack of interaction was found between the influence of pH and
the effect of organic acids or spices on bacterial growth during cooling
(Sabah, Juneja, and Fung, 2004).

3.12.1 Chickens

Organic acids have been investigated in drinking water of young broiler
chickens and no damaged epithelial cells were observed in the chicken
gut after consumption of acidified drinking water. Acidified drinking
water could therefore play a crucial role in preventing pathogens, such
as the spread of Campylobacter via drinking water in broiler flocks, as
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drinking water is the most prominent risk factor implicated in the spread
of Campylobacter infection in such flocks (Gibbens et al., 2001; Chaveerach
et al, 2004). It was also demonstrated that acidified drinking water con-
taining organic acids could have a potential effect on Campylobacter infec-
tion in young chickens (Chaveerach et al., 2004).

3.12.2 Fruit

From industry it has been reported that the shelf life of fruit produce such
as Kensington mango slices may be increased to as much as six months
by combining low oxygen and increased concentrations of carbon diox-
ide and organic acids (De Souza et al., 2006). The application of citric or
ascorbic acid had no effect on the visual appearance, or firmness in the
Kensington mango or on the shelf life of the Espado or Tommy Atkins
mango. Contrary to these findings, significant responses have been
reported with kiwi fruit (De Souza et al., 2006). Kensington mango slices
treated with 2.0% citric acid indicated significantly better general appear-
ance, especially toward the end of storage. Low-oxygen treatment con-
trols darkening well in Kensington slices, and an additional antibrowning
agent such as citric acid is only necessary once slices are removed from a
low oxygen atmosphere and allowed to stand (De Souza et al., 2006).

3.12.3 Vegetables

There are few literature reports concerning the direct addition of
organic acids to vegetable creams. This method of acidification is
important in the reduction of variables that influence the pH in veg-
etable foods. Lactic and citric acids are effective in lowering the pH,
but if the target is to bring down and keep the pH between 4.0 and
4.3, more than 0.12% lactic or citric acid is needed. When adding 0.1%
(minimum value) lactic acid, a concentration of 0.26% citric acid is nec-
essary to obtain a pH value of 4.3. The same pH value is obtained by
adding 0.1% citric acid as when 0.23% of lactic acid is added. The use of
citric acid has a strong organoleptic impact on acidified products, and
can be reduced. However, lactic acid is more effective than citric acid at
the same concentration (Derossi et al., 2004).

3.13  Organic acids as additives in chilled foods

Limited literature is available on the inhibitory effects of chemical antimi-
crobials on germination and outgrowth of pathogens during continuous
chilling. However, buffered sodium citrate and buffered sodium citrate
supplemented with sodium diacetate have been effectively used to inhibit
C. perfringens outgrowth during chilling of roast beef and injected pork
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(Thippareddi, 2003), and can be used as ingredients in processed meat
products as an additional safety measure in combating C. perfringens con-
tamination during chilling of meat products. According to USDA-FSIS
compliance guidelines (USDA-FSIS, 1999, 2001) various options are stated
for chilling of thermally processed meat and poultry products (Juneja and
Thippareddi, 2004).

Itisalsostipulated thatfor germinationand outgrowth of spore-forming
bacteria germination and outgrowth should be <1.0 log,, CFU/g. C. perfrin-
gens can be used to demonstrate that the cooling performance standard
is met for both C. perfringens and C. botulinum. Salts of organic acids are
extensively used in meat and poultry products to enhance microbiological
safety and to control L. monocytogenes (Juneja and Thippareddi, 2004).

Increasing storage temperature to 15 and 25°C significantly increased
effective inhibition of E. coli O157:H7 populations by the fumaric acid/
sodium benzoate preservative mixture in apple cider (Chikthimmabh,
LaBorde, and Beelman, 2003). Yersinia enterocolitica can grow aerobically
and anaerobically at temperatures as low as —2°C (Mollaret and Thal,
1974) and at pH values as low as 4.4. Formic acid is the most effective
organic acid for the inhibition of Y. enterocolitica (El-Ziney, De Meyer, and
Debevere, 1997).

3.14 Marinating

The effect of marinating on meat is the result of the influence of the acid
on the collagen connective tissue, which plays a very important part in the
tenderness of beef (Bailey and Light, 1989; Aktas and Kaya, 2001b). The acid
causes the acid labile cross-linkages in the collagen molecule to be released,
which then results in a loosened structure (Aktas and Kaya, 2001b). Organic
acids in marinades can negatively affect cooked meat quality. These influ-
ences include water-holding capacity, marinade retention, percentage cook
loss, and percentage moisture and bind ability (Carroll et al., 2007).

Marinating is particularly effective in tenderizing muscles containing
large amounts of connective tissue. However, a long soaking period and
full penetration of acid solutions are necessary to achieve this. But care
should be taken, as meat treated with a marinade of high acid concentra-
tion (> 1.0%) can be sour. The overall acceptability of meat treated with
NaCl and Ca(l, is higher than meat treated with high concentrations of
lactic and citric acid (> 1.0) (Aktas and Kaya, 2001b).

Sensory characteristics (texture, flavor, aroma, and color) of a food
product are the most important attributes for the consumer (Aktas and
Kaya, 2001b). The texture of food is mostly determined by moisture and fat
content, as well as the types and amounts of structural carbohydrates and
proteins. There are several physical and chemical methods of tenderizing
meat. However, the mechanism of muscle tissue tenderization in solutions
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of organic acids is not clearly described, as limited work has been done
on muscle tissue and further research is needed to evaluate the effects of
specific ions on collagen shrinkage (Judge and Aberle, 1982). The treat-
ment of intramuscular connective tissue with lactic and citric acid at 24,
48, and 72 h causes significant decreases in both denaturation onset tem-
perature (T,) and denaturation peak temperature (T,), suggesting that the
aldimine cross-links are very sensitive to a decrease in pH. For example, it
has been reported that acid treatment of intramuscular connective tissue
decreased T, by approximately 25°C and T, by about 23°C, whereas the
collapse of the triple helix structure of collagen has been recorded to occur
around 39°C. Thermal transitions of collagens treated with organic acids
were also around 39°C, suggesting that marinating with weak acids pro-
motes disruption of noncovalent intermolecular bonds that reinforce the
collagen fibril structure. This improves the swelling effect and decreases
the temperature of denaturation (Aktas and Kaya, 2001a).

Modified marinades may be applied in jerky processing, as this pro-
vides antimicrobial effects against possible postprocessing contamination
with L. monocytogenes at low water activity. Presence of L. monocytogenes
in jerky (Leviné et al.,, 2001) may be attributed to survival of the pathogen
during the drying process or may be the result of postdrying contamina-
tion (Calicioglu, Sofos, and Kendall, 2003a). Acidic marinades may have
a negative effect on some cooked product attributes, but they decrease L.
monocytogenes growth (Carroll et al., 2007). Many poultry processors add
organic acids to marinades to control the growth of L. monocytogenes in the
final cooked deli loaf product. Color, water-holding capacity, and bind-
ing ability in cooked turkey deli loaves can be affected by pH. There is a
decrease in pH as lactic acid increases in the muscle because of the glyco-
lytic breakdown of glucose during rigor mortis (Lawrie, 1991). A decrease
in pH can cause problems with protein functionality and postmarinating
pH should be monitored (Carroll et al., 2007).
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chapter four

Microbial organic acid producers

4.1 Introduction

Foods that include the incorporation of microbial metabolites as part of
their production are an intricate component of the world’s food supply and
for ethical and sensory-nutritional reasons it is essential for all the world’s
population to have access to this form of food. It is a process that has been
in use since the early history of mankind. An Egyptian pot dating from
2300 BC (McGee, 1984) was found to contain residues of cheese and in pas-
sages in the Bible the use of some kind of fermentative starter culture is
indicated. It is, therefore, possible that the use of bacteria such as the lactic
acid bacteria (LAB) dates back at least four to five thousand years, although
the exact principle behind the process may not have been known to the
civilizations of those times (Davidson et al., 1995). Production of fermented
foods, where organisms such as the LAB are involved, is a technological
process that has been used for centuries at least (Herreros et al., 2005).

As a classical example, lactic acid bacteria occur naturally in various
foodstuffs, their growth is enhanced, or they are added deliberately to pro-
duce a range of fermented foods. These include fish, meat, various dairy
products, cereals, fruits, vegetables, and legumes. Certain treatments and
storage conditions lead to the growth and predominance of LAB in a raw
material and it has long been found that this presents desirable sensory char-
acteristics as well as improved qualities and safety (Adams and Nicolaides,
1997). Since then, the LAB have been recognized, identified, and genetically
described, and are continuously under investigation. They are a very impor-
tant group of starter cultures, applied in the production of a wide range of
fermented foods, they contribute to the enhancement of the organoleptic
characteristics of food, and they have been recognized as contributing to the
microbial safety of fermented food (Messens and De Vuyst, 2002; O'Sullivan
et al, 2002). The LAB have an important antimicrobial function, due to their
production of organic acids, CO,, ethanol, diacetyl, acetoin, peroxide, hydro-
gen peroxide, and bacteriocins (Messens and De Vuyst, 2002).

The primary contributions of the LAB to a food product are to pre-
serve the nutritive qualities of the raw material, by extending the shelf life
and also by controlling the growth of spoilage and pathogenic bacteria.
This is achieved by production of the inhibitory substances and by com-
peting for nutrients (O’Sullivan et al., 2002). They occur naturally in foods
and as such, have traditionally been used as natural biopreservatives of
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food and feed. The preservation activity is also recognized to be the result
of acidification that results from their ability to synthesize and excrete
lactic acid (Davidson et al., 1995; Herreros et al., 2005). The various com-
pounds produced by the starter bacteria may all in some way be impli-
cated in preventing the growth of unwanted bacteria, but the production
of adequate quantities of lactic acid is the fundamental rule to successful
fermentation (Davidson et al., 1995).

LAB are able to inhibit growth and survival of normal spoilage micro-
flora as well as various pathogens that may be prevalent in raw materials
and foodstuffs. Many different LAB play a role in the production of safe
and stable fermented food, which in essence means that this principal
inhibitory effect must be some metabolic feature that is present in all of
them. This common feature has been determined to be the fermentative
pathways that they use to generate cellular energy. In so doing, organic
acids are produced (primarily lactic acid), no matter where they may grow,
which then leads to a decrease in the pH of any surrounding medium
(Adams and Nicolaides, 1997). Some LAB are also known to produce an
array of antifungal compounds (Nes and Johnsborg, 2004).

LAB may also be added as pure cultures to various food products.
LAB have GRAS (generally recognized as safe) status and are considered
to be harmless. They are even being considered as probiotics, toward the
improvement of human and animal health (Schniirer and Magnusson,
2005). LAB are also found in nutrient-rich food, and play an additional
role in the food industry by significantly contributing to flavor, texture,
and also the nutritional value of the food products, owing to metabolic
characteristics (McKay and Baldwin, 1990; Topisirovic et al., 2006). Low
pH, in particular, adds to the organoleptic properties of a fermented prod-
uct (Davidson et al., 1995).

The LAB consist of a group of Gram-positive, nonspore-forming
bacilli and cocci, that are taxonomically diverse, with the majority known
for their applications in fermentation and processing of food (Gasser,
1994; Vankerckhoven et al.,, 2004). Some of the genera included in the LAB
group are Lactobacillus, Lactococcus, Streptococcus, Pediococcus, Leuconostoc,
Enterococcus, Carnobacterium, and Propionibacterium (Table 4.1). A wide
variety of strains is routinely used as starter cultures in the manufacture
of dairy, meat, and vegetable products (O’Sullivan et al., 2002). LAB are
further classified as homofermentative (producing only lactic acid from
glucose) or heterofermentative (producing lactic acid, acetic acid, etha-
nol, and CO, from glucose). Both homo- and heterofermentative LAB are
found in sourdough and play an important role in improving the sensory
and technological properties of bread (Gianotti et al., 1997; Meignen et al.,
2001; Simsek, Con, and Tulumoglu, 2006).

LAB can also spoil foods by fermentation of sugars to form lactic
acid, slime, and CO,. This often causes significantly low pH and also
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Table 4.1 Some Commonly Known Lactic Acid Bacteria Important in Food
Processing, Preservation, and Spoilage

Genera

Species

Lactobacillus
Group I: Homofermentative

Group II: Facultative Heterofermentative

Group III: Obligate Heterofermentative
Leuconostoc

L. acidopilus, L. helveticus

L. casei, L. plantarum

L. brevis, L. fermentum

L. oenos, L. mesenteroides, L. lactis

Pediococcus P. acidilactici, P. cellicola
Lactococcus L. garvieae, L. lactis, L. piscium
Streptococcus S. macedonicus
Aerococcus A. viridans
Carnobacterium C. divergens, C. maltaromaticum
Enterococcus E. faecium, E. faecalis
Oenococcus E. oeni
Propionibacterium P. freudenreichii, P. acidipropionici
Sporolactobacillus S. inulinus, S. dextrus
Teragenococcus T. halophilus
Vagococcus V. carniphilus, V. fluvialis,

V. salmonarium
Weisella W. paramesenteroides, W. confusa

adverse flavors in the food (Huis in't Veld, 1996). LAB are considered
to be one of the major causes of bacterial spoilage in vacuum-packed
cooked cured meat products (Tompkin, 1986, Radin, Niebuhr, and
Dickson, 2006). There are increasing reports on the LAB as opportu-
nistic pathogens (Sims, 1964; Adams, 1999). Lactobacilli that have been
implicated in human disease include Lactobacillus casei, Lactobacillus plan-
tarum, Lactobacillus rhamnosus, and Lactobacillus acidophilus group, which
are associated with septicemia, meningitis, lung abscesses, infective
endocarditis, rheumatic diseases, vascular diseases, peritonitis, and uri-
nary tract infections (Aguirre and Collins, 1993; Harty et al., 1994; Sidhu,
Langsrud, and Holck, 2001).

4.2 Predominant antimicrobial
substances produced by LAB

4.2.1 Lactic acid

A principal characteristic of LAB is their ability to produce organic
acids and to thereby decrease the pH in food (Rossland et al., 2005). The
organic acids (mainly lactic acid and acetic acid) are therefore the major
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antimicrobial and biopreservative substance produced by the LAB (Nes
and Johnsborg, 2004). Lactic acid is the major LAB metabolite (Schniirer
and Magnusson, 2005), and it exists in equilibrium with its undissoci-
ated forms (Ammor et al, 2006). The degree of dissociation normally
depends on the pH of the environment or the foodstuff (Lindgren and
Dobrogosz, 1990). Heterofermentative LAB may produce large amounts
of acetic acid in the presence of external acceptors. Propionic acid is also
produced, although in trace amounts (Schniirer and Magnusson, 2005).
Heterofermentative LAB are, however, able to ferment various organic
acids, such as citrate, malate, and pyruvate (Zaunmuller et al., 2006). See
Table 4.2.

Lactic acid is not naturally present in foods, but is formed by the
LAB during the fermentation of various foodstuffs (Barbosa-Canovas et
al., 2003). The lactic acid that results from fermentation can reach rela-
tively high levels in some fermented foods (levels can exceed 100 mM).
Depending on the buffering capacity of the environment or foodstuff, the
resulting pH may be as low as 3.5-4.5. In spite of a range of antimicrobial
substances that are known to be produced by LAB, it is evident that the
production of organic acids (and their presence in an undissociated form)
in combination with the resulting decrease in pH, is the primary cause of
any inhibitory effect observed (Adams and Nicolaides, 1997).

Not all LAB produce the same lactic acid isomer. For example,
Lactococcus and Carnobacterium are known to produce L-lactic acid, whereas
Leuconostoc produces p-lactic acid (Liu, 2003; Gravesen et al., 2004). The
levels and also the type of organic acids that are produced during any
fermentation process are, therefore, dependent on LAB species or strains,

Table 4.2 Main Antifungal Compounds
Produced by Lactic Acid Bacteria

Active compounds of antifungal LAB

Lactic acid

Acetic acid

Caproic acid
Phenyllactic acid
Carbon dioxide
3-hydroxy fatty acids
Proteinaceous compounds (fungicins)
Cyclic dipeptides
Reuterin

Hydrogen peroxide
Diacetyl
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growth conditions, and food composition (Lindgren and Dobrogosz, 1990;
Ammor et al., 2006).

4.2.2 Bacteriocins

Antimicrobial peptides (also referred to as bacteriocins), are more impor-
tant substances produced by lactic acid bacteria. Bacteriocins are currently
commercially applied in various industrial food systems for the control of
pathogens (McEntire, Montville, and Chikindas, 2003). These substances
are also known for their attractive characteristics that make them suitable
for food preservation (Galvez et al., 2007). They are nontoxic for eukaryotic
cells, they have little influence on the gut microflora, have a broad antimi-
crobial spectrum, have a bactericidal mode of action, and are pH and heat
tolerant. Bacteriocins are often used in combination with other antimi-
crobial agents such as organic acids. Nisin is an important commercially
available bacteriocin and is produced by strains of Lactococcus lactis subsp.
Lactis. Nisin is GRAS and the only bacteriocin that is permitted in food.
It has been successfully applied in various foods, such as dairy products
and salad dressings (Samelis et al.,, 2005). Other bacteriocins have been
identified and are also produced by L. lactis. These include Lacticin 481,
Lactococcin A, Lactococcin B, and Lactococcin M (O’Sullivan et al., 2002;
Tome, Teixeira, and Gibbs, 2006).

4.3 Principles of lactic acid fermentation

In a fermentation process, the production of antimicrobial metabolites by
starter cultures is crucial to successfully produce a desired food product
(Nes and Johnsborg, 2004). LAB are widely used for the fermentation of
various foodstuffs, in particular milk, meat, and vegetable foods. The
main characteristic of LAB, which renders this group of organisms ideal
as a starter culture in the fermentation of food, is their ability to produce
organic acids and thereby also to decrease pH in food (Rossland et al.,
2005). For example, during the fermentation of dairy products, these cul-
tures metabolize lactose to lactic acid. This acid then decreases the pH to
create an environment that would inhibit growth of spoilage organisms as
well as foodborne pathogens (Aslim et al., 2005). In order to improve shelf
life, slow down bread staling, and improve flavor, homo- and heterofer-
mentative LAB have been evaluated for their acidification potential, pro-
duction of volatile substances, proteolytic and amylolytic activity, and their
ability to prevent microbial spoilage (Simsek, Con, and Tulumoglu, 2006).
Lactic acid fermentation has received much attention for many years
and is widely applied in the food, pharmaceutical, leather, and textile
industries, as well as a chemical feed stock (Table 4.3). Two enantiomers
of lactic acid are produced (L[+] and [D-]) of which L(+) can be used by the
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Table 4.3 Importance of the Various Lactic Acid Bacteria and Their Products in

Food Production and Preservation

Organism Function
Lactobacillus Production of yogurt, cheese, sauerkraut, pickles, beer, wine,
cider, chocolate, and animal feed
Leuconostoc Starter culture in dairy fermentation
Antimicrobial activity by producing various bacteriocins
Pediococcus Fermentation of cabbage to sauerkraut
Lactic acid provides sour taste and extends shelf life
Gives butterscotch aroma to some wines and beers
Production of cheese and yogurt
Lactococcus Common fermenters of dairy products such as cheese
Major function is rapid
Role in flavor of final product
Streptococcus Dairy manufacturing
Bacteriocin production
Aerococcus Minor importance in food
Have been associated with the greening of meat
Carnobacterium Protective cultures in meat and seafood
Bacteriocin production
Enterococcus Ripening of traditional cheeses and contributing to typical
taste and flavor
Bacteriocin production
Oenococcus Malolactic fermentation in wine
Teragenococcus Fermentation of soy sauce
Weisella Improving organoleptic properties of cheese, butter, and

butter cheese

human metabolism because of L-lactate dehydrogenase and is, therefore,
preferred for use in food (Couto and Sanroman, 2006). During homolactic
fermentation, the fermentation of one mole of glucose yields two moles of
lactic acid (Axelsson, 2004):
CH,,0y — 2CH,CHOHCOOH,
This fermentation reaction also produces >85% lactic acid from glucose
(Figure 4.1).
During heterolactic fermentation, the fermentation of one mole of glu-
cose yields one mole each of lactic acid, ethanol, and carbon dioxide:
C,H,,04 CH;CHOHCOOH + C,H;0H + CO,

However, heterolactic fermentation produces only 50% lactic acid and con-
siderable amounts of ethanol, acetic acid, and carbon dioxide (Figure 4.2).
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The fermentation of 1 mole of glucose yields two moles of lactic acid:
C,H;,0¢ —>» 2CH3;CHOHCOOH
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Figure 4.1 Homolactic fermentation. The fermentation of one mole of glucose
yields two moles of lactic acid via the Embden—-Meyerhof pathway.

Besides the production of L-lactic acid, the fermentation process can
simultaneously produce various other metabolites such as acetic acid,
fumaric acid, ethanol, malic acid, etc. However, the amount of these metab-
olites can have a significant influence on the downstream process and the
quality of the L(+)-lactic acid produced (Wang et al., 2005). Fumaric acid
is the main by-product and its accumulation is affected by many factors,
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The fermentation of 1 mole of glucose yields 1 mole each of lactic acid, ethanol

and carbon dioxide:
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Figure 4.2 Heterolactic fermentation. The fermentation of one mole of glu-
cose yields one mole each of lactic acid, ethanol, and carbon dioxide, via the
6-phosphoglucanate/phosphoketolase pathway.
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such as different neutralizing agents (Zhou, Du, and Tsao, 2002). Reducing
the amount of fumaric acid in a broth can benefit the downstream process
and subsequently the quality of the L-lactic acid produced (Wang et al.,
2005).

4.4 Other applications of LAB

LAB have, because of their numerous qualities, been evaluated for several
other uses in addition to bioprotection. One such investigation involved
the fermentation of raw fish to change its sensory qualities in attempting
to obtain fish products that organoleptically resemble meat products and
would meet the increasing concern of consumers for safety, quality, and
nutritive value in seafood. Leuconostoc mesenteroides was indicated to be a
promising candidate for use as such a starter culture for fish fermentation
and for the development of new fish products (Gelman, Drabkin, and
Glatman, 2000).

LAB are increasingly accepted as exhibiting probiotic properties.
Probiotics are generally defined as viable microorganisms that, when
ingested in specified quantities, exert health benefits in addition to inher-
ent basic nutrition (Gotcheva et al., 2002). Probiotics aid in stimulating
immune responses and as a result prevent infection by enteropathogenic
bacteria and prevent diarrhea. Probiotics have also been recognized to
enhance treatment of diarrhea (Reid, 1999; Mohd Adnan and Tan, 2007).
Recently a PROSAFE collection of probiotic and human lactic acid bacte-
ria was established. The collection was well documented and consisted
of 907 LAB strains of nutritional or human origin. With this collection
a project was launched to investigate the biosafety of LAB used for
human consumption. The majority of these strains belonged to the gen-
era Lactobacillus, Bifidobacterium, and Enterococcus (Vankerckhoven et al.,
2004).

Antibiotic treatment often disrupts the healthy balance of the intesti-
nal microflora of the human host, which may cause intestinal disorders.
The administration of antibiotic-resistant LAB strains have also been pro-
posed to help restore the normal bacterial ratio in the intestinal tract after
or during intense antibiotic treatment (Gotcheva et al., 2002).

4.5 Genetic and bioinformatic
characterization of LAB

Genetic analysis of lactic acid synthesis in LAB provides the necessary
information and the potential to modify the rate of lactic acid produc-
tion by genetic techniques (Davidson et al.,, 1995). It is, for example, pos-
sible, by selecting cells with higher pH;, to identify strains exhibiting
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enhanced lactic acid production (Valli et al., 2006). Recently 29 ongoing
genome-sequencing projects were described: these comprised LAB (24),
bifidobacteria (3), propionic acid bacteria (1), and brevibacterium (1) (Nes
and Johnsborg, 2004).

Identification of the unique metabolic properties of LAB are crucial
in the synthesis of antimicrobial molecules and provide a starting point
for improvement of the antimicrobial potential of a specific strain (Nes
and Johnsborg, 2004). Prolonged batch fermentation with the cells of L.
plantarum when using an immobilized biocatalyst indicate a shift in the
metabolic pathway from homofermentative to heterofermentative. This
also results in morphological changes in immobilized cells from the nor-
mal rod shape to coccoid. These changes are proposed to be related to a
shift in the bacterial cell metabolism, which then ultimately results in a
decrease in lactic acid yield (Krishnan et al., 2001). The L. lactis species is
so far known to be the best characterized species among the LAB (Kim,
Jeong, and Lee, 2007).

4.6  Acetic acid bacteria (AAB)
4.6.1 Acetic acid (vinegar) production

Vinegar is as old as the most ancient civilizations. It has been used since
the earliest of time as a seasoning or preservative agent. Its domestic use
may be as ancient as the use of wine (Tesfaye et al., 2002). Vinegar has
been defined as “a liquid fit for human consumption, produced from a
suitable raw material of agricultural origin, containing starch, sugars, or
starch and sugars by the process of double fermentation, alcoholic and
acetous, and contains a specified amount of acetic acid” (FAO/WHO,
1987). Two genera of acetic acid bacteria are known in the production of
vinegar: Acetobacter and Gluconobacter. Acetic acid fermentation is a ther-
modynamically favorable strictly aerobic biochemical process of biologi-
cal oxidation by which Acetobacter spp. oxidize ethanol into acetic acid
(Tesfaye et al., 2002).

4.6.2  Microorganisms involved in the production of vinegar

4.6.2.1 Acetobacter and yeasts
Acetic acid bacteria (AAB) are known for their ability to oxidize different
substrates containing ethanol into various types of vinegar (Tréek, 2005).
Substrates used as energy sources include glucose, ethanol, lactate, or
glycerol. Most of these compounds are not completely oxidized into CO,
and H,O and many metabolites, such as acetic acid, may be accumulated
in the growth medium. AAB are commonly found in nature and acetic
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acid is a key product of their metabolism. As a result of their presence and
activity, acetic acid is found in many foods (Gonzalez et al., 2005).

Acetic acid is also secreted in high levels by certain yeasts, such as
Brettanomyces and Dekkera (Piper et al., 2001). However, these have been
implicated mostly in the spoilage of wine fermentations. Acetic acid is
known to be the major volatile acid in wine and one of the main reasons
for wine spoilage, when exceeding levels of 1.2-1.4 g/1. AAB are the main
oxidative microorganisms that are able to survive in high acidic and high
ethanol conditions, such as in wine (Gonzalez et al., 2005), with Acetobacter
and Gluconobacter two of the AAB genera commonly associated with wine
spoilage (Bartowsky et al., 2003).

The production of vinegar involves both yeasts and bacteria in a mixed
fermentation process. This process is usually initiated by the yeasts, which
convert glucose into ethanol and carbon dioxide

Yeast reaction in the production of acetic acid (FAO, 1998).

CH,0, — 2C,H.OH + 2CO,
Glucose ethanol carbon dioxide

The bacterial part of the fermentation then follows and the Acetobacter
oxidizes the ethanol to acetic acid and water:
Bacterial reaction in the production of acetic acid (FAO 1998).

2 C,H,OH + O, CH,COOH + H,0O
Ethanol acetic acid  water

The Acetobacter is, therefore, dependent on the yeasts for production of
an oxidizable substance such as ethanol. Other organic acids may also
be produced during this fermentation process. These are then converted
to esters and may contribute to the odor, flavor, and color of the vinegar
(FAO, 1998).

Decomposing plant materials are known to often contain high organic
acid concentrations, which have been attributed to the growth and pro-
duction by saprophytic fungi (Piper et al,, 2001). AAB are also used for
production of compounds such as sorbose and gluconic acids which are
essential agents for biotechnology (Tréek, 2005). But, again, their pres-
ence is often not welcome and regarded as spoilage of wine, juice, beer,
and fruit. AAB are highly resistant to acidity and can use a wide variety
of substrates, which places them under some of the main food spoilage
microorganisms. However, the presence of AAB in food is mainly associ-
ated with the alteration of food or human activities related to food preser-
vation (Gonzalez et al., 2005).
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4.6.3 Industrial importance—essential versus undesirable

Apart from the presence of organic acids in foodstuffs such as vinegar,
being important as a preservative, their level and nature in vinegars
may also provide essential information with regard to the origin of the
raw material and the status of microbiological growth present, as well
as the processing techniques (Morales, Gonzalez, and Troncoso, 1998).
AAB spoilage is more common during bulk storage and handling in the
wineries and less often after bottling (Drysdale and Fleet, 1988), although
unusual outbreaks of bottled wine spoilage by acetic acid bacteria have
been reported. This may be caused by a combination of circumstances,
including bottling without sterile filtration, lower levels of sulphur diox-
ide in the wine prior to bottling, or bottles stored in an upright position.
The upright storage of wine bottles is known to encourage the entrance of
air if cork closure is not adequate, and can also provide a diverse environ-
ment from which bacterial growth focus may develop and migrate to the
surface of the wine (Bartowsky et al., 2003).

4.6.4 Glucose, acid, and ethanol tolerance

One of the greatest hurdles when studying AAB is culturing and subse-
quent maintenance in pure culture, especially when strains are isolated
from sources containing high levels of acid (Entani et al., 1985; Sievers,
Sellmer, and Teuber, 1992; Gullo et al., 2006). High levels of intracellular
acetic acid are characteristic of AAB (Nakano, Fukaya, and Horinouchi,
2006). Resistance to an acid environment (pH 2.5-3.5) and the requirement
by AAB of acetic acid for growth are characteristically variable among dif-
ferent species and genera (Tréek et al., 2000; Gullo et al.,, 2006). Acetic acid
resistance in species such as Acetobacter aceti may be caused by at least two
mechanisms (1) the destruction of acetic acid by enzymes produced by
these organisms, such as citrate synthase and aconitase, or (2) the export
of acetic acid by a transporter, known as the ABC transporter. These
mechanisms reduce the concentration of intracellular acetic acid. It is also
known that the overexpression of aatA improves growth in the presence
of high acetic acid concentration and increases the final yield of acetic
acid. This may be the result of low levels of intracellular acetic acid. The
gene aatA is widely distributed in the genera Acetobacter and Gluconobacter
and it is well known that aatA plays an important role in acetic acid resis-
tance in these bacteria (Nakano, Fukaya, and Horinouchi, 2006).

Various strains of the AAB are ethanol-tolerant, and the majority of
strains have been found to be able to grow at 5% v/v ethanol, and some
even at 10%. Glucose tolerance has often been described in various AAB,
and is frequently found in strains isolated from traditional balsamic
vinegar. One of the inhibiting substances for acetic acid bacteria is high
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sugar concentrations, but the majority are only inhibited by 25% glucose.
Although sugar tolerance is not an important technological feature of AAB
involved in industrial vinegar production, it may be required for the pro-
duction of traditional balsamic vinegar (Gullo et al., 2006).

4.7 Susceptibility of and resistance
to organic acids

Lactic acid bacteria are much more resistant to effects of weak organic
acids (Fielding, Cook, and Grandison, 1997). Lactobacilli are much more
resistant to acetic, benzoic, butyric, and lactic acids than the other organ-
isms tested (Hsiao and Siebert, 1999). LAB are more resistant to acidic con-
ditions because they can tolerate a lower intracellular pH than many other
bacteria (Adams and Nicolaides, 1997). Acidic conditions in the human
gastrointestinal tract are known to have a bactericidal effect on patho-
genic harmful bacteria as they cause a more favorable environment for
lactobacilli. The lactobacilli may then secrete metabolites that act against
Gram-negative bacteria and also inhibit colonization and proliferation of
Escherichia coli (Tsiloyiannis et al., 2001).

Although AAB are naturally resistant to acetic acid, notable dif-
ferences in tolerance are seen between species (Tréek et al., 2006). The
highest resistance is described for Gluconobacter europaues, Gluconobacter
intermedius, Gluconobacter oboediens, and Gluconobacter entanii (Sievers and
Teuber, 1995). Differences in resistance are seen, for example, between
G. europaeus and G. intermedius where the resistance appears to have a
stable character, whereas resistance in Acetobacter pasteurianus is more
temporary (Tr¢ek et al., 2006). A gene cluster responsible for acetic acid
resistance in Acetobacter acetii has been identified. This cluster comprises
aarA (encoding a citrate synthase), aarB (encoding a protein of which the
function is not known), and aarC (encoding a protein involved in ace-
tic acid absorption). Mutation and overexpression of the aatA gene have
been reported to affect resistance to other organic acids such as formic
and propionic acids, concurrently with resistance to acetic acid. The
aatA functions as an efflux pump of acetic acid (Nakano, Fukaya, and
Horinouchi, 2006).

Various protein production changes are also known to be implicated
in the development of resistance to acetic acid. One important protein
that has been identified is now known as “aconitase.” It may also be pos-
sible that there exists some other mechanism, located in the bacterial cell
membrane by which acetic acid resistance is conferred, as it is known that
acetic acid causes toxicity by acting as an uncoupling agent, which would
disturb the proton motive force. The presence of such a proton motive
efflux system for acetic acid is present in A. acetii (Matsushita et al., 2005).
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It is, however, unclear if it contributes to acetic acid resistance in acetic
fermentation (Nakano, Fukaya, and Horinouchi, 2006).

In A. acetii a defect in the membrane-bound alcohol dehydrogenase
has also been associated with a reduction in acetic acid resistance, impli-
cating this enzyme in the development of resistance to this acid. It has
also been found that resistance to acetic acid does not always result from
resistance to low pH, as strains previously able to grow at a low pH cannot
grow when the pH is decreased as a result of acetic acid (Nakano, Fukaya,
and Horinouchi, 2006).

4.8 Other organisms
4.81 Fungi

Various fungi are also known to produce organic acids, some of which
are important in industrial applications. Aspergillus niger, a filamentous
fungus, secretes large quantities of organic acids, such as citric acid
and gluconic acid, and may acidify the surrounding environment to
pH values below pH 2.0. However, the intracellular pH of the fungus
is not significantly altered (Plumridge et al., 2004). Although citric acid,
one of the most commonly used organic acids in the food and pharma-
ceutical industries, can be obtained by chemical synthesis, the cost is
much higher than using fermentation. As such it is mainly produced
by submerged fermentation (SmF), by A. niger. However, solid-state fer-
mentation (SSF) has recently been proposed as a potential alternative
to SmF, to increase the efficiency of citric acid production (Couto and
Sanroman, 2006).

A. niger holds GRAS status from the FDA for production of organic
acids such as citric acid, despite reports of its ability to produce ochra-
toxin A. Of biotechnological interest the primary uses of A. niger have
been found to be the production of enzymes and organic acids by fermen-
tation, which have long been used by the food industry, without any evi-
dent adverse effects on human health. From the beginning of the previous
century, A. niger has been used for biotechnological production of organic
acids, such as citric acid and gluconic acid. These remain the only organic
acids produced by mycological processes and are used in considerable
quantities as food additives (Abarca et al., 2004). Microbial production
of gluconic acid is the preferred method and dates back several decades
(Ramanchandran et al., 2006).

Rhizopus oryzae is another important fungus involved in the produc-
tion of organic acids in industrial fermentation. It is widely used to pro-
duce 1-lactic acid as well as other organic acids. R. oryzae, produces only
one stereospecific product (L-lactic acid), and not a racemic mixture (Wang
et al., 2005). Much research has been done on the mechanism of lactic acid
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production by Rhizopus species, such as the confirmation of three lac-
tate dehydrogenase enzymes present in R. oryzae, including one NAD-
independent LDH and two NAD-dependent LDH isozymes (Pritchard,
1973; Skory, 2000). Strains of Rhizopus species have been divided into two
groups, lactic acid and fumaric acid (malic acid) on the basis of the yield of
the main organic acids and proportion of metabolites produced (Zhang,
Jin, and Kelly, 2007).

Fumaric acid is another organic acid produced by Rhizopus, in particu-
lar Rhizopus stolonifer. The presence of fumaric acid has also been found to
arise from the addition of synthetic malic acid and is sometimes consid-
ered as an index of adulteration when confirmed by analysis of p-malic
acid (not present in malic acid from natural sources) (Trifiro et al., 1997).

In 2006 Saccharomyces cerevisiae was found for the first time to be able to
produce large amounts of lactic acid, which is related to its ability to main-
tain a higher pH (Valli et al., 2006). Contrary to this finding, various yeasts
are known to produce low amounts of acetic acid (Trifiro et al., 1997).

4.8.2  Other bacteria

Other bacterial genera that are popular organic acid producers include
the propionibacteria, and more specifically Propionibacterium freudenre-
ichii. This bacterium is known to produce propionic acid, lactic acid, and
acetic acid (Tyree, Clausen, and Gaddy, 1991). P. freudenreichii produces a
mixture of lactic and acetic acids from sugar, which is considered to be a
potentially safe food preservative (Taniguchi et al., 1998). Propionibacteria
are able to utilize lactate as a substrate much more quickly than glucose
(Tyree, Clausen, and Gaddy, 1991). P. freudenreichii is also able to convert
lactic acid to acetic and propionic acids (Taniguchi et al., 1998).

Listeria monocytogenes, which is considered more a pathogenic bacte-
rium, is able to produce L-lactic acid (Gravesen et al., 2004). This is an addi-
tional mechanism of self-protection against the intrinsically produced
isomer and could involve an enzymatic reaction (e.g., metabolization of
the intracellular lactate) or the presence of a stereospecific efflux system
for the produced isomer. L. monocytogenes can use lactate as a carbohy-
drate source and as a result, stereospecific antimicrobial activity of lactic
acid does not have considerable impact as an antimicrobial agent against
L. monocytogenes. There may, however, be species—species variation in sen-
sitivity to the two lactic acid isomers, which may consequently influence
the development of either beneficial or unwanted bacteria. A better under-
standing of the mechanisms involved could assist in developing optimal
application guidelines for lactic acid or lactic acid producers in food pro-
duction and preservation (Gravesen et al., 2004).
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chapter five

Mechanisms of microbial inhibition

5.1 Introduction

A number of inhibition mechanisms have been proposed for weak-acid
preservatives, including action on nutrient uptake or energy metabolism,
action as uncouplers, or through accumulation (Stratford and Anslow,
1998). It is becoming increasingly important to understand the mecha-
nisms involved in the action of preservatives (Papadimitriou et al., 2007).
It has been demonstrated, however, that weak-acid preservation only
inhibits growth by causing extended lag phases and does not actually kill
the microorganisms (Fernandes et al.,, 2005). Organic acids are, however,
effective food preservatives by primarily acting as acidulants and reduc-
ing bacterial growth by lowering the pH of food products to levels that
will inhibit bacterial growth (Dziezak, 1990; Hinton, Jr., 2006).

Although the weak organic acids have been used as food preserva-
tives for centuries, only recently have the mechanisms involved in bac-
terial inhibition been investigated (Hirschfield, Terzulli, and O’Byrne,
2003). It has become imperative to achieve a better understanding of how
microbial cells respond to preservatives in order to design improved pres-
ervation strategies (Papadimitriou et al,, 2007). It has, however, become
clear that the mechanism of microbial growth inhibition executed by the
organic acids is complicated and has not yet been elucidated (Chaveerach
et al.,, 2002; Taniguchi et al., 1998).

The key basic principle of the mode of action is that the acid in its
undissociated state is able to penetrate the microbial cell wall to disrupt
the normal physiology of the cell as it is not able to tolerate a major change
in its internal pH (Gauthier, 2005). The acids can accumulate within the
cell and in this concentrated state reduce the internal pH. This pH drop
then destabilizes cell proteins (Price-Carter et al., 2005). Under acidic con-
ditions the undissociated organic acids are believed to freely cross the
microbial membrane to the cytoplasm. Inside the cell the more neutral
pH results in a release of protons, acidification of the cytoplasm, and also
dissipation of the membrane pH gradient (Gravesen et al., 2004). However,
this mechanism does not account entirely for activity. The accumula-
tion of anions has also been shown to exert a toxic effect (Russell, 1992).
Scientific data are lacking to describe the exact role of an organic acid
in determining conditions, independent of pH, that will cause growth
inhibition of acid-resistant pathogens in acidified foods, without other
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Figure 5.1 A schematic illustration of the transport system and consequent pro-
posed action of organic acids on microbial cells.

preservative treatments. Organic acid type and concentration as well as
pH can independently affect the growth and death of bacterial cells, or
they can interact to accomplish more effective inhibition (Breidt, Jr., Hayes,
and McFeeters, 2004).

In Figure 5.1 the transport and proposed antimicrobial activity of
organic acids as antimicrobial agents is schematically illustrated.

5.2 Activity of organic acids

The various antimicrobial substances available target a range of cellular loci,
ranging from the cytoplasmic membrane to respiratory functions, enzyme
production, and genetic components (Cloete, 2003). In any organism it is
essential that a stable intracellular pH be maintained for normal cellular
functions such as gene expression, protein synthesis, and enzyme activ-
ity (Plumridge et al., 2004). The mode of action of organic acids is related
to several inhibitory reactions. The following reactions have thus far been
proposed (Barbosa-Canovas et al., 2003; Russell, 2003; Gauthier, 2005):

1. Undissociated organic acids entering the bacterial cell. A schematic
representation of this action is illustrated in Figure 5.1.

2. Acidification of internal components of cell membranes by the undis-
sociated acid molecule.

3. Bacterial membrane disrupting (leakage, transport mecha-
nisms). Therefore, loss of active transport of nutrients through the
membrane.

4. Disruption of acid transport by alteration of cell membrane
permeability.

5. Lowering the water activity (a,,).

6. Inhibition of essential metabolic reactions (e.g., glycolysis).

7. Accumulation of toxic anions.

8. Energy stress response to restore homeostasis.
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9. Chelation as permeabilizing agent of outer membrane and zinc
binding.
10. Act as inhibitors of other stress responses, for example, heat-shock
response (Piper et al., 2001).

In explaining the acidity of organic acids, an acid in solution sets up
the equilibrium: AH + H,0O < A- + H;0*, where a hydroxonium ion is
formed together with the negative ion (anion) from the acid. During chem-
ical reactions a hydrogen ion is always attached to something. Organic
acids are weak in the sense that this ionization is very incomplete, and
at any one time, most of the acid will be present as un-ionized molecules
(Price-Carter et al., 2005). The amount of undissociated acid decreases as
the pH value increases. Furthermore, the proportion of an undissociated
molecule can be calculated from the dissociation constant by the follow-
ing formula:

_ [HT]
[H']+ D
where
a = amount of undissociated acid
[H*] =Hydrogen concentration
D = dissociation constant

5.3 Physiological actions of organic acids
5.3.1 Introduction

There is still little understanding of the effectiveness of the use of the
classical and natural preservatives, such as the organic acids, in conjunc-
tion with other common components of food preservation systems. It is
imperative to understand whether microorganisms die, survive, adapt,
or grow and also to understand the physiological and molecular mecha-
nisms within microbial cells that result in these phenotypes: (1) the signal
transduction systems involved, (2) which stress proteins are induced, (3)
how these systems are induced, (4) how much cellular energy (ATP) is
involved, and (5) the amount of available energy that will determine the
extent to which a given microbial cell can have various stress response
pathways activated (Brul and Coote, 1999).

The antimicrobial effect and toxicity of organic acids have been attrib-
uted to (1) a combination of the hydrogen ion concentration (lowering the
pH), (2) consequent decreases in proton motive force, and (3) the action
of undissociated molecules that may freely permeate the cell membrane
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(Carrasco et al., 2006; Fielding, Cook, and Grandison, 1997). These undis-
sociated organic acids are lipophilic and can easily diffuse across the cell
membrane (Skrivanova and Marounek, 2007). Once inside the bacterial
cell they dissociate because of the pH of the cytoplasm (>7), and cause
metabolic uncoupling (Kashket, 1987). The higher pH environment of the
cell cytosol favors rapid dissociation of the acid molecules into charged
protons and anions. These cannot diffuse back across the plasma mem-
brane (Plumridge et al., 2004). Organic acids or the subsequent low pH may
denature proteins or cause oxidative damage (carbonylation). The acids,
similarly to high temperature, partially unfold proteins, which makes
them more vulnerable to oxidative damage (Price-Carter et al., 2005).

Most foodborne pathogenic bacteria are neutrophiles with their
optimum growth pH ranging from pH 6—pH 7. These bacteria will only
encounter acid-related stress in food systems as a result of the presence of
lipid-permeable weak acids (Hill, O’Driscoll, and Booth, 1995).

Although the cell membrane is intrinsically impermeable to protons,
undissociated weak acids are able to pass through the membrane with
relative ease and may dissociate to then liberate protons in the cytoplasm
(Hill, O’Driscoll, and Booth, 1995). In a low pH solution weak acids are
mainly in their undissociated form; they can then freely diffuse across
the cell membrane to enter the cytosol (Papadimitriou et al., 2007). In fact,
at pH below 4 most of the molecules of these organic acids are undissoci-
ated (Kasemets et al., 2006). If the pH gradient across the membrane is two
units more (e.g., pH; 7 and external pH 5), the internal concentration of the
weak acid can be more than 100x greater than the external concentration,
resulting in a very high concentration of protons released in the cytoplasm.
For example, if the external acid concentration is 1 mM, theoretically the
internal concentration would be approximately 100 mM should the cell be
able to maintain a pH; of 7.0, and would result in the release of approxi-
mately 100 mM protons into the cytoplasm (Hill, O'Driscoll, and Booth,
1995). In the cytosol the pH is neutral, and the acids dissociate to produce
protons and anions and acidify the cytoplasm (Papadimitriou et al., 2007).
The intracellular pH is decreased below the normal physiological range
that can be tolerated by the cell, and cell growth is consequently inhibited
(Kasemets et al., 2006). The release of protons then outstrips the buffering
capacity of the cell, the cytoplasmic pH drops, growth is inhibited, and
cell death ultimately occurs (Hill, O’Driscoll, and Booth, 1995).

Transporters for monocarboxylic acids include (1) the bacterial lac-
tate permease LctP family, (2) eukaryotic proton-linked monocarboxylate
transporter MCT family, and (3) monocarboxylate permease. These trans-
porters contain no ATP binding cassette (ABC) motifs and are considered
to transport monocarboxylic acids via a proton-coupled reaction (Nakano,
Fukaya, and Horinouchi, 2006).



Chapter five: Mechanisms of microbial inhibition 121

5.3.2  Bacterial membrane disruption

Gram-negative bacteria possess an outer membrane (OM), which pro-
tects them against a harsh environment. This outer membrane consists of
embedded proteins that perform a number of crucial tasks in the bacte-
rial cell. These include the translocation of solutes, proteins, and signal
transduction (Beis et al., 2006). Some organic acids are known to function
by means of disrupting this membrane organization as well as oxidative
stress (Hazan, Levine, and Abeliovich, 2004). Although alcohols, ethanol
in particular, are known to disrupt membrane structure, and as a result
alter membrane fluidity and dissipate proton gradients, a similar degree
of inhibition is shown with sorbic acid and sorbic alcohol. This will ulti-
mately result in ethanol tolerance in preservative-resistant bacteria as well
as yeasts, suggesting the common mechanisms of action (Stratford and
Anslow, 1998).

Together with sorbic acid, benzoic acid also acts as a membrane per-
turbing agent (Hazan, Levine, and Abeliovich, 2004). Disruption of the
OM by organic acids involves the action of dissociated as well as undisso-
ciated forms (Alakomi et al., 2000). High lipoid solubility and the ability to
form membrane polar/hydrogen unions are responsible for benzoic inter-
action with cell membranes and the modification of membrane properties
(Otero-Losada, 2003).

Lactic acid is another potent OM-disintegrating agent, and may
also cause LPS release which will sensitize bacteria to detergents or
lysozyme. This disintegration of the LPS layer can also be caused by a
fully dissociated acid, whereas undissociated lactic acid molecules may
cause additional disintegrating of the outer membrane. It is known that
at pH 4 ~40% and at pH 3.6 ~60% lactic acid is present in an undissoci-
ated form. Dissociated potassium lactate at neutral conditions does not
have any permeabilizing activity. Lactic acid is water soluble and gains
access to the periplasm through water-filled porin proteins of the OM
and is, therefore, capable of causing sublethal injury to Gram-negative
bacteria, including E. coli. Acetic acid possesses similar characteristics,
and direct evidence has indicated that such injury involves the disrup-
tion of the LPS layer (Alakomi et al., 2000).

5.3.3  Accumulation of toxic anions

A very important inhibitory mechanism of organic acids is that a higher
internal pH than the external environment will result in dissociation
and accumulation of acid anion in the interior of bacterial cells (Breidt,
Jr., Hayes, and McFeeters, 2004). Depending on the difference between
internal and external pH, the molar quantities of the acid anion might
be predicted inside cells and greatly increase the internal ionic strength
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(Russell, 1992). This anion is not able to diffuse through the bacterial mem-
brane (Breidt, Jr., Hayes, and McFeeters, 2004).

It is now established that once inside the cell, an organic acid will
encounter a higher pH, dissociate to produce protons and anions, and also
acidify the cytoplasm (Papadimitriou et al., 2007). The anionic part of the
organic acids that cannot exit the microbial cell in its dissociated form
will, therefore, accumulate within the cell and disrupt many metabolic
functions. This will also lead to an osmotic pressure increase, which the
organism will not be able to handle (Gauthier, 2005).

5.3.4 Inhibition of essential metabolic reactions

The higher pH environment of the cell cytosol (e.g., in Aspergillus niger this
pH may be as high as 7.8) would promote rapid dissociation of the acid
molecules into charged protons and anions, which cannot diffuse back
across the cytoplasmic membrane (Plumridge et al., 2004). After dissocia-
tion of an organic acid inside the microbial cell, situations will develop to
impair growth. The anionic part of the organic acids that cannot escape
the bacteria in its dissociated form will accumulate within the bacteria
and disrupt many metabolic functions and lead to an osmotic pressure
increase, incompatible with the survival of the bacteria (Gauthier, 2005).
Intracellular acidification of the cell cytosol as a result of the accumula-
tion of protons generally inhibits the key metabolic functions associated
with glycolysis and consequently inhibits ATP yields. This reduction in
proton motive force (Ap) also leads to reduced uptake of amino acids by
the cell (Plumridge et al., 2004). Release of protons destroys the buffering
capacity of the cell and the cytoplasmic pH falls, leading to growth inhi-
bition and ultimately death (Hill, O’Driscoll, and Booth, 1995).

It is also possible that organic acids or a lower pH will denature
proteins, or sensitize them to oxidative damage (carbonylation). This is
supported by the observation that organic acids induce the synthesis of
chaperones, peroxidases, and catalases. Induction of peroxidases (such as
KatE and Ahp) will increase the vulnerability of a microbial cell to oxida-
tive damage (Price-Carter et al., 2005).

5.3.5  Stress on intracellular pH homeostasis

pH homeostasis is described as the ability of an organism to maintain its
cytoplasmic pH at a value close to neutrality despite fluctuations in the
external pH (Hill, O'Driscoll, and Booth, 1995). As a result of organic acids
diffusing into the bacterial cell, where the pH is near or above neutrality,
the acids will dissociate and lower the bacterial internal pH. This would
then inevitably have an effect on the ability of an organism to main-
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tain stable intracellular pH, needed for most normal cellular functions
(Gauthier, 2005).

Adaptation time to an organic acid may be directly linked to the cell’s
ability to maintain its internal pH (pH,). The cell may be able to maintain its
pH; and also adapt to mildly acidic conditions but only for a short period.
After this period the pH; protection system fails and the cells become sen-
sitive to the toxic effects of the acid. It is known that certain organic acids
enter the cell much more easily than others and as a result more readily
alter the pH; of the cell. It may, therefore, be possible to explain the differ-
ences in adaptation times between acidulants by the varying abilities of
organic acids to alter the pH; of the cell (Greenacre et al., 2003).

In bacterial cells homeostasis is achieved by a combination of passive
and active mechanisms (Hill, O'Driscoll, and Booth, 1995).

Passive homeostasis: The very low permeability of the membrane to
protons and other ions. This plays a major role in preventing large pH;
fluctuations, which follows variations in pH of the environment. Another
factor in preventing serious disruption of the pH; is the high buffering
capacity of the cell, due to the protein content of the cytoplasm, as well as
the presence of glutamate and polyamines.

Active pH homeostasis: Depends primarily on the potassium ion and
the proton circuits.

In a low external pH a cell must extrude those protons associated with
weak acids that are entering the cell. However, such translocation of pro-
tons across the membrane produces a membrane potential that then limits
further proton extrusion. Major proton movement can only be achieved
if the membrane potential is degenerated as a result of cations entering
the cell. This purpose is fulfilled by potassium ion entering the cell and
leading to the generation of a transmembrane pH gradient. As a bacte-
rial cell divides and grows, bacteria must accumulate sufficient potassium
to maintain constant cation concentrations. The net extrusion will con-
sequently follow this potassium uptake and the cytoplasmic pH become
more alkaline.

5.4 Factors that influence organic acid activity

Antimicrobial action of organic acids is dependent on various factors. The
following are discussed (Chaveerach et al., 2002): number of undissoci-
ated organic acids that enter the bacterial cell, acidity constant (pK, value),
water activity (a,,), temperature, and production of H,O,.

Bactericidal activity of different acids on a bacterial cell has been found
to depend on (1) the presence of organic compounds, (2) acid concentration,
(3) structure of the acid, and (4) capacity of the cell to alkalinize cytoplasm.
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5.4.1 Number of undissociated organic acids
that enter the bacterial cell

All three acids reduced pH to +3 in unbuffered H,O, even at concentra-
tions as low as 10 mM (Lind, Jonsson, and Schnurer, 2005).

Organic acids can enter the microbial cell only in their undissociated
forms, which diffuse across the microbial cell membrane. This entrance
of the acid molecule then lowers the intracellular pH (pH,) of the cell
(Carrasco et al., 2006). The concentration of the undissociated form of
an organic acid and the pH of the environment are interdependent vari-
ables, linked by the Henderson-Hasselbach equation (Breidt, Jr., Hayes,
and McFeeters, 2004). As the extracellular pH decreases, the number of
undissociated organic acids increases, and so do their activities toward
the microbial cells (Kwon and Ricke, 1998). This undissociated state of the
acid molecule is primarily responsible for any antimicrobial activity and
effectiveness is dependent on the dissociation constants (pK,) of the acid
(Barbosa-Cénovas et al., 2003). This undissociated state of the organic acid
is extremely important in the capacity to inhibit a microbial cell (Gauthier,
2005). More than 10-20 x the level of dissociated acid is needed to achieve
the same inhibition as for undissociated acid (Presser, Ratkowsky, and
Ross, 1997). However, although the undissociated molecules generally
have a greater inhibitory effect, studies have also shown that the total
inhibitory action of the weak acid is dependent upon a combination of the
effects that are produced by undissociated acid molecules as well as the
dissociated ions (Ray, 1992; Liick and Jager, 1997; Taniguchi et al., 1998).

5.4.2  Acidity constant (pK, value)

The strengths of weak acids are measured on the pK, scale. The smaller
the number on this scale is, the stronger the acid (Namazian and Halvani,
2006). Published pK, values for acids are generally measured at 25°C and
under conditions of zero ionic strength in water. The pK, values of organic
acids are known to change in response to a change in temperature and
ionic strength (Bjornsdottir, Breidt, Jr., and McFeeters, 2006). Different pK,
values and lipid solubility of an organic acid have both been suggested
as reasons for the level of activity of an organic acid (Lambert and Bidlas,
2007). The closer the pH of a medium is to the pK, of an acid, the greater
the lag phase of microbial growth is expected to be (Livingston et al.,
2004). Organic acids used for food preservation are weak acids with the
pK, range between pH 3 and 5 which possess some levels of buffer activity
(Doores, 1993; Fang and Tsai, 2003).
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5.4.3 Water activity (a,,)

For more than half a century it has been known that water activity (a,,)
could be much more important to the quality and stability of food than
the total amount of water present in any food (Maltini et al.,, 2003). This
is based on several effects, which include (1) a,, is a determinant for the
growth of microorganisms, (2) a,, is related to most degradation reactions,
(3) moisture migration in multidomain foods obeys a,, and not moisture
content, and (4) a,, is easier to measure than moisture content as this mea-
sure is nondestructive. The strong action of acid preservatives on mem-
branes is apparent from the knowledge that monocarboxylic acids become
more inhibitory as they become more lipophilic (Piper et al., 2001). Water
activity is the most important environmental factor that will determine
whether a microorganism will grow on food with intermediate moisture
substance. However, water activity is not constant and undergoes various
changes during food production and storage (Guynot et al., 2005). It is,
therefore, of utmost importance in effective food preservation to define
the moisture conditions in which pathogenic or spoilage microorganisms
will be able to grow (Barbosa-Canovas et al., 2003). It is known that a few
fungi are actually capable of growing in environments with low water
activity. Another factor to contend with is that water activity and pH are
very tightly linked to the organoleptic qualities of food products and it
is not easy to change these without altering them (Marin et al., 2003). For
example, processed fruits and vegetables are often low-moisture foods
that are sugar-rich and are characterized by color, flavor, and structural
properties (Maltini et al., 2003).

5.4.4 Temperature

Although organicacids have been described as strong antimicrobial agents
against psychrophilic and mesophilic microorganisms (Rico et al., 2007),
temperature is a primary factor in the activity of organic acids, where a
higher temperature typically causes increased effectiveness (Lin et al,,
1996; Brudzinski and Harrison, 1998; Breidt, Jr, Hayes, and McFeeters,
2004). For example, it is known that efficacy of preservatives is decreased
at refrigeration temperature and may take several days (Zhao, Doyle, and
Besser, 1993) or even weeks (Uljas and Ingham, 1999) before a 5-log reduc-
tion in hazardous pathogens such as E. coli O157:-H7 populations in cider
is achieved. At 25°C Escherichia coli O157:H7 populations can be reduced
by >5 logs after 6 h storage and at 35°C by the same after 3 h storage.

A higher temperature may cause an increase in fluidity of cell mem-
branes, allowing more rapid diffusion of preservatives into the cytoplasm
(Chikthimmah, LaBorde, and Beelman, 2003). For example, sodium lactate
is primarily used in meat products to extend cold storage and its effects are
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bacteriostatic rather than bactericidal (De Wit and Rombouts, 1990; Brewer et
al,, 1991). Another interesting fact is that in general, microorganisms survive
refrigeration best at lower pH (~pH 4.5) (Buchanan et al,, 2004). However,
in culture media, inhibitory effects are reported to be greater at lower tem-
peratures (Houtsma, De Wit, and Rombouts, 1996; Buchanan, Golden, and
Phillips, 1997; Gill, Greer, and Dilts, 1997; Doyle, 1999).

Pathogenic bacteria, such as Listeria monocytogenes, are capable of sur-
viving refrigerated storage in the presence of additives such as organic
acids. It is known that a storage temperature lower than 4.4°C is necessary
for preservation of frankfurters, even when surface treatments utilizing
organic acid salts are used (Lu et al., 2005). Some fungi, such as many
Aspergillus species, are xerophilic and generally capable of growing on
media containing high concentrations of salt or sugar. These xerophilic
fungi show no special requirements with regard to growth temperature
(Marin et al., 2003).

5.4.5 Production of H,0,

The presence of organic acids can lead to intracellular production of H,0O,
and is toxic for a bacteria cell. Resistance to H,0O, can be induced by eth-
anol and could explain antagonistic effects that may result when using
ethanol in combination with organic acids (Barker and Park, 2001).

5.5 The role of pH

Organic acids are most active at an environmental pH equal to or lower
than their pK, value (ionization constant) (Brul et al., 2002). Bacteriostatic
effects of acids vary, and the type of acid, as well as the pH, are of utmost
importance in controlling pathogens in foods. Antibacterial activity of
organic acids is related to the reduction in pH, as well as its ability to dis-
sociate, which is determined by the pK, value and pH of the surrounding
area, and as a result activity increases with a decrease in pH (Jung and
Beuchat, 2000).

To demonstrate the organic acid activities at various pH values, a
study done on the salts calcium propionate, sodium benzoate, and potas-
sium sorbate is herewith discussed. These salts were found to be effective
and to inhibit some isolates from bakery products at pH 4.5 when applied
at concentration of 0.3%. In a sponge cake (an analogue of pH 6) addition
of these same weak organic acids salts appeared to be effective only at low
a,, levels (Guynot et al., 2005).

An important factor in food safety is that bacteria can only survive
in acidic environments by regulating their cytoplasmic pH (pH,). This is
primarily driven by controlled movement of cations across the cell mem-
brane. However, this ability to maintain the pH; close to neutrality can be
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destroyed at decreased extracellular pH values, which could also lead to
cell death (Hill, O’Driscoll, and Booth, 1995). Some organisms are, how-
ever, able to grow at lower pH. For example, the pH range for growth of
Campylobacter jejuni is between 5.5 and 5.7, but this organism is not able to
survive in extremely acidic conditions (below pH 3.0). At low pH (4.0 and
4.5) organic acids have a strong bactericidal affect on C. jejuni and C. coli,
causing rapid death (Chaveerach et al., 2002). In Table 5.1 the pH limits for
the growth of some foodborne microorganisms are shown.

At neutral pH many organic acids are essentially completely dissoci-
ated. These molecules will not actually be active against microorganisms
and may even provide a potential carbon source (Piper et al.,, 2001). This
is not true for sorbic acid, as at neutral pH, high sorbate levels still exert
some inhibitory effects. This has especially been found in fungi, such as
Saccharomyces cerevisiae. Unlike other preservative acids, sorbic acid can
also be employed for preserving foodstuffs with a relatively high pH. This
is due to its low dissociation constant of 1.73 x 10-° (Marin et al., 2003). As
a result, the activity of sorbic acid is less linked to pH than benzoic acid,
and can still be effective at pH levels of 6.5, where in theory, weak-acid
preservatives have little activity, although their activity also increases as
pH decreases (Stratford and Anslow, 1998). Maximum pH for activity for
sorbate is approximately 6.0-6.5, 5.0-5.5 for propionate and 4.0-4.5 for

Table 5.1 Growth pH Limits for Some Foodborne Microorganisms

Organism Minimum pH Optimum pH Maximum pH
Bacteria (most) 45 6.5-7.5 9.0
Acetobacter spp. 3.0 5-6 6.0
Campylobacter jejuni 4.9 6.5-7.5 8.5
Escherichia coli 4.0 7.0 9.0
Lactobacillus brevis 32 4.6-5.0 6.3
Lactobacillus plantarum <3 5.0-5.5 6.0
Bacillus cereus 5 6.5 8.8
Listeria monocytogenes 4.3 7.0 9.4
Salmonella spp. 3.8 7.0-7.5 9.5
Salmonella typhimurium <4.0 6.6-8.2 9.0
Shigella flexnerii 4.5 6.0-6.5 9.19
Staphylococcus aureus 4.0 6.0-7.0 10.0
Vibrio parahaemolyticus 4.8 7.8-8.6 11.0
Yersinia enterocolitica 4.2 7.2 9.6-10.0
Yeast (in general) 1.5-35 45-6.8 8.0-8.9
Molds (in general) 1.5-3.5 4.5-6.8 8.0-11

Source: International Commission of Microbiological Specifications for Foods (ICMSF)
Microorganisms in Food, Vol. 5. New York: Blackie Academic and Professional, 1996.
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benzoate (Suhr and Nielsen, 2004). Of interest is an acid such as gluconic
acid, which has a highly polar molecule and is seemingly unable to pen-
etrate the cell membrane. The apparent antimicrobial activity of gluconic
acid solutions between pH 3.0 and 4.0 is more likely to be due to pH effect
alone (Bjornsdottir, Breidt, Jr., and McFeeters, 2006). When used in combi-
nation with other antimicrobial agents such as ethanol, an increase from
pH 3.0 to 4.0 is known to reduce the ability of ethanol to stimulate cell
death (Barker and Park, 2001).

In vitro assays are often conducted at low pH to show the antibacterial
effectiveness of organic acids, ensuring that the acids are not dissociated,
as it is known that at pH below 3-3.5, almost all organic acids are very
efficacious in controlling bacterial growth. However, it is often necessary
to simulate the “real” environment, such as the GIT of poultry or pigs
(Gauthier, 2005).

Additives or preservatives have also been found to have varying
effects on the surface tension of aqueous food and beverages, which usu-
ally results from a decrease in pH. For example, acetic acid can reduce the
surface tension more efficiently than citric acid, as it has a lower ratio of
hydrophobic group per hydrophilic group. Citric acid has twice as many
hydrophilic groups as hydrophobic groups, and as a result has a strong
affinity with water. It cannot, therefore, be adsorbed at the surface. Citric
acid has no significant effect on the surface tension. The type of acid used
to adjust the pH also has a different effect on surface tension (Permprasert
and Devahastin, 2005).

Weak organic acid food preservatives, notably sorbic acid and benzoic
acid, also exert pH-dependent effects on: (1) the heat-shock response and
(2) the thermotolerance of fungi such as S. cerevisiae, specifically by low-
ering the pH;. This decrease in pH; caused by the organic acids, inhibits
both the heat-shock protein (Hsp) and thermotolerance induction during
sublethal (39°C) heat shock. However, at higher pH at 25°C sorbic acid
treatment causes strong induction of thermotolerance, in the absence of
sublethal heat treatment. At pH values above pH 5 sorbate acts as a potent
inducer of thermotolerance, but no longer inhibits the capacity of cells
to mount a heat-shock response. Around neutral pH, cells became more
resistant to thermal killing at 52°C after preservative treatment. At very
low pH (~pH 3.5), preservative treatment is known to cause a reduction in
thermotolerance (Cheng, Moghraby, and Piper, 1999).

5.6 Antibacterial action

The accepted bactericidal actions of organic acids have long been the
acidification of the bacterial cell cytoplasm following the diffusion of
uncharged protonated acid across the membrane (Breidt, Jr., Hayes, and
McFeeters, 2004). However, additional specific effects of organic acid on
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the bacterial cell have since been identified and vary with the type and
concentration of acid. These include (Diez-Gonzalez and Russell, 1997;
Krebs, Wiggins, and Stubbs, 1983; Shelef, 1994): (1) inhibition of cellular
metabolic enzymes such as lactate dehydrogenase, (2) transport proteins,
(3) membrane function, and (4) chelating metal ions.

Despite numerous investigations and the identification of inhibitory
actions, antibacterial mechanism(s) for organic acids are still not fully
understood. It is, however, recognized that they are capable of exerting
bacteriostatic and bactericidal effects, depending on the physiological
status of the organism as well as the external environmental conditions
(Ricke, 2003). Other antibacterial activities, that may be less direct, have
also been assigned to the organic acids. These include the inhibition of
nutrient transport, damage to the cytoplasmic membrane, disruption of
outer membrane permeability, and an influence on the macromolecular
synthesis (Alakomi et al., 2000; Davidson, 2001).

Bacteria are known to react differently to antibacterial agents. This is
due either to inherent differences, which may be their unique cell envelope
composition or proteins not being susceptible or as a result of resistance
development, by adaptation exchange of genetic information. For organic
acids to be effective as an antibacterial, they must be able to penetrate the
cell envelope and attain a sufficiently high concentration at the target site
where they will exert antibacterial action (Cloete, 2003).

Lactic acid may pose as an example inasmuch as it can act either in a
bactericidic or bacteriostatic manner, depending on the specific inhibitory
conditions. This has been noted specifically for inhibition of L. monocyto-
genes where lactic acid is able to either kill or limit growth of the organism.
Lactic acid is now included in growth prediction models for this pathogen
(Gravesen et al., 2004).

Not much is known about the effect of organic acids on another impor-
tant pathogen, Salmonella spp., but E. coli and Salmonella are both enteric
bacteria and seem to have a similar physiology. It is, however, known that
medium chain fatty acids (C6-C12, caproic, caprylic, capric, and lauric)
are much more effective against Salmonella than the short-chain fatty
acids (formic, acetic, propionic, and butyric). Another important finding
was that the short-chain fatty acid butyrate specifically down-regulates
the expression of invasion genes in Salmonella spp. at low doses. Medium-
chain fatty acids and propionate also decrease the ability of Salmonella
spp. to invade epithelial cells. This has been found to be in contrast to
acetic acid (Van Immerseel et al., 2006).

5.7  Antifungal action

Many organic acids behave primarily as fungicides or fungistats, as fungi
are known to be capable of growing at low-pH environments where the
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organic acids are most effective as antimicrobials. The use of sodium ben-
zoate has been limited to products that are acidic in nature and is mainly
used as an antimycotic agent. Most yeasts and molds are inhibited by
concentrations as low as 0.05-0.1% (Barbosa-Cénovas et al., 2003). Even
distribution of organic acids is essential for effective inhibition of spoilage
molds (Arroyo, Aldred, and Magan, 2005).

Sorbic and benzoic acids are the two most popular organic acids in
food preservation and are widely regarded as most active against yeasts
and molds, and least active against bacteria. The “parabens” is a name
given to the alkyl esters (methyl-, ethyl-, and propyl-) of p-hydroxyben-
zoic acid and are widely used because of their antifungal properties
(Gonzalez, Gallego, and Valcarcel, 1998). Methyl esters are more effec-
tive against molds, whereas the propyl esters demonstrate better activ-
ity against yeasts. Inhibition of yeasts by sorbic acid is inconsistent as a
classic weak-acid preservative (Stratford and Anslow, 1998). Sorbic acid
delays spore germination and mycelial growth, causes intracellular acidi-
fication, collapses the pH gradient over the vacuole and rapidly disrupts
pH homeostasis, and also reduces intracellular ATP pools and levels of
sugar-phosphomonoesters and -phosphodiesters (Plumridge et al., 2004).
Because of its lipophilicity, sorbic acid acts as a membrane-disrupting
molecule and allows protons to enter the cytoplasm (Leyva and Peinado,
2005). Understanding the effect of sorbic acid on the molecular physiology
of yeast cells will allow the food industry to develop knowledge-based
strategies to make more optimal use of its preservative action as resis-
tance rapidly develops in fungi (Papadimitriou et al., 2007).

It was initially speculated that the antifungal action of organic acids
is based on intracellular acidification, because this inhibits glycolysis
(Leyva and Peinado, 2005). However, results obtained with exponentially
growing cells, both in batch (Warth, 1991) as well as chemostat cultures
(Verduyn et al.,, 1990), showed that glycolysis was enhanced when cells
were cultured in the presence of sublethal concentrations of organic acids.
It was also detected that phosphofructokinase activity was not inhibited
(Warth, 1991).

Although yeasts have a well-developed system for intracellular pH
homeostasis, they are dependent upon a proton-translocating plasma
membrane protein H*-ATPase. Charged anions can only readily diffuse
out of the cell with an active efflux process. Without this, these charged
acid anions will accumulate in acid-stressed cells. The inhibitory activ-
ity of lipophilic and water-soluble monocarboxylic acids on the growth of
yeasts such as S. cerevisiae is somewhat different and also has a different
effect on the behavior of intracellular ATP concentration. Lipophilic acids
are known to concentrate in membranes, exerting a membrane-disturbing
effect and increasing the permeability of membranes by the release of pro-
tons. Octanic (caprylic) and decanoic (capric) acids are more toxic to yeast
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cells, showing destructive effects at very small concentrations (Kasemets
etal., 2006). Studies with S. cerevisiae have shown that, in response to acidi-
fication, the plasma membrane H*-ATPase pumps protons out of the cell
in an ATP-dependent mechanism (Eraso and Gancedo, 1987; Ramos et al.,
1989; Leyva and Peinado, 2005).

Citric acid is known to shift the primary energy metabolism in S.
cerevisiae toward lower ethanol production and higher glycerol pro-
duction. This results in lower ATP production. Citric acid also causes
an increased glycerol production in S. cerevisine (Lawrence et al., 2004;
Nielsen and Arneborg, 2007). Citric acid inhibits growth of S. cerevisiae
and Zygosaccharomyces bailii to a similar extent, but the growth-inhibitory
mechanism of citric acid on yeasts is different from that of classic weak-
acid preservatives, because the latter compounds exhibit their highest
antimicrobial activity in their undissociated form at low pH values (Brul
and Coote, 1999; Stratford, 1999). Citric acid is rather a chelator, that is,
a lipophobic dissociated acid inhibiting growth by chelating metal ions
from the medium.

5.8 Antiviral action

Little information exists on the activity of organic acids against viruses.
However, enteric viruses have been shown not to possess similar suscep-
tibility to weak organic acids compared to bacteria and consequently sur-
vive well in organic acid preserved foodstuffs such as lactate-fermented
products (Adams and Nicolaides, 1997).

5.9 Acidified foods

Acid and acidified foods are defined as foods having a pH of 4.6 or
lower, by the U.S. Code of Federal Regulations. In Table 5.2 some com-
mon foodstuffs are given together with their pH. Acid foods naturally
have a pH below 4.6. Acidified foods have a low pH as a result of the
addition of acid or acid food ingredients. In the current FDA regulations
for acidified foods the amount or type of organic acid needed to lower
pH is not specified. Although acidified foods have an excellent safety
record, acid or fermented foods such as apple cider, salami, and apple
juice have recently been associated with outbreaks of disease caused by E.
coli O157:H7 and have raised concern about the general safety of acidified
food. A better understanding of the microbial response to organic acids
in foods is, however, evident for improvement of effective preservation
(Bjornsdottir, Breidt, Jr., and McFeeters, 2006). The range of acidified food
products is continuously expanding. Numerous acidified foods are cur-
rently produced without heat processing, which may pose the threat of
acid-resistant food pathogens emerging (Breidt, Jr., Hayes, and McFeeters,
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Table 5.2 Some Common Foodstuffs and pH

Approximate Approximate

Food product pH Food product pH
Limes 1.8-2.0 Molasses 49-54
Lemon juice 2.0-2.6 Bread (white) 5.0-6.2
Lime juice 2.0-2.4 Cabbage 5.2-5.4
Soft drinks 2.0-4.0 Beetroot 5.3-6.6
Lemons 22-24 Sweet potatoes 5.3-5.6
Vinegar 24-34 Coconut 5.5-7.8
Marinade 2.4-6.9 Flour (wheat) 5.5-6.5
Chili sauce 2.8-3.7 Beans 5.6-6.5
Wine 2.8-3.8 Potatoes 5.6-6.0
Cider 2.9-33 Celery 5.7-6.0
Grapefruit 3.0-3.7 Oysters 5.7-6.2
Pickles 3.0-3.4 Sardines 5.7-6.6
Apples 3.3-3.9 Calamari 5.8
Apricots 3.3-4.8 Mangos 5.8-6.0
Sauerkraut 34-3.6 Carrots 5.9-6.3
Sherry 3.4 Corn 59-7.3
Grapes 3.5-4.5 Tuna 5.9-6.1
Jam 3.5-4.0 Asparagus 6.0-6.7
Mustard 3.5-6.0 Capers 6.0
Fruit cocktail 3.6-4.0 Cranberry juice 6.0
Olives (green) 3.6-5.6 Melons 6.0-6.7
Mayonnaise 3.7-4.7 Olives (black) 6.0-7.0
Tomato sauce 3.9 Butter 6.1-6.4
Beer 4.0-5.0 Salmon 6.1-6.3
Yogurt 4.0-4.5 Cod liver 6.2
Tomato juice 41-4.6 Avocados 6.3-6.6
Tomatoes 4.3-49 Peanut butter 6.3
Tomato puree 4.3-4.5 Milk 6.4-6.8
Buttermilk 4448 Crackers 6.5-8.5
Soy sauce 4454 Dates 6.5-8.5
Bananas 45-5.2 Water 6.5-8.0
Maple syrup 4.6-5.5 Shrimp 6.8-7.0
Pimento 4.6-5.2 Tea 7.2
Cheese 48-6.4 Eggs (fresh) 7.6-8.0
Pumpkin 4.8-5.2
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2004). Home-made mayonnaise has been implicated in various incidences
of food poisoning (Weagant, Bryant, and Bark, 1994; Erickson et al., 1995;
Al-Ahmadi, El Bushra, and Al-Zahrani, 1998). The use of vinegar (acetic
acid) as an acidulant, at pH 3.6—4.0 has been suggested for prevention of
contamination with pathogens, particularly Salmonella.

Optimum growth of bacteria is generally at pH 6-7. A decrease in pH
will inevitably cause a fall in growth rate, until it eventually reaches zero. In
acidic foodstuffs it is important that the following factors are kept in mind:
(1) weak carboxylic acids will only naturally dissociate in aqueous solution,
and (2) the undissociated form is very lipid soluble which allows them to
diffuse freely through the microbial cell membrane into the cytoplasm. It is,
however, also possible that the low pH of acidic food will cause an increase
in the amount of undissociated acid (Adams and Nicolaides, 1997).

5.10 Comparing effectiveness of organic
acids with inorganic acids

Lowering the pH of a food product or beverage has long been used as
a method of preserving food. In some foodstuffs it is a natural defense
mechanism (Brown and Mayes, 1980), such as in fruit and fruit juices
which are protected against microbial contamination by their organic
acid content as well as inherent acidity (Fielding, Cook, and Grandison,
1997). Organic acids are considered to be more effective against foodborne
pathogens than hydrochloric acid, because these molecules can easily pen-
etrate bacterial cell membranes to cause a decrease in intracellular pH by
dissociating. At a given environmental pH, organic acids will, therefore,
cause more inactivation of cells than inorganic acids (such as HCl) (Deng,
Ryu, and Beuchat, 2001; Buchanan et al., 2004). This increased antimicro-
bial activity will naturally vary among the organic acids as it is associated
with the anion portion of the molecule (Buchanan et al., 2004).

In a study of four different organic acids and HC], in the pH range
between 4.0 and 5.5 it was found that among lactic, acetic, citric, malic, and
hydrochloric acids, lactic acid consistently had the greatest activity against
enterohemorrhagic E. coli, and HCl had the least (Buchanan et al., 2004). In
another study of the inhibitory effect on Listeria, acetic acid was found to
be more potent than lactic acid, whereas lactic acid was again more inhibi-
tory than HCI (Doyle, 1999). In the control of Campylobacter contamination
of poultry carcasses during slaughter, the effect of organic acids is well
established. Contrary to this, at low pH levels (4.0 and 4.5) HCl has only a
slight inhibitory effect on the Campylobacter population and has no effect
at high pH levels (5.0 and 5.5). With organic acids, at low pH (4.0 and 4.5)
C. jejuni and C. coli will rapidly die due to a strong bactericidal affect. The
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reduction rate is, therefore, much higher, compared to HCL. But at pH 5.0
and 5.5 Campylobacter can survive (Chaveerach et al., 2002).

It has been found in studies on E. coli O157:H7, that at both 22°C and
7°C, the addition of lactic acid instead of HCI (in reducing the pH to 4.5),
resulted in a more rapid decrease, which may be the result of the addi-
tional antimicrobial action of lactic acid on the organism, apart from the
lower pH (Uyttendaele, Taverniers, and Debevere, 2001).

5.11  Spectra of inhibition

Naturally occurring organic acids, such as sorbic acid, benzoic acid, and
acetic acid, are the most commonly used chemical preservatives in food
and all have a broad antimicrobial spectrum (Plumridge et al., 2004).
Benzoic acid, in particular, although mainly associated with fruit preser-
vation, is used in many types of acidic food products (Suhr and Nielsen,
2004). Sorbic acid inhibits both molds and yeasts, and is used in a broad
variety of food products (Sofos and Busta, 1981), including fine bakery
products, confectionery, and bread (Suhr and Nielsen, 2004).

Contrary to these organic acids, the spectrum of activity of other
organic acids, such as sodium lactate, is narrow or may also be more spe-
cific to a certain group of organisms. The disadvantage of using this agent,
is that with time, other organisms may take over (Lemay et al., 2002).

5.12  Improving effectiveness

It is apparent that any means of improving efficacy of organic acids
should be made on the protective effect of various factors on microbial
cells. Primary protective factors include the high lipid content and topog-
raphy of foodstuffs such as chicken skin. Use of “transdermal synergists”
has been proposed and may increase the killing effect by enhancing
delivery of the acids to attached or embedded cells. Such transdermal
compounds are commonly used in the pharmaceutical industry. Various
pharmaceutical transdermal agents are emulsifiers that allow mixing of
lipid and water phases. Emulsifiers are widely used in food processing
and many pharmaceutical emulsifiers are GRAS (generally recognized as
safe) in food applications. These agents enhance activity of an agent via
(1) interaction of the synergist with intercellular lipids and intracellular
proteins which promotes permeation or diffusion through layers of the
skin, (2) solvent action of the transdermal agent to solubilize skin tissue
components, and (3) increased partitioning of an acid into the membrane.
The application of transdermal agents to enhance antimicrobial activity in
the food industry is a fairly new concept, but has promising advantages
(Tamblyn and Conner, 1997).
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Improving effectiveness of organic acids will require a better under-
standing of the stress response capabilities of foodborne pathogens. These
may include general and specific stress responses. This would entail the
application of molecular tools to be used for studying pathogen behavior
in microbial ecosystems in all the various food production environments.
It is also essential to distinguish specific organic acid toxic mechanisms
in foodborne pathogens. The process, however, is continuously difficult
to achieve and will increasingly require novel genetic techniques that
can be applied in screening for differential physiological responses when
selected mutants are exposed to the numerous potential environmental
influences. Genetic techniques are, however, becoming more readily avail-
able to enable the study of the regulations and are involved in the sensing
and response of a pathogen to the environment and applied preservative
actions (Ricke, 2003).

Direct assessment of the antimicrobial potency of an organic acid
can be elusive, and is influenced by several factors. These include (1) the
physical chemistry of individual acids, (2) specific type of organism, (3)
growth conditions and culture, and (4) growth phase. A problem arises
when conducting these investigations under in vitro conditions, as such
specific quantitative in vitro responses may not necessarily be justifiable in
translating to an in vivo condition of a particular organism. For example,
many of the common foodborne pathogens, such as Salmonella spp. can
grow in a wide range of ecosystems and in vivo growth conditions during
organic acid exposure can vary enormously. It has also been described
that, during a life cycle, Salmonella can grow aerobically and within a short
time frame be forced to change to an anaerobic metabolism to survive. In
so doing, the organisms can potentially colonize a highly fermentative
environment, such as the gastrointestinal tract. Under such conditions,
Salmonella would be required to survive high concentrations of short
chain fatty acids produced by other organisms. It would also be produc-
ing organic acids of its own as a result of fermentation (Ricke, 2003).

Comparison of different inhibitory effects of an antimicrobial agent
on microbial activity necessitates the determination of parameters that
could express the influence of a toxic compound (Banerjee and Sarkar,
2004). Two such parameters have been identified: k;, which is the exponen-
tial inhibition constant, and is inversely correlated with tolerance to anti-
microbials, and Csy,, which refers to the toxic concentration that would
inhibit 50% of any pysiological mechanism (Liewen and Marth, 1985;
Banerjee and Sarkar, 2004). To form a good picture of the action of organic
acids k; should be taken into account together with x,;, values, in order to
evaluate the inhibition of fermentation. However, the value of the recipro-
cal of k; plus the value of x,,;, could be adapted if needed, for example, for
a more practical industrial approach. There is a fair correlation between
k; and Cjy,. It is, however, easier to determine the latter parameter, and it
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would be adequate in expression of the inhibitory effect of an organic acid
(Banerjee and Sarkar, 2004).

5.13  (Physical) factors that will
enhance effectiveness

5.13.1 Ozone

In a study done on the antimicrobial effects of ozone alone or combined
with organic acids in the control of E. coli O157:H7 and L. monocytogenes
inoculated on mushrooms, it was found that ozone treatment alone had
minimal influence on the numbers of E. coli O157:H7 and L. monocytogenes,
whereas a combined treatment of 3 ppm ozone with 1% citric acid signifi-
cantly reduced the population numbers (Yuk et al., 2007).

5.13.2 Ultrasound

In another study pH and organic acids were found to have a significant effect
on ultrasound inactivation in solutions with soluble solids 12 g/100 ml in the
preservation processes of fruit juices (Salleh-Mack and Roberts, 2007).

5.13.3  Ionizing radiation

Organic acid and ionizing radiation are both known to disrupt the mem-
branes of bacterial cells. The effect of irradiation on E. coli (at all doses)
is enhanced by the presence of acetic acid (0.02-1%), which can be attrib-
uted to at least three possibilities: (1) the organism may be sensitized to
irradiation by the disruption of metabolic functions (energy production
or enzyme activity), (2) it may result in an increased energy demand of
homeostasis which may inhibit DNA repair, or (3) alternatively, the radia-
tion process may sensitize the organism to acetic acid by damaging the
cell membrane, which would allow uncontrolled influx of the acid mol-
ecules. However, the undissociated acetic acid has the ability to permeate
the cell membrane freely. Another theory proposes that the effect of irra-
diation on the acetic acid molecule renders it a lethal free radical which
then acts on the cell. However, neither irradiation nor the acetic acid mol-
ecule itself is producing the effect in this case and the synergism would
then be an indirect effect. During irradiation the concentration of acetic
acid has minimal effect on the extent of the synergistic response, but E.
coli was found to be more susceptible to a higher concentration of acid
after irradiation. More membrane damage is achieved with a combination
of acetic acid and irradiation (Fielding, Cook, and Grandison, 1997).
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5.13.4 Heat treatment

Inhibitory effects of organic acids can be adjusted by factors other than
pH (Breidt, Jr, Hayes, and McFeeters, 2004). Temperature is a primary
factor influencing organic acid activity as increasing temperature typi-
cally results in increased effectiveness (Krebs, Wiggins, and Stubbs, 1983;
Brudzinski and Harrison, 1998; Uljas and Ingham, 1999).

For example, heat treatment, combined with the application of organic
acids, has been successfully used to control Salmonella in feed. The use of
organic acids was shown to enhance the destruction of Salmonella during
heat treatment. Increasing the duration of a heat treatment is, however,
more effective compared to the addition of organic acids for an equal heat
treatment time. With organic acids feed is protected against Salmonella
outgrowth, should a postprocess recontamination of the feed occur on the
farm or during storage. Increased inactivation of E. coli O157:H7 has also
been found at higher temperatures such as 35°C relative to that observed
at 25°C, which can be attributed to two factors: (1) increased transport
of organic acids into the cytoplasm of cells as a result of increased activ-
ity of the inner membrane acetoacetyl-CoA transferase, or (2) increased
metabolic activity or increased cellular membrane fluidity, to allow more
diffusion of the acids into the cytoplasm (Comes and Beelman, 2002).

Elevated temperature and citric acid have been found to increase the
susceptibility to nisin, both in culture and in foods. Exposure to a temper-
ature of 60°C for 10 min, followed by 24 h incubation by 30°C showed no
survival of bacterial cells. However, at a temperature of 50°C some viable
cells were found with the application of nisin, but survivor numbers were
significantly reduced. Stationary phase cells are more resistant to both
organic acids alone, as well as in combination with nisin, than log-phase
cells. It is speculated that Gram-negative bacterial cells are protected from
the effects of nisin by the composition of their outer layers. When these
are weakened by elevated temperature, they become sensitive by similar
mechanisms as Gram-positive bacteria (Phillips and Duggan, 2002).

5.13.5 Steam washing

Beef carcasses have been effectively treated using a steam vacuum
(Kocevar et al., 1997). The organic acids, lactic or acetic acid, are usually
applied by using a spray cabinet (Bolton, Doherty, and Sheridan, 2001).
However, a number of problems have been identified with the application
of the steam vacuum, such as:

¢ Fecal pathogens not completely removed.
¢ Temperature of meat surface should not exceed 34-49°C during
treatment.
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¢ Insufficient time for online workers to complete pasteurization, as
this process requires at least ten seconds.

* Surface curving may cause problems with proper contact of vacuum
head and limit effective treatment.

¢ Feces distributed and not necessarily removed.

* Unsuitable for decontamination of large areas on the carcass.

(Gill and Bryant, 1997; Phebus et al., 1997, Castillo et al,, 1999; Bolton,
Doherty, and Sheridan, 2001).

5.13.6 Vacuum

Vacuum-packed food allows even distribution of an antimicrobial solu-
tion in the food package, and small amounts of antimicrobial solution
can efficiently cover food surfaces, so that large amounts of liquid are not
needed in the package (Murphy et al., 2006).

5.13.7 Freezing

Freezing on its own does not provide a significant interference approach
to reduce the risk of infection with E. coli O157:H7 after consumption of
contaminated beef burgers. Application of a combination of organic acids,
freezing, and pulsed electric fields did not deliver significant reductions
in E. coli O157:H7 (Bolton, Doherty, and Sheridan, 2002).

5.13.8 Storage temperature

In a storage treatment of apple cider with a combination of 0.15% (w/v)
fumaric acid and 0.05% (w/v) sodium benzoate, increasing storage tem-
perature to 15 and 25°C significantly increased the destruction of E.
coli O157:H7 populations (Chikthimmah, LaBorde, and Beelman, 2003).
Opposed to this, the efficacy of organic acids decreases at refrigeration
temperatures, and it may take several days (Zhao, Doyle, and Besser,
1993) or even weeks (Uljas and Ingham, 1999) before a 5-log reduction
in E. coli O157:H7 populations in cider is achieved. Higher temperature
causes increased fluidity of cell membranes, which allows more rapid dif-
fusion of preservatives into the cytoplasm (Chikthimmah, LaBorde, and
Beelman, 2003).

5.13.9 Do interactions exist?

There is confusion as to whether interactive effects exist and under which
circumstances they occur, as individual environmental effects act inde-
pendently. Two strong views have been suggested with regard to the
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effect of combined environmental factors: (1) interactions exist or (2) inter-
actions do not. However, it has also been proposed that at the growth/
no growth interface, interactions do exist, but elsewhere they are additive
(McMeekin et al., 2000; Le Marc et al., 2002).

5.13.10 Buffering

Any buffering or resistance to changes in medium pH would limit the
effects of organic acids. Proteinaceous material has also been suggested
as major buffering material (Thomas, Hynes, and Ingledew, 2002; Abbott
and Ingledew, 2004). Contrary to the previous finding, immobiliza-
tion significantly enhances the inhibition of E. coli O157:H7 by organic
acids, and combinations of immobilized nisin and antimicrobials at low
temperatures increase the effectiveness of reducing E. coli O157:H7 on
ground beef (Fang and Tsai, 2003).

5.14 Comparisons among organic acids

Studies have been conducted and investigations are still underway to
determine the comparative effectiveness of the various organic acids com-
monly employed as antimicrobials. Effectiveness has been shown to be
dependent on several factors. In order to compare the inhibitory effects of
organic acids on microbial activity, determination of the parameters that
express the influence of toxic compounds is required (Malfeito Ferreira,
Loureiro-Dias, and Loureiro, 1997). Although much of the inhibitory effect
can be accounted for by pH, the various organic acids vary considerably
in their inhibitory effects. Because organic acids are not members of a
homogene series but vary in numbers of carboxy groups, hydroxy groups,
and carbon—carbon double bonds in the molecule, it has typically not been
possible to predict the magnitude, or in some cases even the direction, of
the change in inhibitory effect upon substituting one acid for another or to
predict the net result in food systems containing more than one acid. The
mode of action may well differ in bacteria, yeasts, and molds (Hsiao and
Siebert, 1999). A general rule that is sometimes applied to indicate activ-
ity is the amount of weak acid in solution is determined by the ionization
constant (K,). A weaker acid would generally have a lower K, as it yields a
lower amount of hydrogen ions in solution. Acetic acid, for example, has
a K, of 1.753 x 10-° whereas citric acid has 3 K, (7447 x 104, 1.733 x 105,
and 4.018 x 10-°); thus acetic acid may be considered “weaker” than citric
(Permprasert and Devahastin, 2005).

Despite their various chemical structures, all organic acids inhibit
microorganisms in a similar fashion. For example, all show increased inhi-
bition at low pH, microbes are inhibited rather than killed, lag phases are
prolonged, yields reduced, and active transport prevented (Stratford and
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Anslow, 1998). Direct assessment and comparison of antibacterial potency
of individual acids can be elusive because of the influence of variables
such as the physical chemistry of respective acids, the bacterial species in
question, the growth conditions or media composition, and the growth
phase. This has been augmented in part due to complexities involved in
designing and conducting the experiments that precisely delineate all of
the contributing factors. Specific quantitative in vitro responses also do not
necessarily translate to all in vivo possibilities for a particular organism.
Furthermore, common foodborne pathogens, such as Salmonella spp. can
grow in a multitude of ecosystems and, thus, in vivo growth conditions
(when organic acid exposure occurs) can vary widely. It is, for example,
possible that during their life cycle Salmonella can grow aerobically and
within a short time frame switch to an anaerobic metabolism to survive
and potentially colonize a highly fermentative environment, such as the
gastrointestinal tract. Under these conditions, not only would Salmonella
be required to survive high concentrations of short chain fatty acids
(SCFA) produced by other organisms, but would also be generating and
excreting organic acids of its own (Ricke, 2003).

In the pH range between 4.0 and 5.5 it was found that among five
organic acids (lactic, acetic, citric, malic, and hydrochloric acids), lactic
acid consistently had the greatest activity against enterohemorrhagic E.
coli and HCl had the least (Buchanan, 2004). Tests on Salmonella typhimu-
rium in stomach contents at pH 4 found the killing effect of organic acids
to range from low to high in the following order: acetic < formic < propi-
onic < lactic < sorbic < benzoic. From a purely biochemical angle, formic
acid (the shortest-chain organic acid) should find it easier to diffuse into a
cell and to cause acidification of cytoplasm (Chaveerach et al., 2002) com-
pared to longer-chain molecules. In culture media, workers have shown
that acetic acid exhibits a more potent antilisterial effect than lactic acid
whereas the latter is more inhibitory than HCIl. Malic acid (the predomi-
nant organic acid in apples) has been reported not to be as effective as lac-
tic acid in suppressing growth of L. monocytogenes (Doyle, 1999). In another
report acetic acid wash has been recommended over lactic acid due to its
availability and safety (Kerth and Braden, 2006), whereas citric acid (pres-
ent in citrus fruits) is more effective than acetic acid and lactic acids for
inhibiting growth of thermophilic bacteria (Barbosa-Cénovas et al., 2003).
In the case of comminuted sausages, sodium lactate has been suggested as
a potential replacement for potassium sorbate or sodium benzoate (Diez-
Gonzalez and Russell, 1997).

In the case of the organism Y. enteric, at high pH (5.8) the order of inhi-
bition was reported to be formic > acetic > propionic > lactic, whereas at
lower pH values it became formic > lactic > acetic > propionic (El-Ziney,
De Meyer, and Debevere, 1997). In another study sodium benzoate was
found to be more effective at inactivating E. coli O157:H7 than potassium
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sorbate (Comes and Beelman, 2002). Lactic acid was found to be more
effective than citric acid and a 9% concentration was more effective than
a 1% concentration in decontamination of chicken skin by immersion in
acid. Ascorbic acid dipping was found to reduce psychrotrophic microbial
counts whereas ascorbic and citric acid improved lipid stability (Huang,
Ho, and McMillin, 2005). Sodium citrate showed more potent antibacte-
rial activity compared with sodium lactate. The mode of action of these
two acids has been reported to act through chelation mechanisms. In this
case sodium citrate, which has three carboxylic groups, is likely to form
more stable complexes than sodium lactate which has only one (Juneja
and Thippareddi, 2004).

The alkyl esters (methyl, ethyl, and propyl) of p-hydroxybenzoic acid
(the parabens) are widely used for their antifungal properties. The preser-
vative effect of parabens tends to increase with increasing molecular mass.
The methyl ester appears to be more effective against molds, whereas the
propyl ester is more effective against yeasts (favored for oils and fats, for
solubility reasons) (Gonzalez, Gallego, and Valcarcel, 1998).

Other studies have indicated that acetate is a weaker acid than lactate,
and that tryptic soy broth yeast extract (TSBYE) has a higher buffering
capacity when applied in meat washings. TSBYE acidified to pH 2.5 with
acetic acid, was of immediate lethality (<1.0 log CFU/ml at time zero on
all recovery media) to all L. monocytogenes strains and TSBYE acidified
(pH 2.5) with lactic acid resulted in no survival (<1.0 log CFU at 60 min. In
contrast, the 2% lactate washings of pH 2.5 permitted survival for 30 to 60
min. Accordingly TSBYE, acidified to pH 3.5 with acetate was more lethal
to L. monocytogenes than 2% acetate washings (although of higher pH)
(Samelis et al., 2001). The growth-inhibitory mechanism of citric acid on
yeasts appears to be different from that of classic weak-acid preservatives
in that the latter compounds exhibit their highest antimicrobial activity in
their undissociated form at low pH values (Nielsen and Arneborg, 2007).

Lactic acid alone was unable to prevent growth of spoilage yeasts,
even at high lactic acid concentration (pH 3.74) in olives, whereas potas-
sium sorbate, at concentrations of 0.025% (as acid) showed good inac-
tivation effect on yeasts in seasoned olives, regardless of its use in
combination with 0.2% citric, lactic, or acetic acids, although it did not
have an appreciable influence on LAB. Among the three acids, lactic acid
was slightly less effective and showed a yeast population tail on both FF
and SF in olives. Benzoate efficiently inactivated microbial growth in FF,
and regardless of type of acid, the yeast population was rapidly destroyed
by the presence of this preservative and disappeared completely after 25
h (citric and lactic acids) or 50 h (acetic acid) (Bravo et al., 2007). Lack of
inhibitory action of sorbate and benzoate against LAB was also observed
(Lues, 2000) and a favorable effect on LAB growth was even reported.
Benzoate, in combination with acetic acid had a lower effect although
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it was consistent and progressive during the storage period. This acid
would, therefore, be a better choice when benzoate is used to preserve
seasoned olives from SF (Bravo et al., 2007).
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chapter six

Problems associated with
organic acid preservation

6.1 Adverse effects on humans and animals
6.1.1 Chemical reactions in humans (“allergies”)

Although only about 2% of adults and 5% of children have been estimated
to be sensitive to foodborne allergens, the number of patients suffering
from food allergies has increased dramatically in the last decades, render-
ing allergic diseases a serious health problem. Changes in eating habits
and changes in the environment have been indicated as the main reasons
(Hayakawa, Linko, and Linko, 1999). True food allergies are often difficult
to diagnose, as similar symptoms are caused by several factors such as
food intolerance, seafood toxins, or chemical additives (Furukawa, 1991;
Hefle, Nordlee, and Taylor, 1996).

It is important to note at this stage, that preservatives and additives
cause chemical and not allergic reactions (Motala and Steinman, 2008).
Although it is now evident that benzoic acid and sorbic acid are the most
commonly used additives and are applied to a wide variety of foods (Gould
and Jones, 1989; Wen, Wang, and Feng, 2007), sodium benzoate is known
to be the causative agent of hyperactivity or tight chests in individuals who
have asthma, although only some asthmatics will react to these substances
(Motala and Steinman, 2008; Poulter, 2007). Consumers also often complain
of a scratchy feeling at the back of their throats, and other reactions, such
as rashes have also been reported. There are no reliable tests to confirm
sensitivity to these chemicals (Motala and Steinman, 2008).

Sorbic acid is preferred to other organic acids due to its harmlessness
and organoleptic neutrality (Banerjee and Sarkar, 2004). However, concern
has arisen that sorbic acid, together with benzoic acid, may cause oxida-
tive stress in humans. Benzoic acid is also generally assumed to be safe,
being conjugated in the liver to produce benzoylglycine (hippuric acid),
which is then excreted in the urine. Sorbic acid is also largely excreted, as
the oxidation product 2,4-hexadienedioxic acid. The problem is that before
these acids are transported to the liver, they will come into contact with
epithelial cells of the gastrointestinal tract. Further information is needed
to determine if weak organic acid food preservatives exert pro-oxidant
effects on these epithelia (Piper, 1999). There is also concern that excessive
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use of benzoic or sorbic acid may lead to serious side effects such as meta-
bolic acidosis, convulsions, and even hyperpnea in humans (Tfouni and
Toledo, 2002; Wen, Wang, and Feng, 2007).

The American Academy of Allergy and Immunology (AAAI) has
defined a food allergy or hypersensitivity as an immunological reaction
resulting from ingestion of a food or food additive (Hayakawa, Linko, and
Linko, 1999). This reaction occurs only in some patients, may occur when
only a small amount of the substance is ingested, and is related to any
physiological effect of the food or the food additive (Anderson and Sogn,
1984; Hayakawa, Linko, and Linko, 1999). As a result of pressure from
consumers in particular, interest in the reduction of allergenic activity of
foods during processing has increased. This may involve enzymatic mod-
ification or genetic engineering, and the development of either hypoaller-
genic foods or the substitution of foods (Itoh, 1996).

6.1.2  Organic acids as pro-oxidants

The use of sulfite, one of the very first preservatives, has been greatly
reduced because of reports of adverse effects on human health, especially
in steroid-dependent asthmatics. It has been replaced in food preserva-
tion by the use of organic acids. In various studies, however, it has been
found that preservatives are also acting as pro-oxidants and can even be
mutagenic toward the mitochondrial genome of yeasts in aerobic environ-
ments. The potential for weak organic acid food preservatives to act as
pro-oxidants in humans should receive much attention if only to reassure
the public of the complete safety of these compounds (Piper, 1999).

A pro-oxidantis a chemical thatinduces oxidative stress, either through
creating reactive oxygen or inhibiting antioxidant systems. Benzoic acid is
one of the organic acids found to be a pro-oxidant. This is a rather sur-
prising finding, as it is also known that the related 2-hydroxybenzoic acid
(salicylic acid) acts as a scavenger of free radicals in vivo. Sorbic acid and
benzoic acid were also found to be mutagenic toward the yeast mitochon-
drial genome, but only in the presence of oxygen (Piper, 1999).

Ascorbic acid acts as both an antioxidant and a pro-oxidant.
Appropriate levels for preventing muscle discoloration are, therefore,
dependent on a number of factors, such as the presence and concentration
of metals within a food (Mancini et al., 2007). Ascorbic acid’s pro-oxidant
action could also be attributed to the production of ferrous heme proteins,
which may be more reactive and more oxidative than ferric derivatives
(Yamamoto, Takahashi, and Niki, 1987). The addition of citric acid as che-
lator may improve the efficacy of ascorbic acid in muscle food (Mancini
et al., 2007).
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6.2 Adverse effects on foodstuffs

Organic acids have a direct influence on the quality of many natural and
processed foods. The primary purpose of added organic acids is often to
provide a particular flavor, taste, or aroma supplementary to their role
as stabilizers or preservatives (Gomis, 1992). Unfortunately, often these
organic acids may have a negative effect on the appearance of food prod-
ucts. For example, after organic acid application, the surface of cut meat
often appears deteriorated and undesirable to any consumer (Smulders
and Greer, 1998). However, studies have shown that supplementation of
beef trimmings or minced beef with lactic acid or citric acid to a final con-
centration of 2% (v/v) did not produce significant changes in the appear-
ance or smell of these products (Bolton et al., 2002). When organic acids are
used as marinades, it can have a negative effect on the quality of meat with
regard to water-holding capacity, marinade retention, percentage loss dur-
ing the cooking process, and also moisture and binding ability (Carroll et
al,, 2007). Many countries (including Canada) do not allow the use of pre-
servatives in various foodstuffs, as it is believed that this would reduce the
“natural” appeal of minimally processed food products, for example, fruit
yogurts, despite the fact that organic acids are mainly natural products,
commonly found in various foodstuffs (Penney et al., 2004).

Sorbic acid has many advantages over many other organic acids, such
as being less linked to pH for optimum antimicrobial activity, low in price,
and having very little residual taste. Unfortunately, a drawback associated
with sorbic acid is the adverse effect on yeast activity and dough rheol-
ogy in the production of bread. This inevitably results in production of
reduced loaf volume and also renders the dough sticky and difficult to
process (Guynot et al., 2005).

6.3  Protective effects on microorganisms

In fermented and minimally processed products background flora are
often present and can have a notable influence on the behavior of contami-
nating microorganisms (Janssen et al., 2006). These microbial interactions
are very important in determining the safety of such products (Breidt, Jr.,
and Fleming, 1998). Various factors may exert profound influences on the
negative microbial interaction between microorganisms. These include
organic acid production and a decrease in pH, as well as the production of
bacteriocins (Janssen et al., 2006). In vitro studies have shown that the use
of certain weak-acid preservatives may, under some conditions enhance
the growth of fungal species isolates in food products (Marin et al., 2002,
2003).

The hurdle concept for effective preservation of foods may inhibit
outgrowth, but has been found to induce prolonged survival of Escherichia
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coli O157:H7 in minimally processed foods (Uyttendaele, Taverniers, and
Debevere, 2001). When compared to pH, acetic acid, malic acid, and r-lactic
acid can provide protective effects on the survival of E. coli O157:H7 at con-
centrations between 5 and 10 mM. p-Lactic has a greater protective effect
(approximately a 4-log increase in survival) over a wider range of concen-
tration, from 1 to 20 mM. Citric acid, on the other hand, does not appear to
exhibit any protective effect at similar concentrations (Bjornsdottir, Breidt,
Jr., and McFeeters, 2006).

6.4 Sensorial effects and consumer perception

Food producers are increasingly faced with challenges as a result of
demands and sometimes inconceivable expectations of the consumer.
Although it is known that the color of food and beverages has a dramatic
influence on consumer preferences (Calvo, Salvador, and Fiszman, 2001;
Gamble, Jaeger, and Harker, 2006; Cortés, Esteve, and Frigola, 2008), con-
sumers have also become more critical of the use of additives to preserve
food or to improve color and flavor (Bruhn, 2000). Minimal processing
techniques have been put in place to meet these challenges (Rico et al.,
2007). The color of citric beverages, in particular, is related to the consum-
er’s perception of flavor, sweetness, and other characteristics in relation
to the quality of these products (Tepper, 1993; Cortés, Esteve, and Frigola,
2008). Consumer purchases of raw chilled meat are critically influenced
by color, as appearance is the first impression of meat offered to the pub-
lic. Other aspects of meat quality, such as composition, palatability, and
safety, are of secondary concern (Huang, Ho, and McMillin, 2005). It must
be kept in mind that consumer perceptions, related to human subjectiv-
ity, will ultimately determine purchasing and consumption decisions
(Verbeke et al., 2007).

It is becoming increasingly obvious that what the public says it wants,
and what it actually buys, are often not the same, which often indicates
that people’s desires and realities are at opposite ends of the spectrum.
People want food that is fast and easy to prepare (such as that intended for
microwave heating) to look, smell, and taste as good as food prepared in
a conventional oven, and also to be as safe and nutritious. To accomplish
these desires and demands, it is often necessary to add more additives not
fewer! (Forman, 1998).

6.5 Recommended daily intake

Organic production methods lead to increases in nutrients, particularly
organic acids and polyphenolic compounds, many of which are consid-
ered to have potential human health benefits as antioxidants. The impact
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on health when consuming great levels of organic acids and polypheno-
lics has not yet been determined (Winter and Davis, 2006).

Both the FDA and USDA provide extensive regulatory oversight in
ensuring the safety of the food supply (Donoghue, 2003). Moreover, in
current FDA regulations for acidified foods, no mention is made of the
amount or type of organic acid needed to lower the pH (Bjornsdottir et al.,
2006). The maximum permitted concentration in different foods should
be regulated by legislation (EC, 1995; Wen, Wang, and Feng, 2007), and
a mandatory step in routine food analyses should be the determina-
tion of this maximum permitted concentration (Gonzalez, Gallego, and
Valcarcel, 1998).

6.6  Odors and palatability

Organic acids significantly affect the flavor and quality of food, although
some acids generally have aggressive odors and may reduce the palatability
of food. This is, however, more obvious in animal feed and diet (Tsiloyiannis
etal,, 2001). In addition to this, when using individual aromatic compounds
in preservation, high concentrations are often needed to inhibit contami-
nating microorganisms. Such high concentrations often exceed the flavor
threshold acceptable to consumers. Alternative ways of preventing growth,
while keeping high flavor quality, are to combine different preservative
techniques, so-called hurdle technology (Nazer et al., 2005).

Flavors of organic acids range from fresh acidic (citric acid) to salty
and bitter (succinic acid). This characteristic plays an important role in the
wine industry. The natural malolactic conversion causes major changes in
fermented beverages, red wine, and cider, which results in a decrease in
the acidity of red wine and cider, and the replacement of malic acid with
lactic acid, which has a weaker taste (Gomis, 1992).

Sensory characteristics of benzoic acid are not commonly known, but
relating to its chemical structure, benzoic acid might induce either sour-
ness in taste or pungency (irritation) due to general chemical stimulation
(Otero-Losada, 1999). The hydroxy derivatives of benzoic acid (salicylic
[2-hydroxy], m-hydroxy [3-hydroxy], gentisic [2,5-digydroxy], protochat-
echuic [3,4-hydroxy], and gallic [3,4,5-trigydroxy] acids) also induce sour-
ness, astringency, and prickling (pungency), although with different
intensities. However, from previous evidence, it is known that benzoic
stimulates the general chemical sense through activation of trigeminal
nerve endings coexisting with taste cells, to induce a mild pungency, or
a prickling taste (Peleg and Noble, 1995). Benzoic is, therefore, considered
a prototypical mild pungent stimulus. It induces prickling and may be
perceived as slightly sour (Otero-Losada, 1999).

The sharp, strong acidic taste of citric acid may overpower the flavor
of sweeteners and flavorants in a product if additionally added. The use of
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certain synthetic high-intensity sweeteners in a foodstuff may result in a
bitter aftertaste. To overcome this, it is used in conjunction with citric acid.
However, citric acid also has a short-lived tartness flavor, which is rapidly
lost, leaving the bitter aftertaste (Fowlds, 2002).

6.7 Cost

A major predicament in the application of organic acids is the high cost.
The most expensive organic acids are known to be malic acid, citric acid,
and tartaric acid (Castillo et al., 2004; Couto and Sanroman, 2006). The latter
is generally the most expensive of the commonly used food acids (Fowlds,
2002). Citric acid is one of the most commonly used organic acids in both
the food and pharmaceutical industries because of its pleasant taste and
high solubility as well as its flavor-enhancing properties. Although citric
acid can be obtained by chemical synthesis, the cost is much higher than
using fermentation (Couto and Sanroman, 2006).

6.8 Application methods

Effective food processing entails overpowering the microbial cell’s ability
to survive in hostile environments, while taking great care to employ a
minimum of energy-wasting processing steps (Hill, O’Driscoll, and Booth,
1995). In 1987 a group of international experts discussed the possibility of
an integrated approach on how to assess the efficacies of various sepa-
rate or combined production practices (Smulders, 1987). A consensus was
reached, concluding that strict adherence to measures of good financial
practice (GFP) and good manufacturing practice (GMP) during produc-
tion and processing should be the basis of muscle food safety strategies.
It was also decided that any decontamination steps should only serve as
additional measures to assure safety of a food product (Smulders and
Greer, 1998; Couto and Sanroman, 2006).

In carcass decontamination, dilute solutions of organic acids (1-3%)
generally have no effect on desirable sensory properties of meat. However,
this is dependent on treatment conditions, and some acids, in particular,
lactic and acetic acid, can produce adverse sensory changes when applied
to meat cuts. These changes are frequently irreversible. Problems are also
often encountered after organic acid spray in carcass decontamination as
a result of recontamination during carcass breaking and also further pro-
cessing steps (Smulders and Greer, 1998). Various studies have reported on
such sensory effects after application of the organic acids in meat decon-
tamination. Some of the results are presented in Table 6.1.

Organic acids have to overcome the protective effect posed by some
food products, such as the high lipid content and topography of chicken
skin, which are primary protective factors (Tamblyn and Conner, 1997).
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Table 6.1 Some Effects Detected on Sensory Properties of Subprimal or Retail
Cut Red Meat (Beef) after Application of Organic Acids

Meat Organic acid Application Effect on sensory
portion treatment method quality

Steaks 1% acetic acid or Spray No effect on color or odor
lactic acid

Steaks 2% acetic acid or Dip Discoloration
lactic acid

Loin strips 1% acetic acid or Spray No effect on color or odor
lactic acid

Loin strips 2% acetic-lactic Spray No effect on color
combination

Loin strips 2% acetic-lactic Spray No effect on color or odor
combination

Cubes 1.2% acetic acid Dip Discoloration, off flavor

Sources: Data from Bell et al., Journal of Food Protection, 49:207-210, 1986; Acuff et al. Meat
Science 19:217-226, 1987; Dixon et al., International Journal of Food Microbiology 5:181-186, 1987;
Kotula and Thelappurate, Journal of Food Protection 57:665-670, 1994; Goddard et al., Journal of
Food Protection 59:849-853, 1996; Mikel et al., Journal of Food Science 61:1058-1061, 1996.
However, the maximum concentration of preservatives permitted in each
type of food is controlled by legislation (Gonzalez, Gallego, and Valcarcel,
1998). The ideal would be to increase the antimicrobial activity of lower
concentrations of organic acids as food preservatives (< 1%). This would
overcome the problems with cost and quality associated with high con-
centrations of acids (Tamblyn and Conner, 1997). There is, therefore, the
increasing need in the regulation of food safety to be able to predict the
safe limits of weak-acid preservation processes (Quintas et al., 2005). The
application of inadequate concentrations may lead to induction of toler-
ance to organic acids, which in turn would affect the virulence of a patho-
genic invasive organism (Hill, O’Driscoll, and Booth, 1995).

Commercial trials are continuously necessary to develop and evaluate
organic acid systems designed for the commercial environment, in order
to enhance meat safety without sacrificing desirable sensory properties.
These trials are essential to provide regulatory agencies and meat proces-
sors with the information needed to redirect some of their decontamina-
tion efforts to postcarcass processing and storage (Smulders and Greer,
1998). Spraying with diluted solutions of organic acids may also cause a
decrease in the pH value of the meat (Alvarez-Ordériez et al., 2009).

Low concentrations of organic acids are not effective against Salmonella
enterica sv. Typhimurium attached to broiler carcasses (Lillard et al.,
1987, Tamblyn and Conner, 1994), and application could result in induc-
tion of tolerance, which in turn would have an impact on the virulence
of a pathogenic invasive organism (Hill, O’'Driscoll, and Booth, 1995).
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However, higher concentrations, for example, 4%, which is usually effec-
tive against S. enterica sv. Typhimurium (attached to broiler skin) would
produce adverse carcass characteristics, such as bleaching of the skin and
would also be too costly for use in the processing plant (Tamblyn and
Conner, 1997).

The possible long-term consequences of meat decontamination on
the microbial ecology of plants and products is a cause for concern
(Stopforth et al., 2003). The runoff and aerosol dispersion from spray-
washing applications may provide a favorable environment for bacterial
contamination from washed carcasses, leading to possible biofilm forma-
tion (Hood and Zottola, 1997; Wong, 1998). Organic acid meat runoff may
also mix with the water meat runoff in packing plants and may exert a
sublethal acid stressing effect on meatborne pathogens (Samelis et al.,
2002). This may result in biofilms composed of acid stressed/adapted
pathogenic strains (Stopforth et al., 2003). Extended acid stressing may,
therefore, result in pathogen survivors adapted to acid, enhance viru-
lence, and trigger adaptive mutations of permanent acid/stress resis-
tance (Sheridan and MacDowell, 1998). These pathogens, that are now
part of mixed microbial cultures in a food environment, may react dif-
ferently to decontamination than pure cultures in controlled environ-
ments (Samelis et al., 2001).

6.9 Oxidation

Oxidation is a common problem associated with some organic acids, for
example, ascorbic acid (vitamin C). When dissolved, ascorbic acid is readily
oxidized to dehydroascorbic acid, catalyzed by air or light exposure (Wu et
al., 1995). Ascorbic acid solutions should be freshly prepared and kept tightly
closed and not exposed to light. Organic acids also promote lipid oxidation
which increases with increasing acid concentration (Ogden et al., 1995).

6.10 Ineffectiveness

Several factors can alter the effective concentration of a preservative in
food products or feed (Ricke, 2003). The spectrum of activity of some
organic acids, in particular sodium lactate, is relatively narrow or may
be specific to a certain group of organisms. This may pose a problem,
as other mechanisms may take over after time (Lemay et al.,, 2002).
Sodium benzoate or potassium sorbate are both chemical preservatives,
approved for use in a wide range of foodstuffs, but have been shown to
have only limited effect on E. coli O157:H7 (Comes and Beelman, 2002).
This observation is augmented by the fact that various microbiota can
utilize organic acids as both carbon and energy sources (Van Immerseel
et al., 2006).
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6.11 Influence on tolerance to other stresses

The organicacidsin food preservation cause definite culture pH-dependent
effects on both (1) the heat-shock response and (2) the thermotolerance
of the two important food-associated fungi Saccharomyces cerevisine and
Zygosaccharomyces bailli. Sorbic and benzoic acids have definite influ-
ences on the heat-shock response and thermotolerance of S. cerevisiae and
these effects are strongly dependent on pH. At low pH these acids will
inhibit both the heat-shock protein (Hsp) and thermotolerance induction
during sublethal (39°C) heat shock and also cause strong induction of
respiratory-deficient petites among the survivors of lethal (50-52°C) treat-
ment. At higher pH, sorbic acid causes strong induction of thermotoler-
ance, but without inducing a heat-shock response (Cheng, Moghraby, and
Piper, 1999). Undissociated acetate (but not dissociated acetate) induce the
extreme acid resistance of E. coli O157:H7. It appears, therefore, that pH
effects are mediated via acetate dissociation. Propionate and butyrate can
encourage the development of extreme acid resistance in nonpathogenic
E. coli, and are less effective than acetate in increasing the extreme acid
resistance of E. coli O157:H7. Benzoic acid is ~100x less active than acetic
acid in promoting the survival of E. coli O157:H7. However, acetic acid only
promoted the survival of E. coli O157:H7 cells when added before they
reached the stationary phase (Diez-Gonzalez and Russell, 1999).

Exposure to acid frequently induces stress responses in listeriae which
make these bacteria more tolerant of acidity, ethanol, or hydrogen perox-
ide (Doyle, 1999). L. monocytogenes can grow in the presence of organic
acids and salt, apart from its ability to grow at temperatures as low as
-0.4°C (Sleator et al,, 2001; Bereksi et al., 2002). It was found that expo-
sure to salt and organic acids increased the ability of L. monocytogenes to
invade Caco-2 cells (tumor-derived cells). However, exposure to organic
acids and salt decreases the ability of L. monocytogenes to survive gastric
stress (Garner et al., 2006).
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chapter seven

Large-scale organic
acid production

7.1 Introduction

Organic acids are widely distributed in nature as normal constituents of
plants or animal tissues and for their various industrial applications are
commonly derived from food plants and food grade microbes (Gauthier,
2005; Penney et al., 2004). Mycelial fungi and certain groups of bacteria
(e.g., lactic acid and acetic acid bacteria) have for many years been used as
conventional producers of organic acids. In the 1960s the ability of yeasts
to synthesize the carboxylic acids was stumbled upon unexpectedly. This
was during the early stages of worldwide research on the use of oil hydro-
carbons as raw materials for the production of microbial protein. The first
notable reports of success came from Japan and the Soviet Union. From
Russia, it was reported that alkaline-assimilating yeasts were able to pro-
duce considerable amounts of organic acids (the Krebs cycle intermedi-
ates, a-ketoglutaric, citric acid, and treo-D,-(+)-isocitric) from petrolatum
(Finogenova et al., 2005).

7.2 Naturally occurring weak organic acids

Organic acids occur naturally in a variety of foods as a result of (1) nor-
mal biochemical metabolic processes, (2) direct addition as acidulants, (3)
hydrolysis, or (4) bacterial growth (Gomis, 1992). In Table 7.1 some of the
most abundantly found organic acids are described.

7.3 Microbial physiology and organic acids

Production of organic acids is found among various bacterial and fun-
gal species. This is particularly common among all lactic acid bacteria
(LAB) (Vesterlund et al., 2004). Heterofermentative LAB are able to fer-
ment various organic acids, predominantly citrate, malate, and pyruvate
(Zaunmuller et al., 2006). In various species and strains of LAB, organic
acid production may, however, vary. For example, in Lactococcus lactus
pyruvate is partially converted to a-acetolactate when electron accep-
tors (such as citrate) are present, whereas Lactobacillus sanfranciscensis
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Table 7.1 Natural Occurrence of Organic Acids

Organic acid Source found Natural function Reference
Lactic acid Not naturally in Natural Alakomi et al.
food, formed antimicrobial 2000;
during Barbosa-Canovas
fermentation et al. 2003
Abundant in
fermented food
Succinic acid  Plant and animal Role in Barbosa-Cénovas
tissues intermediary et al. 2003;
metabolism of Food-Info 2009
human body

Citric acid

Malic acid

Tartaric acid

Benzoic acid

Propionic acid

Cinnamic acid

Citrus fruits

Fruit and vegetables

Fruits, such as
grapes and
pineapples

Various fruits,
especially berries
(cranberries,
raspberries), plums,
prunes, also
cinnamon and
cloves

In foods by natural
processing

Spices, including
cinnamon plants

Essential for citric
acid cycle in
respiration of
plants

Part of metabolic
pathway of every
living cell

Regulates acidity,
enhances taste

Antifungal action,

specifically in
acidic substrates

Product of
fermented foods

Phenolic component

Barbosa-Céanovas
et al. 2003;
Food-Info 2009

Barbosa-Canovas
et al. 2003;
Food-Info 2009
Barbosa-Canovas
et al. 2003;
Food-Info 2009
Barbosa-Canovas
et al. 2003;
Chen et al. 2001;
Penney et al. 2004

Barbosa-Canovas
et al. 2003;
Food-Info 2009

Roller 1995

strains use a pyruvate branch when converting citrate to lactate and ace-
tate. Malate and fumarate are converted to lactate by L. sanfranciscensis,
whereas Lactobacillus reuteri and Lactobacillus pontis do not utilize citrate,
but convert malate and fumarate to succinate. Citrate conversion to suc-
cinate is more commonly found in lactobacilli (Ganzle, Vermeulen, and
Vogel, 2007). Accelerated acetic acid production is typical for citrate utili-
zation. Lactobacillus strains produce acetic acid quite late in fermentation
and may appear low when compared to lactic acid (Rossland et al., 2005).
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Efficient lactic acid production from cane sugar molasses is achieved by
Lactobacillus delbrueckii in batch fermentation. Fermentative production
of lactic acid is very effective in producing optically pure L- or p-lactic
and also pr-lactic acid, depending on the strain (Dumbrepatil et al., 2008).
Lactobacillus plantarum cells are homofermentative, often used for produc-
tion of lactic acid from glucose fermentation (Krishnan et al., 2001).

The acetic acid bacteria (AAB) play an important role in the produc-
tion of vinegar (acetic acid) from fruit juices and alcohols as they are able
to oxidize sugars, sugar alcohols, and ethanol. Acetic acid is the major
end product of this unique metabolism. These bacteria, therefore, often
occur in sugar—alcohol-enriched environments. The production of acetic
acid is in essence a two-stage process, with yeasts converting sugars to
alcohol (C;H;,0, — 2CH,;CH,OH + CO,), followed by oxidation of ethanol
to acetic acid by AAB (C,H;0 + O, = CH;COOH + H,0). Vinegar is the
traditional product of acetous fermentation of natural alcoholic substrates,
and is classified as fruit, starch, or spirit substrate vinegar, depending on
the substrate (Beuchat, 1995; Tr¢ek, 2005).

Various genera of the AAB are classified in the family
Acetobacteriaceae. AAB that are most commonly used for commercial
production of vinegar are members of Acetobacter, Gluconobacter, and
Gluconoacetobacter. Industrial manufacturing of vinegar is categorized
into: (1) slow processes, (2) fast processes, and (3) submerged processes.
Other products of the AAB include 2-keto-L-gulonic acid, p-tagatose,
and shikimate, all products used in various other food and pharma-
ceutical industries.

Propionibacteria are able to utilize lactate as a substrate much more
rapidly than glucose. An alternative production of propionic acid by spe-
cies of propionibacteria, is achieved from sugars through lactate as an
intermediate (Tyree, Clausen, and Gaddy, 1991). Overall production of
propionic and acetic acid from glucose by Propionibacterium is given by:

1.5CH,,04 — 2C,H;COOH + CH;COOH + CO, +H,0 (71)
Thesugarsare firstfermented tolacticacid by aspecies of Lactobacillus. Lactic
acid is then converted to propionic and acetic acids by propionibacteria
(Tyree, Clausen, and Gaddy, 1991). Lactic acid is rapidly formed from glu-
cose using lactobacilli:

C.H,,0, — 2CH,CHOHCOOH (7.2a)

Propionic and acetic acids are then produced from lactic acid:

3CH;CHOHCOOH — 2CH,CH,COCH + CH,COOH + CO, + H,O (7.2b)
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Both of these fermentation processes theoretically give the same yields of
propionic and acetic acids from glucose (Tyree, Clausen, and Gaddy, 1991).

The most widely used fermentation process utilizes the fungus
Aspergillus niger. Microbial production of many organic acids is the pre-
ferred method and dates back several decades (Ramanchandran et al,,
2006). Members of the fungal group Aspergillus section Nigri (formerly A.
niger group) are considered common food spoilage fungi and are distrib-
uted worldwide. However, some are widely used and studied for indus-
trial purposes as they are common sources of organic acids and also
extracellular enzymes for application in food processing (Abarca et al.,
2004). Although being a recognized opportunistic pathogen, A. niger holds
the GRAS (generally recognized as safe) status from the FDA (Bigelis and
Lasure, 1987). Despite the fact that this organism is also notorious for its
ability to produce ochratoxin A (OTA), it has long been used in the food
industry, without any apparent adverse effects on human health (Abarca
et al., 2004).

74 Substrates and yields

The world’s food supply strongly depends on access to fermented food. In
turn, successful fermentation depends on the production of antimicrobial
metabolites by starter cultures (Nes and Johnsborg, 2004). Fermentation
of a wide range of dairy products, meat, and vegetable foods, commonly
involves the use of bacteria such as LAB as starter cultures. During the
fermentation of dairy products, these cultures metabolize lactose to lac-
tic acid, which lowers the pH to create an environment unfavorable to
pathogens and spoilage organisms, and also acts as a powerful inhibitor
of the growth of these organisms (Davidson et al., 1995; Aslim et al., 2005).
Low pH also assists in producing the desired organoleptic properties of a
fermented foodstuff. Although other compounds are also produced, the
production of sufficient quantities of an organic acid, in particular lactic
acid, is essential for the success of the fermentation (Davidson et al., 1995).
Lactic acid is not naturally present in foods, but is commonly formed dur-
ing fermentation of foods such as sauerkraut, pickles, olives, some meats,
and cheeses. Propionic acid also occurs in foods as a result of natural pro-
cessing. An example is Swiss cheese at concentrations up to 1%, where
propionic acid may be found, as produced by Propionibacterium shermanii
(Barbosa-Céanovas et al., 2003).

In vegetables, natural microflora may consist of various genera of bac-
teria, yeasts, and molds. The organic acid content of a tomato is responsible
for the low pH of between 4.0 and 4.6 (Gutheil, Price, and Swanson, 1980;
Sajur, Saguir, and Manca de Nadra, 2007). Sorbic acid and perbenzoic acid
are found in particularly high levels in several wild berries (Piper, 1999).
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Organic acids are also general compounds in wine-derived products.
Some of them originate from the grape, whereas others may first appear
during various kinds of fermentation. Tartaric acid is a major acid in
wine, but is also prevalent in the grape. It is, therefore, commonly found
in grape-derived products, and is also present in appreciable amounts in
wine vinegar and in low concentration in cider vinegars. Total acidity of
vinegars is expressed as acetic acid because it is the major organic acid in
vinegars. The level and character of organic acids in vinegars may actu-
ally provide information concerning (1) the origin of the raw material, (2)
the nature of microbiological growth, and even (3) the processing tech-
niques used (Morales, Gonzalez, and Troncoso, 1998).

Malic acid is present in low amounts in wine vinegars, but may be
very variable, depending on the origin of the wine and also on the dif-
ferent treatments. In cider vinegars and sherry vinegars, malic acid is the
main representative. High concentrations are, for example, found in bal-
samic vinegar. As a result of malolactic fermentation, malic acid is con-
verted to lactic acid and generally produced after alcoholic fermentation.
The high malic acid content of apples is commonly reduced by this fer-
mentation. A high amount of lactic acid is formed in cider vinegars, and
partially oxidized by acetic bacteria, whereas citric acid is not abundantly
found in cider vinegars. Acetic acid levels are usually very high in sherry
vinegars (Morales, Gonzalez, and Troncoso, 1998). The natural process of
malolactic conversion causes considerable changes in fermented bever-
ages, red wine, and cider. Such changes may include a decrease in the
acidity of red wine and cider, and also the replacement of malic acid with
lactic acid. The latter has a weaker taste and ultimately improves the fla-
vor of these two types of drinks as well as increases their microbial safety
(Gomis, 1992).

Microbiological changes in acidic food and beverages at low pH (pH
< 4.5), such as fruit juices and purées generally do not involve toxin pro-
duction (except mycotoxin formation as a result of some mold types), but
can cause a degradation in quality and consequent commercial damages.
The presence of fumaric acid is often the result of spoilage of fruit juices
by molds, such as Rhizopus stolonifer. However, fumaric formation can also
arise from the addition of synthetic malic acid, which is considered as an
index of adulteration, when confirmed by detection of p-malic acid not
present in malic acid from natural sources (Trifiro et al., 1997). The capac-
ity to produce organic acids by spoilage microbiota may, however, pose a
further spoilage factor. Citrate is, for example, produced in huge amounts
by various organisms and has distinctive acidifying power (Guerzoni,
Lanciotti, and Marchetti, 1993).

Acetic acid is one of the main products of AAB metabolism and is
found in many foods as the result of the presence and activity of these
bacteria. Acetic acid is also a major volatile acid in wine but also one of the
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main reasons for wine spoilage; for example, when reaching levels above
1.2-1.4 g/litbecomes a problem. AAB are, however, able to survive in high
acidic and high ethanol conditions, such as wine, where they may be the
main oxidative microorganisms (Gonzalez et al., 2005).

7.5 Industrial fermentation

Organic acids are mainly produced by fermentation (Bailly et al., 2001).
More recently the term “biopreservation” has been employed to link fer-
mentation and preservation as it refers to increasing the shelf life and
improving the safety of food by using microorganisms or their metabo-
lites or both (Ross et al., 2002). Citric acid is a typical fermentation product
and was originally produced by large fermentation companies in Western
countries (Marz, 2002). However, the types of organic acids and also the
levels that are produced during a fermentation process mostly depend on
various factors such as microbial species or strains, culture composition,
and growth conditions (Lindgren and Dobrogosz, 1990). For example, an
organic acid such as lactic acid may be in equilibrium with its undissoci-
ated forms during fermentation and the extent of this dissociation usually
depends on the pH of the culture (Ammor et al., 2006).

Lactic acid is such an important factor in the whole process of fermen-
tation that, although other compounds made by starter bacteria can pre-
vent the growth of unwanted microorganisms, the production of adequate
quantities of lactic acid is fundamental to the success of the fermentation.
This dependence on the low pH that results from synthesis of organic
acids acts as a powerful inhibitor of the growth of food spoilage organ-
isms and human pathogens, but also adds to the organoleptic properties
of the fermented food product (Davidson et al., 1995).

Currently the major production of organic acids is still in place for
traditional applications, which entails food additives and pharmaceutical
components as organic acids are traditionally used in food and pharma-
ceutical industries as (1) preservatives, (2) chemical intermediates, or (3)
buffer media. However, this is also true for new applications, such as the
biodegradable plastics industry as the demand for organic acids for pro-
duction of polymeric materials is constantly growing, due to their biode-
gradable properties, which has resulted in the development of new plants
(Bailly, 2002). The fermentation industry comprises five major ingredient
categories: (1) antibiotics, (2) organic acids, (3) amino acids, (4) enzymes,
and (5) vitamins (Marz, 2000).

Electrodialysis (ED) has been applied in the recovery and production of
a variety of acids (Schugerl, 2000). These including lactate (Boyaval, Corre,
and Terre, 1987; De Raucourt et al., 1989), lactic acid (Nomura, Iwahara,
and Hongo, 1987), malic acid and acetic acid (Eystmondt, Vasic-Racki,
and Wandrey, 1989; Weier, Glatz, and Glatz, 1992), propionic acid (Weier,
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Glatz, and Glatz, 1992; Boyaval, Stata, and Gavach, 1993), and amino acids
(Tichy, Vasic-Racki, and Wandrey, 1990). An important feature of ED is
that it increases the volumetric productivity of an organic acid and elimi-
nates microbial growth inhibition, resulting in an excessive concentration
of acid. Organic acids are prepared by fermentation and then separated
from the fermentation broth by means of electrodialysis (Bazinet, 2004).
In Figure 71 electrolytic production of organic acids is schematically illus-
trated (Bailly, 2002).

7.5.1  Monopolar

The use of ED with a monopolar membrane for protein separation and
acid caseinate production and in bioreactors for organic acid production is
a well-proven technology with huge operating systems worldwide. Such
ED is applied to different food systems, which include (Bazinet, 2004)

1. Whey demineralization
2. Organic acids

3. Sugar

4. Wine stabilization

5. Fruit juice deacidification
6. Separation of proteins

7. Separation of amino acids
8. Blood treatments

These applications use the dilution—concentration feature of monopolar
ion-exchange membranes.

7.5.2  Bipolar

ED with bipolar membranes is increasingly being applied to the produc-
tion of (Bazinet, 2004)

1. Mineral and organic acids
2. Inhibition of enzymatic browning
3. Separation of protein

These applications are based on water dissociation at the interface of a
bipolar membrane and are coupled with the action of the monopolar
membrane action. Deacidification and acid production, however, entail
conventional ED. In the recovery of organic acids from fermentation
broths the elimination of cations has often been a major problem, as fer-
mentation typically performs better in pHs significantly above the pK, of
the acid produced. Bipolar membranes offer a solution to the elimination
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Figure 7.1 Electrodialytic production of fermented organic acids (Adapted from
M. Bailly (2002). Desalination 144:157-162). With permission.
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of cations by allowing a salt to be split into the corresponding alkali and
acid solutions. When bipolar membranes are used in water splitting pro-
cesses, it is possible to recover organic acids and also to control the pH of
liquids (Bazinet, 2004).

Continuous lactic acid production from whey permeate is carried out
in a process that consists of three separate operations in (1) a bioreactor, (2)
an ultrafiltered (UF) model, and (3) an ED cell. With the UF process, recy-
cling of all or part of the biomass is achieved. It is also possible to separate
low molecular weight metabolites, such as sodium lactate, resulting from
lactose fermentation. This product can then be extracted and concentrated
continuously by ED. A disadvantage of continuous lactic acid production
is, however, that it tends to clog the ultrafiltration membranes, which
restricts permeate flow (Bazinet, 2004).

Rhizopus oryzae is an indispensable microorganism in industrial fer-
mentation, as it is widely employed to produce L-lactic acid as well as other
organic acids. This organism is able to produce only one stereospecific
product (t-lactic acid), rather than a racemic mixture and can, therefore,
fulfill the need for producing a food additive to be used as both acidulant
and preservative. During L-lactic acid fermentation many other metabolites
can be produced as by-products. These include fumaric acid, malic acid,
ethanol, and the like. However, these metabolites can greatly influence
the downstream process and the quality of the L(+)-lactic acid produced.
Fumaric acid is the main by-product, as a result of a special metabolic path-
way in L-lactic acid production by R. oryzae (Wang et al., 2005).

Various residues from agriculture and industry are, however, also
employed by different microorganisms. Such residues include cassava
bagasse, coffee husk and pulp, apple pomace, and soybean and potato
residues. A great advantage of the production of various organic acids
by A. niger, in particular citric acid, is the use of agricultural products
and their wastes such as date, maize, citrus and kiwifruit peel, apple
and grape pomace, pineapple, mandarin orange, carob pod, and brewery
wastes (Roukas, 1999).

7.6 Organic acid demand

Markets constantly undergo changes in response to changes in marketing
environments and political frameworks (Marz, 2002). Organic acids have
been estimated to represent the third largest category after antibiotics and
amino acids in the global market of fermentation. Organic acids that dom-
inate the market are benzoic, sorbic, lactic, and citric acids. Benzoic acid
is widely used, primarily because of its low price (Banerjee and Sarkar,
2004), and citric acid dominates the market of organic acids due to its ver-
satility (Ramanchandran et al., 2006). The total market value of organic
acid is estimated to have risen to $3 million in 2009 (Marz, 2005).
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Information on the main ingredients of feed compounds, as well as on
volumes of compound feed produced is public, but is scattered in many
different journals and publications. For example, market information on
the ingredients of feed is rarely published and there is no readily available
comprehensive overview on the subject. Direct contact with the indus-
try is necessary to provide reliable and precise quantitative information
(Marz, 2002; Marz, 2005).

7.7 Lactic acid production

Lactic acid fermentation has for many years received extensive attention
because lactic acid has wide applications in the food, pharmaceutical,
leather, and textile industries as well as being a chemical additive in feed-
stock (Couto and Sanroman, 2006). The acid exists in two enantiomers
(L(+) and (p-)) of which L(+) is used by the human metabolism due to the
presence of L-lactate dehydrogenase and is preferred for food. In addi-
tion, elevated levels of the p-isomer are harmful to humans. Lactic acid
can be produced commercially by fermentation or by means of chemical
synthesis (Zhang, Jin, and Kelly, 2007). Chemical synthesis requires sev-
eral steps and produces a racemic mixture of the two isomers, whereas
the carbohydrate fermentation process can produce an optically pure
form of lactic acid or isomer and is less expensive (Valli et al., 2006). This
is, however, dependent on the microorganisms, substrates, and the fer-
mentation conditions employed in the production process (Zhang, Jin,
and Kelly, 2007). In Figures 7.2 and 7.3 the conventional method of lactic
acid production from raw materials such as starch is compared with a
method where the enzymatic hydrolysis of carbohydrate substrates is
coupled with the microbial fermentation of the sugars (Zhang, Jin, and
Kelly, 2007). This single step is referred to as “simultaneous saccharifica-
tion and fermentation” (SSF).

Current industrial lactic acid fermentations are widely performed
with lactic acid bacteria (Valli et al., 2006). LAB have received wide
interest because of their high growth rate and product yield (Zhang,
Jin, and Kelly, 2007). For example, Lactococcus and Carnobacterium pro-
duce r-lactic acid, and Leuconostoc produces p-lactic acid (Liu, 2003;
Gravesen et al.,, 2004). However, lactic acid can be produced using bac-
teria as well as fungi (Zhang, Jin, and Kelly, 2007). Natural substrates
such as starch (Altaf et al., 2006; Ohkouchi and Inoue, 2006) and cellulose
(Chen and Lee, 1997; Venkatesh, 1997) are not economically feasible to
use, because of being very expensive and also requiring pretreatment
for the release of fermentable sugars. The manufacturing cost of lactic
acid is notably reduced when waste products such as whey or molasses
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Figure 7.2 Conventional production of lactic acid (Adapted from Zhang, Jin, and
Kelly (2007). Biochemical Engineering Journal 35:251-263). With permission.

containing fermentable sugars are used for the production of lactic acid
(Dumbrepatil et al., 2008).

Lactic acid can be produced from renewable materials using vari-
ous species of the fungus Rhizopus. Renewable material includes molas-
ses (corn starch, wheat starch, and potato starch) and lignocellulose (corn
cobs and woody materials) (Zhang, Jin, and Kelly, 2007). Molasses is an
economically feasible raw material for industrial production of lactic acid.
However, lactic acid productivity and cell growth in molasses fermenta-
tion can be severely affected by the concentration of yeast extract added
to the medium (Wee et al., 2004). Production by fungi has advantages over
bacteria, such as their amylolytic characteristics, low nutrient require-
ments, and, very important, the valuable fermentation by-product fungal
biomass (Zhang, Jin, and Kelly, 2007). Various methods have been adapted
to increase productivity of LAB in lactic acid production, but their pH sen-
sitivity is still proving to be problematic (Valli et al., 2006). Genetic analy-
sis of lactic acid synthesis in LAB is providing a potential of genetically
modifying production rates of industrially important strains (Wang et al.,
2005).
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Figure 7.3 Production of lactic acid by Rhizopus and simultaneous saccharification
and fermentation (SSF) (Adapted from Zhang, Jin, and Kelly (2007). Biochemical
Engineering Journal 35:251-263. With permission.)

7.7.1  Factors affecting production of lactic acid

Effect of pH: pH is one of the most crucial factors that influence the
production of lactic acid. The pH range for optimal production is
5.0-6.0.

Oxygen supply: In fungal fermentation oxygen plays an important role
in lactic acid production as this fermentation is an aerobic process.

Temperature: Temperature also has an important impact on lactic acid
production. (Zhang, Jin, and Kelly, 2007 p. 154)

Strains of Rhizopus species have been divided into two groups, this
being the lactic acid producers and fumaric acid (or malic acid) producers,
based on the yield and type of organic acids and the proportion of metabo-
lites produced. Strains of Rhizopus species that produce predominantly lac-
tic acid possess two ldh genes, IdhA and IdhB (Skory, 2000), whereas strains
of Rhizopus species that produce fumaric and malic acids contain a single
OREF of IdhB (Saito et al., 2004). Three lactate dehydrogenase enzymes have
been described in R. oryzae. These include one NAD-independent LDH
and two NAD-dependent LDH isozymes (Pritchard, 1971; Zhang, Jin, and
Kelly, 2007). One NAD*-dependent LDH (EC1.1.1.27, LdhA) converts pyru-
vate to lactate, and is produced during early growth and synthesis of lac-
tic acid. The other NAD-dependent (LdhB), converts L-lactate to pyruvate,
and is produced when cultures are grown on nonfermentable substrates,
such as gycerol, ethanol, and lactate. When glucose is exhausted, a slight
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decrease in lactic acid production can be detected. New kinetic models
for lactic acid production using bacteria and, to a lesser extent, Rhizopus
species are being researched and developed. Existing kinetics models
relating to production with Rhizopus species are built on immobilized cul-
tures, but this is, however, not an economical process. Efforts have been
made to minimize formation of fumaric acid and ethanol, the two major
products through molecular genetic technologies, and an alternative way
to enhance lactic acid production has been proposed to minimize accu-
mulation of ethanol in the Rhizopus genus via pyruvate decarboxylase and
alcohol dehydrogenase (ADH) (Zhang, Jin, and Kelly, 2007).

More and relatively new applications of organic acids such as biode-
gradable plastic (polylactic acid) are also becoming essential in further pro-
moting the application of L-lactic acid (Wang et al., 2005). It was estimated
that by 2010 the r-lactic acid market could exceed 10° tons (Datta, Tsai, and
Bonsignore, 1995). In a more recent report, the estimation was that the lac-
tic acid market would reach 259,000 metric tons by 2012. According to the
Global Industry Analysts, Inc., the United States, Asia-Pacific and Europe
dominate the world lactic acid market. In Europe, Germany is ranked
the largest individual market for lactic acid, followed by France and Italy
(press release, 2008).

7.8  Citric acid production

Citric acid is one of the most frequently used organic acids in the food
and pharmaceutical industries and production still follows a conventional
procedure where citric acid is produced by A. niger from molasses as sub-
strate (Finogenova et al., 2005). The food industry is the largest consumer
of citric acid, using approximately 70% of the total production. The phar-
maceutical industry follows with 12%, and 18% is used in other appli-
cations (Shah et al., 1993; Couto and Sanroman, 2006). Citric acid has a
pleasant taste, is highly soluble, has characteristic flavor-enhancing prop-
erties, and, therefore, dominates the market. Citric acid can also be pro-
duced by chemical synthesis, but due to high cost, the preferred method
is through fermentation. Citric acid is mainly produced by submerged fer-
mentation (SmF), by the fungus A. niger, but the solid-state fermentation
(SsF) method is increasingly considered as a potential alternative to SmF
in increasing the efficiency of citric acid production. SsF has been found to
be a very effective method of using nutrient-rich solid waste as a substrate
(Finogenova et al., 2005).

SmF: Industrial production of organic acids by growing the microor-
ganisms that produce the product in a submerged culture
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SsF: Growth of microorganisms on moist solid particles, where the
spaces between the particles contain a continuous gas phase and a
minimum of visible water

A. niger has been used for the production of organic acids since the
beginning of the last century (Abarca et al.,, 2004). Two acids, citric acid
and gluconic acid, are the only organic acids still produced by mycological
processes that are used in significant quantities as food additives (Bigelis
and Lasure, 1987). Citric acid and its production have not received much
consideration with regard to modern technology and molecular biology.
This may be the result of its production being considered a mature area
(Abarca et al.,, 2004). The conventional method of citric acid production
by A. niger from molasses is summarized and illustrated in Figure 7.4
(Finogenova et al., 2005).

Production of citric acid is strictly dependent on the specific strain
and operational conditions. The oxygen level, for example, is an important
parameter for citric acid fermentation. Potential substrates that have been
proposed and used for citric acid production include residues such as apple
pomace, coffee husk, wheat straw, pineapple waste, mixed fruit, maosmi
waste, cassava bagasse, banana, sugar beet, and kiwi fruit. Using fruit
waste for citric acid production is advantageous as it utilizes low-grade
waste, and at the same time produces a commercially valuable product
(Kumar et al., 2003). Molasses is also a popular substrate, but because of
difficulties in purification, beet sugar is often used as a reliable alternative
(Brul et al., 2002; Bizukojc and Ledakowicz, 2004). High CO, concentra-
tions are beneficial for citric acid synthesis (Pintado, 1998), whereas a low
O, environment has a direct influence on growth inhibition, a factor that
is crucial for production (Soccol and Vandenberghe, 2003). Certain metal
ions (such as Fe**, MN**, and Zn**) are inhibitory to citric acid production
in SmF, whereas SsF gives high citric acid yield without inhibition by the
presence of metals, even at high concentrations (Kumar et al., 2003).

Global production of citric acid is estimated to be around 500,000 tons
annually, with the entire production process conducted by fermentation
(Soccol and Vandenberghe, 2003), and there is a constant increase each
year in the consumption of citric acid. As a result, production is increasing
at a rate of 5% per year (Finogenova et al., 2005) and there is a serious need
for finding new manufacturing alternatives (Soccol and Vandenberghe,
2003). A contributing factor to the annual increase in the production of
citric acid is also attributable to the use of trisodium citrate. This salt is
used to replace tripolyphosphates in the production of ecologically pure
synthetic detergents (Finogenova et al., 2005).

Conventional production of citric acid is complex and ecologically
unsafe, as a result of the characteristics of the raw material used and con-
centrated acids and alkali being used throughout the entire process. The
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effluent (containing cyanides and gypsum) into the environment is com-
parable in relation to the amount produced. However, new technologies of
production from ethanol have been shown to be ecologically pure, simple,
and readily scalable (Finogenova et al., 2005).
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chapter eight

Resistance to organic acids

8.1 Introduction

Antibiotics have for many years received the majority of the focus in the
war against their vanishing effectiveness. However, preservative com-
pounds that are used to control microbial contamination in food produc-
tion are increasingly receiving more attention, as they are progressively
more reported to elicit resistance responses in microorganisms (Chapman,
1998). These responses of organisms may be a deciding factor in their sur-
vival of a variety of environmental stressors in food production and pro-
cessing (Ricke, 2003). Stresses encountered by foodborne pathogens may
include heat- and cold-shock, oxidative stress, osmotic stress, extreme pH,
and nutrient deficiencies (Archer, 1996).

Although organic acids have for many years been proven to be effec-
tive under a wide variety of food processing conditions, there is increas-
ing indication that some foodborne pathogens are intrinsically tolerant,
whereas others are becoming tolerant to the organic acids. It may be pos-
sible that this tolerance is only true under particular circumstances, for
example, exposure to organic acids at less than maximum concentration
which provides the organism the opportunity to induce specific stress
mechanisms that allow for resistance, and also resistance to more severe
acidic conditions. Determining the efficacy of organic acids in specific
applications will require a better understanding of the general and spe-
cific stress response potential of foodborne pathogens (Ricke, 2003).

8.2 Intrinsic (natural) resistance

Much evidence has indicated the ability of food-associated microorganisms
to adapt to various environmental factors and should not be underestimated
(Suhr and Nielsen, 2004). There may also be a greater variety between iso-
lates of the same species than generally accepted. Some meatborne patho-
gens are particularly sensitive to organic acids (e.g., Yersinia enterocolitica),
whereas others are highly resistant, particularly Escherichia coli O157:H7
(Smulders and Greer, 1998). Lactic acid bacteria (LAB) are normally resistant
to the majority of antibiotics and consequently also much more resistant to
the activity of organic acids (Fielding, Cook, and Grandison, 1997).

The proportion of undissociated constituent can be calculated from
the dissociation constant by the following formula (Figure 8.1).
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a= [H']
[H*]+D
Where a = amount of undissociated acid
[H+] = Hydrogen concentration
D = Dissociation constant

Figure 8.1 The content of undissociated acid declines with an increase in pH
value.

Although much of the inhibition by organic acids is accounted for
by pH, they vary considerably in inhibitory effects (Hsiao and Siebert,
1999). Different organisms have also shown variations in susceptibility to
inhibition by organic acids (Matsuda et al., 1994). For example, lactobacilli
may be much more resistant to acetic, benzoic, butyric, and lactic acids,
whereas E. coli has been found to be most resistant toward citric, malic,
and tartaric acids (Hsiao and Siebert, 1999).

8.2.1 Bacteria

Organic acids differ in their ability to enter a cell, and because of this, adap-
tation time to these acidulants may vary between organisms. Optimum
adaptation time, therefore, may differ according to organic acid used and
because of differences in the membrane structure (Greenacre et al., 2003).
It is a well-known fact that organic acids enter bacterial cells only in the
undissociated form, as the extracellular pH decreases. This then causes
the portion of undissociated organic acid to increase and subsequently
increase their action on the bacterial cells (Kwon and Ricke, 1998). The
proportion of undissociated constituent can be calculated from the dis-
sociation constant by the following formula:

_[H']
[H']+D
where
a = Amount of undissociated acid

[H7] = Hydrogen concentration
D = Dissociation constant

The content of undissociated acid declines with an increase in pH value.
Acetic acid bacteria are naturally highly resistant to acetic acid, with

notable differences in tolerance between species (Tréek et al.,, 2006). The

enzyme AatA plays an important role in acetic acid resistance in these
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bacteria, with the aatA gene distributed in the genera Acetobacter and
Gluconobacter (Nakano, Fukaya, and Horinouchi, 2006). The pathogen
Listeria monocytogenes has become a major concern worldwide in the food
manufacturing industry due to its resistance to various food preserva-
tion practices, and as a result being well adapted to food environments.
The organism is also able to grow at refrigeration temperatures and on
dry surfaces, and can tolerate acidic conditions, all factors that normally
restrict bacterial growth (Barker and Park, 2001). Listeriae exposed to
organic acids are known to be able to repair themselves during storage at
low temperature and eventually begin to multiply if no other hurdles are
present (Doyle, 1999).

8.2.2 Fungi

Certain yeasts are able to grow at low ambient pH and also in the pres-
ence of organic acids which is an important cause of food spoilage and
inflicts heavy losses on the food industry (Thomas and Davenport, 1985;
Deak, 1991; Cheng, Moghraby, and Piper, 1999). Yeasts possess mecha-
nisms to maintain their intracellular pH values such that would enable
them to maintain their glycolytic rate, and even enhance it. Differences
found in yeast tolerance to organic acids can be attributed to the effi-
ciency of these mechanisms. At sublethal concentrations organic acids
do not inhibit the glycolytic rate in exponentially growing yeasts; they
actually enhance the fermentation rate. At acid pH values the activity of
several yeast glycolytic enzymes will be inhibited in cell extracts or in
permeabilized cells, but the glycolytic rate is not inhibited in growing
cells (Leyva and Peinado, 2005).

Saccharomyces cerevisiae and Zygosaccharomyces bailii are both resis-
tant to benzoic and sorbic acids and able to spoil low pH foods (pH < 4.5)
(Stratford and Lambert, 1999; Nielsen and Arneborg, 2007). Inhibition of
yeasts such as Z. bailii and S. cerevisiae often requires levels of organic
acids greater than the legal limits (Hazan, Levine, and Abeliovich, 2004).
The fungus Zygosaccharomyces is generally associated with the more
extreme spoilage yeasts, being osmotolerant, fructophilic (preferring fruc-
tose), highly fermentative, and also highly resistant to preservatives. Z.
bailii can grow in the presence of commonly used organic acids at con-
centrations much higher than the legally permitted or organoleptically
acceptable concentrations (Steels et al., 2000). Z. bailii is, therefore, notably
more resistant to preservatives compared to S. cerevisiae, as a result of its
ability to more effectively limit entry of undissociated acid and greater
ability to degrade preservatives (Piper et al., 2001). These adaptations pre-
vent cytosolic acidification by reducing the amount of preservative that
would eventually reach the cytosol. Stimulation of the net H* efflux in
the presence or absence of an organic acid is accompanied by the net K*
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influx. This mechanism is similar in S. cerevisiae, where the net K+ influx
initially serves to counter the loss of positive charge from the cell, due to
H*-ATPase activity (Macpherson et al., 2005). However, the two yeasts do
not seem to have different citric acid tolerances, although in Z. bailii the
primary energy metabolism is not as affected by citric acid as in S. cerevi-
siae. This is an indication that glycerol production is less enhanced and
production of ethanol and ATP production is not affected (Nielsen and
Arneborg, 2007).

A. niger is able to metabolize or degrade sorbic acid, although the
precise mechanism involved and the nature of the breakdown products
are still unclear. Sorbic acid is particularly an antifungal agent, known to
delay spore germination and also to retard mycelial growth. It is, how-
ever, a common feature of filamentous fungi to metabolize sorbic acid
and it has been suggested that degradation occurs via p-oxidation, with
the resulting production of CO, and H,O. However, the exact metabolic
pathways and enzymes involved in converting sorbic acid into its meta-
bolic products are only speculative, as sorbic acid is thought to undergo
auto-oxidative degradation in aqueous systems to form malonaldehyde
and other carbonyls (Plumridge et al., 2004).

8.3  Development of resistance

There are clear indications that microorganisms will increasingly become
resistant to preservatives such as the organic acids, as is the case in human
pathogens becoming increasingly resistant to antibiotics. Some organisms
have already acquired resistance to organic acids and various mecha-
nisms have been described for the development of this resistance (Theron
and Lues, 2007).

Concern has been expressed that decontamination with organic
acids could result in the emergence of acid-tolerant foodborne pathogens
(Quintavilla and Vicini, 2002) and also in the risk of acid resistance spread-
ing, as bacteria have the ability to transfer characteristics between and
across species genetically encoded for by genes carried on extrachromo-
somal DNA (plasmids, transposons, etc.) (Mellor, 2005). Microorganisms
exposed to a moderately acidic environment have, in response to this,
been reported to develop cells with increased acid resistance, known as
acid tolerance response (ATR). These acid-adapted cells appear to be more
resistant under stress conditions, which may cause them to be more infec-
tive than the unadapted cells (Cheng, Yu, and Chou, 2003). In addition to
this, some bacterial cells have become acid-tolerant or have undergone
acid shock or have developed cross-resistance to other environmental
stresses such as heat (Ryu, Deng, and Beuchat, 1999), osmosis, and salt
(Leyer and Johnson, 1993).
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Weak-acid adaptation may have evolved to facilitate growth at low pH
in the presence of weak organic acids. Unfortunately this poses problems
for the food industry where substantial increases in resistance to major
organic acid food preservatives are obvious (Piper et al., 2001). Inducible
resistance to organic acids (or acid tolerance), in previously susceptible
organisms, has recently been more extensively studied and it is known
that resistance to weak organic acids can be attributed to various mech-
anisms (Brul and Coote, 1999). Such inducible resistance is regarded as
an important survival strategy of many microorganisms. The organism
senses that the environment is becoming unsuitable and undergoes a pro-
grammed molecular response, which involves the synthesis of specific
stress-inducible proteins. These proteins are then possibly responsible for
repairing macromolecular damage caused by the stress. Of importance
in future research is the knowledge that some of these stress proteins are
induced by a specific stress factor, whereas others may require a range of
stress conditions (Bearson, Bearson, and Foster, 1997).

For any food spoilage microorganism to become resistant to sorbate
or benzoate, these organisms should be able to catalyze degradation of
these compounds. Z. bailii has become an important spoilage agent of wine,
because of being highly tolerant to ethanol and able to metabolize acetic acid
in wine fermentations. However, individual cells differ in resistance, and
only a small fraction are highly resistant. S. cerevisiae can also frequently
adapt to grow in the presence of sorbate and benzoate, but at levels lower
than those inhibitory to Z. bailii. Z. bailii is able to grow on sorbate or benzo-
ate only at pH > 5.5. At lower pH values these acids are in an undissociated
state, causing severe weak-acid stress (Mollapour and Piper, 2001).

Quite a high concentration of acetic acid (80-150 mM) is needed to
totally inhibit growth of S. cerevisiae at pH 4.5 (Piper et al., 2001). Increased
plasma membrane H*-ATPase activity is common to both S. cerevisiae and
Z. bailii and this enzyme is identified as a target preventing spoilage. Short-
term K* influx and long-term K* accumulation are common responses to
stress caused by preservatives and suggest that K* transporters may also
serve as control targets (Macpherson et al., 2005). However, restricting K
availability in food and beverages may not be a realistic control strategy,
particularly for fruit-derived drinks such as wines that tend to have high
(mM) and variable K* content, set by K* accumulation of the fruit (Nufiez
et al., 2000).

8.4 Inducible resistance

It is constantly found that microorganisms can often be induced to
become resistant when exposed to sublethal concentrations of an antimi-
crobial or preservative. For example, S. cerevisiae can be induced to adapt
to weak-acid stress by addition of 0.5-2.5 mM sorbate or benzoate. The
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organism cannot, however, degrade either of the compounds and their
presence provides continuous weak-acid stress (Piper et al., 2001). After
exposure to the acids, cells become static for a long period and generally
resume growth after several hours. In yeasts, exposure to organic acids
results in induction of two additional proteins (plasma membrane pro-
teins), a smaller heat-shock protein Hsp30, and a larger one, ATP-binding
cassette (ABC) transporter Pdr12, a homolog of Sng2 and Pdr5 ABC drug
efflux pumps (Holyoak et al., 1999). Hsp30 assists in adaptation to weak
acids by regulating activity of the membrane H*-ATPase. In the presence
of organic acids, growth of a yeast will depend upon optimal glycolytic
flux. Glycolysis is inhibited by organic acids, as a result of acidification
of the cytosol (Kasemets et al., 2006). The PDR12 gene is induced very
strongly by weak organic acid stress, activating Pdr12, a 171-kDa plasma
membrane ATP-binding cassette transporter, suggesting a specific system
(that exists) for the sensing of weak-acid stress (Piper et al., 2001). Pdr12 is
essential for yeast cells to adapt and grow in the presence of weak-acid
preservatives (Holyoak et al., 1999). The cell may also respond by inducing
the activity of a proton-pumping membrane protein H*-ATPase. However,
Pdr12 is not induced by acetic acid (Papadimitriou et al., 2007).

Long-term adaptation to organic acids is the result of increased expres-
sion of the ATP-binding cassette transporter Pdr12p, which catalyzes the
active efflux of acids from the cytosol (Mollapour et al.,, 2006). Chronic
exposure and adaptation to benzoate causes accumulation of K*, whereas
an increase in the availability of K* could enhance growth in benzoate
and acute exposure to butyric or propionic acids stimulates H* efflux and
K influx in S. cerevisiae. K* countertransport is probably acting to regu-
late charge balance (Boxman et al., 1985). Growth of S. cerevisiae in benzo-
ate also appears to enhance basal levels of H* extrusion, as a result of (1)
increased availability of H*-ATPase, (2) increased turnover, or (3) more
efficient coupling ratio (Macpherson et al., 2005). Furthermore, this basal
rate increase is similar to that found in late-exponential-phase S. cerevisiae
grown in sorbic acid (Holyoak et al., 1996). In Z. bailii, such H* extrusion is
accompanied by net K* influx (Macpherson et al., 2005).

In S. cerevisiae sorbic acid evokes more stress reactions than just the
induction of acid and anion extrusion pumps (De Nobel et al., 2001). Often
long-term effective adaptation to sorbic acid also involves changes in
the cell envelope, both the plasma membrane and cell wall (Henriques,
Quintas, and Loureiro-Dias, 1997). These changes will eventually cause a
decrease in organic acid influx to provide yeast cells with long-term sor-
bic acid resistance (Brul et al., 2002). Sorbic and benzoic acids also have
profound influences on heat-shock response as well as thermotolerance
of S. cerevisiae, although these reactions are highly dependent on pH. At
low pH these acids inhibit both the heat-shock protein and thermotoler-
ance induction during sublethal (39°C) heat shock, and at pH values above
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pH 5 sorbate acts as a potent chemical inducer of thermotolerance (in
the absence of sublethal heat treatment), and no longer inhibits the cell’s
ability to mount a heat-shock response. Effects of sorbic acid on thermal
inactivation of Z. bailii at 52°C are also pH dependent. At neutral pH at
25°C sorbic acid treatment rendered cells more resistant to thermal kill-
ing at 52°C, whereas at lower pH (pH 3.5) sorbic acid causes a reduction
in thermotolerance. Another factor in resistance development may be the
accumulation of trehalose. Trehalose is known as a stress protectant, and
at low pH, accumulates rapidly in S. cerevisiae exposed to sorbate (Cheng,
Moghraby, and Piper, 1999).

In exponentially growing cells glycolysis may be enhanced in the pres-
ence of sublethal concentrations of organic acids, and phosphofructoki-
nase (PF1K) activity is not inhibited (Warth 1991), indicating that may also
play some role in organic acid tolerance. Increasing PF1K levels by genetic
manipulation has shown improvement of resistance to benzoic acid in S.
cerevisiae (Pearce, Booth, and Brown, 2001; Leyva and Peinado, 2005).

Some organic acids have no inhibitory effect on microorganisms;
for example, gluconic acid is a highly polar molecule, and is unable to
penetrate the cell membrane of E. coli O157:H7 (Bjornsdottir, Breidt,
Jr, and McFeeters, 2006). A tolerance response in Salmonella enterica sv.
Typhimurium, induced by lactic acid, will, however, induce sensitivity to
hydrogen peroxide (Greenacre et al., 2006).

At low extracellular pH, organic acids cause a reduction in PtdIns(3,5)
P, accumulation, but a rise in PtdIns(4,5)P, levels. Changes in PtdInsP, lev-
els are, however, independent of weak-acid-induced Pdr12p expression.
PtdIns(3,5)P, synthesis is required for correct vacuole acidification. Levels
of this molecule may be adjusted to maintain intracellular pH homoeostasis
in response to stresses imposed by organic acids (Mollapour et al., 2006).

8.5 Mechanisms of resistance
8.5.1 Bacteria

Survival of bacteria against organic and inorganic challenges differs with
regard to physiological requirements (Ferreira et al., 2003). As a result of
inherent differences, bacteria react differently to antimicrobial agents.
These differences include a unique composition of cell envelope or pro-
teins. Differences may also be attributed to the development of resistance
by adaptation, induction, or genetic exchange. An antimicrobial agent, or
in this context a preservative, must be able to penetrate the cell envelope.
To exert antibacterial action, this should be followed by attainment of a
sufficiently high concentration at the target site (Cloete, 2003). Resistance
to antimicrobial agents is, therefore, primarily attributable to an adap-
tation mechanism of the cell envelope. LPS of sufficient length protects
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against the action of organic acids in some species of Enterobacteriaceae.
Some types of O-polysaccharides are more protective than others. In the
resistance development of STEC O157 to organic acids the O157 polysac-
charide is involved (Barua et al., 2002).

Biofilm bacteria are also notorious for being highly resistant to anti-
microbial agents. Some possible explanations are listed as follows (Cloete,
2003):

1. Limited diffusion of antimicrobial agents through the biofilm matrix
2. Outer membrane structure

3. Enzyme production

4. Metabolic activity within the biofilm

5. Efflux pumps

6. Genetic adaptation

Some microorganisms are able to degrade the added preservatives
by producing specific enzymes (e.g., Pseudomonas aeruginosa can degrade
methyl para(4)-hydroxybenzoate), whereas the intestinal pathogen
Salmonella enterica sv. Typhimurium may react to many potential stress
factors in its so-called natural habitat, conveniently conveying cellular
resistance against the weak butyric, acetic, and propionic acids (Theron
and Lues, 2007).

It is especially important to understand the effect of food-associated
organic acids on E. coli O157:H7, as this pathogen is relatively tolerant to
acid (Roering et al., 1999; Casey and Condon, 2002). Resistance in E. coli
0O157:H7 to benzoic acid was recently observed after induction of an acid-
tolerance response with a strong acid (pH 2). In certain Gram-positive
bacteria (e.g., L. monocytogenes), acid tolerance response has also been
induced to pH 3 after prior exposure to a mild acid at pH 5. However, it is
not yet certain if this response would give protection to microorganisms
against weak acids used in the food industry (Brul and Coote, 1999). It has,
however, been found that in L. monocytogenes 8% may mediate protection
against organic and inorganic acid stresses through different mechanisms
(Ferreira et al., 2003).

Findings from a study done on acid-adapted Salmonella to lactic acid
rinses from artificially inoculated beef muscle slices showed that acid-
adapted strains were not any more resistant to acid decontamination
than parental strains (Dickson and Kunduru, 1995). In a study done by
Steiner and Sauer (2003), the overexpression of the ATP-dependent heli-
case RecG was found to increase resistance to weak organic acids in E. coli.
This was achieved by reduction of the toxic effects of the organic acids,
reduction of the effects of the synthetic uncouplers (CCCP and DNP), and
a reduction of the ATPase and cytochrome c inhibitor azide as a result
of a decrease in pH or available ATP. In LAB, resistance mechanisms to
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various substances have been identified as enzymic activation, restricted
import, active export, or target modification of the antimicrobial agent
(Herreros et al., 2005).

In AAB, for example, Acetobacter acetii, a defect in membrane-bound
alcohol dehydrogenase has been associated with the reduction in resis-
tance to acetic acid. A gene cluster involved in acetic acid resistance in A.
acetii has been identified and includes (1) aarA encoding a citrate synthase,
(2) aarB encoding a functionally unknown protein, and (3) aarC encoding
a protein suspected of being involved in acetic acid assimilation. Protein
profiles may also change in response to acetic acid, specifically with regard
to the production of many proteins. One such protein is aconitase, whose
production was enhanced in response to acetic acid (Nakano, Fukaya, and
Horinouchi, 2006).

Other mechanisms conferring acetic acid resistance are also located
in the cell membrane, because the toxicity of organic acids may be partly
a result of a disruption of the proton motive force by acetic acid, acting as
an uncoupling agent. A proton motive efflux system for acetic acid has
also recently been described in A. acetii (Matsushita et al., 2005). Mutation
and overexpression of the aatA gene also caused resistance to formic and
propionic acids simultaneously to that of acetic acid. aatA functions as an
efflux pump of acetic acid. Several transporters for monocarboxylic acids
are known (Nakano, Fukaya, and Horinouchi, 2006):

1. Bacterial lactate permease LctP family

2. Eukaryotic proton-linked monocarboxylate transporter MCT family

3. Monocarboxylate permease having a sodium-binding Rhizobium
lequminosarum

However, these transporters do not contain any ABC motifs and transport
monocarboxylic acids via a proton-coupled reaction. Acetic acid resistance
in A. acetii is, therefore, conferred by at least two mechanisms: assimila-
tion of the weak acid by enzymes, such as citrate synthase or aconitase
and export of acetic acid by ABC transporter. Both mechanisms are impli-
cated in reducing intracellular acetic acid concentration (Nakano, Fukaya,
and Horinouchi, 2006).

8.5.2 Fungi

In fungi, some resistance mechanisms may be similar to those of bacte-
ria, for example, the enzymatic degradation of sorbic acid to pentadine
by certain fungal species (Samson et al., 1995). Resistance development is
attributed to (1) decreased plasma membrane permeability to diffusional
preservative influx (Warth, 1989), (2) active extrusion of organic acid anion
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(Holyoak et al,, 1999), and (3) the ability to degrade these organic acids
(Mollapour and Piper, 2001; Macpherson et al., 2005).

In yeasts associated with food spoilage, resistance to organic acids is
often a multicomponent process and may vary between genera and even
species (Macpherson et al., 2005). Z. bailii is generally more resistant to pre-
servatives than any other spoilage yeast and consequently a greater eco-
nomic threat. One reason for this results from a greater ability to limit the
diffusional entry of an undissociated acid as well as a greater ability to
degrade these preservatives (Piper et al,, 2001). Adaptations may prevent
acidification of the cytosol by limiting the amount of preservative that
would reach the cytosol. However, resistance mechanisms of S. cerevisiae
are more familiar (Macpherson et al., 2005). S. cerevisiae is more prone to
perturbations in cytosolic pH caused by preservatives. The main adaptive
strategy in S. cerevisiae to resist intracellular acidification is proposed to be
H* extrusion by the plasma membrane H*-ATPase coupled with acid anion
extrusion by the ABC transporter Pdr12 (Holyoak et al., 1999; Piper et al.,
2001).

In S. cerevisiae acetate resistance determinants differ from those of
resistance to the more lipophilic acids sorbate and benzoate. Although
acetic acid has the same pK, (4.76) as sorbic acid, acetate is far less inhibi-
tory to yeasts than the more lipophilic sorbate (trans-transhexanedieno-
ate), although they have the same pK,. Sorbate also has a much higher
capacity to dissolve in membranes and as a result, can easily disorder. S.
cerevisige is able to grow in the presence of sorbate, mediated due to Warlp
transcription factor-dependent induction of a single ATP-binding cassette
(ABC) transporter (Pdrl12p). Pdr12p induction in cells is very prominent
in sorbate-stressed cells, reaching levels in the plasma membrane similar
to the most abundant plasma membrane protein. Pdrl12p catalyzes active
efflux of weak organic carboxylate anions, which lowers intracellular lev-
els. This causes resistance to sorbate, benzoate, and aliphatic short-chain
(C;4) carboxylic acids that are relatively soluble in water (Bauer et al.,
2003).

Increased sorbate resistance in S. cerevisiae is also associated with a
loss in the Yap5 transcription factor (Mollapour et al., 2004). S. cerevisiae
has adopted a strategy to confer resistance by extrusion of high levels of
proton and acid. However, active anion extrusion, which is mainly Pdr12-
catalyzed at the plasma membrane can export the acid only as far as the
periplasm. The undissociated acid can then easily diffuse back into the
cell (Piper et al., 2001). Pdr12 is essential for the adaptation of yeast to grow
under weak-acid stress, inasmuch as the normal physiological function
of Pdrl2 is to protect against the toxicity of organic acids, produced by
competitor organisms, as these acids may accumulate to inhibitory levels
in cells at low pH (Piper et al., 1998). To counteract proton toxification as
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a result of the dissociation of organic acids in the cell cytosol, S. cerevisiae
respond by activating H*-ATPase (Plumridge et al., 2004).

Acetate uptake and utilization systems of S. cerevisiae are also glucose
repressed, whereas Z. bailii can utilize acetate when cultured on ferment-
able sugars (Mollapour and Piper, 2001). Genes specific to Z. bailii enable
it to degrade lipophilic weak organic acid preservatives (Mollapour and
Piper, 2001). In cells adapting to sorbic acid, strong induction has been
reported of a gene encoding a specific heat-shock protein, of genes encod-
ing proteins involved in cell wall maintenance, and of genes involved in
transposon activity (Brul et al., 2002). Z. bailii can also degrade sorbate
and benzoate, but only in the presence of oxygen, whereas S. cerevisiae
is unable to use these compounds as a sole carbon source. ZbYME? is
the first Zygosaccharomyces gene of resistance to food preservatives to be
characterized genetically (Mollapour and Piper, 2001). In Z. bailii initial
diffusion of acid is often more restricted, causing extreme organic acid
resistance (Piper et al., 2001).

Weak-acid resistance generally requires a high level of energy-
dependent extrusion of both protons and anions from acid-adapted S.
cerevisiae. Although weak organic acids as food preservatives may be pro-
oxidants as well as mutagenic toward the mitochondrial genome in an
aerobic yeast, at least one antioxidant activity (Sod2) may play a major role
in causing weak-acid resistance of aerobic PDR12+ yeast (Piper, 1999).

It is proposed that anions are actively extruded from cells to account
for lower intracellular concentration. In theory, if anions are extruded
from the cell, they would reassociate when exposed to the lower external
pH and freely diffuse back into the cell, resulting in a futile cycle with-
out resistance development. However, adapted yeast cells can reduce the
diffusion coefficient of preservatives across the plasma membrane, and
the diffusion of weak acids into the cell is then reduced. This adaptive
mechanism is based on the efflux of preservative anions by Pdr12. Efflux
of anions together with a reduction in the diffusion coefficient of the
membrane will result in the maintenance of cell homeostasis, which will
enable the organism to survive and grow (Holyoak et al., 1999).

Transcription factor Haalp was recently identified and is required
for rapid adaptation of a yeast to several organic acids. Transcription of 9
Haalp-target genes are activated under weak-acid stress. Haal-regulated
genes that may be required for more rapid organic acid adaptation include
(1) TPO2 and TPO3, encoding two plasma membrane multidrug transport-
ers, and (2) YGP1, encoding a poorly characterized cell wall glycoprotein.
Organic acids do not kill the microorganisms; they only inhibit growth
and cause highly extended lag phases. The role of Haalp is important dur-
ing this adaptation period (Fernandes et al., 2005).

Genes upregulated in sorbate-adapted cells include many that are
regulated by Msn2p and Msn4p, the main regulators of general stress
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response. However, both appear to be activated by exposure to sorbic acid
(Gorner et al., 1998). Pdr12p induction is specific for weak-acid stress and
is independent of Msn2p/4p (Piper et al., 1998; Schiiller et al., 2004).

8.6  Transmission of resistance

It is possible for resistance of food-associated bacteria treated with antibi-
otics to be transmitted to the human population through the food chain.
For example, LAB may contaminate milk and meat from animals treated
with antibiotics and consequently carry populations of resistant bacteria.
Although many of these organisms are not pathogenic, they could constitute
a reservoir of genes conferring resistance to antibiotics that might be trans-
ferred to pathogenic strains. There is also the possibility that cross-resistance
to preservatives and organic acids may occur (Herreros et al.,, 2005).

8.7  Extent of the situation

The number of microbial species becoming resistant to antibiotics is con-
stantly increasing, and fungi are no exception. Fungal human pathogens
as well as spoilage molds in food and feed systems are becoming resis-
tant. In fact, yeasts and molds are not only becoming resistant to antibi-
otics, but also to preservatives such as the organic acids (Schniirer and
Magnusson, 2005).

Until recently organic acids such as sorbic acids, were still regarded
as the standard approach by the food industry for microbial inhibition.
In the past 30—40 years many studies have, however, focused on resis-
tance development against this organic acid (Brul et al., 2002). Many stud-
ies have dealt with spoilage yeasts such as Z. bailii and Zygosaccharomyces
lentus, notorious for being difficult to control (Mollapour and Piper, 2001).
The higher fermentation rate of S. cerevisiae is one of the reasons why
this organism should also be considered more dangerous than is gener-
ally expected in food stabilization (Guerzoni, Gardini, and Duan, 1990;
Ferreira, Loureiro-Dias, and Loureiro, 1997).

There is not yet a clear understanding of the actual effectiveness of
the use of classical preservatives such as organic acids in conjunction with
other common components of food preservation systems. This entails
the physiological and molecular mechanisms within cells and whether
microorganisms die or adapt and survive as a result of this preservation.
For example, which signal transduction systems are involved and which
stress proteins are induced, how are these systems induced, and how
much cellular energy (ATP) is involved in each system? The amount of
available energy will determine to what extent a microbial cell will acti-
vate the various stress response pathways (Brul and Coote, 1999).
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Pathogens in mixed microbial cultures in food or food environments
may react differently to decontamination stresses than pure cultures in a
laboratory (Samelis et al., 2001; Stopforth et al., 2003). Many species of spoil-
age yeasts and molds are able to adapt and grow in the presence of the maxi-
mum permitted levels of sorbic and benzoic acids used in manufactured
foods and beverages, resulting in inconvenience to producer and consumer
as well as significant economic loss (Holyoak et al., 1999). High levels of sor-
bic acid or benzoic acid are often needed to inhibit growth of spoilage molds
and yeasts in preserved foods. Such high concentrations are routinely used
in soft drink manufacturing, causing consumption of these compounds
daily in possibly physiologically considerable amounts (Piper, 1999).

The potential long-term effects of organic acid decontamination on
the microbial ecology of meat-packing plants and products and to manage
potential safety risks must be taken seriously. Gram-negative bacteria that
survive meat decontamination by organic acid rinses have been found to
establish niches in these plants (Samelis et al., 2002).

It is speculated that the microbial growth phase, acid tolerance, and
virulence may be linked, and it is, therefore, reasonable to suggest that
organic acids may also influence virulence (El-Gedaily et al.,, 1997; Ricke,
2003). Another serious problem is that cross-resistance in Salmonella to
other stress conditions, such as reactive oxygen and high osmolarity may
be increased by exposure to a mixture of organic acids. This ability of
an organic acid to induce cross-protection to other stress conditions may
indicate that these acids could have a more profound effect on survival
and also virulence of S. typhimurium, which may have serious practical
implications for controlling this pathogen in food production systems
(Kwon and Ricke, 1998).

8.8 E.coli O157:H7

E. coli O157:H7 is notorious for being extremely acid resistant, and seri-
ously decreases the effectiveness of organic acid spray washings on car-
casses. For example, the acid-resistant strain ATCC 43895 has been found
to be able to survive in undiluted 2% lactate (pH 2.3-2.5) or 2% acetate (pH
3.0-3.2) spray washings on beef at 4 or 10°C for two to seven days. The
survival rate of E. coli O157:H7 at 4°C is greater and longer lasting than
most other pathogenic bacteria. This was specifically detected in compar-
ison to L. monocytogenes and Salmonella typhimurium DT104 under vari-
ous conditions. Survival of E. coli O157:H7 may become higher in number
or last longer upon previous acid adaptation. E. coli O157:H7 has a wide
spectrum of sensitivity to the organic acids, specifically in carcass decon-
tamination. This is specifically true for acetic acid and lactic acid. It has
not been elucidated which of these acids is the most effective against this
pathogen (Samelis et al., 2002).
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8.9 Protective effects of organic acids

Under certain conditions, the use of organic acids may enhance the
growth of some fungal strains in bakery products (Marin et al., 2002). For
example, a low concentration of sorbic acid (0.025 and 0.05%), almost with-
out exception, has been shown to enhance fungal growth, regardless of
a,, and temperature levels (Samelis et al., 2002). Potassium benzoate (at a
concentration of 2 mM) has been found to produce an increase in growth
rate of 52% in Z. bailii cells (Macpherson et al., 2005).

Organic acids such as acetic, malic, and L-lactic acids have been found
to have protective effects (1-2 log increases in survival) on the survival of
E. coli O157:H7, compared to organic acids, at concentrations between 5
and 10 mM. p-lactic has a greater protective effect (~4-log increase in sur-
vival) over a concentration range of 1 to 20 mM. However, citric acid has
not yet shown any protective effect at these concentrations (Bjornsdottir,
Breidt, Jr., and McFeeters, 2006).

8.10  Possible advantages of organic acid resistance

In bakery products, propionic acid is known to inhibit some spoilage
agents such as molds and Bacillus spores, but not yeasts to the same extent.
This acid is, therefore, the traditional choice for bread preservation (Ponte
and Tsen, 1987; Suhr and Nielsen, 2004). In wine, S. cerevisiae may be inhib-
ited by competitor microbes producing organic acids. A stress response is
activated to prevent accumulation of these acids to potentially toxic levels
(Piper et al., 2001).

8.11 Industry strategies

The quest to evaluate the effectiveness of organic acids for specific appli-
cations increasingly requires a better understanding of the general as
well as specific stress-response capabilities of foodborne microorgan-
isms and pathogens. Modern tools must be applied to study microbial
behavior in all aspects of food production environments to more targeted
strategies in controlling foodborne pathogens with organic acids (Ricke,
2003). Understanding resistance development is the next step in design-
ing improved preservation strategies and is important in the develop-
ment of more effective preservation protocols (Macpherson et al., 2005;
Papadimitriou et al., 2007). Microorganisms adapt to survive in previously
effective control methods and new techniques are essential for maintain-
ing food quality, while at the same time inhibiting contamination in every
production step and throughout the distribution chain (Rico et al., 2007).
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8.11.1 'ITargets

Any protective effect that an organic acid may have on contaminating
organisms must be addressed when improving the efficacy of organic
acids (Tamblyn and Conner, 1994). Often, low concentrations of organic
acids are ineffective against various pathogenic organisms, for example,
S. typhimurium, attached to carcasses, especially broiler chicken car-
casses (Lillard et al., 1987; Tamblyn and Conner, 1994). Future techniques
in attending to such aspects may include the use of transdermal agents
(Tamblyn and Conner, 1997). Long-term effects of organic treatments on
microbial ecology of food products is an important aspect to consider
in managing potential safety risks. One such aspect is spray washings
used in carcass decontamination, which may select from acid-tolerant or
organic acid resistant spoilage bacteria or yeasts (Samelis et al., 2002).

The ability of an organism to resist intracellular acidification is an
essential survival mechanism, if pH homeostasis is critical to cellular
function (Krebs et al., 1983; Holyoak et al., 1996). The plasma membrane
H*-ATPase plays an important role in resisting intracellular acidification
and provides a common target in control strategies to be applied for both
Z. bailii and S. cerevisine (Macpherson et al., 2005). Z. bailii is known to limit
the entry of weak-acid preservatives, and S. cerevisiae relies on plasma
membrane efflux systems to remove H* and organic acid from a cell (Piper
et al.,, 2001). If Z. bailii were also to rely on K* as counter-ion during stress
response, plasma membrane K* transporters may form a common target
for control strategy of yeasts (Macpherson et al., 2005).
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chapter nine

Acid tolerance

9.1 Introduction

Pathogenic organisms are not limited to cardinal ranges of temperature,
pH, and water activity, but can adapt to survive outside their known and
expected abilities (Hill, O'Driscoll, and Booth, 1995). Some pathogenic
organisms have, for example, adapted to survive the various acidic envi-
ronments in the human body (stomach and small intestines) to be able
to cause infections. The acquisition of resistance to inorganic or organic
acids may, therefore, pose a serious risk when food is contaminated with
such a foodborne pathogen and is critical throughout the entire farm-to-
fork process of food production (Merrell and Camilli, 1999; Berry and
Cutter, 2000). Acid tolerance response (ATR) is, therefore, a concern to
the food processor as well as clinicians, because pathogens may tolerate
acidic environments in food processes and also the human body, posing a
serious risk in causing disease (Tosun and Aktug Gonul, 2003).

Acid tolerance response is a complex defense system that can mini-
mize the lethal effects of extreme low pH (pH 3) and also the effect of
weak organic acids (Baik et al., 1996). Survival of organic and inorganic
challenges differs among microorganisms with regard to physiological
requirements. One example can be seen in Listeria monocytogenes where 88
may mediate protection against both organic and inorganic acid stresses,
but through different mechanisms (Ferreira et al., 2003). Also, Salmonella
enterica sv. typhimurium cells that have been exposed to acid shock, show
varying sensitivities to organic acids (Baik et al., 1996; Tetteh and Beuchat,
2003). Two systems exist in S. typhimurium that provide redundant protec-
tion against inorganic acid stress. These are (1) RpoS dependent, and (2)
PhoPQ dependent, where PhoP is an acid-shock protein (Bearson, Wilson,
and Foster, 1998).

9.2 Delineating the difference among acid
adaptation, acid tolerance, and acid resistance

Acid stress is defined as a combined biological effect of low pH and
organic acids present in an environment to which an organism may be
exposed (Barua et al., 2002). Various terms have evolved to describe a
response following exposure to acid stress: (1) acid adaptation, (2) acid
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tolerance, (3) inducible acid resistance, and (4) acid habituation (Edelson-
Mammel, Porteous, and Buchanan, 2006). When exposed to a moderately
acidic environment, microorganisms may develop cells with increased
resistance when transferred to more acidic conditions. This is referred to
as an acid adaptation response (Cheng, Yu, and Chou, 2003). Acid adapta-
tion generally increases acid tolerance, whereas acid-shocked cells acquire
enhanced acid tolerance, not increased tolerance. During fermentation of
foods microbial cells may experience acid adaptation, and not acid shock,
due to gradual decrease in pH (Ryu and Beuchat, 1999).

The terms “acid resistance” and “acid tolerance” are often used
interchangeably and describe growth at moderately acid pH (Russell,
1991; Takahashi et al., 1997), which of course causes much confusion.
Sometimes these terms are also used when an organism survives acid
shock (Benjamin and Datta, 1995; Diez-Gonzalez and Russell, 1999). Other
observations, causing equal confusion, are Salmonella that can grow at
lower pH values than Escherichia coli and Shigella but are in fact, more sen-
sitive to acid shock (Diez-Gonzalez and Russell, 1999). The term “extreme
acid resistance” is sometimes used to describe viability after acid shock
(Lin et al., 1995). Exposure to an environment that induces acid shock may
result in a lower production of stress proteins, or different proteins, pro-
viding varying protection to stresses (Ryu and Beuchat, 1999).

S. typhimurium is well known for its ability to survive at extreme pH
(pH 3.0), but this is dependent on the acid used to acidify the growth
medium. The order of development of ATR in Salmonella cells by the fol-
lowing acids have been found to increase from ascorbic to citric in the
order: ascorbic < HCI < malic < lactic < acetic < citric. Of equal importance
is E. coli O157:H7, known to be unusually acid tolerant (Alvarez-Ordéfiez
et al., 2009).

9.3 Role of organic acids in tolerance

When an organism adapts to an acidic environment, this may lead to an
acid tolerance response (ATR) which, in turn, may protect against organic
acids. ATR is, therefore, a complex defense system generated when acid
resistance is induced after adaptation to mildly acidic pH conditions to
minimize the lethal effects of extremely low pH and also to protect an
organism against organic acids (Baik et al., 1996). In turn, organic acids
enhance survivability of acid-sensitive pathogens exposed to low pH by
induction of an acid tolerance response. This tolerance is also often linked
to increased virulence and concern has risen about implications regard-
ing the use of organic acids (Ricke, 2003). Organic acids, therefore, do not
always cause positive results in food safety. Exposure to an organic acid
may also induce stress responses in bacteria, rendering them more tolerant
of (1) acidity, (2) ethanol, or (3) H,O, (Doyle, 1999). It can be safely assumed
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that inorganic acid adaptation protects an organism against organic acid
stress and vice versa (Baik et al., 1996).

ATR as a function of the acid used may be due to the maintenance of
internal pH (pH,) of the cell (Alvarez-Ordénez et al., 2009). Some organic
acids enter the cell more easily than others, and, as a result, may alter the
pH; of the cell more easily (Greenacre et al., 2003). The pH; is crucial for
maintenance of acid tolerance. The ATR complex phenomenon is strongly
affected by environmental factor interaction, prevailing during acid adap-
tation and acid inactivation (Alvarez-Ordéiiez et al., 2009).

An inorganic acid (H*) can signal a decrease in the proteolysis of &°.
Inorganic acid stress, therefore leads to an accumulation of §° by down-
regulating proteolysis. Organic acids increase §° stability, and also stimu-
late translation of the rpoS message. Exponential-phase cultures, grown
at pH7 and adapted with 100 mM acetate exhibit a 5x increase in rpoS
translation, but not transcription (Audia, Webb, and Foster, 2001).

Gram-negative bacteria have developed various devices to protect
themselves from acid stress (Barua et al., 2002). For example, studies have
shown that propionic acid and butyric acid can promote extreme acid
resistance of nonpathogenic E. coli, as well as the extreme acid resistant
E. coli O157:H7 (Guilfoyle and Hershfield, 1996), whereas benzoate, on the
other hand, is much less active in promoting survival of E. coli O157:H7
than acetate (Diez-Gonzalez and Russell, 1999).

The type of organic acid also influences ATR (Alvarez-Ordéfiez et al.,
2009). For example, acetic is more efficient than lactic acid for induction
of ATR in S. typhimurium, grown in TSB (Greenacre et al., 2003), whereas
citric acid and acetic acid caused the highest ATR in cells grown and chal-
lenged in meat extract (Alvarez-Ordénez et al., 2009). This could have an
important impact on food safety, because citric, acetic, and lactic acids
are the most commonly used acids in carcass decontamination treatments
(Smulders and Greer, 1998) as well as preservatives (Alvarez-Ordénez et
al., 2009). In S. typhimurium sudden exposure to reduced pH (acid adapta-
tion) increases resistance to various acids and also enhances survival in
fermented and acidic foods. Acid-shocked E. coli O157:H7 has also dem-
onstrated increased resistance to lactic acid and enhanced survival in acid
foods, such as shredded dry salami and apple juice. Some inorganic acids
may, however, induce stronger acid tolerance than organic acids, although
they are not commonly used in foods. Acid-adapted S. typhimurium cells
resulting from exposure to hydrochloric acid have increased resistance
to inactivation by organic acids and survived better than unadapted cells
during fermentation of milk (Deng, Ryu, and Beuchat, 1999). Acid-adapted
S. typhimurium strains may also survive during milk fermentation, and
have been shown to have increased resistance to inactivation by organic
acids (Tosun and Aktug Gonul, 2003). However, resistance to organic acids
does not always result from resistance to low pH. Some strains capable of
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growing at low pH cannot grow when the pH is adjusted with, for exam-
ple, acetic acid (Nakano, Fukaya, and Horinouchi, 2006).

The acid-tolerance system can protect Salmonella against the killing
effects of organic acids and, as a result, increase their survival in fer-
mented foods (Leyer and Johnson, 1992; Baik et al.,, 1996). Inorganic acid
resistance of S. typhimurium may, however, be increased after exposure to
a high concentration of organic acids. This induced resistance is enhanced
by (1) acidic pH, (2) anaerobiosis, and (3) prolonged exposure to organic
acids (Ricke, 2003). Previous exposure to organic acids also increases S.
typhimurium survivors against extreme acid (pH 3.0), high osmolarity (2.5
M NaCl), and reactive oxygen (20 mM hydrogen peroxide). This could also
cross-protect Salmonella against other environmental conditions in animal
and processed food products (Kwon et al., 2000).

Another example is E. coli O157:H7, where adaptation to acid may
negatively influence the effectiveness of acetic acid spray washings on
carcasses. It is known that the acid-resistant strain ATCC 43895 could sur-
vive at 4 or 10°C for two to seven days in undiluted 2% lactate (pH 2.3-2.5)
or 2% acetate (pH 3.0-3.2) spray washings on beef (Samelis et al., 2002b).
Cattle are considered the main reservoir of E. coli O157:H7. Spraying of car-
casses or even primal meat cuts with organic acids may, therefore, result
in the development of acid-resistant strains. A serious concern is that the
strains may also harbor increased virulence. Another problem may arise
when these strains establish niches in plants to cross-contaminate meat
(Samelis et al., 2002a). Acid adaptation of E. coli O157:H7 has also reduced
the effectiveness of various other organic acid sprays to inactivate it on
decontaminated beef carcasses (Berry and Cutter, 2000).

Organic-acid-adapted cells of E. coli O157:H7 have been found to sur-
vive better than unadapted cells during sausage fermentation, indicating
enhanced survival in dry salami (pH 5.0) and apple cider (pH 3.4) (Ryu,
Deng, and Beuchat, 1999). However, in other organisms such as L. mono-
cytogenes, acid shock with lactic or acetic acid produced no enhanced acid
tolerance (Ryu and Beuchat, 1999). Glutamic acid, an amino acid, and a
component of pickle brines, is known to enhance acid resistance in E. coli
and also to protect E. coli from specific effects of acetic acid (Breidt, Jr.,
Hayes, and McFeeters, 2004).

9.4 Acid tolerance of gastrointestinal pathogens

The ability of pathogens to cause disease is greatly influenced by acid.
Resistance to acid pH may permit pathogens to survive in acid foods and
allow them to survive exposure to acid in the human body and then to
proceed in causing disease (Roering et al., 1999; Casey and Condon, 2002).
The acid tolerance of E. coli O157:-H7 makes it especially important to elu-
cidate the effect of organic acids on this pathogen (Casey and Condon,
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2002). Pathogens associated with oral-fecal routes of transmission are
particularly able to survive in extremely acidic environments (Sainz et
al.,, 2005). Acid tolerance of S. typhimurium, for example, has been studied
extensively, more than most other pathogenic foodborne bacteria, as S.
typhimurium is frequently exposed to organic acids during its life cycle
(Kwon and Ricke, 1998; Ryu and Beuchat, 1999). These pathogenic bac-
teria, among others, have to withstand the gastric acidity in the stomach
(when ingested together with contaminated food) as well as other stresses
imposed by the body’s defense systems (Kwon and Ricke, 1998; Gauthier,
2005), and also acidification (pH 4-5) of the phagolysosome when phago-
cytosed by macrophages.

Many foodborne pathogens such as Shiga toxin-producing E. coli
O157:H7 (STEC) are capable of surviving at pH < 2.5 for more than 2 h
in extremely acidic environments, such as the stomach (pH 2.4). As a
result of their acid-resistant nature, STEC O157:H7 has a low infectious
dose (Barua et al., 2002). Enteric bacteria must, therefore, be able to with-
stand acid stress under various conditions, pathogenic, but also natural
situations. Acid tolerance plays an important role in their survival and
growth in fermented foods. This tolerance is enhanced as a result of acid
adaptation (Ricke, 2003). Induction of acid tolerance also has an impact
on the virulence of a pathogenic invasive organism (Hill et al., 1995).
Extended acid stressing may enhance virulence and also cause adaptive
mutations of permanent acid resistance (Sheridan and MacDowell, 1998;
Stopforth et al., 2003). Virulence of E. coli O157:H7 is much dependent on
the ability to survive the low pH of the gastric stomach (Benjamin and
Datta, 1995). Although E. coli is often grown aerobically in the labora-
tory, the GIT of humans and animals is strictly anaerobic. Anaerobic
conditions are known to enhance acid resistance (Diez-Gonzalez and
Russell, 1999).

Tolerance by foodborne pathogens sometimes occurs in specific
circumstances, such as when exposure to organic acids is less than
maximum and the organism then activates specific stress-resistant and
virulent mechanisms, which may result in development of resistance to
more severe acidic conditions (Ricke, 2003). Vibrio cholerae must also sur-
vive exposure to inorganic and organic acids in the human stomach and
small intestine. The ability of V. cholerae to mount an ATR raises ques-
tions concerning the role of this system in pathogenicity. An adaptive
response to low pH is, therefore, essential for pathogenic organisms. In S.
typhimurium a regulator known as PhoPQ has been described. This regu-
lator of pathogenicity is absolutely essential for survival when exposed
to acid stress. ToxR is another regulatory protein to modulate the expres-
sion of virulence factors in response to environmental conditions such as
pH (Merrell and Camilli, 1999).
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9.5 Cross-resistance to secondary stresses

Cross-protection of foodborne pathogenic bacteria stressed by subsequent
exposure to otherwise lethal environmental conditions enhances their
survival and growth potential. For example, mild heat treatment of foods
containing pathogens may cause heat-shocked cells that will facilitate
survival in acidic foods or in the stomach and intestinal tracts (Tetteh and
Beuchat, 2003). Cells that have undergone acid adaptation or acid-shock,
differ in their resistance to thermal stress. This stress is also different from
that of unadapted cells. Heat-shock in E. coli O157:H7 also enhances acid
tolerance. This increased heat tolerance of acid-adapted cells has serious
practical implications for mild thermal processing techniques, as this may
jeopardize the safety of fermented foods (Ryu and Beuchat, 1999). Thermal
tolerance as a result of bacterial responses to exposure to an acidic envi-
ronment has been demonstrated in L. monocytogenes (Farber and Pagotto,
1992; Lou and Yousef, 1996) and S. typhimurium (Leyer and Johnson, 1993).
Acid-shocked cells of L. monocytogenes also have significantly greater heat
tolerance after exposure to HCl, than with acetic acid (Deng, Ryu, and
Beuchat, 1999). Furthermore, some E. coli O157:H7 strains can be induced
to tolerance to NaCl concentrations, with lactic acid as acidulant, whereas
exposure to HCI decreases tolerance of E. coli O157:H7 to elevated NaCl
levels (Ryu, Deng, and Beuchat, 1999; Casey and Condon, 2002).

Acid-adapted S. typhimurium also often acquires enhanced osmotic
and salt tolerance and cross-protection to an activated lactoperoxidase
system. However, it is not the same mechanism associated with induction
of acid adaptation or acid-shock that results in cross-protection against
dehydration or osmotic stresses (Ryu, Deng, and Beuchat, 1999). The acetic
acid ATR provides protection to osmotic stress, and the lactic acid ATR
does not provide protection to osmotic stress (Greenacre and Brocklehurst,
2006). Previous exposure to organic acids also protected S. typhimurium
against reactive oxygen (hydrogen peroxide), the action of surface-active
agents, such as crystal violet, and from other environmental conditions
in food animal and processed food products (Hill, O’Driscoll, and Booth,
1995; Kwon et al., 2000).

9.6  Mechanisms of acid tolerance development

The mechanisms involved in ATR development in bacteria are not com-
pletely understood. However, it is generally recognized that various
genes and proteins, including alternative RpoS and shock proteins are
involved (Foster, 2000), as well as modifications in membrane fluidity and
fatty acid composition (Brown et al., 1997; Alvarez-Ordofez et al., 2009).
There are two systems known to provide extra protection against inor-
ganic acid stress: (1) RpoS dependent, and (2) PhoPQ dependent. PhoP is
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an acid-shock protein (Bearson, Wilson, and Foster, 1998). Acid tolerance
is not dependent on pH, but is dependent on the growth phase of the
cells (Deng, Ryu, and Beuchat, 1999). Induction of acid tolerance has been
effectively achieved when a fermentable carbohydrate, such as glucose, is
included in a growth medium (Buchanan and Edelson, 1996). The ATR
system requires protein synthesis and represents a novel genetic response
to environmental stress (Tosun and Aktug Gonul, 2003).

Increased acid tolerance correlates strongly with a decrease in proton
accumulation in the cytoplasm. This altered proton permeability is again
associated with changes in the protein composition of the cell membranes.
Acid-adapted E. coli changes the lipid composition of its membranes, and
elevated levels of cyclopropane fatty acids are often found. This may
mean that changes in the protein composition of the cell membrane are
a result of changes in the membrane lipid composition. Both lipid and
protein alterations may be necessary to protect a bacterial cell in acidic
environments (Jordan, Oxford, and O’Byrne, 1999).

Three systems have been identified in E. coli to protect cells against
pH values of 2-2.5. The first is a glucose-repressed system which is depen-
dent on an alternative sigma factor (5%), encoded by the rpoS gene and des-
ignated as an oxidative system. The second system requires glutamic acid
during acid challenge by utilizing an inducible glutamate decarboxylase.
The third one requires arginine and an inducible arginine decarboxylase.
All three systems are optimally active in stationary-phase cells (Sainz et
al., 2005). Inorganic acid stress causes accumulation of &% as a result of
down-regulating proteolysis, whereas stress imposed by organic acids
will also stimulate rpoS translation, but not transcription (Audia, Webb,
and Foster, 2001).

The ability of S. typhimurium to survive at extreme pH (pH 3.0) is
dependent on the acid used to acidify the growth medium (Alvarez-
Ordoéiez et al., 2009). S. typhimurium encounters several low pH environ-
ments during its life cycle, and the cadBA gene has been implicated in
a system responsible for pH homeostasis during exposure to acid stress
and has been shown to be composed of a complex cascade of proteins. In
S. typhimurium the ATR is controlled by many regulatory proteins, one
of which is RpoS (Merrell and Camilli, 1999). It is not yet certain what
the specific mode of action is by which organic acid increases acid resis-
tance in S. typhimurium. However, the pH level may be a critical factor in
controlling acid resistance induced by organic acids. Several genes have
been identified and characterized in S. typhimurium that are implicated
in expressing ATR phenotypes. These include rpoS, phoPQ, mviA, atp, and
atrB (Kwon and Ricke, 1998). Genes that have been found to increase acid
tolerance in S. typhimurium without the cells being adapted, are shown in
Table 9.1, together with their actual role in the bacterial cell (Audia, Webb,
and Foster, 2001). In the case of V. cholerae, it mounts an ATR to organic
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Table 9.1 Genes Involved in Increased Acid Tolerance in
Salmonella enterica sv. typhimurium Cells Not Adapted to

Low pH
Gene Original function

aceEF Pyruvate dehydrogenase

atrA Unknown

clpP Protease, degrades RpoS

crp Regulator

icd Isocitrate dehydrogenase
pgi(atbR) Phosphoglucoisomerase

rssB(muviA) Regulator of RpoS degradation by ClpP

Sources: From Foster and Hall Journal of Bacteriology 173:5129-5135,
1991; Bearson, S. M. et al., Journal of Bacteriology 180:2409-2417, 1996;
Bearson, B.L. et. al., Journal of Bacteriology, 178:2572-2579, 1998; Audia
et al., International Journal of Medical Microbiology, 291:97-106, 2001.

acid-shock and the toxR gene is involved in mediating ATR to an organic
acid challenge, and different regulatory genes mediate ATR to inorganic
and organic acids. Both cadA and toxR are, however, necessary to mount
a productive ATR in response to an organic acid challenge (Merrell and
Camilli, 1999). In some Shigella boydii strains an arginine decarboxylase
has been found, which previously was thought to be an acid-resistance
system unique to E. coli (Chan and Blaschek, 2005).

pH homeostasis is defined as the ability of an organism to maintain
its cytoplasmic pH at a value close to neutrality despite changes in the
external pH. An example can be found in E. coli where the cytoplasmic pH
(pH;) will change by less than 0.1 unit per pH unit change in external pH,
providing the range of external pH falls within 4.5-79. Homeostasis in
bacterial cells is achieved by a combination of passive and active mecha-
nisms (Hill, O’'Driscoll, and Booth, 1995).

9.6.1 Passive homeostasis

Impermeability of the membrane to protons and other ions plays a major role
in preventing severe changes in pH; in response to varying environmental
changes. Another factor is the high buffering capacity of the cell due to the
protein, glutamate, and polyamines (Hill, O'Driscoll, and Booth, 1995).

9.6.2  Active pH homeostasis

Active pH homeostasis depends primarily on the potassium ion and pro-
ton circuits. The genetic control of ATR in S. typhimurium consists of two
stages, the preacid-shock phase and the postacid-shock phase. The pre-
acid shock is induced at an external pH of ~pH 5.8, and the postacid shock
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is induced at or below an external pH 4.0. During postacid shock, sev-
eral acid-shock proteins are also produced that are essential for survival.
When a cell is transferred from pH 7.0 to pH 3.3, these acid-shock pro-
teins are not synthesized and result in cell death. The preacid shock at pH
5.8 is, therefore, necessary to enable the cell to maintain pH homeostasis
long enough at pH 3.3 to allow for synthesis of acid-shock proteins (Hill,
O’Driscoll, and Booth, 1995).

Facultative pathogenic bacteria use many complex systems to enable
them to sense and adapt to environmental stresses. These systems then
provide signals for the appropriate expression of genes to encode coloni-
zation and pathogenicity factors (Merrell and Camilli, 1999).

9.7 Known acid-tolerant organisms

Acid tolerance has been studied for many years, but mainly on E. coli and
Salmonella, with a few studies on L. monocytogenes and other Gram-positive
bacteria. Similar to observations in other bacteria, it has been found in
Listeria that at the same external pH,, weak organic acids are more dam-
aging than strong inorganic acids such as HCl (Phan-Thanh, Mahouin,
and Alige, 2000). Acid adaptation mechanisms, such as preexposing cells
to a moderately acidic environment, have been observed in a number
of foodborne pathogens, including L. monocytogenes, EHEC, S. typhimu-
rium, Shigella flexneri, Aeromonas hydrophila, and Vibrio vulnificus (Edelson-
Mammel, Porteous, and Buchanan, 2006). E. coli O157:H7, Salmonella, and
other enteric bacteria are generally neutrophiles, but capable of adapting
to severe acid stress frequently encountered in animal and human bodies
(Lin et al., 1995).

E. coli generally does not readily grow at low pH values (<5.5), but if
acid resistance genes are induced, the organism is able to survive at pH
values as low as 2.0 (Lin et al., 1995; Diez-Gonzalez and Russell, 1999).
Different VTEC serotypes will develop diverse stress resistance when
challenged by an acidic environment (Molina et al., 2005). However, since
the first recognized outbreak in 1982, E. coli O157:H7 has emerged as a
serious, potentially life-threatening, human foodborne pathogen (Jordan,
Oxford, and O’Byrne, 1999). Relative resistance to acidic environments
is a characteristic of enterohemorrhagic E. coli and provides the organ-
ism the temporary ability to endure acidic environments. This ability is
enhanced by the presence of several growth-phase-related and induc-
ible acid-resistance systems (Buchanan et al., 2004). The emergence of E.
coli O157:H7 as a foodborne pathogen is partly due to its increased acid
resistance (Leyer et al., 1995; Uyttendaele, Taverniers, and Debevere, 2001).
However, survival and growth are influenced by temperature and the
type of acidulant (Connor and Kotrola, 1995; Uyttendaele, Taverniers, and
Debevere, 2001). E. coli O157:H7 can survive in a variety of acidic foods,
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and as a result of this organism being involved in foodborne illness out-
breaks associated with the consumption of acidic foods, much attention is
focused on the acid resistance properties of this pathogen. E. coli O157:-H7
is often shed from cattle, and the acid tolerance status is significant to
microbial safety of meat products (Berry and Cutter, 2000). E. coli O157:H7
has a low infectious dose (<100 cfu) and as such poses an even greater
problem (Phan-Thanh and Gormon, 1997).

Listeria monocytogenes is another major concern to the food industry,
due to its inherent resistance to several preservation practices and the
high mortality rate of listeriosis in susceptible populations. Of particular
concern is its ability to grow at refrigeration temperatures and on dry sur-
faces, and to tolerate acidic conditions (Barker and Park, 2001).

A significant ATR has been found in S. typhimurium, following culture
in acidic environments (pH 3.0). Modifications in the membrane fatty acid
composition of S. typhimurium, however, have not been found dependent
on the pH or the acid used for acidification (Alvarez-Ordéiez et al., 2009).
Shigella is another organism known to survive for extended periods in
unfavorable conditions such as high acid or high temperature (Lin et al.,
1995; Tetteh and Beuchat, 2003).

Although the pathogen Campylobacter jejuni cannot survive in
extremely acidic conditions (below pH 3.0), it is not affected at pH higher
than 3.6 and its normal growth pH range is 5.5-5.7. At low pH levels (4.0
and 4.5) HCI has limited inhibitory effect on Campylobacter, and no effect
at higher pH levels (5.0 and 5.5). Atlow pH (4.0 and 4.5) organic acids have
a strong bactericidal effect. C. jejuni and C. coli rapidly die. At pH 5.0-5.5,
the reduction rate is much higher, compared to HCI, but Campylobacter
could survive (Chaveerach et al., 2002).

Lactic acid bacteria (LAB) are more resistant to acidic conditions and
can tolerate a lower intracellular pH than many other bacteria (Adams
and Nicolaides, 1997). Acetic acid bacteria (AAB) are commonly found
in nature and frequent food spoilage microorganisms. Due to their high
resistance to acidity and the wide range of substances that they are able
to use, their presence is mostly related to food modification and human
activities involved in food preservation (De Ley, Gillis, and Swings, 1984).
AAB are also important oxidative microorganisms and able to survive in
high ethanol conditions. This, together with their acid resistance, are rea-
sons why AAB are commonly found in wine (Gonzalez et al., 2005).

Heavy losses are experienced in the feed and beverage industry
because of certain yeasts being able to grow at low ambient pH in the
presence of weak-acid preservatives (Macpherson et al., 2005). The yeast
Z. bailii is able to grow at pH as low as 2.2, although it is known that these
abilities can be affected by the acidification agent and the solute used to
reduce the a,, as well as by other solutes present in food (Thomas and
Davenport, 1985; Lenovich et al., 1988).
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Yarrowia lipolytica is a yeast species that has been attracting attention
due to its numerous biotechnological applications. Y. lipolytica is not con-
sidered a dangerous food spoilage yeast, but is often reported from food
environments to be involved in some damage as a result of food spoilage.
The organism is usually isolated from lipid-rich environments such as
mayonnaise and salad dressing as a result of their resistance or tolerance
toward weak carboxylic acids and other stress environments. The response
pattern to an acidic environment expressed by Y. lipolytica resembles Z.
bailii rather than S. cerevisiae, and is related to the capacity of the organism
to use most of the acids in the presence of glucose, as described for Z. bailii
(Rodrigues and Pais, 2000).

9.8 Development of acid tolerance

Acid adaptation is a complicated process in which many physiological
changes occur, such as production of protective acid stress proteins and
alterations in cell membranes (Deng, Ryu, and Beuchat, 1999). Bacteria
can survive in acidic environments, depending on their ability to regulate
their cytoplasmic pH (pH;) (Hill, O’Driscoll, and Booth, 1995). Some bacte-
ria such as L. monocytogenes have a significant acid adaptive response, fol-
lowing 1 h exposure to mild pH (5.5) (Cheng, Yu, and Chou, 2003). Several
factors will determine the ability of a microorganism to survive expo-
sure to an acid environment. These include pH, type of acidulant, con-
centration of acidulant, temperature, water activity, atmosphere, and the
presence of other inhibitory substances (Edelson-Mammel, Porteous, and
Buchanan, 2006). Acid adaptation in S. typhimurium can be described as a
two-stage process, beginning with an initial pre-shock exposure to a mild
pH in the range of 5.0-6.0, and then followed by acid challenge exposure
to a pH below 4.0 (acid shock) (Tosun and Aktug Gonul, 2003). Salmonella
also encounters acid stress in the form of organic acids produced by com-
mensal microbes present in the human intestinal tract (Audia, Webb, and
Foster, 2001).

In E. coli O157:H7 acid tolerance is also strongly dependent on the
growth phase, with higher levels of tolerance or resistance found in
stationary-phase or starved cultures compared to exponential-phase cul-
tures (Jordan, Oxford, and O’'Byrne, 1999). The level of acid tolerance is
influenced by extracellular components, often proteins, that are produced
in response to chemical and physical stresses (Ryu and Beuchat, 1999).
Decreased membrane fluidity may also result in increased acid resistance
in E. coli O157:H7 (Yuk and Marshall, 2005). E. coli O157:H7 cultures, grown
anaerobically, will more easily be induced to extreme acid resistance than
those grown aerobically (Diez-Gonzalez and Russell, 1999). Acid resis-
tance is an important property of E. coli to enable the organism to survive
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gastric acidity and volatile fatty acids, resulting from fermentation in the
intestine (Sainz et al., 2005).

Spraying with diluted solutions of organic acids causes a decrease in
the pH value of the meat. Such acidification could result in moderate acidic
conditions, leading the way toward ATR development (Alvarez-Ordéfiez
et al,, 2009). Acid-containing spray washings often select for specific types
of microorganisms, especially acid-tolerant spoilage bacteria or yeasts, able
to assimilate a specific organic acid. Survival may even become higher in
number and also last longer with consecutive adaptations (Samelis et al.,
2002b). Contaminants on freshly slaughtered beef carcasses typically orig-
inate from the bovine gastrointestinal tract, arriving in feces or ingesta
from intestinal organs. The normal pH of a rumen is neutral, whereas
the human stomach is extremely acidic. However, the corn in the feedlot
renders the pH of the rumen unnaturally acidic (Robbins, 2005). Cattle
have also been fed high-grain, growth-promoting diets for more than 40
years, with the potential to select for acid-resistant forms (Martins, 2000).
Normally, these microorganisms would be killed off by the acids in the
human stomach, but the digestive tract pH of modern feedlot cattle may
result in acid-resistant strains of E. coli emerging from such a manmade
environment (Robbins, 2005). Acid adaptation in the bovine gastrointes-
tinal tract may also be prevalent due to exposure to low pH and organic
acids (Berry and Cutter, 2000).

9.9 Implications of acid tolerance

Foodborne pathogenic bacteria are commonly exposed to weak organic
acids, either as by-products of bacterial metabolism in fermentation pro-
cesses or as additions to foods as preservatives. ATR expressed in response
to these conditions is, therefore, of most relevance to food (Greenacre et
al.,, 2003). Acid-adapted cells, as a result of preservation with organic acids
could be more resistant to the strong acidic environment found in the GIT,
increasing the risk of foodborne infections (Alvarez-Ordériez et al., 2009).
Organic acids have demonstrated the enhancement of survivability of
acid-sensitive pathogens exposed to a low pH, by inducing an acid toler-
ance response with an associated increase in virulence. This has created
a situation that may have implications regarding the use of organic acids.
However, this may only apply to circumstances where low acid levels
have induced these resistance and virulence mechanisms (Ricke, 2003).
Safety concerns have intensified with regard to the potential implica-
tions of pathogen behavior and the microbial ecology of carcass decontam-
ination with organic acid spray washes of meat. On beef decontaminated
with lactic acid increases of nearly 3 logs within five days of storage at
10°C under air or vacuum have been recorded, whereas increases were
only 1 log and virtually nonexistent on untreated beef. Meat-packing
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plants that use organic acid treatments may harbor reduced numbers of
competitive flora, because of bacteria that survive meat decontamination
and establish niches in plants where organic acid rinses are mixed with
water washes. It is imperative to recognize and take into consideration the
potential long-term effects of organic acid interventions on the microbial
ecology of meat-packing plants and products when managing potential
safety risks (Samelis et al., 2002b).

9.10 Contribution of acidic foodstuffs

The use of a food source for acid challenge can provide protection against
low pH. It is, however, not known how food can protect bacteria from
extreme acidic conditions (Alvarez-Ordéfiez et al., 2009). One explanation
is the presence of amino acids that could play a significant protective role
(Lin et al., 1995). Juices and other fruit products are preserved by hurdles
such as low pH, depression of water activity, chemical preservatives, and
thermal treatment (Hathcox and Beuchat, 1996; Stiles, Duffy, and Schaffner,
2002). However, spoilage yeasts S. cerevisiae, Z. bailii, and Candida lipoly-
tica are able to overcome these hurdles (Thomas and Davenport, 1985;
Lenovich et al., 1988). Acid-sensitive enteric pathogens often survive lon-
ger in extreme pH conditions when inoculated onto foodstuffs such as
ground beef or boiled eggs. The protein content may protect these bacteria
against the low pH of gastric fluid. Also under laboratory conditions, S.
typhimurium was protected against acid inactivation when meat extract
was used as a challenge medium (Alvarez-Ordénez et al., 2009).

Regulations on food additives often do not take into account the
amount or type of organic acid present in acidified food (Breidst, Jr., Hayes,
and McFeeters, 2004). Because acidified food products have been produced
safely for many years without heat treatments (Zagory and Garren, 1999),
the organic acid(s) present in these products may have contributed to their
excellent safety record. However, independent efficacies of organic acids
and pH on the inhibition or killing of pathogens in acidified food products
have not been quantitatively measured (Breidt, Jr., Hayes, and McFeeters,
2004). Much more information and guidance is still needed in the food
safety arena to prevent contamination by hazardous organisms, such as
E. coli O157:H7, especially low pH foods (Cheng, Yu, and Chou, 2003). This
pathogen has even been implicated in dairy products preserved by acid
pH, for example, yogurt and fermented cheeses (Lekkas et al., 2006).

9.11 Analytical procedures

Most studies on the ATR are executed using a mineral acid such as HCl as
acidulant (Greenacre et al., 2003). Studies also typically measure survival
of cells at an arbitrary time as indicators of ATR, which as a result ignores
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certain factors of inactivation kinetics, for example, shoulder duration and
rate of inactivation. There also exists some concern that pathogens, when
part of a mixed microbial culture in a food environment, may react differ-
ently to decontamination stresses than their pure cultures in a controlled
environment (Samelis et al., 2001b; Stopforth et al., 2003). In the determina-
tion of survival and growth characteristics of E. coli O157:H7 in foods, the
type of acid that the cells have been exposed to, as well as the procedure
used to achieve exposure, is important in the design of acid challenge
studies (Deng, Ryu, and Beuchat, 1999).

Extreme acid resistance of E. coli is triggered by acids and low pH
(Goodson and Rowbury, 1989), but the relative importance of each factor
still needs to be investigated systematically. It is, however, known that
undissociated organic acids, more specifically acetic acid and not the dis-
sociated molecule, can induce extreme acid resistance of E. coli O157:H7,
where the pH effects are mediated via dissociation of acetate (Diez-
Gonzalez and Russell, 1999). It should also be possible to obtain more
information about induction of acid-tolerance mechanisms of entero-
pathogenic E. coli and E. coli serotype O157:H7. Gene arrays have proven
potentially useful in identifying connections between regulatory or meta-
bolic pathways not yet known (Sainz et al., 2005).

9.12 Interacting mechanisms

The type and concentration of organic acid and low pH can either inde-
pendently affect the growth or death of bacterial cells, or they can inter-
act. There must exist an overlap between genetic systems for ATR and
organic acid-induced acid resistance (Kwon and Ricke, 1998). Acid stress
is a combination of low pH and the concentration of organic acids pres-
ent in an environment to which microbial cells are exposed (Bearson,
Wilson, and Foster, 1998). There exist at least four overlapping acid resis-
tance systems in E. coli, which include the glucose-repressed system and
the three amino acid decarboxylase systems (Bjornsdottir, Breidt, Jr., and
McFeeters, 2006).

9.13 Control strategies

An important control strategy in the combat against extreme acid-tolerant
food pathogens such as E. coli O157:H7 is found in decontamination of
meat carcasses. The ideal may be to control the extent of exposure of E.
coli O157:H7 to acid during meat processing and to increase the use of
nonacid interventions such as hot water spraying and steam pasteuriza-
tion, and would be a logical approach to sensitize E. coli O157:H7 to acid
in the absence of acid stress in food environments. Enhanced meat safety
may be promoted by more intense use of water-based decontamination
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technologies either alone or in combination (or rotation) with acidic inter-
ventions, which would lead to modulation of acid resistance of E. coli
O157:H7 as well as other pathogens (Samelis et al., 2002a). Predicting sur-
vival and growth of an organism in acidic foods will be valuable in better
understanding the factors that influence adaptation of such organisms to
acid stress (Tetteh and Beuchat, 2003; see Chapter 10 this book). Exposure
to NaCl can also induce marked sensitivity to acid challenge in E. coli
(Casey and Condon, 2002).
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chapter ten

Modeling organic acid activity

10.1 Introduction

In initial publications on the subject of “predictive microbiology”
(McMeekin et al.,, 1993) the concept is defined as a quantitative science,
enabling the objective evaluation of the influence of processing, distri-
bution, and storage procedures on microbiological safety and also the
quality of food. Later, in 2003, another book by the same authors used
the expression “quantitative microbial ecology of food,” providing a more
general description (McMeekin, 2003). In a more recent book (McKellar
and Lu, 2003) more emphasis is placed on describing microbial responses
to the food environments by mathematical models. This shift in emphasis
of a definition for predictive modeling, is a clear indication of its evolution
into a more specific science (Baranyi and Roberts, 2004).

In order to reliably calculate microbial behavior, predictive microbiol-
ogy requires a reliable combination of mathematical and statistical consid-
erations (Roberts, 1995). It is, however, often inappropriate to extrapolate
mathematical models used in different applications. In Table 10.1 the dif-
ferences between mathematical characterization of bacterial growth in
food microbiology and mathematical modeling techniques used in bio-
technology are stipulated.

There is still not enough understanding of the effectiveness of clas-
sical preservatives and “natural” preservatives in concurrence with
other common components in food preservation systems. This includes
an understanding of whether a microorganism dies, survives, adapts,
or grows and also the nature of the physiological and molecular mecha-
nisms within cells that would result in these phenotypes, for example,
an understanding of the signal transduction systems involved, the stress
proteins induced, induction of these systems, amount of cellular energy
(ATP) involved in each system, and also the amount of available energy
that will determine the various stress response pathways activated (Brul
and Coote, 1999).

It is evident that evaluation of the effectiveness of an organic acid for a
specific application will require a much better understanding of general as
well as specific stress response potentials of foodborne pathogens (Ricke,
2003). Predictive microbiology may be a handy tool in achieving this via
mathematical models to describe the behavior of foodborne microorgan-
isms. The concept has developed very rapidly over the past two decades
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Table 10.1 Differences between Mathematical Characterization of Bacterial
Growth and Mathematical Modeling Techniques Used in Biotechnology

Mathematical Modeling techniques in
Factor characterization biotechnology
Bacterial concentration ~ Lower concentration Higher concentration
needed needed
Goal To prevent growth To optimize growth
Environmental factors ~ Often heterogenous with Standardization essential
limited quantification
Nutrient limitation Foods mainly nutritionally =~ Nutrient limitation
rich, no nutrient essential to control
limitation of microbial microbial growth
growth

and is increasingly found to be of substantial value to the food industry
(Ross and McMeekin, 1994). Amid the development of abundant contem-
porary quantitative microbiology techniques in recent years, traditional
approaches are often still followed for microbial enumeration across vari-
ous stages of food processing and storage, with the main microbial com-
ponents identified by their phenotypic characteristics. Although this may
be a very fascinating field to a dedicated food microbiologist, it takes time,
is costly, and no structured database has been accumulated to provide
easily and rapidly accessible information (Baranyi and Roberts, 2004).

Molecular nomenclature refers to growth rate and yield as macro-
scopic bioenergetic parameters, whereas the microscopic bioenergetic
parameters consist of substrate utilization, ATP levels, ATP/ADP ratios,
and intracellular redox balance. The link between these parameters and
molecular reactions in response to antimicrobial stress has only recently
been delineated. A large number of signaling systems have been shown
to operate simultaneously in response to, among others, acid preservation
regimes, and are readily describable by multivariate models such as neu-
ral networks. To understand the links between different branches, there is
a need to implement more modern biotechnological tools, such as genom-
ics and proteomics as data sources for utilization in multivariate models.
With these techniques rapid assessment can be made of the response and
extent of the response to environmental stimuli (Brul and Coote, 1999).

In understanding the underlying “signaling cables” of microbes, it is
essential to cautiously examine examples of resistance development, the
stress response against natural antimicrobial agents, and also responses
against physicochemical factors. Operation of these signaling systems
depends on substrates available to provide energy that the cells may
require for their housekeeping systems. New insights are implemented
to devise knowledge-based combinations of preservation regimes, rather
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than those based on empirical applications. Risk assessment models are
also used to link mechanistic insights to risk management in food manu-
facturing (Brul et al., 2002a).

The combination of genomic transcript profiling and cellular physiol-
ogy has provided the potential for developing accurate predictive models
for microbial growth inhibition when preserving food via hurdle tech-
nologies. This has paved the way in assessing cellular signaling systems
involved in the transmission of stress and consequently the regulation
of defense systems. Not much information is, however, available on the
signals that would initiate a cellular response when microorganisms are
exposed to organic acids. It is, however, known that the acids lower the
internal pH and have an influence on the cell membrane (Aslim et al.,
2005). Therefore, it has been proposed that adjustments of the cell envelope
ought to take place to prevent the development of a nonessential ATP-
consuming metabolic cycle in which anions and protons are extruded
from cells. Reinflux then occurs when the proton and anion reassociate at
an extracellular pH equal to the pK. In cells responding to sorbic acid, it
was found that stress activated their cell integrity pathway signal trans-
duction system (De Nobel et al., 2001). Closer investigation of induced
genes and proteins indicated events at the cellular plasma membrane that
must be the start of the signaling cascade (Aslim et al., 2005).

Following studies on the effects of single controlling factors such as
temperature, pH, or water activity on microbial growth, it was commonly
accepted that specific microorganisms would not grow below a certain
temperature or below a certain pH or water activity. The most important
environmental factor that would determine growth is the temperature,
followed by pH and water activity. Other factors include preservatives,
antimicrobials, and atmospheric conditions. The only controllable envi-
ronmental factor during the storage of food is the temperature. However,
these other factors can be changed by the growing bacteria, and can, in
turn, also interact. This increases the need for dynamic models, where the
constant environment would be regarded as a special case (zero varia-
tion) of the general scenario. Any food has a controlling storage factor,
which may be water activity, a pH value, or storage temperature. If growth
response determined by these factors were to be measured and then mod-
eled, the result would give an indication of the amount of growth that
could be attributed to these factors. However, if differences between cal-
culated and observed responses were significant, other factors must also
be considered (Baranyi and Roberts, 2004).

10.2 Genomics

Although organic acids have been used for centuries to preserve foods,
only recently has the mechanism by which bacterial growth inhibition
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is achieved been investigated. Genomic and proteomic techniques are
increasingly being implemented in identifying genes and proteins in
microbes in coping with organic acid stress (Hirshfield, Terzulli, and
O’Byrne, 2003). Limited information is available on the molecular signaling
that immediately follows exposure to weak-acid stress and also about the
initial signal that sets off a cellular response (Brul et al., 2002a). However,
molecular tools in the study of pathogen behavior in pre- and postharvest
food production are providing insight into the specific microbial genetic
regulation involved in the response to antimicrobial agents and preser-
vatives. With molecular techniques, it is also possible to develop more
specific strategies to control foodborne pathogens (Ricke, 2003). Genomics
and the role it plays in food manufacturing are focused on the mechanis-
tic modeling of stress response in microorganisms. Gathered information
can then form part of large sets of databases on food ingredients and food
processes. It is here that all physical, biochemical, and nutritional factors
with regard to the food being produced, are measured in providing essen-
tial information in an integrated way on the prediction of the stability and
quality of foods (Brul et al., 2002a).

Sequencing of microbial genomes is being performed on a large
scale and has opened the way to a full analysis of microbial behavior.
Understanding the cellular physiology depends on proper integration of
molecular data, which buttons of a microorganism to push, and the sub-
strates available to cells. A major challenge in preservation and fermented
foods is the integration of molecular microbiology and classical physiol-
ogy into the so-called functional genomics, comprising also the necessary
bioinformatics with it (Brul et al., 2002a).

Genomics of food-grade microorganisms, food pathogens, and spoil-
age organisms, and ultimately also the human body are all relevant to
the production of safe foods. Microbial diversity is vast, organisms adapt
quickly, and horizontal gene transfer is not exceptional, but with the
genomics era comes the promise of great expectations for food biotechnol-
ogy in the food arena, involving the bioconversion of raw materials into
edible products (De Vos, 2001).

Several genes have thus far been implicated in the response to organic
acids, resulting in adaptation (Schiiller et al., 2004). Saccharomyces cerevisiae
cells are well known to cope with this stress by inducing Pdr12p, which
leads to stress adaptation or resistance development (Piper et al., 1998).
Genes upregulated by organic acid stress are primarily involved as resis-
tance factors. The availability of systematic functional assays has been a
dynamic achievement of the genomic age. Studies on genes involved in
the response and adaptation of fungi to the effects of weak organic acids
reported on a combination of functional genomics (phenotypic screening
or functional assays) with datasets from mRNA profiles. These can suc-
cessfully locate essential genes operating in complex biological pathways,
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such as Pdr12p being the main player in organic acid stress response in
yeasts, whereas Warlp represents the main stress regulator (Schiiller et
al., 2004). Underlying mechanisms of the antimicrobial effects of organic
acids have not been elucidated, but are at least in part attributed to a cyto-
plasmic acidification that inhibits essential metabolic functions (Krebs et
al., 1983; Pearce, Booth, and Brown, 2001).

Itisnow also known that only a fraction of a specific genomic response
is needed to deal with any hazardous environment and that the transcrip-
tional profile for a given stress condition usually includes many more
genes than are immediately required to relieve the stress. For example,
adjustment of transcriptional programs will enable a yeast cell to rapidly
tune the expression patterns in response to environmental challenges.
Combining functional genomic analysis and global expression profiling
provides an organized way to get better insight into the different stress
response pathways (Schiiller et al., 2004). Another advantage of genomicsin
food preservation studies is the potential for modifying the rate of organic
acid production, such as lactic acid, by genetic techniques (Davidson et al.,
1995). Genomewide analysis of organic acid resistance, using microarrays
and proteomics has also proven to be so much faster than “traditional
techniques.” Investigating further resistance mechanisms developed by
yeasts in particular, are also being facilitated by genetic techniques (Brul
et al., 2002b).

Application of genomics may also be beneficial in studies on the viru-
lence of Salmonella and the effect of organic acids. Salmonella is an oppor-
tunistic intracellular pathogen and one of the first steps in pathogenesis
is penetration of the intestinal epithelium. This is promoted by invasion
genes located on a pathogenicity island (SPI-1). The influence of organic
acids on invasion of the epithelium can be explained by changes in SPI-1
expression (Van Immerseel et al., 2006).

Studies on gene expression in Escherichia coli K12 during induced acid
tolerance response identified gene arrays as having the potential to rec-
ognize relations between unknown regulatory or metabolic pathways.
With this technique more information is obtained about induction mecha-
nisms of acid tolerance mechanisms in enteropathogenic E. coli and E. coli
O157:H7 (Sainz et al., 2005).

10.3  Growth models in defined systems

Many foodstuffs consist of gelled emulsions, due to deliberate addition
of gums and thickeners to increase the mass thickness (e.g., sausages)
or due to denaturation of proteins to form protein micelles (e.g., cheese).
Food emulsions containing water in oil have an internal water phase
that is dispersed as droplets within an oil (or lipid) phase. The microor-
ganisms are mostly found in the droplets (Verrips and Zaalberg, 1980;
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Charteris, 1995) and classical theories describing microbial growth
usually rely on the microarchitecture of these droplets, which limits
the availability of water, space, and growth nutrients (Wilson et al.,
2002).

A food surface is a simple form of microarchitecture that affects the
growth of microorganisms. Foodstuffs may contain numbers of micro-
architectures and the behavior of a microorganism will, therefore, be
varied. Differences observed by manufacturers can be explained by
organisms growing more slowly in structured systems than in broths
(Wilson et al., 2002).

Growth models that describe the dependence of primary model
parameters on environmental factors (i.e., temperature, water activity, pH,
and organic acids) are referred to as secondary growth models. A number
of different secondary model types exist in predictive microbiology and
are discussed in the following section (Wilson et al., 2002).

10.4  Different predictive models

Primary models describe the growth, inactivation, or survival of microor-
ganisms as a function of time, whereas secondary model types are broadly
classified as (Wilson et al., 2002)

1. Arrhenius-type models
2. Bélehradek-type models
3. Polynomial models

4. Cardinal models

5. Artificial networks

There should always be a distinction made between static models and
dynamic models. Static models are only valid under constant environ-
mental conditions, whereas dynamic models are developed to address
time-varying environmental factors (Wilson et al., 2002).

Most effective models thus far have focused on modeling the specific
growth rate of an organism. Those attempting to model the population
lag phase duration were not as successful (Delignette-Muller et al., 1995;
Ross and Olley, 1997; Augustin and Carlier, 2000). One example is a CDC
model, designed in ModelMaker®, which has the advantage of permit-
ting combinations of differential end explicit equations as well as distinct
measures that are required when applying individual cell adaptations
(McKellar and Knight, 2002).
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10.4.1  Partial least squares regression (PLS)

The PLS model calculates the principal components through indepen-
dent variables. It also models the dependent variable as a function of the
principal components (Beebe, Pell, and Seascholtz, 1998). This is a rigor-
ous technique that can be used against various occurrences that defy
assumptions of multiple linear regression. These include high correlation
between independent variables and low ratio of sample to measurement.
Cross-validation is also employed by PLS, which refers to the interactive
recalculation of the model, while each time excluding a different sample
point. With this method the sensitivity of the model is tested toward a
particular sample. With principal components analysis four fundamen-
tal properties can represent the information contained in other acid data
used. The model can also be applied to predict the MIC (minimum inhibi-
tory concentration) of an organic acid for a modeled organism, but this
may only be more in the nature of an extrapolation and most of the other
data parameters needed for the acid must first be obtained (Hsiao and
Siebert, 1999).

10.4.2  Stoichiometric models

When a stoichiometric model is used, local changes in weak-acid concen-
trations as a result of microbial growth can be predicted. Information on
the stoichiometry of the conversion of carbon source to metabolic products
is essential in order to relate the increase in cell biomass to the changes in
the local chemical environment. This information is then used to predict
changes in pH. However, this is not in any way straightforward, because
of unknown properties of the buffering capacity of the microbial growth
medium (Wilson et al., 2002).

Listeria monocytogenes is increasingly becoming a serious problem in
the control of food safety. As a result, various models have been devel-
oped and specifically adapted for studies on this pathogen. Of these, vari-
ous models have focused on the influence of p, (continuous adaptation
phase) on the growth of individual L. monocytogenes cells. An older ver-
sion of such a model was based on the mean individual cell lag times (t),
where variability of ¢, is expressed as the standard deviation, obtained
from Bioscreen turbidimetric data (McKellar and Knight, 2000, 2002). This
model was, however, limited due to the individual lag times being preset
at £, which rendered the model inactive in the lag. A revised model was
developed that had a continuous adaptation step incorporated prior to the
shift from adaptation phase to exponential growth. This model provided
improvement over existing dynamic models, which described the adapta-
tion of homogeneous populations of cells (Alavi et al., 1999).
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10.5  Predictive indices for organic acids

Minimum inhibitory concentration (MIC) results for microorganisms
have been found to be somewhat higher in practice than the predicted
values (Nakai and Siebert, 2003). In the development of regression models
of organic acid MIC as a function of acid properties, developed by Hsiao
and Siebert (1999) for six bacteria, MIC values were successfully predicted
for three acids, different from those used to build the models. This was a
clear indication that the models have reasonably good predictive ability
(Nakai and Siebert, 2003).

In another study, prediction models based on MICs of eight organic
acids (acetic, benzoic, butyric, caprylic, citric, lactic, malic, and tartaric
acids) were quite successful for each of six different bacteria. R? values
were found to range from 0.621 to 0.966, and the susceptibility pattern and
at least two patterns of acid resistance (E. coli-type and Lactobacillus-type)
were apparent (Nakai and Siebert, 2004). These models were also vali-
dated by predictions made of the MICs of acids other than those used in
the construction of the models. Actual MICs are determined and can then
be compared with the predictions (Nakai and Siebert, 2003).

Quantitative determination of organic acids is an essential factor
in food control. It is important in the monitoring of bacterial growth
and activity, as well as for nutritional reasons (Tormo and Izco, 2004).
Mathematical modeling is used to describe growth responses of micro-
organisms to combinations of preservative factors (McMeekin et al., 1993;
McClure et al., 1994). Combinations that are often used include different
preservatives (often a combination of organic acids), temperature, and pH
(George, Richardson, and Peck, 1996). Other factors that may influence
organic acid are (Diez-Gonzalez and Russell, 1997; Stratford and Anslow,
1998; Alakomi et al., 2000; Breidyt, Jr., Hayes, and McFeeters, 2004):

1. Specific effects of the acid or acid anion on cellular enzymes or
membranes.

2. Internal pH values and buffering capacity of cells.

3. Proton pumping at the expense of cellular atp, and facilitated trans-
port of acid molecules.

Many fields of predictive microbiology have been developed and
applied to the food industry over the last decades in controlling food
safety and quality, and in understanding the behavior of microorganisms
in response to this process (Coroller, Guerrot, and Huchet, 2005). With
predictive modeling, information is provided on the interactions between
two or more factors in a bacterial growth environment. It also permits
interpolation in a region of observations (George, Richardson, and Peck,
1996). Models are used to predict microbial growth in food, and depending
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on environmental factors, the prediction is made by the complexity of the
foodstuff (Coroller, Guerrot, and Huchet, 2005). Such predictions reduce
the need for challenge testing in food safety (George, Richardson, and
Peck, 1996). The influence of a preservative such as an organic acid or acid
mixture has to be included for a model to be complete (Coroller, Guerrot,
and Huchet, 2005).

Food preservation has for a long time employed a combination of fac-
tors in which acids have played an important role (Knochel and Gould,
1995). 1t is, therefore, of great interest to effectively apply the combined
effects of several factors that inflict obstructions to the growth of microbes
(Chirife and Favetto, 1992). Studies on a specific organism, and inclusion of
several factors, such as water activity, temperature, pH, and acid concentra-
tion, have often been carried out in model systems, and mathematical mod-
els have been developed describing the behavior (Hsiao and Siebert, 1999).

Different organisms demonstrate different susceptibilities for the
inhibitory effects of organic acids (Matsuda et al., 1994). Substantial vari-
ations are found in the inhibition effects of organic acids, because they
are not members of a homologous series and vary in numbers of carboxy
groups, hydroxy groups, and carbon-carbon double bonds in the mole-
cule. It is, therefore, not possible to predict either the magnitude of change
when one organic acid is substituted for another, or even the direction of
the change. As a result, it has not been possible to predict what will hap-
pen in real food with a mixture of different organic acids. It is, however,
possible to model the inhibitory effect of an organic acid as a function of
its molecular properties (Hsiao and Siebert, 1999).

In 1999, Hsiao and Siebert applied the principal components analy-
sis model to 11 different properties of 17 organic acids. Results from this
study enabled them to construct four fundamental scales (the first four
principal components after Varimax rotation). The points of each of the 17
organic acids on each of these four scales represented their relationships.
These were referred to as “principle properties” and could then be used
to construct multiple regression models relating the MIC of an acid to its
principal properties of a set of organisms (Nakai and Siebert, 2004).

The following equation applied to the model:

MIC = b, + b,PC, + b,PC, + b,PC, + b,PC,

(wWhere the bs are fitted regression coefficients, and the PCs are the four
principal component scores for an acid).

10.6  Toward improving on existing models

In 1991, Cole commented that the models used at that time were merely
descriptive and practical. Nevertheless, premature modeling may actually
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be the most appropriate means of quantifying interactions as well as syner-
gism between various factors (Cole, 1991). A very important factor in pres-
ervation processes is the ability to predict safe limits in the application of
organic acids. This has already provided opportunity for the development
of empirical models (Stiles Battey, Duffy, and Schaffner, 2002). However,
this was followed by a more mechanistic approach to predict the behavior
of food spoilage yeasts in the presence of preservatives. Such an approach
uses a mathematical model based on physiological observations and ana-
lyzes the decrease in growth rate of yeasts, induced by organic acids in
terms of changes occurring in yield and consumption rates of the energy
source, in a well-characterized medium (Quintas et al., 2005).

Following this model, the need emerged to develop a more structured
mathematical model in order to relate the changes in growth rate with
increased energy requirements resulting from preservative stress. As a
first step to setting up a model that could predict the influence of organic
acids on the growth of yeasts, benzoic acid was used and evaluated with
regard to its effect on the kinetic and energetic parameters of growth. The
model was found to be able to predict growth of spoilage yeasts within the
concentration range of the organic acid, but could not predict the ultimate
rate of spoilage. This may be due to the fact that spoilage depends not only
on the yeast population, but also on their metabolic activity (Quintas et
al., 2005).

The Gamma concept of predictive microbiology is described as a
cornerstone hypothesis, this being that different antimicrobial effects
add together independently (Zwietering et al., 1992), and should, in turn,
assist in additional efforts to model the growth of other microorganisms
under various conditions (Lambert and Bidlas, 2007). Two strong views
have been suggested with respect to the effect of combined primary envi-
ronmental factors: the first is that “interactions exist,”’and with the other
“interactions do not exist.” Another suggestion has been proposed, which
states that interactions already exist between factors at the growth-no
growth interface, but in other places they are additive (McMeekin et al.,
2000; Le Marc et al., 2002).

Sorbic acid and benzoic acid are often used in combination, due to
acclaimed antimicrobial synergy between them (Cole and Keenan, 1986).
This synergy has been attributed to their difference in pK, values (4.67 vs.
4.19, respectively), and lipid solubility. Analysis by the Gamma hypothesis
shows a good fit of the reciprocal model with other organic acids, and
the parameters obtained are in general agreement with those previously
found. However, the question arises whether the Gamma hypothesis may
be discarded without a fundamental basis in synergy, especially in light
of opposing views as to whether such interactions exist (Lambert and
Bidlas, 2007).
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In 1983, Eklund developed a mathematical model for the antimicro-
bial activity of organic acids, which described the antimicrobial action of
the dissociated as well as the undissociated organic acid. In contrast to a
model assuming the activity of the acid form only, this model provided
a good description of the actions of a variety of organic acids (Eklund,
1985). The model was suggested to have practical value, because the deter-
mination of MICs of a specific substance at only two different pH levels
could be used to predict the MIC of that same substance at other pH lev-
els. However, the model failed to consider the antimicrobial effect of the
low pH on its own (Lambert and Bidlas, 2007).

Prediction of the log reduction of an inoculated organism as a func-
tion of acid concentration, time, and temperature can also be done by a
mathematical model developed for this purpose, using the second-order
polynomial equation to fit the data. The following tests justified the reli-
ability of the model: the analysis of variance for the response variable
indicated that the model was significant (P < 0.05 and R? = 0.9493) and had
no significant lack of fit (P > 0.05). Assumptions underlying the ANOVA
test were also investigated and it was demonstrated that with the normal
probability plot of residuals, plot of residuals versus estimated values for
the responses, and plot of residuals versus random order of runs, that the
residuals satisfied the assumptions of normality, independence, and ran-
domness (Jimenez et al., 2005).

In 2003 a square root-type model for E. coli growth in response to
temperature, water activity, pH, and lactic acid was developed by Ross et
al. (2003). The model was found to predict well for 1025 growth rate esti-
mates reported in the literature, by exclusion of poor quality or unrepre-
sented data (1 = 215), with a bias factor of 092, and an accuracy factor of
1.29. This model performed better than two other predictive models for E.
coli growth, Pathogen Modeling Program, and Food MicroModel, and consis-
tently gave better predictions at generation times <5 h. The lactic acid term
included in the model has been proposed as being responsible for the con-
sistent performance for comparisons to growth in meat, as this parameter
is not explicitly included in all other models (Mellefont, McMeekin, and
Ross, 2003).

Despite the arrival of rapid genetic as well as immunological tech-
niques for the detection of foodborne pathogens, evaluation of the micro-
biological quality and safety of foods is usually done in retrospect and is
not in reality effective in protecting consumers from foodborne hazards.
There still exists a predictive approach. As a result, predictive modeling
has developed as an addition to traditional microbiological techniques
(Mellefont, McMeekin, and Ross, 2003).

In developing an appropriate predictive model, factors that are mea-
surable and relevant to the food and the conditions that may be encoun-
tered during the whole process of manufacturing through to consumption
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must be included. Temperature, water activity (a,,), and pH, are consid-
ered to have the predominant influence on microbial growth in fresh
meats (Nottingham, 1982). Successful application of predictive modeling
is dependent on the development of appropriate models. Prior to applica-
tion in industry, predictive models must be evaluated under novel condi-
tions not used to derive the models. There are many methods by which
the performance of a model can be assessed, such as the use of subsets of
data from which the model is derived. This then serves to generate new
data by either growth in liquid growth media or by direct inoculation
into a food product. Other methods include comparison to data from the
literature and industrial trials (Mellefont, McMeekin, and Ross, 2003).

An example of a response surface model of L. monocytogenes growth
rate under different temperatures and acid concentrations was able to
show that growth inhibition was more effective with citric acid than
ascorbic acid because the major dissociation of citric acid occurs inside
microbial cells. Different conditions in the model have the potential to
allow L. monocytogenes response prediction in foods consisting of various
chemical and physical factors. There are two crucial steps in evaluating a
predictive model (Carrasco et al., 2006):

1. Ensuring that the model accurately describes the data from which it
has been generated and represents its biological trend
2. Comparing the prediction with other data

Data should also be obtained under well-controlled experimental condi-
tions (Ross, 1996).

10.7  Significance of modeling

In food preservation it is essential to control microorganisms throughout
the food chain. There is, therefore, an inevitable need to predict the behav-
ior of microorganisms and to get an insight to their cellular functioning
under conditions generally encountered under relevant food manufac-
turing and preservation scenarios. Optimal use of this knowledge can
only be made if this data is placed in context with single cell versus cell
population behavior as well as the context of the physicochemical param-
eters used to determine food taste, flavor, and nutritional value (Brul et
al., 2002a).

Translation of cellular stress models needs to be linked to the cellular
physiology that occurs in single cells. This will ensure that the probability
of events in terms of modeling will play a prime role. These events include
the amount of transcripts and, therefore, molecules of certain transcription
factors regulating the onset of stress response routes (Brul et al., 2002a).
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Asaresult of frequent food poisoning outbreaks, often including those
attributable to L. monocytogenes, the food industry, government authorities,
and the public are questioning food preservation methods (Carrasco et al.,
2006). The continuing demand for natural and minimally processed food
is also causing an increased interest in naturally produced antimicrobial
agents (McEntire, Montville, and Chikindas, 2003). The effects of these
compounds in relation to other factors, such as temperature, NaCl, water
activity, and pH are included in the development of several mathematical
models (Carrasco et al., 2006).

It is essential to have a clear understanding of the effect of a popular
organic acid such as sorbic acid on the molecular physiology of yeast
cells, in order to provide the food industry with the necessary knowledge
to develop strategies to continue to make optimal use of the application
of sorbic acid as a preservative. In the design of improved preservation
strategies, knowledge of how a cell responds and often becomes resistant
to preservatives is important (Papadimitriou et al., 2007). Sorbic acid is
increasingly being used in intermediate-moisture foods, low pH foods,
and also shelf-stable products (Guilbert, Gontard, and Gorris, 1996).
It is, therefore, important to be able to predict its migration between
phases during

1. Treatment of various foods (e.g., absorption of sorbic acid during
processing of dried prunes, or loss of sorbic acid during cooking of
prepared foods).

2. Storage of complex foods (e.g., dairy products or cakes that contain
acid-treated fruits).

3. Storage of food that is in contact with sorbic acid-containing wrap-
ping materials.

4. Storage of foods coated with an edible layer containing a high level
of sorbic acid.

The general understanding of factors limiting microbial growth and
their contribution(s) to safe and shelf-stable food products is limited,
despite the availability of a wide literature, particularly with regard to
conditions in modern food distribution systems (Roberts, 1995).

When different inhibitory effects on microbial activity need to be
compared, it is also necessary to determine the parameters that would
state the influence of the antimicrobial compound (Ferreira, Loureiro-
Dias, and Loureiro, 1997).
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chapter eleven

Legislative aspects

11.1 Introduction

Newly recognized types of foodborne illnesses are emerging globally.
These include verocytotoxin-producing Escherichia coli (VTEC) infec-
tions, E. coli O157:H7, listeriosis, and other bacterial infections, and
pose serious challenges to public health authorities. Food contamina-
tion, particularly with pathogenic organisms plays an increasingly
important role in the economy of countries all over the world. It may
even have devastating effects on their foreign trade, as was the case in
Peru during the early stages of the cholera epidemic in the beginning
of the 1990s (Petrera and Montoya, 1992). Microbial contamination of
foods may even result in serious economic losses to industries, even
if the hazard were identified before consumers were affected (Molins,
Motarjemi, and Kaferstein, 2001). The high cost of foodborne illness
to society has been shown in numerous studies in different countries,
including the United States (Buzby et al., 1996) and Canada (Dean, 1990;
Unnevehr and Jensen, 1999). Pathogenic bacteria, such as Salmonella
and Campylobacter are commonly found in poultry and this problem is
worsened by modern mass rearing practices (Molins, Motarjemi, and
Kéferstein, 2001). Various foodstuffs may be implicated in foodborne
illness outbreaks (Smith deWaal, 2003) and the most notorious are sum-
marized in Table 11.1.

Throughout the white papers on food safety the guiding principle is
that food safety policies should be based on an all-inclusive, integrated
approach throughout the whole food chain, across all food sectors, among
the member states, outside and inside the European Union, in interna-
tional and E.U. decision-making forums, and at all stages of the policy-
making cycle (Domenech, Escriche, and Martorell, 2007). Today’s E.U.
policy is to implement improved food quality and safety. The European
Union’s first priority is quality and not quantity. The White Paper on Food
Safety, therefore, proposes a series of measures for the production of safe
foods (Drosinos, Mataragas, and Metaxopoulos, 2005).

11.2  Differences in requlatory authorities

European Union: Strictly hygienic processing is proposed to ade-
quately ensure product safety. As a result, the European Union regards
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Table 11.1 Foodstuff Commonly Associated with Foodborne Illness Outbreaks

Food linked to outbreak Additional information
Seafood Several have been linked to shellfish, such as
oysters, clams, mussels
Eggs and egg dishes
Beef Very often ground beef is implicated
Produce Cantaloupe, tomatoes, strawberries,

watermelon, potatoes, scallions, lettuce,
raspberries, sprouts, basil, parsley

Poultry Although outbreaks linked to poultry are less
common than those linked to beef, more
individual cases of foodborne diarrhea
linked to poultry than other food

Dairy products Cheese, pasteurized milk, raw milk, ice cream
Pork Ham, pork sausage

Game Venison, bear meat, cougar meat

Juices Apple cider, apple juice, orange juice

Lunch meats Hot dogs, bologna

Foods with multiple ingredients

Source: Data from Smith DeWaal, Food Control 14:75-79, 2003.

decontamination strategies as a means of concealing poor hygiene
(Smulders and Greer, 1998).

U.S.D.A.: Propose that even with the best current hygienic practices
contamination of the carcass is foreseeable. The U.S.D.A. regards inter-
ventions as an addition to the Hazard Analysis and Critical Control Point
(HACCP) in meeting performance standards in an effort to reduce patho-
gens (Smulders and Greer, 1998). HACCP is a production control system
that has been established for the food industry, focused on food safety
prevention systems (Cross, 1994). Decontamination technologies of ani-
mal carcasses are increasingly used commercially in North America to
control microbial surface contamination of meat, specifically aimed at E.
coli O157:-H7 (Smulders and Greer, 1998; Sofos and Smith, 1998; Samelis et
al,, 2002a). Organic acids are widely used in the USA for this purpose,
but are not permitted under E.U. regulations (Smulders and Greer, 1998;
Bolton, Doherty, and Sheridan, 2001).

The use of organic acids is not practiced widely for meat decontami-
nation. Within the European Union any other method of product decon-
tamination other than washing with potable water is not allowed for meat
hygiene regulations. Legislators are averse to grant permission for accept-
ing this technology, because it is perceived to be a means of concealing or
compensating for poor hygienic practices in the slaughterhouse (Smulders
and Greer, 1998).
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11.3  Application guidelines for
organic acid preservation

Substances recommended for reduction of pH mainly include the organic
acids (Barbosa-Canovas et al., 2003). Maximum concentrations of organic
acid permitted in different foods are regulated by legislation (EC, 1995;
State Bureau for Quality Supervision, Inspection, and Quarantine, 1996;
Wen, Wang, and Feng, 2007). United States FDA regulations do not allow
the use of preservatives as a main hurdle to microbial growth in acidified
foods. In the control of the growth and toxin production by Clostridium
botulinum, the Code of Federal Regulations (21 CFR part 114) states that
only acid or acid ingredients should be added to maintain the pH at or
below 4.6, and if necessary, a heat treatment must be included in the pro-
cess. However, regulations do not take into account the amount or type of
organic acid present in acidified food. Regulations (21 CFR part 114) were
established in 1979 for the safe production of acidified foods in the United
States. It was at that time, however, not known that any vegetative patho-
genic organisms were able to survive at or below pH 4.6. Acidified food
products have increased continuously since promulgation of this regula-
tion. Currently, various acidified foods are produced and there may be a
risk of their being contaminated with acid-resistant pathogens (Breidt, Jr.,
Hayes, and McFeeters, 2004).

Processing and sanitizing practices and also HACCP programs in the
meat industry are not always adequate in preventing Listeria monocyto-
genes growth. Postpackaging and postprocessing hurdle technologies are,
therefore, needed for its control (Samelis et al., 2005). This is particularly
important in food consumed without further cooking (Calicioglu, Sofos,
and Kendall, 2003). In the application of organic acids in retarding growth
of Zygosaccharomyces bailii and Saccharomyces cerevisiae very high concen-
trations are required, which may be nearer to or greater than the legal
limits (Hazan, Levine, and Abeliovich, 2004).

The presence of fumaric acid in fruit juices can be the result of added
synthetic malic acid and it is then considered as an index of adultera-
tion. This is confirmed by analysis of p-malic acid, which is not normally
present in malic acid from natural sources. Guidelines of the Association
of the Industry of Juices and Nectars from Fruits and Vegetables of the
European Economic Community (AIJN) considers 5 mg/kg as the limit-
ing concentration for fumaric acid content in apple juices (Trifiro, Saccani,
and Gherardi, 1997).

Table 11.2 summarizes various organic acids that are included in the
FDA'’s list of food additives that are generally regarded as safe (GRAS).
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11.4  The role of general food safety requlations

Except for the food grown in your garden, all food products contain pre-
servatives, as every manufacturer adds a preservative or preservatives
to the food during processing (Food Additives World, 2008). In the whole
process of food safety, the key issue is to support all links of the complex
food production and distribution process until the consumer is reached,
ranging from (1) harvesting, (2) storage, (3) processing, (4) packaging, (5)
sale, and (6) consumption. This network of food control was tradition-
ally aimed at the intermediate stages of the food chain, where the food
processing takes place, not considering the ends of the chain (Domenech,
Escriche, and Martorell, 2007). The introduction of pathogen reduction
steps in food processing has been implemented in the United States by
regulation (Smith et al., 2002) and a consistent decline in the incidence of
food-transmitted salmonellosis (Olsen et al., 2001), was seen to be resulting
from new developments. Protection of the consumer population against
food-transmitted viruses has also been improved in a similar manner
(Daniels et al., 2000; Koopmans et al., 2000; Lopman et al., 2003; Struijk,
Mossel, and Moreno Garcia, 2003).

Allleading food industries have to perform thorough risk assessments
in the preservation of food products (Van Gerwen et al., 2000, Hoornstra
and Notermans, 2001). The crucial point then is analysis of the production
process as a whole, the so-called from farm to fork and consists of four
subprocesses that are executed systematically (1) hazard identification, (2)
hazard characterization, (3) exposure assessment, and (4) risk character-
ization (Brul et al., 2002).

The definition of food quality and safety requirements involves con-
sumers, primary production, plus the agro-food industry and the admin-
istration agents. Government and its role in food control is one of the
main factors in enforcing minimum requirements as well as implement-
ing quality systems that would ensure food safety (Domenech, Escriche,
and Martorell, 2007). Consumers are increasingly questioning the ability
of modern food systems to provide safe food, which causes frustration
by authorities and industry with the public’s attitudes toward food risks
(Macfarlane, 2002). They believe that the public worries about the wrong
things, which then twists the outline and results in the misallocation of
efforts (Dunlap and Beus, 1992; Grobe and Douthitt, 1995).

Most food producers run a quality management system, according
to DIN EN ISO 9000ff in which quality is defined as the “degree to which
a set of inherent (existing) characteristics fulfills requirements.” This
definition entails a key issue—customer satisfaction—in the revision of
DIN EN ISO 9000ff that was published in the year 2000. Food producers
are required to monitor information relating to customer perception to
determine whether the organization has fulfilled customer requirements.
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This is one of the measurements of the performance of the quality man-
agement system. Food producers are, therefore, consequently involved in
communicating food safety (Rohr et al., 2005).

The so-called QS label for meat and meat products has recently been
launched in Germany. The aim of this QS is to establish a system for qual-
ity management and control to cover all stages from (1) birth to slaughter-
ing, (2) cutting and processing, (3) transportation and storage of products,
and (4) regaining consumers’ confidence over the long term (Rohr et al.,
2005). Governments and the meat industry have been forced, as a result of
the meat crisis and consequent decline in beef consumption, particularly
in Europe, to react and work toward restoring consumer confidence in
meat (Verbeke et al., 2007).

Huge economiclosses are caused by visible growth of spoilage molds on
food such as bread, but even greater concerns are the health hazards asso-
ciated with the presence of mycotoxins (Arroyo, Aldred, and Magan, 2005).
The most hazardous mycotoxins facing the food industry are the aflatox-
ins, due to their potential of being highly carcinogenic. Aflatoxins are rated
as Class | human carcinogens by the International Agency for Research on
Cancer (IARC). Approximately 100 countries have implemented specific
limits for mycotoxins in food and feedstock, with the populations of these
countries representing 87% of the world’s inhabitants. All these countries
have regulatory limits for at least aflatoxin Bl or the sum of aflatoxins B1,
B2, G1, and G2 in foods or feeds (Binder, 2007).

Asmentioned before, E.U. legislators propose that strict hygiene measures
should be sufficient in combating the risk of contaminating E. coli O157:H7,
Salmonella, and other pathogens (Bolton, Doherty, and Sheridan, 2001). Use of
organic acids for meat decontamination is, therefore, not practiced widely. In
the European Union, regulations in meat handling do not allow any method
of product decontamination except for washing with potable water. This is
mainly due to reluctance of legislators to grant permission to implement this
technology, as it is perceived to be a way of covering up or compensating
for poor hygienic practices in the abattoir. It may be absolutely possible that
American abattoirs were the first to incorporate organic acids sprays as a
component of carcass dressing processes (Smulders and Greer, 1998).

Food-processing and antimicrobial treatments are only confirmed to
be adequate if effective against postprocessing contamination, as cross-
contamination of food with pathogenic bacteria often occurs after pro-
cessing. Dried products are regarded to be one of the safest food groups
due to several hurdles to microbial survival or growth, which include: (1)
drying temperature, (2) low water activity (<0.85), and (3) preservatives
(may vary, depending on the composition of the marinating mixture)
(Calicioglu, Sofos, and Kendall, 2003).

The FDA and USDA provide widespread regulatory oversight in
ensuring food safety (Donoghue, 2003). In the United States, the foods



250 Organic Acids and Food Preservation

regulated by the FDA have been found to cause four out of every five food
poisoning outbreaks. However, the budget of the FDA for regulating foods
is only one third of the USDA’s food inspection budget (Office of Budget
and Program Analysis, 2001), which implies that the FDA regulates more
food with less money. Moreover, the seafood industry in the United States
has a very poor record of compliance with the FDA’s HACCP regulation.
There is also no government testing that would enable monitoring of suc-
cess. The farm is another area where insufficient government food safety
oversight is evident. This poses a serious problem, as bacteria, parasites,
and viruses frequently enter the food supply on the farm, mainly due
to manure contamination. It is essential for animal producers to control
manure in such a manner that it does not contaminate water or crops
(Smith DeWaal, 2003).

In the private markets adequate food safety is either not always pro-
vided, or the safety is not readily apparent to consumers, due to the cost
involved with safety testing. Producers or retailers may also not be able
to determine or certify the safety of foods, considering the wide range of
microbial agents and the hazards associated with them (Unnevehr and
Jensen, 1999). Enumeration of E. coli biotype 1 has been established as
a requirement by the U.S. Department of Agricultural Food Safety and
Inspection Service as a control in the slaughtering process. As such the
interest in meat decontamination technologies has reemerged. These tech-
nologies include the spraying of carcasses with either (1) organic acid solu-
tions, (2) hot water, (3) steam, or (4) nonacid chemical solutions (Smulders
and Greer, 1998; Sofos and Smith, 1998; Samelis et al., 2002b).

Listeria monocytogenes is a serious cause of foodborne disease and gov-
ernment agencies and the food industry have implemented regulations
to control contamination of food by this pathogen. The food is monitored
regularly by the FDA and U.S. Dept of Agriculture (USDA) (Carroll et al.,
2007). When a processed food product is contaminated, this monitoring,
as well as plant inspections, is intensified. Should it be necessary, the food
implicated is recalled (CDC, 2003). The use of organic acid salts provides
establishments two alternatives against L. monocytogenes contamination.
These are: alternative one, to use a postlethality treatment and growth
inhibitor for L. monocytogenes on RTE (ready-to-eat) products, or alterna-
tive two, to use either a postlethality treatment or a growth inhibitor for L.
monocytogenes on RTE products. When an establishment uses one of these
alternatives, it should receive fewer verification activities requests from
the USDA /FSIS (Carroll et al., 2007).

11.5 Codex Alimentarius Commission

The Codex Alimentarius Commission (Codex) was established in the
1960s by the Food and Agriculture Organization (FAO) and the World
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Health Organization (WHO), two United Nations organizations. Codex
is an international organization established for encouraging fair inter-
national trade in food and to protect the health and economic interests
of consumers. The Codex Alimentarius Commission is responsible for
establishing a system of guidelines, standards, and recommendations that
guides the direction of the global food supply. It strives to ensure that the
world’s food supply is sound, through adoption of food standards, codes
of practice, and other guidelines developed by its committees. Codex also
promotes adoption and implementation of these guidelines by govern-
ments. The Codex Alimentarius Commission implements the Joint FAO/
WHO Food Standards Program, the purpose of which is to protect the
health of consumers and to ensure fair practices in the food trade.

Under the World Trade Organization, Codex decisions override
national and local decisions. Codex, therefore, sets the standards, and the
World Trade Organization creates and implements policy. Codex has noth-
ing to do with trade policy; it applies to the manufacture and labeling of
products before they are traded. It has over 170 member countries within
the framework of the Joint FAO/WHO Food Standards Programme. There
exists, however, concern that some of the Codex decisions may adversely
affect consumers’ ability to manage their desired and healthy lifestyle
(FAO/WHO, 2009).

11.6  Proposed amendments

Public health officials are predicting the number of underlying factors
that increasingly cause foodborne diseases to become even more of
a problem. These may include: (1) emerging pathogens, (2) improper
food storage as well as food preparation practices among consumers,
(3) insufficient training of food handlers, (4) increase in global food
supply, and (5) increase in immunocompromised people (Medeiros et
al., 2001).

Throughout the White Paper on Food Safety the guiding principle
states that food safety policies should be comprehensive and integrated
(EPC, 2004). This would entail integration (1) throughout the whole food
chain, (2) across all food sectors, (3) between the member states, (4) out-
side and inside the European Union, (5) in international and E.U. decision-
making forums, and (6) at all stages of the policy-making cycle (Domenech,
Escriche, and Martorell, 2007).

Public authorities are pushing the food industry as well as the feed
industry to develop all-inclusive quality management systems and to
improve safety. This is essential in attempting to regain consumers’ trust
in food (Rohr et al., 2005). Organic agriculture and food processes are
widely practiced in developed countries, seeking the development of a
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sustainable food production system, on social, ecological, and economical
levels (Rekha, Naik, and Prasad, 2006).

Various different sets of criteria are used to interpret the quality of a
food product. The term “acceptability” is a practical approach when com-
paring it to the “quality limit”. Below this limit a product is then rejected.
The acceptance limit is mainly defined by economic and physiological
factors, whereas the quality of a product is basically defined by its fun-
damental characteristics. For food products such as fruits and vegetables,
properties such as color, firmness, and taste will change over time. Shelf
life is calculated as the time before the product qualities drop below the
acceptance limit under standardized storage conditions (Tijskens, 2000;
Rico et al., 2007).

In the USDA-FSIS compliance guidelines (USDA-FSIS, 1999, 2001) for
chilling of thermally processed meat and poultry products it is stated that
the products should be:

OPTION 1: Chilled from 54.4 to 26.7°C within 1¥2 h, and further to 4.4°C
within an additional 5 h

OPTION 2: Chilled from 48 to 12.7°C in 6 h with continued cooling to
4.4°C, with the stipulation that the product not be shipped until the
temperature reaches 4.4°C (Juneja and Thippareddi, 2004)

Depending on treatment conditions, organic acids can produce irre-
versible sensory changes when applied directly to meat cuts. These adverse
effects occur frequently (Smulders and Greer, 1998). In 1987 an integrated
approach was considered in addressing the problem of assessing the effi-
cacies of various production practices (Smulders, 1987). A consensus was
reached on strict adherence to good financial practices (GFP) and good
manufacturing practices (GMP) measures during production and pro-
cessing and that it should be the basis of muscle food safety strategies.
Decontamination steps of whatever nature should then also serve only as
supplementary ways of ensuring safety (Smulders and Greer, 1998). The
issue of decontamination has since been extensively studied and in 1997
(James et al.,, 1997), an overview was constructed in the United Kingdom
of the various methods of meat decontamination. The use of organic
acids was recognized and proposed as one of the most practical options
(Smulders and Greer, 1998). Organic acids as a decontaminant have been
recommended in North American abattoirs (USDA, 1996) and in 1996,
the European Union’s Advisory Scientific Veterinary Committee issued
a report evaluating the desirability of decontaminating with irradiation,
organic acids, alkaline compounds (trisodium phosphate), hyperchlo-
rinated water, steam, or hot water. However, this treatment was consid-
ered for poultry carcasses only, due to the view that in processing of the
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other major meat species, adherence to strict hygiene measures should be
sufficient in avoiding major problems (Smulders and Greer, 1998).

Clostridium perfringens is an important foodborne pathogen, estimated
to cause 248,000 cases annually of foodborne illnesses in the United States.
Several processed meat products have been implicated in C. perfringens
outbreaks. Raw meat and poultry are often contaminated with spores of
C. perfringens that are widely found in soil and water. Outbreaks occur
primarily because of consumed food that was improperly handled after
cooking. However, spores present in raw materials can survive the tradi-
tional heat processing schedules and these heat-activated surviving spores
then have the potential to germinate, outgrow, and multiply during subse-
quent chilling. Guidelines do not take into consideration the antimicrobial
efficacies of the organic acid salts used in meat processing, as either flavor
enhancers or preservatives. Also in the USDA-FSIS performance standard
for germination and outgrowth of spore-forming bacteria it is specified
that germination and outgrowth should be <1.0 log,, CFU/g, and C. per-
fringens can be used in microbial challenge studies to demonstrate that
the cooling performance standard is met for both C. perfringens and C.
botulinum (Juneja and Thippareddi, 2004).

11.7  Role of government and parastatals

Foodborne illness is a major cause of economic burden and death in the
United States and it is estimated that each year more than one quarter of
Americans become infected with some form of foodborne disease. The
estimated death toll as a result of foodborne diseases in the United States
is 5000 per year (Medeiros et al., 2001). New organisms are constantly
added to the list of potential pathogens, although those not previously
considered as food pathogens are gaining most of the attention (Cabe-
Sellers and Beattie, 2004). Foods most often implicated in food poison-
ing outbreaks are seafood, eggs, beef, and produce, of which three of
these top four high-risk foods are regulated by the U.S. Food and Drug
Administration (FDA) (Smith DeWaal 2003).

Contamination of ready-to-eat meats occurs mainly at postprocess-
ing, and many of these products are consumed without further heating.
Although RTE meats generally contain salts such as sodium chloride, nitrite,
and nitrate, known to possess antimicrobial activities, they are not effec-
tive in inhibiting the growth of L. monocytogenes during storage at low tem-
peratures. RTE meats are frequently contaminated with L. monocytogenes
and Salmonella spp., posing a serious hazard at refrigeration temperatures
or when temperature abused. Salmonella enterica sv. Enteritidis is one of the
serovars most frequently implicated and identified in foodborne salmonello-
sis outbreaks in the United States and eggs, poultry, meat, and meat products
are the most common vehicles of salmonellosis (Mbandi and Shelef, 2002).
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In the U.S. Code of Federal Regulations acid and acidified foods are
defined as foods having a pH of 4.6 or lower. Acid foods naturally have
a pH below 4.6, whereas in acidified foods, acid or acid food ingredients
are added to reach a final pH of 4.6 or lower. In acidified foods, treatment
must be applied if needed to destroy microbial pathogens (21 CFR part
114). Current FDA regulations for acidified foods do not take into account
the amount or type of organic acid needed to lower pH. Outbreaks of E. coli
0157:H7 have raised concern about the safety of acidified food in general.
Although acidified foods have an outstanding safety record, it is essential
to have a better understanding of the microbial response to organic acids
in foods (Bjornsdottir, Breidt, Jr., and McFeeters, 2006).

The first recognized outbreak of E. coli O157:H7 was in 1982 and the
organism has since emerged as a serious, potentially life-threatening,
human foodborne pathogen. Outbreaks involving acidic foods have espe-
cially drawn attention to the acid tolerance of this organism. Various acidic
foods have been implicated in outbreaks of food poisoning attributed to
E. coli O157:H7. These include apple cider, dry-fermented sausage, mayon-
naise, and yogurt (Jordan, Oxford, and O’Byrne, 1999).

E. coli O157:H7 also survives well in reduced-a,, meat products and has
been associated with eating contaminated undercooked beef (Ryu, Deng,
and Beuchat, 1999; Ryu and Beuchat, 1999). The most probable mode of
transmission to food is through bovine fecal contamination (Armstrong,
Hollingsworth, and Morris, 1996; Samelis et al., 2002a). At the WHO food
strategic planning meeting (WHO, 2002) the microbiological problems asso-
ciated with food safety were seriously addressed. A major concern was the
emergence of new pathogens. Also apparent was the problem with micro-
organisms being able to adapt and change with the changing methods of
food production, preservation, and packaging (Galvez et al., 2007).

According to the CDC Campylobacter is the most commonly identified
bacterial cause of diarrheal illness in the world. The natural habitat of
these bacteria is the intestines of healthy birds and most raw poultry meat
is infested with Campylobacter (Anonymous, 2005).

11.8  Feed preservation

Contaminated feed poses a serious source of infection for livestock. Animals
rarely show symptoms of salmonellosis and there is always the risk of unde-
tected carriers entering the food production chain. Safe feed is the first step
in a farm-to-fork food safety concept to guarantee safe food. All raw feed
components should be considered as a potential source of Salmonella, and,
therefore, decontamination steps are of utmost importance to avoid con-
taminated feed spreading to herds (Sauli, Danuser, and Geeraerd, 2005).
Large quantities of feed are produced, transported, and stored daily for
use in industry and even minor Salmonella contamination may affect many
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herds. Bigger producers, therefore, add organic acids or heat-treat their
feed, or both. Inclusion of organic acids as a preservative or dietary additive
has positive effects on the growth rate and also the effectiveness of feed
utilization (Giesting and Easter, 1991; Mroz et al., 2000). The heat treatment
of the feed increases the digestibility of nitrogen and amino acids. Smaller
producers, however, do not treat their feed, which may have a large impact
on the infection of the animals (Sauli, Danuser, and Geeraerd, 2005).

Feed additives authorized by E.U. legislation include organic acids as
a preservative, and are considered safe substances because of abnormal
residues detected in meat. However, the high cost of organic acids poses
a major problem (Castillo et al., 2004). Lactic acids have traditionally been
used as natural biopreservatives of feed (Schnitirer and Magnusson, 2005).
Originally organic acids were added to animal feeds as fungistats (Paster,
1979; Dixon and Hamilton, 1981; Ricke, 2003).

11.9 Commercial trials

Commercial trials are necessary to develop and evaluate organic acid
decontamination systems to improve meat safety without giving up
desirable sensory properties. Such information is essential to convince
regulatory agencies and meat processors to redirect their decontamina-
tion strategies to postcarcass processing and storage (Smulders and Greer,
1998). Limited studies have been conducted on combinations of antimicro-
bials for antilisterial activity, and no studies have appeared on the sequen-
tial application of dipping or spraying antimicrobial treatments for the
control of L. monocytogenes in RTE meat products (Geornaras et al., 2005).
A food treatment and conservation subprogram has played an impor-
tant role in research projects on intermediate-moisture foods and also
the development of technologies for preservation of fruits by combined
methods. This subprogram now promotes the amalgamation of work-
ing groups on postharvest technologies in fruits and vegetables, physical
characteristics of foods, food engineering, and special regime foods as
well as food packaging (Parada-Arias, 1995). More research is needed in
the development of fruit preservation technology, to (1) reduce posthar-
vest losses, (2) increase added value of raw materials, and (3) to secure
the use of full capacity of processing industries in preserving fruits in big
containers, without the use of refrigeration (Parada-Arias, 1994).
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chapter twelve

Incidental and natural
organic acid occurence

12.1 Introduction

In the ongoing search for natural and effective preservatives, interest
has shifted to the natural contents of some foodstuffs that have in the
past received little or no attention, apart from their function as comple-
mentary food or beverages. In this chapter some of these comestibles
are mentioned and described, specifically with regard to their organic
acid content.

12.2  Honey

Not much work has been published on the varying composition of organic
acids in different types of honey. Evaluation of their organic acid profile
and pattern may, however, provide additional information on honey sam-
ples from various sources (Anklam, 1998). Nineteen organic acids have
thus far been identified in honey and this may also be used in charac-
terizing the different types of honey. Organic acids are also components
playing a role in the flavor of the honey. Although organic acids comprise
only a small portion of honey (0.5%), acidity of honey as well as the anti-
microbial activity of organic acids contributes in the preservation process.
The total acidity can be used as an indicator of deterioration due to stor-
age, aging, or even to measure the purity and authenticity (Suarez-Luque
et al,, 2002).

12.3  Sourdough

Sourdough is also classified as a natural preservative and has long
been known to improve the shelf lives of bread and bakery products.
Phenyllactic acid (PLA) has been found in cultures of Lactococcus plan-
tarum with antifungal activity in sourdough breads. Relevant amounts of
PLA naturally occur in several honeys from different geographical areas.
It is nontoxic for human and animal cells and may also be safely used in
food. However, information is needed on its effect on rheology and flavor,
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although PLA solutions are relatively odorless (Lavermicocca, Valerio,
and Visconti, 2003).

12.4 Berries

Natural preservatives that can be derived from plants or microbes have
the potential to reduce microbial growth in various foodstuffs. However,
limited information is available on the efficiency of plant-derived antimi-
crobials on food, as opposed to laboratory testing done on agar-based tests
(Penney et al., 2004). Chopped cranberries as a source of antimicrobial
compounds have been tested, and cranberry juice was found to exhibit
antimicrobial properties. Several different phenolic acids and flavonoids,
in free form as well as glycosides and esters, have been found in cranber-
ries (Chen, Zuo, and Deng, 2001). Benzoic acid is the most common phe-
nolic in cranberries and the main source of antifungal activity (Penney et
al.,, 2004). Uncharacterized polymeric compounds have also been detected
in cranberries and adversely affect the adherence of pathogenic bacteria,
such as Escherichia coli. This may most likely contribute to the effective-
ness of cranberry juice, when ingested, on a decreased risk of infections
(Avorn et al., 1994).

Even in foodstuffs such as yogurt, cranberries were found to suppress
microbial growth. This suppression was most evident within 24 h after
addition of fruit (Penney et al., 2004). Benzoic acid occurs naturally in
lingonberries, cranberries, cloudberries, and cinnamon (Davidson, 1997;
Heimhuber et al., 1990; Visti, Viljakainen, and Laakso, 2003). Benzoic acid
concentration is especially high in lingonberries (0.6-1.3 g/1 free benzoic
acid), whereas the pH is low (pH 2.6-2.9), and is increased if the juice is
stored under warm conditions. Not many microorganisms can ferment
lingonberries and this fruit can normally be conserved without preserva-
tives (Be-Onishi et al., 2004).

12.5 Wine

Ethanol and organic acids are major constituents of wine (Fernandes et
al,, 2007). It has been found that people who drink wine during a meal
are less susceptible to foodborne toxin infections (Correia et al., 2003).
The exact mechanisms involved in the antimicrobial activity of wine are
not fully understood (Fernandes et al., 2007). Wine is a beverage possess-
ing some unique properties. It contains relatively high ethanol content as
well as other antimicrobial agents, such as organic acids, and polyphenol
compounds (Just and Daeschel, 2003). Most studies on the antimicrobial
activity of wine employed experimental conditions much different from
in vivo conditions, using mostly a mixture of wine and a low pH solution
to simulate the inactivation. This combination of acids plus ethanol shows
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higher bactericidal effect than a mixture of acids and ethanol separately,
an effect similar to that obtained with wine (Fernandes et al., 2007).

The antimicrobial effect of the organic acids fraction in wine is
mainly due to malic and lactic acids, and other constituents influencing
the bactericidal effect of wine are phenolic compounds (Rhodes et al.,
2006). When comparing the antimicrobial effect of white wine with red
wine, it was found that red wine generally contains high concentrations
of tartrate and lactate. Tartrate is, however, also the predominant anion
in white wines, but lactate concentration is much less than in red wines
(Arellano et al., 1997). In studies white wine showed a lighter effect in
the beginning of inactivation (10 min), whereas at the end of experi-
mental time (60 min), lower survivor concentrations were found than
when using red wine. One possible explanation may be due to the fact
that the white wine may not have undergone malolactic fermentation,
and possesses higher concentrations of malic acid than the red wine.
Chardonnay has been found more lethal to Salmonella populations than
Pinot Noir. In 2004 it was established that red wine was more potent than
white wine in killing Listeria monocytogenes. Red wine had a higher etha-
nol content and titrable acidity than white wine. Inactivating bacteria in
the wine is strongly dependent on specific wine composition (Fernandes
et al,, 2007).

Organic acid content in wine has an important impact on organolep-
tic characteristics of the wine. a-Hydroxy acids (tartaric, malic, lactic, and
citric acids) are mainly responsible for these characteristics. Other acids in
wines include acetic, ascorbic, gluconic, and sorbic acids, as well as sulfite,
sulphate, phosphate, and malonate (Masar et al., 2001).

Organic acids are also prominent in wine-derived products; some are
originally present in the grape, whereas others are produced by fermenta-
tion. Organic acid concentration in wine-derived products may provide
information relating to (1) the origin of the raw material, (2) microbial
growth, and also (3) techniques used in processing. Acetic acid is the
main organic acid in vinegars, tartaric acid the major acid in wine, and
malic acid is prevalent in low amounts in wine vinegars, although very
inconsistently, depending on the origin of the wine and also the wine-
making processes. Malic acid is the most representative organic acid in
cider vinegars and is converted to lactic acid during malolactic fermenta-
tion after alcoholic fermentation. Tartaric acid originally occurred in the
grape and subsequently in wine and wine vinegars (Morales, Gonzalez,
and Troncoso, 1998).

Only a few yeasts and bacteria are able to spoil wine, because of the
high sugar content, low pH, high alcohol concentrations, and anaerobic
fermentation conditions (Du Toit, Pretorius, and Lonvaud-Funel, 2005).
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12.6  Coffee

Organic acids contribute to both the taste and flavor of coffee, specifi-
cally the acidic taste sensation, because of their volatility. In roasted coffee
organic acids are classified into four groups: aliphatic, chlorogenic, alicy-
clic, and phenolic (Galli and Barbas, 2004).

12.7  Vinegar

Tartaric acid is well represented in grape-derived products and is also
present in considerable amounts in wine vinegar, including balsamic vin-
egar, but in low concentrations in cider vinegars. Malic acid is present in
significant amounts in cider vinegars and sherry vinegars with the high-
est concentration found in balsamic vinegar. High malic acid content of
apples is reduced by malolactic fermentation. Citric acid is only found in
small amounts in vinegars, more specifically cider vinegars. Acetic acid
levels are high in sherry vinegars. The high amount of lactic acid is par-
tially oxidized by acetic bacteria in cider vinegars (Morales, Gonzalez,
and Troncoso, 1998).

12.8  Acid foods

Acidified food products have for many years been produced without heat
treatments, greatly due to the organic acids present in these products
(Zagory and Garren, 1999; Breidt, Jr., Hayes, and McFeeters, 2004). The
effects of pH and organic acids on the survival of pathogenic bacteria have
been investigated in a variety of acid and acidified food products, includ-
ing apple cider (Uljas and Ingham, 1998; Hsin-Yi and Chou, 2001), may-
onnaise, dressings, condiments (Raghubeer et al., 1995; Tsai and Ingham,
1997; Smittle et al., 2000; Mayerhauser, 2001), and fermented meats (Glass
et al.,, 1992; Duffy and Vanderlinde, 2000; Pond et al., 2001). However, this
is complicated by the concentration of the undissociated (protonated) form
of organic acid and the pH being interdependent variables, linked by the
Henderson-Hasselbalch equation (Breidt, Jr., Hayes, and McFeeters, 2004).
Citric acid is present in most juices, malic acid is also present in high con-
centrations, and minute concentrations of lactate can be found (Arellano
et al., 1997).

12.9 Kombucha

Kombucha is a health drink made by adding kombucha culture to tea
and allowing it to ferment. It originated in the Far East and has been con-
sumed for at least 2,000 years. Although many health claims are made
for kombucha, not much research has been done on the benefits of this
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drink. It has, however, been shown to have antibiotic, antiviral, and anti-
fungal properties in laboratory tests. The following organic acids have
been found in kombucha: glucuronic acid, lactic acid, acetic acid, usnic
acid, oxalic acid, malic acid, gluconic acid, and butyric acid (Blanc, 1996;
Lynch et al., 2000).

12.10 Edible films

According to an estimate made by the WHO, without effective packag-
ing, developing countries would lose up to 50% of their produce before
it reached the consumer. However, after serving its purpose, packaging
becomes a burdensome waste. Studies on edible films are continuously
designed to promote food safety. Such films are based on food ingredi-
ents, for example, pureed spinach and apples infused with oils such as
carvacrol, a compound found in oregano (Friedman et al., 2009).

12.11  Summary

In Table 12.1 a summary of complementary foodstuffs is presented. In
a quest for alternative preservation methods and compounds, interest in
the antimicrobial contents, and specifically the organic acid contents of
such products, has increased.
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chapter thirteen

Biopreservation

13.1 Introduction

Biopreservation refers to a combination of fermentation and preserva-
tion processes and entails the extension of shelf life and improving the
safety of food by employing microorganisms or their metabolites. The
main goal of biopreservation is, therefore, the enhancement of safety
using bacteria with antimicrobial capabilities or their antimicrobial sub-
stances (Ross, Morgan, and Hill, 2002). The production of large quantities
of food and the ability to store food, even in such large quantities, is one
of the most important developments permitting the formation of civiliza-
tion. There exist microorganisms that are nontoxic and have been found
even to be beneficial, directly or indirectly, to human health. The whole
process of biopreservation is based on the idea of nonpathogenic micro-
organisms or their products being selected to replace chemicals added to
inhibit pathogenic or spoilage microorganisms in food products (Stiles,
1996) (Figure 13.1). Empirical use of microorganisms or their products for
food preservation has for many years in the history of man been common
practice and evidence of food preservation has come from as early as the
postglacial era, from 15,000 to 10,000 BC. Fermentation as a procedure for
food preservation has also been traced back thousands of years, where
the first use was recorded from 6000 to 1000 BC, when fermentation was
used to produce beer and wine, vinegar, bread, yogurt, cheese, and butter
(Soomro, Masud, and Anwaar, 2002).

Microorganisms used in fermentation provide a desired flavor and
texture, while also producing metabolites that inhibit the growth of other
microorganisms. However, this process can also be used in nonfermented
foods such as milk, meat and meat products, fruits, and vegetables (Stiles,
1996). These protective cultures are specially selected based on their abil-
ity to control the growth of unwanted microorganisms in fermented food.
This inhibition is accomplished as a result of competition for nutrients
and also by the production of antimicrobial substances (Maragkoudakis
and Tsakalidou, 2007). Typical products of the metabolism of these micro-
bial cultures are the organic acids (Steiner and Sauer, 2003).
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Figure13.1 Schematic representation of the processes involved in biopreservation
(Data from Riley, A.P. (Ed.) New Developments in Food Policy Control and Research,
pp- 31-64. New York: Nova Science. 2005. Settani, L. and Corsetti, A. International
Journal of Food Biology 121:123-138. 2008.

13.2 LAB and biopreservation

Residues of cheese found in an Egyptian pot that dates from 2300 BC
(McGee, 1984) as well as passages from the Bible indicate that lactic acid
bacteria have been used for at least 4,000 to 5,000 years for the fermenta-
tion and preservation of food (Davidson et al.,, 1995). Lactic acid bacteria
(LAB) are naturally found in a wide range of foodstuffs and may under
certain circumstances cause spoilage. However, they are often deliberately
introduced in the production of a wide range of fermented foods, as it was
found that certain treatments under certain storage conditions caused
LAB outgrowth in raw materials, which produced desirable sensory char-
acteristics, and also improved the shelf life of the products. Various LAB
currently play an important role in the production of safe fermented foods
that are also shelf stable. LAB have been used as natural biopreservatives
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of food and feed and are considered harmless or even to improve human
and animal health (probiotics). Their primary inhibitory effect is specu-
lated to be some metabolic feature that is present in all of them, which
refers to their fermentative pathways. They use these fermentative path-
ways to generate cellular energy and to produce organic acids wherever
they grow (mainly lactic acid). This also results in a decrease in pH of the
surrounding medium (Adams and Nicolaides, 1997).

Lactic acid bacteria and bifidobacteria are preferred as protective and
probiotic cultures, and have been used since the beginning of history as
starter cultures. They have a long history of being safely used and con-
sumed. LAB are widely used for fermentation of milk, meat, and vege-
table foods. In fermentation of dairy products, lactose is metabolized to
lactic acid. Other metabolic products, hydrogen peroxide, diacetyl, and
bacteriocins may also play inhibitory roles and contribute to improving
the organoleptic attributes of these foods, as well as their preservation
(Messens and De Vuyst, 2002).

Various compounds produced by starter bacteria can be involved in
preventing the growth of unwanted bacteria, but the production of suf-
ficient amounts of lactic acid is fundamental to the success of a fermen-
tation process (Davidson et al.,, 1995). Although lactic acid is the major
LAB metabolite, heterofermentative LAB produce relatively high amounts
of acetic acid and also trace amounts of propionic acid (Schniirer and
Magnussen, 2005). LAB also produce bacteriocins, which provide them
with desirable properties and render them suitable for food preserva-
tion. Organic acids enhance the activity of bacteriocins, and acidification
improves the antibacterial activity of both organic acids and bacteriocins
(Jack, Tagg, and Ray, 1995; Stiles, 1996; Galvez et al.,, 2007). The types of
organic acids produced during the fermentation process, and also the con-
centration produced, depend on (1) the LAB species or strains, (2) culture
composition, and (3) growth conditions (Lindgren and Dobrogosz, 1990;
Ammor et al., 2006). Most manufacturing processes of vegetable-based
foods involve lactic acid fermentation, which produces biological stability
and improved organoleptic properties of the food products (Rubia-Soria
et al,, 2006). Homo- and heterofermentative LAB are also widely used as
starter cultures in sourdough and to improve the sensory and technologi-
cal properties of bread (Gianotti et al,, 1997; Meignen et al., 2001; Simsek,
Con, and Tulumoglu, 2006). The most important antimicrobial compounds
produced by LAB are presented in Table 13.1, and the antimicrobial activ-
ity associated with the presence of LAB in foodstuffs are summarized in
Table 13.2.

LAB include the genera Lactococcus, Streptococcus, Pediococcus,
Leuconostoc, Enterococcus, Carnobacterium, and Propionibacterium, and a
wide variety of strains are routinely used as starter cultures in manufac-
turing dairy, meat, and vegetable products (O’Sullivan, Ross, and Hill,
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Table 13.1 Factors Involved with Antimicrobial Activity of LAB
in Biopreservation

Products of LAB
metabolism Function

Organic acids (lactic, acetic)  Increase acidity, antimicrobial compounds

Bacteriocins Nisin; only bacteriocin permitted as food
preservative, disrupts cytoplasmic membrane

CO, Reduces membrane permeability

Hydrogen peroxide Oxidizes proteins

Diacetyl Interacts with arginine-binding proteins

Reuterin Not confirmed, may interact with thiol group in
proteins that may lead to oxidative stress
(Whitehead et al., 2008)

Ethanol

Source: Adams, M.R. Microbiology of Fermented Food, pp. 1-44. London: Blackie Academic
and Professional, 1998.

Table 13.2 Antimicrobial Action Performed by the Presence of LAB

Consequence of presence

of LAB Antimicrobial action
Low redox potential pH reduction of surrounding medium (pH 3.5-4.5)
Nutrient depletion Growth decreases carbohydrate food content
Crowding Competitive growth inhibits spoilage or pathogenic
organisms

2002). Lactococcus lactis is the best characterized species among the lactic
acid bacteria (Kim, Jeong, and Lee, 2007).

13.3  Other organisms implicated
in biopreservation

Some known commercial products including Microguard® and Bioprofit®
are available. In these products the use of a Propionibacterium freudenreichii
strain, plus Lactobacillus rhamnosus is employed to increase the inhibi-
tory activity against fungi and some Gram-positive bacteria (Caplice and
Fitzgerald, 1999). In such a mixture propionic acid may be produced from
sugars through lactate as an intermediate. This is an alternative from using
only propionibacteria in producing acid from sugar (Tyree, Clausen, and
Gaddy, 1991).

Acetic acid bacteria (AAB) are known for oxidizing various ethanol-
containing substrates into a variety of vinegars, but are also used for the
production of some biotechnologically important products, such as sorbose
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and gluconic acids. However, the presence of AAB is not always welcomed
as certain species will spoil wine, beer, and juices (Trcek, 2005).

Vinegar has been known and used by most ancient civilizations. Its
use as a preservative agent, as well as seasoning additive, is as ancient as
the use of wine (Tesfaye et al., 2002). Vinegar is defined as “a liquid fit for
human consumption, produced from a suitable raw material of agricul-
tural origin, containing starch, sugars, or starch and sugars by the process
of double fermentation, alcoholic and acetous, and contains a specified
amount of acetic acid” (FAO/WHO, 1987). It is produced by a two-stage
fermentation process, comprising (1) the conversion of fermentable sugars
to ethanol by yeasts, usually Saccharomyces spp., and (2) the oxidation of
ethanol by bacteria, mainly Acetobacter spp. (Adams, 1998).

Aspergillus niger is primarily used in industry for the production of
enzymes and organic acid and has been used for many years in the food
industry. No adverse effects on human health have yet been reported.
This yeast has been used for the production of organic acids such as citric
acid and gluconic acid since the beginning of the previous century. These
organic acids remain the only ones that are used in significant quantities
as food additives and are still produced by mycological processes (Bigelis
and Lasure, 1987). However, citric acid production has not received much
attention concerning modern methods of molecular biology. It may be
presumed that this area is considered an established area (Abarca et al,,
2004).

Interest in the yeast Yarrowia lipolytica has also developed over the
past few years, due to potentially numerous biotechnological applications.
Although this organism is not considered to be a dangerous food spoilage
yeast, various cases have been reported from food environments, some
associated with severe damage (Rodrigues and Pais, 2000).

13.4 New technologies and applications

In 2002, a review was published on the position of genomics of food-related
bacteria, and at that stage 29 ongoing genome-sequencing projects were
described, comprising LAB (24), bifidobacteria (3), propionic acid bacte-
ria (1), and Brevibacterium (1) (Nes and Johnsborg, 2004). It is evident that
awareness of microorganisms retaining essential activities after being
consumed, is becoming more and more obvious. Because these organisms
can then interact within the consumer’s intestine, genomics of food-grade
microorganisms and food pathogens as well as spoilage organisms are,
therefore, an essential part of safe food production, in relation to human
genomics (De Vos, 2001).

A culture cocktail has been developed, consisting of a lactic acid pro-
ducing bacterial culture condensate mixture (LCCM) to be applied as an
antimicrobial. This mixture has alow pH and also contains bacteriocin-like
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substances. Ingestion of LCCM after a meal is proposed to help in pre-
venting Salmonella enterica sv. Enteritidis infection (Park, Seok, and Cho,
2005). In another project LAB was proposed as being effective for the fer-
mentation of raw fish material, in addition to its use as a bioprotector. This
is done in attempting to change its sensory qualities and to attain fish
products that organoleptically resemble meat products. A starter culture
of Lactobacillus mesenteroides is considered a possible candidate for achiev-
ing this. It would be of great significance to obtain fish with desirable
meat-like properties to meet consumer concern for safety and nutritive
seafoods of expected quality (Gelman, Drabkin, and Glatman, 2000).

13.5 Consumer acceptance

Current research on original and new food technologies is mainly focused
on addressing consumer concerns and consumer acceptance. Much
research has already been dedicated to the evaluation of apparent risks
and concerns of consumers toward various food-related issues. These
commonly include irradiated foods, bioengineered foods, pesticides, foods
processed with laser light sources, and microbially contaminated foods
(Schutz, Briithn, and Diaz-Knauf, 1989; Bord and Conner, 1990; Dunlap
and Beus, 1992; Frewer, Shepherd, and Sparks, 1994; Cardello, Schutz, and
Lesher, 2007). It has become obvious that optimal sensory quality will not
on its own guarantee success and that foods produced or processed by the
various available technologies pose challenging problems for researchers
interested in factors implicated in consumer choice, consumer acceptance,
and consumer purchase behavior (Cardello, Schutz, and Lesher, 2007).

Ithas been decided that the global response of consumers to functional
food-grade bacteria may actually assist in demonstrating the mechanism
by which these bacteria affect human health. It may provide an under-
standing and allow optimization of the effect of probiotic bacteria, and
also LAB. However, legislative bodies will require genomewide profiling,
especially when dealing with novel foodstuffs produced by biopreserva-
tion techniques (De Vos, 2001).

13.6  Organic acids and probiotics

Probiotics are defined as viable microorganisms that upon ingestion will
provide health benefits that are in addition to the inherent basic nutrition.
According to the Food and Agriculture Organization (FAO), a “probiotic”
is a live microorganism that, when consumed in sufficient amounts, pro-
duces a health benefit to the human host (FAO, 2001; Vankerckhoven et al.,
2004). LAB are increasingly implemented as probiotics to assist in stimu-
lating the immune response against infection by enteropathogenic bacte-
ria. They are also often used in the treatment and prevention of diarrhea
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(Reid, 1999; Mohd Adnan and Tan, 2007). LAB produce organic acids that
decrease the pH of the environment. This low pH then becomes selective
against sensitive microorganisms. LAB are known to be resistant to a wide
range of antibiotics (Herreros et al.,, 2005) and treatment with such antibi-
otic-resistant LAB strains can help uphold the normal bacterial population
in the intestines, or help in restoring it after antibiotic treatment, as the nor-
mal balance of host normal flora are often disrupted by the application of
antibiotics, causing intestinal disorders (Gotcheva et al., 2002). Compounds
responsible for inhibiting gastrointestinal pathogens are produced by pro-
biotic or potentially probiotic LAB, but the chemical composition is not yet
completely described (De Vuyst, Makras, and Holo, 2004).

In 2004 the PROSAFE collection of probiotic lactic acid bacteria was
established. This is an E.U.-funded project with the objective to investigate
the biosafety of LAB intended for human consumption. The collection
comprised 907 LAB strains of nutritional or human origin and included
the genera Lactobacillus, Bifidobacterium, and Enterococcus. Most probiotic
strains were received as lactobacilli or bifidobacteria (Vankerckhoven et
al., 2004).

Probiotics also play a role in dairy fermentations to assist in the
preservation of milk as a result of the production of lactic acid and
other antimicrobial compounds. They have other functions as well,
which are not involved with preservation or organic acids (Parvez et
al., 2006).
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chapter fourteen

Novel applications
for organic acids

14.1 Emerging challenges

Although various criteria are used in interpreting the quality and accep-
tance of a food product, the acceptance limit is still mainly defined by
economic and physiological factors (Rico et al., 2007). Research has been
intensified, shifting the focus on the implications of decontamination on
pathogen behavior, in association with the overall microbial ecology of
food products (Samelis et al., 2002).

Activity of organic acids is mainly inhibitory and not microbicidal,
and their even distribution is, therefore, essential to effectively combat
contamination. However, suboptimal doses pose a problem by allowing
spoilage, very often mold spoilage. In addition to economic losses caused
by visible growth of spoilage molds, health hazards associated with
mycotoxins are also causing concern (Arroyo, Aldred, and Magan, 2005).

14.2  Consumer satisfaction

Consumers are becoming more and more critical about the use of synthetic
additives (Bruhn, 2000). However, they tend to judge the quality of fresh-cut
fruit and vegetables on their appearance and freshness at time of purchase,
whereas subsequent purchases depend upon the consumer’s satisfaction
in terms of most other characteristics of the food (Rico et al., 2007).

In recent years, consumer pressure has led to a reduction in the use
of preservatives. However, the use of a suboptimal concentration of pre-
servatives may actually stimulate the growth of some spoilage fungi
such as Hyphopichia burtonii and Candida guillermondii, Eurotium spp., and
Aspergillus flavus, which may cause mycotoxin production to be stimulated
(Magan and Lacey, 1986; Mutasa and Magan, 1990; Arroyo, Aldred, and
Magan, 2005). Public authorities are, therefore, pushing industry in devel-
oping comprehensive quality management systems that would enhance
availability of information to the consumer to regain consumers’ trust in
food. Most food producers run a quality management system, according
to DIN EN ISO 9000£f, which defines quality as the “degree to which a set
of inherent (existing) characteristics fulfills requirements.” This definition
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implies a key issue of customer satisfaction in a revision of DIN EN ISO
9000ff which was published in the year 2000. Food producers are hereby
required to monitor information with regard to customer perception,
and if the organization has fulfilled customer requirements (Rohr et al.,
2005).

14.3  Optimizing organic acid
application in animal feed

It has been proposed that the ruminal microbial ecosystem be manipu-
lated to improve the efficiency of converting feeds to products consum-
able by humans. In so doing, the organic acids may replace antibiotics
and be added to feed for ruminants. Fortunately, application in rumi-
nants is less extensive than in other farm animals and organic acids
such as aspartate, citric acid, succinic acid, or pyruvic acid have been
investigated and proposed as potential agents for use in ruminants. The
advantages of these substances in the rumen are described as (Castillo
et al., 2004):

¢ Stimulation of lactate uptake by Selenomonas ruminatum to prevent or
correct a decrease in ruminal acidosis

e Reduction of methanogenesis, by reducing energy losses associated
with CH, production in the rumen

¢ Buffering of ruminal pH

Although limited information is available from research conducted
on the ideal dosage and feeding techniques, it is recommended that pow-
der or granular form be used to avoid prolonged residence in the rumen
or an increase in the yield of acetate and propionate. The optimal amount
of organic acid needed also varies with the final form of the feed, and
inclusion of forage in the diet. A proper dosage has been found to be 1-5%
by body fat. If the proportion is less than 0.1%, the effect will, therefore,
not be sufficient, and a proportion higher than 10% will affect the palat-
ability of the diet. As a result, many more in vivo trials are to be conducted
to determine the effects of these organic acids on beef cattle performance
(Castillo et al., 2004).

Edema disease in piglets, caused by ETEC, normally occurs after
weaning. Acidic conditions in the GIT are known to have bactericidal
effects on potentially harmful bacteria, as it is a more favorable environ-
ment for lactobacilli, which may inhibit the colonization and proliferation
of Escherichia coli. Lactobacilli also produce metabolites against Gram-
negative bacteria. Organic acids may also be applied to reduce coliform
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along the GIT, and various application methods are being investigated
(Tsiloyiannis et al., 2001).

Organic acids have also been proposed to be used in rearing water
systems for broilers to reduce cross-infection of Campylobacter spp. on a
farm. However, further research is necessary to specify the exact effect
of acidified water on the transmission of Campylobacter among chickens
(Chaveerach et al., 2002).

At a pH below 3-3.5, organic acids are very efficacious in controlling
bacterial growth, but this does not reflect the situation in the GIT of poul-
try and pigs. It may, therefore, be a logical idea to add organic acids to
feeds and to protect them against dissociation in the crop and in the intes-
tine as a result of the higher pH. This is necessary for the organic acids
to reach far into the GIT, where the majority of microbial populations are
found (Gauthier, 2005).

14.4 Preservative combinations

Combinations of antimicrobials in formulations significantly cause greater
inhibition of growth than antimicrobials used singly. Although combina-
tions of antimicrobials do not decrease, and may sometimes even increase
water activity of various food products, they have been reported to effec-
tively inhibit Listeria monocytogenes. In addition, the antilisterial effect of
combination treatments in antilisterial formulations appears to increase
when the product is dipped into solutions of organic acid (Barmpalia et
al.,, 2004).

Lactic acid and propylene glycol have been found to be effective
when added to bakery products such as sponge cakes at different doses in
attempting to prolong their normally short shelf life. Propylene glycol acts
as an emulsifier and stabilizer for cake products and its use is permitted
in various preparation processes as a sustaining solvent of preservatives
or as a moistening agent (De la Rosa et al., 2005).

14.5 Antimicrobial packaging

According to the WHO, in developing countries effective packaging plays
a very essential part in the quality of produce and estimates that without
it, 50% of produce may be lost before reaching the consumer. But after
performing its function, packaging is just burdensome waste. Edible films
are based on food ingredients, and measure only 5/1000 of an inch thick.
Currently various films are being studied, including those made of pureed
spinach and apples, infused with oils. Carvacrol is a popular choice and is
found in oregano (Friedman et al., 2009).

An economical method for manufacturing antimicrobial packaging
is achieved by direct incorporation of the preservative into film. Such an
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example is the incorporation of sorbic and benzoic acid in methylcellulose,
hydroxylpropylcellulose and chitosan films (Begin and Van Calsteren,
1999). Antimicrobial packaging is a form of active food packaging, in par-
ticular for meat products, showing great promise and attention, as micro-
bial contamination of many foods occurs primarily at the surface, mainly
as a result of postprocess handling. “Active packaging” is a type of pack-
aging developed to extend the shelf life, improve the safety, or improve
sensory properties while at the same time also preserving the quality of
the food (Quintavalla and Vicini, 2002).

The agent is allowed to slowly migrate from the packaging mate-
rial to the surface of the product. This is an exceptionally challenging
technology, but may have a significant impact on extending shelf life
and safety, especially of meat products. Direct surface application of
antibacterial substances onto the surface of foods has limited benefits,
as these substances are rapidly neutralized and also diffuse from the
surface into the food. Moreover, if antimicrobial agents are incorporated
into meat formulations, this may again result in the active substances
being inactivated by the contents of the foodstuff (Quintavalla and
Vicini, 2002).

In synthetic polymers, as well as edible films, various classes of anti-
microbial compounds have been evaluated. These include organic acids,
enzymes, bacteriocins, and other compounds which may consist of tri-
closans, silver zeolites, and fungicides. Several approaches are followed
when incorporating an antimicrobial substance into packaging material
(Quintavalla and Vicini, 2002):

1. To put the antimicrobial into a film, at the time when the film is
produced. However, this is not cost effective and the antimicrobial
material, which is then not exposed to the surface of the film is not
effectively active.

2. To apply an antimicrobial additive in a controlled matter where the
material is needed and not lost.

In multilayered packaging material, antimicrobials may be incorporated
into the food contact layer.

14.5.1 Factors for the design of antimicrobial film or packaging

1. Inherent antimicrobial activity and chemical character of films
2. Storage temperature

3. Mass transfer coefficients

4. Physical properties of the packaging material
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The organic acids, sorbate, propionate, and benzoate, as well as their
respective anhydrates, have been proposed and tested for antimicrobial
activity (Quintavalla and Vicini, 2002).

Organic acids combined with dynamic gas exchange modified atmo-
sphere packaging are also known to improve some shelf life properties of
retail pork chops.

14.6  Optimizing commercial trials

Commercial trials are essential in evaluating organic acid systems and
also in developing new systems suitable for the commercial environment
to improve meat safety without sacrificing sought-after sensory character-
istics. With such information it is possible to convince regulatory agencies
and food processors to redirect their decontamination efforts in improv-
ing food quality as well as food safety (Smulders and Greer, 1998).

The American Heart Association (AHA) promotes the consumption of
fatty fish, at least twice a week, in obtaining the health benefits of omega-3
fatty acids (Sallam, 2007). However, fish contain relatively large quantities of
free amino acids and volatile nitrogen bases and are more perishable than
other foods (Ashie, Smith, and Simpson, 1996). More research and commer-
cial testing of organic acid application have become important, and sodium
salts of low molecular weight organic acids (acetic, lactic, and citric acids)
are continuously being investigated. Effectiveness of, in particular, sodium
lactate on microbial growth in fish products has shown discrepancies and
is dependent on several factors, including: (1) the concentration of sodium
lactate used, (2) dipping period, (3) fish species, (4) type of fish product, (5)
degree of microbial contamination, and (6) storage condition. Many more
commercial trials are needed to address these issues (Sallam, 2007).

Because of a concern that continuous application of organic acids is
causing microbial resistance, research is needed on alternative applica-
tion protocols and to expand the diversity of potential antimicrobials with
practical application to food production. To successfully achieve this, it
is essential to explore the interaction between the food matrix and food-
borne pathogens (Ricke et al., 2005).

14.7  New possibilities in minimally
processed foods

Minimal processing techniques have been developed in response to the
challenges of preservation while retaining nutritional and sensory qual-
ity (Rico et al., 2007). Current interests include the combination of mild
treatments to improve food safety and to extend shelf life. Incorporation
of organic acids such as ascorbic acid into ground beef and also spices into
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edible coating film have been proposed to stabilize lipid oxidation and
production of -SH radicals in ground beef during storage after irradiation
storage (Ouattara et al., 2002).

14.8  Alternatives to washing techniques

The majority of manufacturers of fresh minimally processed produce
use chlorine-based washing procedures, which have led to controversies
about the formation of carcinogenic compounds in water (chloramines
and trihalomethanes) and have questioned the use of chlorine (Wei et
al,, 1999; Rico et al., 2007). Preservation of fresh-cut fruits and vegetables
has mainly consisted of washing treatments, but alternative methods or
modified methods have been proposed and are being implemented. These
include (1) antioxidants, (2) irradiation, (3) ozone, (4) modified atmosphere
packaging, (5) whey permeate, and (6) organic acids. Organic acids have
also proved to be effective antimicrobial agents against mesophilic as well
as psychrophilic microorganisms in fresh-cut vegetables (Uyttendaele et
al., 2004; Bari et al., 2005). However, none have yet gained widespread
acceptance by the industry and minimal processing of fresh-cut fruits
and vegetables renders the products highly perishable with chilled stor-
age still required to ensure reasonable shelf life (Garcia and Barret, 2002;
Rico et al., 2007). The proposed washing techniques are summarized and
presented in Table 14.1 (Rico et al., 2007).

14.9  Alternative application regimes

Studies have been done on testing antimicrobial compounds for antiliste-
rial activity, but none of these reported on the sequential application of
dipping or spraying for the control of L. monocytogenes in RTE (ready-to-
eat) meat products (Geornaras et al., 2005). Studies were performed fairly
recently to show the strong antimicrobial action of sodium citrate and
sodium lactate in controlling Clostridium perfringens during cooling pro-
cedures (Sabah, Juneja, and Fung, 2004).

Fumigation of fruit and vegetable crops is not widely used for control-
ling postharvest decay. However, fumigants do have important proper-
ties, which renders them very practical in the application against decay
caused by fungi. Fumigants can penetrate into areas that are not easily
accessible to liquid pesticide sprays. They then drench and exert their
effect during the exposure period but afterwards diffuse away, leaving
little or no residue. However, there is always the risk of damaging the
fruit in commercial packinghouses. For application to large volumes of
fruit, care should be taken to monitor concentration and to maintain a
safe level. In addition, acetic acid vapor is very corrosive to equipment
and repeated exposure should be avoided. Acetic acid vapor is proposed
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Table 14.1 Washing of Minimally Processed Fruits and Vegetables with
Chemical-Based Treatments

Advantages/
Chemical Treatment Produce treated future trends
Calcium- Calcium lactate Fruits and Found that final
based Calcium chloride  vegetables, as product can increase
solutions Calcium firming agent calcium content
propionate (strawberries) or  Calcium lactate good
to maintain alternative to
firmness calcium chloride,
Delicate fruits less bitterness or
Fruit with high off-colors
senescence index
(grapefruit)
Chlorine Liquid chlorine Traditionally Effectiveness
Hypochlorite vegetables questioned
Possible future
regulations
Chlorine CIO, combined Fruit and High oxidation
dioxide with ozone, vegetables capacity
(C10,) thyme essential Does not form
oil dangerous
chloramine
compounds
Electrolyzed = Generated by Whole lettuce More effective than
water electrolysis of Fresh-cut chlorine due to high
aqueous NaCl vegetables reduction potential
to produce Higher effectiveness
electrolyzed than ozone in
basic solution at reducing viable
cathode and aerobes on whole
electrolyzed lettuce
acidic solution Neutralizes harmful
at anode substances, such as
cyanides,
ammonium, etc.
Few studies on
fresh-cut vegetables
Hydrogen Dipping in H,O,  Fresh-cut peppers, Sporocidal: effective
peroxide solution cucumber, on food contact
zucchini, surfaces, and
cantaloupe, packaging material

honeydew melon

(continued)
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Table 14.1 Washing of Minimally Processed Fruits and Vegetables with
Chemical-Based Treatments (Continued)

Advantages/
Chemical Treatment Produce treated future trends
Organic acids  Lactic acid Fresh-cut fruits Strong antimicrobial

Acetic acid and vegetables agent against

Ascorbic acid psychrophilic and

Citric acid mesophilic

Tartaric acid microorganisms

Natural preservatives,

effective in retaining
quality of minimally
processed products:
(1) antimicrobial
activity, (2) inhibition
of spoilage, avoiding
oxidative processes
Ozone Ozonated water Fresh-cut Beneficial effect on
vegetables storage life of fresh
noncut commodities:
broccoli, cucumbers,
apples, grapes,
oranges, pears,
raspberries,
strawberries
Studies needed on
quality
Higher corrosiveness
than chlorine use

Source: Data from Rico et al., Trends in Food Science & Technology, 18:373-386, 2007.

as an alternative postharvest fungicide as opposed to thiabendazole, but
should be applied on small volumes of fruit that could be fumigated in a
small room or tent (Sholberg et al., 2004).

14.10  Recognizing the need in RTE foods

Ready-to-eat meat or poultry products are often reported as sources of L.
monocytogenes infections in humans (Barmpalia et al., 2004). Deli meats
and nonreheated frankfurters are the highest risk products for listerio-
sis with regard to preservation, because they may be consumed without
cooking or reheating. There is, therefore, a need for additional precau-
tions to ensure the safety of the product until it is consumed. Application
of organic acids to the surface of RTE meats should be most effective,
because L. monocytogenes contamination is typically concentrated on
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the surface (Lu et al., 2005). Factors that influence antilisterial activity
of organic acids on frankfurters usually act in an interactive manner
and combined treatments usually have a greater effect than individual
treatments (Harmayani, Sofos, and Schmidt, 1993; Mossel et al., 1995;
Davidson, 2002).

Inclusion of antimicrobials in the formulation of RTE meat products is
prescribed in effective control. Many U.S. meat processors are, therefore,
currently adding preservatives, such as sodium or potassium lactate (up
to 2%) in combination with sodium diacetate (0.05-0.15%) to product for-
mulations (Thompkin, 2002). Organic acids (or their salts) plus bacterio-
cins, applied as immersion or spraying solutions alone or in combination,
can also control L. monocytogenes contamination on RTE meat products
during storage (Geornaras et al., 2006).
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chapter fifteen

Detection of organic acids

15.1 Introduction

Timely and effective quantitative analysis of organic acids is essential as,
together with inorganic anions, amino acids, and carbohydrates, these
important compounds are important in many fields not only limited to
agriculture and food science. Such areas include chemistry, biochemis-
try, and pharmaceuticals (Soga and Ross, 1999). Organic acids play pivotal
roles in the metabolism of living beings, they occur naturally in a num-
ber of foods, and their analysis is of importance in food technology and
physiology (Chen et al,, 1999). A wide range of analytical methods has
been developed for determining preservatives and organic acids, whereas
individual determination is usually done by spectroscopic methods
(Gonzalez, Gallego, and Valcarcel, 1998). Dissociation constants (pK,) are
fundamental in chromatographic procedures typically used for isolation
(Gomis, 1992).

In addition, it is often necessary to determine organic acid compo-
sition in food to indicate contamination. Short-chain organic acids are
known to significantly affect the flavor and the quality of food (Alur et
al.,, 1995). These acids mainly include acetic acid and less often propionic
and butyric acid, and may originate from raw materials or they may be
produced by fermentation during processing or storage. Microbial con-
tamination during storage also results in the formation of volatile acids
and impairs the quality of products (Yang and Choong, 2001).

15.2  Traditional detection methods

Organic acids have been separated and determined by chromatographic
techniques (Tang and Wu, 2007) such as HPLC (Zhao et al., 2001), GC
(Deng, 1997), TLC (Thompson and Hedin, 1966), GLC (Sarkar and
Malhotra, 1979), and IC (Morales, Gonzalez, and Troncoso, 1998). Most
successful techniques for simultaneous determination of several organic
acid constituents in samples include (1) GC, (2) IC, or (3) HPLC (Wu et al,,
1995). However, GC methods with derivatization steps or HPLC have been
adopted for measurement of organic acids, inasmuch as complex extrac-
tion steps are necessary and these methods were not specific for organic
acids. Moreover, reagents used could potentially interact with various
compounds that contained functional groups and active hydrogen. The
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GC and HPLC methods, however, lack specificity (Arellano et al., 1997).
The GC method is very tedious and unsuitable for studies on large num-
bers of samples, whereas the HPLC method was found to be much sim-
pler, as it employed an ion-exchange column and a flow gradient with
UV detection at 210 nm (Galli and Barbas, 2004). Although GC and HPLC
are still commonly used, alternative approaches have been found to give
faster analyses, preferably without any tiresome derivatization process
needed (Chen et al., 1999). GC with split injection is also not used for anal-
ysis of free C1-C12 short-chain organic acids. Their high polarity retards
the separation from food and the response of the flame detector to them is,
therefore, quite low (Larsson and Roos, 1983; Yang and Choong, 2001).

The most common analytical method for detection of benzoic acid or
sorbic acid has been reversed-phase HPLC (Saad et al., 2005). Organic acids in
wine vinegars have also been detected by reversed-phase HPLC (RP-HPLC)
using two Cyg columns, UV detection at 210 nm, and sample filtration through
Sep-Pack Cj;. However, complete separation of organic acids has not been
achieved with this procedure (Morales, Gonzalez, and Troncoso, 1998).

GC is employed for selective determination of food preservatives. GC
and MS are both useful to determine preservatives with limits of detection
of 100-500 pg, but these methods involve sample pretreatments similar to
those prescribed by the Association of Official Analytical Chemists (AOAC)
and are time-consuming (Gonzalez, Gallego, and Valcarcel, 1998).

Quantitation of citric, malic, and tartaric acids that are typically pres-
ent in fruit juices has been carried out routinely by liquid chromatogra-
phy, by using either refractive index or low wavelength UV detection.
However, HPLC methods are very sensitive to matrix interferences and
may often exclude the reliable detection or accurate quantitation of acids
at levels below 50 ppm. Although HPLC methodology is known for its
shortcomings, GC determination of fruit juice acids has not been widely
employed because of the difficulty in isolation and derivatization of the
acids (Barden et al., 1997).

The very commonly used sorbic acid has been detected with low recov-
eries in raw beef (52-84%) by photometry, after distillation and extraction.
Better recoveries (~100%) and less manipulation have been achieved by
the fluorescence technique in determination of 4-hydroxybenzoic methyl
ester in nonalcoholic beverages. Additives can be present in combinations,
and chromatographic methods are often used for selective individual or
joint determination. Sorbic and benzoic acids have also been determined
by thin-layer chromatography in beverages. This method involves mini-
mal sample manipulation. HPLC is often the preferred method for deter-
mining additives present in mixtures, which are usually only just volatile.
Simultaneous determination of additives, such as sweeteners, preser-
vatives, and colorings in soft drinks is usually done by HPLC with UV
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detection, but concurrent separation is hindered by polarity differences
(Gonzalez, Gallego, and Valcarcel, 1998).

In Table 15.1 the traditional detection methods are more concisely dis-
cussed by highlighting the pluses and minuses of application.

15.3 Contemporary methods

The use of capillary electrophoresis (CE) to determine organic acids in
food samples was first demonstrated with a commercial reagent kit. A
mixture of seven standards (i.e., citric, tartaric, malic, succinic, acetic,
lactic, and butyric acids) have been separated in less than 15 min and
detected by indirect UV absorbance at the 50 ug/ml level. Not all analytes
exhibit high UV absorbtivity, therefore, this indirect absorbance method
is welcomed as a universal method for detection of nonabsorbing ana-
lytes. Moreover, the indirect absorbance method affords good sensitivity.
For many analytes, CE, coupled with indirect UV absorbance detection,
has gained increasing popularity. CE methods are successfully used for
the detection of various organic acids in sugar refinery juices, fruit juices,
and various food samples. For slower moving organic acids, it has been
found that a CE, using chromate as BGE, would result in poorer resolution
as these acids would appear as trailing peaks (Wu et al., 1995).

In response to the need for rapid and simple methods for the detec-
tion of short-chain organic acids in complex matrices, a technique was
developed that very well suited the specific purpose of CE. This method
employed indirect detection and a surfactant to reverse electro-osmotic
flow. Direct UV detection provides higher sensitivity and precision and
the ability to detect UV-absorbing organic acids, such as oxalic, fumaric,
or pyroglutamic acids, which cannot be detected with the indirect system
(Galli and Barbas, 2004).

Many CE methods have been developed for the analysis of inorganic
anions, organicacids,amino acids, or carbohydrate analysis. ACZE method
has been proposed where indirect UV detection is done using 2,6-pyridine
dicarboxylic acid (PDC) and cetyltrimethylammonium hydroxide (CTAH)
at pH 12.1. Most inorganic and organic anions, amino acids, and carbohy-
drates have little or no UV absorbance and require indirect UV detection.
Advantages of this method include (Soga and Ross, 1999)

1. Most anionic compounds can be analyzed simultaneously without
derivatization.

2. A distinct electrophoretogram is produced without other matrix
interferences.

3. Minimum sample preparation.

4. Excellent reproducibility, good linearity, and sensitivity.
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Table 15.1 Advantages and Disadvantages of Various Traditional Detection
Methods for Organic Acids

Specific/
Detection method  proposed uses Advantage Limitations
High performance Determination of ~Simultaneous Lacks specificity
liquid additives in detection of Sensitive for
chromatography = mixtures several organic matrix
(HPLC) acids interferences
Minimal sample Longer detection
preparation time
Quantitative
determination of
organic acids in
short time
Gas Not widely used ~ Simultaneous Lacks specificity
chromatography  for detection of detection of Unsuitable for
(GC) organic acids several organic large numbers of
Determination of  acids samples
acids in fruit High sensitivity Acids difficult to
juices not widely Good precision isolate
employed High selectivity Poor detector
Dairy products response
more often Before analysis,
analyzed necessary to
Selective prepare more
determination of volatile,
preservatives nonreactive
Determination of derivatives
preservatives Requires at least
with detection two sample
limits 100-500 pg preparation steps
Thin-layer Separation and Wide range of Cannot be used
chromatography  quantification of ~ sample types with volatile
(TLC) organic acidsin ~ Minimal sample compounds
grapejuicesand  manipulation
wines High sensitivity
High specificity
High sensibility

Rapid separation



Chapter fifteen: —Detection of organic acids 297

Table 15.1 Advantages and Disadvantages of Various Traditional Detection
Methods for Organic Acids (Continued)

Specific/
Detection method  proposed uses Advantage Limitations
Ton Separation of Simultaneous In complex
chromatography  organic and detection of matrices, more
(IC) inorganic weak several organic extensive sample
acids acids preparation
Separation of Very little sample required, to
neutral/or basic required when in prevent
substance from homogeneous destruction of
ionic compounds  ionic form column
Specific examples
of food analyzed:

coffee, milk, wine
GC coupled with Extensively used  Identification based High price and

mass for analysis of on both retention ~ running cost
spectrometry (MS) aromatic time and mass False positive/
compounds in spectrum negative results
food Allows quantitative possible
Measuring detection of MS performance
contaminants analytes dependent on
from spoilage or ~ Enhanced effective GC
adulteration specificity separation
Preferred method Identification of
for volatile or trace components
thermally stable  in complex
compounds mixtures

Two techniques
combined provide
more definitive
substance
identification

Sources: Data from Wu et al., Journal of Chromatography A 716:291-301, 1995; Barden et al.,
Journal of Chromatography A 785:251-261, 1997, Dashek and Micales, Methods in Plant
Biochemsitry and Molecular Biology, pp. 107-113. Boca Raton, FL: CRC Press , 1997; Gonzalez,
Gallego, and Valcarcel, Journal of Chromatography A 823:321-329, 1998; Xiong and Li, Journal of
Chromatography A 822:125-136, 1998; Soga and Ross, Journal of Chromatography A 837:231-239,
1999; Yang and Choong, Food Chemistry 75:101-108,2001; Mato, Suarez-Luque, and Huidobro,
Food Research International 38:1175-1188, 2005.

Problems encountered with CE include poor solubility of fatty acids in
aqueous solutions and the unavailability of sensitive modes for aliphatic
acids. This is often counteracted by nonaqueous capillary electrophore-
sis (NACE) with indirect detection. NACE-TA (indirect absorbance) is a
simple, sensitive, and effective technique for the determination of fatty
acids using i-PrOH and 40% acetonitrile (as organic modifier) and HIQSA
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(as chromophores). NACE-IA or NACE-ILIF (indirect laser-induced fluo-
rescence) methods are also used in the separation of acids at low cost,
providing fast analysis and good sensitivity, apart from the problem with
instability of the baseline (Chen et al., 1999).

Compared to HPLC, GC, TLC, GLC, and IC, CE offers (1) high resolu-
tion efficiency, (2) rapid separation speed, (3) simple sample pretreatment,
(4) small consuming sample, and (5) short analysis time. No derivatiza-
tion is needed as in GC or a sample extraction as in HPLC or IC. Addition
of SDS (anionic surfactant) causes an increase in migration times of all
organic acids. (Tang and Wu, 2007).

Capillary zone electrophoresis (CZE), with direct or indirect photom-
etry and conductivity has become popular in wine analysis. Very little, or
sometimes no sample preparation is needed and short analysis times are
also apparent advantages of CE and CZE in the analysis of wine. Capillary
isotachophoresis (ITP), with conductivity, thermometric, and UV absorp-
tion detection, is suitable for the separation of various anionic constitu-
ents (organic acids and inorganic anions), currently occurring in wines
(Masar et al., 2001).

Ion-exclusion chromatography is a useful technique for separation of
organic and inorganic weak-acids (Chinnici et al.,, 2005; Morales, Gonzalez,
and Troncoso, 1998). 1t is especially valuable for separating neutral and
weakly acidic or basic substances from ionic compounds based on an ion-
exclusion mechanism, as opposed to ion-exchange (Morales, Gonzalez,
and Troncoso, 1998).

Organic acids in dairy and other food products have commonly
been analyzed by chromatographic techniques. An alternative RP-HPLC
method has been optimized for analysis of multiple 11 organic acids that
are metabolically of importance in dairy products (Tormo and Izco, 2004).

Solid-phase extraction (SPE) was introduced in the early 1970s to min-
imize the shortcomings associated with liquid-liquid extraction, more
specifically large samples or organic solvent volumes that are required. In
1998 a flow injection online SPE method was proposed, which provided
high sensitivity and selectivity without interference from other concomi-
tants or the solvent peak. Results are delivered within 5 min after elu-
tion, as the throughput is limited only by the chromatographic conditions.
The use of large amounts of expensive and hazardous organic solvents
and derivatization reagents are also avoided. This method was, therefore,
proposed to be used by control laboratories to identify and quantify the
different preservatives in a wide variety of foods (Gonzalez, Gallego, and
Valcarcel, 1998).

In one study a photochemical-CL detection system was combined with
HPLC and successfully applied in analyzing organic acids in a variety of
real samples, which included beer, wine, milk, fruit, and soft drinks. The
HPLC method is based on selective photodecomposition of organic acids
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in the presence of Fe** and UO,?!, which is then combined with the sensi-
tive determination of the Fe?* produced by the CL luminol reaction in the
absence of added oxidant (Perez-Ruiz et al., 2004).

An in-tube SPME-HPLC method is proposed for simultaneous
determination of benzoic and sorbic acids in various types of food.
This proposed method is easy, rapid, and high-throughput when used
in simultaneous determination of benzoic and sorbic acids in real sam-
ples, and no cleanup procedures are required. Minimal toxic solvents are
required when extracting benzoic and sorbic acids, making it environ-
mentally friendly. All types of food samples can be easily and successfully
prepared. When an in-tube SPME technique is coupled online to HPLC,
using diethylamine-modified poly(GMA-co-EDMA) monolithic capillary
as the extraction medium, a convenient and robust method is achieved
for simultaneous determination of benzoic and sorbic acids in different
food samples. This method (1) has a simple and fast pretreatment proce-
dure, (2) low sample consumption, (3) is easy to use, (4) has good precision
and accuracy, and also (5) provides high selectivity and sensitivity (Wen,
Wang, and Feng, 2007).

Table 15.2 gives a concise exposition of the applicability of more con-
temporary detection methods.

15.4  The importance of effective detection

Analytical determination of organic acids is important for quality assur-
ance purposes, as well as for consumer protection or even consumer inter-
est. Limited chromatographic reports are available on the simultaneous
determination of benzoic acid, sorbic acid, and the parabens, especially
in food items. However, there is an increasing trend in using combina-
tions of preservatives in the food industry, as well as in pharmaceutical
formulations and cosmetic products, and such a method may become an
essential tool in organic acid analysis (Saad et al., 2005).

Organic acids contribute to the flavor and aromatic properties of food
and dairy products (Tormo and Izco, 2004). Their presence and relative
ratio of organic acids can affect the chemical and sensorial characteris-
tics of the food matrix (e.g., pH, total acidity, microbial stability, sweet-
ness, and global acceptability) and can provide essential information on
nutritional properties of food and means to optimize selected technologi-
cal processes (Chinnici et al., 2005). Quantitative determination of organic
acids is also important to monitor bacterial growth and activity. Fumaric
acid is an important parameter to reveal microbial spoilage or processing
of decayed fruits (Trifiro et al., 1997). For example, natural concentration
in apple juices usually does not exceed 3 mg/1, whereas higher levels can
arise from microbic growth or from the addition of synthetic malic acid
(Kvasnicka and Voldrich, 2000).
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Table 15.2 Advantages and Disadvantages of Various Modern Detection
Methods for Organic Acids

Detection Specific/proposed
method uses Advantage Limitations
Capillary Suitable for analysis ~ Simple method Poor resolution for
electrophoresis  of low-molecular- Small samples slower moving
(CE) mass organic acids required organic acids
in complex aqueous Minimum sample Poor solubility in
samples preparation aqueous solutions
Determination of No derivatization ~Not for
various organic needed simultaneous
acids in sugar Rapid separation ~ separation and
refinery juices, fruit ~ speed detection of
juices, foods, urine  Short analysis anions and
samples time cations
Highly effective ~ Limited loadability
Highly selective
Isotachophoresis Separation of charged Small samples Available
(ITP) particles required instruments not
Suitable for Good as comfortable to
separation of reproducibility use as CE
various anionic Rapid results instruments
constituents in wine High electrolyte
purity required
Capillary zone  Popular in wine Simultaneous Matrix interference
electrophoresis  analysis detection of Electrodispersion
(CZE) organic acids enforced by UV
Little sample absorbing co-ion
preparation
Faster method
Higher resolution
Higher sensitivity
Nonaqueous Organic acids Simple method Baseline instability
capillary commonly found in  Efficient
electrophoresis  beverages and juices Fast analysis
with indirect High sensitivity
absorbance Low cost

(NACE-IA)
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Table 15.2 Advantages and Disadvantages of Various Modern Detection
Methods for Organic Acids (Continued)

Detection Specific/proposed
method uses Advantage Limitations
Solid-phase All types of food Easy method Data not available
microextraction samples successfully Rapid analysis
(SPME)-HPLC  prepared High-throughput
Analysis of less No cleanup
volatile or thermally  procedures
labile compounds Minimal toxic
Not yet extensively solvents
applied to food
analysis

Sources: Data from Wu et al., Journal of Chromatography A 716:291-301, 1995; Barden et al.,
Journal of Chromatography A 785:251-261, 1997; Dashek and Micales, Methods in Plant
Biochemsitry and Molecular Biology, pp. 107-113. Boca Raton, FL: CRC Press , 1997; Gonzalez,
Gallego, and Valcarcel, Journal of Chromatography A 823:321-329, 1998; Xiong and Li, Journal of
Chromatography A 822:125-136, 1998; Soga and Ross, Journal of Chromatography A 837:231-239,
1999; Yang and Choong, Food Chemistry 75:101-108, 2001; Mato, Suarez-Luque, and Huidobro,
Food Research International 38:1175-1188, 2005.

Measuring organic and inorganic levels in foods and beverages is
essential for (1) monitoring a fermentation process, (2) inspecting product
stability, (3) confirming authenticity of juices and concentrates, or detect-
ing adulteration, and also (4) recording the organoleptic characteristics of
fermented products, particularly wines (Barden et al., 1997; Mato, Suarez-
Luque, and Huidobro, 2005; Arellano et al., 1997). The acids measured in
wine come directly from the grape or from processes such as alcoholic fer-
mentation, malolactic fermentation, oxidation of the ethanol, etc. (Masar
et al,, 2001; Mato, Suarez-Luque, and Huidobro, 2005).

An individual consumer may be sensitive to one or more preservatives
and the type and amount must, therefore, be controlled (Tang and Wu,
2007). Benzoic and sorbic are the most commonly used additives, applied to
a wide variety of foods (Gould and Jones, 1989) and the appropriate amount
of benzoic or sorbic acid, for example, has been tested by many laborato-
ries throughout the world and declared safe, but excessive use may cause
adverse effects in humans, which include metabolic acidosis, convulsions,
and hyperpnea (Tfouni and Toledo, 2002; Wen, Wang, and Feng, 2007).

Vitamin C is present in many beverages, juices, and medicines, and
the CE method is a valuable aid when checking freshness and quality of
foodstuffs in the determination of vitamin C (ascorbic acid) (Wu et al,,
1995). In the process of cheesemaking, organic acids are important com-
pounds affecting the flavors of most aged cheeses. They are produced as
a result of hydrolysis of milk. Stages of hydrolysis include fat during (1)
lipolysis, (2) bacterial growth, (3) normal ruminant metabolic processes,
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or (4) addition of acidulants during cheese making (Alkalin, Gonc, and
Akbas, 2002; 1zco, Tormo, and Jimenez-Florez, 2002). Quantitative analysis
of organic acids is, therefore, an important tool for studying the flavor,
nutritional quality, and the bacterial activity of aging cheeses (Park and
Drake, 2005).

Acidity of brewed coffee is very important and has an impact on a
consumer’s reaction to the drink. Because acidity depends on the extent
to which the coffee bean has been roasted, determining the best roasting
conditions to apply to the green coffee in developing acidity and sweet-
ness and improving sensory quality of commercialized roasted blends, it
is necessary to quantify the organic acids involved. Malic and citric acids
are already present in the green coffee bean, but most of the acidity is pro-
duced at the beginning of the roasting process (Rodrigues et al., 2007).

Volatile acid content is often an index to quality assurance (Yang and
Choong, 2001).

15.5 Detection in specific foodstuffs

Organic constituents in wine are closely linked with the organoleptic char-
acteristics of wine. The acids mainly responsible include the a-hydroxy
acids (tartaric, malic, lactic, and citric acids). These acids are routinely
determined at various stages of production and also in the final wine
product. In some specific situations other acids such as acetate, ascorbate,
sulfite, sulphate, phosphate, malonate, gluconate, and sorbate are also
analyzed. Spectrophotometry, various column chromatography methods,
and also enzymatic methods, are predominantly used in the determina-
tion of acidic wine constituents. However, capillary electrophoresis (CE)
is increasingly proposed as a convenient alternative, because of the iono-
genic nature of these analytes (Masar et al., 2001). Red wine normally con-
tains high concentrations of tartrate and lactate, and tartrate is also the
predominant anion in white wines. However, the lactate concentration is
lower in white wine, due to the absence of malolactic fermentation, which
converts malate into lactate (Arellano et al., 1997).

CE methods are increasingly used for analysis of organic acids in cof-
fee. The primary taste sensation in coffee is acidity where low-molecular-
mass organic acids contribute to both taste and flavor, due to the fact that
most of them are volatile. Acids found in roasted coffee may be classified
into four groups: aliphatic, chlorogenic, alicyclic, and phenolic. Organic
acids in green and roasted coffee have been determined by several pro-
cedures, but mainly by GC and HPLC. However, CE has been found suit-
able for analysis of low-molecular-mass organic acids in complex aqueous
samples, because of high efficiency and minimum sample pretreatment
(Galli and Barbas, 2004).
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Sorbic acid has been found to be the most popular preservative in
jams, whereas benzoic acid is the most common preservative in dried
fruits. A sample pretreatment procedure combined with an HPLC method
was found suitable for routine determination of sorbic acid and benzoic
acid in food items (Saad et al., 2005).

15.6  Characteristics of detected organic acids

Electrophoretic mobility of acids depends on the pH of the running buffer.
The mobilities of tartaric, malic, and succinic acids have been found to be
close to each other at alkaline pH. At pH 9.0 the migration times of various
organic acids increase in order: (1) oxalate, (2) citrate, (3) tartrate, (4) malate,
(5) succinate, (6) carbonate, (7) acetate, (8) lactate, (9) aspartate, (10) gluta-
mate, (11) ascorbate, and (12) gluconate. The faster mobility of some of these
acids may be attributed to the presence of hydroxyl groups, whereas the
monocarboxylic acids, carbonate, acetate, and lactate migrate in ascending
order in relation to their mass. Better separation of fast-moving polyacids
is also obtained at pH 5.5, and at alkaline pH (9.0) a better resolution can
be achieved for carbonate and the slower-moving amino acids, ascorbic,
and gluconic acids. Determination of vitamin C is, however, hampered
by a problem encountered as a result of oxidation. When ascorbic acid is
dissolved, it is readily oxidized to dehydroascorbic acid, which is then
catalyzed by air or light exposure (Wu et al., 1995).

15.7  Comparing sample preparation techniques

Conventional sample preparation techniques to achieve cleanup and pre-
concentration before determination of organic acids in food include: (1)
liquid-liquid extraction (LLE), and (2) solid-phase extraction. However,
these two methods require complex, laborious, and time-consuming pro-
cedures and the LLE technique also requires large volumes of organic
solvents, rendering it a potential danger to the environment and also to
human health. New miniaturized sample pretreatment techniques have,
therefore, been developed, of which the: (1) solid-phase microextraction
(SPME) and (2) stir-bar sorptive extraction (SBSE) are examples. These
techniques have been successfully used for analysis of benzoic and sorbic
acids in various foodstuffs. Both techniques have been found to provide
various advantages, such as simplicity, solvent-free extraction, and high
sensitivity. However, these methods are still performed offline when com-
bined with chromatographic analysis. A method for the determination of
benzoic acid based on an online pyrolytic methylation technique has been
developed for which no pretreatment procedures are required (Pan et al.,
2005), but this method is only applied to the analysis of soft drink samples,
of which the matrices are relatively simple (Wen, Wang, and Feng, 2007).



304 Organic Acids and Food Preservation

When using a chromatographic method for analyzing complex matri-
ces such as food samples, appropriate sample preparation techniques
are important. The in-tube solid-phase microextraction (in-tube SPME)
is another promising sample preparation technique, which is based on
SPME. It initially utilizes an open tubular capillary of which the inner
surface is coated and serves as the extraction medium. This enables online
SPME coupled to HPLC analysis. Sample extraction, concentration, and
introduction are hereby integrated into a single step, providing an online
method capable of providing better accuracy, precision, and sensitivity
than offline methods (Wen, Wang, and Feng, 2007).

Organic acids usually need to be derivatized before analysis, a process
which is time-consuming (Yang and Choong, 2001). Another problem is
the volatility of the derivatized compounds that is high in order to reduce
recovery and to affect the accuracy and repeatability of GC quantification
(McCalley, Thomas, and Leveson, 1984). These problems are addressed by
the implementation of headspace analysis (Mulligan, 1995).
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