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Abstract

In the past decades, functional genomics, metabolic engineering and mutagenesis screening have been reported
on lactic acid bacteria found in food fermentation. The identification and adaptation of novel processes are being
researched and applied into the artisanal and industrial fermentation of foods. Genomics and metabolic
engineering have been identified and these innovative processes have been shown to optimize the production of
metabolites and enhance the functionality of fermented foods production and processing. In the long history,
lactic acid bacteria have been used as a probiotic as well as starter functioning for various traditional food
fermentation and human health. Novel probiotic microbial starter cultures are being formulated having diverse
health benefits and being used for the production of fermented foods and beverages, functional foods and
nutraceuticals and single cell protein. In the last decade, functional genomics approaches have been reported for
lactic acid bacteria found in diary fermentation products. However, functional and comparative genomic studies
have targeted a variety of foods where much attention has been focused on starter lactic acid bacteria and non-
starter lactic acid bacterial microbial strains. This review is focusing on the potential of functional genomic,
metabolic engineering and mutagenesis approaches to unravel the molecular processes in lactic acid bacteria
used in industrial fermentation process that determine their functional efficacy in food industry.
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Background

Lactic acid bacteria (LAB) are gram-positive and microaerophilic organisms able to ferment sugar to produce
lactic acid as an end product and functionally classifications are comprised of the genera Lactobacillus,
Lactococcus, Streptococcus, Enterococcus, Leuconostoc and Carnobacterium species. Lactic acid bacteria are
considered as safe and used as probiotics functioning aspects of humans. Moreover, when describing their
characteristics, LAB is often claimed to have a ‘generally recognized as safe’ (GRAS) status, which confirms
their safety (Stiles and Holzapfel, 1997). Lactic acid bacteria are greatly differing with their morphology,
genotypic properties, salt, and acid and temperature tolerance efficiency. Lactic acid bacterial starters reduce
fermentation time by overwhelming the fermenting media prior to the colonization of undesirable microbes, in
the same token, which reduces production cost and increases quality of the product. In the process of
fermentation, they generate lactic acid from the respective sugar fermentation, which makes the environment
unconducive for food spoiling and pathogenic microbes, hence, increases the shelf life. The trace and macro
biomolecules would increase the nutritional value of the food and the benefit the host acquires up on
consumption (Robert, 2006). Lactic acid bacteria are widely exploited for extending the shelf life of various
foods and beverages.

Lactic acid bacteria are found everywhere and their abundance is extremely diverse with their specific
microbial ecosystems. The selective pressure exerted by these environments is a key driver in the genomic
diversity among LAB strains derived from distinct habitats (McAuliffe, 2018).

Naturally Lactic acid bacteria are used as starter culture for various traditional fermented foods like
sauerkraut, pickles, cheese, sausage, fish, sourdough bread, and animal silage, fruits, cereals, milk and animal
farm environment (Lortal et al., 2014). A plant-based origin for dairy lactococci was demonstrated using genome
evolution studies. Starters and ferments have then been isolated, selected, and domesticated over past centuries
to control the fermentation processes and standardize the taste and quality of the final products. The total
microbial load or count of Lactic acid bacteria in fermented products is highly diverse and ranges from 4 to 5 log
to over 9 log of bacteria, depending on product types, fermentation dynamics, and the overall microbial ecology
of the products. Moreover, the abundance of other non-starter Lactic acid bacteria, yeasts, and molds in complex
ecosystems, especially in dairy products needs to be considered. The microbial diversity and functional
properties of lactic acid bacteria found in traditional food products and contribution of Lactic acid bacteria has
been extensively reviewed (Tamang et al, 2016; Linares et al., 2017; Marco et al., 2017). Traditional dairy
products are one of the major sources of lactic acid bacteria with various health benefits such as prevent from
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various specific diseases.

Functional and comparative genomics of lactic acid bacteria

In industrial fermentation lactic acid bacterial are widely used for production of dairy products such as cheese
and yoghurt are the most commonly produced products. The industry earns multi-billion dollar and great
attention has been given to the functional genomics of lactic acid bacteria during fermentation of dairy products.
The most commonly used lactic acid bacteria are Lactococcus lactis, Streptococcus thermophilus, Lactobacillus
delbruekii subsp. bulgaricus and some Leuconostoc (De Vos, 2011). According to Siezen et al, (2010) the
genome sequences of industrial microbial starter strains have not been determined yet or not been made available
in public databases.

The recent development of high throughput functional genomics screening approaches such as
transcriptomics and metabolomics. Transcriptomics have been used for the analysis of the lactic acid bacteria
response to different environments concerning growth conditions, culturing regiments and various stresses and A
lot of studies on the functional genomics contributed to the discovery and characteristics of respiratory
metabolism in many bacterial species belonging to lactic acid bacteria (Lechardeur et al., 2011; Pedersen et al.,
2012). The proteomic approaches, used to better understand the metabolism of microbial strains in food and the
proteomic approach was applied for quantitative analysis of bacterial enzymes released in cheese during ripening
and proteomics approach was used to investigate the temperature and acidic stress tolerance response of lactic
acid bacterial strains (Nezhad, 2010). The development and use of comparative genomics comparative genomics
approaches to improve the functional annotation of the key enzymes in the formation of flavor compounds from
amino acids. Also, an integrated database and bioinformatics platform called open genome resource and
functional comparative genomics study of probiotic lactic acid bacterial strains. Comparative analysis of the
various sequenced lactic acid bacteria resulted in an overview of differences in their capacities to form flavors
(Liu et al., 2008). Comparative genomics revealed some parallels between the different phylogenetic strains,
which probably reflect the harsh and competitive environment in the human gut.

The genome sequences of twenty lactic acid bacteria have been published to date and the comparative and
functional genomic analyses have been performed for some of the species of lactic acid bacteria and their roles
in food industry and health have been widely studied (Altermann, 2005). Recently, genomic interest has
developed for the nonstarter lactic acid bacterial strains that are naturally present in dairy fermentations products
and in some cases have been developed into adjunct starters that contribute to flavor and quality improvement of
traditional fermented foods products (Settanni and Moschetti, 2010; Papanikolaou, et al., 2012). The genome
size of lactic acid bacteria is relatively small and collectively of low GC content and LAB species with the
smallest genomes can be highly auxotrophic and deficient in a number of biosynthetic pathways, corresponding
to their apparent adaptation to nutritionally rich environments (Pridmore, Berger et al., 2004; Altermann, Russell
et al., 2005).

Moreover, the genomic characterization of Lactobacillus helveticus strain CNRZ 32, used as an adjunct
starter to improve the quality and flavor of dairy products and reduce bitterness comparing with other
Lactobacilli (Broadbent et al., 2013). Differential Blast Analysis highlighted strain-specific genes and group-
specific genes. Lactobacillus-specific genes include mucus binding proteins involved in cell-adhesion and
several transport systems for carbohydrates and amino acids (Klaenhammer ef al., 2008). The available genome-
scale models can play a role as powerful tool as part of comparative genomics. The ultimate goal of the
comparative genomics will be a better understanding of the metabolism of these important industrial food
starters and why they are so well equipped for their respective food fermentations.

According to Klijn et al., (1995), the genomic based molecular identification of lactic acid bacteria revealed
that the fraction of lactic acid bacteria in the human gastro intestinal tract is low and reaches over 1% in few
persons and this indicates many lactic acid bacteria are passengers of the gastro intestinal tract than endogenous
inhabitants. The detailed genomic identification of lactic acid bacterial strains is needed to clarify their roles with
in the human gastro intestinal tract and some lactic acid bacterial strains have a highly intraspecies diversity in
both endogenous and passenger microbial strains. However, genomic fat feeding trail study showed that
Lactococcus lactis, Streptococcus thermophilus and Pediococcus acidilacti are commonly used as starter
functioning of diary fermentation and meat processing (David et al., 2014).

The genome sequences of eight commensal and fermentative lactic acid bacterial strains have been
published: Lactococcus lactis, Lactobacillus plantarum, Lactobacillus johnsonii, Lactobacillus acidophilus,
Lactobacillus sakei, Lactobacillus bulgaricus, Lactobacillus salivarius and Streptococcus thermophilus
(Altermann and Russell et al., 2005). This indicates the complete genome sequence of other lactic acid bacteria
representing the functional diversity of hexose sugar fermenting and lactic acid-producing microbial strains. The
lactic acid bacteria have small genomes encoding a range of biosynthetic capabilities that reflect both
prototrophic and auxotrophic characters. Phylogenetic and comparative genomic analyses content across the
group and reconstruction of ancestral gene sets reveal a combination of gene loss and gain during the
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coevolution of lactic acid bacteria with animals and the foods they consumed. The genome of Lactococcus latics
spp. lactis 1L1403, released in 2001, represents the first reported lactic acid bacteria genome sequence. Since
then, more than 75 genome of industrially important LAB have been sequenced, while more than 80 genome
sequencing projects are in progress and GC content of lactic acid bacterial strains are low (Bron and
Kleerebezem, 2011).

Comparative genomics and whole genome sequencing provide insights into genetic content, differences and
similarities, and offer important clues into possible gene functions, both essential and unique. Genomic analyses
of lactic acid bacteria have showed a number of interesting features that are generally considered to be important
to the roles of these organisms in food processing industry and health. Adherence and attachment factors and
considered potentially important to probiotic functions of lactic acid bacterial strains (Schell ez al, 2002).
Functional genomic analysis is vital to our understanding of cellular physiology, metabolic pathways, sensing,
signaling, and elucidating mechanisms that underlay probiotic functioning. Genetic and molecular tools that can
be used for gene cloning, expression, complementation and inactivation.

Recently, functional and comparative genomics has greatly enhanced for the use of a variety of industrial
applications. Various starter and probiotic functioning lactic acid bacterial strain Producer Company have been
started to characterize and identify their strains using complete genomic analysis. Applying rapid microbial
strain identification is useful in mining and selecting the specific properties of lactic acid bacterial strains and
their safety and administrative aspects are supported by genome sequencing technology. For comparative
genomic study, application and use of high through put sequencing technology allowed for well-known
commercial microbial strains.

In the last decade, functional genomics approaches have been reported for lactic acid bacteria found in diary
fermentation products. However, functional and comparative genomic studies have targeted a variety of foods
where much attention has been focused on starter lactic acid bacteria and non-starter lactic acid bacterial
microbial strains.

Mutagenesis study and metabolic engineering of Lactic acid bacteria

Mutagenesis either physical or chemical can be used to obtain mutant Lactic acid bacteria with the desired
functions in biotechnological applications. Apart from screening and isolation of potent lactic acid bacteria from
the natural environment, strain improvement of the existing ones also guaranties elite isolates. Simpler but
effective strain improvement techniques, like chemical and radiation mutagenesis have been proved to generate
improved isolates with vigor potential compared to their wild type isolates. Shorter doubling time, which would
reduce the fermentation time, stress tolerance to environmental stress, assimilation of inexpensive and complex
raw materials efficiently, overproduction of primary and secondary metabolites are some of the features of
improved strains. Random mutagenesis could be adopted in order to enhance food productivity in the dairy
sector, where dairy fermentation is characterized by poor infrastructure and uncontrolled fermentation
environment (Robert, 2006).

Ethyl methane sulfonate mutagenesis of Lactic acid bacterial has produced variants with improved
riboflavin production (Chen et al., 2017). The chemical mutagen (ethyl methane sulfonate) has been mostly
applied for random mutagenesis. Lactobacillus subjected to mutagenesis by ethyl methane sulfonate can
withstand higher xylose levels and produce larger amounts of lactic acid through conversion of xylose into lactic
acid (Almalki, 2016).

There are several drawbacks of random mutagenesis methods. They are non-targeted and can introduce
various random mutations into the genomes of interest, after which the characterization and selection of the
subset of target variants is required. However, undesired mutations can occur that require further characterization
of the isolated strains and on the other hand recombinant DNA technology is targeted and enables precise
modifications to be made (Derkx et al, 2014). Moreover, random mutagenesis have been widely applied to
obtain improved lactic acid bacteria strains for food applications as strains resulting from these methods are not
considered GMO. However, such methods do not result in targeted modifications and selection of the right
strains is often laborious, despite bioinformatics tools being highly instrumental to narrow down the initial
experimental strain selection. The development of high-throughput genome editing tools for a wide variety of
strains is crucial for both fundamental studies and applications to enable fast, targeted and stable genomic
modifications (Bergsveinson ef al., 2017).

A lot of metabolic engineering techniques have been used to reroute metabolic pathways for the production
of sweeteners, flavors, aromas, exopolysaccharides and vitamins (Hugenholtz et al, 2002). Improving the
efficiency of lactic acid bacterial strains metabolic engineering is essential. However, more aspects of
metabolism cannot be altered by manipulating the desired genes due to the complex network of regulatory
mechanisms of cell. In the post-genomic era, metabolic engineering has broadened its design strategies through
integrating various biological data, including genomic-scale metabolic model, transcriptomic and metabolomic
data (Tomar and De, 2013). In many countries, the use of genetically modified organisms (GMOs) in food
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products is controversial and not allowed by regulatory officials. Development of high-throughput genome
editing tools for lactic acid bacteria has been limited compared to industrial strains like Saccharomyces and
Escherichia coli. However, lactic acid bacteria are widely studied group for development of genetic tools with
many cloning vectors derived from them still routinely used (De Vos, 2011).

Genetically modified lactic acid bacteria can produce significant metabolites with high yield and immense
health benefits through metabolic engineering (Liu et al., 2019; Papagianni, 2012). Genetically engineered lactic
acid bacterial strain can produce desired compounds and reduces the possibility of the risk of contamination and
unwanted release of microbes into the environment. Engineered Lactic acid bacteria have enabled their
application to the expression of recombinant proteins and the most common genera are Lactococcus and
Lactobacillus (Mao and Wang, 2016; Song et al., 2017). Metabolic engineering of Lactic acid bacteria allows
modification of the existing metabolic pathways to improve its properties of Lactic acid bacterial strains as
starter functioning of various food fermentation (Berlec and Strukelj, 2009).

Roles of lactic acid bacteria for food fermentation

In food fermentation industry lactic acid bacteria are one of the ancient known food preserving techniques.
Fermented traditional dairy products, such as yogurt and cheese, appeared in human diet about 8,000-10,000
years ago. In the 20th century, food fermentation remained an uncontrolled process; the discovery and
characterization of lactic acid bacteria have changed the views on food fermentation. Microbial fermentation
enhances the shelf-life of food products and influence the sensory properties of a product including the flavor
development and Lactic acid bacterial are among the well-known microbial strains commonly used in industrial
food fermentation. Fermented foods also have increased levels of nutrients and are sometimes easier to digest
than the raw product. Lactic acid bacteria strains produce bacteriocins, of which nisin is probably the best-known
member. Combined with the process of acidification and inhibits the growth of food borne pathogens (Leroy and
De Vuyst, 2004).

Microbial starters cultures are classified into two such as defined starter culture and mixed-strain cultures.
Defined microbial starter cultures are pure cultures with known physiological characteristics and technological
properties and consist of 2-6 strains, used in rotation as paired single strains as multiple strains and enable
industrial-scale production of high quality products whereas the mixed microbial starter cultures contain
unknown numbers of strains of the same species and may contain bacteria from different genera of lactic acid
bacterial strains. Microbial inoculation is one of the traditional methods for the manufacture of fermented food
products like back slopping. Back slopping method has its own drawbacks and mainly a great fluctuation in the
quality of the product, but is still used for some homemade products. The substitution of the back slopping with a
selected starter culture was very early realized to be a necessity. However, the production of fermented foods is
automated and produced in large quantities with total control of the process, the use of commercial lactic acid
bacterial starter cultures is an integral part of a successful production of any fermented product (Bintsis and
Athanasoulas, 2015). In the fermented food industry lactic acid bacterial strains able to inhibit the growth of
disease causing and food spoilage microorganisms by lowering the pH of ecological environment and by
competing for nutrients (Ghalfi et al, 2010). Lactic acid bacteria also produce a variety of metabolites,
metabolic products, enzymes, lytic agents and bacteriocins, which contribute to the safety and enhance the shelf
life of fermented food products (O’Shea et al., 2013). Bacteriocins are among the well-known bioactive
substances produced by lactic acid bacterial strains with antimicrobial properties.

Lactic acid bacteria as a starter and probiotic microbes
According to Marco et al., (2006), probiotic are live microorganism could be viable at the time of ingestion to
confer a health benefit and a probiotic microbial strain should survive gastro intestinal tract and colonize the host
epithelium. A probiotic functioning microbial strains is able to tolerate both to the highly acidic conditions in the
stomach, various concentrations of bile salts in the human small intestine, adherence to intestinal mucosal cells
would be necessary for colonization and any direct interactions between the probiotic and host cells leading to
the competitive exclusion of pathogens and this properties have consequently become important selection criteria
for new probiotic functionality. In food processing industry, lactic acid bacteria have been used as starter
cultures for food fermentation or as probiotics microbial strains. Even though, the recent advent of genomics and
functional genomics and high-throughput technologies in the last decade have allowed for an extensive
understanding of the industrial use and metabolic characteristics of lactic acid bacterial strains, which render
them the most promising candidates as microbial cell factories in future bio-refineries (Gaspar ef al., 2013).
Lactic acid bacteria (LAB) are commonly used for the production of traditional fermented dairy products
and vegetables. The strains should be recognized as safe, holding the GRAS (Generally Recognized as Safe)
status for the production of different fermented food or pharmaceuticals. They must also have a number of
features in the aspects of safety, functional and technological characteristics. Lactic acid bacteria used in
probiotic preparations are derived from the human gastrointestinal tract, are accurately identified, with a history
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of safe use and are not the subject of any reports of their potential pathogenicity or antibiotic resistance (Piatek et
al., 2012). Based on the carbohydrate metabolism efficiency lactic acid bacteria can be classified as
homofermentative including Lactococcus, Enterococcus, Streptococcus and some lactobacilli use the Embden-
Meyerhof pathway in which glucose is completely converted into lactate and heterofermentative lactic acid
bacterial strains composed of Leuconostoc, Weissella and some lactobacilli, produce lactate, acetate, CO2 and
ethanol using the hexose monophosphate pathway. Some of the homolactic lactic acid bacteria able to use the
mixed acid fermentation for growth, resulting in the formation of mainly acetate, formate and ethanol (Ross et
al., 2002).

Lactic acid bacteria have attracted a lot of attention as probiotics, which are used as adjuvant or prophylaxis
approach against conditions ranging as broad as neuropsychiatric disorders, cancer, irritable bowel syndrome and
urinary tract infections (Reid, 2017; Mays and Nair, 2018). They are also used in a range of animal husbandries
including chickens, cows, pigs and fish, to enhance productivity and reduce illnesses (Syngai, 2016). The market
for probiotics is ever expanding, with a projected worldwide market size of $46.55 billion by 2020 (Salvetti and
O’Toole, 2017). The complex molecular mechanistic modes of action of both probiotics and LAB-host-pathogen
interactions are not yet fully understood. The development of new starter cultures for the production of
fermented foods that could meet the changing consumer preferences and expectations for safe products with
specific characteristics is studied through the composition of mixed-strain cultures isolated from nature or the
genetic engineering of existing isolates. A variety of techniques involving natural selection and evolution are
available to enhance the performance of existing strains, including the isolation of mutants with desired
properties, adaptive laboratory evolution, genome shuffling, and genome editing. However, for food applications,
recombinant DNA technology is strongly limited by regulations and the negative consumer perspective towards
genetically modified organisms (Borner et al., 2018).

Probiotic lactic acid bacterial strains possess unique features that enable them to survive the rigors of the
gastro intestinal tract, survive in the presence of acid and bile, and competition from other microorganisms.
Sequencing the genomes of L. acidophilus, L. casei, L. johnsonii, L. plantarum and L. salivarius led to the
elucidation of many genes that underlie these characteristics. These species are remarkably deficient in their
biosynthetic capacities, which are compensated for by their abundant proteolytic systems and extensive capacity
for uptake of macromolecules (Kleerebezem, 2003). Some species of probiotic lactic acid bacteria are able to
metabolize complex carbohydrates by human enzymes or by other microbiota and prebiotics can selectively
stimulate the growth of lactobacilli in the intestines. Carbohydrates metabolism by L. acidophilus and L.
plantarum has identified specific transporters and hydrolases for oligosaccharides (Saulnier, 2007; Barrangou,
20006).

Various in-vitro expermenments could be performed during screening and selection of potential probiotic
microbial strains. Among the tests of a probiotic lactic acid bacterial strain, determination of its taxonomic
classification is an indication of the origin and physiology of the lactic acid bacterial strains and all the
characteristics are important for the selection of the novel probiotic microbial strains (Morelli, 2007). Lactic acid
bacteria produce conjugated linoleic acids, gamma-amino butyric acid (GABA) and may contribute to signal the
neuroendocrine and vascular systems. More studies are necessary to determine the best strains, optimal dose, and
treatment time to achieve beneficial outcomes for obesity, type-2 diabetes, non-alcoholic fatty liver disease
(NAFLD) and decipher the corresponding mechanism(s). Collectively, those data should shed light on selected
probiotic strains as important tools to prevent and treat patients with metabolic disorders and cardiovascular
diseases. Phenotype characterization, genotype stability (plasmid stability; carbohydrate and protein utilization),
growth and survival of gastric acid and bile salt tolerance, production of antimicrobial metabolites like
bacteriocins able to inhibit pathogens, spoilage microbes, ability to adhere to the intestinal mucosa and antibiotic
resistance are one of the major screening and selection criteria for probiotic microbial strains (Tuomola et al.,
2001).

Conclusions

Due to the rapid development of high through put sequencing techniques and multiple genome sequencing
projects on lactic acid bacterial strains were initiated and comparative analysis of lactic acid bacteria genomic
data emphasized the remarkable diverse within the group at numerous taxonomic levels. Genomics and
metabolic engineering have been identified and the processes have been shown to optimize the production of
metabolites and enhance the functionality of fermented foods production and processing. Mutagenesis and
metabolic engineering of lactic acid bacteria could be adopted in order to enhance food productivity in the dairy
sector and human health and to ensure better productive with safer products, saves cost and improves livelihood.

list all abbreviations
GABA: gamma-amino butyric acid; GRAS: generally recognized as safe’; LAB: Lactic acid bacteria
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