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Chapter1

Indian Traditional Fermented
Foods: The Role of Lactic Acid
Bacteria

Arekal Nagaraja Roopashri, Janakivaman Savitha,
M.S. Divyashree, B.S. Mamatha, K.A. Usha Rani
and Ashwini Kumar

Abstract

Fermentation technology is an important field comprising the use of microorganisms
and enzymes to produce the compounds that have applications in the food, pharma-
ceutical, energy, and chemical industries. Although food fermentation processes have
been used for generations as a prerequisite for sustainable food production, today it has
become more demanding to obtain functional and therapeutic food products through
the application of continuous creations and advancement of innovative fermentation
processes. For these reasons, efforts are directed toward designing new processes, con-
cepts, and technologies. Fermentation is a natural process whereby microorganisms such
as lactic acid bacteria and yeast convert carbohydrates such as starch and sugar into alco-
hol or acids, both of these act as a natural preservatives. This process is still used today
to produce foods such as wine, cheese, sauerkraut, yogurt, and other types of traditional
foods. Traditional fermented foods are popularly consumed and form an integral part
of our diet since early history. They are recognized as having multiple benefits related
to nutritive values, therapeutic properties, and sensory attributes. In most fermented
foods, the fermentation process is predominantly initiated by lactic acid bacteria. These
organisms have been termed as probiotic bacteria—a group that appears to have specific
health-promoting attributes.

Keywords: lactic acid bacteria, probiotics, prebiotics, traditional fermented foods,
human health

1. Introduction

The production of fermented foods is one of the oldest food processing technologies
well known to mankind. Since the beginning of civilization, methods of fermenting milk,
cereals, legumes, vegetables, and meats have been described [1]. The preparation of these
kinds of fermented foods will be with us in the far future, as they are a source of alcoholic
foods/beverages, vinegar, pickled vegetables, sausages, cheeses, yogurts, vegetable protein
amino acid/peptide sauces, and pastes with meat-like flavors, and leavened and sour-
dough breads, and so on. Fermented foods are of great importance because they provide
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and preserve an enormous amount of nutritious foods with a wide variety of flavors,
aromas, and textures that enrich the human diet. As used herein, the term “nutrition” or
“nutrient” will include providing the consumer with calories/energy, protein, essential
amino acids/peptides, essential fatty acids, vitamins, and mineral requirements that con-
tribute to the solution of nutritional problems and diseases in the human population [2].

In most cases, the procedures and knowledge associated with the manufacture of these
food products were passed on from generation to generation within local communities,
monasteries, and medieval farms. In the mid-nineteenth century, two events occurred
that had a significant impact on our understanding of the method and process of food fer-
mentation. First, a huge number of residents from the villages started moving toward the
towns and cities due to the more opportunities in industrial sectors. Hence, the practicing
of conventional methods to prepare food for more population was no longer operative.
This led to inventing new processes for the manufacturing of vast quantities of food
products, which demanded the industrialization of the food sector. Second, the progress
in the field of microbiology in the 1850s led to an understanding of the basic science of
the fermentation process for the first time. Consequently, the important function of lactic
acid bacteria, yeasts, and molds in the production of fermented foods was understood,
which eventually led to a more controlled and efficient fermentation process [3].

For many fermented foods particularly dairy products, the characterization of
microorganisms that are responsible for fermentation is very important for their usage
in the dairy industry. Therefore, in the late nineteenth-century isolation of starter cul-
tures and manufacturing on a large scale was initiated to supply to the factories involved
in the manufacture of dairy products [3]. Generally, starter culture strains are often
used to improve the nutritive value and sensory characteristics of fermented foods,
maintain safety and quality, and promote nutrition [4]. In recent years, it has been a
great strategy in food microbiology to study microorganisms with various functions,
to use as a starter culture [5]. Several studies have reported the preparation of food
products using multifunctional microorganisms, wherein lactic acid bacteria (LAB) are
particularly recommended as starter cultures for the fermentation process due to their
benefits in terms of probiotic properties, antimicrobial production, beneficial enzyme
production, and enhancement of other functionality [6-11]. They are normally con-
sidered safe and widely used as a starter culture in the production of fermented foods
[12]. Due to the unique metabolic characteristics, they are involved in many fermenta-
tion processes of milk, cereals, vegetables, and meats. They are effective as probiotics
and exhibit beneficial properties such as the production of antimicrobial compounds,
enzymes, involvement in immune regulation, and antioxidant activity [13]. The
microbiota in the human gut displays significant influence on host immunity, nutrition
supply to the body as well as a contribution toward physiological function, whereas
the enhanced therapeutic role of beneficial microbes in the gut is mainly due to the
improvement of their population in intestinal microbial communities and their subse-
quent correlation with human physiology and disease pathogenesis [14]. In 2006, FAO/
WHO defined probiotics as “live microorganisms, which upon ingestion in adequate
amounts confer a health benefit to the host [15].” Hence, probiotics are considered as
safe products for the host when consumed. The key criteria for the selection of probiot-
ics which are mainly based on the FAO/WHO guidelines include safety (nonpathogenic
strains without toxicity), resistance to gastric and bile acids, adhesion to epithelial cells,
and antimicrobial activity (antagonism against pathogens). These guidelines recom-
mend performing iz vivo experiments on strains that have demonstrated potential
health benefits based on in vitro experiments. In addition, probiotic properties are
strain-specific, and hence, each strain characteristic needs to be verified [16].
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The lactic acid bacteria (LAB) are considered as probiotics and play important role
in the preservation and production of healthy fermented food products. The genera
of LAB consist of Lactobacillus, Leuconostoc, Lactococcus, Enterococcus, Pediococcus,
Streptococcus, Weisiella, etc. The genus Lactobacillus includes 261 species that differ
greatly in their phenotypic, genotypic, and ecological properties. Recently, [17]
proposed reclassification of lactic acid bacteria into 25 genera. The phylogeny is based
on whole-genome sequences, which includes the revised genera Lactobacillus and
Paralactobacillus. The remaining 23 genera are novel: Holzapfelia, Amylolactobacillus,
Bombilactobacillus, Companilactobacillus, Lapidilactobacillus, Agrilactobacillus,
Schleiferilactobacillus, Loigolactobacilus, Lacticaseibacillus, Latilactobacillus, Della-
glioa, Liquovilactobacillus, Ligilactobacillus, Lactiplantibacillus, Furfurilactobacillus,
Paucilactobacillus, Limosilactobacillus, Fructilactobacillus, Acetilactobacillus,
Apilactobacillus, Levilactobacillus, Secundilactobacillus, and Lentilactobacillus. Those
LAB belong to the homo- and hetero-fermentative groups and generally require
enriched artificial media. They grow naturally on most food substrates which led to
the lowering of pH to a point where other competing microorganisms are unable to
grow. For example, Lactococcus and Leuconostoc normally lower the pH to 4.0-4.5,
whereas Lactobacilli and Pediococci lower the pH to 3.5 as reported by [18]. Several
research studies have shown that the use of LAB as fermentation agent for the prepa-
ration of food products is considered as safe for consumption [7, 10, 11].

It is well-known fact that India is recognized for its rich traditional fermented
food products. Generally, in the Indian subcontinent, fermented foods are prepared
using indigenous food crops and other biological resources. Hence, the nature of
food products and their base materials varies in each province. Presently, there are
a number of fermented food products with different base materials and preparation
methodologies have been reported. Each fermented food is allied with a unique group
of microbiota, which has the potential to increase the level of proteins, vitamins,
essential amino acids, and fatty acids. In local communities, the preparation of tra-
ditional fermented foods is still done by spontaneous fermentation method and their
microbiota profile get varies each time. Hence, limited knowledge is available about
the microbiota of these kinds of food products [19, 20].

This chapter outlines the role of lactic acid bacteria in food fermentation, their
probiotic properties (gastrointestinal tract acidic tolerance, adhesion, hydrophobicity,
and auto-aggregation), multifunctional characteristics (antimicrobial, antioxidant,
phytase, and $-galactosidase activities), and the mechanisms of antagonistic nature
of LAB as well as a brief explanation of some significant traditional fermented foods
from India. It is expected that more research needs to be carried out toward strain
improvement with beneficial properties in order to use in the fermentation of food
products, which would benefit both the producer and consumer.

2. Contributions of fermented foods to human nutrition

Human health is one of the main reasons behind food choices and this has led to
a diverse range of food formulations with specific functionalities that provide better
health and wellness. One of the common health disorders associated with diet patterns
is gastrointestinal (GI) disorders. Such GI disorders can be prevented to some extent
through routine consumption of foods with specific functionality [21]. Hence, the
concept of functional foods evolved as the role of food in maintaining health and well-
being and therefore gained greater scientific and commercial interest [22]. Lactic acid
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bacteria and bifidobacteria are well known for their extensive use in the preparation
of functional food products [21]. These organisms have been termed as “probiotic
bacteria,” which does impart certain specific health-promoting attributes through oral
feeding. Simultaneously with probiotics, the other term “prebiotics” are known to be
non-digestible food ingredients (higher polysaccharides) that have a beneficial effect
on the host by selectively stimulating the growth and/or activity of a selected group of
bacterial genera and species that are normal colon inhabitants [23].

Probiotics should have the competence to grow and sustain in the human gut in
order to deliver health benefits to the host. Therefore, they must have the characteris-
tics to survive while passing via the gastrointestinal tract (GIT). During this process,
they get exposed to the acidic environment in the stomach, while the bile acid is in the
small intestine [24]. Most of the probiotic strains are natural inhabitants of the human
intestine and are generally regarded as safe (GRAS) along with acid and bile toler-
ance and the ability to adhere to gut epithelial cells [25, 26]. Hence, the best designed
route for the entry of these probiotic bacteria is the diet, both for animals and human
beings [27]. Fermented foods based on milk, cereals, and legumes are among the most
accepted food carriers for the delivery of viable probiotic cultures [24]. Probiotic bac-
teria and their fermentation products appear to influence human health, wherein they
provide colonization resistance against potentially pathogenic microorganisms [28].

Fermentation plays mainly important roles like improving the nutritional qualities
of food by enhancing the flavor, aroma, and texture of food, contributing toward the
preservation of food by the production of main compounds such as lactic acid, acetic
acid, alcohol, and alkaline contents. The protein, vitamins, essential amino acids, and
fatty acids are enriched by converting the food substrates naturally. During fermenta-
tion processes detoxify the food products. Finally, it can be claimed that the fermenta-
tion process decreases the cooking periods and requirements of fuel [2].

In several studies, researchers have demonstrated the ability of probiotic bacteria
to inhibit pathogenic bacteria by the production of organic acids like lactic and acetic
acids during the fermentation process, which lowers the pH of the intestine and
consequently inhibits the growth of the undesirable bacteria [29]. In addition to these
beneficial health effects, researchers have demonstrated that the major end products
of fermentation in humans are short-chain fatty acids (SCFA) like those of acetate,
propionate, and butyrate [30, 31]. Besides, a few other antimicrobial substances
produced widely by lactic acid bacteria include hydrogen peroxide, carbon dioxide,
diacetyl, and bacteriocins [32]. Probiotic bacteria like LAB and bifidobacteria are also
known to synthesize folate, vitamin By, and vitamin K, which are vital components of
the human diet and involved in the biosynthesis of nucleotides and cofactors in many
metabolic reactions [33].

There has been substantial evidence for the benefits of probiotics and prebiotics
in the lowering of (i) lactose intolerance through the activity of p-galactosidase; (ii)
antibiotic-associated diarrhea; (iii) colon carcinogenesis; (iv) hypocholesterolemic
effect, and (v) gut mucosal dysfunction [34-38].

3. Traditional fermented foods

3.1 Background scenario

Fermentation is one of the oldest methods of preserving food, which became
popular at the beginning of civilization as it led to the development of a variety of
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tastes, flavors, textures, forms, and other sensory attributes. As a process, it involves
the transformation of simple raw materials into a range of value-added products,
using the phenomena of microorganism growth and their activities on different
substrates. Therefore, knowledge of microorganisms’ characteristics is essential to
understand the fermentation process [4]. Indian-fermented foods such as dahi, rai,
gundruk, koozh, kanjika, sinki, iromba, handua, and inigiangsang have been considered
as important nutritious diets with significant medicinal properties. Among these
fermented food products koozh, dahi, and kanjika are habitually consumed by the
local population because of their health benefits [39]. Currently, various fermented
foods and beverages have evolved over the years.

3.2 Nutritional status of Indian traditional foods

In the background of a diverse range of traditional Indian foods, the most popular
and widely consumed are those based on either milk alone or cereals and legumes
with milk. The scientific knowledge on nutritional benefits derived from milk and
dairy products is well documented. On the other hand, the same is not true with those
of cereals and legumes-based foods, as the raw materials available are specific to the
region and store house of complex nutrients. This complexity is linked to the type of
fermentation process, product preparation parameters, and final profile that offers
ample opportunities to highlight the importance of nutritional constituents in cereals
and legumes-based Indian traditional foods.

Cereals and legumes are considered one of the most important sources of dietary
proteins, carbohydrates, vitamins, minerals, and fiber for human nutrition. Often,
the nutritional quality of cereals and legumes is not on par with that of milk and
dairy products. This is further attributed to the complex nature of macronutrients,
as well as the prevalence of antinutritional factors, which makes their bioavailability
more difficult [40]. In addition, processing methods like soaking, sprouting, milling,
fermentation, and cooking/heating have enabled the improvement of nutritional
attributes of cereals and legumes [41].

In general, the natural fermentation of cereals and legumes leads to a decrease in
the level of complex carbohydrates such as non-digestible poly- and oligosaccharides.
In addition, certain amino acids and vitamins, especially B-group vitamins, can be
synthesized and become available. Increased amounts of riboflavin, thiamine, niacin,
and lysine due to the action of LAB in fermented cereal mixtures were reported in
some of the studies [42, 43]. Fermentation also provides ideal pH conditions for the
enzymatic degradation of phytate, which is present in cereals in the form of com-
plexes with iron, zinc, calcium, magnesium, and proteins. This reduction in phytate
can increase the bioavailability of iron, zinc, and calcium in several folds [40, 44-48].
Thus, fermentation is known to prolong shelf life and impart improved and accept-
able texture, taste, and aroma to the final product. During the cereal fermentation
process, several volatile compounds are formed, which contribute to a complex mix-
ture of flavors in the products [40]. The presence of aromas representative, that is,
diacetyl, acetic acid, and butyric acid make fermented products based on cereals and
legumes more appetizing. In many parts of the world, traditional fermented foods are
prepared from the most common types of cereals and pulses, such as rice, wheat, soy
bean, sorghum. Some of them are utilized as breakfast or light meals, beverages, and
colorants, while some are used as main food meals in the regular diet.

Most of these food products are naturally fermented, which mainly encompasses
mixed cultures of LAB, yeasts, and fungi. Often, the predominant microflora can be

5



Lactobacillus — A Multifunctional Genus

functionally similar, while few others can become functional in a sequential manner
with an altered environment due to the fermentation process. Common ferment-
ing bacteria are species of Lactobacillus, Leuconostoc, Streptococcus, Pediococcus,
Micrococcus, and Bacillus. The fungal genera known to be commonly present are
Aspergillus, Cladosporium, Fusarium, Penicillium, and Trichothecium. Common
fermenting yeasts are species of Saccharomyces, which generally predominate in an
alcoholic fermentation [49]. The type of bacterial flora developed in each fermented
food depends on the water activity, pH, salt concentration, temperature, and the
composition of the food matrix.

The lactic fermentation process enhances the nutritional value, shelf life, safety,
and acceptability of a varied range of cereal-based foods [50]. In this process, cereal
grains are commonly cleaned, followed by immersion in water for a few days. During
this period, there will be the progression of naturally occurring microorganisms
which will result in an increase in the LAB population. Moreover, in this course, the
endogenous amylases of the grains become active and produce fermentable sugars
that aid as an energy source for the LAB. Considering that other practices including
grinding, salting, or heating can also change the properties of the final product [47].

A variety of indigenous fermented foods that are prepared in India are basically
using cereals with a combination of legumes, which improves the overall protein
quality of the food products. Because, cereals contain the highest amount of cysteine
and methionine, but lack lysine content, whereas legumes are rich in lysine but lack
sulfur-containing amino acids. Therefore, the overall quality of the protein in food
products can be improved by mixing both cereals and legumes [51].

In fermented foods like idli, dosa, and dhokla, the fermenting desirable microflora
is considered essential for the leavening of the batter and for acid production in idli
[52, 53]. Fermentation of idli batter appears to significantly increase the essential
amino acids and simultaneously reduce the antinutrients (phytic acid), enzyme
inhibitors, and flatus-causing sugars [54].

3.3 Milk-based fermented foods

Fermentation of milk, either knowingly or unknowingly, has occurred since the
earliest times, resulting in various fermented milk products. Fermented dairy prod-
ucts are known for their taste, nutritive value, and therapeutic properties. The nature
of these products differs from region to region depending on the indigenous micro-
flora, which in turn depends upon the surrounding environmental factors [55]. The
most popular traditional fermented milk products from the Indian subcontinent are
Dahi, Cheese (Chhurpi), Chhur churpen, Philu, mohi, Mishti doi, Shyow, Somar, Lassi,
Shrikhand, and others. The use of desired microorganisms as in the case of controlled
fermentation would greatly increase the chances of obtaining products with uniform
and consistent quality of acceptable attributes [56].

Lactic acid bacteria convert the lactose from the milk into lactic acid and selec-
tive strains produce an antibacterial substance, that is, bacteriocin to destroy milk
curdling by unwanted bacteria. For example, in milk, when Lactococcus lactis
is inoculated, it converts lactose into energy (Adenosine triphosphate ATP) by
enzyme synthesis. Here, lactic acid is the byproduct of ATP that coagulates milk,
which can be utilized for the preparation of whey and cheese. Therefore, the
bacterium is not just curdling the milk, but it preserves the products by inhibiting
the growth of unwanted microorganisms that is by lowering the pH of the product
by lactic acid production.
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Some “food grade” starter strains, that is, L. lactis ssp. lactis produce nisin,
are an antibiotic-like substance called a bacteriocin. It has natural antimicrobial
activity against a wide variety of Gram-positive bacteria, including food-borne
pathogens such as Listeria monocytogenes, Staphylococcus aureus, Bacillus cereus, and
Clostridium sp. It is believed that the nisin’s primary target is the cell membrane,
which does not need a receptor to interact with the cell membrane of the microbe.
It is a natural preservative prevalent in cheeses prepared with L. lactis ssp. lactis and
is currently recognized as a safe food preservative. Hence, it is used as a preserva-
tive in thermally processed and low pH foods, also in various pasteurized dairy
products and canned vegetables, baked, beverages, high-moisture flour products,
and pasteurized liquid eggs. As nisin cannot be chemically synthesized, the nisin-
producing L. lactis strains are used for their industrial synthesis. A highly purified
nisin preparation has led to an interest in the use of nisin for human ulcer therapy
and mastitis control in cattle, while different enzymes and other metabolic products
produced by Lactococcus lactis contribute to the more subtle aromas and flavors that
distinguish different cheeses.

Most foods mentioned below in this category are prepared by simply adding LAB
to the milk of cow, buffalo, or yak and allowed to ferment.

3.3.1 Dahi

Dahi is one of the most popular fermented dairy products on the Indian subconti-
nent highly accepted for its mild acidic taste and pleasant flavor. The main properties
of good quality dahi are steady with uniform consistency, sweet aroma, and light
sour taste. The surface of the dahi will be smooth, shiny, and free of cracks as well as
gas bubbles. It is believed that dahi possesses nutritional and therapeutic values ata
higher level when compared to the milk utilized for its preparation. Dahi is easy to
digest and has been found to possess several health benefits [57]. One of the primary
compositions of dahi made with whole milk is as follows: water 85-88%, fat 5-8%,
protein 3.2-3.4%, lactose 4.6-5.2%, lactic acid 0.5-1.1%, ash 0.7-0.75%, calcium
0.12-0.14%, and phosphorus 0.09-0.11% as reported by Laxminarayana et al. [58].

The lactic acid bacterial cultures commonly associated with the inoculum are
strains of Lactococcus lactis ssp. lactis, Lactococcus lactis ssp. cremoris, Lc. lactis
ssp. diacetylactis, Leuconostoc cremoris, Lactobacillus delbrueckii ssp. bulgaricus,
Lactobacillus acidophilus, and Lactobacillus helveticus. Choosing a good starter culture
is important to attain a good flavor with desirable characteristics. Both mesophilic
and thermophilic starters have been reported to be used in a number of differ-
ent combinations [59, 60]. The addition of probiotic cultures such as Lactobacillus
acidophilus and Bifidobacterium bifidum combined with the regular lactic cultures
for dahi preparation helps to increase the therapeutic and nutritional value [61].
Dahi has been recognized as a potential source of lactic acid bacteria, chiefly species
of Lactobacillus that are active against foodborne pathogenic and spoilage bacteria
such as Staphylococcus aureus, Bacillus cereus, Bacillus licheniformis, Bacillus subtilis,
Escherichia coli and Klebsiella sp., and Pseudomonas sp. [62]. In addition, a strain
of Lactobacillus delbrueckii ssp. bulgaricus produces heat-resistant bacteriocin with
broad-spectrum antibacterial activity and the potential for use as a food biopreserva-
tive isolated from dahi [63]. As such, dahi differs from yogurt in the use of mixed
starters of mesophilic lactococci. Diacetyl is one of the main metabolites that induce
flavor in dahi products, which is accepted more by South Asian origin people than
acetaldehyde flavor in yogurt (Figure 1) [64].
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Figure 1.
Dahi (courtesy: Zee news).

3.3.2 Cheese

Cheese (Chhurpi) made from yak and cattle milk is mainly consumed in the
Himalayan plateau and industrial production of this product has not yet become the
norm. Chhurpi is in white color, soft in texture with a mild to strong flavored taste,
and is eaten as a curry blend with edible wild ferns (Diplazium spp.), pickles, and
condiments along with cooked rice in meals [65]. Yak cheese contains the following
chemical composition, 68.2% of total solid, 49.4% of butterfat on a dry matter basis,
and 1.37% of salt [66, 67]. In mature Chhurpi, LAB count 7.5 log CFU/g was recorded.
All LAB strains except Leuconostoc mesenteroides BFE1637 showed a high level of
hydrophobicity. This is an important property of LAB that helps to colonize epithelial
cells. LAB strains produce enzymes such as peptidases and esterase-lipases that play
an important role in the improvement of cheese quality.

Similarly, Chhu, Shyow, Mohi, Somar, and Philu are traditional fermented
milk products in the Himalayan plateau, predominantly fermented by LAB.

Chhu (Sheden) is a strong-flavored cheese-like product, LAB were mainly pres-

ent at 8.1-8.8 log CFU/g. Shyow is a thick curd-like product, prepared with yak
milk. Mohi is buttermilk, prepared with churning dahi, consumed as a refreshing
beverage. Somar is a soft paste, strong flavored with a bitter taste, eaten as a soup
along with cooked rice or finger-millets, whereas Philu is a typical indigenous
cream-like milk product obtained from cow milk or yak milk and is consumed as

a cooked paste delicacy with boiled rice [68, 69]. These products are rich in LAB
that produces various enzymes such as esterase, phosphatase, leucine-arylamidase,
p-galactosidase, and peptidase. These bacterial strains inhibited the growth of
pathogens such as Enterobacter agglomerans, Enterobacter cloacae, and Klebsiella
pneumoniae. Fermented milk products have been reported to contain more com-
mon LAB such as Streptococcus cremoris, Streptococcus lactis, Streptococcus
thermophilus, Lactobacillus bulgaricus, Lactobacillus acidophilus, Lactobacillus
helveticus, Lactobacillus cremoris, Lactobacillus plantarum, Lactobacillus curva-
tus, Lactobacillus fermentum, Lactobacillus paracasei subsp. pseudoplantarum,
Lactobacillus alimentarius, Lactobacillus kefir, Lactobacillus hilgardii, Enterococcus
faecium, L. mesenteroides, Lactobacillus farciminis, Lactobacillus brevis,
Lactococcus lactis subsp. cremoris, Lactobacillus casei subsp. Casei, and Lactobacillus
bifermentans (Figure 2) [39].
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Figure 2.
Cheese (courtesy: Healthy nibbles).

3.3.3 Mishti doi

Mishti doi also called as lal dahi or payodhi is most popular in eastern India. Itisa
blend of sweet dahi that usually appears as a light brown color and has a firm texture
with a cooked or caramelized flavor. There are two types of formulations have been
recognized for the preparation of Mishti doi [70]. One combination involves the use
of Streptococcus salivarius ssp. thermophilus, Lactobacillus acidophilus and Lactobacillus
delbrueckii ssp. Bulgaricus, and the other formula are on Lactobacillus acidophilus,
Lactococcus lactis ssp. Lactis, and Saccharomyces cerevisiae. Microbiological study
of market samples of mishti doi showed the presence of yeast such as Saccharomyces,
Candida, and Rhodotorula, as well as the LAB such as Lactobacillus, Lactococcus, and
Streptococcus. Protease peptone, a trace protein of milk, plays a key role in imparting
the brown color to the product (Figure 3) [71].

3.3.4 Lassi

Lassi also known as buttermilk from an Indian perspective and is one of the
popular lactic-fermented milk-based beverages in the Indian subcontinent, which is
consumed predominantly during hot and warm seasons. It is a by-product obtained
during the desi butter preparation from dahi by churning. It is also made by crushing

Figure 3.
Mishti doi (courtesy: Babs projects).



Lactobacillus — A Multifunctional Genus

the set dahi with the agitator and adding the required amount of water, sugar, or salt
and flavor compounds. Rangappa and Achayya in 1974 [72] stated that the composi-
tion of each Lassi differs mainly due to the variety of milk used, the amount of dilu-
tion made while churning, and the efficiency of fat removal. A typical composition of
Lassi includes water 96.2%, fat 0.8%), protein 1.29%, lactose 1.2%, lactic acid 0.44%,
ash 0.4%, calcium 0.6%, and phosphorus 0.04%. To extend the shelf life of Lassi
beyond 6 days 0.03-0.35% sodium metabisulfite must be added and stored at 37°C.
The sulfur flavor developed by the preservative can be masked by adding 0.07-0.09%
crushed ginger and 0.5-0.7% salt [73]. The preservative effect of nisin in improving
the shelf life of Lassi has been studied, wherein Lassi could be stored for 32-48 h at
30°C with the addition of Nisaplin at a concentration of 200-500 IU/ml, while the
stability was 8-10 days when stored in a refrigerator [74]. In order to increase the
therapeutic value of Lassi, the method of preparation has been standardized using
probiotic culture of Lactobacillus acidophilus along with Streptococcus thermophilus
to obtain a desirable flavor in the final product (Figure 4) [75].

3.3.5 Shrikhand

Shrikhand is a sweetened fermented traditional dairy product extensively con-
sumed in the western and northern parts of India. It has a refreshing taste with
a pleasant aroma, smooth and homogenous texture, and firm consistency. The
preparation of Shrikhand includes curd products (dahi) made by lactic fermentation
of complete milk, either cow or buffalo milk, after which whey is removed from the
curd using a hanging muslin cloth bag hung for 6-8 h. The resultant solid mass (called
chakka) is evenly mixed with ground sugar (44-45%) and prepared as a semi-solid
mass to which flavorings such as cardamom and saffron are mixed. The cultures used
are mesophilic LAB, the same cultures involved in the preparation of dahi [76].

The technological and microbiological aspects of the Shrikhand preparation are
reported in an earlier study [77]. Preparation of nutritional Shrikhand using buffalo
skimmed milk fermented with a combined culture of 2% Lactobacillus acidophilus
(NDRI-AH1) and Streptococcus salivarius ssp. thermophilus (NDRI-'YHS) has been

SWASTHIS RECIPES

Figure 4.
Lassi (courtesy: Swasthi’s recipes).
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Figure 5.
Shrikhand (courtesy: Babs projects).

reported to reduce the high-fat content in the final product [78]. A change in the
mineral content profile of milk for the final Shrikhand product was studied [79]. Post-
production heat treatment (PPHT) of Shrikhand at 70°C for 5 min improved the shelf
life up to 15 days at 35°C and up to 70 days at 8-10°C [80, 81]. Shrikhand powder has
been developed by spray drying method that is by exposing the product at 160-170°C of
inlet temperature and 100°C of outlet temperature. Dehydrated Shrikhand would have a
shelf life of 90 days when stored in gas-packed containers at 30°C (Figure 5) [82, 83].

3.4 Cereal and legume-based fermented foods

Cereal and legume-based fermented foods are regarded as staple foods in their
respective provinces. They are a major source of economical dietary energy and
nutrients throughout the world. In Indian subcontinent, region-specific cereals
or legumes are subjected to natural or controlled fermentation to obtain desirable
end products through the involvement of desirable microorganisms, mainly LAB,
yeasts, and fungi, and have been well documented [84-86], and these organisms
have the ability to increase palatability, maintaining the quality, safety, and nutri-
tional value of the raw materials. The successive phase of growth of microorganisms
in the fermentation of cereals and legumes also favors the growth of yeasts, which
often occurs as a component of mixed microflora and gives specific characteristics
to the product [87].

Most foods such as idli, dosa, dhokla, khadi, Punjabi warri, adai dosa, kallappam,
ambali or pazhaiya soru, kooghu, nan, and parotta are routine food products of the
native population. For the preparation of this type of fermented food products,
chiefly use cereals such as rice (Oryza sativum), wheat (Triticum spp.), ragi (Eleusine
coracana), barley (Hordeum vulgare), whereas pulses include black gram, green gram,
and red gram. These cereals and legumes are cultivated in India since the Indus valley
civilization period, that is, 9000-5500 BC [88], and are commonly used as main
components in the preparation of significant amounts of food products. They are
one of the effective substrates for the preparation of functional foods combined with
probiotics. Since these products are rich in non-digestible carbohydrates, which help
in the growth of Lactobacilli and Bifidobacteria. They consist of water-soluble fibers
such as B-glucan, galactooligosaccharides, fructooligosaccharides, and arabinoxylan,
and these fibers can be digested by selective LAB strains [89].
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In the preparation of fermented foods such asidli, dosa, adai dosa, kallappam, and
dhokla, the batter is prepared from the basic ingredients such as milled rice (Oryza
sativus) and dehulled Black gram (Phaseolus mungo), and left the batter to ferment
overnight at room temperature. For this, sodium bicarbonate can be added to create
anaerobic conditions for LAB and yeast growth. In case of Kallappam preparation, the
batter can be supplemented with fermented toddy to provide the extra LAB source.
Leuconostoc mesenteroides are the most commonly encountered bacterium [90].
Lactobacillus plantarum AS1 isolated from fermented food from Southern Indian
Kallappam successfully prevented colonization of entero-virulent bacterium Vibrio
parahaemolyticus in HT-29 cell line and colorectal cancer in male Wistar rats [91, 92].

Preparation of Paghaiya soru or ambali (Fermented rice) involves adding water to
the cooked rice and later incubating the mixture overnight. Before consuming but-
termilk add salt directly [20]. In most parts of south India, farmers consume this as an
early morning meal before heading to the farm-field. Major microbiota isolated from
this type of food include Lactobacillus plantarum, Lactobacillus fermentum, Leuconostoc
mesenteroides, Pediococcus cerevisiae, Pediococcus acidilactici, Enterococcus faecalis,
and Weissella paramesenteroides.

Koozhu is a traditional South Indian fermented food, a type of porridge made
from finger millet and claimed to be a nutritious food. It is included in the daily diet
of rural agricultural workers and urban households [93]. It is also given to children
at weaning age [94]. It is made from Kezhvaragu or Cumbu flour and broken rice in a
clay pot. Koozhu is easily digested and cools the body; therefore, during the summer,
street vendors sell it as a cool drink in Southern India. There is an increase in thia-
mine, riboflavin, and niacin contents during its fermentation [95, 96].

In India, there are a large proportion of traditional fermented foods that are still
unexplored for the microbiota and therapeutic values. Most of the research work has
been done on the following fermented food products.

3.4.11dli

Among the closely related types of traditional fermented foods based on the
combination of cereal and legume is the idli. It is a white, fermented (acid-fermented),
steamed product with a soft and spongy texture, more popular and consumed
throughout Southern India. It has been documented that idli batter fermentation has
been in use since 1100 AD [97]. It is the resulting product of naturally fermented batter
made from washed and soaked milled rice (Oryza sativus) and dehulled Black gram
(Phaseolus mungo). From a nutritional and health point of view, idli seems to be an
ideal human food for all ages of people and at all times. Investigations into the primary
aspects of idli batter fermentation were started as early as in 1955 at the Central Food
Technological Research Institute, Mysore, India. Several researchers have used dif-
ferent proportions of Black gram cotyledons to rice ranging from 4:1 to 1:4 weight to
weight (w/w) for making idli with a preference for 2:1 and 3:1 over 4:1 [77, 98-101].

Studies have demonstrated the optimum fermentation conditions for obtain-
ing good idlis as well as the physiochemical and microbiological changes that occur
during intermittent periods of incubation at varying temperatures [98, 102, 103].
Typically, the microorganisms that develop during the initial and subsequent soaking
of the ingredients are sufficient to cause fermentation. The microbiological changes
during the fermentation period have shown the involvement of different genera and
species of LAB and yeasts. The main bacterial floras identified include Lactobacillus
brevis, Leuconostoc mesenteroides, Lactobacillus delbrueckii, Lactobacillus lactis, Lb.
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fermentum, Pediococcus cerevisiae, and Streptococcus faecalis, while the yeast flora com-
prised Torulopsis holmii, Torulopsis candida, Candida kefyr, Candida cacaoi, Candida
tropicalis, Candida fragicola, Hansenula anomala, and Puccinia graminis. Moreover,
these studies have shown the presence of major microflora at different stages of idli
fermentation [101, 102, 104-108].

Two important changes that occur during idli fermentation are acidification
and the leavening of the batter. Comprehensive studies on the various changes that
accompany idli batter fermentation have shown that in addition to a consistent
increase in microbial populations, the pH dropped to 4.4-4.9 from an initial pH of 6.6
[102, 106]. Several attempts have been made to improve holding idli fermentation by
standardizing various physicochemical factors. An increase in the fermentation rate
of idli batter was observed to accompany a rise in temperature [98]. Fortification of
idli batter with glucose at 1% level has shown a beneficial effect on the gas formation
and leavening during fermentation [109]. Similarly, the relationship between micro-
flora type and biochemical traits revealed an increase in the content of water-soluble
group B vitamins during idli fermentation [110].

As a step toward convenience in preparation, the dry mix concept was proposed
as early as in 1960 [98]. In a similar approach, a process related to an improved
means of providing inoculum (LAB and yeast) in ready-to-use form idli fermenta-
tion was developed [111]. In order to reduce the fermentation time of idli batter and
increase its shelf life of fermented idli batter, an Indian patent has been filed [112].
Simultaneously, the flavor profile of such controlled fermented idli batter has shown
the presence of desirable flavor compounds such as ketones, diols, and acids for an
8-day storage period. This flavor profile can be a reliable qualitative and quantitative
parameter for objective evaluation [113].

Plantaricin LP84, a bacteriocin produced by Lactobacillus planatrum NCIM 2084,
was able to retard the growth of foodborne pathogens such as Bacillus cereus F 4810,
Escherichia coli D 21, and Staphylococcus aureus FRI 722 during idli batter fermenta-
tion [114]. Fermented idli is easy to digest and is often used as baby food. This is the
prescribed diet in hospitals for patients undergoing treatment (Figure 6) [85].

3.4.2 Dosa

Dosa is a fermented, thin, crispy, baked, and pancake-like product widely con-
sumed in southern and parts of western India. In recent years, dosa has become more

Figure 6.
Idli and batter (courtesy: Sharmis passions, Hebbars kitchen).
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Figure 7.
Dosa (courtesy: Madhura’s recipe).

prominent throughout India including in Indian restaurants around the world. The
dosa batter preparation is nearly similar to the idli batter, except for the proportion

of milled rice and Black gram dhal usage. In the preparation of dosa batter, an equal
quantity of milled rice and dehulled black gram dhal is soaked in water for a period of
6-8 h at room temperature (25-30°C) and grinded into a fine paste using the required
amount of water, that is, 2.0-2.5 parts by weight. Later allow the batter to undergo
natural fermentation for a period of 10-12 h at room temperature (25-30°C). From
this fermented batter, dosa can be made like thin, crispy, pancake-type product.

Even in fermented dosa batter also numerous biochemical changes occur due to
the effect of lactic acid bacteria along with yeasts [115, 116]. The predominant species
identified were Leuconostoc mesenteroides, Lactobacillus fermentum, Lactobacillus
delbrueckii, Pediococcus cerevisiae, Saccharomyces cervevisiae, Hansenula anomala, and
Kluyveromyces sp. Typically, these microorganisms come from raw materials such
as rice and Black gram [106]. Dosa batter fermentation also resulted in increased
biochemical attributes, including that of water-soluble group B vitamins such as
thiamine, riboflavin, and cyanocobalamin.

Attempts have been made to prepare products similar to dosa by replacing Black
gram with other legumes like soy beans. Soy bean-based dosa batter was found to be
nutritious but less preferred organoleptically (Figure 7) [117].

3.4.3 Dhokla

Dhokla is one of the famous steamed food products in the western part of India,
especially in Gujarat and Maharashtra States. It is prepared with a mixture of Bengal
gram (Cicer arietinum), dehulled black gram (Phaseolus mungo), and milled rice
(Oryza sativa) in a ratio of 2:1:1. This composition gives the product a soft and
spongy texture. The above-mentioned mixture of grains is soaked in water for 6 to
8 h and ground to a granular consistency. To the resultant batter, the curd is added to
a proportion of 1:1.5 w/w, after which it is allowed to ferment for 16 to 18 h and then
steamed the product. Usually, this product is consumed by seasoning with oil, spices,
and coriander leaves for taste [85, 97].

Research studies have shown that the numbers of LAB and yeast cells are increased
during the fermentation process. Major microorganisms such as Lactobacillus fermen-
tum, Leuconostoc mesenteroides, and Han. Silvicola are present in this product, whereas
biochemical changes such as pH, acidity, and volatile fatty acid content in the food
product are also documented as influencing the increase in microbial counts [118].
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Figure 8.
Dhokla (courtesy: Ram Asrey).

One more study found that dhokla batter was prepared using Lactobacillus species that
exhibited antibacterial activity against harmful microorganisms such as Bacillus subtilis,
Bacillus licheniformis, and Brevibacillus laterosporus present as contaminants before
processing. But in another study, it was reported that the same harmful bacterial species
grew well in the dhokla batter that was prepared using Lactococcus species due to a lack of
antibacterial activity [119, 120]. These results indicate that those LAB have an antagonistic
nature and are able to provide healthy food products in terms of safety (Figure 8).

3.4.4 Kadhi

It is a traditional fermented food, prepared by boiling lactic fermented and agitated
dahi with 5 to 8% (w/w) Bengal gram flour, that is, besan flour as a thickening agent. It is
consumed in most parts of India as a cooked food that has a slightly sour taste and gives
it a classic baked flavor. Considering the potential use of antagonistic LAB, studies have
been carried out to evaluate the effectiveness of the antibacterial properties of selected
LAB for foodborne pathogenic and spoilage bacterial species occurring in pre-processing
and post-processing contaminants in kadhi. The study highlighted the benefits of using
pure cultures of LAB with antagonistic nature such as Lactobacillus delbrueckii ssp. lactis
CFR 2023 and Lactobacillus delbrueckii ssp. bulgaricus CFR 2028 in kadhi preparation
with desirable quality attributes and preservation against foodborne pathogens [63, 120].

LAB isolated from khadi showed antibacterial activity against Staphylococcus aureus,
Escherichia coli, and Pseudomonas aeruginosa as well as exhibited probiotic properties
[121]. The effectiveness of antagonistic cultures of Lactobacillus species was evaluated in
terms of microbiological and sensory parameters in kadhi during storage at ambient and
refrigerated temperatures [119]. Research studies have attempted to modify the kadhi
preparation to provide better nutritional status through the use of smaller quantities of
Bengal gram flour obtained from pre-soaked seeds. Based on the sensory attributes and
the characteristic consistency of kadhi, the product prepared using Bengal gram flour
(from pre-soaked seeds at 40 mg/g) showed better acceptance compared to the product
prepared by a conventional method using 100 mg/g of besan (Figure 9) [56].

3.4.5 Punjabi warri

It is a pulse-based dried product, commonly prepared in north India. They are
spicy, hollow, crunchy, small fried balls and used as a condiment in cooking with
vegetables, soups, or Indian sambhar (dhal-based spicy liquid). It is prepared using
dehulled black gram (Phaseolus mungo), which needs to be soaked overnight in water
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Figure 9.
Kadhi (courtesy: We recipes).

and then ground into a soft batter. Different types of spices are added to this batter
and made into small balls. After this allowed to ferment for a few hours and dried in
an open space for 4 to 10 days [122].

Microbiological and biochemical aspects associated with Punjabi warri have been
studied in some research investigations [106, 122]. These studies have established that
the development and prevalence of microorganisms were affected by the seasons;
summers are more favorable for bacteria and winters for yeasts. These microbial types
tend to increase significantly as fermentation progresses. The microorganisms that are
responsible for the fermentation of this product mainly include Leuconostoc mesen-
teroides, Lactobacillus fermentum, Streptococcus faecalis, Saccharomyces cerevisiae,
Pichia membranaefaciens, and Trichosporon beigelii. During this process, there is an
increase in enzyme activity such as amylase and other proteinase, which leads to the
enhancement of water-soluble B-vitamins such as thiamine, riboflavin, and cyanoco-
balamin. These biological changes influence the nutritional quality of food products.

Some research studies have shown that the use of Lactobacillus delbrueckii ssp.
bulgaricus CFR 2028 and Lactobacillus delbrueckii ssp. lactis CFR 2023 in warri prepa-
rations exhibited antibacterial activity against food-borne pathogens like Brevibacillus
laterosporus, Bacillus licheniformis, and Bacillus subtilis. The preparation of this
product involves combined fermentation and drying processes where Lactobacillus
species act as biopreservative. Hence, pathogenic microbial growth was stopped while
the storage period of 10 days at room temperature [119, 120].

In addition to the above, there are several other documented cereal and legume-
based traditional foods popular in specific regions of India. However, detailed
scientific and technological studies have not been much documented on these foods.

3.5Milk and cereal/legume-based fermented foods
3.5.1 Rabadi

Rabadi is a fermented drink most commonly used in the Rajasthan province of
India. It is made from a combination of pearl millet flour (Pennisetum typhoideum)
or wheat flour and buttermilk, using an earthenware vessel as a container and then
keeping it for natural fermentation for 4 to 6 h at room temperature. This is followed
by dilution of the product with water, cooking, and adding salt to taste. This process
improves the level of LAB that can be served as health drinks [123].

Rabadi fermentation of freshly ground wheat millet flour brought about a significant
increase in the HCl-extraction capacity of calcium, iron, copper, zinc, manganese, and
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phosphorus [124]. Consumption of such fermented foods may help to improve prevail-
ing mineral deficiencies due to their limited bioavailability of such coarse grains [125-
128]. The effect of processing parameters such as dehulling, cooking, and fermentation
on the antioxidants present in pearl millets during the preparation of rabadi revealed
that cooking and fermentation result in improved flavonoids [129]. Furthermore, using
germinated pearl millet grains, the optimization of rabadi preparation was performed by
response surface methodology. The most acceptable product is prepared with 5.3% flour
and 72% water based on the type of curd (Figure 10) [11, 130].

3.5.2 Kulcha

Kulcha is a popular product consumed in north India, which is lately gaining popu-
larity in other provinces of India. It is prepared by mixing the main components such
as white wheat flour, milk, sugar, salt, curd, dry yeast, baking powder, and water. It
is thoroughly mixed and kneaded into firm dough. The dough is allowed to ferment
naturally for a period of 6 to 8 h at room temperature (28 to 30°C). A small ball of
dough of uniform size is used to make the thick disc-shaped kulchas by hand and then
a flat dough is baked in a tandoor (a metallic baking sheet or special oven made of
clay) to a golden brown color and served hot (Figure 11) [56].

3.5.3 Naan

Naan is a fermented flatbread baked in a clay oven called a tandoor and is widely
consumed by people in northern India. In recent times, naan is becoming more

Figure 10.
Rabadi (courtesy: Dishes guru).

Figure 11.
Kulcha (courtesy: Times food).
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Figure 12.
Naan (courtesy: Recipe pocket).

popular in other provinces of India. To make naan, the first dough is made using
components such as white wheat flour, egg, milk, curd, baking powder, salt, and sugar.
This is allowed for fermentation at room temperature for 1 to 2 h. A small portion of
the dough is taken that is rolled out on a flat surface and roasted in a clay oven until it
turns brown and crispy on both sides. Finally, it is served with butter (Figure 12) [56].

3.6 Vegetable-based fermented foods

The ancient civilization was well aware of the existence of natural microflora and
its role in the fermentation of vegetables, which could result in palatable foods for
human consumption. Vegetables contain low sugar, neutral pH, and their composi-
tion is not favorable to the spontaneous growth of LAB. However, over the centuries,
people have traditionally developed methods of lactic fermentation that could stabi-
lize and improve the nutritional quality of vegetables. Fermented vegetables represent
an essential element of the human diet. Lactic acid fermentation, which improves
the organoleptic and nutritional quality of the vegetables, has remained more of a
domestic- or cottage-level process.

Spices and herbs impart a fine flavor and play a key role in fermented vegetables.
Spices such as garlic, clove, and chili inhibit the growth of food-borne microorganisms
because these spices contain antagonistic activity. Some aromatic compounds such as
terpenes and polyphenols (found in spices), allyl isothiocyanate (found in mustard
seed) as well as sulfur (found in garlic) have antimicrobial activity and selectively
stimulate the growth of LAB. Mustard seed oil is most commonly used in north India
since it has the property to promote the lactic fermentation of food products, which
helps in their long storage. Apart from this, chemical preservatives such as sorbic and
benzoic acids are used in the development of vegetable-based fermented products
[131]. The concentration of salt induces plasmolysis in vegetables, thus promoting
anaerobiosis for the proliferation of lactic acid bacteria. Some of the well-known
vegetable-based lactic fermented products are presented in the following paragraphs.

Popular types of pickles consumed by the human population of India have been
those based on unripe mangoes, goose berries, lemons, swallow root (Decalepis
hamitonii), and a variety of mixed vegetables. In general, most of these pickles are
prepared at home, subjecting the vegetables to natural fermentation. In a specific
type of pickles, preservation is achieved through lactic acid fermentation and in the
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presence of high concentrations of salt. The process involves washing raw materials,
then cutting them into appropriately sized shapes, and mixing them with salt ata
level twice the weight of the raw material. Necessary spice powders are also used in
the preparation. The powdered spice mix mainly includes chili, mustard, and corian-
der seeds. The product is allowed to ferment in the closed container for 8 to 10 days at
room temperature. The aging of the product gives it a slightly acidic taste and pickles
develop acceptable organoleptic properties. Although not much research has been
done on the nature of microflora and other attributes, it is believed that the micro-
flora mainly comprises lactic acid bacteria and to some extent acetic acid bacteria.

In another specific type of pickle that is devoid of any liquid, the raw materials
for the preparation of the pickle are the same as described above and preservation is
achieved through a high concentration of salt, a mixture of spices, and edible oil. The
prepared pickle product is intermittently fried with oil for 3 to 4 times and placed in
a closed container to ferment. Moreover, the product should be covered with a suf-
ficient quantity of edible oil, where the oil used depends on the specific regions of this
country. In this specific type of preparation, fermentation occurs naturally with the
predominance of LAB, which can survive and grow in the presence of high concentra-
tions of salt. Regardless of the type of pickle preparation, the shelf life is quite reason-
able, extending to periods of 6 months and beyond if proper hygiene and sanitation
practices are in place during the preparation and subsequent storage. In the absence
of any microbiological studies on the nature of pickle fermentation, from the product
profile, it appears that species of Pediococcus tend to predominate over other LAB.

There are several other traditional fermented vegetable-based foods, which are more
popular in eastern, northern, and north-eastern regions of India. A few of them known
by traditional names are gundruk, sinki, Iromba, rai, Kanjika or kanji, and others.
They are considered as good appetizers and tribal people use these foods for indiges-
tion therapies [132]. Gundruk soup is usually given to breast-feeding mothers to
improve milk efficiency. It is considered as a tonic for elderly people [133]. Sinki is a
fermented radish root that more effectively cures diarrhea and stomach pain. Iromba
made from tree bean (Parkia roxburghii) is used as a starter [133]. Fermented 7ai has

SR !‘
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Paddy used for Kanjika

Iromba (Courtesy: Rai (Courtesy: [ Kanjika (Courtesy: Indianetzone.com) I
Agefotostock) Indianetzone.com)
Figure 13.

Vegetable-based fermented foods.
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Pickles (courtesy: Cookpad.com, times of India).

the therapeutic benefit which resolves stomach pain and gas problems and consider-
ably improves digestion [133]. Kanjika or kanji is a lactic fermented rice product,
recommended for several types of chronic diseases in Indian Ayurvedic medicine
[134]. Carrot Kanji is known for its high nutritional value which has energizing as
well as relaxing properties [135]. Beetroot kanji has the property to prevent infectious
and malignant diseases (Figures 13 and 14) (Table 1) [136].

Product Region Microorganism(s) Substrate
Milk-based
Dahi India Lactococcus lactis ssp. lactis, Lactococcus lactis ssp. Whole milk [57-64]

cremoris, Le. lactis ssp. diacetylactis, Leuconostoc

cremoris, Lactobacillus delbrueckii ssp. bulgaricus,

Lactobacillus acidophilus, and Lactobacillus helveticus
Cheese Himalayan Streptococcus cremoris, Streptococcus lactis, Yak and cattle milk
(Chhurpi, plateau Streptococcus thermophilus, Lactobacillus bulgaricus, [39, 64-69]
Chhu, Shyow, Lactobacillus acidophilus, Lactobacillus helveticus,
Mohi, Somar, Lactobacillus cremoris, Lactobacillus plantarum,
and Philu) Lactobacillus curvatus, Lactobacillus fermentum,

Lactobacillus paracasei subsp. pseudoplantarum,

Lactobacillus alimentarius, Lactobacillus kefir,

Lactobacillus hilgardii, Enterococcus faecium,

Leuconostoc mesenteroides, Lactobacillus farciminis,

Lactobacillus brevis, Lactococcus lactis subsp.

cremoris, Lactobacillus casei subsp. Casei, and

Lactobacillus bifermentans
Mishti doi (lal Eastern India Streptococcus salivarius ssp. thermophilus, Blend of sweet dahi
dahi or payodhi) Lactobacillus acidophilus, Lactobacillus delbrueckii [70,71]

ssp. Bulgaricus, Lactococcus lactis ssp. Lactis, and

Saccharomyces cerevisiae
Lassi NorthernIndia  Lactobacillus acidophilus, Streptococcus thermophilus ~ By-product of Dahi
(Buttermilk) (Butter) [72-75]
Shrikhand Western and Lactobacillus acidophilus and Streptococcus salivarius ~ Cow or buffalo milk

northern parts  ssp. thermophilus [76-83]
of India

Cereal and legume-based

Idli SouthernIndia  Lactobacillus brevis, Leuconostoc mesenteroides, Milled rice (Oryza
Lactobacillus delbrueckii, Lactobacillus lactis, Lb. sativus) and
fermentum, Pediococcus cerevisiae, and Streptococcus  dehulled Black gram

faecalis, yeast flora comprised Torulopsis holmii,
Torulopsis candida, Candida kefyr, Candida cacaoi,
Candida tropicalis, Candida fragicola, Hansenula
anomala, and Puccinia graminis

(Phaseolus mungo)
[77, 85, 97-114]
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Product Region Microorganism(s) Substrate
Dosa SouthernIndia  Leuconostoc mesenteroides, Lactobacillus fermentum, — Milled rice (Oryza
Lactobacillus delbrueckii, Pediococcus cerevisiae, sativus) and dehulled
Saccharomyces cerevisiae, Hansenula anomala, and Black gram (Phaseolus
Kluyveromyces sp. mungo) [106, 115-117]
Dhokla Western part Lactobacillus fermentum, Leuconostoc mesenteroides Bengal gram (Cicer
of India and Han. Silvicola arietinum), dehulled
black gram (Phaseolus
mungo), and milled
rice (Oryza sativa)
[85, 97, 118-120]
Kadhi Indian Lactobacillus delbrueckii ssp. Lactis, and Dahi (Curd) with 5
subcontinent Lactobacillus delbrueckii ssp. bulgaricus to 8% (w/w) Bengal
gram flour [56, 63,
119-121]
Punjabi warri NorthernIndia  Leuconostoc mesenteroides, Lactobacillus fermentum, Dehulled black gram

Streptococcus faecalis, Saccharomyces cevevisiae, Pichia
membranaefaciens, and Trichosporon beigelii

(Phaseolus mungo)
and different types of
spices [106, 119-122]

Milk and cereal/legume based

Rabadi Western part

of India

Lactic acid bacteria

Pearl millet flour
(Pennisetum
typhoideum) or wheat
flour and buttermilk
[11, 123-130]

Kulcha Northern India

Lactic acid bacteria

White wheat flour,
milk, sugar, salt,
curd, dry yeast,
baking powder, and
water [56]

Naan Northern India

Lactic acid bacteria

White wheat flour,
egg, milk, curd,
baking powder, salt,
and sugar [56]

Vegetable-based [131-136]

Pickles Indian

of unripe subcontinent
mangoes, goose

berries, lemons,

Lactic acid bacteria

Different types of
vegetables along with
spices like garlic,
clove, chili, mustard

swallow root seeds, mustard seed
(Decalepis oil/groundnut oil,
hamitonii) curry leaves,
and a variety
of mixed
vegetables
Gundruk North-eastern Lactic acid bacteria Green leaves of
regions of mustard, radish, and
India cauliflower
Sinki North-eastern Lactic acid bacteria Radish root
regions of
India
Iromba North-eastern Lactic acid bacteria Tree bean (Parkia
regions of roxburghii)
India
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Product Region Microorganism(s) Substrate

Rai North-eastern  Lactic acid bacteria Mustard green leaves
regions of
India

Kanjikaorkanji ~ North-eastern  Lactic acid bacteria Rice
regions of
India

Table 1.

Examples of traditional fermented foods of India.

4. Concluding remarks

Indigenous fermented foods have played a vital role in the history of human health.
They can be produced and distributed at a relatively low cost. They are typically highly
nutritious, providing calories, protein, vitamins, and minerals at prices most consumers
can afford. As canned and frozen foods are unavailable or too expensive for hundreds of
millions of economically deprived populations around the world, traditional fermented
foods can fill this gap. Acid fermentation combined with salting remains one of the
most practical methods to preserve and increase the organoleptic and nutritional value
of fresh vegetables, cereal porridge, and milk-cereal mixtures. Furthermore, ethanol
fermentation is very significant in preserving and increasing the nutritional value of
cereal grains and fruit juices. Modern food technology exploits enrichment or fortifica-
tion to improve the nutritional value of foods to reach consumer needs.
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Abstract

Today, plant production is increasing, but most industrial processes generate a lot
of waste and by-products for which, in the current context, it is a priority to recycle or
valorize them. One of the cheapest valorization routes is fermentation, in particular
lactic fermentation by Lactobacillus species, which produces lactic acid and other
molecules of industrial interest such as bioactive compounds such as anthocyanin,
organic acid, peptides, or phenol, which are widely found in the plant matrix, mainly
in cereals, grass, fruits, and vegetables. Bioactive compounds may exert beneficial
health effects, such as antioxidant, anti-inflammatory, antimicrobial, or prebiotic
activities. In addition, lactic acid fermentation can improve existing products and
lead to new applications in food, livestock feeding and biotechnology, such as the pro-
duction of lactic acid, protein, or silage. This chapter reviews the use of Lactobacillus
strains in the fermentation process of many plant bioresources or by-products
through their different bioactivities, active molecules, and applications.

Keywords: lactobacillus genera, lactic acid fermentation, by-product valorization,
bioactivities, health benefits

1. Introduction

The world's population of 7.6 billion people is still growing and is expected to
reach 8.3 billion by 2025 and almost 10 billion by 2050 [1]. Concomitantly, the Earth’s
resources are depleting. According to the different scenarios, global food demand is
expected to increase by 40-68% by 2050 [2]. Among food resources, plants are of
particular interests, as the global production of plant-based products is constantly
increasing while producing significant waste. In this context, recycling or revaloriz-
ing these by-products is a priority [1].

The main objectives of using plant by-products are to revalorize wastes, reduce
pollution, and limit resource depletion. Fermentation is one of the least polluting
methods. Plant by-products fermentation contributes to sustainable development; in
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fact, this type of valorization is part of some objectives of the United Nations 2030
Agenda, notably the third objective: good health and well-being and the twelfth
objective: responsible consumption and production. The consumption of fermented
plant by-products therefore allows responsible consumption. The fermentation of
plant by-product leads to bioactivities related to human health such as antioxidant,
anti-inflammatory, or antimicrobial activities that contribute to good health and
well-being [3]. Plant-based foods are sources of many bioactive compounds such as
fibers, vitamins, minerals, or phenolic compounds. These nutrients are necessary

for the survival and growth of organisms [4]. In many countries, the health benefits
of certain plant and their traditional use have been recognized for decades [5]. Since
industries have been exploiting plant-based foods, many agro-industrial by-products
that still contain valuable compounds have been generated. Many companies are

now seeking to recycle waste from their fruit and vegetable activities in order to
address environmental and economic issues. For example, cereal waste reached about
40,000-45,000 tons per year in Europe [6]. The by-products are mainly used for
livestock feed or methanisation but have great potential to generate food or dietary
supplements for human use [6, 7]. Another example concerns the waste from the
citrus industry, which amounts to 50 million tons per year and is the most important
waste from fruits exploitation. The management of by-products represents a real food
waste problem and raises major issues [8]. Therefore, in recent years, there has been a
growing interest in the valorization of plant by-products.

In China, for 9000 years, humans have empirically exploited the fermentation
process for numerous applications [9]. Studied since the nineteenth century, lactic
acid fermentation has been an essential process for food processing and preserva-
tion for many millennia [10]. Humans took advantage of it for their food, notably
by developing bread, beer, wine, cheese, or vinegar. Subsequently, fermentation
with lactic acid bacteria has been largely studied to improve the nutritional and
functional properties of plants. Due to their richness in nutrients, water, and natural
ferments, plants such as fruits and vegetables represent an optimal substrate for
Lactobacillus [11]. Lactic acid bacteria constitute a diverse group of Gram-positive,
catalase-negative bacteria producing lactic acid as the main end product. Many food
products fermented by lactic acid bacteria are obtained with organisms belonging
to the genus Lactobacillus [12]. With more than 200 species of Lactobacillus bacteria
[11], this genus is certainly the main and most diverse group of lactic acid bacteria.

A study published in 2020 re-evaluated the genetic relatedness and phylogeny of
Lactobacillus species. Based on a polyphasic approach such as whole-genome compari-
son, core genome phylogeny, physiological criteria, and ecology of the organisms, the
genus Lactobacillus was reclassified into 25 genera (2 preexisting genus and 23 new
genera). This work showed the great and extensive diversity of the Lactobacillaceae
family [13]. Lactobacillus species are commonly used in fermented food. Depending
on the species, their enzymatic activities including amylase, lactate dehydrogenase,
peptidase, proteinase, a- and p-glucosidases, decarboxylase, lactate dehydrogenase,
peptidase, phenolic acid decarboxylase, phenol reductase, proteinase or tannase are
very useful in food fermentation [14]. These enzymes can degrade the plant cell wall
matrix, resulting in the release of many bioactive compounds, which may or may not
be modified structurally by the action of other enzymes in the bacteria.

Today, several ecological and economic issues are at the heart of lactic fermenta-
tion research. The optimization of yield, cost, and energy consumption and the
valorization of plant-derived products represent challenges for the industry [15].

To meet this demand, the use of new substrates and the genetic engineering of
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fermentation strains are being studied as potential solutions [11]. Moreover, it is now
known that lactic fermentation increases the content of bioactive compounds. Indeed,
this fermentation process is well known to strengthen the immune and antioxidant
(AO) effect of medicinal plants by increasing the bioavailability of active compounds,
but also through the production (or the bioconversion) of plant metabolites into new
bioactive molecules [16]. To increase the bioactivities and organoleptic characteristics
of fermented products, Lactobacillus converts metabolizable molecules with their
enzymes, in particular L. plantarum, which is one of the most used Lactobacillus as

a fermentation starter. This degradation increases the bioavailability of molecules

and improves their absorption [17]. A fermentation starter is usually a consortium

of bacteria that helps the fermentation process to start. Today, the use of starter
cultures in food fermentation is one of the necessary ingredients for good production.
In addition, LAB used as starter in the food industry provide safe product with good
nutritional and organoleptic qualities. LAB are used as starter for many products,
including fruit, vegetables, and cereal [18]. As illustrated in Figure 1, the production
of biomolecules by lactic fermentation of plant by-products can induce other bioac-
tivities. This chapter refers to antioxidant (AO), anti-inflammatory (AI), antimicro-
bial, prebiotic activities, and others. These can be used in human food and beverage,
livestock feeding, or biotechnology mainly to produce lactic acid. Those activities and
applications will be detailed in this chapter.

2. Bioactivities resulting from the fermentation of plant products or
by-products by Lactobacillus genera
2.1 Antioxidant activity
Many Lactobacillus enzymes can generate compounds with strong AO activity from

plant by-products. For example, B-galactosidase releases isoflavone and oleuropein
aglycone while tannases generate propylgallate [16].
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Figure 1.
Summary of the biomolecules, bioactivities genevated by the fermentation by Lactobacillus strains of plant
products or by-products, and their application domains.
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Glycosylated polyphenols such as tannins, lignans, isoflavones, flavonols, and
anthocyanins are widespread in plant products. Absorption in the intestine depends
mainly on their degree of glycosylation. Some strains of Lactobacillus, such as L.
plantarum, possess glycosidases that are crucial for the absorption of glycosylated
polyphenols and consequently for the resulting AO activity [19]. In most cases, the
AO activity is studied with classical biochemical antioxidant assays such as 2,2-diphe-
nyl-1-picrylhydrazyl (DPPH), 2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
(ABTS), hydrolxyl or alkyl radical scavenging activities, the ferric-reducing antioxi-
dant power (FRAP), superoxide dismutase (SOD) -like activity, p-carotene bleaching,
and oxygen radical absorbance capacity (ORAC). In addition to iz vitro biochemical
tests, other studies have investigated the antioxidant capacity of fermented products
with in vitro cell-based assays. Reference [16] demonstrated that the fermentation
of L. plantarum increased the AO properties of a kiwi extract. They correlated this
result with increased amounts of protocatechic and chlorogenic acid in the fermented
products, which were less represented in the starting extract [20]. Gallic acid produc-
tion was also observed with the fermentation of red chicory leaves by L. plantarum
et L. hilgardi thanks to tannases [21]. In addition, co-fermentation by L. gassieri and
Bifidobacterium animalis resulted in the release of caffeic acid and conjugated chlo-
rogenic acid after fermentation of sunflower seeds through the action of cinnamoyl
esterase. Tannins are also the product of biomass fermentation by Lactobacillus.
Tannases hydrolyze the ester bond, and gallate decarboxylase converts gallic acid to
pyrogallol; thus, Lactobacillus generates gallic acid, glucose, and pyrogallol [22].

Several studies have illustrated the fermentation of plants such as Indian chilli
pepper, grape pomace, dandelion beverage, and cereal-based plant beverages by
Lactobacillus spp., resulting in polyphenol compounds (caffeic acid, succinate, pyruvate,
pyroglutamate) with AO capacity [23-25]. In [26], they evidenced that rice bran and
wheat bran fermented with L. plantarum possessed AO capacity through their hydroxyl
and oxygen radical scavenging activities. Furthermore, the purified fractions exerted
reactive oxygen species (ROS) scavenging activity in HUVEC cells and decreased the
senescence of the cultured cells, also conferring an antiaging activity to the fermented
fractions. These activities were attributed to the acids and ketones [26]. Co-cultivation
of L. johnsonii and Bacillus coagulans was undertaken in [27] to produce a soybean meal
with improved AO properties. Interestingly, the co-cultivation resulted in a significant
increase in total phenolic content [27]. Fruits are also an excellent matrix for fermenta-
tion due to their high content of dietary fiber, sugars, vitamins, minerals, and phenols.
Furthermore, lactic fermentation preserves and improves food safety, nutritional value
and preserves the organoleptic quality. In particular, when plants are fermented by
Lactobacillus endophyte, it preserves of color, firmness, AO activity, growth of fermen-
tation starters and inhibits pathogens in media. Many studies have been conducted
on the lactic fermentation of polyphenol-rich berries and red fruits. L. casei has been
studied for the fermentation of blueberry pulp [28]. In another example studied in
[29], mulberry juice fermented in coculture by three different strains (L. plantarum, L.
acidophilus, and L. paracasei) showed a higher AO capacity [29].

In reference [30], they investigated the fermentation of cherry silverberry fruits
(Elaeagnus multiflora Thunb.) fermented with pure cultures of L. plantarum KCTC 33131
and L. casei KCTC 13086 alone or in mixed culture. In reference [31], they studied the
fermentation by L. plantarum FNC 0027 of Jamaican cherry (Muntingia calabura Linn.),
which induces the production of phenolic compounds and the inhibition of diabetic-
related enzymes (a-glucosidase, a-amylase, and amyloglucosidase). They demonstrated
the production of gallic acid, 5,7 dihydroxyflavone, and dihydrokaempferol [31].
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The valorization of argan press cake was also carried out by lactic acid fermenta-
tion using a specifically isolated strain of L. plantarum Argan-L1. Argan press cake is
a waste of oil production containing polyphenols and saponins. The authors demon-
strated that sucrose from argan press cake was easily converted to lactic acid during
the fermentation process. Furthermore, the fermented extract presented an increased
AO capacity, but the total phenolic compound was slightly decreased [32].

L. plantarum KCCM 11613P isolated from Kimchi allowed the production of gin-
senosides after fermentation of Korean red ginseng (Panax ginseng) [33]. In reference
[34], it was shown that fermented soymilk products exhibited improved AO capac-
ity associated with increased isoflavone aglycone content. In addition, fermented
extracts inhibited the DNA oxidation induced by the Fenton reagent [34]. All these
studies show the interest in using Lactobacillus to increase the antioxidant properties
of fermented products. Moreover, this antioxidant activity is often associated with the
anti-inflammatory activity of certain extracts. Fermentation of other plant matrices
can induce antioxidant activity of the products, as shown in Table 1.

2.2 Anti-inflammatory activity

Vegetables, fruits, and plants (tomato, cucumber, pear, apple, mandarin,
parsley, carrot, celery, onion, burdock, kale, spinach, aloe vera, civet, grape,
jujube, cabbage, and perilla) fermented by L. plantarum offer interesting Al
molecules [51]. These molecules include organic acids (OAs) such as lactic acid,
3-phennyl-lactate, indole-3-lactate, f-hydroxybutyrate, gamma-aminobutyric
acid (GABA), and glycerol. When investigating the AI (and AO) capacity of these
compounds, the parameters studied werethe levels of nitric oxide (NO), IL-6
(interleukins) and tumor-necrosis factor-alpha (TNF-alpha), and the DPPH test
on RAW cells [52]. Another study showed the AI properties of a fermented plant
extract (Artemisia capillaris) in RAW 264.7 cells, which stimulated NO and IL-10
secretion without cytotoxic effects [53]. Thus, the fermentation of Aronia mela-
nocarpa extract by L. plantarum was investigated to produce GABA, polyphenol,
and flavonoid compounds. The fermented extract was shown to exert Al effects
inhibiting the production of proinflammatory cytokines in RAW 264.7 cells and
modulating the immune response in mice [54]. Furthermore, several molecules
derived from the fermentation of red fruit juices have been studied for their Al
effects. For example, anthocyanins from these products are thought to produce the
TNF-alpha and proinflammatory cytokines [23].

Fermented Asian products were highly investigated for their Al properties. For
example, a specific strain of L. plantarum is involved in the fermentation of the
traditional korean fermented vegetable food, the kimchi. It has been shown to secrete
exopolysaccharides able to protect against rotavirus-induced diarrhea [55]. Turmeric,
another plant originating from Asia, has been also extensively studied for its Al
properties and particularly after fermentation. The development of turmeric extracts
with potential health applications, particularly for inflammation, is increased.

The production of curcuminoid molecules, such as curcumin, has been enhanced
by fermentation of turmeric (Curcuma longa) by L. johnsonii. The turmeric extracts
showed AI and antiallergic effects in atopic dermatitis mice and induced a decrease
in serum immunoglobulin E and proinflammatory cytokines in lipopolysaccharide-
induced inflammation (LPS) [56]. Supplementation of turmeric extract fermented by
L. rhammnosus (GG-ATCC 53103) and Bifidobacterium animalis (BB12) strains main-
tained bacterial growth of the gut microbiota in case of inflammation.
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It also reduced the inflammatory state by limiting the production of proinflam-
matory cytokines IL-8 [57]. Another study showed that the fermentation of turmeric
by L. fermentum has increased the curcumin yield by 9.76%. The Al activity was
demonstrated in RAW 264.7 cells by modifying the nitrite level, the expression
of TNF-alpha and TLR-4, and the activation of the JNK pathway. These phenolic
compounds also showed a protective effect against the activation of TLR-4 receptor
cascade, TNF-alpha, and nitric oxide production. In addition, the extract limited the
proinflammatory response and low-grade oxidative stress induced by LPS [58].

2.3 Antimicrobial activity

The molecules produced during the fermentation of plant biomasses by Lactobacillus
can also exhibit antimicrobial activities. The production of antimicrobial molecules by
Lactobacillus has already been described, including lactobrevin and lactobacillin [59]. For
example, in [60], an interesting concept of valorization of okara by solid-state fermenta-
tion was presented with a coculture of the yeast Yarrowia lipolytica and Lactobacullis
casei. Okara is an oleaginous by-product of plant milk production. The authors used
fermentation to generate molecules with antimicrobial activity (up to 33% reduction of
Bacillus subtilis development and a modest effect on Aspergillus niger one)[60].

In reference [61], a metabolic study on Allium tuberosum to produce a food additive
with antimicrobial activity against poultry pathogens was conducted. Endophytic
Lactobacillus have been isolated from Chinese chives. Among those Lactobacillus
strains, L. plantarum can produce flavonols with antimicrobial activity [61]. In [62],
fermentation of quinoa by the strain L. plantarum CDL 778 leads to a higher produc-
tion of antifungal compounds. It was also observed that during the fermentation of
sweet lemon juice (Citrus limetta), the antimicrobial activity against Escherichia coli
and Salmonella Typhimurium was increased. These activities were correlated with the
increase in lactic acid content and the decrease of citric acid, total phenolic com-
pounds, and sugar content [63]. Moreover, fermentation of the red sorghum cereal
allows the conversion of flavanones into eriodyctiol and naringenin, which have
shown an interesting antimicrobial activity [22].

2.4 Prebiotic activity

Several studies have shown that fermented fruits and vegetables have prebiotic
effects. The compounds produced by the fermentation of plants induce a modification
of the intestinal microbiota. These fermented extracts offer great prospects. Studies
highlighted their health potential for humans but also animals. Indeed, two fermented
extracts obtained from algae and chicory, plantain, alfalfa, and broad leaf dock pre-
sented prebiotic and AO effects. This study was conducted on weaned lambs, and the
results showed improved resistance to infection and survival for both extracts. Similar
studies have shown the same effects for thyme and rosemary [64]. In reference [65], the
prebiotic potential was determined, and the Al effect of chicory root and pulp compared
with inulin, as a positive control, on the intestinal barrier on IPEC-J2 cells. These tests
were performed with five fermented by-products (chicory roots, chicory and citrus pulp,
rye bran, and soybean bark) by different Lactobacillus spp. An increase of Lactobacillus
spp. was observed for all substrates except for chicory roots. The latter was very ferment-
able and produced a butyrate ratio similar to that of inulin, while chicory pulp had a
higher ratio than inulin. For acetate, chicory and citrus pulp and soybean bark had a
higher ratio than inulin. These short-chain fatty acids (SCFAs) derived from dietary
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fiber fermentation contribute to maintain intestinal health. Rye bran caused a significant
stimulation of the growth of Bifidobacterium spp. Rye bran and soybean bark have a
positive effect on the gut microbiota. Fermented chicory roots and pulp promote the
upregulation of tiny junction genes and maintain the integrity of the gut barrier. Finally,
fermented chicory pulp inhibits proinflammatory cytokines such as TNF-alpha and trig-
gers the metabolic pathway that inhibits inflammatory cytokine production [65].

2.5 Other bioactivities related to medicine

Many bioactivities could result from the lactic fermentation of plant by-products.
In reference [66], they associated the AO activity with potential hypoglycemic effects
of Diospyros lotus fruit fermented by L. plantarum and Microbacterium flavum. They
observed an inhibition of the a-glucosidase activity iz vitro. In addition, the authors
showed that catechinic, tannic, and ellagic acid levels were enhanced during fermenta-
tion [66]. Similarly, several studies were interested in the capacity of Lactobacillus
fermented products to exert a positive effect in the prevention of obesity and associated
metabolic diseases. In [67], cabbage-apple juice fermented by L. plantarum exerted anti-
obesity and hypolipidemic effects in vivo in high-fat diet—fed rats was highlighted [67].

Moreover, soy products fermented with Lactobacillus spp. have interesting biomo-
lecular contents and present antitumoral effects. Indeed, these fermented soybean
extracts could inhibit, in vitro, the growth of several cancerous cell models: fibrosarcoma
and adenocarcinoma of the breast. It also reduces the risk of breast cancer, significantly
influencing survival, apoptosis, and tumor inhibition rates in mice. Clinical studies were
also conducted to investigate the effects of fermented soybean extract on chemotherapy-
induced immunosuppression. The results showed that the populations of immune cells
with activity against tumor cells, the natural killer cells, are significantly increased
[23]. Using cell-based experiments, other work has investigated putative health effects
associated with AO activity. Indeed, the authors showed promising antiproliferative
and apoptotic effects of the extracts on the HeLa cancer cell line. In another study, the
authors showed that blueberries fermented by L. plantarum exhibited anticancer activi-
ties. Their results suggest that polyphenols, in high concentrations in blueberries, were
metabolized during fermentation into active phenols such as catechol [68].

3. Applications
3.1Food products

Product of the lactic fermentation, bread has been, for a longtime, an important
foodstuff of the diet of many cultures. The bread fermentation process has often been
optimized and revisited to better meet consumer needs or to address economic and
social issues. The fermentation of wheat leaven by L. plantarum allows the conver-
sion of ferulic acid into vinyl guaiacol, ethyl guaiacol, and dihydro ferulic acid. This
conversion improves the quality of the final bread product [22].

Corn flour is another example of a bread raw material, and its application in bakery
illustrates the potential of lactic fermentation. In addition to the different ingredients
of wheat bread, maize meal improves the nutritional profile after being fermented
with L. plantarum T6B10 and Weissella onfuse BANS. Indeed, an increase in amino acid
(AA) and protein content, AO activity, and inhibition of lipases and phytic acid were
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observed. This leads to an increase in dietary fiber, digestibility, and improves the
texture, taste, and nutritional value of bread [69]. The same outcome was observed
with the fermentation of brans from hullless barley, emmer and pigmented wheat
varieties with the same Lactobacillus under the same conditions [70]. Another study
highlighted the replacement of wheat flour substitute for breadmaking, a sourdough
obtained from fermented djulis (Chenopodium formosanum) by L. casei. The bread
produced contained higher levels of total phenolic and flavonoid compounds and
increased hardness and chewiness compared with conventional bread. The addition of
djulis sourdough also extended the shelf life by approximately 2 days [71].

A process to valorize semolina pasta with hemp flour, chickpea grains, and
milling by-products by fermenting them with L. plantarum and L. rossiae has been
proposed [72]. However, it is necessary to note that enzymatic pretreatment of the
substrates must be carried out beforehand. This could affect the economic viability
of the process. At a laboratory scale, they obtained extensive protein degradation and
consequently digestibility, a 50% reduction in tannin concentration and also in phytic
acid concentration [72]. L. plantarum, which has high proteolytic activities, was used
for the fermentation of quinoa instead of wheat. Quinoa is an interesting cereal for
celiac patients because it is gluten-free. The study revealed that quinoa is more easily
fermented by lactic acid bacteria than wheat. These high proteolytic activities of the
strain were evidenced by the increase of the total peptides and free AA contents from
quinoa slurries compared with wheat slurries [62]. In reference [70], the potential
use of oat extract from cereal processing with high protein content as an alternative
to yoghurt was questioned. Fermentation of this by-product with L. delbriichii subsp.
Bulgaricus and Streptococcus themophilus followed by starch gelatinization by heating
generated two kinds of gels with interesting rheological and organoleptic properties.
Authors placed their studies in the context of plant-based products substituting dairy
ones for health and environmental reasons. They discussed the consumer acceptance
of these products but claimed that sensory descriptors such as soft, sweet, and smooth
are highlighted by the sensory panel [73]. Another example of food products fermenta-
tion value is the fermentation of olive by L. plantarum. Kachouri et al. have shown that
the phenolic content of olive oil increases after fermentation by this strain [74]. Other
studies have shown that the fermentation of the common Spanish table olive improves
preservation and the taste. Indeed, L. plantarum ferments olive brine, leading to a
reduction in the oleuropein content of the olives [75-79]. In addition, wastewater from
olive production, which is another olive coproduct, has been exploited in [80]. When
termented by L. plantarum, the content of phenolic compounds becomes more inter-
esting. The antioxidant activity was tested by DPPH and ABTS assay. This coproduct
has a 50% higher antioxidant activity after fermentation by L. plantarum [80].

In order to innovate in the food market, research is being carried out into the devel-
opment of plant-based drinks rich in active compounds and with health benefits for
consumers. Functional plant beverages fermented with Lactobacillus are being widely
studied. Aqueous extracts of plants such as soy, pea, coconut, or rice represent alter-
natives to nondairy milk. Lactic acid fermentation of these beverages could improve
the protein content, solubility, and availability of AA. Some strains of Lactobacillus
are also responsible for the biosynthesis of vitamins during fermentation (vitamin
K, vitamin B). Anti-nutritional compounds such as phytates are hydrolyzed during
fermentation by some phytase-producing strains, which improves the digestibility and
mineral content of the final product [81]. However, optimizing flavors and nutritional
quality remains a challenge today because the latter are often criticized for their low
nutritional quality and bland taste caused by their short shelf life. A color change
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has been observed by Do and Fan in fruit or carrot juices fermented by Lactobacillus
strains, indicating that carotenoids are modified to cis-carotenoid isomers responsible
for color change during fermentation by Lactobacillus [82]. Rheological studies have
also been performed. Indeed, in [83], the effects of different Lactobacillus species on
volatile and nonvolatile flavor compounds in juices fermentation were studied. The
main objective of this research was to identify the marker metabolites generated by
different species of Lactobacillus strains, which contribute to the flavor and reveal the
roles of various Lactobacillus species in the formation of flavor compounds. The main
markers were 2.3 butanedione, hexenal, acetic acid, formic acid as volatile compounds
and lactic acid, malic acid, citric acid as nonvolatile compounds [83].

In another application for the beverage sector, one of the main ideas is to provide
fermented products with prebiotic effects from a different matrix of vegetable juice
as raw material. Consumers’ demand for non-dairy prebiotic foods is constantly
increasing due to drawbacks related to dairy foods such as allergy, lactose intolerance,
as well as lifestyle change or religious beliefs. In this context, reference [71] presents
a development of a functional drink based on soy and quinoa (Chenopodium quinoa
Willd) obtained by fermentation by Lactobacillus casei LC-1. This drink presents a
prebiotic effect stimulating the gut microbiota and reducing the following bacterial
populations: Clostridium spp, Bacteroides spp, Enterobacteria, and Enterococcus spp
[84]. Cabbage juice and fresh cabbage, fermented by Lactobacillus, are also being
studied for the development of probiotic products. When mixed with other vegetables
(carrots, onion, cucumber), white and red cabbage fermented with L. plantarum, L.
casei , L. acidophilus, or L. delbrueckii shows a good fermentation profile and potential
as a functional probiotic drink as demonstrated by Hyunah et al. [85-88]. Dunkley
and Hekmat evaluated the sensory properties and worked to assess the growth and
viability of L. rhamnosus GR-1 in carrot juice, carrot apple juice, carrot orange juice,
and carrot beetroot juice over 72 h of fermentation and 30 days of refrigerated storage
at 4°C. The conclusion was that carrot, carrot apple, carrot orange, and carrot beet-
root juice fermented with L. rhamnosus GR-1 proved to be a satisfactory alternative
to dairy-based prebiotic products. All juices achieved viable counts above the mini-
mum counts required to be classified as prebiotic. The results of sensory evaluation
also indicated a market potential for prebiotic vegetable juice. The development of
prebiotic vegetable juice using L. vhamnosus GR-1 as a probiotic agent will provide
consumers a viable non-dairy alternative that can provide many health benefits [89].
Co- or triculture can be used to enhance activities. Bergamot juice was fermented by
three Lactobacillus (L. plantarum 107 subsp plantarum PTCC 1896, L. plantarum AF1,
L. plantarum LP3) in triculture. This combination resulted in a higher AO activity.
Bergamot juice fermented could also be used as a functional drink [90].

Other by-products are recycled, especially in the brewery sector. One study aimed
to produce a polyphenol-rich beverage from brewers’ spent grain. Fermentation by L.
plantarum ATCC 8014 was realized, followed by tests on phenolic compound content
and AO activity. Phenol content and AO have increased during fermentation. The
beverage was more concentrated in phenolic compounds than before fermentation,
and its bioactive compounds were more stable [91]. More recently, coffee cherry pulp
has been used in infusion to obtain an AO drink called cascara. To improve the AO
activity of this beverage, it was fermented by endophytic L. casei [92]. A turmeric-
based functional drink was also obtained by co-fermentation with Enterococcus fae-
cium, Lactococcus lactis subsp. Lacti, and L. plantarum. The AO capacity was measured
by titration of total phenolic compounds, and the prebiotic effect was also highlighted
by in vitro and in vivo tests.
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Kombucha is a sweet infusion of green tea leaves usually fermented with Kombu,
a fungus. One study shows that replacing Kombu with L. casei and L. plantarum,
which are derived from kefir, enhances the production of glucuronic acid, leading to
greater antimicrobial and antioxidant activities [93]. Another study showed thata
mixture of LAB from kefir and kombucha (L. casei, L. plantarum, L. acidophilus. L.
casei, and L. plantarum) increases the glucuronic acid concentration, antimicrobial
and antioxidant activities and allows the use of Kombucha as a health drink [94].
Hou et al. demonstrated the link between antimicrobial activities of kombucha with
polyphenols and LAB, especially against Escherichia coli, Salmonella tiphy, Vibrio
cholerae, and Shigella dysenteriae [95]. Green tea used in Kombucha may have activity
when fermented by L. plantarum. Indeed, fermented extract derived from Camellia
sinensis is able to mitigate ethanol-induced liver damage. Iz vitro and in vivo tests
on hepatic cells (HepG2,) and murin model exposed to fermented green tea extract
show after exposure of ethanol a better viability and an increase of hepatic alcohol

dehydrogenase [96].
3.2 Livestock feeding

The products of plant fermentation by Lactobacillus strains can be used in many
fields ranging from livestock feeding, such as ruminant by decreasing gas produc-
tion [97]. Lactobacillus strains can also be used for silage preparation. Silages are
grass or other green fodder that is compacted and stored under airtight conditions,
typically in a silo, for use as livestock feeding in the winter. Many studies focus on
using Lactobacillus strains to improve the quality of the silage. In reference [98],
the effect of L. brevis and L. parafarraginis used as inoculants and the microbial
communities of corn stover silage were studied. After 20 days, the two Lactobacillus
strains were predominant, and a reduction in lactic acid content coupled with an
increase in acetic acid and 1.2-propanediol contents was observed. An improve-
ment in the silage quality and reproducibility of the ensiling process were observed
[98]. Recently in [99], the effect of L. plantarum addition on the nutritive value of
dwarf elephant grass (Pennisetum purpureum cv Mott) silage was presented. The
aim was to examine the effects of different L. plantarum addition on the physical
quality, pH, and nutritional value (dry matter, organic matter, crude protein, crude
fiber). After incubation, a good silage quality (fresh and acidic odor, good texture,
and no fungi) and a pH around 4 were observed. L. plantarum addition accelerates
ensilage fermentation [99]. In [100], an increase in silage quality by adding waste
molasses to L. plantarum MTD1 was observed. In the same context, the addition of
cellulase was studied to evaluate the effects on the chemical composition, bacterial
communities, stability of mixed silage made with high-moisture amaranth and rice
straw fermented by L. plantarum.

Cellulases increased the abundance of Lactobacillus bacteria and reduced the
abundance of other lactic acid bacteria. It decreased pH, acetic acid content, ammonia
nitrogen content and increased lactic acid concentration after 7 days of ensiling [101].
In conclusion, silage treated with both Lactobacillus bacteria and cellulase showed
the best silage quality. Optimizing the digestibility of feeds and thus increasing their
nutritional value are a challenge for the livestock feeding industry. In another study,
the fermentation product of a mixture of ginger and turmeric extract by Lactobacillus
spp. was supplemented to chickens. Biological analyses of AO enzymes and analysis
of gut microbiota and lymphoid organs showed a prebiotic effect, an AO effect, and
an improvement in resistance to bacterial infections [102].
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3.3 Lactic acid production from plant biomass

The use of low-cost by-products is of primary interest as it reduces production
costs compared with the use of complex culture media made with pure and refined
products. Consequently, many by-products have been tested in the last few years,
in association with screening of the best microbial strains, the best fermentation
process, and the best conditions to make them work together [103]. Lactic acid is one
of the most widely used organic acids for a long time in various industries, such as
food, cosmetics, pharmaceutical, and textile industries, and flavor, conservation, AO,
and antimicrobial activity [104]. In the last decade, it has also become an essential
platform molecule in the biomaterials sector to produce poly-lactic acid (PLA), a bio-
based polymer. This new interest has led to an explosion in worldwide demand. One
of the characteristics of polylactic acid is its thermal resistance, a critical parameter
for manufacturing thermoformed materials (packaging, film, etc.). Lactobacillus have
been traditionally used for lactic acid production [105, 106]. When using large-scale
fermentation bioprocesses, the biomass feedstock must be carefully selected as it
accounts for almost half of the biopolymers production costs [105]. To address this
production cost issue, scientists and industrials have been focused on lignocellulosic
biomass as a fermentation substrate for lactic acid production. Nevertheless, in order
to be easily usable, saccharification pretreatments are needed to break down the
cellulose into fermentable carbohydrates. Moreover, Lactobacillus are classified as
either homofermentative or heterofermentative. L. delbrueckii is a homofermentative
strain commonly used for the production of lactic acid [107]. Homofermentative
strains of Lactobacillus cannot use pentose carbohydrates from hemicellulose, but
heterofermentative ones, such as L. brevis, can use these carbohydrates through the
phosphoketolase pathway [106].

In reference [105], the fermentation of 11 different carbohydrates from seaweed
or plant biomass as a carbon source to produce L-lactic acid with seven different
Lactobacillus species was investigated. A comparative analysis of the expected yield of
lactic acid production revealed that seaweeds provided comparable production rates
to lignocellulosic biomasses [105]. In another study, beet molasse was used to produce
lactic acid using L. delbrueckii IFO 3202 during batch and continuous fermentation,
dilution rate of 0.5 h™" was determined to be the best one and allowed to reach a
maximum productivity of 11 g L™' h™". Authors have demonstrated the importance
of medium supplementation by yeast extract, as Lactobacilli are tedious microorgan-
isms that require many substrates and substances to grow [108]. Nevertheless, it is
estimated that the addition of yeast extract can contribute up to 30% of the cost of
producing lactic acid [109]. Zhang & Vadlani studied the production of D-lactic
acid by a homofermentative strain, L. delbrueckii ATCC 9649, through a sequential
hydrolysis and fermentation process (SHF) and a simultaneous saccharification and
fermentation process (SSF). In this work, first, the saccharification of pulp and corn
stover was done, and then carbohydrates generated from hydrolysis were used by
L. delbrueckii and converted to D-lactic acid with high purity (99.8 %). The authors
highlighted that the SHF process, compared with the SSF process, avoids substrate
inhibition and increases the productivity and the yield of D-lactic acid [107]. The
same researchers’ team has then engineered a strain of L. plantarum, introducing gene
encoding isomerase and xylulokinase, for the overproduction of D-lactic acid from
corn stover and soybean meal extract. In this work, the authors optimized the culture
medium through response surface methodology using saccharified corn stover as
carbon source and soybean meal extract as a nitrogen source to substitute YE in the
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medium to produce high purity of D-lactic acid (99%). A maximum productivity of
0.82 g L™" h™! of D-lactic acid was obtained in the optimized medium, 10% higher
than with YE as the main nitrogen source [106].

Saccharification and fermentation could be performed at the same time (simul-
taneous saccharification and fermentation) and have been used for instance by Tu et
al. for LA production. With L. plantarum, they obtained up to 65.6 g L™ of lactic acid
with a cellulose conversion of 69% [110]. Using inulin from chicory, in [111] they
obtained a better performance by simultaneous saccharification and fermentation to
produce D-lactic acid with L. bulgaricus. In their process, they obtained an optically
pure molecule (99.9%), which could be interesting for further chemical processes.
Productivity is also high with 123 g L™" starting from 120 g L™ of inulin treated by
inulinase. The enzymatic treatment yielded inulin, which was used instead of glucose
in MRS medium for fermentation [110, 111].

In another example, lactic acid production from fermented orange peels was
evaluated by ion-exchange chromatography. The solid fermentations were in mono
or coculture, with L. casei 2246, L. plantarum 285, and L. paracasei 4186. This
study showed that fermentation resulted in higher lactic acid production with the
monoculture L. casei 2246 and the coculture L. casei 2246 with L. plantarum 285.
Glucose can also be converted to lactic acid by symbiotic relationship between
different lactic acid bacteria. L. helveticus is an AA-producing strain (alanine,
serine, aspartate, glutamate, aromatic AA, and histidine), whereas L. delbrueckii
is a lactic-acid-producing strain but produces little of these AAs necessary for its
growth. Thus, this co-fermentation optimized the lactic acid yield [104]. Before
industrialization of such a process, scale-up has to be demonstrated and down-
stream processes (purification) to be implemented and considered. However,
another technology could also be used for lactic acid production by microorgan-
isms. Indeed, solid-state fermentation was used with cassava bagasse as substrate
and L. delbruechii as microorganism [103, 112].

3.4 Other applications of active ingredients produced from fermented plant
extracts

Another biotechnology application is the production of proteins, peptides, or AA
such as GABA. Indeed, plant by-products are sources of different proteins, which can
be hydrolyzed during fermentation by Lactobacillus species. These microorganisms,
especially L. plantarum, have developed a proteolytic system to satisfy their nitrogen
requirements. The proteolytic activities and protein hydrolysis patterns are very dif-
ferent from one strain to another. The resulting peptides displayed different biologi-
cal functions such as angiotensin-converting enzyme inhibition, mineral binding,
antidiabetic, satiating, immunomodulating, opioid, AO, or antimicrobial activities
[12]. The L. plantarum LP-9 strain was used to coproduce GABA and lactic acid from
agri-residues such as wheat bran, rice bran, corn bran. The results were compared
with the use of cassava (starchy food crop), and the production yields were signifi-
cant and comparable to this control condition [113]. Co-fermentation of Ginseng root
and leaf extract always by L. plantarum EJ2014 and B. subtilis, also showed GABA
production [114]. The fermentation of Kimchi by L. brevis BJ20 allows the conversion
of glutamic acid into GABA. This process is particularly interesting because GABA
has an AO activity demonstrated during the study of DPPH scavenging, superoxide
scavenging, and xanthine oxidase inhibition tests [115]. Biotechnology also allows
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production of cosmetic or pharmaceutical products or surfactants. Biosurfactants
production was investigated using L. paracasei on enzymatically hydrolyzed vineyard
pruning waste. This study presented the complete process for this waste valorization
using acid hydrolysis, delignification, and enzymatic hydrolysis steps. Authors have
demonstrated the impact of the carbon source extraction process on the biosurfactant
composition produced by the strain L. paracasei A20 [116].

4. Limitations and future challenges

Faced with environmental and societal problems such as pollution, global
warming, and overpopulation, crop yields are increasingly challenging to sustain.
Moreover, while demand is increasing in developed countries, poor populations are
struggling to feed themselves, and undernutrition is high in these countries. This is
why the food and agriculture industry must find solutions to meet the needs of all.
Among these, better use of plant resources and better exploitation of their by-
products are two solutions of interest. In addition, consumers are looking for more
natural and healthy products, and industrials are looking for economically viable
bio-based solutions. Fruit and vegetable waste and cereal by-products are likely to
be reused because of their quantity and richness in nutrients and bacterial strains
suitable for lactic fermentation.

When lactic acid bacteria ferment the nutrients in them, the functional and
nutritional properties increase, representing significant opportunities for the agri-
food, biotechnology, medical, nutraceutical, and cosmetic industries. As presented
in this chapter, the fermentation of plant products by Lactobacillus allows the pro-
duction of numerous bioactive molecules for the development of many applications.
Nevertheless, to meet the demand, lactic acid fermentation by Lactobacillus requires
optimization. First of all, the use of plant by-products requires a crucial design of
the fermentation process according to the raw material (solid, liquid, semiliquid
fermentations). This design could lead to the development and emergence of
new processes that should be able to meet industrial viability, economic returns,
and consumer needs. Therefore, much work is still needed on these processes to
increase the commercialization of new bio-based products from plant by-products.
On the other hand, Lactobacillus strains are fastidious bacteria in their nutritional
requirements and are not necessarily well adapted metabolically for growth from
any substrate, and the use of GMOs is a very limiting criterion for many applica-
tions (food, cosmetics, etc.). The growth parameters and enzymatic activities of
Lactobacillus strains have a major impact on applications, particularly when the
fermentation substrate is complex. It is therefore necessary to work on the culture
conditions and metabolic adaptation of these strains in order to maximize the
enzymatic activities and production rates of the molecules of interest. Therefore,
many constraints exist, such as the lack of scientific data and hindsight, the control
of culture conditions, and the separation and purification processes to recover
bioactive compounds. Further efforts are urgently needed to overcome these
problems. Nevertheless, one of the advantages of production with Lactobacillus is
its ability to produce several types of molecules simultaneously, typically lactic acid
and other molecules (derived or transformed from the substrate), which makes the
fermentation process industrially interesting. Such multiproduct strategies should
be promoted in the near future up to industrial scale.
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5. Conclusion

Lactic acid fermentation is an ancestral process performed by numerous bacte-
rial strains. Fermentation conditions, substrates, and potential additives represent
challenges and constraints for yield optimization, process stabilization, and stan-
dardization. Indeed, lactic fermentation by Lactobacillus allows the production of
many molecules of interest. When these bacteria ferment plant products, they induce
biochemical conversions and the production of phenolic compounds, organic acids,
and vitamins through their enzymatic activities. This review highlights the different
applications related to the production of these compounds. The latter have bioactivi-
ties such as AO, Al prebiotic, antimicrobial, and many others.

In addition, they are of growing interest to the food industry for their ability
to increase nutritional value but also for their use as preservatives and modifiers
of organoleptic properties. The different studies reviewed here are looking for
alternatives to meet environmental and social consumer demand. In order to reduce
production costs and the carbon footprint of the process, genetic engineering and the
revalorization of plant by-products appear to be interesting avenues of research to
improve the yield of compounds of interest. However, there is still a lack of scientific
data on the control of fermentation by Lactobacillus. Further studies are needed
to identify the biochemical reactions and metabolism of Lactobacillus involved in
the production of bioactive compounds. In addition, studies are needed to further
investigate the mechanisms involved in the bioactivities of interest.
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Acronyms and abbreviations

AA Amino acids

ABTS Acid 2,2’-azino-bis(3-éthylbenzothiazoline-6-sulphonique)
Al Anti inflammatory

AM Anti-microbial

AO Antioxidant

BF Batch fermentation

Co Coculture

DNA Deoxyribonucleic acid

DPPH 2,2-DiPhenyl-1-PicrylHydrazyl
EPS Exopolysaccharides

FP Fermentation process

FRAP Ferric reducing antioxydant power
GABA Gamma-aminobutyric acid

IL-6, 11-10 Interleukins

IM Immuno-modulatory

LA Lactic acid

LF Liquid fermentation
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LPS Lipopolysaccharide

NO Nitric oxide

OA Organic acids

ORAC Oxygen radical absorbance capacity
PC Phenolic compounds

PB Prebiotic effect

ROS Reactive oxygen species

SBF Solid batch fermentation

SF Solid fermentation

SFCA Short-chain fatty acid
TNF-alpha Tumor-necrosis factor-alpha
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Chapter 3

Diverse Bioactive Molecules from
the Genus Lactobacillus

Rodney H. Pevez and Amily E. Ancuelo

Abstract

Lactobacilli are widespread microorganisms and are broadly employed in a variety
of applications. It is one of the LAB genera that has been designated as Generally
Regarded as Safe (GRAS) and many of its member species are included in the
Qualified Presumption of Safety (QPS) list. Lactobacillus is commonly utilized as a
starter culture in many fermented food products, probiotics, and has long been used
as natural bio-preservatives to increase shelf life and improve food quality and safety.
Aside from the many benefits, it delivers in the food sector, the use of lactobacillus
strains in the clinical setting as a prophylactic and/or treatment for a variety of dis-
eases has gained increasing attention. These uses of lactobacillus are all made possible
through the diverse bioactive molecules it generates. Lactobacillus exerts its positive
health and nutritional effects through a variety of mechanisms, including inhibition
of pathogen adhesion or colonization, metabolic activity through the synthesis of
metabolites and enzymes, and immune system modulation among others. The ability
of many lactobacillus strains to mediate the bio-conversion of certain metabolites
has also been shown in numerous studies. This chapter describes the recent findings
on the impact of the diverse bioactive molecules produced by different lactobacillus
strains, their mode of action, and their application in different industries.

Keywords: lactic acid bacteria, GRAS, lactobacillus, bioactive compounds, probiotics

1. Introduction

One of the most significant, and extensively used lactic acid bacteria (LAB) is
lactobacillus. This genus comprises a large number of species that can be found in
diverse environments, such as in plants, food products, and mucosal surfaces of the
human body. Lactobacilli are characterized by the formation of lactic acid as the
primary end product of carbohydrate metabolism. Species of lactobacillus are Gram-
positive, homofermentative, thermophilic, and non-spore-forming rods. Lactobacillus
species ferment a broad array of carbohydrates and can ferment extracellular fruc-
tans, starch, or glycogen depending on the strain. All organisms formerly assigned to
the Lactobacillus delbrueckii group are now included in the emended description of the
genus [1].

Among LAB, lactobacillus is one of the genera considered as Generally Regarded
as Safe (GRAS) by the U.S. Food and Drug Administration (FDA) as they are a safe
means to generate products for a variety of industries. The European Food Safety
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Authority (EFSA) also grants Qualified Presumption of Safety (QPS) status to many
lactobacillus species. The EFSA notes that some LAB strains are susceptible to acquir-
ing virulence and antibiotic resistance genes and have opportunistic properties and
hence excluded in the QPS list [2]. Lactobacilli are broadly applied in the food indus-
try as both technical starters in fermented goods and probiotics due to their unique
health and nutritional benefits [3, 4]. These microorganisms play an indispensable
role in many foods fermentation. For instance, many lactobacilli species have been
identified as primary microorganisms in sauerkraut fermentation [5]. Lactobacilli
also play a significant part in malolactic fermentation, critical in winemaking [6]. In
Chinese Maotai-flavored liquor production, lactobacillus accelerates flavor component
conversion from alcohol (ethanol) to acid (lactic acid and acetic acid) [7]. Lactic acid
fermentation using L. plantarum was found optimal in improving pea protein isolates
aroma and taste [8]. Fermentation with lactobacillus also improved the foaming capa-
bilities of egg white [9]. Many lactobacillus strains are also important in the manufac-
ture of many fermented meat and meat products. Moreover, probiotic lactobacillus
was given special attention as well for its ability to stimulate or modulate the immune
system [10]. It also has possible applications in health-related areas such as intestinal
inflammation [11], prevention of urinary tract infection [12], and treatment against
cancer cells [13].

Indigenous LAB is constantly exposed to extreme conditions such as varying
temperature, pH, and nutrient levels [14]. As a result, native LAB has been linked to
higher competitive metabolic capacities, which encourage their growth as a competi-
tive microbiota for other microorganisms in their natural habitat. The synthesis of a
large number of bioactive metabolites is one of these capacities. Among LAB genera,
lactobacilli are known producers of diverse bioactive molecules that offer a wide range
of benefits to food, agricultural, industrial and clinical fields. They have long been
exploited in food and animal feed as natural preservatives. Their antimicrobial action
is mostly due to the production of organic acids, hydrogen peroxide, inhibitory com-
pounds, as well as competition for nutrients and the development of antimicrobial
compounds like bacteriocin [15]. Several studies have shown that the organic acids
produced by lactobacillus like lactic acid kill pathogens at sufficient concentrations,
such as Campylobacter jejuni by disrupting its membrane [16]. It also secretes ethanol
and fatty acid as antimicrobial molecules. It can produce acetic acid, formic acid, and
other acids [17].

Lactobacilli exhibit their beneficial properties through a wide range of processes
that include a large spectrum of bioactive compounds. In this chapter, the utility of
these microorganisms and their bioactive compound by-products for the promotion
of better health and nutrition are summed up. Lactobacilli and their by-products
can be utilized in technology and product development geared towards sustainable
approaches for the improvement of human conditions targeted by the United Nations
2030 Agenda and its Sustainable Development Goals. The well-established functions
of lactobacilli and their bioactive molecules in food fermentation could play a key role
in ensuring that people around the world have access to safe and nutritious food by
improving the current food production, safety, and preservation. Its application in
the clinical setting also has the potential to address major health concerns, including
sexual, reproductive, newborn, and environmental diseases which will be discussed
in the following sections. Thus, this chapter will center the attention on the differ-
ent bioactive molecules from the genus lactobacillus, such as bacteriocins, bioactive
peptides, SCFAs, vitamins, enzymes, EPs, immune-modulating compounds, bio-
converted molecules, and its probiotic properties.
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2. Bioactive compounds produced by lactobacillus
2.1 Bacteriocins

Bacteriocins are multifunctional, ribosomal-synthesized antimicrobial peptides.
The bactericidal activity of bacteriocins is demonstrated against species that are
closely related to the producer strain [18]. The bactericidal or bacteriostatic actions
of bacteriocins produced by Gram-positive bacteria, including LAB, are mostly
against Gram-positive bacteria including food-borne pathogens [19]. Bacteriocins
inhibit their target cells by destabilizing the bacterial cell membrane and/or creating
pores resulting in the death of the target cells through a fast-acting mode of action
that is active even at very low concentrations [18]. Bacteriocins from Gram-positive
bacteria are divided into three classes based on their structural and physicochemical
properties: class I (lantibiotics), which are lanthionine-containing peptides; classII,
comprise the non-lanthionine-containing bacteriocins [20].

The promise of bacteriocins, particularly from lactic acid bacteria, for various
applications has instigated a great deal of interest in bacteriocin research. LAB
bacteriocins are recognized for their activity over a wide pH range and are inherently
tolerant to extreme thermal stress. The fact that these antimicrobial peptides are
colorless, odorless, and tasteless, adds to their potential uses [18]. Bacteriocins also
offer a number of advantages over traditional antibiotics. The most notable of which
is that they are primary metabolites with relatively straightforward biosynthetic
processes compared to conventional antibiotics, which are secondary metabolites.
Thus, bioengineering may readily improve their activity or specificity towards their
target bacteria [18].

Lactobacillus, is a LAB genus that has been shown to produce diverse bacteriocins
(Table1). A lactobacillus strain isolated from traditional Egyptian dairy products
showed antimicrobial actions against different Gram-positive and Gram-negative
bacteria [35]. The highest inhibitory activity of L. brevis (B23) was exhibited against
Escherichia coli, Staphylococcus and Bacillus.

A lactobacillus strain has also been described to produce multiple bacteriocins.
Lactobacillus sakei 5 from malted barley was found to produce three bacteriocins [36].
Genetic and functional analysis revealed that this strain generates a plasmid-encoded
bacteriocin sakacin P, as well as two novels, chromosomally encoded bacteriocins,
sakacin T and sakacin X. This strain may be a viable candidate for usage in the brew-
ing sector since it inhibits bacterial strains known to cause severe spoiling problems in
this industry.

A strain isolated from human breast milk, Lactobacillus gasseri LM19, was also
found to produce several bacteriocins, including a novel bacteriocin, gassericin M
[28]. In a complex environment that mimicked human colon circumstances, L. gasseri
LM19 not only survived but also expressed seven bacteriocin genes and generated
short-chain fatty acids. The gut origin of L. gasseri LM19 enabled it to thrive in GI
tract conditions and display antagonistic properties against other gut bacteria, such as
enteropathogens [28]. Different bacteriocin-producing L. plantarum strains have also
been found in a variety of foods, including meat [37], fermented milk [38], cheese
[39], and sourdough [40].

Aside from its usefulness in the food industry, bacteriocin-producing lac-
tobacillus was also investigated for its use in the clinical setting, particularly in
preventing and treating vaginal disorders. Lactobacillus is bacteria naturally found
in the healthy human vagina [41] and urethra [42]. A low count of lactobacillus is
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Class Bacteriocin Lactobacillus strain Reference
I Paraplantaricin TC318 L. paraplantarum OSY-TC318 [21]
Plantaricin C L. plantarum LL441 [22]
Lactocin S L. sakei L45 [23]
Ila Plantaricin 423 L. plantarum 423 [24]
Plantaricin LPL-1 L. plantarum LPL-1 [25]
Rhamnocin 519 L. rhamnosus CJNU 0519 [26]
1Ib Gassericin S L. gasseri LA327 [27]
Gassericin T
Gassericin M L. gasseri LM19 [28]
Ilc Acidocin B L. acidophilus M46 [29]
Plantaricyclin A L. plantarum NI326 [30]
Plantacyclin B21AG L. plantarum WCFS1 [31]
Id Sakacin D98a L. sakei D98 [32]
Sakacin D98¢
Bactofencin A L. salivarus DPC6502 [33]
111 Helveticin-M L. crispatus [34]
Table 1.

Diverse bacteriocins produced by various strains of Lactobacillus.

inversely related to high numbers of E. coli in the vagina and a history of recur-
rent urinary tract infection [43]. A new bacteriocin generated by L. acidophilus
KS400 was identified and characterized, as well as its antimicrobial properties
against urogenital pathogens [44]. These species have been shown to colonize the
epithelial surface and release antimicrobial compounds that regulate the vaginal
microflora.

2.2 Bioactive peptides

Digestive proteases and peptidases from human’s release food-encrypted bioactive
peptides that can be absorbed by the gut and then reach peripheral organs. However,
the enzymatic activity of LAB largely contributes to their release, either into the food
matrix or in the gut. Due to the limited length of the overall genome, the biosynthetic
abilities of LAB are very limited especially in amino acid synthesis [45]. Therefore,
LAB evolved a complex and sophisticated proteolytic system allowing them to get
amino acids from the proteins present in the external environment [46]. The pro-
teolytic system of LAB converts protein substrates into free amino acids and small
peptides, which enables them to carry out their intrinsic physiological mechanisms
such as regulation of intracellular pH, production of metabolic energy, stress toler-
ance, and biosynthesis of proteins [47].

Numerous bioactive peptides lack activity when protein is encrypted, but display
their interesting biological functions when released proteolytically. They have been
shown to hold health-promoting qualities as antimicrobials, hypocholesterolemic,
opioid antagonists, angiotensin-converting enzyme inhibitors, anti-thrombotic,
immuno-modulators, cytomodulators, and antioxidants [48]. The utilization of LAB
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such as lactobacillus in the synthesis and valorization of new bioactive peptides is a use-
ful method. The proteolytic activity of lactobacillus is strain- and species-dependent:
each species has a distinct proteinase composition, encompassing a wide range of
proteolytic activities [49].

Over the past years, lactobacillus species have presented great potential as pro-
ducers of bioactive peptides through fermentation using different protein matrices
(Table 2). LAB proteolytic system is capable of producing bioactive peptides from
avariety of food proteins, particularly casein, which is the major nitrogen source in
their environment. [59]. L. helveticus CICC6024 was employed to effectively ferment
milk-casein under fixed fermentation processes to facilitate an efficient bioactive
peptide synthesis [60].

Other lactobacillus strains have also been found to be capable of releasing bioac-
tive peptides from food proteins. Milk inoculated with L. helveticus and casein
hydrolysates generated by L. helveticus CP790 extracellular proteinase both contain
antihypertensive peptides [61]. Antihypertensive substances were also recovered
from an L. casei cell extract used in fermented milk production [50]. Two fermented
kinds of milk containing ACE-inhibitory peptides were generated using L. delbrueckii
subsp. bulgaricus and Lactococcus lactis subsp. cremoris strains [62]. Bioactive peptides
have been discovered in UHT milk fermented by the probiotic Lactobacillus GG
strain and digested by pepsin and trypsin enzymes. These bioactive peptides exhibit
varying degrees of immunostimulatory, opioid, and ACE-inhibitory properties [55].

Lactobacillus strain Bioactive peptides Protein Reference
Source
L. casei Antihypertensive peptides Milk [50]
L. casei Antimicrobial, antioxidant and ACE- Whey and [51]
inhibitory peptides skim milk

L. plantarum

L. rhamnosus

L. helveticus Antioxidative, opioid, stimulating, K-casein [52]
hypotensive, immunomodulating,
antibacterial, and antithrombotic

peptides
L. helveticus ACE-inhibitory peptides Milk [53]
L. helveticus R0389 ACE-inhibitory and immunomodulating Casein [54]
L. vhamnosus RO011 peptides
Lactobacillus GG Immunostimulatory, opioid, and ACE- UHT Milk [55]
inhibitory peptides
L. plantarum 55 Anti-inflammatory, antihemolytic, Milk [56]
antioxidant, antimutagenic, and antimicrobial
peptides
L. plantarum C2 Anti-oxidant and ACE-inhibitory peptides Soy milk [57]
L. sanfranciscensis 14 Anti-oxidant and anti-inflammatory peptides Italian [58]

L. farciminis A19 sourdough

L. rossiae A20

Table 2.
Bioactive peptides generated by Lactobacillus using different protein matrices.
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Cultures of L. plantarum, L. casei, and L. rhamnosus from a fecal sample of a
human infant were employed as a proteolytic starter culture for the fermentation
of skim milk and whey to release small peptides that have antimicrobial, antioxidant,
and ACE inhibitory activities. These encrypted bioactive peptides can be utilized
as a functional food and/or, dietary supplement, to provide particular health
advantages.

Single-activity milk-derived bioactive peptides have been widely reported. The
anti-inflammatory, antihemolytic, antioxidant, antimutagenic, and antimicrobial
activities of crude extracts and peptide fractions obtained from fermented milk with
specific L. plantarum strains were assessed [56]. L. plantarum 55 was found to gener-
ate encrypted peptides with extensive capabilities as dietary bioactive components for
the development of nutraceutical biotechnological products.

2.3 Short-chain fatty acids (SCFAs)

The small and large intestines of humans lack several carbohydrate-digesting
enzymes that can be produced by probiotic bacteria. However, the probiotic bacteria
ferment these undigested carbohydrates and produce energy that is utilized by the
host to carry out various functions. The undigested sugars are converted into short-
chain fatty acids (SCFAs) such as butyrate, acetate, and propionate. The typical
reaction of SCFAs production and overall stoichiometry has been summarized and is
shown as follows [63]:

59C¢H,,0,+38H,0 - 60 CH,COOH+18 CH,CH,CH,COOH 1)
+22 CH,CH,COOH+96 CO,+134 H, + Heat

SCFAs from lactobacillus have been proven to have therapeutic effects against
several diseases through their antimicrobial potential (Table 3). For example,

L. reuteri produces SCFAs to inhibit colon cancer cell proliferation [69]. Several

L. reuteri strains were shown to synthesize SCFAs and demonstrated growth
inhibitory activity against colorectal cancer cells. Thus, the anti-cancer action and
the ability to generate anti-carcinogenic active substances of L. reuteri indicate that
it may be used as a bio-therapeutic. Moreover, the impact of L. paracasei CNCM
I-1572 on clinical and gut microbiota-related parameters in irritable bowel syn-
drome (IBS) was also investigated [65]. L. paracasei CNCM I-1572 was shown to
regulate the structure and function of gut microbiota and decrease immunological
activation in IBS by substantially increasing the SCFAs acetate and butyrate and a
corresponding decrease in the pro-inflammatory cytokine interleukin-15. Several
lactobacillus strains were also investigated for their application to treat bacterial
vaginosis [64]. The strain L. plantarum ZX27 was found to produce more short-
chain fatty acids and lactic acid and inhibited Gardnerella vaginalis growth and
adherence.

SCFAs are generated by bacteria in the gastrointestinal system, which relies on
non-digestible carbohydrates for energy. SCFA production is necessary to increase
the acidity of the gut environment, which inhibits many harmful microorganisms.
Production of SCFAs has been shown as one mechanism of lactobacillus strains to
inhibit the development of metabolic syndrome by its influence on microbiota modu-
lation [71]. The production of SCFAs and antimicrobial activity of L. plantarum G72
for its potential application in improving the diet of pregnant women.
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Lactobacillus strain SCFA Spectrum Reference
L. delbrueckii DM8909 Acetatic acid, propionic Gardnerella vaginalis [64]
L. plantarum ATCC14917 acid, butyricacid,
isobutyric acid, valeric
L. plantarum ZX27 acid, and isovaleric acid
L. paracasei CNCM 1-1572 Acetatic acid and Ruminococcus bromii and [65]
butyric acid Ruminococcus callidus
L. paracasei subsp. paracasei Acetic acid, propionic Clostridium perfringens and [66]
NTU 101 acid, and butyric acid Enterobacteriaceae
L. plantarum G72 Formic acid, acetic acid, Listeria monocytogenes, [67]
propionic acid, and Salmonella typhimurium, E. coli,
butyric acid and S. aureus
L. rhamnosus Acetic acid, propionic E. coli [68]
acid
L. reuteri NCIMB -11,951, Acetic acid, propionic Caco-2 colon cancer cells [69]
—701,359, —701,089, acid, and butyric acid
—702,655, and — 702,656
L. salivarius ssp. salicinius Propionic acid, and Salmonella [70]

JCM 1230

butyric acid

L. agilis JCM 1048

Table 3.
Antimicrobial spectrum of the SCFAs produced by Lactobacillus strain.

2.4 Vitamins

Vitamins are essential micronutrients that are required for the metabolism of
every organism. Humans are incapable of producing vitamins, resulting in vitamin
deficiencies, malnutrition, and stunted growth from infants to the elderly. Thus, they
must be acquired exogenously (i.e., in the form of diet). All vitamins can be classi-
fied into two groups: water-soluble vitamins and fat-soluble vitamins. Water-soluble
B-group vitamins are generated by several bacteria and are consumed in the gut.
Fat-soluble vitamins, on the other hand, are taken in the digestive tract using lipids
as micelles. Plants and animals are natural providers of vitamins, although certain
vitamins are chemically produced.

Lactic acid bacteria, especially lactobacillus, are known to be good producers of
vitamins. Lactobacillus decreases the overall growth of bacteria-caused diseases by
generating these nutritional components (Table 4). Lactobacillus strains from tradi-
tional yogurt were able to produce B-group vitamins [73]. L. paracasei subsp. tolerance
JCM 1171 (T), L. acidophilus KU, and L. fermentum showed the highest amount of
Vitamin Bg and Bo, B;, and B,, respectively. L. plantarum LZ95 originally from infant
feces and CY2 from fresh milk were identified to be capable of producing a high level
of extracellular vitamin By, as well [75]. Moreover, co-fermentation of glycerol and
fructose in soy-yogurt by L. reuteri has been demonstrated to enhance vitamin By,
synthesis [77].

Some vitamins, particularly riboflavin and folate derivatives, have been shown
to help combat certain diseases. Vitamin-producing lactic acid bacteria, particularly
strains that produce folate and riboflavin in combination with immune-stimulating
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Lactobacillus strain Vitamins Reference

L. fermentum KGL2 Vitamin B,, By, and By, [72]

L. plantarum KGL3A

L. fermentum KGL4

L. rhamnosus RNS4

L. fermentum WTS4

L. paracasei subsp. tolerance JCM 11717 Vitamin B,, Bs, Bg, and By [73]

L. acidophilus KU

L. fermentum

L. plantarum CRL2130 Vitamin B, [74]
L. plantarum LZ227 Vitamin B, and By
L. plantarum LZ95 Vitamin By, (adenosylcobalamin and [75]

L. plantarum CY2 methylcobalamin)

L. plantarum BHM10 Vitamin By, [76]

L. plantarum BCF20

L. reuteri Vitamin By, [771
L. rossiae DSM 15814 Vitamin By, [78]
Table 4.

Example of Lactobacillus strains known to produce vitamins.

strains, could be used as effective alternative types of treatment in patients
suffering from a variety of inflammatory diseases [79]. Riboflavin-producing

L. plantarum CRL2130, through oral administration, exhibited its ability to prevent
trinitrobenzene sulfonic acid-induced colitis in mice, reducing pro-inflammatory
cytokines [74].

2.5 Enzymes

Lactic acid bacteria perform metabolic processes due to the synthesis of enzymes.
Enzymes play a critical role in biological reactions by acting as biocatalysts, medi-
ating all anabolic and catabolic pathways, and lowering the activation energy of
biochemical reactions. The digestive enzymes in the lysosomes, for example, enhance
the digestion of a wide range of substances absorbed from outside the cell in the
gastrointestinal tract (GIT). These enzymes work together to convert carbohydrates,
proteins, and lipids into monomers that can be absorbed by human cells. Examples
of digestive enzymes include amylase, lactase, pepsin, trypsin, pancreatic amylase,
lipase, nuclease, maltase, and lactase [80].

Lactobacillus strains are well-known enzyme producers (Table 5). Amylases are
one of the most often utilized enzymes in industry. These enzymes hydrolyze starch
molecules into polymers made up of glucose units [90]. Lactobacillus amylases are
considered safe since they are non-pathogenic and the end product of their fer-
mentation is lactate, a commonly utilized flavoring ingredient in the food industry
[91]. Several lactobacillus strains such as L. brevis, L. casei, and L. fermentum, were
shown to produce a significant quantity of amylase [81]. The amylolytic potential of
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Lactobacillus strain Enzymes Reference

L. brevis Amylase [81]

L. fermentum

L. brevis CI0CpSA3b6 B-glucanase [82]

L. crispatus 112pSA3b6

L. brevis 123pSA3b6

L. fermentum 125pSA3b6

L. brevis 1211pSA3b6

L. brevis 1218pSA3b6

L. bulgaricus f-galactosidase enzyme [83]
L. casei Amylase and invertase [81]
L. casei LFTI® 126 ACE-inhibitory enzyme [84]
Lactobacillus delbrueckii QS306 ACE-inhibitory enzyme [85]
L. helveticus IMAU80872, IMAU80852, and IMAU80851 ACE-inhibitory enzyme [86]
L. plantarum a-galactosidase enzyme [87]
Lactobacillus rhamnosus B-galactosidase enzyme [88]
Lactobacillus sp. G3_4_1T02 Amylase [89]
Tables.

Example of enzyme-producing Lactobacillus strains.

lactobacillus strains from wet-milled cereals, cassava flour, and fruits has been stud-
ied. L. plantarum (AMZ5) showed amylolytic potential through starch hydrolysis as it
exhibited remarkable starch degradation capacity. [92].

Angiotensin-converting enzyme (ACE, EC 33.4.15.1, CD143) has a significant
impact on the regulation of arterial blood pressure [93]. Inhibiting this enzyme
can cause antihypertensive effects. Because of its role in the renin-angiotensin and
kinin-nitric oxide systems, ACE-inhibitors are an ideal physiological target for
clinical hypertension treatment [86]. However, ACE inhibitors that are currently
available are synthetic pharmacological medicines that are not recommended for
usage in healthy or low-risk populations due to side effects such as dry cough, skin
rashes, and angioneurotic edema. As a result, producing safe and natural ACE
inhibitors is critical for future hypertension therapy and prevention [94]. Previous
studies show that ACE inhibitors are already been isolated from different prod-
ucts such as milk [95], cheese [96], yogurt [84], and other dairy products. The
L. helveticus strains IMAU80872, IMAU80852, and IMAU80851 from fermented
milk possessed a high ACE-inhibitory activity [86]. ACE inhibitory peptides were
also isolated and identified from milk fermented with L. delbrueckii QS306 [85].
Moreover, ACE-inhibitory peptides account for the majority of bioactive peptides
generated during yogurt fermentation processes. A strong link between L. casei
LFTI® L26 growth and ACE inhibition in all yogurt samples was discovered
during the initial stages of storage, compared to control yogurt, which reduced
substantially after storage [84]. These previous researches prove that bioactive
ACE-inhibitory producing lactobacillus strains have a great deal of potential for
the improvement and production of functional dairy food products with antihy-
pertensive effects.
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The p-galactosidase enzyme, one of the glycosidases, is widely used in the dairy
industry as well. These are produced by most lactobacillus species. Lactose, the pri-
mary carbohydrate in milk, is hydrolyzed by this enzyme into glucose and galactose,
which may be absorbed via the intestinal epithelium. f-galactosidase involves two
enzymatic activities: one hydrolyzes lactose and also cleaves cellobiose, cellotriose,
cellotetrose, and to some extent cellulose, while the other splits p-glycosides [97].
High p-galactosidase activity observed in L. rhamnosus [88] and L. bulgaricus [83] has
also been reported.

2.6 Exopolysaccharides (EPs)

Exopolysaccharides (EPs) are high-molecular, long-chain linear biopolymers
containing side chains of homopolysaccharide or heteropolysaccharide carbohydrate
units linked with a-glycosidic and B-glycosidic bonds [98]. The enzymes such as
glycosyltransferase and glycoside hydrolase convert the sugar nucleotide precursors
into EPs. EPs are “food-grade biopolymers,” or extracellular biopolymers with a high
molecular weight that are acquired from natural sources and produced during the
metabolism of microorganisms [99].

Lactobacillus is one of the species of LAB that is frequently regarded as EPs-
producing microorganisms (Table 6). An EPs termed as LPC-1 from L. plantarum
C88 showed strong antioxidant activity and exhibited strong hydroxyl radical scav-
enging activity [107]. A novel EPs was also isolated from L. plantarum KX041 culture
from a traditional Chinese pickle juice sample [109]. The EPs had a molecular weight
of 38.67 KDa, which exhibited high thermal stability. EPS generated by L. plantarum
has a good prospect to be utilized as natural antioxidants or functional additives in
the food sector.

There has been a growing interest in using EPs-producing LAB for a variety of
biological purposes. Among them, the anticancer action of EPs has attracted increas-
ing attention. The EPs produced by L. kefiri MSR101 (MSR101 EPS) and its ability to
inhibit the growth of HT-29 colon cancer cells were explored [103]. Structural analysis
showed that MRS101 EPS is a heteropolysaccharide having a repeating unit of glucose
and galactose and has a partial crystalline nature. In-vitro anticancer tests also showed
significant anticancer action of MRS101 EPS against HT-29 cells. Moreover, a novel
cell-bound exopolysaccharide (c-EPS) isolated from L. helveticus MB2-1 [102] showed
high structural stability and may be used to make films and edible nanostructures for
drug and food additive encapsulation. Iz vitro anticancer testing revealed that c-EPS
exhibited substantial anticancer effects against human HepG-2 liver cancer, BGC-823
gastric cancer, and notably HT-29 colon cancer cells.

The utilization of probiotic microorganisms has been linked to a lower risk of
cardiovascular disease, the leading cause of mortality and disability. The effect of
dietary treatment of exopolysaccharide-producing probiotic lactobacillus on lipid
metabolism and gut microbiota was investigated using apolipoprotein E (apoE)-defi-
cient mice [104]. Dietary supplementation with a f-glucan-producing probiotic strain
L. mucosae Dairy Product Culture Collection (DPC) 6426 resulted in lipid metabolism
regulation in the mouse model of atherosclerosis. Several strains of L. delbrueckii
subsp. bulgaricus isolated from homemade yogurt were also shown to produce EPs
that can help cholesterol reduction [110]. The cholesterol removal mechanism, which
involves binding or adhering to the bacterium cells, particularly to the EPS gener-
ated by the bacteria and enclosing the bacterial cells as a capsule, may be useful and
relevant in human serum cholesterol management.

68



Diverse Bioactive Molecules from the Genus Lactobacillus
DOI: http://dx.doi.org/10.5772/intechopen.102747

Lactobacillus strain Exopolysaccharide Reference
L. delbrueckii ssp. bulgaricus Glucose and galactose [100]
SRFM-1

L. gasseri FR4 Glucose, mannose, galactose, rhamnose and fucose [101]

L. helveticus MB2-1 Glucose, mannose, galactose, rhamnose, and [102]

arabinose (c-EPS)

L. kefiri MSR101 Galactose and glucose (MSR101) [103]
L. mucosae (DPC) 6426 p-glucan [104]
L. pentosus 14FE Glucose [105]

L. pentosus 68FE

L. plantarum 47FE

L. plantarum 3011028 Glucose and mannose [106]

L. plantarum C88 Galactose and glucose (LPC-1) [107]

L. plantarum H31 Glucose and mannose [108]

L. plantarum KX041 Arabinose, mannose, glucose, and galactose [109]
Table 6.

Example of exopolysaccharides produced by Lactobacillus strains.

2.7 Immune-modulating compounds

Different lactobacillus strains synthesize immune-modulating compounds that confer
various health effects (Table 7). These most widely utilized probiotic agents promote
intestinal microbiota and gut health and regulate the immune system in consumers.

The immune system is modulated by probiotic bacteria, which control the synthesis of
antibodies, interleukins, cytokines, and lymphocytes [121]. The probiotic bacteria inter-
act with intestinal epithelial cells and generate immunomodulatory molecules, which
activate the host immune response. By stimulating the production of interleukin-10
(IL-10) and immunoglobulin A antibodies (IgA), probiotics regulate immunity and
inflammatory gene expression, reducing the host immunological response to infections
[122]. IgA production, which is stimulated by dendritic cells, naive T cells, and B cells,
promotes immune-modulatory effects as well and helps to eliminate pathogenic bacteria.

Numerous uropathogenic bacteria can interfere with the ability of the host to
eliminate pathogens by subverting cellular functions. Probiotic L. rhamnosus GR-1
affected the immunological response of E. coli challenged of bladder cells by increasing
NF-kappaB activation and TNF release [120]. The urogenital probiotic L. rhamnosus
GR-1regulated NF-kappaB activation by boosting TLR4 levels on bladder cells and
modifying subsequent cytokine release from urothelial cells. These lactobacilli might
help pathogen identification and infection control by affecting immunological factors
like TLR4, which are crucial in the fight against infections.

Immune modulation and alterations in intestinal microbiota have been associated
with probiotic administration, with implications for atopic dermatitis (AD). Oral
administration of L. paracasei KBL382 was shown to significantly decrease AD-related
skin lesions, epidermal thickening, immunoglobulin E levels in the blood, and immune
cell infiltration [118]. Immunomodulatory activity in mice of L. fermentum JDFM216
was also shown to alter gut microbiota composition thus providing the advantage of
improved health through better cognition, physiological behavior, and immunity [115].

69



Lactobacillus — A Multifunctional Genus

Lactobacillus strain Immune-modulating compound/mechanism Reference
L. acidophilus DSM Increase in IgA and IgG levels [111]
32241

L. helveticus
DSM 32242

L. paracasei
DSM 32243

L. plantarum DSM
32244

L. brevis DSM 27961

L. brevis B13-2 Activated RAW 264.7 murine macrophages [112]
L. fermentum Inhibited secretion of lipopolysaccharide-induced pro- [113]
BioE LF11 inflammatory cytokines IL-6 and TNF-a in RAW264.7

L. plantarum BioE macrophages in vitro

LPL59

L. paracasei BioE LP08

L. fermentum CECT5716 Modulation of intestinal cytokines IL-10 and IL-12 [114]
L. fermentum JDFM216 Increased sIgA [115]
L. gasseri Increased IFN-levels [116]

L. fermentum

L. plantarum

L. paracasei subsp. Lowered circulating LPS and inflammation cytokines, such as [117]

paracasei G15 IL-1p and IL-8, and alleviated the inflammatory status and islet

L. casei QU4 p-cell dysfunction

L. paracasei KBL382 Increased IL-10 and growth factor-p [118]

L. plantarum ST-111 Decrease the number of inflammatory cells [119]

L. rhamnosus GR-1 TLR4 [120]
Table 7.

Immune-modulating compound/mechanism by Lactobacillus.

The probiotic potential of lactic acid bacteria strains isolated from Korean
infant feces and Kimchi was also investigated [116]. The production of lymphocyte
interferon (IFN) and cell proliferation were measured to assess the immunological
modulatory activities of the strains. L. gasseri, L. fermentum, and L. plantarum strains
all showed elevated IFN- levels and lymphocyte proliferation. In an iz vivo model
that assesses the impact of immune modifying lactobacilli on host life span using
Caenorhabditis elegans as a model organism, feeding with L. plantarum CJLP133 and
L. fermentum LA12 extended the average life span of the model host. Moreover, L.
brevis B13-2 induced the expression of numerous cytokines (TNF-, IL-1, and IL-6)
and iNOS [112].

2.8 Probiotic properties

Probiotics are live microorganisms that, when given in sufficient amounts, provide
health benefits to the host. They create a favorable environment for the proper

70



Diverse Bioactive Molecules from the Genus Lactobacillus
DOI: http://dx.doi.org/10.5772/intechopen.102747

functioning of different metabolic activities in the gut, such as protein, carbohydrate,
vitamin, and enzyme synthesis. Acids and the proteolytic activity of lactic acid
bacteria inhibit harmful microorganisms in the intestine [123].

Colonized probiotic bacteria have a wide array of beneficial effects on the host
cell, all of which are mediated via a large number of bioactive molecules. One of the
mechanisms of probiotics includes competitive inhibition of the harmful bacteria
by changing the pH and limiting the availability of oxygen, which leads to a less
favorable environment in the intestine [123]. Probiotics also produce specific toxins
with relatively narrow killing ranges, such as bacteriocins. It can also manufacture
key micronutrients including vitamins, amino acids, and enzymes, boosting dietary
nutrient bioavailability. Probiotics play an important role in stimulating the host
immune system and enhancing the metabolic activity of carbohydrates as well [124].

Lactobacillus strains are essential components of the human and animal micro-
biome, and their varied impacts on host health have attracted a lot of interest [125].
Lactobacillus is one of the widely existing probiotic microorganisms. Probiotic lacto-
bacilli have a significant and positive impact on the growth of the host, particularly
in terms of enhancing body weight and size. The administration of probiotics L. casei
variety rhamnosus to children with acute diarrhea showed a decrease in fecal lactofer-
rin and calprotectin concentrations and recovered faster as they exhibited signifi-
cantly better appetite and oral intake, body weight gain, abdominal pain, bloating,
and bowel movements [126]. An interleukin-22 (IL22)-secreting L. reuteri was shown
to ameliorate non-alcoholic fatty liver disease [127].

2.9 Bio-converted metabolites

Dietary phytochemicals commonly occur in plant-based foods such as fruits and
vegetables. These plant components with distinct bioactivities towards animal biochem-
istry and metabolism are being thoroughly investigated for their potential to deliver
health advantages [128]. Phytochemicals often found as glyconjugates have lower
bioactivity and bioavailability than their aglycone derivatives, which are smaller and less
polar [129]. As aresult, deglycosylation of plant glyconjugates (PGs) is recognized as a
key factor in modulating their biological activity [130]. An L. acidophilus strain isolated
from the human gut can activate dietary-relevant PG [131]. L. acidophilus was able
to deglycosylate and externalize salicyl alcohol thus making it available for oxidation
to salicylic acid by other microbial strains. This exhibits the ability of Lactobacillus to
produce or mediate in the production of bio-converted metabolites (Table 8).

Resveratrol is a phytochemical found naturally in the grape skin and seeds, wine,
berries, and medicinal plants [140]. It has antioxidant, anti-inflammatory, immuno-
modulatory, glycemic and lipid regulating, neuroprotective, and cardiovascular pro-
tective characteristics that can help protect against a wide range of chronic diseases
[141]. The bioavailability and bioactivity of resveratrol are limited due to its presence
in plants in glycosidic form as piceid. To get adequate amount and activity, deglyco-
sylation of piceid to resveratrol from plant sources is necessary. A study by Basholli-
Salihu et al. [132]investigated the enzymatic ability of probiotics to transform picied
to resveratrol. Cell extracts of several probiotic strains from Bifidobacterium and
Lactobacillus spp., including B. infantis, Bifidobacterium bifidum, L. acidophilus,

L. casei, and L. plantarum have been shown to efficiently convert piceid to resveratrol.
L. acidophilus effectively converts polydatin to resveratrol as well [131].

L. mucosae EPI2 was shown to convert daidzein to equol. Daidzein is a naturally

occurring isoflavone but has lesser bioactivity than its deglycosylated form equol.
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Lactobacillus strain Bio-converted metabolites Reference

L. acidophilus NCFM Salicin [131]

L. acidophilus Resveratrol [131]

L. acidophilus Resveratrol [132]

L. casei

L. plantarum

L. delbrueckii B-maltooligosaccharides of glycitein and daidzein [133]

L. intestinalis Equol [134]

L. kimchi JB301 Resveratrol [135]

L. mucosae EPI2 Equol [136]

L. plantarum Daidzein [137]

L. sakei subsp. sakei

L. coryniformis

L. plantarum K2-12 Daidzein and genistein [138]

L. curvatus JD0-31

Lactobacillus sp. Niu-016 S-equol [139]
Table 8.

Bio-converted metabolites produced by Lactobacillus.

Equol has significantly stronger estrogenic than daidzein [136]. Bovine rumen strain
Lactobacillus sp. Niu-016, in a mixed culture with human intestinal strain Eggerthella
sp. Julong 732, has also been proven to successfully synthesize S-equol from daidzein
through dihydrodaidzein under anaerobic conditions [139]. High amounts of equol
have been shown to efficiently lower the risk of cancer.

3. Conclusion

This chapter summarizes the current knowledge of the existence of diverse bioac-
tive molecules produced by the genus lactobacillus. The diverse bioactive compounds
synthesized by lactobacillus confer health and nutritional benefits to humans and
animals. These compounds include bacteriocin, bioactive peptides, short-chain fatty
acids, vitamins, enzymes, exopolysaccharides immune-modulating compounds, and
bio-converted molecules. Collectively, the physiological function and health of the
consumers are enhanced and improved by these molecules.
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Chapter 4

Bacteriocins: Applications in Food
Preservation and Therapeutics

Parul Thapar and Mohinder Kumar Salooja

Abstract

The awareness in preventing the use of chemical preservatives for food has
increased. Not only this, but the prevalence of antimicrobial resistance in the
food-borne pathogens that can cause infections such as food poisoning is also at a rise.
This has led in the growing demand for the safe food. The bacteriocins can be used as
an effective alternative in food preservation and safety. Bacteriocins are ribosomally
synthesized proteins that possess certain inhibitory activities against diverse group of
undesirable microorganisms. These are produced by both Gram-positive and Gram-
negative bacteria and some of the archaeal species. Bacteriocins are safe for human
consumption, since they can be degraded by proteolytic enzymes in the gastrointes-
tinal tract. In this chapter, focus is made on an alternative and safe approach for food
preservation and therapeutics through bacteriocins. The applications of different
types of bacteriocins in preserving food are mentioned with regard to increased shelf
life, additives, and packaging. Not only this, but also bacteriocins benefit in boosting
the immune system and possess certain anticancer properties. Bacteriocins can also be
used in controlling the antimicrobial resistance in certain food-borne pathogens. They
are the future antimicrobial proteins for the food preservation and therapeutics in a
cost-effective manner.

Keywords: bacteriocins, shelf life, food preservation, immune system, Lactobacillus spp.,
therapeutics, antimicrobial resistance

1. Introduction

According to the present scenario, where people have become health and diet
conscious, the use of chemical preservatives in foods has become a concern in a
healthy lifestyle [1]. Another concern is the antimicrobial resistance of the food-
borne pathogens within the food that can lead to spread of infections such as food
poisoning [2].

Antimicrobial resistance is the ability of the microorganisms (bacteria, protozoa,
fungi, or virus) to continue to grow even when they are exposed to antimicrobial
medicines that are meant to kill or inhibit their pathogenic activities. As a result,
medicines become ineffective and a person is not cured. It mainly happens due to
overuse of the same medicine against a specific disease, which let the genes of the
microbes to get adapted to a particular medicine [2]. Antimicrobial resistance is
increased in various microorganisms that can lead to food spoilage and cause severe
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infections. The antimicrobial resistance of these food-borne pathogens in food-
producing animals can be spread to humans via contaminated food or water and also
through direct contact with the animals [3]. This focuses on “One- Health Concept,”
which is an approach that recognizes “the health of people is closely connected to the
health of an animal” [4].

In one of the studies conducted by European Union, it is shown that the Salmonella
spp. isolated from turkeys, meat, and pork showed antimicrobial resistance to the
drugs such as sulfonamides, tetracycline, ampicillin, and fluoroquinolones. Also,
the species of Escherichia coli isolated from meat and turkey showed antimicrobial
resistance to sulfonamides, tetracycline, and ampicillin drugs against the patients
suffering from food poisoning after consumption of these animal foods [5].

According to the Centre for Disease Control and Prevention (CDC), the anti-
microbial resistance of pathogens from the family Enterobacteriaceae, including
Escherichia coli, Shigella, and Salmonella spp., posts a serious threat to the world [4].

The increase in the demand of natural preservatives to be used in food products
and natural sources that can inhibit antimicrobial resistance has led the researchers to
think about different approaches toward food preservation and safety. Therefore, the
application of bacteriocins can be an effective alternative.

Bacteriocins are ribosomally synthesized antimicrobial proteins [6]. These
are produced by both Gram-positive and Gram-negative bacteria and some of the
archaeal species. They possess certain inhibitory activities against diverse group of
undesirable microorganisms [7].

The bacteriocins from Gram-positive bacteria show the following character-
istics—antimicrobial in action, narrow spectrum, active against relative species
of organisms, and in broad spectrum, active against both Gram-positive and
Gram-negative organisms and some fungi [8]. The large group of microbial spe-
cies producing bacteriocins is mainly the lactic acid bacteria (LAB). These are a
group of Gram-positive, non-spore forming, non-motile, non-respiring bacteria,
which produce a variety of antimicrobial compounds such as lactic acid, acetic
acid, ethanol, formic acid, fatty acids, hydrogen peroxide, and bacteriocins [9]. The
genera includes Lactobacillus, Leuconostoc, Pediococcus, Streptococcus, Alloiococcus,
Carnobacterium, Dolosigranulum, Enterococcus, Oenococcus, Tetragenococcus,
Vagococcus, Weissella [10].

Bacteriocins can be considered as an alternative in food preservation compared
to chemical preservatives. These are safe for human consumption, since they can
be degraded by proteolytic enzymes in the gastrointestinal tract [6]. Bacteriocins
become inactive when they come in contact with the digestive enzymes in the stom-
ach, as the enzymes such as pepsin denature the bacteriocins [9]. Also, presently, 50
LAB strains have obtained the Qualified Presumption of Safety (QPS) status by the
European Food Safety Agency [11].

2. Classification of bacteriocins

Different types of bacteriocins have been classified according to size, inhibitory
mechanism, target cells, spectrum of action, interaction with immune system, and
biochemical features [12]. The bacteriocins have different mechanisms of action:
bactericidal, with or without cell lysis through cell wall, and bacteriostatic, inhibiting
the cell growth by inhibiting gene expression or protein production [6]. Accordingly,
the types of bacteriocins are represented in Table 1.
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Class Typical Properties Examples Mode of References
producing action
species
1 Lactococcus Contain unique Nisin, Bactericidal; [12-14]
lactis sub sp. amino acids, that Lactocin, by targeting
Lactis is, lanthionine and Mersacidin the
methyllanthionine;<5 peptidoglycan
kDa layer of the
bacterial cell
wall. Except
nisin—targets
by both
mechanisms
Some novel Bactericidal [15]
lanthionines—
linardin,
azoline,
cyanobactin,
glycocin, ,
thiopeptide,
and lasso
peptide
IIa Leuconostoc Heat stable, Pediocin PA1, [13, 16, 17]
gelidum non-modified, Sakacin A,
cationic, hydrophobic Leucocin A
peptides; containa
double-glycine leader
peptide; pediocin-like
peptides; <10 kDa
I1b Enterococcus Require synergy of Lactococcin G, [18,19]
faecium two complementary Plantaricin
peptides; mostly A, Enterocin X
cationic peptides
Ilc Lactobacillus Affects membrane Acidocin B, [20, 21]
acidophilus permeability and cell Enterocin P,
wall formation Reuterin 6
111 Lactobacillus Heat-labile; large Lysostaphin, Bacteriostatic [13-15, 19,
helveticus molecular mass Enterolysin A, 21]
from Swiss peptides; >30 kDa Helveticin J
cheese
Table 1.

Classification of bacteriocins.

3. Applications of bacteriocins in food preservation

Bacteriocins have been used in biopreservation of various foods, either alone or in
combination with other methods of preservation, such as hurdle technology [19]. The
criteria for the bacteriocins to be used for food preservation or food safety are [22, 23]:

* Bacteriocin-producing strains should be food grade (GRAS or QPS).

* Exhibit a broad spectrum of inhibition.
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* Show high specific activity.

¢ Have no health risks.

* Beneficial effects on foods (e.g., improve safety) and do not affect quality and

flavor of food.

* They should be heat and pH stable.

Bacteriocins can be incorporated in foods either by inoculating directly into the
food or incorporating in food packaging films/coatings, which will improve their
activity or stability in complex food systems [24].

To protect the foods from contamination with certain microorganisms such
as Listeria monocytogenes (pathogens in cheese) and Streptococcus aureus in dairy
products [25] while in meat and fermented sausages, contamination of Clostridium
botulinum [26-28] and other bacterial pathogens such as Campylobacter spp.,

S.No. Bacteriocin-producing Products Active against References
strains incorporated

1. Lactococcus lactis 8L1A and Starters for cheese Bacterial pathogens [29-31]
8L1B

2. Lactobacillus sakei sub sp. Cheese spread Listeria monocytogenes [21,32]
sakei 2a

3. Lactiplantibacillus plantarum Cheese spread Listeria monocytogenes
CCDM1078

4. Staphylococcus equorum SE3 Cheese Listeria monocytogenes [33]

5. Enterococcus faecium Fresh cheese whey Listeria monocytogenes [34]

6. Lactococcus lactis (Nisin Fresh cheese Listeria monocytogenes [35]
producer)

7 Enterocin from Enterococcus Model fresh cheese Listeria monocytogenes [36]
faecalis LBB1K3

8. Lacticin 481 (Lactococcus Fresh cheese Listeria monocytogenes
lactis)

9. Semi -purified pediocin Fermented cheese Staphylococcus aureus [37]

10. Semi-purified lacticin Fresh cheese Listeria monocytogenes

11. Semi-purified Turkey meat Listeria monocytogenes
bacteriocin—BacFL31 and Salmonella typhi

12. Enterococcus faecium KEB2 Raw and sterile Listeria monocytogenes

milk

13. Aureocin A70 (Staphylococcus UHT skim milk Listeria monocytogenes [38]
aureus )

14. Lactococcin BZ (Lactococcus Skim and UHT Listeria monocytogenes [39]
lactis) milk

15. Leuconostoc mesenteroides, UHT and whole-fat Listeria monocytogenes [40-42]
Leucocin K7 milk

Table 2.

Bacteriocins-producing strains used as biopreservatives.
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S.No. Bacteriocin-producing strains Food products Active against References
1. Nisin Cured meat Listeria monocytogenes, [43]
products Clostridium spp.,

Bacillus cereus,
Escherichia coli, and

Salmonella spp.

2. Plantaricin 423 Cheese Listeria innocua [44]

3. Nisin A, nisin Z and lacticin-481 Cottage cheese Listeria monocytogenes [45, 46]

4. Nisin A (Nisapsin®) Milk pudding Spore formers [47]

5. Nisin A (Nisapsin®) Cheese Staphylococcus aureus [48]

6. Lactococcus lactis N564, Nisin Cow milk Listeria monocytogenes [49]
and Staphylococcus
aureus

Table 3.

Some commercialized bacteriocins.

Salmonella spp., Escherichia coli, Listeria monocytogenes, Staphylococcus aureus, Yersinia
enterocolitica [29]; some viral and parasitic species such as Toxoplasma gondii and
Taenia solium [30], certain immobilized form of bacteriocins have been developed as
antimicrobial packaging films [26-28].

3.1 Bacteriocins as biopreservatives

Some of the bacteriocin-producing strains are used as biopreservatives in food
preservation but not marketed yet. These are shown in Table 2. There are other bac-
teriocins that have been proposed for industrial applications such as Enterocin AS-48
[26] and Lacticin 347 [41].

Till present, there are some bacteriocins that have been commercialized as food
additives including nisin, with trade name Nisaplin andDanisco; pediocin A1, with
trade name MicrogardTM and ALTA2431 [42]. The other commercialized bacteriocins
active against certain food spoilage microorganisms are represented in Table 3.

3.2 Bacteriocins as food additives

Food additives are the substances added to food to maintain or improve the
safety, freshness, taste, texture, or appearance. Food additives need to be checked for
potential harmful effects on human health before they can be marketed [50]. Some of
the bacteriocins that are applied as food additives are presented in Table 4.

S.No. Bacteriocin-producing strains Food additives References
1 Bacteriocin-producer adjunct of Pediococcus Cheddar and semi-hard [44]
acidilacti cheeses
2. Bacteriocin-producing adjunct of Lactobacillus Food fermentation [49]
acidophilus
Table 4.

Bacteriocins as food additives.
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Bacteriocin-producing strains Food packaging Features References
Nisin coated on polyethylene films Packaging of poultry Reduced risk of [51]
Salmonella spp.

Nisin absorbed onto salinized silica Packaging of meat Inhibited Listeria
surfaces monocytogenes
Lacticaseibacillus casei producing The bacteriocins adsorbed Reduced the [21,52]
bacteriocin strain on the packages on cheese, risk of pathogen

diffused through the development and

medium, thus, inhibiting extending the shelf-

the growth of undesirable life of foods.

organisms like Escherichia

coli and Staphylococcus aureus

Tables.
Bacteriocins in food packaging.

3.3 Bacteriocins in food packaging

Antimicrobial packaging film prevents microbial growth on food surface by direct
contact of the package with food surfaces such as meat and cheese [51]. In one of
the studies, bacteriocin-producing lactic acid bacteria were isolated from Yakult (a
probiotic drink) to develop an antimicrobial packaging (Table 5) [52].

4. Applications of bacteriocins as therapeutics

4.1 Bacteriocins in boosting immune system

Bacteriocins play an important role in boosting the immune system of

the human beings. They allow the survival of specific bacterial strains in the

S. No. Bacteriocins Immune system, disease prevention, and Reference
Anticancer properties
1. Bactofencin A or bacteriocin 21 Kill multidrug-resistant bacteria [53]
produced by Enterococcus faecalis
2. Pyocin Control Pseudomonas lung infections in patients
with cystic fibrosis.
3. Colicin A and Colicin E1 Inhibitory activity against the growth of eleven
different tumor cell lines
4, Colicin D and Colicin E2 Inhibitory effect against murine leukemia cells
P388
5. Colicin E3 Suppressed the malignant transformation of a
chicken monoblast line
6. Bacteriocins of Escherichia coli Act against human colorectal carcinoma cells
7 Nisin (commercial) Act against human colorectal carcinoma cells
8. Bacteriocins from lactic acid Inhibits vancomycin-resistant Enterococci, [54]
bacteria Salmonella enteritidis, Clostridium difficile, and
Listeria monocytogenes
Table 6.

Bacteriocins in immune system.
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S.No. Bacteriocins or producer strains AMR-resistant strains Reference

1. Nisin Methicillin-resistant Staphylococcus auveus [55]
(MRSA) in goat milk

2. LipA Pseudomonas aeruginosa [56, 571

3 BAC-1B-17 from Bacillus subtilis Methicillin-resistant Staphylococcus aureus [58, 59]
(thermostable) and Sonorensin (MRSA)
from Bacillus sonorensis

4, Strains of Lactobacillus helveticus, Vancomysin-resistant Salmonella [60, 61]
Lactobacillus delbreuckii, Lactococcus enetritidis, Clostridium difficle, Listeria
lactis monocytogenes

Table7.

Bacteriocins in inhibiting antimicrobial-vesistant (AMR) food pathogens.

gastrointestinal tract. For example, some strains of Lactobacillus spp. are able to
resist modification by the host diet; also inhibit other killing factors and coloni-
zation by pathogenic species within the intestine. Hence, they improve the gut
barrier function and host immune response. Bacteriocins also possess anticancer
properties by inhibiting the growth of the tumor cells in some animals and
humans. The examples of bacteriocins in immune system and anticancer proper-
ties are mentioned in Table 6.

4.2 Bacteriocins in inhibiting antimicrobial-resistant (AMR) food pathogens

The bacteriocins inhibiting the antimicrobial-resistant strains of the microbes
present within the food work on the principle of quorum sensing. They inhibit the
competitive strains by directly influencing the niche competition [55]. The bacterio-
cins or producing strains that can inhibit the antimicrobial-resistant food pathogens
are mentioned in Table 7.

5. Conclusion and future scope

Bacteriocins are the antimicrobial proteins, which could be categorized as
antibiotics, but they are not. The major difference between bacteriocins and anti-
biotics is that the bacteriocins are species-specific and their activity is restricted
to a particular strain of species; on the other hand, antibiotics have a wider activ-
ity spectrum. The bacteriocins are produced by the lactic acid bacterial species.
The increased antimicrobial resistance and growing awareness of microbiome
for the importance of human health underscore the need of this class of antimi-
crobials, as an approach for the treatment of infectious diseases spread by the
antimicrobial-resistant food-borne pathogens such as Salmonella spp., Listeria spp.
etc. [62]. Thus, these bacteriocins can be a part of sustainable development goals
by delivering safe foods with longer shelf life [1]. The bacteriocins are the future
antimicrobial proteins for the preservation of food and as therapeutics even in a
cost-effective manner. The species of Enterococci have been identified as antimi-
crobials against vancomycin-resistant pathogens of the food industry [63, 64].

The food and dairy industries and healthcare sector should be more focused on the
use of bacteriocins for food preservation and as therapeutics in cancer treatment,
respectively.
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Chapter 5

Use of Lactobacillus for Lactic Acid
Production from Agro-Industrial
By-Products

Ederson Freire-Almeida and Pedro Maldonado-Alvarado

Abstract

Agro-industrial by-products have not been efficiently valorized. Lactobacillus used
to transform these by-products into interesting metabolites is a way to increase the
adding-value of these residues and to contribute to the circular economy. These lactic
acid bacteria (LAB) metabolize the available substrate produced by enzymes that
are responsible for breaking complex carbohydrates into glucose and subsequently
obtaining lactic acid through glycolysis in a homofermentative process. By-products
used like substrates to produce lactic acid must be rich in carbohydrates e.g. whey,
cassava peel, pineapple peel, and molasses, among others. In addition, from lactic
acid obtained, it is possible to develop functional foods such as easily-assimilated
beverages and to be antagonists to pathogenic microorganisms such as E. coli, improve
the quality of final products and extract compounds of interest like pigments.

Keywords: lactobacillus, lactic acid, agro-industrial by-products, circular economy,
lactic acid bacteria (LAB)

1. Introduction

Agribusiness is a productive activity that combines the industrial and agricultural
processes to obtain products with added value, which can have food or non-food
applications [1]. As a result of the agro-industrial activity, waste is generated in sig-
nificant quantities that represent an environmental problem, due to the inefficiency
of its use or the lack of knowledge about appropriate methods for its treatment [2].
Agro-industrial waste is defined as a solid or liquid material product of the processing
of primary products, which are not used in the production process. However, these
can be used to generate another product of greater economic or ecological value [2].

The use of agro-industrial by-products obeys the guidelines of the circular
economy, where the concept of waste disappears, and this element will be used as a
resource for nature, society, and industry. The circular economy aims to avoid the
creation of waste that can have a negative impact on the environment, climate, and
health [3]. In addition, the use of agro-industrial by-products may contribute to the
Sustainable Development Goals (SDGs) of The United Nations Development Program
(UNDP), in particular, “no poverty” and “zero hanger”.
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The use of LAB to valorize food by-products through the production of lactic acid,
has generated interest in recent years. LAB are microorganisms that are widely used
in the food industry since they allow obtaining fermented products with pleasant sen-
sory characteristics. In addition, to favor the intestinal biota, they have been attrib-
uted properties such as the ability to remove toxic metals from aqueous solutions [4],
generate unfavorable environments for the growth and development of pathogenic
microorganisms, such as Escherichia coli, Listeria monocytogenes, Pseudomonas, etc. [5].
Also, LAB as Lacticaseibacillus and Lactobacillus acidophilus strains have a positive in
vivo response to reduce the bioavailability of methyl mercury (CH;Hg) in the human
being [6].

LAB have been classified as Gram-positive bacteria. These microorganisms are
facultative anaerobes, they do not form spores and have the shape of bacilli. The main
metabolite generated for LAB in the fermentation process is lactic acid, an organic
acid very interesting in industry [7]. LAB are demanding microorganisms in terms
of nutritional requirements, they need certain amino acids and vitamins of the B
complex for their development. The most common media used in the fermentation of
LAB include, sugar (glucose, lactose, or sucrose), calcium carbonate (used as a buffer
for the medium), and malt germ (for the contribution of nitrogenous elements and
growth factors). The optimal fermentation temperature for Lactobacillus is between
15 and 55° C [8] and the fermentation time should be around 6 days, to achieve
around a yield of 90% in lactic acid [9].

Lactic acid production may result from homolactic or heterolactic metabolic
routes. The homolactic route consists of the conversion of glucose to pyruvic acid,
which through the presence of lactate dehydrogenase, acts as an electron accep-
tor in the oxidation of NADH, becomes lactic acid. Heterolactic fermentation is
carried out through the pentose pathway where there is the formation of xylulose-
5-phosphate, an intermediate product in the formation of lactic acid [10]. Finally,
other products, in addition to lactic acid, are formed such as ethanol, acetic acid,
and carbon dioxide [9].

Lactic acid is composed of two functional groups: carboxyl and alcohol, obtaining an
asymmetric carbon that provides it the optical activity. This acid has two optical iso-
mers: lactic L (+) and lactic D (—) (Figure 1). However, only the L (+) isomer, which is
considered a GRAS substance by the FDA, is considered a food additive e.g., as acidulant
and preservative. However, it has other industrial importance in cosmetic, pharmaceuti-
cal, and chemical applications [12].

Lactic acid has been widely used in recent decades, for example as the precursor
of polylactic acid (a biodegradable biopolymer to manufacture packaging material
for the food industry), 3D printing applications, and for medical uses, among others.
Currently, the production of lactic acid is achieved through fermentation, however,

(o]
HO, HO,
/ OH OH
H %cns H,C Il”’H
L-Lactic acid D-Lactic acid

Figure 1.
Isomeric configurations of lactic acid [11].
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the use of raw materials as sources of carbon and energy represents an environmental
problem with a high cost. For this reason, environmentally friendly alternatives have
been evaluated from agro-industrial by-products, as raw materials to obtain this acid
[13]. For example, the use of whey cassava bark and pineapple bark, using immobi-
lized Lactobacillus delbrueckii subsp. delbrueckii [14], Bioconversion of agroindustrial
co-products into lactic acid by Latilactobacillus sakei [15]. Efficient conversion of
agro-industrial waste into D (—) lactic acid with L. delbrueckii subsp. delbrueckii [16],
the use of Lactobacillus, in bakery by-products, meat, whey, etc. [17]. In this chapter,
the use of agro-industrial by-products is exposed through the use and application

of LAB such as Lactobacillus in order to provide adding value to these interesting
substrates.

2. Circular economy in agroindustry

In recent decades, the exploitation of natural resources and raw materials has
increased, due to economic, productive, and environmental problems. These factors
are decisive for the circular economy, which has forced it to change from a linear
model to a circular model [18]. A linear economic model is based on the production,
use, and disposal of a good or product. In the context of environmental sustainability,
the circular economy proposes a strategy that reduces the negative impact on the envi-
ronment where the final product is the source of value creation, increasing its useful
life [19]. Circular economy is based on key strategies such as waste prevention design,
where both, products and services are designed and created so that the production of
waste is minimal or eliminated. Likewise, the idea is to give a second life to a product
and thus reduce raw material to produce a new product [3]. Thus, the products must
be more versatile, modular, and simple to adapt to different applications during their
shell-life. In addition, it is important to use renewable energy to reduce the negative
impact on the environment [3].

The benefits of the circular economy are linked to higher economic growth by
using resources efficiently, creation of employment opportunities through the
creation of industries that promote innovation and entrepreneurship, net savings in
the cost of raw materials, reduction of environmental pollution in the form of carbon
dioxide emission, reduction of water pollution and responsible use of the soil [20].

In 2015, the United Nations proposed the fulfillment of 17 Sustainable Development
goals by 2030. To meet these objectives, there must be a joint action of governments,
the private sector, civil society, etc. In the case of companies, it consists of promoting
business models that are more committed to ecosystems, society, and living condi-
tions of the world population [21].

3. Valorization of agro-industrial by-products using lactobacillus

At present, cellulosic materials are attractive as possible replacements for edible
raw material made up of starch [22], materials such as agricultural residues are
considered inexpensive and captivating materials to produce lactic acid since they are
a great source of carbohydrates [23, 24]. The most used LAB to produce lactic acid
by fermentation are Lactiplantibacillus plantarum, Amylolactobacillus. amylophilus,

L, delbrueckii subsp. delbrueckii, L. delbrueckii subsp. bulgaricus and Lactobacillus
acidophilus [25-28]. For optimal lactic acid production it is necessary to make several
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considerations: strain of the microorganism with which to work, carbon source, tem-
perature, pH, incubation time, and recycling of cells by immobilization [29]. For this
reason, many attempts have been made to find low-priced substrates and interest has
arisen in recycling agro-industrial by-products such as wheat bran, distillery residues,
beer production residues, etc. These materials that are no longer used in different
industries, could reduce the cost of lactic acid production, since raw materials such as
starch and lignocellulosic materials require a physicochemical or enzymatic treatment
for fermentations and that LAB can directly take advantage of these substrates [22].
For valorization of agro-industrial by-products using Lactobacillus, e.g., the pro-
duction of lactic acid, several studies have been carried out with different types of sub-
strates. For example, bakery waste with the microorganism Thermoanaerobacterium
aotearoense [30], using whey with S. thermophillus and L. delbrueckii subsp. delbrueckii
[31]. In addition, using cane bagasse as a substrate and Lactiplantibacillus pentosus
[32], corn stubble has also been used to produce lactic acid by B. coagulans [33], coffee
mucilage with L. delbrueckii subsp. bulgaricus [34], etc.

3.1 Whey

Today, the dairy industry is researching new technologies and looking for new
products not only to meet consumer demand through innovative products but also to
increase profitability. One of these alternatives is the addition of whey as a substitute
for water [35]. However, some laws prohibit the sale of products derived from whey,
to prevent food fraud.

Whey contributes with nutrients such as essential amino acids, in addition to the
reduction of calories and improvements in technological properties [36]. The addi-
tion of this ingredient produces changes in the structure and in the case of chocolate
drinks, it produces modifications in the functional and sensory properties [37].

The use of whey as an ingredient in food is regulated, for example, the FDA estab-
lishes a maximum of 5%. In white chocolate [38], a similar percentage of 5% of the
total mass of chocolate has been established by the EU [39]. The use of Lactobacillus
in whey as a substrate gives rise to new products, for example, enzymes with anti-
hypertensive properties, which have been isolated after the fermentation of whey
with Lactiplantibacillus plantarum QS670, Lactobacillus amylolyticus L6 has been used
to prepare fermented tofu whey, it can be used as a starter culture to produce quagu-
lant tofu and functional drinks [40].

Other studies indicate the suitability in the development of new foods based on
lactic serum [41], whose fermentation converts its complex elements into simpler
elements, facilitating assimilation in the intestinal tract [42]. Thus, the presence of
probiotics increases the number of digestible amino acids, making fermented dairy
products a good alternative as a source of nutrients, especially for diseases such as
diarrhea [43].

An investigation ensure that salty whey fermented with the microorganism L. aci-
dophilus 43S, fights harmful microorganisms such as Escherichia coli [6]. In addition,
the fermentation of the whey favors the formation of peptides that can improve the
functionality of food and beverages by reducing the taste of cheese that the whey has
[17]. The way to obtain a probiotic drink based on milk serum is to drain, filter, and
submit to a caloric process such as pasteurization, to later inoculate and ferment with
the microorganisms of our choice. It is important to mention that the use of whey
obtained by curd coagulation has an advantage over acid whey since, with sweet or
deproteinized whey, clearer drinks are obtained without the formation of sediments.
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3.1.1 Lactic acid and PLA made from whey

In the dairy industry, cheese is made by acidifying milk, which produces the
precipitation of proteins known as casein, called curd. In this process, a by-product
called whey is obtained, which contains other proteins such as lactalbumin, lactofer-
rin, and lactoglobulin, additionally, it has lactose, fat, and minerals such as calcium
and iron that are present in milk [44].

Around 1/3 of the dairy production is destined for the production of cheese, of
which between 80 and 90% of this volume corresponds to whey, which is considered
a pollutant too, due to its high biological oxygen demand (BOD) and chemical oxygen
demand (COD), currently, the treatment of waste from the food industry is manda-
tory and necessary to avoid damage to the environment [44].

Investigations have been carried out due to its multiple compounds and its ease
of transformation into another useful product, to get the most out of the benefits
it can provide. In the polymer industry, whey is used as a precursor for polylactic
acid (PLA), a biodegradable material with uses in industry and medicine. Due to the
scarcity and environmental regulations, alternatives for materials more compatible
with the environment and independent of those of fossil fuels have been devel-
oped, this is why biopolymers such as PLA are adjusted to meet these needs in the
industry, it is for the demand to elaborate more of these biopolymers has increased
over time promoting a new industry worldwide, in the same way, other studies raise
similar proposals with matrices other than PLA, focused mainly on starches and
proteins [44].

As mentioned, lactic acid has two optical isomers D () and L (+), these can be
obtained by fermentation using a LAB. However, by means of the chemical method,
racemic DL-LA is always obtained [29]. The optical purity of lactic acid is of utmost
importance within different industries that seek the combination of D (—) and L
(+) polymers to obtain crystalline PLA with good mechanical properties [45]. There
are several studies on the production of L (+) lactic acid; however, little research
regarding the production of D (—) through fermentation processes were performed.
Normally, the production of lactic acid occurs by batch, but this method has the
disadvantage of reducing productivity and production due to inhibition by high
concentrations of substrate, due to this, different alternatives have been reported in
terms of improving productivity of lactic acid [46].

The effect of the different carbon sources for the development of the L. delbrueckii
subsp. delbrueckii to the production of lactic acid using by-products like whey was
evaluated [16]. Through this study, it was possible to conclude that the production of
high optical purity D (—) lactic acid is possible by the microorganism, with the use
of waste raw material such as molasses and corn liquor, without the need for pre-
treatment of these by-products. This represents a low cost to produce acid with high
productivity using a fed-batch strategy [16].

The use of whey for the synthesis of polylactic acid, with the use of lactic acid
bacteria, such as L. delbrueckii subsp. delbrueckii, through fermentation and its use
as biodegradable material for food containers, is an alternative that must be stud-
ied yet. This proposal has great technological and environmental relevance because
the development and characterization of the physical-chemical and mechanical
properties of a biodegradable container from a by-product such as whey, will
be able to solve contamination problems in the environment and the possibility
of showing that natural polymers generate a greater contribution to the term of
biodegradability [44].
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3.2 Meat by-products

LAB is known to be present in the fermentation processes of meat products and
by-products, to produce metabolites such as lactic and acetic acid. To carry out the
fermentation of these meat products, it is possible to add an inoculum or simply take
advantage of the bacterial flora present in the muscle fibers of the animal [17].

The microorganisms that are commonly found in animal meat and are
involved in lactic fermentation are Pediococcus pentosaceus, Pediococcus acidilacti,
Lactiplantibacillus plantarum. These microorganisms have beneficial effects on meat
since there is the production of organic acids that favors the decrease in pH, and
development of aroma and flavor, in addition to the partial denaturation of meat
proteins, favoring the texture of these fermented products [47].

The decrease in pH helps with the elimination of harmful microorganisms that
may be present in meat, especially in the viscera of the animal which are parts where
pathogens prevail. The safe pH that the meat must reach is 4.0 to 4.2. However, in the
case of fish this can take 48 hours to reach this point that, compared to poultry, their
viscera reach the desired pH point between 24 to 36 hours [17].

3.3 Farinaceous by-products

Studies mention that to produce lactic acid it is necessary to use substrates rich in
starch, such as starch from wheat, corn, rice, etc. [46]. However, these raw materials
require pretreatments so that fermentation can be carried out, which is expensive for
the industrial process. For this reason, alternatives have been found that can help in
the production of this acid with the use of agro-industrial by-products such as molas-
ses and corn liquor. These substrates must comply with the nutritional requirements
of the LAB, and in this way reduce the cost of production [48]. For example, a study
carried out to analyze and investigate the production of stereospecific lactic acid from
agro-industrial by-products using strains belonging to Lactobacillus and Pediococcus
in combination with enzymatic hydrolysis shown that raw materials, wheat bran
(WB), distillery grains (DGS), used brewery grains (BSG) and lupine seeds (LF)
(Lupinus angustifolius), can be efficiently synthesized [15]. In this investigation,
favorable results were obtained for the propagation of LAB and the production of
lactic acid. The lowest pH that was reached was with LF after 48 hours of fermenta-
tion with the strains of P. pentosaceus and Pediococcus acidilactici, while with the strain
of Latilactobacillus sakei the substrate with the best result was WB. Thus, it is possible
to conclude that with cellulosic agro-industrial waste using LAB, L-lactic acid can be
efficiently synthesized [15].

Cassava (Manihot esculenta) is a tuber that has a large number of complex car-
bohydrates, which can lead to the production of lactic acid. This root is made up of
20% bagasse made up of peel and bark and 80% per tuber. Cassava bagasse is com-
posed of 50 to 60% starch, approximately 34% cellulose, 15% hemicellulose, and
7% lignin [49]. In Colombia, studies have been carried out where the production of
lactic acid was analyzed using a cassava starch solution and the use of Lactobacillus
strains grown from yogurt [50]. A study with two different cassava varieties widely
in Ecuador inoculated with L. delbrueckii subsp. lactis to produce lactic acid showed
the sample with high starch presented highest lactic acid at pH of 5.5 and 150 rpm
of stirring [51]. The results obtained in this study show that the production of lactic
acid increases with pH with which it works during fermentation if the value exceeds
5.5 there is a growth inhibition of lactic acid producing microorganisms from
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glucose [52]. The determining factors in this work were the substrate and the pH, it
is also important to mention that the used microorganism directly consumes glucose
to produce lactic acid; however, in the hydrolysis of starch, reducing sugars were
obtained that include maltose, dextrins, and glucose. Regarding the pH and density,
it was possible to determine a correlation between higher density values with the
presence of lactic acid in the product obtained by fermentation, and consequently,
the pH of this will be lower. Finally, it is possible to conclude that at higher pH with
stirring, the microorganism works optimally in a fermentation process with hydro-
lyzed cassava bagasse, obtaining relevant yields. Thus, with the analyzes carried

out on the lactic acid obtained, its quality was verified, and it may have value in the
market for the sustainable development of Ecuador. However, the starch obtained
from cassava bagasse for fermentation should be studied in greater depth, directly in
the hydrolysis of the lignocellulosic material present [51].

Most of the biodegradable packaging developed for food use is based on the use
of starches, among them those of cassava, potato, and achira, these by-products are
subjected to fermentation by LAB to obtain lactic acid, precursor of PLA [51], also
proteins such as zein are used, in both cases, the use of a source food to produce an
inedible product poses a risk to food safety. There are few by-products used as raw
material to produce biodegradable packaging, one of them is starch from cassava
husk, there are no studies on the production of dairy packaging from PLA of whey
from milk which must be inert and heat resistant [44].

Bakery waste is other product that can be fermented for obtain new foods, usu-
ally is used mainly to obtain breadcrumbs and for feed for livestock. It is possible to
market it as a food with added value, for this, it is necessary to subject the by-products
to crushing and drying to obtain a fine powder with low moisture content for these
processes such as drying, mixing with other elements, and crushing is important
[17]. Bakery by-products and other food waste have been subjected to fermentation
to improve their physicochemical characteristics using LAB such as Ligilactobacillus
salivarius [53]. The changes that can be seen due to anaerobic fermentation with LAB
is the increase in soluble carbohydrates and nutritional improvement. However, it is
achieved through a short fermentation of 10 days; thus, the microbial load is not so
elevated. To carry out a fermentation process like this, it was considered that 0.2%
inoculum is the optimal amount for improving the nutritional properties of bakery
coproducts using LAB [47].

3.4 Fruit by-products

To produce lactic acid, the use of fruit waste as liquid pineapple could be beneficial
since it is an element rich in glucose and nutrients [14]. The pineapple canning indus-
try is one of the food industries that generates a large amount of both solid and liquid
waste and that must follow strict environmental regulations. For this reason, there is
a special interest in this productive sector. In addition, the use of effluents as carbon
sources for lactic acid fermentation helps to reduce or eliminate pollution and reduce
costs [14]. However, there is the presence of metals such as copper, zinc, magnesium,
calcium, iron, etc., which can cause problems in the fermentation to produce lactic
acid. These can inhibit the growth of LAB, influence the pH of the substrate, and
also be involved with the inactivation of enzymes that participate in the synthesis of
products [26]. Currently, the most widely used microorganism immobilization matrix
has been sodium alginate, this matrix has been used for Saccharomyces cerevisiae,
Bacillus amyloliquefaciens, and Kluyveromyces. The advantage of the use of this matrix
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is its stability; The substrates and products easily diffuse in and out. However, there

is much work on the production of lactic acid, the use of pineapple residues and the
immobilization of lactic microorganisms have not been explored [54]. In this study, it
was found that sodium alginate in a concentration of 2% generates the maximum pro-
duction of lactic acid in comparison with the other concentrations tested. Regarding
pH, the best yield in the production of lactic acid was 6.5 and finally, the optimal
temperature during fermentation was 37°C [14]. Thus, it is possible to conclude that
the production of lactic acid using effluents from the pineapple canned industry is
viable, if the optimal sodium alginate conditions, the working pH, and the tempera-
ture are considered [14].

3.5 Marine by-products

The main elements of interest from shellfish by-products are pigments such as
carotenoids and melanin. Carotenoids are responsible for the coloring of the meat and
skin of some fish such as salmonids, they have warm colors such as yellow, orange,
and red, Furthermore, they are found in the exoskeletons of crustaceans such as
crabs, lobsters, and shrimp. Melanin is a dark pigment that ranges from brown to
black, this product of an oxidation reaction of phenolic compounds is present in the
peritoneal lining, skin, and eyes of some species [17].

For the extraction of carotenoids from the by-products of crustaceans, several
studies have been carried out, using enzymatic or fermentative methods, that are
more preferable for compounds such as carotenoids, thus, obtaining higher yields
and higher quality carotenoids for their possible applications [17]. Regarding very
unstable carotenoids, the silage method by fermentation with lactic acid has been
tried, in order to stabilize astaxanthin [55]. The extraction of carotenoids by means
of silage of shrimp by-products (L. delbrueckii subsp. indicus) by Lactiplantibacillus
plantarum was studied, in addition, extraction with a mixture of hexane and isopro-
panol as solvents and refined sunflower oil and the effect of each of the procedures to
analyze the stability of the carotenoids, obtaining that the fermentation turned out to
be better compared to acid silage, in solvent as in oil [17].

4, Conclusion

The use of agro-industrial by-products with LAB, specifically Lactobacillus spp.,
and consequently the production of lactic acid, fits within the ideology and concept
of circular economy, focusing on the pillars of economic, ecological, and social
aspects. The use of material that is usually discarded represents a relief for the planet
in terms of the reduction of polluting matter that thanks to innovation can be used,
the reduction of costs for companies by substituting more expensive raw material for
another more economically accessible, and the social contribution through the gen-
eration of employment and economic activation [51]. This favorable impact, sought
by the United Nations with the fulfillment of the Sustainable Development goals
proposed for the year 2030, can also be reflected in the valorization of agro-industrial
by-products not only to produce lactic acid but also in other applications. Examples
of these applications are nutraceutical formulations and pharmaceuticals through
the use of fungal co-products [56], food packaging through the use of whey [57],
valorization of lard through biotechnological tools employing fermentation in state
solid of Yarrowia lipolytica and Lacticaseibacillus paracasei [58], biorefining of whey
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from cheese in order to generate high-value products and eliminate environmental
contamination by whey [59], revaluation of by-products of the wine industry through

the application of LAB strains [60], use of fruit and vegetable by-products for the
development of pharmaceutical products [61], etc.
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Chapter 6

Lactobacilli: Application in Food
Industry

Nagina Rafique, Turfa Mamoona, Saiqa Bashir,
Imtiaz Hussain and Imvan Hayat

Abstract

Lactobacillus is an important class of Gram-positive, non-spore-forming bacteria
for food industrial applications. The genus Lactobacillus is a potential candidate in
fermentation technology for the production of fermented food, feed, and pharmaceuti-
cal products. The diverse features of Lactobacilli based on their capability to produce
acids, enzymes, bacteriocins by fermenting carbohydrates. Lactobacilli have probiotic
potential and therefore applied in dairy [cheese, yoghurt, fermented milk] and nondairy
products such as sausages, juices as well as in animal feed in the form of starter culture.
Among Lactobacilli, lactic acid-producing bacteria are applied as starter culturesina
variety of fermented foods. Lactobacilli are the natural microflora of the gastrointestinal
tract and play a beneficial role against infections. The ability of Lactobacilli to produce
bacteriocins and other antifungal compound lead to the development of bioprotective
cultures for use in different foods. Bacteriocins has wide applications in food indus-
tries for preventing the attack of foodborne pathogens and for manufacturing active
packaging materials. This chapter aimed to review significant industrial applications of
Lactobacilli with specified strains and also starter cultures with their potential beneficial
effects are engrossed. The chapter highlights the commercial applications of Lactobacilli
in the food, feed, wine and pharmaceutical industries.

Keywords: lactobacillus, zoo-technical, probiotics, Lb. vhamnosus, Bacteriocins

1. Introduction

The genus Lactobacillus was discussed for the first time in 1901. These are rod-
shaped, nonspore-forming, Gram-positive bacteria found in fermented foods and are
member of the gastro-intestinal tract and vaginal cavity of humans [1-4]. Lactobacillus
is a group of bacteria with diverse species having higher GC content ranging from
32 to 53 mol% [3]. Morpho-microscopically Lactobacilli are rod shaped, non-motile
and varying in length ranging from short to long. Lactobacilli are comprised a group
of multifunctional microbes with shelf life extending characters of food as well as
improving human health in the form of probiotics [4]. Studies of the whole bacte-
rial genomic sequence enabled, the scientists to reclassify the species of Lactobacilli
into 25 genera including an edited genus of Lactobacillus i.e. Paralactobacillus and
Lactobacillus delbrueckii group and 23 other novel genera containing Acetilactobacillus,
Agrilactobacillus, Amylolactobacillus, Apilactobacillus, Bombilactobacillus,
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Companilactobacillus, Dellaglioa, Fructilactobacillus, Furfurilactobacillus, Holzapfelia, Lac
ticaseibacillus, Lactiplantibacillus, Lapidilactobacillus, Latilactobacillus, Lentilactobacillus,
Levilactobacillus, Ligilactobacillus, Limosilactobacillus, Liquorilactobacillus,
Loigolactobacilus, Paucilactobacillus, Schleiferilactobacillus, and Secundilactobacillus [5].
Overall, more than 250 species have been assigned to the genus Lactobacillus previously
and are now referred to with a new genus name. Lactobacillus releases lactic acid as the
major end product of metabolism during fermentation of glucose with small amounts
of acetic and succinic acid [2, 3].

The most common habitat of Lactobacilli is the gastro-intestinal tract of mammals
where these bacteria may colonize. This group of bacteria is also commonly found in
mouth such as in tooth plaque, saliva, vaginal tract of humans and mammals [2, 3].
Lactobacillus species commonly isolated from GI tract are Lactobacillus acidophilus, L.
brevis, L. plantarum, Lactobacillus salivarius and Lactobacillus fermentum. Lactobacillus
are significantly required for gastrointestinal health and are not considered as a
pathogen in healthy individuals except when having an association with dental caries
[6, 7]. Lactobacilli are usually reflected as proactive microbes as they inhibit the
growth of pathogenic microorganisms by producing lactic acid and other metabolic
compounds [8]. While in immunocompromised patients’ lactobacilli are intricate
as pathogens and various reports of AIDS, organ transplant, neutropenia caused
by lactobacillus infection has been published [9-11]. The most common infections
caused by Lactobacilli are abscesses, bacteremia, endocarditis, neonatal meningitis,
dental caries and chorioamnionitis [5, 12]. The chapter focuses on an exploration of
the industrial potential of Lactobacilli for manufacturing a diversity of products. The
purpose of this chapter is to gather literature related to the utilization of Lactobacillus
species as a microbial candidate for commercial-scale production of valuable prod-
ucts for improving human and animal health by protecting them against pathogenic
microflora. The major emphasis is to strive for the attention towards the sustainable
application of potent Lactobacillus species for futuristic prosperities of mankind.

2. Lactobacillus in food industry

Lactobacillus has a long history of use in biotechnology predominantly in
manufacturing and conserving food ingredients by the process of fermentation,
yoghurt, cheese, kefir, sauerkraut and many other fermented food products pro-
ductions with the addition of animal feeds manufacture [13]. Further bioprocess
technology has developed the specified production aids and procedures for food
and feed ingredients [14].

Lactobacilli were the first microbes used by human beings for processing foods
and preservation of foods by inhibiting other microbial invasions that can cause food
spoilage and ultimately results in foodborne illness [15, 16]. Lactobacillus is a signifi-
cant genus to recent food and feed technologies, not only because of its cumulative
interest in valuable functional properties. The dairy industry and self-care health
productions are dynamically engaged in promoting the usage of Lactobacilli in food,
[17]. Some traditional fermented foods (Table 1) based on Lactobacillus fermenta-
tion from different origins, cultures, civilizations, customs, social relations and some-
times customized with religions were reported by Food and Drug Administration
[18, 19]. Because of the characteristic to produce organic acids by using carbohydrates
Lactobacilli have extensive application in the food industry [20].
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Name Country of origin Description Lactobacillus Species
Gundruk Nepal Prepared by fermentation Lb. cellobiosus and Lb.
of leafy vegetables. It is an plantarum.
appetizer.
Kefir Caucasus Fizzy fermented milk Lb. kefir, Lb. casei, Lb.
acidophilus, Lb. bulgaricus
Coffee Africa, Asiaand A fine dark brown powder Lb. plantarum; Lb. brevis.
Latin America made from roasted coffee
beans. Brewed with boiling
water and consumed as a
drink
Kishk Egypt Dried mixture of fermented Lb. bulgaricus, Lb.
milk with cereal. plantarum, Lb. casei, Lb.
brevis
Laban zeer Egypt Concentrated sour buttermilk Lb. casei, Lb. plantarum,
used in the manufacturing Lb. brevis
of Kishk, sometimes used in
salad or to make a beverage
after dilution with water;
semisolid consistency, tart
and salty taste
Koumiss Kazakhstan and Milk is processed into a drink Lb. salivarius, Lb. buchneri,
Kyrgyzstan by lactic acid and alcoholic Lb. helveticus, Lb.
fermentation plantarum, Lb. acidophilus
Zabaday Egypt Set fermented milk; Lb. bulgaricus, Lb. casei, Lb.
characteristic taste and fermentum, Lb. helveticus,
aroma; full, pleasant, mildly Lb. viridescens.
sour taste
Zincica Czech Republic Salted kefir-like beverage Lb. casei, Lb. plantarum,
made from coagulated whey Lb. lactis
proteins
Table 1.

Traditional foods containing lactobacilli.

2.1 Lactobacilli as starters in food processing industries

Lactobacilli are mainly used as a starter culture in the contemporary food
processing industry. The starter culture may contain only one pure strain or a

combination of strains from different species of microbes [20]. Starter cultures can
be well-defined as the enormous number of cell preparations, any of a single strain
type or an assortment of two or more microbial strain/species that are supple-
mented in foods to get the advantage of consequent products or compound obtained
from their metabolic or enzymatic activity [21]. Since starter cultures are used in
food production settings to accomplish processes of fermentation, their usage is
globally a common practice in food manufacturing industry. This has led to the
commercialization of numerous products such as probiotics or starters, bio-protec-
tive cultures that are intended to deliver foods with specific nutritional and sensual
characteristics, prospective health benefits and assurance of food safety [22].
Starter cultures are practically applied in a wide array of food industries such as
the dairy productions for the manufacture of yoghurt, cheese and other fermented
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Figure 1.
Application of lactobacillus in food industry.

products from dairy milk [23], sausage manufacture in meat industry [24], in wine
and beer industry for the production of alcohol [25, 26], production of vinegar [27],
preparation of soy and rice-based oriental foodstuffs [28], fermented cereals and
bakery products [29], and in making of fermented products from fruits and veg-
etables [30-32]. Figure 1 clearly illustrates the industrial potential of lactobacilli.

Starter cultures may contain any type of microbes such as bacteria, yeast, mold
or any type of fungal culture. But the species of Lactobacilli reported in the literature
have vast potential for usage as starter culture because of its antimicrobial effects
which ultimately prove beneficial for food safety. Potential antimicrobial properties
of some lactobacilli have been described by scientists such as Latilactobacillus sakei
isolated from meat sausages have an antimicrobial effect against Listeria monocy-
togenes, Salmonella spp. and E. coli in combination of garlic powder and wine [33].
Another strain of lactobacillus i.e. Lactiplantibacillus plantarum was found effective
against pathogenic bacteria of the Enterobacteriaceae family when used as a starter in
Vacuum packaged products [34].

2.2 Lactobacilli in dairy industry

The Lactobacillus genus comprise a large number of diverse species with rela-
tively large degree of variation and diversity. It is one of the largest genus in the
group of lactic acid bacteria of over fifty species [35]. Lactobacilli are the important
lactic acid producing bacteria and are responsible for the development of microflora
in the most dairy products particularly cheese and fermented milk. Lactobacillus is
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the significant microorganism for development of color, flavor and texture of dairy
products via acidification owed to lactic acid and by metabolizing milk proteins.
The commonly used species of Lactobacilli in the dairy industry are Lb. lactis, Lb.
casei, Lb. vhamnosus, Lb. helveticus, Lb. plantarum and Lb. curvatus [36]. Moreover,
lactobacilli are incorporated in the preparation of cheese, yoghurt and fermented
milk as probiotic cultures because of their potential benefits for the treatment of
acute and chronic inflammation of the gastrointestinal tract [37]. Lactobacilli can
additionally be used for the preservation of dairy products as they can produce
bacteriocins which are usually inhibiting the growth of other non-desired microbes
[38]. The species of Lb. delbrueckii encompasses three subspecies that is subsp.
bulgaricus, subsp. delbrueckii and subsp. lactis [35] are used as a starter culture

for yoghurt preparation. The information related to the use of other cultures for
yoghurt manufacturing and safety is scarce.

The strain Lb. paracasei subsp. paracasei is recovered commonly from ripened
cheese and forms a constitute with Lb. curvatus, Lb. plantarum, Lb. casei and Lb.
rhamnosus is the primary microbiota of the non-starter Lactic acid bacteria group
contributing to the process of cheese maturation [39, 40]. Among the species of
lactobacilli Lb. rhamnosus is one that has been applied as a probiotic organism in
functional foods. The strain Lb. rhamnosus has been identified and designated with
a number HN0O1, has both probiotic and flavor improving qualities, hence, it can be
useful as an adjunct in the manufacturing of cheese to decrease dangerous microflora,
improve the flavor of cheese and increase the speed of cheese ripening [41, 42].
Lactobacillus johnsonii formerly known as Lb. acidophilus has been widely studied
because of its probiotic characteristic and is commercialized for production of
fermented milk (LC1) products [43]. The Lb. johnsonii displays antimicrobial [44-46]
and immunomodulatory properties [47, 48] properties. A thermophilic starter culture
of Lactobacillus helveticus is used in the production of a numeral fermented products
of dairy [49] and develops on a comparatively limited number of carbohydrates such
as galactose and lactose with typical requirement of few vitamins for growth [50,

51]. Knowledge about the biodiversity of Lactobacillus can be employed as a starter
culture in different dairy products described in previous literature is provided in the
tabulated form (Table 2).

2.3 Lactobacilli in non-dairy food products of plant and animal origin

The species of Lactobacillus are useful for production of fermented foods other
than dairy such as sauerkraut by fermenting cabbage. Usually, normal microflora
of cabbage with added Lb. plantarum act as starter and salt like sodium chloride is
used for preventing the growth of foodborne pathogenic microorganisms [68]. An
additional study reported the use of both Lb. plantarum and Lb. brevis for production
of sauerkraut [69]. Another food product in which the genus lactobacillus is involved
is pickle where the propagation of starter culture of Lb. plantarum is responsible for
achieving the desired effect. Another investigation reported the involvement of Lb.
versmoldensis sp. nov.; Lb. plantarum; Lb. casei; Lb. pentosus for the production of
fermented green olives [70-72]. The Lactobacillus species such as Lb. sakei and Lb.
curvatus were found in dry sausages [73-75]. A previous study reported the presence
of Lb. sanfranciscensis, Lb. reuteri and Lb. pontis in sourdough [76].

L. acidophilus was reported in chocolate by Rosell [77] and Lb. plantarum was
found in juice drinks [78] as well as Lb. rhamnosus was described as a microbe found
in juice drinks (Valio Gelfilus) GG (ATCC 53103) [64].
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Products

Diversity of Lactobacilli

Unpasteurized milk

Lb. casei subsp. casei; Lb. paracasei subsp. paracasei; Lb. rhamnosus; Lb. plantarum;
Lb. fermentum; Lb. brevis; Lb. buchneri; Lb. curvatus; Lb. acidophilus; Lb. pentosus
[52]

Cheese

Lb. helveticus; Lb. delbrueckii subsp. lactis; Lb. delbrueckii subsp. bulgaricus; Lb. casei;
Lb. paracasei subsp. paracasei; Lb. paracasei subsp. tolevans; Lb. rhamnosus [53]

Natural Argentine
fermented hard cheese

Lb. delbruecki subsp. lactis; Lb. helveticus [54]

Fioro Sardo

Lb. paracasei; Lb. plantarum; Lb. rhamnosus; Lb. pentosus; Lb. paraplantarums; Lb.
sake; Lb. graminis and Lb. curvatus [55]

Emmental, Comte

Lb. casei; Lb. helveticus; Lb. delbrueckii * subsp. lactis [56]

Camembert

Lb. pavacasei subsp. paracasei; Lb. plantarum; Lb. delbrueckii subsp. lactis; Lb.
acidophilus; Lb. delbrueckii subsp. bulgaricus; Lb. casei subsp. casei [57]

Batzos, a traditional
Greek cheese from
unpasteurized goat’s milk

Lb. plantarum; Lb. paraplantarum; Lb. paracasei subsp. tolerans; Lb. sake; Lb.
curvatus; Lb. pentosus [58]

Mozzarella Lb. delbrueckii subsp. bulgaricus; Lb. plantarum [59]

Ricotta Lb. acetotolerans; Lb. alimentarius; Lb. gasseri; Lb. hilgardii; Lb. zeae; Lb. brevis; Lb.
plantarum; Lb. paraplantarum [60]

Yoghurt Lb. delbruecki subsp. bulgaricus according to the Codex Alimentarius standard [61]

Fermented milk

Lb. kefir [62]

Kumys Lactobacillus delbrueckii subsp. bulgaricus [63] Adapted from Codex Alimentarius
(2011)

Infant formula Lb. vhamnosus GG (ATCC 53103) http://wwwwvalio.f [64]

Frozen yoghurt Lb. delbrueckii subsp. bulgaricus; Lb. acidophilus [65]

Ice cream Lb. acidophilus; Lb. johnsonii Lal [43, 66]

Fruit yoghurt Lb. casei [67]

Probiotic yoghurt drink

Lb. acidophilus La5 and Lb. casei

Stirred yoghurt

Lb. Ic1

Fruit layer yoghurt

Lb. acidophilus La5 LBifidobacterium animalis subsp. lactis BB12

Fermented soya drink

Lb. acidophilus

Yoghurt drink

Lb. acidophilus La5

Fromage frais blanc

Bifidobacterium, Lb. acidophilus

Live natural yoghurt

Lb. acidophilus, Lb. casei,

Yoghurt drink (Yakult)

Lb. casei

Fruit yoghurt smoothie

Yoghurt culture, Lb. acidophilus, Bifidobacterium

Goat milk yoghurt

Lb. acidophilus, Lb. bulgaricus, S. thermophilus, Bifidobacterium

Fermented milk drink

Lb. casei Shirota

Fruit yoghurt drink Lb. casei
Bio pouring yoghurt Probiotic
Fat-free yoghurt drink Lb. casei

Natural Greek style
yoghurt

Lb. acidophilus, Lb. bulgaricus, S. thermophilus
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Products Diversity of Lactobacilli

Goat fruit yoghurt S. thermophilus, Lb. casei

Natural goat yoghurt Bifidobacterium longum, Lb. acidophilus

Fruit yoghurt B. animalis subsp. lactis, Lb. acidophilus

Thick and creamy Bifidobacterium, Lb. acidophilus, S. thermophilus
yoghurt

Natural fresh and mild Lb. acidophilus, B. longum, S. thermophilus
yoghurt

Organic natural yoghurt Lb. acidophilus, Bifidobacterium

Table 2.
Species of lactobacilli present naturally or added as stavter in dairy products.

L. fermentum has been used extensively as a probiotic strain and may be found
in cereal-based fermented foods and many other vegetables [79]. The predominant
bacteria of sourdough and cereal based fermented products is Lb. plantarum and is
a leading microbe because it applied for producing corn dextrins after the reduction
of fermentable sugars [80] Lactobacillus sanfranciscensis is the leading lactic acid
bacteria in sourdough [80] and 14 genome assemblies of Lb. sanfranciscensis have been
reported [35].

A fermented beverage tea known as Kombucha is prepared by the traditional
fermentation process of fermenting sweetened black tea with tea fungus which
contains a consortium of yeasts and acetic acid-producing bacteria. The viability of
selected strains of Lactobacilli throughout the fermentation process of Kombucha and
their interaction with tea fermenting fungus and their role in obtaining a tea beverage
with improved functional properties were tested by scientists [81] Five wild strains
(Lactobacillus hilgardii, L. fermentum, three strains of L. plantarum) isolated from
conventional fermented foods and were added separately in Kombucha on the second
day of fermentation. The addition of wild species of Lactobacillus during fermenta-
tion of Kombucha contributed significantly to increasing the lactic acid content of the
tea beverage. The strain of Lactobacillus plantarum was reported for the highest lactic
acid production during Kombucha fermentation. The L. hilgardii strain isolated from
sour dough exhibited the highest sustainability in Kombucha and also has possible
probiotic characteristics. So this strain can be used in Kombucha fermentation.

2.4 Lactobacilli in wine industry

The major role of lactic acid bacteria in wine production is to conduct the
process of malolactic fermentation. The process of wine fermentation reduces the
acidity in wine, enhances the mouth feel and aroma and also improves the microbial
stability of wine. Therefore, Lactobacilli have application in the production process
of wine from both grapes and fruits cider [82]. During the process of malolactic
fermentation malic acid is converted into lactic acid and carbon dioxide which is
extensively required for the maturation of fruit wine [83]. The recent efforts focused
towards discovering the biodiversity of geographic areas associated for wine produc-
tion with the purpose of finding new strains of lactic acid bacteria which can be used
as starters [84]. For instance, two potent new autochthonous malolactic fermentation
starters i.e. Lactobacillus paracasei UVI-2 and Lb. hilgardii UVI-23, have been isolated
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and identified from Albarifio grapes in Val do Salnés, Spain [84]. The following spe-
cies of Lactobacilli such as Lb. plantarum [85], Lb. brevis; Lb. collinoides; Lb. hilgardii;
Lb. paracasei; Lb. pentosus; Lb. plantarum; Lb. mali [86] are naturally present or added
as a starter during the fermentation processing of wine. Lactobacillus sakei subsp.

sakei was first isolated from rice alcoholic beverage i.e. sake and it is the product from
which its name was taken [35].

3. Lactobacilli in feed industry

Many potential strains of Lactobacilli having probiotic effect are applied in feed
production for poultry and other animals for beneficial purposes. There is no case of
foodborne illness has been reported by ingestion of feed containing Lactobacilli [12]. In
agricultural practice, Lactobacilli have long been applied for the preservation of grass or
maize in the form of fodder [87] where these bacteria accelerate the rate of decline in pH
while protecting plant carbohydrates through homofermentation and also conserving
proteins from plants by reducing proteolysis and by deamination [88-91]. According to
literature the species of Lactobacillus Lb. casei, Lb. buchneri [92], Lb. paracasei subsp.
paracasei (93], Lb. plantarum [94], Lb. buchneri, Lb. fermentum [95] and Lb. diolivorans
sp. nov. [96] have been applied in silage production. Probiotic Lactobacilli are used as
an alternative to antibiotics in animal feed because of the safety concerns of antibiotics
[97]. Probiotic microbes in animal feed should be live and have zootechnical properties
to convert feed and increase weight gain [98]. The supplementation of probiotics has
been suggested for handling numerous stress conditions or for preventing diseases in
several animal species [17]. The studies which have highlighted the value of lactobacilli

Animal species Lactobacillus species Benefits
Poultry industry Lactobacillus johnsonii Controls endemic necrotic enteritis due to Clostridium
FI19785 perfringens, reducing economic losses associated with

the decrease in antibiotic use [99]

Chicks Lb. acidophilus Increases body weight gain, decreases fecal weight [100]

Broiler chickens Lb. acidophilus, Lb. casei Enhances production performance [101]

Late laying period Lb. species Increases egg production, decreases mortality, improves

hens feed conversion but not egg quality [102]

Beef cattle Lb. acidophilus Reduces E. coli 0157 levels [103]

Veal calves Six Lactobacillus sp. Enhances growth rate, body weight gain, Feed

conversion and tends to decrease mortality [104]

Dairy cows Lb. acidophilus, Lb. Significant increase (16.2%) in milk production Used

buchneri 40,788 to treat alfalfa silage. Increases the concentration of

acetic acid. When fed to lactating cows, it improved
the aerobic stability of the ration and increased milk
production [105, 106]

Lambs Lb. species Lb. Stimulates feed intake and daily weight gain Reduces
acidophilus, S. faecium, fecal shedding of E. coli 0157:H7 [107, 108]
Lb.casei, Lb. fermentum
and Lb. plantarum

Table 3.
Health promoting properties of lactobacilli for animal.
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for various animal species are tabularized herein (Table 3). Probiotic treatment is
becoming progressively popular in veterinary medicine, particularly for pets.

Some feed additives of European origin such as BIACTONs N1 12 for piglets
contain Lb. farciminis [109]; PROVITA LEs N1 E1706 for calves & piglets contain Lb.
rhamnosus DSM 7133 and Enterococcus faecium DSM 7134 [109]; CECT4 529 N123
feed for laying hens hold Lb. acidophilus [110] and Lb. acidophilus was added to the
cats and dogs feed [111]. Other Non-European feed additives such as Silage (PRO-
STOREs USA) have Lb. casei; Lb. plantarum; Lb. brevis and other lactic acid bacteria
and fungi [112]. HP BIOs a feed for cows in USA comprised of Lb. fermentum; Lb.
acidophilus; Lb. plantarum; Lb. casei; and lactic acid bacteria [112]. Another feed
additive named E-BIOTICTM equine in USA contained Lb. lactic; Lb. acidophilus; Lb.
plantarum and other LAB [113].

4. Lactobacilli in the pharmaceutical industry

The use of Lactobacilli has frequently been associated with the prevention of
disease. It has been revealed from the literature that the oral administration of
large dosages of lactobacilli is an effective and nontoxic in patients having Crohn’s
disease, AIDS and various types of enteritis, and in premature babies, children or
the senior adults, all of those are possibly at risk of lactobacillemia [114-120]. In
some cases, enteral administration of Lactobacillus species may be favorable [121]
in rats and humans [122]. Lactobacilli may also have positive effects in the oral cav-
ity, inhibiting cariogenic Candida and streptococci species [123]. Tallying to these
trials, efficient medicines containing viable Lactobacilli with no side effects have
developed (Table 4).

5. Beneficial role of lactobacillus

Lactobacilli can produce lactic acid in large amounts by a biotechnological process
through fermentation. Among lactobacilli, lactic acid-producing bacteria play
an important role in the production of fermented dairy products and the enzyme
beta-galactosidase. Because these bacterial species are generally recognized as safe so
enzyme purification does not require any extensive purification processes and also
there is no damage to fermented food products [124].

A large number of Gram-negative and Gram-positive bacteria produce antimicro-
bial protein structures during their growth (either polypeptides or proteins) called
bacteriocins [125]. Now a days Lactic acid bacteria have gained specific consideration
among the Gram-positive bacterial strains because of the production of bacteriocins

Lactobacillus species Trademark Dose (Adult) - Comments
Lb. casei rhamnosus Bacilors (347961.2) Ingestion, 2 to 8 capsules/day, anti-diarrhea
Lb. acidophilus Lacteols (305665.6) Ingestion, 5 tablets/3 to 5 times/day, anti-diarrhea
Lb. rhamnosus Antibiophiluss Capsule ingestion, anti-diarrhea
Table 4.

List of drugs (capsule, tablet or gel) based on lactobacilli (http://www.vidalpronet).
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[126]. The bacteriocins can be functional in the food industry by employing as
natural preservatives. The application of produced bacteriocins having antimicrobial
compounds as a natural barrier against food spoilage causing pathogenic microbes
has been confirmed to be effective [38]. The following approaches of bacteriocin
application in food are usually adopted for the purpose of biopreservation: adding
semi purified or pure bacteriocin as additive in food; food is inoculated with the
bacteriocin-producing strain; and practice of previously fermented product with a
strain having ability to produce bacteriocin as an ingredient in food processing [38]. A
new application of bacteriocins is in bioactive packaging which is a procedure that can
defend the food from exterior contaminants [126].

Lactobacilli having probiotic effects in humans are completely documented and
are dose and strain dependent [127]. Numerous articles, reviews and book chapters
have documented the potential lactobacilli to promote overall health: help to mitigate
lactose intolerance [128], positively affect the flora of intestinal tract [129], prevent
gastrointestinal infections [130, 131], stimulate the immune system [132], decrease in
allergies or inflammation responses [133, 134], regulate the motility of gut [135], and
promotion of sensation of well-being [136]. Particular health effects such as colon
cancer prevention of [137-139] and decreases in blood lipid concentration and heart
disease [140] antihypertensive effects have also been reported. Figure 2 shows the use
of probiotics in different food items.

Probiotic foods

h 4 A 4

Dairy based Non-dairy based

Acidophilus milk, Acido-whey,
Ice-cream, Lassi, Cheese, Curd, l ¢
Nonfermented goat's milk beverage Fermented Unfermented
Frozen synbiotic dessert, products products
Yoghurt, etc. l i
Cereals Fruit Vegetables Meat & Fish Soy
Bread & bakery products Juices Juices Dry sausages Frozen desserts
Health drinks/beverages Purce Puree Sausages Sausages
Pulp Beverages Soy curd
Puddings Beverages Soy yoghurt
Edible film on pan bread Whole fruits Soy milk drink
Powdered fruits
Figure 2.

Probiotic foods in which lactobacilli are applied as a probiotic strain.
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6. Contribution of lactobacilli to the United Nations development goals

Lactobacilli in the form of starter culture have prospective potential for application
in foods of animal origin. The starter cultures are extensively used in in the meat
industry for production of sausage, the dairy industry for yoghurt, cheese and other
fermented dairy products and in the fishery industry for fermented fish products. The
starter cultures are mainly used in food of animal origin for quick lactic acid produc-
tion which causes a decrease in pH and thus preventing the growth of spoilage and
foodborne pathogenic microbes which ultimately increasing the shelf-life of fermented
food products. Also, release of other metabolic compounds (e.g., acetic acid, lactic acid,
benzoic acid, propionic acid and hydrogen peroxide or bacteriocins) helps in improv-
ing the safety of foods [141]. Since starter cultures have developed as the predominant
microbiota of fermented foods and allows the food processors to control the process
of fermentation by eliminating the objectionable microflora and reducing the manu-
facturing and hygienic risks. Another important role of starter cultures is the chemical
safety of fermented products/foods by decreasing aromatic polycyclic hydrocarbons
and biogenic amine contents. Therefore, the futuristic application of lactobacilli and
other microbes as starter culture crucially helps in reducing hunger by elimination
of food spoilage which is the main cause of food insecurity and play a significant role
in improving health and wellbeing by providing essential nutrients and reducing the
population of undesirable microbiota and increasing the shelf life of foods. So the
lactobacillus with other microbes can significantly effective for their progressive utiliza-
tion in important areas of sustainable development goals agenda of 2030, the number
one is huger and second is health and wellbeing. At the same time lactobacilli have huge
industrial potential and it is the dire need of the day to explore more potential lactoba-
cilli with multiple characteristics for food and pharmaceutical industry.

7. Conclusions

Lactobacilli, a potentially significant group of microorganisms that play a funda-
mental role in the fermentation industry for the production of numerous valuable
products such as cheese, yoghurt, fermented milk, kefir, enzymes, medicines, etc.
Because of the diverse applications lactobacillus genus open new doors for exciting
research areas. The application of lactobacilli in feed, pharmaceuticals and probiotics
ensures to reduce the rate of mortality and morbidity associated with gastroenteritis
and viral infections. The extensive industrial application of Lactobacilli demanded
further research to enhance the potential of the species of this group and to isolate
efficient strains which can produce multiple products of commercial practice.
Lactobacilli have the futuristic potential for utilization in a diversity of industrial
applications and hence can be considered a significant candidate for poverty elimina-
tion, reducing hunger by producing a diverse range of food products, increasing the
shelf life by preserving the food and providing valuable pharmaceutical products.
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Abstract

Lactobacillus spp. belongs to a class of bacteria known as lactic acid bacteria. This
classification is because they are known to produce lactic acid as a major by-product
of their metabolic activities. Most Lactobacillus spp. are generally regarded as safe
(GRAS) bacteria. They also produce a bio-polymeric substance known as exopoly-
saccharide (EPS). The EPS are popular because of their wide potential medical and
industrial applications. The wide application of the EPS in medicine and industry
necessitates optimal production and recovery of these polymeric substances pro-
duced by Lactobacillus spp. In this book chapter, we aim to comprehensively discuss
Lactobacillus EPS, its inherent properties, potential pharmaceutical and industrial
applications. We also point to its contribution towards the achievement of the 3rd and
9th components of the United Nations Sustainable Development Goals which are to
establish good health and wellbeing and to promote industrialization, innovation,
and infrastructure respectively.

Keywords: Lactobacillus, exopolysaccharide, biopolymer, homopolysaccharide,
heteropolysaccharide

1. Introduction
1.1 Overview of Lactobacillus as a genus

The genus Lactobacillus spp. are members of lactic acid bacteria (LAB) belong-
ing to the family Lactobacillaceae, order Lactobacillales, class Bacilli, and phylum
Firmicutes. For the past decades, the Lactobacillus genera have been revised and new
genus names were assigned. From a taxonomic point of view, the genus Lactobacillus
comprises 261 species (at March 2020) that are extremely diverse at phenotypic, eco-
logical, and genotypic levels [1]. More than any genera of LAB, the genus Lactobacillus
is generally regarded as safe (GRAS) and finds application in the food, dairy, cos-
metic and pharmaceutical industries. The genus Lactobacillus is non-spore-forming,
catalase-negative or pseudocatalase, oxidase negative, obligate saccharolytic rods
or coccobacilli generally characterized by a low guanine and cytosine (GC) content

137 IntechOpen



Lactobacillus — A Multifunctional Genus

of the genome although the upper limit of GC content reaches 59.2 mol % [2]. The
availability of 16S rRNA gene sequence and genome data has ultimately unlocked the
frontiers of knowledge into the evolutionary relationships of Lactobacillus species.

Based on the type of sugar fermentation pathway, lactobacilli can be categorized
into three groups, (i) obligatelyhomofermentative, that produce only lactic acid
from glucose as an end product of carbohydrate metabolism through the glycolysis
or Embden-Meyerhof- Parnas (EMP) pathway; (ii) facultativelyheterofermentative,
that produce a mixture of lactic and acetic acid, diacetyl, acetoin, and carbon dioxide
as end products of carbohydrate metabolism via the glycolysis or the phosphoketolase
pathway, and; (iii) obligatelyheterofermentative, that produce lactic and acetic acid,
or ethanol, and CO;, as end products of carbohydrate metabolism via the phosphoke-
tolase (6-phosphogluconate) pathway [3].

The lactobacilli have varied resistance to different NaCl concentrations, antibiot-
ics, and temperature or pH range mostly due to cellular fatty acids, isoprenoidqui-
nones, and other characteristics of their cell wall composition [4].

Until recent times, most studies on lactobacilli were focused on their application
in food fermentation and formed the greater percentage of probiotics in current use.
However, the production of exopolysaccharides biopolymers has added a new dimen-
sion to the usefulness of lactobacilli.

This book chapter aims to critically look at Lactobacillus EPS, its inherent proper-
ties, potential pharmaceutical and industrial applications, and how to harness it in
line with the 3rd and 9th components of the United Nations Sustainable Development
Goals which include the establishment of good health and wellbeing and to promote
industrialization, innovation, and infrastructure respectively.

2. Composition of Lactobacillus exopolysaccharide (EPS)

The bioproduction of exopolysaccharides is of universal occurrence among
eukaryotic (plants, seaweeds) and prokaryotic (bacteria) organisms. Microbial
exopolysaccharides have many uses in numerous fields including food industries,
farming, textiles, cosmetics, bioremediation and therapeutics, and pharmacy because
of their different composition, structure, physical and chemical properties [5, 6].

Based on the type of monosaccharide monomers, EPS are divided into two groups
of homopolysaccharides and heteropolysaccharides. The Lactobacillus spp. like other
LAB can synthesize homopolysaccharides or heteropolysaccharides. The synthesized
homopolysaccharides are glucans or fructans, which are composed of only one type
of monosaccharide (glucose or fructose, respectively), whereas the heteropolysaccha-
rides contain different types of monosaccharides in different proportions [7].

The homopolysaccharides EPS of lactobacilli with a molecular weight of greater
than 106 Dalton are either branched or unbranched and composed of either glucose
or fructose and are categorized into a-D-glucans (Dextran, Mutan, Alternan, and
Reuteran), p-D-glucans, fructans (Levan and Inulin) and polygalactans [6, 8, 9].
Similarly, heteropolysaccharides EPS of lactobacilli have a molecular weight rang-
ing from 104 and 6.0 x 106 Dalton and are made up of common sugars (D-glucose,
D-galactose), rare sugars (L-rhamnose, mannose, arabinose, xylose, fucose,
N-acetylglucosamine, N-acetylgalactosamine or glucuronic acid) and non-carbo-
hydrate components (acetate, phosphate, sulfate, pyruvate, propionate, glycerate,
amino acid, L- glutamate, and succinate [6, 9, 10]. Some examples of heteropolysac-
charides EPS of lactobacilli are gellan, xanthan, and kefiran [6].
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3. Importance of Lactobacillus exopolysaccharides (EPS)
3.1 Health benefits of Lactobacillus exopolysaccharide (EPS)

Lactobacillus exopolysaccharides though are produced to help the bacteria withstand
unfavorable environmental conditions such as desiccation, toxic materials, and osmotic
stress [11], their health benefits are far-reaching. These health benefits include.

3.1.1 Lactobacillus EPS as rotavirus thevapeutic agent or oval vaccine adjuvants

Several studies have shown the importance of Lactobacillus EPS in rotavirus-
induced diarrhea in children. Lactobacillus has shown an ability to suppress the
replication of rotavirus through the improvement of the intestinal barrier [12]. This
attribute may be linked to the EPS produced by the bacteria. The study by Kim
etal. [13], showed a potential rotavirus therapeutic/vaccine adjuvant effect from EPS
produced by Lactobacillus plantarum. The EPS according to the murine model study
caused a reduction in the duration of diarrhea, reduced lesions of the epithelium,
reduced replication of the rotavirus in the intestine, and a reduction in the time of
recovery of the suckling mice [13].

3.1.2 Antioxidant property

Basically, free radicals are atoms that can damage cells leading to sickness and
aging. Antioxidants are substances that can reduce the reactivity of free radicals
through the donation of electrons. A study by Adebayo-Tayo and Fashogbon 2020,
revealed that exopolysaccharide from Lactobacillus.

delburecki subsp. bulgaricus had an antioxidant activity that is comparable to
ascorbic acid [14]. Other studies by Tang et al. [15], Silva et al. [16], and Yang et al.
[17] all show potential antioxidant effects of Lactobacillus exopolysaccharide [15-17].
The antioxidant potential of EPS may be due to the bioactive component in its moiety
that is capable of donating hydrogen ions [18].

3.1.3 Anti-cancer activity

Cancer is an abnormal growth of cells with consequent destruction of other
cells and organs leading to death. Cancerous conditions are usually serious medical
conditions that require serious attention. Methods for the treatment of cancer which
include the use of chemotherapeutic agents, radiation, and surgery are invasive. This
is because chemotherapeutics and radiation treatments are non-selective as they
destroy both normal and cancerous cells leading to serious adverse effects. Based on
these explanations, emphasis is now on natural products with anti-cancer activity
as they are most likely to come with minimal adverse effects when compared with
other agents. The EPS of Lactobacillus has been studied for potential anticancer
activity with a lot of promising results. EPS of Lactobacillus gasseri showed good
anti-proliferative activity against cervical cancer cell lines [19]. EPS of L. plantarum
caused an increased expression of pro-apoptotic genes in mouse intestinal epithelial
cancer [20]. Lactobacillus kefri and other Lactobacillus strains have shown activity in
colorectal cancer [21, 22]. The mechanisms of anti-cancer activity of these EPS are
postulated to be through the improvement of immunity, prevention of tumorigenesis,
and induction of cancer cell apoptosis [23].
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3.1.4 Antimicrobial properties of EPS

Probiotic bacteria are known to produce antimicrobial substances such as bacterio-
cin, organic acids, etc. Research from several scientists has shown that Lactobacillus
EPS possesses antimicrobial properties. In vitro study of the antimicrobial property
of EPS from Lactobacillus rhamnosus isolated from human breast milk showed signifi-
cant activity against E.coli and Salmonella typhimurium [24]. Studies by other scien-
tists confirmed the potential antimicrobial properties of EPS from other Lactobacillus
spp. [25, 26].

3.1.5 Antiviral activity

The improvement of intestinal health through the use of immunobiotics is quite
trending at the moment. Immunobiotics are supplements that contain immunoglobu-
lin combined with probiotics and prebiotics. Immunobiotics protection against viral
infection is through enhancement of innate and adaptive immunity that leads to the
reduction of the duration of the disease, number of episodes, and viral shedding [27].
Pattern recognition receptors through interaction with EPS allow communication
between the immunobiotics and the host. EPS of Lactobacillus delbrueckii showed an
improved antiviral activity [28]. L. plantarum antirotavirus activity has been men-
tioned earlier [13]. Anti-adenovirus activity from EPS of Lactobacillus, Leuconostoc,
and Pediococcus spp. has been recorded [29]. Another Study using a Swine testicular
cell line, showed an inhibitory effect on transmissible gastroenteritis coronavirus
infection by EPS from L. plantarum [30].

3.1.6 Other medical importance

These include anti-inflammatory [31], anti-cholesterol [32], Immunostimulatory
[33], anti-diabetic properties [34].

3.2 The importance of Lactobacillus EPS in the food and dairy industry
3.2.1EPS as a bioflocculant

Flocculants are agents that can cause the aggregation of dispersed particles in a
suspension [35]. This makes the suspended particles easy to remove thus presenting a
good mouthfeel of the food product. These flocculants can be grouped into inorganic,
organic, and bioflocculants [36]. The use of inorganic and organic flocculants is
associated with biological toxicities [36, 37]. These biological toxicities are of serious
concern and gave birth to more reliable and biologically friendly bioflocculants. The
bioflocculants have the advantages of non-toxicity, biodegradability, and no residual
pollution [38]. Studies on the use of Lactobacillus exopolysaccharides as a biofloccu-
lant have been carried out with promising results [16, 39].

3.2.2 EPS as biothickner and gelling agent
Thickeners and gelling agents are usually polysaccharides or protein derivatives.

They are usually added to food to increase viscosity and stability while maintaining
other desired characteristics of the food product. They are used extensively in dairy
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and non-dairy products. The use of Lactobacillus EPS as biothickners/gelling agents
is shown by the works of [1, 40-42]. Lactobacillus EPS are widely used in the dairy

industry as thickeners and texturizers with a major function of stabilizing the milk
and its constituents [43].

3.2.3 EPS as a meat preservative and quality enhancer

The use of lactic acid bacteria to preserve meat is an old practice that has exten-
sively helped in the sustenance of the food industry. These bacteria carry out this
preservation through the production of antibacterial substances such as acetic acid,
lactic acid, and bacteriocin. They also compete with other food spoilage pathogens for
available nutritional substances hence the survival of the fittest. Another wonderful
attribute of Lactic acid bacteria is their ability to produce EPS. This EPS is known to
protect the bacteria against environmental stress such as high salt concentration, low
PH, and low water activity [44]. This protection is known to sustain the preservative
ability of LAB. The EPS is also known to reduce fat in the meat. The health impor-
tance of reduced fat in meat cannot be over-emphasized. This has led to a growing
demand by consumers for fat-reduced meat. A study by Hilbig et al. [45] reported
that EPS matrices formed by LAB in certain German meat products were able to cause
a fat reduction and improved the quality of the meat product [45].

S/N Organism Medical/industrial Referrences
applications
1. Lactobacillus plantarum Cholesterol lowering Dilna etal. [32]
property
2. Lactobacillusdelbrueckii subsp. Improve the texture of Vinogradov etal. [49];
Bulgaricus and Lactobacillus fermented food Charchoghlyan et al. [50]
acidophilus
3. Lactobacillus johnsonii and Immunomodulatory Gorska et al. [51]; Xiu et al. [52]
Lactobacillus casei property
4. Lactobacillus rhamnosus and Antimicrobial property RiazRajoka et al. [24]; Parveen
Lactobacillus gasseri etal. [25]
5. Lactobacillusdelbrueckiiand L. Antiviral property Kanmani etal. [28]; Type etal.
plantarum [53]; Yang etal. [30]
6. L. gasseri,Lactobacillus brevis, Anticancer Sungur et al. [19]; RiazRajoka et al.
and Lactobacillus kefri [21]; RiazRajoka et al. [54]
7 Lactobacillus paraplantarum Anti-inflammatory Pecikoza et al. [55]
property
8. Lactobacillus Antioxidant property Tang etal. [15]
delbrueckiisubspbulgaricus
9. L. casei Viscocity enhancer in Zheng et al. [56]
food industry
10 L. plantarum Enhancer of thr Silvaetal. [16]
rheological property
of food
Table 1.

The medical and industrial application of Lactobacillus EPS.
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3.2.4 Exopolysaccharide as an inhibitor of synevesis

Syneresis is the expulsion of a liquid from a gel. It has been shown to affect food
and food products negatively. This phenomenon known as syneresis should be
minimized in food products without affecting the inert property of the food product.
Lactobacillus exopolysaccharide according to the study was able to prevent syneresis
in starch [46]. Other studies by Lynch et al. [47] and Han et al. [48] gave vivid impor-
tance to the syneresis preventive ability of exopolysaccharides produced by lactic acid
bacteria [47, 48]. The exopolysaccharide’s ability to prevent syneresis is because of its
inert high water-binding affinity. This will then make water be retained in the food or
dairy product (Table1).

4. Challenges facing the industrial applications of EPS
4.1 Poor yield of the EPS by Lactobacillus spp.

The major challenge facing the industrial and medical applications of
Lactobacillus exopolysaccharides is the poor production of the polymer by the bacte-
ria. It is therefore very important that critical and intensified scientific experiments
geared towards solving this problem be prioritized. This is because of the obvious
importance of this EPS in medicine and industry. We strongly believe that the ability
of the scientific community to solve this problem of poor yield rest on intensified
scientific research. However, several types of research have been conducted and
some are ongoing towards finding ways of improving the yield of this very important
polymer [57-60].

4.2 Difficulty in isolation and characterization

The methods of extraction and characterization pose serious challenges to the
industrial applications of EPS. There are several methods for the extraction of EPS
from LAB. However, the physico-chemical properties of this polymeric substance can
be affected by the method adopted [61]. The extraction and isolation of EPS usually
involve the use of organic solvents, enzymes, sugars, filtration, chromatographic
procedures, dialysis, etc. [62]. In all these, the most important thing is to target a high
yield of pure EPS utilizing cheaper processes. To achieve this some important aspects
of the process are taken into consideration namely the removal of proteins to avoid
co-precipitation with EPS, and the prevention of reaction of the EPS with the solvents
and components of the medium [61]. Since it is common knowledge that the major
challenge of full industrial utilization of EPS is poor yield, there is, therefore, a need
to adopt the best strategy for maximal extraction and characterization of the small
quantity released by the bacteria. However, this process according to Badel et al. [63]
is very laborious and indeed challenging [63].

5. Ways of mitigating the problems associated with EPS production by
Lactobacillus spp.

A critical look at available scientific literature has shown that the importance of
Lactobacillus EPS in medicine and industries cannot be overemphasized. It is therefore
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important that serious research and strategies targeted at improving the yield and
manipulating its structures to achieve desired properties be the focus of scientists.

5.1 Screening for high EPS yielding strains

Badel et al. [63] in their study suggested that about 165 spp. of Lactobacillus are
capable of EPS production [63]. Having identified these spp., there is then a need
for extensive screening of these spp. to identify strains with potentially high EPS
yielding capacity. It is a known fact that EPS are produced by these organisms to help
them withstand environmental stress. Based on this fact it is, therefore, possible to
experimentally create some of these stress conditions in the laboratories to enhance
EPS production by the potentially high yielding strains. The stress may be in the form
of deprivation or excessive introduction of certain nutritional substances. Organisms
are known to respond differently to these challenges. A typical example is shown
with Lactobacillus lactis subsp. cremoris and Lactobacillus delbreckii subsp. bulgaricus.
While nitrogen deprivation improved the yield of EPS by L. lactis subsp. cremoris
[64], nitrogen enrichment caused an improved EPS production by Lactobacillus
delbreckii subsp. bulgaricus [65]. Similarly, sugar stress has also been shown to affect
EPS production by Lactobacillus spp. It has been established that an increase in the
concentration of sucrose in various media for the growth of Lactobacillus spp. has
resulted in a significant increase in EPS production by the organisms [66-68]. Other
stress conditions that enhance EPS production include osmotic stress [66] and
temperature stress [69]. The stress-induced by the presence of other organisms has
also led to enhanced EPS production. Several studies have shown that co-cultivation
of some strains of Lactobacillus spp. with Saccharomyces cerevisiae led to improved
production of EPS [70-72].

5.2 Development of genetically engineered strain

The advent of biotechnology and molecular biology has led to finding solutions
to certain biological and physiological problems. Genetic engineering being the
modification of organisms or population of organisms through manipulation or
recombination of DNA or other nucleic acid molecules has led to the discovery of
important substances such as human insulin and important vaccines. Due to the
increasing importance of EPS in medicine and industries, a good understanding of
genes encoding EPS production and their biosynthetic pathways has become very
necessary. These studies have shown that there are four pathways involved in EPS pro-
duction namely wzy-dependent pathway, the ATP-binding ABC transporter pathway,
the synthase-dependent pathway, and extracellular synthesis by sucrose-dependent
pathway [73]. Lactobacillus spp. are known to produce EPS via the wzy-dependent
pathway [74]. Genetic engineering technology can enhance EPS production through
manipulation of carbon metabolism and regulation of the biosynthetic pathways for
its production [75]. Genetic manipulations leading to overexpression of genes and
gene knockouts have caused an increase and structural changes in the produced EPS
with desired characteristics.

5.3 Exploration of efficient extraction method

The production of a high yield of EPS requires optimization of the media for the
growth of the bacteria. This involves the addition of substances to the established
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media for the growth of the bacteria. These additional substances aimed at enhancing
EPS production may pose serious problems during the recovery of the final products.
Therefore, successful production can be said to rely substantially on the use of a
medium that not only allow high yield but also one whose components do not inter-
fere with EPS component, recovery, and quantification [76]. In choosing a media it
is advisable to choose one whose components are defined with minimal interfering
compounds. Based on the complexities (no of additional substances for enrichment)
of different media the more laborious the extraction/purification of the EPS. In
complex media, a lot of pre-treatments and treatments are usually carried out. It is
important to state that the use of complex media for a supposed gain in yield should
be weighed against the laborious processes of the final recovery. This is because the
possible gain in yield could be lost in the high cost and laborious processes of recov-
ery. At times simple media may give substantial yield without the rigorous processes
of recovery involved in the use of complex media. In all, the optimal recovery of the
produced EPS should be the desire of the whole process.

6. Lactobacillus EPS and the sustainable development goal 2030 agenda of
the United Nations

The 2030 agenda of the United Nations sustainable development goals was birthed
in 2015 as a fallout of an agreement reached by 195 countries. It is subdivided into 17
components namely (1) Elimination of Poverty (2) Erasing Hunger (3) Establishing
Good Health and Well-Being (4) Provision of Quality Education (5) Enforcement of
Gender Equality (6) Improving Clean Water and Sanitation (7) Growing Affordable
and Clean Energy (8) Creation of Decent Work and Economic Growth (9) Increasing
Industry, Innovation, and Infrastructure (10) Reduction of Inequality (11) Mobilizing
Sustainable Cities and Communities (12) Influencing Responsible Consumption and
Production (13) Organization of Climate Action (14) Developing Life Below Water
(15) Advancement of Life On Land (16) Guarantying Peace, Justice, and Strong
Institutions (17) Building Partnerships for the Goal. The 3rd and 9th component is
of special interest to us as it concerns our biopolymer. The use of natural products
in therapy is associated with a more patient-friendly outcome. They usually do not
produce as many side effects as synthetic products [77]. The commercial availability
of this biopolymer means we are to witness new pharmaceutical formulations of
important agents containing the EPS. This development will establish good health
and wellbeing through the use of safe and efficacious pharmaceutical products. The
pharmaceutical industry will also experience an increase in new therapeutic products
for various indications containing the EPS. The dairy and meat industries are not left
out as the use of EPS will be made to be more popular.

7. Conclusion and future perspectives

The EPS produced by Lactobacillus spp. are important biopolymers whose poten-
tial medical, pharmaceutical and industrial applications are still underutilized. The
major problem of this underutilization rest mainly on the poor yield of the biopoly-
mer. The selection of potentially high-yielding strains, exploitation of biotechnologi-
cal principles through genetic engineering, and exploration of efficient extraction
processes through extensive research will surely mitigate this problem and help give
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the biopolymer the required boost it deserves. Scientists in the field of probiotics
should make concerted efforts towards the commercialization of EPS. Here we mean
making characterized and lyophilized EPS powder commercially available for medi-
cal, pharmaceutical and industrial applications, especially in the food industry. The
commercial availability of a lyophilized EPS powder will be a welcome development,
especially for scientists in the pharmaceutical and food industry who really under-
stand the importance of this biopolymer.

Since EPS is a biopolymer, its use in therapeutic formulations will be more patient-
friendly devoid of side effects associated with synthetic or semi-synthetic chemicals.
Furthermore, the commercial availability of fully characterized biopolymeric
substances of Lactobacillus origin will create a huge innovation and industrial revolu-
tion in the pharmaceutical space this is because of new formulations of anticancer,
antiviral, antidiabetic, anti-inflammatory, immunostimulants, cholesterol-lowering
agents, etc. will be available for therapeutic applications. The same will be applicable
in the dairy and meat industries as they will witness a reduction/complete elimination
of the use of synthetic polymers. The full industrial and pharmaceutical application
of EPS will contribute positively towards the establishment of improved health and
wellbeing, as well as promote industrialization, drive innovation and increase infra-
structure as envisaged in the United Nations Sustainable Development Goals.
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Abstract

L. plantarum producing EPS plays an important role as an antioxidant, anti-
proliferative, and anticancer. This study aims to increase the production of EPS
by L. plantarum through modification of MRS (de Mann Rogosa Sharpe) media
mixed with coconut water, treated with natrium acetate, Se, and Zn at different
concentration, as well as understanding its effect on antioxidant activity. The
effect of adding sodium acetate with different concentrations of 0.25, 0.50, 0.75,
and 1.0% into mixed media MRS coconut water, (1:3) was studied. Fermentation
experiments at different of Se?* concentration (mM): 50; 75; 100; 125; 150;
and 175, and addition of variation Zn** concentration (mM): 2.5; 5.0; 7.5; 10.0;
12.5; and 15.0), were carried out separately. Antioxidant potential was tested
by FRAP (ferric reducing antioxidant power) and ABTS (2.2'-azinobis (3-ethyl
benzatiazoline)-6-sulfonate). The results showed that the addition of sodium
acetate with different concentrations showed a significant difference to the dry
weight of EPS (P < 0.05). The increase in sodium acetate concentration was up to
1%, in line with the increase in EPS production by L. plantarum (g/g DW biomass).
The addition of Se** 100 mM increased the ratio of glucose to protein content by
2.121. The value of the antioxidant activity of Fe (II) was 311.54, and the ABTS test
obtained IC50 of 83.041. A separate experiment with the addition of Zn*" in the
fermentation medium of L. plantarum produced a fluctuating exopolysaccharide.
The value of the antioxidant activity of Fe (II) M using the FRAP method was
275.886. The IC50 value with the ABTS method is 73.2942. Characterization of EPS
from L. plantarum using FTIR (Fourier transforms infrared spectrophotometry)
has hydroxyl, carboxylate, and aromatic functional groups.
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1. Introduction

Lactic acid bacteria (LAB) are widely used in the manufacture of traditional fer-
mented milk. In the dairy industry, the bacteria are also useful as a culture starter in the
fermentation process. Several strains of lactic acid bacteria have important roles in health
which are beneficial microflora in the intestinal tract [1-3] and capable of synthesizing
exopolysaccharides (EPS) [4-7]. Exopolysaccharides produced by lactic acid bacteria have
been given increasing attention in recent years; it is due to their contribution to the rheol-
ogy and texture of food products. In addition, EPS products, which are GRAS (generally
recognized as safe), are declared safe for consumption and stable during storage [4, 5].

EPS is a polymer of high-molecular weight-reducing sugars, which are secreted by
microorganisms into their external environment. This polymer has bioactivation, so it
can be used for anti-viral and anti-inflammatory treatment. It has an inhibitory effect
on tumor growth in vitro or in vivo [8-10]. The structure and composition of EPS
is closely related to its anti-tumor biological function. In food industry, exopolysac-
charides can function as thickeners, gelling agents, and emulsifiers. EPS from lactic
acid bacteria (LAB) can exert functional effects on food, improve the rheology of
fermented dairy products, and have beneficial health effects.

Several types of LAB that produce exopolysaccharides are Lactobacillus acidophil-
lus, L. vhamnosus, L. casei, L. veuteri, Bifidobacterium longum, and L. plantarum [11].
The amount of exopolysaccharide produced by lactic acid bacteria is influenced
by several factors, such as media composition (C, N concentration, and mineral
supplementation), fermentation conditions, interactions between strains (co-culture
fermentation), and fermentation technology (fed-batch fermentation). Other factors
include physico-chemical conditions such as temperature, pH, level of oxygen pres-
ence, incubation time, and genetic factors [12].

Microbes need minerals to synthesize cellular components, to produce energy,
and becomes electron acceptors in the metabolism of glucose and other sugars. Some
minerals are enzyme activators for microbial metabolism such as Se*, Zn*, Mn**,
Mg, Ca**, and others. The addition of minerals with the right concentration into the
growth medium of L. plantarum will increase the formation of exopolysaccharides.

Previous research on the effect of mineral species on EPS production and growth
characteristics of L. bulgaricus strain ropy in milk media showed that the best mineral
source was 0.5% sodium acetate, which yielded up to 476.6 mg/L of EPS compared to
triammonium citrate, potassium phosphate, and magnesium sulfate at concentrations
of 0-0.5% [13]. Referring to the results, this study added the mineral sodium acetate
with a concentration variation of 0.25-1.0% into coconut water media to produce EPS
by L. plantarum. The results of previous studies using coconut water producing the
highest EPS of 7.0510 g with a composition of 75% coconut water [14].

The addition of selenium (Se**) micronutrients to MRS media was intended to
review its effect on increasing antioxidant potential. Selenium as a microelement
acted as a component of the enzyme glutathione peroxidase (GPX) which had
antioxidant activity by reducing peroxide compounds, so it reduced free radicals in
the body. Selenium is an essential function in the biological system [15]. The results
of previous studies reported that the amount of selenium that could be added to
bacterial culture was around 100-150 mM [16]. Micronutrient selenium became an
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important nutrient for cell proliferation that played its role in increasing cell growth
[17]. Some LAB strains have been reported to be capable of resisting selenium oxy-
anions at high concentrations during cultivation. Especially, L. plantarum has been
suggested as Se-enriched lactobacilli for food applications.

Research on micronutrients Zn and Cu added to goat's milk production showed
an effect of increasing antioxidant activity. L. casei KCTC 3260, was found to pos-
sess a high antioxidant ability by chelating Fe** or Cu**, although no detectable SOD
activity was observed [18]. This paper reports the results of research on the effect of
adding selenium to the growth medium of L. plantarum bacteria for the production of
exopolysaccharides that have potential as antioxidants.

Another micromineral is zinc (Zn) which is important for health. Zn is needed
by various organs of the body, such as the skin of the gastrointestinal mucosa. Zn
increased the antioxidant capacity of SOD which played its role in protecting pancre-
atic beta cells from damage caused by reactive oxygen species (ROS). Superoxide is
one of the most abundant ROS produced by the mitochondria, while SOD catalyzes
the breakdown of superoxide into hydrogen peroxide and water and is therefore
a central regulator of ROS levels [19]. The complex form of copper zinc SOD (Cu
Zn-SOD) compound was able to increase the activity of SOD. Study on the L. fer-
mentum E-3 and E-18 were able to express Mn-SOD to resist oxidative stress [20].
Increased antioxidant activity of EPS from L. plantarum culture with the addition of
zinc (Zn) with various concentrations of 2.5-15 mM will be reported here. Previous
researchers reported that the uptake of zinc (Zn) in lactic acid bacteria (LAB) was
10 mM [13]. The results were used as a reference. Few studies about Zn-enriched LAB
have been conducted, but it has been found that the bacterial growth and probiotic
effect of L. plantarum can be enhanced by zinc in the gut [21].

In the past few years, intensive research of EPS from microbes has developed and
widely applied as ingredients of functional foods, pharmaceuticals, nutraceuticals,
cosmetics, and insecticides. EPS from microbes are predicted to quickly develop as
fast as EPS from plants and microalga which now dominate the market. This is due
to their role as an immunostimulatory [22, 23], antivirus activity, antibacterial, and
anticancer [23-26]. The potential of EPS as antioxidant becomes crucial in the field of
medicine and food industry due to their action as scavengers of reactive oxygen spe-
cies (ROS). ROS are a diverse group of unstable and highly reactive oxygen-derived
molecules, such as hydrogen peroxide (H,0,), hydroxyl radical (*OH), singlet oxygen
(*0,), and superoxide (O,—). These oxidants are produced under stress conditions
that cause destruction of macromolecules (lipids, proteins, and DNA) and disrupt
various redox signalling pathways in eukaryotic cells. The oxidative stress condition
caused by the abnormally high levels of ROS triggers cardiovascular disease, and has
also been implicated in diabetes, various types of cancer, neurologic and inflamma-
tory diseases, ageing [27-29], and autoimmunological disorders [30].

Sustainable Development Goal 3 of the 2030 Agenda for Sustainable Development
is to “ensure healthy lives and promoting well-being for all at all ages” [31]. One of
the objectives that must be achieved is to reduce the mortality rate caused by non-
communicable disease such as cardiovascular, cancer, diabetes, or chronic respiratory
disease. In 2019, it was reported that globally, 74% of all mortality were caused by
non-communicable diseases. In this regard, this study aims to produce EPS from L.
plantarum bacteria as raw material for drugs that are useful for human health. The
study focused on increasing the production of EPS through modification of MRS
media mixed with coconut water by adding natrium acetate, Se, and Zn*" and evalu-
ating the potential of EPS as an antioxidant.
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2. Materials and methods
2.1 Microorganism

Stock cultures of L. plantarum strains were preserved in a freezer at —80°C, in
cryotubes containing 10% glycerol. The culture was stored at the Indonesian Institute
of Sciences, which is located in Bogor, Indonesia. The strain was inoculated into MRS
broth medium (Merck, Germany) for regeneration and incubated at 37°C.

2.2 Regeneration medium of L. plantarum

The regeneration medium used was solid MRS with the composition: MRS 5.22%
w/v and agar 2% w/v. The materials were dissolved with distilled water up to 100 ml.
Each was distributed as much as 4 ml into a tube and then sterilized by autoclaving at
121°C for 15 minutes with a pressure of 1 atm. The sterile medium is cooled to solidify
to form slant agar.

2.3 Preculture of L. plantarum

Regenerated fresh L. plantarum bacteria were inoculated one to two loops into
25 ml of MRS broth medium; cultures were incubated at 37°C until they reached OD
1.0 as preculture.

2.4 Production of exopolysaccharides by L. plantarum bacteria

An amount of 2% precultured L. plantarum in logarithmic growth phase (OD
650 nm = +1) was inoculated into a fermentation medium containing different
microminerals to produce exopolysaccharides. Incubation was carried out at 37°C for
72 hours on a shaker incubator [32].

* MRS medium contained sodium acetate with different concentrations. The
medium of fermentation used MRS 5.22% (w/v), it was dissolved in a mixture
of distilled water and coconut water (with a ratio of 25:75) with the addition of
sodium acetate with different concentrations, that is, 0.0; 0.25; 0.5; 0.75; and 1%.

* MRS medium contained selenium with different concentrations. The addition
of Se** micronutrients to the MRS medium was 5.22% in a mixture of distilled
water and coconut water (with a ratio of 25:75) was carried out with variations in
concentrations of 50, 75, 100, 125, 150, and 175 mM.

* MRS medium contained zinc with different concentrations [33]. The addition of
micronutrient Zn** into 5.22% MRS medium in a mixture of distilled water and
coconut water (with a ratio of 25:75) was carried out with various concentrations
of 2.5, 5.0, 7.5, 10, 12.5, and 15 mM.

2.5 Extraction of exopolysaccharides from L. plantarum

MRS medium modified with the addition of micronutrients was inoculated with
L. plantarum bacteria at a concentration of 2% (v/v) and was cultivated at 37°C for
72 hours. Cultures of L. plantarum were boiled at 100°C for 15 minutes to inactivate
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enzymes that degraded exopolysaccharides. The cultures were cooled and centrifuged
at 14.534xg, for 15 minutes, at 4°C, to separate the cell biomass and supernatant. The
precipitated biomass was then dried and weighed as the weight of L. plantarum cell
biomass (mg), while the supernatant was extracted to obtain EPSs. An amount of two
times of the volume of 96% ethanol was added to the supernatant for precipitation

of EPSs. The mixture was stored at 4°C for 24 hours. Then, the EPS was collected by
centrifugation (11.772xg, 4°C, 20 minutes). The pellets were dissolved with distilled
water. EPSs were purified by adding 15% (w/v) trichloroacetic acid (TCA) [34], then
was centrifuged (20,000xg, 10 minutes, 4°C). The pellets were dried at 55°C, weighed
as EPS dry weight (mg) [34].

2.6 Total sugar analysis

Total sugar content was determined by the modified phenol-sulfuric acid method
using glucose as a standard [35]. An amount of 1 ml of the sample was mixed with
0.5 ml of 5% phenol solution. Then, 2.5 ml of 95% sulfuric acid was added. The
sample were incubated at 25°C for 10 minutes; then stirred for 1 minute. The sample
solution was re-incubated for 20 minutes at 25°C. The absorbance of each sample was
measured using a spectrophotometer at a wavelength of = 490 nm. Sample control
used distilled water (1 ml).

2.7 Protein analysis by the method of Lowry

The standard solution used in protein analysis was bovine serum albumin (BSA).
An amount of 0.5 ml of the sample was added with 0.5 ml of 1 N NaOH, shaken, and
boiled at 100°C for 20 minutes, then cooled. An amount of 0.5 ml of the mixed solu-
tion (5% Na,COs;, 1% CuSO,4.5 H,0 and 2% Na-K-tartrate) was added to each sample;
and was shaken homogeneously. Add 0.5 ml of Folin-Ciocalteu reagent to each
sample; and was shaken homogeneously and let stand for 30 minutes. The absorbance
of the BSA standard solution and the test sample was measured with a UV-Vis spec-
trophotometer at a wavelength of 750 nm. Sample control used distilled water [36].

2.8 Functional groups of EPS analysis by Fourier-transform infrared (FT-IR)
spectroscopy

Sample were prepared by grinding dried EPS (1 mg) with KBr (20 mg) in 1:20
w/w ratio and pressed into 1 mm thick pellets for measurement. FT-IR spectra were
recorded on an FT-IR spectrometer (Shimadzu, Japan) in the frequency range of
4000-400 cm ! [37].

2.9 In vitro antioxidant activities of EPS
2.9.1 Ferric reducing antioxidant power measuvement of EPS

Various concentrations of exopolysaccharide (0, 50, 75, 100, and 125 ppm) was
blended with 1 ml of 0.2 M phosphate buffer, pH = 6.6 and 1 ml of 1% potassium
ferricyanide solution. The mixture incubated at 50 °C for 20 minutes. Then 1 ml of
trichloroacetic acid (10%) was added to the reaction mixture and centrifuged at 3000
rpm for 10 minutes. Then 2.5 ml of the supernatant was mixed with distilled water
(2.5 ml) and 0.5 ml of 0.1% ferric chloride solution. The absorbance of the solution
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was measured at 700 nm using a UV spectrophotometer. Increasing the absorption of
the samples means increasing the reducing power of the samples. The blank sample
was distilled water, and ascorbic acid was used as positive reference standard. The
ferric ion reducing power were expressed as milligrams of ascorbic acid equivalent
(AAE) per ml of EPS sample [38, 39].

2.9.2 Assay of ABTS+ radical scavenging capacity

The antioxidant activity of EPS was assay based on the radical scavenging capacity
of 2,2'-azinobis- (3-ethylbenzothiazoline-6-sulfonic acid (ABTS+) radical with slight
modification. The maximum absorption wavelength of ABTS radical ions is 734 nm, and
hence the absorbance at this particular wavelength is used to detect the concentration of
ABTS radical ions. Briefly, ABTS solution (7.4 mM) was mixed with potassium persul-
phate solution (2.6 mM) (1:1 v/v) and was left at 20-22°C in the dark for 24 hours. The
ABTS stock solution was diluted with absolute ethanol to an absorbance of 0.7 + 0.02 at
734 nm. Then, 0.2 and 0.8 ml of ABTS working solution were mixed thoroughly. VC was
used as the positive control. The absorbance of the mixture solution was determined at
734 nm after 5 minutes of incubation in the dark, using a microplate reader. The ABTS
radical scavenging activity (%) was calculated using the following formula:

Scavenging rate (%)= (Ac—As)/Acx100 1)

Whereas is the absorbance of the test sample and Ac is the absorbance of the
control at 734 nm [40-42].

2.10 Data analysis

Data were analyzed by one way ANOVA with three replications using SPSS ver
22.0 with P = 0.05. This analysis was then followed by Duncan multiple range test.

3. Results and discussion
3.1 Effect of sodium acetate concentration on the formation of EPS L. plantarum

Exopolysaccharide was extracted from the culture of lactic acid bacteria
Lactobacillus plantarum fermented in coconut water-MRS medium in a ratio (25:75)
at 37°C for 72 hours. The use of coconut water with a percentage of 75% referred to
previous studies because it was the best percentage to produce the exopolysaccharide
L. plantarum [14]. Liquid MRS medium was used because it was a selective medium
for the growth of lactic acid bacteria. Seesuriyachan's research used MRS media which
was a good growth medium for lactic acid bacteria; the addition of coconut water and
sucrose as a carbon source could affect the yield of exopolysaccharides. The research
resulted in the production of exopolysaccharides which continued to increase, that is,
from a concentration of 0-100% coconut water also contains protein, sugar, amino
acids, various vitamins and minerals, so with the relatively complete nutritional
content, coconut water is very potential to be used as a basic material for fermenting
organic acids and as an alternative carbon source for the production of exopolysac-
charides from lactic acid bacteria. Lactic acid-producing bacterium is one of the
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(b)

Figure 1.
(a) Morphology of whole cells of L. plantarum visualized by microscop 1000x. (b) EPS crude extracted from
L. plantarum.

bacteria that tends to be attracted to sugar-containing habitats such as coconut water
[43]. Figure 1 shows the cell morphology of L. plantarum with methylene blue dye
and crude exopolysaccharide extracted from L. plantarum culture.

The fermentation temperature used was 37°C, which was the optimal temperature
for the growth of lactic acid bacteria. The fermentation time for 72 hours was the
optimal time for harvesting exopolysaccharides for the growth of lactic acid bacteria.
The supernatant obtained from the extraction was then added with cold 96% ethanol
in a ratio of 1:1; then allowed to stand for 48 hours at 4°C. The addition of cold 96%
ethanol aimed to precipitate exopolysaccharides [32].

The amount of exopolysaccharide produced by lactic acid bacteria was influenced
by several factors such as media composition (source and concentration of carbon and
nitrogen), fermentation conditions, effects of growth media (mineral supplementa-
tion), interactions between strains (co-culture fermentation), and pharmaceutical
technology (fed-batch fermentation), as well as physico-chemical conditions of
bacterial growth such as temperature, pH, level of oxygen presence, incubation time,
and genetic factors [12].

Table 1 shows that the production of EPS (g) per dry cell biomass (g) was increas-
ing, in line with the addition of sodium acetate concentration in MRS medium:
coconut water (75:25). A significant increase in EPS production against the control
(media without sodium acetate) began to be seen at a concentration of 0.75% sodium
acetate: increased to 23.81%. At 1% sodium acetate concentration, EPS production
increased to 34.94%. The greater the concentration of sodium acetate used the more
exopolysaccharide compounds produced. It was influenced by the addition of sodium

No. Na. acetate concentration (%) Production of EPS/cell biomass dry (g/g)
1 0 28.22%
2 0.25 2947
3 05 3175
4 0.75 34.94%
5 1.0 38.09°
Table 1.

Dry weight of EPS L. plantarum on MRS Media: Coconut water (25:75) with variations in sodium acetate
concentration. The numbers followed by the same letter are not significantly different (P < 0.05).
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acetate mineral as an electron acceptor in the metabolism of glucose and other sugars
which helped lactic acid bacteria to produce exopolysaccharide compounds [44].

In the exopolysaccharide polymerization reaction, the formation of carbon chains
required minerals as electron acceptors binding one monomer to others. Lactic acid
bacterium was not limited to oxygen as an electron acceptor. Anaerobically, some
organic components could be treated with the same purpose as electron acceptors.
This case particularly happened at obligate heterofermentative LAB in the alcohol or
acetate formation pathway. However, it turned out that organic electron acceptors
could play an important role in homofermentative LAB in anaerobic metabolism on
certain substrates [44].

Research by Pham et al. also used several types of minerals in the medium to see
the activity of L. rhamnoses cells in producing exopolysaccharides. The results showed
that during the initial exponential growth phase the biosynthesis of exopolysac-
charides did not occur. Production occurred in a stationary phase leading to death
and then the exopolysaccharide produced could be reused by microbes as a carbon
source due to the presence of enzymes produced by the bacteria themselves that could
degrade exopolysaccharides. Consequently, the prolongation of the incubation time
decreased the production of exopolysaccharides [45].

The extraction method used could also affect the amount of exopolysaccharide
produced. The heating step carried out at the beginning of the extraction was able to
increase the recovery of exopolysaccharides, then increased the number of exopoly-
saccharides obtained. The addition of ammonium sulphate at the time of extraction
aimed to precipitate proteins and separate exopolysaccharide compounds from a
mixture of other compounds [45].

The production of exopolysaccharides from microbial cultures depended on sev-
eral different parameters. The formation of polysaccharides was most often associated
with the presence of carbohydrates and low or high temperatures. Mineral require-
ment was also a critical factor. Restriction of nitrogen, phosphorus or sulphur sources
increased the production of exopolysaccharides; on the other hand, some researchers
reported that phosphate and trace elements were essential elements for the synthesis
of exopolysaccharides by Pseudomonas aeruginosa. Several types of minerals were
needed by microbes as growth factors needed to form energy and compose cell com-
ponents and the formation of secondary metabolites. Micro elements such as K, Ca,
Mg, Cl, Fe, Mn, Co, Cu, Zn, and Mo were needed by almost all microbes. The transfer
of nutrients into microbial cells could be in the form of passive diffusion, diffusion
with the help of permease, active transfer or through the phosphotransferase system.
Minerals were generally transferred by active transfer [44].

3.2 Effect of sodium acetate concentration on total sugar content and protein
in EPS

Determination of glucose levels in exopolysaccharide samples was carried out
using the phenol-sulphate method using visible light spectrophotometry. This method
was chosen to determine the total sugar content in exopolysaccharides because it was
commonly used to determine the total carbohydrate content of bacterial polysaccha-
rides. The advantage of this method was that the reagents used were cheap and easy
to obtain, little equipment was needed and the analysis was simple [46]. The principle
of this method was that simple sugar and oligosaccharide could react with phenol in
concentrated sulfuric acid to produce a stable yellowish orange color. The addition of
phenol and concentrated sulfuric acid aimed to form a color complex in the sample so
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Figure 2.
Schematic overview of the phenol sulfuric method for the total carbohydrate analysis [47].

that it could be detected by UV-VIS spectrophotometry. The addition of concentrated
sulfuric acid would produce a yellowish orange hydroxymethyl furfural compound
absorbing at a wavelength of 490 nm [47]. The mechanism of the dehydration reaction
of glucose to hydroxy methyl furfural can be seen in Figure 2.

Figure 3a: the correlation coefficient value was 0.9924 showing that there was a
linear relationship between the concentration of the standard glucose comparison
solution and the absorption at 490 nm; the increase in concentration was propor-
tional to the increase in absorption. Figure 3b: analysis of variance (ANOVA) and
DMRT test (Duncan multiple range test) showed that there was a significant dif-
ference in the addition of sodium acetate with a concentration of 0-0.75% with an
increase in glucose levels at that concentration. Meanwhile, at the concentration of
sodium acetate concentration of 0.75% with 1% there was no significant difference
even though glucose levels in the 1% sodium acetate treatment increased. Figure 3b
the highest glucose level was obtained in 1% sodium acetate sample (75.54%) and the
lowest was found in 0% sodium acetate sample (29.05%).

The absorption of BSA standard solution with concentrations of 20, 40, 60, 80,
and 100 ppm was measured by a spectrophotometer at a wavelength of 750 nm (39)

0.5 80 75.54d
=0.0051x+ 0.2645 67.86d
0.8 y="0. x+ 0. Py (570
0.7 R?=0.9924 P <
£ £ 60 49.53¢
0.6 ® f=
S T 250 41.53b
& 05 y £
S 04 o7 §40 29.05a
é 03 g30
0.2 S 20
0.1 510
0 0
0 20 40 60 80 100 120 0 0.25 0.5 0.75 1
Conc. of Glucose standard (ppm) Conc. of Sod acetate (%)
(a) (b)
Figure 3.

(a) Relationship of standard glucose concentration to absorption at 1490 nm and (b) effect of Na acetate concentration
on glucose levels in EPS (%). The numbers followed by the same letter are not significantly different (P < 0.05).
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(a) Relationship of protein standard concentration (BSA) to absorption at A750 nm and (b) effect of Na acetate

concentration on protein content in EPS (%). The numbers followed by the same letter are not significantly
different (P < 0.05).

resulting in a calibration curve with the regression line equation y = 0.0034x + 0.1492
with the correlation coefficient value obtained 0.9909 (Figure 4a).

Determination of protein content using the Lowry method based on two different
reactions. The first reaction was the formation of copper Cu+. Under alkaline condi-
tions formed by a solution of Na,CO; in NaOH, Cu** ions formed a complex with
peptide bonds reducing Cu®* to Cu+. The second reaction was a reduction reaction by
Folin-Ciocalteu reagent (phosphomolybdate and phosphotungstate). The Cu+ ion and
the radical groups of tyrosine and tryptophan reacted with Folin's reagent to produce
an unstable product that reduces molybdenum or tungsten blue. Protein would react
with Folin-Ciocalteu reagent to form a complex compound giving a blue color [48].

The results of analysis of variance (ANOVA) and DMRT showed a significant
increase in protein content due to treatment with sodium acetate concentration
(0-0.75%). However, the results did not show a significant difference between 0.75
and 1% sodium acetate concentrations. Figure 4b shows that the highest protein con-
tent was obtained as a result of 1% sodium acetate treatment (9.70%) and the lowest
was found in 0% sodium acetate treatment (7.24%).

3.3 Interpretation of IR spectrum of EPS and glucose samples

The functional groups of exopolysaccharide samples produced from L. plantarum
isolates with comparison, namely glucose, were determined using an FT-IR (Fourier
transform infra-red) spectrophotometer [49].

The results of the interpretation of the infrared spectrum of the exopolysaccharide
sample of L. plantarum and the reference standard (glucose) are presented in Table 2.
Glucose was used as a comparison because glucose is the main compound contained in
the exopolysaccharide.

The results of the FT-IR analysis in Table 2 show that the exopolysaccharide and
glucose samples contained IR spectra similarities indicating a typical absorption of
polysaccharide compounds. Glucose showed the presence of hydroxyl groups (-OH),
alkane groups (—-CH), and C-C vibrations. Meanwhile, the exopolysaccharide isolated
from Lactobacillus plantarum showed the presence of a hydroxyl group (-OH), a car-
bonyl group (-C=0) in the carboxylate and a C-C vibration. These results indicated
that the extract obtained was a carbohydrate compound.
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Sample code Wave number (cm™) Absorption peak sample (cm™) Function groups
Glucose 3500-3200 327513 Group —-OH (hydroxyl)
3000-2900 2935.66 Stretching C-H (alkanes)
1300-1000 1224.80, 1151.50, 1109.07 Vibration C-C and C-O
EPS 3500-3200 3219.19 Group —~OH (hydroxyl)
1800-1600 1678.07 Group —C=0 (carboxylate)
1600-1475 1539.20 Group C=C (aromatic)
1300-1000 1085.92 Vibration C-C and C-O

Table 2.

Interpretation of IR Spectrum of Lactobacillus plantarum EPS samples and glucose standard.

The area of 200-900 cm ™" was the fingerprint area for carbohydrates and could be
used for carbohydrate identification. Exopolysaccharides from L. plantarum with the
addition of sodium acetate had an absorption band of 1085 cm™. Absorption bands in
the area around 1080 cm ™ were characteristic for carbohydrates derived from micro-
bial biomass glucose, galactose, and mannose had absorption bands in the region of
983-1200 cm™" [50]. The sample and glucose had an absorption band in that area.
Specifically, glucose was in the wave number of 1100-1124 cm ™ and the exopolysac-
charide sample was in the wave number of 1000-1150 cm ™. It indicated the presence
of sugar monomers such as glucose, galactose and mannose in the sample. Thus, the
sample can be said to be a polysaccharide based on the resulting IR spectra and its
similarity to glucose.

3.4 Effects concentration variations of Se’* and Zn- in fermentation media on dry
weight of cell biomass (g), EPS production (g), glucose, and protein levels (%)

Table 3 shows that the higher the concentration of Se in the medium, the
higher the cell biomass formed. It was inversely proportional to the formation
of EPS: the higher the selenium concentration in the medium, the lower the dry
weight of EPS. The decrease in EPS yield was due to the increase in selenium
concentration in the media because the selenium inhibited the metabolic process
of EPS synthesis by L. plantarum [51].

The results of Arain et al. reported that the addition of mineral treatment could
change the pH of the media which caused the inhibition of the growth of Lactobacillus
bulgaricus due to the high concentration of minerals. Mineral requirements for
microbial growth were only in small amounts. This statement supported that the con-
centration of selenium as a mineral when added at high concentrations can result in
inhibition of EPS production. Selenium is essential for the progression and expression
of humoral and cell-mediated immune responses. Selenium enhances the phago-
cytic activity of neutrophil granulocytes and macrophages, and when stimulated in
myogens, increases T lymphocyte counts [52].

Zinc is involved in protein synthesis and is a regulator of involved in protein
synthesis an is a regulator of synaptic activity and neuronal processes. Zinc
deficiency due to the reduced ingestion of this metal causes an abnormal process
in the nervous system [51]. The effect of adding Zn** to medium with different
concentrations is shown in Table 4: the higher the zinc concentration in the growth
medium, the higher the cell biomass produced. On the other hand, the production
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of exopolysaccharides tended to decrease. The inversely proportional results of

cell biomass and exopolysaccharides had been carried out in a study. The yield of
exopolysaccharide production was inversely proportional to cell biomass because
of the need for energy support in the exopolysaccharide biosynthesis process. The
limitation of energy production in cells during the formation of exopolysaccharides
caused the amount of biomass to be low, because the formation of the two was
interrelated. Higher exopolysaccharides were produced with lower cell growth. It
was possible that the cell growth pathway was blocked and converted to an exopoly-
saccharide synthesis pathway [43].

The production of exopolysaccharides obtained from lactic acid bacteria was
influenced by several factors such as fermentation conditions, effects of growth
media (mineral supplementation), interactions between strains (co-culture fermen-
tation), and fermentation technology (fed-batch fermentation). Regulation of cell
growth at a constant pH resulted in better exopolysaccharide yields. The acidifica-
tion process occurred because the production of lactate caused the glycohydrolase
enzyme to become active (pH range 5). It caused the yield of EPS to decrease due to
the enzymatic process. The culture conditions and the composition of the media (not
only carbon sources) affect the yield of EPS and the molecular characteristics of the
biopolymer [53].

Glucose equivalent EPS levels were determined using the phenol-sulfate method.
Glucose did not have a chromophore so it was supposed to be reacted with phenol-sul-
phate to form an orange-yellow color having a maximum absorption at 490 nm. The
addition of concentrated sulfuric acid H,SO, caused hydrolysis of glycosidic bonds
in EPS so that furfural compounds or furfural derivatives were formed which would
condense with phenol to form yellow-orange compounds. The results of the measure-
ment of glucose uptake and concentration in EPS can be seen in Table 5. The highest
average glucose level was obtained in exopolysaccharide samples with the addition
of Se’* 175 mM concentration reaching 55.169% and the addition of 10 mM zinc of
69.20%, while the lowest glucose level was obtained at exopolysaccharide samples in
the media without the addition of Se** and Zn™".

Glucose levels in exopolysaccharides would increase because during fermenta-
tion, lactose would be broken down into glucose and galactose which became the
main carbon sources in increasing the activity of the UDP-glucose pyro phosphory-
lase and UDP galactose-4-epimerase enzymes. UDP galactose-4-epimerase was a
key enzyme in the formation of EPS, and the enzyme would be active when there
was a sugar unit in the form of galactose as a precursor in the formation of exopoly-
saccharides [53].

Analysis of protein content in EPS samples was determined using the Lowry
method by visible light spectrophotometry. The protein in the sample would react
with copper (II) sulphate under alkaline conditions to form Cu”* ions and an
amino acid radical group which then reacted with Folin-Ciocalteu to produce an
unstable product that reduces molybdenum or tungsten blue. The reaction pro-
duced a blue-colored complex which gives the maximum absorption at 750 nm.
Protein levels would decrease because the longer fermentation means the longer
the opportunity for lactic acid bacteria to degrade protein, so it caused protein
levels to decrease.

The results of the calculation of the ratio of high levels of glucose to protein
provided information on the optimum culture conditions for producing EPS, because
glucose was a monomer of EPS. The culture produced EPS with the highest glucose:
protein ratio at the concentrations of Se** 100 mMol and Zn** 12.5 mMol.
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No. Conc. Se** Se”* treatment Conc. Zn** (mmol) Zn® treatment
(mmol) FRAP* (mg  ABTS*IC50 FRAP(mg  ABTSIC50

FeSO,4/mg) (mg/ml) FeSO,/mg) (mg/ml)

1. 0 0.223 + 0.008 107.320 0 0.025 + 0.001 117.806

2. 50 0.245 + 0.006 146.930 2.5 0.091+ 0.001 71172

3. 75 0.273 + 0.038 84.096 5.0 0.168 + 0.004 76.993

4. 100 0.254 + 0.030 76.944 75 0.331+0.008 72.254

5. 125 0.276 + 0.003 74.929 10 0.438 + 0.029 69.122

6. 150 0.285 + 0.005 80.660 12.5 0.471 + 0.020 66.645

7. 175 0.289 + 0.018 61.882 15 0.479 + 0.035 55.535

*FRAP Data ave means + S.D. of two replicates.
**The ABTS radical is completely reduced to this concentration accompanied by the disappearance of the green color.

Table 5.
Antioxidant activity test of EPS L. plantarum using FRAP and ABTS methods.

3.5 Antioxidant activity test of L. plantarum exopolysaccharide with FRAP
(ferric reducing antioxidant power) and ABTS (2,2’-azinobis
(3-ethylbenzatiazoline)-6-sulfonate) methods

The results of the exopolysaccharide antioxidant activity test using the FRAP
method showed that exopolysaccharides were potential to be antioxidants based on
their ability to reduce colorless Fe3+ TPTZ (2,4,6-tripyridyl-s-triazine) to blue Fe**,
so that the antioxidant power of a compound was analogous to reducing ability of
the compound. Fe3+ TPTZ compounds represented oxidizing compounds that might
be present in the body and could damage body cells, while samples contained anti-
oxidants which could then reduce Fe3+ TPTZ compounds to Fe** TPTZ so that Fe3+
TPTZ compounds would not carry out reactions that damage body cells. The more
the concentration of Fe3+ TPTZ reduced by the sample to Fe’* TPTZ, the higher the
antioxidant activity of the sample.

The reducing activity of the EPS samples was determined according to the method
described by Benzie and Strain [54]. Calibration using FeSO4 which expressed as mg
Fe(II) per gram extract (Figure 5a). The antioxidant activity test using the ABTS
method using vitamin E as a comparison (Figure 5b), showed an IC50 of 8.3090 (pg/
ml). The value of antioxidant test results from EPS L. plantarum using the FRAP and
ABTS methods are listed in Table 5.

The results of the antioxidant activity test of EPS L. plantarum treatment
with a concentration of Se** 175 mmol showed the highest FRAP value, namely
0.289 + 0.018 mg FeSO4/mg; and the best antiradical ABTS activity, namely IC50
61,882 mg/ml. Meanwhile, Zn?* 15 mmol treatment showed the highest FRAP value,
namely 0.479 £ 0.035 mg FeSO,/mg; and the best antiradical ABTS activity, namely
IC50 55,535 mg/ml. The results showed that EPS L. plantarum had very strong anti-
oxidant potential. The principle of the ABTS method was that EPS antiradical com-
pounds would ward off free radicals marked by the loss of blue color (decolorization)
in the ABTS reagent. It was indicated by a decrease in the absorbance value of the
measured sample absorption. The advantages of ABTS compared to other methods
were that the test was simple and easy to repeat; and the most important thing was
that it was flexible and could be used to measure the activity of both hydrophilic and
lipophilic antiradicals [55].
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Figure 5.
(a) Standard curve of FeSO,.7H,0 and (b) relationship of vitamin E concentration (ppm) to % inhibition.

4. Conclusions

The production of EPS derived from the group of lactic acid bacteria including
L. plantarum was in great demand because it was safe for consumption. The effect
of EPS to improve food texture was a strategy to reduce the use of additives. The
potential of EPS to be applied in the pharmaceutical field opened up opportunities
for researchers to increase EPS production through modification of the fermentation
medium by adding coconut water, Na-Acetate and minerals (Se’* and Zn**). The
increase in EPS production by L. plantarum occurred due to the addition of natrium
acetate concentration of up to 1%. Natrium acetate concentration of 0.75% gave
significantly different EPS results to the control. EPS production by L. plantarum was
optimum at 100 mmol of Se** concentration and 12.5 mmol of Zn** concentration,
based on the highest ratio of glucose: protein.

The effect of Se and Zn concentrations on the antioxidant activity of EPS using
the FRAP and ABTS methods shows that the higher the concentration of these trace
elements, the higher the antioxidant activity.

The addition would affect the increase in enzyme activity for the synthesis of EPS.
The antioxidant activity test of the L. plantarum EPS compound showed a very strong
category.
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