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and health promotion
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1.1 Introduction

Food fermentation has, throughout much of human history, been the most common way
of preserving perishable foods, thereby maintaining and in some cases even improving
the nutritional value of these foods. Genesis 18:8 refers to how Abraham serves curds
and milk to his guests. Not surprisingly, some of these fermented foods were perceived
to be inherently healthy. The mechanism behind this preservation was not clarified until
1857, when Louis Pasteur identified “lactic yeast” as the source of lactic acid fermen-
tation. A first “scientific” promotion of fermented food specifically as a health product
came in the early 1900s with Ilya Metchnikoff, who advertised yogurt, fermented with
the Bulgarian bacillus, and insisted it would contribute to longevity (Metchnikoff, 1907).
In the 1930s, Minoru Shirota specifically isolated a health-promoting microbe and intro-
duced the oldest still-existing probiotic food, Yakult.

Probiotics have been defined as “live microorganisms which when administered
in adequate amounts confer a health benefit on the host” (FAO/WHO, 2002). Main-
taining viability imposes some technological requirements on the manufacturing of
the probiotic food product; the minimal counts should be guaranteed until the end of
shelf life. The required level of these counts is likely to depend on the probiotic strain
and the intended health benefit. As a rule of thumb, a minimum of 10 colony-forming
units (CFU)/consumption is used (Forssten, Sindelar, & Ouwehand, 2011). A correct
approach would be to use a minimum dose according to that used in studies document-
ing the given health benefit.

Although probiotics are widely consumed as dietary supplements, the focus of the
present chapter is on fermented probiotic foods. Most commercially available probiot-
ics belong to the genera Bifidobacterium and Lactobacillus; strains from other genera
are being marketed as well, but these rarely find application in fermented foods and
will thus not be discussed here.

1.2 Probiotic fermented foods and health promotion

Probiotics can be included in many different foods, fermented and unfermented. The
food matrix is known to have an important role in the stability of probiotics (Forssten
et al., 2011). Manufacturers take this into account when developing such foods. How-
ever, which role the matrix plays in efficacy is less well understood. For some strains
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it does not seem to play a role, while it does for others. This topic requires further
investigation and is not discussed here owing to lack of information. It is important
to realise that diet is likely to be a bigger cause of variation than the matrix of one or
another probiotic food (Kelly, Colgan, & Frank, 2012).

1.2.1 Different types of fermented probiotic foods

Numerous fermented foods exist, but not all of these food classes can be linked with
the probiotic concept, such as alcoholic beverages and fermented meats, or foods in
which the fermentations merely fulfil a technological function in the processing of the
food, such as in coffee, tea and cocoa.

1.2.2 Fermented dairy foods/beverages

Fermented dairy foods are the most widely used carriers of probiotics in Western
societies, in particular yogurt and yogurt-type drink products. This may have historic
reasons as mentioned above, but it has also practical reasons. Most commercially avail-
able probiotics belong to the genera Bifidobacterium and Lactobacillus. Members of
these genera tend to grow well in milk, and it may even be their most common habitat.

In fermented probiotic dairy products, probiotics are usually accompanied by starter
cultures such as Lactobacillus delbrueckii subsp. bulgaricus and/or Staphylococcus
thermophilus. There are two main reasons for the inclusion of starter cultures in a pro-
biotic product. The first is technological: starter cultures provide structure and flavour
to the product. In addition, starter cultures support functionality; some probiotics do not
grow well as a pure culture in milk and grow better in symbiosis with a starter culture.

Besides fresh fermented dairy products, probiotics can be included in nonfermented
milk such as the so-called “sweet acidophilus milk™. The milk is not sweet in the sense
of sweet taste, but is referred to as such because it is not sour (Mcdonough, Hitchins,
Wong, Wells, & Bodwell, 1987).

Furthermore, probiotics can be included in cheese. Despite the long ripening and
shelf life of cheese, probiotic counts appear to be stable in cheese for months. By opti-
mizing fermentation techniques, it is feasible to produce a good-quality cheese with
high probiotic counts so that a standard portion of cheese (15 g) provides a dose of at
least 10° CFU (Ibrahim et al., 2010).

1.2.3 Fermented soy foods/beverages

In Asian societies, fermented soy foods are common. They are, however, not typically
used to function as a delivery matrix for probiotics. Probiotic soy products most com-
monly designed to resemble dairy products are called “soy yogurts”. Lactic fermen-
tation of “soy milk” may improve the bioavailability of isoflavones, improve mineral
availability and increase the level of B vitamins (Rekha & Vijayalakshmi, 2010). Fer-
mentation has the additional advantage of reducing the bean flavour of soy foods. In
general, soy yogurts aim at providing a vegetarian/vegan alternative to regular (probi-
otic) yogurt and are not developed specifically as carriers for probiotics. Nevertheless,



Probiotic fermented foods and health promotion 5

the stability of probiotics in a fermented soy matrix is usually good and is very similar
to that in yogurt.

1.2.4 Fermented plant foods/beverages

Lactic fermented plant foods are common in Asian, African and East European societ-
ies. These are fermented vegetables such as sauerkraut and kimchi, which are mainly
based on spontaneous fermentations dictated by the storage conditions and ingredients
used for this fermentation (Jung et al., 2011).

Lactic fermented cereals are common, such as in sourdough, although obviously
subsequent processing (baking) will not allow survival of microbes. Lactic fermen-
tation of cereals otherwise contributes to improved flavour and reduces phytic acid
activity, thereby improving biological availability of minerals such as iron. Lactic acid
bacteria involved in the fermentation may also produce vitamins, in particular B vita-
mins (Nout, 2009). Traditionally, fermented foods of vegetable or cereal origin have not
been used as carriers for probiotics. However, it cannot be excluded that the microbes
involved in these fermentations have a direct influence on health, similar to a probi-
otic. Specifically designed foods are successfully marketed, usually on the basis of
fermented cereals, and have been studied as probiotic carriers. Such products have only
sporadically been used as carriers of probiotics (Molin, 2001). The stability of selected
probiotics in fermented cereal-based products has been documented to be good.

1.2.5 Other carriers of probiotics

Probiotics have been included successfully in ice cream. Relevant to this book is the
production of ice cream based on frozen yogurt, which basically follows the same
manufacturing as probiotic yogurt (Davidson, Duncan, Hackney, Eigel, & Boling,
2000). But probiotics can also be included in the ice cream base or in a chocolate
coating of the ice cream.

As mentioned earlier, supplements are probably the most common format for pro-
biotic consumption, in addition to dairy products. Furthermore, probiotics have been
included in fruit juices, which is particularly challenging because of the low pH (<4)
and the presence of various natural antimicrobial components in fruits (such as benzo-
ate and anthocyans). Probiotics have also been included in chocolate (Vriens, 2009),
providing extremely long shelf lives of up to 2 years — not so much to produce probi-
otic chocolate bars, but to provide a probiotic-carrying chocolate coating to various
foods. These applications fall outside the focus of this chapter, but indicate that for-
mats for probiotics exist.

1.3 Health benefits deriving from the consumption
of probiotics

As discussed above, the role that the food matrix plays in the efficacy of probiotics,
if any, has been insufficiently investigated. Many studies have been performed with
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Figure 1.1 Schematic representation of how consumed probiotics may exert their benefits in
the intestine and beyond.

probiotics as supplements because it is easier to produce a placebo and the logistics
are easier than for a fresh fermented dairy product. We therefore present below the
results of probiotic consumption, regardless of the matrix in which it was consumed.
Although probiotics are consumed, they can have health benefits beyond the gastro-
intestinal tract. Potential mechanisms for these extra-intestinal effects are depicted in
Figure 1.1.

1.4 Gastrointestinal health

Given that probiotics are consumed, it is not surprising that the prime target for probiotic
use has traditionally been various diarrhoeas, with intestinal health as the main benefit.

1.4.1 Modulating microbiota composition

With the advances in molecular biological techniques, such as metagenome sequenc-
ing, 16S rDNA pyrosequencing, and quantitative real-time polymerase chain reaction,
an unprecedented understanding of the composition and genetic diversity of the intes-
tinal microbiota has been possible. International research consortia have sequenced
intestinal microbiomes of an increasing number of subjects. At the same time, metab-
olomics provides us with an ever deeper insight into the metabolic capacity of the
intestinal microbiota. Notwithstanding these advances, it is still not possible to define
a “healthy” or “normal” microbiota (Qin et al., 2010).

One of the early targets of probiotics has been the improvement of the composition
of the intestinal microbiota. From the above, it is obvious that criteria for “improv-
ing” intestinal microbiota composition are at present not clearly defined. Neverthe-
less, some options exist for improving intestinal microbiota. Keeping under control
potential pathogens such as Clostridium difficile and Helicobacter pylori, which
can be present in low numbers in the microbiota of asymptomatic healthy carriers,
may be beneficial (see following text). Furthermore, although the composition of a
“healthy” or “normal” microbiota is not known, it is assumed that the microbiota a
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healthy subject carries is appropriate for that particular host. It is therefore reasonable
to assume that allowing a disturbed microbiota (as a consequence of whatever stress)
to return to “normal” quicker or reduce the aberrance from “normal” is a health ben-
efit. However, increasing levels of faecal bifidobacteria, hitherto one of the traditional
targets, is not sufficient. The proof that increasing Bifidobacterium numbers is a health
benefit per se is lacking.

1.4.2 Infectious diarrhoea

Infectious diarrhoeas can have many different aetiologies, viz., viral, bacterial, proto-
zoal or chemical. The various causes also make it a challenging target. In children, the
effect of probiotics on the duration of rotavirus diarrhoea has been well documented
for various strains (Van Niel, Feudtner, Garrison, & Christakis, 2002). Despite this
and other documented benefits of probiotics for children, the European Society for
Pediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN) does not encour-
age the widespread use of probiotics in infant nutrition (Braegger et al., 2011). In
adults, travellers’ diarrhoea is relatively common, but probiotics have shown inconsis-
tent results (Mcfarland, 2007; Ritchie & Romanuk, 2012). This inconsistency is most
likely attributable to the heterogeneity of diarrhoeal causes.

1.4.3 Antibiotic-associated diarrhoea

Antibiotics have provided great medical progress in the treatment of bacterial infec-
tious diseases. However, because of their antimicrobial nature, one of their side effects
is a disturbance of the intestinal microbiota. This antibiotic-related disturbance was
recognised even in the early days of therapeutic use of antibiotics around 1950, and, as
a response, the term “probiotic” was probably first introduced by Kollath in 1953 and
Vergio in 1954 (Holzapfel & Schillinger, 2002). This kind of disturbance, or “dysbio-
sis”, may lead to intestinal complaints and, in the worst cases, to antibiotic-associated
diarrhoea (AAD). AAD is caused by various pathogens, most notably C. difficile, fol-
lowed by Staphylococcus aureus and Clostridium perfringens. However, these three
pathogens together explain, at most, only half of the reported cases of AAD. The cause
of the remaining AAD cases is largely unknown. Many probiotic strains and combina-
tions of probiotic strains have been documented to reduce the incidence and/or dura-
tion of AAD. This is among one of the best documented health benefits of probiotics
(Hempel et al., 2012). Probiotics do not replace the microbes that are reduced by anti-
biotic therapy, but support the microbiota in maintaining or returning more quickly to
its original composition (Engelbrektson et al., 2009). Probiotics are highly successful
in the prevention, shortening and/or relief of AAD, whereby one case of AAD can be
prevented for every eight patients treated with probiotics (Avadhani & Miley, 2011).

1.4.4 Necrotising enterocolitis

Premature infants, and in particular very low birth weight infants, are at risk of devel-
oping necrotising enterocolitis (NEC). The mortality of NEC is substantial. Probiotics
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provide one of the few preventive treatment options. While many probiotics on their
own do not provide a significant reduction in NEC incidence, meta-analyses clearly
show a reduced incidence of NEC and reduced mortality (Wang, Dong, & Zhu, 2012).
Although the aetiology of NEC is poorly understood, it is likely to have an infectious
component. By competitive exclusion, probiotics may prevent the establishment of
potentially pathogenic microbes. Although preterm infants are a population at risk for
infection, administering probiotics has not been reported to lead to adverse events;
sepsis has neither been reported to be reduced by probiotic therapy nor been observed
to be increased. As almost all tested probiotics have been observed to reduce NEC
risk, it is tempting to argue that the often suggested strain specificity of health effects
is not valid for NEC and that in this case there is a health benefit of probiotics in
general.

1.4.5 Helicobacter pylori infection

Helicobacter pylori can be a resident of the gastric mucosa. It is the causative agent of
gastric ulcer and is thought to cause gastric cancer. Most probiotics have been selected
to survive gastric conditions and many produce antimicrobial substances; probiotics
could therefore be effective against H. pylori infection. However, this appears not to
be the case. Nevertheless, probiotics can play a valuable role in H. pylori eradication,
which has serious side effects. In analogy with the effects of probiotics on AAD, pro-
biotics have been observed to reduce the side effects of H. pylori eradication therapy,
thereby improving compliance and also otherwise improving the success rate (Wang,
Gao, & Fang, 2013).

The question is whether we should strive for the eradication of H. pylori. Carriage
or prior exposure to the organism has been found to be associated with reduced risk
for allergy and obesity. It is possible that H. pylori should only be kept under control,
and probiotics could play an important role here.

1.4.6 Intestinal transit

Slow colonic transit is associated with constipation, though not all constipation is
caused by slow transit: transit may be normal, but obstruction may cause constipa-
tion. Constipation correlates well with hard stools, as measured with the Bristol Stool
Scale (Lewis & Heaton, 1997). There are several ways to determine intestinal tran-
sit, i.e. scintigraphy, radio-opaque pellets and remote recording capsules. Dyes have
also been used, but these are inaccurate as their excretion is strongly correlated with
defecation frequency. Slow colonic transit is thought to increase the risk of, among
others, colorectal cancer and diverticulitis. Sufficient fluid and fibre intake are recom-
mended but are not always adequate. Shortening of intestinal transit should not lead
to diarrhoea. Selected probiotic strains such as Bifidobacterium animalis subsp. lactis
HNO19 and B. animalis subsp. lactis DN-173 010 have been documented to normalise
slow intestinal transit (Ibrahim & Ouwehand, 2011; Waller et al., 2011). The mecha-
nism by which probiotics are able to shorten colonic transit remains to be established,
although short chain fatty acid production may be one of the contributing factors.
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1.4.7 Irritable bowel syndrome

Irritable bowel syndrome (IBS) is one of the most common functional gastrointestinal
disorders in industrialised countries, affecting an estimated 2-20% of the population
(Rey & Talley, 2009). IBS is usually diagnosed according to the so-called Rome III
criteria, which comprise prolonged and recurrent abdominal pain or discomfort along
with disturbances in bowel movements (diarrhoea and/or constipation). Along with
this, patients usually experience gastrointestinal symptoms such as bloating, abdom-
inal distension and flatulence. Although the exact mechanisms behind IBS are still
unclear, visceral sensory and motor disturbances, as well as increased gut permeability
and inflammation, may play an important role. IBS patients appear to have an altered
microbiota in comparison to healthy subjects; whether this is the cause or the effect
of IBS is, however, currently unknown. Probiotics such as Bifidobacterium infantis
35624 have shown beneficial effects on symptoms of IBS (Brenner, Moeller, Chey,
& Schoenfeld, 2009). However, the beneficial effects are often symptom-specific and
seem to depend on the specific strain, dose and duration (Clarke, Cryan, Dinan, &
Quigley, 2012). The proposed mechanisms behind the efficacy of probiotics include
decreasing pain radiation, as has been shown for Lactobacillus acidophilus NCFM
(Rousseaux et al., 2007), and colonisation of pathogenic/gas-producing bacteria in the
intestine and modulating the host immunity (Clarke et al., 2012).

1.4.8 Inflammatory bowel disease

Inflammatory bowel disease (IBD) is, as the name suggests, a collection of chronic
inflammatory conditions of the intestine, such as ulcerative colitis (UC), referring
to inflammation of and restricted to the colon; Crohn disease, being an inflamma-
tion that can be anywhere from mouth to anus; and pouchitis, and inflammation of
an ileoanal pouch that has been constructed after severe UC. The aetiology of the
disease is poorly understood but the microbiota is clearly involved, as germ-free
animals prone to IBD do not develop the disease until they are colonised with a
microbial population. One of the microbiota components involved in IBD has been
found to be a lack or low level of Faecalibacterium prausnitzii (Sokol et al., 2009).
The disease can be brought into remission with anti-inflammatory drugs, but tends to
flare up after some time (Hedin, Whelan, & Lindsay, 2007). Probiotics have not been
successful in inducing remission, but they have been found to prolong remission. In
particular, a multi-strain probiotic product, VSL#3 (consisting of Bifidobacterium
longum, B. infantis, Bifidobacterium breve, L. acidophilus, Lactobacillus casei, L.
delbrueckii subsp. bulgaricus, Lactobacillus plantarum and S. thermophilus), has
been shown to be successful in the treatment of pouchitis (Mimura et al., 2004).

1.5 Immune health

The human gastrointestinal microbiota, as well as microbiota of other mucosal body
surfaces, consists of a large number of bacterial species that are living in symbiosis
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with the host and are able to cross-talk with the intestinal and adaptive immune system.
It has become obvious that different microbes are able to influence the development
and function of the immune system, and the balance between the so-called beneficial
versus potentially harmful microbes has a pivotal role in either the maintenance or
disruption of the inflammatory control. Therefore, the protective and immunomodula-
tory role of probiotic microbes has been investigated in several aspects of the immune
system function and different infectious diseases (Purchiaroni et al., 2013).

1.5.1 Respiratory tract infections

The common cold or upper respiratory tract infection (URTI) is a frequently occur-
ring disease in all age groups. URTT are usually viral infections and are the reason for
the largest proportion of school and work absenteeism. None of the current interven-
tions (vitamins, remedies and antibiotics) are very effective in preventing colds. The
effect of probiotics is still less well studied, and reviews and meta-analyses on the
topic show a slightly positive effect but variable results, mainly owing to the diverse
strains and doses used and different age groups tested (Hao, Lu, Dong, Huang, &
Wu, 2011; Kang, Kim, Hwang, & Ji, 2013). Thus, also in this application, the effects
seem to be strain dependent. In a double-blind, placebo-controlled study with young
children (3—5years of age) attending daycare, L. acidophilus NCFM alone or in
combination with B. animalis subsp. lactis Bi-07 was effective in reducing fever,
rhinorrhoea and cough duration and the incidence of antibiotic prescription, as well
as the number of missed daycare days. The supplementation continued for 6 months
over the winter period (Leyer, Li, Mubasher, Reifer, & Ouwehand, 2009). In another
study with older children (aged between 8 and 13years), a two-strain probiotic
product with L. acidophilus and Bifidobacterium bifidum consumed twice a day for
3months was effective in reducing the risk of fever, cough, rhinorrhoea or school
absence in comparison to placebo (Rerksuppaphol & Rerksuppaphol, 2012). Also,
college students living on campus (aged between 18 and 24) gained benefits from
consuming Lactobacillus rhamnosus GG and Bifidobacterium lactis animalis subsp.
Bb-12 during the spring semester; the duration of URTI was reduced by 2 days in the
probiotic group and they also recorded lower disease severity scores in comparison
to placebo group. Moreover, the number of missed school days attributable to illness
was less in the group receiving probiotics compared to the placebo group (Smith,
Rigassio-Radler, Denmark, Haley, & Touger-Decker, 2013). Furthermore, in highly
active adult athletes at higher risk to develop URTI because of increased endur-
ance-based physical activity, the use of L. casei Shirota for 16 weeks reduced the
frequency of URTI episodes, although the severity and duration of the illness were
not affected (Gleeson, Bishop, Oliveira, & Tauler, 2011). Although the results from
studies on adult populations are mixed, it is tempting to conclude that probiotics
would be an effective method to reduce the incidence of this very common disease
in children and in adults that causes a huge economic burden owing to school and
work absenteeism. The precise mechanism of protective effects remains to be eluci-
dated, but it has been speculated that probiotics are able to compete against patho-
gens, enhance the barrier function in respiratory epithelia, and stimulate the cellular
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immunity in airways to confer their protective effects against URTI (Ahanchian,
Jones, Chen, & Sly, 2012).

1.5.2 Allergies, asthma and atopic dermatitis

An ever-increasing number of children in developed countries suffer from allergies,
asthma and atopic dermatitis (AD), which are regarded as a failure in the devel-
opment of a balanced immune response. The highly increased prevalence of these
diseases indicates that environmental factors play a significant role in the disease
development, as the escalation has been too fast for a shift in the genetic constitu-
tion to occur. The lack of microbial exposure early in life attributable to changed
living conditions and diet are thought to lead to a dysbiosis in the microbiota com-
position and skew the immune response against common environmental antigens,
leading to loss of oral tolerance and development of clinical symptoms (Fujimura,
Slusher, Cabana, & Lynch, 2010). Reduced bacterial diversity in the infant’s gut
has been associated with an increased risk of allergic sensitisation and allergic
rhinitis (Bisgaard et al., 2011), as well as atopic dermatitis (Nylund et al., 2013).
Therefore, the protective role of probiotics has been investigated in these diseases,
and probiotic supplementation early in life and also prenatally (used by the mother
during pregnancy) seems to have a role in preventing AD and IgE-associated AD
(Doege et al., 2012; Pelucchi et al., 2012; Toh, Anzela, Tang, & Licciardi, 2012). In
initial randomised human studies using L. rhamnosus GG, it was shown that with
probiotic supplementation in the mothers’ diet before delivery and in infants after
birth, a 50% reduction in AD prevalence in a high-risk population was achieved
(Kalliomaiki et al., 2001), while the protective effect persisted at least up to 7 years
of age (Kalliomiki et al., 2007). Very similar results have also been demonstrated
for another L. rhamnosus strain (HNOO1) (Wickens et al., 2008; Wickens et al.,
2012). The key protective mechanism of L. rhamnosus against eczema may be
related to its ability to promote the growth of other beneficial microbial species
in the gut, resulting in a more stable and functionally redundant gastrointestinal
community of the infant (Cox et al., 2010). In allergic diseases, the evidence of pro-
tective effects of probiotics is more limited (Toh et al., 2012), although some recent
data point to reduced severity of seasonal pollen allergies in children and in adults.
L. acidophilus NCFM and B. animalis subsp. lactis B1-04 alleviated the symptoms
of allergic rhinitis in children during the birch pollen season, and this effect was
shown to derive from the prevention of pollen-induced infiltration of eosinophilic
cells into the nasal mucosa during probiotic supplementation (Ouwehand et al.,
2009). In adults, B. animalis subsp. lactis NCC2818 has also been shown to impact
the function of blood lymphocytes and reduce concentrations of proinflammatory
cytokines, and thus mitigate allergic symptoms during grass pollen season (Singh
et al., 2013). The anti-inflammatory effect may derive from the same mechanisms
as in eczema: the probiotic microbes improve the balance of the normal micro-
bial composition and thus impact the function of the immune cells and the clinical
symptoms of allergies. Intriguingly, the microbiota composition of allergic individ-
uals has indeed been shown to fluctuate during the allergy seasons, and probiotic
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intervention reduces this fluctuation (Odamaki et al., 2007; Ouwehand et al., 2009).
This seems to hold true also in food allergies, where altered microbiota composi-
tion is seen between allergic and healthy individuals (Canani & Di Costanzo, 2013;
Noval Rivas et al., 2013), although no evidence on the protective effects of probiot-
ics exists to date. However, many studies have failed to demonstrate the protective
effects of probiotics against allergies and eczema (Koyama et al., 2010; Kukkonen
et al., 2007; Taylor, Dunstan, & Prescott, 2007), and their use in clinical practice
is still not officially encouraged (Fiocchi et al., 2012). Therefore, although some
data are promising thus far (Isolauri, Rautava, & Salminen, 2012), more research
is still needed to demonstrate strain-specific benefits in the prevention of a range of
allergic diseases (Prescott & Nowak-Wegrzyn, 2011; Toh et al., 2012).

1.5.3 Urogenital infections

The human vagina is also colonised by over 250 different species of bacteria com-
prising the vaginal microbiota, and it is dominated particularly by Lactobacillus spe-
cies. Similarly to the colonic microbiota, dysbiosis in the vaginal microbiota has been
linked with diseases such as bacterial vaginosis and aerobic vaginitis, where increased
levels of pathogenic bacteria in the microbial community cause inflammation (Li,
McCormick, Bocking, & Reid, 2012). Probiotic treatment with different Lactobacillus
species holds much promise in the treatment of urogenital infections. This may also
have even more long-lasting effects besides reduced risk of infections, since the vagi-
nal microbiota is associated with conception and pregnancy and it is the first microbial
community that the newborn faces during labour (Reid, Bisanz, Monachese, Burton,
& Reid, 2013). However, to date very few studies have explored probiotic effects in
this area of human health.

1.5.4 Rheumatic diseases

Evidence exists that dysbiosis of colonic microbiota is also contributing to initia-
tion and perpetuation of inflammatory joint diseases, such as rheumatoid arthritis
(RA) and spondyloarthritis. Theories of the mechanisms through which the micro-
biota may influence the pathogenesis of these diseases include increased permeabil-
ity of the gastrointestinal epithelia, loss of tolerance towards indigenous microbiota
members, and trafficking of activated proinflammatory immune cells and cytokines
and antigenic material between the gastrointestinal tract and joints (Yeoh, Burton,
Suppiah, Reid, & Stebbings, 2013). The potential of probiotics to influence the
inflammatory processes in these diseases has been investigated to some extent in
animals and to a very limited extent in humans. Two human studies on RA patients
have not been able to demonstrate any benefits attributable to probiotic use on
the clinical symptoms of the disease, but the reported quality of life (Pineda Mde
etal., 2011) and wellbeing of the RA patients (Hatakka et al., 2003) were improved
during probiotic therapy. Probiotic supplementation did not interfere with the med-
ical therapy of RA, when probiotics were used simultaneously with sulfasalazine
therapy (Lee et al., 2010).
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1.6 Metabolic health

In addition to the evidence on the impact on human immunity, evidence has accumu-
lated during the past decade on the capability of the intestinal microbiota to partici-
pate in and also influence the metabolism of its human host. The effects of probiotics
are still little studied in this area, but considering the global epidemic of obesity and
metabolic diseases, this application holds huge possibilities if probiotic efficacy can
be scientifically demonstrated and the epidemic of “Western diseases” ameliorated.

1.6.1 Obesity

Obesity is a metabolic disorder that is impacting humans at an increasing pace all over the
world, and it predisposes people to diseases such as increased blood pressure, atheroscle-
rosis, metabolic syndrome and diabetes. The role of intestinal microbiota composition in
obesity began to be uncovered when an altered ratio of two dominant colonic microbial
phyla, Bacteroidetes and Firmicutes, was demonstrated between lean and obese rodents
(Bickhed et al., 2004; Ley et al., 2005) and humans (Turnbaugh et al., 2009). Further-
more, decreased levels of bifidobacteria and increased levels of S. aureus in infant faeces
have been shown to precede increased adiposity of children at 7 years of age (Kalliomzki
et al., 2008). The obese microbiome has an increased capacity to harvest energy from the
diet and it impacts the deposition of fat into adipose tissue (Bickhed, Manchester, Semen-
kovich, & Gordon, 2007; Samuel et al., 2008). On the other hand, the diet that humans
typically consume influences the microbiota structure, and thus the role of microbes
in energy balance together with dietary factors and genotype all seem to contribute to
increased adiposity and development of obesity (Sanz, Rastmanesh, & Agostonic, 2013).
Owing to the partial contribution of colonic microbes to the obesity epidemic, interven-
tion trials have investigated the possibility of probiotics to impact adiposity. Few studies
have demonstrated a beneficial effect of probiotic microbes on adiposity: in an inter-
vention trial with Lactobacillus gasseri SBT2055, the consumption of fermented milk
with this probiotic for 3months was shown to significantly reduce abdominal visceral
and subcutaneous fat, weight and body mass index (BMI) of subjects with elevated BMI
at the beginning of the trial (Kadooka et al., 2010). In another intervention with preg-
nant women, probiotic L. rhamnosus GG, together with B. animalis subsp. lactis Bb-12
and dietary counselling, was shown to reduce central adiposity in the postpartum period
(Ilmonen, Isolauri, Poussa, & Laitinen, 2011). In a 10-year follow-up study on children,
pre- and postnatal consumption of L. rhamnosus GG inhibited excessive weight gain in
children (Luoto, Kalliomaki, Laitinen, & Isolauri, 2010). It goes without saying that more
research is needed in this area before definite answers on the protective mechanisms of
probiotics against obesity can be given (Sanz et al., 2013).

1.6.2 Metabolic syndrome and diabetes

In the same study in which L. rhamnosus GG and B. animalis subsp. lactis Bb-12
were shown to impact central adiposity, the probiotic intervention also improved glu-
cose tolerance and insulin sensitivity during pregnancy and 12 months postpartum
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(Laitinen, Poussa, Isolauri, Nutrition, & Mucosal Immunology and Intestinal Microbi-
ota Group, 2009). Furthermore, the risk of the mothers to develop gestational diabetes
was decreased in the probiotic groups (Luoto, Laitinen, Nermes, & Isolauri, 2010).
Thus, in addition to impacting the energy balance of humans, gut microbiota and
probiotics seem to participate in the regulation of glucose and insulin metabolism and
impact the risk of developing metabolic diseases.

Several other studies have investigated the link between colonic microbes, probi-
otics and onset of diabetes, although mainly in animal models. An inverse correlation
between the numbers of colonic bifidobacteria and serum concentrations of lipopoly-
saccharide (LPS), a component of the bacterial cell wall, has been reported in mice
fed a high-fat diet (Cani et al., 2007). These studies have led to the hypothesis of met-
abolic endotoxaemia, where a high-fat diet causes dysbiosis in the colonic microbiota
composition and leads to increased permeability of the intestine, further contributing
to increased concentrations of LPS and systemic low-grade inflammation. Chronic
inflammation impairs the function of several organs and contributes to the devel-
opment of metabolic syndrome and diabetes (Cani et al., 2008). These results have
been, to some extent, seen also in humans, since endotoxaemia (i.e. increased LPS
in blood) was significantly associated with increased risk for prevalent and incident
diabetes, and the LPS activity was linearly related to several components of metabolic
syndrome (Pussinen, Havulinna, Lehto, Sundvall, & Salomaa, 2011). Nevertheless,
although the link between microbiota modulation, metabolic health, and development
of metabolic syndrome and diabetes has been demonstrated, the proof of beneficial
effects deriving from probiotics is still mostly lacking. In animals, the antidiabetic
effects of B. animalis subsp. lactis 420 (Amar et al., 2011) and probiotic dahi contain-
ing L. acidophilus and L. casei (Yadav, Jain, & Sinha, 2007) have been demonstrated,
but in humans the results have been inconsistent; neither L. casei Shirota (Leber et al.,
2012) nor L. salivarius Ls-33 (Gobel, Larsen, Jakobsen, Molgaard, & Michaelsen,
2012) was able to influence the parameters of metabolic syndrome or inflammatory
markers in adolescents and adults.

1.6.3 Hypercholesterolaemia

Elevated serum cholesterol level is an acknowledged risk factor for atherosclerosis
and coronary heart disease, which are still among the leading causes of mortality in
the world. Lactic acid bacteria have been recognised as potential mediators that would
have a beneficial impact on hypercholesterolaemia; lactobacilli possess enzymes that
participate in the deconjugation of bile salts to form primary bile acids, thereby inhib-
iting micelle formation, cholesterol absorption from the intestine and the enterohe-
patic circulation of cholesterol. Also, systemic effects are thought to derive from the
metabolic activity of probiotic microbes and increased concentrations of fatty acids
(acetic, propionic and butyric acids), which may impact the cholesterol synthesis and
lipid metabolism systemically (Aggarwal, Swami, & Kumar, 2013). Animal studies
have shown quite consistent cholesterol-lowering effects of various probiotic microbes
(Huang, Wang, et al., 2013; Huang, Wu, et al., 2013), but the data from human studies
are very inconsistent (Aggarwal et al., 2013).
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1.7 Summary

Probiotics in fermented foods have the potential to modify the composition of the intes-
tinal microbiota, which has been shown to be altered in several diseases of the human
host. Lactobacillus and Bifidobacterium are the two probiotic microbial genera that
have been investigated by far the most, perhaps because of their dominance in the tra-
ditionally used fermented foods and (except for Bifidobacterium dentium) the absence
of typical pathogenic microbes within these genera. Through restoring the intestinal
microbiota balance and impacting on the function of the immune system, probiotics
may be effective in preventing the development of chronic immune-mediated diseases
such as metabolic, inflammatory and bowel diseases. Strong scientific evidence sug-
gests that different probiotic microbes may reduce infants’ risk of developing atopic
diseases or necrotizing colitis and may protect children and adults against antibiotic-
associated diarrhoea and upper respiratory tract infections. There are also implications
that probiotics may play a role in reducing the risk of gastrointestinal inflammatory
diseases and may also regulate the metabolism of humans. Progress in understanding
the mechanisms by which the colonic microbiota impact other mucosal surfaces of the
body and the function of the immune system has shown that the influence of probi-
otic microbes reaches way beyond the gastrointestinal tract. Nevertheless, much more
research is needed to confirm these benefits in humans. It is also important to bear in
mind that the demonstrated health effects are strain-specific and cannot be extrapolated
to other probiotic microbes.

1.8 Future trends

New applications for probiotic delivery will certainly be found. However, it is also
likely that the current mainstream vehicles for probiotic consumption, i.e. yogurt-type
dairy products and supplements (capsules), will remain the leading carriers of probi-
otics in the near future. This is not so much a technological issue, given the options
of other possible carriers that are available, as discussed. It is, however, a matter of
consumer acceptance.

New strains will likely be introduced into the market. In addition to strains from
the genera Lactobacillus and Bifidobacterium, strains from other genera, such as Pro-
pionibacterium and Lactococcus, commonly found in fermented foods, are likely to
receive more attention. But strains from “new” probiotic genera are also likely to
emerge, such as butyrate-producing Roseburia and Clostridium, or strains from the
anti-inflammatory species F. prausnitzii.

Furthermore, genetically modified probiotics should be anticipated. Although
genetically modified organisms meet resistance in certain parts of the world, they will
probably be accepted eventually, provided that they have clear benefits to the user,
and they may even target diseases for which there is currently no cure. An example of
this is the interleukin-10-producing Lactococcus lactis for treatment of Crohn disease
(Braat et al., 2006). In the more distant future, individualised strains and combinations
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of strains may become available; this may depend on one’s own microbiota (Wu et al.,
2011) or blood group (Mikivuokko et al., 2012).

Existing health targets, as described above, will be further investigated and either
confirmed or refuted for probiotic efficacy. New targets will also certainly emerge.
Many of these targets will be indicated by the substantial research efforts towards
understanding of the intestinal and other microbiota. The influence of the intestinal
microbiota on, for instance, the gut—brain axis may hint at possibilities for probiotics
and stress or mental awareness.

To what extent strains from such new probiotic species can and will be incorporated
into fermented foods is uncertain. Likewise, it is uncertain whether these and other
new health targets are suitable for fermented foods. What is certain, however, is that
the “one-strain-suits-all” approach that has been common until now is going to change.
A single strain is simply not able to perform the varied functions that are required to
tackle various health risks; the emergence of health benefit-specific strains should be
anticipated. Similarly, one could anticipate that more complex mixtures might be more
efficacious, as they could provide a multitude of functions to microbiota in disarray.

1.9 Sources of further information and advice

+ Lahtinen, S., Ouwehand, A. C., Salminen, S., & von Wright, A. (Eds.). (2012). Lactic acid
bacteria, microbiological and functional aspects (4th ed.). Boca Raton, FL: CRC Press,
Taylor & Francis Group.

Reference book on the lactic acid bacteria and bifidobacteria; health, technological and reg-
ulatory aspects.

+ Binns, N. (2013). Probiotics, prebiotics and the gut microbiota, ILSI Europe.

Reference monograph especially for the interested lay person; download for free from:
http://www.ilsi.org/Europe/Pages/ConciseMonographSeries.aspx.

+ Fredricks, D. N. (Ed.). (2013) The human microbiota: How microbial communities affect
health and disease (1st ed.). Hoboken, NJ: John Wiley & Sons, Inc.

Reference book describing the microbiota occupying different parts of the human body.

+ ISAPP (International Scientific Association for Probiotics and Prebiotics) webpages:
www.isapp.net.

Up-to-date information on probiotics and human microbiota from an international nonprofit
organisation of scientists.

+ International Probiotics Association (IPA) webpages: http://internationalprobiotics.org/home/.
Platform of probiotic-producing industries.
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Exopolysaccharides from fermented
dairy products and health promotion

A.D. Welman
Fonterra Co-operative Group Ltd, Palmerston North, New Zealand

2.1 Introduction

Can lactic acid bacteria (LAB) exopolysaccharides (EPSs) play a role in improving
gastrointestinal health? More specifically, can the EPSs serve another role by inter-
acting with the human immune system or even the human microbiome itself? More
recent gains in knowledge of the mechanisms by which EPS interacts with the intes-
tinal tract, the microbiome and immune function seem to present an additional nutri-
tional role that is offered by fermented dairy products.

A number of reviews and studies have been published dealing with the potential
health and nutritional benefits of EPSs from LAB in fermented dairy products: for
example, EPSs from LAB have been associated with various health benefits, such as
the lowering of cholesterol (Liu et al., 2006; Maeda, Zhu, Omura, Suzuki, & Kitamura,
2004; Nakajima, Suzuki, & Hirota, 1992), anti-hypertensive effects (Maeda, Zhu,
Suzuki, Suzuki, & Kitamura, 2004), anticarcinogenic effects (Furukawa, Takahashi, &
Yamanaka, 1996; Kitazawa et al., 1991) and immunomodulatory activity (Chabot et al.,
2001; Nishimura-Uemura et al., 2003; Vinderola, Matar, Palacios, & Perdigén, 2007).
Apart from these effects, there also appears be a complex web of interactions between
LAB EPSs and human gut microbiota, some enteric pathogens and toxins, and gut epi-
thelial cells and the immune system; the discussion that follows presents evidence for
health and nutritional benefits that are potentially derived from these relationships.

2.2 Exopolysaccharides (EPSs) from fermented dairy
products

The commercial exploitation of EPSs from LAB in the area of fermented dairy foods
has conventionally been aimed at producing unique physical characteristics (Cerning,
1995) such as enhanced viscosity and water binding; the result of this is that the con-
sumer enjoys an improved “mouthfeel”, textural qualities and a longer residence time
in the mouth (Duboc & Mollet, 2001; Font de Valdez, Ines Torino, De Vuyst, & Mozzi,
2003). Consumers have been attracted to smooth and creamy textures, characteristics
that are conventionally achieved through the addition of fats, sugars and proteins such
as pectin or gelatin (Jolly, Vincent, Duboc, & Neeser, 2002). The evolution of adver-
tising towards “healthy” messages to meet a growing consumer demand for healthy
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features, e.g. foods that are low in additives (Van der Meulen et al., 2007) or ones
that are “natural” or low in fat and sugar, has in fact created room for the use of dairy
cultures that produce EPSs that impart these textural attributes — in some cases, claims
of up to 20% increases in viscosity are claimed for yogurt. Regulatory provisions
(particularly in Europe) that prohibit natural fermented dairy products from contain-
ing artificial stabilisers have further strengthened this situation, and hence indirectly,
the most apparent health attribute imparted by EPSs is that of reducing the inclusion
of sugars and fats associated with obesity. Other benefits are the longer residence time
in the gastrointestinal tract, which is thought to favour the transient colonisation by
probiotic bacteria, as well as the generation of short-chain fatty acids through colonic
degradation.

EPSs are a natural product of some LAB and are long-chain polysaccharides
consisting of branched, repeating units of sugars, substituted sugars or derivatives
of sugars, as well as other substituents such as phosphate and acetyl groups. The
sugar units are most commonly glucose, galactose and rhamnose, and are found
in varying ratios of individual sugar monomers (De Vuyst & Degeest, 1999; De
Vuyst, De Vin, Vaningelgem, & Degeest, 2001). LAB EPSs typically produce het-
eropolysaccharides, which have dissimilar monosaccharide units, linked together
at different positions, to form multiple copies of “oligo-units”, between three and
eight monomers in length. The result of these combinations are structures that
vary compositionally, structurally and in size. These heteropolysaccharides are
between 4 x 10* and 6 x 10°Da in size, and vary in the volume of space that they
occupy. The heteropolysaccharides are secreted to the exterior of the cell and
either form a capsular EPS (attached to the cell) or are released unattached into
the surrounding medium (or both), generating, in most instances, a ropy charac-
teristic (Hassan, 2008).

Despite their GRAS (Generally Recognised as Safe) status and relatively large
effect on functionality in dairy products such as yogurt and fermented milks,
LAB EPSs are not an article of commerce in an isolated form, mainly owing to
their low yield (mostly less than 1 g/l in culture, although higher titres have been
reported). Rather, they are introduced in the form of starter dairy cultures or as
adjuncts, as this is the most cost-effective way of introducing these attributes.
The LAB organisms that are most commonly found in dairy cultures are listed in
Table 2.1. Most of these cultures can, depending upon the strain involved, pro-
duce some form of EPS, either free or capsular, which contributes to the physical
functionality of the product. These functional improvements have a multifactorial
origin and have been related to the physical space that the EPS molecule occupies
(Tuinier et al., 2001), interaction between EPS and protein, the presence of bacte-
rial cells with EPS at their surface, and hydration water, which is trapped by the
polymers (Duboc & Mollet, 2001). The physical effects caused by the structural
identity of these EPSs have allowed them to be used widely in dairy applications,
imparting thick, smooth and creamy textures to yogurts (as well as controlling
syneresis) and water-binding effects in cheeses, allowing for fat reduction and
improved textures.
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Table 2.1 Lactic acid bacteria associated with fermented dairy

products

Fermented dairy product

Associated lactic acid bacteria

Cheese

Butter and buttermilk

Yogurt

Fermented, probiotic milk

Kefir

Lactococcus lactis subsp. lactis

Lactococcus lactis subsp. lactis var. diacetylactis
Lactococcus lactis subsp. cremoris
Leuconostoc mesenteroides subsp. cremoris
Lactobacillus delbrueckii subsp. lactis
Lactobacillus helveticus

Lactobacillus casei

Lactobacillus delbrueckii subsp. bulgaricus
Streptococcus thermophilus
Propionibacterium freudenreichii

L. lactis subsp. lactis

L. lactis subsp. lactis var. diacetylactis

L. lactis subsp. cremoris

Leuc. mesenteroides subsp. cremoris

Lb. delbrueckii subsp. bulgaricus

S. thermophilus

Lactobacillus casei

Lactobacillus acidophilus

Lactobacillus rhamnosus

Lactobacillus johnsonii

Lactobacillus plantarum

Lactobacillus delbrueckii subsp. delbrueckii
Lactobacillus paracasei subsp. paracasei
Lb. delbrueckii subsp. lactis
Bifidobacterium lactis

Bifidobacterium bifidum

Bifidobacterium breve

Lactobacillus kefir

Lactobacillus kefiranofaciens

Lactobacillus brevis

Lactobacillus reuteri

Lb. rhamnosus

Lb. plantarum

Lactobacillus fermentum

Lactobacillus mesenteroides subsp. mesenteroides
Lactobacillus mesenteroides subsp. cremoris
Lactobacillus mesenteroides subsp. dextranicum
Lb. helveticus

Lb. acidophilus
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2.3 Interaction with the human intestinal microbiome

EPSs produced by starter cultures in fermented dairy products represent a com-
plex matrix of polymers that provide a protective function to the fermenting
strains against phages and toxins. After ingestion, these EPSs will ultimately
come into contact with the host intestinal microbial population; the question is
therefore raised: is there a relationship that emerges between this EPS and the
microbiome?

The evolution of human food consumption happened alongside the development
of a vast bacterial ecosystem resident within the human body; this gut “microbiome”
comprises a cargo of commensals and symbionts that has collectively evolved to
survive in the distal part of the human intestine. This community of microorganisms
is thought to harbour more than 100-fold the number of genes within the human
genome (Bickhed et al., 2004). This genetic “payload” is carried by an excess of
10'* microbial cells with over 1000 bacterial types (Wallace et al., 2011) — the evo-
lution of which probably happened in response to the particular diet available to
humans at a particular time.

This very diverse microbial population has evolved to survive in a niche by pro-
viding useful benefits for the host, such as protection against pathogenic enteric bac-
teria (Stecher & Hardt, 2011). The population of gut organisms shows a large degree
of diversity, both within individuals and between different persons (Yang, Karr,
Watrous, & Dorrestein, 2011). However, although there is a wide variety of differ-
ent species within the microbiome, large numbers of genes are shared within this
diverse population, resulting in a type of metabolic cooperation that benefits the host.
A good example of this is the breakdown of complex molecules such as polysaccha-
rides, which otherwise would remain indigestible; this breakdown is achieved by a
“glycobiome” containing a large pool of CAZymes (carbohydrate-active enzymes).
These enzymes can collectively degrade polymeric carbohydrate structures that
are not able to be catabolised by the human metabolism, thereby yielding products
of beneficial use to the human body (and to other gut commensals through
cross-feeding), such as monosaccharides, vitamins and organic acids. For example,
in a study on a human gut microbiome, a combined total of 156 CAZy families were
found (Turnbaugh et al., 2008, 2009).

The gut microbiome populations harbouring these enzymes shift in composi-
tion depending upon diet, and in turn, have an involvement on disease states and
disorders (Dutton & Turnbaugh, 2012). Interestingly, from a study that compared
the gut microbial populations of lean and obese mice, investigators (Turnbaugh
et al., 2006) determined that a particular microbiota could be associated with obe-
sity, contributing to this condition — the obese mice had a 50% higher proportion
of Firmicutes to Bacteroidetes relative to the lean mice. Hence the particular gut
populations affected the energy balance by influencing the efficiency of utilisation
of energy from the diet.

Given that this complex microbial ecosystem has the means to digest complex car-
bohydrates in a way that endogenous human enzymes cannot, the question arises as
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to whether EPSs (from fermented dairy foods) can play a beneficial role in the gut,
similar to that of prebiotics.

2.3.1 Exopolysaccharides from LAB - potential as a prebiotic

An area that has not received much attention is that of the prebiotic potential of EPSs
from LAB or yeasts — particularly those found in fermented dairy products. Can EPSs
in fermented dairy products act in a similar way to conventional prebiotics? A pre-
biotic is presently defined as “a non-digestible selectively fermented ingredient that
allows specific changes, both in the composition and/or activity in the gastrointestinal
microbiota that confers benefits upon host well-being and health” (Roberfroid, 2007).
They have assumed commercial significance, as they enhance specific gut bacteria
such as bifidobacteria and LAB. The most typical prebiotics are galacto-oligosaccha-
rides (GOS) and fructo-oligosaccharides, and inulin; however, these are not derived
by fermentative means, but rather by enzymatic methods. “Next-generation” prebiot-
ics such as human milk oligosaccharides are likely to be very specific for particular
gut bacteria that are more likely to be associated with the normal microbiota of an
infant. Although the actual amounts of EPS found in these products are very low, there
may exist an exclusive prebiotic value for specific bacterial strains coexistent in the
microbiome.

Research in the area of biodegradability of EPS by colonic bacteria is scarce; con-
ventional biochemistry would suggest that this is an energetically unfeasible strat-
egy for storing and using energy, although it would appear that there are exceptions.
Ruijssenaars et al. (2000) investigated the susceptibility of a number of EPSs from
LAB to biodegradability by a consortium of bacteria filtered from faecal slurry. Inter-
estingly, EPSs produced by Streptococcus thermophilus SFi12 and SFi39 (both from
yogurt starter cultures) were able to be degraded by gastrointestinal microorganisms;
conversely, EPSs from Lactococcus lactis subsp. cremoris B40 (from Finnish ropy
milk viili’), Lactobacillus sakei 0—1 (non-dairy sourced), S. thermophilus SFi20 and
Lactobacillus helveticus Lh59 strains (from yogurt starter cultures) were not broken
down by this community of gut bacteria. The authors then related the EPS structure to
susceptibility of degradation; the EPSs from S. thermophilus SFil2 and SFi39 were
shown to possess a single f-galactosyl side-chain in comparison to the EPSs from
L. lactis subsp. cremoris B40, Lb. sakei O—1, which had two residues. This suggested
that, in the latter case, the degradation enzymes were blocked.

Tsuda and Miyamoto (2010) compared the prebiotic activity of EPS from a mutant
strain of Lactobacillus plantarum isolated from traditional home-made cheese with
the prebiotic activities of GOS and inulin against 37 LAB strains. For the seven strains
that were positive for prebiotic utilisation, the EPS scored highly for prebiotic activity
in comparison to the GOS and inulin prebiotics.

Further evidence that complex carbohydrates such as EPS can be used pref-
erentially to simpler sugars by gut microbes was provided by Semjonovs, Jasko,
Auzina, and Zikmanis (2008): in this study, an enhancement was reported in the
growth and acidification power of bifidobacteria and other typical dairy starter
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cultures such as Lactobacillus acidophilus, S. thermophilus and Lactobacillus bul-
garicus when EPS was added. In addition, the strains were able to utilise EPS as
a sole carbon source; however, this was not true for all EPSs and all LAB strains,
as S. thermophilus, for example, was not affected by EPS from two different Lac-
tobacillus reuteri strains.

Salazar, Gueimonde, Herndndez-Barranco, Ruas-Madiedo, and Clara (2008)
compared 11 EPS types isolated from human intestinal Bifidobacterium strains with
glucose and inulin, as to their potential as fermentable substrates for intestinal bac-
teria. Short-chain fatty acid levels were markedly higher when these carbohydrates
were included in the culture media. EPSs from Bifidobacterium pseudocatenula-
tum obtained from faecal cultures promoted Desulfovibrio and Faecalibacterium
prausnitzii, whereas incubation with EPSs from Bifidobacterium longum supported
populations such as Anaerostipes, Prevotella and/or Oscillospira. It can therefore
be deduced that EPS produced by intestinal bifidobacteria can serve as fermentable
substrates for other microorganisms in the human microbiome, changing the inter-
actions amongst intestinal populations; it is hence not inconceivable that EPSs
from some dairy starter bifidobacteria may serve as substrates for human micro-
biota, as well. More recently, Bifidobacterium bifidum (strain WBINO3) EPS has
been reported to significantly increase the growth of lactobacilli and total anaerobic
bacteria, whilst exerting an inhibitory effect on the growth of enterobacteria, entero-
cocci and Bacteroides fragilis (Li, Chen, Xu, Dong, Xu, Xiong, & Wei, 2014).
Using denaturing gradient gel electrophoresis analysis, it was demonstrated that
the EPS enhanced the diversity of total bacteria and lactobacilli but diminished the
diversity of the enterobacterial population.

Because of the relatively larger amount of energy needed to degrade EPSs to
monomeric sugar units (the heteropolysaccharides consist of structures of up to
1x10°Da), it seems paradoxical that some strains within a complex microbiota
would use them as a source of energy, even under very limiting carbon availability.
However, a few strains of LAB can indeed break down their own EPS after pro-
longed culture (Pham, Dupont, Roy, Lapointe, & Cerning, 2000), possibly by gly-
cohydrolase enzymes (Degeest, Vaningelgem, & De Vuyst, 2001; Mozzi, de Giori,
Oliver, & de Valdez, 1996; Pham et al., 2000) — from this point of view, it would
seem that they could also serve as a reserve energy store. Within a complex gut
microbiotic environment, the presence of these EPSs may provide a niche whereby
the hydrolase-possessing microorganisms can use other organisms’ EPSs as a
source of energy when carbon supply is limiting. EPSs may also be broken down to
oligosaccharides, which are functionally useful to the gut microbial community as
a whole, such as in the regulation of polysaccharide molecular weight for biofilm
regulation (Badel, Bernardi, & Michaud, 2011).

It can be concluded that the LAB EPSs from fermented dairy foods indeed have
the potential to act as prebiotics for specific microbial strains found in the human gut;
however, significantly more work is required to identify the specific strains that might
be promoted and the beneficial health benefits that may be derived, as well as the EPS
compositional structures that would be most beneficial for these purposes. For further
reading, in Harutoshi (2013), the potential for EPSs to act as prebiotics is discussed.
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From the point of view of dairy foods, therefore, this is an area where further work
may yield more data on the health benefits arising from LAB EPSs.

2.4 Interaction with the immune system

A significant amount of evidence has arisen regarding the role that EPSs from fer-
mented dairy foods may play in interacting with the human gut mucosal immune
system.

Probably one of the most studied fermented drinks is kefir, which is manufactured
from various types of milk on both an artisanal and industrial basis. The milk is inoc-
ulated with kefir grains or kefir cultures, and fermented; the cultures are a consortium
of homofermentative LAB, yeasts, and acetic acid bacteria. A number of the constitu-
ent lactobacilli, including Lactobacillus kefiranofaciens and Lactobacillus kefir (Table
2.1), produce an EPS known as kefiran (Toba, Arihara, & Adachi, 1987). Vinderola,
Perdigon, Duarte, Farnworth, and Matar (2006) were able to show that the EPS from
a kefiran source could elicit a gut mucosal response: IgA levels in the small and large
intestine in BALB/c mice were increased by oral administration of the EPS; in the case
of the cytokines, the levels of IL-10+, IL-6+ and IL-12+ cells were marginally raised
relative to control values, and those of IFN gamma+ and TNF alpha+ cells were not
changed compared to control values. They deduced that because the increase in the
number of IgA+ cells was not accompanied by an increment in IL-4+ cells in the small
intestine, this EPS was acting in the same way that polysaccharide antigens are viewed
to generally act, i.e. that they elicit a T cell-independent immune response. From this
study, they concluded that the EPS was able to up- and down-regulate the gut mucosal
response for protective immunity at the level of the small and large intestine, as well
as enhance systemic immunity via the release of cytokines into the blood. Medrano,
Racedo, Rolny, Abraham, and Pérez (2011) set out to gain an understanding of the
effect of oral administration of an extracted kefiran on the balance of immune cells
in a murine model. The kefiran was reported to elicit an increase in the number of
IgA+ cells after a period of two and seven days. The percentage of B220+/MCHHigh
cells in mesenteric lymph nodes (after two days) and in Peyer’s patches (after seven
days) was raised relative to untreated mice. They also observed an increment in mac-
rophages (F40/80+ cells) observed in the lamina propria and peritoneal cavity after
two and seven days. After day seven, however, the macrophage population in Peyer’s
patches decreased. The results confirmed the ability of kefiran to change the balance of
immune cells in the intestinal mucosa. In addition, these results confirm prior results
indicating that these EPSs act as T cell-independent antigens — no changes in T-cell
populations were detected.

Lactococcus lactis subsp. cremoris is a lactic acid bacterium commonly associated
with some cheeses and buttermilk (Leroy & De Vuyst, 2004). L. lactis subsp. cremoris
(strain KVS20) isolated from a starter culture of Scandinavian ropy sour milk (viili),
previously shown to elicit an immune response in mice, produces a phosphopolysac-
charide (molecular mass of 1.884x 10°Da) comprising the sugars rhamnose, glucose
and galactose. This polysaccharide was shown to induce IFN-1 and IL-la production
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in spleen macrophages from C57BL/6 mice (Kitazawa, Itoh, Tomioka, Mizugaki, &
Yamaguchi, 1996), prompting the authors to suggest a possible role for this particular
polysaccharide as a biological response modifier — an agent that can raise the body’s
immune response. The presence of a constituent phosphate group on the EPS has been
thought to play a role in eliciting these immune responses. For example, the phos-
phate-containing acidic polysaccharide of Lactobacillus delbrueckii subsp. bulgari-
cus (strain OLL1073R-1) has been shown to have mitogenic activity (Kitazawa et al.,
1998); when the isolated polysaccharide was dephosphorylated, the mitogenic activity
in lymphocytes was reduced, leading the investigators to conclude that the phosphate
groups played a role as a “trigger” for mitogenesis (Nishimura-Uemura et al., 2003).

Lactobacillus rhamnosus, although more commonly regarded as a “probiotic”, is
becoming increasingly included in “lactic beverages”, made from yogurt and whey
(Oliveira, Sodini, Remeuf, Tissier, & Corrieu, 2002). Chabot et al. (2001) tested Lb.
rhamnosus RW-9595M EPS fractions for immunomodulating properties on mouse
splenocytes and on peripheral blood mononuclear cells (PBMC) from a cohort (14)
of healthy human donors. A cytokine response was caused by both the total (unfrac-
tionated) EPS isolate and the isolate corresponding to the largest molecular-weight
size fraction. This result adds to the growing body of evidence supporting the immu-
nostimulatory potential of microbial EPS from fermented dairy ingredients. Inter-
estingly, EPS from another strain of Lb. rhamnosus (KL37C) inhibited the humoral
response to ovalbumin (OVA), diminishing the production of anti-OVA IgG, IgG1 and
IgG2a antibodies — an immunosuppressive effect (Ciszek-Lenda et al., 2012).

This immunomodulatory activity seems to be variable amongst LAB strains.
Ciszek-Lenda et al. (2011) discovered different abilities amongst three LAB strains
(Lb. reuteri, Lactobacillus johnsonii and Lactobacillus animalis/murinus) to stimulate
the in vitro production of cytokines by murine peritoneal macrophages — in this case,
the ability to stimulate cytokine production was correlated with the strength of interac-
tion between the EPS and macrophage receptors. It has been proposed that the actual
size and charge of the EPS polymer play a role in determining whether it is immuno-
stimulatory or immunosuppressive. In a meta-review of studies on the immunomod-
ulatory properties of EPS from lactobacilli and bifidobacteria (Hidalgo-Cantabrana
et al., 2012), it has been proposed that EPSs from these genera that have a negative
charge and/or small size (molecular weight), are able to perform as mild stimulators
of immune cells, whereas those EPSs that are non-charged and that are larger have a
profile of suppressive effects.

A study by Lopez et al. (2012) has provided some new insights: 10 EPS frac-
tions isolated from three different Bifidobacterium species (Bifidobacterium animalis,
B. longum and Bifidobacterium pseudocatenulatum) were shown to elicit a marginally
increased production of PBMCs, but this seemed to be dependent upon the type of
EPS tested. On the whole, an EPS that was of a neutral charge and a higher molecular
mass caused a decrease in the immune response, whilst acidic, smaller EPSs were able
to cause an increased response.

EPS produced by Lactobacillus paraplantarum BGCG11 (isolated from a Serbian
artisanal cheese) was found to down-regulate cytokine production by PBMCs (Nikolic
et al., 2012). Analysis of EPS—CG11 revealed that it is a larger-size polymer (approx.
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2% 10°Da); previous work showed that it was mainly composed of glucose (75.7%)
and rhamnose (20.5%), with traces of galactose (2.1%), and having a neutral character
(Cerning et al., 1994). The authors suggested a role for the BGCG11 strain in the diet
of patients with an increased inflammatory status, e.g. inflammatory bowel disease, or
in functional foods for the elderly.

Clearly, it would appear that the compositional and conformational structure of EPSs
plays an influencing role in their immunomodulatory effects, i.e. the presence of phos-
phate groups, molecular size and structure and overall charge on the polymer. The evi-
dence at hand strongly supports the contention that there is indeed a direct interaction
between the EPS from fermented dairy products and the immune system, both at a gut
epithelial and systemic level. However, there is little to suggest that EPSs act like vaccines,
owing to their inability to activate T cells, thereby creating an immunological memory.

2.5 Interaction with enteric pathogens and toxins

The first major line of defence that the body has against enteric pathogens is the muco-
sal surface lining of the gastrointestinal tract — it is at this layer that pathogenic bacte-
ria succeed in binding to the gut surface.

One of the mechanisms by which EPSs and glycan structures can inhibit enteric
pathogens is either by attaching to the gut wall surface, thereby blocking adherence of
the pathogen (a competitive binding mechanism), or by binding to the pathogen itself,
as a decoy. An example of the first instance is that of Bifidobacterium breve, found
in fermented milks and cheese. A human isolate of B. breve (EPS-producing strain —
EPS*) was demonstrated to be able to evade the B-cell system of mice and colonise
the gut, subsequently significantly reducing the infection of a model pathogen, Citro-
bacter rodentium (Fanning et al., 2012), in this case by blocking colonisation by the
pathogen. The same effect could not be achieved using a corresponding EPS~ strain.

Wang, Ginzle, and Schwab (2010), using a model system employing entero-
toxigenic Escherichia coli (ETEC), induced haemagglutination of erythrocytes and
found that EPS produced by Lb. reuteri could inhibit this binding. EPS isolated from
three different Lb. reuteri strains (reuteran from strain TMW1.656, levan from strain
LTHS5794 and glucan from strain FUA3048) all inhibited ETEC-induced agglutination
of porcine red blood cells. In this instance, the fimbriae of K88-positive ETEC bacte-
ria known to bind to cell surface receptors that contain carbohydrate structures were
inhibited by competitive binding.

Lb. reuteri is a member of the consortium of bacteria involved in kefir produc-
tion (Heller, 2001). Amongst 58 strains of Lactobacillus species isolated from kefir,
approximately 19% of the isolates showed the ability to bind to Caco-2 cells by com-
petitive binding with Salmonella typhimurium (Santos, San Mauro, Sanchez, Torres,
& Marquina, 2003). This area still remains unexplored for determining whether EPS,
known to be secreted by some of these strains, is indeed the causative agent. Lactoba-
cillus plantarum is not often associated with fermented dairy products, but it has been
isolated as one of the major species from a traditional milk of the Maasai (Mathara
etal., 2008); Lb. plantarum (strain LP6) was determined to bind to rat intestinal mucus
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via mannose-specific adhesins, with an isolated EPS (EPS-b) being associated with
the binding (Sun, Le, Shi, & Su, 2007). On the basis of similarity in adhesion struc-
ture, these authors speculated that the Lb. plantarum could competitively bind with
pathogens such as S. typhimurium or E. coli in the small intestine of rats or humans.

In contrast, some EPSs from LAB have not been shown to be successful in this
regard. Ruas-Madiedo, Gueimonde, de los Reyes-Gavilan, and Salminen (2006) inves-
tigated the potential for EPS isolated from the Scandinavian fermented milk viili to
diminish the adhesion of both commercial probiotic strains and some enteric pathogens
to intestinal mucus. The EPS in viili is produced by lactococcal strains and confers a
pronounced ropy character to the fermented milk. Although the EPS caused a decrease
in the adhesion of the commercial probiotic strains, there was no effect on the binding of
the enteric pathogens Listeria monocytogenes ATCC 15313, Clostridium difficile ATCC
9689, Enterobacter sakazakii ATCC 29544, Salmonella enterica biovar. typhimurium
ATCC 29631 and E. coli NCTC 8603.

Some evidence is available to support the direct binding of EPS to enteric bacterial
pathogens. Wu et al. (2010) found EPS from B. longum BCRC 14634 (a probiotic), in a
dose-dependent manner (at 80 ppm), to directly inhibit the growth of E. coli (BCRC10239),
S. typhimurium (BCRC10747) (ATCC14028), Pseudomonas aeruginosa (BCRC10261)
(IFO3898), Vibrio parahaemolyticus ATCC17802, Staphylococcus aureus BCRC10451
(ATCC6538P), Bacillus subtilis BCRC10029 and Bacillus cereus ATCC10361.

EPSs have been reported to elicit an immune response against viruses, as well. The
acidic fraction of EPS isolated from L. delbrueckii subsp. bulgaricus (OLL1073R-1)
was shown to demonstrate antiviral activity against the influenza virus A/PR/8/34
(HINT) in BALB/c mice via its immunopotentiating activity (Nagai, Makino, Ikegami,
Itoh, & Yamada, 2011).

However, a direct or indirect interaction with pathogens is not the only mecha-
nism that has been reported: EPS synthesised by the human and dairy origin strains
Lb. rhamnosus GG, B. longum NB667 and B. animalis subsp. lactis Al (and its bile-
adapted derivative IPLA-R1) are able to exert an antagonistic effect against the cyto-
pathic effect on Caco-2 cells triggered by B. cereus extracellular factors, as well as
against the haemolytic activity of a toxin (such as streptolysin-O), on rabbit erythro-
cytes (Ruas-Madiedo, Medrano, Salazar, De Los Reyes-Gavildn, & Pérez, 2010).

EPS produced from some fermented milk products, although in relatively small
quantities, influences the rheology of their matrix, and has also been hypothesised to
provide a barrier that slows down the movement of phages (Moineau et al.,1996) and
antimicrobial compounds.

It seems, then, that through a variety of mechanisms, some EPSs from LAB have the
ability to retard or diminish the effects of gut pathogens, either through a direct interac-
tion with them, acting as decoys, or by binding to the epithelial surface of the gut.

2.6 Diverse interactions and potential health benefits

The following research findings related to the potential health benefits conferred by
EPSs from fermented dairy foods may serve as new areas for further investigation.
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An interesting finding related to the compositional structure of dairy lactic acid
bacteria is that involving Streptococcus macedonicus (Strain Sc136), which has a tri-
saccharide sequence that is the same as the internal backbone of lacto-N-tetraose and
lacto-N-neotetraose, entities that are the structural core of a large number of human
milk oligosaccharides (Vincent, Faber, Neeser, Stingele, and Kamerling, 2001).
Considering past studies on EPS structure (De Vuyst et al., 2001), this trisaccharide
sequence (GIcNAc) is not particularly common in LAB, but has also been identified in
L. acidophilus LMG 9433 (Robijn et al., 1996) and Lb. helveticus TY1-2 (Yamamoto,
Murosaki, Yamauchi, Kato, & Sone, 1994). Speculatively, if carbohydrate-degrading
enzymes in the “glycobiome” were able to release trisaccharides (or even other oligo-
saccharide units) with a known antimicrobial activity, significant anti-infective bene-
fits may be transferred to the host.

Another anti-pathogen effect that has been reported for EPSs from LAB is the poten-
tial of an EPS to act as a type of interspecies signalling molecule. Kim, Oh, and Kim
(2009) demonstrated that Lb. acidophilus A4 polysaccharide caused down-regulation
of a number of E. coli O157:H7 genes involved with the formation of biofilms. This
ability to reduce the levels of biofilm could have a significant effect on the treatment of
infections resistant to antibiotic therapy because of biofilms; it could be used as an adju-
vant to antibiotic therapy, in this instance. In summary, although there is some emerging
evidence that EPSs have an anti-infective role to play in dairy foods, more specific evi-
dence is needed to evaluate the benefits. Another interesting aspect lies in the transfer
of genetic characteristics — the ability of EPS to aggregate bacteria will decrease the
distances between cells, and thereby facilitate the transfer of genetic characters (Badel
et al., 2011). This “cross-talk” may afford the sharing of a number of characteristics that
would be beneficial not only to both strains or species, but to the host as well.

Oxidative stress is known to play a role in the initiation and development of inflam-
matory bowel disease and manipulation of this pathway may attenuate disease progress.
Sengiil, Isik, Aslim, Ucar, and Demirbag (201 1) studied the effect of EPS from two (pro-
biotic) strains of Lb. delbrueckii subsp. bulgaricus on experimentally induced colitis
in a rat model. A significantly greater improvement in oxidative stress parameters was
found with the high-EPS group than in the low-EPS group. Li, Jin, Meng, Gao, and Lu
(2013), using a rat pheochromocytoma line (PC 12), demonstrated that a purified EPS
(EPS-3) from the fermentation of Lb. plantarum LP6 could protect PC12 cells from
oxidative damage induced by H,O,. EPS isolated from Lactococcus lactis subsp. lactis
showed both in vitro and in vivo superoxide anion, hydroxyl radical and 2,2-diphenyl-1-
picrylhydrazyl scavenging activity (Guo et al., 2013). Similarly, EPS from Lactobacil-
lus paracasei subsp. paracasei (strain NTU 101) and Lb. plantarum (strain NTU 102)
also demonstrated antioxidant activity (Liu et al., 2011).

2.7 Conclusions

From the evidence available, it is clear that EPSs from LAB are not inert molecules in
the gut, and can play a positive role within the complex network of interactions asso-
ciated with the human microbiome, offering a mutual benefit to the EPS-producing
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LAB strains and to the resident gut ecology through a variety of mechanisms. One of
the most important could be that of a prebiotic action, sponsoring gut bacterial spe-
cies that themselves have beneficial health effects, such as the production of specific
organic acids.

LAB EPSs also interact and associate with intestinal epithelial cells; however, the
way in which they do this is not entirely clear (i.e. how the EPSs interact directly with
specific receptors on the epithelial cells’ surface). In doing so, they seem in some
cases to induce an immunogenic or immunosuppressive response, or can simply block
the adherence of gut pathogens. In addition, LAB EPSs may have, wholly or in a
partially degraded form, the ability to directly adhere to gut pathogens, thus blocking
their ability to bind to the cell wall.

In summary, there is a growing collection of evidence that supports the role of EPSs
from fermented dairy foods as health factors in helping to prevent intestinal infection,

and possibly serving as aids to the digestive system during periods of antibiotic therapy.
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Bioactive peptides from fermented
foods and health promotion

A. Pihlanto, H. Korhonen
MTT Agrifood Research Finland, Jokioinen, Finland

3.1 Introduction

Amongst fermented foods, fermented dairy products have a long history and a good
reputation as foodstuffs with a high nutritional value and many health-promoting
effects, such as improvement of lactose metabolism, reduction of serum cholesterol
and reduction of cancer risk (Kim & Oh, 2013; Vasiljevic & Shah, 2007). The ben-
eficial health effects associated with some fermented dairy products may, in part, be
attributed to the release of bioactive peptide sequences during the fermentation pro-
cess (Korhonen & Pihlanto, 2003). Since the 1990s, numerous peptides and peptide
fractions with bioactive properties have been identified in different fermented dairy
products. These activities include immunomodulatory, cytomodulatory, hypocho-
lesterolemic, antioxidative, antimicrobial, mineral-binding, opioid and bone forma-
tion activities (see reviews by Fitzgerald and Murray (2006), Korhonen and Pihlanto
(2006), Korhonen (2009), Hernandez-Ledesma, del Mar Contreras, and Recio (2011),
Nagpaletal.(2011), Choi, Sabikhi, Hassan, and Anand (2012), Rutherfurd-Markwick
(2012)). Many industrially utilized dairy starter cultures are highly proteolytic. The
production of bioactive peptides through fermentation by starter and non-starter
bacteria can aid development of novel fermented dairy products with specific health
benefits. The proteolytic system of lactic acid bacteria (LAB), e.g. Lactococcus
lactis, Lactobacillus helveticus and Lactobacillus delbrueckii subsp. bulgaricus, is
already well characterized (Kunji, Mierau, Hagting, Poolman, & Konings, 1996;
Savijoki, Ingmer, & Varmanen, 2006). This system consists of a cell wall-bound
proteinase and a number of distinct intracellular peptidases, including endopep-
tidases, aminopeptidases, tripeptidases and dipeptidases (Christensen, Dudley,
Pederson & Steele, 1999). Lb. helveticus is known to have high proteolytic activities
(Luoma et al., 2001) causing the release of oligopeptides from digestion of milk
proteins (Foucaud & Juillard, 2000). These oligopeptides can be a direct source of
bioactive peptides following hydrolysis by gastrointestinal enzymes. Rapid prog-
ress has been made in recent years to elucidate the biochemical and genetic char-
acterization of these enzymes. The fact that the activities of peptidases are affected
by growth conditions makes it possible to manipulate the formation of peptides to a
certain extent (Kilpi, Kahala, Steele, Pihlanto, & Joutsjoki, 2007; Williams, Noble,
Tammam, Lloyd, & Banks, 2002).

Soybeans are a rich source of protein (about 40%) and have a wide range of
uses as foods, livestock feeds, oil and health care products. Soy proteins contain
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all the essential amino acids and other nutrients, as well as bioactive compo-
nents, including isoflavonoids (Hassan, 2003; Yang, Park, Pak, Chung, & Kwon,
2011). Fermentation is one of the major processes used in the production of food
from soybeans. Fermented soy products are indigenous to the cuisines of East
and Southeast Asia. Soybean is considered as an important source of bioactive
peptides released during fermentation. A variety of bioactive peptides have been
identified in soy protein subunits glycinin and B-conglycinin, as well as in Kunitz
and Bowman-Birk inhibitors (Chen, Muramoto, Yamauchi, Fujimoto, & Nokihara,
1998; Yang et al., 2011).

Cardiovascular disease (CVD) is the single leading cause of death for both males
and females in technologically advanced countries in the world. In lesser-developed
countries it generally ranks among the top five causes of death. The World Health
Organization estimates that by 2020, heart disease and stroke will have surpassed
infectious diseases to become the leading cause of death and disability worldwide.
Consequently, there has been an increased focus on improving diet and lifestyle
as a strategy for CVD risk reduction. Elevated blood pressure is one of the major
independent risk factors for CVD (Harris, Cook, Kannel, Schatzkin, & Goldman,
1985). Angiotensin I-converting enzyme (ACE) plays a crucial role in the regulation
of blood pressure as it promotes the conversion of angiotensin I to the potent vaso-
constrictor angiotensin II and inactivates the vasodilator bradykinin. By inhibiting
these processes, synthetic ACE inhibitors have long been used as anti-hypertensive
agents. During the last decade, many food proteins have been identified as a source
of ACE-inhibiting peptides, which have become the best-known class of bioactive
peptides (Gibbs, Zougmanb, Massea, & Mulligan, 2004; Herndndez-Ledesma et al.,
2011; Martinez-Villaluenga et al., 2012; Pihlanto & Korhonen, 2003). These nutri-
tional peptides have received considerable attention for their effectiveness in both the
prevention and the treatment of hypertension (Phelan & Kerins, 2011; Ricci-Cabello,
Olalla Herrera, & Artacho, 2011).

Oxidative stress, resulting from an increased production of reactive oxygen spe-
cies (ROS) in combination with outstripping endogenous antioxidant defense mecha-
nisms, is another significant causative factor for the initiation or progression of several
vascular diseases. ROS can cause extensive damage to biological macromolecules
like DNA, proteins and lipids. Specifically, the oxidative modification of low-density
lipoprotein (LDL) results in the increased atherogenicity of oxidized LDL. Therefore,
prolonged production of ROS is thought to contribute to the development of severe
tissue injury (Rahman, Hosen, Towhidul Islam, & Shekbar, 2012). Some peptides
derived from hydrolysed food proteins exert antioxidant activities against enzymatic
(lipoxygenase-mediated) and nonenzymatic peroxidation of lipids and essential fatty
acids (Pihlanto, 2006) The antioxidant properties of these peptides have been sug-
gested to be attributable to metal ion chelation, free radical scavenging and singlet
oxygen quenching.

This review focuses on release of bioactive peptides during fermentation of
milk and soybeans. A particular emphasis is given to peptides with properties rele-
vant to cardiovascular health, including the effects on blood pressure and oxidative
stress.
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3.2 Release of bioactive peptides during microbial
fermentation

3.2.1 Microbes
3.2.1.1 Formation of ACE-inhibition during fermentation of milk

During the fermentation process, LAB hydrolyse milk proteins, mainly caseins, into
peptides and amino acids, which are used as nitrogen sources necessary for their
growth. Hence, bioactive peptides can be generated by starter and non-starter bacte-
ria used in the manufacture of fermented dairy products. The proteolytic system of Lb.
helveticus, Lb. delbrueckii subsp. bulgaricus, L. lactis subsp. diacetylactis, L. lactis
subsp. cremoris, Streptococcus salivarius subsp. thermophilus and Enterococcus
faecalis strains has been demonstrated to hydrolyse milk proteins and release bioactive
peptides (Rokka et al., 1997). The synergistic effects of different peptidases are necessary
to achieve a reasonable degree of hydrolysis to liberate bioactive peptides. Among LAB,
Lb. helveticus has a high extracellular proteinase activity and the ability to release large
amounts of peptides in fermented milk. The best-characterized ACE-inhibitory and anti-
hypertensive peptides liberated by Lb. helveticus alone or in combination with Saccha-
romyces cerevisiae are the lactotripeptides Ile-Pro-Pro and Val-Pro-Pro (Fitzgerald &
Murray, 2006; Hernandez-Ledesma et al., 2011; Korhonen & Pihlanto, 2006).

In the case of some starter bacteria, bioactive peptides are not formed to any
detectable level during fermentation unless further hydrolysed with digestive or
other proteolytic enzymes. In addition to microbial strain, the formation of ACE-
inhibitory and other peptides from milk proteins has been shown to be affected
by many conditional factors, e.g. fermentation time and temperature, pH and cal-
cium ionic concentration in medium (Nielsen, Martinussen, Flambard, S¢rensen, &
Otte, 2009; Otte, Shalaby, Zakora, Pripp, & El-Shabrawy, 2007; Pan & Guo, 2010).
Pihlanto-Leppild, Rokka, and Korhonen (1998) studied the potential formation of
ACE-inhibitory peptides from cheese whey and caseins during fermentation with
various commercial dairy starters used in the manufacture of yogurt, ropy milk
and sour milk. No ACE-inhibitory activity was observed in these hydrolysates,
but their further digestion with pepsin and trypsin resulted in the release of sev-
eral strong ACE-inhibitory peptides derived primarily from asl-casein and $-casein.
Gobbetti, Ferranti, Smacchi, Goffredi, and Addeo (2000) demonstrated the forma-
tion of ACE-inhibitory peptides with two dairy strains, Lb. delbrueckii subsp. bul-
garicus and L. lactis ssp. cremoris, after fermentation of milk separately with each
strain for 72 h. The most inhibitory fractions of the fermented milk mainly contained
[B-asein-derived peptides with inhibitory concentration (ICs,) values ranging from 8.0
to 11.2 ug/ml. Yamamoto, Maeno, and Takano (1999) identified an ACE-inhibitory
dipeptide (Tyr—Pro) from a yogurt-like product fermented with Lb. helveticus CPN4
strain. This peptide sequence is present in all major casein fractions, and its concen-
tration was found to increase during fermentation, reaching a maximum concentra-
tion of 8.1 pg/ml in the final product. Fuglsang, Rattray, Nilsson, and Nyborg (2003)
tested a total of 26 strains of wild-type LAB strains, mainly belonging to L. lactis
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and Lb. helveticus, for their ability to produce a fermented milk with ACE-inhibitory
activity. All tested strains produced ACE-inhibitory substances in varying amounts,
and two of the strains exhibited high ACE inhibition and a high ophthaldialdehyde
(OPA) index, which correlates well with peptide formation.

In another study, by Pihlanto, Virtanen, and Korhonen (2010), a total of 25 strains
of Lactobacillus, Lactococccus and Leuconostoc were used to investigate their poten-
tial to develop ACE inhibition during milk fermentation. The strains were tested alone
or in combination and the highest activities were observed with Lb. jensenii, Lb.
acidophilus and Leuc. mesenteroides. All strains showed correlation between ACE
inhibition and degree of proteolysis. Two p-casein-derived peptides were identified
from the water-soluble fraction of milk fermented with Lb. jensenii. The identified
peptides were Leu-Val-Try-Pro-Phe-Pro-Gly-Pro-Ile-His-Asn-Ser-Leu-Pro-Gln-
Asn and Leu-Val-Try-Pro-Phe-Pro-Gly-Pro-Ile-His. In a recent study, milk was fer-
mented to defined pH values with 13 LAB strains. Nielsen et al. (2009) observed that
the highest ACE-inhibitory activity was obtained with two highly proteolytic strains
of Lb. helveticus and the Lactococcus strains. Fermentation from pH 4.6 to 4.3 with
these strains slightly increased the ACE-inhibitory activity, whilst fermentation to
pH 3.5 with Lb. helveticus reduced the ACE-inhibitory activity. Ashar and Chand
(2004) identified an ACE-inhibitory peptide from milk fermented with Lb. delbruec-
kii subsp. bulgaricus. The peptide showed the sequence Ser-Lys-Val-Tyr-Pro-Phe-
Pro-Gly-Pro-Ile from B-casein with an ICs value of 1.7 mg/ml. In combination with
Str. salivarius subsp. thermophilus and L. lactis biovar. diacetylactis, a peptide struc-
ture with a sequence of Ser-Lys-Val-Tyr-Pro was obtained from f-casein with an
ICs, value of 1.4 mg/ml. Both peptides were markedly stable to digestive enzymes
and acidic and alkaline pH, as well as during storage at 5 and 10 °C for four days. In
a recent study it was found that L. lactis strains isolated from artisanal dairy starters
or commercial starter cultures show potential for the production of fermented dairy
products with ACE-inhibitory properties. Especially, a strain isolated from artisanal
cheese presented the highest activity with an ICs value of 13 pg/ml (Muguerza et al.,
2006; Rodriguez-Figueroa et al., 2010). Rodriguez-Figueroa, Gonzélez-Cérdova,
Torres-Llanez, Garcia, and Vallejo-Cordoba (2012) studied the potential of two wild
L. lactis to release peptides with ACE-inhibitory activity during milk fermentation.
The peptide profiles in both strains were similar and 21 novel peptide sequences with
potent ACE-inhibitory activity were identified not only from caseins but also from
whey proteins.

In another study with wild strains isolated from raw milk, four different E. faecalis
strains were shown to express ACE-inhibitory activity (ICs, values 34-59 mg/ml)
in fermented milk (Muguerza et al., 2006). Quiros et al. (2007) identified several
peptides in milk fermented with E. faecalis CECT 5727, and two of them, Leu-His-
Leu-Pro-Leu-Pro [B-casein f(133-138)] and Leu-Val-Tyr-Pro-Phe-Pro-Gly-Pro-Ile-
Pro-Asn-Ser-Leu-Pro-Gln-Asn-Ile-Pro-Pro [B-casein f(58-76)], showed ICs, values
as low as 5 uM. ACE-inhibitory activity has been documented also in some yeast spe-
cies, namely, S. cerevisiae and Candida parapsilosis (Hamme, Sannier, Piot, Didelot,
& Bordenave-Juchereau, 2009; Kuwabara et al., 1995). Eighteen yeast strains pro-
duced fermented milk with ACE-inhibitory values ranging from 8.7% to 88.2%. The
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best ACE-inhibitory peptide production was observed in skim milk fermented by
the strains Clavispora lusitaine, Galactomyces geotrichum and Pichia kudriavzevii
(Chaves-Lopez et al., 2012). In another study, Didelot et al. (2006) observed that
a co-culture of C. parapsilosis and Lb. paracasei efficiently fermented unsupple-
mented goat whey and produced ACE-inhibitory peptides. The peptide exhibiting
the highest activity was characterized as Trp-Leu-Ala-His-Lys (o-la f[104-108]).
In a study by Hamme et al. (2009), the microbiota extracted from Bamalou des
Pyrénées cheese most efficiently hydrolysed goat whey proteins and generated
ACE-inhibitory activity that was concomitant with high peptide production with an
IC5q value of 72 mg/ml. The microbiota extracted from this cheese variety consisted
of only one yeast strain and one lactobacillus strain, Kluyveromyces marxianus and
Lb. rhamnosus, respectively.

Until now, most studies on production of bioactive peptides derived from milk
by fermentation have focused on LAB used in production of cheese or yogurt,
and a few studies have been carried out with probiotic bacteria so far. Rokka,
Syvéoja, Tuominen, and Korhonen (1997) found, in milk fermented with a pro-
biotic LAB strain (Lactobacillus GG) and subsequently hydrolysed with diges-
tive enzymes, peptides that were identified in previous studies as having
ACE-inhibitory, immunostimulating and opioid activities. Recently, Gonzalez-
Gonzalez, Tuohy, and Jauregi (2011) screened eight probiotic bacterial strains for
the development of ACE-inhibitory activity in fermented skim milk and studied the
effects of calcium and pH on this activity. The strains included Lb. rhamnosus GG, Lb.
reuteri NCIMB 11951, Lb. casei YIT 9029, Lb. salivarius subsp. salivarius NCIMB
11975, Lb. plantarum NCIMB 8826, Bifidobacterium bifidum MF 20/5, Bifidobacte-
rium longum subsp. infantis CCUG 52486 and Lb. helveticus DSM 13137 as a refer-
ence strain known to produce ACE-inhibitory peptides IPP and VPP. Lb. casei YIT
9029 and B. bifidum MF 20/5 induced the strongest ACE-inhibitory activity, which
correlated positively with the degree of hydrolysis. Also, it was found that ionic cal-
cium released in milk during fermentation may activate or inhibit the ACE-inhibitory
activity depending on its concentration. The authors suggested that ACE-inhibitory
activity and ionic calcium concentration may be used as selection criteria for strains
with potential to produce fermented mlk products with anti-hypertensive activity.
Rojas-Ronquillo et al. (2012) observed that the probiotic strain Lb. casei Shirota and
Str. thermophilus strain released ACE-inhibitory peptides during milk fermentation.
The Lb. casei Shirota produced also antithrombotic activity. Seven active peptides were
purified and tested for resistance to digestive enzymes pepsin and trypsin. The most
active ACE-inhibitory peptide was identified as fragment f193—f209 of beta-casein.

The ACE-inhibitory activity in fermented milk can be increased by adding a pro-
teolytic enzyme into milk at the beginning of fermentation. Tsai, Chen, Pan, Gong,
and Chung (2008) observed that fermentation of milk by yogurt culture in combina-
tion with Flavorzyme protease accelerated the production of ACE-inhibitory peptides
from 5.8 mg/g to 32.8 mg/g of whey powder. The bioactivity was contributed mainly
by the peptide Tyr-Pro-Tyr-Tyr, which remained active during in vitro gastrointestinal
digestion. The blood pressure-reducing activity of this peptide was confirmed in vivo
in a spontaneously hypertensive rat (SHR) model.
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3.2.1.2 Formation of antioxidant peptides during fermentation
of milk

The in vitro release of antioxidant peptides from milk proteins by digestive enzymes
has been demonstrated in many studies, as reviewed by Pihlanto (2006) and Ricci-
Cabello, Olalla Herrera, and Artacho (2012). Similarly, substances with antioxidant
activity can be formed in milk during fermentation by LAB. Such substances can be
metabolic compounds produced by bacteria or degradation products of milk proteins.
The studies carried out have demonstrated that the antioxidant production is more com-
mon and stronger within the group of obligately homofermentative lactobacilli than
within the facultatively or obligately heterofermentative strain groups. Also, hetero-
fermentative Lactobacillus strains have been reported to exhibit antioxidative activity.
Lb. acidophilus, Lb. bulgaricus, Str. thermophilus and Bifidobacterium longum exhib-
ited antioxidative activity by various mechanisms, like metal ion chelating capacity,
scavenging of ROS and reducing activity of oxidative enzymes (Lin & Yen, 1999;
Ou et al., 2009). Herndndez-Ledesma, Miralles, Amigo, Ramos, and Recio (2005)
found a moderate 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) rad-
ical scavenging capacity in commercial European fermented milk products. Virtanen,
Pihlanto, Akkanen, and Korhonen (2007) observed that fermentation with Leuc.
mesenteroides subsp. cremoris, Lb. jensenii and Lb. acidophilus strains produce
compounds that showed both radical scavenging activity and inhibition of lipid perox-
idation. Farvin, Baron, Nielsen, and Jacobsen (2010) evaluated the antioxidant activity
of commercial yogurt with different in vitro assays, including inhibition of oxida-
tion in a liposome model, 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical-scavenging
activity, iron-chelating activity and reducing power. The lower-molecular-weight
protein fractions were found to possess more antioxidative capacity than higher-
molecular-weight protein fractions. Further studies indicated that the 3—10kDa frac-
tion revealed many peptide sequences and some of the peptides contained Leu or Val
at the N-terminal and Pro and Tyr in their sequence that correlated with antioxidant
peptides reported by others (Farvin, Baron, Nielsen, Otte, & Jacobsen, 2010). Kudoh,
Matsuda, Igoshi, and Oki (2001) detected an antioxidative peptide derived from «-
casein after milk fermentation with Lb. delbrueckii subsp. bulgaricus.

3.2.1.3 Other bioactive peptide activities in fermented milk

Inflammation plays a key role in the development of cardiovascular disease. It often
develops with inflammatory changes in the endothelium, which begins to express the
vascular cell adhesion molecule VCAM-1. VCAM-1 attracts monocytes, which then
migrate through the endothelial layer under the influence of various proinflammatory
chemoattractants (Libby, 2006). Accordingly, fermentation by LAB may be able to
release peptides that possess immunomodulatory properties. Most of the studies on such
compounds have been performed with synthetic peptides derived from enzymatic treat-
ment of milk proteins using different in vitro models. LeBlanc, Matar, Valdéz, LeBlanc,
and Perdigon (2002) investigated the effect of peptides released during the fermenta-
tion of milk by Lb. helveticus on the humoral immune system and on the growth of
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fibrosarcomas. The permeate fraction of the ultrafiltrated fermented milk was able to
modulate the in vitro proliferation of lymphocytes by acting on the production of cyto-
kines (Laffineur, Genetet, & Leonil, 1996). Tompa et al. (2011) found that the peptide
fractions from Lb. helveticus BGRA43 fermented milk exhibited anti-inflammatory
potential. Matar, Valdez, Medina, Rachid, and Perdigon (2001) fed milk fermented with
a Lb. helveticus strain to mice for three days and detected significantly higher numbers of
IgA-secreting cells in their intestinal mucosa, compared with control mice fed with similar
milk incubated with a non-proteolytic variant of the same strain. The immunostimulatory
effect of fermented milk was attributed to peptides released from the casein fraction.

3.2.1.4 Formation of bioactive peptides during soy fermentation

Many authors have investigated the anti-hypertensive activity of soybean fermented
with different strains under different conditions. The proteases and peptidases of
Bacillus and Rhizopus strains have been shown to hydrolyse soy proteins into active
peptides. Wang, Mejia, and Gonzalez (2005) identified several ACE peptides, such as
Val-Ala-His-Ile-Asn-Val-Gly-Lys or Tyr-Val-Trp-Lys, from soybean meal fermented
with Bifidobacterium natto or Bacillus subtilis strains. Tsai, Lin, Pan, and Chen
(2006) and Tsai et al. (2008) fermented soy milk with LAB strains (Lb. casei, Lb.
acidophilus, Lb. bulgaricus, Str. thermophilus and B. longum) and observed an ICs,
value of 2.89 mg/ml after 30 h fermentation. When a protease (Prozyme 6) was added
after 5h fermentation, a much lower ICs, value (0.66 mg/ml) was obtained, show-
ing increase in the ACE-inhibitory activity. Nakahara et al. (2010) made a peptide-
enriched soy sauce-like seasoning called fermented soybean seasoning (FSS) by mod-
ifying the process of soy sauce brewing. FSS had a 2.7-fold higher concentration of
total peptides than the regular soy sauce, and the concentrations of ACE-inhibitory
peptides were higher than levels found in the regular soy sauce. Dipeptides Ser-Tyr
and Gly-Tyr were identified from FSS. Also, Nakahara, Yamaguchi, and Uchida
(2012) noticed that the content of the same dipeptides, Ser-Tyr and Gly-Tyr, were
significantly higher when fermentation was done at 45 °C as compared to 15°C. In
another study, Rho, Lee, Chung, Kim, and Lee (2009) observed that a fermented soy-
bean extract prepared through rapid fermentation at elevated temperature produced a
pentapeptide (Leu-Val-Gln-Gly-Ser) with an ICs value of 43.7 uM. Zhu et al. (2008)
isolated two ACE-inhibitory peptides from the traditionally fermented soy sauce and
the ICs, values were 165.3 and 65.8 uM, respectively. During miso paste fermentation
by Aspergillus oryzae casein was added in order to release ACE-inhibitory activity
and tripeptides Val-Pro-Pro and Ile-Pro-Pro (Inoue et al., 2009). Comparison of the
ICs5, values of ACE-inhibitory peptides prepared by an enzymatic hydrolysis of soy
proteins using commercial proteases has revealed higher inhibition potencies, with an
1Csq value of 1.69 uM (Mallikarjun Gouda, Gowda, Rao, & Prakash, 20006).
Fermentation of soybean has also yielded peptides with antioxidant properties in two
soy-fermented products, natto and tempeh (Wang et al., 2008). Also, natto fermented
by B. subtilis has been shown to exhibit radical scavenging activity and inhibitory effect
on the oxidation of rat plasma LDL in vitro (Iwai, Nakaya, Kawasaki, & Matsue, 2002).
A low-molecular-weight viscous substance (molecular weight < 100 kilo Daltons) had
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the strongest radical scavenging activity for hydroxyl and superoxide anion radicals, as
assessed by electron spin resonance. The increase of conjugated dienes in LDL oxidized
by copper and an azo pigment was depressed by the addition of low-molecular-weight
substances and soybean water extract. The aqueous extracts of another fermented soy-
bean product, douchi, showed radical scavenging activities and chelating ability of
ferrous ions. The radical scavenging activities were higher than that of Trolox, an ana-
logue of vitamin E used as a standard (Wang et al., 2008). Sufu, a Chinese traditional
fermented soybean product, fermented by A. oryzae, showed DPPH radical-scavenging
activity, which was higher than in the non-fermented tofu extract. The ripening tem-
perature and the duration of ripening period affected the antioxidant activity of the sufu
extracts. The most profound enhancement of antioxidant capacity was noted in the sufu
product ripened at 45 °C for 16days (Huang, Lai, & Chou, 2011). It was not possible
to confirm whether these antioxidant capacities were attributable only to peptides or to
a combination of peptides and isoflavones.

Fermentation is not enough to fully hydrolyse soybean proteins. Glycoproteins,
phosphoproteins and other post-translationally modified species or domains that con-
tain a higher number of disulfide bridges are more difficult to hydrolyse. The proteases
of Bacillus and Rhizopus strains can only cleave soybean proteins into large peptides.
Further enzymatic degradations, such as pronase, trypsin, Glu C protease, plasma pro-
teases and kidney membrane proteases hydrolysis, are needed to produce peptides
with high activities (Gibbs et al., 2004; Wang et al., 2005). Fermentation may also
synthesize new peptide sequences. In enzymatic hydrolysates of soy-fermented foods,
a precursor of the peptide sequence Glu-Leu-Leu-Val-Tyr-Leu-Leu with good surface
active properties could not be identified and it was believed to be synthesized during
fermentation (Gibbs et al., 2004).

Chen et al. (1995) and Chen, Muramoto, Yamauchi, and Nokihara (1996) isolated
six antioxidative peptides from the proteolytic digests of soybean protein. The seg-
ment His-His of the smallest active peptide Leu-Leu-Pro-His-His was found to play
a major role in the antioxidative activity of the peptide. Histidine-containing peptides
are known to be antioxidative, and this was confirmed by Chen et al. (1998) when
using synthetic, histidine-containing peptides that were designed on the basis of the
antioxidative peptide Leu-Leu-Pro-His-His.

3.2.2 Microbial enzymes

Many different proteolytic enzymes have been identified in LAB (Savijoki et al., 2006).
The components of the proteolytic systems of LAB are divided into three groups: (1)
the extracellular proteinase that catalyses casein breakdown to peptides, (2) peptidases
that hydrolyse peptides to amino acids and (3) a peptide transport system. Specialized
peptidases are capable of hydrolysing proline-containing sequences and are important
for the degradation of casein-derived peptides because of their high proline content
(Christensen, Dudley, Pederson, & Steele, 1999; Kunji et al., 1996). The extracellular
proteinase activity has been correlated closely with ACE-inhibitory activity in the fer-
mented milk, suggesting that the proteolysis of casein by the extracellular proteinase
is the most important parameter in the production of bioactive components from milk
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proteins (Minervini et al., 2003). The importance of the proteinase is also supported by
the fact that a proteinase-negative mutant was not able to generate anti-hypertensive
peptides in the fermented milk, whereas the wild-type strain had the ability to release
strong anti-hypertensive peptides in the fermented milk (Yamamoto et al., 1999). The
enzymatic process generating the anti-hypertensive peptides VPP and IPP from milk
proteins by Lb. helveticus has been elucidated. The proteolytic action of the extracellu-
lar proteinase generates a long peptide with amino acid residue including VPP and IPP
sequences. Next, the long peptide is hydrolysed to shorter peptides by intracellular pep-
tidases. A key enzyme that can catalyse C-terminal processing of Val-Pro-Pro-Phe-Leu
and Ile-Pro-Pro-Leu-Thr to VPP and IPP has been purified from Lb. helveticus CM4.
The endopeptidase has sequence homology in the amino terminal sequence to a pre-
viously reported pepO-gene product (Ueno, Mizuno, & Yamamoto, 2004). A mixture
of intracellular peptidases from Lb. helveticus ATCC 15009 produced several ACE-
inhibitory peptides. X-Pro dipeptides reached the maximum concentration after 24 h
of hydrolysis, whereas the maximum concentration of tripeptides VPP and IPP was
observed after 72 h (Stressler, Eisele, & Fischer, 2013). Kilpi et al. (2007) found a higher
ACE inhibition in milk fermentation using peptidase-deletion mutants compared to the
wild-type of Lb. helveticus strain. Unlike with the wild-type strain, ACE inhibition
remained constant during the course of fermentation with the proline-specific peptidase
mutant. The mutant strains also had different peptide profiles than the wild-type strain.

Pan and Guo (2010) investigated the effect of fermentation conditions on the pro-
duction of ACE-inhibitory peptide in sour milk fermented by Lb. helveticus LB10
using response-surface methodology. Optimal conditions to yield the maximum pro-
duction of ACE-inhibitory peptides were found to be 4% (v/w) inoculums, 7.5 initial
pH of medium and 39 °C. The cell-envelope proteinase, assisted by X-prolyldipeptidyl
aminopeptidase of Lb. helveticus LB10, produced the ACE-inhibitory peptides. A
novel ACE-inhibitory peptide from whey protein hydrolysate was purified and iden-
tified as beta-lactoglobulin fraction f48—f53 with a peptide sequence of Arg-Leu-
Phe-Asn-Pro and an ICs, value of 177.4 uM. Proteinases from micro-organisms such
as Mucor sp. A. oryzae and B. subtilis 1389 may also be exploited to hydrolyse pro-
teins and generate short-chain peptides (Wang et al., 2005).

3.3 Bioactive peptides in fermented dairy and soy
products

3.3.1 Dairy products

Proteolysis in cheese has been linked to its importance for texture, taste and flavour
development during ripening. Changes of the cheese texture occur owing to the break-
down of the protein network. Proteolysis contributes directly to taste and flavour by
the formation of peptides and free amino acids, as well as by liberation of substrates
for further catabolic changes and, thereby, formation of volatile flavour compounds.
Besides sensory quality aspects of proteolysis, formation of bioactive peptides as a
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result of proteolysis during cheese ripening has been reported in many studies since
the late 1990s (Fitzgerald & Murray, 2006; Yang et al., 2011). Cheese contains
phosphopeptides as natural constituents (Roudot-Algaron, Bars, Kerhoas, Einhorn, &
Gripon, 1994; Singh, Fox, & Healy, 1997) and secondary proteolysis during cheese
ripening leads to the formation of other bioactive peptides, such as those with ACE-
inhibitory activity. Meisel, Goepfert, and Giinter (1997) showed that the inhibitory
activity increased as proteolysis developed; however, the bioactivity decreased when
proteolysis during ripening exceeded a certain level. Another link between potential
anti-hypertensive peptides and proteolysis was found in Parmesan cheese (Addeo et al.,
1992). ACE-inhibitory peptide fractions expressing different potencies have been iso-
lated from various Italian cheeses, e.g. Crescenza (37% inhibition), Mozzarella (59%
inhibition), Gorgonzola (80% inhibition) and Italico (82% inhibition) (Smacchi &
Gobbetti, 1998). ACE-inhibitory peptides have also been found in enzyme-modified
cheeses (Haileselassie, Lee, & Gibbs, 1999), in a low-fat cheese produced in Finland
(Ryhénen, Pihlanto-Leppala, & Pahkala, 2001), in Manchego cheeses manufactured
with different starter cultures (Gomez-Ruiz, Ramos, & Recio, 2002) and in Asiago
cheeses (Lignitto et al., 2010). Mexican fresco cheese manufactured with Enterococ-
cus faecium or an L. lactis subsp. lactis-E. faecium mixture showed the largest number
of fractions with ACE-inhibitory activity among tested LAB strains (Torres-Llanez,
Gonzélez-Cérdova, Hernandez-Mendoza, Garcia, & Vallejo-Cordoba, 2011).
Pripp, Sgrensen, Stepaniak, and Sgrhaug (2006) investigated the relationship between
proteolysis and ACE inhibition in Gamalost, Castello, Brie, Pultost, Norvegia, Port
Salut and Kesam. The traditional Norwegian cheese Gamalost had, per unit cheese
weight, a higher ACE inhibition potential than Brie, Roquefort and Gouda-type
cheese. However, the ACE inhibition, expressed as ICs per unit peptide concentration
from ethanol soluble fraction assessed by the OPA assay, was highest for Kesam, a
Quark-type cheese with a low degree of proteolysis. Gomez-Ruiz, Taborda, Amigo,
Recio, and Ramos (20006) studied six Spanish traditional cheese varieties for the pres-
ence of bioactive peptides and found 41 ACE-inhibitory peptides, mainly derived from
beta- and ay;-casein. Cabrales cheese, which had the highest proteolysis index, also
expressed the highest ACE-inhibitory activity, while Mahon showed the lowest.

When the presence of f-casomorphins was examined in commercial cheese prod-
ucts, no peptides were found or their concentration in the cheese extract was below
2 pg/ml (Muehlenkamp & Warthesen, 1996). f-casomorphins 5, -6, -7 and their precur-
sors were identified in various types of cheeses, e.g. Swiss, Elsberg, Cheddar, Gouda,
Feta, Blue, Brie, Parmesan and Crescenza (Addeo et al., 1992; Jarmotowska, Kostyra,
Krawczuk, & Kostyra, 1999; Sabikhi & Mathur, 2001; Smacchi & Gobbetti, 1998).

[-casomorphins were found in the mould cheeses at higher levels (166-648 mg/100 g)
compared to semi-hard cheeses where opioid peptides (casoxin-6) with antagonis-
tic activity were identified at higher levels (136-276 mg/100 g) than B-casomorphins
(4-100 mg/100 g) (Sienkiewicz-Sztapka et al., 2009). Also, immunomodulating proper-
ties have been found in water-soluble extracts of traditional French Alps cheeses, Abon-
dance and Tomme de Savioe (Durrieu, Degraeve, Chappaz, & Martial-Gros, 20006).

As shown in Table 3.1, a number of bioactive peptides have been isolated and identi-
fied in different types of fermented cheese. Several ACE-inhibitory peptides have been



Table 3.1 Examples of ACEI-inhibitory peptides identified in different cheese varieties

ACE-inhibition

o -cn f(1-22)
op-cn £(14-23)
o -cn £(24-34)
B-cn £(193-205)
B-cn £(193-207)
B-cn £(193-209)

RPKHPIKHQGLPQEVLNENLLR
EVLNENLLRF

FVAPFPEVFGK
YQEPVLGPVRGPF
YQEPVLGPVRGPFPI
YQEPVLGPVRGPFPIIV

Cheese variety Milk protein fragment Peptide sequence ICs5¢ (uM) References
Gouda ap-cn f( 1-9) RPKHPIKHQ 13.4 Saito et al. (2000)
o -cn f(1-13) RPKHPIKHQGLPQ ND
B-cn f(68-66) YPFPGPIPN 14.8
B-cn £(109-119) MPFPKYPVQPF ND
Manchego Ovine o;-cn f(102-109) KKYNVPQL 77.2 Gomez-Ruiz et al. (2002)
Ovine oy;-cn f(205-208) VRYL 24.1
Cheddar (with og1-cn f(1-9) RPKHPIKHQ ND Ong & Shah (2008)
probiotics) og1-cn f(1-7) RPKHPIK
ap-cn f(1-6) RPKHPI
a,p-cn £(24-32) FVAPFPEVFGK
B-cn £(193-209) YQEPVLGPVRGPFPIIV
Different Swiss B-cn, £(84-86) VPP 9 Meyer et al. (2009),
cheese varieties B-cn, f(74-76) and IPP 5 Biitikofer et al. (2007),
k-cn, f(108-110) Biitikofer, Meyer,
Sieber, Walther, and
Wechsler (2008)
Fresco cheese ogr-cn f(1-15) RPKHPIKHQGLPQEV ND Torres-Llanez et al. (2011)

ACE, angiotensin I-converting enzyme; ND, not described; ICs, peptide concentration that shows 50% inhibition of ACE activity. One-letter amino acid codes used.
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identified in N-terminal of oy;-casein of Gouda, Festivo, Cheddar and fresco cheeses
(Ong, Henriksson, & Shah, 2007; Ryhinen, et al., 2001; Saito, Nakamura, Kitazawa,
Kawai, & Itoh, 2000; Torres-Llanez et al., 2011). Novel ACE-inhibitory peptides with
high in vitro activity (ICsy from 4 to 32 uM) have been identified using a combina-
tion of proteomic techniques and quantitative structure—activity relationship analy-
sis (Sagardia, Iloro, Elortza, & Bald, 2013). Anti-hypertensive peptides VPP and IPP
have also been identified and quantified in different Swiss cheese varieties (Biitikofer,
Meyer, Sieber, Walther, & Wechsler, 2008; Biitikofer, Meyer, Sieber, & Wechsler.,
2007; Meyer, Biitikofer, Walther, Wechsler, & Sieber, 2009). In some varieties physi-
ologically relevant amounts were observed. However, a large variation seems to exist
between samples of the same cheese variety, as well as between different varieties.
The concentrations of VPP and IPP were in the range of 0-224 mg/kg and 0-95 mg/kg,
respectively, indicating that some cheese varieties contain concentrations of VPP and
IPP comparable to fermented milk products. Highest amounts of these two peptides
were found in hard and semi-hard cheese varieties, such as Hobelkise, Emmental,
Gruyere and Gouda. Milk pretreatment, cultures, scalding conditions and ripening
time were identified as the key factors influencing the concentration of these two nat-
urally occurring bioactive peptides in cheese. Thus, it is necessary to develop a stan-
dardized cheese-making process with selected cultures to secure production of higher
amounts of specific biopeptides that could be used for clinical trials and, if proven
effective, for commercial production. Proteolytic probiotic bacteria may increase the
release of active peptides in fermented dairy products. Ong et al. (2007) made Ched-
dar cheese added with two probiotic strains, Lb. casei 279 and Lb. casei 1.26, and
observed increased ACE-inhibitory activity as compared to cheese made without an
addition of probiotic cultures. The activity increased during ripening at 4 °C, possi-
bly owing to enhanced proteolysis. Various ACE-inhibitory peptides derived from o-
casein and -casein were identified in probiotic cheese.

Peptides with different bioactivities have been identified in many fermented
milks, such as sour milk, yogurt, kefir and dahi, as reviewed by Fitzgerald and
Murray (2006), Korhonen (2009) and Herndndez-Ledesma et al. (2011). In addition
to anti-hypertensive peptides, casein phosphopetides, antimicrobial, antioxidative and
immunomodulatory peptides have been found depending on the origin of milk, dairy
cultures and technology applied in production.

3.3.2 Soy products

Fermented soybean products such as natto and tempeh (Gibbs et al., 2004), douchi
(Zhang, Tatsumi, Ding, & Li, 2006) and soybean paste (Shin et al., 2001) have been
shown to contain bioactive peptides, such as antioxidative and ACE-inhibitory peptides,
mainly owing to the action of fungal proteases. In two separate studies (Okamoto et al.,
1995; Kuba, Tanaka, Tawata, Takeda, & Yasuda, 2003) different fermented soybean
foods showed ICs, values of 0.51 mg/ml for tempeh, 1.77mg/ml for tofuyo, 3.44 and
0.71-17.80 mg/ml for soy sauce, 5.35 and 1.27 mg/ml for miso paste, and 0.16 and 0.19
for natto, respectively. Commercial Chinese-style soy paste exhibited ACEI-inhibitory
activity with the lowest and the highest ICs, values of 0.012 and 3.24 mg/ml, respectively.
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The results indicated that the processing technique impacts largely on the ACEI-inhibitory
activity of this fermented soy product (Li, Yin, Cheng, & Saito, 2010). Liu, Chen, and
Lin (2005) demonstrated that soymilk—kefir possesses significant anti-mutagenic and
antioxidant activity and suggested that fermented soymilk may be considered among the
most promising food components in terms of preventing mutagenic and oxidative dam-
age. More research is, however, needed to demonstrate if the peptides produced during
fermentation may play an important role in this biological activity.

3.4 Bioactive peptides in health promotion

3.4.1 Animal studies

The in vivo assay of ACE-inhibitory activity is generally conducted by measuring
the blood pressure response in SHRs following intravenous injection and intraperi-
toneal or oral administration of the peptide fractions or peptides. Some of the orally
administered ACE-inhibitory peptides have demonstrated strong anti-hypertensive
effects in SHR. A great number of studies have addressed the effects of both short-
term and long-term administration of potential anti-hypertensive peptides using this
animal model (see reviews by Murray and FitzGerald (2007), Saito (2008), Jakild &
Vapaatalo (2010), Herndndez-Ledesma et al. (2011), Urista, Fernandez, Rodriguez,
Cuenca, & Jurado (2011)). Fermented milks with different ICs, values ranging from
0.08 to 1.88 mg/ml have been shown to decrease blood pressure in SHR from 10 to
32mmHg (Table 3.2). Several animal studies have been conducted with lactotripeptides
VPP and IPP, produced from milk fermentation with Lb. helveticus. In an early study,
single oral administration of sour milk (5 ml/kg body weight) containing 0.6 mg/kg
VPP and 0.3 mg/kg IPP significantly decreased systolic blood pressure (SBP) between
4 and 8h after administration (Nakamura, Yamamoto, Sakai, & Takano, 1995). Fur-
thermore, a dose-dependent anti-hypertensive effect of these lactotripeptides was
observed from 0.1 to 10 mg/kg of body weight. Long-term administration of fermented
milk or lactotripeptides has also been demonstrated to be effective in reducing SBP in
SHR (Jauhiainen, Collin, et al., 2005). These peptides also prevented the development
of hypertension in SHR after long-term (12, 13 and 9 week) oral feeding. At the end
of the 12 week treatment period, SBP was 17mmHg lower in the group receiving
Lb. helveticus LBK-16H fermented milk containing IPP and VPP than in the control
group receiving water and 12mmHg lower in the group receiving the tripeptides in
water than in the control group in SHR. Attenuation in SBP was 10mmHg in high
salt-fed GK rats and 19 mmHg in dTGR rats in comparison to control (Jakild, Hakala,
Turpeinen, Korpela, & Vapaatalo, 2009; Jauhiainen, Collin, et al., 2005; Sipola, Finck-
enberg, Korpela, Vapaatalo, & Nurminen, 2002; Sipola et al., 2001). Pure tripeptides
did not produce as strong an anti-hypertensive effect as the milk products containing
them. In addition, minerals alone did not attenuate the development of blood pressure
as much as the fermented milk products (Jauhiainen, Collin, et al., 2005). These stud-
ies indicate that the bioavailability of peptides may be better from milk in comparison
to water or is improved by other milk components.



Table 3.2 ACE-inhibitory and anti-hypertensive activity in spontaneously hypertensive rats
of peptides produced by fermentation of milk and soybean

ACE-inhibition Identified peptides
Response (ASBP
Micro-organism 1C5y (mg/ml) Sequence I1C5y (M) Dose mmHg) References
Milk fermentation
Lactobacillus helveti- ND VPP 9 Sml/kg | -21.8+4.2 Nakamura et al. (1995)
cus and Streptococcus IPP 5 After 6h
thermophilus
Lb. helveticus VPP 9 27ml/ —21 after 4 week Sipola, Finckenberg,
1pp 5 day Korpela, Vapaatalo,
and Nurminen (2002)
Lb.helveticus CPN4 ND YP 720 10ml/kg | 32.1 + 7.4 after 6h | Yamamoto et al. (1999)
Lb. helveticus CHCC637 0.16 Not identified ND 10ml/kg | —12 after 4-8h Fuglsang et al. (2003)
Lb. helveticus CHCC641 0.26 —11 after 4-8h
Lactobacillus delbrueckii ND SKVYPFPGPI 1.7 mg/ml ND ND Ashar & Chand (2004)
ssp. bulgaricus SKVYP 1.5 mg/ml
Streptococcus salivarius ssp.
thermophilus and Lacto-
coccus lactis
biovar. diacetylactis
Lactobacillus jensenii 0.52 LVYPFPG- 71 0.2kg/ | Approx. —12 after | Pihlanto et al. (2010)
PIHNSLPQN 89 kg 2h
LVYPFPGPIH
Enterococcus faecalis CECT | 0.053 LHLPLP 5.5 2mg/kg | -21.87 +4.51 Quiros et al. (2007)
5727 LVYPFPG- 5.2 6mg/kg | After4 h
PIPNSLPQNIPP Approx. —15
After 4h
Lb. delbrueckii subsp. ND NIPPLTQTPV 173.3 ND ND Gobbetti et al. (2000)
bulgaricus SS1 LNVPGEIVE 300.1
Lc. lactis subsp. cremoris FT4 DKIHPF 256.8

14
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Mixed lactic acid bacteria
(Lactobacillus casei,
Lacidophilus acidophilus,
Lactobacillus bulcaricus,
Str. thermophilus, Bifido-
bacterium) and protease

Lc. lactis NRRL B-50571

Lc. lactis NRRL B-50572B

Soybean fermentation
Aspergillus sojae (fermented
soybean seasoning, FSS)

Soybean paste

Fermented soy milk

Soybean protease from
Bacillus subtilis

Soy flour Aspergillus oryzae

Soybean A. oryzae

Tofoyu

0.24

0.034
0.041

0.45

ND
2.89
ND

1.46
ND

1.77

GTW
GVW

TVQVTSTAV (k-cn
f 161-£169)
HPHPHLSFMAIPP
(k-cn 198—£110)
SLPQPNIPPL (b-cn
f69—£77)
YPSYGL (k-cn
f35-f40)

AW

GW

AY

SY

VG

HHL

ND
PGTAVFK

LVQGS
AF

IF

IFL
WL

464.4
240.0

ND

10 pg/ml

48

67

1100
2.2uM
ND
26.5uM

43.7uM
165.3 M
65.8 M
44.8uM
29.9uM

Smg/ml

ND

FSS
10%
vIw

Smg/kg
ND
ND

ND
ND

ND

—22 after 8 weeks

ND

—20 after 7 weeks

-61
—19 after 8 weeks
ND

ND
ND

ND

Chen et al. (2007)

Rodriguez-Figueroa
etal. (2012)

Nakahara et al. (2010)

Shin et al. (2001)
Tsai et al. (2006)
Kitts and Weiler (2003)

Rho et al. (2009)
Zhu et al. (2008)

Kuba et al. (2003)

ACE, Angiotensin I-converting enzyme; ND, not described. One-letter amino acid codes used.
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Besides the most extensively studied lactotripeptides, other fermented milk prod-
ucts produced with different strains of LAB, such as Lb. helveticus CPN4, Lb. bulgar-
icus, Lb. jensenii and Str. thermophilus, have also been shown to provoke liberation
of peptides with anti-hypertensive activity in SHR (Fuglsang et al., 2003; Pihlanto
et al., 2010; Yamamoto et al., 1999). The milk fermented with Lb. jensenii caused a
transient reduction of blood pressure in SHR and peptides corresponding to f-casein
f(11-26) and f(11-20) were identified in the fermented milk (Pihlanto et al., 2010).
Two peptides, corresponding to f-cn fragments Leu-Val-Tyr-Pro-Phe-Pro-Gly-Pro-
Ile-Pro-Asn-Ser-Leu-Pro-Gln-Asn-Ile-Pro-Pro and Leu-His-Leu-Pro-Leu-Pro, have
been isolated in the milk fermented with E. faecalis and the anti-hypertensive effect
of these peptides in SHR, after acute and long-term administration, has been proved.
The administration of 2 mg/kg of peptide Leu-His-Leu-Pro-Leu-Pro resulted in a sig-
nificant decrease of the SBP in SHR 4h post-administration (Quiros et al., 2007).
Fermentation of milk with one or more LAB strains followed by hydrolysis using
food-grade enzymes liberated tripeptides Gly-Thr-Trp and Gly-Val-Trp. Oral admin-
istration of this fermented whey significantly lowered SBP in SHR from 9 to 15 weeks
of age. It has also been shown that other bioactive substances contained in fermented
milks, such as y-aminobutyric acid (GABA), can contribute to lowering blood pres-
sure of SHR (Chen, Tsai, & Sun Pan, 2007; Tsai et al., 2006).

Some of the ACE-inhibitory peptide fractions from cheese have shown in vivo
activities in SHR. A water-soluble peptide preparation isolated from Gouda ripened
for 8 months was found to have the most potent anti-hypertensive activity (maximum
decrease in SBP=24.7 (+0.3) mmHg (P<0.01) after 6h) when administered to SHR
by gastric intubation at doses between 6.1 and 7.5 mg/kg body weight. Three peptide
fractions were isolated from water-soluble extract by hydrophobic chromatography
using different concentrations of acetonitrile (Saito et al., 2000).

Several sequences have been proposed as responsible for the anti-hypertensive
activity of soy protein hydrolysates and fermented products. In the study of Shin et al.
(2001) the peptide His-His-Leu derived from fermented soy paste was assayed in pure
form in SHR and a decrease of 32mmHg of SBP was reached at a dose of 100 mg/
kg. Moreover, the synthetic tripeptide His-His-Leu resulted in a significant decrease
of ACE activity in the aorta of SHR. Soybean-derived products contain isoflavones,
which are thought to possess a favourable effect in reducing cardiovascular risk factors
as well as vascular function (Sacks, 2006). However, on the basis of in vitro results
and literature review, Wu and Muir (2008) suggested that the contribution of isofla-
vones to a blood pressure-lowering effect by soybean ACE-inhibitory peptides may
be negligible. Similarly, it has been reported that the reduction of hypertension by a
fermented soy milk product was contributed mainly by peptides of 800-900 Da but it
could also be attributable to GABA (Tsai et al., 2006). Moreover, the fermented soy
product miso with added tripeptides (VPP and IPP) from casein was reported to act
as an anti-hypertensive agent in SHR (Inoue et al., 2009). A peptide-enriched FSS
gradually decreased the SBP in SHR during 7 weeks of treatment. Moreover, Dahl
salt-sensitive rats, as a model of salt-sensitive hypertension, were used to evaluate the
anti-hypertensive effect of a peptide-enriched soy sauce-like seasoning. These stud-
ies indicated that FSS suppressed the elevation of SBP in a dose-dependent manner
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after 4 weeks, and FSS had a more potent anti-hypertensive effect than regular sauce
(Nakahara et al., 2010).

Some of the results described in the above studies highlight an important lack
of correlation between the in vitro ACE-inhibitory activity and the in vivo action.
This fact has provided doubts on the use of the in vitro ACE-inhibitory activity as
the exclusive criterion for potential anti-hypertensive substances, since physiological
transformations may occur in vivo, and because mechanisms of action other than ACE
inhibition might be responsible for the anti-hypertensive effect.

3.4.2 Human studies

Evidence of the beneficial effects of bioactive peptides has to be based on studies
performed in humans. So far, most of the clinical research has focused on lactotripep-
tides and their anti-hypertensive properties. More than 20 human studies have been
published linking the consumption of products containing lactotripeptides with sig-
nificant reductions in both SBP and diastolic blood pressure (DBP). Oral administra-
tion of these tripeptides included different formulas, such as fermented milk, tablets,
capsules, fruit juice and other products. Most clinical trials have assessed blood
pressure (BP)-lowering effects at multiple points over time. The human studies with
lactotripeptides have been done mainly in Japanese subjects and some in Finnish
subjects (Aihara, Kajimoto, Hirata, Takahashi, & Nakamura, 2005; Hata et al.,1996;
Jauhiainen, Vapaatalo, et al., 2005; Kajimoto, Aihara, Hirata, Takahashi, & Nakamura,
2001; Kajimoto, Nakamura, et al., 2001; Nakamura et al., 2004; Seppo, Jauhiainen,
Poussa, & Korpela, 2003; Seppo, Kerojoki, Suomalainen, & Korpela, 2002). Gener-
ally, maximum duration of treatment has been 8 weeks at doses between 3 and 52 mg/
day (Table 3.3). From these data, it becomes apparent that the largest part of the total
BP reduction takes place in the first 1-2 weeks of treatment. Thereafter, a further grad-
ual lowering is seen, but to a lesser extent than in the first period (Kajimoto, Aihara,
et al., 2001; Seppo et al., 2003).

The first significant effects of lactotripeptides on BP in hypertensive subjects
have been observed after 1-2weeks of treatment with dosages as low as 3.8mg/
day. For example, Aihara et al. (2005) observed that lactotripeptides (VPP and IPP)
induced a gradual lowering of SBP compared to a control treatment by 7.8, 10.5, 10.6
and 11.2mmHg after 1, 2, 3 and 4weeks of active treatment, respectively. Kajimoto
et al. (2002) demonstrated a comparable profile; SBP decreased by 7.6mmHg after
1 week intake of lactotripeptides compared with placebo and gradually thereafter to
12mmHg after 8 weeks. Maximum BP-lowering effects of lactotripeptides approx-
imated 13mmHg SBP and 8mmHg DBP active treatment versus placebo, and were
likely to reach the maximum after 8—12 weeks of treatment. Consumption of fermented
milk containing 15.9mg/l IPP and 18.7 mg/l VPP decreased SBP during 8 h after inges-
tion. This effect on BP was more pronounced in subjects with higher baseline SBP
(Van der Zander, Jikel, Bianco, & Koning, 2008). De Leeuw, van der Zander, Kroon,
Rennenberg, and Koning (2009) found that administration of yogurt drinks containing
IPP and VPP at a daily dose of 2.3, 4.6 or 9mg for 8 weeks demonstrated a modest
dose-dependent effect on office BP in mildly hypertensive subjects, although this could



Table 3.3 Human studies on hypotensive effects of milk-based products containing bioactive peptides

IPP and VPP
Effect on blood
Treatment pressure (mmHg)
Source of
Study Duration | Study IPP VPP production of Formula and
design (weeks) population (mg/day) | (mg/day) | peptides dose per day | SBP DBP References
R, p-c, 8 30 Asian elderly | 1.1 1.5 Lactobacillus, 1x95ml milk | -14.1 -6.9 Hata et al.
s-bld, hypertensive Saccha- drink (1996)
parallel” patients romyces
helveticus &
Saccharomyces
cerevisiae
R, p-c, 8 64 Asian 1.58 2.24 Lb. helveticus & | 2x150g milk | —13 -8.4 Kajimoto,
d-bld, subjects with S. cerevisiae drink Nakamura,
parallel” SBP 140-159 et al. (2001)
and DBP
90-99 mmHg
R, p-c, 8 32 Asian 1-60 2-66 Lb. helveticus & | 1x120g milk | —12.1 -5.8 Hirata,
d-bld, subjects with S. cerevisiae drink Nakamura,
parallel” SBP 140-180 Yada, et al.
and DBP (2002)
90-105mmHg
R, p-c, 8 18 Asian hyper- | 1.1 1.5 Lb. helveticus & | 2x100g milk | -7.6 -2 Itakura,
d-bld, tensive and 26 S. cerevisiae drink Ikemoto,
parallel” normotensive Terada et al.
subjects (2001)
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R, p-c,
d-bld,
parallel”

R, p-c,
d-bld,
parallel”

R, p-c,
d-bld,
parallel”

R, p-c,
d-bld,
parallel,
Cross-
overf

R, p-c,
d-bld,
parallel”

R, p-c,
d-bld,
parallel”

21

10

30 Asian
subjects with
SBP 140-180
and DBP
90-105mmHg

144 Asian
subjects with
high-nor-
mal or mild
hypertension

39 Finnish
subjects with
SBP 133-176
and DBP
86-108 mmHg

60 Finnish
subjects with
SBP 140-180
and DBP
90-110mmHg

94 Finnish
hypertensive
patients

20 Asian healthy
volunteers
with normal
blood pressure
(<130mmHg
SBP and
<85 mmHg
DPB)

1.52

1.60

2.25

2.4-2.7

30

11.5

2.53

1.47

3.0

2427

22.5

17.7

Lb. helveticus &
S. cerevisiae

Casein hydro-
lyzed by A.
oryzae

Lb. helveticus
LBK-16H

Lb. helveticus
LBK-16H

Lb. helveticus
LBK-16H

Lb. helveti-
cus CM4
proteinase

2x160g milk
drink

1x200ml
vegetable
and fruit
juice

2x150ml
milk drink

1x150ml
milk drink

2x150ml
milk drink

1x 14 tablets

-13.2

-23
-12.3

-3.6

-0.5
=37

Kajimoto,
Nakamura,
et al. (2001)

Sano et al.
(2005)

Seppo et al.
(2003)

Tuomilehto
et al. (2004)

Jauhiainen,
Vapaatalo,
et al. (2005)

Yasuda et al.
(2001)

Continued
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Table 3.3 Continued

8¢

Effect on blood
Treatment pressure (mmHg)
Source of
Study Duration | Study IPP VPP (mg/ | production of Formula and
design (weeks) population (mg/day) | day) peptides dose per day | SBP DBP References
R, p-c, 8 275 Dutch 10.2 (VPP + Casein hydro- 1x200¢g -2.3 -0.7 Van der Zan-
d-bld, subjects IPP) lysed by der
parallel” with mild Aspergillus et al. (2008)
hypertension oryzae
R, p-c, 8 135 Dutch 42-54 5.0-5.8 Fermentation 1x200ml -0.5 -1.2 Engberink
d-bld, subjects with yoghurt et al. (2008)
parallel” untreated drink
high-normal
BP or mild
hypertension
R, p-c, 4 70 Caucasian 15 - Hydrolysis by 2x7.5mg -3.8 -2.3 Boelsma
d-bld, subjects with endopeptidase capsules and Kloek
parallel, pre-hyperten- (2010)
Cross- sion or stage 1
overt hypertension

IPP, Isoleucine-proline-proline; VPP, valine-proline-proline; SBP, systolic blood pressure; DBP, diastolic blood pressure; R, p-c, d-bld, randomized, placebo-controlled, double-blinded.
*Results reported as changes in SBP and DBP after each month of treatment for all subjects (intention-to-treat analysis), and as mean changes over the total intervention period among

subjects who had BP measurements for each month (per protocol analysis).

FFirst part of the study was carried out in parallel design and second part of the study was carried out in crossover design.
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not be confirmed with ambulatory examination. The highest effective dosage of lac-
totripeptides was evaluated in a safety study, and consisted of 52.5mg/day (Jauhiainen,
Vapaatalo, et al., 2005). No major adverse effects were observed and neither did they
affect serum clinical chemistry, substantiating the safety of consumption of lactotripep-
tides (Aihara et al., 2005; Yasuda, Aihara, Komazaki, Mochii, & Nakamura, 2001).

A few interventions evaluated BP-lowering effects after treatment periods that
lasted longer than the generally applied 8weeks. It is speculated that the blood
pressure-lowering effect is already present at the first days of consumption and that
this effect is repeated on every new day that the lactotripeptide-containing product
is consumed, with only a very small additional chronic effect after at least 6 weeks
of intervention. Sano et al. (2005) demonstrated a decrease of SBP by 3.3 mmHg
after 8 weeks of intake of 3.1 mg/day lactotripeptides compared with placebo and a
slight additional decrease by 4.4 and 4.1 mmHg after 10 and 12 weeks, respectively,
in subjects with high-normal BP and subjects with moderate hypertension. In none
of the trials with normotensives have statistically significant BP changes been found
(Kajimoto, Nakamura, et al., 2001). Even at the highest dosage of lactotripeptides
used in normotensives, which included a total of 29.2mg/day during a period of
7 days, no BP-lowering effects by lactotripeptides were observed (Yasuda et al., 2001).
Thus, lactotripeptides only seem to be active at elevated BP values.

Not all human intervention studies with lactotripeptides VPP and IPP have reported
a statistically significant reduction on BP in hypertensive subjects, as compared to
either to the control group or initial BP (Engberink et al., 2008; van Mierlo et al.,
2009; Usinger, Jensen, Flambard, Linneberg, & Ibsen, 2010; Van der Zander et al.,
2008). Several possible reasons have been proposed for the discrepancy between stud-
ies conducted in Europe and elsewhere: size (weight) of study subjects, differences in
habitual diet, inclusion criteria, selection of the control product, length of intervention
period and different methods used in blood pressure measurement (Boelsma & Kloek,
2010; Jikdla & Vapaatalo, 2010).

The conflicting results have been analysed in five published meta-analyses.In
four meta-analyses, decreases around 5SmmHg for SBP and 2.3 mmHg for DBP have
been reported (Cicero, Gerocarni, Laghi, & Borghi, 2010; Pripp, 2008; Turpeinen,
Jarvenpii, Kautiainen, Korpela, & Vapaatalo, 2013; Xu, Qin, Wang, Li, & Chang, 2008).
The meta-analysis of Xu et al. (2008) included nine studies (12 trials) with 585 subjects
who consumed 2.6-52.5mg of lactotripeptides daily for 4-12weeks and a significant
decrease both in SBP (4.8 mmHg) and DBP (2.2 mmHg) was observed. Cicero et al.
(2010) conducted a meta-analysis of 18 randomized, placebo-controlled trials with a total
of 1691 subjects. The length of interventions ranged from 4 to 21 weeks, with a mean
duration of 6.8 weeks, and peptide doses of 2—-52mg/day were consumed in fermented
milk products, juice or tablets. The pooled effect of lactotripeptides was a reduction of
3.73mmHg for SBP and 1.97 mmHg for DBP; however, it was highlighted that the effect
was more evident in Asian subjects than in Caucasians. In another recent meta-analysis
of Turpeinen et al. (2013) a random-effects model was used on 19 randomized, place-
bo-controlled clinical intervention trials (published between 1996 and October 2010)
consisting of about 1500 pre-hypertensive or mildly hypertensive subjects. Small daily
doses (2.0-10.2mg) of lactotripepides showed an overall lowering of SBP (4.0mmHg)
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and DBP (1.9 mmHg) in mildly hypertensive subjects. In the most recent meta-analysis
by Cicero, Aubin, Azais-Braesco, and Borghi (2013) the effect of IPP and VPP on SBP
in Europeans was assessed in particular. The analysis included 14 trials with a total of
1306 subjects. The combination of all data for the two peptides yielded a statistically
significantly greater effect for IPP/VPP than for placebo. The decrease in SPB with
IPP/VPP was 1.28 mmHg and the decrease in DPB was 0.59 mmHg. The authors con-
cluded that the peptides IPP and VPP are effective in moderately reducing SBP in Euro-
pean subjects, as is known for Asian populations.

Hypertension is a complex multifactor disorder that is thought to result from an
interaction between environmental factors and genetic background. Subject charac-
teristics such as age and race/ethnicity can affect BP, including the BP response to
specific anti-hypertensive medication. For certain anti-hypertensive drugs, it has been
reported that a polymorphism found in humans can affect the clinical effectiveness,
and, similarly, these differences could be also affecting clinical trials of functional
ingredients (Arsenault et al., 2010). Although ACE inhibition has been postulated as
the underlying mechanism of these lactotripeptides, results about the inhibition of this
enzyme are not conclusive in humans. Several studies have shown that rennin or ACE
activity was not affected by the oral administration of the tripeptides (Boelsma and
Kloek, 2009). Fermented milk did not significantly affect plasma levels of angion-
tensin I or angiotensin II, ACE activity or active plasma renin concentration, but it
significantly decreased the angiotensin II/angiotensin I ratio by 29% (Van der Zander
et al., 2008). Therefore, other mechanisms could be implicated in the observed blood
pressure reduction. It has been found that the intake of fermented milk containing
these peptides may decrease sympathetic activity, leading to a diminished heart rate
variability, heart rate and total peripheral resistance, although differences did not reach
statistical significance (Usinger, Reimer, & Ibsen, 2012). Other potential mechanisms
of action for the anti-hypertensive effect of lactotripeptides could be production of
vasodilators, such as nitric oxide (Hirota et al., 2007).

3.4.3 Bioavailability

Bioavailability is an important means of approach to establish the relationship
between in vitro and in vivo activities of bioactive peptides. The likelihood of any
bioactive peptide released during fermentation mediating a physiological response
is dependent on the ability of that peptide to reach an appropriate target site. There-
fore, peptides may need to be resistant to further degradation by proteolytic and
peptidolytic enzymes in the digestive tract. Thereafter peptides should be absorbed
and enter systemic circulation. Resistance to hydrolysis is one of the main factors
influencing the bioavailability of bioactive peptides. The effects of digestive enzymes
on bioactive peptides, in particular ACEI-inhibitory peptides derived from different
food matrices, have been evaluated in in vitro gastrointestinal simulated systems.
These studies have shown that the ACE inhibition is low after fermentation by
LAB but increases during subsequent hydrolysis by digestive enzymes that simu-
late gastrointestinal digestion (Herndndez-Ledesma, Amigo, Ramos, & Recio, 2004;
Pihlanto-Leppala et al., 1998). Proline- and hydroxyproline-containing peptides are
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usually resistant to degradation by digestive enzymes pepsin and trypsin. Tripeptides
containing C-terminal proline—proline are generally resistant to proline-specific pep-
tidases (Vermeirssen, Van Camp, & Verstraete, 2004). Some of the peptides isolated
from Manchego cheese have been shown to be resistant to the incubation with pepsin
followed by hydrolysis with a pancreatic extract. The ACE-inhibitory activity after
simulated digestion increased for peptide as2-CN f(195-204) (Thr-Gln-Pro-Lys-
Thr-Asn-Ala-Ile-Pro-Tyr) sixfold while the activities of peptides Val-Arg-Tyr-Leu
and Lys-Lys-Tyr-Asn-Val-Pro-Gln-Leu decreased (Gomez-Ruiz, Ramos, & Recio,
2004). The ACE-inhibitory activity of Trp-Leu peptide, isolated from tofuyo, was
completely preserved after pepsin—trypsin or chymotrypsin treatment, whereas
another peptide, Ile-Leu-Phe, was completely preserved after pepsin treatment, but
the activity decreased by 62% and 75% of the original value following chymotryp-
sin and trypsin treatment, respectively (Kuba et al., 2003). Different peptides with
ACE-inhibitory activities have been produced by in vitro pepsin—pancreatin digestion
of milk and soy protein isolates and this had led to the speculation that the physio-
logical gastrointestinal digestion could also yield ACE-inhibitory peptides, not only
from protein isolates but also from fermented products (Hernandez-Ledesma et al.,
2004; Lo & Li-Chan, 2005).

Peptides have been reported to have poor permeation across biological barriers
(e.g. intestinal mucosa) (Pauletti et al., 1996). Peptides can be transported by active
transcellular transport or by passive processes. Although substantial amino acid
absorption occurs in the form of di- and tripeptides at the apical side of enterocytes,
efflux of intact peptides via the basolateral membrane into the general circulation
seems to be negligible. The intestinal absorption of peptides has been performed using
in vitro tests with monolayer of intestinal cell lines, simulating intestinal epithelium,
as well as analysis of peptides and derivatives in blood samples after animal and clin-
ical studies (Pauletti, Gangwar, Siahaan, Aubé, & Borchardt, 1997; Yang, Dantzig, &
Pidgeon, 1999). Foltz et al. (2007, 2008) investigated the transport of IPP and VPP
by using three different absorption models and demonstrated that these tripeptides
are transported in small amounts intact across the barrier of the intestinal epithelium.
The major transport mechanisms of IPP and VPP were demonstrated to be paracellu-
lar transport and passive diffusion (Satake et al., 2002). Caco-2 cell monolayers were
used to study the transport of three dipeptides, Ala-Phe, Phe-Ile and Ile-Phe, identified
from the salt-free soy sauce. Kinetic studies revealed that Ile-Phe exhibited greater
affinity towards the transport compared with Ala-Phe and Phe-Ile (Zhu et al., 2008).

Vascular endothelial tissue peptidases and soluble plasma peptidases further con-
tribute to peptide hydrolysis. As a consequence, the plasma half-life of most peptides
is limited to minutes, as shown for endogenous peptides, such as angiotensin II and
glucagon-like peptide 1 (Deacon et al., 1995; Werle & Bernkop-Schniirch, 2006). In
order to exert anti-hypertensive effect the ACE-inhibitory peptides need to resist dif-
ferent peptidases, such as ACE. In this regard ACE-inhibitory peptides can be classi-
fied into three groups: the inhibitor type, of which the ICs, value is not affected by
pre-incubation with ACE; the substrate type, peptides that are hydrolysed by ACE
to yield peptides with a weaker activity; the pro-drug type inhibitor, peptides that
are converted to true inhibitors by ACE or other proteases/peptidases. Only peptides
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belonging to pro-drug or inhibitor type exert anti-hypertensive properties after oral
administration. Soy peptides Ile-Leu-Phe and Trp-Leu are noncompetetive inhibitors,
whereas captopril is a competitive inhibitor (Kuba et al., 2003).

There are some examples showing that peptides are absorbed in animals and
humans and can exert in vivo activities. Jauhiainen et al. (2007) used a radio-labelled
Ile-Pro-Pro and showed that this tripeptide absorbed partly intact from the gastrointes-
tinal tract after a single oral dose to Sprague—Dawley rats. Considerable amounts of
radioactivity were found in several tissues, e.g. liver, kidney and aorta. The excretion
of IPP was slow; even after 48h the radio-labelled peptide had not been completely
excreted. IPP did not bind to albumin or other plasma proteins in vitro. Considering
this and the long-lasting retention of the radioactivity in the tissues, accumulation of
IPP may occur in sufficient concentrations to cause BP-lowering effects, e.g. by ACE
inhibition in the vascular wall. In another animal study, the absolute bioavailability of
the tripeptides in pigs was found to be below 0.1%, with an extremely short elimina-
tion half-life ranging from 5 to 20min (van der Pijl, Kies, Ten Have, Duchateau, &
Deutz, 2008). In a placebo-controlled, full-crossover study on healthy subjects Foltz
et al. (2007) showed that IPP was absorbed intact from a fermented milk drink into cir-
culation, but maximal plasma concentration of IPP did not exceed picomolar amounts.

The improvement of limited absorption and stability of peptides has been a goal
when evaluating their effectiveness. For example, some carriers interact with the pep-
tide molecule to create an insoluble entity at low pH that later dissolves and facili-
tates intestinal uptake by enhancing peptide transport over the nonpolar biological
membrane (Kumar Malik, Baboota, Ahuja, Hasan, & Ali, 2007). Bioavailability of
bioactive tripeptides (VPP, IPP, LPP) was improved by administering them with a
meal containing insoluble dietary fibre (Kies & Pijl Van Der, 2012). Ko, Cheng, Hsu,
and Hwang (2006) applied emulsification, microencapsulation and lipophilization to
enhance the anti-hypertensive activity of a hydrolysate of tuna cooking juice. Among
these treatments, lipophilization was the most effective, followed by microencapsu-
lation and lecithin emulsification, gaining for each of them a stronger effect than that
obtained with the double untreated dosage. Emulsions have long been used to enhance
oral bioavailability or promote absorption through mucosal surfaces of peptides and
proteins (Kumar Malik et al., 2007).

3.4.4 Regulatory aspects

Since the beginning of the 21st century, increasing emphasis has been placed worldwide
on the safety aspects and legal regulation of health claims attached to food products.
This development has been prompted by many global or regional health catastrophes
caused by fraudulent or unfit foodstuffs on the markets. Authorities around the world
have developed systematic approaches for review and assessment of scientific data. Evi-
dence on the beneficial effects of a functional food product should be detailed, exten-
sive and conclusive enough for the use of a health claim in the product labelling and
marketing. Besides being based on generally accepted scientific evidence, the claims
should be well understood by the average consumer. First, it is necessary to identify
and quantify the active sequences of biologically active peptides in the food consumed.
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Anti-hypertensive peptides are only minor constituents in highly complex food matrices
and, therefore, a rigorous monitoring of the large-scale production utilizing hydrolytic
or fermentative industrial processes is mandatory. Second, extensive investigations to
prove the anti-hypertensive effect in humans, as well as the minimal dose to show this
effect, are necessary to fulfil the requirements of the legislation concerning health claims
that can be approved in the European Union (EU). A common regulation on nutrition
and health claims on foods was adopted by EU in 2006 and the evaluation of such claims
was mandated to the European Food Safety Authority (EFSA). Recently, the EFSA
concluded that the evidence is insufficient to establish a cause-and-effect relationship
between the consumption of the tripeptides VPP and IPP and the maintenance of normal
blood pressure (EFSA, 2012). Consequently, more clinical data with consistent results
are required so as to provide convincing evidence for substantiation of a health claim on
these peptides for approval by the EU. Until that time, products containing such peptides
have to be marketed in EU countries without any health claim related to blood pressure.

3.5 Conclusions and future trends

The generation of bioactive peptides during microbial fermentation of milk and soy-
bean is now well documented. Such peptides have been shown to exert several bio-
activities that have been demonstrated in animal and human studies. Potential health
benefits associated with bioactive peptides have been subject of growing commercial
interest, especially in the context of functional foods. Milk proteins are the best-known
source of bioactive peptides, but peptides with similar properties have also been iden-
tified in soybean. Anti-hypertensive peptides derived from milk proteins have already
found commercial applications both in Japan and in Europe. This trend is likely to
continue, although controversial results in clinical trials and global differences in
health claim regulations call for further scientific and clinical research.

A systematic screening of industrial dairy starter bacteria for formation of cer-
tain bioactive peptides with specific properties has produced a great number of anti-
hypertensive peptides. However, just a few of these peptides have been tested clinically
for health benefits, so far. The new knowledge about the frequent occurrence of dif-
ferent active peptides, e.g. anti-hypertensive, immunomodulatory and mineral-binding,
in traditional fermented dairy products and also in fermented soy products could be
appreciated more by industrial manufacturers. It should encourage the industry to invest
more in the added-value products with scientific evidence of health benefits. To this
end, novel technologies are available to standardize and stabilize the concentrations of
active peptides in the fermented products by means of membrane separation techniques
and encapsulation. Important research topics will continue to be the bioavailability and
safety of bioactive peptides. In this field, more in-depth topics include the stability of the
biological activity of peptides, both in the food matrix where released or incorporated
and in vivo in the body before being absorbed and transported to the target site. Also, the
integrity of the chemical structure of peptides, their interactions with food matrix com-
ponents and organoleptic properties are important attributes to be considered when for-
mulating novel products containing bioactive peptides. Furthermore, molecular studies
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are needed to assess the mechanisms by which bioactive peptides exert their activities
in the body. To this end, it may be necessary to employ proteomic and metabolomic
methods. By means of these novel nutrigenomic approaches, it is possible and, in future,
perhaps essential to investigate the impact of peptides on the expression of genes and
hence endeavour to optimize the nutritional and health effects delivered by peptides.

Many studies have shown it to be a wrong approach that peptides are screened first
in vitro for potential targets and then in vivo to confirm efficacy. According to Foltz,
van der Pijl, and Duchateau (2010), it appears that it is only valid to propose efficacy
once the peptide exhibits reasonable proteolytic stability and physiologically relevant
absorption, distribution, metabolism and excretion profiles.

Moreover, the safety of all novel peptides intended for food or pharmaceutical uses
should be tested in accordance with international and national food safety regulations.
In cases of products intended to be marketed in the EU member states, the novel
food legislation has to be observed. Until now, no toxicological safety concerns have
been reported about bioactive peptides derived from fermented dairy or soy prod-
ucts. On the other hand, potential allergenic properties of milk and soy proteins and
their hydrolysates are well known and should be taken into account when formulating
novel products based on these compounds (Cordle, 2004; Eigenmann, 2007). Other
challenges with dietary bioactive peptides are posed by health claims, which in the
EU countries are strictly regulated and require science-based documentation before
approval by the European Commission. At present, there are worldwide efforts to
harmonize these regulations so as to develop fair global food marketing and protect
consumers against false or misleading product information.
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4.1 Introduction

In the last two decades numerous studies have been published on conjugated linoleic
acid (CLA) isomers. The most important motivation for related research investiga-
tions is the possible positive health effects of these “unusual” fatty acids; therefore,
the authors prepared a brief outline on the health amelioration potential of CLA,
presented at the end of this chapter. Nevertheless, the main part of the chapter is a
summary of published data relating to the presence of CLA in fermented milk and
meat products, including functional foods, and, moreover, the study of factors that can
influence the CLA content of these food items. The CLA content of raw materials is
an important issue because it can vary over a broad range, depending on several fac-
tors. The products of ruminants usually contain higher amounts of CLA than those of
monogastric animals, and the effect of feeding is also an important influencing factor.
Several successful attempts have been made through which the CLA content of raw
milk and meat was increased with appropriate feeding regimens. A possible means of
production of fermented foods with enhanced CLA levels is the incorporation of these
initial materials into the product. Another promising approach is the accomplishment
of CLA increment during fermentation by the selection of CLA-forming strains and
application of appropriate external conditions. These issues are discussed in detail,
following a short introduction to the chemistry and synthesis of CLA in Section 4.2.

4.2 Basic knowledge of conjugated linoleic acid (CLA)

Polyunsaturated fatty acids of natural origin have double bonds, mostly in isolated
positions. The collective term “conjugated linoleic acid” refers to a group of posi-
tional and geometric isomers of linoleic acid having double bonds in a conjugated
position ranging from 2,4 to 15,17. Each positional isomer has four geometric iso-
mers, those being cis, trans; trans, cis; cis, cis; or trans, trans — that is, the term CLA
may refer to a total of 56 possible isomers (Buccioni, Decandia, Minieri, Molle, &
Cabiddu, 2012). From these, numerous CLA isomers have been shown to be present
in food. In milk fat, one of the most important sources of CLA, the positions of double
bonds range from 6,8 to 13,15; therefore the term “total CLA content” includes a total
of 32 isomers (Bessa, Santos-Silva, Ribeiro, & Portugal, 2000; Kramer et al., 2004;
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Shingfield et al., 2008). The predominant isomer originally present in food was shown
to be cis-9,trans-11 CLA that occurs together with trans-10,cis-12 and trans-7,cis-9
CLA, which are also present in minor but significant amounts. In contrast, commer-
cial CLA preparations used for functional foods can contain similar concentrations of
both enantiomers (Or-Rashid, AlZahal, & McBride, 2011; Park, 2009; Wahle, Heys,
& Rotondo, 2004).

The term “conjugated linolenic acid” (CLnA) encompasses a collection of posi-
tional and geometric isomers of linolenic acid (cis-9,cis-12,cis-15 18:3) in which two
or three double bonds have a conjugated arrangement (conjugated diene CLnA and
fully conjugated CLnA, respectively) instead of methylene interruption. Conjugated
diene CLnA is mostly present in the fats of ruminants (Collomb, Schmid, Sieber,
Wechsler, & Ryhidnen, 2006; Plourde, Destaillats, Chouinard, & Angers, 2007),
whereas fully conjugated CLnA is present in plant seeds (Hopkins & Chisholm, 1968).

One of the most important pathways of CLA formation in nature is the biohydroge-
nation of polyunsaturated fatty acids (Figure 4.1). This bacterial enzymatic process is
achieved mostly in the rumen, but it cannot be excluded that bacteria in the gastroin-
testinal tract of nonruminants are also able to convert unsaturated fatty acids to CLA to
some extent, as higher linoleic acid intake caused an increment of CLA level in tissues
of rats (Buccioni et al., 2012; Chin, Liu, Albright, & Pariza, 1992; Shorland, Weenink,
& Johns, 1955). Formation of a very limited amount of CLA has also been shown by
gastric bacterial biohydrogenation in the pig (Dugan, Aalhus, & Kramer, 2004).

The first discovered CLA precursor is linoleic acid (cis-9,cis-12 18:2). The dou-
ble bond of linoleic acid present further for the carboxyl group can be translocated
by cis-12,trans-11 isomerase (Kepler & Tove, 1967) and the resulting rumenic acid
(cis-9,trans-11 CLA) is then hydrogenated by the reductase of Butyrivibrio fibrisol-
vens to vaccenic acid (frans-11 18:1) (Hughes, Hunter, & Tove, 1982). These steps
occur relatively fast, whereas the hydrogenation of vaccenic acid to stearic acid is

9c-18:1 9c,12¢-18:2 9¢,12¢,15¢-18:3
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7t-18:1 9c,11t-CLA 10t,12¢c-CLA  9¢,11t,15¢c-CLnA 9c,11t,13t-CLnA
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Figure 4.1 Biosynthetic pathways of those CLA isomers present in the most abundant quan-
tities in human foods. Ruminal formation is marked with solid arrow, while formation in other
organs by A%-desaturase reaction is shown with dotted arrows (according to Collomb et al.
(2006), Buccioni et al. (2012) and Lerch et al. (2012)). Question marks indicate that the exact
mechanism is unclear. The underlined compounds are the conjugated linoleic acid isomers.
The compounds without underline are the intermediaries of conjugated linoleic acid synthesis.
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much slower, as it involves different groups of organisms (Griinari, Chouinard, &
Bauman, 1997; Harfoot & Hazelwood, 1997). As the decomposition of vaccenic acid
is the rate-limiting step, this intermediate can accumulate in the rumen and following
absorption it can be a precursor for the endogenous synthesis of cis-9,trans-11 CLA
in the mammary gland by A%-desaturase (Corl, Barbano, Bauman, & Ip, 2003; Griinari
et al., 2000; Kay, Mackle, Auldist, Thomson, & Bauman, 2004; Piperova et al., 2002).
The majority of cis-9,trans-11 CLA present in bovine milk was reported to be syn-
thesised in this pathway in the mammary gland and not in the rumen (Griinari et al.,
2000; Lerch, Shingfield, Ferlay, Vanhatalo, & Chilliard, 2012). Moreover, CLA is also
synthesised — also from vaccenic acid — in muscle adipose tissues both in ruminants
(Bauman, Baumgard, Corl, & Griinari, 2007; Raes et al., 2004) and in monogastric
animals (Gliser, Wenk, & Scheeder, 2002).

The other pathway of the isomerisation of linoleic acid is provided by the action
of cis-9,trans-10 isomerase in the rumen (Griinari & Bauman, 2006). The resulting
trans-10,cis-12 CLA can be reduced to trans-10 18:1 by Butyrivibrio fibrisolvens
JW11 (McKain, Shingfield, & Wallace, 2010).

Some part of oleic acid (cis-9 18:1) originates from fodder and can be converted fur-
ther via pathways other than hydrogenation to stearic acid in the rumen. Oleic acid has
been proposed as a precursor of the formation of frans-7,cis-9 CLA. The first step is
the action of microbial isomerases resulting in positional isomers of 18:1, ranging from
6 to 16 (Mosley, Powell, Riley, & Jenkins, 2002). These trans-octadecenoic acids escape
the rumen together with linoleic acid-origin vaccenic acid. In the mammalian tissues the
dehydrogenation of trans-7 18:1 isomer via A%-desaturase results in the formation of
trans-7,cis-9 CLA (Corl et al., 2002). This pathway was proposed as the main process for
the formation of trans-7,cis-9 CLA (Lerch et al., 2012). Irrespective of the diet composi-
tion, the formation of trans-7,cis-9 was not observed in the rumen (Shingfield et al., 2010).

The CLA formation pathway from a-linolenic acid precursors (cis-9,cis-12,cis-15
18:3) has not been completely elucidated. Kepler and Tove (1967) suggested first
that cis-12,trans-11 isomerase might be active also on a-linolenic acid in the rumen.
This first step results in a conjugated diene CLnA (cis-9,trans-11,cis-15 CLnA) via
microbial isomerases in the rumen. The following reduction steps do not yield cis-
9,trans-11 CLA, but trans-11,cis-15 18:2 is formed. This fatty acid has been assumed
to be a precursor for trans-11,cis-13 CLA (Kraft, Collomb, Mdckel, Sieber, & Jahreis,
2003), but the exact mechanisms of the double bond translocation is yet unclear. The
concentration of conjugated linolenic acids cis-9,trans-11,trans-13 CLnA and cis-
9.trans-11,trans-15 CLnA possessed strong correlation with trans-11,trans-13 CLA
and trans-11,trans-15 18:2 CLA, respectively, in milk fat. These results may indicate
that CLnA in milk fat are synthesised endogenously via the action by A®-desaturase in
the mammary gland (Lerch et al., 2012).

CLA can also be synthesised in the human colon. Some bacterial strains normally
present in the human large intestine (Lactobacillus, Propionibacterium and Bifido-
bacterium species and some Clostridium-like bacteria) have been found to metabolise
linoleic acid and form CLA that is converted further to trans-11 18:1 in vitro. Vaccenic
acid may be also a precursor of rumenic acid (cis-9,trans-11 CLA) in human tissues
(Devillard, McIntosh, Duncan, & Wallace, 2007).
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4.3 CLA content of unprocessed food ingredients

A possible means of production of fermented foods rich in CLA is the selection of
raw materials with high CLA content and the preservation of their elevated CLA
levels during fermentation. The main natural sources of CLA in human nutrition
are, undisputedly, the products of ruminants, including their milk, meat and adipose
tissue. The enzymatic processes responsible for the formation of CLA proceed much
more intensively in the tissues and organs of ruminants than those of monogastric
animals. Vegetable oils usually contain only negligible amounts of CLA. In this sec-
tion the CLA levels of raw materials and the factors affecting their formation are
summarised.

4.3.1 Raw milk

The discovery of anti-carcinogenic properties of CLA (Pariza & Hargraves, 1985) and
other biological activities led to the implementation of surveys in several countries to
assess the CLA supply from food and daily intake of these fatty acids. Cows’ milk fat
proved to be one of the richest sources of CLA. The total CLA value of raw milk sam-
ples has been shown to extend over a wide range, from 2 to 37 mg/g CLA in fat (Jiang,
Bjorck, Fondén, & Emanuelson, 1996; Lin, Boylston, Chang, Luedecke, & Schultz,
1995; Parodi, 1999; Stanton, Murphy, McGrath, & Devery, 2003). The main isomer,
rumenic acid (cis-9,trans-11 CLA), was reported to represent more than 80% of total
CLA content (Chin, Liu, Storkson, Ha, & Pariza, 1992; Fritsche & Steinhart, 1998;
Parodi, 1994). Precht and Molkentin (2000) determined the amount of CLA in 2110
milk samples originating from 14 European Union countries. The average value for
cis-9,trans-11 CLA was 7.6 mg/g in fatty acid methyl esters (FAME) and the extreme
values were 1.3 and 18.9 mg/g, respectively. The trans 18:1, trans 18:2 and total trans
fatty acid content was 36.7mg/g (12.9-71.7mg/g), 11.2mg/g (3.0-20.4mg/g) and
49.2mg/g (17.1-87.0mg/g), respectively. Surpassing values, i.e. 53.7 and 51.5mg/g
of fatty acids, were obtained for rumenic acid, respectively, by Shingfield et al. (2006)
and Bell, Griinari, and Kennelly (2006). The large differences in CLA and vaccenic
acid content of cows’ milk fat can be attributed to several factors, of which the feeding
regimen was noted to have a major influence (Wahle et al., 2004). These topics are
discussed in detail in Section 4.4.

4.3.2 Meats and seafoods

Meats of ruminant origin have markedly higher CLA concentrations than those from
monogastric animals (Chin, Liu, Strokson, et al., 1992). In addition, there can be sig-
nificant variation in the CLA content of meat samples within the same ruminant spe-
cies owing to factors such as feeding.

The highest amount of CLA was found in lamb and in beef (19.0 and 13.0 mg/g
fat, respectively), and the published results on these two meats are almost over-
lapping. The CLA content of pork, rabbit, chicken and meat of horses is around
1 mg/g fat, while that of turkey is slightly higher. The difference in CLA content



Conjugated linoleic acid production in fermented foods 79

between the meats of ruminants and nonruminants can reach one order of magni-
tude in some cases. Nevertheless, the lowest values for ruminants are very close to
those of monogastric animals (Table 4.1). The main influencing factors are breed,
feeding regimen, seasonal variations, production practices, part of the carcass and
muscle type; moreover, large animal-to-animal variations have also been observed
(Ma, Wierzbicki, Field, & Clandinin, 1999; Raes et al., 2003; Shantha, Crum, &
Decker, 1994). The tissues of ruminants are provided with higher amounts of CLA

Table 4.1 Total CLA content of meats and eggs

Products | CLA content (mg/g) | CLA content as: | References
Beef 13.0 Fat Fogerty et al. (1988)
3.7 Fat Chin, Liu, Strokson, et al. (1992)
3.1-8.5 Fat Shantha et al. (1994)
6.5 FAME Fritsche and Steinhart (1998)
3.6-6.2 Fat Dufey (1999)
1.2-3.0 Fat Ma et al. (1999)
2.7-5.6 FAME Rule, Broughton, Shellito, and
Maiorano (2002)
4.0-10.0 Fat Raes et al. (2003)
Veal 2.7 Fat Chin, Liu, Strokson, et al. (1992)
Lamb 14.9 Fat Fogerty et al. (1988)
12 FAME Fritsche and Steinhart (1998)
5.6 Fat Chin, Liu, Strokson, et al. (1992)
11.0 Fat Dufey (1999)
0.64-3.13 FAME Mir, Rushfeldt, Mir, Paterson,
and Weselake (2000)
8.8-10.8 FAME Wachira et al. (2002)
4.32 Fat Badiani et al. (2004)
19.0 FAME Knight, Knowles, Death,
Cummings, and Muir (2004)
Pork 1.2;1.5 FAME Fritsche and Steinhart (1998)
1.4 Fat Fogerty et al. (1988)
0.6 Fat Chin, Liu, Strokson, et al. (1992)
Rabbit 1.1 FAME Fritsche and Steinhart (1998)
Chicken 1.5 FAME Fritsche and Steinhart (1998)
1.8 Fat Fogerty et al. (1988)
0.9 Fat Chin, Liu, Strokson, et al. (1992)
0.7 FAME Rule et al. (2002)
Turkey 2.5 Fat Chin, Liu, Strokson, et al. (1992)
2.0 FAME Fritsche and Steinhart (1998)
Horse 0.6 Fat Dufey (1999)
Eggs 0-2.4 Fat Fogerty et al. (1988)
0.6 Fat Chin, Liu, Strokson, et al. (1992)
0.2 (yolk) FAME Fritsche and Steinhart (1998)

CLA, conjugated linoleic acid; FAME, fatty acid methyl esters.
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for incorporation into glycerolipids than those of monogastric animals, if feeding
conditions are appropriate. CLA and its precursors can also originate from microbi-
ological synthesis in the rumen, and probably also other parts of the gastrointestinal
tract, as well as from de novo synthesis in the mammary gland or other tissues, as
was described in the Introduction. The main cause of variation within the products
of one breed has been assigned to the differences in feeding regimens (Dufey, 1999;
Parodi, 1994).

The CLA level of common marine foods proved to be lower than that of meats and
raw milk. The total CLA content was measured to be approximately only 0.5 mg/g;
moreover, the most abundant isomer in continental food products (cis-9,trans-11
CLA) was not detected in food of marine source (Chin, Liu, Strokson, et al., 1992).
The CLA content of fishes varied from 0.1 (pike perch) to 0.9 mg/g (carp) (Fritsche &
Steinhart, 1998).

4.3.3 Plant oils

Fatty acids with conjugated double bonds do occur in different seed oils, but CLA is
often not found in oils from a number of plant species or its level is negligible in rela-
tion to dairy products. Some studies led to the conclusion that CLA contents of edi-
ble oils (olive, soybean, sunflower, refined or unrefined walnut, safflower, grapeseed,
avocado, cashew and peanut oil, and coconut fat) and margarines are below 0.1 mg/g
(Fogerty, Ford, & Svoronos, 1988; Fritsche & Steinhart, 1998), while other workers
have found larger quantities of CLA in similar products. CLA was quantified in exotic
oils originating from Brazil (Spitzer, Marx, Maia, & Pfeilsticker, 1991a, 1991b) and
was also detected in low amounts in commercial edible oils (corn, peanut, soybean
and palm oil) in Canada (Ackmann, Eaton, Sipos, & Crewe, 1981). Corn oil, olive oil
and coconut fat were reported to contain approximately 0.2mg/g CLA. In samples
obtained from stores the cis-9,trans-11 CLA isomer accounted for 45% of the total
amount of CLA, while corn oil processed in the laboratory did not have this isomer
in detectable amounts. The total CLA content of the home-made corn oil was almost
the same (0.2mg/g), as in the case of the commercial product (Chin, Liu, Strokson,
etal., 1992).

The observed differences in the CLA content of vegetable oils may suggest that
isomer distribution and the amount of total CLA of plant oils can be notably influ-
enced by processing conditions in which heat and/or chemical treatment are applied
(Fritsche & Steinhart, 1998).

4.4 Factors influencing the CLA content of raw
materials, and the effect of animal diet on CLA
content of milk and meat

Several factors have already been observed that may influence the CLA content of
animal products, i.e. animal genetics, production practices and seasonal variation.
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The animal diet is probably the most important among these factors because it pro-
vides substrates for CLA formation (Wahle et al., 2004). Besides the intake of unsatu-
rated fatty acid precursors, other characteristics of feeding may also be important, e.g.
energy values and fibre content, the number of feedings per day and the form of the oil
source (free or present in intact seeds or in crushed seeds, etc.). Owing to the forma-
tion mechanisms of CLA, the main target group is the group of ruminants, as feeding
them with CLA precursors can lead to the formation of significant amounts of CLA
in the rumen. By contrast, the products of monogastric animals could be efficiently
enriched in CLA, if the feed itself contains CLA or vaccenic acid, as A%-desaturase
reaction also occurs in nonruminants. As these feed additives are more expensive than
oil seeds or vegetable oils, production of CLA-enriched meat with direct addition of
CLA to the feed is questionable from an economic point of view.

Since the mid-1990s a large number of studies have repeatedly shown the advan-
tage of pasture feeding over concentrate-based diet from the viewpoint of CLA
content in ruminant products and also for other significant fatty acid parameters
in the fat of these products, i.e. the n3/n6 polyunsaturated fatty acid (PUFA) ratio
and PUFA/saturated fatty acid ratio (see reviews by Collomb et al. (2006), Schmid,
Collomb, Sieber, and Bee (2006), van Wijlen & Colombani (2010)). Seasonal vari-
ations have been observed in the CLA content of milk between winter and summer.
These differences could be attributed to the change in diet: indoor winter feeding
versus pasture feeding. A switch from concentrate-based diet to pasture increased
the CLA content of milk (Dhiman, Helmink, McMahon, Fife, & Pariza, 1999; Kelly,
Kolver, Bauman, van Amburgh, & Muller, 1998; Lock & Garnsworthy, 2003; Precht
& Molkentin, 2000; Salamon, Varga-Visi, et al., 2009; Stanton et al., 1997). A pos-
sible explanation for these observations is that provision of increasing proportions
of fresh green forage resulted in higher intake of PUFA, especially a-linolenic acid,
which could be a possible precursor of frans-11 18:1 in the rumen, following subse-
quent desaturation to cis-9,trans-11 CLA in the mammary gland (Bauman, Corl, &
Peterson, 2003). However, the enhanced PUFA intake alone cannot explain why the
milk fat of cows fed fresh green forage had more CLA than milk fat from silage-fed
cows (Elgersma, Tamminga, & Ellen, 2006). The lower “CLA-generating” effect
of silages related to fresh grass may be attributed to changes in nutrients during
the ensiling process, that is, the sugar and soluble fibre contents of the material
decreases and thereby generates a different ruminal environment related to grasses
(French et al., 2000; Schmid et al., 2006).

Pasture feeding has also been reported to exert an advantageous effect on the
CLA content of the meat of ruminants. The amount of CLA in intramuscular fat of
pasture-raised steers (French et al., 2000; Poulson, Dhiman, Ure, Cornforth, & Olson,
2004; Realini, Duckett, Brito, Dalla Rizza, & DeMattos, 2004), bulls and lambs
(Aurousseau, Bauchart, Calichon, Micol, & Priolo, 2004; Nuernberg et al., 2004;
Santos-Silva, Bessa, & Santos-Silva, 2002) was significantly higher than in those fed
with concentrate diet. Grass silage enhanced the level of CLA in the longissimus dorsi
muscle of steers, but to a lesser extent than fresh grass (French et al., 2000).

In summary, pasture feeding seems to be an effective tool to produce raw materials
of outstanding biological value. However, with respect to CLA, its efficiency seems to
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be a little higher for milk than for meat, as the CLA content of milk fat was observed
to be higher than that achieved in the fat of ruminant meat (Woods & Fearon, 2009).

Following the discovery of the favourable properties of CLA, several attempts have
been made to increase its level in animal products with the addition of different plant
oils and marine oils. Studies conducted on the CLA enrichment of the milk and meat
ruminants have been reviewed by Collomb et al. (2006) and Schmid et al. (2006),
respectively. Several types of plant oils (sunflower, peanut, soybean, canola and lin-
seed oil) were used successfully to achieve significant increase in the CLA content of
milk. Sunflower oil was found to be more effective than peanut or linseed oil (Kelly,
Berry, et al., 1998; Collomb, Sieber, & Biitikofer, 2004; Collomb, Sollberger, et al.,
2004) and the use of soybean oil as a supplement also has been shown to be more
advantageous than feeding linseed oil (Dhiman et al., 2000). The addition of fish
oil was more effective than addition of plant oils (Chilliard, Ferlay, Mansbridge, &
Doreau, 2000).

In the case of CLA-rich meat production, feed complemented with sunflower seed
increased the CLA content of subcutaneous fat of bulls, while linseed and rapeseed
seemed not to be efficient (Casutt et al., 2000). Linseed addition exerted only a minor
influence on the CLA levels in the longissimus dorsi muscle in bulls (Stasiniewicz,
Strzetelski, Kowalczyk, Osieglowski, & Pustkowiak, 2000; Strzetelski et al., 2001). Sun-
flower seed also increased the CLA content of the longissimus thoractis muscle of lambs
(Santos-Silva, Bessa, & Mendes, 2003), and, contrary to most of the experiments carried
out with bulls, Wachira et al. (2002) and Demirel, Wood, and Enser (2004) managed to
increase the CLA content of the longissimus dorsi muscle of lambs with linseed feeding.
Inclusion of other oilseeds in the diet also proved to be an effective tool to increase the
CLA content of meat. Safflower seed in lambs (Bolte, Hess, Means, Moss, & Rule, 2002;
Kott et al., 2003), extruded full-fat soybeans in steers (Madron et al., 2002) and whole
crushed soybeans with crushed raw flax in bull calves (Aharoni, Orlov, & Brosh, 2004)
proved to be efficient. Among vegetable oils, applied in the free form, sunflower oil can
be used to increase CLA in the longissimus muscle of beef cattle (Mir et al., 2003; Mir
et al., 2002) and heifers (Noci, O’Kiely, Monahan, Stanton, & Moloney, 2005), and intra-
muscular CLA content in lambs (Ivan et al., 2001). Conversely, rapeseed oil did not exert
any positive effect on the longissimus dorsi muscle of beef cattle or lambs (Stasiniewicz
et al., 2000; Strzetelski et al., 2001; Szumacher-Strabel, Potkanski, Cieslak, Kowalczyk,
& Czauderna, 2001). Results regarding soybean oil were inconsistent, as the effective
dose of this type of oil was observed to differ (Beaulieu, Drackley, & Merchen, 2002;
Griswold et al., 2003; Santos-Silva, Mendes, Portugal, & Bessa, 2004). Using oil in the
free form means that at higher doses the adverse effect of milk fat depression has to be
considered. The CLA content of meat parts was affected differently by soybean oil addi-
tion (Griswold et al., 2003). This finding draws attention to the possibility that the same
situation could have been observed in the case of the other oil sources if other parts of the
body had been analysed. That is, CLA enrichment with feeding could lead to different
results for different parts of the carcass.

Obviously, one cannot expect any effect on CLA content when ruminally protected
lipid supplements were added in order to improve the energy balance of milking cows
(Scollan, Enser, Gulati, Richardson, & Wood, 2003).
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The CLA-enhancing effect of a given forage supplementation (e.g. sunflower seed
or soybean) has been shown to be different for milk fat and for the lipids of meat.
With the application of these feed additives, the increase in CLA content of the fat in
meat was relatively lower than that of milk fat (Collomb, Sieber, & Biitikofer, 2004;
Dhiman et al., 2000; Lawless, Murphy, Harrington, Devery, & Stanton, 1998). Similar
advantages were reported for milk fat over meat fat when pasture feeding versus con-
centrate-based diet was applied (see earlier). These findings may refer to differences
between formation of milk and meat lipids with respect to the intensity of A%-desatu-
rase reaction or incorporation of CLA into glycerides.

The three main precursors for CLA formation in milk were denominated as oleic
acid, linoleic acid and linolenic acid (Collomb et al., 2006). There were strong positive
correlations between the intake of these fatty acids and the amount of several CLA
isomers in milk fat (Collomb, Sieber, & Biitikofer, 2004). In part these relationships
have been illuminated (Figure 4.1), but the biochemical explanations for many of them
have not been completely revealed yet. The explanation of the mechanism of fish oil is
also unclear. The direct formation via precursors is unlikely because these oils contain
less linoleic and linolenic acids than plant oils, and long-chain PUFAs are not direct
precursors of rumenic or vaccenic acid. However, supplementation of the diet with fish
oil increased the amount of trans-11 18:1 leaving the rumen (Shingfield et al., 2003).
One possible explanation may be the inhibitory effect of docosahexanoic acid (DHA,
cis-4,cis-7,cis-10,cis-13,cis-16,cis-19 22:6), because DHA hampers the reduction of
vaccenic acid to stearic acid in vitro (AbuGhazaleh & Jenkins, 2004). However, addi-
tional experiments are needed to provide an explanation.

The level of inclusion of oils is limited by milk fat depression, that is, the fat
content of milk decreases if the free oil content of the feed exceeds a certain limit
(Banks, Clapperton, Kelly, Wilson, & Crawford, 1980; Jenkins, 1993). The decrease
of protein content of milk has also been reported (Grummer, 1988), as free oil being
present in too high quantities in the rumen can hamper both fermentation and pro-
tein synthesis by microbiota. Therefore the limit of levels that can be applied for
different oil sources should be considered. If oil sources are intact or seeds are only
partially disintegrated, the rate of oil liberation is slower in the rumen and there-
fore milk fat depression can be avoided (DePeters, Taylor, Franke, & Aguirre, 1985;
Dhiman et al., 2000; Mohamed, Satter, Grummer, & Ehle, 1988). Nevertheless, a rise
in CLA level in products cannot be obtained without overflowing the rumen with fatty
acid substrates, because high levels of these could prevent the completion of the bio-
hydrogenation, and by-products rumenic and vaccenic acid may escape the rumen in
significant amounts.

Besides the application of shortenings, other diet ingredients that influence the bio-
hydrogenation process can also be applied. The last step of biohydrogenation, i.e.
the reduction of oleic acid to stearic acid, can be hampered with increasing starch
and decreasing fibre content in the diet (Gerson, Jihn, & King, 1985; Jiang et al.,
1996; Kelly & Bauman, 1996; Palmquist & Schanbacher, 1991; Varga-Visi & Csap6,
2003). Moreover, some authors were led to the assumption that there may be syner-
gism between the high-forage concentration and dietary supplementation with PUFA
(Aharoni et al., 2004).
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The frequency of feeding might also influence the CLA content of the product.
However, Banks et al. (1980) found that the effect of feeding frequency on the vacce-
nic acid content of milk was minor.

One can come to the conclusion that feeding is a possible way to produce CLA-rich
animal products, for example, raw materials for fermented milk and meat products
with enhanced biological value. However, several factors have to be considered in
order to avoid possible negative changes that may lower fat and protein content. More-
over, the CLA increment has been reported as a transient phenomenon, likely owing
to the adaptation of microbiota. The CLA level of milk decreased after a few weeks
following the administration of the experimental diet (Bauman, Barbano, Dwyer, &
Griinari, 2000; Shingfield et al., 2006). Therefore, it is hard to imagine how to main-
tain the production of milk rich in CLA during the whole lactation period. In the case
of meats of ruminants, the transient feature of the blocking of biohydrogenation can be
resolved if these diets are applied in the finishing period. However, a more substantial
increase in the CLA content of beef cattle has been reported when sunflower oil was
added to both growing and finishing diets (Mir et al., 2002), that is, the transient feature
of CLA increment may follow different patterns in the case of milk and meat fat, prob-
ably owing to the different mechanisms and speed of lipid incorporation. Nevertheless,
in order to establish the appropriate feeding regimen, additional studies are needed to
clarify the effect of elapsed time on the CLA content of fat in animal products.

4.5 CLA content of fermented food products

One may expect that the evaluation of factors having an effect on CLA level of pro-
cessed food products is more difficult than doing the same for non-processed foods.
Besides the factors influencing the CLA level of raw materials, food processing steps
may also have significant effects on the level of these constituents. Fermentation and
application of heating can change the CLA content of food originating from unpro-
cessed raw materials.

4.5.1 Fermented milk products

The CLA content of milk products ranged from 4.6 to 7.1 in Sweden (Jiang, Bjorck, &
Fondén, 1997), from 3.6 to 7.0 in the United States (Chin, Liu, Strokson, et al., 1992;
Ha, Grimm, & Pariza, 1989; Lin et al., 1995; Shantha, Deckeer, & Ustunol, 1992;
Shantha, Ram, O’Leary, Hicks, & Decker, 1995) and from 4.0 to 11.7 in Germany
(Fritsche & Steinhart, 1998). The magnitude of the differences in CLA content seems
to be smaller for different milk products (Table 4.2) than for unprocessed milk.
Based on the data in Table 4.2 it can be seen that none of the groups of milk products
contain notably more CLA than another, but values within a group can cover a wide
range. In the case of cheeses, length of aging has been suggested as a possible factor
of variance, as CLA level of Parmesan was measured to be higher than that of the
other cheeses with shorter ripening periods (Ha et al., 1989). Moreover, hard cheeses
with long aging time had higher CLA levels than hard cheeses with short maturation
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Table 4.2 Total CLA content of fermented milk products and
processed cheese

Products CLA content (mg/g) CLA content as: References
Yogurt 6.9+£3.0 FAME Fritsche and
Steinhart (1998)
4.8 Fat Chin, Liu, Strokson,
et al. (1992)
3.8 Fat Lin et al. (1995)
43+13 Fat Prandini, Sigolo,
Tansini, Brogna,
and Piva (2007)
Cheese 8.4+3.8 FAME Fritsche and Stein-
hart (1998)
5.0-7.1 Fat Jiang et al. (1997)
2.9-7.1 Fat Chin, Liu, Strokson,
etal. (1992)
5.1-54 Fat Werner et al. (1992)
4.0-4.9 Fat Nunes and Torres
(2010)
3.9-8.1 Fat Prandini et al.
(2007)
0.6-1.9 Product Ha et al. (1989)
Processed cheese 5.0 Fat Chin, Liu, Strokson,
et al. (1992)
3.2-8.9 Fat Shantha et al. (1992)
1.9-8.8 Product Ha et al. (1989)

CLA, conjugated linoleic acid; FAME, fatty acid methyl esters.

time (Zlatanos, Laskaridis, Feist, & Sagredos, 2002). Another possible explanation for
the observed differences is the use of different starter cultures. On a theoretical basis
it could be assumed that Roquefort, blue cheese and Emmental cheese are possible
candidates for an enhanced CLA level, owing to the strong lipolysis during ripening
resulting in a high free fatty acid content, of which linoleic acid could be a good sub-
strate for the formation of CLA by lactic acid bacteria and propionibacteria during rip-
ening (Sieber, Collomb, Aeschlimann, Jelen, & Eyer, 2004). Nevertheless, studies in
which the whole process of cheese making was monitored did not verify this assump-
tion because there were only slight variations in the CLA content related to fat content
during ripening (Jiang et al., 1997; Lin et al., 1995; Werner, Luedecke, & Schultz,
1992) or when different starter cultures were used (Werner et al., 1992). Emmental
cheese produced with strains of Propionibacterium sp. with different lipolytic activ-
ities gave almost the same results (Gnidig, 2002). In a comparative study conducted
in Italy and France, the authors observed that the CLA content of cheeses produced
from milk of the same ruminant species but with different technologies did not differ
significantly (Prandini, Sigolo, & Piva, 2011). In a literature survey on the published



86 Advances in Fermented Foods and Beverages

CLA results of cheeses between 1998 and 2011, no differences were found between
the groups of hard, semi-hard, soft, mouldy and processed products (Abd El-Salam
& El-Shibiny, 2014). Analysing the total amount of CLA and that of the individual
isomers during ripening of Spanish cheeses protected with designation of origin, the
authors found that differences that can be attributed to ripening were negligible (Luna,
Juarez, & de la Fuente, 2007). Pasteurisation and ripening did not change the sum
of CLA significantly in Pecorino Toscano (protected denomination of origin) cheese
made from sheep milk (Buccioni et al., 2010); however, contrary to the observation
of the previous group, significant differences have been observed in the distribution
of the isomers.

The CLA content of dairy products is largely dependent on the CLA content of
the milk from which they originate. Processing appears to have either no or only lit-
tle effect on the amount of CLA in the final product (Wahle et al., 2004). However,
heat processing of cheeses seems to be an exception, causing an increase in the CLA
content. The level of increase was more pronounced when whey protein concentrate
was added before heating, and, parallel with the increment, the ratio of cis-9,trans-11
CLA has been reported to remain the same (Ha et al., 1989; Shantha et al., 1992). The
presence or absence of oxygen may also exert an effect on CLA during this process,
as cheddar cheese following processing at 90 °C had 10% higher levels of CLA than
before heating, while the same treatment in nitrogen atmosphere caused no change
in the CLA level of the product (Shantha et al., 1992). This finding may support the
hypothesis that heat accelerates the autoxidation of linoleic acid and therefore the
formation of conjugated positional isomers.

Another possible means of formation of CLA is via enzymatic processes of fer-
mentation. Elevated CLA levels were reported several times in fermented milk prod-
ucts related to raw milk (Aneja & Murthy, 1990; Jiang et al., 1997; Shantha, Ram,
O’Leary, Hicks, & Decker, 1995), whereas others found no differences (Boylston &
Beitz, 2002; Lin et al., 1995; Shantha et al., 1995) in fat basis. However, it seems that
commercially used dairy starter bacteria have only a minor contribution to the CLA
level of the fermented product (Salamon, Loki, Csapé-Kiss, & Csap6, 2009; Sieber
et al., 2004), while the use of suitable strains may lead to favourable results.

4.5.2 Dairy-based functional foods

The inclusion of certain microbial cultures in the fermentation during food processing
may result in health benefits of the product and therefore can lead to functional attri-
butes. The key functions of the body can be beneficially affected by the delivery of
probiotics or alteration of biotransformation reactions during fermentation, including
the elimination of unwanted compounds, formation of health-beneficial molecules or
enhancement of their bioavailability (van Hylckama Vlieg, Veiga, Zhang, Derrien, &
Zhao, 2011; Stanton, Ross, Fitzgerald, & Van Sinderen, 2005).

The improvement of the CLA supply of humans can be achieved via CLA-pro-
ducing strains. Formation of CLA can be accomplished during the preparation of the
food product via dairy cultures, but this process could also be amplified in the human
gastrointestinal tract with the administration of probiotics. Recently, a number of
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bacteria have been proved to form CLA, including strains of lactobacilli, bifidobacte-
ria, propionibacteria, pediococci, enterococci, streptococci and lactococci (Hennessy,
Ross, Stanton, Devery, & Murphy, 2007; Oh et al., 2003; Owaga et al., 2005). The
CLA-producing capacity of these strains using different growth media, skim milk and
whole milk was reviewed by Sieber et al. (2004). The CLA formation follows similar
mechanisms as in the case of the ruminal bacterium Butyrivibrio fibrisolvens via the
action of linoleic acid isomerase (Lin, Lin, & Wang, 2002), while the CLA metabo-
lism may differ among strains.

CLA formation intensity of strains, as in the case of the other metabolites, is influ-
enced by external conditions as well as by genetic traits. Optimization of fermentation
to achieve the highest yield and to maintain this level, as far as possible, until the prod-
uct is consumed is an indispensable task when CLA-enriched fermented functional
foods are to be produced. In the late 1990s Lin, Lin, and Lee (1999) discovered that
addition of linoleic acid significantly increased the CLA content of skim milk incu-
bated with six lactic cultures, while incubation with cultures without the inclusion of
linoleic acid did not result any changes in the CLA level of the fermented product. In
a later experiment, addition of linoleic acid did not increase the amount of CLA when
yogurt was fermented by the commercial starter culture alone (Xu, Boylston, & Glatz,
2005) but did enhance the CLA level of yogurt when the starter culture was applied
together with probiotic strains.

Kim and Liu (2002) concluded that the CLA production of Lactococcus lactis 1-01
in milk depends on several factors, i.e. substrate (sunflower oil) concentration, pH,
incubation time and culture conditions. When sunflower oil was added initially, grow-
ing cells produced more CLA than cells in the stationary phase; however, stationary
cells were capable of producing more CLA when sunflower oil was added shortly
before the end of the incubation period.

The dose dependence of the addition of sunflower oil on the CLA content of fer-
mented milk was evaluated by Salamon, L6ki, Varga-Visi, Mandoki, and Csap6 (2009).
Two stains of lactobacilli produced the maximum amount of CLA when 100-150 pul
sunflower oil was added to 100cm? milk. The authors observed a severe decline in
CLA when addition exceeded the “200 pl/100 cm3” value. In the samples fermented by
Lactobacillus plantarum the CLA level dropped to the level of raw milk when 400 ul
or more oil was added, while for Lactobacillus acidophilus significantly lower CLA
levels were measured than those of the initial material when 600 pl or more sunflower
oil was added to 100 cm? milk. A promising candidate for CLA formation, when rigor-
ous optimization of CLA addition may not be required, is Lactobacillus casei. Using
this species for fermentation, the level of CLA also increased significantly when sun-
flower oil was added; nevertheless, dose-dependent decline was not observed in the
case of this strain.

Lin (2003) reported that mixed cultures of L. acidophilus CCRC 14079 and yogurt
bacteria (Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus thermo-
philus) significantly enhanced the CLA content of nonfat set yogurt when linoleic
acid alone or linoleic acid and fructo-oligosaccharides were added. Obviously, the
inclusion of fructo-oligosaccharides alone did not prove to be an effective tool for
the enhancement of CLA level in yogurts, but the application of these prebiotics



88 Advances in Fermented Foods and Beverages

together with the probiotic bacteria L. acidophilus (La-5) and Bifidobacterium anima-
lis resulted in significantly higher levels of CLA. The level of CLA was higher when
probiotic yogurt was prepared with the addition of fructo-oligosaccharides related to
yogurt without prebiotics (Akalin et al., 2007). The influence of other commercially
available polysaccharides such as maltodextrin, oligofructose and polydextrose was
also studied on the CLA content of milks fermented by S. thermophilus and a strain of
either Lactobacillus or Bifidobacterium animalis subsp. lactis (Oliveira et al., 2009).

The latest trend is the addition of by-products from fruits to enhance the dietary
fibre intake and to improve the viability of bacteria in yogurt. These fruit pulps are
cheap and have complex ingredients, and may be valuable from both an economic and
nutritional point of view. However, the application of these fruit materials in fermen-
tation is a challenge because of their acidity and the antimicrobial compounds they
may contain. do Espirito Santo et al. (2010) used acgai pulp as a prebiotic to improve
the fatty acid profile of yogurt. Later, the same research group investigated the use of
total dietetic fibre prepared from apple, banana and passion fruit pressing by-products
in the processing of probiotic yogurt and, among others, the fatty acid composition
and counts of viable microorganisms were evaluated (do Espirito Santo et al., 2012).
Different probiotic strains were used together with the traditional yogurt starter cul-
ture composed of S. thermophilus and L. delbrueckii subsp. bulgaricus. The effect of
probiotic strains on the CLA content was different, with moderate increase or about
the same value as was observed for the control. Moreover, in the case of fermentation
with L. acidophilus 1.10, the CLA content was significantly lower in yogurt than in the
initial milk, that is, some part of CLA present in the raw milk was converted into other
fatty acids. In fibre yogurts inclusion of passion fruit during fermentation enhanced
the CLA level in all of the examined probiotic strains. The influence of the other types
of total dietetic fibres was not uniform, but it also depended on the probiotic strain
that was applied. Banana fibre had a negative effect on the CLA content of yogurt
produced with Bifidobacterium animalis subsp. lactis B104, B94 and HNO19, but a
positive effect was observed for L. acidophilus L10.

In cases where significant CLA formation can be achieved, it is very important to
maintain its level until the product is consumed. The concentration of cis-9,trans-11
CLA remained at the same level until the 28th day of storage in probiotic yogurt at
4°C but declined after 35days, which was attributed to oxidative destruction of the
conjugated double bond system (Akalin, Tokusoglu, Gonc, & Aycan, 2007). Some
researchers also reported at least 1 week stability (Shantha et al., 1995; Boylston
& Beitz, 2002) while others observed a slight decline during this period (Florence
et al., 2012). The “storage stability” of isomers was reported to be different: while
cis-9,trans-11 remained at its initial level, trans-10,cis-12 CLA declined rapidly and
could not be detected in any yogurt after 35 days of storage (Akalin et al., 2007).

The cited findings verify that the advantage of higher CLA levels can also be included
in the health-enhancing properties of probiotic yogurts in certain cases. The CLA con-
tent of the product can be increased by particular strains of probiotic bacteria if they
are provided with adequate substrates such as linoleic acid, fructo-oligosaccharides
or other prebiotics, or even fruit by-products. But one should be aware of the varying
CLA-producing capability of Lactobacillus, Lactococcus and Bifidobacterium species
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and strains during fermentation of milk (Ekinci, Okur, Ertekin, & Guzel-Seydim,
2008; do Espirito Santo et al., 2010; do Espirito Santo et al., 2012; Oliveira et al.,
2009). It depends to a great extent on the added prebiotics (do Espirito Santo et al.,
2012); therefore, the appropriate selection of strains and substrates is an indispensable
task. Moreover, the CLA level of each dairy product notably depends on that of the
raw milk. The main factor that determined the CLA content of probiotic fermented
milk products was the type of milk (organic and conventional) and not the fermenta-
tion conditions, i.e. the applied strains or duration of time (Florence et al., 2012), and
the CLA content of raw milk was mainly influenced by the feeding of dairy ruminants.

4.5.3 Fermented meat products

Sparse data are available on the CLA content of meat products, and the reported values
ranged from 0.8 to 6.6 mg CLA/g fat. Fermented meat products ranked in the upper
middle part of this range, i.e. different types of sausages contained 3.3—4.4mg CLA/g
fat (Chin, Liu, Strokson, et al., 1992; Fritsche & Steinhart, 1998). The CLA content of
commercial meat products was reported to be similar to that of the raw material, that
is, fermentation and other processing steps did not exert an important effect on its level
(Fritsche & Steinhart, 1998).

4.5.4 Functional meat products

Meat is a highly nutritious food with great potential for delivering very valuable
nutrients such as fatty acids, minerals, antioxidants and bioactive peptides into
the human diet. Consumers have a high degree of preference for its organoleptic
properties, although its intake is associated with health risks (e.g. the elevated
risk of cardiovascular diseases). Among other factors, the presence of nitrites
and nitrates and its saturated fatty acid profiles have been attributed to health
problems. The amount of these so-called “negative nutrients” can be decreased
to some extent. Several attempts have been made to resolve this matter, among
them modification of the fatty acid profile. Besides the enhancement of the ratio
of unsaturated fatty acids and changing the omega 6/omega 3 ratio, fatty acids
with health amelioration potential, i.e. CLA, were also at the centre of interest.
The supplementation of meat with bioactive, health-preserving essential or non-
essential ingredients can be accomplished by feed or postmortem modification
(Decker & Park, 2010; Khan et al., 2011). Several studies have been conducted
towards the production of CLA-enriched meat in which the forage of ruminants
was complemented with vegetable oil, oilseed oil or fish oil, as described earlier
in Section 4.4. Researchers also managed to increase the CLA content of pork by
dietary supplementation of pigs with synthetic CLA (Bee, 2001; Eggert, Belury,
Kempa-Steczko, Mills, & Schinckel, 2001; Joo, Lee, Ha, & Park, 2002; Lauridsen,
Mu, & Henckel, 2005). Although synthetic CLA is more expensive than oil seeds
or vegetable oils that can be applied in ruminants to achieve CLA increases in
meat, in the present context the importance of this finding is enhanced by the fact
that in the field of fermented meat products — in particular in Europe and North
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America — pork as a raw material is much more important for sausages than the
meat of ruminants (Leroy, Verluyten, & De Vuyst, 2006). These products with
improved nutritional profiles can be categorized as functional foods, as their
health-preserving and nutritive values exceed those of conventional products
(Decker & Park, 2010).

On the one hand, fermented meat products can be enriched with CLA by the appli-
cation of raw materials derived from animals reared with appropriate feeding tech-
niques. On the other hand, synthetic CLA can be added to meats during processing.
CLA has been added directly to pork patties (Joo, Lee, Hah, Ha, & Park, 2000) and
beef patties (Chae, Keeton, & Smith, 2004; Hur et al., 2004) and injected into beef
strip loin (Baublits et al., 2007). Similar addition could be practised during the produc-
tion of fermented meat products. Another prospective avenue for the modification of
CLA content might be the inclusion of CLA-forming strains in meat starters. As pork
is the most important initial material for sausages and its CLA content is low, finding
the appropriate strains for the enhancement of CLA via fermentation is a promising
prospect.

Fermented sausages can be processed by co-fermentation of probiotics and com-
mercial starter culture. Probiotic bacteria are usually applied in dry (fermented) sau-
sages, which are prepared without the application of heat; therefore their presence
in the product in appropriate numbers can enable them to exert desirable properties
such as adherence, colonization, the production of antimicrobial substances, antago-
nism against pathogenic bacteria and immune modulation (Brassart & Schiffrin, 2000;
Molly, Demeyer, Civera, & Verplaetse, 1996). However, the application of probiotic
starter cultures in the production of functional meat products is still rare (Toldrd &
Reig, 2011; Zhang, Xiao, Samaraweera, Lee, & Ahn, 2010). The application of probi-
otics in meat products that, besides the above effects, contribute to the improvement
of the CLA supply of humans is a challenge for the future.

4.6 Health effects of CLA

CLA present in the fats of ruminants has been reported to have health amelioration
potential. Its discovery is dated in 1979 when Pariza, Ashoor, Chu, and Lund (1979)
discovered anti-mutagenic substances instead of mutagens in pan-fried beef burgers
that inhibited the initiation of mouse epidermal tumours (Pariza & Hargraves, 1985)
and were identified as CLA (Ha, Grimm, & Pariza, 1987). Nowadays, in general,
numerous health benefits are attributed to CLA, encompassing the range of common
diseases in Westernised populations such as cancer, diabetes and cardiovascular dis-
eases. Positive effects on body composition, the immune system and bone health have
also been observed (Jahreis, Kraft, Tischendorf, Schone, & von Loeffelholz, 2000;
Khanal, 2004; Kraft & Jahreis, 2004; Larsen, Toubro, & Astrup, 2003; Martin &
Valeille, 2002; O’Shea, Bassaganya-Riera, & Mohede, 2004; Pariza, 2004; Terpstra,
2004; Wahle et al., 2004; Wang & Jones, 2004; Watkins, Li, Lippman, Reinwald, &
Seifert, 2004). However, most experiments were carried out using animal trials and
are not inevitably conclusive for humans; moreover, results obtained in many areas
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of health-effect investigations are contradictory. Physiological actions of CLA have
been shown to be isomer specific, and the two isomers that have most frequently been
examined are rumenic acid (cis,9-trans,11 CLA) and trans-10,cis-12 CLA. Isomer
distribution of natural food sources significantly differs from synthetic CLA supple-
mentations. In food, rumenic acid dominates, accounting for approximately 90% of
CLA intake in the diet (Mooney, McCarthy, & Belton, 2012), while trans-10,cis-12
CLA is present only in minor quantities. In synthetic supplements the amount of
trans-10,cis-12 CLA may be significant (Or-Rashid et al., 2011; Park, 2009; Wahle
et al., 2004). These facts should be considered when assessing the significance of
CLAs impact on health.

The most frequently studied area within the health effects of CLA is probably car-
cinogenesis. Rumenic acid has been shown to have inhibitory properties in several
kinds of cancer occurring in skin, breast, colon, liver, lung and kidney (Banni, Heys,
& Wahle, 2003; Belury, 2002; Bhattacharya, Banu, Rahman, Causey, & Fernandes,
2006; Ip, Masso-Welch, & Ip, 2003; Kelley, Hubbard, & Erickson, 2007; Lee, Lee,
Cho, & Kim, 2005; Parodi, 1994; Park, 2009). In most experiments animal cancer
models were applied, and only a small number of human studies involving CLA have
been reported. In some epidemiological studies inverse relationships were observed
between milk consumption and incidence of breast cancer (Aro et al., 2000; Knekt,
Jarvinen, Seppanen, Pukkala, & Aromaa, 1996), while others failed to detect any
association between these factors (Chajes et al., 2002; Chajes et al., 2003; Larsson,
Bergkvist, & Wolk, 2009; McCann et al., 2004; Moorman & Terry, 2004; Rissanen,
Knekt, Jarvinen, Salminen, & Hakulinen, 2003; Voorrips et al., 2002). In one study,
milk consumption was assessed as having an adverse effect, increasing the risk of
breast cancer (Talamini et al., 1984). It is assumed that CLA can influence the initia-
tion, promotion and progression of cancer. The effect of CLA on these three steps of
carcinogenesis may also depend on the type of isomer and the type and site of the cell
or organ (Lee et al., 2005). CLA incorporates phospholipids into the membrane; thus,
cell metabolism and signal transduction may be modified in several ways: influence
on eicosanoid synthesis, regulation of gene expression, modulation of antioxidative
mechanisms, cell proliferation and apoptosis (Kraft & Jahreis, 2004).

Observations in animal trials pointed out that differences exist between mammalian
species regarding their response to CLA. It can be assumed that not all the impacts
that were proved for animals also pertain to humans (Wahle et al., 2004). In order to
clarify the effect of dietary CLA intake on the process of human carcinogenesis, more
clinical studies are needed.

The anti-diabetic effect of CLA may depend on both species and types of isomer.
Rumenic acid seemed to be inactive (Martin & Valeille, 2002), but the role of trans-
10,cis-12 isomer is controversial: some studies verified decreasing glucose levels and
increased insulin sensitivity with increased intake of trans-10,cis-12 CLA (see the
review by Khanal, 2004), while others reported opposite effects — that is, the promo-
tion of insulin resistance (Khanal, 2004; Moloney, Yeow, Mullen, Nolan, & Roche,
2004; Wang & Jones, 2004).

Several human studies were conducted in order to assess the effect of dietary CLA
on blood parameters for cardiovascular diseases. In most experiments there were no
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changes found regarding low-density lipoprotein, triacylglycerol and cholesterol con-
tent in blood by CLA, while some studies led to negative conclusions as enhanced
CLA intake decreased high-density lipoprotein, associated with negative health impact
(see the review by Park, 2009). In rodents CLA was shown to exert a positive effect
on blood parameters by lowering serum cholesterol and triacylglycerol concentrations
(Lock, Horne, Bauman, & Salter, 2005). The anti-atherogenic effect of CLA is also
a controversial issue. The severity of cholesterol-induced atherosclerotic lesions was
reduced with increasing doses of fed CLA in rabbits (Kritchevsky, Tepper, Wright, &
Czarnecki, 2002; Kritchevsky, Tepper, Wright, Tso, & Czarnecki, 2000), while CLA
also induced regression of pre-established atherosclerosis in ApoE—/— mice (Toomey,
Harhen, Roche, Fitzgerald, & Belton, 2006; Toomey, Roche, Fitzgerald, & Belton,
2003). However, other workers either did not observe any amelioration of fatty streak
lesions (Lee, Kritchevsky, & Pariza, 1994) or found CLA having a downright potential
pro-atherogenic effect (Munday, Thompson, & James, 1999). Current studies focus
on the cellular targets and mechanisms through which CLA exerts its effects regard-
ing atherogenesis. In the context of atherosclerosis, the influence of CLA on smooth
muscle and endothelial cells was comprehensively examined by Eder and Ringseis
(2010), while the results of in vitro studies regarding functionality of monocytes and
macrophages were reviewed by Mooney et al. (2012).

Animal trials with ad libitum dietary regimens strongly supported the observation
that inclusion of CLA in the diet lowers the body weight and the fat mass while increas-
ing the lean body mass (see the review by Roche, Noone, Nugent, and Gibney (2001),
Collomb et al. (2006)). Human studies, however, did not prove such strong evidence
of the weight loss and body fat reduction-inducing effects of CLA (Bhattacharya et al.,
2006; Park & Pariza, 2007; Terpstra, 2004; Wang & Jones, 2004). Trying to resolve
this contradiction, Park (2009) observed that CLA in animal trials that were carried
out using diet resulting in a negative energy balance proved to be ineffective on body
weight or body fat, similar to human studies in which calorie restriction was applied,
suggesting that CLA may be effective in cases of positive energy balance in the reduc-
tion of the ratio of fat within weight gain. The body composition effect of CLA has
been attributed to trans-10,cis-12 CLA, while cis-9,trans-11 CLA isomer seems to be
neutral (Martin & Valeille, 2002; Terpstra, 2004). The possible mechanism by which
CLA reduces adiposity was recently reviewed by Kennedy et al. (2010).

The enumeration of possible effects of CLA on human health has not been com-
pleted yet. CLA intake may have an influence on bone mass. The mechanism of this
action, however, is unambiguous (see the review by Park (2009)). Another possibility
is the utilization of the impact of CLA on inflammation and immune function for
asthma therapy (MacRedmond & Dorscheid, 2011).

4.7 Future trends

Producing food enriched in CLA can be accomplished with appropriate feeding regi-
mens; however, to achieve this purpose, several factors have to be considered in order
to avoid negative changes to other parameters of the product — for instance, reducing
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the fat and protein content of milk. Moreover, the time-dependent accumulation of
CLA in the fats of ruminants by feeding is not completely clarified. Thus, future
research is needed to study the pattern of this phenomenon for each animal product.

Fermentation with commercial starter cultures has been shown to result in only a
minor contribution to the CLA level of food items, though some strains of lactobacilli,
bifidobacteria, propionibacteria, pediococci, enterococci, streptococci and lactococci
can produce CLA if external conditions are appropriate. Some probiotic strains are
also capable of forming CLA, while the presence of prebiotics can also influence CLA
formation. The main challenges are the development of complete product recipes
through which significant increase of CLA may occur by fermentation while main-
taining the level of CLA until the product is consumed. This area may be a promising
future approach, especially for fermented meat products, as the CLA content of pork —
being an important raw material — is very low. Therefore, finding appropriate stains to
enhance the CLA level during ripening would be a worthwhile task.

CLA participates in or influences several cellular mechanisms in the microworld
of the body, resulting in varying effects with encouraging results. However, it has to
be considered that these fatty acids cannot be regarded as a general panacea; their
applicability in health preservation or amelioration depends on several factors, among
which the most important are probably the type of the isomer, the differences between
species and initial state of health. Changes in health status are the result of multi-
ple mechanisms. The elucidation of the exact means of action of CLA beyond the
observed phenomena might help us to resolve the contradictory results of experiments
that were observed in cases of several health effects, and present an opportunity to
determine the suitable diet for therapy and prevention of different diseases.

References

Abd El-Salam, M. H., & EIl-Shibiny, S. (2014). Conjugated linoleic acid and vaccenic acid con-
tents in cheeses: an overview from the literature. Journal of Food Composition and Analysis,
33, 117-126.

AbuGhazaleh, A. A., & Jenkins, T. C. (2004). Short communication: docosahexaenoic acid pro-
motes vaccenic acid accumulation in mixed ruminal cultures when incubated with linoleic
acid. Journal of Dairy Science, 87, 1047-1050.

Ackmann, R. G., Eaton, C. A., Sipos, J. C., & Crewe, N. F. (1981). Origin of cis-9,trans-11-and
trans-9,trans-11-octadecadienoic acids in the depot fat of primates fed a diet rich lard and corn
oil and implications for the human diet. Canadian Institute of Food Science and Technology,
14,103-107.

Abharoni, Y., Orlov, A., & Brosh, A. (2004). Effects of high-forage content and oilseed supple-
mentation of fattening diets on conjugated linoleic acid (CLA) and trans fatty acids profiles
of beef lipid fractions. Animal Feed Science and Technology, 117, 43-60.

Akalm, A. S., Tokusoglu, O., Gonc, S., & Aycan, S. (2007). Occurrence of conjugated linoleic
acid in probiotic yoghurts supplemented with fructooligosaccharide. International Dairy
Journal, 17, 1089—1095.

Aneja, R. P., & Murthy, T. N. (1990). Conjugated linoleic acid contents of Indian curds and
ghee. Indian Journal of Dairy Science, 43, 231-238.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref1010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref1010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref1010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0010
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0015
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0015
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0015
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0015
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0020
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0020
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0020
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0025
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0025
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0025
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0030
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0030

94 Advances in Fermented Foods and Beverages

Aro, A., Mannisto, S., Salminen, I., Ovaskainen, M. L., Kataja, V., & Uusitupa, M. (2000).
Inverse association between dietary and serum conjugated linoleic acid and risk of breast
cancer in postmenopausal women. Nutrition and Cancer, 38, 151-157.

Aurousseau, B., Bauchart, D., Calichon, E., Micol, D., & Priolo, A. (2004). Effect of grass or
concentrate feeding systems and rate of growth on triglyceride and phospholipid and their
fatty acids in the M. longissimus thoracis of lambs. Meat Science, 66, 531-541.

Badiani, A., Montellato, L., Bochicchio, D., Anfossi, P., Zanardi, E., & Maranesi, M. (2004).
Selected nutrient contents, fatty acid composition, including conjugated linoleic acid, and
retention values in separable lean from lamb rib loins as affected by external fat and cook-
ing method. Journal of Agricultural Food Chemistry, 52, 5187-5194.

Banks, W., Clapperton, J. L., Kelly, M. E., Wilson, A. G., & Crawford, R. J. M. (1980). The
yield, fatty acid composition and physial properties of milk fat obtained by feeding soya oil
to dairy cows. Journal of the Science Food and Agriculture, 31, 368-374.

Banni, S., Heys, S. D., & Wahle, K. W. J. (2003). Conjugated linoleic acids as anticancer nutri-
ents: studies in vivo and cellular mechanism. In J. L. Sébédio, W. W. Christie, & R. Adlof
(Eds.), Advances in conjugated linoleic acid research Vol. 2 (pp. 267-282). Champaign,
IL, USA: AOCS Press.

Baublits, R. T., Pohlman, F. W., Brown, A. H., Johnson, Z. B., Proctor, A., Sawyer, J., et al.
(2007). Injection of conjugated linoleic acid into beef strip loins. Meat Science, 75, 84-93.

Bauman, D. E., Barbano, D. M., Dwyer, D. A., & Griinari, J. M. (2000). Technical note: pro-
duction of butter with enhanced conjugated linoleic acid for use in biomedical studies with
animal models. Journal of Dairy Science, 83, 2422-2425.

Bauman, D. E., Baumgard, L. H., Corl, B. A., & Griinari, J. M. (2007). Biosynthesis of conju-
gated linoleic acid in ruminants. Journal of Animal Science, 77, 1-15.

Bauman, D. E., Corl, B. A., & Peterson, G. P. (2003). The biology of conjugated linoleic acids
in ruminants. In J. L. Sébédio, W. W. Christie, & R. Adlof (Eds.), Advances in conjugated
linoleic acid research Vol. 2 (pp. 146—173). Champaign, IL, USA: AOCS Press.

Beaulieu, A. D., Drackley, J. K., & Merchen, N. R. (2002). Concentrations of conjugated linoleic
acid (cis-9,trans-11-octadecadienoic acid) are not increased in tissue lipids of cattle fed a
high-concentrate diet supplemented with soybean oil. Journal of Animal Science, 80, 847-861.

Bee, G. (2001). Dietary conjugated linoleic acids affect tissue lipid composition but not de novo
lipogenesis in finishing pigs. Animal Research, 50, 383-399.

Bell, J. A., Griinari, J. M., & Kennelly, J. J. (2006). Effect of safflower oil, flaxseed oil, monen-
sin, and vitamin E on concentration of conjugated linoleic acid in bovine milk fat. Journal
of Dairy Science, 89, 733-748.

Belury, M. A. (2002). Dietary conjugated linoleic acid in health: physiological effects and
mechanisms of action. Annual Review of Nutrition, 22, 505-531.

Bessa, R. J. B., Santos-Silva, J., Ribeiro, J. M. R., & Portugal, A. V. (2000). Reticulo-rumen
biohydrogenation and the enrichment of ruminant edible products with linoleic acid con-
jugated isomers. Livestock Production Science, 63,201-211.

Bhattacharya, A., Banu, J., Rahman, M., Causey, J., & Fernandes, G. (2006). Biological effects
of conjugated linoleic acids in health and disease. Journal of Nutritional Biochemistry,
17, 789-810.

Bolte, M. R., Hess, B. W., Means, W. J., Moss, G. E., & Rule, D. C. (2002). Feeding lambs
high-oleate or high-linoleate safflower seeds differentially influences carcass fatty acid
composition. Journal of Animal Science, 80, 609-616.

Boylston, T. D., & Beitz, D. C. (2002). Conjugated linoleic acid and fatty acid composition of
yogurt produced from milk of cows fed soy oil and conjugated linoleic acid. Journal of
Food Science, 67, 1973-1978.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0035
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0035
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0035
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0040
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0040
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0040
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0045
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0045
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0045
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0045
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0050
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0050
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0050
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0055
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0055
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0055
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0055
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0060
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0060
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0065
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0065
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0065
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0070
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0070
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0075
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0075
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0075
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0080
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0080
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0080
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0085
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0085
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0090
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0090
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0090
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0095
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0095
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0100
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0100
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0100
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0105
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0105
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0105
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0110
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0110
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0110
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0115
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0115
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0115

Conjugated linoleic acid production in fermented foods 95

Brassart, D., & Schiffrin, E. J. (2000). Pre- and probiotics. In M. K. Schmidl, & T. P.
Labuza (Eds.), Essential of functional foods (pp. 205-216). Gaithersburg MD: Aspen
Publication.

Buccioni, A., Rapaccini, S., Antongiovanni, M., Minieri, S., Conte, G., & Mele, M. (2010).
Conjugated linoleic acid and C18:1 isomers content in milk fat of sheep and their transfer
to Pecorino Toscano cheese. International Dairy Journal, 20, 190-194.

Buccioni, A., Decandia, M., Minieri, S., Molle, G., & Cabiddu, A. (2012). Lipid metabolism in
the rumen: new insights on lipolysis and biohydrogenation with an emphasis on the role of
endogenous plant factors. Animal Feed Science and Technology, 174, 1-25.

Casutt, M. M., Scheeder, M. R., Ossowski, D. A., Sutter, F., Sliwinski, B. J., Danilo, A. A.,
et al. (2000). Comparative evaluation of rumen-protected fat, coconut oil and various oil-
seeds supplemented to fattening bulls. 2. Effects on composition and oxidative stability of
adipose tissues. Arch Tierernahr, 53, 25-44.

Chae, S. H., Keeton, J. T., & Smith, S. B. (2004). Conjugated linoleic acid reduces lipid
oxidation in aerobically stored, cooked ground beef patties. Journal of Food Science,
69, 306-309.

Chajes, V., Lavillonniere, F., Ferrari, P., Jourdan, M. L., Pinault, M., Maillard, V., et al. (2002).
Conjugated linoleic acid content in breast adipose tissue is not associated with the relative
risk of breast cancer in a population of French patients. Cancer Epidemiology Biomarkers
and Prevention, 11, 672-673.

Chajes, V., Lavillonniere, F., Maillard, V., Giraudeau, B., Jourdan, M. L., Sebedio, J. L., et al.
(2003). Conjugated linoleic acid content in breast adipose tissue of breast cancer patients
and the risk of metastasis. Nutrition and Cancer, 45, 17-23.

Chilliard, Y., Ferlay, A., Mansbridge, R. M., & Doreau, M. (2000). Ruminant milk fat plasticity:
nutritional control of saturated, polyunsaturated, trans and conjugated fatty acids. Annual
Zootechnolology, 49, 181-205.

Chin, S. E, Liu, W., Albright, K., & Pariza, M. W. (1992). Tissue levels of cis-9,trans-11 conju-
gated dienoic isomer of linoleic acid (CLA) in rats fed linoleic acid (LA). Faseb Journal,
6, A1396.

Chin, S. F, Liu, W., Storkson, J. M., Ha, Y. L., & Pariza, M. W. (1992). Dietary sources of
conjugated dienoic isomers of linoleic acid, a newly recognised class of anticarcinogens.
Journal of Food Composition and Analysis, 5, 185-197.

Collomb, M., Schmid, A., Sieber, R., Wechsler, D., & Ryhinen, E. L. (2006). Conjugated lin-
oleic acids in milk fat: variation and physiological effects. International Dairy Journal,
16, 1347-1361.

Collomb, M., Sieber, R., & Biitikofer, U. (2004). CLA isomers in milk fat from cows fed diets
with high levels of unsaturated fatty acids. Lipids, 39, 355-364.

Collomb, M., Sollberger, H., Biitikofer, U., Sieber, R., Stoll, W., & Schaeren, W. (2004b).
Impact of a basal diet of hay and fodder beet supplemented with rapeseed, linseed and
sunflowerseed on the fatty acid composition of milk fat. International Dairy Journal, 14,
549-559.

Corl, B. A., Barbano, D. M., Bauman, D. E., & Ip, C. (2003). Cis-9, trans-11 CLA derived
endogenously from trans-11 18:1 reduces cancer risk in rats. Journal of Nutrition, 133,
2893-2900.

Corl, B. A., Baumgard, L. H., Griinari, J. M., Delmonte, P., Morehouse, K. M., Yurawecz,
M. P, et al. (2002). Trans-7,cis-9 CLA is synthesized endogenously by A9-desaturase in
dairy cows. Lipids, 37, 681-688.

Decker, E. A., & Park, Y. (2010). Healthier meat products as functional foods. Meat Science,
86, 49-55.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0120
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0120
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0120
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0125
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0125
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0125
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0130
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0130
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0130
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0135
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0135
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0135
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0135
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0140
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0140
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0140
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0145
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0145
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0145
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0145
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0150
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0150
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0150
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0155
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0155
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0155
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0160
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0160
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0160
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0165
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0165
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0165
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0170
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0170
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0170
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0175
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0175
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0180
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0180
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0180
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0180
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0185
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0185
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0185
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0190
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0190
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0190
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0195
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0195

96 Advances in Fermented Foods and Beverages

Demirel, G., Wood, J. D., & Enser, M. (2004). Conjugated linoleic acid content of the
lamb muscle and liver fed different supplements. Small Ruminant Research, 53,
23-28.

DePeters, E. J., Taylor, S. J., Franke, A. A., & Aguirre, A. (1985). Effects of feeding whole cot-
tonseed on composition of milk. Journal of Dairy Science, 68, 897-902.

Devillard, E., Mclntosh, F. M., Duncan, S. H., & Wallace, R. J. (2007). Metabolism of linoleic
acid by human gut bacteria: different routes for biosynthesis of conjugated linoleic acid.
Journal of Bacteriology, 6, 2566-2570.

Dhiman, T. R., Helmink, E. D., McMahon, D. J., Fife, R. L., & Pariza, M. W. (1999). Conju-
gated linoleic acid content of milk and cheese from cows fed extruded oilseeds. Journal of
Dairy Science, 82, 412-419.

Dhiman, T. R., Satter, L. D., Pariza, M. W., Galli, M. P., Albright, K., & Tolosa, M. X. (2000).
Conjugated linoleic acid (CLA) content of milk from cows offered diets rich in linoleic and
linolenic acid. Journal of Dairy Science, 83, 1016—1027.

do Espirito Santo, A. P., Cartolano, N. S., Silva, T. F,, Soares, F. A. S.M., Gioielli, L. A., Perego,
P, et al. (2012). Fibers from fruit by-products enhance probiotic viability and fatty acid
profile and increase CLA content in yoghurts. International Journal Food Microbiology,
154, 135-144.

do Espirito Santo, A. P, Silva, R. C., Soares, F. A. S.M., Anjos, D., Gioielli, L. A., & Oliveira,
M. N. (2010). Acai pulp addition improves fatty acid profile and probiotic viability in
yoghurt. International Dairy Journal, 20, 415-422.

Dufey, P. A. (1999). Fleisch ist eine CLA-Nahrungsquelle. Agrarforschung, 6, 177-180.

Dugan, M. E. R., Aalhus, J. L., & Kramer, J. K. G. (2004). Conjugated linoleic acid pork
research. American Journal of Clinical Nutrition, 79, 1212-1216.

Eder, K., & Ringseis, R. (2010). Metabolism and actions of conjugated linoleic acids on athero-
sclerosis-related events in vascular endothelial cells and smooth muscle cells. Molecular
Nutrition and Food Research, 54, 17-36.

Eggert, J. M., Belury, M. A., Kempa-Steczko, A., Mills, S. E., & Schinckel, A. P. (2001). Effects
of conjugated linoleic acid on the belly firmness and fatty acid composition of genetically
lean pigs. Journal of Animal Science, 79, 2866-2872.

Ekinci, E. Y., Okur, O. D., Ertekin, B., & Guzel-Seydim, Z. (2008). Effects of probiotic bacteria
and oils on fatty acid profiles of cultured cream. European Journal of Lipid Science and
Technology, 110, 216-224.

Elgersma, A., Tamminga, S., & Ellen, G. (2006). Modifying milk composition through forage.
Animal Feed Science and Technology, 131, 207-225.

Florence, A. C. R., Béal, C., Silva, R. C., Bogsan, C. S. B., Pilleggi, A. L. O.S., Gioielli, L. A.,
et al. (2012). Fatty acid profile, trans-octadecenoic, a-linolenic and conjugated linoleic
acid contents differing in certified organic and conventional probiotic fermented milks.
Food Chemistry, 135, 2207-2214.

Fogerty, A. C., Ford, G. L., & Svoronos, D. (1988). Octadeca-9,11-dienoic acid in foodstuffs
and in the lipids of human blood and breast milk. Nutrition Reports International, 38,
937-944.

French, P., Stanton, C., Lawless, F., O’Riordan, E. G., Monahan, F. J., Caffrey, P. J., et al. (2000).
Fatty acid composition, including conjugated linoleic acid, of intramuscular fat from steers
offered grazed grass, grass silage, or concentrate-based diets. Journal of Animal Science,
78, 2849-2855.

Fritsche, J., & Steinhart, H. (1998). Amounts of conjugated linoleic acid (CLA) in German foods
and evaluation of daily intake. Zeitschrift fiir Lebensmittel-Untersuchung und -Forschung,
206, 77-82.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0200
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0200
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0200
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0205
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0205
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0210
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0210
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0210
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0215
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0215
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0215
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0220
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0220
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0220
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0225
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0225
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0225
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0225
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0230
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0230
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0230
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0235
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0240
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0240
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0245
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0245
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0245
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0250
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0250
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0250
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0255
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0255
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0255
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0260
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0260
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0265
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0265
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0265
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0265
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0270
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0270
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0270
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0275
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0275
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0275
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0275
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0280
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0280
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0280

Conjugated linoleic acid production in fermented foods 97

Gerson, T., Jihn, A., & King, A. S. D. (1985). The effect of dietary starch and fibre on the
in vitro rates of lipolysis and hydrogenation by sheep rumen digesta. Journal of Agricul-
tural Science, 105, 27-30.

Gliser, K. R., Wenk, C., & Scheeder, M. R. (2002). Effects of feeding pigs increasing levels of
C18:1 trans fatty acids on fatty acid composition of backfat and intramuscular fat as well
as backfat firmness. Archives of Animal Nutrition, 56, 117-130.

Gnadig, S. (2002). Conjugated linoleic acid (CLA): Effect of processing on CLA in cheese and
the impact of CLA on the arachidonic acid metabolism (thesis). University of Hamburg,
170pp.

Griinari, J. M., & Bauman, D. E. (2006). Milk fat depression: concepts, mechanism and man-
agement application. In K. Sejrsen, T. Hvelplund, & M. O. Nielsen (Eds.), Ruminant phys-
iology digestion, metabolism and impact nutrition on gene expression, immunology and
stress (pp. 389—417). Amsterdam, Netherlands: Wageningen Academic Publishers.

Griinari, J. M., Chouinard, P. Y., & Bauman, D. E. (1997). Trans fatty acid hypothesis of milk
fat depression revised. In Proceedings of the Cornell nutrition conference for feed manu-
facturers (pp. 208-216). Ithaca, NY: Cornell University.

Griinari, J. M., Corl, B. A., Lacy, S. H., Chouinard, P. Y., Nurmela, K. V. V., & Bauman, D. E.
(2000). Conjugated linoleic acid is synthesized endogenously in lactating dairy cows by
A9-desaturase. Journal of Nutrition, 130, 2285-2291.

Griswold, K. E., Apgar, G. A., Robinson, R. A., Jacobson, B. N., Johnson, D., & Woody, H. D.
(2003). Effectiveness of short-term feeding strategies for altering conjugated linoleic acid
content of beef. Journal of Animal Science, 81, 1862—-1871.

Grummer, R. R. (1988). Influence of prilled fat and calcium salt of palm oil fatty acids on rumi-
nal fermentation and nutrient digestibility. Journal of Dairy Science, 71, 117-123.

Ha, Y. L., Grimm, N. K., & Pariza, M. W. (1987). Anticarcinogens from fried ground beef:
heat-altered derivatives of linoleic acid. Carcinogenesis, 8, 1881-1887.

Ha, Y. L., Grimm, N. K., & Pariza, M. W. (1989). Newly recognized anticarcinogenic fatty
acids: identification and quantification in natural and processed cheeses. Journal of Agri-
cultural Food Chemistry, 37, 15-81.

Harfoot, C. G., & Hazelwood, G. P. (1997). Lipid metabolism in the rumen. In P. M. Hobson
(Ed.), The rumen microbial ecosystem (2nd ed.) (pp. 382-426). New York, USA: Elsevier.

Hennessy, A. A., Ross, R. P,, Stanton, C., Devery, R., & Murphy, J. J. (2007). Development of
dairy based functional foods enriched in conjugated linoleic acid with special reference to
rumenic acid. In M. Saarela (Ed.), Functional dairy products (pp. 443-494). New York,
NY, USA: CRC Press.

Hopkins, C. Y., & Chisholm, M. J. (1968). A survey of the conjugated fatty acids of seed
oils. Journal of American Oil Chemical Society, 45, 176—182.

Hughes, P. E., Hunter, W. J., & Tove, S. B. (1982). Biohydrogenation of unsaturated fatty acids.
Purification and properties of cis-9, trans-11-octadecadienoate reductase. Journal of Bio-
logical Chemistry, 257, 3643-3649.

Hur, S.J.,Ye, B. W., Lee, J. L., Ha, Y. L., Park, G. B., & Joo, S. T. (2004). Effects of conjugated
linoleic acid on color and lipid oxidation of beef patties during cold storage. Meat Science,
66, 771-775.

van Hylckama Vlieg, J. E. T., Veiga, P., Zhang, C., Derrien, M., & Zhao, L. (2011). Impact of
microbial transformation of food on health — from fermented foods to fermentation in the
gastro-intestinal tract. Current Opinion in Biotechnology, 22, 211-219.

Ip, M. M., Masso-Welch, P. A., & Ip, C. (2003). Prevention of mammary cancer with conjugated
linoleic acid: role of the stroma and the epithelium. Journal of Mammary Gland Biology
Neoplasia, 8, 103—118.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0285
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0285
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0285
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0290
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0290
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0290
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0295
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0295
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0295
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0295
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0300
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0300
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0300
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0305
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0305
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0305
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0310
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0310
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0310
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0315
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0315
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0320
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0320
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0325
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0325
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0325
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0330
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0330
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0335
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0335
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0335
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0335
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0340
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0340
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0345
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0345
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0345
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0350
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0350
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0350
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0355
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0355
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0355
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0360
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0360
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0360

98 Advances in Fermented Foods and Beverages

Ivan, M., Mir, P. S, Koenig, K. M., Rode, L. M., Neill, L., Entz, T., et al. (2001). Effects of
dietary sunflower seed oil on rumen protozoa population and tissue concentration of con-
jugated linoleic acid in sheep. Small Ruminant Research, 41, 215-227.

Jahreis, G., Kraft, J., Tischendorf, F., Schone, F., & von Loeffelholz, C. (2000). Conjugated
linoleic acids: physiological effects in animal and man with special regard to body compo-
sition. European Journal of Lipid Science and Technology, 102, 695-703.

Jenkins, T. C. (1993). Lipid metabolism in the rumen. Journal of Dairy Science, 76,
3851-3863.

Jiang, J., Bjorck, L., & Fondén, R. (1997). ‘Conjugated linoleic acid in swedish dairy products
with special reference to the manufacture of hard cheeses. International Dairy Journal, 7,
863-867.

Jiang, J., Bjorck, L., Fondén, R., & Emanuelson, M. (1996). Occurrence of conjugated
cis-9,trans-11-octadecadienoic acid in bovine milk: effects of feed and dietary regimen.
Journal of Dairy Science, 79, 438-445.

Joo, S. T, Lee, J. I, Hah, K. H., Ha, Y. L., & Park, G. B. (2000). Effect of conjugated linoleic
acid additives on quality characteristics of pork patties. Korean Journal of Food Science
Technology, 32, 62-68.

Joo, S. T., Lee, J. I, Ha, Y. L., & Park, G. B. (2002). Effects of dietary conjugated linoleic acid
on fatty acid composition, lipid oxidation, color, and water-holding capacity of pork loin.
Journal of Animal Science, 80, 108—112.

Kay, J. K., Mackle, T. R., Auldist, M. J., Thomson, N. A., & Bauman, D. E. (2004). Endogenous
synthesis of cis-9,trans-11 conjugated linoleic acid in dairy cows fed fresh pasture. Journal
of Dairy Science, 87, 369-378.

Kelley, N. S., Hubbard, N. E., & Erickson, K. L. (2007). Conjugated linoleic acid isomers and
cancer. Journal of Nutrition, 137, 2599-2607.

Kelly, M. L., & Bauman, D. E. (1996). Conjugated linoleic acid: a potent anticarcinogen found
in milk fat. Cornell Nutrition Conference for Feed Manufacturers, 68—74. Rochester NY.
(proceedings).

Kelly, M. L., Berry, J. R., Dwyer, D. A., Griinari, J. M., Chouinard, P. Y., van Amburgh, M. E.,
et al. (1998). Dietary fatty acid sources affect conjugated linoleic acid concentrations in
milk from lactating dairy cows. Journal of Nutrition, 128, 881-885.

Kelly, M. L., Kolver, E. S., Bauman, D. E., van Amburgh, M. E., & Muller, L. D. (1998). Effect
of intake of pasture on concentrations of conjugated linoleic acid in milk of lactating cows.
Journal of Dairy Science, 81, 1630-1636.

Kennedy, A., Martinez, K., Schmidt, S., Mandrup, S., LaPoint, K., & McIntosh, M. (2010).
Antiobesity mechanisms of action of conjugated linoleic acid. Journal of Nutritional
Biochemistry, 21, 171-179.

Kepler, C. R., & Tove, S. B. (1967). Biohydrogenation of unsaturated fatty acids. 3. Purification
and properties of a linoleate A12-cis,Al1-trans-isomerase from Butyrivibrio fibrisolvens.
Journal of Biological Chemistry, 242, 5686—-5692.

Khanal, R. C. (2004). Potential health benefits of conjugated linoleic acid (CLA): a review.
Asian-Australasian Journal of Animal Science, 17, 1315-1328.

Khan, M. L., Arshad, M. S., Anjum, F. M., Sameen, A., Aneeq-ur-Rehman, & Gill, W. T. (2011).
Meat as a functional food with special reference to probiotic sausages. Food Research
International, 44, 3125-3133.

Kim, Y. J., & Liu, R. H. (2002). Increase of conjugated linoleic acid content in milk by fermen-
tation with lactic acid bacteria. Journal of Food Science, 67, 1731-1737.

Knekt, P., Jarvinen, R., Seppanen, R., Pukkala, E., & Aromaa, A. (1996). Intake of dairy prod-
ucts and the risk of breast cancer. British Journal of Cancer, 73, 687-691.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0365
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0365
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0365
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0370
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0370
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0370
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0375
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0375
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0380
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0380
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0380
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0385
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0385
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0385
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0390
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0390
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0390
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0395
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0395
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0395
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0400
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0400
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0400
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0405
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0405
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0410
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0410
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0410
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0415
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0415
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0415
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0420
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0420
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0420
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0425
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0425
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0425
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0430
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0430
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0430
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0435
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0435
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0440
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0440
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0440
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0445
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0445
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0450
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0450

Conjugated linoleic acid production in fermented foods 99

Knight, T. W., Knowles, S. O., Death, A. F., Cummings, T. L., & Muir, P. D. (2004). Conser-
vation of conjugated linoleic, trans-vaccenic and long chain omega-3 fatty acid content
in raw and cooked lamb from two cross-breeds. New Zealand Journal of Agricultural
Research, 47, 129—135.

Kott, R. W., Hatfield, P. G., Bergman, J. W., Flynn, C. R., Van Wagoner, H., & Boles, J. A.
(2003). Feedlot performance, carcass composition, and muscle and fat, CLA concentra-
tions of lambs fed diets supplemented with safflower seeds. Small Ruminant Research,
49, 11-17.

Kraft, J., Collomb, M., Mockel, P., Sieber, R., & Jahreis, G. (2003). Differences in CLA isomer
distribution of cow’s milk lipids. Lipids, 38, 657-664.

Kraft, J., & Jahreis, G. (2004). Physiologische Wirkungen von konjugierten Linolsduren. In M.
Kreuzer, C. Wenk, & T. Lanzini (Eds.), Lipide in Fleisch, Milch und Ei-Herausforderung
fiir die Tiererndhrung (pp. 81-93). ETH Ziirich.

Kraft, J., Collomb, M., Mockel, P., Sieber, R., & Jahreis, G. (2003). Differences in CLA isomer
distribution of cow’s milk lipids. Lipids, 38, 657-664.

Kraft, J., & Jahreis, G. (2004). Physiologische Wirkungen von konjugierten Linolsduren. In M.
Kreuzer, C. Wenk, & T. Lanzini (Eds.), Lipide in Fleisch, Milch und Ei-Herausforderung
fiir die Tiererniihrung (pp. 81-93). ETH Ziirich.

Kramer, J. K. G., Cruz-Hernandez, C., Deng, Z., Zhou, J., Jahreis, G., & Dugan, M. E. R.
(2004). Analysis of conjugated linoleic acid and trans 18:1 isomers in synthetic and animal
products. American Journal of Clinical Nutrition, 79, 11375-11445.

Kritchevsky, D., Tepper, S. A., Wright, S., & Czarnecki, S. K. (2002). Influence of graded levels
of conjugated linoleic acid (CLA) on experimental atherosclerosis in rabbits. Nutrition
Research, 22, 1275-1279.

Kritchevsky, D., Tepper, S. A., Wright, S., Tso, P., & Czarnecki, S. K. (2000). Influence of con-
jugated linoleic acid (CLA) on establishment and progression of atherosclerosis in rabbits.
Journal of American College of Nutrition, 19, 472S-477S.

Larsen, T. M., Toubro, S., & Astrup, A. (2003). Efficacy and safety of dietary supplements
containing CLA for the treatment of obesity: evidence from animal and human studies.
Journal of Lipid Research, 44, 2234-2241.

Larsson, S. C., Bergkvist, L., & Wolk, A. (2009). Conjugated linoleic acid intake and breast can-
cer risk in a prospective cohort of Swedish women. American Journal of Clinical Nutri-
tion, 90, 556-560.

Lauridsen, C., Mu, H., & Henckel, P. (2005). Influence of dietary conjugated linoleic acid
(CLA) and age at slaughtering on performance, slaughter- and meat quality, lipoproteins,
and tissue deposition of CLA in barrows. Meat Science, 69, 393-399.

Lawless, F., Murphy, J. J., Harrington, D., Devery, R., & Stanton, C. (1998). Elevation of con-
jugated cis-9,trans-11-octadecadienoic acid in bovine milk because of dietary supplemen-
tation. Journal of Dairy Science, 81, 3259-3267.

Lee, K. N., Kritchevsky, D., & Pariza, M. W. (1994). Conjugated linoleic acid and atherosclero-
sis in rabbits. Atherosclerosis, 108, 19-25.

Lee, K. W,, Lee, H. J., Cho, H. Y., & Kim, Y. J. (2005). Role of the conjugated linoleic acid in
the prevention of cancer. Critical Reviews in Food Science and Nutrition, 45, 135-144.

Lerch, S., Shingfield, K. J., Ferlay, A., Vanhatalo, A., & Chilliard, Y. (2012). Rapeseed or lin-
seed in grass-based diets: effects on conjugated linoleic and conjugated linolenic acid
isomers in milk fat from Holstein cows over 2 consecutive lactations. Journal of Dairy
Science, 95, 7269-7287.

Leroy, F., Verluyten, J., & De Vuyst, L. (2006). ‘Functional meat starter cultures for improved
sausage fermentation. International Journal of Food Microbiology, 106, 270-285.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0455
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0455
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0455
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0455
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0460
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0460
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0460
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0460
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0465
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0465
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0470
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0470
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0470
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0475
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0475
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0480
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0480
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0480
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0485
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0485
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0485
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0490
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0490
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0490
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0495
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0495
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0495
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0500
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0500
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0500
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0505
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0505
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0505
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0510
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0510
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0510
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0515
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0515
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0515
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0520
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0520
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0525
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0525
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0530
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0530
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0530
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0530
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0535
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0535

100 Advances in Fermented Foods and Beverages

Lin, T. Y. (2003). Influence of lactic cultures, linoleic acid and fructo-oligosaccharides on con-
jugated linoleic acid concentration in non-fat set yogurt. Australian Journal of Dairy Tech-
nology, 58, 11-14.

Lin, H., Boylston, T. D., Chang, M. J., Luedecke, L. O., & Schultz, T. D. (1995). Survey of
the conjugated linoleic acid contents of dairy products. Journal of Dairy Science, 78,
2358-2365.

Lin, T. Y., Lin, C. W,, & Lee, C. H. (1999). Conjugated linoleic acid concentration as affected
by lactic cultures and added linoleic acid. Food Chemistry, 67, 1-5.

Lin, T. Y., Lin, C. W., & Wang, Y. J. (2002). Linoleic acid isomerase activity in enzyme extracts
from Lactobacillus acidophilus and Propionibacterium freudenreichii ssp. shermanii.
Journal of Food Science, 67, 1502-1505.

Lock, A. L., & Garnsworthy, P. C. (2003). Seasonal variation in milk conjugated linoleic
acid and A9-desaturase activity in dairy cows. Livestock Production Science, 79,
47-59.

Lock,A.L.,Horne, C. A. M., Bauman, D. E., & Salter, A. M. (2005). Butter naturally enriched in
conjugated linoleic acid and vaccenic acid alters tissue fatty acids and improves the plasma
lipoprotein profile in cholesterol-fed hamsters. Journal of Nutrition, 135, 1934-1939.

Luna, P., Juarez, M., & de la Fuente, M. A. (2007). Conjugated linoleic acid content and isomer
distribution during ripening in three varieties of cheeses protected with designation of
origin. Food Chemistry, 103, 1465-1472.

MacRedmond, R., & Dorscheid, D. R. (2011). Conjugated linoleic acid (CLA): is it time to
supplement asthma therapy? Pulmonary Pharmacology and Therapeutics, 24, 540-548.

Madron, M. S., Peterson, D. G., Dwyer, D. A., Corl, B. A., Baumgard, L. H., Beermann, D.
H., et al. (2002). Effect of extruded full-fat soybeans on conjugated linoleic acid content
of intramuscular, intermuscular, and subcutaneous fat in beef steers. Journal of Animal
Science, 80, 1135-1143.

Martin, J. C., & Valeille, K. (2002). Conjugated linoleic acids: all the same or to everyone its
own function? Reproduction Nutrition Development, 42, 525-536.

Ma, D. W. L., Wierzbicki, A. A., Field, C. J., & Clandinin, M. T. (1999). Conjugated linoleic
acid in Canadian dairy and beef products. Journal of Agricultural Food Chemistry, 47,
1956-1960.

McCann, S. E., Ip, C., Ip, M. M., McGuire, M. K., Muti, P., Edge, S. B., et al. (2004). Dietary
intake of conjugated linoleic acids and risk of premenopausal and postmenopausal breast
cancer, Western New York exposures and breast cancer study (WEB Study). Cancer Epi-
demiology Biomarkers, 13, 1480-1484.

McKain, N., Shingfield, K. J., & Wallace, R. J. (2010). Metabolism of conjugated linoleic acids
and 18:1 fatty acids by ruminal bacteria: products and mechanisms. Microbiology, 156,
579-588.

Mir, P. S., McAllister, T. A., Zaman, S., Jones, S. D. M., He, M. L., Aalhus, J. L., et al. (2003).
Effect of dietary sunflower oil and vitamin E on beef cattle performance, carcass character-
istics and meat quality. Canadian Journal of Animal Science, 83, 53—66.

Mir, P. S., Mir, Z., Kubert, P. S., Gaskins, C. T., Martin, E. L., Dodson, M. V., et al. (2002).
Growth, carcass characteristics, muscle conjugated linoleic acid (CLA) content, and
response to intravenous glucose challenge in high percentage Wagyu, Wagyu times Lim-
ousin, and Limousin steers fed sunflower oil-containing diet. Journal of Animal Science,
80, 2996-3004.

Mir, Z., Rushfeldt, M. L., Mir, P. S., Paterson, L. J., & Weselake, R. J. (2000). Effect of dietary
supplementation with either conjugated linoleic acid (CLA) or linoleic acid rich oil on the
CLA content of lamb tissues. Small Ruminant Research, 36, 25-31.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0540
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0540
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0540
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0545
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0545
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0545
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0550
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0550
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0555
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0555
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0555
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0560
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0560
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0560
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0565
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0565
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0565
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0570
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0570
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0570
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0575
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0575
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0580
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0580
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0580
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0580
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0585
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0585
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0590
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0590
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0590
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0595
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0595
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0595
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0595
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0600
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0600
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0600
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0605
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0605
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0605
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0610
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0610
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0610
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0610
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0610
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0615
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0615
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0615

Conjugated linoleic acid production in fermented foods 101

Mohamed, O. E., Satter, L. D., Grummer, R. R., & Ehle, F. R. (1988). Influence of dietary
cottonseed and soya bean on milk production and composition. Journal of Dairy Science,
71,2677-2688.

Molly, K., Demeyer, D., Civera, T., & Verplaetse, A. (1996). Lipolysis in a Belgian sausage:
relative importance of endogenous and bacterial enzymes. Meat Science, 43, 235-244.

Moloney, F., Yeow, T., Mullen, A., Nolan, J. J., & Roche, H. M. (2004). Conjugated linoleic
acid supplementation, insulin sensitivity, and lipoprotein metabolism in patients with type
2 diabetes mellitus. American Journal of Clinical Nutrition, 80, 887-895.

Mooney, D., McCarthy, C., & Belton, O. (2012). Effects of conjugated linoleic acid isomers on
monocyte, macrophage and foam cell phenotype in atherosclerosis. Prostaglandins and
Other Lipid Mediators, 98, 56-62.

Moorman, P. G., & Terry, P. D. (2004). Consumption of dairy products and the risk of breast
cancer: a review of the literature. American Journal of Clinical Nutrition, 80, 5-14.

Mosley, E. E., Powell, G. L., Riley, M. B., & Jenkins, T. C. (2002). Microbial biohydrogenation
of oleic acid to trans isomers in vitro. Journal of Lipid Research, 43, 290-296.

Munday, J. S., Thompson, K. G., & James, K. A. C. (1999). Dietary conjugated linoleic acids
promote fatty streak formation in the C57BL/6 mouse atherosclerosis model. British
Journal of Nutrition, 81, 251-255.

Noci, E., O’Kiely, P., Monahan, E. J., Stanton, C., & Moloney, A. P. (2005). Conjugated linoleic
acid concentration in M. longissimus dorsi from heifers offered sunflower oil-based con-
centrates and conserved forages. Meat Science, 69, 509-518.

Nuernberg, K., Dannenberger, D., Nuernberg, G., Scollan, N. D., Zupp, W., & Ender, K. (2004).
Dietary effect on n-3 fatty acids, CLA and C18:1 trans isomers in beef and lamb meat.
Journal of Animal Science, 82, 333-334.

Nunes, J. C., & Torres, A. G. (2010). Fatty acid and CLA composition of Brazilian dairy prod-
ucts, and contribution to daily intake of CLA. Journal of Food Composition and Analysis,
23, 782-789.

Ogawa, J., Kishino, S., Ando, A., Sugimoto, S., Mihara, K., & Shimizu, S. (2005). Production
of conjugated fatty acids by lactic acid bacteria. Journal of Bioscience and Bioengneering,
100, 355-364.

Oh, D. K., Hong, G. H., Lee, Y., Min, S., Sin, H. S., & Cho, S. K. (2003). Production of conju-
gated linoleic acid by isolated Bifidobacterium strains. World Journal of Microbiology and
Biotechnology, 19, 907-912.

Oliveira, R. P. S., Florence, A. C. R., Silva, R. C., Perego, P., Converti, A., Gioielli, L. A.,
et al. (2009). Effect of different prebiotics on the fermentation kinetics, probiotic survival
and fatty acid profiles in nonfat symbiotic fermented milk. International Journal of Food
Microbiology, 128, 467-472.

Or-Rashid, M. M., AlZahal, O., & McBride, B. W. (2011). Comparative studies on the metab-
olism of linoleic acid by rumen bacteria, protozoa, and their mixture in vitro. Applied
Microbiology and Biotechnology, 89, 387-395.

O’Shea, M., Bassaganya-Riera, J., & Mohede, I. C. M. (2004). Immunomodulatory
properties of conjugated linoleic acid. American Journal of Clinical Nutrition, 79,
1199S-1206S.

Palmquist, D. L., & Schanbacher, F. L. (1991). Dietary fat composition influences fatty acid
composition of milk fat globule membrane in lactating cows. Lipids, 26, 718-722.

Pariza, M. W. (2004). Perspective on the safety and effectiveness of conjugated linoleic acid.
American Journal of Clinical Nutrition, 79, 1132S-1136S.

Pariza, M. W., Ashoor, S. H., Chu, E. S., & Lund, D. B. (1979). Effect of temperature and time
on mutagen formation in pan-fried hamburger. Cancer Letters, 7, 63—69.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0620
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0620
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0620
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0625
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0625
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0630
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0630
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0630
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0635
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0635
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0635
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0640
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0640
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0645
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0645
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0650
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0650
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0650
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0655
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0655
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0655
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0660
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0660
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0660
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0665
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0665
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0665
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0670
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0670
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0670
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0675
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0675
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0675
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0680
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0680
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0680
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0680
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0685
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0685
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0685
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0690
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0690
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0690
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0695
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0695
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0700
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0700
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0705
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0705

102 Advances in Fermented Foods and Beverages

Pariza, M. W., & Hargraves, W. A. (1985). A beef-derived mutagenesis modulator inhibits ini-
tiation of mouse epidermal tumours by 7,12 dimethylbenz(a)anthracene. Carcinogenesis,
6, 591-593.

Park, Y. (2009). Conjugated linoleic acid (CLA): good or bad trans fat? Journal of Food Com-
position and Analysis, 225, S4-S12.

Park, Y., & Pariza, M. W. (2007). Mechanisms of body fat modulation by conjugated linoleic
acid (CLA). Food Research International, 40311-40323.

Parodi, P. W. (1994). Conjugated linoleic acid: an anticarcinogenetic fatty acid present in milk
fat. Journal of Dairy Technology, 49, 93-97.

Parodi, P. W. (1999). Conjugated linoleic acid: the early years. In M. P. Yurawecz, M. M.
Mossoba, J. K. G. Kramer, M. W. Pariza, & G. J. Nelson (Eds.), Advances in conjugated
linoleic acid research Vol. 1 (pp. 1-11). Champaign, IL, USA: AOCS Press.

Piperova, L. S., Sampugna, J., Teter, B. B., Kalscheur, K. F., Yurawecz, M. P., Ku, Y., et al.
(2002). Duodenal and milk trans octadecenoic acid and conjugated linoleic acid (CLA)
isomers indicate that postabsorptive synthesis is the predominant source of cis-9-contain-
ing CLA in lactating dairy cows. Journal of Nutrition, 132, 1235-1241.

Plourde, M., Destaillats, F., Chouinard, P. Y., & Angers, P. (2007). Conjugated a-linolenic acid
isomers in bovine milk and muscle. Journal of Dairy Science, 90, 5269-5275.

Poulson, C. S., Dhiman, T. R., Ure, A. L., Cornforth, D., & Olson, K. C. (2004). Conjugated
linoleic acid content of beef from cattle fed diets containing high grain, CLA, or raised on
forages. Livestock Production Science, 91, 117-128.

Prandini, A., Sigolo, S., & Piva, G. (2011). A comparative study of fatty acid composition and
CLA concentration in commercial cheeses. Journal of Food Composition and Analysis,
24,55-61.

Prandini, A., Sigolo, S., Tansini, G., Brogna, N., & Piva, G. (2007). Different level of conju-
gated linoleic acid (CLA) in dairy products from Italy. Journal of Food Composition and
Analysis, 20, 472-479.

Precht, D., & Molkentin, J. (2000). Frequency distributions of conjugated linoleic acid and trans
fatty acid contents in European bovine milk fats. Milchwissenschaft, 12, 687-691.

Raes, K., Balcaen, A., Dirinck, P., De Winne, A., Claeys, E., Demeyer, D., et al. (2003). Meat
quality, fatty acid composition and flavour analysis in Belgian retail beef. Meat Science,
65, 1237-1246.

Raes, K., Fievez, V., Chow, T. T., Ansorena, D., Demeyer, D., & De, S. S. (2004). Effect of
diet and dietary fatty acids on the transformation and incorporation of C18 fatty acids in
double-muscled Belgian Blue young bulls. Journal of Agricultural Food Chemistry, 52,
6035-6041.

Realini, C. E., Duckett, S. K., Brito, G. W., Dalla Rizza, M., & DeMattos, D. (2004). Effect
of pasture vs. concentrate feeding with or without antioxidants on carcass characteristics,
fatty acid composition, and quality of Uruguayan beef. Meat Science, 66, 567-577.

Rissanen, H., Knekt, P., Jarvinen, R., Salminen, 1., & Hakulinen, T. (2003). Serum fatty acids
and breast cancer incidence. Nutrition and Cancer, 45, 168-175.

Roche, H. M., Noone, E., Nugent, A., & Gibney, M. J. (2001). Conjugated linoleic acid: a novel
therapeutic nutrient? Nutr Res Reviews, 14, 173-187.

Rule, D. C., Broughton, K. S., Shellito, S. M., & Maiorano, G. (2002). Comparison of muscle
fatty acid profiles and cholesterol concentrations of bison, beef cattle, elk, and chicken.
Journal of Animal Science, 80, 1202—-1211.

Salamon, R. V., Léki, K., Csap6-Kiss, Zs, & Csap6, J. (2009). Changes in the fatty acid compo-
sition and conjugated linoleic acid content of sour dairy products caused by pure cultures.
Acta Universitatis Sapientiae, Alimentaria, 2, 276-286.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0710
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0710
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0710
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0715
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0715
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0720
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0720
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0725
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0725
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0730
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0730
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0730
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0735
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0735
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0735
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0735
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0740
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0740
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0745
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0745
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0745
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0750
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0750
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0750
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0755
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0755
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0755
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0760
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0760
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0765
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0765
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0765
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0770
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0770
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0770
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0770
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0775
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0775
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0775
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0780
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0780
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0785
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0785
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0790
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0790
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0790
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0795
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0795
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0795

Conjugated linoleic acid production in fermented foods 103

Salamon, R. V., L6ki, K., Varga-Visi, E., Mandoki, Zs, & Csap0, J. (2009). Increase of conju-
gated linoleic acid content of dairy products by adding sunflower oil. Acta Universitatis
Sapientiae, Alimentaria, 2, 287-293.

Salamon, R. V., Varga-Visi, E., Csap6-Kiss, Zs, Gyéri, A., Gyéri, Z., & Csap6, J. (2009). The
influence of the season on the fatty acid composition and conjugated linoleic acid content
of the milk. Acta Universitatis Sapientiae, Alimentaria, 2, 89-100.

Santos-Silva, J., Bessa, R. J. B., & Mendes, 1. A. (2003). The effect of supplementation with
expanded sunflower seed on carcass and meat quality of lambs raised on pasture. Meat
Science, 65, 1301-1308.

Santos-Silva, J., Bessa, R. J. B., & Santos-Silva, F. (2002). Effect of genotype, feeding system
and slaughter weight on the quality of light lambs. II. Fatty acid composition of meat.
Livestock Production Science, 77, 187-194.

Santos-Silva, J., Mendes, 1. A., Portugal, P. V., & Bessa, R. J. B. (2004). Effect of particle size
and soybean oil supplementation on growth performance, carcass and meat quality and
fatty acid composition of intramuscular lipids of lambs. Livestock Production Science, 90,
79-88.

Schmid, A., Collomb, M., Sieber, R., & Bee, G. (2006). Conjugated linoleic acid in meat and
meat products: a review. Meat Science, 73, 29-41.

Scollan, N. D., Enser, M., Gulati, S. K., Richardson, 1., & Wood, J. D. (2003). Effects of includ-
ing a ruminally protected lipid supplement in the diet on the fatty acid composition of beef
muscle. British Journal of Nutrition, 90, 709-716.

Shantha, N. C., Crum, A. D., & Decker, E. A. (1994). Evaluation of conjugated linoleic-acid
concentrations in cooked beef. Journal of Agricultural Food Chemistry, 42, 1757-1760.

Shantha, N. C., Deckeer, E. A., & Ustunol, Z. (1992). Conjugated linoleic acid concentration in
processed cheese. Journal of American Oil Chemical Society, 69, 425-428.

Shantha, N. C., Ram, L. N., O’Leary, J., Hicks, C. L., & Decker, E. A. (1995). Conjugated lin-
oleic acid concentrations in dairy products as affected by processing and storage. Journal
of Food Science, 60, 695-697.

Shingfield, K. J., Ahvenjarvi, S., Toivonen, V., Arola, A., Nurmela, K. V. V., & Huhtanen, P.
(2003). Effect of dietary fish oil on biohydrogenation of fatty acids and milk fatty acid
content in cows. Animal Science, 77, 165-179.

Shingfield, K. J., Ahvenjarvi, S., Toivonen, V., Vanhatalo, A., Huhtanen, P., & Griinari, J. M.
(2008). Effect of incremental levels of sunflower-seed oil in the diet on ruminal lipid
metabolism in lactating cows. British Journal of Nutrition, 99, 971-983.

Shingfield, K. J., Lee, M. R. F., Humphries, D. J., Scollan, N. D., Toivonen, V., Reynolds, C. K.,
et al. (2010). Effect of incremental amounts of fish oil in the diet on ruminal lipid metabo-
lism in growing steers. British Journal of Nutrition, 104, 56—66.

Shingfield, K. J., Reynolds, C. K., Hervas, G., Griinari, J. M., Grandison, A. S., & Beever,
D. E. (2006). Examination of the persistency of milk fatty acid composition responses
to fish oil and sunflower oil in the diet of dairy cows. Journal of Dairy Science, 89,
714-732.

Shorland, F. B., Weenink, R. O., & Johns, A. T. (1955). Effect of the rumen on the dietary fat.
Nature, 175, 1129-1130.

Sieber, R., Collomb, M., Aeschlimann, A., Jelen, P., & Eyer, H. (2004). Impact of microbial cul-
tures on conjugated linoleic acid in dairy products — a review. International Dairy Journal,
14, 1-15.

Spitzer, V., Marx, F., Maia, J. G. S., & Pfeilsticker, K. (1991a). Identification of conjugated fatty
acids in the seed oil of Acioa edulis (Prance) syn. Couepia edulis (Chrysobalanaceae).
Journal of American Oil Chemical Society, 68, 183—189.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0800
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0800
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0800
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0805
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0805
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0805
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0810
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0810
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0810
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0815
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0815
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0815
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0820
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0820
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0820
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0820
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0825
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0825
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0830
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0830
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0830
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0835
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0835
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0840
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0840
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0845
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0845
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0845
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0850
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0850
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0850
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0855
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0855
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0855
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0860
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0860
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0860
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0865
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0865
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0865
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0865
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0870
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0870
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0875
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0875
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0875
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0880
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0880
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0880

104 Advances in Fermented Foods and Beverages

Spitzer, V., Marx, F., Maia, J. G. S., & Pfeilsticker, K. (1991b). Occurrence of conjugated fatty
acids in the seed oils of Coupeia longipendula (Chrysobalanaceae). Journal of American
Oil Chemical Society, 68, 440-442.

Stanton, C., Lawless, F., Kjellmer, G., Harrington, D., Devery, R., Connolly, J. F., et al. (1997).
Dietary influences on bovine milk cis-9,trans-11-conjugated linoleic acid content. Journal
of Food Science, 62, 1083-1086.

Stanton, C., Murphy, J., McGrath, E., & Devery, R. (2003). Animal feeding strategies for conju-
gated linoleic acid enrichment of milk. In J. L. Sébédio, W. W. Christie, & R. Adlof (Eds.),
Advances in conjugated linoleic acid research Vol. 2 (pp. 123-145). Champaign, IL, USA:
AOAC Press.

Stanton, C., Ross, R. P, Fitzgerald, G. F., & Van Sinderen, D. (2005). Fermented functional
foods based on probiotics and their biogenic metabolites. Current Opinion in Biotechnol-
ogyent Opinion in Biotechnology, 16, 198-203.

Stasiniewicz, T., Strzetelski, J., Kowalczyk, J., Osieglowski, S., & Pustkowiak, H. (2000). Per-
formance and meat quality of fattening bulls fed complete feed with rapeseed oil cake or
linseed. Journal of Animal Feed Sciences, 9, 283-296.

Strzetelski, J., Kowalczyk, J., Osiegowski, S., Stasiniewicz, T., Lipiarska, E., & Pustkowiak, H.
(2001). Fattening bulls on maize silage and concentrate supplemented with vegetable oils.
Journal of Animal Feed Sciences, 10,259-271.

Szumacher-Strabel, M., Potkanski, A., Cieslak, A., Kowalczyk, J., & Czauderna, M. (2001).
The effects of different amounts and types of fat on the level of conjugated linoleic acid in
the meat and milk of sheep. Journal of Animal Feed Sciences, 10, 103—108.

Talamini, R., La Vecchia, C., Decarli, A., Franceschi, S., Grattoni, E., Grigoletto, E., et al.
(1984). Social factors, diet and breast cancer in a northern Italian population. British
Journal of Cancer, 49, 723-729.

Terpstra, A. H. (2004). Effect of conjugated linoleic acid on body composition and plasma
lipids in humans: an overview of the literature. American Journal of Clinical Nutrition,
79, 352-361.

Toldré, F., & Reig, M. (2011). Innovations for healthier processed meats. Trends in Food
Science and Technology, 22(9), 517-522.

Toomey, S., Harhen, B., Roche, H. M., Fitzgerald, D., & Belton, O. (2006). Profound resolution
of early atherosclerosis with conjugated linoleic acid. Atherosclerosis, 187, 40-49.

Toomey, S., Roche, H., Fitzgerald, D., & Belton, O. (2003). Regression of pre-established ath-
erosclerosis in the apoE—/— mouse by conjugated linoleic acid. Biochemical Society Trans-
actions, 31, 1075-1079.

Varga-Visi, E., & Csap6, J. (2003). Increase of conjugated linoleic acid content of dairy food by
feeding. Agriculturae Conspectus Scientificus, 68, 293-296.

Voorrips, L. E., Brants, H. A., Kardinaal, A. F., Hiddink, G. J., van den Brandt, P. A., & Gold-
bohm, R. A. (2002). Intake of conjugated linoleic acid, fat, and other fatty acids in relation
to postmenopausal breast cancer: the Netherlands cohort study on diet and cancer. Ameri-
can Journal of Clinical Nutrition, 76, 873-882.

Wachira, A. M., Sinclair, L. A., Wilkinson, R. G., Enser, M., Wood, J. D., & Fisher, A. V. (2002).
Effects of dietary fat source and breed on the carcass composition, n-3 polyunsaturated
fatty acid and conjugated linoleic acid content of sheep meat and adipose tissue. British
Journal of Nutrition, 88, 697-709.

Wahle, K. W. J., Heys, S. D., & Rotondo, D. (2004). Conjugated linoleic acids: are they benefi-
cial or detrimental to health? Progress in Lipid Research, 43, 553-587.

Wang, Y. W., & Jones, P. J. H. (2004). Dietary conjugated linoleic acid and body composition.
American Journal of Clinical Nutrition, 79, 1153S-1158S.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0885
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0885
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0885
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0890
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0890
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0890
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0895
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0895
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0895
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0895
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0900
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0900
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0900
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0905
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0905
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0905
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0910
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0910
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0910
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0915
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0915
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0915
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0920
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0920
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0920
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0925
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0925
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0925
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0930
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0930
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0935
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0935
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0940
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0940
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0940
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0945
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0945
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0950
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0950
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0950
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0950
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0955
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0955
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0955
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0955
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0960
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0960
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0965
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0965

Conjugated linoleic acid production in fermented foods 105

Watkins, B. A., Li, Y., Lippman, H. E., Reinwald, S., & Seifert, M. F. (2004). A test of Ock-
ham’s razor: implications of conjugated linoleic acid in bone biology. American Journal
of Clinical Nutrition, 79, 11755-1185S.

Werner, S. A., Luedecke, L. O., & Schultz, T. D. (1992). Determination of conjugated linoleic
acid content and isomer distribution in three cheddar-type cheeses: effects of cheese cul-
tures, proceeding and aging. Journal of Agricultural Food Chemistry, 40, 1817-1821.

van Wijlen, R. P. J., & Colombani, P. C. (2010). Grass-based ruminant production methods
and human bioconversion of vaccenic acid with estimations of maximal dietary intake of
conjugated linoleic acids. International Dairy Journal, 20, 433-448.

Woods, V. B., & Fearon, A. M. (2009). Dietary sources of unsaturated fatty acids for animals
and their transfer into meat, milk and eggs: a review. Livestock Science, 126, 1-20.

Xu, S., Boylston, T. D., & Glatz, B. A. (2005). Conjugated linoleic acid content and organo-
leptic attributes of fermented milk products produced with probiotic bacteria. Journal of
Agricultural Food Chemistry, 53, 9064-9072.

Zhang, W., Xiao, S., Samaraweera, H., Lee, E. J., & Ahn, D. U. (2010). Improving functional
value of meat products. Meat Science, 86, 15-31.

Zlatanos, S., Laskaridis, K., Feist, C., & Sagredos, A. (2002). CLA content and fatty acid com-
position of Greek Feta and hard cheeses. Food Chemistry, 78, 471-477.


http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0970
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0970
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0970
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0975
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0975
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0975
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0980
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0980
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0980
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0985
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0985
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0990
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0990
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0990
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0995
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref0995
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref1000
http://refhub.elsevier.com/B978-1-78242-015-6.00004-9/ref1000

Effect of fermentation on
the phytochemical contents
and antioxidant properties
of plant foods

S.K. Yeo!, J.A. Ewel.?
'Taylor's University Lakeside Campus, Selangor Darul Ehsan, Malaysia; 2Universiti Sains
Malaysia, Penang, Malaysia

5.1 Introduction

Free radical-mediated damage may play a role in many disorders, such as chronic
heart disease, diabetes and cancer. Free radicals are atoms or molecules with an
unpaired electron. This contributes to their highly reactive nature, and thus they can
easily interact with cell membranes and with macromolecules such as lipids, DNA
and proteins, which causes disruption, leading to permanent damage and, finally,
cell death (Hu et al., 2004). Because humans live in an oxygen-rich atmosphere,
oxidative stress is an unavoidable consequence of human life. Nevertheless, the
oxidative free radicals can be neutralised by enzymatic activity or by natural anti-
oxidants. Antioxidant properties such as radical-scavenging activities are important
to counteract the deleterious role of free radicals in foods and in biological systems.
Therefore, the generation of free radicals is harmless in cells as long as a balance
between oxidant species production and antioxidant defences is achieved, which
thus releases the cells from oxidative stress.

Plant foods provide natural sources of functional phytochemicals and their con-
sumption has long been associated with physical well-being. Phytochemicals are
non-nutritive plant chemicals that have protective or disease-preventive properties.
It is widely accepted that predominantly plant-based diets that include fruits, vegeta-
bles, cereals, legumes and seeds reduce the risk of oxidative stress-induced diseases
(Birt, 2006; Hertog et al., 1995). Amino acids, peptides, proteins, flavonoids and other
phenolic compounds are the antioxidants derived from plant foods that play a signif-
icant role as physiological and dietary antioxidants, which thus enhance the body’s
natural resistance to oxidative damage (Shahidi, 2000). The levels and bioavailability
of phytochemicals can remarkably be influenced by processing such as fermentation,
compared to what is taking place in the gut, where some of the food composition
is further degraded by the gut microbes to release the bioactive components. This
chapter encompasses the effect of fermentation on phytochemical contents and anti-
oxidant properties of plant foods, illustrated by using several groups of daily foods
such as legumes, cereals, fruits and vegetables. In addition, the health impacts of the
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fermented plant foods with phytochemicals and antioxidant properties on humans are
also discussed.

5.2 Effect of fermentation on phytochemical profiles of
plant foods and the bioavailability of nutrients

The phytochemicals that exist naturally in plant foods are mostly in bound form and
less bioavailable than the free form. Bio-processing methods such as fermentation
have long been adapted to improve the nutritive value of plant foods. With the aid of
microorganisms capable of modifying plant constituents, such as releasing the chem-
ically bound compound during fermentation, the fermented plant foods thereby are
enriched with phytochemical contents with improved bioavailability and bioactivity,
in addition to the altered ratio of nutritive and anti-nutritive components of plants, as
well as improved texture and organoleptic characteristics.

5.2.1 Legumes, seeds and nuts

Legumes belong to the Fabaceae (or Leguminosae) family, which includes peas,
beans, lentils, peanuts and other podded plants. Food legumes have played a crucial
role in the traditional diets in many regions throughout the world. Apart from provid-
ing an excellent source of macronutrients such as protein, dietary fibre, fatty acids and
carbohydrates, legumes are also rich in micronutrients and phytochemicals.

Fermentation of leguminous seeds can modify their phytochemical composition.
Soybeans are unique among the legumes because they are a concentrated source of
isoflavones, one of the highly researched phytochemicals that possesses antioxidant
activity (Kao & Chen, 2006). Examples of traditional fermented soybean products
are miso, natto, Korean fermented soybean (Chungkookjang) and douchi (Chen
et al., 2005; Hirota, Taki, Kawaii, Yano, & Abe, 2000; Iwai, Nakaya, Kawasaki, &
Matsue, 2002; Kim, Song, Kwon, Kim, & Heo, 2008). In a study performed by Chien,
Huang, and Chou (2006) on the transformation of isoflavone phytoestrogens during
soymilk fermentation, the concentration of isoflavone aglycones (daidzein, glycitein
and genistein) increased 100%, while a reduction of 50-90% in the concentration
of glycoside counterparts upon fermentation by Streptococcus thermophilus and
Bifidobacterium longum was observed. It is the microbial f-glucosidase activity that
is responsible for the conversion of isoflavone glycosides in soybean into their agly-
cone counterparts that are bioactive and bioavailable during fermentation (Ewe, Wan
Abdullah, & Liong, 2011). The bioavailability of isoflavones is largely attributed to
their chemical structures; the aglycone form is more readily absorbed and bioavailable
than the highly polar conjugated glucosides (Kano, Takayanagi, Harada, Sawada, &
Ishikawa, 2006).

Fermentation often increases the bioavailability of phytochemicals by releasing the
esterified compounds to free form. Only the free and conjugated phenolic acid forms
were found to be bio-accessible (Patel, 2012). Oboh, Ademiluyi, and Akindahunsi
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(2009) demonstrated that fermentation could improve the bioavailability of phyto-
chemicals by increasing the free soluble phenolic content of pigeon peas (Cajanus
cajan), Bambara groundnut (Vigna subterranean), African yam bean (Sphenostylis
stenocarpa Harms) and kidney bean (Phaseolus vulgaris). The increase in the free
phenolic content and the decrease in the bound phenolic content after fermentation are
suggested to be indicative of microbial secreted enzyme hydrolysis of the glycosidic
bonds of bound phenolics (Oboh & Rocha, 2007). Fermentation of chickpea seeds
(Cicer arietinum cv. Blanco lechoso) with natural microbiota and with Lactobacil-
lus plantarum modified the content of antioxidant vitamins and total phenolic and
antioxidation compounds. Tocopherol isomers and vitamin E content were found to
be decreased in both naturally fermented and lactobacilli-fermented chickpeas. On
the other hand, fermentation could increase the total phenolic compounds, suggest-
ing that fermentation is an adequate and effective process for increasing nutritional
and biological quality of the product. During fermentation, the concentrations of
reduced glutathione decreased while oxidised glutathione increased after both natural
and L. plantarum fermentation of chickpeas (Fernandez-Orozco et al., 2009). The
same observation in changes of reduced and oxidised glutathione is also reported by
Dueiias, Fernandez, Hernandez, Estrella, and Mufioz (2005) in cowpea (Vigna sinen-
sis L.) fermentation. In the natural fermentation of lentils, the p-hydroxybenzoic and
protocatechuic acids, as well as (+)-catechin, increased, whereas hydroxycinnamic
acids and procyanidin dimers decreased (Bartolomé, Estrella, & Hernandez, 1997).
Apart from legumes and seeds, nuts also contain polyphenols and carotenoids with
health-improving effects. Although fermentation reduced concentration of phyto-
chemicals in nuts (a-tocopherol in almonds and hazelnuts, y- and 8-tocopherol in
pistachios and walnuts) compared to the native nuts, extracts of both products showed
a strong antioxidant potential (Lux, Scharlau, Schlérmann, Birringer, & Glei, 2012).

5.2.2 Cereals

Cereal foods are important components of the daily diet, providing carbohydrates,
proteins, dietary fibre and vitamins. Cereals are also sources of many phytochemicals,
including phytoestrogens, phenolic compounds, saponins, phytic acid and sterols.
Fermentation of cereals has long been associated with the production of bread and
beer (Poutanen, Flander, & Katina, 2009), which involves the modification of wheat
and/or grain constituents by enzymes and microorganisms that are present naturally
or that are being added. Sourdough fermentation has a well-known role in improving
the nutritional properties of wheat, rye and oat baked goods via increasing the levels
of bioactive compounds such as phytochemicals in cereals (Katina et al., 2005). These
health-beneficial phytochemicals includes lignan, phenolic acids, phytosterols, tocos,
folates and other vitamins that are found concentrated in the germ and the outer layer
of kernel (Glitsg & Bach Knudsen, 1999). It is suggested that the increase or decrease
of levels of bioactive compounds during fermentation of cereals depends on the nature
of the compound and the type of microbes involved (Katina et al., 2005). Yeast fermen-
tation has repeatedly been shown to increase the folate content in the baking of both
wheat (Kariluoto et al., 2004) and rye (Kariluoto et al., 2004, 2006; Katina, Laitila,
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et al., 2007; Liukkonen et al., 2003), but the level of folate detected in the fermenta-
tion of rye was more than doubled (Liukkonen et al., 2003). Additionally, the level of
folate in rye meal upon fermentation by yeast was 2.5-fold higher than that fermented
by lactobacilli (Katina, Liukkonen, et al., 2007). In spite of this, mixed fermentation
(both yeast and lactic acid bacteria) has also been reported to promote higher levels of
folates, sterols, lignans, free ferulic acids and alkylresorcinols during the fermentation
of both native and germinated rye. This was credited to the optimum pH provided for
the action of cell wall-degrading enzymes derived from the grain itself or from indig-
enous microbes by the higher acidity (pH 4.5-6.0) upon yeast fermentation (Katina,
Liukkonen, et al., 2007). In a recent study performed by Dordevic, Siler-Marinkovié,
and Dimitrijevi¢-Brankovi¢ (2010), the total phenolic content of cereals such as buck-
wheat, wheat germ, barley and rye increased upon fermentation by both Lactobacillus
rhamnosus and Saccharomyces cerevisiae. Enzymes such as amylases, xylanases and
proteases derived from grain and microbes contributed to the modification of grain
composition, which thus released the bioactive compounds and improved the nutri-
tional value of the fermented cereals.

5.2.3 Vegetables and herbs

Vegetables provide essential nutrients needed not only for life but also for health pro-
motion and disease prevention. Consumption of vegetables, especially cruciferous
vegetables, has been strongly associated with reduced risk of cardiovascular disease
and cancer (Temple, 2000). A popular explanation among scientists has been that veg-
etables possess compounds that can exert antioxidant properties (including vitamins C
and E, selenium, flavonoids and f-carotene). Such properties may prevent the process
involved in the development of cancer, including prevention of oxidative stress and
protection of DNA from oxidative damage (Temple, 2000). These antioxidant prop-
erties of vegetables may be affected by processing technology (Oszmianski, Wolniak,
Wojdylo, & Wawer, 2007). In reality, only a small amount of vegetables are consumed
in their raw state, whilst most of them need to be processed for safety, quality and eco-
nomic reasons. Processing such as fermentation has been shown to improve original
activity and bioavailability of naturally occurring phytochemicals.

White cabbage fermented with L. plantarum CECT 748 (LP), Leuconostoc mes-
enteroides CECT 219 (LM) or a mixed culture of both strains at a 1:1 ratio (LP:LM)
has been reported to exert higher ascorbigen (ABG) content (12-fold higher) than
their unfermented counterparts (Martinez-Villaluenga et al., 2012). This was proba-
bly attributable to the presence of myrosinase-like activity in the starter culture, the
enzymes being involved in ABG formation (Tolonen et al., 2004). ABG is a phyto-
chemical that acts as a moderate free radical scavenger in vitro and as a potent inhib-
itor of chemical-induced lipid peroxidation in human keratinocytes (Wagner et al.,
2008). In another study, Penas, Pihlaya, Vidal-Valverde, and Frias (2012) evaluated
the effect of fermentation on the production of glucosinolate (GLS) hydrolysis prod-
ucts in cabbage. The authors found that fermentation of cabbage cv. Megaton can give
rise to the production of GLS hydrolysis products such as iberin, iberin nitrile, allyl
cyanide, allylisothiocyanate and sulforaphane, whereas such GLS hydrolysis products



Effect of fermentation on plant foods 111

were not detected in raw cabbage (Penas et al., 2012). GLS derivatives, particularly
isothiocyanates, nitriles and indoles, have attracted much attention as potential che-
mopreventive agents against certain types of cancer. Glucosinolates are inactive in
the intact raw vegetable but they can be hydrolysed to a broad range of bioactive
breakdown products, including volatile compounds such as isothiocyanates, nitriles
and thiocyanates, upon cellular disruption by the endogenous enzyme myrosinase
(thioglucoside glucohydrolase E.C. 3.2.3.1.). Thus, the production of GLS hydrolysis
products is attributable to myrosinase-like activity exerted by the endogenous micro-
biota during fermentation of cabbage.

Plant-based herbs such as red ginseng are also a rich source of various phytochem-
icals. Red ginseng extracts contain approximately 13.20pg/mg of total flavonoid;
fermentation by Lactobacillus fermentum (0.1% inoculum) for 12h at 40°C could
increase the total flavonoids in red ginseng extract by approximately 39% compared
to unfermented red ginseng (Kim, Lee, et al., 2011). Additionally, fermentation of red
ginseng could alter the herb’s ginsenoside profiles. Ginsenosides are important phyto-
chemicals that can exert various health-beneficial effects. including anti-carcinogenic
and antidiabetic effects (Kim et al., 2010). In a study conducted by Kim, Lee, et al.
(2011), the authors reported that ginsenosides such as Rb; and Rh,, which are known
to have antioxidant activities, were not present in unfermented red ginseng but were
detected in fermented red ginseng. Fermentation also significantly increased the con-
centrations of antidiabetic ginsenosides (Rg;) by threefold compared to unfermented
red ginseng, indicating that fermentation could improve the profile of bioactives in
red ginseng.

Wau, Su, and Cheng (2011) determined the effect of fermentation on another medic-
inal tropical/subtropical plant, Graptopetalum paraguayense E. Walther. Graptope-
talum paraguayense E. Walther has been used in ancient Chinese prescriptions for
treatment of several disorders and diseases, including reduction of blood pressure,
antimutagenic effect and prevention of oxidative damage and lipid peroxidation
(Chung, Chen, Hsu, Chang, & Chou, 2005). Fermentation of G. paraguayense E.
Walther juice with L. plantarum BCRC 10357 (10° CFU/ml; 37 °C for 72h) can sig-
nificantly increase the level of flavonoids and total phenolics, including quercetin and
gallic acid, and thus may further increase the antioxidant properties of this plant (Wu
etal., 2011).

5.2.4 Fruits

Fruit juices or fruit-related products are a rich source of polyphenolic compounds.
Polyphenols play a critical role in sensory properties and health benefits as anti-
oxidants, antitumoral agents and preventers of coronary heart disease. Red wine, a
fermented beverage from red grapes, contains a large number of polyphenolic com-
pounds and is a good resource for flavonols and flavones. Most of the phenolic com-
pounds, including gallic acid, syringic acid, ethyl gallate, caftaric acid, coutaric acid,
caffeic acid, coumaric acid, catechin and quercetin, showed the highest concentra-
tions during the malolactic fermentation stage of red wine compared to other stages of
wine processing (Gimjom et al., 2011). In another study, Lee and Kwak (2011) also
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demonstrated that the content of total phenolic compounds and flavonoids in grape
yakju (a Korean fermented alcoholic beverage) increased greatly with fermentation
time (25 °C for 20days). In particular, anthocyanin content in grape yakju was signifi-
cantly higher upon fermentation for 20days at 25°C as compared to content before
fermentation (z=0).

Increase of anthocyanin level was also observed in fermentation of strawberries
(Fragaria ananassa cv. Shikinari) (Zhang, Seki, Furusaki, & Middelberg, 1998).
The concentration of anthocyanin increased continuously to a maximum value of
0.86 mg/g fresh cell weight after fermentation for 6days at 27 °C by cell suspen-
sion culture (200g/l inoculums), and the synthesis of anthocyanin was partially
growth-associated. It has been suggested that some materials such as sucrose and
other thermostable compounds were secreted from cells in the medium during cul-
turing, which might stimulate the anthocyanin synthesis and accumulation (Sakurai
& Moru, 1996).

5.3 Effect of fermentation on antioxidant properties
of plant foods

Plant foods contain a number of bioactive substances, including phenolics. Phenolics
such as flavonoids, phenolic acids, lignans and tannins have antioxidant properties,
whilst the fermentation process has been demonstrated to modify the amount of these
contents. 1,1-Diphenyl-2-picryldrazyl (DPPH) and 2,2’-azinobis-(3-ethylbenzothi-
azoline-6-sulfonic acid) (ABTS) are tests commonly used to determine the free rad-
ical-scavenging effectiveness of compounds in evaluating the antioxidant activity of
food systems.

5.3.1 Legumes, seeds and nuts

During microbial fermentation, changes may occur in plant phytochemicals, thereby
affecting the antioxidant property of plant foods. Soy germ fermented by lactic acid
bacteria has been found to contain higher amounts of phytochemicals with antioxidant
properties, such as isoflavones, saponins, phytosterols and tocopherols, than that in the
raw materials. The fermented soy germ extracts exhibited higher inhibition against the
superoxide anion radical and significant ferric-reducing and DPPH radical-scavenging
effects compared with raw soy germ (Hubert, Monique, Francoise, Francoise, & Jean,
2008). Additionally, soybean koji that was produced upon fermentation by Rhizopus
sp. showed 5.2-fold higher scavenging effects than those of non-fermented soybean
extract for DPPHc-free radicals (Lin, Wei, & Chou, 2006). As compared with unfer-
mented soybean, the DPPH and ABTS radical-scavenging activity of douchi (a tra-
ditional Bacillus subtilis fermented soybean product in China) was doubled and
increased 4.5-fold, respectively, during the primary fermentation process (Fan, Zhang,
Chang, Saito, & Li, 2009). Chungkukjang (a fermented soybean product fermented
with B. subtilis) extract and its isoflavone constituents (genistein and daidzein) also
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showed significant antioxidant activity. The extract exhibited free radical-scavenging
effects against DPPH radical generation and had an inhibitory effect on low-density
lipoprotein (LDL) oxidation. In this study, the isoflavone glycones in soy, such as
genistein and daidzein, were suggested to play a role in this antioxidative activity by
inhibiting H,O,-induced DNA damage from NIH/3T3 fibroblasts (Kim et al., 2008).
Isoflavone genistein that was hydrolysed further by yeast to 2’-hydroxygenistein
showed higher antioxidant activity against DPPH and ABTS radicals than genistein
(Choi et al., 2009).

Fermentation of cowpeas either with natural microbiota or with L. plantarum signifi-
cantly increased the antioxidant activity of phenolic compounds in seeds, as assayed by
the DPPH test (Duenas et al., 2005). Oboh et al. (2009) demonstrated that fermentation
of the free soluble phenol from the fermented legumes (Bambara groundnut, African
yam bean and kidney bean) had a higher reducing power, free radical-scavenging
ability and inhibition of lipid peroxidation than free soluble phenols from the unfer-
mented beans. Fernandez-Orozco et al. (2009) also reported that both natural and
L. plantarum fermentation of chickpeas resulted in a drastic reduction in antioxidant
capacity, such as superoxide dismutase (SOD)-like activity (determination of super-
oxide radicals). The fermentation processes in chickpeas were also accompanied by
a gradual increase in peroxyl-radical trapping capacity, trolox equivalent antioxidant
capacity and lipid peroxidation inhibition. An increase in antioxidant activity of phe-
nolic compounds present in oat tempeh was reported by Berghofer, Grzeskowiak,
Mundigler, Sentall, and Walcak (1998). In a study comparing a microbial fermented
bean product with commercial antioxidants, the B. subtilis and Aspergillus oryzae
fermented red bean extract showed lower DPPH radical-scavenging effects compared
to commercial antioxidants, as well as a weaker reducing power compared to that of
a-tocopherol and butylated hydroxytoluene. However, the extracts showed a better
Fe?* chelating capacity than the commercial antioxidant (Chou, Chang, Chao, &
Chung, 2002; Chung, Chang, Chao, Lin, & Chou, 2002).

5.3.2 Cereals

The presence of microorganisms is important for enhanced levels of antioxidant
activity in cereals (Pordevic et al., 2010). The phenolic contents in buckwheat, wheat
germs, barley and rye showed an increase in DPPH radical-scavenging activities upon
fermentation by L. rhamnosus but were not significantly influenced upon fermentation
by yeast. L. rhamnosus-fermented barley has shown powerful antioxidant properties,
as the phenolics appear to have enhanced ferric-reducing antioxidant power, while all
fermented cereals showed higher lipid peroxidation ability than the unfermented sam-
ples. Sourdough fermented wheat germ with L. plantarum and L. rossiae contained
higher concentrations of total phenols than the raw wheat germ, with the phenols
showing higher DPPH and ABTS radical-scavenging activities than the unfermented
samples (Rizzello, Nionelli, Coda, De Angelis, & Gobbetti, 2010). A fungus-fermented
wheat has been proposed as a health food, whereby its antioxidant activity measured
by DPPH and ferrous ion chelating ability were higher in the fermented form than
unfermented (Zhang et al., 2012).
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5.3.3 Vegetables and herbs

The increased awareness of health and nutrition has tremendously increased the
consumption of vegetables owing to the presence of antioxidants in vegetables.
Processing such as fermentation has been shown to increase the antioxidant activity
of plant-based food, including vegetables. One of the most commonly consumed
fermented vegetables is fermented cabbage, better known as sauerkraut. Sauer-
kraut is produced by lactic acid fermentation of shredded and brined cabbage. Fer-
mentation of white and red cabbage has been shown to increase the antioxidative
capacity of the vegetables (Hunaefi et al., 2013; Kusznierewicz, Smiechowska,
Bartoszek, & Namiesnik, 2008). ABTS and DPPH free radical-scavenging activity
of white cabbage has been shown to increase gradually with fermentation time
(spontaneous fermentation) and reaches a plateau after 10days. Likewise, Mar-
tinez-Villaluenga et al. (2012) also reported that fermentation of white cabbage
with L. plantarum CECT 748 (LP), Leuconostoc mesenteroides CECT 219 (LM)
or mixed culture (1:1; LP:LM) increased the oxygen radical absorbance capacity
(ORAC) values by up to twofold compared to unfermented cabbage. The elevated
antioxidant capacity of sauerkraut is probably attributable to the effects of wound-
ing (owing to cutting) and chemical processes incurred by lactic acid bacteria
(Kusznierewicz et al., 2008).

Fermentation of carrot juice by L. bulgaricus and L. rhamnosus (5x 10° CFU
after 48 h fermentation) also increased the DPPH radical-scavenging activity com-
pared to unfermented carrot juice (Nazzaro, Fratianni, Sada, & Orlando, 2008). In
another study, Wu et al. (2011) evaluated the antioxidant properties of fermented
G. paraguayense E. Walther juice and found that fermentation with L. plantarum
BCRC 10357 (10°CFU/ml; 37°C for 72h) significantly increased the level of
antioxidative activities, including DPPH, ABTS and superoxide anion-scavenging
activities, and reducing power. Additionally, the antioxidant activity, including
catalase (CAT), gluthathione peroxidase (GPx), gluthathione reductase (GR) and
SOD, in mouse normal liver cell line FL83B treated with fermented G. para-
guayense E. Walther juice was significantly higher than in those treated with the
unfermented juice.

5.3.4 Fruits

Fresh fruits are strongly recommended in the human diet since they are rich in vita-
mins, dietary fibres, minerals and antioxidants. In particular, sweet cherries contain
remarkable contents of polyphenols, such as anthocyanins, which give them the
characteristic colour and antioxidant properties. Fermentation can further enhance
the antioxidant properties of sweet cherries. Sweet cherry (Prunusavium L.) puree
fermented by selected autochthonous lactic acid bacteria (L. plantarum, Pediococ-
cus acidilactici, Pediococcus pentosaceus and Leuconostoc mesenteroides subsp.
mesenteroides) at 25°C for 36 h has been reported to exhibit significantly higher
DPPH radical-scavenging capacity compared to unfermented sweet cherry puree
(Cagno et al., 2011).
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Prus and Fibach (2012) demonstrated that fermented papaya preparation (FPP)
exhibits reactive oxygen species (ROS) scavenging effect on blood cells in both an
in vitro and in vivo model (in thalassemic patients and experimental animals). Fer-
mented papaya effectively reduces ROS and it was suggested that its antioxidant
mechanism is related, at least in part, to iron chelation.

In another study involving fermentation of grape and rice paste with Aspergil-
lus oryzae (25 °C for 20h), the resultant beverage (grape yakju) has been reported
to possess higher antioxidant activities, as determined by ABST free radical-scav-
enging activity, hydroxyl free radical-scavenging activity and reducing power,
than before fermentation. The increased antioxidant activity of grape yakju was
correlated with the increased total phenolics and flavonoids of the beverage upon
fermentation. In agreement, Davalos, Bartolome, and Gomez-Corddoves (2005)
also demonstrated that antioxidant capacity, as evaluated by oxygen radical absor-
bance capacity (ORAC-FL) of grape wine (fermented grape beverage), was higher
compared to unfermented grape juice. Interestingly, although lactic fermentation of
grape juice to produce wine can significantly increase the antioxidant capacity of
the beverage, acetic fermentation of wine in vinegar production may decrease the
content of high-antioxidant-activity phenolic compounds, leading to new vinegar
phenolic compounds with lower antioxidant activity than those originally present
in wine.

5.4 Health-promoting effects of fermented plant foods:
a case of phytochemical and antioxidant property
changes

It has been suggested that antioxidants may contribute to the health benefits of plant
foods by reducing the incidence of aging-related chronic diseases, including heart
diseases and certain types of cancer. Experimental investigations involving in vitro
and in vivo trials have produced positive results on various oxidative stress-related
diseases. A recent study investigating chemo-preventive effects on cancer cells of five
types of nuts (almonds, macadamias, hazelnuts, pistachios, walnuts) after in vitro fer-
mentation showed that the fermentation extracts of nuts exhibited higher total tocoph-
erol contents and antioxidant activity than native nuts. In addition, all fermentation
supernatants (except pistachios) reduced growth of HT29 adenocarcinoma cells,
whilst only fermentation supernatants of walnuts significantly reduced DNA damage
induced by H,O, after 15 min co-incubation of HT29 cells (Lux et al., 2012). Thus,
consumption of fermented nuts could provoke anti-carcinogenic effects. Choi et al.
(2009) demonstrated that 2'-hydroxygenistein (2’-HG, bio-converted from genistein by
yeast hydrolase) showed higher antioxidant activity against DPPH and ABTS radicals
than genistein. The 2-HG also exhibited greater anti-proliferative effects in MCF-7
human breast cancer cells than did genistein. Studies have also been done on tradi-
tional soy-based fermented foods, such as natto, miso and douchi, that are believed
to have caused longevity of people in the East. In one of the studies conducted by
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Chang et al. (2010), it is shown that a diet of natto leads to a low prevalence of car-
diovascular disease, attributed to natto’s antioxidant activity. The occurrence of apop-
tosis of laser-induced endothelial cells was significantly reduced in the presence of
natto extract. Additionally, both the natto extract and natto kinase suppressed intimal
thickening in rats with endothelial injury upon 28 days administration. On the other
hand, L. rhamnosus and S. cerevisiae fermented rice bran extracts showed an inhibi-
tory effect on melanogenesis through down-regulation of microphthalmia-associated
transcription factor, a key regulator of melanogenesis, along with reduced cytotoxic-
ity (Chung et al., 2009). Apart from that, lactic acid bacteria and yeast co-fermented
rice bran extracts also showed antioxidative effect on UVB-damaged skin. The bran
extract has been found to be able to protect fibroblast cultures against UVB-induced
damage in vitro, preventing cancer risks (Seo, Jung, Song, Park, & Park, 2010). Table
5.1 summarises some of the in vivo studies of fermented plant foods exhibiting anti-
oxidant properties.

Numerous studies have indicated that the consumption of fermented fruits
and vegetables could exert health-protective effects. Most of the fermented fruits
and vegetables are rich sources of antioxidants, which are beneficial for preven-
tion of LDL oxidation. In a prospective, crossover, randomised and controlled
cross-sectional study evaluating the effects of red wine on antioxidant status and
risk of cardiovascular disease, 30 healthy adults (30-50years old) were randomly
assigned to two groups for an intervention of 30days (Estruch, 2000). One group
received wine (30 g of ethanol) as the first intervention and hard liquor with a very
low polyphenolic content as the second intervention (30 g of ethanol), and another
group received the hard liquor with a very low polyphenolic content as the first
intervention and red wine as the second intervention. The author demonstrated that
consumption of red wine decreased serum oxidation parameters and the tendency of
LDL to undergo lipid peroxidation, and increased high-density lipoprotein choles-
terol. Thus, consumption of red wine could delay the early onset of atherosclerosis.
One of the proposed mechanisms is the antioxidant properties of wine. Wine con-
tains antioxidants such as quercetin, resveratrol and epicatechin, which are effective
in preventing oxidation of LDL, the major cholesterol-carrying lipoprotein, leading
to prevention of atherosclerosis.

Consumption of fermented vegetables such as kimchi (fermented cabbage) has
been associated with health-protective effects including reduction or elimination of
free radicals, which might be direct or indirect causes for certain cancers and cardio-
vascular disease. Kim, An, et al. (2011) evaluated the effects of fresh and fermented
kimchi on metabolic parameters related to cardiovascular disease and metabolic syn-
drome risks in overweight and obese subjects. Twenty-two overweight and obese sub-
jects (7 male, 15 female; body mass index: >25kg/m?) were recruited and randomly
assigned to two experimental groups based on a crossover design: 4 weeks of fresh
kimchi or 4 weeks of fermented kimchi. The consumption of fermented kimchi greatly
improved metabolic syndrome, including systolic and diastolic blood pressures, per-
cent body fat, fasting glucose, fasting insulin and total cholesterol, compared with
the fresh kimchi. These results indicate that fermented kimchi may favourably affect
obesity and lipid metabolism processes.



Table 5.1 In vivo studies of antioxidant extracts from some fermented plant foods

Products

Subjects and experimental design

Antioxidant-scavenging effect

References

Chungkookjang (Korean
fermented soybean)

Fermented red bean

Fermented mung bean

Fermented barley extract
(prepared from water-
soluble fraction of
barley-shochu distillery
by-products) (FBEP)

Fermented wheat germ
extract (FWGE) and
in combination with
selenium nanoparti-
cles (FWGE-nano-Se
mixture)

Oral administration of Chungkookjang
extract (800mg/kg/day) to SPF mice
(male, 5weeks old) for 2weeks (n = 6)

Oral administration of ethanol extract
of non-fermented (RBE) and
Bacillus subtilis fermented red
bean (RBNE) to 12-month-old
ICR mouse

Oral administration of fermented and
germinated mung bean extracts to
Balb/c mice (male, 8—10weeks old)
at different doses for 14 days (n = 8)

Oral administration of unfermented
and FBEP to ICR mice (male,

5 weeks old) for 3 months (n = 8)

Oral administration of FWGE and
FWGE-nano-Se mixture to Swiss
albino tumour-bearing mice
(female) for 6 weeks; mice
received no treatment as control

Chungkookjang extract inhibited the formation of
malondialdehyde, damage of DNA and formation
of micronucleated reticulocytes in KBrOs;-
treated mice.

RBNE raised vitamin E content in the liver and
brain of aged ICR mouse while RBE showed
no significant influence. RBNE enhanced
superoxide dismutase activity in the brain of
aged ICR mouse

Fermented mung bean caused improvement in antiox-
idant levels (increase in SOD and FRAP activities;
reduced MDA and NO level) in the liver of mice
compared to unfermented mung bean extract

TBARS concentrations in plasma and liver were
significantly lower in mice fed with FBEP
than in the control; erythrocyte glutathione
peroxidase activity and liver glutathione
content were higher in the FBEP group

FWGE-nano-Se mixture group showed significant
reduction in tumour volume compared to positive
control and FWGE group; FWGE-nano-Se mix-
ture group increased SOD, GSH, GPx and CAT
and decreased NOy) and MDA and improved
liver and kidney function test; FWGE-nano-Se
mixture had anti-metastatic effect and induced

apoptosis in Ehrlich carcinoma cells

Kim et al. (2008)

Chou, Chung,
Peng, and Hsu
(2013)

Ali et al. (2013)

Hokazono, Omori,
Suzuki, and Ono
(2010)

El-Batal, Omayma,
Eman, and Effat
(2012)

ICR, imprinting control region; SPF, specific pathogen-free; KBrOs, potassium bromate; SOD, superoxide dismutase; FRAP, ferric-reducing ability of plasma; MDA, malondialdehyde;
NO, nitric oxide; TBARS, thiobarbituric acid reactive substances; GSH, glutathione; GP,, glutathione peroxidase; CAT, catalase activity.
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5.5 Conclusions

The levels and bioavailability of phytochemicals in plant foods such as legumes, cere-
als, vegetables, herbs and fruits can be greatly affected by processing such as fer-
mentation. This subsequently leads to increased antioxidant properties, which may
be beneficial for treatment and/or prevention of diseases such as atherosclerosis and
cancer. Thus fermentation, especially with probiotics (functional microbes), can serve
as an important process not only for preservation but also for production of functional
foods with enhanced bioactive and antioxidant properties.
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6.1 Introduction

For centuries, human civilisation has used different approaches to preserve and to pre-
pare food products. Probably the longest part of this history was based on empirical
knowledge, gained by experience without former knowledge either of mechanisms or
the scientific basis of fermentation. However, the decisive issue was that fermentation
proved to be a successful method of preservation. If we re-evaluate our experience in
food biopreservation and traditional medicine, we will be surprised to discover that only
since the last century have we tried to find answers to the questions about the scien-
tific bases of these phenomena. If we look back in history, we can find the prepara-
tion of alcoholic beverages by ancient Egyptians; the preparation of yoghurt, kumis,
kefir by the nomadic peoples from central Asia; fermentation of olives by the Greeks
and Romans; fermentation of meat by the Germanic tribes and fish by the Eskimos;
preparation of boza by the ancient Persians; or fermenting corn (maize) by the native
tribes in pre-Columbian America. All of these peoples most probably did not have any
knowledge of microbiology from the perspective of nineteenth century scientists, but
they were convinced by their personal experience that using specific technical means of
preparing these products succeeded in preserving meat, fish, milk, fruits and vegetables.

Based on empiric experience, some of these fermented products have been used
in traditional medicine; moreover, traditional medicine quite frequently made use of
fermentation processes to prepare medication. Empiric knowledge, frequently trans-
ferred from one generation to the next, was the only basis for preparation of these
products. Our great-grandmothers knew that, when preparing yoghurt, you need to use
the milk at a temperature that cannot burn yourself, and to add a portion of the yoghurt
from the previous day’s preparation. Preparation of kefir, differing from yoghurt, was
traditionally associated with kefir grains.

6.2 Food fermentation processes

Fermentation of food is a very old technology, and the earliest records may date back to
6000 BC (Fox, Lucey, & Cogan, 1993). These methodologies and knowledge associated
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with the manufacturing of fermented products were handed down from generation to
generation within local communities (Caplice & Fitzgerald, 1999). Frequently, these
communities needed products to be produced in small quantities for distribution in or
around the immediate area. However, the population increase in towns and cities, due to
the industrial revolution by the middle of the nineteenth century, resulted in a need for
these products to be produced in larger quantities, and this led to commercial production
of fermented food. Furthermore, developments in science (in general) and particularly
in microbiology exponentially increased from the middle of the nineteenth century, and
the development of pasteurisation by Louis Pasteur toward the end of the nineteenth
century had a major impact on our understanding of the biological basis of fermentation.
According to Caplice and Fitzgerald (1999), milk, meat, cucumbers and cabbage are the
main substrates used in the production of the most familiar fermented food products.

Even when the scientific basic of fermentation processes and modern microbiol-
ogy was established by Louis Pasteur, Ilja Metchnikov and his collaborator, Stamen
Grigorov, first suggested the concept basic to modern understanding of functional
food products and probiotics. At the end of the nineteenth century, it was still not well
known how and why probiotics works; the term “probiotics” was not even used. Only
much later, Fuller and Gibson (1997) defined this term as live microorganisms that,
when administrated in adequate amounts, confer health benefits to the host such as
reduction of gastrointestinal infections and inflammatory bowel disease, and modula-
tion of the immune system (Fuller & Gibson, 1997).

Large-scale production required products with consistent quality. Characterisation of
microorganisms responsible for the fermentation of various fermented products led to
the isolation of starter cultures, which could be produced on a large scale to supply fac-
tories involved in the manufacturing of these products. Defined starter cultures replaced
undefined starters traditionally used in manufacturing, and ensured reliable fermentation
and consistent product quality (Caplice & Fitzgerald, 1999). The digestibility, nutritional
value, organoleptic qualities, and shelf-life of industrial food products are increased by
controlled fermentation processes (Hancioglu & Karapinar, 1997). However, a number
of lactic acid bacteria (LAB) used as starter cultures in fermented food have probiotic
properties and may confer potential health benefits to the consumer.

6.2.1 Lactic acid bacteria in cereal-based fermented products

Cereal and cereal-legume-based fermented products are consumed in almost all parts
of the world. Cereals are cultivated on more than 73% of agricultural soil and contrib-
ute to more than 60% of the world’s food production, providing proteins, vitamins,
dietary fibre, energy and minerals (Charalampopoulos, Wang, Pandiella, & Webb,
2002). It is therefore important to study the nutritional value and basic composition of
their products. Many cereal-based products are heat treated (boiled or steamed), for
example, porridges, rice, pasta and cookies. In many cases, the same product is before
or after heat treatment subject to fermentation processes, for example, pancakes and
flatbreads in Asia, sourdough bread in Europe, and a variety of fermented dump-
lings, porridges, and alcoholic and nonalcoholic beers in Europe, Asia and Africa
(Salovaara, 2004).
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By definition, fermentation is the process by which a substrate is subjected to
biochemical modification resulting from the activity of microorganisms and their
enzymes (Gotcheva, Pandiella, Angelov, Roshkova, & Webb, 2000). Yeasts, LAB,
fungi, or mixtures of these are mainly responsible for natural cereal-based fermen-
tation. Yeasts mainly perform carbohydrate metabolism, whereas bacteria show pro-
teolytic activity (Chavan & Kadam, 1989). Both yeasts and bacteria contribute to the
sensory and safety aspects of the final products. Fermentations by yeasts and lac-
tobacilli change the biochemical composition of fats, minerals and vitamins in the
cereal. Yeasts are predominantly responsible for the production of ethanol (e.g. beers
and wines), whereas lactic acid bacteria produce mainly lactic acid (e.g. cereals and
fermented milk products). Acetic acid formation, most typically by the aerobic con-
version of alcohol to acetic acid in the presence of excess oxygen, is mainly conducted
by Acetobacter and Gluconobacter spp. (Blandino, Al-Aseeri, Pandiella, Cantero, &
Webb, 2003). Alkaline fermentation is commonly associated with the fermentation of
fish and seeds, widely used as condiment (McKay & Baldwin, 1990).

6.2.2 History of boza, a cereal-based fermented beverage

The origin of boza dates back to the ancient peoples who lived in Anatolia and
Mesopotamia. The preparation formula were taken by the Ottomans and distributed
throughout the countries that they conquered. The Greek historian Xenophon recorded
that boza was made in eastern Anatolia in 401 BC and stored in clay jars that were bur-
ied beneath the ground. The local speciality remained confined to the region until the
arrival of the Turks, who took this nourishing drink and spread it far and wide under
the name boza, a word derived from the Persian word “buze”, meaning millet. Boza
enjoyed its golden age under the Ottomans, and its preparation became one of the prin-
cipal trade items in towns and cities from the early Ottoman period (Todorov, 2010).

Beer is supposed to have originated from boza, a drink, probably dating back
4500years. Although the alcohol and acid content of boza was not known at that time,
boza was described in clay tablets as a stimulant and also as a medicine. From perspective
of twentyfirst century science, we have sufficient evidence to relate some of the proper-
ties to the probiotic characteristics carried by LAB, part of the boza microbiota (Todorov
et al., 2008). Boza consumption was initially widespread in the Islamic countries, but
production was prohibited in the eighteenth century because of its high alcohol content.
However, it is still produced and consumed widely in Anatolia, southern Russia, eastern
European countries, the Middle East and northern Persia (Arici & Daglioglu, 2002).

Boza is a low-alcohol beverage produced by the fermentation of barley, oats, millet,
maize, wheat or rice. The cooked cereal is strained to remove most of the solids; sugar
is added to taste and inoculated with a starter culture, consisting of either yogurt or
sourdough. The sludge is fermented at 30 °C for 24 h, cooled and kept refrigerated for
3-5days (Hancioglu & Karapinar, 1997; Zorba, Hancioglu, Genc, Karapinar, & Ova,
2003). Boza contains about 0.50-1.61% protein, 12.3% carbohydrate and 75-85%
moisture (Yegin & Uren, 2008; Zorba et al., 2003). In general, the pH of the boza sam-
ples ranges from 3.16 to 4.02 (Yegin & Uren, 2008), and the average alcohol content
is 0.13% (w/v) (Kose & Yiicel, 2003).
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Boza can be classified as either sweet or sour, depending on its acid content.
Besides improving organoleptic quality and digestibility by fermentation, it is a nutri-
tious food because of its lactic acid, fat, protein, carbohydrate, fibre and vitamin con-
tents, and thus is a valuable fermented food that beneficially contributes to human
nutrition (Morcos, Hegazi, & El-Damhoughy, 1973). The chemical properties of boza
during the fermentation and storage time are significantly affected by the raw material
(p < 0.01) (Akpinar-Bayizit, Yilmaz-Ersan, & Ozcan, 2010). The compositional dif-
ferences of boza samples may result from the use of different cereals as raw material
and their amounts in the recipe (Hammes et al., 2005; Hammes & Ginzle, 1998). The
raw material affects the amount and quality of carbohydrates available as primary
fermentation substrates, nitrogen sources and growth factors for microbial activity.

6.2.3 Physicochemical characteristics of boza

Total titratable acidity in terms of lactic acid was found to be the lowest in millet, with
0.32+0.04% and the highest in wheat boza (0.61 £0.07%) (Akpinar-Bayizitetal.,2010),
probably due to the high fermentable carbohydrate content of wheat compared to other
raw materials. The pH varied between 3.43+0.08 and 3.86+0.17 (Akpinar-Bayizit
et al., 2010). The acidity of the samples increased during storage (being highest after
192h, with 0.68 +0.06%) concomitantly with a decrease in the pH. Furthermore, the
alcohol content was lower in wheat boza (0.46+0.04%) (Akpinar-Bayizit et al., 2010)
and showed fluctuations during storage, depending on microbial and enzymatic activ-
ities. The acidity and alcohol content depended mainly on the fermentation period; it
was demonstrated that, with longer fermentation periods, the acidity increases, as does
the concentration of alcohol (Akpinar-Bayizit et al., 2010).

The history of boza and similar beverages dates back several thousand years. How-
ever, the original boza was probably different from that which is produced nowadays,
having high alcohol content (up to 7% by volume). In Egypt, a traditional beverage
called bouza is still produced. In the South African region, boza production has become
an important section of the beverage industry. Boza and similar beverages are produced
with different recipes and methods in various countries (Table 6.1). Boza is called
bousa or bouza in Nigeria and some other African countries, and it is similar to beer due
to its high alcohol content (Sanni, 1993). In Bulgaria, boza is produced either plain or
with cocoa, either in winter or in summer (Enikova, Kozereva, Ivanova, & Yang’ozova,
1985). In the Balkan region of Europe, this beverage is also called boza. In Turkey,
boza is mostly produced and consumed in winter, although, because of the refreshing
cooling effect of lactic acid, it can also be consumed in summer; however, high tem-
peratures in the summer season can lead to the growth of yeasts and acetic acid bacteria
(Arici & Daglioglu, 2002). Thus, sensory qualities of the product can change rapidly,
causing a dramatic decrease in the shelf-life (Arici & Daglioglu, 2002).

The steps for boza production can be summarised as: (1) preparation of the raw
materials, (2) boiling, (3) cooling and straining, (4) addition of sugar and (5) fer-
mentation. Boza (2-3%) from a previous batch is usually used as a starter culture.
The mixture is left to ferment in wooden barrels. The ratio of the starter culture
depends on the season and temperature at which it is produced. The inoculated



Table 6.1 Some traditional fermented cereal products consumed in Europe, Africa and Latin America that
may be consumed in an uncooked or partially cooked state and contain live microbes

Raw material/

Sensory property

millet

Product substrate and nature Microorganisms Country (references)
Abreh Sorghum Solid state and Lactobacillus plantarum Sudan (Odunfa & Oyewole,
submerged 1997)
Ben-saalga | Pearl millet Weaning food Lactobacillus sp., Pediococcus sp., Leuconostoc Burkina Faso, Ghana
sp., Weissella sp., yeasts (Tou et al., 2006)

Boza Cereals (barley, | Sour refreshing Enterococcus faecium, Lactobacillus acidophilus, Bulgaria, Balkan peninsula
oats, millet, liquid Lactobacillus brevis, Lactobacillus coprophilus,” (Arici & Daglioglu, 2002;
maize, wheat, Lactobacillus coryniformis, Lactobacillus fermentum, Botes et al., 2006; Gotcheva
rice) Lactobacillus paracasei, Lactobacillus pentosus, et al., 2000; Hancioglu &

Lb. plantarum, Lactobacillus rhamnosus, Lactobacil- Karapinar, 1997; Ivanova
lus sanfrancisco,’ Lactococcus lactis subsp. lactis, et al., 2000; Kabadjova
Leuconostoc lactis, Leuconostoc mesenteroides, et al., 2000; Sahingil et al.,
Leuconostoc oenos (reclassified as Oenococcus oeni), 2011; Todorov, 2010;
Leuconostoc raffinolactis, Pediococcus pentosaceus, Todorov & Dicks, 2004;
Weissella confusa, Weissella paramesenteroides, Todorov & Dicks, 2005;
Saccharomyces cerevisiae Todorov & Dicks,
2006; Tuncer & Ozden,
2010; Von Mollendorff
et al., 2006; Zorba et al.,
2003)

Burukutu Sorghum and Creamy, liquid Sacch. cerevisiae, Saccharomyces chavelieri, Nigeria (Odunfa & Oyewole,
cassava Leuc. mesenteroides, Candida sp., Acetobacter sp. 1997)

Busa Maize, sorghum, | Submerged Sacch. cerevisiae, Schizosaccharomyces pombe, East Africa, Kenya (Blandino

Lb. plantarum, Lactobacillus helveticus, Lactoba-
cillus salivarius, Lactobacillus casei, Lb. brevis,
Lactobacillus buchneri, Leuc. mesenteroides,
Pediococcus damnosus

et al., 2003; Odunfa &
Oyewole, 1997)

Continued
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Table 6.1 Continued

Raw material/ Sensory property
Product substrate and nature Microorganisms Country (references)
Chicha de Maize Mildly alcoholic Lb. plantarum, Lb. fermentum , Sacch. cerevisiae Latin America (Quillama,
jora drink 1993, 1998; Quillama
et al., 1995)
Dégué Millet Condiment Lactobacillus gasseri, Lb. fermentum, Lb. brevis, Lb. Burkina Faso (Abriouel et al.,
casei, Enterococcus sp. 2006)
Enjera Tef flour, wheat | Acidic, sourdough, Lactobacillus pontis, Lb. plantarum, Leuc. mesen- Ethiopia (Lee, 1997)
leavened, teroides, Pediococcus cerevisiae, Sacch. cerevisiae,
pancake-like Candida glabrata
bread, staple
Hussuwa Sorghum Cooked dough Lb. fermentum, Pediococcus acidilactici, Ped. pento- Sudan (Yousif et al., 2010)
saceus, yeast
Kenkey Maize Acidic, solid, Lb. plantarum, Lb. brevis, Enterobacter cloacae, Ghana (Odunfa & Oyewole,
steamed dump- Acinetobacter sp., Sacch. cerevisiae, Candida 1997; Oguntoyinbo,
ling, staple, mycoderma Tourlomousis, Gasson, &
Aflata Narbad, 2011)
Kishk Wheat, milk Refreshing Lb. plantarum, Lb. brevis, Lb. casei, Bacillus subtilis, Egypt (Blandino et al., 2003)
beverage yeasts
Kisra Sorghum Thin pancake bread, | Ped. pentosaceus, Lactobacillus confusus,! Lb. brevis, | Sudan (Mohammed,
staple Lactobacillus sp., Erwinia ananas, Klebsiella pneu- Steenson, & Kirleis, 1991)
moniae, Enterobacter cloacae, Candida intermedia,
Debaryomyces hansenii, Aspergillus sp., Penicillium
sp., Fusarium sp., Rhizopus sp
Koko Maize Porridge Enterobacter cloacae, Acinetobacter sp., Lb. plan- Ghana (Andah & Muller,
tarum, Lb. brevis, Sacch. cerevisiae, Cand. 1973; Blandino et al.,
mycoderma 2003)
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Maheu
Mahewu

Mawe

Mbege

Ogi

Pito

Poto poto
(Gruel)

Pozol

Maize, sorghum,
millet
Maize

Maize

Maize, sorghum,
millet

Maize, sorghum,
millet

Maize, sorghum,
millet
Maize

Maize

Refreshing
beverage

Refreshing
beverage

Intermediate
product used to
prepare bever-
ages, porridges

Submerged

Mildly acidic,
viscous porridge,
staple

Submerged

Slurry

Mildly acidic, thick,

viscous porridge,
staple

Lactobacillus delbrueckii
Lb. delbrueckii, Lactobacillus lactis

Lb. fermentum, Lactobacillus reuteri, Lb. brevis,
Lactobacillus confusus,1 Lactobacillus curvatus,
Lactobacillus buchneri, Lactobacillus salivarius,
Lactobacillus. lactis, Ped. pentosaceus, Ped. acidi-
lactici, Leuc. mesenteroides

Sacch. cerevisiae, Schizosaccharomyces pombe, Lb.
plantarum, Leuc. mesenteroides

Lb. plantarum, Lactobacillus pantheris, Lactobacillus
vaccinostercus, Corynebacterium sp., Aerobacter
sp., Cand. mycoderma, Sacch. cerevisiae, Rhodotor-
ula sp., Cephalosporium sp., Fusarium sp., Aspergil-
lus sp., Penicillium sp.

Geotrichum candidum, Lactobacillus sp., Candida sp.

Lb. gasseri, Lb. plantarum/paraplantarum, Lb.
acidophilus, Lb. delbrueckii, Lb. reuteri, Lb. casei,
Bacillus sp., Enterococcus sp., yeasts

Lb. plantarum, Lb. fermentum, Lb. casei, Lb. del-
brueckii, Leuconostoc sp., Bifidobacterium sp.,
Streptococcus sp., Candida parapsilosis, Trichos-
poron cutaneum, Geotrichum candidum, Asper-
gillus flavus, Enterobacteriaceae, Bacillus cereus,
Paracolobactrum aerogenoides, Agrobacterium
azotophilum, Alkaligenes pozolis, Escherichia coli
var. napolitana, Pseudomonas mexicana, Klebsiella
pneumoniae, Saccharomyces sp., moulds

South Africa (Steinkraus,
1979)

South Africa (Blandino et al.,
2003)

Benin, Togo (Hounhouigan,
Nout, Nago, Houben, &
Rombouts, 1993)

Tanzania (Odunfa & Oywole,
1997)

Nigeria (Banigo & Akinrele,
1977; Odunfa & Oyewole,
1997)

West Africa (Odunfa &
Oywole, 1997)

Congo (Abriouel et al., 2006;
Louembé et al., 1996)

Mexico and Latin America
(Ben Omar & Ampe, 2000;
Jiménez Vera et al., 2010;
Nuraida et al., 1995; Ulloa
et al., 1987; Wacher et al.,
2000, 1993)

Continued
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Table 6.1 Continued

Product

Raw material/
substrate

Sensory property
and nature

Microorganisms

Country (references)

Tepache

Togwa

Uji

Maize, pineap-
ple, apple,
orange

Cassava, maize,
sorghum,
millet

Maize, sorghum,
millet, cas-
sava flour

Fermented gruel or
beverage

Acidic, sour por-
ridge, staple

B. subtilis, Bacillus graveolus and the yeasts Torulop-
sis insconspicna, Sacch. cerevisiae and Candida
queretana

Lb. brevis, Lactobacillus cellobiosus, Lb. fermentum,
Lb. plantarum and Ped. pentosaceus, Candida pel-
liculosa, Candida tropicalis, Issatchenkia orientalis,
Sacch. cerevisiae

Leuc. mesenteroides, Lb. plantarum

Mexico (FAO, 1998)

Tanzania (Kingamkono et al.,
1998; Lorri & Svanberg,
1995; Mugula et al., 2003)

Kenya, Uganda, Tanzania
(Odunfa & Oyewole, 1997)

*Probably syn. of “Lactobacillus confusus”, which was later renamed W. confusa.
SLactobacillus sanfranciscensis.
IRenamed W. confusa.
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mixture is incubated at 15-25 °C for nearly 24 h before it is ready for use (Arici
& Daglioglu, 2002).

Two different types of fermentation occur simultaneously during boza fermenta-
tion. The first is the alcoholic fermentation that produces carbon dioxide bubbles and
increases the volume; the second, lactic acid fermentation, produces lactic acid and
gives the acidic character to boza. Due to the increase in volume during fermentation,
the wooden barrels should not be fully filled. After production, boza should be con-
sumed within a couple of days to prevent an excessively sour taste. In practice, the
fermentation rate is reduced by cold storage to extend the shelf life of boza. In the first
boza production of the season, sourdough or yoghurt is used as a starter culture, since
fresh boza is not available. When using sourdough, which is less viscous, a more acidic
product is obtained when compared to the product that is inoculated with a previous
boza batch. If yoghurt is preferred, a viscous but more acidic product is obtained, and
the characteristic yoghurt taste is easily detected (Arici & Daglioglu, 2002).

6.2.4 Microbiology of boza

Countries in the Balkan region in Europe are famous for their production of food and
beverages fermented with LAB. Boza is one such traditional drink; however, only a
few reports have been published on the microbial composition of boza. Most of the
LAB that have been isolated belong to the genera Lactobacillus, Lactococcus, Leuco-
nostoc, Pediococcus, Enterococcus, Oenococcus and Weissella (Arici & Daglioglu,
2002; Botes, Todorov, von Mollendorff, Botha, & Dicks, 2006; Gotcheva et al., 2000;
Hancioglu & Karapinar, 1997; Kabadjova, Gotcheva, Ivanova, & Dousset, 2000;
Todorov, 2010; Todorov & Dicks, 2004, 2005, 2006; Von Mollendorff, Todorov, &
Dicks, 2006; Zorba et al., 2003). Only one study (Zorba et al., 2003) addressed the
selection of boza starter cultures. LAB and presumably yeasts produce a number of
vitamins (Leroy & De Vuyst, 2004), and the adequate selection of starter cultures can
increase the nutritional value of fermented products (LeBlanc, Taranto, Molina, &
Sesma, 2010).

Several studies have reported on the isolation and identification of LAB and yeasts
in boza; however, to our knowledge, only the studies of Botes et al. (2006), Todorov
and Dicks (2006) and Todorov (2010) used biomolecular approaches to identify these
microorganisms. In these studies, the numbers of LAB isolated from three boza sam-
ples ranged from 9x 10° to 5x 107 CFU/ml. Carbohydrate fermentation reactions and
PCR with species-specific primers classified the isolates as Lactobacillus paracasei
subsp. paracasei, Lactobacillus pentosus, Lactobacillus plantarum, Lactobacillus
brevis, Lactobacillus rhamnosus, Lactobacillus fermentum, Leuconostoc lactis and
Enterococcus faecium.

Only a few papers have reported the isolation of yeasts and moulds from boza.
Most of the yeasts were identified as strains of Candida glabrata, Candida tropica-
lis, Geotrichum candidum, Geotrichum penicilatum, Saccharomyces carlsbergensis,
Saccharomyces cerevisiae and Saccharomyces uvarum (Arici & Daglioglu, 2002;
Gotcheva et al., 2000). The latter identifications were based on morphological, phys-
iological and biochemical characteristics. Boza harbors a diverse population of LAB



132 Advances in Fermented Foods and Beverages

that include strains of Lactobacillus acidophilus, Lb. brevis, Lactobacillus “coprophi-
lus” (Syn.: Weissella confusa?), Lactobacillus coryniformis, Lb. fermentum, Lb. para-
casei, Lb. pentosus, Lb. plantarum, Lb. rhamnosus, Lactobacillus sanfranciscensis,
Lactococcus lactis subsp. lactis, Leuconostoc mesenteroides, Leuconostoc mesen-
teroides subsp. dextranicum, Leuconostoc raffinolactis, Leuc. lactis, Ent. faecium,
Pediococcus pentosaceus, Leuconostoc oenos (reclassified to Oenococcus oeni),
W. confusa and Weissella paramesenteroides (Arici & Daglioglu, 2002; Gotcheva
et al., 2000; Todorov, 2010; Todorov & Dicks, 2006; Von Mollendorff et al., 2006).

Yeasts were isolated from two-thirds of the boza samples, with viable numbers
ranging from 1.3x10? to 1.8 x 103 CFU/ml. Results obtained from sequencing of the
D1/D2 rDNA region identified the yeasts as Candida diversa, Candida inconspicua,
Candida pararugosa, Issatchenkia orientalis, Pichia fermentans, Pichia guillier-
mondii, Pichia norvegensis, Rhodotorula mucilaginosa and Torulaspora delbrueckii.
Saccharomyces cerevisiae, commonly associated with fermented beverages, has not
been detected in any of the boza samples (Botes et al., 2006). The absence of Sacch.
cerevisiae suggests that the species was either not present in the inoculum (at least
not in high numbers) or that it was inhibited by the LAB and other yeasts toward
the end of fermentation. Candida inconspicua has been isolated from human sputum
and tongue and is an opportunistic pathogen. Rhodotorula mucilaginosa is also an
opportunistic pathogen implicated in fungaemia, endocarditis and meningitis. Pichia
norvegensis has been associated with septicemia in humans (Gomez-Lopez, Mellado,
Rodriguez-Tudela, & Cuenca-Estrella, 2005; Maxwell et al., 2003). The presence of
potential pathogens emphasises the importance of developing starter cultures with
GRAS status for the commercial production of boza and the necessity of introducing
novel methods to prevent pathogen propagation.

6.3 Antimicrobial proteins isolated from boza-related
lactic acid bacteria

6.3.1 Definition of a bacteriocin

LAB are known for the production of antimicrobial compounds, including bacterio-
cins or bacteriocin-like peptides (De Vuyst & Vandamme, 1994). Bacteriocins of LAB
are defined as ribosomally synthesised proteins or protein complexes usually antag-
onistic to genetically closely related organisms (De Vuyst & Vandamme, 1994), and
are generally low-molecular-weight proteins that gain entry into target cells by bind-
ing to cell surface receptors. Their bactericidal mechanism varies and may include
pore formation, degradation of cellular DNA, disruption through specific cleavage of
16S rDNA and inhibition of peptidoglycan synthesis (De Vuyst & Vandamme, 1994;
Heu et al., 2001). In recent studies, specific environmental conditions, including those
found in food, have been examined to determine their effect on the production of bac-
teriocins (Leroy & De Vuyst, 2004). Bacteriocin production is dramatically affected by
changes in environmental conditions, and optimal production may require a specific
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combination of parameters (Leal-Sanchez, Jiménez-Diaz, Maldonado-Barragan,
Garrido-Fernandez, & Ruiz-Barba, 2002). Little is known about the interactions of these
factors with the production of bacteriocins, especially in a complex food environment.

6.3.2 Boza-associated bacteriocin producers

Kabadjova et al. (2000) and Ivanova, Kabadjova, Pantev, Danova, and Dousset (2000)
first reported the isolated of bacteriocin-producing strains from boza (produced in
Sofia, Bulgaria). Of the 80 isolated strains of LAB, a group of 33 showed antibacterial
activity against different test microorganisms (Listeria innocua F, Lb. plantarum 73,
Lactococcus cremoris 117, and even against Gram-negative bacteria such as Esche-
richia coli). The strain defined as Lact. lactis subsp. lactis 14 (based on biochemical
identification tests) was chosen for future tests, and its growth curve and ability to
produce bacteriocin under different conditions of cultivation have been studied. An
attempt has been made for initial purification of the bacteriocin by means of a classical
method (Kabadjova et al., 2000).

Todorov and Dicks (2004) reported on the bacteriocin (mesentericin ST99) pro-
duced by Leuc. mesenteroides subsp. dextranicum ST99 isolated from boza originat-
ing from Belogratchik (northwest of Bulgaria). The cell-free supernatant of this strain
inhibited the growth of Bacillus subtilis, Enterococcus faecalis, several Lactobacillus
spp., Lactococcus lactis subsp. cremoris, Li. innocua, Listeria monocytogenes, Ped.
pentosaceus, Staphylococcus aureus and Streptococcus thermophilus. However, Clos-
tridium spp., Carnobacterium spp., Leuc. mesenteroides and Gram-negative bacteria
were not inhibited (Todorov & Dicks, 2004). Maximum antimicrobial activity, that
is, 6400 AU/ml, was recorded in MRS broth after 24 h growth at 30 °C. Metabolically
active cells of Li. innocua treated with mesentericin ST99 did not undergo lysis, and
mesentericin ST99 did not adhere to the cell surface of strain ST99. Mesentericin ST99
were partially purified by precipitation with ammonium sulfate (70% saturation), fol-
lowed by Sep-Pack C18 chromatography and reverse-phase high-performance liquid
chromatography (HPLC) on a C18 Nucleosil column, and yielded one antimicrobial
peptide (Todorov & Dicks, 2004).

In 2005, the same authors (Todorov & Dicks, 2005) reported that 13 of the 52
strains isolated from boza produced in Belogratchik, northwest of Bulgaria, inhibited
the growth of Pediococcus spp., Li. innocua and Lb. plantarum. The population of
LAB recorded in boza was c. 2x 108CFU/ml. One of the strains, identified as Ped.
pentosaceus ST18 (based on biochemical identification tests), produced pediocin
ST18 at 3200 AU/ml in MRS broth at the end of logarithmic growth (i.e. after 24 h).
Pediocin ST18 was active against all tested strains of Pediococcus spp. included in
this study, and revealed an important antilisterial activity, including that against Li.
monocytogenes. From the 54 bacterial strains tested, 29 were sensitive to pediocin
ST18. No activity was recorded against Gram-negative bacteria in this study.

Pediocin ST18 have been partially purified by ammonium sulphate precipitation,
followed by separation in a Sep-Pack C18 column and reverse-phase HPLC on a C18
Nucleosil column, and yielded in two active antimicrobial peptides, which suggests
that pediocin ST18 may be a two-peptide bacteriocin. The peptide had bacteriostatic



134 Advances in Fermented Foods and Beverages

action toward Li. innocua but did not cause cellular lyses. Pediocin ST18 does not
adhere to the cell surface of the producer strain (Todorov & Dicks, 2005).

The study of Todorov and Dicks (2006) is the first report on the isolation of LAB
from boza and their identification based on genetic approaches. Boza samples were
obtained from the same town in Bulgaria previously reported by Todorov and Dicks
(2004,2005). The population of LAB recorded in Boza was approximately 5 x 107 CFU/
ml. Lactobacillus plantarum (strains ST194BZ, ST414BZ and ST664BZ), Lb. pento-
sus (strain ST712BZ), Lb. rhamnosus (strains ST461BZ and ST462BZ) and Lb. para-
casei (strains ST242BZ and ST284BZ), isolated from boza, produced bacteriocins
active against Lactobacillus casei, E. coli, Pseudomonas aeruginosa and Ent. faecalis.
Thus far, only a few bacteriocins with activity against Gram-negative bacteria have
been reported, but, for the second time, a bacteriocin isolated from LAB originated
from boza was reported (Todorov & Dicks, 2006). All eight bacteriocins inhibited Lb.
casei, E. coli, Ps. aeruginosa and Ent. faecalis. Bacteriocin ST242BZ inhibited the
growth of Acinetobacter baumanii and bacteriocins ST194BZ, ST242BZ, ST284BZ
and ST414BZ were active against Enterobacter cloacae (Todorov & Dicks, 2006).
All bacteriocins acted bactericidal. The bacteriocins did not adhere to the surface of
the producer cells. Production occurred throughout logarithmic growth, with the high-
est activity recorded at the end of logarithmic and during stationary growth. Based
on tricine SDS-PAGE, the bacteriocins ranged from 2.8 to 14.0kDa. No plasmids
were recorded, suggesting that the genes encoding the bacteriocins are located on the
genomes (Todorov & Dicks, 2006).

Von Mollendorff et al. (2006) reported on bacteriocins produced by LAB isolated
from boza. Four isolates (JW3BZ, IW6BZ, JW11BZ and JW15BZ) produced bacte-
riocins active against a broad spectrum of Gram-positive bacteria. In addition, bac-
teriocin JW15BZ was shown to inhibit the growth of Klebsiella pneumoniae. The
producer strains were identified as Lb. plantarum (strains JW3BZ and JW6BZ) and
Lb. fermentum (strains JW11BZ and JW15BZ) based on biochemical and biomolecu-
lar approaches and 16S rDNA sequencing. The spectrum of antimicrobial activity, bio-
chemical characteristics, and mode of action of these bacteriocins were compared with
bacteriocins previously described for LAB isolated from boza (Von Mollendorff et al.,
2006). The highest level of bacteriocin JW3BZ activity (25,600 AU/ml) was recorded
after 18 h of growth in MRS broth (30°C), and it remained at this level for the dura-
tion of fermentation. The same level of bacteriocin JW6BZ activity (25,600 AU/ml)
was recorded after 15 h of growth, which was followed by a decrease to 12,800 AU/ml
during the next 6 h. Bacteriocins JW11BZ and JW15BZ were produced at lower levels
(12,800 AU/ml) and only after 15 and 12 h, respectively. Bacteriocin JW11BZ produc-
tion decreased to 6400 AU/ml after 18 h of fermentation, and bacteriocin JW15BZ to
3200 AU/ml after 21 h of fermentation (Von Mollendorff et al., 2006). The molecular
size of bacteriocins JW3BZ, JW6BZ, JIW11BZ and JW15BZ ranged from approxi-
mately 2.3 to 3.0kDa.

Lactococcus lactis subsp. lactis YBD11 was isolated from boza, produced in
Turkey (Tuncer & Ozden, 2010). The bacteriocin produced by Lact. lactis subsp. lactis
YBD11 inhibited the growth of Lb. plantarum, Lactobacillus sakei, Lact. lactis subsp.
lactis, Lact. lactis subsp. cremoris, Micrococcus luteus, Li. innocua, Enterococcus
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feacalis, Staphylococcus aureus, Staphylococcus carnosus, Ped. pentosaceus and
Bacillus cereus; however, the nisin-producing strain Lactococcus lactis SIK83 and
Gram-negative bacteria were not inhibited. Maximum antimicrobial activity,
10,240 AU/ml, was recorded in glucose-M17 broth after 18h at 30 °C. Based on cell
lysis treatments, bacteriocin of Lact. lactis subsp. lactis YBD11 was determined to
have a bactericidal activity against M. [uteus. Bacteriocin production occurred through-
out the exponential phase, with the highest activity recorded at the end of this phase.
Tricine-SDS-PAGE of partially purified bacteriocin gave the same molecular weight
as nisin (3.5kDa). These results indicate that the antimicrobial compound produced by
Lact. lactis subsp. lactis YBD11 is a nisin-like bacteriocin (Tuncer & Ozden, 2010).

A different bacterial strain isolated from boza produced in Turkey was also iden-
tified, and the physicochemical and microbiological properties of its inhibitory
compounds were characterised (Sahingil, Isleroglu, Yildirim, Akcelik, & Yildirim,
2011). The isolate was identified as Lact. lactis subsp. lactis, based on morphology,
physiology, carbohydrate fermentation, the fatty acid profile and 16S rDNA gene
sequence homology. Lactococcin BZ was active against several Gram-positive and
Gram-negative foodborne pathogens and food spoilage bacteria. Lactococcin BZ was
produced at the maximum level in MRS broth with an inoculum volume of 0.1%,
an initial pH of 7.0, and an incubation temperature of 25 °C. Bacteriocin production
began during the logarithmic phase and reached the maximal level during the early
stationary phase. Its mode of action against Li. monocytogenes was bactericidal and
its molecular weight was ca. 5.5kDa, as determined using tricine SDS-PAGE. Lacto-
coccus lactis subsp. lactis BZ or its bacteriocin, which has a wide inhibitory spectrum,
has the potential for use as a biopreservative in food products (Sahingil et al., 2011).

Five bacteriocin-producing LAB strains (Lb. plantarum ST69BZ, Ent. faecium
ST62BZ and Leuc. lactis ST63BZ, ST611BZ and ST612BZ) were isolated from boza
originating from Belogratchik, Bulgaria (Todorov, 2010). The bacteriocins of all five
isolates inhibited the growth of Enterococcus spp., E. coli, K. pneumoniae, Lactobacillus
spp., Lact. lactis subsp. lactis, Listeria spp., Ps. aeruginosa, Staphylococcus spp.
and Streptococcus caprinus. The mode of activity of bacteriocins ST69BZ, ST62BZ,
ST63BZ, ST611BZ and ST612BZ is bactericidal, as determined against Ent. faecium
HKLHS and Lb. sakei DSM 20017, respectively. Two of the five studied bacteriocino-
genic strains (ST69BZ and ST612BZ) exhibited activity against some fungal cultures.
In addition, a synergistic effect between bacteriocins ST69BZ, ST62BZ, ST63BZ,
ST611BZ and ST612BZ and ciprofloxacin were registered (Todorov, 2010).

The highest level of bacteriocin ST69BZ activity (12,800AU/ml) was recorded
after 18 h of growth in MRS broth (30°C), and it remained at this level for the dura-
tion of fermentation. The highest level of bacteriocin ST62BZ activity (25,600 AU/
ml) was recorded after 21 h of growth, followed by stable production for the next 3 h.
Similar results were recorded for bacteriocin ST63BZ. Maximum levels of bacterio-
cin ST63BZ (1600 AU/ml) were recorded after 24 h, at the end of stationary growth.
Bacteriocin ST611BZ reached 52,600 AU/ml after 15h, but decreased to 25,600 AU/
ml during the following 9h. Similar results were recorded for strain ST612BZ. Opti-
mum levels of bacteriocin ST612BZ was recorded at 15h (6400 AU/ml), followed
by a decrease to 3200 AU/ml during the following 9h (Todorov, 2010). The size of
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bacteriocins ST69BZ (3.2kDa), ST62BZ (10.0kDa), ST63BZ (10.0kDa), ST611BZ
(3.2kDa) and ST612BZ (6.5kDa) (Todorov, 2010) was similar to that described
for other bacteriocins produced by LAB isolated from boza. Bacteriocins JW3BZ,
JW6BZ, JW11BZ and JW15BZ are between 2.3 and 3.3kDa (Von Mollendorff et al.,
2006). Similar results were reported for bacteriocins ST194BZ (3.0 and 14.0kDa),
ST242BZ (10.0kDa), ST284BZ (3.5kDa), ST414BZ (3.7kDa), ST461BZ (2.8kDa),
ST462BZ (8.0kDa), ST664BZ (6.5kDa) and ST712BZ (14.0kDa) (Todorov & Dicks,
2006). The sizes recorded for the five bacteriocins (ST69BZ, ST62BZ, ST63BZ,
ST611BZ and ST612BZ) are within the range reported for most bacteriocins produced
by Lactobacillus spp. and Enterococcus spp. (De Vuyst & Vandamme, 1994).

Complete inactivation of the bacteriocins was observed after treatment of the cell-
free supernatants with proteolytic enzymes, confirming the proteinaceous nature of
the antimicrobial compounds (Todorov, 2010). Treatment of cell-free supernatants of
the four strains with catalase and a-amylase did not result in activity changes, except
for bacteriocin ST63BZ, suggesting that the inhibition factor recorded was not hydro-
gen peroxide and that carbohydrate moieties were not required for antimicrobial activ-
ity (Todorov, 2010). Inhibition of bacteriocin ST63BZ activity by a-amylase suggests
that the bacteriocin is glycosylated and belongs to group IV according to the classifi-
cation of Klaenhammer (1988). Stability of the other four bacteriocins in the presence
of a-amylase is not unusual, and similar results have also been reported for other bac-
teriocins isolated from boza (Todorov & Dicks, 2006; Von Mollendorff et al., 2006).
Leuconocin S (Keppler, Geiser, & Holzapfel, 1994) and carnocin 54 (Lewus, Sun, &
Montville, 1992) are sensitive to a-amylase, suggesting that their activity is associated
with glycosylation of the active peptide.

Thermostability at 100°C has also been reported for most other bacteriocins
(Todorov & Dicks, 2004, 2005, 2006; Von Mollendorff et al., 2006) isolated from
boza. The sensitivity of bacteriocins ST63BZ and ST612BZ to 100°C after 120 min
and 121°C after 20min may be a result of their molecular mass (10.0 and 6.5kDa,
respectively), although the stability of bacteriocin ST62BZ, a 10.0kDa peptide was
not affected by treatment for 120 min at 100°C. A difference in the structures of bac-
teriocin ST62BZ and ST63BZ may be a reason for these results. Bozacin B14 was
inactivated after 10min at 90-121°C (Ivanova et al., 2000).

The mode of activity of bacteriocins ST69BZ, ST62BZ, ST63BZ, ST611BZ and
ST612BZ is bactericidal, as determined against Ent. faecium HKLHS and Lb. sakei
DSM 20017, respectively (Todorov, 2010). The results obtained regarding the leak-
age of DNA, RNA, proteins and [-galactosidase confirm that bacteriocins ST69BZ,
ST62BZ, ST63BZ, ST611BZ and ST612BZ destabilise the permeability of the cell
membrane (Todorov, 2010).

Cell-free supernatants from 24-h-old cultures of Lb. plantarum ST69BZ, Leuc. lac-
tis ST63BZ, ST611BZ, ST612BZ and Ent. faecium ST62BZ (pH neutralised) inhib-
ited the growth of several bacterial strains such as Li. monocytogenes, Ent. faecalis,
and E. coli (Meinken & Todorov, 2009). Early log phase cells of test microorganisms
treated with bacteriocins resulted in immediate and complete growth inhibition for
at least 10h (Meinken & Todorov, 2009), suggesting that the mode of action is bac-
tericidal. Cells of test microorganisms treated with bacteriocins ST69BZ, ST62BZ,
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ST63BZ, ST611BZ, and ST612BZ were clearly deformed or vesiculated as visual-
ised by AFM (Meinken & Todorov, 2009). Sensitive strains treated with bacteriocins
ST69BZ, ST62BZ, ST63BZ, ST611BZ, and ST612BZ resulted in leakage of DNA,
RNA, proteins, and [3-galactosidase. The results obtained by AFM shown by Meinken
and Todorov (2009) and leakage of DNA, RNA, proteins, and -galactosidase confirm
that bacteriocins ST69BZ, ST62BZ, ST63BZ, ST611BZ, and ST612BZ destabilise
the permeability of the cell membrane. Vesiculation was clearly visible on cells of Lb.
sakei DSM20017 after treatment with bacteriocin ST62BZ produced by Ent. faecium
ST62BZ, and bacteriocins ST63BZ, ST611BZ, and ST612BZ produced by Leuc. lac-
tis ST63BZ, ST611BZ, and ST612BZ, respectively. Changes in morphology, such as
collapse and formation of pores of Ent. faecium HKLHS, were observed after treat-
ment with bacteriocin ST69BZ produced by Lb. plantarum ST69BZ. The resulting
images clearly showed changes in cell morphology, such as collapse of the apical ends
or the cell center, signs of cytoplasm leakage or vesiculation. Differences observed
between the bacteriocins suggest different modes of action, such as the barrel stave
model and the toroidal model, which describe the formation of pores in the cell mem-
brane or the carpet model, which leads to a vesiculation of the outer cell membrane
(Meinken & Todorov, 2009).

It was interesting to find that two of these five strains exhibited antifungal activ-
ity. Lactobacillus plantarum ST69BZ culture showed activity against Absidia spp.,
Aspergillus niger, Epicoccum nigrum, and Penicillium spp., whereas Leuc. lactis
ST612BZ produced an antifungal substance active against Botrytis spp. (Todorov,
2010). As these bacterial species are present in boza, we can presume that they could
be an important part of the starter cultures and may therefore contribute to the antifun-
gal stability of the product.

Todorov (2010) reported that, in the combined application of the sublethal lev-
els of clinical antibiotic (ciprofloxacin) and five bacteriocins (bacteriocins ST69BZ,
ST62BZ, ST63BZ, ST611BZ and ST612BZ), antibacterial activity was strongly
increased. These results indicate that the mechanism by which the cationic peptide
increases the effectiveness of these antibiotics would be through the dissipation of
the proton gradient responsible for the extrusion of these compounds. The synergism
between antibiotics, particularly ciprofloxacin and bacteriocins, is important to reduce
the level of the MIC of the antibiotics. Similar synergetic effects may be important for
the development of treatments against multi-drug-resistant strains.

6.4 Fermented cereal-based food from Africa
and Latin America

In Africa, numerous traditional fermented cereal-based foodstuffs are produced in
small-scale production units in urban areas (Chavan & Kadam, 1989). Some exam-
ples of African traditional fermented cereal-based products are summarised in Table
6.1. Cereal grains including sorghum, maize and millet are common substrates for
lactic acid—fermented gruels and beverages known by different names such as, for
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example, poto poto in the Congo (Louembé, Brauman, Tchicaya, & Kobawila, 1996),
ben-saalga (Tou et al., 2006) and dégué in Burkina Faso, ogi in Nigeria (Banigo &
Akinrele, 1977), koko in Ghana (Andah & Muller, 1973) and togwa in Tanzania (Lorri
& Svanberg, 1995; Mugula, Nnko, & Sorhaug, 2001). Poto poto is a traditional fer-
mented maize dough prepared in Congo homes for direct use as a weaning food. The
process includes a soaking step of the grains (first fermentation step), which on average
lasts 55h, followed by milling and settling of the paste in water (second fermentation
step, 10—-11h), and cooking to produce a gruel (Ampe & Miambi, 2000; Louembé,
Kéléke, Kobawila, & Nzouzi, 2003). The fermented maize paste is dewatered and
modelled into poto poto balls, which can be sold as such or diluted and cooked in
water with added sugar (poto poto gruel). Dégué is a pearl millet-based fermented
food from Burkina Faso. Dégué has a very different processing diagram resulting after
dehulling, grinding of the millet grains, modelling with water and steam cooking in
the production of gelatinous balls, which are further fermented during storage (24 h)
and afterward consumed mixed with dairy products. In both cases, fermentation is
spontaneous and uncontrolled, thus resulting in products of variable quality (Abri-
uel et al., 2006). In a taxonomic study of poto-poto and dégué, African traditional
fermented food products by sequencing of DNA bands from TTGE gels revealed the
presence of Lactobacillus gasseri, Enterococcus sp., E. coli, Lb. plantarum/paraplan-
tarum, Lb. acidophilus, Lactobacillus delbrueckii, Bacillus sp., Lactobacillus reuteri,
and Lb. casei in poto-poto and Lb. gasseri, Enterococcus sp., E. coli, Lb. fermentum,
Lb. brevis, and Lb. casei in dégué (Abriuel et al., 2006).

In some regions of Latin America, fermented products are still manufactured
traditionally using very simple equipment. Some examples of Latin American tra-
ditional fermented cereal-based products are presented in Table 6.1. In specialised
markets throughout the world, these fermented products are highly appreciated and
are considered to be of premium value because of their flavour characteristics and
uniqueness. Indigenous fermented foods have special organoleptic qualities,
and some even possess health-promoting properties. This is principally due to
the presence of a biologically diverse microbiota present in the raw material or
as a contaminant from either the producers or instruments used for preparation.
These microorganisms are important genetic reservoirs and hold great biotechno-
logical and health-improving potential that should be exploited. Those adapted
to harsh environmental conditions were able to survive, whereas others had the
ability to produce enzymes and compounds necessary for their growth on raw food
materials.

Chicha de jora is one of the oldest fermented beverages in South America. It is
believed that its origin dates back to the fifteenth century. Maize was first chewed
to pulp, since saliva helps to convert starches to fermentable sugars. This pulp was
then sun dried, mixed with warm water and left to ferment for a few days, converting
the corn into a mildly alcoholic drink. In ancient Japan, sake (rice wine) was also
produced by chewing the grains as a source of amylase to convert the starch to mono-
saccharides and disaccharides (Yoshizawa & Ishikawa, 1979). Later it was discovered
that rice overgrown with Aspergillus, Rhizopus or Mucor moulds also became sweet
and could be fermented to produce sake (Steinkraus, 1979).
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Nowadays, Chicha de jora is prepared by first soaking the maize grains in water
for 24-48h, after which the water is drained and the corn allowed to germinate for
8-15days, covered in dampened plant leaves and finally sun dried. During the germi-
nation process, the starches are converted into fermentable sugars (mono- and disac-
charides) by the action of amylases, whereas proteins are broken down by proteases,
both activities being necessary for yeast growth. The germinated maize is then boiled
for 6-24h, during which different herbs and spices are added such as cinnamon, all-
spice and cloves. The liquid is allowed to cool, is strained through a clean cloth, unre-
fined sugar is added, and the mixture is allowed to ferment for 1-2 weeks in clay pots.
The final fermented product has a final pH of 4.0-4.5 and an alcohol content of 4—6%.
However, although Chicha de jora is a product known since ancient times, very few
studies have been carried out on the fermentation process. It was shown that Sacch.
cerevisiae is the predominant native yeast species present (Quillama, 1993), and that
LAB (such as Lb. plantarum and Lb. fermentum) are also present in large quantities
(Quillama et al., 1995). It was shown that Lb. plantarum E2, a strain isolated from
Chicha de jora, is capable of producing a bacteriocin that limits the growth of Lb.
Sfermentum Chj4C, another strain isolated from the native beverage (Quillama, 1998).

Pozol is a nonalcoholic beverage made from fermented maize that has been pro-
duced by the Maya Indians and Mestizo populations in southeastern Mexico and
other Central American countries since pre-Hispanic times (Wacher et al., 2000).
Today it still forms part of the basic daily nutrition of urban and rural populations
of different ethnic groups that reside in this region (Jiménez Vera, Gonzalez Cortés,
Magaiia Contreras, & Corona Cruz, 2010). The first step in pozol preparation is
called nixtamalisation, where maize kernels (white, yellow or black) are boiled for
1.5h in a 1% lime solution. These are then dehulled and rinsed using tap water
(the discard is called nexayote). The maize is then coarsely ground to make dough
(called nixtamal) that is shaped into balls, wrapped in banana leaves, and normally
left to ferment at ambient temperatures for 2—7 days but sometimes up to 1 month.
The fermented dough is then suspended in water and drunk during meals, at work, or
anytime during the day as a refreshing beverage. Traditionally, pozol was produced
primarily for family consumption, the drink being consumed by adults, children and
infants (Ulloa, Herrera, & Lappe, 1987), although sometimes slightly larger-scale
producers have made pozol for sale. Some fibrous components are not completely
solubilised by nixtamalisation, and a sediment is present in the beverage when the
dough is suspended in water. The Mestizo population has apparently modified the
Indian process by adding a second boiling of the grains in water before grinding to
reduce sediment formation (Wacher et al., 2000).

In the first complete study of the microbiota of pozol, it was shown that freshly
prepared pozol contained 10*-10° CFU/g of LAB, 10105 aerobic mesophiles, 10-103
Enterobacteriaceae, 10-10* yeasts, and <103 mould propagules (Wacher, Cafias,
Cook, Barzan, & Owens, 1993). After 30h at 28 °C, the numbers were 10, 7 x 106,
5% 10%, 109 and 104, respectively. Soaking alkali-treated grains overnight allowed
LAB, aerobic mesophiles and Enterobacteriaceae to grow, and these then constituted
the primary microbiota of the pozol dough. It was shown that, although the addi-
tional cooking stage added in the Mestizo process significantly modified the physical
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properties of the dough, no significant differences were observed in the microbial com-
position of Mestizo compared to traditionally prepared pozol (Wacher et al., 2000).

The main soluble sugar of maize is sucrose, which is present at a concentration of
2% (w/w) of the whole kernel on a dry-weight basis. This concentration is reduced
to 0.1-0.7% (w/w) of dry dough after alkaline cooking, soaking and washing to pro-
duce nixtamal (Diaz-Ruiz, Guyot, Ruiz-Teran, Morlon-Guyot, & Wacher, 2003). This
concentration would be insufficient to maintain microbial diversity and the high bac-
terial concentration reported in pozol (Diaz-Ruiz et al., 2003). Although LAB are the
dominant group during all stages of pozol fermentation, as has been shown previ-
ously by classical culture methods (Nuraida, Wacher, & Owens, 1995; Wacher et al.,
2000, 1993) and culture-independent methods (Ampe, Ben Omar, Moizan, Wacher,
& Guyot, 1999; Escalante, Wacher, & Farres, 2001), significant changes in the popu-
lation dynamics occur throughout pozol production. For example, it was shown that
high concentrations of amylolytic LAB (ALAB) were detected at the beginning of the
fermentation process, and that a relatively high number of nonamylolytic LAB were
observed at the end of fermentation (Diaz-Ruiz et al., 2003). These results suggest a
symbiosis in that ALAB would first degrade starch at the beginning of the fermenta-
tion, decreasing the pH of the dough and liberating sugars that could be used for the
growth of nonamylolytic microorganisms.

LAB (such as Lb. plantarum and Lb. fermentum, together with members of the gen-
era Leuconostoc and Weissella) accounted for 90-97% of the total active microbiota
of pozol; no streptococci were isolated, although members of the genus Streptococcus
accounted for 25-50% of the microbiota (Ampe et al., 1999). The presence of
Bifidobacterium, Enterococcus and enterobacteria suggests a fecal origin of some
important pozol microorganisms (Ben Omar & Ampe, 2000).

A most comprehensive study on microbial community dynamics during the pro-
duction of pozol was performed using traditional and culture-independent techniques
(Ben Omar & Ampe, 2000). It was shown that Streptococcus species dominated
the fermentation and accounted for between 25% and 75% of the total microbiota
throughout the process. The initial aerobic microbiota was replaced in the first 2 days
by heterofermentative LAB (closely related to Lb. fermentum), and this heterolactic
microbiota was then progressively replaced by homofermentative LAB (mainly by
genetically close relatives of Lb. plantarum, Lb. casei and Lb. delbrueckii), which
continued acidification of the maize dough. At the same time, an extremely diverse
community of yeasts and fungi developed, mainly at the periphery of the dough. This
study demonstrated that a relatively high number of species, at least six to eight, is
needed to perform pozol fermentation. Overall, the results obtained with different cul-
ture-dependent or culture-independent techniques clearly confirmed the importance of
developing a polyphasic approach to study the ecology of fermented foods.

Since little sanitary measures are taken during pozol preparation, microbial contam-
ination of the maize dough is inevitable. Potentially pathogenic fungi such as Candida
parapsilosis, Trichosporon cutaneum, Geotrichum candidum and Aspergillus flavus
have been recovered from pozol during the first few hours of fermentation (Ulloa et al.,
1987). Although most of these pathogens are killed off by the decrease in pH during
the fermentation process, serious health problems can still arise, especially if fresh
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underfermented pozol is consumed. It was recently shown that 19% of pozol sam-
ples were contaminated with aflatoxin B2 (AFB2) and traces of aflatoxin B1 (AFB1),
but only one sample contained aflatoxin concentrations >20ppb (Mendez-Albores,
Arambula-Villa, Preciado-Ortiz, & Moreno-Martinez, 2004). In this study, it was
also shown that pozol prepared with white maize and samples prepared with cacao
showed the highest ranges of contamination, whereas, when yellow kernels were used,
the presence of aflatoxins was not detected. Amerindians consume equal amounts of
pozol prepared using white, yellow and black maize, although popular belief has been
that the yellow and black varieties contained higher vitamin levels. Mestizos normally
use white maize for pozol preparation and also consume chorote, a pozol derivative,
in which ground cocoa beans are added to the maize mixture. The former population
would thus be less likely to consume aflatoxin containing pozol than the latter; how-
ever, in Mestizo preparation, the additional boiling step would be helpful in eliminat-
ing aflatoxin-producing microbes.

6.5 Starter cultures and cereal-based fermented food

The use of probiotic LAB, especially Lactobacillus and Bifidobacterium spp., as
starter cultures, alone or in combination with traditional starter cultures in various
fermentation processes, has been explored for different fermentation food products.
Formulated fermented probiotic food may present consumers with a healthy dietary
component at a considerabley low cost (Goldin, 1998). Furthermore, it was reported
that LAB may contribute to microbiological safety and/or provide one or more techno-
logical, nutritional and organoleptic advantages to a fermented product, through pro-
duction of ethanol, acetic acid, aroma compounds, exopolysaccharides, bacteriocins
and several enzymes (Leroy & De Vuyst, 2004).

Various developments over the years have led to the concept of starter cultures. The
earliest fermented food products relied on natural fermentation through microbiota
present in the raw material. The load and spectrum of microorganisms populating the
raw material have a definite effect on the quality of the end product. Backslopping,
that is, inoculation of the raw material with a small quantity of a previously performed
successful fermentation, was used to optimise spontaneous fermentation. This is still
the basis for the home-scale production of several fermented food products, including,
for example, yoghurt, kefir, traditional beer and boza. In this case, the best-adapted
strain dominates. The dominant strains can be seen as a starter culture that shortens the
fermentation process and reduces the risk of fermentation failure (Leroy & De Vuyst,
2004). Backslopping is still used in developing countries and even in the industrialised
countries for production of sauerkraut and sourdough (Holzapfel, 1997). The use of
starter cultures in large-scale production of fermented foods has become important for
industries in developed countries, as it resulted in improved control over the fermen-
tation process and a consistent end product. However, some disadvantages do occur
due to the fact that commercial starter cultures were not selected in a rational way but,
rather, on the basis of phage resistance and rapid acidification of the raw materials
(Leroy & De Vuyst, 2004). With regard to the functionality and desired properties of



142 Advances in Fermented Foods and Beverages

the end product, these starters are not very flexible, and they are frequently difficult to
be keep even by modern microbiological procedures. Furthermore, it is believed that
commercial starter cultures adapted to the food matrix led to a loss in genetic material
(Leroy & De Vuyst, 2004). This may have contributed to the limited biodiversity of
commercial starter cultures. Moreover, this leads to a product that lacks the unique-
ness and characteristics that made the original product popular (Caplice & Fitzgerald,
1999).

Wild-type LAB that originate from the environment, raw materials and process
apparatus serve as natural starter cultures (“inoculation’) for many of the traditionally
fermented foods (Bocker, Stolz, & Hammes, 1995; Weerkamp, Klijn, Neeter, & Smit,
1996). Recent studies focused on the use of wild-type strains isolated from traditional
products for use as starter cultures (Beukes, Bester, & Mostert, 2001; De Vuyst et al.,
2002; Hébert, Raya, Tailliez, & De Giori, 2000) as a resource of improved technolog-
ical, beneficial and functional properties. When considering LAB as a starter culture,
the following factors have to be taken into account: (1) not all LAB strains have
the same practical and technical importance in food fermentations; (2) the genera
Lactobacillus (Lb. fermentum, Lb. plantarum, Lb. reuteri, Lb. rhamnosus), Leucono-
stoc, and, to a lesser extent, Lactococcus, Enterococcus, Pediococcus and Weisella
spp. are usually present in traditional fermented foods; (3) not all strains of the same
species are suitable as starter cultures and (4) various industrial scale lactic acid fer-
mentation processes are well controlled despite the fact that they are spontaneous
(Holzapfel, 2002). Some of these LAB may be classified as functional and beneficial
starters, due to their contribution to food safety, sensory properties and other nutri-
tional advantages.

LAB are known to produce antimicrobial substances (including bacteriocins,
organic acids, diacetyl and low-molecular-weight substances), polymers, sugars,
sweeteners, nutraceuticals, aromatic compounds and various enzymes (including pro-
teolytic enzymes). This leads to greater flexibility and wider application of LAB as
starter cultures. It also represents a way by which chemical additives can be replaced
by natural compounds and thus provide the consumer with new, appealing food prod-
ucts (Leroy & De Vuyst, 2004). Bacteriocins produced by LAB may prevent food
spoilage, for example, late blowing of cheese by clostridia (Thomas, Clarkson, &
Delves-Broughton, 2002). Some probiotic strains may also be used as functional start-
ers or co-cultures in fermented food (Chandan, 1999; Jahreis et al., 2002; Ross, Stanton,
Hill, Fitzgerald, & Coffey, 2000).

However, when considering the use of probiotic strains as functional starters or
co-cultures, it is important that they do not enhance acidification and thereby reduce
the shelf-life of the product, and that they do not have adverse effects on the aroma
or taste of the product (Heller, 2001). Uncertainty still exists as to whether multifunc-
tional strains possessing all desirable metabolic features would result from modern
isolation techniques and selection procedures. Therefore, recent studies focus on the
improvement of selected strains by the application of recombinant DNA technology.
By its application, certain beneficial features, such as health-promoting properties,
accelerated acid production, wholesomeness and overproduction of specific enzymes
or bacteriocins can be improved (Holzapfel, 2002). Gene disruption may be used to
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eliminate undesirable properties such as antibiotic and mycotoxin production by food-
grade moulds (Geisen & Holzapfel, 1996; Hammes & Vogel, 1990). A large array
of these optimised cultures is available but is not used because of legal regulations
(Holzapfel, 2002).

6.6 Cereal-based probiotic foods

The concept of probiotic foods and feeds has been developed to quite an extent since
its introduction to clinical nutrition and food science during the 1980s (Fuller, 1989;
Shortt, 1999). The majority of probiotic food products available today are milk-based,
although a few attempts have been made to use cereals. Cereal grains have a high
nutritive value and are distributed worldwide, making cereal a very suitable raw mate-
rial for the development of various fermented functional foods (Angelov, Gotcheva,
Kuncheva, & Hristozova, 2006). Togwa, a lactic acid—fermented maize and sorghum
gruel, inhibits the growth of some enterotoxin-producing bacteria in children <5 years
of age. This suggests that togwa may possess probiotic properties (Kingamkono,
Sjogren, & Svanberg, 1998). Vogel et al. (1999) found that the LAB present in various
LAB-fermented foods, such as sourdough, is similar or, in some cases, identical to
species found in the gastrointestinal tract of humans and animals. Lactobacillus plan-
tarum indigenous to a variety of cereal-based fermented food is also associated with
the gastrointestinal tract of humans (Ahrné et al., 1998; Molin, 2001). Colonisation of
the intestinal mucosa with strains of Lb. plantarum isolated from sourdough has also
been reported (Johansson, Molin, Jeppsson, Nobaek, & Ahrné, 1993).

The early Mayans used pozol as a source of nutrients and in ceremonies promoting
the growth and harvest of maize. They also used this fermented beverage as a med-
icine to control diarrhoea, to reduce fever and to cure intestinal infections (Phister,
O’Sullivan, & McKay, 2004). Microbiological studies on pozol provided evidence in
support of these popular beliefs. It has been stated earlier that LAB are well known
for their health-promoting capabilities, and, since LAB are the dominant microbial
species in pozol, it is not surprising that this refreshing beverage possesses health-pro-
moting properties. Antimicrobial compounds produced by Bacillus sp. strain CS93
isolated from pozol were identified and exhibited activities against several Gram-pos-
itive and Gram-negative bacteria, yeasts and moulds (Phister et al., 2004). It was
also shown that Agrobacterium azotophilum, present in pozol, possesses bacterio-
cidal, bacteriolytic, bacteriostatic and fungistatic activities against a wide range of
pathogenic microorganisms (Ulloa & Herrera, 1972). All of these findings, along
with future studies, will surely help in promoting the consumption of this interesting
Mayan drink.

Barley and oats contain f-glucan (Angelov et al., 2006), a prebiotic that may
contribute to the reduction of LDL-cholesterol levels by 20-30%, and in this way
may also contribute to a decrease in the risk of cardiovascular diseases (Gallaher,
2000; Stark & Madar, 1994; Wrick, 1994). For a polysaccharide or oligosaccharide
to be characterised as a prebiotic, it should withstand digestion in the upper part
of the gastrointestinal tract, be hydrolysable, be soluble, and stimulate the growth
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and activity of beneficial microbiota in the gut (Gibson & Roberfroid, 1995). The
low glycemic index of oats and barley is quite beneficial to diabetes in the gastro-
intestinal tract after ingestion, as it alters the level of fat emulsification and reduces
lipase activity (Angelov et al., 2006). Furthermore, -glucan stimulates the growth
of beneficial bacteria associated with the colons of animals and humans (Jaskari
et al., 1998; Wood & Beer, 1998).

To increase the number of beneficial bacteria in the gut, large numbers of probiotic
bacteria have to be consumed by means of capsules or by using food as vector. Incor-
porating suitable dietary polysaccharides or oligosaccharides to the capsules may be
even more effective. The latter is referred to as the prebiotic concept. Arabinoxylan
is another prebiotic compound commonly found in wheat and rye (Crittenden et al.,
2002; Jaskari et al., 1998; Karppinen, 2003).

6.6.1 Beneficial properties of lactic acid bacteria isolated
from boza

According to the definition of the World Health Organisation, probiotics are live
microorganisms that, when administrated in adequate amounts, confer a health ben-
efit on the host (Fuller & Gibson, 1997). This includes reduction of gastrointestinal
infections and inflammatory bowel disease, and modulation of the immune system
(Fuller & Gibson, 1997). Probiotic strains should survive the harsh conditions of the
gastrointestinal tract and adhere to intestinal epithelial cells. They form a defense
against the colonisation of pathogenic microorganisms by competing for adher-
ence to mucus and epithelial cells and, in certain cases, production of hydrogen
peroxide and bacteriocins (Boris &and Barbes, 2000; Lepargneur &and Rousseau,
2002; Reid &and Burton, 2002; Velraeds, Van De Belt-Gritter, Van Der Mei, Reid,
& Busscher, 1998). Changes in diet, stress, contraceptives, medication and micro-
bial infection disturb the microbial balance, which often leads to a decrease in the
number of viable LAB (Fuller & Gibson, 1997). The subsequent uncontrolled pro-
liferation of pathogenic bacteria may lead to diarrhoea and other clinical disorders
such as cancer, inflammatory bowel disease and ulcerative colitis (Fooks, Fuller, &
Gibson, 1999). A variety of Lb. plantarum strains are presently marketed as pro-
biotics (De Vries, Vaughan, Kleerebezem, & De Vos, 2006). The best-studied pro-
biotic strains are from the species Lb. acidophilus, Lb. fermentum, Lb. plantarum,
Lb. brevis, Lactobacillus jensenii, Lb. casei, Lb. delbrueckii, Lactobacillus vagina-
lis and Lactobacillus salivarius. A number of surface-anchored proteins have been
described for Lb. plantarum (Kleerebezem et al., 2003), suggesting that the species
has the potential to associate with many different surfaces and substrates, and to
adapt to changing environmental conditions.

Criteria for the selection of probiotic strains have been formulated by the Food
and Agriculture Organisation of the United Nations and the World Health Organi-
zation (FAO/WHO, 2001). Some of the most important criteria are gastric and bile
acid resistance, adhesion to mucus and human epithelial cells, competition with
pathogens for adhesion sites, growth inhibition of potentially pathogenic bacteria,
bile salt hydrolase activity and, in the case of vaginal applications, resistance to
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contraceptives (FAO/WHO, 2001). The concept of probiotic foods has been devel-
oped extensively since its introduction to clinical nutrition and food science during
the 1980s (Fuller, 1989; Shortt, 1999). Most probiotic foods available today are
milk based, although a few attempts have been made to use cereals. Cereal grains
are very suitable raw materials for the development of various fermented functional
foods (Angelov et al., 2006). Examples of beneficial cereal-based fermented prod-
ucts are togwa, a LAB-fermented maize and sorghum gruel (Kingamkono et al.,
1998). Vogel et al. (1999) reported on LAB present in various fermented foods, such
as sourdough, that are similar or, in some cases, identical to species found in the
gastrointestinal tracts of humans and animals. Lactobacillus plantarum indigenous
to a variety of cereal-based fermented foods is also associated with the gastrointes-
tinal tract of humans (Ahrné et al., 1998; Molin, 2001). Colonisation of the intes-
tinal mucosa with strains of Lb. plantarum isolated from sourdough has also been
reported (Johansson et al., 1993).

A number of LAB with probiotic properties have been isolated from boza, a tradi-
tional beverage produced from the fermentation of cereals. Lactobacillus plantarum
(strains ST194BZ, ST414BZ and ST664BZ), Lb. pentosus (strain ST712BZ), Lb.
rhamnosus (strains ST461BZ and ST462BZ) and Lb. paracasei (strains ST242BZ
and ST284BZ) have been described previously as bacteriocin producers with activ-
ities against several Gram-positive and Gram-negative test organisms (Todorov
& Dicks, 2006). Strains ST194BZ, ST242BZ, ST284BZ, ST414BZ, ST461BZ,
ST462BZ, ST664BZ and ST712BZ were shown to have potential probiotic proper-
ties (Todorov et al., 2008), as all of them survived low pH conditions (pH 3.0), grew
well at pH 9.0 and were not affected by the presence of 0.3% (w/v) oxbile. Cyto-
toxicity levels of the bacteriocins, expressed as CCs, ranged from 38 pg/ml for bac-
teriocin ST194BZ to 3776 pg/ml for bacteriocin ST284BZ. Bacteriocin ST284BZ,
bacteriocin ST461BZ and bacteriocin ST462BZ were the least cytotoxic. Bacterio-
cin ST284BZ revealed high activity (ECsy=735 ng/ml) against the HSV-1 virus that
causes encephalitis and oro-facial and genital lesions. Growth of Mycobacterium
tuberculosis was repressed by 69% after 5days of incubation in the presence of
the bacteriocin ST194BZ. Various levels of auto- (self-) aggregation between the
probiotic bacteria and co-aggregation with Li. innocua LMG 13568 were observed.
Adhesion of strains ST194BZ, ST284BZ, ST414BZ, ST461BZ, ST462BZ and
ST664BZ to HT-29 cells ranged from 18% to 22%, which is similar to that reported
for Lb. rhamnosus GG. Adherence of strains ST194BZ, ST242BZ and ST712BZ
to Caco-2cells ranged between 7.0% and 9.0%, similar to values reported for Lb.
rhamnosus GG. High hydrophobicity readings were recorded for most of the pro-
biotic strains. Strain ST712BZ revealed only 38% hydrophobicity, but 63% of the
cells adhered to HT-29 cells, compared to 32% adherence recorded for Lb. rhamno-
sus GG. Growth of strains ST194BZ, ST242BZ, ST284BZ, ST414BZ, ST461BZ,
ST462BZ, ST664BZ and ST712BZ were inhibited by only seven of 24 medicaments
tested (Todorov et al., 2008).

Enterococcus mundtii ST4V isolated from soya beans produces a broad-spectrum
bacteriocin active against Gram-positive and Gram-negative bacteria and has anti-
viral activity (Todorov et al., 2009). The aim of the study of Todorov et al. (2009)
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was to determine the probiotic properties of strain Ent. mundtii ST4V, to evaluate
its survival in boza, and to study the antimicrobial activity of the strain in situ.
For this purpose, boza was prepared based on the traditional recipe (Todorov,
2010; Todorov et al., 2009). Cereals have been cooked and inoculated with Ent.
mundtii ST4V (a potential probiotic and bacteriocin-producing strain). Control
batches have been prepared with commercial boza (as deliver vector of starter
cultures). All samples received also Sacch. cerevisiae. Fermentation was carried
out at 37 °C for 3 h. The organoleptic properties of fermented products were evalu-
ated by a qualified taste panel. No significant differences in rheological properties
were observed, suggesting that Ent. mundtii STAV had no negative effect on the
sensory qualities of the final product. Microbial cell numbers remained relatively
unchanged during 1 week of storage. Sensory analysis of the six boza preparations
was reported in the study of Todorov et al. (2009). A slightly greater bitterness
was recorded when boza was produced by the starter culture of commercial boza.
Similar results were obtained for this sample with regard to a stronger yeasty
flavour of the product when commercial boza was used as starter culture. These
differences, albeit statistically significant, were so small that they would probably
not be detected by the consumers. The acid taste of all samples was relatively low,
with the lowest recorded for boza prepared with Ent. mundtii ST4V. No correla-
tion was found between the different sensory attributes tested. Fermentation of the
product contributes to the acidity of the product (Todorov et al., 2009). The preser-
vative properties of bacteriocin ST4V were evaluated by contaminating boza with
Lb. sakei DSM 20017. Changes in microbial populations were monitored by using
classical microbiological methods, PCR with species-specific primers and dena-
turing gradient gel electrophoresis (DGGE). Enterococcus mundtii ST4V survived
7 days in boza that was stored at 4 °C, and produced bacteriocin ST4V at levels
high enough to prevent the growth of the target strain Lb. sakei DSM 20017T. No
off-flavours or abnormal textural changes were recorded in boza during storage.
Boza could thus be developed as a vector to deliver strain ST4V (Todorov et al.,
2009).

Incorporation of probiotic strains in cereal-based fermented foods is feasible and
holds great promise for the future. Cereals are high in nutrition and confer specific
health benefits. In addition, cooked bran provides an excellent substrate for several
strains of probiotic bacteria. A snack exhibiting the combined postulated beneficial
effects of bran and probiotic bacteria may serve as an alternative to soy-based and
milk-based yogurts (Salovaara, 1996; Salovaara & Simonson, 2003). In general,
oats are a suitable substrate for fermentation with probiotic LAB after appropriate
processing (Johansson et al., 1993; Marklinder & Lonner, 1992; Salovaara, 1996;

Salovaara & Simonson, 2003).
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7.1 The fermented food microbial ecosystem

The complexity of food microbial ecosystems and the importance of investigating and
understanding the microbial dynamics in fermented foods are well-known concepts
in the field of microbial research. Although lactic acid bacteria (LAB) and Saccharo-
myces cerevisiae are mainly leading food fermentation, other microbial groups such as
coagulase-negative cocci, coryneform bacteria, and non-Saccharomyces yeasts are able
to colonize food matrices and to interact eventually compete with fermenting micro-
biota. This creates a more complex picture, which needs to be deeply understood.
Traditional microbiology based on the isolation and cultivation of microorganisms
has shown strong limits in the understanding of ecosystem biodiversity. Thus,
culture-independent approaches based on direct microbial nucleic acid analysis have
been optimized, together with new molecular techniques to provide greater insight
into food fermentation.

In the past few years, the advantages and disadvantages of culture-dependent
and culture-independent approaches have been extensively discussed. Microbiol-
ogists have agreed that cultivation conditions in synthetic media could not picture
correctly the community structure for the imposition of new selective conditions.
Culture-dependent approaches have shown limitations in terms of recovery rate, and
the set of obtained isolates may not always truly reflect the microbial composition of
the sample analyzed (Temmerman, Huys, & Swings, 2004). Thus, the culture collec-
tion will not totally represent the community, and the actual microbial diversity will
be misinterpreted. The principal reason is a lack of knowledge of the real conditions
under which most bacteria are growing in their natural habitat (in this case food), and
the difficulty of developing media for cultivation accurately resembling these con-
ditions (Ercolini, 2004). Consequently, species occurring in low numbers are often
outnumbered in vitro by more abundant microbial species, and some species may be
unable to grow in vitro although they are in a viable and perhaps metabolically active
state in the food matrix.

For these reasons, the trend is now toward culture-independent methods, because
they are believed to overcome problems associated with selective cultivation and
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isolation of bacteria from food samples. The study of complex matrices, such as
cheese, by culture-independent methods implies that microorganisms are detected in
the matrix by the direct analysis of the total DNA and RNA without any culturing
step. These methods are based on protocols in which total DNA or RNA is directly
extracted from the substrate. In this way, the final “picture” of the ecosystem microbi-
ota will be more realistic and reliable.

The development of culture-independent approaches for microbial analysis has
revolutionized microbial ecology, and its application to food microbiology is lead-
ing to major new insights into this complex microbial ecosystem. Thus, in the last
years, the scientific literature has been enriched with many manuscripts on the char-
acterization of fermented food of dairy origin (Alessandria et al., 2010; Dolci et al.,
2008; Randazzo, Vaughan, & Caggia, 2006; Rantsiou, Urso, Dolci, Comi, & Cocolin,
2008), meat products (Albano, Henriques, Correia, Hogg, & Teixeira, 2008; Cocolin
et al., 2009; Nguyen et al., 2013), and vegetable matrices (Randazzo, Ribbera, Pitino,
Romeo, & Caggia, 2012; Tofalo, Perpetuini, Schirone, Suzzi, & Corsetti, 2013) by
both culture-dependent and culture-independent approaches.

To improve the characterization of these products, new techniques have been opti-
mized and culture-independent approaches have been highlighting new information
on fermented foods thanks to next-generation sequencing, in particular pyrosequenc-
ing, which provides high definition in the analysis of a fermentation process. That
is due to the possibility of analyzing thousands of sequences in a single experiment,
including low-abundance operational taxonomic units (OTUs).

7.2 Culture-dependent methods

The evaluation of microbial diversity in fermented food is problematic. It is often
difficult to cultivate viable microorganisms using known media, as part of them might
not be cultivable in vitro. Some species are outcompeted by numerically more abun-
dant microbial species. Moreover, Fleet (1999) highlighted that adverse conditions
in food ecosystem such as nutrient depletion, heat treatments, pH variations, or low
temperatures could induce microbial cells in a stressed state characterized by the
inability to produce colonies on media even if they are still able to perform metabolic
activity. They enter in a viable but noncultivable state, which cannot be detected by
culture-dependent methods.

Nevertheless, detection, identification, and both phenotypic and genotypic charac-
terization of strains isolated from food matrices are still of great importance, especially
for the food industry. The selection of new starter cultures with desirable competi-
tive ability and metabolic properties is of paramount importance and starts from the
screening of hundreds of isolates obtained from food. This has led to the development
of polymerase chain reaction (PCR)-based molecular methods for strain identification
and characterization. Here, we will discuss the most widely used advanced techniques
in food fermentation.
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7.2.1 Identification and characterization

When unknown bacterial isolates have to be identified, a powerful tool with high dis-
criminatory power is the 16S or 23S rRNA gene sequencing. Yeast isolated from food
matrices are commonly identified by sequencing of the D1/D2 region of the 26S rRNA
gene. For the identification of genus or species, the partial or complete sequence of
these genes is compared with sequences from known microorganisms by the aid of
online databases of previously sequenced DNA. For the differentiation of bacteria such
as LAB, other target genes have been considered, and the protein-coding genes rpoB,
recA, and pheS have proved useful for studies by various authors (Martin-Platero,
Magqueda, Valdivia, Purswani, & Martinez-Bueno, 2009; Rantsiou, Comi, & Cocolin,
2004; Torriani, Felis, & Dellaglio, 2001; Van Hoorde et al., 2010).

When researchers are approaching the identification of food microbial com-
munities isolated on selective media, species-specific PCR could represent a valid
and rapid alternative. Different researchers have optimized protocols for the iden-
tification of fermented food recurrent species such as Lactobacillus helveticus
(Fortina, Ricci, Mora, Parini, & Manachini, 2001), Streptococcus thermophilus
(Lick, Keller, Bockelmann, & Heller, 1996), Lactococcus lactis (Corroler, Desmasures,
& Guéguen, 1998), and Lactobacillus delbrueckii (Torriani, Zapparoli, & Dellaglio,
1999), which have been widely applied in the study of food microbial populations
(Dolci et al., 2008; Fonseca, Ouoba, Franco, & Carballo, 2013; Fortina et al., 2003;
Robert, Gabriel, & Fontagné-Faucher, 2009).

Moreover, internal transcribed sequences (ITS) between rRNA genes can pro-
duce amplicon profiles characteristic of each microbial species. Jensen, Webster,
and Strauss (1993) and Arroyo-Lopez, Duran-Quintana, Ruiz-Barba, Querol, and
Garrido-Fernandez (2006) designed primers and developed the method for the iden-
tification of bacteria and yeasts, respectively. This approach, in particular, if followed
by amplicon enzymatic restriction (ITS-RFLP), can reach a reliable definition at the
species level and, in a few cases, at the strain level (Alves, Goncalves, & Quintas,
2012; Jeyaram, Singh, Capece, & Romano, 2008; Tanasupawat, Kommanee, Yukphan,
Nakagawa, & Yamada, 2011).

In the past few years, the concept of strain has become more and more signifi-
cant in terms of applications in food microbiology. Different strains present different
genotypic, physiological, and technological characteristics to be taken into consider-
ation, for example, in the selection of industrial starter cultures. Strains could present
diverse attitudes in colonizing food matrices and competing with the resident micro-
biota. Moreover, the fermentation capability or the production of metabolites interest-
ing for the characteristics of the final products can vary significantly among different
strains. These findings have led to the development of continuously novel methods for
intraspecific typing of microbial populations. Methods based on enzymatic restriction
such as restriction fragment length polymorphism (RFLP), or on PCR such as ran-
dom amplified polymorphic DNA (RAPD)-PCR, repetitive element sequenced-based
(Rep)-PCR, multilocus sequence typing (MLST), and, more recently, Sau-PCR are
only some examples.
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Among PCR-based methods, RAPD-PCR has been the most popular technique
applied to food ecosystems. In recent years, it has been successfully applied to detect
the presence, the succession, and the persistence of LAB starter cultures inoculated
in sourdoughs, cheeses, and meats, as well as to determine the variations of microbial
populations in naturally fermented products such as artisan cheeses, olives, meats,
sourdoughs, and indigenous fermented foods (Charteris, Kelly, Morelli, & Col-
lins, 1997; Dolci et al., 2008; Gardiner, Ross, Collins, Fitzgerald, & Stanton, 1998;
Giraffa & Neviani, 2000; Fitzsimons, Cogan, Condon, & Beresford, 2001; Urso,
Comi, & Cocolin, 2006). Despite the fact that RAPD-PCR lacks high reproducibility
unless a careful standardization of the experimental methodology has been carried
out, this technique is still widely used in food microbiology. Aponte et al. (2012)
tracked a Lactobacillus pentosus starter by M13 RAPD-PCR in Spanish-style table
green olive fermentations. Likewise, the potential of implanting the probiotics Lac-
tobacillus fermentum HL57 and Pediococcus acidilactici SP979 during manufacture
of Iberian dry-fermented sausages, and their effect on the sensory properties of these
meat products, was investigated by Ruiz-Moyano et al. (2011). Recent applications
regarded also the impact of ecological factors on the stability of microbial associa-
tions in sourdough fermentation (Vogelmann & Hertel, 2011) and the characterization
of Leuconostoc isolates used as adjunct starters in Manchego cheese (Nieto-Arribas,
Sesena, Poveda, Palop, & Cabezas, 2010).

Repetitive chromosomal elements randomly distributed in microbial genomes are
the target of rep-PCR. In particular, (GTG)s-PCR was proved to be useful for the dif-
ferentiation of lactobacilli at the strain level (Gevers, Huys, & Swings, 2001) and it was
applied to characterize LAB isolated from fresh sausages (Cocolin et al., 2004), the
microbiota in a Serbian homemade semi-hard cheese (Terzic-Vidojevic et al., 2007),
and Lactobacillus sanfranciscensis isolates from Italian sourdoughs (De Angelis et al.,
2007). Recently, this technique has been used for the microbiota characterization of
different exotic products (Adimpong, Nielsen, Sorensen, Derkx, & Jespersen, 2012;
Nguyen et al., 2013; Owusu-Kwarteng et al., 2012; Parkouda et al., 2010).

Enzymatic restriction of microbial genomes allows the detection of polymorphism
in specific regions and so the differentiation of diverse strains. Based on this assump-
tion, a few methods have been optimized in the past, such as RFLP and amplified frag-
ment length polymorphism (AFLP) and have found application for the characterization
of the microbiota detected from different fermented products (Arroyo-Lopez et al.,
2012; Kubo et al., 2011; Kunene, Geornaras, von Holy, & Hastings, 2000; McLeod,
Nyquist, Snipen, Naterstad, & Axelsson, 2008; Mendonca, Gouvea, Hungaro, Sodre,
& Querol-Simon, 2013). More recently, Corich, Mattiazzi, Soldati, Carraro, and Gia-
comini (2005) developed a method based on the digestion of genomic DNA with the
restriction endonuclease Sau 3AI and subsequent amplification with primers whose core
sequence is based on the Sau 3AI recognition site. The molecular characterization of
Staphylococcus xylosus isolated from naturally fermented Italian sausages (lacumin,
Comi, Cantoni, & Cocolin, 2006) and of Lactococcus garvieae strains isolated in north-
ern Italy from dairy products and fishes (Foschino et al., 2008) have been carried out by
comparing the results obtained by Sau-PCR with those from other typing techniques,
and have confirmed the robustness of this method.
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High reproducibility and discrimination can be reached by pulsed field gel electro-
phoresis (PFGE), a robust and easy-to-interpret technique that is based on the use of
rare cutting restriction endonucleases on the whole chromosome structure. Because
it requires expensive equipment and laborious protocols, its diffusion has been rel-
atively limited despite the fact that it is considered the gold standard among typing
methods. Recently, researchers have applied PFGE in the study of the biodiversity of
strains belonging to microbial groups or genera recurring in fermented foods, such as
staphylococci isolated from naturally fermented dry sausages (Leroy, Giammarinaro,
Chacornac, Lebert, & Talon, 2010), fermented meat products (Marty et al., 2012), and
Lactobacillus strains obtained from dairy products (Xu et al., 2012).

An approach that provides unambiguous results that are directly comparable
between laboratories is the MLST, which is based on the high degree of variability
of at least seven housekeeping or protein-coding genes for a given species (Maiden
et al., 1998). The comparison of the DNA sequence of this specific subset of conserved
genes allows distinguishing among subspecies or strains. At present, De las Rivas,
Marcobal, and Munoz (2006) applied MLST to determine the genetic relationship
among Lactobacillus plantarum strains and Tanganurat, Quinquis, Leelawatcharamas,
and Bolotin (2009) to characterize Lb. plantarum strains isolated from fermented fruits
and vegetables. Finally, Rademarker et al. (2008) and Taibi, Dabour, Lamoureux, Roy,
and LaPointe (2010) used the technique to characterize Lact. lactis strains.

7.3 Culture-independent methods: diversity in microbial
communities

In the past few years, approaches for studying microorganisms in food have undoubt-
edly changed.

Given the importance of fermented food in human life, much effort has been
expended toward describing the microbial populations acting in the different food
fermentations. A deeper understanding of microbial ecology can lead to an improve-
ment in the quality and safety of products. The result has been the development of new
techniques that were added to traditional microbial methods based on the cultivation
of microorganisms and the resolution of the culture media bias distorting the real “pic-
ture” of microbial communities.

Culture-independent methods are based on the direct analysis of microbial nucleic
acids of food samples. DNA analysis can be used to investigate the presence of
microorganisms without distinguishing between viable and dead cells, owing to the
stability of this molecule. In this sense, an approach based on DNA analysis describes
the “history” of a sample, showing all of the species that succeeded. On the contrary,
RNA is a better indicator of microbial vitality and activity, as it is degraded rapidly
upon cell death (Cocolin, Alessandria, Dolci, Gorra, & Rantsiou, 2013; Santarelli,
Gatti, Bernini, Zapparoli, & Neviani, 2008).

In recent years, molecular biology has encompassed a range of DNA- and RNA-
based technologies, which are revolutionizing the way that microorganisms are studied
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Table 7.1 Culture-independent methods as microbial community
profiling tools: main advantages and disadvantages

Methods

Advantages

Disadvantages

(RT)-PCR-DGGE and
(RT)-PCR-TGGE

SSCP-PCR

T-RFLP

LH-PCR

(RT)-gPCR

FISH

Pyrosequencing

Give a reliable broad-spectrum
view of the dominant microbial
communities present in a
sample

Clearly represent the evolution
and dynamics of microbial
populations in fermentation and
spoilage processes

Low-cost equipment

No need for gradient gels

Performed using an automated
sequencer

High-throughput, sensitive,
and automatable process

Pseudo-quantitative method

Gives a broad view of the dynamics
of the whole community of
microbial cells

Quantification of microbial
targets analyzed

Enhanced precision and specificity

Possibility of localizing and observ-
ing target cells within their native
environment

High sensitivity

Exhaustive profiling of microbial
communities due to the sequenc-
ing of thousands to billions of
raw DNA fragment reads

Enables phylogeny-based diversity

Unable to determine the
relative abundance of
the dominant species

Time consuming, unsuit-
able for large-scale
analysis

Complex interpretation
due to heterogeneous
multi-copy genes and
co-migrating bands

Dependent on the avail-
ability of a reliable
database

Expensive equipment

Low sensitivity

Biases inherent to the
PCR process

Unable to study simulta-
neously large numbers
of different targets

Unable to study simulta-
neously large numbers
of different targets

Need to develop new
bioinformatic algo-
rithms to manage
large amounts of data

(Table 7.1). The analysis of both microbial genome and transcriptome represents a
rich molecular toolbox for the study of microbial community in food matrices.

The diversity and dynamics of microbial populations in fermented food have been
profiled by means of DNA-based experiments by different researchers (Alegria et al.,
2009; Belén Florez & Mayo, 2006; Bonetta, Bonetta, Carraro, Rantsiou, & Cocolin,
2008; Casalta, Sorba, Aigle, & Ogier, 2009; Coppola, Blaiotta, Ercolini, & Moschetti,
2001; Dolci et al., 2008; Ercolini, Hill, & Dodd, 2003; Fonseca et al., 2013; Fontana,
Vignolo, & Cocconcelli, 2005; Gala et al., 2008; Meroth, Hammes, & Hertel, 2003;
Meroth, Walter, Hertel, Brandt, & Hammes, 2003; Randazzo, Heilig, Restuccia,
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Giudici, & Caggia, 2005; Randazzo et al., 2012; Randazzo et al., 2006). Microbial
RNA analysis has also been performed, but to a lesser extent, to obtain a picture of the
species that are metabolically active at a particular sampling instant (Alessandria et al.,
2010; Dolci, Alessandria, Rantsiou, Bertolino, & Cocolin, 2010; Masoud et al., 2011;
Randazzo, Torriani, Akkermans, De Vos, & Vaughan, 2002; Rantsiou et al., 2008).

A main issue in culture-independent methods relates to the extraction of nucleic
acids, because technical issues may arise: DNA may not be recovered from all gen-
otypes, which could remain undetected due to low species abundance, insufficient
homogenization of the matrix, or inadequate cell lysis that prevents the release of
nucleic acids. Moreover, even if DNA yield is high, macromolecule inhibitors that
have not been eliminated may lower PCR sensitivity, and PCR amplification may be
inaccurate or inhibited (Jany & Barbier, 2008). For these reasons, protocols have to be
accurately adapted to extract nucleic acids from all different types of microorganisms
and matrices.

The microbial ecology of a fermented product and the dynamics of the different
populations developing during the process can be well described by the direct analysis
of the microbial DNA present in a food matrix. Over the years, different techniques
have been optimized and applied to the study of fermented food; they can be divided
mainly into methods based on the study of microbial DNA previously amplified by
PCR, and methods based on the detection of microbial DNA directly in the samples,
which allows the localization and distribution of microbial populations in the matrix.

7.3.1 PCR-based methods

Denaturing gradient gel electrophoresis (DGGE) and temperature gradient gel elec-
trophoresis (TGGE) have received great attention in the past 20 years for profiling
microbial communities. Based on the separation of short amplicons of DNA along a
chemical or temperature gradient, these methods allow the detection of the most dom-
inant microorganisms in a given sample. The possibility of identifying microbial com-
ponents in complex ecosystems is an important issue in both cases, for understanding
whether a microbial transformation is proceeding correctly, for investigating spoilage
processes, or, for examining the dynamics of the microbiota in a given fermented prod-
uct. This interest has resulted in an impressive number of papers using DGGE and
TGGE published in the last years (Cocolin et al., 2013; Ercolini, 2004). The diversity
and dynamics of microbial populations in cheese and during cheese manufacturing have
been profiled by means of DNA-based experiments by different authors (Alegria et al.,
2009; Belén Florez & Mayo, 2006; Bonetta et al., 2008; Casalta et al., 2009; Coppola
et al., 2001; Dolci et al., 2008; Ercolini et al., 2003; Gala et al., 2008; Randazzo et al.,
2006). Likewise, the fermentation processes of different sausages (Cocolin, Manzano,
Aggio, Cantoni, & Comi, 2001; Cocolin, Manzano, Cantoni, & Comi, 2001; Cocolin
et al., 2004; Cocolin, Urso, Rantsiou, Cantoni, & Comi, 2006; Fontana et al., 2005;
Rantsiou et al., 2005) and sourdoughs (Meroth, Hammes, et al., 2003; Meroth, Walter,
et al., 2003; Randazzo et al., 2005) have been studied using this approach.

Coppola et al. (2001) first used DGGE to investigate a dairy microbial environ-
ment, specifically mozzarella cheese, and observed that the greatest diversity resulted
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from the use of raw milk and the absence of starter cultures. Similar studies, which
again used a DGGE approach but which focused on cheese produced from sheep’s
or goat’s milk, have also revealed the presence of a more diverse biota in artisanal
cheeses (Bonetta et al., 2008; Randazzo et al., 2006).

Cocolin et al. (2009) studied the bacterial biodiversity during the maturation process
of three traditional sausages produced in northern Italy by using culture-dependent and
culture-independent methods; these investigators showed how the environmental and
processing conditions are able to select specific microbiota responsible for the main
transformations during the fermentation and ripening of the sausages. This technique
has also been applied to investigate complex ecosystems such as cheese surfaces. A
first picture of dominant microorganisms colonizing Fontina protected denomination
of origin(PDO) rinds was made possible by DGGE, and again the maturing environ-
ment seemed to influence the dynamics of microbial groups (Dolci et al., 2009).

The main issues in DGGE and TGGE use relate to the detection of the domi-
nant species without the possibility to reliably determining their relative abundance.
These are time-consuming methods unsuitable for large-scale analysis in which each
representative band has to be sequenced from each single gel. Moreover, the pres-
ence, in the bacterial genome, of rRNA genes in heterogeneous multi-copies and of
co-migrating bands further complicates the interpretation of the results.

The single-strand conformation polymorphism—PCR (SSCP-PCR) method has been
widely applied for the study of dairy products (Callon, Delbes, Duthoit, & Montel, 2006;
Delbes, Ali-Mandjee, & Montel, 2007; Feurer, Irlinger, Spinnler, Glaser, & Vallaeys,
2004 Saubusse, Millet, Delbes, Callon, & Montel, 2007). It is based on the differences
in electrophoretic mobility, in non-denaturing gels, of single-stranded DNA folds into
tertiary structures according to their nucleotide sequences and their physicochemical
environment (e.g., temperature and ion strength). SSCP-PCR is potentially easier to
carry out than PCR-D/TGGE, as there is no need for gradient gels and it can be per-
formed using an automated sequencer either acrylamide gel or capillary based. At the
same time, the robustness of this method is dependent on the availability of a reliable
database for the reading and identification of the different picks.

Mounier, Monnet, Jacques, Antoinette, and Irlinger (2009) applied SSCP-
PCR in the study of the surface of Livarot cheese by both culture-dependent and
culture-independent approaches. A total of 40 yeasts and 40 bacteria from the cheese
surface were collected, de-replicated using SSCP analysis, and identified using
rRNA gene sequencing for the culture-dependent approach. The culture-independent
approach involved cloning and sequencing of the 16S rRNA gene and SSCP analysis
from total DNA extracted from the cheese. The main disadvantage of this technique
lies in the difficulty of appending new data to an existing database: in fact, samples
presenting unknown profiles cannot be directly sequenced because they are labeled.

Unlike DGGE and SSCP, terminal-restriction fragment length polymorphism
(T-RFLP) has received much less attention by food microbiologist, probably because
of the need for more expensive equipment. T-RFLP is a rapid and sensitive molecular
method that targets ribosomal RNA (rRNA) genes among all individuals of a given
community, and detects variations in fragment length using fluorescent dye-labeled
primers (Marsh, 2005). Distinct fragments are detected using a capillary sequencer,
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and identified peaks are then considered as OTUs. Unlike DGGE, T-RFLP is a
high-throughput and automatable process that can compare much larger sample sets
rapidly and efficiently. It can be considered a pseudo-quantitative method that cal-
culates relative species abundance based on sensitive capillary electrophoresis sep-
aration and fluorescence detection. Rademaker, Hoolwerf, Wagendorp, and te Giffel
(2006) used T-RFLP analysis for the characterization of bacterial population during
yoghurt fermentation, detecting bacterial population structure and dynamics between
short time spans. Eight samples taken at different times, within 5.5h of yoghurt fer-
mentation, revealed shifting relative signal intensities in TRF peaks between strep-
tococci and lactobacilli, indicating a semi-quantitative relation of the T-RFLP signal
with the actual numbers of bacteria. Recently, Arteau, Labrie, and Roy (2010) applied
T-RFLP for profiling fungal communities in Camembert cheese. Isolating and iden-
tifying molds within a fungal community is challenging; fungi grow slowly and have
high contamination potential. T-RFLP allowed the detection of ripening starters used
in Camembert-type cheese making, namely Penicillium camemberti, Geotrichum can-
didum, and Kluyveromyces lactis, as well as other common dairy species found in
the milk microbiota or environment, such as Cladosporium, Debaryomyces, Mucor,
Pichia, Saccharomyces, and Yarrowia.

Like T-RFLP, length heterogeneity (LH)-PCR has not been widely carried out in
the study of microbial ecology of fermented products. Whereas T-RFLP identifies
PCR fragment length variations based on restriction site variability, LH-PCR distin-
guishes different organisms based on natural variations in the length of sequences of
the 16S rRNA gene. However its low sensitivity and biases inherent to the PCR pro-
cess (Lazzi, Rossetti, Zago, Neviani, & Giraffa, 2004) limited the applications in food
microbiology. LH-PCR was applied, for the first time by Gatti et al. (2008) to study a
fermented product. Microbial succession during Parmigiano-Reggiano cheese making
was monitored at different stages of cheese production and ripening. Because of its
low sensitivity, LH-PCR is not meant to provide a quantitative analysis. However, it
has been a helpful method for following the dynamics of whole and lysed bacterial
cells.

Even though it cannot be considered a community profiling techniques, quantita-
tive PCR (qPCR) allows reliable detection of taxonomically defined group of micro-
bial populations targeted. Although quantitative methods have many benefits, which,
in addition to the ability to quantify, include enhanced precision and specificity, there
are some disadvantages to take into consideration. qPCR cannot effectively quantify
very large numbers of different targets in a single sample simultaneously, and there-
fore selection of target genes and the development of specific primers and probes is
essential (Juste, Thomma, & Lievens, 2008). Recently, Carraro et al. (2011) used a
combined approach of culture-dependent and culture-independent methods to study
the microbiota of Montasio cheese, and gPCR was applied to follow specific microbial
species linked to cheese production and ripening. Likewise, the combination of the
results obtained from microbial counts, species, and genus-specific PCR as well as
real-time qPCR allowed the identification for the dominant bacterial species as well as
study of the variation in the community composition, over the ripening period, of a tra-
ditional dry-fermented Spanish sausage (Fonseca et al., 2013). Thus, the application
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of qPCR in the study of a complex microbial ecosystem should be focused on the
accurate and sensitive detection of individual microbial species or groups.

7.3.2 In situ methods

Fluorescence in situ hybridization (FISH) is a non-PCR technique based on fluores-
cence-labeled oligonucleotide probes targeting specific DNA sequences. Because only
afew probes may be used simultaneously, FISH cannot be considered a high-throughput
method for microbial profiling. The interest in this technique is based on the possibility
of observing target cells within their native environment, and it is often associated with
PCR-based methods for a more complete overview of the product analyzed. Cocolin
et al. (2007) applied both PCR-DGGE and FISH techniques to fresh meats and fer-
mented meat products and to fresh and ripened cheeses. Mounier et al. (2009) studied
the microbiota of a specific product, Livarot cheese; FISH probes targeting the dom-
inant yeasts present in the cheese, namely, Candida catenulata, Candida intermedia,
Geotrichum spp., and Yarrowia lipolytica, were designed, and allowed the detection of
these yeasts directly in cheese.

Fluorescently labeled oligonucleotide probes were developed to detect Lact. lactis,
Lb. plantarum, and Leuconostoc mesenteroides in Stilton cheese by Ercolini et al.
(2003). A combination of these probes allowed the assessment of the spatial distribu-
tion of the different microbial species in the dairy matrix, with implications of signif-
icance in understanding the ecology of Stilton matrix.

New light has been shed on Parmigiano Reggiano natural whey starter microbial
composition by combining FISH and LH-PCR methods (Bottari, Santarelli, Neviani,
& Gatti, 2009). Revealing different images of the same community, LH-PCR and
FISH have given a more accurate view of the not-well-known Parmigiano Reggiano
whey starter ecosystem, highlighting the importance of a polyphasic approach.

7.4 Culture-independent methods: metabolic activity
in microbial communities

Because the half-life of DNA may vary to a great extent in dead bacterial cells and
is highly dependent on environmental conditions (Cenciarini-Borde, Courtois, & La
Scola, 2009; Keer & Birch, 2003), the use of retrotranscribed RNA as a template is
suggested by many authors to overcome this critical issue. DNA from lysed cells can
persist for a long time in the environment, whereas RNA is a better indicator of viable
microorganisms, as it is degraded rapidly upon cell death (Santarelli et al., 2008).
Thus, because the numbers of intact ribosomes approximately reflects the rates of
protein synthesis, rRNA can be used as a marker of the general metabolic activity. The
study of microbial metabolic activity in the fermentation of food products is funda-
mental in terms of understanding which microbiota are active in the transformation of
the raw material, as well as the timing and the roles of the different populations during
the maturing of the product.



Microorganisms in fermented foods 167

Although it should be considered that rRNA molecules are characterized by
a much higher level of protection than messenger RNA (mRNA), which has an
average half-life that can be measured in minutes, the use of rRNA molecules as
the target allows one to avoid practical problems of extracting detectable levels of
intact mRNA and distinguishing mRNA from the corresponding homologous DNA
sequences.

7.4.1 Microbial vitality population profiling

As reported in Section 7.3.1, PCR-DGGE has been widely used in food microbiol-
ogy, and the diversity and dynamics of microbial populations during the manufac-
turing and ripening of different products have been profiled by means of DNA-based
experiments. Reverse transcription (RT)-PCR-DGGE has also been performed, but
to a lesser extent, to obtain a picture of the species that are metabolically active at
particular sampling instants.

Diez et al. (2008) used RT-PCR-DGGE to evaluate whether high hydrostatic
pressure treatment (HPP) could improve the shelf life of the blood sausage Morcilla
de Burgos. The spoilage was caused by the metabolism of active populations, and,
for this reason, the study of microbiota at the RNA level was fundamental. Other
researchers carried out RT-PCR-DGGE to microbiologically characterize traditional
products with PDO such as Castelmagno (Dolci et al., 2010) and feta cheese (Ran-
tsiou et al., 2008), and with registered denomination of origin (RDO) and Ragusano
cheese (Randazzo et al., 2002). The knowledge of the microbial populations that
are metabolically active during the subsequent steps of the manufacturing and rip-
ening of a fermented product highlights the contribution of each microbial group in
the different technological processes. To understand the role of microbial species
during the fermentation process as well as maturation can also be useful for the
definition of new starter cultures at the industrial level.

Recently, Dolci et al. (2013) investigated Fontina PDO cheese surface microbiota
complexity at both DNA and RNA levels. A detailed picture of the microbiota was
observed when rRNA was targeted, and bacterial species that were not highlighted by
means of the DNA analysis were detected. Thus, these authors suggest that RT-PCR-
DGGE should be considered a better tool to profile microbial populations, and that the
rRNA molecule is a worthwhile target for a better and more complete understanding
of the microbial communities in food ecosystems.

Given the short half-life times of mRNA molecules, some studies have proposed
using mRNA as a suitable viability marker and, in combination with quantitative
reverse transcription PCR (RT-qPCR), to quantify yeasts and pathogenic bacteria
(Gonzalez-Escalona et al., 2009) or to quantify bacteria during Emmental cheese
manufacturing (Falentin et al., 2010). However, the susceptibility of RNA to deg-
radation during sample extraction and the RNA copy number variability resulting
from differential gene expression represent some limitations of this method. One
promising recent strategy to detect and quantify only viable cells includes the use
of impermeable nucleic acid binding dyes prior to DNA extraction and qPCR. The
propidium monoazide (PMA)—-qPCR procedure has been applied for the simultaneous
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quantification of viable probiotic strains in fermented milk, and was also optimized
with success in Cheddar cheese to monitor the viability of a mixture of three probiotic
species (Desfossés-Foucault et al., 2012).

7.5 Recent insights: pyrosequencing

A new tool in the study of fermented food is represented by pyrosequencing,
which allows one to sequence thousands to billions of raw DNA fragment reads
in a single run, leading to a massive amount of information and to a more exhaus-
tive profiling of microbial communities. Compared to Sanger sequencing, the need
for electrophoresis gel, the low number of samples to be analyzed in parallel and
the lack of process automatization are overcome. In pyrosequencing, short frag-
ments are amplified using universal PCR primers targeting known marker genes,
mainly prokaryotic 16S rRNA and fungal ITS genes. As the base incorporation in
the growing DNA strand is detected using high-resolution optics, pyrosequencing is
much more sensitive to low-abundance OTUs compared to DGGE or T-RFLP, and
thus low-frequency community members can be detected more consistently by
pyrosequencing. Moreover, pyrosequencing enables phylogeny-based diversity
comparisons; thus microbial communities can be studied from the point of view of
both biodiversity and phylogenic similarity. A critical step for reliable results is the
choice of the reference database, which should have reasonable coverage of species
of all taxa of interest.

Because of the advantages reported earlier, pyrosequencing has already been
applied for the study of microbial successions in various fermented foods. Dairy
products have been objects of study by numerous authors (Alegria, Szczesny, Mayo,
Bardowski, & Kowalczyka, 2012; Ercolini, De Filippis, La Storia, & Iacono, 2012;
Masoud et al., 2011; Quigley et al., 2012). By using this approach, the presence of
several genera that were not previously associated with cheeses were revealed, con-
firming pyrosequencing as an efficient method for deeper investigation of microbial
communities compared to the other methods. A more global view of the community
structure including metabolically active populations can be offered by pyrosequenc-
ing. Finally, this technique has been applied for studying the bacterial diversity of
traditional fermented foods such as pearl millet slurries (Humblot & Guyot, 2009),
kimchi (Park et al., 2012), and narezuski (Kiyohara et al., 2012). Pyrosequencing
has opened new and deeper insights in the diversity of and microbial interactions in
food fermentation; however, a major disadvantage is the fact that quantitative data can
only be obtained in conjunction with additional analytical techniques. Profiling data
should be complemented by qPCR to quantify total microbial load and to track the
most abundant or significant taxa detected by profiling tools. Actually, the foremost
issue is computational analysis to process thousands to billions of reads. Thus, there
is a need to develop a new bioinformatic algorithm to manage a large amount of data
and to allow a deeper analysis and biological interpretation. Other limitations include
the need for large amounts of DNA, relatively short reads, complexity of analysis, and
the cost.
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7.6 Conclusions

Currently, advanced molecular methods represent an invaluable tool in the study of food
ecosystems and the strains responsible of fermentation processes. At the same time, espe-
cially in industrial or applied microbiology, phenotypic tests, which were used widely in
the past for microbial identification, are still being considered for the characterization of
strain metabolic properties, growth performance, resistance to industrial processes, and
shelf life. However, due to their poor reproducibility and low discriminatory power, phe-
notypic methods have been almost abandoned for identification purposes. Their low tax-
onomic resolution often leads to differentiation only at the genus level, and they require
a labor-intensive approach. On the contrary, genotypic techniques provide a more robust
classification and identification, and their costs, over the years, have been decreasing.
Despite the already common use of molecular techniques, some traditional approaches,
such as the use of microscopy, should not be completely forgotten for reason of the
microbial characteristics that they are able to highlight. Microscopic analysis of an iso-
late is an immediate way to examine the dimensions, morphology, and aggregation state
of a bacterium and, eventually, its belonging to Gram-positive or Gram-negative group or
its ability to produce endospores. Microscopic observation allows one to detect asexual
or sexual reproduction phases of yeasts or molds, leading quickly to a first indication
of their belonging to a genus or species. Likewise, details of carbohydrate fermenta-
tion patterns remains a point of crucial importance for the knowledge and identification
of isolates, and these approaches should still be taken into account. For these reasons,
microbiologists should consider combining traditional and molecular methods for a more
complete view of the different microbial aspects involved in fermentation processes.
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8.1 Introduction

Lactic acid bacteria (LAB) form a phylogenetically homogeneous group of low G+C
content Gram-positive bacteria (Makarova et al., 2006) that are able to produce a
great variety of food products by the fermentative conversion of agro raw materials.
Although there is a large variety in species, the industrial fermentations involve only
a limited set of LAB, including Lactococcus lactis, Streptococcus thermophilus, and
a limited number of Lactobacillus spp. The success of the fermentations initiated by
these industrial LAB in many cases relies not only on the rapid or controlled conver-
sion of sugars into lactic acid but also on the generation of flavor, texture, and health
benefits that add the value of the final product (de Vos, 1996). Hence there is consider-
able interest in the metabolic engineering of these industrial LAB to improve existing
and expand new metabolic conversions. Several factors have led to a renewed interest
in doing so. First, their metabolism has been well described and characterized. Second
controlled fermentations can be achieved by defined growth conditions and media.
Finally, the genomes of these LAB have been well characterized, and a variety of func-
tional genomics tools are available (Makarova et al., 2006; de Vos, 1996, 1999, 2011).

The vast majority of industrial LAB are homofermentative bacteria, and glycolysis
is the major pathway associated with the rapid conversion of sugars. Growth and energy
are obtained through substrate-level phosphorylation with the conversion of glucose to
production of lactic acid. In some cases, mixed acid fermentation is observed when ace-
tate, formate, and ethanol are formed. Finally, acetaldehyde, diacetyl, and other flavor
compounds can be formed mostly from precursors other than sugars, such as citrate or
amino acids. Moreover, the success of the industrial fermentations by LAB can also be
attributed to the production of exopolysaccharides (EPS) and vitamins. Following the
characterization of the metabolic pathways and the involved enzymatic activities, path-
way engineering approaches have been applied to industrial LAB to steer the production
of desired compounds from inexpensive substrates such as lactose or glucose (de Vos &
Hugenholtz, 2004). Initial successes were realized before the genomics era by the high
or almost complete conversion by Lactococcus lactis of glucose into diacetyl or alanine,
respectively (Hols et al., 1999; Hugenholtz et al., 2000). These compounds are of sig-
nificant interest, as diacetyl is an important flavor used in, among other things, butter
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production and the confectionary industry, and alanine is not only an amino acid but also
has applications as a food sweetener. Following these hallmarks, a series of engineering
approaches have been described, mainly in Lactococcus lactis, S. thermophilus, and
Lactobacillus casei and Lactobacillus plantarum (see Table 8.1 for an overview). In
this chapter, we will provide an overview of these metabolic engineering approaches in
industrial LABs. In particular, we summarize how molecular biology allowed the trans-
formation of LAB into cell factories able to produce a large diversity of compounds.
Subsequently, the combination of systems biology with metabolic engineering will be
presented. Finally, we will discuss the future developments and the challenges in the
metabolic engineering of LABs for improved food fermentations.

8.2 Metabolic engineering in industrial lactic acid
bacteria (LAB)

Industrial LAB have been used for more than a decade as powerhouses for metabolic
engineering. In the absence of complete genomic information, most attention has ini-
tially been focused on the well-known conversion of sugars (mainly glucose or lactose)
into lactic acid. The glycolysis and the pyruvate branch represent the major highway in
LAB metabolism. Rerouting of this central metabolism has been used toward the food-
grade production of chemicals (lactic acid, ethanol, butanol), flavors and fragrances
compounds (diacetyl, acetaldehyde, 2,3-butanediol), and food ingredients (alanine,
polyols, EPS), and production of nutraceuticals, such as vitamins (Figure 8.1).

The industrial applicability of LAB has boosted the development of molecular
biology tools that can be applied to LAB (de Vos, 2011). An important instrument
has been the development of inducible gene expression systems (de Vos, 1999).
These are of particular use in metabolic engineering, as the precise effect of increas-
ing a specific metabolic conversion can be studied. The Nisin Controlled Expression
(NICE) system that involves an extracellular food-grade inducer (the 34-residue
peptide nisin or the supernatant of a nisin-producing Lactococcus lactis) has been
of crucial importance in the controlled expression of single genes or gene cassettes
(De Ruyter, Kuipers, & De Vos, 1996). A great number of proteins have been produced
in LAB using the NICE and other systems, and many of these have been extensively
reviewed (Kuipers, De Ruyter, Kleerebezem, & De Vos, 1997; Mierau & Kleerebezem,
2005; de Vos & Hugenholtz, 2004). As detailed in Table 8.1, a large diversity of com-
pounds are now produced by metabolically engineered LAB strains. The central car-
bon metabolism and the pyruvate branch represent the major targets for metabolic
engineering, as crucial precursors are formed in these conversions (Figure 8.1).

8.2.1 Engineering fermentation products and flavor compounds

The production of a variety of chemicals has been engineered by metabolic pathway
engineering. Lactic acid production is dependent on lactate dehydrogenase (LDH)
activities present in LAB. The lactic acid stereoisomerism is, in general, controlled
by the enzymatic activity of LDH-L or LDH-D, although, in some cases, lactate



Table 8.1 Overview of relevant metabolic engineering approaches resulting in the design of new strains
with improved properties (for further explanation, see text)

Product

Strain

Genes modified

References

Fermentation product and flavor compound

Lactic acid

Ethanol production

Butanol
Acetaldehyde

Diacetyl
Diacetyl and acetoin

Lactobacillus helveticus

Lactobacillus johnsonii
Lactobacillus plantarum
Lactococcus lactis
Lactobacillus plantarum
Lactobacillus brevis
Streptococcus thermophilus
Lactococcus lactis
Lactococcus lactis
Lactobacillus casei

UldhD or (lldhD and lldhL)

lldhD

ldhL

Tpdc, lldh, lldhB, lldhX, TadhB, Ipta, ladhE
ISpdec, lldhL, lldhD

Tert, Tbed, TetfB, TetfA, Thbd and Tthl

TglyA, IglyA

Ipdc, Tldh

Tnox, laldB

TilvBN, lldh, Ipdc

Bhowmik and Steele (1994) and
Kyla-Nikkila et al. (2000)

Lapierre et al. (1999)

Ferain et al. (1994)

Solem et al. (2013)

Liu et al. (2006)

Berezina et al. (2010)

Chaves et al. (2002)

Bongers et al. (2005)

Hugenholtz et al. (2000)

Nadal et al. (2009)

Nutraceutical, sweeteners

, and vitamins

Alanine
Mannitol and

2,3-butanediol
Sorbitol

Xylitol
Folate
EPS production

Histidine decarboxylation

Lactococcus lactis
Lactococcus lactis

Lactobacillus casei
Lactobacillus plantarum
Lactococcus lactis
Lactococcus lactis
Lactobacillus gasseri
Lactobacillus reuteri
Lactococcus lactis
Streptococcus thermophilus
Lactococcus lactis

pathway

TalaD, lldh, lalr

Udh, ldhB, lldhX, TmtlD, TmtlP, mtlF, Tals,
TbutA, | adhE

TgutF, lldhL

IsriD1, IsrlD2, lldhD, lldhL

IXYLI, TxylT

IfolkE

TfolA, TfolB, TfolKE, TfolP, 1ylgG, TfolC

Folate biosynthesis gene cluster

TgalU

TgalU, IpgmA

ThdcA, ThdcP, ThdcB

Hols et al. (1999)
Gaspar et al. (2011)

Nissen et al. (2005)
Ladero et al. (2007)
Nyyssold et al. (2005)
Sybesma et al. (2003)
Wegkamp et al. (2004)
Santos et al. (2008)
Boels et al. (2001)
Levander et al. (2002)
Trip et al. (2012)

Source: Adapted from Gaspar et al. (2013).
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Sugar
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Figure 8.1 Main compounds produced by lactic acid bacteria in relation to the central
metabolism.
Adapted from Gaspar et al. (2013).

racemases have been detected. Hence, LAB that contain only one of these LDH
enzymes may produce the pure enantiomer. Lactobacillus helveticus has been the first
LAB to be used and combined with /dhD inactivation, a derivative developed that was
able to produce pure L-lactic acid (Bhowmik & Steele, 1994). With a similar approach,
pure enantiomers of lactic acid have also been obtained by inactivation of the specific
LDH in other LAB (Ferain, Garmyn, Bernard, Hols, & Delcour, 1994; Kyla-Nikkila,
Hujanen, Leisola, & Palva, 2000). This also was combined with production of diacetyl
and acetoin, as described for Lactobacillus johnsonii (Lapierre, Germond, Ott, Delley,
& Mollet, 1999).

Increased ethanol production has been realized in Lactobacillus plantarum by the
introduction of the heterologous pyruvate decarboxylase from Sarcina ventriculi com-
bined with a double crossover knockout of the LDH gene (Liu, Nichols, Dien, &
Cotta, 2006). Thereafter, high-level ethanol fermentation has been achieved in Lac-
tococcus lactis via introduction of the pyruvate decarboxylase and the alcohol dehy-
drogenase from Zymomonas mobilis in a mutant of Lactococcus lactis MG1363 in
combination with five genes inactivated (Solem, Dehli, & Jensen, 2013). Moreover, a
butanol-producing Lactobacillus brevis has been generated by expressing a large set
of genes from the clostridial bcs-operon (containing the crt, bed, etfB, etfA, and hbd
genes) in combination with a thiolase gene, opening avenues to use LAB not only for
food but also biofuel applications (Berezina et al., 2010). However, the rerouting was
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not very efficient, and issues with stability and solvent tolerance should be further
addressed.

Rerouting metabolic highways such as glycolysis and the pyruvate branch can be
done while affecting the redox state of the LAB (Figure 8.2). For instance, diacetyl
has been produced in significant amounts by Lactococcus lactis by overexpressing
the nox gene for a water-forming NADH oxidase in a mutant strain, where it has been
placed under the control of nisA promoter of the NICE system and combined with an
inactivated a-acetolactate decarboxylase (Hugenholtz et al., 2000). Under nongrow-
ing conditions, 16% of glucose had been directly converted to diacetyl and 57% to
acetolactate, the direct precursor, which is converted to diacetyl by a chemical oxida-
tive conversion in the presence of oxygen. More recently, Lactobacillus casei has been
used to produce diacetyl and acetoin in fed-batch growth condition with whey per-
meate in growth medium (Nadal, Rico, Perez-Martinez, Yebra, & Monedero, 2009).
Despite the relatively low yield that was obtained, it appears relevant to produce those
compounds from whey permeate, as it can contribute to valorizing this waste product
of cheese making (de Vos et al., 1998).

Acetaldehyde, an end-product in glucose catabolism, presents the property to be
an important flavor compound. Increase in acetaldehyde production has been first
achieved in S. thermophilus while characterizing the enzymatic activity of the serine

Glucose

& 2 NADH g
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Oxaloacetate ¥ ¥
:‘ decarboxylase / “-‘ ','4
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Figure 8.2 Pyruvate branch with diacetyl production and citrate metabolism. Underline
indicates reactions that have to be modified to increase diacetyl production (for further
explanation, see text).
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hydroxymethyl transferase (glyA) for its threonine aldolase activity (Chaves et al.,
2002). The authors succeeded in increasing by 82% the amount of acetaldehyde pro-
duced by replacing the wild-type gene by a construct under the strong Lactococcus
lactis Py ,.a promoter (Van Rooijen, Gasson, & De Vos, 1992), therefore illustrating
that high production levels of a key enzyme allow an increase in the production of a tar-
get compound. Nonetheless, the highest amounts of acetaldehyde have been obtained
with Lactococcus lactis, in which the central carbon metabolism has been modified
by replacement of the native pyruvate decarboxylase (pdc) with an over-expressed
PDC from Z. mobilis and its native NADH oxidase (nox) (Bongers, Hoefnagel, &
Kleerebezem, 2005).

8.2.2 Overproducing nutraceuticals, sweeteners, and vitamins

For the dairy and other food industries, it is of interest to produce food sweeten-
ers, vitamins, and other nutraceuticals. For that purpose, Hols et al. developed a
homoalanine-producing Lactococcus lactis able to convert all glucose consumed
into alanine (Hols et al., 1999). Introduction of the alanine dehydrogenase gene
from Bacillus sphaericus under NICE control in a strain deficient for lactate dehy-
drogenase allowed complete rerouting of the carbon flux. Pure enantiomeric pro-
duction of L-alanine was obtained by inactivation of alanine racemase. In the case
of L-mannitol, a sweet-tasting polyol, Neves et al. reported its production after
carbon source depletion in Lactococcus lactis (Neves et al., 2000; Neves, Ramos,
Shearman, Gasson, & Santos, 2002). It was found that mannitol 1-phosphatase was
a key enzyme in the production of mannitol (Wisselink et al., 2005). Subsequently,
a strain with numerous gene inactivations was developed and was capable of
achieving mannitol and 2,3-butanediol synthesis at the maximum theoretical yield
(Gaspar, Neves, Gasson, Shearman, & Santos, 2011). This example illustrates that
it is possible to realize metabolic engineering success with sufficient investments
in resources. As food sweeteners have gained importance as nutraceuticals, a direct
synthesis from central carbon metabolism has great advantages. Sorbitol is another
sugar alcohol with high value in the food industry, due to its low-calorie properties as
a sweetener and its ability to be used as a texturing agent. Various Lactobacillus spp.
have been engineered to produce sorbitol, and two different approaches can be dis-
tinguished. Nissen et al. engineered a Lactobacillus casei with a similar approach to
Chaves et al. for acetaldehyde production (Nissen, Pérez-Martinez, & Yebra, 2005).
The p-sorbitol-6-phosphate dehydrogenase of Lactobacillus casei was integrated
in a lactose operon to suppress catabolite repression in the native host. To improve
production yield, the LDH gene was inactivated, and this resulted into a conversion
rate of glucose to sorbitol of 4.3%. In a complementary approach, Ladero et al.
reached high polyol production in Lactobacillus plantarum with insertion of the
sorbitol-6-phosphate dehydrogenase under the Py, control (Ladero et al., 2007).
With their approach, resting cells have been able to convert up to 65% of glucose to
sorbitol with only a small concomitant amount of mannitol production, whereas in
pH-controlled growing conditions up to 25% of mannitol has been converted into
sorbitol. Finally, xylitol synthesis was obtained by introduction of an heterologous
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xylose transport system and a D-xylose reductase in Lactococcus lactis, and this
succeeded in achieving a nearly complete reduction of xylose to xylitol in fed-batch
condition (Nyyssold, Pihlajaniemi, Palva, Von Weymarn, & Leisola, 2005).

Nutraceutical and other functional foods have received growing interest from
consumers and the food industries, as these foods offer health benefits. Apart from
amino acids, sweeteners, and polyols, vitamin production by LAB has received con-
siderable attention from different research groups. An increased level of folate (also
known as vitamin B11) has been realized in Lactococcus lactis by optimization
of its biosynthesis pathway. Sybesma et al. increase by 10-fold the folate produc-
tion in Lactococcus lactis by overexpressing folKE with NICE system (Sybesma
et al., 2003). Subsequently, the same group demonstrated the high versatility of
the NICE system while introducing it in Lactobacillus gasseri, which converted
this former folate-consumer into a folate-producer (Wegkamp, Starrenburg, De Vos,
Hugenholtz, & Sybesma, 2004). The complex metabolic pathway for vitamin B12
synthesis has been characterized in Lactobacillus reuteri and used to increase its
production via medium optimization (Santos et al., 2009). Moreover, by expressing
the Lactobacillus plantarum folate genes, a Lactobacillus reuteri strain capable of
producing vitamin B12 and folic acid has been generated (Santos, Wegkamp, De
Vos, Smid, & Hugenholtz, 2008). Similarly, a Lactococcus lactis strain simultane-
ously producing riboflavin (vitamin B2) and folate has been engineered (Sybesma,
Burgess, Starrenburg, Van Sinderen, & Hugenholtz, 2004). This area of multivita-
min production has significant potential, as has been recently reviewed (Leblanc
et al., 2013).

Not only are LAB beneficial in food fermentations for their ability to pro-
duce flavor compounds, but they actively participate in the formation of texture
of the final product, which represents a key factor in consumer choices. Specifi-
cally, yoghurt as well as the Nordic longvill and villii products are fermented dairy
produce that are highly dependent on the production of EPS. In addition, EPS
also has been considered as a neutraceutical, as it may have some health benefits
(Van Kranenburg, Boels, Kleerebezem, & De Vos, 1999). Lactococcus lactis and S.
thermophilus represent the natural targets of metabolic engineering for increased
EPS production. A key enzyme for the production of EPS and its precursors is
UDP-glucose pyrophosphorylase (GalU). Characterization of the ga/U gene in Lacto-
coccus lactis and its induction by the NICE expression system demonstrated that pre-
cursor availability permits increase in EPS production (Boels, Ramos, Kleerebezem,
& De Vos, 2001). A similar approach has been successful in S. thermophilus, but the
highest yield of EPS production has been obtained with an inactivated phosphoglu-
comutase (pgm) in a Gal* strain (Levander, Svensson, & Radstrom, 2002). Although
significant progress has been made in this area, the absence of high EPS-producing
strains illustrates that challenges remain in further understanding of these complex
pathways. In many engineering projects, the resistance of the production host to
fermentation stress is a key factor. An original engineering solution has recently
been described for Lactococcus lactis, in which the acid stress could be significantly
increased by the introduction of the S. thermophilus histidine decarboxylation
system (Trip, Mulder, & Lolkema, 2012).
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8.3 Systems biology and metabolic engineering in LAB

System biology emerged over the past decades to become a major research field, and
includes a cycle of analyzing the biological system, predicting its behavior by model-
ing, and testing this prediction with experiments. This results in an improved model
that again can be tested and improved. When studying an organism or a set of organ-
isms as a whole at the system level, two approaches can broadly be distinguished: a
top-down approach, in which the system is considered like a “black box” for which no
information is available, and a bottom-up approach, in which the genomic information
is used (dos Santos, Muller, & Vos, 2010). It goes without saying that the bottom-up
approach is the most accurate and knowledge-driven of the two. As the genomes of
industrial LAB are all known, this bottom-up approach is possible, and hence we will
focus on it here. Moreover, the system biology cycle via the bottom-up approach ben-
efits from the functional genomics and other omics technologies that are now being
applied to all industrial LAB. For metabolic engineering, a key part is the description
of the specific interactions that control the fluxes through a metabolic pathway. The
application of the omics technologies may result in the development of high-quality
metabolic models that constitute the backbone of omics data integration. Here, we
will present the different models that have been developed for industrial LAB, and
modeling tools that can be applied.

8.3.1 Kinetic models and genome-scale metabolic models

Kinetic models and genome-scale models represent the two major type of models
developed for LAB physiology (Table 8.2). The first attempts focused on the glycoly-
sis of Lactococcus lactis and aimed to characterize the specific shift in its fermentation
profile. The pioneering studies of Hoefnagel et al. constitute a major step in glycolytic
flux modeling (Hoefnagel, Van Der Burgt, Martens, Hugenholtz, & Snoep, 2002). In
particular, this first model described the increase of acetolactate synthesis via meta-
bolic engineering and appeared highly valuable due to later experimental validation
(Hoefnagel, Starrenburg, et al., 2002). This high-quality model has served as a scaffold
for further developments regarding the influence of regulation (Voit, Neves, & Santos,
2006) and the influence of extracellular pH on the glycolytic flux (Andersen et al.,
2009). Moreover, the Lactococcus lactis kinetic model has demonstrated its use as well
as its value in comparative studies of medically relevant LAB (Levering et al., 2012).
Costa et al. extended the glycolysis model to integrate 2,3-butanediol and mannitol
biosynthetic pathways. Coupled with in vivo NMR to parameterize and test the model
in different conditions, the authors succeeded in identifying several strategies, some
already experimentally tested, and new hypotheses that would enhance mannitol and
2,3-butanediol production by identifying targets such as phosphofructokinase and man-
nitol 1-phosphatase, respectively (Costa, Hartmann, Gaspar, Neves, & Vinga, 2014).
Kinetic models capture the dynamics of the specific pathways and, in particular,
interactions at the enzyme-substrate-product level that are translated into intracellular
fluxes and transport dynamics. Thus a series of pathway modifications can be imple-
mented, ranging from enzyme inactivation or enzyme adjunction to modification of



Table 8.2 In silico models of lactic acid bacteria and their application to bacterial physiology

Species

Description

References

Kinetic models

Genome-scale
metabolic
models

Lactococcus lactis 11403

Lactococcus lactis 1L.1403
Lactococcus lactis 111403

Lactococcus lactis MG1363
Streptococcus pyogenes M49
Lactococcus lactis MG1363

Lactococcus lactis 1L.1403

Lactococcus lactis 11L.1403
Lactococcus lactis MG1363

Lactobacillus plantarum
WCFS1

Streptococcus thermophilus
LMG18311

Lactobacillus reuteri JCM1112

Lactobacillus reuteri ATCC 55730
Lactobacillus reuteri ATCC PTA
6475

First model of glycolysis in LAB

Glycolysis model for primary metabolism
regulation

Glycolysis model for pH acidification through
fermentation

Two glycolysis models revealing role of
extracellular phosphate

Glycolysis model with mannitol and
2,3-Butanediol pathway

First LAB genome-scale model; metabolic
engineering of central metabolism for
diacetyl production

Model used to increase recombinant protein
expression

Model coupling carbon and nitrogen metabolism
that is used to predict flavor formation

Model of growth on complex media. Zero-growth
experiment detailed with model use.

Model used to illustrate incomplete metabolic
pathways

Model used to study effects of glucose—glycerol
co-fermentation and its impact on amino acid
metabolism

Models used to identify mechanistic
determinants behind probiotic
function and GI-tract persistence

Hoefnagel, Starrenburg, et al.
(2002) and Hoefnagel, Van
Der Burgt, et al. (2002)

Voit et al. (2006)

Andersen et al. (2009)

Levering et al. (2012)

Costa et al. (2014)

Oliveira et al. (2005)

Oddone, Mills, and Block.
(2009)

Flahaut et al. (2013)

Goffin et al. (2010) and
Teusink et al. (2006)

Pastink et al. (2009)

Santos et al. (2009)

Saulnier et al. (2011)

Source: Adapted from Branco Dos Santos et al. (2013).
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substrate concentration. Kinetic models are in fact detailed models incorporating spe-
cific pathways, and hence have the disadvantage that they lack accurate enzymatic
parameters. However, stoichiometric models contain this information, and, thanks to
the increase in omics data, such models have gained significant interest. A genome-
scale metabolic network (GEMM) contains, in a mathematical form (stoichiometric
matrix) the genomic information from an organism coupled with the predicted reac-
tions from the proteome, and hence the metabolite pool. With the developments of
genome annotation pipelines complemented by manual curation efforts, a series of
precise and intensive networks have now been reconstructed for a large variety of
organisms (Durot, Bourguignon, & Schachter, 2009; Feist, Herrgard, Thiele, Reed, &
Palsson, 2009). Thanks to the stoichiometric matrix obtained, linear algebra tools can
be used. Among them, Flux Balance Analysis (FBA) is one of the major algorithm
used (Orth, Thiele, & Palsson, 2010). FBA determines the flux distribution within
the solution space of a metabolic network according to a defined objective function,
for example, maximization of growth rate (Price, Reed, & Palsson, 2004). In parallel,
specific algorithms have been developed for metabolic engineering studies. A tool for
automatic prediction of gene deletions aimed at a yield increase has been described
(Alper, Jin, Moxley, & Stephanopoulos, 2005) and successfully used for increasing
lycopene production by Escherichia coli (Alper et al., 2005; Alper, Miyaoku, & Steph-
anopoulos, 2005). Another modeling approach on targeted gene deletion has been
the development of OptKnock (Anthony, Priti, & Costas, 2003). OptKnock combines
search for best gene deletion with the production of a targeted compound and has been
successfully applied on lactic acid production by E. coli (Fong et al., 2005). Recently,
ReacKnock has been developed as a new algorithm for gene inactivation strategy
where optimization is computed through a single-level programing (Xu, Zheng, Sun,
& Ma, 2013). Large-scale identification of genetic design strategies (GLDS) is another
successful algorithm used for metabolic engineering strategies (Lun et al., 2009), and
has been developed to overcome the limitations resulting from studies in large met-
abolic networks. Finally, whereas OptKnock and GDLS look at pathway reduction,
OptStrain is looking at reactions to be added to the network to produce novel com-
pounds (Pharkya, Burgard, & Maranas, 2004). In the following we will present a few
successful examples of metabolic engineering strategies in LAB with specific atten-
tion for the application potential of genomic models for food fermentation.
Lactococcus lactis strain IL1403 is one of the models for dairy lactococci and has
been the first LAB to have its GEMM reconstructed (Oliveira, Nielsen, & Forster,
2005). The network consists of 358 genes, 621 reactions, and 509 metabolites. Thanks
to the identification of the amino acid auxotrophies, a minimal growth medium has
been designed that sustained in silico growth. Furthermore, the impact of the presence
of oxygen on the growth of the Lactococcus lactis strain was determined. As the max-
imum growth was always lower in the presence of oxygen, the limitation in NADH
oxidase activity was identified. Pyruvate formate lyase is known to be inhibited by
oxygen, leading to a flux through the pyruvate dehydrogenase complex to acetyl-CoA
synthesis. Consequently, the capacities in NADH recycling limited the predicted max-
imum growth rate. Finally, Oliveira et al. used a constraint on the PFL flux to be able
to represent the proper fermentation profile with increased production of lactic acid
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and increased growth rate. This model represents an excellent framework to imple-
ment future large omics data (Lahtvee et al., 2011).

Lactobacillus plantarum WCFS1 is a model organism for lactobacilli and LAB.
Teusink et al. reconstructed its first network (712 genes, 650 reactions, and 546 metab-
olites) and, through constraint-based modeling techniques, detailed the discrepancies
between observed and predicted fermentation profiles (Teusink et al., 2006). In sys-
tem biology, a well-curated GEMM represents an important basis to further integrate
omics data. Goffin et al. used a retentostat to characterize the Lactobacillus plantarum
phenotype in nongrowing conditions (Goffin et al., 2010). Thanks to metabolomics
and transcriptomics data, the Lactobacillus plantarum model was of crucial help in
determining how this paradigm for LAB had been able to sustain an active physio-
logical state while still metabolizing glucose and some amino acids. In particular,
the amino acid production in relation to its metabolism was detailed; thanks to the
interaction of the different amino acid pathways to regenerate o-ketoglutarate, a key
component of the amino acid metabolism. Thus an intensive combination of omics
technologies with a genome-scale metabolic model has been successful in describing
how Lactobacillus plantarum may benefit from a new metabolic network and sustain
an active metabolism without stress response.

Flavor compounds are key metabolites produced through dairy fermentations.
To understand how flavor formation is related to host metabolism, we developed a
new genome-scale model of Lactococcus lactis MG1363 (Flahaut et al., 2013). Both
Lactococcus lactis MG1363 and IL1403 are important plasmid-free model strains
that have been used for panoply of fundamental and applied studies (de Vos, 2011).
However, they differ in their taxonomic position, as strain IL1403 belong to Lacto-
coccus lactis subsp. lactis, whereas MG1363 is a Lactococcus lactis subsp. cremoris
strain to which most industrially used dairy lactococci belong. We reconstructed the
MG1363 metabolic network (518 genes, 754 reactions, and 650 metabolites) with
a special focus on flavor-forming pathways (59 reactions involved) based on its
genome and the information available from the literature (Flahaut et al., 2013; Liu,
Nauta, Francke, & Siezen, 2008). Our model succeeded in illustrating the interplay
between amino acid catabolism and growth of the organism. In particular, produc-
tion of flavor compounds relates to NADH oxidation. Thus, even low fluxes such as
those involved in amino acid catabolism and formation of flavor compounds may
represent targets for future engineering by releasing pressure on the central metab-
olism (Flahaut et al., 2013).

For LAB engineering, GEMM constitute a viable approach, as it produces a frame-
work with all known metabolic reactions. In S. thermophilus, GEMM was applied to
reconstruct the metabolic network, and this highlighted the large set of amino acids that
can be derived from only three amino acids that have to be supplemented to the growth
medium (Pastink et al., 2009). Furthermore, this S. thermophilus model emphasized
the peculiar influence of the redox balance on its physiology. Since ethanol biosyn-
thesis is not functional because of its pseudogenes, S. thermophilus has to recycle all
NADH from glycolysis, resulting in homolactic fermentation. Furthermore, the pen-
tose phosphate pathway in S. thermophilus is incomplete (directly affecting NADPH
generation); by taking into consideration all of these constraints, the model opened a
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new hypothesis on the interactions between central carbon metabolism and amino acid
metabolism via redox constraints (Pastink et al., 2009).

Finally, three strains of Lactobacillus reuteri have been used for GEMM reconstruc-
tion. Lactobacillus reuteri JCM112 had been used for medium optimization to enhance
vitamin B12 biosynthesis by insertion of the biosynthetic pathway from Lactobacillus
plantarum WCFS1 (Santos et al., 2008). Furthermore, two isolates derived from breast
milk have been used for metabolic model reconstructions (Saulnier et al., 2011). Lac-
tobacillus reuteri strain 55730 has been identified as an important probiotic strain, and
hence efforts were made to identify its functional properties via the integration of omics
data, in particular, the amino acid biosynthesis capacity and vitamin production were
detailed thanks to the model and proposed as part of traits enhancing probiotic effects.
Such study represents an important step toward a metagenome-scale model and its appli-
cation in industrial fermentations (Branco Dos Santos, De Vos, & Teusink, 2013).

8.3.2 Metabolic engineering strategies: increasing diacetyl
production in Lactococcus lactis

Diacetyl is the main flavor compound responsible for the butter taste of various
fermented dairy products. For instance, increasing the diacetyl level during butter
production is of high value, in particular with the NIZO process (Charteris, 2007).
Diacetyl is formed by oxidative decarboxylation of a-acetolactate; the a-acetolac-
tate is produced by the a-acetolactate synthase condensing two molecules of pyru-
vate (Figure 8.1). To improve diacetyl production, various strategies have focused on
increasing o-acetolactate to allow further abiotic formation of diacetyl. The biovariant
diacetylactis of Lactococcus lactis has the ability to metabolize citrate to produce dia-
cetyl. Citrate-consuming LAB tends to produce high-amounts of diacetyl, as citrate
can be converted to pyruvate by citrate lyase and oxaloacetate decarboxylase, without
the need to use any redox cofactor (Hugenholtz et al., 2000), whereas pyruvate pro-
duced through the glycolysis is under strong redox pressure. Citrate is a minor com-
ponent in milk; thus, metabolic engineering strategies have been focused on diacetyl
and a-acetolactate production from glucose and lactose. Hugenholtz et al. engineered
the first lactococcal strain able to produce high amounts from glucose (Hugenholtz
et al., 2000). The authors reported an important success with NICE-controlled over-
expression of the NADH oxidase gene (nox) in a a-acetolactate decarboxylase mutant
(AACLDC). A two-step fermentation was initially used to grow the cells in unaerated
cultures with induced nox gene overexpression at the mid-exponential phase; subse-
quently, the cells were harvested and resuspended in phosphate buffer in the presence
of glucose. This strategy was needed, as the researchers observed inhibition of NOX
activity by the presence of diacetyl in the medium.

Hoefnagel et al. used their model (see Section 8.3.1) to predict which genes
needed to be targeted at the pyruvate branch (Hoefnagel, Starrenburg, et al., 2002).
The authors used metabolic control analysis (Kacser & Burns, 1995) to estimate
which enzyme influenced most of this metabolic pathway. They predicted that /dh
gene inactivation coupled with nox gene overexpression would be the most successful
approach to increase the flux toward a-acetolactate branch. The genome-scale model
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of Lactococcus lactis 1L.1403 has also been used to design and to test strategies to
enhance in silico diacetyl production (via a-acetolactate increase synthesis) to be
able to engineer new strains producing high levels of diacetyl (Oliveira et al., 2005).
First, literature results were reproduced with inhibition of LDH, alcohol dehydroge-
nase (ADH), and acetolactate decarboxylase (ACLDC). Then the researchers defined
a succession of simulations to characterize which gene inactivation would lead to an
increase in o-acetolactate synthesis using FBA and MOMA as described previously
(Segre, Vitkup, & Church, 2002). Phosphotransacetylase, 3-phosphglycerate dehy-
drogenase, formyltetrahydrofolate synthetase, and glucose-6-phosphate 1-dehydro-
genase were identified as the relevant targets to enhance a-acetolactate production
under growing conditions. It was predicted that those inactivations would lead to an
increased yield toward a-acetolactate formation, by increasing by-product availability
and diminishing flux toward biomass formation (Oliveira et al., 2005). However, no
experimental data have been provided, so further support for this strategy is lacking.
The Lactococcus lactis MG1363 GEMM model that we recently published rep-
resents a useful framework for further hypothesis testing (Flahaut et al., 2013). Our
approach has been based on the influence of the redox balance via cofactor availability.
As observed by Hugenholtz et al. (2000), overexpressing the nox gene in Lactococcus
lactis AACLDC strain released the need to restore the NAD* pool. Thus, we looked at
alternative ways to interact with the intracellular redox balance. It has been observed
that Lactococcus lactis is able to have a functional electron transport chain (ETC) when
heme is added to the medium (Brooijmans, Poolman, Schuurman-Wolters, De Vos, &
Hugenholtz, 2007; Duwat et al., 2001). The observed phenotypes included increased
production of biomass and an improved long-term stability (Duwat et al., 2001; Gaudu
et al., 2002; Rezaiki et al., 2004). An active ETC oxidizes NADH generated through
glycolysis that otherwise should have been recycled thanks to LDH (Lechardeur et al.,
2011). Several in vivo and in silico studies investigated which strategy could be used
to refine the Lactococcus lactis metabolic network. Hence, we illustrate here how our
earlier described model (Flahaut et al., 2013) can be used to test new hypotheses in
silico and engineer the best growth conditions to obtain high production of a-acetolac-
tate. We decided to test three different conditions: (1) the Lactococcus lactis wild-type
strain MG1363, growing under aerobic conditions; (2) Lactococcus lactis AACLDC
overexpressing nox gene; and (3) Lactococcus lactis wild-type strain MG1363 grown
in the presence of heme, i.e., with an active ETC. FBA is traditionally used to com-
pute flux distribution and flux rate for the objective function. A strong limitation in
FBA is due to the multi solution that can be computed; therefore we focused on Flux
Variability Analysis (FVA), which estimates the flux span of all network reactions in
relation with the objective function (Mahadevan & Schilling, 2003). FVA allows the
investigation of alternative optima solutions and appeared to be highly accurate to test
metabolic engineering strategies (Xu et al., 2013). FVA applied to Lactococcus lactis
wild-type strain MG1363 grown in the presence of glucose with unlimited oxygen flux
predicts (Table 8.3) that 7% of glucose is converted in a-acetolactate (0.47 mmol,./
gpw)- However, FVA predicts that the Lactococcus lactis AACLDC mutant that over-
expresses the nox gene converts a very high amount of glucose to a-acetolactate (83%
with 5.8 mmol,/gpw). Thus, this latter Lactococcus lactis mutant is predicted to be
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Table 8.3 Flux variability analysis (FVA) of maximum growth
rate (1/h), a-acetolactate production rate (mmol/gpw/h), and
resulting yield predicted from the genome-scale model of
Lactococcus lactis MG1363

Nox over- Wild-type
Wild-type expressing Lactococcus
Lactococcus Lactococcus lactis grown
lactis lactis AACLDC with Heme
Predicted maximum growth 0.55 0.58 0.58
rate (1/h)
FVA maximum production 0.85 9.99 6.80
rate (mmol,./gpw/h)
Y,e1s (MMOl,e/Epw) 0.47 5.8 3.9

Three in silico conditions have been compared with glucose as the carbon source (10 mmol/gpw/h): Wild-type Lactococcus
lactis grown in aerobic conditions; Lactococcus lactis with acetolactate decarboxylase inactivation and overexpressing nox
gene; wild-type Lactococcus lactis grown in aerobic conditions in the presence of heme. FVA provides insight into the
flux span for each reaction in the metabolic network and therefore provides knowledge on the stoichiometric rates that can
be observed though a reaction (Mahadevan & Schilling, 2003). Calculations were performed with the COBRA toolbox in
Matlab with a-acetolactate set on a demand reaction, i.e., objective function (Schellenberger et al., 2011).

able to produce 10 times more a-acetolactate than the wild-type strain. Remarkably,
these flux rates are in the same range that observed by Hugenholtz et al. (2000), with
a little excess that appears to be related to amino acid catabolism. Thus, the phenotype
observed by Hugenholtz et al. (2000) is reproduced at the same magnitude by our
model and therefore validates it. At last, the simulation of the influence of the active
ETC in Lactococcus lactis resulted in a predicted maximum growth rate in the same
range as the wild-type and its mutant. The predicted a-acetolactate production rate
has been predicted to be more than eight times that of the wild-type strain and more
than two-thirds of the mutant rate (56% a-acetolactate formed and 3.9 mmol,./gpw)-
So, after the validation of the predicted mutant’s phenotype by in vivo experimental
data, the model predicts a significant positive effect of an active ETC on a-acetolactate
production. Nonetheless, the latter results need to be experimentally confirmed, as it
is solely based on the model prediction. Despite of these caveats, the model-based
approach appears to be of high value, as it shows that a non-GMO strain can be opti-
mized for increasing the production of a target compound simply by engineering
growth conditions Moreover, it illustrates that in silico predictions help to improve
designing in vivo experiments. In conclusion, the modeling approach described earlier
can be considered as an excellent example of a bottom-up approach.

8.4 Conclusions

Recent decades have shown a series of successes in the metabolic engineering
in industrial and other LAB that have led to the enhanced production of a great
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diversity of metabolites. Nowadays, a large set of experimental toolboxes and
modeling approaches are available that appear to be decisive in developing strains
with the targeted phenotype. Genome-based modeling approaches have the advan-
tage of being cost-effective and hypothesis generating. Moreover, some tests can
be performed in silico before the experimental approach is taken. Together with
high-throughput engineering and synthetic biology approaches, this will appear to
be a “game changer” in metabolic engineering. However, one has to realize that
each model has its limitations, although models are constantly improved to increase
their accuracy in the systems biology cycle. Moreover, genetic engineering is a pow-
erful tool but cannot easily target all possible options in a living organism. For
instance, cofactor imbalance is a strong bottleneck when aiming at rerouting bacte-
rial metabolism. This and other limitations can be partly solved by adaptive evolu-
tion, in which selective pressure such as growth rate on a specific substrate is used
to optimize an organism. This has shown to be a useful tool to complement systems
approaches, and elegant examples of Lactococcus lactis have recently been described
(Bachmann et al., 2013).

8.5 Sources of further information and advice

Details on E. coli GEMM, the most advanced and most commonly used model by
the scientific community, will be found in Mccloskey, Palsson, and Feist (2013). A
well-described method to reconstruct genome-scale metabolic model has been pro-
posed by Thiele and Palsson (2010). Furthermore GEMM benefit from the high ver-
satility algorithm present in the COBRA Toolbox and which is maintained by the
scientific community (Schellenberger et al., 2011). To get more details on LAB phys-
iology, we advise the reader to consult the latest reviews (Branco Dos Santos et al.,
2013; Costa et al., 2014; Gaspar, Carvalho, Vinga, Santos, & Neves, 2013; Teusink,
Bachmann, & Molenaar, 2011; de Vos, 2011).
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Designing wine yeast for the
future
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9.1 Introduction

The past three decades have seen a global wine glut. So far, well-intended but
wasteful and expensive market intervention has failed to drag the wine industry
out of a chronic annual oversupply of roughly 15%. Can yeast research succeed
where these approaches have failed by providing a means of improving wine qual-
ity, thereby making wine more appealing to consumers? To molecular biologists the
“wine yeast” Saccharomyces cerevisiae is as intriguing as it is tractable. A simple
unicellular eukaryote, it is an ideal model organism, enabling scientists to shed new
light on some of the biggest scientific challenges such as the biology of cancer and
ageing. It is amenable to almost any modification that modern biology can throw
at a cell, making it an ideal host for genetic manipulation, whether by the applica-
tion of traditional breeding or modern genetic techniques. Without the “right” yeast
flourishing in a suitable nutritional environment, grape juice would be transformed
into something closer to vinegar than wine. Therefore, to the winemaker, S. cere-
visiae yeast is integral to crafting well-balanced, flavoursome wines from simple,
sugar-rich grape juice. Thus any improvements that we can make to wine yeast
fermentation performance or the sensory properties it imparts to wine will benefit
winemakers and consumers. With this in mind, the application of frontier technolo-
gies, particularly the burgeoning “omics”-based fields of systems and synthetic biol-
ogy, have much to offer in their pursuit of novel yeast strains to produce high quality
wine. This chapter discusses the nexus between yeast research and winemaking. It
also addresses how winemakers and scientists face up to the challenges of consumer
perceptions and opinions regarding the intervention of science and technology; the
greater this intervention, the stronger the criticism that wine is no longer “natural”.
How can wine researchers respond to the growing number of wine commentators
and consumers who feel that scientific endeavours favour wine quantity over qual-
ity, and technical sophistication, fermentation reliability and product consistency
over artisanal variation? Can the wine industry afford to ignore the opportunities
offered by modern science and technology, and allow the “paralysing hand of play-
ing it safe” to strangle genuine innovation in winemaking? Will the wine industry
wilt away or will it embrace new offerings from science, challenging the percep-
tions of wine commentators and consumers? Can we, as yeast researchers, deliver
on the expectations that come with shifts in public perception? This chapter seeks
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to present yeast research in a new light and a new context, and it raises important
questions about the direction of yeast research, its contribution to science and the
future of winemaking.

9.2 Accidental beginnings and ancient wisdom

The wine yeast, S. cerevisiae, is so closely associated with humans it is rarely found in
environs removed from human habitation (Martini, 1993). In fact, its evolutionary suc-
cess can probably be explained by its relationship with humans, particularly in the pro-
duction of alcoholic beverages, an activity that has been with us for at least 7000years
(McGovern et al., 2004; Verstrepen, Chambers, & Pretorius, 2006). Because of us, S. cer-
evisiae enjoys phenomenal reproductive success with, for example, an estimated 600,000
tons of baker’s yeast being produced every year (Pretorius, Toit, & Van Rensburg, 2003).

But how did this close relationship get started? It is likely that the first alcoholic
fermentations were happy accidents: harvested grapes were not eaten quickly enough
and began to rot, Saccharomyces yeasts moved in and took advantage of the free sugary
meal and the first wines were made (Chambers & Pretorius, 2010; Pretorius, Curtin, &
Chambers, 2012). These early wines presumably tasted good and had an interesting,
pleasing, psychotropic effect. One can only assume that early farmers learned from
this experience and repeated the accidents of previous “vintages”. Winemaking was
born and wine yeast had a secure future in the hands of its human guardians.

9.3 Turning hindsight into foresight

If we step back for a moment, to grasp how far and how fast we have come, the rela-
tionship between scientific discovery, technological advancement and progress in wine
production reveals common themes dominating the past, present and future of wine
(Borneman, Schmidt, & Pretorius, 2013; Chambers & Pretorius, 2010; Pretorius, 2000).

In his “Race for Space” speech in 1962, President John F. Kennedy famously con-
densed 50,000 years of recorded human history into a time span of half a century. If we
apply the same approach to the history of wine, we encounter an outstanding record of
research, development and sustained innovation (Figure 9.1). Breathtaking in speed, it
is a story of resilience, persistence and the unwavering pursuit of opportunity.

First of all, we must acknowledge that we know very little about the first 40years
of this “time capsule”. What we do know is that anatomically modern humans, clothed
in leaves and furry animal skins, emerged from their caves to construct other kinds of
shelter about 10 years ago. These hunter-gatherers established agriculture and the first
great civilisation in Mesopotamia around the Tigris-Euphrates River system.

Seven years ago, between what is now known as the Black and Caspian Seas,
humans started to gather berries from wild vines in the forest. They used the seeds to
cultivate vines in their villages to provide a convenient source of food. The accidental
fermentation of a mixture of water and perishable grape berries in sunlight produced
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2000-2010 Internet search engine, wireless smart phone, synthetic genomics

1975-2000  Internet, portable laptop computer, gene and stem cell therapy

1950-1975  Transistor, laser technology, desktop computer, genetic engineering

1925-1950  Television, electron microscopy, radar, jet engine, nuclear power, penicillin
1900-1925 ~ Radiotherapy, powered airplane, refrigeration, X-ray crystallography

1850-1900  Antiseptic surgery, photography, telephone, electricity, motorcar

1800-1850 Locomotive, artificial fertiliser, typewriter, chloroform anaesthetics

1750-1800 Steam boat, internal combustion engine, metric system, corkscrew

1700-1750 ~ Steam engine, mercury thermometer, electroscope, Linnaean taxonomy

1500-1600 ~ Microscope, telescope, barometer, hygrometer, pendulum clock

0000-1500  Blown glass, paper, quill pen, lens, Arabic numerals, printing press

‘ The first phonetic alphabet is invented

Transport is elevated onto cart-and-wheels

Agriculture is established and water channels are used to irrigate crops

Alcoholic drink is fermented from perishable fruit and grain

Shelters and granaries are built with portable mud blocks (bricks)

Clothing is fitted with needle and thread (sewing)

Stone Age humans progress to sharpen their tools and weapons

Homo sapiens cover their nakedness with leaves and animal skins

Homo heidelbergensis builds the first shelter (huts)

| Homo erectus hamesses lightning for controlled fire

., Early humankind invents stone tools

Figure 9.1 Selected milestones that mark the path of humankind’s cultural and technolog-
ical progress and the way we live today. The authors acknowledge that there is still fiery
debate about the exact age of the earth and many aspects of the early parts of recorded human
history. Therefore, the early steps of the timeline depicted in this diagram are not meant to
express a definitive outcome of conflicting viewpoints; rather, they are included as part of the
“Kennedy” metaphorical time capsule used in Section 9.3.

their first storable drink — a pleasurable drink preserved by alcohol. As we know from
the discovery of Stone Age wine jugs, the intentional fermentation of grapes began
soon after.

Just five years ago, humans learnt to write, to propel a boat with paddles and use
a cart with wheels. One outcome was the spread of domesticated vines. Eventually
those vines spread from the Near East to Europe and to as far afield as India and China
(Figure 9.2).

When Christianity began just two years ago — on our condensed timeline —
the connection between religion and wine was already strong. The first “miraculous
sign” to be described in the scriptures involved turning water into “choice wine” for
the guests at a wedding in Cana. But wine was not only embedded in religious cere-
monies: it had become an integral part of many cultures, used as a source of nutrition
and as a “social lubricant” for celebrations.

A year ago, Babylonian, Greek and Roman mathematicians, astronomers and phi-
losophers, such as Pythagoras, Herodotus, Plato, Aristotle, Ptolemy, Copernicus and
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Figure 9.2 A generalised scheme of the spread of Vitis vinifera noble varieties of grapevine
and winemaking from their centre of origin in Asia Minor to other parts of the world.
Adapted from Chambers and Pretorius (2010).

Galileo, became convinced that the earth was a sphere within a larger sun-centred
universe. They started to map the world.

Such maps enabled seafarers from Spain, Portugal, Holland and England to set
sail for undiscovered lands. Thanks to the preservative power of alcohol, the only
storable drink on the long and dangerous expeditions of Da Gama, Dias, Columbus,
Van Riebeeck, Drake, Cook and others was wine — “sunlight, held together by water”,
as described by Galileo.

It comes, therefore, as no surprise that these explorers planted Vitis vinifera vines
wherever they set foot ashore, marking the humble beginnings of wine production in
the Americas, Japan, southern Africa and Australasia during the second half of last
year.

This year, the Dutch merchant, Antonie van Leeuwenhoek, used a primitive light
microscope to observe and describe the first yeast cells — the same cells that the French
biochemist, Louis Pasteur, isolated as pure cultures a few weeks later (Figure 9.3).
Pasteur also identified them as the living agents responsible for the conversion of
grape sugar into wine alcohol and carbon dioxide. Fascinated by what he observed
under the microscope and in the fermentation vessel, Pasteur stated that “a bottle of
wine contains more philosophy than all the books in the world”. Inspired by these dis-
coveries, the German enzymologist, Eduard Buchner, was quick to find that this fer-
mentation process was catalysed by enzymes contained in the fermenting yeast cells.

Meanwhile, the German oenologist, Hermann Miiller-Thurgau, introduced the con-
cept of inoculating wine ferments with specially selected pure yeast cultures from a
species now known as S. cerevisiae. Miiller-Thurgau and Robert Koch also demon-
strated that bacteria — the malolactic bacterium now known as Oenococcus oeni — and
not yeast, were responsible for the reduction of malic acid in wine. This process is
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The genome sequences of >80 Saccharomyces cerevisiae are available,
including 8 wine strains

The first genome sequence of a wine strain (AWRI 1631) of
Saccharomyces cerevisiae published

André Goffeau and co-workers publish the genome sequence (12,068 kb) of a
laboratory strain of Saccharomyces cerevisiae (S288c)

Albert Hinnen, James Hicks and Gerald Fink transform plasmid DNA
successfully into a laboratory strain of Saccharomyces cerevisiae

The first two active dried wine yeast strains were produced commercially for
a large winery in California

Carl Lindegren discovers the two mating types, a and a, in
Saccharomyces cerevisiae and elucidates the lifecycle of yeast

The elucidation of the glycolytic pathway based on the work of Gustav Embden,
Otto Meyerhof, Jakub Parnas, Otto Warburg, Carl Neuber, and others

@vind Winge discovers that diploid yeast cells come from haploid ascospores
Robert Koch demonstrates that inoculation with malolactic bacteria
(Oenococcus oeni) can reduce wine acidity (malolactic fermentation)

Eduard Buchner demonstrates that a cell-free extract of yeast cells can
ferment sugar to ethanol

Hermann Mller-Thurgau demonstrates that bacteria are responsible for
acid reduction (malolactic fermentation) noted in wine

Hermann Miiller-Thurgau introduces the concept of inoculating wine
ferments with selected pure yeast cultures

Emil Hansen perfects the method of Louis Pasteur for the isolation of
pure yeast cultures

Wilhelm Kiihne coins the term “enzymes” (meaning “in yeast” in Greek) for
the catalytic agents in cell-free extracts

Louis Pasteur postulates that fermentation is an energy-yielding process
for microbes such as bacteria and yeast under anaerobic conditions

Julius Meyen uses the term Saccharomyces (“sugar fungus”) for budding yeast

The so-called “vitalistic” theory proposes that living yeast cells convert sugar
into alcohol and CO,

Charles Cagniard de la Tour, Friedrich Kitzing and Theodore Schwan
independently demonstrate that wine yeast reproduce by budding

Friedrich Erxleben postulates that yeast consist of living vegetative organisms

Joseph Gay-Lussac revises the chemical stoichiometry for fermentation

Antoine Lavoisier describes wine fermentation as a chemical reaction of
“grape must = carbonic acid + alcohol”

Antonie van Leeuwenhoek observes yeast cells using a primitive microscope

Figure 9.3 Selected milestones that mark the path of research in microbiology and yeast
biology that impacted wine science and winemaking directly or indirectly.
Adapted from Chambers and Pretorius (2010).

now known as malolactic fermentation, where malic acid (with its sharp taste of green
apples) is converted into the softer-tasting lactic acid in wine.

Less than six months ago, the world’s growing wine industry benefited immensely
from the arrival of new forms of transport, such as steam-powered locomotives, bicy-
cles, fuel-driven automobiles, tractors and airplanes. It also benefited from new forms
of communication in the form of printing, telephones and telegraphs. Electricity and
artificial light literally cast new light on scientific discoveries, and there were leaps
forward in automation, introducing wineries to glass bottle-making machines, har-
vesters and cooling systems.

There was disease control with broad-spectrum fungicides and pesticides. There
were new and stronger materials with trellising, stainless-steel pumps, pipes and
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fermenters. There was new packaging with novel bottle-closures and casks. Science
had come into its own.

Last month — on our timeline — Jim Watson and Francis Crick revealed the dou-
ble-helix structure of DNA (Figure 9.4). This led to the unravelling of the universal
genetic code of all living organisms.

Last week, shortly after we developed computers and landed the first man on the
moon, we learnt how to clone DNA and engineer the genetic blueprint of any living cell.
Only yesterday, a worldwide Internet — supported by search engines — allowed us to
explore terabytes of information at the touch of a button on our newly developed laptop
computers, wireless hand-held devices and smart phones. Thanks to these devices, irri-
gation of vineyards and the operation of large, complex wineries can now be controlled
remotely by sophisticated computer networks, “artificial intelligence” and robotics.

This morning, we decoded the entire genetic blueprints of a few viruses, microbes,
plants, animals and humans. We also decoded the genomes of the Pinot Noir grapevine
variety, wine yeast strains and malolactic bacteria.

In the past few minutes, we achieved a breakthrough in reprogramming the natural
“software” of life. For the first time, in a “hack-a-cadaver” approach, Craig Venter’s

2010 3 Genome synthesis of a bacterium, Mycoplasma mycoides, and expression
of the synthetic genome in a related species, Mycoplasma capricolum

2008 > Genome sequencing of a wine yeast strain of Saccharomyces cerevisiae
2007 Genome sequencing of a grapevine cultivar, Vitis vinifera var. Pinot Noir

Genome sequencing of a malolactic bacterium, Oenococcus oeni
PINER Genome synthesis of a virus, Phi-X174

Genome sequencing of humans, Homo sapiens

Genome sequencing of a eukaryote, a laboratory yeast strain of
1996 Saccharomyces cerevisiae

1995 > Genome sequencing of a prokaryote, Haemophilus influenza bacteria
1989 Introduction of gene expression analysis by DNA microarrays

1985 In vitro amplification of DNA by the polymerase chain reaction method
[FTYA) Karyotyping of yeast through pulsed-field-gel-electrophoresis

1983 > Genome sequencing of a virus, phage lambda

Genetic engineering of Saccharomyces cerevisiae yeast by transformation
1978 with recombinant plasmid DNA

1977 > Development of rapid DNA sequencing procedures

Genetic engineering of Escherichia coli by transformation with
2 recombinant plasmid DNA

1966 > Unravelling of the universal genetic code for all lifeforms
1953 Postulation of a complementary double-helical structure for DNA

DNA proves to be the genetic molecule capable of altering the heredity
1943 > of bacteria via transformation, conjugation and transduction

({EKEP Discovery of two mating types in the yeast Saccharomyces cerevisiae

Discovery that bacteria are capable of transferring genetic information from
1928 cell to cell via transformation

(TGP Discovery of DNA in the sperm of trout
1860 Postulation of Gregor Mendel's laws of inheritance

Figure 9.4 Selected milestones that mark the path of research in genetics and molecular biol-
ogy that impacted wine science and winemaking directly or indirectly.
Adapted from Chambers and Pretorius (2010).
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team successfully transplanted an artificially constructed genome of Mycoplasma
mycoides — all 1.1 million base pairs of its DNA — into a closely related bacterial cell,
Mycoplasma capricolum. This marked a world-first: a “synthetic” genome, created by
computer, giving life to another living being with no ancestor. The potential for future
advances in synthetic genomics seems endless.

Equipped with this new information, wine scientists are confident that by this
afternoon we will be able to develop disease- and pest-resistant grapevine clones,
low-alcohol and flavour-enhancing yeasts, and malolactic bacteria imparting fruity
aromas to consumer-enticing wines.

And before midnight tonight, researchers believe that, backed by human genomic
data, wine market developers will have deeper insights into taste preferences of spe-
cific consumer groups. This will allow scientists to design tailor-made yeast strains for
specific wine styles, enabling winemakers to better align the chemical composition of
their wines with the taste preferences of their target markets, anywhere in the world.

Now, back to real time...

9.4 The ancient art of winemaking meets frontier yeast
science

A look at the evolution of wine production over the past seven millennia (Borneman,
Schmidt, et al., 2013) and the global industry’s value chain (Figure 9.5) makes it
obvious that the scientific basis of the various steps of the winemaking process has

Demand-chain " r@- Supply -chain
market driven / productlon driven

=

Market ant|c|pat|on 3’

ﬂ(_‘ value proposmon f

//d

Figure 9.5 A schematic outline of the wine industry’s value chain. In a globalised economy
in which quality is defined as sustainable customer and consumer satisfaction, it is important
to most producers to anticipate market trends and changing consumer preferences. A paradigm
shift from a supply-chain approach to a demand-driven one has occurred over the past decade
or 0.
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Figure 9.6 A schematic outline of the main steps in wine production. Some steps and the
sequence thereof differ between the production of red and white wine.
Adapted from Pretorius (2000).

gradually become clearer, and many practices once thought impossible have now
become routine (Figure 9.6).

It has probably been known since the earliest of times that wine is susceptible to
spoilage. Winemaking is not a matter of chance or magic — left entirely to nature the
result is variable, unreliable and can be undrinkable. Indeed, the completely natural
result of fermenting grapes is vinegar (Lewin, 2010). The discovery that microbes are
largely responsible for this has led, in more recent times, to a debate on whether wine
should be “natural” or should we protect it from undesirable microorganisms by pas-
teurisation or the addition of sulfur dioxide. And this debate has broadened in the past
decade to include questions on whether wine should be the fermentation product of
its natural microbiota or of a controlled inoculated wine yeast (Pretorius et al., 2012).

Some winemakers and commentators believe that the ambient yeast population
in the vineyard and winery constitute part of the characteristics of a natural wine
(Lewin, 2010). They believe that the unique contributions of diverse yeast species —
including non-Saccharomyces species — confer a complexity upon wine not seen in
inoculated ferments. This might be true (Varela et al., 2009), but it comes with the risk
of spoilage. There is also an increased risk that the fermentation will become “stuck”
(Martini, 1993) — i.e. the ferment will stop and be difficult to restart. In addition,
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Saccharomyces cerevisiae was the first microorganism...

Domesticated for the production of
-Food (bread)

-Beverages (wine, beer, spirits)
Observed microscopically

- By Antonie van Leeuwenhoek

Described as a living biochemical
agent of transformation
- By Louis Pasteur

Used as a host for the production
of the first recombinant

- Vaccine (against hepatitus B)
-Firstfood enzyme

(chymosin for cheese making)

Used to reveal the entire nucleotide
sequence of a eukaryotic genome

Figure 9.7 Since the beginning of recorded civilisation, S. cerevisiae has been instrumental
in planting important milestones on the road of the development of modern humankind. In
many instances, this versatile trailblazer was the first microbe with which breakthroughs were
achieved.

spontaneous — “natural”, “wild” or “feral” — ferments also tend to take longer to com-
plete. Nevertheless, in recent times, some of these non-Saccharomyces yeasts have
come into commercial use in winemaking. For example, Torulaspora delbrueckii,
which was initially included in a commercially packaged mixture of yeast strains
(Vinoflora® Melody.nsac and Vinoflora® Harmony.nsac) with S. cerevisiae and
Kluyveromyces thermotolerans in 2003, and later on as a stand-alone seed culture
by commercial yeast manufacturers such as Chr. Hansen, Lallemand and Laffort
(Swiegers, Saerens, & Pretorius, 2014, chap. 1).

The debate has intensified and continues to set the backdrop for wine yeast research,
but over the past two decades, active yeast strain development programs have been
launched the world over to generate S. cerevisiae strains that can improve wine quality
when used as inocula at the start of fermentation. This is a very fertile research field
where advances in wine yeast strain development and fundamental yeast science have
leveraged from one another.

This new era in wine yeast research, embracing cross-disciplinary expertise, is
worthy of review. It started following the revelation that genes are made of DNA;
the stage was set for an explosive growth of knowledge, driven by a convergence of
genetics, biochemistry, cell biology, microbiology and computing. And work on yeast
was often at the forefront of developments.

There were compelling reasons for molecular biologists from all fields to look on
this simple single-celled fungus as the ideal guinea pig for fundamental and applied
research (Figure 9.7). Our close relationship with S. cerevisiae in food and beverage
production over millennia tells us that it is safe to work with; for example, it is desig-
nated Generally Recognised as Safe (GRAS) by the Food and Drug Administration in
the USA (Verstrepen et al., 2006). In addition, it is a simple eukaryotic cell (Figure 9.8),
which is inexpensive and easy to grow, and can be stored for long periods in suspended
animation. But perhaps its best asset is an accessible genetic system that can be fol-
lowed through asexual and sexual cycles (Figure 9.9). The three basic cell types — a, o
and a/a cells — can undergo mitosis and reproduce through an asexual budding process
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Figure 9.8 A schematic representation of the subcellular compartmentalisation of a wine
yeast cell. The cell envelope, comprising a cell wall, periplasm and plasma membrane,
surrounds and encases the yeast cytoplasm. The structural organisation of the intracellular
milieu, containing organelles such as the nucleus, endoplasmic reticulum, Golgi apparatus,
mitochondria and vacuoles, is maintained by a cytoskeleton. Several of these organelles derive
from an extended intramembranous system and are not completely independent of each other.
Adapted from Pretorius (2000).

(Figure 9.10). The a and a haploid cells are also able to undergo mating, a sexual pro-
cess that culminates in nuclear fusion and creation of a/a diploid cells, which can be
induced to undergo meiosis to produce asci carrying four haploid spores.

Since the mid-1970s, when recombinant DNA technologies revolutionised the
way research in biological sciences is conducted, S. cerevisiae has been one of the
most important model organisms in molecular biology and emerging omics-based
fields (Figure 9.11). For example, a haploid laboratory strain (S288c) was the first
eukaryote to have its genome sequenced, a feat achieved through a collaborative
international effort involving more than 600 scientists under the able leadership of
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Figure 9.9 A schematic representation of the cell cycle of a budding wine yeast cell. Haploid
and diploid cells reproduce asexually by multilateral budding during which each cell gives rise
to a daughter cell made of entirely new cell surface material. Buds may arise at any point on
the mother cell surface, but never again at the same site. Under optimal nutritional and cultural
conditions Saccharomyces cerevisiae doubles its mass every 90 min. The cell division cycle
consists of four phases: G1, S, G2 and M.

Adapted from Pretorius (2000).
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Figure 9.10 A schematic representation of the life-cycle of heterothallic and homothallic
wine yeast strains. Haploid cells of Saccharomyces cerevisiae exist in two mating types,
designated MATa and MAT¢. Cells of the MAT o mating type produce a peptide of 13 amino
acids, the a factor; while the a mating type cells produce a peptide of 12 amino acids, the a
factor. When in close proximity, the