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Preface

This volume communicates aspects of beneficial microorganisms in relation to
food and nutraceuticals. The conventional roles of microorganisms in foods typi-
cally emphasize on bio-preservation, extended shelf life, and production of higher
digestible nutrients via natural fermentation processes. However, the recent intro-
duction of nutraceuticals has broadened the potentials of microorganisms to trans-
form normal foods to nutraceutical products, many with well-characterized health
claims. In combination with such increasing demands for nutraceuticals, various
new food technology techniques have been developed, conventional technologies
have been re-innovated, and various new beneficial microorganisms have also been
identified.

Penang, Malaysia Min-Tze Liong
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Abstract Fermentation processes have been part of the human food preparation for
centuries. Empirical knowledge of these processes has been transmitted from one
generation to another and has survived over the years. However, with the establish-
ment of the scientific basis of microbiology, all food fermentation processes have
been re-evaluated from the new perspective—the physiological characteristics of
lactic acid bacteria. The growth of lactic acid bacteria and production of different
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metabolites play an essential role not only on the sensorial characteristics of the
fermented food products but also in terms of the safety concern. Several anti-
microbial metabolites produced by lactic acid bacteria have been described in the
literature. Some of them, known as bacteriocins, not only have been explored
intensively over the last few decades by the food industry but also have been
acknowledged as promising antibacterial compounds with pharmaceutical appli-
cations. In this chapter, we will review some of the traditional applications of lactic
acid bacteria, showing the importance of antimicrobial metabolites with special
focus on antimicrobial proteins (bacteriocins), and discuss some specific cases on
its applications.

1 From the Past to the Future

An overview of the human history of the nutrition showed that the traditional
empirical knowledge has been used for the preservation and preparation of food
products. Furthermore, nutrition has been established as an object of the science
only in beginning of twentieth century. However, only in last two centuries the
systematic basis of the preservation and conservation of the food products has been
established, following after the development of science, especially microbiology,
physiology and biochemistry and more recently genetics and nutrition. If we
re-evaluate the history of the preparation of the fermented food products, we can
clearly acknowledge that from the ancient times, they have been part of the
nutritional habits of the human civilizations. Acknowledgment of the good food
was a part of the lifestyle of Ancient Greeks and Romans. Parts of their diet were
several fermented food products including wine, olives, meat, milk and fish prod-
ucts. We can address the preparation of alcoholic beverages to the Egyptians.
Nomadic peoples from central Asia were preparing yogurt, kumis and kefir. In
North Europe, fermented meat products were a part of the nutritional habits of
Germanic tribes, and Eskimos were known by the preparation and preservation of
fish. The ancient Persians were preparing boza and other fermented products based
on cereals, milk, fruits and vegetables. Fermented products based on corn (maize)
were part of the nutritional and spiritual habits of the native tribes in pre-Columbian
America. All these products were prepared based on the empirical knowledge. Only
in the nineteenth century, after the establishment of the modern microbiology by
Leeuwenhoek, Louis Pasteur, Metchnikoff and other pioneers, the basis of ferment-
ation process and preservation was established.

By the end of nineteenth century, scientific basis of fermentation processes and
modern microbiology was established by Louis Pasteur. However, Ilja Metchnikoff
and his collaborator, Stamen Grigorov, were the first to suggest the basic concept of
the modern understanding of functional food products and probiotics. Again, at this
time, they did not know very well yet how and why probiotics worked and all
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observation and conclusions were mostly based on the observations and empirical
conclusions. In time of Metchnikoff, even the term probiotics was not yet defined
and used. Only much later, Fuller and Gibson (1997) defined this term as live
microorganisms which, when administrated in adequate amounts, confer health
benefits to the host such as reduction of gastrointestinal infections and inflammatory
bowel disease and modulation of the immune system (Fuller and Gibson 1997).

2 Role of Lactic Acid Bacteria in the Most Traditional Way
of Application: Preparation of Food Products

The use of microorganisms with antagonistic properties and/or their antimicrobial
metabolites that can increase the shelf life is known as bio-preservation process
(Voulgari et al. 2010; Liua et al. 2014). Fermentation is the oldest bio-preservation
process (Kabak and Dobson 2011; Metha et al. 2012), and it is applied to dairy
products, vegetables, meat and fish. Fermentation processes are the transformation
of raw materials into products using microorganisms such as yeasts, moulds and
bacteria (Voulgari et al. 2010).

These microorganisms have different morphological, metabolic, physiological
and taxonomic properties (Metha et al. 2012). The primary bacteria found in
traditional fermented food are the lactic acid bacteria (LAB). LAB can be
represented by different Gram-positive and catalase-negative microorganisms,
with the production of lactic acid as a final metabolite of sugar fermentation
(Voulgari et al. 2010).

LAB can be detected in different ecological niches ranging from plant surfaces
to the gastrointestinal tract of animals. The most representative genera of LAB are
Lactobacillus, Lactococcus, Enterococcus, Leuconostoc, Pediococcus,
Oenococcus, Carnobacterium, Weisella and Streptococcus (Stiles and Holzapfel
1997; Ross et al. 2002). LAB are aerotolerant anaerobes; are acid resistant,
non-spore forming, and catalase negative; and have a DNA base composition
G+C less than 54 % (Stiles and Holzapfel 1997; Myoshi et al. 2009).

LAB are extensively used as start cultures in fermented food products. They are
traditionally used for food bio-preservation to prolong storage, enhance nutritive
and therapeutic values and promote changes in flavour, texture, and tastes (Aguirre
and Collins 1993; Kabak and Dobson 2011). These microorganisms produce
organic acids, hydrogen peroxide, diacetyl and bacteriocins with antagonistic
microbiological properties to suppress the growth of undesirable microbiota
(Ross et al. 2002; Liua et al. 2014). Besides, LAB increase presence in the
fermented food products of the essential amino acids and vitamins such as group
B vitamins (Kabak and Dobson 2011). Moreover, most of the LAB are recognized
as generally recognized as safe (GRAS) status and are considered as safe for human
consumption (Aguirre and Collins 1993; Myoshi et al. 2009).

After the industrial revolution in the nineteenth century, with the concern of
possible shortage of food, there has been an increased interest in the production of
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traditional fermented food products (Kabak and Dobson 2011). Most of the tradi-
tional fermented food products are originated from Asia, Africa, India, Europe and
the Middle Eastern countries (Blandino et al. 2003). Although the process of
bio-preservation by fermentation dates back more than 10,000 years ago, new
fermented milks, cereals, fruits, vegetables, fish and meat are still emerging until
nowadays. However, many food products can contain toxins or anti-nutritional
compounds, such as aflatoxins, tannins and phytates, that could be removed by
the action of LAB. LAB can inhibit the growth of pathogenic bacteria via the
primary metabolites, such as lactic and acetic acids, ethanol and carbon dioxide or
antimicrobial compounds such as formic, benzoic and acids, hydrogen peroxide,
diacetyl and acetoin besides bacteriocin (Kabak and Dobson 2011; Metha
et al. 2012; Elsanhoty et al. 2014).

Traditional fermented foods are dependent on the microbiota characteristics of a
specific raw material or food source that are directly influenced by the region
geography, topography, climate, agricultural factors and animals that are native to
the area (Ross et al. 2002; Metha et al. 2012). Nowadays, genetic, biochemical and
physiological studies are the key to understand the bio-preservation mechanism of
LAB (Shiby and Mishra 2013). Some examples of fermented food products from
milk, cereals, vegetables and meat and fish origin, along with the importance of
LAB in the preparation, are included in the following.

Milk is a complex food matrix, an emulsion containing proteins, fats, lactose and
various vitamins and minerals. It is a food secreted from the mammary glands of
mammals and serves as nourishment for their young (Oliveira 2009). The quality of
milk depends on the health of the milk-producing animal and also the hygiene level
of the environment (Metha et al. 2012). The traditional dairy products are obtained
from spontaneous acidification by LAB that are naturally present in milk as
adventitious contaminants, accompanied by yeasts or moulds (Wouters et al. 2002).

The traditional dairy fermented products are produced by the “back -slopping
method”, that is, the reintroduction of inoculum from the previous fermentation into
new product (Oliveira 2009; Kabak and Dobson 2011). The most common patho-
genic microorganisms found in raw milk and inhibited by LAB are Staphylococcus
aureus and Escherichia coli. However, Streptococcus agalactiae, Streptococcus
uberis, Mycobacterium spp., Brucella spp., Bacillus spp. and Listeria spp. have also
been reported (Metha et al. 2012).

The production of the first fermented milks products can be addressed to the
Middle East communities (Kabak and Dobson 2011). Prepared from the raw milk,
all of them share the lactic acid as a result of lactose fermentation from LAB
growth, which promotes the coagulation of the milk proteins (Oliveira 2009). The
production of dairy products is dependent on the use of defined LAB starters. These
strains have been replaced from the undefined strain mixtures traditionally used
(Ross et al. 2002; Oetterer 2014). Traditional fermented milks originated from
different countries and include more than 500 different milk products, such as
yogurt, fermented milk, acidophilus milk, kefir, kumis, and buttermilk, among
others described herein (Oliveira 2009); however, the exact mechanisms of bacte-
rial interaction with food matrices are not fully clarified yet.
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Acidophilus milk originated from Europe and the milk is inoculated by selected
Lactobacillus acidophilus strains. The incubation temperature is at 37 to 40 °C for
18-20 h until coagulation of milk. The final products are characterized by its acidity
and contain about 1 % of lactic acid (Oliveira 2009; Shiby and Mishra 2013).

Amasi is a traditional product from Africa (Mokua 2004). Traditionally, the
fresh milk is placed in a gourd, added a bit of amasi from a previous batch (“back-
slopping method”), and then allowed to ferment for 2-3 days at ambient temper-
ature, until reaching the pH of 4.0. The microbiota is dominated by different LAB,
including Lactobacillus spp., Lactococcus spp. and Leuconostoc spp., which origi-
nated from the environment (Todorov 2008).

Buttermilk, also known as chaa/lassi, originated from the Balkans region of
Europe, the Middle East, and Central Asia (Sharma et al. 2013). It is a fresh dairy
beverage prepared from Streptococcus, Leuconostoc and Lactococcus lactis subsp.
lactis/cremoris inoculation into a liquid leftover resulting from butter churning,
fermented at 20-25 °C until reaching the pH of 4.5 (Oliveira 2009). Buttermilk
presents the average composition about 47 % lactose (w/w), 29 % protein (W/w),
3.1 % moisture (w/w), 12 % fat (w/w) and 7.4 % ash (w/w) (Petean et al. 2014).

Dahi is a fermented dairy product originated from India. It is a yogurt-like
product made from cow or buffalo milk or mixture of both, in addition to Lacto-
bacillus acidophilus, Streptococcus lactis, Lactococcus lactis and Lactococcus
lactis subsp. diacetylactis. These strains are added to a boiled and cooled milk
and fermented for 7 h at 30 °C. The final product presents a clean acid taste and a
yellowish cream white colour (Shiby and Mishra 2013). Dahi presents the average
composition about 15 % total solids (w/w), 1.8 % protein (w/w), 5 % lipid (w/w)
and 12 % sugar (w/w) (Shiby and Mishra 2013).

Kefir, originated from the Caucasus region of Asia, is made from the inoculation
of the “kefir grain” in fresh milk. It is an acidic, middle alcoholic fermented dairy
beverage (Kabak and Dobson 2011; de Oliveira et al. 2013; Nielsen et al. 2014).
Kefir has a refreshing taste, is lightly carbonated and is slightly acidic (Beshkova
et al. 2002). Kefir grains are composed of an insoluble protein and polysaccharide
matrix, gelatinous, and yellowish and vary in size from 0.3 to 3.5 cm in diameter
(Kabak and Dobson 2011; Nielsen et al. 2014). The grains range from white to
yellow in colour. The beneficial properties and composition of kefir are highly
dependent on the type of milk that was fermented and may include the high
concentration of vitamin B12.

The kefir grains are washed with water and stored at a low temperature, prior to
serving as inoculums in a subsequent fermentation (Nielsen et al. 2014). The
complex matrix includes a mixture of bacteria and yeasts such as Lactobacillus
kefiranofaciens and Lactobacillus kefir and Lactobacillus spp., Lactococcus spp.,
Streptococcus spp., Leuconostoc spp. (Powell et al. 2007), Kluyveromyces
marxianus, Candida inconspicua, Candida maris, Torulopsis kefir and Saccharo-
myces cerevisiae (Simova et al. 2002) and differs from that found in the fermented
beverage: it occurs because of the complex symbiotic interactions between the
organisms in the kefir grains during the kefir production. The ratio of lactic acid
bacteria to yeast in kefir grains is 1000:1 (Nielsen et al. 2014). Kefir beverage can
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be made from cow, goat, sheep, camel and buffalo milk. Also, kefir could be made
from milk substitutes such as soy milk, rice milk and coconut milk (Nielsen
et al. 2014) resulting in end products with different compositions. The main
contents are about 1.5 % alcohol (w/w) and a pH around 4.5 (Kabak and Dobson
2011).

During the process of fermentation of kefir, several changes in composition of
nutrients and other ingredients occur. Lactic acid produced by the LAB and
propionic acid by propionibacteria are final metabolites usually find in kefir.
Other substances that can also be found in kefir and contribute to the flavour are
pyruvic acid, acetic acid, diacetyl and acetoin, citric acid, acetaldehyde and various
amino acids as a result of the metabolism of milk proteins.

As a result of the fermentation process conducted using LAB and yeasts, only a
little concentration of lactose remains in the final product. This is an important
advantage for the lactose-intolerant individuals to be able to tolerate kefir
(de Oliveira et al. 2013).

Kumis, originated from India, the Middle East, Mongolia and Turkey, is made
from mare milk, involving acid and alcoholic fermentation using microorganisms
Lactobacillus delbrueckii subsp. bulgaricus, Lactobacillus plantarum and
Kluyveromyces marxianus, Saccharomyces lactis and Torula koumiss (Tamime
et al. 1999; Danova et al. 2005; Wang et al. 2008; Oliveira 2009). The metabolites
are lactic acid, ethanol and carbon dioxide in the ratio of 2:3:1 (Tamime et al. 1999).
The fermentation process is similar to the production of kefir, using the “back-
slopping method” as starter culture, producing a grey-coloured liquid milk, lightly
carbonated with sharp alcoholic and acidic taste (Tamime et al. 1999; Kabak and
Dobson 2011). Kumis presents the average composition about 11 % total solids
(w/w), 1.8 % protein (w/w), 1 % lipid (w/w), 4.1 % lactose (w/w), 0.5 % ash (w/w)
and a pH value of 4.0 (Kabak and Dobson 2011).

Yogurt, one of the most popular fermented milk products worldwide, originated
from the Balkans and Middle East. Yogurt is the result of the fermentation of cow,
goat, sheep or buffalo milk using Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus, both present naturally in milk or added as starter
culture using the “back-slopping method”. Yogurt has a viscosity and a distinctive
acidic, sharp flavour (Tamime and Robson 1999; Oliveira 2009). The LAB used in
yogurt production ferment in a symbiotic growth pattern where Streprococcus
thermophilus grows faster than Lactobacillus delbrueckii subsp. bulgaricus and
then ferments the lactose in the presence of dissolved oxygen and releases more
acid lactic and formic acid. In the presence of formic acid, Lactobacillus
delbrueckii subsp. bulgaricus grows producing amino acids and small peptides.
The fermentation process occurs at 37—42 °C until pH reaches 4.5 after 4 h of
fermentation (Tamime and Robson 1999; Oliveira 2009; Kabak and Dobson 2011;
Metha et al. 2012).

Labneh, originated from the Middle East, is made from either cow, goat or sheep
milk strained from the traditional yogurt in a special cloth bag for 10-14 h to
remove the whey, representing approximately 65 % of the total weight. Addition-
ally, some salt could be added to improve the shelf life (Kabak and Dobson 2011).
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Labneh presents the average composition of 80 % moisture, 9 % protein, 9 % fat
and 8 % lactose (Kabak and Dobson 2011).

Vili originated from Nordic countries, and it is made from the inoculation of
milk with Lactococcus lactis subsp. cremoris, Lactococcus lactis subsp. lactis
biovar. diacetylactis and Leuconostoc mesenteroides subsp. cremoris associated
with yeasts Kluyveromyces marxianus and Pichia fermentans producing a viscous,
gelatinous and almost ropey consistency (Tamime 2007).

Cheese production dates back 8000 years ago and includes more than 1000
varieties (Beresford et al. 2001). Farms and shepherds developed the cheese from
spontaneous fermentation of LAB into cow, goat, sheep and buffalo milk on a small
scale, incubating the milk from the previous day under specific conditions. These
traditional processes are still used to produce the “artisanal products” (Wouters
et al. 2002).

The primary function of LAB in cheese technology is to produce acid during
fermentation process; however the strains used will differentiate the cheese ripen-
ing and flavour compounds obtained by proteolysis of milk amino acids (Fox and
Wallace 1997; Beresford et al. 2001). LAB used as starter bacteria to cheese curd
are divided into thermophilic bacteria or mesophilic bacteria. The mesophilic
bacteria are used for the production of cheese which temperature of curd is under
40 °C during fermentation, and thermophilic bacteria are used to that in which the
acidification process is made at a temperature higher than 40 °C (Fleet 1999;
Wouters et al. 2002). In cheese production, the starter culture are associated as
well with other microorganisms, including non-LAB, moulds and yeasts (Metha
et al. 2012); however, the main LAB found as starter cultures are Lactococcus,
Lactobacillus, Streptococcus, Leuconostoc and Enterococcus, Lactococcus lactis
subsp. cremoris and Lactococcus lactis subsp. lactis (Beresford et al. 2001).

The traditional way of preservation, mainly for vegetables, was to keep them in
the presence of solution with high salt concentration or brine. These processes are
used until today for the manufacture of pickles, but only in the last century, it was
discovered that this conservation process is related to the action of LAB, which
lowers pH and controls with high osmotic pressure caused by the salt and the action
of spoilage microorganisms. Cucumber, sauerkraut, kimchi, olives, peppers, toma-
toes and carrots are the most traditional fermented vegetable foods (Metha
et al. 2012).

Boza, originated from the Balkans region of Europe and the Middle East, is a
traditional low alcoholic beverage and highly viscous made from rice and wheat
flours (Kabak and Dobson 2011). This cereal fermented drink is traditionally
prepared from cooked grains with the addition of water, cooled and sweetened
with the addition of 20 % sugar (w/w). Then the product is fermented addition of
starter from a previous boza beverage in “back-slopping method” for 24 h at 30 °C
until reaching around pH 4.0 (Kabak and Dobson 2011). The LAB responsible for
the fermentation of traditional boza are a mixture of different Lactobacillus spp.
and Leuconostoc spp. (Von Mollendorff et al. 2006; Todorov et al. 2008; Kabak and
Dobson 2011). Boza presents the average composition about 1.5 % protein, 12 %
carbohydrate and 80 % moisture.
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LAB and yeast are the principal microbiota of boza and are responsible for the
production of a number of vitamins and increase the nutritional value of the product
(Von Mollendorff et al. 2006). Traditional medicine recommends the application of
boza in several cases as a parallel treatment for the control of diarrhoea in kids and
adults and to reduce symptoms of inflammation of upper respiratory tract and even
tuberculosis (LeBlanc and Todorov 2011; Todorov et al. 2014).

Kimchi, originated from Korea, is made from cabbage and various other vege-
tables, salted overnight, washed and drained. Then the vegetables were fermented
in a jar for 24 h with the presence of natural LAB microbiota at 15 °C until reaching
the pH of 4.2. The predominant bacteria are Leuconostoc, Weissella and Lacto-
bacillus (Metha et al. 2012).

Pickles originated in Persia. In the preservation process of this food, cucumbers
are brined, where the salt concentration controls the spoilage microorganisms until
the LAB became the dominant microbiota (Metha et al. 2012). The process of
preparation of fermented cucumbers is conducted using Leuconostoc, Pediococcus
cerevisiae and Lactobacillus plantarum and yeasts Torulopsis holmii and
Brettanomyces versatilis in the presence of salt (solution of 10-15 % NaCl in
water) for 4 weeks at 20 °C, until the pH reaches 3.5 (Caplice and Fitzgerald
1999; Kabak and Dobson 2011; Metha et al. 2012).

Sauerkraut, originated from North Europe, is made from finely cut cabbage
added to 2 % NaCl (w/w) and let to ferment into a closed crock for 3 weeks
using Leuconostoc mesenteroides, Lactobacillus lactis and Pediococcus spp. at
18 °C until reaching the pH of 4.0 (Metha et al. 2012).

Tarhana, originated from the Middle East, is prepared by mixing cracked wheat
of flour, yogurt, yeast and a variety of cooked vegetables and spices and has an
acidic and sour taste with a strong yeast flavour (Kabak and Dobson 2011). These
food products are fermented using Lactococcus lactis, Lactococcus diacetylactis,
Lactobacillus acidophilus, Lactobacillus casei and Leuconostoc cremoris, Lacto-
bacillus delbrueckii subsp. bulgaricus and yeast Streptococcus cerevisiae for 7 days
until reaching the pH of 4.0 (Campbell-Platt 1994). Tarhana presents the average
composition about 20 % protein, 60 % carbohydrate, 15 % fat, 2 % fibre, 8 % salt
and 10 % ash (Kabak and Dobson 2011).

Olives are an essential part of the Mediterranean area food habits. Olives are
harvest by hand and washed to immerse in a brine solution to ferment for 10 days at
20 °C. The fermentation occurred using natural microbiota that include Lacto-
bacillus mesenteroides, Lactobacillus brevis, Lactobacillus plantarum and Lacto-
bacillus pentosus (Metha et al. 2012).

The traditional meat product has its origin in the Babylonian age. The preser-
vation of meat is based on dry curing, salting and fermentation processes (Metha
et al. 2012). The traditional meat product is used to be dry cured by salt, nitrate,
nitrite and sugars and then fermented using LAB. The LAB are essential agents to
improve the hygienic and sensory quality of the final sausage (Fadda et al. 2010).
The fermentation using LAB during the storage of product promotes the decrease of
pH and reduction of nitrates and nitrites to nitric oxide, development of red colour,
dehydration, lipolysis, fat autoxidation and proteolysis (Fadda et al. 2010).
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In Europe, fermented sausages are traditionally prepared from seasoned raw
meat stuffed in casings and allowed to ferment and mature. The curing process must
contain a fermentation stage using different Lactobacillus spp., which leads to the
competitive expulsion of pathogenic organisms (Moretti et al. 2004; Metha
et al. 2012).

Lukanka is Balkan Peninsula (Europe) traditional dry-fermented sausage made
from pork meat and predominantly fermented using L. plantarum. However, other
bacteria as Lactobacillus alimentarius, Lactobacillus casei, Lactobacillus
delbrueckii, Lactobacillus farciminis, Lactobacillus paraplantarum, Lactobacillus
pentosus and Lactobacillus sharpeae are also found in the autochthonous micro-
biota of this product (Talon et al. 2007).

Sucuk is originated from Turkey. This is a dry-fermented sausage made from
sheep and/or beef meat or goat meat or buffalo meat. The mixture is then stuffed
into the small intestines of cattle and allowed to ferment and dry for several weeks
at ambient temperature. Sucuk presents the average composition about 40 %
moisture (w/w) and 50 % fat (w/w) with a pH of 5.0. The fermentation occurs
spontaneously using the innate microbiota. The main LAB found in the traditional
products are Lactobacillus plantarum, Lactobacillus curvatus, Lactobacillus
fermentum, Pediococcus pentosaceus, Pediococcus acidilactici and Lactobacillus
sake (Kabak and Dobson 2011).

The spoilage of fish is a very rapid process: before refrigeration process,
fermentation using LAB increases the palatability and nutritional value, to extend
the shelf life. Preservation of fish can be traced back to the ancient Greek civili-
zation (Metha et al. 2012). The natural microbiota present in the fish is salt
sensitive, and without salt, the putrefactive microbiota grows fast. Under anaerobic
conditions, Lactobacillus spp. became the dominant bacteria. The final product may
be preserved as the entire fish, such as anchovies, or in the form of pastes like
bagoong or in the form of sauces like nuoc-mam (Taira et al. 2007; Oetterer 2014;
Chuon et al. 2014).

Bagoong originated from the Philippines and Indonesia. It is a condiment made
of partially or completely fermented fish or shrimp and salt (Oetterer 2014). The
fermentation process takes several months and is made through the fish indigenous
microbiota at 45 °C which results in fish sauce (Taira et al. 2007; Metha et al. 2012).

Nuoc-mam, originated from Southeast Asia, is made from various low-quality
fish that are mixed with salt and packed in wooden pots to create an anaerobic
condition. The fermentation process takes several months and uses the “back-
slopping method” as a starter culture from previous fish sauce (Metha et al. 2012;
Oetterer 2014).

3 Bio-preservation and Antimicrobial Peptides

The application of the bio-preservation and antimicrobial compounds has been part
of the human life since the rise of the human civilization. We have sufficient
evidences to believe that even ancient Egyptians have profited from
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bio-preservation in preparation of different fermented food products. However, all
these application have been related to the empirical knowledge and been transferred
from generation to the next generation without any scientific knowledge. Only after
the discovery of antibiotics by Fleming and a bit later detection of nisin, various
antimicrobial peptides have been subject of intensive research and scientific inter-
ests. Almost 100 years later, we can say that antimicrobial peptides can be detected
in all life forms, including not only microorganisms but also animals, insects, fishes,
birds and plants. Very frequently antimicrobial peptides produced by micro-
organisms are referred to as “bacteriocins”. In last 50 years, bacteriocins have
been intensively studied by different research groups working in the area of bio-
chemistry, food science and recently medical-related research groups. According to
Cotter et al. (2005), bacteriocins can be produced by almost all bacterial species as a
part of the defending molecules. However, special attention has been paid to the
bacteriocins produced by LAB, as potential candidates in the preservation of
fermented food products (Heng et al. 2007). Several research groups have focused
on the inhibitory effect of bacteriocins from LAB against foodborne pathogens and
spoilage bacteria (De Vuyst and Vandamme 1994; Garcia et al. 2010). But in the
last decade, the research focus in bacteriocins involved in their potential application
in the treatment of human and animal diseases and fight against antibiotic resistance
problems was increased.

Microorganisms, understanding LAB as well, can produce various antimicrobial
compounds, including organic acids (lactic, acetic, formic, propionic acids) that
normally intensify their action by reducing the pH of the media. Other substances,
like fatty acids, acetoin, hydrogen peroxide, diacetyl, antifungal compounds (pro-
pionate, phenyl-lactate, hydroxyphenyl-lactate, cyclic dipeptides and 3-hydroxy
fatty acids), bacteriocins (nisin, reuterin, reutericyclin, pediocin, lacticin, enterocin
and others) and bacteriocin-like inhibitory substances (BLIS) (Reis et al. 2012), can
be actively involved in the antimicrobial action. Thus, bacteriocins are just one
specific share of a big range of bio-inhibitor compounds produced by LAB. Another
antimicrobial entourage of LAB may include different biopolymers, sugars, sweet-
eners, nutraceuticals, aromatic compounds and various enzymes, in this way indi-
cating that LAB have higher flexibility and wider application than just as starter
cultures. Research for the new antimicrobial compounds is crucial in order to
provide an alternative to the chemical additives, in this way offering to the market
new and more natural food products. The specific spectrum of activity of bacterio-
cins against certain emerging foodborne pathogens and spoilage microorganisms,
their resistance to thermal proceeding and low pH, combined with their sensitivity
to human proteolytic enzymes, are important positive characteristics in the appli-
cation of these compounds in food preservation (Masuda et al. 2011).
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4 Bacteriocins

By definition, bacteriocins are ribosomally synthesized antimicrobial proteins
(polypeptide or small proteins), usually active against genetically related species
(Cotter et al. 2005). In the last decade, based on the intensive research in the area of
bacteriocins, we have sufficient examples for bacteriocins that may have appli-
cation in controlling Gram-negative bacteria, some yeast, Mycobacterium spp. and
even viruses (Todorov et al. 2010a, b; Schirru et al. 2012). However, amino acid
sequences of only few of these unusual bacteriocins are provided (Todorov
et al. 2010b). These reports need to be carefully screened, since only a few work
on explaining the mechanisms of mode of action for this “unusual” bacterio-
cinogenic activity.

Many classifications of bacteriocins have already been proposed (Cotter
et al. 2005), but according to the most recent (Heng et al. 2007), bacteriocins of
Gram-positive bacteria are grouped into four classes, based on their structure and
function: class I, lantibiotic peptides; class II, small non-modified peptides with
<10 kDa; class III, large proteins with >10 kDa; and class IV, cyclic proteins.

Class I bacteriocins are subdivided in three subgroups: type A corresponds to
linear peptides, type B to globular peptides and type C to multicomponent bacterio-
cins. Type A bacteriocins are further divided in two subtypes: subtype Al comprises
nisin-like bacteriocins (including various natural mutations of nisin, streptin) and
subtype AIl comprises SA-FF22-like bacteriocins (SA-FF22, lacticin
481, salvaricin A, sublancin 168). Mersacidin and cinnamycin, for instance, belong
to the class I type B globular peptides. Class I type C examples are lacticin 3147 and
cytolysin, both being formed by more than one component, all necessary for
biological activity (Favaro et al. 2015).

Class II bacteriocins are also subdivided in three subgroups: type Ila corresponds
to pediocin-like bacteriocins (pediocin Pa-1, carnobacteriocin B2, listerocin 743A
and ubericin A), type IIb are multicomponent bacteriocins (lactococcin G,
thermophilin 13, lactacin F and lactocin 705) and type Ilc are miscellaneous
bacteriocins, a diverse group that includes sakacins Q, T and X and aureocin A53
(Favaro et al. 2015).

Class III bacteriocins include lysins (class IITa) and non-lytic bacteriocins (class
IIIb). Class IV bacteriocins include circularly inhibitory peptides and the prototype
is enterocin AS-48 (Abriouel et al. 2005; Favaro et al. 2015).

S The Short Story of Nisin

One of the important challenges faced by food industry is to preserve the qualities
(nutritive and sensorial) of the raw material and to provide safe and spoilage-free
and pathogenic bacteria-free products to the consumers. However, in last few
decades, consumers are requesting not only safe but also healthier food. More



12 C.S. Bogsan et al.

and more frequently, chemical preservatives and additives are rejected by con-
sumers, and in this way, the use of bacteriocins is a promising alternative in
reducing the use and adding of chemical preservatives in foods. In addition, the
combined application of bacteriocins, essential oils and other natural antibacterial
metabolites could result in food products which are more naturally preserved and
have better sensorial and nutritional characteristics (Reis et al. 2012).

According to www.scopus.com, till end of 2014, more than 6200 scientific
papers have been published dealing with bacteriocins. The biggest parts of these
studies are related to bacteriocins from LAB, but even very extensively studied,
their usage as food preservatives is still very limited, related to several techno-
logical or legislation barriers. A high number of bacteriocins may have potential
applications in food bio-preservation, but they are not currently approved as
antimicrobial food additives (Favaro et al. 2015).

One of the most studied bacteriocins by numerous research groups are nisin and
pediocin PA-1, and both of them have commercial applications in the food industry
and in veterinary and human medicine (Cotter et al. 2005). The commercial
application of nisin dates back to 1953, when it was marketed in England. Nowa-
days, nisin has been approved in more than 50 countries worldwide. According to
European Union food safety regulation authorities, nisin is licensed as a food
preservative (E234), and it is recognized as a safe additive in food by the Joint
Food and Agriculture Organization/World Health Organization (FAO/WHO)
Expert Committee on Food Additives in 1969 (Favaro et al. 2015). Applications
of nisin as a natural food preservative have been explored in dairy products and
especially in processed cheese. According to FAO/WHO Codex Committee on
Milk and Milk Products, nisin is allowed as a food additive for processed cheese
products at a maximal concentration of 12.5 mg (applied as pure nisin) per kilogram
of product (Reis et al. 2012). However, national legislations may differ concerning
the levels of nisin in various food products. In the United Kingdom, the application
of nisin can be added to cheese without limit, while in Spain, Brazil, Argentina,
Italy and Mexico, 12.5 mg/kg or 500 IU/g is a maximum concentration that is
allowed (Cleveland et al. 2001; Sobrino-Lopez and Martin-Belloso 2008). In the
United States, a much higher level of 10,000 IU/g is permitted (Cleveland
et al. 2001). The application of nisin is not facing serious safety issues, since
nisin is not toxic with cytotoxicity similar to that of NaCl (Jozala et al. 2007), is
sensitive to digestive proteases and does not influence sensory properties of the
food products (Pongtharangkul and Demirci 2004).

Nisin serves as a model in explaining the mode of action for most of bacterio-
cins. According to Wiedemann et al. (2001), lipid II (the main transporter of
peptidoglycan subunits from the cytoplasm to the cell wall) acts as a docking
station (receptor) for the adhesion of nisin. After interaction with lipid II, nisin
wedges itself into the cell membrane to form short-lived pores, which disturb the
integrity of the cytoplasmic membrane and cause the efflux of intracellular compo-
nents (Wiedemann et al. 2001). However, at high concentrations of nisin, pore
formation may occur even when lipid II is not presented on cell surface or been
blocked by other molecules. In this case, nisin can interact with highly presented
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negatively charged phospholipids on cell membrane (Wiedemann et al. 2001). The
positively charged C-terminus of nisin is important for initial adhesion to the
binding to negatively charged phospholipids. Similar mode of action was described
for mersacidin and the antibiotic vancomycin, which can also bind to lipid II, but to
a different part of the molecule (Cotter et al. 2005).

6 Application of Bacteriocins in Bio-preservation

The application of bacteriocin(s) produced by LAB can be as such “as simple”, as
applying the producer strains as a part of the starter culture in case that this strains
can have well-proven technological properties, been part of the starter cultures
mixture or been applied as an adjustment culture. However, when we apply/
introduce bacteriocin producers into the food matrix, it is very important to pay
attention to the physiological and biochemical characteristics of the LAB. LAB are
normally microorganisms that can ferment glucose and several other carbohydrates,
and they can grow at temperatures from around 15 °C to 45 °C and in the presence
or absence of oxygen (Holt et al. 1994). The problem is that very frequently
fermentation time in the preparation of certain fermented food products is very
short, and after that, products are kept at refrigeration condition. In this situation,
bacteriocin producers are not able to produce and express the bacteriocin(s), based
on the very simple reason that they are in “not growing” condition. Most probably,
LAB will survive at the refrigeration and freezing conditions, but definitely we
cannot count on the production of bacteriocin(s) in order to have bio-preservation
characteristics (Favaro et al. 2015). Another potential problem is the fact that very
frequent bacteriocin(s) production can be dependent on the needs of the specific
nutrients. There are several research papers pointing on the effect of the type of
medium and medium components themselves on the production of bacteriocin
(s) (Parente and Ricciardi 1994; Parente et al. 1994; Todorov 2008; Furtado
et al. 2014; Schirru et al. 2014). Very frequently bacteriocin production can be
detected in liquid growth medium and not in solid medium or opposite. Bacteriocin
(s) can be produced and expressed in laboratory commercial mediums, but not in
the milk or meat substrates (Todorov 2008; Furtado et al. 2014; Schirru et al. 2014).
Bacteriocin production can be regulated by the level of pH, temperature and
presence of different proteins and be a part of quorum senses (Parente and Ricciardi
1994; Parente et al. 1994; Cotter et al. 2005; Von Mollendorff et al. 2009; Todorov
et al. 2010a, b; Favaro et al. 2015). If the fermentation process is very short,
substrate environments, temperature or pH and various other factors will be not
sufficient or good for the production and expression of bacteriocins, and then
another option will be to apply the semi-purified or in some cases pure bacterio-
cin(s). In this scenario, we need to be aware of the biochemical characteristics of the
bacteriocin and to be sure that they will be applicable for our specific way of
application. Most of the bacteriocins are stable and express their antimicrobial
spectrum of activity in neutral or low pH, and they are thermostable and are not
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affected by several surfactants and chemicals (Biscola et al. 2014; Paula et al. 2014;
Ribeiro et al. 2014). However, the presence of proteolytic enzymes and high lipids
composition can be a factor reducing the effect of bacteriocin(s) in the
bio-preservation processes (Cotter et al. 2005; Todorov et al. 2007b; Favaro
et al. 2015).

The application of bacteriocinogenic strains or bacteriocins themselves can be a
way to control spoilage and even pathogenic bacteria (and even some other
microorganism groups), but some innovative ideas need to be applied in order to
have better effect.

7 Bacteriocin Produced by Lactobacillus plantarum 423:
A Multiple Application of the Same Peptide

Lactobacillus plantarum 423 is a strain isolated from sorghum beer, identified as a
bacteriocin producer (Van Reenen et al. 1998); its bacteriocin production has been
optimized (Verellen et al. 1998; Todorov et al. 2007c), its mode of action has been
investigated (Todorov and Dicks 2006a), and its probiotic potential was character-
ized (Brink et al. 2003). Previously, Van Reenen et al. (1998; 2003) reported that
plantaricin 423, produced by Lactobacillus plantarum 423, is a small heat-stable
antimicrobial protein and belongs to class Ila (anti-listerial antimicrobial peptide).
Plantaricin 423 shares a high similarity to pediocin PA-1 and coagulin operons; in
fact plaC and plaD genes are identical to pedC and pedD of the pediocin PA-1
operon, as well as coaC and coaD of the coagulin operon (Van Reenen et al. 2003).
In study of Van Reenen et al. (2003), plantaricin 423 was successfully cloned on a
shuttle vector under the control of a yeast promoter and heterologously produced by
Saccharomyces cerevisiae. However, plantaricin 423 production was recorded in
the recombinant Saccharomyces cerevisiae cells by overlay approach only in 2-, 3-
and 4-day-old colonies using soft agar containing Listeria monocytogenes cells as
target microorganisms. Based on this academic exercise, Van Reenen et al. (2003)
suggested that it will be possible to construct GMO, in this case yeast with
application in food industry with bactericidal properties. However, similar work
has been previously reported by Schoeman et al. (1999) related to pediocin PA-1.

The problem in this study was that no inhibitory activity was detected in the
supernatant of the recombinant yeast without concentration (Van Reenen
et al. 2003). Schoeman et al. (1999) also faced similar problem and detected
inhibition zones around colonies but found very low bacteriocin activity in concen-
trated supernatant and speculated that the bacteriocin remained cell wall associated.

Even if the previous work were just academic exercises and not practically
applied, based on the low levels of expression of the produced bacteriocins, these
studies present an opportunity for the application of biological control of food
spoilage microorganisms during food fermentation processes, including wine pro-
duction. In addition, the usage of GMO must be considered as a concern, once
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international safety requirements determine a number of specifications in using
these organisms in foods (there are several ethical and technological limitations for
the use of GMO).

In a different study, the same bacteriocinogenic strain of Lactobacillus
plantarum 423 (Van Reenen et al. 2003) has been used in bio-preservation of
salami produced by different types of meat: beef, horse, mutton, blesbok
(Damaliscus dorcas phillipsi) and springbok (Antidorcas marsupialis). In parallel,
Lactobacillus curvatus DF38, producer of curvacin DF38, and a bacteriocin-
negative mutant of Lactobacillus plantarum 423 (423m) were evaluated as starter
cultures in the production of salami (Todorov et al. 2007b). According to the
results, the best growth of Lactobacillus plantarum 423 and Lactobacillus curvatus
DF38 and the highest level of bacteriocin production were recorded in blesbok
salami. Listeria innocua was successfully inhibited in the experimentally contam-
inated salami. However, no inhibition of Listeria innocua was recorded in horse
salami, suggesting that the meat contained compounds that inhibited bacteriocin
activity (Todorov et al. 2007b). This observation is in agreement with a finding
pointed already in the same study that the bacteriocin activity can be interfered by
several factors from temperature, pH to the type and composition of the food
matrix. Negative point in this study is that they did not investigate the influence
of other antimicrobial substances that may be involved in the inhibition of Listeria
innocua. For example, it was reported that Lactobacillus rhamnosus LC-705 pro-
duces 2-pyrrolidone-5-carboxylic acid, which inhibits the growth of a number of
bacteria (Huttunen et al. 1995; Méyria-Mikinen and Suomalainen 1995, 1996; Yang
et al. 1997). We need to acknowledge that most probably the final inhibitory effect
on Listeria innocua resulted from the complex action of all antimicrobial meta-
bolites potentially produced by LAB. However, differences in the observed inhi-
bitory effect of salami prepared with Lactobacillus plantarum 423 (bacteriocin
producer) and Lactobacillus plantarum 423m (bacteriocin gene-cured mutant) are
good arguments to address part of the reduction of Listeria innocua as a result of the
produced and expressed bacteriocin (plantaricin 423).

An important point in the application of LAB or inhibitor substances produced by
LAB is that it is not going to interfere with the organoleptic characteristics of the
final products. In other words, the consumers need to be satisfied with the quality of
the final products. In an experiment where Lactobacillus plantarum 423 was used in
the preparation of salami from beef, horse, mutton, blesbok and springbok, the
colour of salami did not differ statistically from the controls; the end pH of salami
ranged from 4.4 to 4.7. No significant differences were recorded among the three
starter cultures regarding colour and venison-like aroma (Todorov et al. 2007b).

Maybe one of the most studied food products for a bio-preservation was dairy
products. Several examples for dairy bio-preservation, including discussion of the
potential problems, were presented by Favaro et al. (2015). Most probably dairy
products gained this special attention based on the fact that they are one of the more
popular food products between consumers from all ages; very frequently, they are
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used a vehicles for the delivery of probiotic bacteria, and there are numerous
reported applications of nisin as a natural food preservative especially for dairy
products and processed cheese.

Based on our previous experiment working with the application of LAB and
bacteriocin(s) in the preservation of cheeses (Pingitore et al. 2012; Furtado
et al. 2015), we can conclude that in most of the experiments, the inhibitory effect
needs to be addressed to the combined effect of bacteriocin production and expres-
sion and the changes in the pH, water activity and interaction between LAB and
Listeria monocytogenes.

Furtado et al. (2015) evaluated the application of bacteriocinogenic LAB
(Lactococcus lactis subsp. lactis) with proven in vitro anti-Listeria monocytogenes
activity (Furtado et al. 2014) to be an innovative technological approach for the
control of spoilages in fresh cheeses. Furtado et al. (2015) observed a reduction of
Listeria monocytogenes cell counts after 10 days that is around 3 log units lower
than in control cheeses with no added LAB. The problem faced in this study was
that this effect did not differ significantly from that obtained with a
non-bacteriocinogenic Lactococcus lactis strain. When nisin (12.5 mg/kg) was
added, a rapid decrease in the number of viable Listeria monocytogenes in the
cheeses was recorded. As previously mentioned, we can conclude that the inhi-
bition of Listeria monocytogenes is a more complex process. However, in another
study by Furtado et al. (2014), the probiotic potential of Lactococcus lactis DF04Mi
was investigated. In relation to the latter, creating a cheese product containing a
bio-preservative culture with probiotic properties can be considered as an innova-
tive idea with potential beneficial and health characteristics.

However, we need to acknowledge that not all bacteriocinogenic strains can be
considered as ideal bio-preservatives for every type of products. It is well recorded
that nisin works well in several dairy products, but in relation to the high lipid
content, nisin is not well adapted for application in meat products (Favaro
et al. 2015). An important point is the level of produced bacteriocin and if the
technological condition of the production of the food products will support the
production and expression of these bacteriocins in the sufficient level to perform
their mode of action against pathogenic bacteria. Another potential problem with
hard phase fermented products is that bacteriocin can be produced in one part of the
product, while the pathogenic bacteria can be at the other part. Very frequently
postproduction contaminations are located on the surface of the products.

In the study conducted by Pingitore et al. (2012), the first step was focused on
comparing the in vitro characteristics of two bacteriocinogenic strains isolated from
cheeses—FEnterococcus mundtii CRL35 and Enterococcus faecium ST88Ch,
including the level of bacteriocin production, effect to different Listeria
monocytogenes strains, adsorption of bacteriocin to the pathogen and interference
of the media components to this process. In the second part of the study, Pingitore
et al. (2012) evaluated Enterococcus mundtii CRL35 and Enterococcus faecium
ST88Ch in situ for their capability to control growth of Listeria monocytogenes in
experimentally contaminated fresh Minas cheese during refrigerated storage. The
growth of Listeria monocytogenes was inhibited in a more significant way in
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cheeses containing Enterococcus mundtii CRL35 up to 12 days. In comparison,
cheese prepared with bioprotective culture Enterococcus faecium ST88Ch was less
effective in controlling the growth of Listeria monocytogenes, as the bacteriostatic
effect occurred only after 6 days but with the similar inhibitory profile as
non-bacteriocinogenic strain of Enterococcus faecalis ATCC 19443. Based on
the in vitro tests reported by Pingitore et al. (2012) about the bio-preservation
potential of Enterococcus mundtii CRL35 and Enterococcus faecium ST88Ch, it
was clearly shown that Enterococcus mundtii CRL35 has a better potential as
compared with Enterococcus faecium ST88Ch. In the same study, in cheeses
containing nisin (12.5 mg/kg), less than one log reduction was observed. This
research underlines the potential application of Enterococcus mundtii CRL35 in
the control of Listeria monocytogenes in fresh Minas cheeses (Pingitore
et al. 2012).

One of the intensively studied product regarding options for the control of
Listeria monocytogenes contaminations is smoked salmon. Every year, large num-
ber of products from salmon industry was discarded because of microbial contami-
nations. Different options were reported in the area of bio-preservation and food
safety: protamies (Johansen et al. 1996), monoglycerides (Wang and Johnsonm
1997) and bacteriocins (Leisner et al. 1995; Stecchini et al. 1995; Goff et al. 1996;
McMuller and Stiles 1996; Rodriguez et al. 1997; Duffes 1999; Duffes et al. 1999,
2000; Vaz-Velho et al. 2005).

The application of Carnobacterium divergens V41 and its bacteriocin was used
to control Listeria innocua during salmon-trout cold smoking process. Culture of
Carnobacterium divergens V41 and bacteriocin-containing cell-free supernatant
were applied on raw fish fillets (Vaz-Velho et al. 2005). Fillets were artificially
contaminated with equal level (2 %, v/v) of Listeria innocua and Carnobacterium
divergens or treated with 2 % or 5 % of bacteriocin-containing cell-free super-
natant. Fillets were subject on treatment simulating industrial procedure for the
preparation of smoked salmon including cold smoking and stored for 3 weeks in
vacuum packs. Both treatments, with bacterial culture or bacteriocin-containing
cell-free supernatant, showed significant inhibition of Listeria innocua in contami-
nated samples compared with the controls (Vaz-Velho et al. 2005). An important
point of this work is that based on the sensorial test performed on fillets treated with
culture of Carnobacterium divergens or bacteriocin-containing cell-free super-
natant, trained team of panelists cannot detect any specific differences in the product.

The bioprotective properties of LAB strains isolated from fermented meat
products from Portugal (Todorov et al. 2013) have been investigated as potential
bio-preservative cultures in the preparation of spray on chourico, produced at
industrial scale and packed under modified atmosphere packaging (MAP) (8 % or
12 % v/v CO,) and stored at 5 °C. In addition, bacteriocinogenic strains have been
tested related to their safety properties (Todorov et al. 2014). Jacome et al. (2014)
reported on the effect of two different LAB cultures (Lactobacillus sakei ST153
(Todorov et al. 2013) and BLC35 (presenting commercial mixed starter, including
strains of Lactobacillus curvatus, Staphylococcus xylosus and Pediococcus
acidilactici; CHR Hansen). In this study, two different methods of application
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and two different MAP on potential growth control of Listeria monocytogenes and
on sensory properties of chourico were studied. Lactobacillus sakei ST153 and
BLC35, both with previously shown bacteriocinogenic activity against Listeria
monocytogenes, were applied by immersion or spray on smoked pork slices, packed
under MAP (8 % or 12 % v/v CO,) and stored at 5 °C. Meat products were
contaminated by Listeria monocytogenes using a sterile cotton swab. The micro-
biological control was performed during the storage period, together with a quanti-
tative descriptive sensory test, performed by a sensory trained panel at 30, 90 and
120 days. Special attention has been given to meat colour, greasiness, characteristic
odour, off odour, hardness, succulence, characteristic taste, acid taste and bitter
taste. Jacome et al. (2014) reported the decrease of Listeria monocytogenes to
values <100 CFU/g (below detection level). The application of used
bio-preservation method had no significant effect on any of the analysed sensorial
attributes. However, authors reported that BLC35 used as bio-preservative culture
resulted in a less succulent chourico when compared to the product produced with
Lactobacillus sakei ST153 (Jacome et al. 2014).

Microbiological study of boza showed that this product is a very rich source of
LAB (Todorov and Dicks 2006b; Todorov 2010; LeBlanc and Todorov 2011;
Todorov and Holzapfel 2015) and some of them can be considered as strong
bacteriocin producers (Todorov and Dicks 2006b; Todorov 2010; LeBlanc and
Todorov 2011; Todorov and Holzapfel 2015) and potential probiotics (LeBlanc
and Todorov 2011; Todorov et al. 2008). In addition, it has been shown that some of
the expressed bacteriocins can inhibit several foodborne and human pathogens and
reduce the growth and viability of Mycobacterium tuberculosis and some viruses
(LeBlanc and Todorov 2011; Todorov et al. 2008). Even more, cultures of some
LAB isolated from boza can be responsible for inhibiting the growth of some
fungus based on cell to cell interaction.

In a different experiment, Todorov et al. (2009) investigated the possibilities to
apply bacteriocinogenic strain of Enterococcus mundtii STASA. Enterococcus
mundtii STASA was isolated from soybeans, and its bacteriocin has been described
as an active substance against several foodborne and human pathogens, including
pathogens isolated from human middle ear and some viruses (Todorov et al. 2005).
At the same time, this strain was evaluated for its probiotic potential (Botes
et al. 2008). Enterococcus mundtii STASA was applied as a potential bioprotective
culture for control of contaminants during the production of boza (Todorov
et al. 2009). The production process was simulated according to the recipe for the
production of boza with difference that Enterococcus mundtii ST4SA was added to
the product in combination with Lactobacillus sakei as a sensitive strain,
representing possible contamination. Dynamics of the bacterial population was
monitored by classical microbiological approach and by biomolecular methods,
including DGGE and species-specific PCR taking into consideration to not target
DNA from dead cells. Results supported the previously raised hypothesis for
possible control of spoilage bacteria by applying the bacteriocinogenic culture
(Todorov et al. 2009). Botes et al. (2008) demonstrated the probiotic potential for
Enterococcus mundtii ST4SA, and combined with the fact that this strain can
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survive well in boza and can be very effective in the control of spoilage bacteria, it
opened new ways for the application of bacteriocinogenic and probiotic strains in
food industry. In addition, sensorial analysis of boza prepared with Enterococcus
mundtii ST4SA as starter culture showed no differences from the boza prepared
using the traditional way (Todorov et al. 2009).

Antimicrobial properties of kefir have been intensively studied. This activity can
be addressed to the presence of the LAB and yeast in the kefir (Powell et al. 2006,
2007). It has been shown that kefir possesses antimicrobial activity against various
bacteria, including some pathogens as Staphylococcus, Clostridium, Salmonella
and Listeria, and even can reduce growth of Mycobacterium tuberculosis (Rodri-
gues et al. 2005; van Wyk et al. 2011; de Oliveira et al. 2013; Ahmed et al. 2013;
Miao et al. 2014).

Lactobacillus plantarum ST8KF, a strain isolated from kefir grains, has been
characterized as a bacteriocin producer (Powell et al. 2007). This strain produces a
3.5 kDa bacteriocin with activity against Enterococcus mundtii. The experimental
design proposed by Powell et al. (2006) was to reincorporate this strain (Lacto-
bacillus plantarum ST8KF and its plasmid-cured and bacteriocin-negative variant
Lactobacillus plantarum STS8KF™) in kefir grains and to follow the growth of
Enterococcus mundtii using fluorescence in situ hybridization (FISH) technique.
Kefir produced with grains containing Lactobacillus plantarum STSKF prevented
the growth of Enterococcus mundtii in situ. However, no evidences of inhibition of
Enterococcus mundtii were recorded when kefir was produced from grains
containing a bacteriocin-negative variant (STSKF™) of the previously described
strain (Powell et al. 2006). It is important to underline that authors used appropriate
controls in order to estimate the effect of bacteriocin, but we need to acknowledge
the possible effect in the inhibition of Enterococcus mundtii as an effect of complex
various inhibitors produced during fermentation of kefir.

8 Application of LAB in the Control of Moulds

It is important to point out the antagonistic effect of some LAB against fungi. This
application of LAB is well known from the time of empirical application and
knowledge, but even nowadays, it is still uncommonly applied. The control of
filamentous moulds and yeast, common spoilage organisms of food products, is
important since they may also produce health-damaging mycotoxins (Legan 1993).
However, antifungal activities were frequently observed only as an effect of
interactions between LAB and tested yeast or moulds and not as an effect of
bacteriocins produced by LAB on tested yeast or moulds (Schniirer and Magnusson
2005; Smaoui et al. 2010; Stoyanova et al. 2010; Todorov 2010; Belguesmia
et al. 2012, 2014). In food industry, the addition of propionic acid and its salts,
modified atmosphere packaging, irradiation and pasteurization are widely applied
in order to minimize fungal spoilage of fermented food products (Legan 1993).
More interesting from scientific and ecological points of view is bio-preservation
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(the control of one organism by another). LAB are one of the extensively studied
potential bio-preservatives, since a big part of them has a well-accepted GRAS
status. Most of the LAB are producers of the organic acids that have antifungal
activity (Rocken and Voysey 1995; Rocken 1996; Stiles 1996) as well as a wide
range of low molecular weight compounds (Niku-Paavola et al. 1999), peptides
(Okkers et al. 1999) and proteins (Magnusson and Schniirer 2001) with antifungal
activity. Strom et al. (2002) described the antifungal cyclic dipeptides: cyclo(L-Phe-
L-Pro) and cyclo(L-Phe-trans-4-OH-L-Pro) produced by Lactobacillus plantarum
MiLAB 393 (Strom et al. 2002). Lactobacillus plantarum MiLAB 393 has been
described as a potential strain for the control of Aspergillus nidulans. Cyclic
dipeptides have been previously explored as potential antibacterial and antifungal
inhibitors (Gratz et al. 2004) and most probably these substances, previously related
only to the metabolism of strains of Lactobacillus plantarum (Lindgren and
Dobrogosz 1990), can be also produced by other LAB, e.g. Pediococcus
pentosaceus and Lactobacillus sakei (Magnusson et al. 2003).

In literature, only a limited number of reports related to the LAB have been
presented as presenting activity against yeast and moulds: Lactobacillus
coryniformis subsp. coryniformis Si3 (Magnusson and Schniirer 2001), Lacto-
bacillus plantarum TN635 (Smaoui et al. 2010), Lactococcus lactis subsp. lactis
(Stoyanova et al. 2010), Lactobacillus plantarum ST69BZ and Leuconostoc lactis
ST612BZ (Todorov 2010), Lactobacillus harbinensis K.V9.3.1Np (Belguesmia
et al. 2014) and Enterococcus durans AS5-11 (Belguesmia et al. 2012). In addition,
Schniirer and Magnusson (2005) suggested that the mechanism of antimicrobial
action is difficult to elucidate due to complex and commonly synergistic inter-
actions between different compounds.

One of the biggest concerns of the presence of food spoilage mould is the
occurrence of their mycotoxins. Mycotoxins constitute a serious health hazard,
and they are related with a high lost of food products. Due to this, it is important to
develop biological control strategy that should help to improve the safety of
products by controlling mycotoxin producers or mycotoxin contaminations. We
have sufficient scientific data to believe that many LAB can inhibit mould growth
and that some of them have the potential to interact with mycotoxins and contribute
to their deactivation.

The actions of the antifungal properties of LAB on some mycotoxin-producing
moulds have been extensively studied but have been reported only by a few authors
(Dalié et al. 2010). According to Dalié et al. (2010), the main LAB recognized for
their ability to prevent or limit mycotoxin-producing mould growth belong to the
genera Lactococcus and Lactobacillus, as well as Pediococcus and Leuconostoc
(Dalié et al. 2010). In study reported by Roy et al. (1996), a collection of 2100
isolates of LAB was screened for the production of substances actively inhibiting
several types of moulds. However, only six isolates were identified for their
antifungal activity against Aspergillus flavus, and only one of them (Lactococcus
lactis subsp. lactis CHD 28.3) showed a broad spectrum of antifungal activity
against Aspergillus flavus, Aspergillus parasiticus and Fusarium spp. However,
Aspergillus was the most sensitive indicator of the antifungal metabolite produced



From Traditional Knowledge to an Innovative Approach for Bio-preservation in. . . 21

by this lactic strain. Some other Lactococcus spp. strains [Lactococcus lactis
(Wiseman and Marth 1981; Coallier-Ascah and Idziak 1985; Luchese and Harrigan
1990), Lactococcus lactis subsp. diacetylactis DRCI (Batish et al. 1989),
Lactococcus lactis subsp. cremoris (Florianowicz 2001)] were reported as potential
candidates for the control of mycotoxinogenic mould growth.

Strains from the genus Lactobacillus were frequently described as possessing
antifungal activity. The antifungal strains have been isolated from different environ-
ments such as sourdough (Corsetti et al. 1998; Hassan and Bullerman 2008), grass
silage (Magnusson and Schniirer 2001; Magnusson et al. 2003) and vegetable
products (Sathe et al. 2007). A cell-free supernatant of Lactobacillus plantarum
21B isolated from sourdough and grown in wheat flour hydrolysate was shown to
possess an efficient antifungal activity against Penicillium spp., Aspergillus app.
and Fusarium spp. (Lavermicocca et al. 2000). Lavermicocca et al. (2000) demon-
strated that part of the antifungal activity of Lactobacillus plantarum 21B can be
addressed to the production of phenyllactic and 4-hydroxy-phenyllactic acids. Niku-
Paavola et al. (1999) described the ability of Lactobacillus plantarum VTTE-78076
to suppress the growth of Fusarium spp. In this case, antifungal activity was
described to the occurrence of effect of benzoic acid, an imidazolidinedione deri-
vative and a piperazinedione derivative.

Lactobacillus coryniformis subsp. coryniformis Si3, isolated from grass silage,
was able to inhibit the growth of a great number of mycotoxinogenic moulds
including Aspergillus spp., Penicillium spp. and Fusarium spp. (Magnusson and
Schniirer 2001). However, in liquid medium, the production of antifungal meta-
bolites by Lactobacillus coryniformis subsp. coryniformis Si3 was shown to be a
growth phase-dependent process, and after a partial purification, the molecular
mass of the potent antifungal compound was estimated to be close to 3 kDa and
to be heat stable, sensitive to proteolytic enzymes and active within a narrow pH
range. It is interesting to underline that these characteristics are in accordance with
those of subclass II bacteriocins (Klaenhammer 1993).

Other species of Lactobacillus, including Lactobacillus casei (Gourama 1997;
Suzuki et al. 1991; Mayra-Mékinen et al. 1994; Florianowicz 2001), Lactobacillus
sanfrancisco (Corsetti et al. 1998) and Lactobacillus rhamnosus (Stiles et al. 2002),
have also been described as potential producers of inhibitors of toxinogenic mould
growth. Moreover, some papers have reported the ability of the genus Pediococcus
to control growth of mycotoxinogenic mould (Effat et al. 2001; Mandal et al. 2007,
Rouse et al. 2008). In study of Mandal et al. (2007), antifungal lactic strain,
identified as Pediococcus acidilactici LAB 5, was isolated from vacuum-packed
fermented meat and has been shown to exhibit varying degrees of antifungal
activity against Aspergillus fumigatus, Aspergillus parasiticus, Fusarium
oxysporum and Penicillium sp.
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9 Food or Medicine?

Bacteriocins have been of interest to the medical industry, based on simple fact that
they are produced by nonpathogenic bacteria, most of them with GRAS status, that
are normally present in the human gastrointestinal tract (GIT) and several
fermented food products. In the last decades, bacteriocins have also been suggested
to be candidates in the cancer treatment (Farkas-Himsley and Yu 1985; Baumal
et al. 1982). Some promising studies have been suggesting them as diagnostic
agents for some cancers (Farkas-Himsley et al. 1995; Musclow et al. 1987; Saito
et al. 1979; Cruz-Chamorro et al. 2006; Sand et al. 2007); however, most of these
studies still remain experimental and outside of the main thread of cancer research.
Most probably, this is because of several questions about their mechanism of action
and, by definition, the presumption that antibacterial agents (including bacteriocins)
have no obvious connection to killing or inhibiting mammalian tumor cells.

In the last decades, some bacteriocins were tested as potential AIDS drugs, but
the studies did not progress beyond in vitro tests on cell lines (Farkas-Himsley
et al. 1991). However, antiviral activity of bacteriocins has been studied by several
research groups and shows promising results as a potential treatment in some cases
as a single or accompanying therapy (Todorov et al. 2005, 2010b; Wachsman
et al. 1999; Kassaa et al. 2014). Wachsman et al. (2003) studied the inhibition of
replication of herpes simplex virus (HSV) types 1 and 2 in model of Vero cells in
the presence of enterocin CRL33, a class Ila bacteriocin produced by Enterococcus
faecium CRL35 previously described by Farias et al. (1996). It was interesting to
observe that virus adsorption and penetration are not affected by the presence of
enterocin CRL35. However, a late step of virus multiplication is slowed down when
100 pg/ml enterocin CRL35 was added at 8 h postinfection, and it caused a 90 %
inhibition of virus release (Wachsman et al. 2003). The effect of enterocin CRL35
on HSV antigen expression was determined by immunofluorescence using a poly-
clonal serum and a monoclonal antibody against glycoprotein D (y protein).
Wachsman et al. (2003) indicated that enterocin CRL35 impeded the second
round of infection, apparently because of the inhibition of glycoprotein D expres-
sion. Studies on the effect of enterocin CRL35 on viral protein synthesis showed
that in the presence of enterocin CRL35, HSV late y proteins were not synthesized.
Authors suggested that inhibition of HSV spreading by enterocin CRL35 is due to
the prevention of mainly late glycoprotein synthesis (Wachsman et al. 2003).

Férir et al. (2013) reported on labyrinthopeptin Al (LabyAl), a prototype
peptide of a novel class of carbacyclic lantibiotics. Authors evaluated its broad-
spectrum activity against HIV and HSV in vitro and studied its mechanism of
action. LabyA1 also demonstrated additive to synergistic effects in its anti-HIV-1
and anti-HSV-2 activity with anti(retro)viral drugs in dual combinations such as
tenofovir, acyclovir, saquinavir, raltegravir and enfuvirtide (Férir et al. 2013).
LabyAl also did not affect the growth of vaginal Lactobacilli populations (Férir
etal. 2013). Based on the lack of toxicity on the vaginal Lactobacillus strains and its
synergistic/additive profile in combination with clinically approved anti(retro)
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virals, this lantibiotic has a potential and deserves further attention as a candidate in
the prevention of sexual transmitted diseases (Férir et al. 2013).

Montalban-Lopez et al. (2011) reviewed possible applications of the bacterio-
cins in therapeutical practice in human and veterinary medicine in addition to
earlier review focusing only on two peptides lantibiotics (part of the big family of
bacteriocins) in the medical practices by Lawton et al. (2007). One of the best
known lantibiotic is a nisin; however, in the last decade, special attentions have
been granted to numerous two-peptide lantibiotics, i.e. lantibiotics that function
optimally as a consequence of the synergistic activity of two peptides (Lawton
et al. 2007). Based on the study of the genetic determinants and protein structure,
lacticin 3147, staphylococcin C55, plantaricin W, Smb, BHT-A and haloduracin
have been shown to be closely related. These antimicrobial peptides are extremely
potent tools in nanomolar concentrations with activity against a number of micro-
organisms, including activity against multidrug-resistant nosocomial pathogens
such as methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-
resistant enterococcus (VRE). And even more important, to date, the development
of significant levels of resistance has not been apparent. Based on their study on the
application of lacticin 3147 and previously mentioned related two-peptide lanti-
biotics, Lawton et al. (2007) suggested a possible potential medical and veterinary
application for these bacteriocins.

Nisin, one of the first and most extensively studied lantibiotics, has a long history
of application in the food industry, and it has been approved for use as a food
preservative/additive in over 50 countries worldwide (Delves-Broughton
et al. 1996). In addition, nisin also showed a promising application in the control
of clinically significant bacteria such as methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant Enterococcus (VRE), Clostridium difficile and
Helicobacter pylori (Lawton et al. 2007). Also, veterinary applications of nisin
based on its activity against bovine mastitis-related pathogens have been proposed
(Broadbent et al. 1989). Nisin has been applied as an effective contraceptive in rat,
rabbit and monkey models, but it also has the advantage of being an antimicrobial
and may also help in the prevention of the spread of sexually transmitted diseases
(Lawton et al. 2007).

In addition to nisin, the application of several other bacteriocins has been
described as an effective treatment against clinical bacterial pathogens. Mersacidin
produced by Bacillus subtilis has attracted significant interest due to its wide
spectrum of activity, including activity against MRSA (Sahl et al. 1995). Its
efficacy against MRSA using a murine model has been investigated (Kruszewska
et al. 2004).

Epidermin, a lantibiotic produced by Staphylococcus epidermidis Tii3298, and a
number of natural variants of epidermin have been reported (Lawton et al. 2007).
Gallidermin, produced by Staphylococcus gallinarum, differs from epidermin by a
single amino acid and was observed to be more effective against Gram-positive
pathogens such as Staphylococcus aureus and Propionibacterium acne (Kellner
et al. 1988). Nascimento et al. (2006) proposed the application of epidermin against
a range of MRSA strains including preventing coagulase-negative Staphylococci
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(CNS) adhering to catheters. Mutacin 1140, an epidermin family peptide, is a
licensed and patented antimicrobial peptide produced by Streptococcus mutans.
Mutacin 1140 was a very potent agent with activity against clinically isolated
Gram-positive bacteria and even some clinically significant Gram-negative strains.
This lantibiotic has been applied in the control of pathogenic bacterial strains, such
as those responsible for gastric ulcers, pneumonia, listeriosis and “strep” throat
(Lawton et al. 2007).

Salivaricin A2 and salivaricin B, produced by Streptococcus salivarius K12,
were applied in the control of oral bacteria responsible for bad breath (Wescombe
et al. 2006). In addition, two salvaricin A-producing strains (Streptococcus
salivarius 20P3 and 5) were incorporated into a milk product for children, and it
has been indicated that these probiotics strains were capable of colonization of and
persistence in the oral cavity and to be involved in the control of Streptococcus
pyogenes (Dierksen et al. 2007). Streptococcus salivarius has also been shown to be
producing antimicrobial peptide active against Propionibacterium acne, strain
related to acne of the skin (Filip et al. 2006).

Lacticin 3147, produced by Lactococcus lactis subsp. lactis DPC3147, is of
particular interest from an application point of view. This lantibiotic had activity
against MRSA, VRE, penicillin-resistant Preumococcus, Propionibacterium acne
and Streptococcus mutans, all of which are significant human pathogens (Lawton
et al. 2007). Lacticin 3147 showed effective role in the treatment of mastitis in
cattle related to Streptococcus dysgalactiae (Ryan et al. 1999). Based on efficacy of
lacticin 3147 in treatment of cattle Streptococcus dysgalactiae, most probably, this
lantibiotic will be effective in humans as well. Streptococcus dysgalactiae has been
related to acute pharyngitis in children, bacteraemia in a patient with pyomyositis
and reactive arthritis, vertebral osteomyelitis, perinatal morbidity, neonatal mortal-
ity and postpartum endometritis in women (Torres et al. 2002; Zaoutis et al. 2004;
Kumar et al. 2005). Lacticin 3147 has been shown to have the ability to inhibit
Streptococcus agalactiae and Streptococcus dysgalactiae and may be a prospective
agent for the control of these microorganisms (Twomey et al. 2002). It has been
shown that lacticin 3147 has a potential in the control of cariogenic strains and may
be exploited in the future for the prevention of dental caries (O’Connor et al. 2006).

Macedocin ST91KM, produced by Streptococcus gallolyticus subsp. mace-
donicus ST91KM, showed to be bactericidal to Streptococcus agalactiae, Strepto-
coccus dysgalactiae, Streptococcus uberis and Staphylococcus aureus associated
with mastitis infections, including strains resistant to methicillin and oxacillin
(Pieterse et al. 2010). A teat seal preparation containing macedocin ST91KM
effectively released the peptide and inhibited the growth of Streptococcus aga-
lactiae in the model system. Pieterse et al. (2010) proposed that macedocin
ST91KM could form the basis for alternative dry cow therapy to prevent mastitis
infections in dairy cows as it is effective against pathogens that display resistance to
conventional antibiotic therapy.

Bacteriocins produced by different strains were proposed as potential agents for
the treatment of bacterial vaginosis. Kaur et al. (2013) reported on bacteriocin HV6b,
produced by Lactobacillus fermentum active against Gardnerella vaginalis. Todorov
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et al. (2006) characterized bacteriocin produced by Lactococcus lactis subsp. lactis
HV219 isolated from vaginal secretion to be active against vaginal pathogens and to
be presenting a probiotic potential (Todorov et al. 2006, 2007a).

Bacteriocins with different structures (nisin A, lacticin Q, and nukacin ISK-1)
were investigated for the efficacy against MRSA and biofilm formation compared
to vancomycin, a glycopeptide antibiotic used in the treatment of MRSA infections,
usually with bactericidal activity against only planktonic cells (Okuda et al. 2013).
Nisin A and lacticin Q showed the bactericidal activity against MRSA, both
planktonic cells and biofilm cells. However, nukacin ISK-1 showed bacteriostatic
activity against planktonic cells and did not show bactericidal activity against
biofilm cells. Okuda et al. (2013) suggest the application of bacteriocins that
form stable pores on biofilm cells that may be an option for the treatment of
MRSA biofilm infections in medical practices.

A big advantage of bacteriocins is that they can target individual bacterial
species (narrow spectrum of activity) or provide broad-spectrum killing of many
microbes. Maybe bacteriocins can be looked as potential single agents or coagents
in the treatment of multidrug-resistant pathogens. In addition, they could even be
produced in the body of humans or other animals by intentionally introduced
beneficial bacteria, as some probiotics do.

Since the beneficial effects of yogurt have been mentioned, Metchnikoff can be
considered as a father of the modern probiotics science. However, a long way has
been taken since the first observation of the beneficial effect of fermented food
products and empirical application of LAB to the scientific proofs of positive effect
of LAB to human and animal health. Speaking of the various beneficial LAB, most
of the time, we describe them as probiotics. The Food and Agriculture Organ-
ization/World Health Organization in 2001 states that probiotics are “live micro-
organisms which when administered in adequate amounts confer a health benefit to
the host” (FAO/WHO 2001). According to the International Scientific Association
for Probiotics and Prebiotics (ISAPP), probiotics must (1) be alive when admini-
stered, (2) have undergone controlled evaluation to document health benefits in the
target host, (3) be a taxonomically defined microbe or a combination of microbes
(genus, species, and strain level), and (4) be safe for its intended use (ISAPP 20009;
LeBlanc et al. 2015).

The modern human and veterinary medicines are based on the application of
different approaches in the treatment of diseases related to well establish thera-
peutically practices and new technologies. Complexity of the treatment of patho-
genic bacteria includes not only the application of antibiotics (and other
antimicrobial preparations). A modern treatment helps protect and reestablishes
the integrity of the natural GIT microbiota. Probiotics play an important role in
these processes. In the past, physicians were prescribed to the patience on intensive
antibiotic treatment to have a rich on LAB products as yogurt, fermented milk
products or boza in addition to vitamin B2 and vitamin B complex. The beneficial
effects of LAB from fermented food products can be addressed to fact that some of
them can be involved in the recolonization of the GIT. However, some of these LAB
can be producing bacteriocins, taking part in the inhibition of pathogenic bacteria.
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It is important to mention that the synergetic effect between antibiotics and
bacteriocins produced by LAB has been shown (Todorov et al. 2009, 2010a, b;
Salvucci et al. 2010).

Salvucci et al. (2010) evaluated possible inhibition effectiveness of synthetic
enterocin CRL35 in combination with cell wall, membrane-acting antibiotics
(monensin, bacitracin and gramicidin) and muranolytic enzymes (mutanolysin
and lysozyme) using Listeria innocua and Listeria monocytogenes as a model
strains. In this study, tested antibiotics showed positive interactions with enterocin
CRL35 in the inhibition of both tested Listeria strains. However, when mutanolysin
and enterocin CRL35 were added to not actively growing cells in a buffer system,
the lytic effect of mutanolysin was enhanced. The addition of mutanolysin as a
single agent showed no inhibitory effect on the growth of Listeria innocua cells in a
tested culture medium. In contrast, the combination of lysozyme and enterocin
CRL35 resulted in a 50 % inhibition of the Listeria innocua growth. Salvucci
et al. (2010) suggested that the combination of synthetic enterocin CRL35 and
some antibiotics is more effective against Listeria innocua and Listeria
monocytogenes cultures and even more importantly the amount of these antibiotics
can be used at lower quantities. The effectiveness of the combination of synthetic
enterocin CRL35 with mutanolysin and lysozyme most probably depends on
complex environments, and the authors suggested more detailed studies to be
performed to elucidate this issue. Enterocin CRL35 represents a promising agent
that not only can ensure the quality and safety of food (as has been reported earlier
in this chapter), but it can also be combined with several antimicrobial agents
important in the medical field.

Minahk et al. (2004) have also reported about the effect of sublethal concen-
trations of enterocin CRL35, combined to erythromycin, chloramphenicol and
tetracycline, and observed that the peptide induced a significant membrane gradient
dissipation without appreciable cell death. Most probably, this membrane depolar-
ization is necessary, but not sufficient to provoke cell death, and another
concentration-dependent step may be required. It has been described that pleuro-
cidin and derivatives, which are antimicrobial peptides from eukaryotic organisms,
lost their ability to damage cell membranes at sublethal concentrations while
maintaining their capacities to inhibit macromolecular synthesis (Patrzykat
et al. 2002; Todorov et al. 2010b).

When sublethal doses of ciprofloxacin were combined with bacteriocin ST5Ha,
produced by Enterococcus faecium ST5Ha, a strain isolated from smoked salmon, a
strong enhancement of the bioactivity was observed (Todorov et al. 2010b). The
authors suggested that bacteriocin ST5Ha increased the effectiveness of the cipro-
floxacin through dissipation of the proton gradient, responsible for the extrusion of
these antibacterial compounds, and resulted in a well-observed synergistic effect.
For a tested time period, the combination of ciprofloxacin and bacteriocin ST5Ha
resulted in a stronger inhibition of Listeria ivanovii subsp. ivanovii ATCC19119,
compared with the use of ciprofloxacin or bacteriocin ST5Ha as single antibacterial
agents (Todorov et al. 2010b).

Todorov and Dicks (2009) also reported on synergism between bacteriocin
ST44AM produced by Pediococcus pentosaceus (isolated from marula) and
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ciprofloxacin. Growth inhibition of Listeria ivanovii subsp. ivanovii ATC19119
was recorded during the first 12 h in the presence of ciprofloxacin and bacteriocin
ST44AM and continued for the duration of the experiment. Authors observed that
cells treated with either bacteriocin ST44AM or ciprofloxacin developed resistance
after 24 h. It may be that in this cases, bacteriocin ST44AM was degraded by
proteolytic enzymes or inactivated due to aggregation (Todorov and Dicks 2009).
However, similar effects of interaction between ciprofloxacin and bacteriocins have
been recorded even with other five bacteriocins (produced by Lactobacillus
plantarum ST69BZ, Enterococcus faecium ST62BZ and Leuconostoc lactis
ST63BZ, ST611BZ and ST612BZ, all isolated from boza), showing that most
probably the effect of synergism between these studied antibiotics and bacteriocins
is more general (Todorov 2010). These results indicate that the mechanism by
which the cationic peptide increases the effectiveness of ciprofloxacin is similar.

The combined use of antibiotics, particularly ciprofloxacin, and bacteriocins is a
promising approach to reduce the amounts of antibiotics required for the treatment
of infectious diseases in human and veterinary medicine, overcoming the develop-
ment of resistant strains.

Antimicrobial peptides, including bacteriocins, are very promising antimicrobial
agents; however, delivery systems are still a challenge. Arthur et al. (2014)
reviewed several bacteriocin delivery systems and their potential application, not
only for food bio-preservation but focusing on the potential human and veterinary
medicine. As previously discussed, bacteriocins can act as antibiotic synergists or
even as alternatives to enhance the therapeutic effects of current infection treat-
ments and especially to decrease the prevalence of resistant strains. The intro-
duction of bacteriocins into the biomedical industry in appropriate vehicles and
further development of food applications were still highly dependent on the
slow development of reliable delivery systems. Silver- or carbohydrate-based
nanoparticles, nanofiber scaffolds, nanospheres, implant impregnation, catheter
coating, hydrogel, oral tablet, gum technology, livestock feed supplementation
and aquaculture dry spray, in addition to food products with bacteriocin or bacterio-
cin producer, incorporated into food packaging are just a few options for the
application of bacteriocins discussed by Arthur et al. (2014).

Antibiotic drug resistance is an emerging issue in the food industry and human
and veterinary medicine. The development of new and more effective antimicrobial
alternative drug therapies will most probably help in the reduction of our depen-
dence on classical antibiotic drugs. From our perspective, antimicrobial peptides,
including bacteriocins, have highly promising potential as antibiotic alternatives or
synergist treatment. A high number of bacteriocins have proven their efficacy in the
laboratory conditions, and even some of them have been successfully applied in
industrial processes. However, more in vivo studies need to be conducted before
bacteriocins can be incorporated into control of bacterial and viral infections.

And this is only beginning of the future of the bacteriocins.
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Abstract The historical data at the beginning of the thirteenth century reflected
that when the Mongolian nationality took initial shape, the people had grasped dairy
fermentation technology skillfully. In the Ming and Qing dynasties, these dairy
products once served as articles of tribute to the imperial court. The famous medical
scientists, including Sun Simiao and Li Shizhen, concluded the medical effects of
fermented dairy products based on the experience of northern nomadic nationali-
ties. On the basis of long-term medical practice and research, the Mongolian
medicine has created “koumiss therapy” for treatment of diseases. L. casei
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Zhang, isolated from koumiss in Xilin Gol grassland, is an effective probiotic for
Chinese people. A series of in vitro and in vivo studies have shown its favorable
probiotic functionality.

1 The History of Mongolian Traditional Fermented Dairy
Products

The Mongolian nationality was originated from Shiwei. Shiwei people lived in
Hulunbeier grassland, the east and west of DaXingAnLing, and on both banks of
Ergun River and Heilongjiang River at early stage. They lived on hunting rather
than a pastoral lifestyle. After the Tang dynasty, the Shiwei people changed from
hunting to nomadism (Figs. 1, 2, 3, 4, 5, 6, and 7).

It was recorded in the Biographical Sketches of Black Tartars that Mongolian
people “took horse milk, cow and sheep cheeses as food” (Wang 1983a). Zheng
Sixiao (1241-1318) also mentioned that Mongolian people “hunted animals and ate
meat-based food with few cereals. They liked to drink milk, eat cow and horse
cheeses. They were very fat and sturdy” (Zheng 1991). The unfermented horse milk
was too tart to drink, while cheese was generally referred to as a fermented dairy
product in ancient times. Therefore, at the beginning of the twelfth to thirteenth
century, Mongolian people already utilized the milks of cow, sheep, and horse to
produce fermented dairy products. It was reported both by a French missionary,
Guillaume de Rubru-quis (approx. 1215-1270) (Dawson 1983), and in Chap. 69,
“The Magic of Tatars,” of The Travels of Marco Polo (Feng and Dang 1999) that
the animal milk was processed and dried, so that the resultant milk curd became
hard. They were stored in a bag as food for the winter. When there was a lack of
milk in winter, Mongolian people would put such fermented milk curd, which was
called grut, in a leather bladder. Water was added to dissolve the milk cake before

Fig. 1 The fossils of animals in Mandela mountain rocks (about 6000 years ago)
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Fig. 2 Herdsman and their leather bladders in a painting of Yin mountain rock (about 4000 years
ago)

consumption; and the Mongolian people drank such water instead of milk and fresh
water (Fig. 8).

Such milk cake referred to a fermented dairy product, and dairy fermentation
technology is regarded as a very important food processing technology of Mongo-
lian people. It was recorded in the Biographical Sketches of Black Tartars: “If a
flagon containing cheese is tilted down, it will not function later” (Wang 1983b).
Here, cheese was used as a ferment, that is to say, if a container with ferment was
dumped, the milk fermentation would not occur any more, extended in meaning as
no function later.

The Mongolian people not only fermented cow milk but also fermented horse
milk into koumiss, with better flavor. Peng Daya (?-1245) recorded that Mongo-
lians collected horse milk into leather containers in the Biographical Sketches of
Black Tartars: “fermented for several nights, drank after it became a little sour,
called Kumis.” Xu Ting also witnessed the method of common nomads to produce
koumiss; he especially investigated the fermentation technology of black koumiss
drank by Mongolian aristocrats. “Upon my first arrival in the Golden Horde, the
tartar host offered me Kumis to drink. It was clear and sweet, distinct from those
common white and opaque ones with sour and unsavoury taste. It was named black
Kumis. ‘Perhaps clear resembled black.’ I asked him. He answered: ‘Actually it was
fermented for seven to eight days. The longer it was fermented, the clearer it
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ARCHAEOLOGY

Ancient cheese found with mummies

The oldest known pieces of cheese have turned
upin the tombs of an early Bronze Age cemetery
in Xinjiang, China.

Andrej Shevchenko at the Max Planck
Institute of Molecular and Cell Biology and
Genetics in Dresden, Germany, Changsui
Wang at the University of Chinese Academy
of Sciences in Beijing, and their colleagues
analysed 3,800-year-old lumps found at the
neck and chest of mummies (pictured) in the
cemetery and identified them as a ‘kefir’ cheese.

This type of cheese is made by curdling

ruminant milk with a symbiotic culture

of bacteria, including Lactobacillus
kefiranofaciens, and yeast. Evidence of a kefir
dairy — which makes lactose-free products —
in this region explains why large-scale ruminant
herding and milking spread in a population
known to have been lactose intolerant, the
authors say. The origin of cheese making dates
back some 4,000 years earlier, but evidence for
this has relied on analysis of milk fat in pottery
shards.

J. Arch. Sci. htp://dol.org/rpq (2014)

Fig. 3 Ancient cheese discovered in Xinjiang (about 3600 years ago)

became. Once clear, the taste would not be unsavoury. I only drank it once, and
never saw such black Kumis again in any other place’” (Wang 1983c).

The historical data at the beginning of the thirteenth century reflected that when
the Mongolian nationality took initial shape, the people had grasped dairy fermen-
tation technology skillfully. In 1260, Kublai Khan (1215-1294) took the throne in
Kaiping. He encroached upon the Central Plains later and established the Yuan
dynasty. This period had promoted the greatest development of Mongolian dairy
products, which exerted huge influence on the development of dairy products in

China (Fig. 9).
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Fig. 4 Oracle bone inscriptions (about fourteenth to seventeenth century Bc)

Fig. 5 Fresco of Mogao Caves showing sketches of butter production, Tang dynasty (618-907)

Chinese traditional society always emphasized the “rule of virtue.” There were
numerous etiquettes in a huge system; however, “Rites included five classics,
sacrificial rite ranked first,” so sacrificial rite was the most important one (Liao
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Fig. 6 Dairy management agency in ancient time, Song dynasty (960-1127)

Fig. 7 Genghis Khan (1162-1227)

and Feng 2008). In the 29th year of Zhiyuan during the period of Emperor Shizu,
the government of the Yuan dynasty started to order additional “cheese and
koumiss” in the monthly sacrificial offerings in the name of “New Recommenda-
tions” (Xu 1530). These fermented dairy products were by no means of supporting
role. “Kumis was highly valued in all great sacrifices. Every time before the
sacrifice, Dongma Officer of Taipu Temple would be ordered imperially to offer
Kumis in a drinker’s leather bladder as gift in a grand way” (Song 1976a).
Fermented dairy products were also used widely in the heaven worshipping cere-
mony of the Mongolian people. The History of Yuan mentioned the heaven
worshipping of the rulers of the Yuan dynasty using horse milk for many times.
At that time, a special clan, Kipchak people, fermented koumiss specifically for the
Great Yuan Imperial Family. It was recorded in the Achievements Stele of Jurong
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Fig. 8 Marco Polo (1254-)
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Fig. 9 The figure of a feast bestowed by Kublai Khan, Marco Polo, and Li Livres du Graunt
Caam, in French prose, fifteenth-century manuscript, preserved in Bodleian Library at Oxford
University, MS. Bodl.264, fol.239r

King: “Emperor Shizu invaded westwards to Dali and conquered Song in the south.
Such people were strong and brave, and were officially in charge of the livestock
husbandry. They contributed koumiss to the Emperor as food. Black koumiss was
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superior, and black was called qara in Mongolian. Thus, the alias of such people
was gara qumis” (Yu 1912).

As influenced by the Mongolian people, more fermented dairy products
appeared in the feasts of all walks of life in the Yuan dynasty than ever before.
The emperor drank with courtiers in royal feasts of the Yuan dynasty, and the
consumption of fermented dairy products was considerably high (Yuan 2005).
These dairy products were also consumed widely by common people. In the 21st
year of Zhiyuan (1286), Lu Shirong (?-1285) focused on the expansion of financial
revenue, and one of the policies was collecting transaction tax from the furs, bones
and muscles, curds and cheese, etc. produced by the Mongolian people (Song
1976b). Therefore, a huge trading volume of dairy products between the Mongolian
grassland and the Central Plains district was seen because of that.

Cheng Wen was a famous litterateur at the end of the Yuan dynasty, born in
Wuyuan, Huizhou. He once wrote two poems, namely, Milk Cake and Cow’s Milk
Butter, which did not only describe the production technique but also outline the
characteristics of fermented dairy products. More importantly, he expressed that the
people in the Central Plains, the regions south of the Yangtze River, liked to eat
dairy products, so they felt “very happy for getting such products” and that “they
had really satisfied their craving for good foods” (Cheng 1984). Cheng Wen was not
the only one. A poet in the Yuan dynasty, Yuan Jue (1266—-1327), also depicted
dairy products in his poems in the Anthology of Qingrong Jushi and recorded the
offerings sacrificed to his dead younger brother, as well as dry cheese, butter, and
other fermented dairy products in daily diet. Dairy products had not surprisingly
become normal food in the life of residents in the Yuan dynasty.

In the Ming and Qing dynasties, people regarded Mongolian dairy products as
delicious food. Rich businessmen went all out to seek “horse milk” to entertain the
respected guests in feasts (Xie 2001). Gu Yanwu (1613-1682) recorded in his
Miscellaneous Poems from Datong to Xikou: “In the old place of Fengzhou, now
called Bansheng, large grain of salt was used in dishes and tea cakes were made
with fermented milk” (Gu 1997). This poem could reflect that Fengzhou district
was the trading area for tea from the Central Plains and milk from the Mongolian
grassland. Liang Zhangju (1775-1849), who once assumed the Commissioner in
Gansu, missed the vintage wine (“Mongolian brewed wine”) in the Hexi area, as
seen in his works in his later years (Liang 1935). It may be seen from analyzing the
description of Liang Zhangju that he regarded the distilled liquor of fermented cow
milk as “putao wine” by mistake.

Mongolian fermented dairy products once served as articles of tribute to the
imperial court. Wu Zhenyu (1792-1870) recorded in his Collection of Yangjizhai
Works: “The vassal state, Mongolia, offered sheep and Kumis as tribute upon
festivals in old days. They were counted per nine, and sometimes to 12 times of
nine” (Wu 2002). When Zhang Peilun (1848—1903) was exiled for penal servitude
beyond the Great Wall, he would purchase more than ten packs of milk cake every
time when the Mongolian carriers of articles of tribute passed by. He gave these
milk cakes to Li Hongzhang (1823—1901), Chen Baochen (1848—1935), and other
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people and told them to contribute the excellent cheese beyond the Great Wall to
their excellency (Zhang 2002).

2 The Health-Promoting Functions of Naturally
Fermented Dairy Products Described by Traditional
Mongolian Medicine

Mongolian people process the milk of livestock such as horse, cow, sheep, and
camel into many kinds of delicious dairy products that are rich in nutrition. These
products are also regarded as sacred, pure, and indispensable in the daily life of the
Mongolian ethnic group. The traditional Mongolian dairy foods including dried
milk cake and yogurt are good sources of high-quality protein. Additionally, they
also contain abundant iron, zinc, calcium, and phosphorus (Yan et al. 1997). Mon-
golian people have taken cognizance of the nutritional and diet therapeutic values
of dairy products in living practice, and they particularly recognize the health-
related functions of fermented horse milk.

Fermented horse milk, also called koumiss (kumis, kumys, or coomys), is a
traditional fermented horse milk beverage in Central Asia. Koumiss is made from
fresh horse milk. It is an acidic and low alcohol-containing milk beverage, which is
produced by joint autofermentation of lactic acid bacteria, yeasts, and other micro-
organisms (Ishii and Konagaya 2002; Jain and Prajapati 1998; Keogh and Barbara
1976; Kosikowski 1977; Lozovich 1995; Mann 2003; Ozer 2000; Qiaobenrichuren
et al. 1998; Robinson 2002). Up to now, the production and consumption of
koumiss are still popular among the nomadic tribes of Mongolians and Kazaksatan
living in regions like Eastern Europe, Central Asia, Southeast Russia, Mongolia,
and Inner Mongolia and Xinjiang of China (Ishii and Konagaya 2002;
Qiaobenrichuren et al. 1998).

As early as in the Tang dynasty, a famous medical scientist, Sun Simiao (581—
682), summarized the curative effect of horse milk and koumiss according to the
experience of northern nomadic people: “Horse milk is pungent-warm, innocuous,
and can quench thirst. Horse, cow and goat milk cheeses are sweet and sour, slightly
cold in nature, innocuous, lung-nourishing, and favorable to the large intestine.
Huangdi Neijing states that consuming sweet cheese or vinegar may lead to hematic
abdominal mass and hematuria. Hua Tuo proposed the use of horse, cow and goat
milk cheeses to expel common house centipedes, in case they accidentally enter the
ear” (Sun 1987). The record in the New Materia Medica may be regarded as
supplementary supporting evidence, “Both horse milk and donkey milk are cold
in nature and favorable, can quench thirst and cure fever, while eating cheese of
horse milk can cope with extreme coldness. Horse milk is unavailable in the regions
south of the Yangtze River, so Tao Hongjing never mentioned it. Shepherds claim
that horse milk cheese is a warm food, which can help to digest meat. Different food
components may be regulatory to each other, no matter whether they are warm or
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cold in nature” (Su 1997). Li Shizhen (1518-1593) from the Ming dynasty also
mentioned horse milk in his Compendium of Materia Medica, “sweet and cold
odoured, innocuous—mainly quenches thirst, cures fever” (Li 1987). Undoubtedly,
the records of the health-related functions of fermented dairy and horse milk
products in these medical books are mostly originated from the knowledge and
experience of the Mongolian and other northern nomadic people.

In traditional Mongolian medicine, koumiss has always been used as a medicine
to treat some diseases. The Secret History of the Mongols recorded that once
Genghis Khan (1162-1227) was injured and became unconscious in a tangled
warfare with the enemy and Zhelemie ignored his own safety and sneaked into
the enemy’s camp to look for koumiss for quenching the thirst and curing the
wound of Genghis Khan (Aerdazhabu 2005). It is mentioned in a nutrition book in
the Yuan dynasty, Principles of Correct Diet (Yinshan Zhengyao), that “Horse milk
is sweet, can quench thirst and can cure fever. It may be divided into three classes,
namely, Shengjian, Huangheer, and Chuangwu. Among them, Shengjian is the
best” (Hu et al. 2009). Marco Polo (1254—1324) also said, “Koumiss is a beverage
of Mongolian and nomadic people in Asia, which may be preserved for a long time.
According to the legend, it is nourishing, and it can cure phthisis. Yet its taste is not
liked by all” (Marco and Feng 1999). A famous Mongolian medical expert in the
nineteenth century, Zhanbra Dorje (1792-1855), recorded in the Mongolian Med-
icine Canonical (Mengyao Zhengdian), that “Horse milk is sour, salty, and can cure
lung and arthropathic disorders” (Zhanbra and Liubaiyila 2006). It was recorded in
Mongolian pharmacopeia that “The taste of koumiss is sour, sweet and acerbic. The
sour taste can stimulate appetite, help digestion, clear dampness, and promote the
circulation of qi; the sweet taste can strengthen the body, clear the esophagus, repair
injuries, set broken bones, detoxicate, and enhance the functions of the five sense
organs; acerbic taste can cure blood heat, remove blood stasis, eliminate obesity,
remove necrotic but promote granulation tissue, and moisturize skin” (Zhang and
Na 1993). It was recorded in A Supplement to Compendium of Materia Medica in
the Qing dynasty that “Chigo—produced by putting horse milk into a leather bag,
tying the bag with a rope, lifting and pressing it with hand for about an hour, and
leaving it at a hot place for one night. Drinking Chigo keeps people warm and
nourished. Daily consumption of Chigo may serve a rejuvenating function. It is hot
in nature, can compensate general debility and is suitable for people who want to
become stronger” (Zhao 1871). A famous Tibetan doctor, Dimaer
Danzengpengcuo, recorded in his book, Jing Zhu Materia Medica (booked in
1835), that “The taste of milk and its fermented products is sweet. They are
nourishing, can moisturize skin and improve skin tone, develop strength, and
boost the vital essence. Horse milk and donkey milk are pungent, sour, salty.
They are lung-nourishing and can eliminate limb coldness” (Dimaer 1986).

Koumiss is often used to treat phthisis in the former USSR, Mongolia, and Inner
Mongolia of China; the therapeutic effect is notable (Hou and Lei 1989;
Kosikowski 1977; Zha 1999). Currently, “Koumiss Treatment Center” has been
established in these regions specializing in treating cardiovascular diseases, diges-
tive system diseases, nervous system diseases, tuberculosis, anemia, diabetes, and
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other chronic wasting diseases (La and Ce 1990; Lozovich 1995; Wu 1986).
Modern medicine also proves the efficacy of koumiss in reducing blood fat,
decreasing blood pressure, suppressing the growth of tubercle bacillus, curing
constipation and chloasma, etc. (Hou and Lei 1989; Liu and Maliyahan 2000;
Sun and Peng 2003; Wu and Ma 1998; Zhamusu et al. 1994).

On the basis of long-term medical practice and medical research, the Mongolian
medicine has created “koumiss therapy” (Hasisurong et al. 2003; Hu and Dagula
1996; Liu and Gao 2003; Wu 1986). Wu Zhamusu summarized the medical
experiences of the predecessors together with his own medical practice and wrote
the book Koumiss Therapy, in which the obvious auxiliary therapeutic actions of
koumiss for hypertension, hyperlipidemia, coronary artery hardening, anemia,
phthisis, chronic digestive tract infection, diabetes and neurological diseases, etc.
are documented (Wu 1986). The Mongolian Medicine Research Institute in
Xilinguole League, Inner Mongolia, has been using the traditional fermented
koumiss to treat gastrointestinal tract diseases, cardiovascular diseases, phthisis,
asthma, etc. for many years with high efficacy. Meanwhile, the Institute has
accumulated a lot of clinical experience. In summer when koumiss is made, a
patient generally drinks several liters of koumiss every day. The Inner Mongolia
Chinese-Mongolian Hospital and the Mongolian Medicine Research Institute in
Xilinguole League, Inner Mongolia, have conducted many clinical trials to confirm
the medical effects of koumiss. The results show that koumiss (1) can reduce blood
fat and extend prothrombin time. After drinking koumiss, the whole blood viscos-
ity, plasma viscosity, packed cell volume, blood sedimentation, plasma fibrinogen,
etc. of the patient may fall to different degrees, so that the adhesion and aggregation
of platelets on the vascular wall are prevented. Thus, it functions well to prevent
from and treat myocardial infarction or cerebral thrombosis; and long-term con-
sumption of koumiss can prevent from hypertension, coronary heart diseases, and
cerebrovascular aging; (2) has certain therapeutic action on emphysema, phthisis,
and tracheitis; (3) can suppress and Kkill enteric pathogens and may be used for
therapy of chronic gastrointestinal tract diseases; (4) can increase immunity of the
body and exert antiaging effect; (5) has certain positive effect regarding neurolog-
ical problems like neural headache and neurasthenia; (6) can promote hematopoi-
esis function and improve on hypotension; (7) can regulate insulin secretion and
sugar metabolism, thus improving diabetes; (8) also effectively acts against other
diseases, for example, scurvy, hemorrhoid, amenorrhea, constipation, hemorrhoid,
diarrhea, etc. (Zhaoeqimude 1994).

The curative effect of the naturally fermented Mongolian koumiss might come
from some special components in horse milk, while most important of all are the
lactic acid bacteria and their metabolites generated in the fermentation process.
Horse milk is very effective for treating chronic hepatitis and gastric ulcer, of which
the high contents of phospholipid and V , are thought to be the active ingredients.
Drinking horse milk can increase the quantities of human erythrocyte and lympho-
cyte and restore the normal packed cell volume. The human health-promoting
effect of horse milk may be viewed from different perspectives. The n-3 series
fatty acids in horse milk may promote the synthesis of prostaglandins; and it has a
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high intrinsic content of lactoferrin and lysozyme. In addition, the bioactive pep-
tides generated after f-casein hydrolysis may also contribute to the therapeutic
action, but little research is available in this respect. Recent researches have shown
that horse milk and koumiss contain antihypertensive peptides (Doreaum and
Martin 2003; Park et al. 2006). In traditional horse breeding areas, koumiss is
commonly used for postoperative physical recovery of patients. This is because, in
addition to the original milk components, microbial metabolic products like poly-
peptides, bacteriocins, and vitamins are generated upon the horse milk fermentation
process. These components play an important role in patients’ physical recovery.

Besides being used as food, in some European countries, horse milk is applied in
cosmetic products like face cream, soap, and moisturizing cream. Examples of
commercially available cosmetic products include Gyda’s shampoo from Norway,
designed specifically for skin allergy sufferers, and the Kumylac lotion made in
Germany. However, it is unclear about the functional uniqueness of horse milk-
based cosmetics, as compared to those containing other animal milks (Park
et al. 2006; Zollmann 1985).

The composition of lactic acid bacteria varies greatly in the naturally fermented
koumisses. The quality and quantity of koumiss microorganisms are influenced by
factors like the local environment, climate, fermentation temperature and time, and
the production method. In the fermentation and maturation processes of koumiss,
lactic acid bacteria and yeasts are the dominant microbial species. The fermentation
by both lactic acid bacteria and yeasts gives the unique flavor to koumiss, and at the
same time these microorganisms, especially lactic acid bacteria, and their metab-
olites are closely linked to the medical effects of koumiss.

Because of the interesting health effect and functions of koumiss, it has been of
interest to isolate the probiotic bacteria in the products that give rise to the functions
(Fuller 1992). The Key Laboratory of Dairy Biotechnology and Engineering, the
Ministry of Education of China, at the Inner Mongolia Agricultural University, had
performed a series of experiments to screen for probiotic lactobacilli from koumiss
collected from Inner Mongolia and Mongolia. Two lactobacillus strains with
desirable properties have been identified, which are L. casei Zhang and
L. acidophilus MG 2-1, respectively. These strains are acid and bile salt resistant
and antioxidative; and they can also regulate blood lipid level and enhance immu-
nity (Menghebilige et al. 2004, 2005a, b; Wang et al. 2005; Wu et al. 2005; Xu
et al. 2005, 2006; Yun et al. 2006; Zhang et al. 2006a, b) (Figs. 10, 11, 12, 13, 14,
15, 16, 17, and 18).
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Fig. 10 Mare milking in Inner Mongolia

Fig. 11 Mare milking in Mongolia
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Fig. 12 Koumiss
fermented in a wooden cask
in Inner Mongolia

3 Probiotics from Traditional Fermented Mongolian
Foods: Lactobacillus casei Zhang

Koumiss is a widely consumed drink by Mongolians in the past centuries. Koumiss
was considered as a traditional Mongolian adjunctive drug to cure pulmonary
tuberculosis. This has led to research focused on fermented strains of commercial
interest. L. casei Zhang (LCZ), isolated from koumiss in the Xilin Gol grassland,
has been found to be an effective probiotic for the Chinese. A series of in vitro and
in vivo studies have shown favorable probiotic functionality of LCZ. The present
paper will summarize research findings on LCZ.
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Fig. 14 Koumiss fermented in an urn in Inner Mongolia

3.1 Screening Properties In Vitro

L. casei Zhang was originally isolated from 240 strains of Lactobacillus from
koumiss in China. LCZ demonstrated favorable high tolerance to the destructive
low pH of the stomach juice and bile salt in intestinal juice. The survival rate of
LCZ was 73.5 % while subjected to pH 2.0 human artificial stomach juices for 2 h
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Fig. 15 Starter and
churning rod for koumiss
fermentation

Fig. 16 A wooden cask for
mare milk in Xinjiang

Fig. 17 Koumiss ready for
drinking. Photo taken in
Xinjiang

J. Dong et al.
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Fig. 18 Photo of a koumiss sanatorium established in Mongolia

and followed by pH 8.0 intestinal juice for 24 h. The tolerance of LCZ has proved to
be similar to commercial probiotic strains such as L. acidophilus NCFM,
L. rhamnosus GG, L. casei Shirota, and B. animalis Bb12 (Guo et al. 2009). In
addition, gastrointestinal tolerance of LCZ in fermented bovine milk, soya milk,
and mare milk was investigated (Wang et al. 2009, 2012; Zhou et al. 2009). This
strain exhibited less stress in protective food materials and differentially expressed
proteins observed in different materials.

3.2 Antimicrobial Activity

As one important mechanism to exhibit probiotic properties, antimicrobial activity
is indispensable which leads to potential useful application (Servin 2004). Probiotic
can adhere to mucosa and exhibit site competition effect to enhance local mucosal
defenses in the intestine. Mice were challenged with E. coli O157 or E. coli K88 for
evaluating the antimicrobial activity of LCZ. The results showed that the survival of
infected mice was greatly improved by LCZ treatment (33.4 % vs. 94.4 %) and the
intestinal E. coli counts significantly decreased (Zhang et al. 2007). It is suggested
that LCZ could directly inhibit the colonization and rapid proliferation of E. coli via
flora competition.
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3.3 Lipid-Reducing Effect

Obesity has been considered as a disease by The American Medical Association.
Fat is responsible for energy expenditure and is therefore important in health. But
too much fat maintained in circulation is a risk factor linked to metabolic diseases
(Tchkonia et al. 2013). Lipid-reducing effect has been found in Lactobacillus
acidophilus, Lactobacillus casei, and Lactobacillus plantarum (Ooi and Liong
2010). L. casei Zhang had been reported to lower cholesterol, triglycerides, and
low-density lipoprotein cholesterol (LDL-C) in hypercholesterolemia rats (Zhong
et al. 2012). Further microarray investigation revealed that LCZ could accelerate
the progression of B-oxidation of fatty acids, coenzyme A synthesis, and dehydro-
genation by regulating expression of genes such as Acsll, Hadh, Acaa2, Acads, and
gcdH (Zhong et al. 2012). Importantly, the biosynthesis of bile acids by Acaa?2
upregulation was consistent with the discovery that probiotics potently enhanced
the intestinal bile acid secretion. Additionally, Nr3c! (a glucocorticoid receptor)
upregulation might be correlated with the prevention of high-fat-induced chronic
inflammation. This study documented a global gene expression in regulating lipid
metabolism by LCZ.

Oxidative stress is always accompanied by hyperlipidemic and oxidative dam-
age, which are considered as accelerating risk factors to cardiovascular diseases
(Yang et al. 2008). It has been well established that Lactobacillus strains possess
antioxidative effects (Amaretti et al. 2013). LCZ has been shown to increase the
total antioxidative status in the serum and liver of hyperlipidemic rats (Zhang
et al. 2010b). Moreover, antioxidative SOD and GSH-Px activities were markedly
improved, and lipid peroxidation was favorably inhibited after LCZ administration.
In addition, biomarkers for fatty liver damage, the liver GOT and GPT, also
decreased by LCZ administration. The antioxidative mechanisms of LCZ remain
to be explored.

3.4 Liver Damage

In spite of high-fat-induced fatty liver, alcoholic fatty liver disease is also charac-
terized by excessive alcohol consumption. LCZ had been reported to improve the
liver damage of drunken mice by regulating activities of ALP and P450 enzymes
(CYP3AL1 and CYP3A2) (Zhang, unpublished).

Moreover, liver can be damaged by lipopolysaccharide (LPS) from Gram-
negative bacteria through impaired intestinal permeability (Cani et al. 2008). LPS
and induced endotoxemia are two of the major risk factors contributing to hepato-
cyte apoptosis. LCZ have been demonstrated to exhibit increased hepatoprotective
effects to protect rats from LPS/D-GalN challenge through lowering TNF-a level
and TLR4 expression (Wang et al. 2013a).
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3.5 Immunomodulatory Effect and Anticancer Activity

Immunomodulatory effect is thought to be an important function for probiotic
bacteria. It has been clearly demonstrated that gut microbiota has a considerable
effect on the shaping of the immune system and the development of immune
responses (Round and Mazmanian 2009). LCZ had proved to adhere to human
intestinal Caco-2 cells with high efficiency (Zhang et al. 2006c). Once the living
probiotic arrived in the intestine, bacteria adhering to intestinal cells may influence
their binding activity with other substances. An in vitro study indicated that LCZ
could interact with macrophage cells from intestinal epithelium and stimulate the
production of nitric oxide and immune responses (Wang et al. 2013b). Moreover,
LCZ significantly suppressed the exaggerated immune responses of macrophage
induced by foreign antigens (Wang et al. 2013b). Later evidence from in vivo
experiments suggested that LCZ is not only capable of inducing gut mucosal
responses by secreting more SIgA but also of regulating systematic immune
responses through IFN-y and IL-12 secretion in mice (Ya et al. 2008). To sum
up, LCZ provides important stimuli to maintain host immunity homeostasis.
Cancer has become a major public health concern all over the world. Immune
deficiency is known to facilitate the growth of uncontrolled cancer cells and
generate a variety of tumors throughout the body. LCZ could greatly inhibit the
growth of tumor and accelerate apoptosis of cancer cells through regulating bene-
ficial immune responses in tumor-bearing rats (Ya et al. 2010; Ya and Zhang 2010).

3.6 Regulation of Blood Glucose Level

It has recently become apparent that gut microbiota alterations are associated with
blood glucose changes in both humans and mice (Hartstra et al. 2015). Microbiota
disturbance-induced chronic inflammation is thought to be a leading role in the
pathogenesis of metabolic syndrome and type 2 diabetes (Everard and Cani 2013).
Two animal studies have been conducted with LCZ in the treatment and prevention
of hyperglycemia.

In a previous study, LCZ was able to prevent the emergence of hyperinsulinemia
in high-fructose-fed rats involving gut microbiota-driven improvement of GLP-2
(Zhang et al. 2014a). This result suggests that LCZ administration contributes to
amelioration of gut permeability since GLP-2 is an important biomarker of gut
permeability. In addition, LCZ could also alleviate symptom of rats with impaired
glucose tolerance. Further investigation reveals that LCZ is a modulator of
B. fragilis-vitamin K2-osteocalcin axis through a PPAR-gamma signaling.

The function of LCZ was found to exhibit high identity to a probiotic, Lactoba-
cillus acidophilus (LA) ATCC4356. This is because a functional feature of stimu-
lation of C1™ absorption was found both in LA and LCZ (Zhang et al. 2014b; Raheja
et al. 2010). LCZ could modify the gut microbiota and tissue CI~ movement of
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2-week high-fat-sucrose-fed rats (Zhang et al. 2014b). Hence, we further treated the
mice with low dose of STZ to mimic the progression of T2DM. As a result,
overnight fasting and postprandial 2-h blood glucose levels were markedly reduced
in LCZ-pretreated group.

3.7 Altered Gut Microbiota in Human

Next-generation sequencing technology allows a more precise assessment of bac-
terial community in gut microbiota. By using 16S rRNA 454 pyrosequencing,
Zhang et al. evaluated the efficacy of LCZ in 24 healthy volunteers belonging to
three different ages (Zhang et al. 2014c; Kwok et al. 2014). They were subjected to
LCZ treatment for 4 weeks and subsequently without LCZ for 2 weeks. The
analysis of gut microbiota showed that LCZ altered the composition of intestinal
microbiota such as Bifidobacterium and Prevotella. Furthermore, LCZ remained in
high number in the gut of the subjects without LCZ administration for 2 weeks,
suggesting the colonization of LCZ in human gastrointestinal tract. Interestingly,
the composition of adult microbiota has become more similar to that of the young
population after consumption of LCZ.

3.8 Research on Genomics and Proteomics

Important advances in the fields of genomics and proteomics have emerged in
recent years. There is a growing interest in the molecular mechanism of the
probiotic effects. Sequencing of the genome of LCZ was undertaken in 2008 and
the GenBank accession number is CP001084. LCZ genome consists of a 2,861,848-
bp circular chromosome and a 36-kb plasmid with a 46.5 % GC ratio in chromo-
some (Zhang et al. 2010a). Moreover, the LCZ genome is characterized by a
number of phosphotransferase system (PTS)-related genes, mucus-binding-related
genes, and a bacteriocin biosynthetic system. On the other hand, a reference map of
protein expression in LCZ during different growing stages was constructed by
proteomic analysis (Wu et al. 2009). Microbial colonization of living probiotics
in the gastrointestinal tract is limited to the low pH of gastric juice and bile salt
tolerance. Further to this, the proteomic changes of LCZ subjected to mimic gastric
juice and gastrointestinal transit environment were conducted. Differentially
expressed proteins were mainly belonging to stress response proteins and central
and intermediary metabolic proteins (Wu et al. 2009). These genomic and proteo-
mic studies have paved the way for future utilization and fast industrial screening
strains.

Overall, we have shown the functional characteristics of LCZ in various
respects. Although probiotics clearly play a significant role in regulating host gut
microbiota, probiotic has its own specificity, and the mechanism remains unclear.
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LCZ is a relatively novel probiotic strain that possesses multiple desirable proper-
ties exerted by unique mechanisms compared to other well-studied probiotics.
Therefore, it merits further evaluation of LCZ, as well as its beneficial effects,
functions, and mechanisms in different disease models.
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Abstract The global popularity of functional foods containing probiotics has
generated increased interest in developing protective materials for the bacteria
during food processing, storage and consumption. To confer beneficial effects to
the host, a probiotic product should contain at least 10° CFU/g or ml of the product.
Probiotic microorganisms are sensitive to food processing environments and to
conditions in the gastrointestinal tract. Microencapsulation technology can be used
to protect the probiotic bacteria against adverse conditions. This chapter discusses
the potential of using various microencapsulation techniques to protect probiotic
bacteria.
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1 Introduction

The interest in using live probiotics for health maintenance and disease prevention
through their incorporation into foods has been continuously increasing in the food
industry (Ouwehand et al. 2002; Picot and Lacroix 2003). Bifidobacterium and
Lactobacillus species have been the focus of probiotic interest since the presence of
a large population of these bacteria in the gastrointestinal (GI) tract is indicative of a
healthy microbiota (Crittenden et al. 2001; Picot and Lacroix 2003). However,
some studies have shown poor viability of probiotic bacteria in functional foods
when exposed to intrinsic and extrinsic factors such as moisture, oxygen, light,
relative humidity, product composition and heat during food processing and storage
(Kailasapathy 2002; Ding and Shah 2009; Peighambardoust et al. 2011). A signif-
icant proportion of probiotics is destroyed by high stomach and bile acids during
their passage through the GI tract (Sultana et al. 2000; Krasaekoopt et al. 2003).
Since probiotics are required at specific target sites in the host, it is therefore
essential that probiotics are able to withstand the host’s natural barriers against
the ingested bacteria and remain viable (Kailasapathy and Chin 2000; Kailasapathy
2002; Picot and Lacroix 2003, 2004). In order for probiotics to confer beneficial
effects on human health by improving the balance of intestinal microflora, high
levels of viable cells are recommended in probiotic foods for efficacy (Gardiner
et al. 2002). According to the FAO/WHO (2002), the level of probiotic bacteria
required in a food product at consumption should be at least >10° cells/g or ml.
Microencapsulation is a potential technology that protects sensitive lactic cul-
tures against harsh conditions during their transit through the GI tract of the host
(Kailasapathy 2002; Mortazavian et al. 2007; Solanki et al. 2013). Encapsulating
live cells within a shell material can minimize cell injury and enhance cell viability.
Different encapsulation methods such as spray-drying, spray freezing, extrusion,
emulsion and fluidized bed coating have been successfully used to encapsulate
probiotics using various materials to protect them and extend their shelf life.

2 Probiotic Bacteria

Probiotic bacteria can be defined as live microorganisms that are beneficial to
human health by positively influencing the intestinal microbial balance (Crittenden
et al. 2001; Ananta et al. 2005). Previous studies have demonstrated numerous
beneficial effects of probiotics in human health, including the prevention of diar-
rhoea caused by certain pathogenic bacteria and viruses (Andersson et al. 2001;
Isolauri 2001). The term “probiotic” includes a large range of microorganisms
mainly bacteria, but yeasts are also included (Ouwehand et al. 2002; Mortazavian
et al. 2007). With the ability to remain alive until they reach the colon and provide
beneficial effects to the host, selected lactic acid bacteria, non-lactic acid bacteria
and yeasts can all be considered as probiotics.
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2.1 Types of Probiotic Microorganisms

Probiotics can be classified into three types, namely, lactic acid bacteria (LAB),
non-lactic acid bacteria and yeasts. LABs are mainly gram-positive and usually live
in anaerobic environments, but they can also grow under aerobic conditions.
Bifidobacteria can grow at a pH range of 4.5-8.5, but the most important charac-
teristic of this group of LAB is that they are strictly anaerobic. Other LABs such as
Lactococcus lactis, non-lactic acid bacteria (e.g. Escherichia coli Nissle 1917 and
Enterococcus faecium) and some yeasts (e.g. Saccharomyces cerevisiae, Saccha-
romyces boulardii) are considered as probiotics (Burgain et al. 2011). However,
only strains classified as LAB are considered important in food and nutrition
(Mortazavian et al. 2007). The characteristics and optimum growth conditions of
probiotic cultures vary with different microorganisms.

2.2  Health Beneficial Roles of Probiotics

There is strong evidence that probiotics have the potential to exert beneficial effects
to human health (Isolauri 2001; Isolauri et al. 2001; Kalliomiki et al. 2001;
Ouwehand et al. 2002). The effects of probiotics are strain specific, and therefore,
it is important to specify the genus and species of probiotic bacteria when claiming
health benefits (Saarela et al. 2000). The probiotic health benefits may be due to
various factors, such as the production of bacteriocins, competition for nutrients
with pathogens and enhanced immune system (Isolauri 2001; Peighambardoust
et al. 2011). However, the exert mechanisms of how probiotics confer health
benefits to human health are still not well studied.

Probiotics play significant therapeutic roles in human nutrition (O’Riordan
et al. 2001). The main therapeutic and health benefits of most probiotics include
enhancing the immune system against intestinal infections; prevention of diarrheal
diseases, colon cancer, hypercholesterolaemia and upper gastrointestinal tract dis-
eases; and stabilization of gut mucosal barrier (Kailasapathy and Chin 2000;
Isolauri 2001; Isolauri et al. 2001; Kallioméki et al. 2001; Desmond et al. 2002;
Ouwehand et al. 2002; Krasaekoopt et al. 2003). Probiotic bacteria not only
compete with the growth of pathogens and suppress “unhealthy fermentations” in
the human intestine, but also confer several beneficial effects on the host by
improving its intestinal microbial balance (Kailasapathy and Chin 2000).
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3 Microencapsulation Techniques

Microencapsulation is defined as a technology of packaging solids, liquids or
gaseous materials in miniature, sealed capsules that can release their contents at
controlled rates under specific conditions (Anal and Stevens 2005). Encapsulation
can be used for many applications in the food industry, including stabilization of
materials, control of oxidative reaction and degradation, sustained and/or controlled
release, masking flavours, colours or odours, extension of shelf life and protection
of components against nutritional loss. A variety of different techniques are avail-
able that can be used for encapsulation including spray-drying, spray-congealing,
fluidized bed coating, extrusion and coacervation (Anal and Singh 2007).

Microencapsulation techniques can be classified into encapsulation process and
drying process (Solanki et al. 2013). In the encapsulation process, probiotics are
commonly encapsulated by a method involving cell immobilization through their
physical entrapment in polymeric networks, such as extrusion and emulsion.
Immobilization of LAB can offer many advantages for biomass and metabolite
production compared with free-cell systems, such as high cell concentration, reuse
of biocatalysts, improved resistance to contamination and bacteriophage attack,
enhancement of plasmid stability and resistance to washing out during continuous
cultures as well as physical and chemical protection of cells (Champagne
et al. 1994; Doleyres and Lacroix 2005). For food applications, cell entrapment in
a food-grade porous gel matrix has been widely used.

In the dairy industry, immobilized cells can be utilized for continuous yoghurt
fermentation and optimized continuous biomass production through re-harvest but
are not directly incorporated in foods (Heidebach et al. 2009a). This could be
because these microcapsules are not optimized towards the requirements for cap-
sules intended to pass through the human GI tract. In the drying process for
microencapsulation of microorganisms, spray-drying has been widely investigated,
particularly for the preservation of LAB (Santivarangkna et al. 2007). The ideal cell
culture for distribution is in a dry form, sufficiently active to produce rapid growth
when added to foods and yet dormant that it can be stored for extended periods
without losing its activity. This section describes the preparation of microcapsules
entrapping probiotics by using cell immobilization techniques, such as emulsion
and extrusion, and spray-drying.

3.1 Cell Immobilization for Microencapsulation
3.1.1 Emulsion Technique
The emulsion technique allows the encapsulation of probiotic living cells by using

hydrocolloids (e.g. alginate, carrageenan and pectin) as encapsulating materials.
The principle of this technique is based on the addition of a cell-polymer suspension
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(e.g. alginate) into a vegetable oil (e.g. soybean oil, corn oil) to form a water-in-oil
emulsion (Burgain et al. 2011). The emulsion containing small droplets is formed
by agitating the mixture usually with a magnetic stirrer to form tiny gel particles
within the oil phase. The solidified beads are then formed by adding a cross-linking
agent (e.g. calcium chloride) to the solution while stirring. The calcium alginate gel
beads formed can be further introduced into a second polymer solution to create a
coating layer that provides added protection to the encapsulated cells (Burgain
et al. 2011). An advantage of the emulsion technique for microencapsulation of
probiotics is that the process is relatively easy to scale up and gives high survival
rates of microbial cells (Burgain et al. 2011). However, the main disadvantage of
this method is that it provides relatively large sizes of beads (Burgain et al. 2011)
ranging from 200 to 1000 pm in diameter that can influence the texture and
mouthfeel when added into food products (Capela et al. 2007).

The size of capsules or beads entrapping cells varies and is affected by various
factors, such as the type, concentration and viscosity of wall material polymers
used, and the shear stress and pressure applied. In most instances, hydrocolloids,
such as alginate, x-carrageenan, gellan gum and xanthan gum, have been used as
matrix materials for the immobilization of probiotics using the emulsion technique.
The high viscosities of the aqueous solutions of these polymers even at low
concentrations hinder the formation of small droplets in the continuous oil phase,
resulting in the formation of large gel beads. Some methods that could be employed
in reducing the bead size is to use homogenization using mechanical devices such
as high shear mixer and high pressure valve homogenizer that generate intensive
disruptive forces. In a study by Capela et al. (2007), the effect of homogenization on
the size of calcium alginate beads was demonstrated using different types of
homogenizers (e.g. ultra-turrax, Silverson mixer and Avestin piston homogenizer).
It was shown that homogenization induced the formation of small beads from 3 %
(w/v) alginate solution with average diameters between 30 and 200 pum. However,
the disadvantage of these processes involving homogenization can be its negative
impact on the encapsulation efficiency and viability of probiotics as the study
showed a significant loss in the survival of probiotics (35.6-94.5 %) due to the
shearing stress. This was also affected by the type of homogenizers used. Individual
species of probiotic microorganisms may vary in their sensitivity to external
stresses, such as those encountered with high shear force and pressure during
homogenization. It is therefore essential to ensure that the method and conditions
selected for the microencapsulation process of probiotic microorganisms is gentle
to sensitive probiotic microorganisms.

Novel encapsulation techniques based on emulsification and enzymatic cross-
linking or cold gelation were also introduced for the delivery of heat-sensitive
bioactives including probiotics using proteins as encapsulating matrix agents. Milk
protein, such as sodium caseinate, was used for encapsulation of probiotic micro-
organisms using similar principle and technique as described above, but gelation of
caseins was induced by using enzymes (transglutaminase or rennet) during the
emulsifying process (Heidebach et al. 2009a, b). The studies demonstrated small
capsules lower than 200 pm in diameter being formed by gentle agitation using a
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magnetic stirrer without the addition of extra emulsifiers or application of high
shearing during the emulsifying process. This could be attributed to good emulsi-
fying properties of milk proteins and the low viscosity of the milk concentrate
regardless of having a high solid concentration of 35 % (Heidebach et al. 2009a).
Cold gelation provides an alternative gel matrix development method based on
adding cations to a preheated protein suspension (Maltais et al. 2005). With this
method, a heating step is required where whey proteins are denatured and poly-
merized into soluble aggregates. This is followed by a cooling step and subsequent
salt addition which results in the formation of a network via Ca®*-mediated
interactions of soluble aggregates (Roff and Foegeding 1996). The formation of
cold-set gels opens interesting opportunities for whey proteins as carriers of heat-
sensitive bioactive compounds (Chen and Subirade 2007).

3.1.2 Extrusion Technique

Extrusion can be used to encapsulate probiotic living cells and uses hydrocolloids
(alginate and carrageenan) as encapsulating materials because of their ability to
form gels under mild conditions. Extrusion is a simple and cheap method that uses a
gentle operation which does not damage probiotic cells and gives high probiotic
viability. With this method, the solution containing cells is projected through a
nozzle at high pressure into a hardening solution (e.g. calcium chloride), and beads
with a few millimetres in diameter are produced (Burgain et al. 2011). Extrusion
leads to a relatively narrow particle size distribution which is determined by the
geometry of the nozzle (Heidebach et al. 2009a). The inner diameter of the nozzle
or openings influences the size of capsules formed (De Vos et al. 2010).
Large-scale droplet production can be achieved by multiple-nozzle systems,
spinning disc atomizer or jet-cutter techniques (De Vos et al. 2010; Kailasapathy
2002). The advantage of extrusion technology is that it is in most cases a true
encapsulation procedure and not just an immobilization technology (De Vos
et al. 2010). Extrusion technology has many advantages for encapsulation of
microbes. This technology does not involve the use of deleterious solvents or oils
and can be conducted under both aerobic and anaerobic conditions. This is espe-
cially advantageous with anaerobic microorganisms by placing an extrusion device
in a sterile cabinet where oxygen is substituted for nitrogen (De Vos et al. 2010).

3.1.3 Encapsulating Materials for Cell Immobilization

Entrapment of LAB in calcium alginate beads has been commonly used for cell
immobilization (Rowley et al. 1999). Alginate is a naturally derived polysaccharide
extracted from brown sea weeds which is composed of a-L-guluronic and p-p-
mannuronic acids (Koo et al. 2001). The simple, mild aqueous-based gel formation
of alginate is completed in the presence of divalent cations such as Ca** (Koo
et al. 2001). Calcium alginate beads entrapping cells are made by extruding a
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solution of alginate mixed with cells into a calcium chloride solution. Calcium
chloride solution containing cells can also be dropped as tiny droplets into alginate
solution while being stirred and then instantly wrapped with calcium alginate gel
membrane. The characteristics of hydrogel membranes such as thickness, pore size,
surface charge and mechanical strength can be fabricated by varying some
processing conditions and ingredient formulations. These include reaction time
for gelation, concentration of alginate and calcium ions and different types of
gel-forming polymers (Nigam et al. 1988).

Encapsulation of bacteria in alginate gel can improve survival rates of bacteria
by one log compared to free cells when stored in skim milk for 24 h (Rokka and
Rantamaki 2010). Alginate gel cross-linked with calcium ions is preferred for
encapsulating probiotics due to its simplicity, non-toxicity, biocompatibility and
low cost (Krasaekoopt et al. 2003). However, some disadvantages may be attributed
to its sensitivity to strong acidic environment which is not resistant to decomposi-
tion in the stomach conditions (Mortazavian et al. 2007). Calcium alginate capsules
are also chemically unstable upon contact with cation chelating agents, such as
phosphate, citrate and lactate, which can cause disruption or dissolution of alginate
gel matrix (Castroa et al. 2009). In addition, the microparticles formed with alginate
are porous which is a disadvantage for good protection of cells. Since alginate is
anionic, cationic polymer coatings, such as polylysine, polyvinylamine and
chitosan, have been used to increase the stability of alginate capsules or to minimize
the loss of encapsulated material. However, these can be compensated by mixing
alginate with starch that has been commonly used to improve the effectiveness of
probiotic encapsulation (Sultana et al. 2000; Hansen et al. 2002; Krasaekoopt
et al. 2003).

Gellan gum is a microbial polysaccharide derived from Pseudomonas elodea. It
is composed of a repeating unit of tetrasaccharide consisting of glucose, glucuronic
acid, glucose and rhamnose. Xanthan gum is also a microbial synthesized polysac-
charide. A mixture of xanthan gum and gellan gum has been used to encapsulate
probiotic cells, and contrary to alginate, the mixture presents high resistance
towards acid conditions (Sultana et al. 2000).

K-carrageenan is a natural polysaccharide extracted from marine macroalgae
(e.g. red seaweeds). Elevated temperatures (60—80 °C) are required to dissolve the
polymer at concentrations ranging from 2 % to 5 %. Cooling the mixture to room
temperature can result in gelation, and the addition of potassium ions stabilizes the
microparticles (Krasaekoopt et al. 2003). However, the produced gels tend to be
brittle and are not able to withstand potential stresses. Locust bean gum, at a ratio of
carrageenan to locust bean gum of 2:1, increases the strength of gels through
specific interaction of galactomannan chains with carrageenan (Krasaekoopt
et al. 2003).

Chitosan is a positively charged linear polysaccharide formed by the
deacetylation of chitin extracted from crustacean shell. It is water soluble below
pH 6 and forms a gel by ionotropic gelation. Chitosan, a polycation with amine
groups, can be cross-linked by anions or polyanions, such as polyphosphate and
polyaldehydrocarbonic acid. Chitosan has not shown good efficiency for increasing
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cell viability but exhibited inhibitory effects on different types of LAB (Groboillot
etal. 1993). To overcome viability problems with chitosan, the polymer is used as a
coat for alginate beads to deliver the viable non-LAB cells to the colon.

Gelatin is a protein that is useful for making a thermo-reversible gel for probiotic
encapsulation. Due to its amphoteric nature, it cooperates well with anionic poly-
saccharides like gellan gum. These hydrocolloids are miscible at pH > 6 since they
both carry net negative charges and repel each other. However, when the pH is
adjusted below the isoelectric point of gelatin, the net charge on the protein
becomes positive, and this causes a strong interaction with the negatively charged
gellan gum (Anal and Singh 2007; Krasaekoopt et al. 2003).

Milk proteins are natural vehicles for probiotic cells owing to their structural and
physicochemical properties. Milk proteins are also widely available, inexpensive,
natural and generally regarded as safe (GRAS) raw materials with high nutritional
value and good sensory properties. They have many different structural properties
and functionalities which make them highly suitable as vehicles for delivering
various bioactives. Milk proteins such as caseins have excellent gelation properties
(Heidebach et al. 2009a, b) that can be caused by micelle aggregation, based on
their isoelectric precipitation and the proteolytic cleavage of k-casein’s hydrophilic
“hairy layer” from casein micelles. This process is effective for the encapsulation of
probiotic bacteria. Milk proteins also have excellent buffering capacity which
provides good shielding for probiotic microorganisms against the harsh environ-
ment in the stomach.

3.2 Spray-Drying of Probiotics

Drying of bacterial cultures without losing their activity has been investigated to
convert them into a dry state and facilitate storage and transportation (Anal and
Singh 2007). Large-scale production of freeze-dried cultures is an expensive
process with low yields. However, spray-drying represents a good low-cost alter-
native yielding higher production rates (Meng et al. 2008). Spray-drying of freshly
prepared probiotic cell concentrates in various protein solutions with and without
carbohydrates (maltodextrin, oligosaccharides, hydrocolloids) is widely used for
the entrapment and drying of probiotic microorganisms in a single step (Corcoran
et al. 2004; Desmond et al. 2001; Gardiner et al. 2000),whereas water-based
dispersions are usually applied to spray-drying probiotics in water-soluble polymer
matrices (De Vos et al. 2010).

Spray-drying is defined as the removal of water by vaporization from a solution
of a non-volatile solid (Santivarangkna et al. 2007). The spray-drying process
involves the injection of spray-drying medium at high velocities into the direction
of the flow of hot air (typically, 150-200 °C). The atomized droplets have a very
large surface area in the form of millions of micrometre-sized droplets (10—
200 pm), which result in a very short drying time when exposed to hot air in the
drying chamber (Santivarangkna et al. 2007). Water-based dispersions are usually
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applied in spray-drying. Therefore, the matrix should have very high solubility in
water. The microencapsulation can be achieved with biopolymers of various
sources; however, typical wall materials for microencapsulation by spray-drying
are low molecular weight carbohydrates, milk or soy proteins, gelatin and hydro-
colloids like gum arabic.

Ananta et al. (2005) reported the application of spray-drying in the production of
skim milk-based preparations (20 % w/v) containing L. rhamnosus GG (ATCC
53103). Using a range of outlet temperatures between 70 and 100 °C, bacteria
survival rate of >60 % was achieved at an outlet temperature of 80 °C (Ananta
et al. 2005). Similarly, another study by Corcoran et al. (2004) showed good
survival rates of 25-41 % with ~10° CFU/g of L. rhamnosus E800 when subjected
to spray-drying conditions at inlet temperature of 170 °C and outlet temperature of
85-90 °C. Similarly, Gardiner et al. (2000) evaluated the potential of 20 % skim
milk in producing powders with L. paracasei NFBC 338. After subjecting the slurry
to spray-drying conditions at outlet temperatures between 80 and 85 °C, 65 % of the
cells retained viability. The probiotic viability was further assessed for over a
period of two months where the maximum survival rates for L. paracasei NFBC
338 of 92 % of the initial cells remained viable. Carbohydrates are also used as
encapsulating wall materials including gum arabic and starches because they tend
to form spherical microparticles during the drying process (De Vos et al. 2010).

Spray-drying is rapid and relatively low cost. This technique is also highly
reproducible and also suitable for industrial applications. However, the major
hurdle of this technique is that it is an immobilization technology than an encap-
sulation technology which implies that some of the encapsulating core materials
may be exposed on the surface of spray-dried microcapsules. This is especially
problematic when considering the encapsulation of probiotics, where the bacteria
may leak into the product when some hydration occurs.

Bifidobacteria are sensitive to high inlet temperatures (O’Riordan et al. 2001).
Thus, it is necessary to investigate the sensitivity of probiotics before spray-drying.
Protectants, such as trehalose, can be used to improve the survival of probiotics and
reduce the deleterious effect of bile salts present in the acidic environment of
stomach (Burgain et al. 2011).

The performance of a variety of probiotics during spray-drying and, in general,
the survival rate of probiotic cultures depend on several factors, such as type of
probiotic strains, inlet and outlet temperatures and drying medium. The tolerance of
different bacterial species varies with spray-drying conditions. However, improved
viability could be achieved by maintaining spray-dried powders at preferred mois-
ture of ~3.5 % (Teixeira et al. 1995a).

3.2.1 Effect of Spray-Drying Conditions on Survival of Bacteria
The survival of probiotic cells during spray-drying can be affected by various

factors relating to process parameters (inlet and outlet temperatures, drying time),
product parameters (type of carrier medium and concentrations) and pretreatments
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of cells (bacterial strain) (Desmond et al. 2001; O’Riordan et al. 2001; Lian
et al. 2002).

Inlet and Outlet Temperatures

In order to enhance the efficiency of microencapsulation process with a suitable
encapsulating wall material, optimal spray-drying conditions must be used. The
main factors in spray-drying that need to be optimized are feed temperature, air
inlet temperature and air outlet temperature. Feed temperature modifies the viscos-
ity and fluidity of feed solutions, thus resulting in alteration in their capacity to be
homogeneously sprayed (Fang and Bhandari 2012). When the feed temperature is
increased, the size of droplets being sprayed in the dryer decreases due to a decrease
in the feed viscosity, but high temperatures can cause degradation of some heat-
sensitive ingredients to be encapsulated (Gharsallaoui et al. 2007; Medina-Torres
et al. 2013). Air inlet temperature is directly related to the drying rate of droplets
and the final water content of particles. High inlet temperatures increase the rate of
droplet drying, thus facilitating rapid drying inside the drying chamber and leading
to shorter residence times for the particles being dried (Bhandari et al. 2008). The
inlet and outlet temperatures used during spry-drying vary, depending on the type
and purpose of products being spray-dried. In food applications, high inlet (160—
300 °C) and low outlet air temperatures (60—100 °C) are used to achieve the high
thermal efficiency of the drier (Bhandari et al. 2008).

An increase in air inlet temperature normally decreases cell viability, but the
bacterial cell survival is highly correlated to the outlet temperature
(Peighambardoust et al. 2011). This means that the higher inlet temperature does
not have a direct correlation to the inactivation of bacterial cells and has only a
slight effect. This is due to the fact that the extent of cell inactivation is largely
dependent on the drying temperature—time combinations. During spray-drying, the
temperature of spray-dried particles increases but does not reach the inlet air
temperature because of an evaporative cooling effect that occurs owing to the
instant removal of moisture, and the subsequent exposure time of dried particle to
the high temperature is very short (Fichtali and Namal Senanayake 2010). There-
fore, it is important to maintain an optimum drying time (residence time) required
for the removal of moisture without causing an increase in temperature of the dried
particles for the survival of encapsulated bacterial cells during spray-drying
(Santivarangkna et al. 2007).

In addition to the inlet air temperature, the outlet air temperature is another
major drying parameter affecting the viability of spray-dried starter cultures
(Gardiner et al. 2000, 2002). However, it is largely influenced by the inlet air
temperature, air-flow rate, product-feed rate and the atomized droplet sizes. These
factors highlight the importance of optimization of process parameters, in particu-
lar, inlet and outlet temperatures. Due to the difficulty in setting these variables and
in turn the stabilization of outlet air temperature, there is often a great variation in
the viability of the dried cultures (Ananta et al. 2005; Desmond et al. 2002).
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Gardiner et al. (2000) reported that the survival rates for L. paracasei NFBC
338 were affected by outlet temperatures. It was 97 % at 70-75 °C, while the survival
rate was close to 0 % when the outlet temperature was increased to 120 °C. The
survival rates were better than for L. salivarius UCC 118 that had only 11 % even at
the lowest outlet temperatures of 60—65 °C. These findings might be attributed to the
greater thermal tolerance of strain NFBC 338. The survival rate of NFBC 338 during
spray-drying was also considerably higher than the survival rate previously obtained
for L. acidophilus or L. curvatus spray-dried under similar conditions. In many
situations, the lower outlet air temperature correlates with higher cell viability
(Santivarangkna et al. 2007). A low outlet air temperature is desirable to maintain
high stability during storage. However, if the outlet air temperatures are too low, it
may cause high residual moisture contents that exceed the required level for
prolonged powder storage life and stability (4 %) (Gardiner et al. 2000).

Carrier Medium and Concentration

The use of different carriers has an impact on the viability of spray-dried cultures.
In a study by Lian et al. (2002), the effect of different carriers (10 %, w/w) on the
survival of various Bifidobacterium strains was demonstrated. The survival rate of
B. infantis CCRC 14633 after spray-drying at inlet and outlet air temperatures of
100 and 50 °C, respectively, was 15.99 % for skim milk, 2.15 % for gum arabic,
1.30 % for gelatin and 0.92 % for soluble starch, while the survival of B. longum B6
was 83 % for reconstituted skim milk powder, 41 % for gum arabic, 64 % for gelatin
and 29 % for soluble starch. Skim milk has potential for effective spray-drying of
probiotic cultures (Corcoran et al. 2004; Desmond et al. 2002; Ananta et al. 2005)
as skim milk proteins can prevent cellular injury by stabilizing cell membrane
constituents (Ananta et al. 2005).

Soluble solid concentrations of the liquid feed can vary from 10 to 50 %,
depending on the properties of feed (e.g. viscosity and heat sensitivity), the type
of atomizer and the final product requirements. Higher feed concentrations improve
the commercial viability of the process through thermal efficiency, but it also
affects the survival of bacteria after spray-drying. Lian et al. (2002) also reported
the effect of different concentrations of carriers on the survival rate of
bifidobacteria. When the concentration of gum arabic, gelatin or soluble starch
was increased from 10 to 20 % (w/w) or more, the survival rate was significantly
lowered. For B. infantis CCRC 14633, the survival was 0.65, 0.52 and 0.09 %,
respectively, after spray-drying with gum arabic, gelatin and soluble starch. For
B. longum B6, it was 6.51, 2.07 and 1.56 %, respectively. However, the effect of
skim milk concentration was not reported in their study.

A 10 % carrier concentration is generally considered ideal for increasing viabil-
ity in spray-dried cultures (Morgan et al. 2006). Increasing feed concentration of
carriers from 10 to 20 % or more can cause a reduction in the viability of spray-
dried cultures. Lower viabilities at high feed concentrations may be caused by
higher solid content that can result in larger particles that require longer drying
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times, thus subjecting the entrapped microorganisms to more heat damage
(Santivarangkna et al. 2007). However, in the case of reconstituted skim milk, the
total solid content of 20 % has been frequently used and considered optimum for
retaining high residual viability of different strains of lactic acid bacteria (Desmond
et al. 2001; Gardiner et al. 2000). In fact, the storage stability of dried powder was
reduced as the amount of skim milk solids in the carrier was decreased (Ananta
et al. 2005).

Combinations of different carriers can be used to improve the survival of spray-
dried probiotics. For instance, a combination of skim milk and gum arabic was
shown to result in good survival rates of B. lactis BB12 after spray-drying and also
during storage in vacuum at 30 °C, compared to the control sample prepared from
skim milk without adding gum arabic (Chavez and Ledeboer 2007). Desmond
et al. (2002) also used gum arabic to protect probiotic cultures of L. paracasei
NFBC 338 during spray-drying, storage and gastric transit. It was demonstrated that
a mixture of reconstituted skim milk (RSM, 10 % w/v) and gum arabic (10 % w/v)
rendered tenfold greater survival than the control prepared with RSM (20 % w/v).
Gum arabic has emulsifying properties and exhibits high solubility and low viscos-
ity in aqueous solution compared to other hydrocolloid gums, thus facilitating the
spray-drying process.

Stress Response Factors

To improve the viability of probiotics, several approaches have been attempted,
including stress adaptation technique and selection of more resistant strains from
various sources (Krasaekoopt et al. 2003). Adaptive cellular response could be
induced, prior to dehydration, with the exposure of microorganisms to sublethal or
gradually increasing doses of stress. This enhances the resistance of bacterial cells
to stressful conditions and enables them to survive during dehydration. The bacteria
respond to changes in their surroundings by a metabolic programming which leads
to a cellular state of enhanced resistance (Meng et al. 2008).

Most bacteria exhibit stress sensing systems as defensive mechanisms against
various stresses allowing them to survive under severe conditions. The induction of
these defence systems influences the tolerance against harsh conditions such as heat
or osmotic stress during drying. Adaptation to heat could be induced by heat-shock
treatments by placing cells in sublethal high temperatures (50 °C for 30 min)
(Teixeira et al. 1995a) before spray-drying. However, heat shock has little signif-
icance to stationary cells compared to cells from the exponential phase (Teixeira
et al. 1995a). Meanwhile, the exposure of cells to other nonhomologous sublethal
agents such as salt can render tolerance to heat and spray-drying even at high outlet
temperatures of 100-105 °C (Santivarangkna et al. 2007; Desmond et al. 2001).
Starved cells show multi-resistances against stresses particularly to heat and oxi-
dative tolerances with increasing duration of starvation (Santivarangkna
et al. 2007).
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Protective Substances

The inclusion of protective agents to starter cultures is a common means to protect
cells during drying and storage. The excipients added can be in the form of
compounds used as suspending media or carriers, such as skim milk, whey, gum
acacia and gelatin (Santivarangkna et al. 2007). The effectiveness of a given
protectant varies largely with each type of culture. The most extensively investi-
gated compound is trehalose. This may be due to the phenomenon called
anhydrobiosis, where organisms in nature can survive for a long and extreme
dehydration period by accumulating a large amount of disaccharides, especially
trehalose. The presence of trehalose has the ability to raise the glass transition
temperature (T,) of the dry matrix (Santivarangkna et al. 2007).

Prebiotics are non-digestible carbohydrates (e.g. lactulose, inulin and some
oligosaccharides) that benefit the host by selectively stimulating the growth and
activity of beneficial bacteria in the colon (Burgain et al. 2011). It was shown that
the partial substitution of solid content of skim milk powder with Raftilose (P95)
and/or polydextrose enhanced the survival of L. rhamnosus GG (ATCC 53103)
during spray-drying, but the storage stability of the bacteria was decreased during
long-term storage (Ananta et al. 2005). This might be because some oligosaccha-
rides present in these prebiotic substances are inadequate in replacing water mol-
ecules in the dehydrated skim milk. Thus, the maintenance of structural and
functional integrity of bacterial cell membrane is not as effective as in the presence
of skim milk alone (Ananta et al. 2005).

4 Post-drying Conditions

Several intrinsic and extrinsic factors affect the stability of probiotics during
storage. Storage conditions, such as temperature (storage), moisture content of
powders, water activity, relative humidity, powder composition, oxygen content,
exposure to light and storage materials, have significant impact on the survival of
probiotics in dried powders. Temperature is, however, one single most important
factor affecting the stability of probiotics during storage. Stability of spray-dried
samples decreases during storage, and higher microbial survival rates are
maintained at low storage temperatures (Corcoran et al. 2004; Desmond
et al. 2002). It is therefore essential to use correct storage conditions to maintain
viable populations of spray-dried probiotic bacteria (Meng et al. 2008).

Moisture content and water activity are directly affected by the efficiency of the
drying process and the quality of packaging materials used. The glass transition
temperature (T,) is another factor that impacts on the survival of probiotics in dried
powders as it is a thermodynamic property of materials which is altered by the
presence of water. Mass transfer rates are slower in a glassy state matrix. Storage of
dried cultures at temperatures lower than their T, increases their stability as it (T,)
retards the mobility of molecules and reaction rates (Chavez and Ledeboer 2007).
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Relative humidity of the storage environment has a significant effect on the
survival of dried probiotic cultures (Ying et al. 2010). High relative humidity can
cause the caking phenomenon in dried powders. This phenomenon which is asso-
ciated with the transition of powders from a glassy state to a rubbery state is one of
the most undesirable conditions for the survival of probiotics. Therefore, it is
essential that the relative humidity is kept to the critical equilibrium value that
corresponds to the glass/rubber transition.

Lipid oxidation of cell membrane fatty acids is a possible cause for cell death
during storage (Ananta et al. 2005). The onset of membrane lipid oxidation during
storage has a detrimental effect to cells. Addition of antioxidant materials such as
ascorbic acid and monosodium glutamate can protect cells during storage at 4 °C
(Peighambardoust et al. 2011). However, the addition of such antioxidant materials
is not recommended at storage temperature of about 20 °C as this can lead to high
death rate of the culture due to pro-oxidant activity of ascorbic acids at higher
temperature (Santivarangkna et al. 2007).

Proper packaging for storage of the cultures is important. Packaging under
vacuum or nitrogen replacement is suitable for storing anaerobic probiotics such
as bifidobacteria (Peighambardoust et al. 2011). Storage of cultures under vacuum
is better than storage under nitrogen or air. Since vacuum packaging also removes
air humidity, packaging of dried probiotics under vacuum is recommended (Chavez
and Ledeboer 2007). The package should prevent the transmission of oxygen,
moisture and light which are detrimental to the dehydrated cultures. Spray-dried
S. thermophilus and B. longum can survive better in laminated pouches, followed by
glass bottles and polyethylene terephthalate (PET) bottles (Wang et al. 2004).
Skimmed milk powders containing cells can also be stored in polythene bags and
kept in aluminium-coated paper bags (Simpson et al. 2005; Chavez and Ledeboer
2007).

S Applications of Encapsulated Probiotics in Food
Products

Microencapsulation is important for the survival of probiotics during storage and
also its passage through the digestive tract depending on the type of microencap-
sulation system used. Addition of microcapsules to food matrices should not affect
the sensory properties of food products when the size of the capsules is kept below
100 pm (Heidebach et al. 2009b). Encapsulated probiotic bacteria can be used in
fermented dairy products, such as liquid fermented milks (yoghurt, cultured cream),
Cheddar cheese and frozen dairy desserts, and for biomass production. The use of
encapsulated probiotic cells, particularly in cheese, is common. Cheddar cheese has
particular advantage of being a good carrier of encapsulated probiotics because of
its high pH (5.5), good buffering capacity and relatively high fat content which can
protect probiotic bacteria (Burgain et al. 2011). Spray-dried powder of L. paracasei
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NFBC 338 was successfully used in probiotic Cheddar cheese manufacture,
retaining good viability levels (up to 10° CFU/g) for 6-8 months during ripening
without affecting quality (Gardiner et al. 2002).

Due to the low pH of yoghurt (~ pH 4.5), the viability of unprotected probiotics
is often affected, although the use of acid-tolerant strains may be possible. Using
encapsulated probiotic bacteria would be better for their survival in liquid yoghurt
without making major modifications of the traditional fermentation process.
Gellan—xanthan gum can be used to increase probiotic tolerance in acidic environ-
ments. The incorporation of encapsulated bifidobacteria into stirred yoghurt can
lead to the defect of grainy texture, which affects the sensory quality and consumer
acceptance of the product (Adhikari et al. 2003).

Microencapsulation technology has created opportunities to introduce probiotic
microorganisms into products such as frozen desserts with high acidity and high
osmotic pressure and containing incorporated air introduced during the freezing
step. In ice cream, high viable cells of probiotics can be further protected by adding
resistant starch (Homayouni et al. 2008).

The incorporation of probiotic cells encapsulated by spray-coating technology
has been successfully used in chocolate. Probiotic viability in the small intestine
was three times higher when incorporated in chocolate than in dairy products.
Encapsulation of cells into chocolate acts as an excellent protectant against envi-
ronmental stress conditions. The lipid fraction of cocoa butter protects
bifidobacteria (Lahtinen et al. 2007). Encapsulated probiotics can be also protected
against bacteriophages and harsh environments such as freezing and gastric solu-
tions (Krasaekoopt et al. 2003).

6 Conclusions and Future Trends

While there has been significant progress in the development of encapsulation
technology of probiotics, there is still a lot scope for more research. There are
very few encapsulation materials that fulfil all the requirements to protect probiotics
and deliver the microorganisms to the site of action. Ideal properties of microen-
capsulation materials include protecting live cells from sublethal damages, being
easily digestible in the target site of GI tract, and providing protection to cells
during handling and processing. Further, the materials should not affect the sensory
profile of products. Therefore, the development of new encapsulation materials and
techniques is desirable. Although there is an abundance of information on in vitro
studies of probiotics, there is very little published data on in vivo investigations.
Information on the optimum cell density in the microcapsules is important to avoid
quorum sensing (cell-to-cell interactions) which express different genes. Conse-
quences of morphological changes of encapsulated probiotics have not been
reported. There is also renewed interest in induced stress resistance of probiotics
caused by adverse conditions such as high temperature and acids. Whether the
induced stress resistance is transient or permanent is unknown.
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Abstract Maintaining a safe food supply has become an ever-changing endeavour
as some emerging pathogens are discovered. Relying on traditional methods of
thermal processing to create microbiologically safe foods is not sufficient. Research
on finding other methods of controlling the growth and multiplication of pathogenic
and spoilage bacteria needs to be explored. The use of crude bacteriocin produced
by lactic acid bacteria may be one promising solution of controlling microbial
growth in ready-to-eat (RTE) foods. The ability of lactic acid bacteria (LAB) to
produce metabolites with broad-spectrum inhibitory activity that are heat stable is
an important criterion for the application of LAB as preservative in food. ‘Satar’
was used as a model for this study because it is highly perishable and has a short
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shelf life (<12 h) at ambient temperature and, therefore, is unable to be stored for a
long period of time. This chapter briefly describes the background of ‘Satar’ and its
relations to microbiological safety. The study focused on choosing the suitable
strains of LAB, identifying the isolates phenotypically using biochemical tests and
VITEK 2 Compact System. The isolates were tested on their ability to inhibit LAB
microflora, ability to inhibit a broad spectrum of Gram-negative and Gram-positive
bacteria and ability to exhibit the antimicrobial activity after being subjected to
heating temperatures. Among nine isolates of LAB from fermented fish, superna-
tants of four isolates were studied extensively for their heat stability at different
heating temperatures (70, 80, 90, 100 and 121 °C) and heating times (5 and 20 min).
Two strains, Lb. acidophilus and Lb. plantarum, were chosen for the incorporation
of their crude bacteriocin in raw ‘Satar’, and their characteristics and microbiolog-
ical shelf life were evaluated. Incorporation of crude bacteriocin of Lb. acidophilus
and Lb. plantarum at 3 % and 6 % did not significantly affect (P > 0.05) the water
activity and pH, but significantly increased the moisture content when Satar was
stored more than 20 h at ambient temperature. There was no significant difference
(P > 0.05) for a*value and b*value of ‘Satar’ among all samples at 0 h of storage
time, except after 3 h of storage at ambient temperature. The colour analysis of
samples showed a range of colour between grey and light grey. The incorporation of
3 % and 6 % crude bacteriocin of Lb. acidophilus and Lb. plantarum in raw ‘Satar’
could extend the shelf life from 8 h to 20 h and 17 h, respectively. This study has
proven that LAB can be used to extend the shelf life of ready-to-eat food.

1 Introduction

Lactic acid bacteria (LAB) are well-known for their antimicrobial activity that can
be used as food preservatives. It is commonly known as biopreservative agent
because it comes from natural resources without using chemical additives to
increase the shelf life (Pratush et al. 2012). LAB play a major role for preservation
for fermented product and inhibit the growth of spoilage and pathogenic bacteria
(Matilla-Sandholm et al. 1999). The mechanism of inhibition of LAB against food-
borne pathogens is through metabolite production, which contained various anti-
microbial compounds such as organic acids (lactic acid), hydrogen peroxide,
diacetyl and bacteriocins (Messens and De Vugst 2002) that are inhibitory to
bacteria and fungi (Hassan and Bullerman 2008). LAB are safe and they have the
status of generally recognised as safe (GRAS). The antimicrobial compounds
produced by LAB against bacteria and fungi are active in range of pH 3-4.5 and
heat stable at 100 °C (Lavermicocca et al. 2000).

Lactic acid bacteria from local sources in various food and fermented foods in
Malaysia have been extensively studied for their antimicrobial properties
(Muhialdin et al. 2012; Aween et al. 2012; Muhialdin and Hassan 2011). Most of
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these studies reported on the role of bacteriocin-like inhibitory substances found in
these Malaysian fermented foods that are able to maintain the inhibition activity
against nonpathogenic and pathogenic food-associated and human pathogenic
bacteria (Liasi et al. 2009). Bacteriocins are proteins or complexed proteins bio-
logically active with antimicrobial action against other bacteria, principally closely
related species (Parada et al. 2007). Bacteriocins are normally produced by LAB
that are able to inhibit their own LAB species. In food matrices, the bacteriocin
activity may be affected by changes in solubility and the charge of the bacteriocins,
binding of bacteriocins to food components, inactivation by proteases or changes in
the cell envelope of the target microorganism as a response to environmental
factors (Cleveland et al. 2001).

‘Satar’ is a Malaysian food that is famous in the East Coast of Peninsular
Malaysia, especially in Terengganu and Kelantan. ‘Satar’ contains boneless fish
and a mixture of spices, wrapped in banana leaf and grilled over a flaming charcoal
of fire. Many studies have recently been published on the microbiological quality of
‘Satar’, which indicate this product is highly perishable and prone to microbial
contamination that affects the organoleptic quality of this product (Lani
et al. 2014a, b; Ramli et al. 2011, 2014).

Therefore, research on finding ways to prolong the shelf life of ‘Satar’ is
important in order to help small and medium entrepreneurs of ‘Satar’ to sustain
the production of ‘Satar’. The addition of LAB cell supernatant in food is one way
to preserve food and may prolong the shelf life. However, this study is the first
report on application of LAB to extend shelf life of raw ‘Satar’. The raw ‘Satar’ was
used in this study because this will exclude the effect of grilling. Thus, the results
obtained from this study solely depend on direct application of LAB on raw ‘Satar’.

This study creates a new knowledge on understanding the role of LAB for the
preservation of ‘Satar’. The use of different LAB as a potential starter culture for
food preservation would extend the functionality of LAB cultures related to food
preservation. This new technique of preservation can be further studied on the
application of LAB and their metabolites in food products in Malaysia for
extending shelf life.

2 ‘Satar’

Malaysia is rich with variety of foods. Some of the foods are categorised as
traditional foods, foods that are influenced by the state and native people (Cayot
2007). Terengganu is a part of East Coast of Peninsular Malaysia that welcomes
people with a variety and unique dishes with special taste. The elements of
Terengganu cuisine are influenced by Thai, Chinese and Indian cuisine as a result
of its geographical location and historical background (Tourism Terengganu 2011).
The Terengganu cuisine is inexpensive and easy to get either at hotels or streets.
‘Satar’, ‘Otak-otak’, Nasi Dagang, ‘Kuih Akok’ and Keropok Lekor are among the
famous cuisine in Terengganu.
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‘Satar’ is also considered as a ‘street food’ because this ready-to-eat (RTE) food
is prepared and sold on the roadside by hawkers for immediate consumption or later
time without further preparation. In Malaysia, like other developing countries
(Uganda, Thailand and India), street food industry generates income to households
(FAO 2005; Jayasuriya 1994; Muyanja et al. 2011). These street foods are also a
source of employment in Terengganu offering business opportunities to the com-
munities majorly dominated by women (Muyanja et al. 2011). These street foods
become important and essential foods for maintaining the nutritional status of the
populations (Ekanem 1998).

‘Satar’ in Terengganu is inexpensive, has a good taste and is convenient that
contained important sources of nutrition. RTE ‘Satar’ is usually served as a snack
during tea time. The authenticity of this food and the aroma of the banana leaves
and ingredients after grilling have attracted many people to try and enjoy it. ‘Satar’
is sold almost everywhere in Terengganu. However, from the survey, the famous
areas of RTE ‘Satar’ are in Kuala Terengganu, Marang and Kemaman (Tourism
Terengganu 2011).

‘Satar’ is a mixture of deboned fish and spices and wrapped in banana leaf and
grilled over the charcoal fire. The processed fish normally used are yellow-striped
scad (Selaroides leptolepis), crimson jobfish (Nemipterus spp., Pentapodus spp. and
Scolopsis spp.) and Spanish mackerel (Scomberomorus spp.) (Department of Fish-
eries, Malaysia 2014). Table 1 shows the percentages of the basic ingredient of
‘Satar’. Some of the basic ingredients used in the preparation of ‘Satar’ are mixture
of deboned fresh fish, otoshimi, surimi, sugar, shredded coconut, onions, garlic, red
chillies, ginger, fennel seed and salt. ‘Satar’ has high moisture content, about
66.67 %, protein 14.36 %, fat 13.67 %, ash 1.67 % and carbohydrate 3.33 %
(Lani et al. 2014a, b).

Table 1 Percentage of basic ingredients of ‘Satar’

Ingredients Percentage (%)
Fresh fish 21.74
Otoshimi 26.09
Surimi 21.74
Sugar 8.70
Grated coconut 16.52
Salt and spices (onion, ginger and Fennel seed) 4.35
Total 100.00

Source: Nurul Atigah Ramli (2013)
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The mixture of debone Raw 'Satar' wrapped in cone Wrapped 'Satar' grilled over a
fish, spices and shredded co- shaped banana leaves and closely flaming charcoal fire
conut skewed to steel rod

The banana leaves became
brownish indicating that the 'Sa-
tar' already cooked

'Satar' ready to be eaten. It is a great
appetizer especially during tea time

Fig. 1 The processing steps of ‘Satar’
2.1 Traditional Method of Preparing ‘Satar’

The traditional method of making ‘Satar’ is shown in Fig. 1. Firstly, the fish is
deboned to get the flesh. Then, all other ingredients (onion, shallot, spices, sugar,
salt and shredded coconut) are mixed thoroughly. The mixture is wrapped in banana
leaf into a cone-like shape, skewered into stainless steel rods, grilled for 10 min at
80-90 °C until it is cooked as indicated by the banana leaves becoming brownish in
colour and quickly removed from the griller to avoid overcooking followed by
cooling to room temperature.

3 LAB as Biopreservation Strategy for Reducing Microbial
Contamination in Foods

Microbial contamination may occur from farm to fork where microbes can enter at
different stages of the food chain; microorganisms are highly versatile and can
adapt to the environment admitting survival, growth and production of toxic
compounds (Havelaar et al. 2010). Microorganisms present in raw materials and
ingredients may allow contamination in foods (Cho et al. 2011; Dawnes and Ito
2001). A food also can be contaminated with different types of microorganisms
coming from outside sources such as air, soil, sewage, water, feed, human, food
ingredients, equipment, packages and insects (Ray and Bhunia 2008; Warriner and
Namvar 2009).
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The route of contamination may come from food handlers. Poor hygiene prac-
tices (Aycicek et al. 2004; Ko 2010; Shojaei et al. 2006), improper handling and
processing (Sachindra et al. 2005; Jay et al. 2005) and also poor storage practices
(Muyanja et al. 2011) will lead to contamination of foods in the street. Environ-
mental factors such as pollution (Jayasuriya 1994), animal disease, animal feed,
birds, flies and pest (Huss et al. 2004; Warriner and Namvar 2009) also affect the
hygiene of the foods.

Biopreservation is the extension of shelf life and food safety by the use of natural
or controlled microbiota and/or their antimicrobial compounds (Stiles 1996). The
commonly used biopreservative is LAB. The increasing demand for safe foods with
less chemical additives has increased the interest in replacing these compounds by
natural products, which do not injure the host or the environment (Parada
et al. 2007). De Martinis et al. (2001) suggested that the use of nonpathogenic
microorganisms and/or their metabolites to improve microbiological safety and
extend the shelf life of foods is defined as biopreservation. Antagonistic properties
of LAB allied to their safe history of use in traditional food fermented products
make them very attractive to be used as biopreservatives (Caplice and Fitzgerald
1999). Fermentation is one of the oldest and most economical methods of produc-
ing and preserving foods (Chavan and Kadam 1989), particularly in the tropical
countries where there is high temperature and high humidity, which favour food
spoilage.

3.1 Overview of Lactic Acid Bacteria

Lactic acid bacteria have been used in food fermentations for more than 4000 years.
It is important to acknowledge that the widespread term ‘lactic acid bacteria (LAB)’
has no official status in taxonomy used to describe the group of functionally and
genetically related bacteria. LAB consists of bacterial genera within the Firmicutes
comprised of about 20 genera (Saranraj et al. 2013).

The main members of the Lactic acid bacteria are genera Lactococcus, Lacto-
bacillus, Streptococcus, Leuconostoc, Pediococcus, Carnobacterium, Aerococcus,
Enterococcus, Oenococcus, Tetragenococcus, Vagococcus and Weissella. Lacto-
bacillus is the largest genus of this group, comprising around 80 recognised species.
LAB are characterised as Gram-positive, usually nonmotile, non-sporulating bac-
teria that produce lactic acid as a major or sole product of fermentative metabolism.
The LAB produce an array of antimicrobial substances (such as organic acids,
diacetyl, acetoin, hydrogen peroxide, reuterin, reutericyclin, antifungal peptides
and bacteriocins (Holzapfel et al. 1995; Obadina et al. 2006). LAB are nutritionally
fastidious, requiring carbohydrates, amino acids, peptides, nucleic acid derivates
and vitamins.

Some members of LAB produce bacteriocins and bacteriocins-like substances
which may inhibit the growth of spoilage and pathogenic microorganisms
(Klaenhammer 1988). Bacteriocins of LAB are considered as safe natural



Effects of Incorporation of Lactic Acid Bacteria on Microbiological Quality. . . 87

preservatives or biopreservatives as it is assumed that they are degraded by the
proteases in gastrointestinal tract (Saranraj et al. 2013). Bacteriocins are ribo-
somally synthesised antimicrobial peptides that are active against other bacteria,
either of the same species (narrow spectrum) or across genera (broad spectrum)
(Bowdish et al. 2005; Cotter et al. 2005). Bacteriocins may be produced by both
Gram-negative and Gram-positive bacteria (Savadogo et al. 2006).

Lactic acid bacteria are commonly found in the gastrointestinal tract of various
endothermic animals such as mice, rats and pigs, in milk and dairy products (Sharpe
1981), in seafood products (Maugin and Novel 1994) and on some plant surface
(Keddie 1959). They are generally used in the production and preservation of food
products like cheese, sauerkraut and meat (Ringg and Gatesoupe 1998). LAB are
either homofermentative or heterofermentative based on the amount of lactic acid
formed during glucose fermentation (Frank et al. 2002).

3.2 Application Strategies of LAB in ‘Satar’

The high demand of consumers for natural antimicrobial in foods has led to an
increased research for finding alternative for chemical preservation. With the
objective of using lactic acid bacteria as biopreservative agent, cell-free culture
supernatants (with pH range from 3.8 to 4.0) of two bacterial strains for their
efficacy to extend the shelf life of raw ‘Satar’ was evaluated. Principally, several
possible strategies for the application of bacteriocins in the preservation of foods
may be considered: (1) inoculation of the food with LAB that produce the bacte-
riocin in the product (production in situ), (2) addition of the purified or semi-
purified bacteriocins as a food preservative and (3) use of a product previously
fermented with a bacteriocin-producing strain as an ingredient in food processing
(Schillnger et al. 1996).

3.2.1 Isolation and Identification of LAB from Fermented Fish

In this study, natural microflora of LAB was isolated from fermented fish (Tilapia
niloticus added with 9 % black pepper, 9 % turmeric and 6 % chilli fermented for
15 days) using MRS agar (Oxoid), MRS agar with 0.8 % CaCOj3, M17 agar (Oxoid)
and tomato juice agar (Oxoid) (Ismail et al. 2014). A total of 218 isolates were
obtained and 89 isolates were presumptive LAB (Gram-positive, catalase and
oxidase negative organism), and 27 isolates were randomly selected for their
phenotypic identification using Vitek 2 Compact System of the microbial identifi-
cation as described by Funke et al. (1998). Table 2 shows the results for identifi-
cation of LAB isolated from fermented fish.

Previous study revealed that LAB are the dominant microorganisms in many
fermented fish products produced by spontaneous fermentation (Hati et al. 2013).
During fermentation process, LAB can utilise carbohydrate substrates available in
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Table 2 Identification of LAB isolates using Vitek 2 Compact System

No Code of LAB isolates Shape Name of LAB Similarity index (%)
1 FGJ2* Rod Lactobacillus acidophilus 96.0
2 DIAIB Rod Lactobacillus plantarum 91.0
3 D0A4B Rod Lactobacillus plantarum 86.0
4 DOA2B Rod Lactobacillus plantarum 86.0
5 D3B3B Rod Lactobacillus plantarum 90.0
6 D9A3C Rod Lactobacillus plantarum 96.0
7 DIT1A 1 Rod Lactobacillus plantarum 94.0
8 DI9T1A 2 Rod Lactobacillus plantarum 94.0
9 DI5SCI1A Rod Lactobacillus plantarum 96.0
10 D15C2B Cocci Pediococcus pentosaceus 90.0
11 DI9T1B Rod Lactobacillus plantarum 91.0
12 D159A1 Rod Lactobacillus plantarum 97.0
13 DY9A3A Rod Lactobacillus plantarum 95.0
14 D15902 Rod Lactobacillus plantarum 96.0
15 CBM I(a)* Rod Lactobacillus plantarum 96.0
16 DOA1D Rod Lactobacillus plantarum 91.0
17 CBS 2 Rod Lactobacillus plantarum 89.0
18 DTM1 Cocci Pediococcus pentosaceus 90.0
19 DTSI Rod Lactobacillus plantarum 97.0
20 DBJ1* Rod Lactobacillus plantarum 93.0
21 CBM 1 (b) Rod Lactobacillus plantarum 99.0
22 ECM 1 Rod Lactobacillus plantarum 91.0
23 FBR 1 Rod Lactobacillus plantarum 91.0
24 FBJ 1 Rod Lactobacillus plantarum 93.0
25 FBS 2 Rod Lactobacillus plantarum 92.0
26 FBM 2(a) Rod Lactobacillus plantarum 93.0
27 FTS 1(b)* Rod Lactobacillus plantarum 96.0

*Isolates of FGJ2, CBM 1(a), DBJ1 and FTS 1(b) were used for heat stability study

the fermentation matrix and produce organic acids, especially lactic acid that not
only contributes to the taste, aroma and texture of the product but also lowers the
product’s pH that is the main factor to ensure the quality and safety of the product
(Hati et al. 2013). Saithong et al. (2010) also stated that the combination of low pH
and organic acids is the main preservation factor in fermented fish products.
Generally, the pH should be below 4.5 to inhibit the growth of pathogenic and
spoilage bacteria. Besides that, strains of certain LAB species display probiotic
activity and are widely used in the food industry due to their potential health
benefits (Hati et al. 2013).

It was found that 24 from 27 (88.9 %) identified strains of LAB were Lb.
plantarum. This finding is aligned with Desniar et al. (2013) who also reported
that Lb. plantarum was the dominant species from species of Lactobacillus during
isolation of LAB from various samples of fresh and frozen fish and prawn.
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Lactobacillus is widely recognised as being phylogenetically very heterogeneous
databases, and this is evidenced by the broad range of %GC values exhibited within
the genus of about 32-53 %. Within this genus, Lb. plantarum has a significantly
larger genome of 3.3 Mb compared to other LAB, which is relatively uniform at
1.8-2.6 Mb (Khanh et al. 2011). As many traditional lactic acid-fermented foods all
over the world contained a high number of Lb. plantarum and they have a repu-
tation for being safe and wholesome, this strongly indicates that Lb. plantarum can
be safely consumed (Danisco 2008).

3.2.2 Screening of Bacteriocin-Producing LAB Isolated from
Fermented Fish

Antibacterial agents produced by LAB can be categorised as either
non-proteinaceous or protein bacteriocins. The spectrum of activity of the main
bacteriocins of LAB against food spoilage and for food-borne pathogenic micro-
organisms has been reviewed by Piard and Desmazeaud (1992). The discovery of
nisin, the first bacteriocin used on a commercial scale as a food preservative, has
prompted research on bacteriocin of LAB in the last two decades, searching for
novel bacteriocin-producing strains from dairy, meat, plant and fermented food
products in terms of their structure and genetic (Saranraj et al. 2013).

Most lactic acid bacterial species can produce bacteriocins which are active
against the lactic acid flora itself (Piard and Desmazeaud 1992). All nine selected
strains of LAB can inhibit other LAB indicating that all strains studied are
bacteriocin-producing LAB (Table 5). The spot on lawn method was used to assess
the inhibition degree of each LAB isolate against another LAB isolates as one of the
characteristics of bacteriocin-producing LAB following the method was described
by Cadirci and Citak (2005). In this study, nine pure lactic acid bacteria (LAB)
cultures isolated from fermented fish were grown independently in de Man, Rogosa
and Sharpe (MRS) broth at 30 °C for 24 h anaerobically. Then, the cultures were
spotted on the surface of plates of de Man, Rogosa and Sharpe (MRS) agar (Merck)
and incubated anaerobically at 30 °C for 24 h. After 24 h, 0.45 ml of indicator LAB
suspensions (1.5 % v/v) was added to 30 ml MRS soft agar, and this mixture was
poured onto MRS agar plate which has been inoculated with target strain of LAB
for measuring the antagonistic activity. The inhibition zone after 24 h at 30 °C
anaerobic incubation was measured in mm. Inhibition was scored positive if the
zone was wider than 2 mm in diameter as shown in Fig. 2 (Mohankumar and
Murugalatha 2011). The results are summarised in Table 3.

The results showed that all the LAB isolates had antagonistic activity against
other LAB microflora as indicated by the presence of a clear zone of more than
2 mm except the antagonistic activity between Lb. plantarum (DBJ1) and Lb.
plantarum (ECM1) (Mohankumar and Murugalatha 2011; Naimi and Khaled
2014).

The degree of antagonistic activity observed for the LAB isolates was different
between each strain, suggesting that the antagonistic activity is influenced by the
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Fig. 2 Isolate Lb.
plantarum showed
antagonistic activity against
other five isolates of LAB

different metabolites produced and possibly strain specific. Anas et al. (2008)
described that important variations in the spectra of antagonistic activity are
noted during the characterisation of the bacteriocins. It is also noted that the
sensitivity of a strain depends on the genera, the species and even on the subspecies
(Kalchayanand et al. 1994).

Bacteriocin-producing strains of LAB may be very important in competing with
other organisms in the intestine. Bacteriocins consist of a biologically active protein
moiety, have a bactericidal mode of action and attach to specific cell receptors
(Soomro et al. 2002). Most of the Gram-positive bacteriocins are membrane-active
compounds that increase the permeability of the cytoplasmic membrane (Jack
et al. 1995). They often show a much broader spectrum of bactericidal activity
than Gram-negative bacteriocins, for example, colicins.

The bacteriocins produced by LAB offer several desirable properties that make
them suitable for food preservation; (1) are generally recognised as safe substances;
(2) are not active and nontoxic on eukaryotic cells; (3) become inactivated by
digestive proteases, having little influence on the gut microbiota; (4) are usually pH
and heat tolerant; (5) have a relatively broad antimicrobial spectrum, against many
food-borne pathogenic and spoilage bacteria; and (6) show a bactericidal mode of
action, usually acting on the bacterial cytoplasmic membrane, no cross resistance
with antibiotics, and (7) their genetic determinants are usually plasmid encoded,
facilitating genetic manipulation (Galvez et al. 2008).

3.2.3 Antimicrobial Activity of LAB Isolates from Fermented Fish
Against Food-Borne Pathogens

Control of both pathogenic and spoilage microbe in a variety of foods is important
to guarantee food quality and safety (Anas et al. 2008). Microorganisms, such as
lactic acid bacteria (LAB) produce antimicrobial compounds that can be applied as
food preservatives (Stiles 1996). Many studies on LAB isolated from foods in
Malaysia have concentrated on their use as organic acid producers (Ahmad and
Irene 2007), production of bacteriocins, antibacterial agents (Liasi et al. 2009;
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Aween et al. 2012; Muhialdin et al. 2012; Ismail et al. 2014), antibacterial activity
against multiple antibiotic-resistant (MAR) Gram-positive bacteria (Aween
et al. 2012) and Gram-negative bacteria (Salleh et al. 2014) and antifungal activity
(Mubhialdin et al. 2012).

Well diffusion assay test was used to measure the antimicrobial activity by LAB
cultures. Indicator organisms used were Listeria monocytogenes, Enterobacter
aerogenes, Klebsiella pneumoniae, Salmonella, Vibrio inaba, Staphylococcus epi-
dermis, Proteus mirabilis and Escherichia coli. Table 4 shows antimicrobial activ-
ities of selected LAB isolates from fermented fish against various pathogenic and
spoilage microbes. The antimicrobial activity of LAB isolates was significantly
different (P < 0.05) among targeted indicator organisms. It is found that all isolates
of LAB from fermented fish inhibited E. coli, P. mirabilis and V. inaba. This result
is similar to the review written by Doores (1993), where lactic acid produced by
LAB is able to inhibit the growth of Gram-negative species of the families
Enterobacteriaceae and Pseudomonadaceae. The antibacterial action of lactic
acid is largely influenced by its ability to be in the undissociated form to penetrate
the cytoplasmic membrane, resulting in reduced intracellular pH and disruption of
the transmembrane proton motive force (Ray and Sadine 1992). Figures 3 and 4
showed the antimicrobial activity of selected LAB cultures against V. inaba and
S. epidermis.

3.2.4 Heat Stability of Cell-Free Supernatant of LAB Isolates Against
Salmonella and E. coli

LAB and their metabolites have potential as natural preservatives to control the
growth of spoilage and pathogenic bacteria in foods. Heat stability was tested on the
crude bacteriocin of LAB to different heating temperatures for different periods of
time (based on usual processing operation of foods) against Salmonella and E. coli;
these pathogens are commonly associated with ready-to-eat foods. The stability of
crude supernatant from LAB isolates was determined by heating the crude super-
natant in thermostatically controlled water bath for 5 and 20 min in different
temperature ranges: 70, 80, 90 and 100 °C. In addition, sample was subjected to
autoclaving at 121 °C for 20 min to evaluate the remaining activity of crude
supernatant at sterilisation temperature. The results for the effects of heating
temperature at different times of exposures on the antimicrobial activity of crude
bacteriocin against Salmonella and E. coli are summarised in Tables 5 and 6,
respectively. The use of 37 °C as control is important to ensure no heating is
subjected to LAB cultures for comparison purposes.

As shown in Tables 5 and 6, the antagonistic activity of Lb. plantarum and Lb.
acidophilus isolated from fermented fish was significantly affected (P < 0.05) by
the combined effects of heating temperature and exposure time. There were signif-
icant interaction effects of heating temperature and exposure time of crude bacte-
riocin Lb. plantarum and Lb. acidophilus to inhibit the growth of Salmonella and
E. coli that is commonly associated with raw ‘Satar’.
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Lb. plantarum

Lb. plantarum (FBR1)

(FBI1)

Lb. plantarum
(FTS1b)

Lb. plantarum
(CBMI1a)

Lb. plantarum

Lb. plantarum (ECM1)
(DBJ1)
Fig. 3 Selected LAB cultures against V. inaba

Lb. plantarum
(FTR1(b))

Lb. plantarum .

(OGM2) . plantarum
(FBR1)

Lb. plantarum

Lb. plantarum (FTS1b)

(ECM1)

Fig. 4 Selected LAB cultures against S. epidermis

Heating the crude bacteriocin of Lb. plantarum (FTR1(b), DBJ1, CBM1(a)) and
Lb. acidophilus (FGJ2) at 70-100 °C did not affect the inhibitory activity against
Salmonella. However, heating the supernatant at 121 °C diminished the inhibitory
activity. Similar results were reported by Naimi and Khaled (2014) who found that
crude bacteriocin of Lb. acidophilus isolate NO.1 remained active when it was
heated at 60 °C, 80 °C and 100 °C for 10 min against Lb. acidophilus R0O052, but the
activity loss after boiling at 100 °C for 30 and 60 min.

As the pH supernatant used in this study was in the range from 3.8 to 4.0, it was
obvious that the heat stability of crude bacteriocin of LAB was influenced by
pH. The undissociated, more hydrophobic form of the acid diffuses over the cell
membrane and dissociates inside the cell, releasing H"-ions that acidify the cyto-
plasm (Axelsson 1990). This has been supported by Ogunbanwo et al. (2003) who
had reported that the highest antibacterial activity was exhibited in an acidic pH
range of 2—6, while inactivation occurred at pH 8—12. Two bacteriocins, namely,
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bulgarican and lactobulgarican, isolated from Lb. bulgaricus, were shown to have
the highest activity and stability at pH 2.2 and 4.0, respectively, against a range of
bacteria (Reddy et al. 1984; Abdel-Bar et al. 1987).

In general, heat stability reflects the ability of crude bacteriocin in maintaining
its inhibitory activity when subjected to different heating temperatures. This is an
important characteristic for a bacteriocin to be used as a food preservative because
heating is one of the most important steps in food processing.

4 Effect of Incorporation of Crude Bacteriocin of LAB
on Several Characteristics of Raw ‘Satar’ and Their
Microbiological Shelf Life at Ambient Temperature

In an attempt to evaluate the effectiveness of crude bacteriocin of Lb. plantarum
(isolate CBM1a) and Lb. acidophilus (isolate FGJ2) as biopreservative in ‘Satar’,
crude bacteriocins was incorporated in raw ‘Satar’. The Satar was freshly prepared
in controlled environment at the Food Technology Laboratory, UMT. The fish
(Selayang) was ground and was mixed with all ingredients such as sugar, salt,
onion, tamarind, shredded coconut and chillies using food processor. The fish was
purchased from Pulau Kambing, Kuala Terengganu. Other ingredients were pur-
chased from the local market, Kuala Terengganu. The ingredients used are
summarised in Table 7.

Then, 3 % and 6 % (v/w) crude bacteriocin of Lb. plantarum (CBM1a) and Lb.
acidophilus (FGJ2) were added together with other ingredients during mixing. Satar
sample without incorporation of bacteriocin was used as control. The prepared
samples were put in sterile closed container and stored at ambient temperature for
0, 3, 16 and 20 h, and some physical and chemical characteristics as well as
microbiological shelf life were determined.

:l“able’7 Ingredients of Ingredients Percentage (%)
Satar Fresh fish 50.0

Grated coconut 25.0

Onion 10.0

Chilli 5.0

Sugar 5.0

Tamarind 2.5

Salt 2.0

MSG 0.5

Source: Modified from personal communication, Pok Nor Satar
(2011)
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4.1 Effect of Incorporation of Crude Bacteriocin of LAB
on Several Characteristics of Raw ‘Satar’

4.1.1 Water Activity Analysis

Water activity (a,) is the amount of ‘available water’ or water available for
bacterial activity. Water activity is a measure of the amount of water that is not
bound to the food and therefore available for bacterial growth (McSwane
et al. 2005). It is one of the important factors that promote or limit the microbial
growth (Forsythe 2000). The result of water activity analysis is shown in Fig. 5.

The water activity (aw) of ‘Satar’ ranged between 0.89+0.006 and
0.98 £0.006; thus, the raw product has high water activity. Incorporation of
bacteriocins to raw ‘Satar’ resulted in significant difference (P < 0.05) in water
activity (ay,) between the control with 6 % Lb. acidophilus and 6% Lb. plantarum.
Bacteria require higher values of ay for growth than fungi, with Gram-negative
bacteria having higher requirements than Gram-positives. According to McSwane
et al. (2005), disease-causing bacteria can only grow in foods that have a water
activity higher than 0.85. Most spoilage bacteria do not grow below ayw 0.91,
whereas spoilage moulds can grow as low as 0.80 (Jay et al. 2005). Previous
study has found that aw was recorded between 0.97 and 0.99 in ‘keropok lekor’,
another Malaysian traditional product with fish as main ingredient (Nor-Khaizura
et al. 2009).

0.98 a
0.96 @2
0.94
0.92
0.9
0.88
0.86
0.84
0.82
0.8

W0 h
@3h
Oi6 h
m20h

aw value

Control 3%Lb. 6%Lb. 3%Lb. 6%Lb.
acidophilusacidophilus plantarum plantarum

Time ofstorage at ambient temperature (h)

Fig. 5 Changes in water activity of raw ‘Satar’ incorporated with crude bacteriocin of Lb.
plantarum and Lb. acidophilus stored in ambient temperature (25 +2 °C)



Effects of Incorporation of Lactic Acid Bacteria on Microbiological Quality. . . 99

4.1.2 pH Analysis

Most foods are acidic and have pH less than 7.0. The bacteria mostly prefer a
neutral environment (pH of 7.0) but are capable of growing in foods that have a pH
in the range of 4.6-9.0 (McSwane et al. 2005). The initial pH values of raw ‘Satar’
were in the range of 6.15 £ 0.08 to 6.43 4= 0.04 (Fig. 6). A reduction in pH of about
1 pH unit was observed after 16 and 20 h storage.

From Fig. 6, prolonged storage after 16 h and 20 h had significantly reduced the
pH of the samples. It was clear that this reduction of pH had benefited the samples
as preservation. Similar results also were found to samples incorporated with crude
bacteriocin and control samples (without crude bacteriocin). In the previous study,
the pH of ‘keropok lekor’ samples was below 7.0 where the pH values did not
change significantly (P > 0.05) at the different stages of ‘keropok lekor’ processing
(Nor-Khaizura et al. 2009).

4.1.3 Moisture Content Analysis

Moisture content is an important factor in bacterial growth. Foods that are high in
moisture content will favour the growth of spoilage microorganisms. Figure 7
shows the moisture content analysis of raw ‘Satar’ incorporated with Lb. acido-
philus and Lb. plantarum supernatant stored at ambient temperature (25 + 2 °C).
As the time of storage had increased, there was significant differences (P < 0.05)
between samples stored at 0, 3 and 16 h compared to samples at 20 h of storage.
Prolonged incubation at ambient temperature had significantly increased the mois-
ture content of ‘Satar’ for all treated samples. Moisture migration is a major cause

6
5

S

g

= 5 &woh

= ®3h
2 @16h
1 m20h
0

Control 3%Lb. 6% Lb. 3%Lb. 6% Lb.
acidophilus  acidophilus plantarum plantarum

Time of storage at ambient temperature (h)

Fig. 6 Changes in pH of raw ‘Satar’ incorporated with crude bacteriocin of Lb. plantarum and Lb.
acidophilus stored in ambient temperature (25 +2 °C)
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Fig. 7 Moisture content of raw ‘Satar’ incorporated with crude bacteriocin of Lb. plantarum and
Lb. acidophilus stored at ambient temperature (25 £2 °C)

of deteriorative physical changes in foods, which significantly happen after 20 h
storage at ambient temperature. The loss of moisture can result in loss of nutrients
and increase the possibility of rancidity of food products (NZFSA 2005). The
results have confirmed that the microbial growth was influenced by moisture.

4.1.4 Colour Analysis

Changes in the colour of a food will make it undesirable and can cause
economical loss.

From Table 8, it was observed that there is no significant difference (P > 0.05)
for a* and b* of colours among all samples before storage (0 h), but significant
(P < 0.05) changes in a* were observed after 3 h storage between control sample
and all other samples except for samples incorporated with 3 % Lb. acidophilus
which has no significant difference with the control. However, no significant
difference (P > 0.05) was observed for b* in Satar samples incorporated with 6 %
Lb. acidophilus and 6 % Lb. plantarum. The colour of raw Satar remains the same
during 16 h and 20 h of storage. From the colour analysis, it was observed the colour
of raw ‘Satar’ was between grey and light grey.
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4.2 Microbiological Quality and Shelf Life of Raw ‘Satar’
After Incorporating with Crude Bacteriocin of LAB

Specific microbial growth and changes during storage are generally influenced by
some factors such as the initial microbial load at the first time the product is stored;
the physicochemical properties of the food, such as moisture content, pH, presence
of preservatives; the processing methods used in the production of the food; and the
external environments of the food, such as the surrounding gas composition and
storage temperature (Kilcast et al. 2000).

The food chain during food manufacturing can influence the combination of
intrinsic and extrinsic factors that affect the quality and safety shelf life of foods
(NZFSA 2005). The processes can be conveniently classified as microbiological
changes, physicochemical changes and temperature-related changes (Kilcast
et al. 2000).

Microbiological proliferation of spoilage and/or pathogenic microorganism can
be formulated using predictive microbiology approach, as it is a reliable tool for
providing an estimation of the course of the bacteria in the foods and, indirectly,
providing an estimation of shelf life of the product when the cause of spoilage is
known to be microbiological. The main concept behind the application of predic-
tive microbiology is the use of specific spoilage organisms (SSO) as indicator for
spoilage. The detailed principles and methodologies for the determination of shelf
life are described comprehensively by Valero et al. (2012).

According to New Zealand Food Safety Authority (NZFSA 2005), the end of
shelf life is defined based on the maximum numbers of microorganisms allowable
to be present in the foods based on the recommended guideline by regulatory and
peer review from food microbiology experts. However, in other cases, the end of
shelf life also can be determined by sensory or biochemical deterioration. Micro-
biological guidelines for ready-to-eat (RTE) foods sampled at the point of sale act
as standard for the microorganisms in the food (Gilbert et al. 2000). The guideline
levels for determining the microbiological quality of ready-to-eat foods is
summarised in Table 9.

4.2.1 Aerobic Plate Count of ‘Satar’ After Incorporating with Crude
Bacteriocin of LAB

Figures 8 and 9 show the APC of raw ‘Satar’ incorporated with different concen-
trations (3 and 6 %) of crude bacteriocin Lb. acidophilus or Lb. plantarum stored at
ambient temperature and different times, respectively.

The control sample (without the incorporation of bacteriocin) reached unsatis-
factory level (>10° CFU/g) after 8 h stored at ambient temperature. The APC of
samples ‘Satar’ incorporated with 3 % crude bacteriocin of Lb. acidophilus
remained at log;o 5 which is within the acceptable level even after 20 h storage at
ambient temperature. However, incorporation of 6 % crude bacteriocin of Lb.
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Table 9 Guideline levels for determining the microbiological quality of ready-to-eat foods

Microbiological result (CFU/g unless otherwise stated)
Test Good Acceptable ‘ Unsatisfactory | Potentially hazardous
Standard plate count
Category A <10* <10° >10° N/A
Category B <10° <10’ >107 N/A
Category C N/A N/A N/A N/A
Indicators
Enterobacteriaceae <107 10? to <10* >10* N/A
E. coli <3 3to <10’ >10° N/A
Pathogens
C. perfringens <10? 10% to <10° 10% to <10* >10*
B. cereus <10°  |10°to <10° |10’ to <10* >10*

Source: Modified from NSW Food Authority (2009)

Note: Category A, fully cooked for immediate sale or consumption; Category B, fully cooked with
further handling or processing before consumption; Category C, uncooked fermented ingredients
or fresh fruit and vegetables; N/A, Not available

Fig. 8 Aerobic plate count 8
of raw ‘Satar’ incorporated 7
with crude bacteriocin of o 5 m
Lb. acidophilus stored at =
ambient temperature 3 4 ——— )
(2542 °C) and different $ 3 LA
. : —— 0% Lb acidophilus

storage times - 5

1

0

0 3 6 9 12 15 18 21
Storage time (h) at ambient temperature (25£2°C)

Fig. 9 Aerobic plate count 8
of raw ‘Satar’ incorporated 7
with crude bacteriocin of 6 v
Lb. plantarum stored at _“:9‘? 5
ambient temperature S 4 —— Contral
(25 +2 °C) and different g% 3 —— 3% Lb plantarum
storage times =5 —— 6% Lb plawarum

1

0

0 3 6 9 12 15 18 21
Storage time (h) at ambient temperature (25+2°C)

acidophilus was able to prevent the growth of spoilage microorganisms
(<10° CFU/g) within 18 h only as shown in Fig. 8.

The results clearly demonstrated that the incorporation of 3 % and 6 % crude
bacteriocin of Lb. acidophilus in raw ‘Satar’ can be used to extend the end of shelf
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life from 7 to 8 h (control) to about 18 h. The results demonstrated that bacteriocin
produced by Lb. acidophilus can be used as biopreservative to extend the shelf life
of raw ‘Satar’. It is reported that Lb. acidophilus produce class II acidosis CHS that
have restricted activity towards Gram-positive bacteria (Chumchalova et al. 2004).

Similar reduction in APC was observed in raw ‘Satar’ samples incorporated with
3 and 6 % crude bacteriocin of Lb. plantarum in which APC was below the spoilage
level after 12 h storage. However, studies by Todorov (2008) on the bacteriocin
AMA-K produced by Lb. plantarum, temperatures of 4 °C and 15 °C resulted in
reduction of 50 % of adsorption of this bacteriocin AMA-K to cells of L. innocua
LMG13568 and L. ivanovii subsp. ivanovii ATCC19119.

4.2.2 Enterobacteriaceae Count of ‘Satar’ After Incorporating
with Crude Bacteriocin of LAB

Enterobacteriaceae is pathogenic towards human. The family is subdivided into a
number of genera that are FEscherichia, Salmonella, Shigella, Klebsiella,
Enterobacter, Yersinia and others based on their biochemical characteristics and
pathogenicity. Generally, the Enterobacteriaceae count of raw ‘Satar’ was <10*
within 16 h storage. Incorporation of crude bacteriocin from Lb. acidophilus and
Lb. plantarum to raw ‘Satar’ at 3 and 6 % further reduced the Enterobacteriaceae
count to <10® CFU/g within 16 h storage at ambient temperature (Figs. 10 and 11).
It was expected that ingredients from Satar contribute to the presence of Entero-
bacteriaceae and mesophilic bacteria (APC).

In ready-to-eat foods that are fully cooked, Enterobacteriaceae are used as an
indication of either post-processing contamination or inadequate cooking. As they
can be found in raw foods, their detection may not be an indication or any
processing failure (NSW Food Authority 2009).

Enterobacteriaceae are a group of bacteria that can be found in many environ-
ments. Some Enterobacteriaceae can be found in the intestinal tract of humans and
animals, soil, vegetable matter and marine environments. The presence of
Enterobacteriaceae in raw ‘Satar’ is expected since ingredients such as raw fish,
raw grated coconut and other ingredients may contain Enterobacteriaceae.

Fig. 10 Entero- 6
bacteriaceae count of raw
‘Satar’ incorporated with

crude bacteriocin of Lb. =0 end of shelflife
acidophilus stored at 5
ambient temperature 2 = Control

%‘0 ——— 3% Lb acidophilus

(25+2 °C) and different -
storage times —— @ Lb. acidophilus

0 3 6 9 12 15 18 21
Storage time (hours) at ambient temperature (25+2°C)
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Fig. 11 Entero- 6
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-
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However, incorporation of the crude bacteriocin from the two LAB observed can
prevent their growth within 16 h storage. Additionally, the raw ‘Satar’ will be
grilled before consumption, and this will further ensure the safety of RTE ‘Satar’.
However, for ready-to-eat food, the range of contamination of Enterobacteriaceae
must not exceed 4 log;oCFU/g as has been described by Food Standards
Australia/New Zealand (FSANZ 2001).

5 Conclusion

Among nine isolates of LAB from fermented fish, supernatants of four isolates were
studied extensively for their heat stability at different heating temperatures (70, 80,
90, 100 and 121 °C) and heating times (5 and 20 min). Two strains, Lb. acidophilus
and Lb. plantarum, were chosen for the incorporation of their crude bacteriocin in
raw ‘Satar’, and their characteristics and microbiological shelf life were evaluated.
Incorporation of crude bacteriocin of Lb. acidophilus and Lb. plantarum at 3 % and
6 % did not significantly affect (P > 0.05) the water activity and pH, but signifi-
cantly increased the moisture content when ‘Satar’ was stored more than 20 h at
ambient temperature. There was no significant difference (P > 0.05) for a*value
and b*value of ‘Satar’ among all samples at 0 h of storage time, except after 3 h of
storage at ambient temperature. The colour analysis of samples showed a range of
colour between grey and light grey. Although crude bacteriocin was used in this
study, it was possible to see the inhibitory effects on APC and Enterobacteriaceae
and extending the shelf life or raw ‘Satar’ suggesting that such bacteriocin can be
used in a seafood-based food with a pH of around 3.8—4.0 as well as high water
activity. The challenge of improving the shelf life of food especially food with
neutral pH using preservatives is not straightforward. More researches are needed
in understanding the roles of LAB in preserving the foods while extending the shelf
life of seafood-based foods.
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Abstract Leuconostoc spp. are gram-positive and heterofermentative bacteria,
which are capable of transforming glucose molecules into carbon dioxide, ethanol,
and lactate. Leuconostoc spp. exist in vegetables, silage, fermented food products,
and feces, among other places. These bacteria are used as a starter culture in food
and beverage fermentation in order to improve the nutritional and organoleptic
quality and to extend shelf life. They produce exo-polysaccharides (dextran or
levan), oligosaccharides, mannitol, bacteriocins, and vitamins. In this chapter, we
present an extensive discussion on Leuconostoc spp., especially general
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information including morphology, taxonomy, growth characteristics, metabolism,
starter uses in fermented foods, and beneficial health effects as potential probiotics.

1 General Introduction

Leuconostoc is the major bacterial genus in fermented foods found from the initial
to the middle stage of fermentation (Han et al. 1990; Plengvidhya et al. 2007). As a
heterofermentative bacteria, Leuconostoc transforms glucose molecules into carbon
dioxide, ethanol, and lactate (Caplice and Fitzgerald 1999; Kuipers et al. 2000).
In addition, low molecular weight organic compounds produced by Leuconostoc
provide aroma and flavor to the fermented products (Caplice and Fitzgerald 1999).
Leuconostoc and other LAB are generally recognized as safe (GRAS) and have
been widely used all around the world to improve the preservation, sensorial
characteristics, and nutritional value of various products, including milk, meat,
and vegetables (Stiles and Holzapfel 1997). Leuconostoc spp. exist in many natural
ecological niches such as green vegetation and roots from where they are easily able
to propagate into various environments such as vegetables, silage (Ennahar
et al. 2003), and fermented food products. In addition, Leuconostoc spp. have
been isolated from feces and breast milk (Auge et al. 1987; Dal Bello et al. 2003).

Among LAB, Leuconostoc spp. are implicated in a variety of aspects of eco-
nomic importance: (1) fermentation of foodstuffs such as vegetables (kimchi,
sauerkraut, pickles, etc.) and meat products; (2) generation of carbon dioxide gas
in cheeses (especially blue-veined cheeses) providing pores; (3) production of
flavoring compounds in many dairy products; (4) in situ production of dextran in
saccharose-containing products, or as high-value polymers for industrial or clinical
use; and (5) potential roles in functional foods.

1.1 Morphology

Leuconostoc cells are gram-positive, asporogenous, and nonmotile. Most of the
Leuconostoc strains display a coccoid morphology, which varies depending on the
growth conditions. Cells may be present singularly or in pairs, and form short- to
medium-length chains (Table 1). In the presence of sucrose, several Leuconostoc
strains produced extracellular dextran which forms an electron-dense coat on the
cell surface by means of dextransucrase (Fig. 1).
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Table 1 Characteristics of

L toc (Thunell
%ggl; euconostoc (Thune Spherical cells, often lenticular on agar

Gram-positive coccus

Occur usually in pairs and chains

Nonmotile

Catalase-negative

Asporogenous

Facultative anaerobes

Cytochromes absent

Arginine not hydrolyzed
Non-proteolytic

Indoles not formed

Nitrates not reduced

Non-hemolytic

Vancomycin-resistant

Generally regarded as nonpathogenic

Optimal temperature 20-30 °C
Chemo-organotrophs (require rich, complex media)

1.2 Taxonomy

Phenotypic characters have been used for a long time to isolate and characterize
Leuconostoc strains and, sometimes, to differentiate between species or subspecies.
As it is difficult to identify species or subspecies unequivocally using the classical
methods, new molecular techniques have been developed which permit reliable and
consistent identification. In addition to traditional methods (microscopy, plate
counting, etc.), several modern techniques like Random Amplified Polymorphic
Polymerase Chain Reaction (RAPD-PCR), species-specific PCR, multiplex PCR,
16S rRNA sequencing, gradient gel electrophoresis, Restriction Fragment Length
Polymorphism, and cluster analysis of Temporal Temperature Gradient Electro-
phoresis are employed to characterize and identify Leuconostoc spp. (Jung
et al. 2014; Greppi et al. 2015). These genomic methods have been used alone or
in combination for the identification of species or subspecies. Three major genera,
Leuconostoc, Oenococcus, and Weissella, have been distinguished (Collins
et al. 1993; Dicks et al. 1995). The Leuconostoc genus includes L. mesenteroides
(with the three subspecies, L. mesenteroides, L. dextranicum, and L. cremoris) and
fourteen other species, L. citreum, L. carnosum, L. durionis, L. fallax, L. ficulneum,
L. pseudoficulneum, L. fructosum, L. gasicomitatum, L. gelidum, L. inhae,
L. kimchii, L. lactis, L. halzapfelii, and L. pseudomesenteroides (Euzéby 1997)
(Fig. 2).
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Fig. 1 Morphologies of L. citreum KACC 91348P (Jin et al. 2014). (a) Colonies on sucrose-agar
medium. (b) White circling in (a): W, wild-type strain producing dextran; M, mutant strain
producing no dextran. (¢) Morphology of the strain producing dextran as observed by SEM.
(d) Morphology of the strain producing no dextran as observed by SEM

1.3  Growth Characteristics

Leuconostoc spp. are facultative anaerobes (Sneath et al. 1986). All species of
Leuconostoc require a rich medium supplemented with complex growth factors and
amino acids. The cultivation of Leuconostoc spp. depends upon the enriched broth
and selective or nonselective media used for isolating a particular genus from a
mixture of microorganisms as well as to maintain the culture (Bjorkroth and
Holzapfel 2006). Various media that meet the general nutritional requirements of
Leuconostoc normally provide high recovery rates, without completely inhibiting
other groups. The most common media satisfying the requirements are APT,
Briggs, MRS, La, and BHIYE. Classical MRS medium with or without omission
of citrate and meat extract is the common medium for cultivation of pure strains of
Leuconostoc. A number of media formulae were developed for physiological
studies of sugar fermentation pattern, gas production, dextran formation, citrate
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e - Leuconostoc fallx LNG 131777 (AF360738)

Leuconostoe durionis LNG 22533567 (AJ780891)

Leuconostoc frictosim LNIG 94987 (AF360737)

Leuconostoc pseudoficulnenm LMG 238997 (AY 169967)

Leuconostoc ficulnewm LNG 219287 (AF360736)

Leuconostoc pseudomesenteroides LMG 114827 (X95979)
g Leuconostoc mesenteroides subsp. mesenteroides LMG 68937 (N95978)
— Leuconostoc lactis LMNMG 88947 (AB023968)
Leuconostoe citrewm LNG 98497 (AF111948)
Leuconostoc holzapfelii sp. nov. LMG 239907 (AM600682)
Leuconostoc kimehii TH257 (AF173986)
Leuconostoc carnosum LNG 114987 (AB022925)
Leuconostoc gasicomitatm LNG 188117 (AF231131)

Leuconostoc gelidum LNG 182977 (AF439560)

Leuconostoc imhae LNIG 229197 (AF439560)

Weissella viridescens LNG 35077 (AB023236)

Fig. 2 Phylogenetic neighbor-joining tree based on the 16S rRNA gene sequences showing the
relationships of Leuconostoc species. Weissella viridescens LMG 3507 was used as the outgroup.
Numbers at the branching points indicate bootstrap percentage values (>50) based on 500 tree
replications

degradation, and other purposes (Bjorkroth and Holzapfel 2006). A chemically
defined medium has been formulated, which satisfies the nutritional requirements of
a representative number of Leuconostoc strains, and promotes quick growth
comparable to that of a complex medium (Foucaud et al. 1997; Kim et al. 2012a,
b). Strains of Leuconostoc grow at 30 °C, similar to mesophilic Lactococcus starter
cultures, but a lower temperature is known to be more favorable. In fact, most
strains grow well at 10 °C and even at 4 °C (Hamasaki et al. 2003). In contrast,
some strains have been thought to be thermostable as they resist pasteurization
and their presence on equipment caused contamination of milk, which is further
pasteurized (Martley and Crow 1993). Optimum growth of the non-acidophilic
species is achieved between pH 6 and 7, depending on the medium used. Growth of
Leuconostoc spp. was arrested when the pH is lowered to 4.0.

1.4 Metabolism

Growth of Leuconostoc is dependent on fermentable carbohydrates in the medium
(Garvie 1986). Glucose is converted to equimolar amounts of b-lactate, ethanol, and
carbon dioxide via hexose monophosphate (6-phosphate gluconate) and pentose
phosphate pathways, under micro-aerophilic condition (Schmitt et al. 1997). Key
enzymes present in all Leuconostoc spp. are glucose 6-phosphate dehydrogenase
and  xylulose-5-phosphoketolase.  Lactate  dehydrogenase, acetaldehyde
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Fig. 3 General metabolism of Leuconostoc (Hemme and Foucaud-Scheunemann 2004). Major
products formed are indicated in bold. Numbers refer to enzymes involved or steps:
1, dextransucrase; 2, mannitol-dehydrogenase; 3, f-galactosidase; 4, esterase; 5, NADH oxidase;
6, alcohol dehydrogenase; 7, phosphoketolase; 8, phosphotransacetylase, 9, a-acetolactate
decarboxylase; 10, acetate kinase; 11, a-acetolactate synthase; 12, nonenzymatic formation;
13, diacetyl reductase; 14, oxaloacetate decarboxylase; 15, lactate dehydrogenase; 16, citrate
lyase; 17, malate dehydrogenase; 18, formation of aspartate; 19, malolactic enzyme; 20, ATPase

dehydrogenase, and alcohol dehydrogenase regenerate NAD from reduced NAD
(NADH) (Condon 1987). However, in the presence of oxygen, strains of
L. mesenteroides use NADH oxidases and NADH peroxidases as alternative mecha-
nisms to regenerate NAD. The general metabolism of Leuconostoc is presented in
Fig. 3.

A number of mono- and disaccharides facilitate growth of Leuconostoc strains
(Holt et al. 2001). Leuconostoc spp. incorporate carbohydrates by means of perme-
ases that allow sugars to enter the cell without modification of the substrate (e.g.,
phosphorylation when the phosphoenolpyruvate (PEP)-sugar phosphotransferase
system (PTS) system is involved). Leuconostoc spp. ferment fructose, pentose, and
galactose and mannose (Cogan and Jordan 1994; von Weymarn et al. 2002). It was
found that the utilization of raffinose and lactose by Leuconostoc varies depending
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on strains. Enzymes involved in this process have been characterized (Carr
et al. 2002).

In common with many other properties of Leuconostoc strains, amino acid
requirements are variable between different strains of all species. Valine and
glutamic acid are the only amino acids required by all strains, and methionine is a
strong growth stimulator. Riboflavin and folic acid are often required and some
strains do not grow in the absence of adenine, guanine, xanthine, and uracil.
Leuconostoc spp. do not require alanine for growth, but all strains require thiamine,
panthothenic acid, and biotin (Garvie 1967). Leuconostoc spp. are non-proteolytic.

Citrate and malate are the organic acids most frequently fermented by
Leuconostoc spp. These bacteria metabolize citrate to acetate, acetoin, diacetyl,
2,3-butylene glycol, and carbon dioxide (Speckman and Collins 1968). The pH of
the medium has an effect on the ratio in which these compounds are formed. At
neutral pH, acetate, lactate, carbon dioxide, and small amounts of formate and
2,3-butylene glycol are formed (Keenan 1968). On the contrary, acetoin and small
quantities of diacetyl are produced in low pH conditions.

2 Starter Uses in Fermented Foods

2.1 Occurrence in Foods

Leuconostoc spp. are industrially important microbes that are used worldwide in a
variety of industrial food fermentations (Table 2). The microbial flora source can
either be the raw material, as is the case for milk cheeses, kimchi, and some
fermented sausages, or a commercial starter culture production.

2.2 Roles of Starters in Fermented Foods

Historically, the production of fermented foods and beverages was obtained by
spontaneous fermentation, caused by the microorganisms that existed on the raw
materials. More recently, direct addition of selected starter strains to food materials
has been preferred by the food industry. The advantages of direct addition included
easy control over the fermentation process and standardization of the final product
(Leroy and De Vuyst 2004). A starter culture can be defined as a microbial
preparation of a large number of one or more microorganisms, which is introduced
to a raw material enabling the production of a fermented food by accelerating and
controlling its fermentation process (Caplice and Fitzgerald 1999). Industries
mainly utilize commercial starter cultures which are available as frozen and
freeze-dried concentrates for direct inoculation (Sandine 1996).
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Table 2 Leuconostoc in fermented foods (Hemme and Foucaud-Scheunemann 2004)

Products | Foodstuff Raw material Microorganisms
Dairy Butter and cream Milk LAB
Cheese Milk LAB, yeasts, mold
Fermented milks (amasi, maziwa | Milk LAB, yeasts
lala, laban, filmjolk, kefir,
pindidam, etc.)
Meat Sausages Meat Yeasts, molds
Salami Meat LAB
Fish Sauce foods (balacham, Fish, shrimp LAB
chinchaluk, pekasam, som-fak,
etc.)
Cereal Beverages (beer, boza, bushera, Malt, maize, corn, rice, LAB, yeasts,
idli, dadih, jangsu, ogi, pozol, millet molds
sobia, etc.)
Dough and starch accompani- Maize, sorghum, tef, rice | LAB, yeasts
ments (bread, flour, mawe, puto,
trahanas, etc.)
Sauce foods (tsauco, etc.) Rice, soybeans LAB
Vegetable | Sauerkraut Cabbage LAB
Kimchi Various vegetable LAB
Pickles, sayur-asin Olives, beetroot, cab- LAB
bage, cucumber, carrot,
sweet pepper
Dough and starchy accompani- Cassava, taro LAB
ments (agbelima, flour, fufu,
sapal, etc.)
Cocoa Yeast, acetic acid
bacteria, LAB
Coffee LAB, yeasts,
Enterobacteriaceae
Juice LAB
Fruit Tempoyak Durian fruit LAB
Kocho Ensete ventricosa LAB

Leuconostoc spp. grow poorly in milk and, therefore, must be combined with
acid-producing Lactococci in order to act as flavor producers in mixed cheese
starter cultures (Server-busson et al. 1999). During fermentation, Leuconostoc
spp. co-metabolize lactose and citrate, leading to the production of lactate, acetate,
carbon dioxide, ethanol, acetaldehyde, diacetyl, acetoin, and 2,3-butanediol
(McSweeney and Sousa 2000). These compounds contribute to the organoleptic
properties of unripened dairy products including buttermilk, sour cream, fresh
cheese, and semi-hard cheese varieties with eyes, such as Edam and Gouda
(Levata-Jovanovic and Sandine 1997). Penicillium roqueforti was grown in carbon
dioxide which was produced using Leuconostoc strains (resulting in openness of the
cheese) in the early stages of Roquefort production (Devoyod and Poullain 1988).
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Eleven wild Leuconostoc strains isolated from artisanal Afuega’l Pitu cheese, a
homemade acid-coagulated cheese made from raw milk in Asturias (northern
Spain), were investigated to test their potential application as components of
dairy starter cultures and their technological feasibilities. Metabolic activity, pro-
duction of flavor compounds, resistance to NaCl, acid, nisin, and freezing, as well
as genetic biodiversity were also studied (Sanchez et al. 2005).

The addition of sourdough fermented with LAB-synthesizing organic acids and
oligo- and exo-polysaccharides (EPS) from sucrose enhanced texture, nutritional
value, shelf life, and machinability of wheat, rye, and gluten-free bread. Compar-
ison studies were conducted for acetate, mannitol, and oligosaccharide formation of
Weissella and Leuconostoc spp. in the traditional sourdough starter Lactobacillus
sanfranciscensis (Galle et al. 2010). L. citreum HO12 and W. koreensis H020
isolated from kimchi were evaluated as starter cultures in the production of
whole-wheat sourdough bread. Sourdoughs and breads with 50 % sourdough
showed consistent activity to retard the growth of bread-spoilage fungi and rope-
forming bacteria. Selected strains have unique fermentation characteristics and
produce sourdough breads with an overall satisfactory quality (Choi et al. 2012).

Research has shown the potential benefits of using starter cultures in low-salt
conditions for sauerkraut fermentation. Tolonen and others (Tolonen et al. 2002)
compared cabbage inoculated with a mixed culture of L. mesenteroides and
Pediococcus dextrinicus that fermented without a starter culture. Both the decline
in pH and the completion of fermentation occurred more rapidly with this mixed
culture. Wiander and Ryhénen (2005) found several LAB mixed starter cultures
promoted a rapid decrease in pH in cabbage. Furthermore, the mixed culture
containing L. mesenteroides and Lb. plantarum gave sauerkraut and sauerkraut
juice the most desirable sensory characteristics. Cabbage fermented with
L. mesenteroides consistently produced sauerkraut with a firm texture and reduced
off-flavors. In addition, fermentations were rapid, with a uniform decline in pH
when the starter culture was added. The application of this method to sauerkraut
production showed consistent fermentation and generated nonbiodegradable chlo-
ride waste (Johanningsmeier et al. 2007).

As kimchi has become a globally popular food because of its taste and health-
promoting properties, its commercial market size has gradually increased [Korean
kimchi market size in 2012 was approximately USD2,300 million; Nonghyup
economic research institute (http://www.nheri.re.kr/)]. The quality of the kimchi
products varies depending on the raw materials even though it is processed under
controlled conditions. The use of starter cultures has been suggested as an alter-
native for quality development and uniform kimchi production; therefore, cur-
rently, kimchi LAB including L. mesenteroides, L. citreum, and Lb. plantarum
featured properties such as mannitol production, antimicrobial activity, and acid
and bile tolerances are being used as kimchi fermentation starters (Jung et al. 2014).
Besides the adaptability of kimchi starters to kimchi fermentation conditions, the
production of major organic acids (lactate and acetate) and mannitol as well as other
components such as minor organic acids, amino acids, flavoring compounds,
vitamins, biogenic amines, and bacteriocins should be carefully considered for
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the development of kimchi starters. In addition, a psychrotrophic L. citreum pro-
ducing highly active dextransucrase was isolated to be used as a starter of kimchi
(Eom et al. 2007, 2008).

These bacteria contribute to fermentation primarily by promoting the rapid
formation of lactic acid from the available carbon source leading to acidification
of the food raw material, which is a critical parameter in the preservation of
fermented products. Upon acidification of the product during fermentation, the
carbohydrate metabolites contribute to the flavor, texture, and the preservation.
Fermentation may also increase the nutritional and functional quality of food by
increasing its digestibility or by reducing its toxicity (Gueguen et al. 1997). Various
patented starters of Leuconostoc genus and their uses in fermented foods are
presented in Table 3.

2.3 Monitoring Leuconostoc spp. During Fermentation

In addition to molecular finger printing methods described in the previous part
(Sect. 1.2 Taxonomy), a barcoded pyrosequencing method was used to investigate
the effects of a L. mesenteroides strain as a starter culture for kimchi by monitoring
microbial changes during fermentation (Jung et al. 2012). A competitive
quantitative-PCR (CQ-PCR) method was newly developed for rapid analysis of
the population dynamics of lactic acid bacteria (LAB) in kimchi (Ahn et al. 2015).
In addition, a strain-specific starter monitoring system was developed by integration
of chloramphenicol resistance marker gene (cat) into chromosomal DNA of
L. mesenteroides DRC (Eom et al. 2008).

2.4 Drawbacks as Starter

Low pH is considered a growth-restrictive factor for most Leuconostoc spp. grown
in different media. Due to the accumulation of acids in the medium, the high cell-
density cultivation to overproduce the starter cells has not been achieved yet.
Furthermore, the starter culture necessarily grows to become a dominant strain in
the acidic condition after addition to the fermenting foods. Therefore, the ability of
Leuconostoc to survive, grow, and metabolize actively under acidic stress condi-
tions is very important for industrial applications. Pre-adaptation in acidic condition
and addition of glutathione exhibited increase in tolerance of Leuconostoc (Kim
et al. 2012a, b, 2014).

While various beneficial roles of Leuconostoc spp. are known in fermented
foods, there is still risk of p-lactic acidosis; they produce p-lactic acid as major
product during fermentation and accumulation of p-lactic acid in blood can be
harmful to patients or infants (FAO/WHO 1974). p- and L-Lactic acids are optical
isomers, which are generated in different fermented foods and metabolized into
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pyruvate by the enzyme lactate dehydrogenase (Jin et al. 2006). Genetic mani-
pulation has been used to improve the adaptability and functionalities of kimchi
starters. For example, Lb. plantarum 1dhL gene encoding L-(+)-lactate dehydro-
genase was cloned into the p-lactate producer L. citreum to increase the ratio of
L-(+) lactate (Jin et al. 2009).

3 Beneficial Health Effects of Leuconostoc

Probiotics as a live microbial food supplements provide beneficial health factors to
the consumers by improving their intestinal microbial balance (AFRC 1989). The
Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) define probiotics as “live microorganisms, which
when administered in adequate amount confer health benefits on the host”
(FAO/WHO 2002). Probiotic strains are considered nonpathogenic and safe. The
most common types of bacteria used as probiotics are LAB. Lactobacillus acidoph-
ilus, Lb. casei, Lb. lactis, Lb. helveticus, Lb. salivarius, Lb. plantarum, Lb.
bulgaricus, Lb. rhamnosus, Lb. johnsonii, Lb. reuteri, Lb. fermentum, Lb.
delbrueckii, Streptococcus thermophilus, Enterococcus faecium, E. faecalis,
Bifidobacterium bifidum, B. breve, B. longum, and Saccharomyces boulardii are
commonly used as bacterial probiotics (Suvarna and Boby 2005). Probiotics
enhance intestinal health by limiting nutrients, inhibition of mucosal adherence of
pathogens, inhibition of epithelial invasion by pathogens, the production of anti-
microbial substances, and/or the stimulation of mucosal immunity (Servin and
Coconnier 2003). Probiotics in humans and animals play an important role in the
prevention of diarrhea and ulcer treatment and have an impact on lactose intoler-
ance and diarrheal disease. Meanwhile, nondairy probiotic products are of signifi-
cant worldwide interest due to the growing trend of vegetarianism and to an
increasing incidence of lactose intolerance in many populations. China, Japan,
and some African countries promote the idea of producing nondairy-based
probiotics in other products such as cereals, fruits, and vegetables, due to lactose
intolerance, cholesterol content, and dairy allergies (Granato et al. 2010).
Leuconostoc genus is regarded a potential probiotic for nondairy fermented foods.

3.1 Production of Microbial Polysaccharides or
Oligosaccharides

L. mesenteroides produces EPSs, which are homopolysaccharides consisting of
a-D-glucans such as dextrans, mainly composed of a-1,6-linked residues with
variable (strain-specific) degrees of branching, and alternates composed of a-1,3
and a-1,6 linkages. Like dextran, levan, a fructan, can be made by levan sucrase
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elaborated by L. mesenteroides (Kang et al. 2011). Dextran or levan can improve
the rheology of fermented foods (viscosity and elasticity) as natural biothickeners,
emulsifiers, gelling agents, and physical stabilizers to bind water and limit syneresis
(Duboc and Mollet 2001). Levan has been proposed to be an antitumor agent, as a
raw material suitable for cosmetics, and a component of animal food (Rhee
et al. 2002).

Isomaltooligosaccharides (IMOs or branched low molecular weight dextran) are
a-(1—6)-linked oligodextrans and they induced selective effect on the gut
microbiota and stimulated synthesis of short chain fatty acids, indicating prebiotic
sustainability in distal regions of the gut (Sarbini et al. 2013). Sanz et al. (2005)
reported a similar prebiotic effect of a-(1—6) and a-(1—3)-linked oligosaccharides
obtained from the reaction between sucrose and maltose, catalyzed by an
alternansucrase isolated from L. mesenteroides NRRL B-21297.

EPSs are synthesized either extracellularly from sucrose by glycansucrase or
intracellularly by glycosyltransferases from sugar nucleotide precursors (Génzle
and Schwab 2009). Specific glycosyltransferase and dextran or levansucrase
enzymes are involved in the biosynthesis process (Vuyst and Degeest 1999;
Monchois et al. 1999). Eight glycansucrase-encoding genes from
L. mesenteroides were cloned (Bozonnet et al. 2002). The gene coding for an
inulosucrase in L. citreum was also cloned, sequenced, and expressed in E. coli.

When L. citreum and the sugars (sucrose and maltose) were added in kimchi,
IMOs were produced by acceptor reaction of dextransucrase (Cho et al. 2014).
Same reaction was applied to milk fermentation to synthesize IMO (Seo
et al. 2007).

3.2 Production of Mannitol

Mannitol is a six-carbon sugar alcohol that is synthesized by various organisms
including heterofermentative LAB and has a number of applications in the food,
pharmaceutical, and chemical industries. Mannitol has a lower calorie level than
sugar, which it makes suitable for use as a sweetener in “light” foods. Leuconostoc
and Oenococcus have been reported to produce mannitol effectively (Carvalheiro
et al. 2011; Soetaert 1990). In these species, fructose can act as an external electron
acceptor in a reaction involving mannitol dehydrogenase, which catalyzes the
reduction of fructose to mannitol and vice versa (Ghoreishi and Shahrestani
2009). L. citreum KACC 91348P, isolated from kimchi, showed superior capacity
of mannitol production with a higher yield showing that it could be used as an
efficient mannitol producer in fructose-containing foods (Otgonbayar et al. 2011).
Use of a membrane cell-recycle bioreactor has been described as a method to
achieve high yields of mannitol (von Weymarn et al. 2002). The low calorie
sweeteners produced by these strains possess a number of properties that contribute
to potential health benefits, including having a low glycemic index, potential for use
as osmotic diuretics, for weight control, and as antiplaque agents and prebiotics.
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These GRAS substances could be especially useful to children, diabetic patients,
and weight watchers (Patra et al. 2009; Monedero et al. 2010).

3.3 Vitamin Production

Vitamin K is involved in blood clotting, tissue calcification, and atherosclerotic
plaque formation and also plays a key role in maintaining the bones and kidneys
(Olson 1984). Vitamin K is present as menaquinone (vitamin K2) which is pro-
duced by some intestinal bacteria, like LAB, especially by strains of the genera
Leuconostoc. The clinical condition of osteoporosis in infants is caused by intra-
cranial hemorrhaging due to a vitamin K deficiency (LeBlanc et al. 2011). Strains of
L. lactis, L. mesenteroides subsp. cremoris, and L. mesenteroides subsp.
dextranicum producing significant amounts of menaquinones (vitamin K2) have
been characterized, and the use of these strains would be beneficial for the preven-
tion of vitamin K deficiency diseases (Morishita et al. 1999). In addition, the
production of folate (vitamin B9) has been reported in L. lactis and
L. paramesenteroides (Sybesma et al. 2003).

3.4 Production of Antimicrobial Substances

Bacteriocins are antimicrobial proteins or peptides produced by bacteria and
archaea for competition against other organisms in the same environment. LAB
produced various antimicrobial substances and organic acids such as lactic acid,
acetic acid, and bacteriocins, during fermentation. Among them, bacteriocins safely
and effectively inhibit the proliferation of pathogenic bacteria. Accordingly, bac-
teriocins have great potential as natural food biopreservatives (Nissen-Meyer
et al. 2010). Several bacteriocin-producing Leuconostoc strains have been isolated
and were subsequently identified as L. gelidum UAL 187, L. paramesenteroides-
La7a, L. carnosum-Tal la, and L. citreum (Hastings et al. 1994). All strains produce
bacteriocins, which are active against Listeria monocytogenes and other LAB.
Some strains isolated from different food matrices possess the capacity to produce
bacteriocins such as leucocylin Q, leucocin C, and mesentericin Y105 (Masuda
et al. 2011; Martinez-Murcia and Collins 1991; Hastings et al. 1994; Héchard
et al. 1999; Papathanasopoulos et al. 1997; Todorov and Dicks 2004). Based on
their biochemical properties, most of these bacteriocins can be classified as class II
bacteriocins, which are small (<10 kDa), heat-stable membrane-active peptides
that do not contain lanthionine, with an N-terminal consensus sequence
(YGNGVXCaaCVaaV), and possess anti-Listeria activity (Klaenhammer 1993).
Besides, phenyllactic acid (PLA) is an antimicrobial compound naturally syn-
thesized from phenylpyruvate in various fermented foods. When cultured in the
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presence of phenylpyruvate, growing cells of L. mesenteroides produced a maxi-
mum conversion yield (83 %) of D-PLA (Li et al. 2014).

3.5 Immunomodulation

As the incidence of allergic diseases has increased over decades, it has been widely
accepted that decreased exposure to microbial infection in infancy due to higher
hygienic standards and more frequent antibiotic treatments might contribute to a
defect in the maturation of Th1-dependent immune responses (1—4). The increased
generation of IgE, which is one of the typical features of allergy, has been explained
by the insufficient population of Thl cells to reciprocally inhibit Th2 cells (Gavett
et al. 1995). Kang et al. (2009) reported that L. citreum KACC 91035-regulated
serum IgE generation in allergic response in Balb/c mice to be useful in preventing
the development and progression of IgE production.

3.6 Potential Probiotics

Probiotics as microbial dietary adjuvants have beneficial effect to the host by
modulating mucosal and systemic immunity, as well as improving the nutritional
and microbial balance in the intestinal tract. The mechanisms of LAB used as
probiotics include the production of inhibitory substances against pathogens,
competition for essential nutrients, adhesion sites, and tolerance for pH and bile
in gastrointestinal tract.

A few studies have reported the strong potential of using Leuconostoc spp. as a
probiotic strain. Studies for the feasibility of diarrhea control in children by feeding
them fermented milk revealed that Indian Dahi containing 10® g/L Lc. lactis and
L. mesenteroides reduced the mean duration of diarrhea by 0.3 days (Agarwal and
Bhasin 2002). Kekkonen et al. (2008) showed that the use of Leuconostoc spp. as a
probiotic strain was better at inducing cytokines than the probiotic Lactobacillus
strain which is currently in clinical use. In aquaculture systems, it has been reported
that L. mesenteroides isolated from snakehead fish intestine is a new potential
probiotic. Moreover, L. lactis has been shown to have a potential as a single starter
culture in Kanoon-jeen production and could reduce the microbial risk and ferment-
ation processing time. Additionally, Leuconostoc spp. have potential as protective
cultures for vacuum-packed meat products (Budde et al. 2003), and the bacteriocins
of Leuconostoc can be used as protective agents in combination with another starter
culture in fermented meat (Drosinos et al. 2005). L. mesenteroides subsp.
mesenteroides from Algerian camel milk is a strong growth inhibitor of Listeria
spp. Probiotic profiling and inhibition spectra against food-borne pathogens in
mixed cultures were also investigated. In in vitro studies, both L. mesenteroides
strains exhibited a significant probiotic property: showing high survival level at low
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pH (2-3 and 4) in the presence of bile salts and in the presence of pepsin
(Benmechernene et al. 2013). In addition, L. lactis was isolated from the gastro-
intestinal tract of black porgy, Sparus macrocephalus, and identified by conven-
tional biochemical characteristics and 16S rRNA gene sequence analysis. The
isolated strain showed tolerance to bile contents and resistance to low pH and
survived well in a trypsinase and pepsin solution. These results indicated that
L. lactis might be an attractive candidate for probiotics in marine aquaculture
(Zhang et al. 2013).

4 Conclusion

In this chapter, we introduced that Leuconostoc species are currently used as starter
culture in different fermented foods and they are regarded potential probiotics
owing to various health beneficial effects. However, given that the human gastro-
intestinal tract is a complex and hostile environment, it appears unlikely that
common Leuconostoc spp. will be capable of influencing the microbial ecology
of the host and of beneficially affecting gut health. It is more likely that these effects
will require the introduction of superior strain having resistance to acid and bile salt
after sequential screening and evaluation in in vitro and in vivo tests. Furthermore,
it is essential that these probiotic strains not be developed as individual entities but
rather as the active ingredients of the food products that are ultimately intended for
human consumption.
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Abstract The increasing health awareness and public interest in nutraceuticals and
functional foods are growing tremendously, driven along with the continuous
efforts of scientific researches in proving and identifying the properties and poten-
tial applications of nutraceutical substances. Nutraceuticals are reported as active
natural compounds possessing chemoprotective, antioxidative, anti-inflammatory,
and osteogenetic properties, which could be obtained from food or being part of a
food. Soy contains phytochemicals such as isoflavones and phytosterols that pro-
mote health. Soymilk is considered as an economical substitute for dairy and an
ideal nutritional supplement for vegan and lactose-intolerant population. The nutri-
tional content of soymilk supports the growth of beneficial microbes, while the
fermentation process enriches the medium with various bioactive components.
Fermentation improves the bioavailability of isoflavones, assists in digestion of
protein, reduces anti-nutritional factor, enhances calcium solubility and vitamin
content, promotes intestinal health, and supports immune system. Fermentation of
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soymilk has indeed offered the population a nutraceutical with physiological
benefits and/or provides protection against diseases such as cardiovascular disease,
bone health, anticancer, obesity treatment, and antidiabetic property. This health
potential has granted fermented soymilk to be positioned as a nutraceutical.

1 Introduction

Foods and nutrients play a vital role in normal functioning of the body. They are
helpful in maintaining the health of the individual and in reducing the risk of
various diseases. Nutraceutical, a contraction of nutrition and pharmaceutical, is
created by the US Foundation for Innovation in Medicine as “any substance that
may be considered a food or part of a food and have value in health promoting,
disease prevention and treatment or semi-medicinal properties” (Rodriguez
et al. 2006). The growing awareness of nutraceutical benefits has led a drastic
shift of health-care economics towards nonprescription nutraceuticals as self-
medication in prevention and disease control. The worldwide nutraceutical market
has been projected to reach US$250 billion by 2018 (Global Information Inc. 2012).
Annual health-care expenditure of around 20 % has been predicted to be attribut-
able to the widespread consumption of nutraceutical/functional food
(Sun-Waterhouse 2011).

Nutraceuticals are reported as active natural compounds possessing
chemoprotective, antioxidative, anti-inflammatory, and osteogenetic properties,
which could be obtained from food industry, herbal and dietary supplement,
pharmaceutical industry and bioengineered microorganisms, agroproducts, or
active biomolecules (Sharma 2009). Among others, soy-based products are per-
ceived as healthy food encompassing most of the aforementioned health beneficial
effects. Soy (Glycine max) is a legume indigenous to East Asia, though the main
cultivation areas are now North America (FAO 2007). Soybean is high in protein
and oligosaccharides such as raffinose and stachyose, which is known to promote
the growth of indigenous microorganisms in the intestinal tract, though they may
also cause unpleasant flatulence (Wang et al. 2003). However, the virtues of
soybean have been declared, evidenced by the long history of consumption of
more than 1000 years. The relatively low cost of soybean protein compared with
animal proteins and the simple way it can be fashioned into palatable high protein
food such as tofu and soymilk contributes to its role as an alternative protein source
(Ang et al. 1985). Soymilk, the aqueous extract of whole soybean, is said to be
invented by the legendary An Liu about 2000 years ago in China (He and Chen
2013). It is also low in fat and is an excellent dietary fiber and contains a variety of
micronutrients and phytochemicals. In addition, it contains equally abundant
amount of protein as dairy milk and is deemed suitable for vegan and lactose-
intolerance population.
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Fermentation was originally conducted to preserve food. Yet, the fermentation
process has indeed caused modification in texture, color, and flavor as well as
improved beneficial nutritional content of food. Fermentation has been frequently
used as an effective bioprocess to enhance the functional properties of food
materials such as the production of bioactive compounds, attributable to the meta-
bolic activity of microorganism involved. Promising probiotics such as Lacto-
bacillus and Bifidobacterium are often being incorporated in fermented soymilk
to improve the quality of the product and health status of consumers. The ability of
the microorganisms to utilize the nutrients during growth in the soymilk led to an
increase in the concentrations of metabolites. Changes in the concentrations of
crude protein, sugars, B vitamins, and organic acids as well as enhancement of
isoflavones bioavailability in soymilk can be detected upon fermentation which
thus increases the virtue of soymilk as a nutraceutical (Hou et al. 2000). This
chapter highlights the research findings on the nutraceutical property of fermented
soymilk. At this conjunction, the suitability of soymilk as a vehicle for the delivery
of probiotics while improving its nutritional quality before delivery to the host,
compositional alterations during microbial fermentation, and the liberation of
bioactive compounds in the fermented soymilk to produce a nutritionally enriched
nutraceutical are also discussed.

2 Fermentation by Beneficial Microbes to Enhance
Nutraceutical Property of Soymilk

Lactose intolerance and cholesterol content are major drawback of dairy beverages
which have indeed promoted the development of new probiotics carrier such as
vegetable and fruit beverages as well as soy-based drink. Soymilk, the aqueous
extract of whole soybean, has been used to emulate the “probiotic delivery role” of
dairy beverages and is considered as a suitable economical substitute for dairy milk.
This feature is attributable to the high content of indigestible oligosaccharides
present naturally in soymilk to serve as carbon source for the fermentation of
probiotics. After fermentation, the flatulence-causing oligosaccharides can be
reduced to minimum level upon ingestion. Apart from the high a-galactosyl
glucosides, the variable amount of soy protein provides pool of peptides and
amino acids essential for growth of probiotics (Shihata and Shah 2000).
Probiotics have been reported to produce various glycosyl enzymes simul-
taneously that enable the microorganisms to hydrolyze various glycosidic bonds
(Amaretti et al. 2006). The suitability of soymilk as a probiotic carrier is attributed
to the ability of probiotics possessing various glycosyl hydrolases such as
a-galactosidase, p-galactosidase, and p-fructofuranosidase that hydrolyze various
glycosidic bonds, which enable them to utilize the abundantly found glycosyl
sugars such as raffinose and stachyose for growth. The trisaccharide raffinose and
tetrasaccharide stachyose in soymilk are hydrolyzed to p-galactose and sucrose by
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the enzyme o-galactosidase. a-Galactosidase acts upon gal-gal bonds in the
tetrasaccharide stachyose, releasing galactose and raffinose, and also acts upon
gal-glu bonds with the release of sucrose (Mulimani et al. 1997). Meanwhile,
raffinose is hydrolyzed by the a-galactosidase to release galactose and sucrose,
and an invertase will then hydrolyze the B-(1,2)-fructofuranoside bond of this
disaccharide, releasing fructose and glucose (LeBlanc et al. 2004). The concen-
tration of oligosaccharides such as raffinose and stachyose has been reduced in
soymilk upon fermentation by the a-galactosidase activity-possessing probiotics,
with changes in the concentration of simpler sugar such as glucose and fructose to
support their growth (Ewe et al. 2010; Yeo and Liong 2010). By possessing
a-galactosidase activity, probiotics has been found to be able to minimize the
content of flatulence-causing oligosaccharides in soymilk, thus improving its
acceptability.

Upon hydrolysis by probiotics, the oligosaccharides in soymilk are broken down
into simple sugars. The glucose moiety is metabolized via homofermentative or
heterofermentative pathway by lactobacilli, while bifidobacteria breakdown glu-
cose via the fructose-6-phosphate shunt. In addition to glucose, lactobacilli, and
bifidobacteria are also capable of utilizing fructose as a carbon source (Gomes and
Malcata 1999). Caescu et al. (2004) demonstrated that intracellular fructose was
metabolized via the fructose-6-phosphate phosphoketolase pathway.

A series of metabolic activities occur during the fermentation of probiotics in the
soymilk, such as the production of organic acids and a decrease in pH. Being
homofermentative, both L. acidophilus and L. gasseri ferment glucose predomi-
nantly to lactic acid via the Embden—Meyerhof-Parnas pathway, accompanied by
the production of minor amounts of acetic acid, while heterofermentative L. casei
and L. fermentum metabolize glucose via pentose phosphate pathway to produce
equimolar amount of lactic acid/ethanol and CO, as the end products. On the other
hand, the metabolism of carbohydrates by Bifidobacterium strains follows the
fructose-6-phosphate shunt, yielding 2 moles of lactic acid and 3 moles of acetic
acid per mole of glucose in pure glucose medium as carbon source. The production
of organic acids in soymilk during fermentation is desirable due to their health-
promoting potential upon consumption, where study has elucidated that acetate
produced by probiotic bifidobacteria can protect the host from enteropathogenic
infection (Fukuda et al. 2011).

Probiotics are able to grow in soymilk because they possess a proteolytic system
that degrades soy protein, the glycinin and B-conglycinin (Aguirre et al. 2008). The
cell-envelope proteins (CEP) of probiotics degrade the soy protein into
oligopeptides and are subsequently transported into the cell via specific peptide
transporter. The peptides are then further degraded into shorter peptides or amino
acids by various intracellular peptidases to support their growth (Kunji et al. 1996;
Christensen et al. 1999). The enhanced availability of amino acid in growth
medium could increase the viability of probiotics (Kehagias et al. 2008). Apart
from degrading the whole protein into amino acid to support growth, the pro-
teinases of various probiotics are capable of releasing angiotensin I-converting
enzyme (ACE)-inhibitory peptides, and thus a blood pressure-lowering effect can
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be derived from the soymilk proteins (Wang and De Mejia 2005). Regardless of the
novel beneficial effects exerted by unfermented soymilk, fermentation process of
probiotics in soymilk enhances the functional properties of soymilk, covering the
advantages granted by probiotics, soy protein, and phytoestrogens and the gener-
ated bioactive metabolites, yielding a nutraceutical offering beneficial effects
beyond the basic nutritional functions.

In order to improve growth of probiotics in soymilk, soymilk fortified with
prebiotics, vitamins, and growth factor-derived components has been studied for
their potential growth-stimulating activity. Supplementation of B vitamins (Ewe
et al. 2010); prebiotics such as inulin, fructooligosaccharides, mannitol, and malto-
dextrin (Yeo and Liong 2010); nitrogen sources such as yeast extract, peptone,
tryptone, and casitone (Chou and Hou 2000); and carbon sources such as sucrose,
fructose, and lactose (Wei et al. 2007) has successfully stimulated the growth of
probiotics in soymilk. Therefore, soymilk fermented by probiotics could be a
potential nutraceutical with delivery of nutrients and bioactive compounds includ-
ing vitamins, minerals, antioxidants, as well as probiotics. An intake of the afore-
mentioned fermented soymilk could exert health beneficial effects to host beyond
its basic therapeutic benefits.

Mixed culture fermentation has longed been practiced in the production of milk-
based products such as yogurt, sourdough, and wine consisting of multiple strains or
species (De Vuyst and Neysens 2005; Courtin and Rul 2004; Rodriguez and Manca
de Nadra 1995). Heterogeneity of food is one of the major reasons which encourage
mixed culture or coculture fermentation of a food product. The physicochemical
compositions of food provide diverge niches for specialized strains, leading to
distinct flavor and aroma characteristics as well as functional properties. Apart
from achieving/enhancing desired organoleptic properties, cocultures also promote
productivity from cheaper raw substrates (Lee et al. 2001). The coexisting strains in
the growing medium interact physically through physical contact or signaling
molecules as well as through nutritional relations, where physiochemical changes
of nutritional environment induced by one strain trigger a response in another strain
(Sieuwerts et al. 2008). Such interactions could either mutually benefit both party or
appear detrimental (Hugenholtz 1986). Sieuwerts et al. (2008) discussed the five
main mechanisms of microbial interactions in mixed cultures which include
amensalism, competition, commensalism, parasitism, and mutualism. The effects
of interactions may either be positive, neutral, or negative, determined by the
interactions at the level of substrates, exchange of metabolites, and growth factors
or inhibiting compounds.

The organoleptic property of fermented soymilk is one of the main challenges
that resisted its wide acceptance despite its emerging role as a new carrier for
probiotics. As a result of the lack of economic importance, up to date, only limited
study investigated the positive/negative effects of combination strain fermentation
on nutraceutical properties as granted upon single culture fermentation, merely on
preliminary growth and metabolic activities. Nevertheless, persistent efforts of
researchers in search of improving the quality of the fermented product have
never ceased. Several coculture fermentations in soymilk have been performed
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using Pediococcus acidilactici, Lactobacillus acidophilus, and Saccharomyces
cerevisiae; Streptococcus thermophilus, Bifidobacterium infantis, and B. longum;
and B. adolescentis and Propionibacterium freudenreichii subsp. shermanii. The
bacteria selected are of probiotic characteristics as well as dairy sources. Coculture
fermentation of the bacteria in soymilk showed higher utilization of carbohydrate
(raffinose and stachyose) and amino acids and release of metabolites such as lactic,
acetic, and propionic acids than the single culture (Santos et al. 2014; Wu
et al. 2012; Wang et al. 2003). The use of yeast cells in co-fermentation gives
rise to greater pool of B vitamins and proteins which has enabled a shorter
fermentation period while enhancing the growth of probiotics. The strains have
been found to possess mutualism characteristics where growth stimulation was
observed upon fermentation. Strain interactions involving exchange of metabolites
and growth factors could be reasons of the enhanced performance (Sieuwerts
et al. 2008).

3 Bioactive Compounds in Fermented Soymilk

Probiotic-fermented food products exert added advantages due to the ability of
probiotics to regulate intestinal microflora and impart several bio-therapeutic
effects such as antihypertensive, antioxidative, and hypocholesterolemic effects
(Jones 2002). It is the enzymic activity of probiotics in enhancing biotransformation
of isoflavones and hydrolysis of protein, releasing the bioactive compounds from
their native structure that is less bioactive and bioavailable.

3.1 Biotransformation of Isoflavones

Isoflavone phytoestrogens, found abundantly in soymilk, belong to a class of
diphenol compounds that have structural and functional similarities to the human
estrogen, oestradiol-17p. The parent isoflavones are the aglycone structures of
daidzein, glycitein, and genistein, which are conjugated to form malonyl-, acetyl-,
and p-glucoside configurations. Gut microflora or probiotics readily hydrolyze the
main isoflavonoid glucosides in soymilk, including genistein and daidzein into
bioactive aglycones (Cornwell et al. 2004). Probiotics have been reported to possess
the ability to biotransform glucosides to aglycones. This is achieved through the
enzyme B-glucosidase, enabling probiotics to replace intestinal bacteria in releasing
the bioactive aglycone from soymilk. Pyo et al. (2005) reported that an increased
concentration of isoflavone aglycones in soymilk was associated with high
B-glucosidase activity of lactic acid bacteria. Intestinal p-glucosidases often
biotransform conjugated glucosides to bioactive aglycones via hydrolytic cleavage.
However, probiotics that are capable of producing p-glucosidase could also liberate
such bioactive properties. Consumption of probiotic strains of Lactobacillus and
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Bifidobacterium was shown to increase f-glucosidase in humans’ fecal samples
(Marteau et al. 1990).

Past studies have shown that the concentrations of isoflavone aglycones in
soymilk are increased upon fermentation by probiotics. The increase in the enzymes
from the fermentative probiotics increases the bioavailability of aglycones in
fermented soymilk, resulting in increased isoflavone absorption efficiency which
may then manifest in greater physiological effects of the aglycone-enriched
fermented soymilk compared to glucoside-enriched unfermented soymilk (Kano
et al. 2006). In a study performed by Chien et al. (2006) on the transformation of
isoflavone phytoestrogens during soymilk fermentation, the concentration of iso-
flavone aglycones (daidzein, glycitein, and genistein) has increased to 100 %, while
a reduction of 50-90 % in the concentration of glucoside counterparts upon
fermentation by S. thermophilus and B. longum was observed. In addition, Pham
and Shah (2007) also found that the level of bioactive aglycones increased from 8 %
in non-fermented soymilk to approximately 50 % due to fermentation by
Bifidobacterium, while the concentration of malonyl-, acetyl-, and glucoside iso-
mers decreased by 50 %, 60 %, and 85 %, respectively, in soymilk fermented by
B. animalis.

Several attempts have also been made to enhance the enzymic transformation of
isoflavone glucosides to aglycones of probiotics in soymilk such as establishing
favorable growth conditions and application of sublethal physical treatments on
probiotic cells. Ewe et al. (2012a, b, 2013) demonstrated that sublethal physical
treatments such as ultrasonication, electroporation, and UV radiation have been
shown to enhance membrane permeabilization of the probiotic cells. The increased
permeability promoted growth of treated cells to beyond 8 log;o CFU/mL after
fermentation, associated with enhanced p-glucosidase-specific activities. This led
to enhanced bioconversion of isoflavones and higher accumulation of isoflavones
aglycones in the fermented soymilk medium.

3.1.1 Bioavailability of Isoflavones

Soymilk contains a reasonable amount of isoflavones which are proclaimed to
impart potential therapeutic effects. In general, isoflavones can exist naturally in
soymilk as four distinctive chemical forms, namely, aglycones, -, malonyl-, and
acetyl-glucosides. The chemical structures of the isoflavones and its metabolites
influence the extent of absorption; aglycone form is more readily absorbed and
bioavailable than the highly polar conjugated glucosides (Kano et al. 2006). In
general, approximately 80-95 % of isoflavones in unfermented soymilk exist as
glucoside conjugates which are less bioactive and non-bioavailable. Therefore, the
existing form of isoflavones in unfermented soymilk may seem to be irrelevant in
terms of bioactivity and bioavailability.

Among the isoflavones, aglycones are more favorable due to its higher bio-
activity and bioavailability. Clinical trials have demonstrated that the aglycone-
enriched fermented soymilk is more bioavailable in human than the glucoside-
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enriched unfermented soymilk (Kano et al. 2006). A total of twelve healthy
volunteers (9 men and 3 women) were given three types of soymilk (100 mL),
namely, plain soymilk as the control, f-glucosidase-treated soymilk, and probiotic-
fermented soymilk to study the absorption and excretion of isoflavones in different
soymilk. Consumption of soymilk fermented by L. mali YIT 0243 and B. breve
strain Yakult was found to increase the concentration of total isoflavones in human
serum by 118.1 % compared to control soymilk after 4 h of ingestion. The authors
suggested that soy isoflavones that have been bio-converted to aglycones by
probiotics were absorbed more quickly and efficiently than the glucoside forms in
unfermented soymilk. This was mainly due to the lower hydrophilicity and mole-
cular weights of aglycones which allow an efficient intestinal absorption. In addi-
tion, probiotics in fermented soymilk might also improve the intestinal metabolism
of isoflavones (Kano et al. 2006).

In addition to bioconversion of glucosides to aglycones, probiotics was found to
metabolize daidzein into equol when grown in soymilk (Tsangalis et al. 2002).
Equol is a secondary isoflavone metabolite that possesses more potent estrogenic
metabolite and has a greater affinity for estrogen receptors (ERs). It has been
suggested that equol may be the most important feature contributing to the effi-
ciency of soy isoflavones. The chemical structure of equol is strikingly similar to
human estradiol where it has been reported to have an activity of approximately
0.2-0.5 % of estradiol (He and Chen 2013). Thus, it is expected that equol could
bind to estrogen receptor and regulate various hormone-dependent diseases such as
menopausal health and breast and prostate cancers (Setchell et al. 2002). However,
equol is not readily available in most processed soy food, and in human, only one
third of the population is capable of producing it in sufficient amounts. It is
interesting to note that soymilk fermented by probiotics contained an appreciable
amount of aglycones and biological potent equol (Tsangalis et al. 2002). This
finding suggests that fermentation of soymilk could produce nutraceutical with
enriched bioactive aglycones and equol. Figure 1 illustrates the bioconversion of
isoflavone and the bioactivity of aglycones and its metabolites.

3.2 Release of Bioactive Peptides During Fermentation

Fermented soy products have been claimed as an excellent source of bioactive
peptides (Yang et al. 2004). The enrichment of fermented medium with bioactive
peptides is attributed to the proteolytic activity of microorganisms. Probiotics has
been reported to exhibit proteolytic activity leading to release amino acids and
shorter peptide chains from soy protein to meet their requirement for growth (Liong
et al. 2009). Strains of lactobacilli have been found to produce proteinases that
could hydrolyze long oligopeptides, liberating angiotensin I-converting enzyme
(ACE)-inhibitory peptides (Gobbetti et al. 2000) with antihypertensive properties
(Nakamura et al. 1995).
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Fig. 1 Bioconversion of conjugated daidzein to equol and structural similarity of equol and
estradiol which enables the binding of equol to estrogen receptors

3.2.1 ACE-Inhibitory Peptides

Soy contains a rich source of high-quality protein. Proteolytic activity of probiotics
could cleave the soy protein into various amino acid and peptides. Some of the
peptides produced are bioactive and could impart antihypertensive effect. These
bioactive peptides react by inhibiting the activity of angiotensin I-converting
enzyme (ACE), an enzyme that is responsible for the regulation of blood pressure.
ACE catalyzes both the production of the vasoconstrictor angiotensin II and the
degradation of the vasodilator bradykinin, resulting in overall increase of blood
pressure. Therefore, inhibiting the activity of ACE could lead to a reduction of
blood pressure.

In a recent study investigating the multifunctional properties of soymilk
fermented by Enterococcus faecium, the authors found that the fermented soymilk
possessed ACE-inhibitory activity and could be a promising strategy in the pre-
vention therapy against cardiovascular disease (Martinez-Villaluenga et al. 2012).
Donkor et al. (2007) demonstrated that soymilk fermented by L. acidophilus 110,
B. lactis B94, L. casei 126, B. longum B1536, and L. casei Lc 279 possessed
varying degree of proteolytic activity and exhibited ACE-inhibitory activity rang-
ing from 17 % to 43 % inhibition after fermentation at 37 °C for 48 h. Similarly, Ng
et al. (2008) demonstrated that L. bulgaricus FTCC 0411 and L. fermentum FTD
13 could liberate peptides with ACE-inhibitory activity in tofufa. In addition, the
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ACE-inhibitory activity was relatively stable and the inhibition remained high
(approximately 70-80 % inhibitory) even after 9 days of storage at 4 °C.
Probiotic-fermented soy whey (a by-product produced during the manufacturing
of tofu) was also found to exert in vitro antihypertensive properties, most probably
attributed to the high proteolytic activity observed (Fung et al. 2008). In another
study, Donkor et al. (2005) demonstrated that mixed probiotic cultures could
produce ACE inhibitors in soy yogurt and the ACE-inhibitory activity increased
over the storage periods with an ICsy value of 0.28 mg/mL and 69.7 % of ACE
inhibition at the end of 28 days of storage at 4 °C. The mixed cultures of probiotic
including L. acidophilus LAFTI® L10, B. lactis LAFTI® B94, and L. paracasei
LAFTI® L26 substantially increased the ACE-inhibitory activity in soy yogurt as
compared to the control yogurt fermented by yogurt culture only. This improve-
ment was partly due to higher proteolytic activity of probiotic cultures. Considering
that probiotic-fermented soy products could produce bioactive peptides with
ACE-inhibitory activity, it has been strongly suggested that consumption of these
functional products could possibly prevent the risk of hypertension in in vivo
models. Thus far, only peptide His—His—Leu derived from fermented soy paste
was assayed in pure form in SHP, where a decrease of 32 mmHg of SBP was
reached at a dose of 100 mg/kg (Shin et al. 2001). Although fermented soymilk has
shown promising ACE-inhibitory activity in in vitro studies, the peptides fractions
that are responsible for the activity have yet to be characterized from fermented
soymilk, and thus further elucidation is needed.

4 Functionality of Bioactive Compounds in Fermented
Soymilk

Soybeans and their constituents have been extensively studied for their role in
preventing chronic disease, owing to the vast differences in occurrence of metabolic
diseases between Chinese and Western women. It has been indicated that dietary
factors may account for the different and it should be accredited to soy-containing
diet. Consequently, a great amount of scientific reports demonstrating the beneficial
effects of isoflavones has been reported in a variety of in vitro, in vivo, and clinical
studies. These evidences encompass the function of bioactive compounds of soy
towards the reduction of risk factors such as cardiovascular diseases, cancer,
hypertension, and osteoporosis. These beneficial effects have been largely ascribed
to bioactive peptides and isoflavone aglycones which are released upon ferment-
ation of soy by beneficial microorganisms such as probiotics. The probiotics
makeup in the fermented product could always exert their distinctive benefits
upon consumption such as modulation of host defense responses and protection
against infectious diseases (Saulnier et al. 2009; Mazmanian and Kasper 2006;
Sonnenburg et al. 2006). Likewise, the coined health beneficial effects governed by
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probiotics, fermentation, and soymilk have granted fermented soymilk as a nutra-
ceutical that could be available in the market at a lower budget.

4.1 Cardiovascular Health

High serum cholesterol/triglyceride levels that lead to dyslipidemia, endothelial
dysfunction, and hypertension and the inflammatory process have been associated
with the induction and perpetuation of cardiovascular diseases (Fraga et al. 2010).
The capability of fermented soymilk to confer cardiovascular health effects on the
host could be achieved through various mechanisms. For instances, the antihyper-
tensive effects of soy isoflavones have been reported by Nestel et al. (1997), where
soy isoflavones could improve systemic arterial compliance. Furthermore, genistein
was observed to be able to exert cardioprotective effect, in combination with its
ability to lower blood pressure in postmenopausal women (Teede et al. 2001). In a
recent study Kim et al. (2014) reported that Lactobacillus plantarum-fermented
soymilk improved dysregulated lipid metabolism in rats fed with high-
cholesterol diet.

4.1.1 Atheroschlerosis

Atherosclerosis, a hallmark of cardiovascular disorders, is always associated with
hypercholesterolemia, hypertriacylglyceridemia, and/or low serum
HDL-cholesterol (Grundy 1998). Tsai et al. (2009) reported that Momordica
charantia-supplemented soy skim milk fermented with L. paracasei subsp.
paracasei NTU 101 was found to be effective in preventing and decelerating
hyperlipidemia-induced atherosclerosis. Serum cholesterol level and athero-
sclerotic plaques in the aorta were decreased by 69 % relative to the group of
hamsters fed a high-cholesterol diet.

The development of atherogenesis involves the activation of a series of cell
signal via stimulation of thromboxane A, (TxA,) receptors. TxA, is a
pro-atherogenic metabolite of arachidonic acid. Soy isoflavone aglycones such as
genistein and equol have been found to be able to act as an antagonist of TxA,
receptors, which then inhibits TxA,-mediated platelet responses (Munoz
et al. 2009; Nakashima et al. 1991). Furthermore, genistein and daidzein exert
protective effect of cardiovascular health through inhibition of platelet adhesion
and aggregation as well as the secretory activity of platelets (Munoz et al. 2009;
Borgwardt et al. 2008; Guerrero et al. 2005; Gottstein et al. 2003; Sargeant
et al. 1993). Thus, with increasing concentration of isoflavone aglycones and
equol upon microbial fermentation in soymilk, the product could probably exert a
protective effect towards the development of atherosclerosis and thus reduce the
risk of cardiovascular-related diseases.
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4.1.2 Hypocholesterolemia

Dietary cholesterol, along with fatty acids, has been shown to be a significant
contributor to blood cholesterol level (Spady et al. 1993). Studies have suggested
there is a negative association between dietary soy compositions with incidence of
dysregulated cholesterol metabolism (Taku et al. 2007; Hgie et al. 2005; Lin
et al. 2004). The regulation of lipid metabolism involves the transcriptional regu-
lation of sterol regulatory element-binding protein (SREBP), as well as transcrip-
tion factor such as liver X receptor alpha (LXRa) and/or various regulatory steps at
the posttranscriptional and/or posttranslational level (Horton et al. 2002; Joseph
et al. 2002; Field et al. 2001; Chambers and Ness 1997). Kim et al. (2014) have
recently proposed a model about the beneficial effects of fermented soymilk
(containing higher aglycones than the unfermented soymilk) on lipid profiles and
the related gene expression in the liver and adipose tissues of rats fed on a high-
cholesterol diet. Fermented soymilk has been found to downregulate SREBP-1c
and SREBP-2 and expression of their target genes, including 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR), low density lipoprotein receptor
(LDLR), fatty acid synthase (FAS), and stearoyl-CoA desaturase (SCD1). Further-
more, fermented soymilk elevated adipose expression levels of genes involved in
triglyceride-rich lipoprotein uptake (ApoE, VLDLR, and Lrpl) and fatty acid
oxidation (PPARa, CPTIa, LCAD, CYP4Al, UCP2, and UCP3),
HDL-biogenesis (ABCA1l, ApoAl, and LXRa), and adiponectin signaling
(AdipoQ, AdipoR1, and AdipoR2) as well as levels of phosphorylated AMPK
and ACC. Taken together, this study provided a better insight of molecular modu-
lation of fermented soymilk with increased levels of isoflavone aglycones in
improving lipid metabolism induced by a high-cholesterol diet, via enhancing a
reduction of SREBP-dependent cholesterol and triglyceride synthesis in liver, and
promoting adiponectin signaling and PPARa-induced expression of genes involved
in triglyceride-rich lipoprotein clearance, fatty acid oxidation, and reverse choles-
terol transport in adipose tissues.

4.1.3 Antihypertension

One of the most intermediary factors involved in the modulation of hypertension is
the action of angiotensin-converting enzyme. Angiotensin [-converting enzyme
(ACE) inhibition is a key clinical target for blood pressure control, where ACE
inhibitors can lower blood pressure by reducing the production of angiotensin II and
subsequently inhibiting the degradation of bradykinin (Saito 2008), a peptide that
causes the blood vessels to dilate. The ACE-inhibitory peptides are inactive within
the sequence of the parent protein but can be released by microbial activity
(Korhonen 2009). Hence, fermentation is considered to be an effective way to
produce the bioactive peptides. ACE-inhibitory peptides can be derived from a
variety of fermented products including soymilk upon fermentation by various
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starter microorganisms (FitzGerald and Murray 2006). In addition to yogurt bacte-
ria and cheese starter bacteria, probiotic bacteria have been demonstrated to
produce different bioactive peptides in soymilk during fermentation. Probiotics
are able to grow in soy products because they possess a proteolytic system that
degrades soy proteins, the glycinin and f-conglycinin (Aguirre et al. 2008). Upon
fermentation, the proteinases of various probiotics are capable of releasing
ACE-inhibitory peptides, and thus a blood pressure-lowering effect can be derived
from the soymilk proteins (Wang and De Mejia 2005). Several studies have
demonstrated that Lactobacillus and Bifidobacterium are capable of releasing
antihypertensive peptides which are ACE-inhibitory peptides from soy-based pro-
tein (Donkor et al. 2005, 2007).

Apart from ACE-inhibitory peptides, the antihypertensive effect of fermented
soymilk was also attributable to isoflavone aglycones such as daidzein, genistein,
and equol. Despite having weaker binding affinity for estrogen receptors, moderate
consumption of fermented soymilk has actually contributed to high concentrations
in plasma that sufficiently cause physiological effects (Cornwell et al. 2004). Iso-
flavone aglycones play a role in inhibition of estrogen sulfotransferase, leading to
in vitro increase of circulating estrogens. Furthermore, the isoflavone aglycones
such as equol could inhibit the production of contraction factor endothelin-1 via
ER-dependent mechanisms, leading to vasodilation and antihypertensive effect.

4.2 Anticancer Effect

Epidemiological studies showed that people with high soy isoflavonoid intake have
lower rates of several types of cancers including breast, prostate, and colon cancer
(American Institute for Cancer Research 2000). The high intake of isoflavone-rich
soy by Asian population is hypothesized to contribute towards their relatively lower
incidence of clinical cancers than the Western counterparts (Duncan et al. 1999).
The protective effect of soy isoflavones on breast cancer development is suggested
to be a hormonal effect involved in lowering circulating levels of unconjugated sex
hormones. Isoflavones also could inhibit enzyme activity that would lead to the
development of prostate cancer (Cornwell et al. 2004). Guha et al. (2009) revealed
in an epidemiological study that increased consumption of daidzein and glycitein
could reduce risk of breast cancer compared to no intake of soy isoflavones among
postmenopausal women. In fact, soy isoflavones are structurally similar to endo-
genous estrogens (He and Chen 2013). Soy isoflavones such as daidzein, genistein,
and glycitein have been proposed to modulate the occurrence of breast cancer
through both hormonally mediated and non-hormonally related mechanism with
genistein being the most potent chemoprotective isoflavone.

Genistein has been claimed to act as an agonist of ERp to compete with
endogenous estrogens for binding with ERs in which prolong exposure of cells to
endogenous estrogens has been known to increase the risk for the development of
breast cancer. Genistein displays weak estrogenic activity mediated by ERs, with a
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preferential binding to ERP (Kuiper et al. 1998). It could inhibit estrogen-promoted
cell growth without interfere with estrogen-regulated transcription. Thus, by regu-
lating the functions of ERp, genistein confers protective effects in breast cancer
cells (Cappelletti et al. 2006).

Genistein also involves in epigenetic modifications via upregulated expression
of tumor suppressors p>' and p'® whereas downregulated expression of BMI1 and
¢c-MYC complexes in the prevention of cancer (Li et al. 2013b). Furthermore,
studies also revealed that genistein promotes reactivation of ERa via remodeling
of chromatin structure in ERa promoter. Herewith, genistein can prevent cancer
development and reduce the growth of ERa-negative mouth breast tumors, which
provide a more effective option in breast cancer therapy (Li et al. 2013a).

Genistein also has an impact on gene expression at a genome-wide scale through
regulation of endogenous estrogen-induced genes. Nevertheless, it possesses lower
potency resulting in less ERa binding sites and less gene expression changes
compared to those induced by endogenous estrogens (Gertz et al. 2012).

Likewise, genistein is capable of binding and activating peroxisome proliferator-
activated receptors (PPARs) that play essential roles in the regulation of cellular
differentiation and development (Belfiore et al. 2009). It has been known that
genistein can stimulate cell growth activity at nanomolar concentration but inhibits
cell growth at micromolar concentration. Studies have shown that genistein is
capable of inhibiting cell proliferation and triggers apoptosis in human breast
cancer cells and triple-negative breast cancer cells (TNBC) through inhibition of
NF-kB activity via the MEK5/ERKS pathway. This indicated that the suppression
of cell growth and induction of apoptosis in TNBC can be achieved through
inhibition of MEKS5/ERKS5/NF-kB pathway (Pan et al. 2012). Concomitantly,
expression of Bcl-2, a proapoptotic protein, is downregulated, but Bax, an apoptotic
protein, is upregulated via downregulation of NF-kB.

Autophagy is a form of programmed cell death which is responsible for the
suppression of tumorigenesis (Schwartz et al. 1993). It has been reported that
genistein induced both apoptosis and autophagy in several types of cancer cells
including ovarian cancer cells, human colon cancer HT-29 cells, and lung cancer
cells (Gossner et al. 2007; Singletary and Milner 2008; Nakamura et al. 2009; Pan
et al. 2013). In brief, the evidences above demonstrated that consumption of
isoflavone aglycone-enriched soy product such as fermented soymilk could exert
an anticancer effect to the host.

On top of the physiological functions played by isoflavone aglycones, short-
chain fatty acids, such as acetate, lactate, propionate, and butyrate, produced during
soymilk fermentation may also have promising uses in the treatment of cancer upon
ingestion of fermented soymilk. Short-chain fatty acids are readily absorbed, while
butyrate is the major energy source for colonocytes. Among the short-chain fatty
acids, butyrate plays a major role in the prevention of cancer of the colon. Butyrate
can nourish the colonic mucosa and prevent the development of cancer by promot-
ing cell differentiation, cell-cycle arrest, and apoptosis of transformed colonocytes,
as well as inhibiting the enzyme histone deacetylase and decreasing the transfor-
mation of primary to secondary bile acids due to colonic acidification (Wong
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et al. 2006). On the other hand, propionate is largely taken up by the liver, while
acetate enters the peripheral circulation to be metabolized by peripheral tissues.
Thus, these specific short-chain fatty acids may reduce the risk of developing
gastrointestinal disorders and cardiovascular diseases, on top of cancer in various
populations (Jones 2002).

4.3 Bone Health

The incidence and risk of osteoporosis is highly associated with postmenopausal
women. Estrogen plays an important role in maintaining bone density by regulating
the formation and reabsorption of calcium in bone (Nilsson and Gustafsson 2002;
Cornwell et al. 2004). Soy isoflavones have been suggested to be effective in
maintaining bone mineral density in postmenopausal women (Morabito
et al. 2002). Genistein was found to have modest bone-conserving properties
when administered in low doses to ovariectomized, lactating rats (Anderson
et al. 1995). A double blind, placebo controlled study of postmenopausal women
showed significant increase in bone mineral density at the femoral neck after
12 months of daily administration of 54 mg genistein (Morabito et al. 2002).
Isoflavones have been found to stimulate osteoblasts and inhibit osteoclast activity
in vitro that is essential in reduced bone turnover (Rassi et al. 2002; Chen
et al. 2003). Soy foods with isoflavones have been ascribed to be able to prevent
lumbar spine bone loss that may otherwise lose 1.5-3 % of bone/year in postmeno-
pausal women (Lydeking-Olsen et al. 2004). This study showed that constant intake
of soy food could reduce the risk of osteoporosis and lower fracture rates in the
elderly.

Bone remodeling involves the activity of two different cell lines—osteoblasts
which are responsible for bone formation and osteoclasts which are the bone-
resorbing cells. Estrogen, in particular, is responsible for suppressing osteoclast
activity which thus prevents bone resorption in maintaining bone homeostasis.
Human osteoblasts contain estrogen receptors ERax and ERp. The role of genistein
as a hormone replacer is significantly important as the expression of ERf will be
increased greatly during bone mineralization, and genistein shows much higher
affinity towards ERf than ERa (Setchell and Lydeking-Olsen 2003). In addition to
the coupling of osteoblast and osteoclast activities, the modulation of bone turnover
involved a high level of complexity. Genistein and daidzein can suppress osteoclast
activity by a number of mechanisms including induction of apoptosis, activation of
protein tyrosine phosphatase, inhibition of cytokines, changes in intracellular Ca**,
and membrane depolarization (Okamoto et al. 2001; Gao and Yamaguchi 1999,
2000; Williams et al. 1998; Blair et al. 1996). In a recent study demonstrated by
Chiang et al. (2012) to investigate anti-osteoporosis effect of lactobacilli-fermented
soy skim milk in 13-month-old female BALB/c aging mice, the trabecular bone
volumes in mice fed with fermented soy skim milk increased more than twofold
than the control. Furthermore, the network density and thickness of distal
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metaphyseal trabecular bone in mice fed with fermented soy skim milk also showed
higher density than the control. The study suggested that dietary supplement with
fermented soy skim milk can attenuate aging-induced bone loss and possibly lower
the risk of osteopenia or osteoporosis in aging.

Fermentation of soymilk with probiotics can remove or reduce phytic acid, an
anti-nutritional factor that may decrease the absorption of minerals leading to
mineral deficiencies. Phytate tends to chelate nutritionally important cations such
as Ca®*, Mg”*, Fe®*, and Zn>* which thus decrease the dietary bioavailability of
these nutrients (Rekha and Vijayalakshmi 2010). An increase in calcium and
magnesium levels accompanied by a decrease in phytic acid levels has been
reported in a study involving soymilk fermentation by probiotic and thus reduced
the anti-nutritional level of the product.

4.4 Antidiabetic and Obesity

Diabetes and obesity are two of the most challenging public health problems,
especially with modernization and industrialization that have led to a reduction in
physical activity and increase consumption of convenient foods which are normally
high energy diets. With epidemiology studies showing a higher prevalence of
diabetes and obesity in the Westerns, diet has been arisen as an important and
plausible reason for the lower incidence among Asians (Afridi and Khan 2004). It
has been reported that soy-based rich diet played a tight correlation with the
prevention and treatment of type 2 diabetes (T2D) and obesity, supported by
numerous animal studies and clinical and epidemiological investigations (Kwon
et al. 2010). Among others, ingestion of soy protein with isoflavones has been found
to improve glucose control and reduce insulin resistance and lipid metabolism.
Fermented soymilk that is enriched with bioactive isoflavone aglycones (i.e.,
genistein) can help prevent and attenuate the progression of T2D and obesity.
Particularly, mechanism of action of genistein towards prevention of T2D and
obesity includes alleviation of inflammation, oxidative stress, insulin secretion,
and B-cell and adipocyte functioning (Behloul and Wu 2013).

Obesity is highly associated with diabetes in which weight gain correlates
closely with decreasing insulin sensitivity (Qatanani and Lazar 2007) and eventu-
ally develops in resistance. Impaired ability of insulin to inhibit glucose output from
the liver and glucose uptake in fat and muscle can be observed in obese individuals
who develop resistance to the cellular actions of insulin (Saltiel and Kahn 2001;
Hribal et al. 2002). In addition to insulin resistance, the development of T2D is a
result of loss of pancreatic islet -cell mass and function (Gilberta and Liu 2013).

Systemic chronic inflammation has been proposed to have a link to the devel-
opment of insulin resistance and T2D. Biomarkers of inflammation such as TNFa,
IL-6, and C-reactive protein (CRP) are relatively higher in concentrations in insulin
resistance and obese individuals, and these biomarkers predict the development of
T2D. Genistein has been revealed to ameliorate this inflammatory state by reducing
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the expression levels of TNFa and proinflammatory cytokines in cerebral endothe-
lial cells (Lu et al. 2009) as well as decreases the plasma levels of TNFa and IL-6 in
fructose-fed rats (Palanisamy et al. 2011). Additionally, genistein has also been
found effective in dampening diabetes-induced retinopathy by interfering with
inflammatory signaling pathways where the release of TNFa was repressed and
ERK and P38 MAPK phosphorylation were significantly inhibited in activated
microglial cells (Ibrahim et al. 2010).

Besides inflammatory effect, oxidative stress is a causative factor in the devel-
opment of insulin resistance. Oxidative stress condition has been associated with
impaired glucose intolerance, f-cell, and mitochondrial dysfunctions until the
development of diabetes (Behloul and Wu 2013). Genistein shows its promising
candidacy to combat diabetes and obesity by counteracting the detrimental effects
of reactive oxygen species (ROS) that generated during oxidative stress. It has been
reported that genistein ameliorates renal inflammation and oxidative stress in
streptozotocin-injected mice (Elmarakby et al. 2011). It also induces the expression
of antioxidant enzymes manganese superoxide dismutase (MnSOD) and catalase
that decreases the reactive oxygen species levels in cancer cells. It counteracts
D-galactose-induced oxidative stress by decreasing intracellular ROS and suppres-
sing NF-xB binding activity (Hsieh et al. 2011). Furthermore, genistein has also
been found to be able to restore antioxidant enzymes activities and decrease ROS,
iNOS, and endothelial NOS (eNOS) contents in sciatic nerve of diabetic mouse
(Valsecchi et al. 2011).

Despite offsetting the obesity and diabetes-induced inflammation and oxidative
stress, the antiobesity and antidiabetic effect of isoflavone aglycones has extended
to be involved in affecting the life stages of adipocyte (Behloul and Wu 2013).
Genistein inhibits adipocyte differentiation and lipid accumulation which thus
reduce adipose tissue mass while stimulating lipolysis and adipocyte apoptosis.
Genistein suppresses differentiation, adipogenesis, and lipid accumulation and
increases lipolysis in 3T3-L1 adipocytes (Harmon and Harp 2001). The inhibition
of adipogenic differentiation of human adipose tissue-derived mesenchymal stem
cell by genistein was reported to be via Wingless and Int/p-catenin (Wnt/p-catenin)
signaling pathway, such as extracellular signal-regulated kinase/c-Jun N-terminal
kinase (ERK/JNK) signaling (Kim et al. 2010). Genistein inhibit the accumulation
of lipid in adipocyte through downregulation of adipocyte-specific transcription
factors such as PPARy, C/EBPa, and glycerol-3-phosphate dehydrogenase (Park
et al. 2009). In addition to inhibition of adipocyte differentiation and lipid accu-
mulation, high concentration of genistein was shown to reduce adipocyte viability
(Park et al. 2009). Yet, regular genistein intake is much lower than the effective
dose which thus a synergistic effect of genistein with other compound such as plant
sterol is needed to initiate the apoptotic effect. In a study reported by Rayalam
et al. (2007), combination of genistein and resveratrol enhanced their effect on
inhibiting adipogenesis, inducing apoptosis, and promoting lipolysis in 3T3-L1
adipocytes via downregulation of adipocyte-specific proteins PPARy and C/EBPa.

Improving p-cell function and increasing f-cell mass are important for
preventing and delaying the progression of type 2 diabetes. p-cells regulate plasma
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glucose concentration by releasing corresponding amount of insulin. Insulin resis-
tance is a characteristic feature of T2D, and it affects B-cell function where
decompensation for insulin resistance is associated with decreased f-cell mass in
patients with diabetes (Kulkarni et al. 2004). Thus, the treatment of diabetes
involves relieving insulin resistance and potentiating fB-cell mass and function.
Genistein has been shown to ameliorate glucose and lipid metabolism, via elevation
of glucose-stimulated insulin secretion (GSIS) and p-cell regeneration and protec-
tion against apoptosis (Jonas et al. 1995; Jones and Persaud 1994; Ohno et al. 1993).
Studies reported genistein exerted a dose-dependent response with increase secre-
tion of GSIS was observed from both clonal pancreatic -cells and cultured islets
(Jonas et al. 1995; Sorenson et al. 1994; Ohno et al. 1993). The inducing effect of
genistein for p-cell growth is achieved through phosphorylation of ERK1/2 and
protein expression of cyclin D1 that is a major cell-cycle regulator (Fu et al. 2010).
Additionally, the insulinotropic effect of genistein is found to be as potent as that of
incretin hormone glucagon-like peptide-1 (Holst 1994; Thorens 1992), where it
activates the cAMP/PKA signaling cascade upon binding to its receptor on the
membrane of f-cells. Apart from that, genistein also protects pancreatic f-cells
against cytokine-induced toxicity via reduced inducible nitric oxide synthase
(iNOS) expression and nitric oxide production. It mitigates cytokine-induced
changes in B-cell function by suppressing NFkB, ERK1/2, and JAK/STAT path-
ways (Kim et al. 2007).

4.5 Gastrointestinal Bacterial Ecosystem

As the organoleptic property of fermented soymilk possesses a great challenge upon
consumer acceptance, clinical trial using whole fermented soymilk is scarcely
performed by researcher. Nevertheless, effect of fermented soymilk on the intesti-
nal bacterial ecosystem has once been studied by Cheng et al. (2005). The author
used a crossover experimental design consisting of 28 healthy adults; each group
consumed twice a day of 250 mL of either fermented soymilk or regular soymilk,
with 2 weeks crossover for 9 weeks. There were 2 weeks adjustment period and
2 weeks experimental drink consumption followed by 2 weeks washout upon
switching of drinks. Fecal samples were collected from subjects every week from
week 2, and results showed that there was higher population of Bifidobacterium
spp. and Lactobacillus spp. as well as higher ratio if Bifidobacterium spp. and
Lactobacillus spp. to Clostridium perfringens compared to the group ingested
normal soymilk. There was a decrease in the population of coliform when the
subjects were in the period of fermented soymilk consumption. This study showed
that frequent consumption of fermented soymilk could improve the microbial
ecosystem in the gastrointestinal tract by increasing the population of probiotics/
health beneficial bacteria. Yet, the origin of microorganisms in fecal sample of
whether originated from the fermented soymilk or intestinal source was ambiguous
as microorganisms used to ferment soymilk were not revealed in the study.
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In another in vivo study investigating the effect of ingestion of soy yogurt
fermented with Enterococcus faecium and L. helveticus subsp. jugurti on intestinal
count of enterococci in 40 SPF Wistar rats (8-week-old male) fed on a beef-based
animal diet for 30 days, results of the study showed that the consumption of soy
yogurt could alter the composition of Enterococcus present in the feces and colon
(Bedani et al. 2011). The isolated bacterial population changed from E. faecalis that
originally dominated the colon to E. faecium, the starter that was used for soymilk
fermentation. The study suggested that probiotic strains originated from food
source could colonize the intestinal tract and thus exert plausible health beneficial
effects. Similar outcome was obtained by Cavallini et al. (2011) in a study to
investigate the possible correlation between fecal microbiota in rabbits induced
hypercholesterolemia that ingested soy extract fermented with E. faecium and
L. helveticus for 60 days. Intake of probiotic soy product was correlated with
significant increases on Lactobacillus, Bifidobacterium, and Enterococcus and a
decrease in the enterobacteria population. The author suggested that daily ingestion
of soy product (supplemented with or not with isoflavones) could contribute to a
beneficial balance of fecal microbiota with associated improved cardiovascular
disorders. More works need to be done to investigate the interaction of components
in fermented soymilk with bacterial population in the gastrointestinal tract.

5 Conclusions

In spite of a myriad of fermented soy products that are currently available in the
market; yet, the development of fermented soymilk beverages are still withhold due
to the challenges of intolerable organoleptic acceptability. Up to date, there is a lack
of clinical study involving the functional attribute of fermented soymilk; yet has
only been proven by in vitro and in vivo. Fermented soymilk could confer many
nutritional benefits including reducing the risk of cardiovascular diseases, bone
loss, cancer, diabetes, and obesity thanks to the soy phytochemicals such as
isoflavone aglycones. Addition of suitable beneficial microbes such as probiotics
for fermentation has further enriched the nutritional content of soymilk, conjoining
the virtue of fermentation, probiotic, and the bioactive metabolites, producing a
nutraceutical with health-promoting value.
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Abstract Fish is one of the main sources for the provision of animal protein for a
growing demand in a world of ever-growing population and increasing consump-
tion. In this respect, Sudan is no exception and the various aquatic resources
(marine, freshwater, brackish, groundwater, and others) are tapped in order to fulfill
the needs in this direction. To this effect, various methods of fishing are encoun-
tered and appropriate gears are employed to match with the requirement of the
environs, however, the ultimate goal being the maximization of the products and
their utilization for the best and economic satisfaction within the framework of a
well-defined exploitation strategy.
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1 Introduction

Fish is one of the main sources for the provision of animal protein for a growing
demand in a world of ever-growing population and increasing consumption. In this
respect, Sudan is no exception and the various aquatic resources (marine, freshwa-
ter, brackish, groundwater, and others) are tapped in order to fulfill the needs in this
direction. To this effect, various methods of fishing are encountered and appropriate
gears are employed to match with the requirement of the environs, however, the
ultimate goal being the maximization of the products and their utilization for the
best and economic satisfaction within the framework of a well-defined exploitation
strategy.

Fish in Sudan have been a major source of protein and energy for many commu-
nities especially among the Niloticus tribes and some of the ethnic group of the far
North while some depend on fish in lean months of the year, immediately preceding
the rains, when sorghum stores ran low (Jackson 1923). At present, the most
important fishing activity of Sudan is that concerned with freshwater sources. Marine
fish production (from the red sea) was 1050 metric tons of live fish in 1986, whereas
the catch from inland sources was 28.66 metric tons (Yousif 1988). The freshwater
fish are distributed in an area of about 100,000 km?, the primary fishing ground being
the group of the reservoirs of the north and the vast swamps area (the Nile Sudd) of
the south. The reservoirs occupy about 3000 km? and swamps about 17,000 km?
(Yousif 1988), but these areas are reduced after the separation of the Sudan in 2009.

The current Sudanese fisheries practices are focused on the exploitation of the
fishes of the inland waters exemplified by the River Nile and its tributaries, the Red
Sea coast, and seasonal water spots. The final product of the inland waters fishes
varies from one sector to the other. Equally, handling of the fish and subsequent
treatments vary as well. Fish processing in Sudan is dominated by men, but women
are also involved. Most of the processed products were salted, fermented, or dried
product.

2 Spoilage of Fish

Freshly caught fish have a shining, iridescent surface with bright, characteristic
coloration and markings. The surface is covered with a thin, whitish but transparent,
smooth, homogeneous layer of mucus or slime. The eyes are clear, bright, and full,
with a prominent jet-black pupil and transparent cornea, while the gill is bright pinkish
red; skin and flesh are firm, moist, and elastic. Hess (1950) stated that most fish flesh,
however, is considered more perishable than meat because of more rapid autolysis by
the fish enzymes and because of less acid reaction of fish flesh that favors microbial
growth. Fish, in general, usually spoil more rapidly than other muscle foods, partic-
ularly when mishandled and such spoilage is primarily bacterial in nature.

A delicate fresh fish odor is typical, although sometimes it is described as a feed
odor, once associated with the feed of the fish. In the marketplace, fresh fish odors
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are masked by the bacterial growth on decomposing refuse and slime. Although the
fish begins to deteriorate as soon as it is removed from water, the spoiled condition
develops gradually (John 1994).

Fish becomes spoiled within 12 h in tropical regions when a complicated series
of chemical and bacterial changes triggered by high temperature take place within
the fish (ILO 1989). Rigor mortis is especially important in the preservation of fish,
for it retards postmortem autolysis and bacterial decomposition. Therefore, any
procedure that lengthens rigor mortis lengthens keeping time. It is longer if the fish
have had less muscular activity before death and have not been handled roughly and
bruised during catching and later processing, and it is longer in some kinds of fish
than in others (Akamatsu 1959). Reducing the holding temperature will lengthen
the period. Hess (1950) reported that the bacterial spoilage of fish does not begin
until after rigor mortis, and then juices are released from the flesh of fibers.

Fresh whole fish are decomposed by several types of enzymatic and microbial
activities. While the fish is still in a state of rigor, autolytic enzymes begin breaking
down nitrogenous compounds in areas adjacent to the visceral cavity. Meanwhile,
bacterial decomposition of the slime layer, the gills, and the intestinal tract get
underway and, after rigor is complete, proceeds rapidly (Evelyn and McDermott
1961). In the stages of spoilage, the highly unsaturated fat which is especially
abundant in fatty fish becomes oxidatively rancid.

Spoilage depends on the temperature and water activity of the fish and the
presence or absence of the various spoilage microorganisms (FAO 1981). The
rate of spoilage is related directly to time and temperature. During postmortem
autolytic and microbial activity, numerous chemical changes occur in fish flesh,
resulting in liberation of end products of digestion or of metabolism. A number of
these end products have been suggested as indicators of spoilage.

Spoilage of fish may take place before, during, or after processing (ILO 1989).
There are many ways to minimize the spoilage that occurs during these times such as:

1. Improvement of landing facilities and distribution: these will reduce the period
of time that may elapse before the fish can be processed.

2. Maintaining the fish at low temperature will minimize the spoilage when fish is
kept in cool condition immediately after catching until processing begins.

In many areas far from towns especially in tropical area, ice may not be
available in sufficient quantities, in order to keep fish at low temperature, fish
must be kept in the shade, placing damp sacking over the fish to reduce the
evaporates and/or mixing the fish with wet grass or water weeds (FAO 1992), so
that the fish could be kept continuously wet.

3. Maintaining a hygienic environment. This is achieved by washing the fish with
clean water, keeping it cool, and avoiding breaking the skin by bad handling.

4. Keep all tools, fish boxes, boat holds, and cutting tables clean by washing with
clean water.

5. Working area should be cleaned regularly.

. Use salt during drying to avoid spoilage.

7. After processing, appropriate packaging must be used and cool storage area to
avoid dust, insects, etc.

@)}



164 G.A.E.H. Mohamed
3 Preservation of Fish in Sudan

Artisanal fish processing remains the predominant and most important method of
fish preservation in Sudan. The principal methods are salting, fermentation, and
drying. These processes may either be used alone or combined in order to achieve
the desired product. Preservation by salting, smoking, and drying is called curing of
fish. This term is defined as fish preserved without the need for refrigeration or
freezing, but excluding sterilized products in airtight containers. Cured fish are
consumed mainly in tropical countries (FAO 1981). More than 70 % of the actual
fish production is consumed fresh and this fish was basically caught from Gebel
Awlia, Sennar, Khashim El-Girba, and Roseiris Reservoir. A total of 25 families
and 123 species are recorded for inland water fishes (Ali et al. 1996). In India, for
example, only about 5 % of marine fish landings are frozen, but 21 % are preserved
by traditional curing (Chakraborty 1978).

Fish is one of the most perishable foods and its preservation is usually accom-
plished by combination of different techniques. Contamination with spoilage
microorganisms is almost unavoidable because fish is a very good culture media.
The primary purpose of food preservation methods is the creation of conditions
unfavorable to the growth or survival of spoilage organisms. In Sudan, the fish
preservation stages involved a combination of processing methods, in order to
achieve the desired product and to increase the shelf life so that the product
becomes available in shortage season production.

4 The Application of Fermented Fish Products Technology

In Sudan, the fermentation of fish with salting and drying still follows the traditional
methods, and remains basically an art or craft. Fisherman can become a food
craftsman, and by his experience, he’s able to make a good product when his
basic materials are normal. But any abnormality in materials or conditions will
usually leave him helpless, because he has no knowledge of the fundamentals,
which might help him to overcome his difficulties. The evolution of food technol-
ogy will provide the essential link between fundamental knowledge and empirical
practice. One of the criteria that distinguish the technologist from the craftsman is
that the former is able to predict the effect of his scientific knowledge, whereas the
craftsman can only do this by trial and error.

Work in small-scale (processing of fish) sectors technology should have as its
main objective: the development and use of simple, cheap equipment for the
processing of food products, to obtain salted-dried fish, salted-fermentative, or
any other food commodities on a small scale.
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4.1 Salting

An alternative to lowering water activity of fish flesh is by merely extracting water
as in simple dehydration, which is to increase the concentration of solutes in the
flesh. Common salt is the cheapest solutes used for food preservation (Reid 1976).

Salt is the most important of all curing ingredients. It makes up the bulk of the
curing mixture because it is not only a good preservative, but it provides the most
desirable flavor and its diffusion in fish meat is by the process of osmosis
(Rosenthal 1999). The objective of salting is to ensure that the salt penetration is
rapid enough to similarly lower the water activity in the deepest parts of the flesh
(Doe et al. 1983). The idea of all traditional processing methods is the water
activity, which is a measure of water in the foodstuff available to support the
growth of microorganisms, until spoilage processes are prevented or at least greatly
slowed. Common salt (sodium chloride) has been used as a preservative for a long
time. It acts as a bacteriostatic agent when present in sufficient concentration
(Beatty and Fougere 1957). This property of salt has been frequently used in food
processing and is the basis for the preservation of salted-dried or salted-fermented
fish. Food products containing the required amount of salt can be kept at room
temperature for longer time than those without. Salt may also be added to the safety
of product. Pearson and Gillett (1996) reported that curing and meat processing can
be manipulated by using salts and other additives.

The salt concentrations added to fish product differ according to species of fish.
Saisithi (1987) stated that salt concentration differs according to different types and
batches of fermentation. It is therefore of interest to identify the optimal salt
concentration, which does not inhibit the growth of the fermenting microorganisms
and prevent the spoilage products; in addition, it contributes positively to the flavor
and texture of the product.

4.1.1 The Salting Process

According to the fish composition and size, salting may be dry, where the fish are
stacked in salt and the brine formed is allowed to run away, or wet, where they are
immersed in a strong brine, or pickle. The most commonly employed method is a
hybrid of the dry and wet methods; the fish are placed in dry salt and eventually
become immersed in the liquid pickle formed by solution of the salt in the liquid
extracted from the fish. This is sometimes called blood pickle (Doe et al. 1983).
Size of the fish determines whether the fish are salted whole and uneviscerated,
eviscerated, and split open, or in smaller pieces ranging from fillets to mince. The
barrier presented by fish skins to salt penetration means that only small specimens
can be salted whole without gutting. Larger fish salted in this manner would
deteriorate at the center before salt could exert its effects there. Sodium chloride
diffuses through the fish flesh by a dialysis mechanism and water will diffuse to the
outside due to the osmotic pressure between the brine and fish muscle solution.
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4.1.2 Salting Methods

Salt is one of the most important food additives in food preservation, as its
concentration determines what types of microorganism if any can grow by
dehydrating or by lowering the amount of water available for growth. Salting
requires a little equipment, but the method used is important. There are four types
of salting methods (Kench, Pickling, Brining, and Gaspe):

1. Solid or kench salting: in this method, dry salt is rubbed all over the fish to leave
the flesh fairly dry. Fish are split, opened out flat, and placed in layers inter-
spersed with layers of salt, and the liquor which exudates is allowed to drain
away, along with the shelf life of the dry product is produced. This method is
used for non-fatty fish.

2. Pickling refers to fish that are treated with salt brine (Josephson et al. 1986). This
method is similar to kench salting, but here the brine formed is not allowed to
drain off. Salt is spread over the surface of fish layer, then another layer of fish is
placed, and the processes of salting are repeated. The fish must be kept below the
surface of the brine; this is done by a good covering of container used. Pickle
curing is recommended in preference to kench salting as it produces a more even
salt penetration and provides a better protection of the fish against insects and
animals since they are covered with brine. Doe et al. (1983) reported that the
immersion in concentrated brines for long periods is generally used for longer-
term preservation, mainly of fatty fish. The restriction of oxygen access by
immersion retards rancidity reactions, although some rancidity is desirable in
the development of characteristic flavor.

3. Brine salting: this is a uniform and controllable salting technique. In this method,
salting is done by soaking the fish in light or saturated brine. This method is
preferred when a fixed concentration of salt in the final product is needed. Brine
salting method is commonly used in developing countries when a smoked
product is to be made and the salt concentration required in the final product
must be lower than 3 % (ILO 1986). Also, in this method the ultimate concen-
tration of salt in the fish is required to be sufficient only for flavoring purposes
that can be affected by other techniques such as smoking applied after salting
methods, where fish are treated for several minutes only in less than saturated
brine.

4. Gaspe curing: Doe et al. (1977) stated that, instead of allowing the exudates
liquor to run away, the dry salting is carried out in tubs, where the brine is
formed. Weights are used to keep the fish immersed for 2—-3 days, after which
they are taken out and dried in the sun.

The use of salt in fish processing may be applied by either dry salting (kenching)
or wet salting. In dry salting, the granular salt is applied directly to the fish either in
the gills, on the surface, or, in the case of split fish, in the belly. The exudates from
the fish may be allowed to drain off or be retained in the latter case; the fish becomes
immersed in the exudates and this is often referred to as pickling. In wet salting, the
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fish immersed in brine for up to 2 days or dipped for few hours. It was observed that
some processors who cure fish with brine sometimes reuse the salt solution for a
number of times. This may be a potential source of bacterial contamination to
fresh fish.

Common salt (sodium chloride) has three major effects on fish and meat
products. It enhances taste, solubilizes protein to create desired texture, and controls
microbial growth to enhance shelf life and inhibit pathogens (Terrel 1983). Rock-
Well and Ebertz (1924) stated that the preserving effect of sodium chloride implies
more than its dehydration action on the meat.

4.1.3 Salt Quality

There are four types of salt: solar, brine-evaporated, rock, and manufactured salt
may be used in the processing of fish:

« Solar salts are prepared by the evaporation of sea or salt-lake water by sun and
wind. Lagoons constructed on the shoreline are flooded, sealed off, and allowed
to evaporate to dryness. The salt obtained is very impure due to the presence of
salts other than sodium chloride, and when it is dug out, may be further
contaminated by sand from the bed of the lagoon.

* Brine-evaporated salts are prepared by the application of heat to evaporate
strong brines pumped from deep mines. The purity of such salts depends on
the nature of the underground deposit, but they are less likely to be contaminated
with sand than solar salts.

* Rock salt is mined from underground deposits of varying purity from 80 % to
90 % sodium chloride.

¢ Purified manufactured salt may contain 99.9 % sodium chloride and derived
from any one of the three types of salt mentioned above, which may contain up
to one-fifth of their weight of impurities.

The salt used in the salting and fermentation of fish in the Sudan is solar salt
(FAO 1989). It is obtained after the evaporation of seawater. The main constituent
of rock salt is sodium chloride, although it may also contain certain amount of
calcium, magnesium, and potassium salt, carbonates, sulfates, bromides, and
iodides, and even traces of heavy metals and oxides may also be found.

Salt causes temporary fixation of protein in fish, to a certain extent hardening
tissues and reducing changing in protein; however, adding too much salt will cause
the proteins in fish muscle to swell (Hamm 1994). This leads to a product, which is
tough and dry. Too much salt will also mask the taste of the fish and the flesh takes
on an unpleasant white color. The occurrence of impurities interferes with salt
penetration and acceleration of fat oxidation and consequently leads to low-quality
product (FAO 1981).

El-tom (1989) stated that solar salt is used in large scale for production of salting
fermenting fish in Sudan. According to Beatty and Fougere (1957), bacteria which
contribute to spoilage in fresh fish cannot survive at salt concentration above 12 %
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(w/w). Abu Gideiri (2001) found that the number of microorganisms increased
rapidly during the first fermentation days and then began to decrease.

The quality and quantity of salt used are important factors that affect the
organoleptic qualities of salted fish. Thus, the present random use of salt should
be checked in order to determine a satisfactory ratio of salt to fish. Also, the size and
shape of the fish should be taken into account.

4.2 Fermentation

Fermentation is derived from the Latin verb “fervere” to boil (Peter and Allan
1984). The boiling appearance is due to the production of carbon dioxide bubbles
caused by the anaerobic catabolism of the sugars present in the extract. Fermenta-
tion has different meanings to biochemists and to industrial microbiologists. For
biochemists, fermentation is related to the generation of energy by the catabolism of
organic compounds, whereas it means for industrial microbiologist as any process
for the production of product by the mass culture of microorganisms.

Fermentation is considered as an easy and low-energy preservation method for
meat that results in distinctive products that have an important part in the diet of
people making them (Margy 1992). Such fermented meats contribute both nutri-
tional value and pleasure to meals.

The preservation of fish by fermentation methods differs from place to the other.
In Africa especially in Sudan, salting and drying of fish is accompanied with
fermentation, but the period is short (a few days) and the products are characterized
by strong odor (FAO 1992), but in Asia, the fermented fish products last for several
months and the fish flesh may be liquid or turned into a paste. These fermented fish
are popular and well liked by the general population and so widely used that the
daily diet of the people would not be complete without them. In Philippines, where
many fermented food products are known, their popularity is attributed not only to
their characteristic flavour but also to the fact that other processing methods are
generally expensive (Olympia et al. 1992).

All of fermented fish have a pronounced and distinctive taste and odor and have
nutrients important for good health. Watanabe (1982) found that the fermented fish
products of Senegal are highly salted and semi-dried fish products with an obnox-
ious odor and cheesy but rich fish flavor recovery of a sun-dried horse mackerel
(kusaya) from Japan. Also, Toury et al. (1970) reported that the Guedi is reported as
a fermented dried fish product popular in Senegal, where the unsalted fresh fish are
piled together for about 24 h in the open air. During this period, the fish undergoes
putrefactive fermentation by its own enzymes and endogenous bacteria. Then it is
eviscerated; sometimes the big species are filleted to shorten the period of drying
and soaked in salty seawater in wooden buckets. The water is changed once a week
when it has become too dirty. Eventually, the fishes are spread out on straw mats to
dry in the sun for 2—4 days.
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In many countries of the world especially in Africa, the fermented foods are
popular and well liked by the general populace and so widely used. According to
Lopez (1987), fermentation provides an avenue to preserve food products, destroy
undesirable factors, make safer product, improve appearance taste of some food,
and enhance nutritive value, in order to enable the products to be stored at ambient
temperature and used without further preparation.

In developing African countries like Sudan, many fermented food products are
known and most of the traditional food fermentation industries are rural, seasonal,
and informal with low money invested in these sectors. The processing methods
were developed in homes and improvements were based on the observations of the
practitioners. Fermentation methods of fish in Sudan are normally transferred from
one generation to the others.

In Sudan, the fermented fish products can be divided into two groups.

The first group includes those containing high concentration of salts (20-25 %)
in the final products like Fissekh and Muluha. The second group includes fermen-
tation product that used drying methods like Kejeik. Generally, different processing
techniques are employed in fish fermentation. In Sudan, the fermentation methods
differ from one place to another, and all methods are influenced by factors such as
availability of salt and the food habits of the local people. Fermentation is often
combined with salting or drying in order to reduce water activity and eliminate the
growth of prototypical and putrefying bacteria (FAO 1992). The fermentation
methods are divided into:

— Fermentation with salting and drying
— Fermentation and drying without salting
— Fermentation with salting but without drying

As regards the situation of salting and fermentation, attempts have been made by
a number of researchers like Mahmoud (1977), Johnson (1994), and Abu Gideiri
(2001), who have worked on a number of aspects (post-harvest treatments, meat
quality of Nile fish, freezing of fish, salting and smoking of fish, drying, salting, and
fermentation of fish) and the main finding is that the proximate composition of
whole fresh fish was in the range of 63.3-75.2 %, 15.0-22 %, 0.4-2.5 %, and 0.5—
1.94 % for moisture, protein, fat, and ash content, respectively.

4.2.1 Salted Fermented Fish and Fish Type

In Sudan, the salted fermented products without drying are called “fessiekh.” The
product is also known by the same name in the Middle East (Compbeel-platt 1987)
and in Egypt (Hassan et al. 1972; Hamed et al. 1973). Fessiekh is a wet salted
product, soft in texture with a strong pungent smell, and a shiny silvery appearance.
It can be stored for more than 3 months (Kofi 1992). Fessiekh is a popular
fermented product in Sudan when compared with other fish products.
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The technique of fessiekh probably entered Sudan during the Turk-Egyptian rule
(1821-1885), but its production on a large scale was only well established during
the Anglo-Egyptian condominium rule (1898-1956).

The methodology in the preparation of the product was traditionally carried
through from one generation to another.

Commonly there are two types of fish used in fessiekh making in Sudan:
Hydrocynus species (tiger fish) known locally as “Kass” and Alestes species
(pebbly fish) known as kawara, both belonging to the family Characidae. These
two types of fish are considered the first class of fessiekh (Agab and Bashir 1987).
The second class consists of other fish.

The totality of fessiekh in the Sudan is made from Nile fish. Only one kind of fish
from the Red Sea can be used to make the product. It is the mullet (Mugil cephalus)
or known as “alarabi.” About 80 % of fessiekh is made from Alestes baremose and
A. dentex, while Hydrocynus sp. makes the balance; this is because kawara is
always more abundant than Kass in any catch. Fessiekh processing is a seasonal
process generally starting in November and ending in June, with a peak in February
and sometimes in March. The ratio of salt used depends on the experience of
commercial sector and it varies widely. The salted fishes allow fermenting and
the fermentation time varies according to the season. Dirar (1993) and EL Hag
et al. (2012) mentioned that the first stage of fermentation takes about 3—4 days in
the summer and 4-7 days in the winter.

Preparation of Fessiekh

Processing of fesseikh is carried out in temporary sheds for cool environment.
During the nineteenth century, the technique of making fessiekh was very simple.
After catching, fish was spread on palm-date mats, and then salted them by adding a
large quantity of salt. Later after 3—5 days, the product was packaged in an old oil
can for around 1 week depending on the temperature, whereas the other method
raps up the salted fish in palm-date mats and buries them in deep pits called
(Mutmura), for several weeks before packaging in oil cans, and chilies are added
in some products. At present, most of the practitioners use plastic containers to
prepared salted fermented fish product and about 20-30 % of salt is used (EL Hag
et al. 2012). The fish are left to ferment for 3—10 days depending on temperature.
Liquid exudates from the fish are allowed to drain off. The product is packaged into
polyethylene bags (1-2 kg) for sale in local markets. The Sudanese prepare fessiekh
by mincing and boiling with vegetable (tomatoes and spices) to prepare sauce that is
eaten with bread (Dirar 1993).

4.2.2 Meluha

Meluha or Terkin is the famous Sudanese liquid or fermented pastry product found.
Terkin is defined as a wet pasty mixture of fish muscle and bones which loses
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moisture during storage and becomes more viscous and dark. The Sudanese salted
fermented fish product falls under the category of paste called Terkin, but if the
product (Terkin) becomes more liquid, it is called Meluha like nam-pla and
bagoong product in south-east Asia (Beddows 1985).

The fermented product uses the same fish which are used in fessiekh (kawara,
kass, dibs, and shilbya) and fatty fish were preferred than others. The best product of
Terkin is made from small fish with low fat.

After evisceration and removal of scales of fish, salt concentration about 14 kg/
body weight is added. Sometimes, salted fish is mixed with pepper and put in
suitable covered container (plastic tine) and incubated.

Preparation of Meluha/Terkin

Fermentation occurred at under 37 °C for 10-15 days. These methods will take a
longer time in summer than winter season (Kofi 1992; Dirar 1993). Then, the
container of the curd fish is placed outdoor under the sun or cooked on an open
fire to speed up the fermentation processes. The process continued for about 4-5
days and the cured fish is mixed continuously until the homogenous paste is
obtained. The pasty mixture of the muscle and bones produced will have a dark
color appearance and a very strong odor.

There are three methods to prepare Meluha/Terkin dish. The first one is known
as cooked Meluha, after removal of bones and scales from the product by adding
water and straining it; a paste of onion is added to the strained Terkin. Terkin is
cooked with tomato sauce until the mixture becomes thicker, then mixed with
wheat flour or peanut butter, and eaten with wheat bread. In the second way,
chopped onion, cumin, black pepper, and peanut butter, all mixed together to
give thick sauce without cooking, are added to the strained Terkin and then eaten
with some vegetable and bread. The third method is similar to the second one,
where the mixture is cooked for 2-3 min only.

4.3 Drying

Drying preserves food by removing the water that is needed for microbial growth
and enzyme activity. According to (Doe et al. 1983) there are three types of
processes that can be employed in the drying of fish:

e Air or contact drying, where heat is transferred to the fish from heated air or
heated surface, utilizes the air movement above the fish to carry away the
moisture.

e Vacuum drying, where advantage is taken of the greater evaporation rate of
water from the fish at reduced pressure, utilizes conduction by contact with
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heated surfaces or radiation to evaporate the water, which is removed by the
vacuum pump.

» Freeze-drying relies upon the attainment of very low pressures by highly effi-
cient vacuum pump in sealed chamber containing the fish.

Fish can be dried with or without salt. The process of drying in tropical countries
depends on spreading the fish to sun. Drying allows moisture to evaporate from the
flesh surface. In temperate countries, fish can be hung up to dry in the wind. The
process highly depends on the wind speed. This process may take longer time than
drying under the sun, but the fish take longer time before spoilage. This is due to
lower ambient temperature (FAO 1986).

Fish drying rate depends on the speed of water leaving the fish surface and on the
rate at which water diffuses from the center of the fish to the surface. The rate of
diffusion of small fish is higher compared to large ones. These are due to decreased
distance from the center to the surface of the fish (Waterman 1976).

Dried fish is particularly suited for low-income groups who cannot afford
expensive fish products. Simple drying of fish is not practical in many of the world’s
river systems because of the high atmospheric humidity, but in desert or Sahelian
Savanna Rivers, the practice is common, especially for smaller species (FAO
1986). In Senegal, basin simple drying is the usual form of treating fish after they
have been eviscerated, scaled, and in the case of larger species, cut into strips. In the
Niger, only the smaller species such as Alestes are sun dried, while in the Chad
basin, one of the traditional fish products “salanga” consists of Alestes dentex and
Alestes baremose, which are split open ventrally and laid on mats to dry in the sun.
In the Mekong and other Asian rivers, sun drying is also common, although this is
sometimes combined with salting. Sun drying is the method used by all fish
processors in Sudan. However, it is ineffective as the moisture level of the fish is
not reduced to the level that can prevent spoilage of product by microorganisms
(Moy 1977). Moreover, the humidity in tropical countries is very high. The average
humidity reaches 85-90 % in some countries and thus the salted-dried fish will tend
to absorb moisture from the atmosphere when left on the shelf or in storage. This
can increase the moisture content of fish and subsequently import a wet appearance
to the surface of the fish.

Simple improvement, such as the use of drying racks raised above ground level,
can increase drying rates and reduce contamination, thus helping to make products
of good quality (FAO 1981). Peter (1997) stated that the dried food can have poorer
nutritional and eating quality than the corresponding fresh food, so the correct
design and operation of dryers are therefore needed to minimize quality changes to
the food.

Tunnel drier have been recommended by FAO for the drying of fish in tropical
countries (Waterman 1976). According to this report, tunnel drier has been used in
Brazil, Cambodia, and many African countries. The air speed and humidity in the
drier can be controlled to suit the drying rates required. The temperature can be
adjusted by the use of heaters. In addition to the use of tunnel drier, polythene tent
drier can also be used without much capital outlay. They have been used in



Fermented Fish Products in Sudan 173

Bangladesh, Hawaii, Australia, New Guinea, and some African countries (Doe
etal. 1977; Moy 1977). Tent drier can prevent contamination and reduce infestation
by flies. The internal temperature is about 45-50 °C. At this temperature, growth of
spoilage microorganisms is retarded and the rate of drying is increased. Drying
times vary considerably depending on the process and weather, but 3—10 days is
generally required to prepare a typical sun dried product (Waterman 1976).

Jan et al. (2001) have found that it is moulds rather than bacteria that cause
spoilage during the preparation of dehydrated fish. Open-air drying method is time-
consuming. Drying times are considerably different depending on weather condi-
tion. Slow drying leads to fish spoilage by microbial contamination.

Attempts to improve open-air drying practices in developing countries have not
changed much from traditional open-air drying. Substantial losses can occur in both
quality and quantity with subsequent financial losses (FAO 1981). Sun drying as a
method of food preservation still has many limitations, even when racks of salt are
used (ILO 1986). Long periods of sunshine without rain are required, drying rates
are low, products are often of low quality as a result of slow drying, insect damage,
contamination of airborne bacteria, dust, etc. It is often too difficult to obtain
uniform product.

4.3.1 Kejeik

The Sudanese famous fermented drying fish product is called Kejeik. The most
common traditional preservation method used for flesh fish in Sudan is drying. The
Niloticus tribes of southern and some part of northern Sudan preserve fish by sun
drying of the large fish and the product is called Kejeik.

The product is a hard dried and the color depends on the species of fish used.
Black Kejeik is made from Germut (Clarias anguillaris, C. lazera), Nauk
(Heterotis niloticus), Humar el. Hout (Auchinoglanis biscutatus, A. occidentalis),
and Surta (Heterobranchus bidorsalis), where all these species of fish are consid-
ered as a first class to prepare the best product while the second class product is a
white product which is made from Bayad (Bagrus bayad), Kharish (Distichodus
niloticus), Bulti (Tilapia niloticus), and Dabs (Labeo niloticus) (Omer 1984). The
final product can be stored for about 3 months or more.

Preparation of Kejeik

Large fish species are gutted, beheaded, and split longitudinally and washed,
whereas small fish are dried as a whole fish after removal of the gut. Then the
fish is sprinkled with salt or dipped into salt solution and left to ferment for 3 days
before drying. The fermented fish are hung on ropes or tree branches in the open air
under the sun for 7 days or more Abu Gideiri (1993).The products are strongly
flavored and the odor is different according to product color. Different dishes can be
prepared from Kejeik which is commonly consumed as condiment or flavoring
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agent in certain dishes by adding this product to different cooked that use onion and
different vegetables and eaten with bread or cooked sorghum flour.

5 Nutrition and Safety Considerations

The preparation of fermented foods predates the recorded history of Man. Early
humans used observation of the apparent effect of microbial alteration of food
characteristics to develop processes for food fermentation. Fermented products
normally have a different texture and flavor compared to the unfermented starting
materials, thus making them more palatable and digestible and prolonging their
shelf life (Amano 1962).

Recent advancements in microbiology and biochemistry have improved the
safety and efficiency of bio-processing traditional fermented foods.

Microbial fermentation has played an important role in food processing for
thousands of years. Fermentation of fish preserves fish products, enhances nutritive
value, destroys undesirable factors, makes a safer product, improves the appearance
and taste of fish, and reduces the energy required for cooking (Beddows 1985).

During fermentation, the microorganism secretes hydrolytic enzymes into the
substrate and assimilates the fatty acids and amino acids while simple sugars are
accordingly liberated. These processes are converted into microbial structural
components and secondary metabolites. Lactic acid fermentation used for meat is
an ancient process whereby a varied group of bacteria ferment carbohydrates
producing lactic acid as the major end product (Hall 1989). The organic acid
produced during the fermentation of fish in Mali was mainly acetic acid, whereas
lactic acid appeared in Asian fermented fish produced (Zakhia and Cua 1991).

Fermentation increases the quantity of soluble protein in foods. It may improve
the amino acid profile and reduce the levels of certain antinutritional factors that
interfere with digestion. During natural fermentation, food poisoning flora and
coliforms may also grow with the lactic acid (Wang and Hesseltine 1981), so the
microorganism needs to be eliminated to make fermented foods safe for consump-
tion. There are several factors that contribute to the safety of fermented foods:
(1) Soaking and cooking: Soaking and cooking treatment reduce the in situ micro-
bial contamination. (2) Salting: Various fermented foods are made with the addition
of salt, which acts as preservative. (3) Acid fermentation: Much fermentation is
carried out by acid-producing microorganisms where these organic acids act as
preservative or as bacteriostatic agents. (4) Low moisture content: The lower water
activity may be important preservative factor.

Safe products are obtained when using hygienic conditions during, handling, and
storage (Samson et al. 1987). Kofi (1992) reported that there are various types of
salts used for salting and fermentation of fish. Solar salt, which is most widely used
in fish preservation, has been found to contain the largest amount of microorgan-
isms. The general bacterial flora of solar salt mostly comprises bacillus type (95 %
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with remainder being micrococcus and carcina type). The most important spoilage
organism that always presents in solar salt is the red halophilic bacteria. Dry fish
can be stored for nearly 6 months, but the soft or semi-dry ones only have a shelf life
of up to 3 months (Essuman 1992). One of the main quality parameters that assessed
the quality of fermented fish is organoleptic inspection (color and oxidative
rancidity).

5.1 Color

The color of fish is an important quality attribute, which affects consumer buying
fish. The color of fish flesh is governed by blood and melanin derivatives (produced
from skin coloration) or arises directly from its diet. Pink flesh color arises from the
carotenoids, which enter food chain originally from photosynthesis (John 1994).
The chemical groups involved in the color of fish flesh are heme pigments,
carotenoid, and melanin. As in all foods, the specific colors produced are influenced
by physical structure. Kropf (1980) reported that the color is the most important
factor for consumers when purchasing meat. The color of the product depends on
the species of fish used as well as the processing method. For whole products such
as fessiekh, a silvery appearance close to the fresh product is considered high
quality. Poorly fermented products tend to be grayish or dark, while fermented
products which are split and dried are usually light brown in color. Long storage
and further drying darkens the product. Yeet, for instance, becomes dark brown after
weeks of exposure to the sun (Essuman 1992).

The method of catching and handling can be responsible for flesh bruising
discoloration. Botta et al. (1987b) found that cod caught by gillnet are significantly
more bruised than those caught by trap, hand-line, or long-line. Fish which have
struggled extensively before being brought for gutting gives lower color grades
(Botta et al. 1987a). On the other hand, blood contained in the vessels of freshly
caught fish remains red while holding the fish in ice before filleting results in a
darker red or brown color as the hemoglobin oxidizes.

Normally within the fish itself, the flesh is of two types, dark and light on frozen
storage; pigments in the darker meat are especially subject to oxidation, becoming
deep yellow or brown. The color of pink or red fish is sensitive to frozen storage
abuse; the pigments oxidize; and the color can disappear (Hillman 1983). Impurities
present in common salt can have an accelerating effect on the oxidative deteriora-
tion of frozen fish. Anon (1970) suggested that only high-quality salt should be used
for brine dipping of species particularly susceptible to oxidation. Mixtures of
tocopherols and ascorbic acid have been used to prevent oxidation of red fish
(Wasson et al. 1991).

Salt from the saline deserts to the north contains nitrates and borax as impurities,
and these would be converted to the nitric oxide which is necessary for the
formation of red complexes heme pigments. Washing minced flesh of fish has a
beneficial effect on the color, but significant quantities of water are needed (Martin
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1976). The presence of blood, kidney tissue, or the black lining of the belly cavity
can also cause darkening of the flesh (King 1973; Dyer 1974).

Oxidation of the blood pigments may be the cause of the yellow and brown
color, which develops during storage of fish (Jauegui Carlos and Baker 1980).

Fish oil color varies among species, but the pigments of all fish can become
yellow or brown during oxidation. While the whole fish or the fillet is deep frozen,
oil can be forced out of the tissue and accumulate on the skin; these fish are rusted
(Wasson et al. 1991).

5.2 Oxidative Rancidity

The term rancidity is used to describe the task or smell of rank stale fat. Rancidity is
associated with a characteristic, unpalatable odor and flavor of the oil. Virtually all
fish contain highly unsaturated fatty acids as major components of their lipids.
However, the total amount of fat may vary greatly (Lands 1986). Obviously fatty
fish such as mackerel and salmon will be more susceptible to appreciable oxidation.
Hess (1950) reported that fat and oils of many kinds of fish, especially the fatter
ones, such as herring and salmon, are composed of a great extent of unsaturated
fatty acids and are subjected to oxidative changes, thus producing oxidative ran-
cidity and sometimes undesirable alteration in color.

Oxidative spoilage of salted fish can occur during processing as well as during
storage (Van Arsdel et al. 1973). The rancidity is caused by the changes that occur
during the reaction with atmospheric oxygen and is so-called oxidative rancidity.
The off flavours are produced by hydrolytic reactions, which are catalyzed by
enzymes is the so-called hydrolytic rancidity (Huss and Valimarson 1990). Rancid
flavors are chemically very complex, since they are derived from any or all of the
unsaturated fatty acids originally present in the oil. Each of these can oxidize
through several different mechanisms (Clucas and Ward 1996).

Rancid fat contains a wide variety of chemical substances, whose structures are
not all known (Hultin et al. 1982). Human taste buds are highly sensitive to some
compounds such as lactones and free fatty acids; therefore, minute amounts of these
compounds are sufficient to spoil the taste of food (Harris and Tall 1994). Fresh and
saltwater fish contain significant levels of polyunsaturated fatty acids. Conse-
quently, such fish loss their polyunsaturated fatty acids through lipid oxidation
during storage (Smith et al. 1990). At ambient temperatures storage, the develop-
ment of rancidity is not a major problem with fresh fish, because the normal level of
microbial flora associated with fresh fish is such that the bacterial spoilage will
render it inedible before rancidity has proceeded to any great extent. However,
rancidity development is very important in the storage stability of dried or
frozen fish.

Fey and Regenstein (1982) stated that the total level of fat in fish varies
depending on the species of fish and season. Fish can be divided into low and
high fat species. Low fat species usually have less than 4 % total fat and more than
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5 % represented high fat species. Any lipid in addition to this level will be made up
of triacylglycerides, which are primarily deposited in the liver and under the skin
and act as food reserve. Seasonal variation in fat level is due to the availability of
food. In addition, environmental conditions, seasonal variations, and sexual dimor-
phism have also been reported to cause variations in fat deposits of fish. This fat can
contain highly unsaturated fatty acids, all of which can make fish very susceptible to
rancidity.

Lobuza (1971) found that fish tissue susceptibility to rancidity does not only
depend on the amount of lipid present, but also the lipid composition and its
location in fish tissue matrix. Different lipid component, such as tocopherol and
carotenoid pigments are also associated with autoxidative reaction in fish tissue.
These components may be involved in controlling oxidative rancidity, via self-
oxidation or co-oxidized with lipid.

Fish lipids are even more susceptible to oxidation and are probably responsible
for the rapid spoilage of oily fish such as mackerel and herring. The 20-22
polyunsaturated fatty acids are highly susceptible to peroxidation. The high con-
centration of 20-22 polyunsaturated fatty acids is found in fish and fish oils; many
fish oils contain about 20 % of their total fatty acids as these higher polyunsaturated
fatty acids. This explains the susceptibility of fish to oxidative rancidity (FAO
1962). Hence, fish oils appear to be more susceptible to oxidative deterioration than
most animal fats (Hess 1950).

5.3 Microbiology of Fermented Fish Products

The most important factors in consumer acceptability are flavor and odor, although
the color can be significant. As aseptically a product of fermented fish did not give
the typical aroma associated with them, it was anticipated that microorganisms
were involved in aroma development (Beddows et al. 1979).

A considerable number of investigators have reported on the microbiology-
induced changes in spoiled and fresh fish, but the work on changes in a high salt
environment, as found in salt-fermented production, is very limited. Oetterer
et al. (2003) stated that the high concentration of salt was used to maintain the
product under adequate microbiological control. The contamination comes from the
fish, which ordinarily introduces species chiefly consisting of Pseudomonas,
Alcligenes, Flavobacterium, and Corynebacterium from ice, and from mechani-
cally introduced sources, e.g., dust, which add cocci Eddy (1958).

Boez and Guillerm (1930) isolated an anaerobic spore-bearing bacterium from
early stage of fermentation of a fish sauce (nuoc-mam), which was accredited as
being a species of Clostridium. Aseptic preparation failed to give the typical nuoc-
mam aroma, so it was concluded that bacteria must be involved in fermented fish
(Beddows 1985).
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Krempt (1929) tried to produce a sauce more quickly with a true aroma, on a
commercial scale with some degree of success and he concluded that microorgan-
isms were required for aroma production.

Beddows (1985) suggested that the factors (pH of the pickle, temperature, and
the salt concentration), which can influence the relative activities of proteolysis
enzymes present in the material used, could markedly influence taste of the food.

Saisithi et al. (1966) isolated 10 species of Bacillus, 1 Coryneform, 2 Sreptococci
and 1 each of Micrococcus and Staphylococcus from fish sauce (nam-pla). They
stated that these bacteria could have been derived from the solar salt used, since
they found that the salt contained an average of 2700 bacteria/g. The total viable
count decreased to 2 x 10° cell/cm® after 9 months. Crisan and Sands (1975)
examined the microflora of four fermented fish. From nam-pla, they isolated
Bacillus cereus and a strain of B. licheniformis after 7 months of fermentation,
but at the end of the fermentation period, they isolated another strain of
B. lincheniformis, B. megaterium, and B. subtilis. All the isolated species were
then grown on a medium containing 10 % salt to which they seem to be halotolerant
and not halophilic. No growth was achieved on a medium containing 20 % salt. The
primary role of LAB is to ferment the available carbohydrates and thereby cause a
decrease in pH. The combination of low pH and organic acids (mainly lactic acid) is
the main preservation factor in fermented fish products. Lactic acid bacteria (LAB)
are also found as the dominant microorganisms in many fermented fish products
(Paludan-Miiller et al. 2002).

Crisan and Sands (1975) stated that investigation of patis (fish sauces produced
in Philippines) after one month showed no organism growth on 20 % salt, but single
strains of Bacillus pumilus, Micrococcus copoyenes, M. narians, and Candida
clausenii were isolated from 10 % salt medium. Abd-Allah (2011) reported that
the microbial load detected in Egyptian fermented salted Mugil cephalus fish
(fessiekh) consisted of Staphylococcus equorum, Bacillus subtilis, Lactobacillus
sp., Teratogenococcus halophilus, Clostridium bifermentans, Clostridium sp., Clos-
tridium butyricum, and Clostridium cochlearium. Staphylococcus sp. were isolated
from thai-fermented fish with salt concentration above 5 % (Tanasupawat
et al. 1991, 1992) and from Korean fermented (hydrolyzed) fish with salt concen-
trations ranging from 8 % to 26 % NaCl. Akanda and Oladosu (1988) stated low
incidence of Staphylococcus aurous in salted fish at 30 °C storage for 8 weeks. At
low water activity in the presence of high salt concentration, microbiological
problem should be non-existent (Zapata et al. 1990). Also, Scott (1957) reported
that the growth of microorganisms was much dependent on water activity and
temperature.
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6 Conclusion

Fermented fish product is much appreciated by the local populations as a flavouring
agent because of its exceptional flavor and taste. Among the various fermented food
processed in Africa, the fermented fish products are one of the oldest and most
widespread used as condiments or main sources of protein in Sudan. The fish
products were carried out in artisanal way and the processing methods varies
from one place to another. Fermentation was also found to be an important method
for fish preservation particularly because unpopular species of fish are usually
processed in this way and especially used in situations where drying of fish is not
possible because the climate is too wet and where cooling and sterilization of the
product is too expensive. The preservation methods of fish in Sudan still need
efforts and research to be done, for example, to address the magnitude of losses
resulting from spoilage that are likely to occur during the post-harvest treatment by
provisions that cut them down to the minimum level through the adoption of salting
and fermentation methods of preservation, and to obtained progressive promotion
of the traditional treatment in the direction of the following scientific approaches
based on specific parameters such as the salt quality, salt concentration, fermenta-
tion time and impact on the overall nutritive value.
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Abstract Probiotics continue to attract considerable interest in both the business
and scientific communities. However, the manufacture and applications of pro-
biotics ingredients remain a niche market. Companies with the proprietary probiotic
strains, appropriate process technologies, and distribution networks dominate the
industry. New information about the genome of existing and emerging probiotics
strains provides solid basis for successful commercial applications in a growing
range of dietary supplements and food products. Gradually, probiotic-enhanced
products are moving further into the mainstream in China. This chapter will be a
resource with an interest in the growing popularity of probiotics and presents an
informative balance of the scientific and market factors that are critical in the
probiotics industry in China.

W.L. Hung (><)

Department of Biotechnology, Research & Development, Want-Want China Holding Limited,
No. 1088, East Hong Son Road, Shanghai 201103, China

e-mail: Hong_WeilLian@want-want.com

© Springer International Publishing Switzerland 2015 183
M.-T. Liong (ed.), Beneficial Microorganisms in Food and Nutraceuticals,
Microbiology Monographs 27, DOI 10.1007/978-3-319-23177-8_8


mailto:Hong_WeiLian@want-want.com

184 W.L. Hung
1 Introduction

The United Nation’s Food and Agriculture Organization (FAO) defines probiotics
as “live microorganisms,” which when administered in adequate amounts confer a
health benefit on the host. These benefits include the prevention and cure of
disorders such as lactose intolerance and inflammatory bowel disease. The major
factors driving the growth of probiotics include growing health consciousness and
the availability of probiotics in the form of dietary supplements. As shown in Fig. 1,
probiotics have an extremely versatile application base. The most important feature
of probiotics is their ability to promote the health of the user by strengthening their
immune system either directly or indirectly by improving the condition of the gut,
digestive process, nutritional value, and others. Using various types of probiotic
bacteria, it is also possible to produce tailor-made probiotics according to the
applications needed for the end user. Due to such favorable characteristics,
probiotics have become part of our daily life and continue to make significant
progress around the world in terms of both development and revenues.

Global sales of probiotic ingredients amounted to an estimated US $704 million
in 2012. Probiotics of the lactobacillus genus accounted for the largest share,
representing an estimated 60.5 % of total sales in 2012. Total global sales of
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Fig. 1 Purported health benefits of probiotics and prebiotics: scientific research platforms.
Source: Euromonitor (2014)
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probiotic ingredients are projected to increase at a compound annual growth rate
(CAGR) of 6.7 % between 2013 and 2018 (BBC Research 2014).

Probiotics are used in the manufacture of dietary supplements that are sold in the
form of capsules, tablets, powders, topical pastes, and gels for human use as well as
in animal feed for pets and farm animals. Global sales of probiotic supplements
amounted to approximately US $1.0 billion in 2012, with probiotic supplements in
capsule form accounting for the largest share of sales (66.3 %). Total global sales of
probiotic supplements are projected to reach US $2.1 billion in 2018, representing a
CAGR of 11.5 % between 2013 and 2018 (BBC Research 2014).

Food applications for probiotics include dairy-based and nondairy-based prod-
ucts. The main dairy-based categories are yoghurts, cultured drinks, kefir, and
cheeses. Other food applications include probiotic-enhanced infant nutrition (for-
mula and cereal), nonalcoholic beverages, breakfast cereal, and snack foods. Global
sales of probiotic foods amounted to an estimated US $21.3 billion in 2012.
Spoonable yoghurt accounted for the largest share of sales, representing an esti-
mated 34.5 %. Total global sales of probiotic foods are projected to grow at a
CAGR of 6 % between 2013 and 2018, to reach $33.5 billion US in 2018 (BBC
Research 2014).

Collectively, global sales of probiotic ingredients, supplements, and foods
amounted to approximately US $23.1 billion in 2012, with probiotic foods
representing an estimated 92.4 % of total sales. Global sales of probiotic ingredi-
ents, supplements, and foods are projected to reach US $36.6 billion in 2018,
representing a CAGR of 6.2 % between 2013 and 2018 (BBC Research 2014).
The following Table 1 and Fig. 2 summarize recent and projected global sales of
probiotic ingredients, supplements, and foods through 2018. The market for overall
probiotic products was US $26,125.9 million in 2012 and is estimated to grow at a
healthy CAGR of 6 % from 2014 to 2019 (Markets and Markets Analysis 2013).
One of the key factors contributing to this market growth is the increasing aware-
ness about probiotic products. The Global Probiotics market has also been
witnessing the increase in R&D activities. However, government regulation could
pose a challenge to the growth of this market.

In terms of regional distribution (Fig. 3), Asia-Pacific accounted for an estimated
38 %, Europe accounted for 32 %, and North America accounted for 15.1 % of
global sales of probiotic ingredients, supplements, and foods in 2013. The ROW

Table 1 Global sales of probiotic ingredients, supplements, and foods, through 2018 (US $
Millions)

Probiotics 2012 2013 2018 CAGR% (2013-2018)
Foods 21,313.9 25,090.0 33,505.9 6.0
Supplements 1038.4 1190.1 2051.2 11.5
Ingredients 704.0 798.0 1104.4 6.7
Total 23,056.3 27,078.1 36,661.5 6.2

Source: BBC Research (2014)



186 W.L. Hung
100 -
80 A
-
E 60 - ® Foods
(=]
E 40 - B Supplement
m Ingredients
20 -
0
2013 2018
Probiotics 2013 2018
Foods 92.7 91.4
Supplements 4.4 5.6
Ingredients 2.9 3.0
Total 100 100

Fig. 2 Projected shares of global sales of probiotic ingredients, supplements, and foods, 2013 and

2018 (%). Source: BBC Research (2014)

Rest of World — 14.9%

North America - 15.1%

Fig. 3 Global probiotics market value, by Geography, 2013. Source: BBC Research (2014),

Transparency Market Research (2013)

accounted for the remaining 14.9 % of total global sales in 2013 (Transparency

Market Research 2013).

Growing consumption of yoghurt and increasing concerns over digestive and gut
health are major driving forces behind probiotic consumption growth. The
probiotics market is concentrated in Japan, the USA, and Western Europe, where
traditionally probiotic demand has been always strong (BBC Research 2014). In
Asia-Pacific, with economic conditions improving at a rapid pace, consumer
purchasing power has also gone up multifold (Transparency Market Research 2013).
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This has resulted in a sharp rise in revenues for the probiotics industry in the region.
Growing demand for probiotics products across the world has translated into
increased R&D spending and new product developments over the last 3 years.

The probiotic ingredient market consists of various stakeholders such as sup-
pliers, ingredient processors, research institutes, food and beverage companies,
traders, distributors, and consumers. The companies enjoying substantial market
share are Yakult Honsha (Japan), Danone (France), Nestle S.A. (Switzerland), etc.
At present, Asia-Pacific and Europe dominate the global probiotic consumption.
Together, they accounted for over 70 % of the global market in terms of revenue.
With over 38 % share in total revenue generated by the global market, Asia-Pacific
is the leading market for probiotics (BBC Research 2014).

Asia-Pacific, owing to its high awareness of the benefits of probiotic yoghurts
and fermented milk, is the largest market for probiotics, followed by Europe.
However, the market is growing rapidly in the USA as well; the general affinity
of the US population toward probiotic dietary supplements and the concept of
preventive health care (Rephrased from RD) are expected to drive the probiotic
ingredient market in future due to which the sales of probiotics yoghurt are already
on the rise (Transparency Market Research 2013).

The greatest disadvantage facing the industry is the low level of awareness
among consumers about the benefits of probiotics. Moreover, various alternative
probiotic strains are available in the market having similar properties of enhancing
the immune system and improving gut health, thus creating greater consumer
misunderstanding. One of the biggest drawbacks for probiotics is the lack of any
kind of insurance cover for probiotic usage.

The probiotics market is currently being driven by the rising popularity of
probiotic functional foods and beverages (F&B) among consumers. Age, stress,
poor diet, etc., are some of the reasons responsible for digestive ailments, bloating,
reduced resistance to infections, etc.; consumption of probiotic-enhanced products
helps to alleviate these widespread conditions. These products contain live micro-
organisms (probiotics) that confer positive health effect on the host (Caselli
etal. 2013). Companies such as Yakult Honsha (Japan) and Chr. Hansen (Denmark)
have developed patented strains of microorganisms claiming to affect specific
health benefits. There has been a proliferation of probiotic ingredient suppliers
who develop tailored strains of microorganisms for integrating with a diverse set of
products. Awareness, faith on their efficacy, and safety are some of the deciding
factors for the success of probiotic products.

Women buyers are the key drivers for the probiotics market. With the probiotic
strains becoming a common factor among the manufacturers, taste and convenience
continue to be the most important factors to secure the market share. Overall, there
is now a flourishing market for functional F&B suppliers and manufacturers, where
product innovation will be the key factor to increase the market share.

The issue of counterfeit products making unsubstantiated health claims in the
market has diluted the image of the authentic products by making potential con-
sumers wary about making the choice of consuming probiotic products. This is
restraining the growth of the probiotic ingredient market. Moreover, the market
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faces stiff competition from other categories of functional and good-for-health
foodstuffs that have significant market share as well as goodwill among consumers,
such as products with lesser carbohydrates, or fortified with omega-3, vitamins, etc.

The early movers in the industry are likely to benefit in terms of market share;
however, it is important that they focus on innovating probiotic strains that are more
efficient in terms of stability and survivability in harsh conditions and are supported
by competitively priced production technologies. Extensive research is required to
develop cost-efficient manufacturing processes for probiotics. Companies are hence
aiming to invest in R&D for the same reasons. In addition, manufacturers have
ensured extensive communication with the consumers in terms of legitimate asser-
tions for the health benefits of these products. Such communications, substantiated
with scientific publications, are bound to help consumers’ faith and in turn gain
profits in the market.

2 Macroeconomic Landscape of China

Despite weak and uncertain global conditions, IMF predicated that the Gross
Domestic Product (GDP) for China’s economic growth (Fig. 4) would slow down
t0 7.4 % in 2014 and 7.1 % in 2015 (IMF Public Report 2014). And the World Bank
trimmed its own 2014 forecast to reflect “the bumpy start to the year,” predicting
China’s GDP to grow 7.6 % this year, with its 2015 figure unchanged at 7.5 % (The
World Bank 2014). In China, GDP is divided by three sectors: Primary, Secondary,
and Tertiary. The Primary Industry includes farming, forestry, animal husbandry,
and fishery and accounts for around 9 % of GDP. The Secondary sector, which
includes industry (40 % of GDP) and construction (9 % of GDP), is the most
important. The Tertiary sector accounts for the remaining 44 % of total output and
consists of wholesale and retail trades; transport, storage, and post; financial

China GDP Annual Gorwth Rate
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Growth %

77177471
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Fig. 4 China GDP annual growth rate data. Source: IMF Public Report (2014)
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intermediation; real estate; hotel and catering services; and others (Trading Eco-
nomics 2014).

The GDP in China expanded 7.30 % in the third quarter of 2014 over the same
quarter of the previous year. GDP Annual Growth Rate in China averaged 9.10 %
from 1989 until 2014, reaching an all-time high of 14.20 % in the fourth quarter of
1992 and a record low of 3.80 % in the fourth quarter of 1990 (The National Bureau
of Statistics of China 2014). The National Bureau of Statistics of China (2014)
reports GDP Annual Growth Rate of China. In the third quarter of 2014, China’s
GDP expanded 7.3 % year-on-year, slumping to a 5-year low. The slowdown was
driven by lower property investment, dwindling credit growth, and weakening
industrial production. But China will launch major investment projects in informa-
tion networks, environmental protection, and infrastructure and water conservancy.
Fiscal and monetary policies would be kept flexible and appropriate targeted
adjustments made when needed to support the real economy. In September 2014,
China’s central bank relaxed lending rules for home buyers and allowed banks to
offer a maximum 30 % discount to first-time homebuyers (XinHuaNet 2014). The
bank also injected 500 billion CNY (US $81 billion) into five largest banks via a
3-month standing lending facility operation, a move aiming to support credit and
growth (Trading Economics 2014).

Figure 5 indicated that consumer confidence index (CPI) in China is kept at
111, and the CPI fell 0.1 substantially by comparing each quarter with the previous
quarter, and fast moving consumer goods (FMCG) growth rate% is kept around on
average 6.5 % (Neilsen Research 2014). This means that Chinese people on the
economic prospect are still full of confidence; therefore, the market also is opti-
mistic about China’s employment market, and will be advantageous to help keep
the RMB exchange rate. When a country’s CPI rose, indicating that the country’s
inflation rate rose, which means the monetary purchasing power abatement,
according to the theory of purchasing power parity, the country’s currency should
be weakened. On the contrary, when a country’s CPI fell, indicating that the
country’s inflation rate to drop, which means the monetary purchasing power rise,

110 111 111 111
. N +
8
7
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31 25 24 23

3rd Quart '13 4th Quart '13 1st Quart '14 2nd Quart '14

FMCG{with cosm) Val Growth® vs. YA CP1 (Last Month in Quarter) =4 (ClIndex

Fig. 5 China consumer confidence index, price index, and fast moving consumer goods growth
rate%. Source: Neilsen Research (2014)
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according to the theory of purchasing power parity, the country’s currency should
be stronger.

Figure 6 shows the Chinese city/rural structure; it is divided into 5 different
levels, tier 1, tier 2, tier 3, tier 4, and rural. The new first-tier cities will emerge from
the tremendous growth potential of the tier 2 and tier 3 city (Figs. 7 and 8) in the
future. The new first-tier cities will bring a new situation in the future consumption
mode, because the total population of new first-tier cities will become more than the
total population of the original number of first-tier cities, and consumption capacity
will also show great strength (The National Bureau of Statistics of China 2014). At
the same time, “China Consumer Confidence Survey” study found that (Figs. 9 and
10), the consumers who live in tier 2, 3, and 4 cities are most concerned about the
health issue from the amounts factors of health, income, children’s education and
welfare, health care, job security, parents’ welfare and happiness, increasing food
prices, personal career, increasing real estate price, environmental protection, and
many other issues (China Consumer Confidence Survey 2014). It is said that “health
issue” will quickly sweep the Chinese in the future, and related health products will
also become the hottest product.
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3 China Probiotics Market Overview

How to create a successful probiotics market? It is of important experience to learn
from the market of European and the USA how they promote the probiotic industry
for many years, and the following 5 key points should be considered (Fig. 11):
(1) Consumer awareness about the benefits of probiotics. (2) Difference between
the buying behavior of consumers in developed and developing nations. (3) Weak
immune system of children born from cesarean operations. (4) Women as tradi-
tional Food and Beverage buyers. (5) Aging baby boomer population are primary
potential consumers. Chinese market will be facing the same situation, and it would
be critical to think about these key factors in marketing planning if we were to build
a successful probiotic market in China.

Chinese industry information network (2013) pointed out that, along with the
deepening research in probiotics, probiotics are increasingly widely applied. In
dairy products, it is mainly used in yoghurt, cheese, butter, cheese, and probiotics
production. And in the probiotic product market share in China, milk products are
72.4 % and Pharma- & Granule are 10 % (Fig. 12).

The development of traditional probiotics application fields is achieved with
innovation. The traditional production of yoghurt fermentation strains by Lacto-
bacillus bulgaricus and Streptococcus thermophilus was the best combination, but
with the development of the manufacturing technology, the “traditional” sense of
the yoghurt has a broader connotation, such as dried yoghurt, frozen yoghurt, and
yoghurt sterilization. A “new” variety of yoghurt and fermented milk products is
constantly emerging (Mugambi et al. 2014). For example, Finland, Norway,
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Fig. 12 Probiqtics market Health Probiotics in
structure in China. Source: Products Animal
Chinese industry Pharma- & 9.45% 6.50%
information network (2013) Granule

|

10.00%

Holland, and other countries have listed new functional yoghurt: Lactobacillus
casei yoghurt has been listed for sale, Bifidobacterium yoghurt, Lactobacillus
acidophilus yoghurt has been accepted by consumers. Ymer (Denmark), Nordic
ropy milk, and other products; condensed milk (Middle East), Chakka (India) and
other types of yoghurt products; Kefir (kephir); Koumiss (cream) yeast ferment-
ation product is becoming a development key point. The annual number of new
probiotic dairy products increased 5 times in as short as of 5 years.

At present, the domestic dairy enterprises selected probiotic strains is mono-
polized by foreign companies; the proportion is about 90 %. Companies such as
Danish Hansen Ltd., Danisco, the Holland, and the United States probiotics pro-
duction enterprises are the main supplier of domestic dairy enterprises of probiotics.

Enterprises have two kinds of choices in their selection of the strain, developing
their own or purchasing ready-made bacteria strains; whether it is domestic or
foreign isolates strains, they are extracted either from the separation of human body
or from nature. If one must say which is “better,” from a genetic perspective, it may
be only suitable for the population from a group of host’s isolated populations of the
endemic probiotic species, specific need rigorous determination, and clinical obser-
vation. At present, all edible lactic acid bacteria are beneficial to human body, but
there must be individual differences in the uptake of probiotics as each intestinal
colonies of each person is not identical and individual drinking habits are different
(Mugambi et al. 2014).

Chinese government announced the legitimate list of species for infant food
(2011) and for normal food usage (2012) (Tables 2 and 3). Only six species that are
with substantial clinic research references worldwide could be used for infant food;
for normal food, 24 species are deemed to be safe and could be used (Wang and Luo
2011).

According to the report of the Euromonitor (Table 4), pro/prebiotics used in
dairy-based yoghurt, amounted from 10,832 million CNY in 2009 to reach 33,011
million CNY in 2014. Currently, pro/prebiotic drinking yoghurt is still the main
consumer market, but pro/prebiotic spoonable yoghurt shows rapid growth, from
2079 million CNY in 2009 which rises to 12,579 million CNY in 2014, nearly a
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Table 2 The legitimate use
of species for infant food in
China (2011)
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Species name Strain name
Lactobacillus acidophilus NCFM
Bifidobacterium animalis BB-12
Bifidobacterium lactis HNO19
Bi-07
Lactobacillus rhamnosus LGG
HNO001

Table 3 The legitimate use of species for food (2012)

Species name

Species name

Bifidobacterium

Lactobacillus

Bifidobacterium adolescentis

Lactobacillus acidophilus

Bifidobacterium animalis

Lactobacillus casei

Bifidobacterium lactis

Lactobacillus crispatus

Bifidobacterium bifidum

Lactobacillus delbrueckii subsp.
Bulgaricus

Bifidobacterium breve

Lactobacillus delbrueckii subsp. Lactis

Bifidobacterium infantis

Lactobacillus fermentum

Bifidobacterium longum

Lactobacillus gasseri

Lactobacillus helveticus

Streptococcus

Lactobacillus johnsonii

Streptococcus thermophilus

Lactobacillus paracasei

Leuconostoc

Lactobacillus plantarum

Leuconostoc mesenteroides subsp. mesenteroides

Lactobacillus reuteri

Propionibacterium

Lactobacillus rhamnosus

Propionibacterium freudenreichii subsp.

Shermanii

Lactobacillus salivarius

Table 4 The market of pro/pre biotic yoghurt between 2009 and 2014

2009 ¥ (2010 ¥ 2011V |2012V¥ |2013V |2014V
Pro/Pre Biotic Drinking 8753.4 110,302.2 |12,648.7 |14,544.9 |17,063.5 |20,432.3
Yoghurt—CNY mn
Pro/Pre Biotic Spoonable 2079.3 | 2888.1 4227.8 5856.9 8775.1 12,579.2
Yoghurt—CNY mn
Pro/Pre Biotic Flavored 236.0 |340.3 465.3 597.8 769.8 971.8
Spoonable Yoghurt—CNY
mn
Pro/Pre Biotic Fruited 422.1 |594.2 929.8 1236.6 1619.9 2080.7
Spoonable Yoghurt—CNY
mn
Pro/Pre Biotic Plain 1421.2 | 1953.6 2832.8 4022.5 6385.4 9526.6
Spoonable Yoghurt—CNY
mn

Source: Euromonitor (2014)
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6 times growth. In terms of CAGR% between 2013 and 2014 of pro/prebiotic
drinking yoghurt, the sales volume is increasing by 12 % and the sales value is
increasing by 19.7 % (Fig. 13). However, the retail value RSP (retail sales price) of
probiotic supplements is just starting to growth, from 196 million CNY in 2009 to
358 million CNY in 2014, and is estimated to reach 553 million CNY in 2018
(Fig. 14).
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Fig. 13 Pro/pre biotic drinking yoghurt retail value and volume between 2009 and 2014 in China.
Source: Euromonitor (2014)
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Fig. 14 Probiotic supplements market value and volume in China. Source: Euromonitor (2014)
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Table 5 Probiotic yoghurt product companies markets share in China
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Companies 2009 2010 2011 2012 2013
Hangzhou Wahaha Group Co. Ltd. 45.90 46.40 43.60 38.90 33.70
China Mengniu Dairy Co. Ltd. 5.50 12.50 14.70 16.70 17.90
Yakult Honsha Co. Ltd. 10.00 11.90 13.10 14.90 17.20
Inner Mongolia Yili Industrial Group 8.20 9.50 10.90 11.70 12.70
Co. Ltd.

Bright Food (Group) Co. Ltd. 8.40 9.00 8.30 8.90 10.30
Wei Chuan (BVI) 1.70 1.70 1.60 1.60 1.60
Guangzhou Zhujiang Meileduo Beverage 2.10 2.10 1.90 1.70 1.50
(HK) Co. Ltd.

Wonder Sun Dairy Co. Ltd. 1.20 1.20 1.10 1.10 1.00
Sichuan New Hope Agribusiness Co. Ltd. 0.90 1.00 0.90 1.00 0.90
Guangzhou Yantang Dairy Co. Ltd. 0.70 0.70 0.80 0.80 0.80
Green’s Bioengineering (Shenzhen) Co. Ltd. 0.60 0.60 0.50 0.50 0.50
Others 8.30 3.40 2.70 2.30 2.00
Total 100.00 |100.00 |100.00 |100.00 |100.00

Source: Euromonitor (2014)

Table 6 Sales comparison of Yoghurt and Yoghurt drink in China

2010 and 2006 sales

2013 and 2006 sales

China market | Annual sales | comparison comparison
Yoghurt +19.1 % +2.2 times +3.5 times
Yoghurt drink | +37.1 % +2.5 times +9 times

Source: Neilsen Research (2014)

Table 5 shows that market sharing of Probiotic yoghurt product companies in
China from 2009 to 2013, the Hangzhou Wahaha group Co. Ltd. stays ahead for
many years, China Mengniu Dairy Co. Ltd. is now No. 2, and Yakult Honsha
Co. Ltd. No. is No. 3. China’s yoghurt market is constantly changing and growing.
According to the Neilsen Research Report (2014), the annual sales of Yoghurt in
China increased 19.1 %, and Yoghurt drink increased 37.1 % (Table 6). If 2010 and
2006 sales are compared, yoghurt part increased 2.2 times and yoghurt drinks
increased 2.5 times, but if 2013 and 2006 sales are compared, yoghurt part
increased 3.5 times and yoghurt drinks increased 9 times.
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4 Application and Prospect of Probiotics in China

4.1 The General Situation of the Development of Probiotic
Products

Probiotics market of China started late, along with China’s consumer eating habits
changing to finer health-oriented foods! Probiotic products’ market is currently
mainly in the food and dietary supplements on foreign markets. A healthy probiotic
with continuous development of new technology and new products to meet con-
sumer tastes and ideas and to combine with dietary fiber, oligosaccharide dairy
products, and healthcare products, etc., will further expand market share.

The main product types are liquid milk and yoghurt with probiotic. Normally,
dietary supplement products contain probiotics in the form of a capsule, powder,
oral liquid, or tablet added with other ingredients such as milk, non-dairy, sheep
milk powder, cranberry extract carrier, fructo-oligosaccharides (FOS), immuno-
globulin, fermentation by-products, and other biologically active substances
(Mugambi et al. 2014; Wang et al. 2013; Fen et al. 2010). Probiotic product is
either a single strain or combined multiple strains, including lactobacillus,
Bifidobacterium, and less use of Enterococcus, bacillus, Escherichia coli, and
yeast. Dietary supplements are primarily a health food or natural salt crystal. In
the past few years, the probiotics market has grown steadily with the growth of
overall natural products’ market. Study on the physiological effects of daily intake
of 1 x 10° CFU~1 x 10'° CFU of probiotics (such as the treatment of diarrhea,
lactose intolerance, increased fecal enzyme activity test research) proved effective.
Now the dietary supplement with active probiotics is easy to reach this effective
level (Wang and Luo 2011; Yuan et al. 2010).

4.2 Health Function and Application of Probiotics Products

Probiotics, the new healthcare doctor, has clinical value and wide application
prospect. With in-depth research, one starts to understand the relationship between
probiotics and intestinal microflora. It promotes health by improving immunity and
balancing host and intestinal microbial. Enterprises endeavors to increase the rate
of utilization and expand the space for probiotics development. Probiotics could
adjust the imbalance of intestinal flora and improve micro-ecological environment,
thus providing the effective results of prevention and treatment on the various
causes of acute/chronic diarrhea, constipation, and other digestive diseases (Wang
et al. 2013). Probiotics also have the antitumor effect which is mainly reflected in
the optimal combination of metabolism products of intestinal flora to enhance the
immune function of organism (Caselli et al. 2013; Yuan et al. 2010). At the same
time, anticancer probiotics could eliminate the degradation of carcinogenic
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nitrosamines. In addition, probiotics could promote intestinal peristalsis and help to
flush the harmful bacteria out of the body.

Probiotics is mainly used in the food industry in China, and 90 % of them are
used in dairy products that are mostly in yoghurt, milk drinks, yoghurt drinks, infant
milk powder, milk, and the activity of neutral flavored milk products. Especially in
fermented milk, the development and utilization effect of probiotics is more
significant, and has become a hot selling product. The global annual production
of fresh yoghurt reached 1600 million tons. The yoghurt production of China is
nearly 310 thousand tons in 2001, which increased to 1620 thousand tons in 2005. It
has increased more than 4 times during 5 years. Yoghurt drinks beverage is more
than 140 thousand tons in 2001 and increased to nearly 1080 thousand tons in 2005;
this has increased more than 6 times. Fermented dairy products have become a new
growth point in the dairy industry (Yun 2013; Yuan et al. 2010).

Recently, functional food of probiotics has become a hot research and develop-
ment topic, including functional yoghurt in improving lactose intolerance, lowering
cholesterol, preventing cancer, reducing diarrhea, and playing a very important role
in improving the immunity. Common method for production of functional yoghurt
is to add probiotics after yoghurt fermentation is completed, to complete the
subsequent fermentation. Chang et al. (2006) have reported the beneficial effect
on the basis of this, according to their experimental results; xylitol could completely
replace the sucrose and the used low fat skim milk. So functional yoghurt would be
produced and could help diabetic patients and older consumers’ consumption.

At present, Probiotics is not only used in dairy products, such as yoghurt,
yoghurt drink, and infant milk powder, etc., but also gradually being used for the
development of various functional foods, such as infant food, beverage, candy,
baked goods, and snack foods (Yun 2013). With the development of science and
technology: micro-capsule technology in recent years, which greatly improves the
resistance to storage and the processing resistance to a large extent, the technical
advance has been applied in the processing of probiotics for probiotics products and
developing enhanced function of probiotics (Wang et al. 2013).

4.3 The Problem of Probiotics in Food Application

At present, every country is vigorously developing probiotic foods to expand the
scope of application of probiotics. But many probiotic food problems still need to
be addressed urgently in China. First, the application of probiotics in dairy products
is very common, but compared with foreign countries, China’s consumption of
dairy products is still relatively low. Second, application of probiotics in food is not
suitable for Chinese taste, so we should work hard on strain breeding as soon as
possible, through screening and cultivating the excellent probiotics to develop
suitable products for Chinese consumers’ tastes. Third, application of probiotics
should use multiple methods to add into food; probiotics also should be diversified
to be suitable for all kinds of people. Therefore, scientific researchers need to try
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high-tech biotechnology to develop the application of probiotics in food (Wang
et al. 2013; Yun 2013).

When probiotics are widely used in the food industry and medicine fields in
China, only few studies have been conducted to evaluate the actual microbial
amounts and species in probiotic products, which may conflict with the labels and
mislead consumers to choose inappropriate foods or medicines. The combination of
culture-dependent and culture-independent methods was proven to quickly and
conveniently detect the microbial diversity in probiotic products, and more effort
is required to regulate the probiotic market in China (Chen et al. 2014).

In order to promote the health of the human body and the improvement of living
standard, we should increase the investment on the existing basis, expand the range
of application of probiotics in food and other industries, to develop new products,
and give full focus to the function of health care of probiotics.

5 Conclusion

With the continuous improvement of people’s living standards and growing health
awareness, people pay more and more attention to probiotic products containing
probiotic foods. Nowadays, healthy and beneficial microorganisms were found in
many different types of food like traditional foods, folk foods, and strong regional
features foods, and probiotic products of industrial scales have been formed in
China where the market changes rapidly. The natural probiotics existence and
current application within our familiar foods signify the safety of the probiotics,
which fit perfectly for our daily consumption to keep the body health. Deep
understanding of the value of probiotics and impelling the probiotics foods con-
sumption during our daily life is our main target.
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Abstract At the beginning of the twentieth century, Ellie Metchnikoff (1845—
1916), Ernest Moro (1874—1951), and Leo Rettger (1874—1954) made their first
scientific contributions to the research on probiotics. In humans, lactic acid bacteria
(LAB) have a strong influence on the host’s health because LAB are an important
biodefense factor for preventing colonization by and subsequent proliferation of
pathogenic bacteria in the intestine. Probiotics have been defined as beneficial
microorganisms by Lilly and Stillwell since 1965. Some species of probiotic
LAB have been called probiotics, such as Lactobacillus acidophilus, L. casei,
L. rhamnosus, L. plantarum, and L. reuteri. There have been hundreds of publica-
tions describing the use of Lactobacillus strains to prevent and treat a variety of
gastrointestinal disorders. However, only a few have contributed convincingly to
our knowledge of the health effects of Lactobacillus species as starter cultures.
Lactobacillus strains in dairy products represent an exciting prophylactic and
therapeutic advance, although further investigations must be undertaken before
their role in intestinal health can be delineated clearly.
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1 Introduction

Lactobacillus species have been claimed as probiotics and closely associated with
the human’s health because these are an important biodefense factors. Lactobacillus
is the largest genus within the group of lactic acid bacteria (LAB). It contains a very
large number of species, isolated mainly from humans, animals, plants, and foods,
and the genus shows large phenotypic, biochemical, and physiological variability
(Laura et al. 1999). Several health benefits are also reported for Lactobacillus
species that colonize the gastrointestinal tracts. These include stimulation of immu-
noglobulin production, induction of interferon expression in macrophages, acidifi-
cation of the local environment, hypocholesteraemic effects, binding of mutagenic
compounds, production of bacteriocins, and prevention of the adhesion of patho-
genic bacteria to epithelial cells (Fuller and Gibson 1997; Tannock 2003; Oh
et al. 2012).

Lactobacillus species are used as a starter in the fermentation of foods. There-
fore, the use of Lactobacillus to enhance intestinal health in dairy products has been
proposed for many decades. There have been hundreds of publications describing
the use of Lactobacillus species to prevent and treat a variety of gastrointestinal
disorders (Holzapfel and Schillinger 2002). However, the scientific basis of Lacto-
bacillus in dairy products has been firmly established only recently, and the clinical
studies have begun to be published. Currently, the best-studied Lactobacillus
species are Lactobacillus acidophilus, L. casei, L. rhamnosus, and L. plantarum.

To understand the general mechanism of probiotics completely, this chapter
explores the early studies relating to probiotics and the intestinal microbiota.
Furthermore, we briefly describe the commercial probiotics used in dairy products
at present.

2 History of LAB and Probiotics

Studies on lactic acid bacteria (LAB) as probiotics started with the research on the
fermentation process. These studies made a substantial contribution to the fledgling
field of microbiology. Although LAB are found in dairy products, humans, animals,
and insects, it was Pasteur (Louis Pasteur, 1822—1895) who first discovered LAB;
he found them to be an influencing factor in the fermentation of wine. Escherich
(Theodor Escherich, 1857-1911) was the first to conduct systematic studies on the
intestinal microbiota. He was able to identify a gram-positive bacillus that was
dominant in a healthy baby’s stool. Unfortunately, with the knowledge and the state
of technology back then, he failed to isolate the microorganisms. In 1892,
Doderlien (Albert Doderlien, 1860-1941) found an acid bacillus within a healthy
woman’s vaginal secretion. In 1895, a microorganism, isolated by Boas and Oppler,
had characteristics very similar to those of LAB isolated from a patient with
stomach cancer. In the nineteenth century, most research was focused on the
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discovery of LAB species; in the twentieth century, the research on LAB was
focused more on the health and the concept of probiotics. LAB, as a subject of
research on probiotics, take their origin from Tissier’s research into Bacillus bifidus
(currently, Bifidobacterium sp.), Moro’s studies on Bacillus acidophilus (currently,
Lactobacillus acidophilus), and Grigoroff’s work on Bacillus bulgaricus (currently,
Lactobacillus bulgaricus).

In the thesis that Tissier (Henry Tissier, 1866—1926) published in 1900, he
mentioned B. bifidus for the first time; it was isolated from a healthy infant’s
feces (Tissier 1900). This microorganism appeared to belong to a small group of
Y-shaped bacteria, and Tissier named it “bifurcated forms.” In the subsequent
research, Tissier found these intestinal bacteria in a 3-day-old infant’s feces who
was fed only breast milk. Tissier argued that, because these bacteria were common
in healthy infants, it was possible to transplant B. bifidus and thereby generate
healthy intestinal microbiota. Diarrhea was treated with healthy intestinal microor-
ganisms; this concept of probiotics is used in present-day studies just as in 1900.

In the same year, Moro (Ernst Moro, 1874—1951) found a microorganism in the
stool of a baby who was breast-fed and named it B. acidophilus (L. acidophilus).
Dr. Moro believed that this microorganism originated from the mother’s milk.
Furthermore, he stated that this bacterium was easily detectable in the baby’s
mouth, stomach, and intestines and that it was a gram-positive rod 1.502 pm long
with a pointy tip; this bacterium could survive under highly acidic conditions (Moro
1900). In 1901, Cahn reported that B. acidophilus was found in bottle-fed infants
and in breast-fed infants (Cahn 1901). Weiss (1904) reported that when a person
drinks a lot of milk, the number of B. acidophilus cells increases (Weiss 1904).
Bacillus acidophilus was renamed Lactobacillus acidophilus in 1920.

Fermented dairy products are traditionally known to alleviate constipation and
diarrhea; because of these characteristics, various countries in Europe undertook
numerous studies on fermented milks. In 1905, Grigoroff isolated the bacteria from
the fermented milk that was used in Bulgaria and named it as B. bulgaricus. In
1907, a Ukrainian scientist, Ellie Metchnikoff (1845—-1916), argued that lactic acid
could suppress the intestinal putrefaction and the formation of poisonous sub-
stances that occur in the intestines. Due to the suppression of the decaying process
within the gut, he believed that lactic acid produced by LAB could prolong human
life (Metchnikoff 1908). His theory was accepted around the world because of the
connections among lactic acid, LAB, health, and prolongation of life (Oh 2009). It
is an undeniable fact that Metchnikoff’s research was revolutionary and accelerated
the studies of microorganisms in general and LAB in particular. Many of the
journals cited above frequently cite Metchnikoff’s work.

Nonetheless, Metchnikoff was not the first to conduct studies on intestinal
decomposition and lactic acid. In 1887, Poehl reported that when a person ingests
fermented milk, it inhibits decomposition of refuse in the intestines. Furthermore,
Rovighi, Embden, and Brundinki confirmed this finding in 1892, 1894, and 1900,
respectively. Tissier and Martelly (1902) reported that lactic acid could inhibit the
decomposition of refuse in the intestines (Rettger and Cheplin 1921). Orla-Jensen
(1919) was the first to notice the industrial value of LAB then; he collected
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hundreds of LAB isolates around Europe. On the basis of this collection, Orla-
Jensen started to classify LAB, and his dedication was the starting point for the
research on fermented dairy products such as cheese.

Studies on health-promoting effects of LAB were not conducted in Europe
alone. As an up-and-coming nation, the United States of America saw numerous
studies of LAB by its scientists. In the Rockefeller Institute, Kendall was using
B. bifidus that was isolated by Metchnikoff. Kendall injected B. bifidus into a
monkey’s small intestine, and the decomposition of intestinal contents was notice-
ably inhibited. He reported that the selection criteria for LAB should be as follows:
microorganisms that produce lactic acid should be selected by (1) their ability to
settle down in the intestines, (2) their harmlessness to the host (the bacteria do not
produce any harmful substances), and (3) their ability to produce sufficient quan-
tities of lactic acid. Such selection criteria for probiotics are still used today.

In 1921, Professor Rettger of Yale University published a book, showing that
L. acidophilus has characteristics that are completely different from those of
L. bulgaricus (Rettger and Cheplin 1921). Rettger argued that L. bulgaricus was
never found in human feces, and that this organism does not take up residence in
human (or animal) intestines. He also proved that when L. acidophilus is injected
into rat intestines, it dominates the population of microorganisms there (Rettger and
Cheplin 1922) (Fig. 1).

3 Probiotics and Dairy Products

In 1965, the word “probiotics” first appeared in a scientific article, “Probiotics:
growth promoting factors produced by microorganisms” by Lily and Stillwell. In
this article, probiotics were defined as the opposite of antibiotics: as microorgan-
isms that stimulate other microorganism’s growth. Although another article, “Anti-
und Probiotika,” was already published by Vergin in 1954. Lily and Stillwell were
the first authors to define probiotics as bacteria that facilitate another microorgan-
ism’s growth. In 1974, Parker defined probiotics as “a substance and/or a microor-
ganism that balances intestinal microbiota in livestock.” In 1989, Fuller redefined
probiotics as “a live microbial supplement that enhances beneficial effects of
intestinal micro biota in host.” Fuller’s definition is mentioned in many research
articles because he redefined the meaning of probiotics by implying administration
of live microorganisms.

Since then, many scientists have changed the definition of probiotics. Using
Fuller’s concept, in 2002, the Food and Agriculture Organization of the United
Nations (FAO) and WHO defined a probiotic as “live microorganisms that when
administered in an adequate amount confer a health benefit on the host.” In this
definition, the FAO and WHO emphasized the amount that should be administered
(or injected) to promote enhancement in health. The focus in this definition was on
strains available as probiotics in food, which are mainly members of the genera
Lactobacillus and Bifidobacterium. The definition excluded the reference, but is not
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Fig. 1 The pioneers of research on probiotics. Ellie Metchnikoff (fop; Metchnikoff 1921), Ernst
Moro (bottom left; Weirich and Hoffmann 2005), and Leo Rettger (bottom right; http://www.
asmbranches.org/brCtValley/HISTORY .htm). The photographs were reproduced with permission

limited, to the term biotherapeutic agents and beneficial microorganisms not used in
food (Pineiro and Stanton 2007). Currently, the FAO/WHO’s definition of
probiotics is widely accepted.

As shown in Table 1, the basic concepts in probiotics and antibiotics are subtle
yet distinct. Both have similar roots to each other by using microorganisms. The
first recorded history of our ancestral use of probiotics date back to 4500 BC.
Probiotics is largely categorized as food and the first commercial production with
the use of it was in 1935 by a Japanese company named Yakult. However, the first
recorded history of the use of antibiotics goes back to 2500 BC. Unlike probiotics,
antibiotic’s mode of action is direct. Antibiotics are categorized as drugs and it’s
first public appearance as a commercial product was in the United States in 1942 by
the Merck Company.

Probiotics are used most frequently as live microorganisms in food, drugs, and
animal feed. Commercial products that are based on probiotics can be classified into
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Table 1 Comparison between probiotics and antibiotics

Probiotic Antibiotic
Term’s meaning For life Against life
Denominator Lilly and Stillwell (1965) Waksman and Woodruff (1942)
First record in history 4500 BC 2500 BC
Mode of action Indirect Direct
Product category Food Drug
First commercial production Japan (1935), Yakult Co. USA (1942), Merck Co.

ngredients

Asia Market
(2013)

(2013)

Fig. 2 The global and Asian markets of probiotics (Nutrition Business Journal 2014)

four categories: probiotic agents, animal feed supplements, health foods, and
yogurt. In some countries, probiotic agents should be sold only at pharmacies.
Although many other microorganisms are used in dairy foods, LAB plays a major
role in this market sector.

As shown in Fig. 2, most people in Asia consume >64 % of probiotics in the
types of yogurt. Thus, fermented milk is an important probiotic product in the Asian
market. Various types of fermented milk including yogurt have become well-
established food products worldwide (Table 2).

Yogurt, the most widely used fermented dairy product containing probiotics,
should contain more than 6-8 log;, colony-forming units (CFU) of LAB per
milliliter (Table 3). LAB that are used to make yogurt are known as “yogurt starter
cultures.” These cultures ferment lactose and produce lactic acid, which acts on
milk proteins and gives yogurt its texture and gustatory characteristics. No one
knows where or how yogurt originated, but approximately 10,000 BC, the human
way of life changed from food gathering to food production, and this change
included domestication of cows, sheep, goats, buffaloes, camels, yaks, horses,
and even reindeer. Although the primary purpose of fermentation is to extend the
shelf life of milk products, this process also improves the taste of milk and enhances
the digestibility of this food product.

Yogurt products available around the world can be classified into five common
categories. Set-type yogurt is incubated and cooled in the final packaging and is
characterized by firm jellylike texture. Stirred-type yogurt is incubated in a tank and
the final coagulum is broken up by stirring prior to cooling and packaging. The
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Table 2 Microorganisms in fermented dairy products
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Name

Origin of milk

Microorganisms

Yogurt

Buffalo, cow, goat, sheep

Lactobacillus bulgaricus
Streptococcus thermophilus

Cultured buttermilk

Buffalo, cow, goat, sheep

Streptococcus lactis
Streptococcus cremoris

Acidophilus milk Cow, goat Lactobacillus acidophilus

Lassi Buffalo, cow Lactobacillus bulgaricus

Kefir Cow, goat, sheep Lactobacillus kefir
Streptococcus lactis
Leuconostoc spp. (yeast)

Koumiss Mare Lactobacillus acidophilus
Lactobacillus bulgaricus (yeast)

Leben Goat, sheep Streptococcus lactis

Streptococcus thermophilus
Lactobacillus bulgaricus

Table 3 Composition of fermented milk in accordance with Codex requirements (Codex Stan-
dard 243-2003)

Yogurt, alternate culture
Fermented | yogurt, and acidophilus
milk milk Kefir Koumiss
Milk protein® (%) min. 2.7 % |min. 2.7 % min. -
2.7 %
Milk fat (%) <10 % <15 % <10% | <10 %
Titratable acidity, expressed | min. 0.3 % | min. 0.6 % min. min.
as % lactic acid 0.6% [0.7%
Ethanol (% vol/w) — — — min.
0.5 %
All microorganisms consti- min. 10’ min. 10’ min. min. 10’
tuting starter culture (CFU/g) 10
Microorganisms® on the label | min. 10° min. 10° - -
(CFU/g)
Yeast (CFU/g) - — min. min. 10*
10*

Source: FAO, with permission (www.codexalimentarius.org/input/download/standards/400/CXS _
243e.pdf. Accessed 9 January 2013)

Abbreviations: CFU colony-forming units, vol/w volume/weight

“Protein content is 6.38 multiplied by the total Kjeldahl nitrogen

Applies where a content claim is made in the labeling (mentions the presence of a specific
microorganism)

texture of stirred yogurt is less firm than that of set yogurt: the former resembles
very thick cream. Drinking-type yogurt is similar to stirred yogurt: the coagulum is
broken up prior to cooling. In drinking yogurt, to break up the coagulum, they use
potent agitation. Little if any re-formation of the coagulum will occur after pack-
aging. Frozen-type yogurt is inoculated and incubated in the same manner as stirred


http://www.codexalimentarius.org/input/download/standards/400/CXS_243e.pdf
http://www.codexalimentarius.org/input/download/standards/400/CXS_243e.pdf
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Table 4 Regulatory Country Viable cells of LAB (CFU/g)
requirements on viable-cell 2 =
. R . USA >10
counts of lactic acid bacteria 5 5
(LAB) in yogurt Australia =10
Europe® >10’
China’ >10°
Japan® >108
Korea® > 108

“US FDA Code of Federal Regulations, parts 131-203
"Australia & New Zealand Food Standard 2.5.3
“European Union Council Regulation No. 178/2002
dChina National Dairy Standard GB2746-1999

“Ministry of Health and Welfare Ordinance No. 52, Japan
TLivestock Product Processing Control Act 2.1.4, Korea

yogurt is. Nonetheless, cooling is achieved by pumping through a whipper, chiller,
and freezer in a fashion similar to the production of ice cream. Concentrated-type
yogurt is inoculated and fermented in the same way as stirred yogurt is. After
resuspension of the coagulum, the yogurt is concentrated by boiling off some of the
water; this process is often performed under vacuum to reduce the temperature
required. Each country has its own standards with respect to the regulations
governing the production of fermented dairy products. Some of these standards
are similar, but others differ: e.g., milk protein content and milk fat level, the
content of solids-not-fat, etc. The regulations and standards pertaining to fermented
milk in various countries are listed in Tables 3 and 4.

4 Major Lactobacillus Species in Dairy Products

As shown in Table 5, some species of LAB are called probiotics around the world.
Lactobacillus species are beneficial microorganisms that have several probiotic
effects on humans and animals, such as alleviation of acute diarrhea and allergy
(Szajewska et al. 2001; Ouwehand 2007), of inflammatory bowel disease
(Ewaschuk and Dieleman 2006; Limdi et al. 2006), and of antibiotic-associated
gastrointestinal symptoms (Lenoir-Wijnkoop et al. 2007; Maslowski et al. 2009); a
reduction in the number of potentially pathogenic bacteria (Savard et al. 2011); and
immunomodulatory effects (Bahrami et al. 2011).

In particular, L. acidophilus, L. casei, and L. rhamnosus GG are most popular
probiotics used in dairy products such as yogurts, lactic drinks, and probiotic agents
because these bacteria are a resident species of the human digestive tract.

L. acidophilus is a widely used probiotic microorganism because it is known to
have beneficial effects on the host. The name “Lactobacillus acidophilus™ first
appeared in the 1920s because of an international agreement on the nomenclature of
microorganisms (the original name was “Bacillus acidophilus™). L. acidophilus is
one of 64 species of Lactobacillus with the characteristic inability to ferment
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Table 5 Commercial
probiotics in dairy products
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Strain

Supplier

Lactobacillus acidophilus DDS-1

Nebraska Culture

Lactobacillus acidophilus LA-5

Christian Hansen

Lactobacillus acidophilus NCDO 1748 Arla Foods
Lactobacillus acidophilus NCFM Danisco
Lactobacillus casei DN 114 001 Danone
Lactobacillus casei Shirota Yakult

Lactobacillus gasseri OLL2716

Meiji Dairies

Lactobacillus paracasei 431 Christian Hansen

Lactobacillus paracasei F-19 Arla Foods
Lactobacillus plantarum 299v Pro Viva
Lactobacillus reuteri Bio Gaia
Lactobacillus rhamnosus GG Valio

5-carbon sugars. L. acidophilus is a genetically heterogeneous species, and the
classification of the strains has been a difficult task. With the technological
advances in molecular biology, in 1992, L. acidophilus was split into six major
species—L. crispatus, L. amylovorus, L. gallinarum, L. gasseri, L. johnsonii, and L.
acidophilus—which have clearly observable differences but constitute the same
L. acidophilus group (Hammes and Vogel 1995).

In 1921, Rettger and Cheplin hypothesized that if a person consumed fermented
milk made with L. bulgaricus, gram-positive bacteria counts would not increase
within the fecal matter. Nonetheless, when fermented milk is produced by
L. acidophilus, the numbers of gram-positive bacteria increase significantly
(Fig. 3). Thus, the conclusion was drawn that L. bulgaricus cannot survive in the
large intestine but L. acidophilus could.

In 1928, Dr. Shahani of Nebraska State University was the first to study the
production of fermented milk by means of L. acidophilus. Dr. Shahani then
established Nebraska Culture Inc. to mass-produce the L. acidophilus DDS-1 strain
for preparation of various kinds of probiotics. Although L. acidophilus was discov-
ered in Europe, scientists in the USA had already been analyzing numerous kinds of
LAB and went even further commercializing them (Oh 2009).

The strain NCFM of L. acidophilus was then commercialized by North Carolina
State University. This strain was first isolated from human feces; this microbe can
produce bacteriocin and reduces the serum level of cholesterol. In 2005, the genome
of this strain was first sequenced. Currently, Danisco has a patent on the use of this
strain for production of yogurt. Although the strains DDS-1 and NCFM were both
described in the USA, La5 was first isolated and studied in Europe. A Danish
bacterial-culture company named Christian Hansen first commercialized a starter
culture containing the La5 strain. La5 can prevent diarrhea and significantly
improve the intestinal health of humans. Nowadays, this strain is used in yogurt
and food supplements worldwide.

L. acidophilus was the first group of bacteria reported to have a cholesterol-
lowering effect in humans and animals. Several studies involving rats (Akalin



Fig. 3 Gram stained Lactobacillus acidophilus (left) and Lactobacillus bulgaricus (right). The
photographs were reproduced from Rettger and Cheplin (1921)

et al. 1997), pigs (De Rodas et al. 1996), and humans (Schaafsma et al. 1996) who
were fed L. acidophilus-fermented products (or a diet containing L. acidophilus)
demonstrated a significant reduction in blood cholesterol levels. Bile is produced in
the liver from various substances, including cholesterol. The liver turns cholesterol
into cholic and deoxycholic acids that are combined with glycine and taurine
(Brandt and Bernstein 1976). Gilliland et al. (1985) reported that when
L. acidophilus is grown in the presence of cholesterol, some of the cholesterol is
incorporated into the L. acidophilus cells while they are growing.

There are recent reports showing that L. acidophilus growth may be regulated by
the changes in the AI-2 (autoinducer 2) signaling system (Kim et al. 2008; Yun
et al. 2014). Quorum sensing is a bacterial cell-to-cell communication mechanism
that involves production, detection, and a response to extracellular signaling mol-
ecules called autoinducers. Autoinducers accumulate in the environment as the
bacterial-population density increases, and bacteria detect a threshold concentration
of these autoinducers; this event leads to changes in gene expression. Because of
these signal response systems, bacteria can act as a collective unit, that is, a
multicellular entity, as opposed to individual cells performing individual functions.
Quorum sensing is involved in bioluminescence, sporulation, competence, antibi-
otic production, biofilm formation, and secretion of virulence factors (Rutherford
and Bassler 2012). Many pathogens synthesize an extracellular signal called LuxS
or AI-2, for example, Escherichia coli O157:H7, Clostridium perfringens, and
C. difficile. Thus, probiotics such as L. acidophilus have been implicated in the
control of virulence of pathogenic bacteria via downregulation of AI-2 (Kim
et al. 2008; Yun et al. 2014) (Fig. 4).

In 1930, Dr. Minoru Shirota succeeded in isolating and culturing a strain of
Lactobacillus that can survive gastric juice and bile salts. This strain is now known
as L. casei strain Shirota. Dr. Shirota then developed a fermented-milk beverage,
called Yakult in 1935. L. rhamnosus GG (ATCC 53103) was isolated from the stool
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Fig.4 The cover page of the book written by Rettger and Cheplin (1921; left) and by Reichart and
Davis (1928; right)

of a healthy person in 1985 (Gorbach 2000), and subsequent studies showed
beneficial effects on patients with colitis (Gorbach et al. 1987). This strain has
been shown to adhere to the colonic mucosa in humans (Alander et al. 1999) and
can be isolated from the colonic mucosa and feces. It survives for 1-3 days in most
people and for up to 7 days in 30 % of people. L. rhamnosus GG has most of the
characteristics that are generally desirable in a good probiotic strain, including the
ability to survive passage through the human gastrointestinal tract after ingestion
and the ability to transiently colonize the ileum and colon (Doron et al. 2005).

L. casei Shirota and L. rhamnosus GG stimulate mucosal IgA responses and
enhance antigen uptake by Peyer’s patches (Gorbach 2000). Consumption of
L. casei Shirota and L. rhamnosus GG has been shown to be beneficial for human
health. Accordingly, both microbes are used worldwide as probiotics in various
milk products.
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5 Survival of Lactobacillus in Processing

The practical applications that are described above imply that lactobacilli may be
exposed to various environmental stressors, such as the extremes of temperature,
pH, osmotic pressure, various oxygen concentrations, high pressure, and starvation,
which may affect physiological status and various properties of the cells. It is
necessary to know not only which conditions are favorable or detrimental to
lactobacilli but also which mechanisms are conducive to their survival and meta-
bolic activities under stress conditions.

Heat stress in lactobacilli has been studied by analyzing the effects on growth,
heat tolerance, and protein synthesis. Genetic variation among species, physiolog-
ical status of the cells, and environmental factors influence the tolerance of
lactobacilli to heat stress. The environmental factors include the growth medium,
pH, water activity, salt content, and the presence of preservatives (Casadei
et al. 2001; Desmond et al. 2001). When cells are exposed to heat shock, the
physiological response involves enhanced synthesis of a group of evolutionarily
conserved proteins known as heat shock proteins (HSPs), which promote correct
folding of nascent polypeptides, assembly of protein complexes, and degradation
and translocation of proteins (Bukau and Horwich 1998). Wouters and coworkers
(2000) identified CIPs (cold-induced proteins) in L. lactis subsp. lactis; these
molecules are involved in translation, sugar metabolism, chromosomal
restructuring, and signal transduction. Low-molecular-mass (approximately
7 kDa) CIPs differ from other inducible proteins because CIPs putatively belong
to the cold shock protein (CSP) family. These CSPs are thought to help the cell to
survive at temperatures lower than the optimal growth temperature, in contrast to
heat shock proteins, which help the cell to survive at temperatures higher than the
optimal level, possibly because of condensation of chromosomes and formation of
the prokaryotic nucleoid (Obokata et al. 1991).

Acidity is a major environmental stressor that affects LAB during fermentation
of foods and beverages. Probiotic lactobacillus strains are exposed to extreme acid
stress when they reach the stomach, where hydrochloric acid is abundant in gastric
juice. A number of mechanisms behind the regulation of intracellular pH homeo-
stasis have been identified in gram-positive bacteria, for example, the mechanisms
involving F,F,-ATPase proton pumps, amino acid decarboxylation, general stress
proteins, and molecular chaperones (which repair and degrade damaged DNA and
proteins).

Lactobacillus species are also exposed to osmotic stress. A sudden increase in
the osmolarity of the environment causes water to move from the cell to the outside;
this process causes a detrimental loss of cell turgor and changes the intracellular
solute concentrations and the cell volume. During hyperosmotic stress (18 % NaCl
for 2 h), the survival of mid-exponential-phase cells of L. acidophilus decreased by
46 % (Kim et al. 2001). Exposure of the cells for 1 h to a sublethal concentration of
NaCl (2 %) slightly increases the rate of survival, and the cells adapted to this level
of NaCl salinity show increased tolerance of bile salt. The detrimental
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concentration of NaCl for L. alimentarius is 8 % (Lemay et al. 2000). Hyperosmotic
conditions induce transcription of the dnaK and htrA operons in L. sakei LTH681
(Schmidt et al. 1999). In general, hyperosmotic conditions that are based on sugar
stress are much less detrimental and have only transient effects because lactobacilli
can equilibrate the extracellular and intracellular concentrations of lactose and
sucrose. As shown for L. plantarum, the uptake of these sugars most likely proceeds
via facilitated diffusion with the help of a transport system with a low affinity for
the substrates; this notion is consistent with the inability of the sugars to serve as
compatible solutes (Glaasker et al. 1996).

Oxidative stress means conditions where the production of reactive oxygen
species (ROS) results in adverse effects on cellular functions. The 4-electron
reduction of O, to two molecules of H>,O gives rise to ROS: superoxide radical
anion (O, "), hydrogen peroxide (H,0,), and hydroxyl radical (HO"). O, and H,O,
may contribute to the formation of the highly reactive oxidant HO via the Fenton
and Haber—Weiss reactions. O, can diffuse across a considerable distance to reach
a potential target and is more reactive with intracellular proteins than H,O, or HO'
is. Cellular components such as hemoproteins, and especially lipids and DNA, are
HO' targets. Lactobacilli are fermentative aerotolerant microorganisms that do not
use a proton-translocating electron transport chain but possess oxidases that use O,
to oxidize substrates such as pyruvate or NADH. The NADH oxidase/NADH
peroxidase system is an alternative way to regenerate NAD" along with the
conversion of pyruvate to lactate or ethanol. Pyruvate is then available for conver-
sion to acetate, yielding an extra mole of ATP. The activity of these oxidases can
produce ROS that cause oxidative stress in the cell. It is therefore expected that the
presence of O, will induce a specific cellular response. Bacteria may use enzymes
(catalase, NADH oxidase, NADH peroxidase, or superoxide dismutase) or
nonenzymatic compounds (Mn>*, ascorbate, tocopherols, or glutathione) to reduce
oxygen radicals (De Angelis and Gobbetti 2004).

Another stressor, high pressure, causes denaturation of proteins and damage to
membranes with detrimental effects on microbial functions and viability. Microbial
growth is generally inhibited at a pressure of 20-130 MPa, and cell death occurs in
the range 130-800 MPa. Tolerance to high pressure varies depending on the
species, strain, and the culture medium used. Milk suspensions of three L. lactis
subsp. lactis strains that were subjected to 400 MPa for 20 min showed a decrease in
cell viability of log 1.87, 2.98, or 3.18 CFU/mL. Similar differences were found
among the strains of L. casei subsp. casei. The stress induced by high pressure
negatively affects the survival of bacteria during food storage under adverse
conditions. Hydrostatic pressure influences pH; by enhancing dissociation of
weak organic acids and by increasing permeability of the cytoplasmic membrane;
these changes limit the efficiency of pH homeostasis (De Angelis and Gobbetti
2004).

In a recent report (Bang et al. 2014), investigators measured viability of com-
mercial probiotics during long-term storage. Figure 5 shows the viability of starter
cultures from three commercially available types of yogurt during a 12-month
storage period. The counts of viable cells were maintained at 10—10° CFU/mL
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Fig. 5 Survival of lactic acid bacteria (LAB) in yogurt A (S. thermophilus, L. bulgaricus,
L. rhamnosus GG, and B. animalis BB12), yogurt B (S. thermophilus, L. acidophilus La5, and
B. animalis BB12), and yogurt C (L. casei Shirota) during storage for up to 52 weeks at 5 °C. The
counts of viable cells of LAB were measured at 15-day intervals. The figures were reproduced
from Bang et al. (2014) with permission

for Lactobacillus sp. and 10° CFU/mL for S. thermophilus for up to 5 weeks.
Similarly, the initial counts of Bifidobacterium animalis BB12 were ca. 10°-
107 CFU/mL in both yogurt A and yogurt B. The L. rhamnosus strain GG exhibits
the highest viability in samples “A” during the storage period, with counts of
10’ CFU/mL after 52 weeks of storage. These results indicate that commercial
probiotics such as L. rhamnosus GG are tolerant of the acidic conditions for 1 year
at 5 °C.

6 Future Perspectives

One hundred fifteen years have passed since Ernest Moro made his first scientific
contribution to Lactobacillus study. Many researches have been conducted that
Lactobacillus species in dairy products enhance the intestinal health including
immune-stimulations and pathogen-inhibitions. And also, there are many proposed
mechanisms by which Lactobacillus may protect the host from gastrointestinal
diseases. Therefore, more clinical trials must be conducted to define clearly the
mechanisms of specific Lactobacillus strains. Much work remains to classify the
mechanisms of action of particular Lactobacillus strains for health benefits in dairy
products.
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Abstract The rising awareness of consumers toward the health benefits of foods
and their nutritional benefits for potential disease prevention and health enhance-
ment is the driving force of the global functional food and nutraceutical market.
Functional foods are the medicinal foods that provide health benefits beyond energy
and essential nutrients. Many studies, including several European Commission
(EC) funded projects, have led to the understanding of the potential mechanisms
of biologically active components in food, which could improve health and
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probably reduce the risk of disease while enhancing our overall well-being. Func-
tional foods and nutraceutical products are helping to improve health, reducing the
healthcare costs, and supporting the economic development in rural areas. Growing
demand for functional foods is also helping the producers to diversify their agri-
culture and marine-based crops and promoting research and innovation. There is
growing demand for functional foods, especially in developed economies due to
increasing awareness toward health benefits of functional foods and an increase in
disposable income. The USA is the world’s largest market for functional foods and
is expected to witness 21 % growth in the coming years owing to the growing
demand for functional foods and expected to reach the value of USD 8.62 billion by
2015. This growth is mainly driven by the continuously growing demand for energy
drinks and fortified dairy products. Meanwhile, country-specific regulations and
health claim substantiation are some of the challenges the functional food and
nutraceutical market continues to face. This chapter gives an overview of the
functional food and nutraceutical market, motivations, challenges, and future
perspectives of the market.

1 Introduction

The statement “Let food be thy medicine, thy medicine shall be thy food,” made by
Hippocrates, the father of modern medicine, is receiving a lot of interest today as
food scientists and consumers realize the health benefits of certain foods
(EI Sohaimy 2012). The concept of functional foods was invented in Japan. In the
1980s, health authorities in Japan recognized the need for an improved quality of
life as well as increasing life expectancy for the expanding number of elderly
people in the population in order to control healthcare costs. The concept of
foods that were developed specifically to promote health or reduce the risk of
disease was introduced and was called Foods for Specified Health Use (FOSHU).
According to the European Food Information council, functional foods must con-
tain biologically active components that have the potential to optimize physical
and mental well-being and which may also reduce the risk of disease (http://www.
eufic.org/article/en/nutrition/functional-foods/expid/basics-functional-foods/). Such
foods include fortified food, enhanced food, enriched food, dietary supplements,
and health food. The term “nutraceutical” was coined from the words, “nutrition”
and “pharmaceutical” (Fig. 1) in 1989 by Stephen DeFelice, founder and chairman
of the Foundation for Innovation in Medicine (FIM), Cranford. He defined
nutraceuticals as “a food (or part of a food) that provides medical or health benefits,
including the prevention and/or treatment of a disease” (El Sohaimy 2012). They
are usually in the form of pills, tinctures, and capsules. Nutraceuticals cover a broad
range of products including beverages, dietary supplements, isolated nutrients,
genetically engineered designer foods, herbal products, and processed foods.
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Fig. 1 Nutraceuticals: a
blend of pharmaceuticals
and food

I \
/ \
| \

1
Food LNutra‘:euticalﬁI Pharmaceuticals

/

\ /

The basic categories of nutraceuticals are (1) dietary supplements, (2) functional
foods and beverages, and (3) nutraceutical ingredients (raw minerals or oils). The
classical definition of nutraceutical and functional food states that both functional
foods and nutraceuticals are derived from food or part of a food (Shahidi 2009).
However, it seems inapplicable to the modern nutraceuticals since a number of
nonfood-derived ingredients are now recognized as safe and are used in nutraceu-
tical formulations to prevent cancer, neurodegenerative diseases, and other chronic
diseases (Dewapriya and Kim 2014). Various kinds of natural plants (Harbourne
et al. 2013; Johanningsmeier and Harris 2011), animals (Galanakis 2013), and
marine sources (Freitas et al. 2012) possess biologically active metabolites that
can be used as novel sources for developing modern nutraceuticals and functional
foods. Several foods have been shown to help fight against or reduce the risk of
cardiovascular diseases, obesity, diabetes, hypertension dyslipidemia, and other
chronic ailments (Table 1), and an extensive review on such foods has been
published (Mohamed 2013).

2 Some Bioactive Components in Food and Health Benefits

It is generally known that foods do not only provide nutrients for nourishment but
may also confer additional health benefits for the prevention and treatment of
various types of diseases. Recently, there is a pool of evidence substantiating the
health claims of certain foods due to the bioactive compounds they contain (Palozza
et al. 2010). These health-promoting foods or compounds are either classified as
functional foods or nutraceuticals.
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Table 1 Some functional foods, their active ingredients, and potential benefits

Functional
components

Source

Potential benefits

Carotenoids

Alpha-carotene/Beta-
carotene

Carrots, Fruits,
Vegetables

Neutralize free radicals, which may cause
damage to cells

Lutein

Green vegetables

Reduce the risk of macular degeneration

Lycopene

Tomato products
(ketchup, sauces)

Reduce the risk of prostate cancer

Dietary fiber

Insoluble fiber

‘Wheat Bran

Reduce risk of breast or colon cancer

Beta-glucan

Oats, barley

Reduce risk of cardiovascular disease. Pro-
tect against heart disease and some cancers;
lower LDL and total cholesterol

Soluble fiber

Psyllium

Reduce risk of cardiovascular disease. Pro-
tect against heart disease and some cancers;
lower LDL and total cholesterol

Fatty acids

Long-chain omega-3
fatty acids—DHA/
EPA

Salmon and other fish
oils

Reduce risk of cardiovascular disease.
Improve mental, visual functions

Conjugated linoleic

Cheese, meat products

Improve body composition. Decrease risk of

acid (CLA) certain cancers

Phenolics

Anthocyanidins Fruits Neutralize free radicals; reduce risk of
cancer

Catechins Tea Neutralize free radicals; reduce risk of
cancer

Flavonones Citrus Neutralize free radicals; reduce risk of
cancer

Flavones Fruits/vegetables Neutralize free radicals; reduce risk of
cancer

Lignans Flax, rye, vegetables Prevention of cancer, renal failure

Tannins Cranberries, cranberry Improve urinary tract health. Reduce risk of

(proanthocyanidins) products, cocoa, cardiovascular disease

chocolate

Plant sterols

Stanol ester

Corn, soy, wheat, wood
oils

Lower blood cholesterol levels by inhibiting
cholesterol absorption

Prebiotics/probiotics

Fructo-oligosaccha-
rides (FOS)

Jerusalem artichokes,
shallots, onion powder

Improve quality of intestinal microflora;
gastrointestinal health

Lactobacillus

Yogurt, Other dairy

Improve quality of intestinal microflora;
gastrointestinal health

Soy phytoestrogens

Isoflavones:
DaidzeinGenistein

Soybeans and soy-based
foods

Reduce menopause symptoms, such as hot
flashes. Protect against heart disease and
some cancers; lower LDL and total
cholesterol

Source: International Food Information council (IFIC, www.ific/org, 2009)
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2.1 Probiotics and Prebiotics

The human body is colonized by over a trillion microbes (Martin et al. 2013), some
of which are beneficial and others harmful. It is believed that an imbalance between
the beneficial and harmful bacteria leads to diseases such as obesity and urogenital
infections (Vujic et al. 2013). Therefore, probiotic and prebiotic supplements may
be effective in preventing as well as combating such conditions. The World Health
Organization (WHO) defines probiotics as “Live microorganisms which, when
administered in adequate amounts, confer a health benefit on the host.” Prebiotics
are nondigestible food ingredients that stimulate the growth and/or activity of
bacteria in the digestive system in ways claimed to be beneficial to health
(FAO/WHO 2002). Many foods including chicory roots, banana, tomato, and
alliums are rich in fructo-oligosaccharides, while beans and peas contain raffinose
and stachyose (Das et al. 2012). For a microbe to be classified as probiotic, it must
be (1) from human origin, (2) nonpathogenic (3), resistant to technological pro-
cesses, (4) stable in acid and bile, (5) adhere to target epithelial tissue, (6) able to
persist within the GI tract, (7) produce antimicrobial substances, (8) able to
modulate the immune system, and (9) able to influence metabolic activities (Baek
and Lee 2009). By far, the most commonly selected probiotic strains are from the
Lactobacillus and Bifidobacterium genera. Probiotics and prebiotics are found in
various foods such as yogurt and sauerkraut and they have been reported to have
many health effects such as weight reduction (Dewulf et al. 2013), cholesterol
reduction (van Baarlen et al. 2010), cardiovascular health (Ramchandran and Shah
2011; Kerry et al. 2011), and hypertension (Lin et al. 2013). Prebiotics are
fermented by probiotics to release short-chain fatty acids such as acetate, butyrate,
and propionate, which activate peroxisome proliferator-activated receptors
(PPARY) to regulate fatty acid oxidation in muscle and adipocytes (Sheril
et al. 2013; Korecka et al. 2013). Though Lactobacillus reuteri cardioviva
NCIMB 30242 has recently been reported to significantly lower cholesterol levels
in humans and commercialized on the market (Jones et al. 2012, 2013), more
research is still needed to validate the safety on secondary bile acids and other
adverse effects of long-term consumption (Ishimwe et al. 2015). Well-designed
human trials are needed to substantiate the health claims of prebiotics and
probiotics as well as their mechanisms of action. Also, information on the optimum
dose, age group, the specific effect of each probiotic when put in food matrix, and
adverse effects will aid food researchers to design specific functional foods to meet
specific needs (Delphine et al. 2009).

2.2 Proteins and Peptides

Proteins are long-chain polymers of amino acids, while peptides are short amino
acid chains. Proteins in foods may be digestible or indigestible. Indigestible
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proteins trap and expel toxins and bile through feces as well as aid in cholesterol
reduction (El Sohaimy 2012) in the large intestine. Wheat and soya beans are
known to contain good amounts of indigestible proteins and eating them is claimed
to enhance a healthy gut. Digestible proteins are however broken down into
peptides during digestion and absorbed into the blood circulatory system. The
peptides from the digestible proteins of soya beans have been reported to be
effective in reducing blood cholesterol levels (Beecher 1999). In fact, bioactive
peptides have been isolated from various sources such as marine organisms (Ngo
et al. 2012), milk proteins (Hafeez et al. 2014), meat (Ryan et al. 2011), and other
sources for application in nutraceuticals. The activities of bioactive peptides are
based on their amino acid composition and sequence. These short chains of amino
acids are inactive within the sequence of the parent protein, but can be released
during gastrointestinal digestion, food processing, or fermentation (Ngo
et al. 2012). Bioactive peptides have been reported to have many health benefits
such as antioxidant activity (Bordbar et al. 2013), antihypertensive activity (Ryan
et al. 2011), anti-human immunodeficiency virus activity (Chen et al. 2012), anti-
cancer (Hsu et al. 2011), and many others (Table 2). Many angiotensin-I-converting
enzyme (ACE) inhibitor peptides have been isolated from milk proteins (Hayes
et al. 20006), beef (Jang et al. 2008), chicken (Saiga et al. 2006), and microalgae
(Byun et al. 2009). The beneficial effects of food-derived antioxidants in health
promotion and disease prevention are attracting attention. Recently, there has been
a particular focus on milk-derived peptides. As a source of antioxidants, these

Table 2 Some bioactive peptides, sources, and activities

Source of peptide Sequence/Name Activity Reference
Microalga VECYGPNRPQF | Antioxidant Byun et al. (2009)
Rice endosperm FRDEHKK Antioxidant Zhang et al. (2010)
Rotifer LLGPGLTNHA Antioxidant Byun et al. (2009)
Scorpion venom Kn2-7 Anti HIV Chen et al. (2012)
Sponge Theopapuamide B | Anti HIV Senevirathne and
Kim (2012)
Tuna muscle LPHVLTPEAGAT | Antiproliferative Hsu et al. (2011)
Microalga VECYGPNF ACE inhibition Sheih et al. (2009)
Styelaplicata MLLCS ACE inhibition Ko et al. (2011)
Blacktip shark Gelatin Antihypertensive, choles- | Kittiphattanabawon
hydrolysate terol reduction et al. (2013)
Mactraveneriformis | NGAVMILTH Calcium binding Wang et al. (2012)
Fish backbone NKDRG Antiproliferative Nagash and Nazeer
(2012)
Tilapia TNTLHYT Ca-binding Charoenphun
et al. (2013)
Beef VLAQYK ACE inhibition Jang et al. (2008)
Chicken FKGRYYP ACE inhibition Saiga et al. (2006)
Milk GLSDGEWQ and | Antimicrobial Hayes et al. (2006)
GFHI
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peptides remain inactive within the sequence of the parent protein but can be
released during enzyme hydrolysis. Once released, the peptides show radical
scavenging, metal ion chelation properties, and the ability to inhibit lipid peroxi-
dation (Power et al. 2012). Lactoferrin in milk has been reported to inhibit intestinal
tumors. This peptide acts by inducing apoptosis, inhibiting angiogenesis and mod-
ulating carcinogen-metabolizing enzymes (El Sohaimy 2012). Parodi (2007)
reported that the addition of selenium to cow milk increased selenoprotein levels
and these proteins were found to inhibit colon tumorigenesis in rats. Though much
is known about bioactive peptides, greater understanding of the biological mecha-
nisms surrounding how these peptides control the human body is necessary in order
to successfully design and produce new functional foods and nutraceutical agents.

2.3 Lipids and Fatty Acids

Essential polyunsaturated fatty acids (PUFA) such as omega-3 (n-3) and omega-6
(n-6) are essential in regulating metabolic processes. Docosahexaenoic acid (DHA;
22:6) and eicosapentaenoic acid (EPA; 20:5) which are N-3 PUFA have attracted a
lot of attention due to their potential health benefits (Balogun et al. 2013). N-3
PUFA prevent atherosclerosis (Wassall and Stillwell 2009), regulate nuclear tran-
scription factors involved in the gene expression of inflammatory markers, stimu-
late cognitive development (Cottin et al. 2011), and reduce high triglyceride
(TG) levels, endothelial dysfunction, inflammation, and cardiac arrhythmia which
are markers of cardiovascular disease (Guttler et al. 2012). DHA has been shown to
be a structural component of the brain which contributes to memory functions. This
has therefore caused an increased incorporation of DHA into margarines and baby
foods to enhance brain memory development and reduce the severity of
Alzheimer’s disease (Cole and Frautschy 2010). Other foods such as fish oil,
vegetable oils, and nuts such as peanuts and almonds are rich in linoleic and
linolenic acids and therefore provide cardiovascular benefits as well as antioxidant
activities. Conjugated linoleic acid (CLA) is another important lipid found mostly
in dairy products or meat products derived from ruminants. Foods based on milk are
naturally enriched with cis-9, trans-11-CLA (c9, t11-CLA) and are reported to
prevent cancer, heart health, obesity, diabetes, and bone health in animal models
(Koba and Yanagita 2014). Also trans-10, cis-12 CLA have a predominant effect
on weight management and prevention of athrogenesis (Gaullier et al. 2004) and
thus anti-obesity CLA pills or syrups are on the market. Recently, genetic engi-
neering for the production of trasn-10, cis-12 CLA in a yeast, Yarrowia lipolytica,
was successfully overproduced (Zhang et al. 2013). Although many reports have
been made on the potential health effects of CLA, further substantiation of the
scientific evidence relating to CLA and human health benefits is still required
before health claims can be confirmed. Soybean oil has high tocopherol content
and therefore has a good antioxidant capacity. Also wheat germ oil contains high
levels of Vitamin E, an antioxidant, and therefore used in lotions and creams to heal
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Table 3 Fatty acid composition of food oils

Stats Omega-9 MUFA Omega-6 Omega-3
Food (%) (oleate) linoleate a-linolenate
Avocado oil 134 72 9 0.5
Olive oil 17.3 66.8 11.8 0.6
Peanut butter 21.6 51.6 26.2 -
Maize oil (corn 17.2 28.7 47.8 1.5
oil)
Canola oil 7.8 58.2 20.8 10.1
Wheat germ oil 20.1 15.4 53.6 10.4
Almonds 8.3 70.9 19.1 0.5

Adapted from El Sohaimy (2012)

and rejuvenate the skin. Table 3 shows some food oils and their fatty acid
composition.

2.4 Catechins (Proanthocyanides)

The recent interest of polyphenols in green and black tea has increased due to their
antioxidant activities and their possible roles in the prevention of cancer, cardio-
vascular disease, renal disease, and intestinal bacterial flora (Fukuzawa et al. 2014).
A majority of phenolic compounds (catechins) belong to flavonoids. There are four
main types of catechins: epicatechin (EC), epigallocatechin (EGC),
epicatechingallate (ECG), and epigallocatechingallate (EGCG) (Fig. 2). Zhang
et al. (2012) reported the effects of catechin-enriched green tea beverage on visceral
fat loss in adults with a high proportion of visceral fat, and Fukuzawa et al. (2014)
reported the ability of green tea catechins to treat nonalcoholic steatohepatitis
(NASH) in human subjects. Also, DeRossi et al. (2014) observed a restoration of
salivary functions in xerostomia human subjects. Cranberry juice is reported to
contain high levels of epicatech in polymers which prevent adhesion of viruses and
bacteria to the urinary tract (Hisano et al. 2012). Regular consumption of cranberry
juice or cranberry concentrate tablets has been shown to reduce antibiotic require-
ments in women experiencing urinary tract infections (El Sohaimy 2012). These
health claims have increased the application of catechins in the nutraceutical
industry. Using the tea creaming effect and by enhancing it as a phase separation
via precipitation makes it possible to recover a large amount of polyphenols from
the cream phase without using toxic solvents. The addition of aluminum chloride
(Wu and Bird 2010) to green tea aqueous solutions and the addition of a precipi-
tation agent such as polyvinylpyrrolidone (PVP) are other methods used for recov-
ering catechins from tea leaves (Dong et al. 2011). Water can also be used to extract
high amounts of polyphenols and proanthocyanidins from pomegranate peels at
50 °C for 20 min in a buffer at pH 3.5 (Wissam et al. 2012). Since water is nontoxic
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Fig. 2 Catechins chemical OH
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and gives a good recovery, this method could represent an environmentally friendly
method for producing antioxidants from pomegranate peels.

Catechins are not very stable in products due to preparation, food processing
conditions, brewing conditions, as well as storage conditions; hence, nutraceuticals
containing them must be analyzed to ensure their bioavailability to consumers
(Abd-ElSalam et al. 2014).

2.5 Lycopene

Lycopene is the red pigment of tomato and other red fruits and vegetables such as
papaya, watermelon, carrot, pink guava, and pink grapefruit. It is a carotenoid with
high antioxidant potential. Though the biological function of lycopene has not been
fully known, its positive impact in modulating the gene expressions of prostate
cancer is well known (Lee and Foo 2014). By a nutrigenomic approach, Lee and
Foo found lycopene to be a unique candidate in the regulation of DNA repair
system, testosterone signaling, inflammatory cytokine secretion, intercellular gap
junction interaction, PPARy-LXRa—-ABCA1 pathway, cell cycle and integrin, IGF-
IR-activated endogenous antioxidant enzyme, and the migration and invasion of
tumor signaling in prostate cancer. Lycopenes are also reported to prevent cardio-
vascular diseases and oxidative stress in the liver, kidney, and testes (Boeiraa
et al. 2014) and also have an antiproliferative activity. Sonmez et al. (2011)
suggested lycopene as an alternative treatment for sperm toxicity after
chemotherapy.

Lycopene extraction methods include solvent extraction, hydrostatic pressure
processing, enzymatic treatment, supercritical fluid extraction (SCFE) with CO,,
ultrasonic extraction, and soxhlet extraction. Conventional spectrophotometric and
HPLC assays for quantifying lycopene from plant tissue use organic solvents to
extract the compound. However, if the solvents used for solvent extraction are
toxic, the product becomes unwholesome for human consumption. The selective
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inclusion complex method has also been reported as promising for lycopene
extraction and purification (Mahmoud et al. 2013). Neagu et al. (2014) have
recently reported a possibility of enhancing the yield of carotenoids and phenolics’
extraction from tomato tissue by using crude cell wall degrading enzymes, such as
pectinases and cellulases. This method prevents the use of high quantities of
organic solvents and also gives a low production cost, thereby making this
enzyme-assisted hydrolysis a good biotechnological process.

The nutraceutical effects of lycopenes have been extensively reviewed by
Waliszewski and Blasco (2010); however, knowledge about the mechanism by
which lycopenes exhibit health effects in humans is needed to promote the design of
specific nutraceuticals.

2.6 Herbs and Spices

Spices are esoteric food adjuncts that are used throughout history to enhance the
sensory quality of foods. They impart characteristic flavor, aroma, and color to
foods, stimulate appetite, as well as modify food texture. Dietary spices and herbs,
even in minute quantities, have immense influence on the human health by their
antioxidative, chemopreventive, antimutagenic, anti-inflammatory, and immune
modulatory effects on cells and a wide range of beneficial effects on human health
(Zhang et al. 2015). Most of the spice components are terpenes and other constit-
uents of essential oils (Das et al. 2012). Curcumin has been shown to protect
neuronal cells against toxicity, reduce apoptosis (Jayaraj et al. 2013), protect
against multiple sclerosis (Lian et al. 2013), as well as antiarthritic properties
(Chandran and Goel 2012). 6-Shogaol and 6-gingerol derived from ginger showed
significant inhibition against downregulation of adiponectin expression mediated
by TNFa in 3T3-L1 adipocytes (Isa et al. 2008), while the addition of 1.5 % w/w of
lemon balm and marjoram herbs was found to increase antioxidant capacity of a
portion of salad by 150 % and 200 %, respectively (Ninfali et al. 2007) (Table 4).

Veda and Srinivasan (2009) have reported that species such as black pepper,
capsaicin, red pepper, and ginger enhance the uptake of B-carotene in the intestines.
Piperine and ginger increased the uptake of f-carotene by 147 % and 98 %,
respectively. While an increase in absorption was 59 % and 27 % in black pepper
and red pepper fed animals, respectively, dietary capsaicin also increased the
uptake by 50 %. This could therefore be a promising way of improving
[-carotene bioavailability in the body, thereby reducing vitamin A deficiency. As
the potential of spice-derived nutraceuticals against various neurodegenerative
diseases becomes more evident, some of these nutraceuticals may be developed
as new nutraceuticals against brain tumors, Parkinson’s disease, and other neuro-
degenerative diseases.
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Table 4 Experimentally documented potential health benefits of some spices

Potential health benefits Spices observed to exert

Lowering of blood cholesterol Garlic, Onion, Fenugreek,
Turmeric/Curcumin, Red pepper/
Capsaicin

Prevention and dissolution of cholesterol gallstones Curcumin, Capsaicin

Protection of erythrocyte integrity in hypercholesterol- | Curcumin, Capsaicin, Garlic
emic condition

Hypoglycemic potential Fenugreek, Garlic, Onion,
Turmeric, Cumin

Amelioration of diabetic nephropathy Curcumin, Onion

Antioxidant effect Turmeric/Curcumin, Capsaicin,
Eugenol

Anti-inflammatory and antiarthritic effect Turmeric/Curcumin, Capsaicin,
Eugenol

Antimutagenic effect/Cancer preventing Turmeric/Curcumin, Garlic,

Ginger/Gingerol, Mustard

Digestive stimulant action Curcumin, Capsaicin, Piperine,
Ginger, Cumin, Ajowan,
Fennel, Coriander, Onion,

Mint

Antimicrobial Turmeric/Curcumin, Garlic,
Asafoetida

Antidepressant Black pepper, Cloves, ginger, All-
spice, Cloves

Schizophrenia Onion

Meningitis Garlic

Spongiform encephalopathy Turmeric

Adapted from Das et al. (2012) and Kannappan et al. (2011)

3 Nutraceutical Market Overview

The global population of individuals over 60 years of age is expected to reach
1 billion by 2020, 70 % of which will be living in developed nations driving anti-
aging products to higher product visibility (Global Industry Analysts 2012). The
global functional food and nutraceutical market revenue for the year 2013 was
approximately $175 billion (www.researchandmarkets.com/research/m9qvsw/
global_functional). The market is expected to grow from $221.58 billion in 2014
(www.reportlinker.com/p01990122/Functional-Foods-Nutraceuticals-Market-2014-)
to $424 billion by 2017 (Ken Research 2014) owing to the aging population and
robust over-the-counter market in different countries. The nutraceutical beverages’
market alone is expected to experience the highest growth, at a compound annual
growth rate (CAGR) of 8.8 %. The sector is expected to be worth nearly $87 billion
in 2016. Nutraceutical food market is the second largest market, expected to reach
$67 billion in 2016, for a CAGR of 6.4 % (Fig. 3).
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Fig. 3 Global nutraceutical market—foods, beverages, and supplements, 2009-2016 ($ MIL-
LIONS). Source: Euromonitor, March 2012 and BCC Research (2011)

The Asia Pacific Nutraceutical product market is an emerging market in dietary
supplements and functional food segment. Japan is the largest consumer of
nutraceuticals in Asia, while China is the second largest consumer of nutraceutical
products since they have the largest population in the world and the people are more
mindful of their food habits. The Japanese nutraceutical industry features a wide
assortment of products in various categories including functional foods and bever-
ages and nutritional and dietary supplements. The rapidly aging demography along
with healthy dietary habits among the population has been the driving force of the
about three-decade market (Shimizu 2014). According to a report by Ken Research
(2014), the highest percentage of sales has been recorded by the fortified and sports
products. The dietary supplement market has also shown a healthy growth over the
years. Energy-boosting foods and beverages have the highest demand with vitamins
leading the dietary supplements. Major players such as Yakult, Pocari Sweat, and
Aquarius are the giants in the Japanese functional food and beverage market, while
Otsuka pharmaceuticals, Miki, Amway, and Taisho pharmaceuticals are the giants
in the dietary supplement market. Due to the highly developed nature of the
Japanese nutraceutical market, the nutraceutical industries are expected to produce
specific products that will meet various age requirements in the country. The
revenue from the nutraceutical market is expected to grow at a CAGR of 1.5 %
by 2017.

The functional food and beverage market in India is expected to have 70.74 %
growth compared to the dietary supplement by 2017 (Keservani et al. 2014). Over
the last 7 years, the nutraceuticals market in India has been growing rapidly. An
increase in health consciousness, increasing awareness about the various types of
nutraceuticals available in the market, and willingness of people to spend on health-
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fortifying food and additives have been reported to be the factors propelling the
market (Keservani et al. 2014). In India, dietary supplements hold the largest share,
while the functional foods and beverages segment is relatively smaller (Rajagopal
2014). However, the industry has witnessed a rapid growth in the dietary supple-
ments market, due to increasing awareness among people to protect themselves
against chronic diseases. According to a report by Rajagopal (Frost and Sullivan) in
2014, the sales of vitamins have dominated the dietary supplements market of the
Indian nutraceutical market over the years, with mineral supplements closely
following behind. There is an increasing consumer interest in energy and sports
drinks in recent years, since there is a growing demand for improved physical
endurance, mental alertness, and enhanced activity among the young and affluent
professionals. The Indian nutraceutical market has in the past been viewed as an
export-focused industry, but with the changing market trends, most local companies
have started to launch products in India and expand their product line according to
Indian consumer needs. The nutraceuticals market of India is promising, with a
major presence in urban parts of the country. The vast population base of India
presents wide prospects for the nutraceuticals market to flourish in the near future.
Busier lifestyles of the urban middle class population have encouraged increased
consciousness about health and fitness, which are likely to be the major driving
force behind the growth of the nutraceuticals industry in the future. According to
Rajagopal (2014), Indian nutraceutical market is projected to grow to US $4 billion
by 2018 at a CAGR of 17 %. The fortified foods market is as well projected to grow
at a rapid pace with a CAGR of 21.7 % by 2018. Vitamins and minerals occupy
36 % of the total Indian nutraceutical market, followed by probiotic with a 9 %
share, while omega-3 fatty acids occupy 5 %. DSM Nutritional Products dominates
in the vitamins, minerals, and omega-3 fatty acids markets, while BASF and Merck
are also key participants in the vitamins and minerals market. Danisco, Chr.
Hansen, and Yakult, on the other hand, dominate the probiotics segment.

In 2013, the European nutraceutical market was valued at $6.4 billion and is
estimated to grow at an annual rate of 7.2 % between 2013 and 2018, to reach a
projected $9.0 billion by 2018. In Eastern Europe, however, the nutraceutical
market is growing on account of high growth in functional food and dietary
supplement segments. Russia is recognized as the largest consumer of
nutraceuticals in the region and this is due to its increasing middle age population.
The Russia and Hungary nutraceutical markets are expected to have a market share
of 24.4 % and 20.2 %, respectively, in 2017. The increase in disposable income of
Eastern European consumers over the evaluation period (2012-2017) would also
help in the faster adoption of nutraceuticals in the region. The market for Europe
nutraceuticals can be segmented on the basis of applications, regions, and types
(Fig. 4).

According to a report by Research and Markets, functional foods remained the
fastest-growing segment of North America nutraceutical market with a 6.5 %
CAGR during 2007-2011. Omega fatty acid fortified food segment of functional
food market is expected to have a moderate growth rate. Protein and peptide
supplements will support the growth of the global nutraceutical market, while the
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Fig. 4 Geographic
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nonherbal segment of the dietary supplement market is expected to have a steady
growth. The North America and Asia Pacific nutraceutical market are expected to
have a market share of 39.2 % and 30.4 % in 2017. The United States of America,
the largest consumer of functional foods and nutraceuticals, is expected to have
moderate growth compared to the dietary supplement market in the region between
2011 and 2017. According to Global Industry Analyst report (2013), 74 % of
Americans patronize functional food products such as Greek yogurt, coconut
water, and snacking nuts, “free” foods (e.g., gluten free and lactose free), and
omega and fatty acid fortified foods because they believe such foods are healthy.
Carbonated and non-carbonated energy drinks and shots continue to dominate the
functional beverage category. There is also a dramatic increase in availability and
options for fruit and vegetable juice drinks. However, the market for dairy and
nondairy products fortified with probiotics is very promising for future revenue
growth. Currently, dietary supplements are the largest segment of nutraceuticals in
the USA, but other segments are rapidly growing to outpace dietary supplements.
However, the strength of the dietary supplement market has been due to the
presence of sports related and performance enhancing supplements, weight loss
and management supplements, and nonherbal supplements (Global Industry Ana-
lysts, July 2012). Proteins and peptides are the leading nutraceutical ingredients in
the USA and the nutraceutical ingredient market alone is expected to hit $23.7
billion by 2015 (World Nutraceutical Ingredient Industry 2011).

4 Motivators of Functional Foods and Nutraceutical
Market

Consumer interest in the relationship between diet and health has increased sub-
stantially all over the world. Today, there is much greater recognition that people
can reduce the risk of illness and disease and maintain a state of health and well-
being through healthy lifestyle and diet. Ongoing support for the important role of
foods such as fruits, vegetables, and whole grain cereals in disease prevention as
well as dietary antioxidants and combinations of protective substances in plants has
helped to provide the drive for further developments in the functional food market
in Europe. The changes in population demographics and socioeconomic changes
have raised the need for foods with added health benefits. According to a report by
the U.S. State Department and United Nations Department of Economic and Social
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Fig. 5 Percent of world population over 65 years. Source: U.S. State Department and United
Nations Department of Economic and Social Affairs (http://www.un.org/en/development/desa/
population/publications/pdf/ageing/WorldPopulationAgeing2013)

Affairs (2013), about 8 % of people worldwide are over the age of 65 (Fig. 5), and
this age group is expected to account for about 13 % of the population by 2030 with
most of them residing in developing countries. The increasing life expectancy
therefore raises the need for an improved quality of life.

Moreover, the increasing costs of health care have prompted governments,
researchers, health professionals, and the food industry to find solutions to how
these changes can be managed efficiently. These are strong factors propelling the
functional foods market. The rising rates of obesity and diabetes, rising eye-health
concerns, increase in cardiovascular disease incidence, transforming consumption
patterns in developing markets, rising preference for preventive medicine, rising
popularity of nutraceuticals with organic and natural ingredients, and strong
demand for multivitamins and other ingredients such as omega 3s and astaxanthin
are factors propelling the nutraceutical and functional food market (Zawistowski
2014). Nutraceuticals containing ingredients such as conjugated linoleic acid
(CLA) soy, whey, and dietary fibers with claims of weight management, heart
care, immunity, and digestive health are gaining popularity.

Product innovations have also promoted consumer patronage of functional foods
and nutraceuticals. Consumers are looking for convenience as well as products that
offer higher bioavailability of major ingredients. Therefore, the presence of liquid
nutraceuticals such as enhanced waters, energy juices, and energy-sports drinks as
well as liquid dietary supplements, oral powder and liquid suspensions, oxygenated
water, nutrient enhanced vitamin water, ready-to-drink (RTD) beverages, liquid
shooters, liquid shots, energy drinks, antioxidant berry juice blends, omega 3 oils,
and essential oils offer significant growth opportunities (Bourne Partners 2013).
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5 The Intersection of Food and Genes

Diet is one of the environmental factors that our genes are exposed to and their
effects on gene expression affect the life of the consumer. Nutrients control the
concentration of proteins in various organs by serving as cofactors, substrates, or
coenzymes. Studies designed to identify specific effects of diet on phenotypic
expression of biochemical components that determine health have resulted in
exciting suggestions for dietary interventions designed to modify gene expression.
For instance, in a study to understand parsley (Petroselinum crispum) as a new and
effective nutraceutical in inflammatory bowel disease management, Jia et al. (2014)
supplemented colitis-induced mice with parsley. Colonic transcriptome revealed
downregulation of inflammatory cytokines, hepatic transcriptome and proteome
revealed a downregulation of cancer markers, and plasma metabolite analysis
showed shifts in the citric and urea cycle, indicating improved glycolysis and
reduced oxidative stress. Also, hepatic transcriptome and metabolome revealed
an upregulation of fatty acid synthesis genes, thereby improving body weight
loss. This study is useful in shaping the future of nutraceutical and functional
food research.

Many humans and animals studies have shown permanent effects of early diet on
adult metabolism, cognitive function, and body composition through activation or
suppression of gene expression, or turning genes “on” or “off” (Fang et al. 2014;
Laker et al. 2013). Such effects can be obvious, such as the effects seen in vitamin
deficiency diseases, or more obscure and complex, as occurs in type 2 diabetes,
predisposition to obesity, and other chronic diseases. For this reason, the applica-
tion of nutrigenomics provides understanding of how diet affects gene expression
and this knowledge is opening new doors for many nutritional interventions. By
evaluating the changes in gene and protein expression as well as metabolic path-
ways after the administration of dietary nutrients, certain biomarkers could be used
to demonstrate the effect of bioactive food components on health.

In a recent study (Hung et al. 2015), apple polyphenols (AP) have been shown to
drastically suppress migration, invasion, colony formation, and adhesion of DLD-1
cells. They also reduced expression of tubulin and F-actin and altered the cytoskel-
eton structure. Taken together, AP significantly inhibited motility of DLD-1 cells
via disruption of the interaction between snail and the FAK promoter and conse-
quently diminished tumorigenesis and metastasis of DLD-1 cells (Hung
et al. 2015). The results indicate that apple polyphenols could be beneficial in
colon cancer treatment through metastasis attenuation. Another study on resveratrol
and pterostilbene from plants shows that they suppress the growth-promoting effect
of MED28 in cancer cells. MED28 regulates cellular migration and invasion in
human breast cancer cells (Huang et al. 2012) and its suppression delayed cell cycle
progression and reduced cyclin D1 and p-RelA/p65 expression as well as the
transcriptional activity of NFkB (Huang et al. 2015), thereby implying the feasi-
bility of resveratrol and pterostilbene as nutraceuticals in suppressing breast cancer
development.
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It has been reported that many aspects of metabolism display circadian rhythms
that are controlled by peripheral clocks in a tissue-autonomous manner (Tahara and
Shibata 2013). Alteration of this clock system has been associated with different
illnesses, such as cancer and metabolic syndrome, and this implies that peripheral
clocks are essential in maintaining homeostasis and normal body function (Froy
2010). In a recent study, dietary grape seed proanthocyanidin extracts were found to
modulate the molecular clock system of human liver cells through the
transactivation of RORa, resulting in the overexpression of BMALI (Ribas-Latre
et al. 2015). This suggests that grape seed proanthocyanidin may have a positive
effect in liver glucose and lipid metabolism.

Many industries and the European commission continue to fund projects that
unveil the effects of food on health (http://www.cordis.europa.eu/fp7/kbbe/home_
en.html); however, merging information about the physiological responses to food
with individual genetic information is very important for designing personalized
food and diets in the near future. Factors such as the bioavailability of functional
food ingredients, appropriate biomarker development for a wider range of func-
tional end points, and the stability of functional food ingredients during
manufacturing and passage through the GI tract to reach the target organ remain
challenging in functional food and nutraceutical research.

6 International Regulations for Labeling and Health
Related Claims

In the USA, functional food and nutraceuticals are regulated by Food and
Drugs Authority (FDA) under the authority of the Federal Food, Drug, and
Cosmetic Act. Since they are not specifically defined by law, they are regulated
under the same statutes as other food and food products. The FDA is also respon-
sible for evaluating the safety and labeling of dietary supplements to ensure that
they meet all the requirements of Dietary Supplement Health and Education and
FDA regulations before marketing (http://www.fda.gov/Food/DietarySupplements/
default.htm). By January 2018, food labels in the USA must bear information on
updated serving size requirements and new labeling requirements for certain
package sizes, greater understanding of nutrition science, and the packages must
have refreshed designs as proposed by the FDA (http://www.fda.gov/Food/
GuidanceRegulation/GuidanceDocumentsRegulatoryInformation/LabelingNutrition/
ucm385663.htm). Manufactures who wish to market new dietary supplements must
notify the FDA and add information that shows that the article qualifies as a new
dietary supplement and safe under the conditions of use as stipulated in its labeling
(http://www.fda.gov/Food/DietarySupplements/NewDietaryIngredientsNotification
Process/ucm109764.htm) before marketing the new product. Similarly, functional
foods are still a “virtual category” in terms of EU or Irish food law but regulated
through existing food legislation (https://www.fsai.ie/assets/0/86/204/667b54fe-
972c-4c04-a6f8-9a0c5¢92f886.pdf). A new food may require a full novel food
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authorization. In Europe, the European Commission drafts proposals based on the
EFSA safety assessment and decides whether or not to accept a new food product.
The EU legislation stipulates that only those supplements (vitamins and minerals)
on the positive list may be marketed as of August 1st, 2005, while new supplements
must undergo a full safety assessment (www.fsai.ie/legislation/food_supp/index.
asp). The European Commission makes nutrition labeling mandatory and instructs
food manufacturers to provide information on the energy value and 6 nutrients as
well as allergens present in the food (http://eur-lex.europa.eu/LexUriServ/
LexUriServ.do?uri=0J:L:2011:304:0018:0063:EN:PDF). According to the FDC
Act, Section 201 (g)(1), articles that cure, mitigate, treat, or prevent any disease
are drugs. However, the Nutrition Labeling and Education Act (NLEA) of 1990
authorizes FDA to allow certain disease-risk-reduction claims, known as ‘“health
claims,” to appear in food labeling. Health claims are exempted from drug status,
only if all of the applicable requirements for each type of claim are met. Failure to
comply with this requirement renders the food mislabeled and illegal (http://www.
wilmerhale.com/uploadedFiles/WilmerHale_Shared_Content/Files/Editorial/Publi
cation/SC%?20roses.pdf).

7 Challenges in the Functional Food and Nutraceutical
Market

Though the functional food and nutraceutical market has existed for several years,
its future is hard to predict because of challenges such as country regulations,
difficulty in health claim substantiation, and low innovation by food companies.
There is mixed global acceptance of functional foods. Though several countries
have legislation permitting health claim use and regulation, yet the process has not
resulted in permission for the use of such claims (El Sohaimy 2012). Health claim
approval for functional foods is difficult in the USA and Japan. Though guidelines
for health claim substantiation have been proposed to the European community by
The European Food Safety Authority (EFSA), it still seems impossible in Europe.
The type of evidence and parameters such as duration of the clinical studies,
validation of the biological markers, dose—response curves to define the efficient
dosage, and the adverse effects that would support a health claim are not well
defined in these regions.

Moreover, for companies that go through the health claim petition and obtain the
approval, competing companies can use the claim. Although functional foods and
nutraceutical products with exclusive ingredients may be patented, a large majority
of products contain “free” ingredients and are therefore easily copied. This situation
provides a little competitive advantage to the originator company. Again, since
functional foods and nutraceuticals address health care, claims of health benefit
must be proven with scientific evidence. This is not a simple task. Biological
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markers of health improvement or risk reduction are not easily recognized. Also
clinical studies often take a long time and hardly give strong evidence of efficient
dosage while adverse effects often necessitate supplemental studies. Besides the
difficulty in health claim substantiation, finding a good product is not simple.
Therefore, the food industry has to consider physiological factors such as bioavail-
ability, molecular interactions that control biological functions, or age-related
physiology and many other factors.

Furthermore, the nutraceutical sector still exists more as a concept than a reality
because it regroups food supplements and functional foods. Presently, only a few
products such as the phytosterol-based margarine, Benecol from Raisio or Nestlé’s
LCl1, and the bifidogenic yogurt are clearly positioned on health with scientific
evidence. The vast majority of food companies have not been very innovative
because they only “functionalize” conventional products by adding some vitamins,
minerals, or herbal extracts, rather than building up new food concepts of ingredi-
ents that share common health benefit. Despite a difficult environment however, the
market is still expanding.

8 Future Perspectives

Companies now understand more about how nutrients affect people from a
healthcare perspective. They are therefore looking at ways both medical treatment
and nutrition can be integrated in the medical field to ensure that holistic medical
care is provided. As of now, medical care is considered to be the province of drugs,
while nutrition is considered to be a product of a healthy living. In the near future, it
is expected that much more work on how the two interact and complement one
another will be done. Investment in new technology and the application of genet-
ically modified technology within the food industry for medical and health benefits
is set to drive further increase in market revenues within the nutraceuticals market.
Expanding the body of scientific research which validates the effectiveness and
safety of these new products will stimulate further investment in the technology and
application. Promising technologies such as nutrigenomics, imaging techniques,
and converging technologies are progressively being used in nutrition research.
Their huge potential will enhance the development of foods for targeted population
groups with defined risk factors or diseases such as obesity, diabetes, allergy, and
cardiovascular disease. The creativity of food technology might also contribute to
further advances in developing food products that can support optimum health. The
increased consumer awareness of functional foods and nutraceuticals will however
drive further revenue growth, globally. International growth across the industry is
expected to continue as developing countries increase nutraceutical consumption.
Also, domestic growth in nutraceutical consumption is expected to continue as
novel products and new target segments are introduced by domestic producers,
including high growth specialty foods focused on probiotics and heart health. Aging
global population and rising healthcare costs have shifted consumer focus to
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healthier living, preventative care, and secondary source diagnosis or medication
(van der Zanden et al. 2014). Continued concerns over “naturalness,” increased
global regulation, and concerns about safety due to overseas manufacturing could
however suppress growth.
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Abstract A diverse community of microbiota has been proven to inhabit
gastrointestinal tract along its length. This indigenous gut microbiota is import

the
ant

to the host metabolism and health. Although it is widely recognized that the initial
contact with mothers during delivery shapes the composition of gut microbiota in
newborns, uncertainties arising throughout the human life such as development of
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disorders, diseases, and stressful experiences may twist the microbial balance in
host. These subsequently lead to the occurrence of aberrant composition of gut
microbiota which often favors the proliferation of pathogenic bacteria. While
alteration of gut microbiota composition has been suggested to be one of the
contributing factors to pathogenesis of diseases, an enormous interest has emerged
in the reestablishment of microbial balance in gut via the intervention of probiotics.
In this chapter, we provide some evidence on numerous factors that affect the
compositions gut microbiota, beginning from infancy to adulthood, and the effec-
tiveness of probiotic therapy in tackling health issues arising from such alterations.

1 Introduction

The human gut harbors a vast range of living microorganisms that forms a complex
ecosystem which regulates host metabolism and various physiological functions.
Bacteria are by far the most abundant inhabitants of the gut, with a population that
outnumbers the human somatic cells by approximately tenfold. From a sterile fetus,
infants are immediately colonized by environmental bacteria typically originating
from the maternal source during delivery, prior to development and diversification
in later life. During the process of gut maturation, initial dominance of the gut by
facultative anaerobic bacteria is gradually replaced by strict anaerobes. It is noted
that the composition of the gut microbiota is dynamic and constantly changing in
response to a wide range of factors (Fig. 1).

Disruption of the balanced gut microbial community has often been linked to the
development of various diseases. Increasing evidence has shown that probiotic
administration may alleviate certain diseases via restoration of a healthy gut
microbial community. Probiotics are live microorganisms which, when adminis-
tered in adequate amounts, confer health benefit to the host (WHO 2001). While
probiotics are commonly used for the maintenance of gut health, recent researches
have suggested that the beneficial effects exerted by probiotics can also extend
beyond the gut such as the brain. For instance, the involvement of probiotics as a
tool to manipulate brain activity has currently been extensively explored for the
intention to cure anxiety disorder. While we will discuss on the various factors that
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lead to the diversification of gut microbiota, this chapter also provides insights into
modulating a healthier gut microbiota that is often affected by the abovementioned
factors.

2 Infancy

2.1 Cesarean and Vaginally Born Infants

The delivery modes often play a crucial role in the development of the gut
microbiota in neonates. Infants delivered vaginally have been reported to have a
higher population of bifidobacteria and bacteroides in the gut, whereas infants born
through cesarean section (C-section) were often more colonized with Clostridium
difficile. The differences in gut microbiota composition between these two groups
of newborn babies have been reported where vaginally born babies harbor bacterial
communities similar to those bacteria found in mother’s vagina while the gut of the
C-section babies was mainly inhabited by the bacteria which were more commonly
found on the skin (Dominguez-Bello et al. 2010).

A much more diversified intestinal microbiota composition was observed in
vaginally delivered infants with predominant species such as B. longum and
B. catenulatum. The significant presence of bifidobacteria helps promote stronger
immune responses in vaginally born infants, and this has been associated with the
lower prevalence of atopic diseases as compared to infants delivered via C-section.
In addition, increased allergic events have also been much associated with delivery
via C-section. This is largely attributed to the fact that C-section children were
deprived of massive bacterial load from vaginal delivery. However, recent study
has shown that the increased prevalence of allergies in C-section infants can be
reversed via probiotic supplementation containing bifidobacteria (Kuitunen
et al. 2009). Ig-E sensitization which contributes to allergic diseases was also
reported to be greatly reduced after probiotic intervention.

While probiotic colonization in the newborn from maternal source is reported to
be more common in vaginally born infants, oral administration of probiotic can also
result in colonization of the probiotic strain in the intestine of C-section infants.
Probiotic supplementation to pregnant women reduced cumulative incidence of
atopic dermatitis in infants during the first 2 years of life (Dotterud et al. 2010).
Similarly, infants with high cord blood IgE concentration have also been reported to
have benefited from maternal probiotic supplementation (Rautava et al. 2002).
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2.2 Breast-Feeding and Infant Milk Formula

Infant milk formulas were supplemented with prebiotics in order to mimic the
functional and beneficial effects of human breast milk. Infant formula
supplemented with galacto- and fructo-oligosaccharides has been demonstrated to
induce an intestinal ecosystem with diversified bifidobacteria species. On the other
hand, a standard infant formula is more likely to promote an adult-like
bifidobacteria distribution which consists mostly of B. adolescentis and
B. catenulatum (Haarman and Knol 2005). It is noted that an adult-like
bifidobacteria flora establishment in early age is associated with the development
of allergic diseases (He et al. 2001a, b).

Recently, infant formula is increasingly supplemented with probiotics. Thus,
numerous studies have been initiated to investigate on the effects of the probiotic
supplementation on the growth and health status of infants. Supplementation of
milk formula with Bifidobacterium lactis and Streptococcus thermophilus has been
reported to result in adequate growth, reduced incidence of colic, and lower
frequency of antibiotic use in infants (Saavedra et al. 2004). Supplementation of
viable Bifidobacterium lactis in infant formula effectively decreased the incidence
of gastrointestinal infection in infants (Chouraqui et al. 2004). Other study has also
demonstrated that milk formula supplemented with Lactobacillus reuteri improved
the morbidity parameters as well as reduced the occurrence of diarrhea (Weizman
et al. 2005).

Contrary to the traditional belief that breast milk is sterile, recent evidence has
shown that breast milk is a reservoir of bacteria; thus, it plays an important role in
shaping the neonatal gut microbiota. It is recently accepted that the vertical transfer
of viable microorganisms from mother’s milk to the infants has contributed to the
early establishment of gut microbiota. Increased awareness on the protective effects
of breast milk against infectious disease in infants has led to the interest in isolation
of bacteria with probiotic potential. For instances, Lactobacillus salivarius
CECTS5713 and Lactobacillus fermentum CECTS5716 which were isolated from
human milk enhanced host immune responses via the induction of cytokines and
the activation of natural killer cells as well as regulatory T-cells (Pérez-Cano
et al. 2010). In another study, incorporation of L. fermentum isolated from human
breast milk into infant formula significantly reduced the occurrence of gastrointes-
tinal infection and upper respiratory tract infection in 6—12 months infants
(Maldonado et al. 2012).
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3 Childhood and Adulthood

3.1 Nutrition and Dietary Habit

Dietary habit plays a role in shaping the microbial ecology of the human gut.
Growing evidence has unraveled the interrelationship between nutritional profiles
and the intestinal microbiota composition. Different foods relatively contribute to
different total energy input in the human body, affecting microbial diversity in the
gut and along different regions of the gastrointestinal tract. A day of switching from
low fat to high fat diet could cause an immediate alteration of the gut microbiome.

It has been hypothesized that coevolution of the gut microbiota could occur in
order for them to adapt to the dietary habits of the hosts. This may allow the bacteria
to maximize energy output from dietary intakes, and at the same time providing the
hosts an access to additional energy needed for metabolic processes. This idea was
derived upon the detection of increased short-chain fatty acids (SCFAs) in fecal
samples of populations consuming diets rich in fiber. The presence of plant
polysaccharide-degrading bacteria in this population has enabled the extraction of
extra calories from the energy-rich food, via the production of SCFAs (De Filippo
et al. 2010).

Other than the role as an additional energy source, the importance of SCFAs has
been well proven for their protective role against gut inflammation as well as other
diseases. SCFAs are organic fatty acids which arise from bacterial fermentation of
proteins, peptide, polysaccharides, oligosaccharides, and glycoprotein precursors in
the colon. Numerous studies have shown that probiotics enhance gut concentration
of major SCFAs such as acetate, butyrate, and propionate (Hijova and Chmelarova
2007), leading to the modulation of colonic microbiota due to changes in pH. Oral
consumption of Lactobacillus plantarum P-8 increased fecal concentration of acetic
and propionic acids which was accompanied by an increased population of
bifidobacteria and a decrease in opportunistic pathogens such as Desulfovibrio
(Wang et al. 2014).

SCFA specifically butyrate can stimulate the proliferation and differentiation of
colonocytes. Butyrate possesses anti-inflammatory properties given its inhibition
activity on histone deacetylase which consequently suppress the activation of
nuclear factor-kappa B (NF-xB) (Yin et al. 2001). Improper regulation of NF-xB
has been related to improper immune development, autoimmune disorder, cancer,
and inflammatory diseases. In addition, butyrate also improves intestinal defense
barrier and decreases epithelial permeability via stimulated production of mucin as
well as tight junction proteins.

A high consumption of alcohol has been associated with leaky gut and liver
injuries, leading to the development of diseases such as alcoholic steatohepatitis
and alcoholic fatty liver, accompanied by a higher level of plasma endotoxin
(Gramenzi et al. 2006). The excessive generation of endotoxin has been associated
with the overgrowth of gram-negative bacteria, and the continuous production of
endotoxin further supports the proliferation of pathogenic bacteria over the
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beneficial microorganisms (Rao et al. 2004). Chronic alcohol abuse has also been
demonstrated to promote bacterial overgrowth, especially gram-positive aerobic
cocci in the upper gastrointestinal tract. Alcohol consumption impaired host
immune system by damaging gut-associated lymphoid tissue (GALT), and subse-
quently rendering the intestines to be compromised upon colonization of Salmo-
nella typhimurium (Sibley and Jerrells 2000).

Probiotic therapy consisting of Bifidobacterium bifidum and Lactobacillus
plantarum 8PA3 has been demonstrated to restore the gut microbiota profile by
significantly increasing the number of lactobacilli and bifidobacteria in patients
with alcoholic liver disease (Kirpich et al. 2008). These probiotics had also signif-
icantly reduced plasma level of aspartate aminotransferase, y-glutamyl
transpeptidase, and alanine aminotransferase. High levels of these enzymes are
usually detected in subjects with mild alcoholic hepatitis. Another study has also
reported that probiotic such as L. rhamnosus GG ameliorated alcohol-induced gut
leakiness and liver injury (Forsyth et al. 2009). The improvement in both gut and
liver was associated with reduced markers of oxidative stress and inflammation and
a reduction in transport of pro-inflammatory bacterial products across the gut to the
liver. Another study has also reported that Lactobacillus acidophilus and
Bifidobacterium longum effectively protected individuals from alcohol-induced
gastric and liver injury by decreasing blood level of alcohol via increased metab-
olism of alcohol in the stomach and liver (Qing and Wang 2008).

3.2 Stress and Behavior

The gut-brain axis, a bidirectional interaction between the brain and the gut which
includes the neural, endocrine, and immune pathways, has been proposed to
regulate homeostasis during the events of stress. Early exposure to stress in life
may exacerbate an individual’s susceptibility to diseases in later life. Disruption in
the balance of intestinal microbiota such as increasing population of coliforms has
been associated with the consequences of stress. Reduction in bifidobacteria and
lactobacilli was often observed in animals upon exposure to acute stress, thus
compromising the intestinal barrier function and subsequently immunity (Barreau
et al. 2004).

Animals that were exposed to social stressors showed increased circulating
cytokines, accompanied by reduced phyla of Bacteroidetes accompanied by
increased phyla of Firmicutes (Fig. 2a); a decrease in genera of Coprococcus,
Pseudobutyrivibrio, and Dorea was observed, accompanied by increased genera
of Clostridium (Fig. 2b) (Bailey et al. 2011). DGGE analysis of fecal samples from
animals experiencing maternal stress showed a more disrupted gut microbiota with
an increased coliform population (O’Mahony et al. 2009). Moreover, damaged
noradrenergic neurons as a consequence of traumatic experience and subsequent
release of norepinephrine into the systemic circulation may also shift the indige-
nous microorganism population, favoring the growth of gram-negative bacteria.
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Increased colonic motility has also been reported in humans upon exposure to
stressful conditions. Elevated level of motilin, which improves peristalsis, was
observed in stressful patients with irritable bowel syndrome. In addition to
increased peristaltic motility, another notable effect involved the detachment of
adherent bacteria in the gut, attributed to the degenerated intestinal mucosa and loss
of goblet cells. Increased level of cortisol during stress also leads to apoptosis of the
gut epithelial cells, thus resulting in intestinal cellular damage. The combined
effects may eventually provide a desired environment for opportunistic pathogenic
bacteria to colonize the GI tract.

There is growing body of literature suggesting that gut microbiota composition
also affects the central mediated system such as alteration of mood and behavior as
well as modulation of brain neurochemistry. An increasing number of studies have
been dedicated to search for putative probiotics as therapeutic solution to tackle
both central and peripheral elements of anxiety-related disorder. Study showed that
treatment of probiotic Lactobacillus farciminis to rats submitted to stress procedure
has prevented stress-induced gut hyperpermeability, hypothalamic—pituitary—adre-
nal axis stress response, as well as neuroinflammation by means of reduction of
luminal lipopolysaccharides concentration (Ait-Belgnaoui et al. 2012). Ingestion of
5% 107 cfu/ml of probiotic L. rhamnosus in mice could alleviate stress-related
disorder as evidenced by reduced corticosterone level and altered gamma-
aminobutyric acid (GABA) expression in the brain (Bravo et al. 2011). Similar
researches also revealed an influential role of probiotic in reversal of abnormalities
in behavior via modulation of central neurochemical such as restoration of basal
noradrenaline levels and normalization of central serotonergic system (Desbonnet
et al. 2008, 2010). In clinical trial, probiotic formulation consisting of Lactobacillus
helveticus and Bifidobacterium longum has presented an anxiolytic effect on human
healthy volunteers (Messaoudi et al. 2011). These findings have further suggested
that probiotics may have a broader therapeutic application than previously
considered.

3.3 Aging

Generally, aging was often accompanied by an increase in inflammatory status.
Aging process deeply influenced the immune system and increased its vulnerability
to illnesses. Malnutrition has been reported as one of the reasons for the lower

Fig. 2 (continued) (p=0.08), but lower levels of Bacteroidetes (p =0.11) compared to the
control mice. (b) Heat map of relative abundance of different genera from stressed and control
mice (n=>5 per group), showing a lower population of Coprococcus, Pseudobutyrivibrio, and
Dorea and higher population of Clostridium from stressed mice compared to the non-stressed
control. Reprinted from Bailey et al. (2011), with permission from Elsevier (License number:
3632820761432)
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immune response in the elderly. Concomitantly, a shift in intestinal microbiota
composition was also frequently reported in the elderly. Analysis of human fecal
samples showed that the bacteroides counts decreased with age, while E. coli and
Enterococci spp. increased with age (Enck et al. 2009).

Antibiotic therapy has been reported to magnify the effect of dwindling popu-
lation of bacteroides in the elderly. The reduction in bacterial diversity is more
apparent in the elderly as compared to young adults. A decline in species diversity
of bifidobacteria was more prevalent in the gut of elderly, where a wide range of
bifidobacteria species eventually narrowed to one or two dominant species such as
B. adolescentis and B. longum (He et al. 2001a, b). It has also been suggested that
most of the known species with anti-inflammatory properties were markedly
decreased in the elderly.

Since aging process may lead to a weaker immune function, the elderly are
therefore at higher risks of infectious and noninfectious diseases. Probiotic inter-
vention could represent as an effective means in restoring the cellular immunity by
improving the function of intestinal microflora in elderly. Consumption of probiotic
supplementation consisting of B. lactis HNO19 enhanced the phagocytic capacity of
mononuclear and polymorphonuclear phagocytes and the tumoricidal activity of
natural killer cells in elderly subjects (Gill et al. 2001). Probiotic B. animalis has
been reported to increase longevity in animal host via suppression of chronic
low-grade inflammation by increasing the polyamines’ concentration in colon
(Matsumoto et al. 2011). Probiotic treatment using Lactobacillus rhamnosus
HNOO1 and Lactobacillus acidophilus NCFM on elderly subjects has showed a
significantly lower count of Clostridium difficile in feces (Lahtinen et al. 2012).
Although no changes in immune markers were observed in this study, the reduction
in population of Clostridium difficile could be beneficial to the elderly by reducing
the risk of diseases ranging from trivial diarrhea to life-threatening colitis.

Aging was closely associated with increased oxidative damage which is induced
by imbalance between pro-oxidants and antioxidants in cells. The elevated oxida-
tive stress in aging organism was postulated to be one of the major factors
contributing to senescence. While overexpression of antioxidative enzymes retards
age-associated oxidative damage, the reduction in level of reactive oxygen species
extends the life span of organisms. Supplementation of Lactobacillus rhamnosus
IMC 501 and Lactobacillus paracasei IMC 502 exerted strong antioxidant activity
by increasing plasma level of antioxidant and reducing reactive oxygen metabo-
lites’ level (Martarelli et al. 2011). Consequently, the reactive oxygen species
neutralization effect of probiotics may enhance the prevention of age-inflicted
cancer and neurodegenerative diseases in the elderly.

3.4 Host Inflammation

A dense population of microbiota in the gut has been associated with increased
resistance against pathogenic bacteria, via competing with pathogens for space and
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nutrients as well as inhibition via the actions of metabolic by-products. However,
resistance to pathogenic attacks is often compromised in the events of gut inflam-
mation. Infection of Salmonella enteric subspecies 1 serovar Typhimurium (S. Tm)
has been found to trigger severe inflammation and colitis, leading to decreased
resistance by gut microbiota. In contrast, inflammation was not apparent with
mutant S. Tm which is avirulent, where colonization resistance of the gut
microbiota was not altered (Stecher et al. 2007). These findings suggested that
inflammation shifted the balance of gut microbiota in favor of pathogens. Besides,
gut inflammation also reduces bacterial diversity such as the reduction of
Firmicutes and increases intestinal permeability, thus allowing translocation of
pathogenic microorganisms and their metabolic products across the intestinal
epithelium.

The administration of probiotic L. casei strain Shirota has improved murine
chronic inflammatory bowel disease by downregulating the pro-inflammatory
agents such as IL-6 and IFN-y (Matsumoto et al. 2005). This beneficial health
effects exerted by probiotics are generally achieved via the interaction of bacterial
metabolites, cell wall components, or DNA with epithelial and gut-associated
immune cells. P40, a soluble protein derived from probiotic Lactobacillus
rhamnosus GG, ameliorated intestinal inflammation through the activation of
epidermal growth factor receptor (EGFR) which subsequently inhibited cytokine-
induced apoptosis in intestinal cells (Yan et al. 2011). Cell wall component of
L. casei alleviated skin inflammation in murine models, via the suppression of
CD8™ type-1 cytotoxic T-cells and regulation of CD4™ T-cells (Chapat et al. 2004).
DNA isolated from probiotic VSL-3 and Escherichia coli (DH5a) possessed
immune-stimulatory effect, attenuating the severity of experimental colitis. These
DNAs were reported to be biologically active and involved in the activation of toll-
like receptor (TLR) pathway (Rachmilewitz et al. 2004). Lactic acid bacteria (LAB)
such as Lactobacillus salivarius are also reported to produce antimicrobial peptides
known as bacteriocin, to inhibit growth of pathogenic microorganisms (Messaoudi
et al. 2013). The antagonistic activity of the bacteriocin against pathogens may
suggest the potential use of probiotic as oral, topical, antibiotics or disinfectants as
well as in food processing and preservation.

3.5 Obesity

Gut microbiota has been associated with the regulation of energy balance and body
weight gain of hosts; obese humans and animals have been shown to harbor
microbiota that are more capable of harvesting energy from food, accompanied
by enhanced absorption of monosaccharides, higher hepatic production of triglyc-
erides, and adipogenesis. A higher count of methanogenic Archaea was detected in
obese individuals rather than their normal weight counterparts; the coexistence
between these H,-utilizing methanogens and H,-producing bacteria enabled higher
energy extraction and uptake in obese individuals (Zhang et al. 2009).
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The difference in dietary nutrient load is one of the major factors behind the
rapid changes in gut bacterial composition. In the event of higher caloric intake by
lean individuals, a greater stool energy loss and increased energy harvest were
observed, accompanied by a 20 % increase in Firmicutes and a corresponding
decrease in Bacteroidetes (Jumpertz et al. 2011). This observation was supported
where a lower stool energy excretion was more apparent in obese individuals
compared to lean participants.

The ability of certain microbes to harvest and store excessive energy posed
complications to pregnant women as it may cause excessive weight gain;
Bacteroides concentration before pregnancy is closely linked to weight gain in
women during pregnancy (Collado et al. 2008). Overweight pregnant women
presented a higher bacterial count of Bacteroides before pregnancy, and increased
count throughout pregnancy. Overweight pregnant women often gave birth to
newborn with higher birth weight due to the high energy supplied to fetus during
pregnancy. Consequently, overweight infants have a higher risk of developing
obesity during adolescence.

Obesity is also often accompanied by low-grade systemic inflammations and
metabolic disorders, typically from high fat diet-induced obesity. Experiments
using rats with different phenotypes such as the obesity-prone and obesity-
resistance rats showed that obesity can induce ileal inflammation via increased
activation of toll-like receptor (TLR4) and decreased intestinal alkaline phospha-
tase which are needed for the detoxification of lipopolysaccharides (LPS) (de La
Serre et al. 2010). LPS has been associated with the onset of most metabolic
diseases, where increased plasma level of LPS has led to increased abundance of
gut Clostridiales.

Given that obesity is one of the current major public health issues, various efforts
have been made to improve current intervention or strategies for a better control of
obesity. Recent discovery on the implication of gut microbiota in energy homeo-
stasis may provide a novel target in the prevention and treatment of obesity
disorder. Early gut microbiota intervention via probiotic such as L. rhamnosus
has been reported to modify the growth pattern of children by moderating excessive
weight gain in early ages (Luoto et al. 2010). Since weight reduction is defined as a
state of negative energy balance, it is therefore proposed that probiotic intervention
may contribute to prevention of weight gain by reducing food intake, stimulating
energy expenditure, and inhibiting energy absorption. Probiotic VSL#3 adminis-
tered to murine model has induced hormone GLP-1 release which subsequently
resulted in reduced food intake (Yadav et al. 2013). Modulation of gut microbiota
by probiotic therapy may also help prevent excessive energy harvest in obese
individuals. A study involving vancomycin treatment on obese mice showed that
Firmicutes counts were proportionate with weight gain and energy harvest or
absorption (Murphy et al. 2013).

Modification of gut microbiota upon probiotic consumption also influences lipid
homeostasis. A shift in microbial composition after the consumption of yogurt
containing Lactobacillus amylovorus and Lactobacillus fermentum by 28 over-
weight participants led to significant reduction in body fat mass (Omar



256 Y.-S. Loh et al.

et al. 2013), possibly via alteration of body adiposity through alteration of gut
microbiota composition. Lactobacillus paracasei ST11 modulated activity of nerve
innervating brown adipose tissue and enhanced lipolysis, leading to reduced body
weight in the rats (Tanida et al. 2008). L. reuteri induced expression of carnitine
palmitoyltransferase 1a (Cptla) enzymes (Fak and Biackhed 2012). Cptla is essen-
tial for fatty acid oxidation, where a deficiency in this enzyme may lead to
accumulation of fats in cells and damage the liver, heart, and brain.

3.6 Cancer Diseases

Intestinal microbiota has been identified to play a role in colorectal carcinogenesis.
Investigation on the correlationship between gut microbiota and colorectal cancer
development revealed changes of microbial genes along the adenoma (benign
polyps) to carcinoma (cancer) sequence (Fig. 3) (Feng et al. 2015), suggesting
that the gut microbiome and their interactions contribute to the development of
colorectal cancer.

It has been postulated that the constant exposure of mucosa to bacterial metab-
olites such as phenols, indoles, hydrogen sulfide, reactive oxygen species, and other
carcinogens are associated with the etiology of tumor and cancer diseases.
Increased in diversity of Clostridium leptum and C. coccoides was more evident
in patients with colorectal cancer as compared to the control (Scanlan et al. 2008).
Clostridium is one of the most commonly recognized factors involved in the
metabolism of phenolic compounds, and could culminate in higher production of
toxic or carcinogenic metabolites which are detrimental to the host. Colorectal
cancer patients also often harbor elevated Bacteroides/Prevotella populations,
accompanied by elevated amount of IL-17 producing cells in the mucosa layer,
suggesting that the aberrancy in the mucosal microbiota is closely associated with
the disruption in immune response (Sobhani et al. 2011).

The administration of probiotics has appeared to be promising in reducing the
risks and incidences of colon, liver, and bladder cancers, mainly to the
carcinogenic-inhibitive activities and reduction in cancer cells promoting enzymes.
Bifidobacteria adolescentis SPM0212 exhibited antiproliferative effects on human
colon cancer cell lines by inducing macrophage activation and increasing the
production of tumor necrosis factor-a (TNF-a) and nitric oxide (NO) (Lee
et al. 2008). Polysaccharides isolated from Lactobacillus acidophilus 606 and
Lactobacillus casei ATCC 393 induced apoptosis on cancer cells while modulating
circulatory oxidative stress that protected the cells against carcinogen-induced
damages (Choi et al. 2006). Bifidobacteria also produce anticarcinogenic metabo-
lites that interfere with cytochrome P450s-dependent monooxygenase system
which could subsequently lead to the production of carcinogens (Liong 2008).

Mutagens such as benzo[a]pyrene, amino acid pyrolysates, N-nitroso com-
pounds, and aflatoxin B are generally carcinogenic due to its ability to induce
genetic mutation and damage. Bifidobacterium longum exhibited antimutagenic
activity by increasing the activity of glutathione transferase (Challa et al. 1997),
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Fig. 3 Metagenome-wide association study on stool samples from healthy subjects and advanced
adenoma and carcinoma patients. Microbial genes were categorized into three different commu-
nities: Red, community type 1; green, community type 2; blue, community type 3. (a) Principal
component analysis for the stool samples at the genus level. (b) Relative abundances of the top
10 most abundant genera in the three community types. (¢) Distribution of the healthy control,
advanced adenoma, and carcinoma samples in the community types. Reprinted from Feng
et al. (2015), with permission from Elsevier (License number: 3632880210485)

which reduces the cytotoxicity and genotoxicity of mutagens through the catalysis
of reaction between sulthydryl compounds and the mutagens to form less harmful
conjugates. Consumption of yogurt containing Bifidobacterium lactis LKM512
reduced mutagenicity levels in human, accompanied by increased levels of
spermidine in the gut (Matsumoto and Benno 2004). Spermidine is vital for cell
proliferation, differentiation, and regulation of enzymatic activity as well as syn-
thesis and stabilization of DNA, RNA, and proteins. Viable cells of Bifidobacterium
lactis Bb-12 and B. longum CCRC 14634 have also been shown to possess high
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antimutagenic activity against mutagens via binding of mutagens to bacterial cell
walls (Lo et al. 2002). The binding ability is often dependent on bacterial species,
carbohydrate content of the cell wall, and the chemical complexity of the mutagens.

3.7 Medication Intervention and Surgery

The administration of drugs often causes disturbances in the normal intestinal
ecosystem, via suppression of gut microbial growths, leading to an imbalanced
microbial ecology. Elderly subjects on a regular nonsteroidal anti-inflammatory
drugs (NSAIDs) medication harbored lower counts of Lactobacillus and Collinsella
spp. in the gut as compared to those without NSAIDs (Mékivuokko et al. 2010).

Antibiotic treatments are widely associated with reduced colonization resistance
of certain intestinal microorganisms, leading to the overgrowth of resistant patho-
gens. While the overall taxonomic composition of intestinal microbiota remained
nearly unchanged after an antibiotic treatment, some of the taxa could not be
recovered to its pretreatment state for as long as half a year. Assessment of
intestinal microbiota composition using denaturing gradient gel electrophoresis
(DGGE) showed a reduced total number of DGGE bands, indicating lesser micro-
bial biodiversity in the gut upon antibiotic treatment (Iapichino et al. 2008). Dis-
turbance of the gut microbial balance may subsequently increase the risk of
developing diarrhea. Antibiotic-associated diarrhea (AAD) is common after an
antibiotic withdrawal or upon further referral to a different prescription of antibi-
otic. Probiotics such as Saccharomyces boulardii and Lactobacillus rhamnosus GG
reduce the risk of AAD, via restoration of a stable bowel microflora (McFarland
2006). Concomitant administration of B. lactis and Streptococcus thermophilus in
children treated with antibiotic also showed lesser risk of developing AAD
(Szajewska et al. 2000).

Surgical intervention intended to improve metabolism and inflammation in
human can also contribute to the compositional modulation of gut microbiota.
Batriatric surgery offers morbidly obese patient a definitive approach for long-
term weight loss and reverses the effect of adverse metabolic effects. However, a
substantial shift in the main gut phyla is often observed upon metabolic surgery,
where lower levels of Firmicutes and Bacteroidetes and higher levels of
Proteobacteria were detected (Li et al. 2011). Surgical trauma and perioperative
infection control also contributed to the fluctuations of gut ecosystems, attributed to
altered redox state, pH, and norepinephrine release that affect gut gene regulations
and bacterial survival and competency, in addition to increased virulence of
pathogenic bacteria.

Pouchitis is a nonspecific inflammation of ileal pouch which occurs in patients
with ulcerative colitis after colectomy surgery. While the etiology of pouchitis
remains unclear, bacterial overgrowth is deduced to play an important role given
the efficacy of antibiotic treatment in pouchitis. The use of probiotic combination
consisting of bifidobacteria, lactobacilli, and streptococci, following pouch surgery
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for ulcerative colitis, presented a positive preventive effect on the onset and
relapses of pouchitis, attributed to normalization of immunological markers such
as cytokine IL-10 and tumor necrosis factor-o (Ulisse et al. 2001).

Similar beneficial effects of probiotic were also observed in surgical patients
who have undergone Roux-en-Y gastric bypass (RNYGB) procedure. While
RNYGB offers a promising therapy for morbid obesity, the surgical procedure
also disrupts the gut microbiota. Postoperative administration of lactobacilli in
RNYGB surgery patients showed a restored intestinal microbial balance supported
by a significant reduction in bacterial overgrowth measured by the indicative
hydrogen gas level (Woodard et al. 2009) and accompanied by a greater weight
loss in RNYGB surgery patients compared to control.

Bacterial translocation and postoperative morbidity have been reported in
patients who had undergone major abdominal surgeries. Physical injuries on the
intestinal mucosa inflicted during surgery may have disrupted the gut barrier,
enabling passage of bacteria from the gastrointestinal tract to the sterile tissues
such as internal organs and mesenteric lymph nodes (MLN). Increased intestinal
permeability and bacterial translocation can however be reversed with probiotic
treatment. Administration of Lactobacillus rhamnosus strain RO011 and Lactoba-
cillus helveticus strain RO052 has been reported to reduce translocation of bacteria
to distant organ via their adherence to the epithelial surface, thus limiting the
binding of pathogenic bacteria to the intestinal epithelium (Zareie et al. 2006). It
was also suggested that the interaction of probiotic with indigenous cells and host
immune cells modulated the immune responses and therefore improved intestinal
barrier integrity.

4 Conclusions

Prevalence of various diseases is closely linked to the occurrence of aberrant
composition of gut microbiota. Accumulating evidence has indicated that the
influence of gut microbiota extends beyond the gut, most probably via immuno-
logical and neuroendocrine pathways. Thus, the intervention of gut bacterial colo-
nization via administration of probiotics has been advocated as a new therapeutic
approach to alleviate a wide range of disorders. Understanding factors that cause
the declining population of certain gut bacterial species may allow us to reintroduce
suitable beneficial microbes for the reestablishment of an effective functional gut.
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1 Colorant-Producing Microorganisms

Traditional processed food in Asia is famous worldwide. For many years, some
fermentative food-grade color pigments produced by microorganisms have been
used to enhance their appearance. In Asia, mostly in China, India, Japan, and
Indonesia, although natural colorants extracted from vegetables and fruits, such
as saffron, turmeric, and suji leaf, have been widely used as food colorants,
microbial color pigment is now intensely studied to produce a high-standard,
high-yield, and stable food colorant, for example, more stable against light and
heat, and with a wider range of pH than the natural food colorants. Some examples
of the pigment molecules are carotenoids, melanin, flavin, quinones, monascins,
and xanthophylls. Colorant-producing microorganisms, such as Monascus,
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Table 1 Microbial Pigment Microorganism Color pigments
and their color (Joshi et al. Bacteri:
2003) acteria
Achromobacter Creamy
Bacillus Brown

Brevibacterium sp.

Orange, yellow

Corynebacterium

Grayish, creamy

Pseudomonas Yellow
Rhodococcus Bluish red
Streptomyces Yellow, red, blue
Molds

Aspergillus sp. Orange, red
Blakeslea Cream

Helminthosporium

Red, bronze, maroon

Monascus Red, Yellow, orange
Penicillium Orange, yellow
Yeast

Cryptococcus Red

Phaffia Red

Rhodotorula Red

Yarrowia Brown

Algae

Dunaliella | Red

Rhodotorula, Bacillus, and Achromobacter, can produce a large number of color
pigments (Table 1). They grow mostly in soil and some of them grow on coast or in
deep sea.

Some reviews have been published about microbial pigment, for example, by
Malik et al. (2012), Joshi et al. (2003), and Dufossé (2006).

The trend toward greater use in natural colorants compared to synthetic colorants
for food, drugs, and cosmetics will continue. Some of these pigments from micro-
organisms may also play a role in supporting biological activity, such as food
supplements, probiotic, and anticancer activity.

1.1 Bacteria

Some bacteria have been used as colorants or food additives in traditional food in
Asia. Use of several bacterial pigments as food colorant was reported. For example,
zeaxanthin (yellow) was isolated from Flavobacterium sp. and Paracoccus
zeaxanthinifaciens, carotenoids (yellow) were isolated from Streptomyces sp.,
canthaxanthin (dark red) was isolated from photosynthetic bacterium
Bradyrhizobium sp., and Halobacterium sp., astaxanthin (pink-red) was isolated
from Agrobacterium aurantiacum, Paracoccus carotinifaciens, and Halobacterium
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salinarum (Venil et al. 2013; Malik et al. 2012). Other carotenoid-producing
bacteria are Corynebacterium michiganense, Micrococcus roseus, Brevibacterium
spp., Bradyrhizobium spp., Gordonia jacobaea, and Dietzia natronolimnaea (Mata-
Gomez et al. 2014). Barnett and Hageman (1983) reported isolation of a brown
pigment from Bacillus subtilis. A blue color pigment, named as A-actinorhodin,
which was isolated from cultured soil bacteria Streptomyces coelicolor, was
reported to have excellent stability to light, heat, and food additives in common
use and resistant to oxidant and reducers under acidic conditions and to reducers
under alkaline conditions. In addition, this pigment is nontoxic; therefore, it became
useful as a potential food additive (Venil et al. 2013; Zhang et al. 2006). Other than
providing attractive colors, the bacterial colorants are environmentally friendly and
they provide health benefits of probiotics in food products (Nagpal et al. 2011).

1.2 Fungi

Fungi are the most well-known microorganisms that have been exploited to obtain
their metabolites and used as natural food colorants due to their safety. Monascus
purpureus, Neurospora sitophila, Blakeslea trispora, and Phycomyces
blakesleeanus are some common fungi that have been used in Asian countries.
The color pigments from Monascus have been very well known since the eighteenth
century. It is used to prepare red angkak fermented rice. This angkak rice was
reported to be used for treatment of dengue fever and as a cholesterol-lowering
agent (Diansyah et al. 2013). Although Monascus pigments have not been approved
to be used in the USA and Europe, it has long been used as food colorant in Asia,
especially in China and Indonesia.

The influence of different substrates on pigment production was reported by Lin
and Lizuka (1982). Other than rice, some alternative substrates such as bread, oat,
corn, and wheat grain could be used for Monascus fermentation in concern of
pigment production. Some suitable conditions of Monascus culture were reported to
be the factors of producing high-quality fermentation product (Priatni et al. 2014).

Specially in Indonesia, a traditional fermented peanut-kernel cake, called
“oncom,” has a very bright color ranging from red to orange and yellow. It is a
source of vegetable-originated protein, inoculated by a fungus, Neurospora
sp. (Priatni 2014).

1.3 Yeast

Some yeasts are good source of microbial pigments. Carotenoids from some of the
red yeasts like Rhodotorula and Phaffia rhodozyma have attracted commercial
interest as a natural pigment for foods (Latha and Jeevaratnam 2010). From
genus Rhodotorula, there are some species such as Rhodotorula glutinis,
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Rhodotorula minuta, Rhodotorula mucilaginosa, Rhodotorula acheniorum, and
Rhodotorula graminis known as carotenoid producer (Mata-Gémez et al. 2014).
The other genera of red yeasts that have potential as natural alternative sources of
carotenoids are Rhodosporidium, Sporidiobolus, Sporobolomyces, Cystofilo-
basidium, and Kockovaella (Certik et al. 2009). Rhodosporidium paludigenum
was reported as a new potent source of carotenoids (Yimyoo et al. 2011). Kim
et al. (2012) reported isolation carotenoid from Rhodosporidium babjevae J1-1
which was isolated from citrus fruit peel. Focusing on genus Sporobolomyces,
there are some species recognized as carotenoid producers such as Sporobolomyces
roseus, Sporobolomyces salmonicolor, and Sporobolomyces patagonicus (Mata-
Gomez et al. 2014; Maldonade et al. 2008). Malik et al. (2012) reported that the red
basidiomycetous yeast Xanthophyllomyces dendrorhous produced astaxanthin and
it is one of the main sources for natural astaxanthin. The main carotenoid from
Rhodotorula is B-carotene. The other pigments that were reported as food colorant
from the yeast Rhodotorula and of industrial interest were torularhodin and
torulene, the orange red keto-carotenoids for which at present no commercially
exploitable plant or animal sources exist. Yeasts of the genera Rhodotorula are able
to synthesize those pigments, but the low production rate of pigment in these
microorganisms limits its industrial application. Therefore, the strategies to
improve the strain of Rhodotorula mucilaginosa for obtaining hyperpigmentation
mutants by ultraviolet-B radiation have been studied (Moliné et al. 2012).

1.4 Microalgae

Microalgae are one of the potential sources of colorants. Several species of
microalgae produce high concentrations of carotenoids such as f-carotene,
astaxanthin, and canthaxanthin. Their most important uses are as natural food
colorants. Dunaliella salina is the best organism producing f-carotene among the
algae and other organisms since it can produce f-carotene up to 14 % of its dry
weight, and therefore, it was first proposed for commercial production of B-carotene
(Spolaore et al. 2006). Dunaliella salina is a green unicellular alga and bi-flagellate
and produces p-carotene in a high salt environment (Emeish 2012).

Another marine microalga which is achieving commercial success in colorant
production is a green microalga, Haematococcus pluvialis. Haematococcus pro-
duces high-value carotenoid, namely astaxanthin. Haematococcus generally con-
tains 1.5-3 % astaxanthin. Microalgae synthesize astaxanthin and concentrate it
into the food chain through zooplankton and crustaceans, which are prey for
salmon, trout, and other aquatic animals (Lorenz and Cysewski 2000).
Haematococcus microalgae meal has been used as a natural red food colorant and
as a pigment for fish feeds especially for salmon and trout farming (Dufossé
et al. 2005). Astaxanthin has been reported to have biological activity as antioxi-
dant, anti-inflammatory, antihypertensive, and neuroprotective (Hussein
et al. 20006).
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Phycocyanin (blue) and Phycoerythrin (red) are collectively known as
phycobiliprotein. They are also main natural pigments that are commercially
produced from microalgae. Both phycoerythrin and phycocyanin are water soluble
and can be use as natural colorants in food, cosmetics, and pharmaceuticals. The
microalgae as sources for those colorant are red microalga genus Phorpyridium
(Dufossé et al. 2005) and blue-green microalga genus Spirulina sp. (Cesar de
Carvalho et al. 2008).

2 Metabolism of Colorant

Microorganism has been reported to produce a variety of color pigments. There-
fore, they become one of the potential sources of natural colorants for food,
cosmetics, and pharmaceuticals. Color pigments are secondary metabolites and
are produced mostly after the growth phase of a bacterial, algal, or fungal culture.
The amount of color pigments produced is directly dependent on biomass accumu-
lation (Matthews and Wurtzel 2007). Enhancement of biomass production by
controlling the environment and the nutrition of organism favors the accumulation
of metabolic color pigments. The following section focuses on the metabolism of
carotenoid and Monascus pigments which are the major color pigments used as
food colorant.

2.1 Biosynthetic Pathway of Colorant
2.1.1 Carotenoids

Carotenoids are natural pigments that are primarily synthesized within plants,
algae, and some species of fungi and bacteria. Animals are not able to synthesize
carotenoids; therefore, they must be supplied in the diet (Lorenz and Cysewski
2000). The carotenoid pigments are classified into carotenes and xanthophylls.
Some carotenes only have carbon and hydrogen on their chemical structure such
as p-carotene and torulene, whereas xanthophylls also contain oxygen such as
astaxanthin and canthaxanthin (Mata-Gomez et al. 2014).

The carotenoids are biosynthesized through isoprenoid pathway from the basic
Cs-terpenoid precursor, isopentenyl diphosphate (IPP). The entire biosynthesis
takes place in the chloroplasts (in green tissues) or chromoplasts (in yellow to red
tissues) encoded by nucleus genes. The biosynthesis of all natural carotenoids
begins with the enzymatic assembly of a C3, or C49 backbone. In Cy4 carotenoids
backbone, the isoprenoid chain is built up from mevalonic acid (MVA) and is
catalyzed by prenyltransferases, to the Cy, level, as geranylgeranyl diphosphate.
Two molecules of this are joined tail to tail to give 15-cis phytoene as the first
product with the C4p carotenoid skeleton, which is catalyzed by the phytoene
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synthase (PSY) (Otles and Cagindi 2007). Cy4o carotenoids are mostly made in
plants and microbial species. Csq carotenoid pathways starting with the condensa-
tion of two molecules of farnesyl diphosphate (C,sPP) to form (15Z)-4,4-
'-diapophytoene (also called dehydrosqualene) are much less widespread (Umeno
et al. 2005). Different types and levels of modification of Cy4 or C;o backbone by
carotenoid biosynthetic enzymes such as isoprenyl diphosphate synthases, caroten-
oid synthases, desaturases, cyclases, and others specific transformations lead to
synthesize a large number of different products (Umeno et al. 2005; Otles and
Cagindi 2007). The biosynthesis pathway of carotenoid can be organized into a
tree-like hierarchy, Fig. 1 (Umeno et al. 2005).

2.1.2 Biosynthesis of Monascus Pigments

Monascus pigments are classified as azaphilone metabolites. Based on the color of
metabolites, Monascus pigments consist of yellow pigments (ankaflavin,
monascin), orange pigments (rubropunctatin, monascorubrin), and red pigments
(monascorubramine and rubropunctamine) (Mostafa and Abbady 2014). These
pigments have chromophore groups such as hexaketides and fatty acids such as
hexanoic acid (C6) or octanoic acid (C8). The derivative compounds are obtained
by reduction, oxidation, or reaction of the Monascus pigments with other products,
especially with a variety of amino acids (Pastrana et al. 1995; Blanc et al. 1997,
Lakrod et al. 2000). Other pigments that had been isolated from Monascus spp.
were two yellow components with furanoisophthalide skeleton, xanthomonasin A
and xanthomonasin B; six yellow coumarin derivatives, namely monankarins A-F,
and four orange pigments, namely monapilol A-D, Fig. 2 (Feng et al. 2012).

Monascus also produces statin derivative compounds, such as monacolin K
(mevinolin), which have biological activities such as antihypercholesterolemia.
Statin derivative compound was isolated for the first time from Aspergillus terreus
which is known as lovastatin, Fig. 3 (Blanc et al. 1998; Hai 1998; Keane 1999).

Other than pigments and monacolin K, Monascus also produces monascidin A
which has antibacterial activity. This compound has been further characterized as
citrinin (Fig. 3), a mycotoxin that was isolated for the first time from Penicillium
citrinum and also was produced from other fungi, especially from Aspergilaceae
(Blanc et al. 1995; Hai 1998). Citrinin was reported as nephrotoxic, teratogenic, and
carcinogenic agents; therefore, citrinin is not safe for using as medicines
(Gremmels and dan Vilar 1998).

The Monascus pigments are biosynthesized through polyketides pathway as
other secondary metabolites, but the pathway remains unclear. Biosynthesis of
polyketides pathway is specific process metabolism of fungi especially for Asco-
mycetes. In this biosynthesis pathway, a condensation reaction occurs between one
molecule of acetyl CoA with one or more molecules of malonyl CoA. It is followed
by a series of reduction, dehydration, methylation, and cyclization reaction to
produce polyketide metabolites. All these reactions are catalyzed by polyketide
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Fig. 1 Biosynthesis pathway of carotenoids (Umeno et al. 2005)

biosynthesis synthase (PKS), a multifunctional enzyme encoded by PKS genes
(Pfeifer and Khosla 2001).

The study of the biosynthesis pathway of Monascus red pigments and
monascidin A in M. ruber showed that both metabolites were produced from a
precursor of tetraketides. This precursor was produced from a condensation reac-
tion between one molecule of acetyl-CoA with three molecules of malonyl CoA,
followed by one molecule of acetyl-CoA. In some species of Penicillium and
Aspergillus, citrinin was produced from precursor of pentaketides without pigment
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production. Figure 4 illustrated the biosynthesis of red pigment and citrinin (Hajjaj
et al. 1999).

2.2 Factors Affecting of Pigment Microbial Productions

There are many factors that need to be considered when growing microorganism
and producing secondary metabolite pigments. Microorganisms require supply of
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water, carbon, nitrogen, and minerals. Certain physical conditions, such as temper-
ature of incubation and pH of the medium, will also affect the microbial growth and
secondary metabolites’ production.
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2.2.1 Carbon Source

Type of carbon sources, such as polysaccharides, oligosaccharides, and various
monosaccharides, are influencing the growth of mycelium and pigment production.
It was reported that glucose and its oligo- and polysaccharides were better carbon
source than maltose and fructose for the growth of Monascus sp. TTWMB 6042 and
the production of Monascus pigment (Lin and Demain 1991; Lee et al. 2001). The
type of carbon also influences the constituent of Monascus pigments. A study
reported that using maltose and glucose in Monascus purpureus fermentation
produced a very dark brown pigment, whereas using sucrose would produce light
red pigments (Joshi et al. 2003). For pigment production from Rhodotorula glutinis
var. glutinis, the highest carotenoid production was obtained in the medium
containing sucrose (El-Banna et al. 2012). Similar result was reported by Latha
et al. (2005) that the maximum growth and pigmentation of Rhodotorula glutinis
DFR-PDY were achieved by using glucose and fructose as carbon sources. Attri
and Joshi (2005) reported optimization of apple pomace-based medium and fer-
mentation conditions for pigment production by Micrococcus sp. The addition of
fructose to the apple pomace medium increased the yield of biomass and carotenoid
production. For Sarcina sp. that also was reported using apple pomace medium, the
maximum yield of biomass was observed in medium with glucose followed by
fructose, but the carotenoid production was statistically equal in glucose and
fructose (Joshi et al. 2011).

2.2.2 Nitrogen Source

The production of microbial pigment is also influenced by nitrogen source. Inor-
ganic ammonic compounds, such as ammonium chloride, ammonium nitrate, and
organic nitrogen sources such as urea, peptone, monosodium glutamate, and amino
acids, are good nitrogen sources for both growth and pigment production of
Monascus spp. It was reported that the ammonium chloride is the best nitrogen
source for pigment production, followed by ammonium nitrate and glutamate.
Amino acids such as leucine, lysine, valine, and methionine, especially leucine,
were reported to have inhibitory effects on the formation of water-soluble
Monascus pigment (Joshi et al. 2003; Feng et al. 2012). The production of carot-
enoids from Rhodotorula glutinis var and R. glutinis showed the highest yield of
B-carotene when ammonium nitrate was utilized as nitrogen source (El-Banna
et al. 2012). According to Latha et al. (2005), among the various nitrogens which
was used in optimization of growth condition of Rhodotorula glutinis DFR-PDY,
maximum growth and pigmentation were observed in sodium nitrate. For Sarcina
sp., the highest yield of biomass and carotenoids production was achieved when
potassium nitrate was used followed by sodium nitrate and ammonium sulfate
(Joshi et al. 2011).
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2.2.3 Minerals

Among the other elements, minerals also have a great effect on the growth of
microorganisms and the production of microbial pigments. For pigment production
from Monascus purpureus (wild and mutant NIIS), it was reported that 2 x 10°*M
and 3 x 10~ M of Zn** in liquid culture media could stop the growth and pigment
production, whereas on solid media, for the mutant M. purpureus N118S, the
pigment production was promoted by 5 x 10~ M of Zn**. However, the mycelial
growth was significantly inhibited by 5 x 10> M of Zn**. The effect of other metal
ions such as Fe** and Mn®* on M. purpureus pigment production also had been
studied. Fe?* exhibited the strongest stimulatory effect on red pigment production
compared to Zn®* and Mn** (Lee et al. 2001). For pigment production from a
mutant of Rhodotorula glutinis, it was shown that divalent cation salts, especially
Mg**, have a stimulatory effect on the production of p-carotene (Bhosale and Gadre
2001).

2.2.4 Temperature

Temperature of incubation plays important roles in the growth of microorganisms
and the production of microbial pigments. The optimum temperature for growth
and pigments production depends on the type of microorganisms. For example,
Monascus spp. are cultured at 25-30 °C for pigment production and Pseudomonas
aeruginosa at 35-36 °C for growth and its pigment production (Joshi et al. 2003;
Feng et al. 2012). According to Zhou et al. (2009) and Liu et al. (2007), Monascus
spp. could also grow at higher temperature such as 31 °C and 32 °C, respectively.
Penicillium oxalicum was reported to produce a red colorant at optimum temper-
ature 27-29 °C (Dufossé et al. 2005). The yeast Rhodotorula glutinis was reported
to produce carotenoid pigments maximum at the temperature 29-32 °C (Latha
et al. 2005), whereas the optimum temperature for R. rubra has been reported at
22 °C (Martin et al. 1993). The temperature of the growth medium had also an
effect on the growth and carotenoid production of marine bacteria, Micrococcus
sp. The biomass production increased remarkably with raising the temperature up to
37 °C, while the carotenoids’ production rate enhanced strictly up to 30 °C. The cell
biomass production reduced sharply at 45 °C due to the denaturation of the enzyme
system of microorganism at higher temperatures (Ibrahim 2008). For the pigment
production of Micrococcus sp., Bhat et al. (2013) and Attri and Joshi (2005)
reported the maximum production at 35 °C. Further increase in temperature showed
a decrease in the growth of bacteria and its pigment production. Production of
pigment by Sarcina sp. also occurred at temperature 35 °C (Joshi et al. 2011).
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225 pH

The growth of microorganisms and the production of microbial pigments are
influenced by the pH of culture medium. Each microorganism has a specific pH
tolerance range for growth and pigment production. The optimum pH for Monascus
spp. is 5.5-6.5 (Joshi et al. 2003; Feng et al. 2012). According to Chen and Johns
(1993), the highest red pigment production from Monascus purpureus was obtained
using a glucose-peptone medium at pH 6.5, while yellow pigment ankaflavin
synthesis was favored at pH 4.0. Orozco and Kilikian (2008) reported that the
highest total red pigments from Monascus purpureus were achieved at pH 5.5.
Another fungus, Penicillium oxalicum produced a red pigment and reached the
optimum production at pH 5.6-6.2 (Dufossé et al. 2005). Latha et al. (2005)reported
that a red yeast Rhodotorula glutinis was able to grow and produce carotenoid
pigments over a wide range of pH from 2.5 to 2.9 and the optimum condition at
pH 5.5. The lycopene production is optimum in neutral to slight alkaline condition,
whereas the synthesis of p-carotene is optimum in acidic conditions (Joshi
et al. 2003). Bhat et al. (2013) reported the effect of pH on pigmentation of bacteria
Micrococcus sp. The pigment production increased with the increase of
pH. Maximum pigment production was observed at pH 9 and at pH 4; none of
the cultures observed growth. For Micrococcus flavus, it was reported that pH 7.5
was optimum condition for maximum pigment production (Deb and Madhugiri
2012). Joshi et al (2011) also reported that among different pH values from 3.0 to
6.0, a pH of 5.5 was an optimum pH for growth and carotenoids’ pigment produc-
tion of Sarcina sp.

2.2.6 Type of Fermentation

The type of fermentation such as solid or submerged fermentation influences the
production of microbial pigments. Bacteria may grow in solid substrate but usually
show better development in liquid media. The use of photoautotrophic microalgae
culture such as Spirulina in solid state fermentation (SSF) is limited because light
has a poor penetration on the substrate. Fungi are the most adequate microorgan-
isms for pigment production in SSF (Cesar de Carvalho et al. 2008). For example, in
Monascus purpureus fermentation, solid culture was reported to give a better yield
compared to submerged fermentation though media composition; pH agitation also
influences the pigment production (Joshi et al. 2003). A study reported that sub-
merged fermentation of Monascus purpureus with optimal condition produced
pigments that could be comparable to the solid culture, whereas the yield of citrinin
was increased more than 100 times. This study indicated that the type of fermen-
tation could be a primary factor that influenced the citrinin production and a
secondary factor for the pigment production (Zhang et al. 2013).
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3 Examples of Microbial Colorant Production

3.1 Monascus purpureus

Monascus purpureus has been used as a starter culture in the production of red mold
rice for food colorant. Monascus purpureus was isolated by Went in 1895 from red
mold rice that was obtained from Java, Indonesia. Red mold rice has traditionally
been used in Chinese food as a preservative, food coloring and flavoring agent, and
diet supplement, in addition to its use as a food medicine for improving digestion
and enhancing blood circulation (Hsieh et al. 2008).

There are two major processes for Monascus pigment production, namely solid
state fermentation (SSF) and liquid-state fermentation (LSF). The SSF method is a
traditional processing method to produce Monascus pigment in China. The starter
of Monascus strain is inoculated into the steamed rice that is spread on the big trays
and cultured in an air-, moisture-, and temperature-controlled room for about
20 days (Dufossé et al. 2005; Feng et al. 2012). In Indonesia, the rice usually was
placed into the glass jars or bottle and then sterilized by steam. Inoculation was
carried out by mixing 10 % (v/v) of starter culture of Monascus sp. (2 x 24 h)
aseptically. The inoculated rice in the jars was shaken until homogeneous and
incubated for 14 days in incubator at 30 °C. In the first 7 days of inoculation, the
rice was moisturized by using sugar solution in every 24 h. The shaking was
performed once a day until incubation time was completed. The rice grains grad-
ually turn red in color. Each rice grain becomes bright red in its core and reddish
purple on the outside when they are fully cultured for about 14 days. On the 14th
day, the product was harvested and dried in oven at 50 °C for 24 h (Singgih
et al. 2014b). The SSF product, namely red mold rice, also known as hongqu
(Chinese), red yeast rice, red fermented rice, red Kojic rice, and angkak, can be
directly used as food colorants (Liu et al. 2010) or as materials for Monascus
pigment extraction, while for LSF products, the pigment must be extracted before
using as colorant. Monascus pigment production by SSF has more advantages
compared to LSF processing method, such as simpler technique, less capital
investment, lower levels of end product inhibition and catabolite repression,
lower amount of waste output, better product recovery, and higher yield (Joshi
et al. 2003; Lee et al. 2002). Some different sources of SSF also have been
developed, for example, on rhizome of Dioscorea hispida, called “Gadung,” tofu
waste (Fig. 5) gave different rays of red pigments (Priatni et al. 2014).

Other publications on effects of different solid substrates of Monascus were
elaborated using local sources of rice, manihot, etc. (Dikshit and Tallapragada
2011).

On the other hand, LSF process also gives an attractive alternative because the
process is easier to manage, and has shorter cultivation time, lower production
costs, and higher product quality (Silveira et al. 2013). Monascus purpureus grown
in submerged culture has been investigated compared to solid culture. The sub-
merged fermentation in potato dextrose broth (PDB) media gave maximum red
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(b) (c)

Fig. 5 Monascus sp. on different substrates gained different rays of red color; (a) on rice, (b) on
tofu waste, (¢) on gadung (Dioscorea hispida) (Priatni et al. 2014)

pigment production at 16th days of incubation at 30 °C and pH of 5.5 (Dikshit and
Tallapragada 2011).

Besides their function as food colorant, Monascus pigments were reported to
have effects as antibacterial agents, as reported by Kim et al. (2006). Two hydro-
phobic and two hydrophilic derivatives exhibited high antimicrobial activity. The
derivates were combination of the pigments with L-Tyr and L-Phe, L-Glu and L-Asn.

It also have been reported that extract of Monascus purpureus showed signifi-
cant effect on thrombopoietin (TPO) level in dengue-infected patient (Diansyah
et al. 2013). In this research, the patients who get dengue infection received
standard therapy with and without red yeast rice and the TPO levels were analyzed
using single-blind randomized controlled trial. The Monascus extract was
suggested to increase platelet counts presumably through effects on increasing
megakaryopoiesis and thrombopoiesis in bone marrow or anti-inflammatory effects
of metabolites.

3.2 Neurospora sp.

Neurospora, the Ascomycetes fungi that mostly grow in tropical and subtropical
countries, grew and sporulated quickly on the surface of fire scorched vegetation. In
Europe at least five species were identified, i.e., N. crassa, N. discreta,
N. intermedia, N. sitophila, and N. tetrasperma (Jacobson et al. 2006). In Asian
countries, Neurospora sp. is a famous fungus used in traditional food. For example,
in West Java, Indonesia, Oncom or fermented peanut cake is a traditional fermented
food with orange to red color spores on the surface of the cake. The food is
produced by inoculating a f-carotene pigment producer, Neurospora sitophila, on
peanut waste, and it is incubated for 3 days. The fermentation yields a red, orange,
and pink color, depending on strains used. Instead of peanuts, many substrates can
be used, such as rice cake and tofu (bean curd). There are two kinds of Oncom
according to their color appearance, i.e., Red oncom and Black oncom. The
difference is due to the fungal strain and substrate used. The red Oncom is produced
by using Neurospora sitophila, whereas the black Oncom is produced by using
Rhizopus oligosporus. The substrates used for solid fermentation can vary, mostly
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waste of cereals or any plants which are rich in carbohydrates and amino acids, such
as peanuts, soybeans, manihot, or coconut (Siswono 2002).

Seventy-one cultures have been isolated by Ho et al. (1978) and a series of
pigments proved to be similar to the color that was produced in carrot and apricots.
Yellow to orange pigments are mostly produced by Neurospora crassa. Neurospora
sitophila produces pink to orange pigments on their conidia. The pigments pro-
duced by fungi are secondary metabolites with different chemical structures. The
range of color produced by one isolate can be changed when the substrate is
different. The growth rate of the fungi will also be varied when the substrate is
changed. The mechanism of different substrates on the changing of their secondary
metabolite structure in morphology is yet to be investigated.

In Indonesia, Neurospora sitophilia and Neurospora intermedia are the fungi
species that are very important in “oncom” fermentation process. Neurospora
intermedia belongs to a group of Ascomycetes, with 8 ascus spores, mycelia, and
conidia representing color from yellow to reddish-orange (Perkins and Turner
1988). Biosynthesis of carotenoids in the mold usually involves 3-hydroxy-3-
methyl glutaryl CoA (HMG-CoA) synthase enzyme and acetyl-CoA as a main
precursor. This precursor will be converted to 3-hydroxy-3-methyl glutaryl CoA
(HMG CoA), catalyzed by the enzyme. The HMG-CoA is then converted into
mevalonic acid (MVA). MVA, a precursor in terpenoid biosynthesis pathway, is
further converted into isopentenyl pyrophosphate (IPP) by a series of reactions
including phosphorylation. Metal ions are very important for microbes’ metabo-
lism, such as potassium (K*), magnesium (Mg”"), sodium (Na*), calcium (Ca*"),
zinc (Zn*"), and some other transition elements. It has been reported that 10 mM
Mg>* and above can increase phytoen production (Mitzka and Schanabel 1985).
Phytoen is desaturated to produce licopen; licopen is a precursor of cyclic caroten-
oid. Neurospora intermedia is a mold that produces spores, mycelia, and conidia
with orange or yellow-orange color (Perkins and Turner 1988). Pigments that are
produced by Neurospora can be various, from yellow to orange reddish, in color.
The pigments are carotenoid with a-, B-, and y-form of carotenes. The carotenoids
from Ascomycetes (except for Pezizalesi) are similar to the carotenoids that are
produced by Phycomycetes (Goodwin 1980). A research on the evaluation of the
role of some metal ions as cofactor in carotenogenesis of Neurospora intermedia
N-1 mold in “oncom” production had been carried out (Singgih et al. 2014a). Solid
substrate Fermentation of Neurospora sitophila or Neurospora intermedia was
made by inoculating 1 mL of spores’ suspension of the fungi onto 200 g of peanut
kernel and added with 200 mL of sterile water containing 0.15 % of NH4;NOs, 0.1 %
of MgO,7H,0, and 0.25 % of KH,PO,. The culture was incubated at 30 °C for
3 days. The fungi grow over the peanut cake and its spores produce bright orange
colored pigments, as seen in Fig. 6.

On day 1, the hypha of the fungi was colorless. It became reddish in the
following days and finally it showed orange color. The growth of the fungi,
Neurospora sitophila on PDA, microscopically showed that its hypha brings the
conidia up, which have a smooth texture, are septate, and form a structure like
chain. The conidia is singly connected with a protein hialin, dispersed rapidly, to
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Fig. 6 Bright Orange color
from spores of oncom
culture Neurospora
intermedia (Priatni 2014)

form ellipse shapes or cylinder or globose or subglobose shapes (Samson
et al. 2002).

Priatni (2014) reported that optimization production of carotenoids by Neuros-
pora intermedia on waste solid tofu gave at least five carotenoid compounds, i.e.,
lycopene, neurosporene, y-carotene, (-carotene, and phytoene. Identification of
these carotenoids isolated from oncom has been carried out by using the HPLC
equipped with a photodiode array. All compounds were hydrophobic molecules,
which can improve their solubility in aqueous phase by conjugating them with some
copolymer, so they can be used widely as food and cosmetic colorants. This study
also proved that biosynthesis pathway in Neurospora intermedia is similar to
Neurospora crassa.

The fermentation of Neurospora crassa on tapioca by product and waste tofu has
been carried out also to produce the alternative poultry feed with high content of
B-carotene. In order to achieve optimum physical and chemical stability and
bioavailability of carotenoids, innovative processes for their production with mod-
ern methods of encapsulation technology have been developed and investigated
(Ribeiro et al. 2010).

To produce colorant, some efforts have been done. Microencapsulation of
carotene extracts from Neurospora sp. spores has been carried out by using protein
base as shell material. Encapsulation carotenoid extract with sodium caseinate as
shell material gives the highest microencapsulation efficiency, total carotenes, and
carotene retention values, compared to soy protein isolate and milk protein isolate
(Pahlevi et al. 2008).

Another encapsulation process of carotenoids is from N. intermedia N-1 by
using copolymer of gelatin and maltodextrin. In this study, the average EY of
carotenoids powder obtained by using spray dryer was 48 %. The stability of
carotenoids powder can be maintained at low humidity and dark storage. Encapsu-
lated carotenoids from N. intermedia N-1 were stable when they are stored in brown
glass at RH between 20 % and 30 % (Priatni 2014).
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