MOLECULAR EVOLUTION AND POPULATION
GENETICS OF ACID RESISTANT PATHWAY
GLUTAMATE DECARBOXYLASE IN LACTIC

ACID BACTERIA

A Thesis Submitted to
the Graduate School of Engineering and Sciences of
Izmir Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of

MASTER OF SCIENCE

in Biotechnology

by
Burcu TEKIN

June 2022
IZMiR



ACKNOWLEDGMENTS

I would like to express my gratitude and respect to my supervisor, Assoc. Prof.
Dr. Efe SEZGIN, who guided and motivated me by sacrificing his time with great
understanding throughout my thesis work. It was an enjoyable journey to learn new

techniques and gain experiences under his guidance.

I wish to thank my dear friend, Kevser Kiibra KIRBOGA, who always guided,
motivated, and supported me constantly. |1 would like to thank her for showing me that

being a sister does not require biological relations.

I wish to express my deepest gratitude to my dear mother, Nihal TEKIN, for her
unconditional love, patience, and motivation every bit of my life. In addition, | would
like to thank my big family for all their precious love and contribution that helped me to

become who | am today.



ABSTRACT

MOLECULAR EVOLUTION AND POPULATION GENETICS OF
ACID RESISTANT PATHWAY GLUTAMATE DECARBOXYLASE IN
LACTIC ACID BACTERIA

The Glutamate Decarboxylase(GAD) Pathway (GDP) is a major acid resistance
mechanism that allows Lactic acid bacteria (LABs) to survive in low pH food
environments.

In the thesis, we aimed to study the molecular evolution and population genetics
of GDP genes in LABs to understand evolutionary processes shaping adaptation to high
acid environments by contrasting species where the GDP genes are organized as an
operon structure (Levilactobacillus brevis) versus lack of an operon structure
(Lactiplantibacillus plantarum).

Intraspecies molecular population genetic analyses with GDP genes of L. brevis
and L. plantarum from various environments revealed that synonymous and non-
synonymous nucleotide diversity is driven mainly by low-frequency changes. Neutrality
tests revealed mostly negative values indicating negative selection against replacement
changes. Similarly, molecular structure and amino acid characteristic analyses showed
that none of the replacement changes on the GDP genes alter the important residues of
the proteins supporting negative selection against non-conservative amino acid changes.

Interspecies analyses were used to identify the closely related LABs. Moreover,
phylogenetic analyses showed that the GDP gene tree topologies differed from the LAB
species tree, indicating divergent evolutionary histories. The functionally preserved two
gad copies of the L. brevis grouped separate phylogenetic clades, showing that the origin
of the second gad gene might be via horizontal gene transfer from a phylogenetically
distant LAB species rather than gene duplication.

In conclusion, GDP in LABs exhibits a dynamic molecular evolutionary history

that enables organisms to thrive in high acid environments.



OZET

LAKTIK ASIT BAKTERILERINDE ASIDE DIRENCLI YOL
GLUTAMAT DEKARBOKSILAZIN MOLEKULER EVRIMI VE
POPULASYON GENETIGI

Glutamat dekarboksilaz (GAD) yolagi (GDY) Laktik asit bakterilerinin (LAB)
diisiik pH’l1 ortamlara adaptasyonunda olduk¢a 6nemli olan bir mekanizmadir.

Tezde LAB’larin GDY genlerinin yiiksek asitli ortamlara adaptasyonunu
sekillendiren evrimsel siirecleri anlamak i¢in, GDY genlerinin organizasyonu agisindan
farkli iki LAB tiiriiniin (L. brevis and L. plantarum) molekiiler evrimi ve populasyon
genetigi incelenmistir.

Cesitli ortamlardan alinmis L. brevis ve L. plantarum GDY genleri ile yapilan tiir
ici molekiiler popiilasyon genetigi analizlerinde, niikleotit ¢esitliliginin esas olarak diisiik
frekansli degisiklikler tarafindan yonlendirildigi bulundu. Tarafsizlik teslerinden negatif
secilimi igaret eden sifirdan kiiciik degerler elde edilmistir. Benzer sekilde, GDY
genlerinde tespit edilen amino asit degisimine yol acan mutasyonlarin negatif se¢ilimi
isaret eder sekilde proteinlerin aktivitesini ve yapisini etkilemedigi gozlenmistir.

Evrimsel a¢idan yakin LAB tiirlerini belirlemek i¢in tiirler arasi filogenetik
analizler kullanilmistir. GDY genleri i¢in olusturlan gen agac¢larinin LAB tiir agacindan
topolojik olarak farkli oldugu goriilmiistiir. GAD geni gen agacinda L. brevis genomunda
bulunan ve fonksiyonal olarak aktif iki GAD geninin farkli dallarda bulunmaktadir.Bu
durum L. brevis’in ikinci GAD geninin gen duplikasyonu yerine yakin farkli bir tiirden
gen aktarimi yolu ile alinmis olabilecegini gostermistir.

Sonug olarak, LAB larin sahip oldugu GDY genlerinin organizmalarin yiiksek
asitli ortamlara uyumunu saglayan dinamik bir molekiiler evrimsel ge¢misi oldugu ortaya

cikarilmistir.
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CHAPTER 1

INTRODUCTION

1.1 General Features of Lactic Acid Bacteria

The bacteria that produce lactic acid while its metabolic processes are called
Lactic acid bacteria (LAB)?. In the Lactic acid bacteria, lactic acid is generated through
several pathways of carbohydrate metabolism, mainly by the glycolysis pathway?. In
detail, the carbohydrate metabolism divides into two groups referred to as
homofermentative and heterofermentative®. Homofermentative groups of LABs use the
two pathways, which are glycolysis and pentose phosphate pathway, to produce lactic
acid from sugars hexose and pentose. Two lactic acid molecules are given to the system
for each glucose molecule during the process*. Besides that, Unlike the homofermentative
groups, the heterofermentative groups of LABs use the more complex pathways for
producing lactic acids like phosphoketolase and phosphogluconate pathways. Also,
shown in Figure 1.1, the heterofermentative pathways generate CO», ethanol, or acetic
acid besides lactic acid®.

In addition to features of LABSs, they are gram-positive bacteria that have the
shape of cocci, rods with non-spore-forming, and can grow absence of O, but the
presence of O, does not affect the growth of LABs®.They are named aerotolerant
anaerobes that can boost their numbers even under the existence of O,’. Moreover, In
most articles, it is mentioned that lactic acid bacteria do not show catalase activity;
however, this claim is not primarily valid. Several reports indicate that numerous lactic

acid bacteria show catalase-positive activity?®,
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Figure 1.1: A brief illustration of carbohydrate metabolism of LABs.
(Created with BioRender.com )

1.1.1 Taxonomy of LABs

Lactic acid bacteria groups were first classified by their features like cell types
and their growth temperatures. Also, their metabolic properties, like fermenting glucose,
were considered a classification point of LABs. With these primary properties, the LABs
were grouped into four bacterial genera. Thus, Lactobacillus, Leuconostoc, Pedicoccus,
and Streptococcus were accepted as classified LAB genera®. After years of developments
in the classification, physiological and biochemical typing is not preferred much.
Recently, the improvements in molecular biology have given new insight into the
taxonomical studies of bacteria. Nowadays, several molecular tools are used to identify
prokaryotes, like classification with the 16S rRNA by generating phylogenetic trees??,

specific PCR assays*!, some protein patterns, and other techniques?.



With lots of literature studies, the lactic acid bacteria group represents highly
heterogeneous taxonomic genera. LABs group members could be taxonomically diverse
from each other in terms of their adaptation to different environmental niches and
conditions®®. The species accepted as a LAB are genera of Lactobacilli, Lactococci,
Streptococci, Pediococci ,Enterococci and also, Tetragenococci, Vagococci, Oenococci,
Leuconostocs ,Carnobacteria ,Weissellal. Besides that, the bacteria with similar
properties to the lactic acid bacteria are misleadingly defined as a member of LABs. For
instance, Gram-positive Bifidobacterium living mainly in the GIT and vaginal
environment is sometimes suggested as LAB in terms of using probiotics and founding
in the fermented products®. Furthermore, Lactobacillaceae is one of the lactic acid
bacteria families(type genus Lactobacillus). Commonly, Lactobacillaceae is inaccurately
considered to be regarded as all LABs despite the taxonomic heterogeneity of the LABs
group. Although Lactobacillus does not cover the entire LABsS, It is the most studied and
most extensive type of the genus.

Several studies tried to identify and taxonomically classify Lactobacillus species
in the literature. One of the studies used the 16S rRNA sequences to identify Lactobacillus
species. They applied comparative phylogenetic analysis and divided the Lactobacillus
genus into 15 subgroups®®. On the other hand, they observed that the species do not always
show the same features, even in the same Lactobacillus subgroup®® *’. Phylogenetic trees
based on specific genes, such as the 16S rRNA gene, allow species to be classified into
phylogenetic clades; however, they lack sufficient resolution to reveal the phylogenetic
connections between the various clades. The updated number of Lactobacillus species is
more than 250 (https://www.bacterio.net/genus/lactobacillus), and It has proved that only
16S rRNA phylogenetic analyses will not be sufficient for taxonomic classification®® °,
Also, being a highly diverse group makes Lactobacillus compulsory to classify with
different approaches. Hence, in most similar studies, analyses such as other metabolic
genes, ribosomal proteins, and average nucleotide or amino acid similarity were used in
addition to 16S rRNA analyses?®. Moreover, it has become widespread that the core
genome and pan-genome are used to classify Lactobacillus species?..

One of the research groups, which foresees the acceptance and use of the usual
Lactobacillus classification as an obstacle to researching the diversity in this
Lactobacillus, has recently reclassified the Lactobacillus group??. For the reclassification

of the Lactobacillus genus, They took into account average nucleotide identity, the



average amino acid identity and phylogeny of the core genome, signature genes, and
metabolic and ecological features. Thus, The Lactobacillus genus has been reclassified
into 25 genera??, and their names have changed. Table 1.1 shows the species used in this

thesis and their changed names.

Table 1.1: Lactobacillus species used in the thesis and their new names??.

Common Names

Reclassified Names

Lactobacillus brevis
Lactobacillus plantarum
Lactobacillus reuteri
Lactobacillus parakefiri
Lactobacillus buchneri
Lactobacillus argentoratensis
Lactobacillus paraplanrarum
Lactobacillus nuruki
Lactobacillus fermentum
Lactobacillus futsaii
Lactobacillus oris
Lactobacillus senmaizukei
Lactobacillus coleohominis
Lactobacillus suebicus
Lactobacillus rossiae
Lactobacillus sakei
Lactobacillus antri
Lactobacillus curvatus
Lactobacillus paracollinoides
Lactobacillus zymae
Lactobacillus gastricus
Lactobacillus paracasei
Lactobacillus tangyuanensis
Lactobacillus angrenensis
Lactobacillus herbarum
Lactobacillus cerevisiae
Lactobacillus spicheri

Lactobacillus rennini

Levilactobacillus brevis
Lactiplantibacillus plantarum
Limosilactobacillus reuteri
Lentilactobacillus parakefiri
Lentilactobacillus buchneri
Lactiplantibacillus argentoratensis
Lactiplantibacillus paraplantarum
Companilactobacillus nuruki
Limosilactobacillus fermentum
Companilactobacillus futsaii
Limosilactobacillus oris
Levilactobacillus senmaizukei
Limosilactobacillus coleohominis
Paucilactobacillus suebicus
Furfurilactobacillus rossiae
Latilactobacillus sakei
Limosilactobacillus antri
Latilactobacillus curvatus
Secundilactobacillus paracollinoides
Levilactobacillus zymae
Limosilactobacillus gastricus
Lacticaseibacillus paracasei
Levilactobacillus tangyuanensis
Levilactobacillus angrenensis
Lactiplantibacillus herbarum
Levilactobacillus cerevisiae
Levilactobacillus spicheri

Loigolactobacillus rennini




1.1.2 Ecological Niches and Dynamic Metabolic Processes of LABs

The environments where lactic acid bacteria are found and their abundance in
these niches are pretty diverse. The number of LABs may increase or decrease depending
on the characteristics of the environment in which they are located. Lactic acid bacteria,
which have a great diversity within and between species, show genomic diversity
according to their environments®. LABs can be isolated from natural environments such
as water and soil*. However, their abundance in these environments has not been found
at high levels. In addition, researchers found that the number of LABs increased in
habitats where they were in close contact with plants and showed an antimicrobial effect
beneficial to the plant®.

Although human-specific, a healthy female vagina is characterized as an
environment dominated by LABs?® 27, There are some significant benefits that the LABs
dominating the vaginal environment provide to the individual. One of these advantages
is that LABs prevent diseases caused by harmful microorganisms such as sexually
transmitted viruses, bacterial pathogens, and fungi in the vagina?®. Due to the lactic acid
produced by LABS, other microorganisms are easily eliminated in the vagina environment
with low pH levels®. Another positive impact is the release of hydrogen peroxide, which
prevents vaginosis, into the environment by LABs?. The species diversity of LABs,
which dominate the vaginal flora, is quite restricted, and it varies depending on ethnicity,
pregnancy, and menopause®® 31, The LABs are also found in the human stomach® and
gastrointestinal tract®3. Nevertheless, their presence highly differs according to
individuals' diets and health conditions. Moreover, the considerable heterogeneity of
LABs in the human intestine makes it difficult to identify and compare their benefits or
pathogenicity3*. LABs can be found in the human lung®. However, similar to the GIT
environment, their identification is challenging in terms of their variability in different
ages, diets, and unique living environments. LABs have been demonstrated to reduce
asthma symptoms® and prevent influenza infection®” in several trials involving the
administration of certain LABs species. As an absolute fact that LABs are major members
of the lung environment, their applications might be used to prevent several diseases®.

The utilization of lactic acid bacteria in food products, which has numerous
positive features in terms of metabolism, has become extremely popular nowadays®°.

Characteristics such as organic acid and aroma production in foods, hydrolysis of



proteins, and elimination of spoilage-causing microorganisms are among the prominent
reasons for using LABs in foods*’. Most importantly, as their use in terms of health gains
importance, the production of foods containing LABs, defined as functional foods, is
increasing®. As a result, the food-based habitats of LABs are rather varied. Fermented
products are the most significant food environments for LABs. Simply put, fermentation
is when organic molecules are converted into various products such as alcohol and acids
due to microbial metabolism by microbial enzymes*> “3, Fermentation is a centuries-old
process that is widely used in the production of various foods by human societies all over
the world**. Fermented foods have an important place in maintaining human life because
the fermentation process plays a significant role in preserving the food taste, quality, and
enrichment of the food content®. In detail, bacteriocins, small proteins generated by
LABs in fermented foods, are critical in protecting food from other hazardous
microorganisms and providing food safe for consumption®® 47, The fermentation process
can be natural*® or with the addition of bacterial culture to the medium. Microorganisms
found naturally in raw foods play a role in natural fermentation. However, unlike natural
fermentation, specially selected bacterial cultures are added to the food medium in
culture-dependent fermentation®. Figure 1.2 shows the fermented food environments
where lactic acid bacteria are most commonly found and used. Among these examples,
raw plant-based foods such as kimchi®® and pickles®! are formed by natural fermentation,
but foods such as cheese®?, kefir®, and fermented beverages® are foods created by adding
a selected bacterial culture to the medium?®.

The numbers and types of LABs found in fermented foods vary substantially
depending on the kind of product, the nutrients provided to the environment, and the
metabolic dynamics used by LABs®® %7, Along with the diversity in foods, LABs vary in
the compounds they provide to the food environment. One of the reasons for this diversity
is the nutrients provided by the environment to the bacteria and, accordingly, the different
metabolic processes used by the LABs. In traditional and industrial manufacturing, many
healthy foods are developed using these different metabolic processes of LABSs, and their

application is growing more common®g,



Fermented Cheese
Meat Products

Kimchi
Pickle

Sauerkraut
Sourdough

Bread

Fermented '

Beverages ) /

Animal feeds

Yogurt

Figurel.2: The main fermented products that LABs found.

1.1.3 Safety and Applications of LABs in Food Products

LABs are often considered safe or defined by FDA approval as GRAS (Generally
Recognized as Safe) because LABs are not only widely used in food but also play a
unique role in health applications®. In addition, the European Food Safety Agency has
recognized many types of LAB as safe®°.

The human GIT provides a habitat for many LAB. In return, LABs prevent
conditions that can cause many health problems®!. For instance, LABs help regulate
insulin levels in the blood®? and facilitate fatty acid absorption from the intestines®®. Most
importantly, they do not permit harmful organisms to survive®4. Furthermore, many
studies have demonstrated that LABs have a favorable effect on colon cancer patients and

slow the proliferation of cancer cells®® ¢,



Nowadays, fortified foods for health are made and used widely. Several studies
have shown that fermented foods containing LABs can help avoid lactose intolerance®’
and diarrhea problems®. Since especially children are in the high-risk group for diarrhea,
the use of foods containing LABs, such as fermented milk products®®, comes to the
preliminary. Consequently, the use of LABs in food has increased. Biotechnologically,
good metabolic properties provided by LABs are examined, and their usage in foods is
investigated as additives. Traditional fermented foods have been recognized to provide
several health benefits for millennia’. Many studies, for example, have demonstrated that
fermented foods like kimchi, which have been around for a long time, offer anti-aging
and anti-obesity properties’t. Despite the fact that the health benefits of culturally
fermented foods are well recognized and widely consumed, scientific research into the
metabolic and genetic features of LABs in these foods are still needed.

Food becomes high in nutrients, bioactive substances, and amino acids during
fermentation, depending on the metabolic activities of the bacterial populations it
contains. Foods whose composition changes as a result of bacterial fermentation have
significant health implications. As proof, fermented milk products have been found in the
literature to reduce the risk of heart disease’?, lower cholesterol levels’, and avoid insulin
resistance’. Furthermore, foods containing LABs, such as kefir and kimchi, have been
demonstrated to prevent allergic responses’ in certain people. In particular, several
studies have indicated that consuming fermented foods containing LABs might
effectively prevent stomach’®, colon, and cervical cancer types’’.

Some LAB species, on the other hand, can be pathogenic or spoilage-causing
microbes. Pathogenic species are found in the genera enterococci and streptococci.
However, depending on how they evolve, they may be mutualistic, pathogenic, or
clinically harmful. Although certain Enterococcus species cause the meat to deteriorate,
they have many beneficial impacts on the ripening and flavor of traditional foods like
cheese™ 7. Most notably, ingesting fermented food containing biogenic amines produced
by LABs' decarboxylation activities might result in various health issues’. Biogenic
amines, depending on their types and the person's allergic sensitivity, might induce
headaches, vomiting, allergy symptoms, diarrhea, and certain cardiac issues when
consumed®. There are several biogenic amines that can be produced by LABs that might
be present in fermented foods. The four forms of biogenic amines most typically detected

in fermented foods generated by LABSs can be listed as putrescine, agmatine, and the most



harmful, tyramine and histamine, are among them® 8., The presence of other biogenic
amines together with histamine and tyramine, which cause severe health problems,
worsens the severity of health problems by inhibiting the activity of enzymes that will
eliminate the toxicity of histamine and tyramine34. Decarboxylase enzymes in LABs play
a role in the formation of biogenic amines. LABs have a unique metabolism that enables
the formation of each biogenic amine and various proteins involved in these metabolic
pathways. Depending on the nutritional content of the environment and the metabolic
capabilities of LABs in the environment, the synthesis of biogenic amine types in foods
might change. Even different species strains might differ in their capability to produce
biogenic amines. In general, decarboxylation metabolic pathways are used by LABSs, and
the production of biogenic amines has tremendous importance in adapting the bacteria to
the environment and maintaining their viability in that environment. Simply put, the
decarboxylation processes of amino acids are the mechanism by which LABs protect
themselves against the environment whose pH decreases during fermentation®.

LABs have several stress reactions against the low pH of the environment as a
result of living in varied conditions. One of these mechanisms, decarboxylation, will be

discussed in detail in the following sections.

1.2 Acid Resistance Pathways in LABs

LABs expose to a variety of stress factors in their surroundings. Among many
stresses, acid stress is the one that LABs mainly encounter, and the mechanisms against
acid stress are essential for the survival of the bacteria®. Lactic acid is released into the
environment due to LABs metabolism during the fermentation of LABSs in a nutrient-rich
environment, and this process causes acidification of the extracellular environment.
Owing to the apparent charge difference between the extracellular and intracellular
environments, lactic acid in the acidified extracellular environment eventually passes into
the cytoplasm by simple diffusion®’. Acidification of the intracellular environment has
effects that may result in bacterial mortality. Changes in intracellular ion charge disrupt
the integrity of the bases in protein structures, and then the structural disturbance of
protein structures prevents enzymatic reactions required for metabolic activities®®. Many
acid tolerance mechanisms have evolved in LABs to recognize and resist their self-

created acid environment.



Intracellular pH maintains at an average level with the working of acid-resistant
metabolic processes. One of the first defensive steps for bacteria against high-level
extracellular acidity is increasing the amount of unsaturated fatty acids proportion in the
bacterial membrane®. In addition, proton pumps, like F1-FO-ATPase, which transport
protons and have a catalytic effect on ATP synthesis or hydrolysis, are positively
regulated by acid stress in LABs®. Several studies have found that lower pH levels
increase the transcription of the F1-FO complex gene®. Likewise, various repair processes
utilize to protect central material DNA and metabolic enzymes due to acid adaptation in
bacteria®. The protection of genetic material is critical for LABs adapting to acidic
environments.

Living in low pH conditions results in a variety of selection pressures, including
the evolution or loss of metabolic pathways. Many metabolic pathways in LABs play an
active part in acid tolerance, and these pathways might vary depending on the nutritional
qualities of the habitats in which they exist. The metabolic pathways involved in acid
tolerance can divide into two groups that neutralize the environment and consume ions
like proton pumps®2. The effective pathways in the neutralization process help neutralize
the acidity by producing alkaline molecules in the intracellular environment through a
series of reactions. Arginine and agmatine deiminase metabolic pathways are effective
systems in intracellular neutralization processes®®. Homologous deiminase pathways have
similar operon structures. Genes in the operon create the transporter protein, the regulator
protein that regulates the system, and three major enzymes. Figure 1.3 illustrates the
operon configuration and metabolic activities of deiminase pathways. The deiminase
catalyzes the conversion of the arginine molecule, which is the substrate of the arginine
deiminase (ADI) pathway®*, to citrulline. The citrulline molecule is further converted to
ornithine by ornithine carbamoyltransferase, and the carbamate kinase enzyme produces
ATP. Ammonia is formed and given to the intracellular environment in the metabolic
process's citrulline and ATP formation steps®.

On the other hand, in the agmatine deiminase (AgDI) system, different from the
ADI system, the product produced is putrescine since the substrate taken into the cell is
agmatine®. Other metabolic steps of the AgDI pathway®® create ATP and ammonia in the
intracellular environment through enzymatic activities similar to the ADI pathway. In
conclusion, deiminase pathways generate energy for the bacterial cell; meanwhile,

ammonia regulates intracellular pH®'.
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Figure 1.3: Operons and metabolic pathways of deiminase systems. The arrow-shaped
illustrations and the names on the images show the genes and their positions in the
operon. Short names represent proteins. Enzymes; ADI and AgDI = Deiminases, CK=
Carbamate kinase, OTC= Ornithine carbamoyltransferase, PTC= Putrescine
carbamoyltransferase. TR stands for regulator protein, whereas Ag/P and A/O represent

antiporter proteins.

Proton pump-like metabolic acid tolerance pathways are proton-depleting
decarboxylase processes. The basic structure of these pathways that decarboxylation of
amino acids is the decarboxylase enzyme and the antiporter that ensures substrate/product
transitions. The decarboxylation process consumes the hydrogen ions in the intracellular
environment, preventing the pH value from decreasing. Four different pathways are
named according to the amino acid type involved in the decarboxylation process and are
effective in acid tolerance. Moreover, these pathways are essential in terms of molecule
types they release into the environment as a result of reactions alongside maintaining
intracellular pH levels®®. The first decarboxylase system is the tyrosine decarboxylase

(TDC) pathway (TDCP), which performs tyrosine decarboxylation®. In addition to the
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enzyme and antiporter genes, there are tRNA synthetase and Na/H+ antiporter genes in
the TDCP operon structure!®. While decarboxylation of the tyrosine molecule, the
tyramine molecule is formed by hydrogen consumption and released into the extracellular
environment via the antiporter protein. Meanwhile, the decarboxylase process also
provides carbon dioxide to the environment.

The second decarboxylase pathway is the histidine decarboxylase'®* (HDC)
pathway (HDCP), which produces histidine by consuming ions from the cytoplasm. In
the HDCP operon structure, there are enzyme and antiporter genes located side by side,
similar to the TDCP operon. In addition, unlike the TDCP operon, a gene synthesizes the
protein that helps the maturation of the histidine decarboxylase enzyme!®?. The
structurally simpler ornithine decarboxylase (ODC) pathway is another decarboxylase
process. The pathway's operon structure consists of only two genes (enzyme and
antiporter)', The decarboxylation of ornithine which is the substrate of the ODC
produces putrescine, and the antiporter protein transports putrescine to the extracellular
environment%4,

Figure 1.4 describes the three decarboxylase pathways' operon structures and
chemical transformations. Although the effect of these three decarboxylase systems on
bacterial survival and adaptability is beneficial, consuming the compounds produced by
the reactions through food may cause harmful effects on humans'®. As previously stated
in the preceding sections, the metabolic products of arginine/agmatine deiminase, TDC,
HDC, and ODC pathways: putrescine, ornithine, tyramine, and histidine, are toxic
compounds known as biogenic amines. These molecules, which can be taken into the
human body in high amounts through foods, have profound effects such as causing
migraine, vomiting, neurological and gastrointestinal diseases'®. Legal limits, which are
accepted and prohibited, determine for biogenic amines, which are highly toxic, such as
histamine, due to their effects on the quality of lifel%”. Moreover, since the presence of
acid tolerance pathways in bacterial species and their genomic organization may differ
according to the species and the type of nutrients the environment provides, the diversity
of biogenic amines in foods also changes.

Unlike the acid tolerance pathways that create biogenic amines, the other
decarboxylase pathway, the glutamate decarboxylase (GAD) system, produces gamma-
aminobutyric acid (GABA\) that has several beneficial effects on the human body'®. Due

to the beneficial effects provided by the GABA molecule, the bacterial species that have
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the GAD system and the foods containing these bacteria are the subject of many studies.
Similarly, the subject of the thesis has been chosen as the GAD system and will discuss

in detail.
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Figure 1.4: Biogenic amine producing decarboxylase pathway operons and schematic
image of decarboxylation process. The arrow-shaped illustrations and the names on the
images show the genes and their positions in the operon. Enzyme genes : tyrDC
=Tyrosine decarboxylase, hdcA= Histidine decarboxylase, odc = Ornithine
decarboxylase.Antiporter genes: tyrP= Tyrosine/Tyramine antiporter, hdcP=
Histidine/Histamine antiporter, potE= Ornithine/Putrecine antiporter. tRNA synthetase
genes are tyrs (Tyrosyl-tRNA Synthetase) and hisS (histidyl-tRNA synthetase).
Respectively, nhac and hdcB genes represent the NA/H+ antiporter gene and the protein
gene that catalyzes the maturation of the HDC enzyme. In addition, the bold S
symbolizes the substrate, while the bold P symbolizes the product.
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1.2.1 Glutamate Decarboxylase System in LABs

Glutamate plays a role in critical metabolic processes such as glycolysis,
gluconeogenesis, and the citric acid cycle, which participate in protein synthesis;
therefore, it is a molecule that is found and plays an essential role in all living

organisms*®

. Moreover, glutamate acts as a link between nitrogen and carbon
metabolism. There are two enzymes actively involved in the catabolism process of the
glutamate molecule. The first is the dehydrogenase enzyme, which accomplishes
ammonia amino acid assimilation'®. The second is the glutamate decarboxylase (GAD)
enzyme, which bacteria use as an acid tolerance mechanism, among other stress
responsest'!. Because acid resistance and the GAD pathway (GDP) are central to the
thesis, this part will focus on the genomics of the GAD system, as well as the structure
and evolution of genes that encode proteins involved in the GDP.

The bacterial glutamate-dependent GAD system transports extracellular
glutamate into the cell and converts it to gamma-aminobutyric acid (GABA). During this
process, as in all other decarboxylase processes, the protons present in the intracellular
environment participate in the reaction. Thus, the bacterial cell gains the advantage of
regulating the decreasing pH level'*?. Since the GABA molecule, a byproduct of
glutamate decarboxylation, is a very stable molecule, it does not re-ionize and does not
alter the ion balance in the cell. Then, the GABA molecule produced in the cell can be
transported out of the cell by the antiporter of the GAD system, or it can remain in the
cell*®s,

Nowadays, the expanding genomic knowledge and the accessibility of genomes
from various organisms demonstrate that the GAD system is widespread in a wide range
of bacterial species. Because the GAD system allows bacteria to successfully adapt to low
acid conditions, different bacterial species from distinct habitats contain GDP genes in
their genome. The structure and genomic organization of the GAD system, on the other
hand, may change between species and even strains. Some species, for instance, may have
more than one decarboxylase and antiporter gene, while others may not have the
antiporter gene together with the enzyme gene'*. Moreover, as in Listeria
monocytogenes, different strains of the same species may differ from each other in

enzyme and antiporter gene numbers®*®.
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According to the literature, E.coli, which adapts well to high acid conditions, is
the most studied species for the genetic and structural information of the GAD system.
Many studies revealed the genomic organization of the GAD system found in E.coli and
the three-dimensional structures of the system proteins. These studies discovered two
glutamate decarboxylase enzyme genes (gadA and gadB) formed due to duplication in
the E.coli genome, which are 95% identical*'®. Additionally, one of the E.coli GAD
system decarboxylase enzyme genes is near the antiporter gene (gadC), while the other
is further away, and the multiple regulator proteins complexly control the system*'’,

Many raw or fermented foods may have high glutamate levels. LABs, which live
in various glutamate-rich environments, may maintain acid balance by utilizing glutamate
to neutralize the generated acid environment. Hence, numerous LAB species have been
examined in LAB genera, such as Lactobacillus'*®, Lactococcus!®, and Streptococcus®??,
which produce the GABA molecule by activating GAD while adjusting intracellular pH.
As shown in numerous species, the GAD system and system'’s operon organization in the
LAB genome is highly variable. For example, like other bacterial species, LAB species
may contain one or two GAD enzymes, and the antiporter gene (gadC) may not be present
in all LAB species. Among many examined LAB genera, the Lactobacillus genus has the
most significant GABA production potential, with species such as L. brevis!?, L.
plantarum®??, L. buchneri'?3, L. paracasei'?*, and others.

Levilactobacillus brevis is the best-examined species in the genus and has a high
GABA-producing capability. The L. brevis genome has two GAD genes, and the genes'
products are isozymes with each other!?. One of the GAD enzyme genes is located in the
L. brevis genome as a specific operon, as illustrated schematically in Figure 1.5. The
second GAD gene lies in a separate genome region, away from the operon arrangement.
The L. brevis GAD cluster structure consists of four genes. The first of these genes is the
gadR gene, which synthesizes the protein that will regulate the system, and the second is
the gadC gene, which synthesizes the glutamate/GABA antiporter protein located
downstream of gadR. In most studies, the glutamate decarboxylase gene, called gadA, is
located just upstream of the gadC gene. Since no promoter or terminator structure could
be found between gadA and gadC genes'?®, it suggests that these two genes are transcribed
together in a synchronized manner by forming an operon structure. Furthermore, the gltX
(glutamate-tRNA ligase) gene, positioned upstream of the gadA gene, is part of the GAD

cluster structure®?®, The second GAD gene of L. brevis is usually called gadB and locate
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in a different part of the bacterial genome without any operon formation. Some studies
suggest that since gadA and gadB genes are found far from each other, there may be

different gene regulations within these two genes.

Levilactobacillus brevis Glutamate Decarboxylase System Genes

gadR > | gadC >| gad1 > [ gitx >
(gadA) (gadB)

Figure 1.5: Schematic explanation of L. brevis GAD system genes.

It has been observed that the nomenclature for L. brevis GAD genes can vary in
the literature, and some review publications have mentioned this'?®. Some articles used
the gadA nomenclature for the GAD gene in the operon structure?’, while others named
the GAD gene in the operon structure as gadB%°. Therefore, to avoid any confusion in
the names of the studies and explanations within the scope of the thesis, the nomenclature
gadl for the GAD gene in the L. brevis GAD operon and gad2 for the GAD gene outside
the operon has been used.

Only L. brevis possesses two GAD genes among the LABs examined thus far'?®,
As mentioned before, the distribution and presence of GAD system genes on the LAB's
genome vary according to species. In species such as L. brevis, L. reuteri, L. buchneri,
and L. lactis, the antiporter gene creates an operon structure with the GAD gene, while in
species such as L. plantarum, L. fermentum, there is only a single GAD gene, and there
is no antiporter gene'?’. Additionally, the gadB nomenclature is used in the literature for
LAB species with only one GAD gene in their genome. The fact that the gadC gene is
found only in certain types of LABs may define the specific potential of those species to
produce GABA. Although Lactiplantibacillus plantarum species, one of the thesis
materials, does not have the gadC gene'?’, many studies show that this species produces
GABA. However, a study using L. plantarum WCFS1 strain observed that the amount of
glutamate added to the medium did not significantly change the bacterium's GAD
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synthesis, GABA formation, and acid resistance status!?’. Such inferences indicate that
the gadC gene and its product, the antiporter protein, are fundamental for GABA
synthesis®?.

Enzyme assay tests with L. brevis, two GAD proteins, and L. plantarum GadB
protein revealed that the activity features of these proteins differed from one another.
When the activities of enzymes were evaluated against changing temperature values, it
was discovered that the enzyme produced by the L. brevis gadl gene displayed limited
activity at varied temperature values; L. brevis Gad2 and L. plantarum GadB proteins
were determined to be heat-stable enzymes!3®. More notably, L. brevis Gad2 protein and
L. plantarum GadB protein displayed activity in similar pH ranges in enzyme activity
assays done with various pH levels (pH levels from 3 to 5.5). The GAD enzyme, the gene
product of L. brevis gadl, on the other hand, has activity in weaker acid pH ranges (pH
5.5-6.6)'%". Moreover, L. brevis gad2 gene expression levels are lower than other GAD
genes, and it was determined by a study that there was no change in the expression of the
gad2 gene at acid (pH 5.2) or neutral (pH 6.8) levels'®. Also, they suggested that although
gad2 gene expression is not affected by pH, the expression levels of L. brevis gadC and
gad1l genes, which form an operon, are pH-dependent. Another study supporting enzyme
assay results is mutant studies with L. brevis GAD system genes. As a result of the study,
they found that the L. brevis gadC and gadl gene mutants are acid sensitive. The findings
show that the gadl and gadC genes, which constitute the operon structure, are required
for acid tolerance. Consequently, it can be concluded that gadl and gadC are necessary
for acid tolerance in L. brevis, while gad2 plays a minimal role!%,

1.2.1.1 The Glutamate Decarboxylase Enzyme (GAD, EC 4.1.1.15)

Glutamate decarboxylase is a PLP-dependent intracellular enzyme found in both
eukaryotes and prokaryotes, and its presence varies according to organisms. When GAD
is classified, it is in the 1st type in PLP-dependent enzymes and the 2nd group among
decarboxylase enzymes®!. During the decarboxylation reaction inside the cell, L-Glu, the
GAD enzyme's substrate, reacts by binding close to the PLP molecule in the enzyme's
active site. As a result of the reaction, GAD converts the L-Glu to the GABA molecule
by consuming H+ from the cytoplasm*®2. The three-dimensional structure of the GAD
enzyme in LAB and the critical properties of the amino acids that make up the protein
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have been studied recently by isolating them from the L. brevis CGMCC 1306 **3strain.
The structure observed as a result of the study is stored in the PDB, which is the protein
database, under the code 5GP4. The 468 amino acid long GAD protein isolated from L.
brevis consists of three domains. In Figure 1.6, the domains are shown both in the three-
dimensional structure of the GAD enzyme and on the amino acid sequence using different
colors. Compared to the N-terminal and Small-domains, the PLP-binding domain that
covers the most significant portion of protein includes the active site amino acids to which

the cofactor PLP and the substrate L-Glu molecule interact®,

PDB : 5GP4 chain A 468 aa L.brevis GAD

MAMLYGKHTHETDETLKPIFGASAERHDLPKYKLAKHALE PREADRLVRDQLLDEGN

HDLDOAHIVFHSDPQPKKYGFTH

Figure 1.6: Schematic representation of L. brevis homodimeric GAD enzyme domains
(PDB: 5GP4). The parts shown in red in the image indicate the N-terminal domain and
the parts shown in orange indicate the Small-domain. The large area shown in pink is
the PLP-binding domain containing the residues that make up the active site of the
GAD enzyme. The black parts on the amino acid sequence are those whose structure
could not determine in the study33. Coloring on the 3D structure was added using
PyMOL.

In the L. brevis, GAD enzyme called the active site, PLP and L-Glu molecules are
located close to each other, and they form bonds with specific amino acid residues. One

of the most important bonds made by the cofactor PLP molecule is the covalent bond with
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the amino acid Lysine at the 279th site of the L. brevis GAD protein®*? 133, Moreover,
PLP forms hydrogen bonds and hydrophobic bonds with many amino acids in the active
site. The residues with which PLP establishes hydrogen bonds with the GAD enzyme are
the amino acids Serine ( sites at 126,127,276,321), Histidine ( site 278), and Lysine ( site
279). Also, Hydrophobic bonds form between the PLP-pyridine ring and the Ala248,
Cys168, and Ile211 residues (Figure 1.7). On the other hand, L-Glu, which is the substrate
of the GAD enzyme, forms hydrogen bonds with Thr64, Cys66, GIn166, and Ser321 in
the active site; It also forms salt bridges with amino acids His278, Lys279, and Arg422*3,
Another important region in the GAD enzyme structure is the area between the
308 and 312 residues, which is called the flexible loop. The flexible loop region, which
is close to the active and substrate-binding part, is effective in the enzyme's catalytic
activity. Importantly, the amino acid Tyrosine at position 308 is involved in the
decarboxylation of L-glutamate®3. Many studies have investigated the forms in which
GAD enzymes are active, and it has been found that they may differ according to species.
For instance, L. brevis Gad1 protein is active in tetramer form***, L. brevis Gad2 protein
is functional as a monomer*®, and L. plantarum GadB protein is active as a dimer*®,
As explained in the previous section, the pH ranges of active L.brevis Gadl and
Gad2 proteins differ. In comparison, the Gadl enzyme is active at a pH closer to neutral,
and the Gad2 enzyme functions at a more acidic pH. Using the GAD enzymes, which
have different effective pHs, is very advantageous for the L. brevis strains to achieve acid
tolerance in a wide range of pH. Furthermore, since the ability of GAD enzymes to be
active in a wide pH range is a situation that increases GABA synthesis, it is the subject
of many studies to investigate the parts of GAD enzymes that can be effective in pH
control. In mutagenesis studies with both L. brevis and L. plantarum, GAD enzymes
concluded that the C-terminal parts of the enzymes affected pH. One of the studies
observed that the enzyme activity increased to neutral pH when 14 amino acids were
removed from the L. brevis GAD enzyme's C-terminal'®. Similar results have also been
shown by deletion studies in the C-terminal part of the GAD enzyme of L. plantarum. In
addition, studies discovered that the C-terminal region of the L. plantarum GAD enzyme
blocked the active site by undergoing a conformational change in response to pH

changes™?'.
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Figure 1.7: Active PLP binding sites of L. brevis GAD enzyme. The figure shows the

residues with the potential to bond with PLP in the active site of GAD ( surroundings
5A). Essential amino acids around the PLP molecule marked with a yellow square are
marked with red boxes. The figure was created with the NGL Viewer over the PDB
5GP4 code.
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1.2.1.2 Glutamate/GABA Antiporter and Regulation of GAD System

The gadC gene in the GAD system synthesizes the transporter gene, and the
antiporter protein, which is the product of gadC, is positioned in the bacterial cell
membrane, allowing glutamate to be taken from the extracellular environment and given
the formed GABA molecule out of the cell*®. The presence of the gadC gene in LABs
differs according to the LAB species. For example, in L. brevis strains, there is the gadC
gene, which synthesizes the 501 aa antiporter protein, right next to the gad1 gene*°, while
there is no strain containing any gadC gene in L. plantarum. Moreover, there is no
scientific paper that analyzes the structure of GadC protein by isolating it from LAB.

Like those on other GAD systems proteins, many investigations have revealed the
biochemical and crystal structural features of the GadC antiporter protein in the E. coli
(PDB codes 4DJI and 4DJK). The crystal structure of E. coli GadC protein has 12
transmembranes (TM) helix configurations. Also, the C-terminal region of the 511 amino
acid E .coli antiporter protein forms the C-plug, which changes its conformation in
response to pH changes (Figure 1.8)4°. The C-plug structure has an essential role in
ensuring the passage of glutamate into the cell through the antiporter protein. The
transport of substrate glutamate with the GadC antiporter is pH-dependent and decreases
towards neutral, according to proteoliposome transport test results employing E. coli
GadC protein. Similarly, the study observed glutamate accumulation at near-neutral pH
in GadC variants formed by the deletion of the C-plug part'*°. Additionally, the basic
amino acids (especially H491 and R499) in the GadC protein's C-terminus enable the C-
plug's conformational changes.

Regulation of the GAD system is critical in bacteria living in high acid
environments. Many regulatory proteins regulate the GAD system in a species adapted to
highly acidic environments, such as E. coli'*!. In contrast, limited information is available
on the regulation of the GAD system in LABs. In LABs, the gadR gene typically found
upstream of the gadC gene in the bacterial genome regulates the GAD system. Mutation
studies of the L. brevis gadR gene have shown that the gadR gene is a positive regulator
of the GAD system, increasing the expression of the gadC1 operon (gadC and gadl) and
GABA synthesis'®2. Therefore, the GAD system, positively regulated by the GadR
protein, gives LABs an advantage in acid environments. Although the presence of a
second gene for the GAD enzyme in the L. brevis genome implies that both genes may
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have distinct regulatory proteins, there are no different genes other than gadR found in L.
brevis. In addition, some of the other LAB species (Latilactobacillus sakei, Lactococcus
lactis)!*? other than L. brevis may also have the gadR gene, but these genes have minimal

similarity to each other.

Periplasm

Cytoplasm

Figure 1.8: Structure of E. coli GadC (PDB: 4DJI). The red part of the protein
represents the pH-dependent C-plug. TM a-helix structures between periplasm and

cytoplasm are schematically indicated. The structure is visualized, and residues are
colored by PyMOL.
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1.2.2 GABA Features and Applications in Human Health

In addition to the advantages of the GAD system to LABs, the GABA molecule,
which is the product of the system, has many benefits for human health (Figure 1.9). The
GABA molecule, formed by the decarboxylation of L-Glu through the GAD system, is a
non-protein amino acid that can also synthesize in plants and mammals'**. GABA was
identified in plants first!*, then in mammals, and found to work as an inhibitory
neurotransmitter in the human brain'“®. Later, as research on the GABA molecule
increased, it was shown to have antidepressant'¥’ and blood pressure-lowering
properties'*®. Furthermore, research on mice fed a high-fat diet found that the GABA
molecule could help prevent diabetes and obesity**°. The benefits of the GABA molecule
have increased the demand for functional foods containing GABA in recent years, and
this demand continues to grow today. The ability of LABs to increase their numbers in
various fermented products and produce GABA has proved efficient in obtaining GABA
via microorganisms rather than chemically synthesizing it*>°. As a result, various studies
in the literature on the GABA production processes in LABs and the system genes that
comprise these pathways. In fermented foods, LAB species with high GABA production
potential and their GABA production pathways are popularly studied.

1.3 Hypothesis and Aims of Thesis

LAB species with high GABA synthesis have an essential role in producing
beneficial functional fermented foods. To increase GABA synthesis, it is critical to
discover the species of LAB that produce GABA from food-derived environments and to
understand the metabolic pathways involved in GABA production, both genetically and
metabolically. Although several studies have identified LAB species capable of GABA
synthesis, there is little knowledge of the genes involved in GABA synthesis and the
system'’s control. Furthermore, there is no research in the literature on the evolutionary
processes of the genes that comprise the GAD system.

The hypothesis of the thesis is that GAD pathway genes in LAB show molecular
adaptation and selection to diverse high acidity ecological niches. Therefore, the thesis
aimed to investigate two distinct LAB species (L. brevis and L. plantarum) with different

GAD system organizations in order to better understand their molecular evolutionary

23



processes in adaptation to high acid environments by conducting molecular population
genetic analysis with the GAD pathway genes. For this reason, genome sequences of L.
brevis and L. plantarum strains isolated from various food and non-food environments
are used.

In addition, the GAD system gene organization in diverse LAB species is
compared via phylogenetic analyses. Based on phylogenetic relationships, divergence
patterns of L. brevis and L. plantarum GAD system genes are compared with respect to
other LAB species. Finally, the functional consequences of amino acid changes observed
in L. brevis and L. plantarum genes have been investigated with molecular structural

analyses.
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Figure 1.9: Schematic overview of GABA-containing foods and their beneficial effect

on humans. F.Food: Functional food.
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CHAPTER 2

MATERIALS AND METHODS

The study carried out within the scope of the thesis is computational analysis. In
this context, all of the materials used in the study are data obtained from specific
databases. There are two lactic acid bacteria species(L. brevis and L. plantarum) selected
as the main species within the content of the thesis. The National Center for
Biotechnology Information (NCBI, https://www.ncbi.nlm.nih.gov/) databases such as
nucleotide, gene, protein, and genome are used the obtain information about the GAD
system of L. brevis and L. plantarum. From the information found in the databases,
suitable gene and protein data for the study were selected and used as thesis material. In
addition to the species selected as the main species, we used data of the species given in
Table 1.1, and additionally, Streptococcus thermophilus, Lactococcus lactis, and

Escherichia coli.

2.1. Data Collection

Entrez (http://www.ncbi.nlm.nih.gov/Entrez/) is a web interface that contains
many databases and is located on the NCBI homepage!®*. When users enter the gene
names or gene tags together with the organism name into the Entrez search box, the
relevant information is retrieved from specified databases. Therefore, we used the NCBI
Entrez searching system to access the necessary data for the thesis. We saved the
information about the GAD system genes, which we found via NCBI, in FASTA
(https://www.ncbi.nlm.nih.gov/genbank/fastaformat/) format.

2.1.1 Levilactobacillus brevis GAD Pathway Data

The GAD system genes in L. brevis and the positioning of these genes in the

bacterial genome were mentioned in section 1.2.1. Accordingly, while searching on
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NCBI, one of the selection criteria was that the genes in the operon form were located on
the same gene cluster. When a search was done in the Entrez nucleotide database by
typing (glutamate decarboxylase) AND "Lactobacillus brevis,” 106 (checked on
17/03/2022), data were obtained for the L. brevis glutamate decarboxylase gene. Among
the 106 L. brevis data found, strains containing the entire GAD system(gadR-gadC-gadl
and separated gad2) were separated. Out of the 106 data, 36 strain data with known
isolation sources were found, and the most suitable 30 L. brevis strain data were selected
among these. Incomplete and pseudogenes were not included when determining
appropriate data. Then, the 30 strains' data were divided into five groups according to
where they were isolated. Table 2.1 shows the L .brevis strains selected for the study and
their accession numbers on NCBI, grouped by isolation source.

There are two genes encoding the glutamate decarboxylase enzyme on the L.
brevis genome, and one of these genes(gadl) creates an operon structure with the
antiporter gene. As mentioned in the previous chapter, there is the gadR gene upstream
of the gadC gene, which is included in the operon structure. In addition, gad2, which
encodes the second GAD enzyme, is found in a different part of the genome. Considering
previous information, the GAD operon structure and the gad2 gene located outside the
operon were found on the genomes of the selected L. brevis stains and saved in FASTA
format. A 3785 nucleotide (nt) gene cluster including three genes(gadR-gadC-gad1l) for
the GAD operon structure was determined on the L. brevis strain genomes. There are
protein-coding genes and non-coding regions between the genes in this cluster. In
addition, the 1407 nucleotide gad2 gene is located separately from the operon in each L.
brevis strain (Figure 2.1).

In order to clearly distinguish the genes in the 3785 nt gene cluster, which is
shown schematically in Figure 2.1, in addition to the information provided on NCBI, the
regions that encode and do not code for the genes in the cluster were determined using
the GeneMark.hmm prokaryotic (http://exon.gatech.edu/GeneMark/gmhmmp.cgi) web
base. For analysis, gene clusters of strains were loaded in FASTA format, and L.brevis
ATCC 367 strain in the system was selected as a model organism. The purpose of using
the GeneMark.hmm prokaryotic web base is that when individual gene data are retrieved
via NCBI, sometimes the beginning or end of genes can be under-identified due to

sequencing. Therefore, to obtain precise information, the GAD operon structure of L.
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brevis strains was recorded as a gene cluster, and GeneMark determined the positions of
related genes.

2346, nt

gad2

gadR gadC gadl
591nt > 1506nt  »i 1440nt 1407 nt

785.nt 2290. nt

3785 nt Gene Cluster

Figure 2.1: Schematic representation of the lengths and organizations of L. brevis GAD

pathway genes in selected strains.

2.1.2 Lactiplantibacillus plantarum GAD Pathway Data

The same strategy used to gather L. plantarum GAD system data via NCBI was
used to collect L. brevis GAD system data. The Entrez search engine was used to find the
L. plantarum glutamate decarboxylase enzyme, and suitable strains were chosen from the
findings. When the glutamate decarboxylase enzyme data of L. plantarum was searched
on NCBI, 457 (checked on 17/03/2022) strains' data were retrieved. A total of 92 strains
were saved from the findings, with a preference for those whose entire genome was
complete and whose isolated environments were defined. In the study, 88 of the chosen
strains were analyzed.

There is only one GAD gene in L. plantarum, and in addition, there is no studies
have been published defining the L. plantarum antiporter or regulator gene. Hence, a
single GAD gene found in L. plantarum was used in the analyses. Moreover, when the L.
plantarum strains with the whole genome were examined within the scope of the research,
only one GAD gene (gadB-1410nt) was found, and no defined gadC or gadR genes were
found. However, despite the absence of a specific gadC gene detected in the L. plantarum

genome, general transporter protein data under the YjeM tag was found when protein
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BLAST (https://blast.ncbi.nIm.nih.gov/Blast.cgi) was applied to L. plantarum genomes
using L. brevis GadC protein sequence.

The gene product under the YjeM tag in the L. plantarum genome is named
glutamate/gamma-aminobutyrate transporter family protein. Although no particular
studies on the yjeM gene have been published, the identical tag and protein nomenclature
define in the E. coli genome (UniProtKB - P39282 (YJEM_ECOLI)). Following these
findings, it was hypothesized that the L. plantarum yjeM (1485nt) gene might be a general
transporter for GABA and glutamate, and the yjeM gene data from the 88 strains were
obtained.

As seen in Table 2.2, the number of L. plantarum strains collected from NCBI is
high, and the sources from which the strains are isolated are quite diverse. Nine specific
groups were formed considering the diversity in isolation sources of L .plantarum strains.
Eight of the nine created groups contain strains isolated from food-based environments,
and the other group includes L. plantarum strains isolated entirely from fecal samples.

2.1.3 GAD Pathway and 16S rRNA Information of 32 Bacterial Species

GAD enzyme gene data and gadC gene data of 31 bacterial species were obtained
from LAB genomes available on NCBI to perform interspecific analysis. In addition, two
GAD enzyme genes (gadA and gadB) and gadC gene information of E. coli, the organism
in which the GAD system is most studied, were used. All 31 selected LAB species do not
have the gadC gene. The yjeM gene was taken for analysis from those LAB species that
do not have the gadC gene in their genomes.

Table 2.3 and Table 2.4 show the selected species' gad genes and gadC(or yjeM)
genes. While collecting data on the species, attention was paid that the isolation
environments were especially food-based. However, for some of the species given in the
tables, gadC (or yjeM) and isolation source information are not available on NCBI.

One of the methods used to determine taxonomic similarities between bacteria is
to construct phylogenetic trees using 16S rRNA sequences.16S rRNA is found in all
bacterial species and has been highly conserved species-specific throughout evolution®2,
Therefore, to determine the taxonomic relationships of 32 selected species, 16S rRNA
data of 32 selected species were found using the NCBI Entrez system. In Table 2.5, the
16S rRNA accession numbers of 32 species, the length of the gene, and the information
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about the isolation source of the species are shared. Some species' isolation sources were
not included in the table because the NCBI did not contain their source information.

2.2 Sequence Alignments and Phylogenetic Trees

Before beginning analyses to be made in the thesis, it is essential to check the
accuracy of the gene data recorded in FASTA format and make the necessary
arrangements on the data. Therefore, UGENE™® and MEGA-X** bioinformatics tools
were used to visualize and control the data obtained from NCBI about the GAD system
genes of L. brevis and L .plantarum strains. In the control of the collected data with
bioinformatics tools, the presence of any stop codons, insertions, or deletions that could
prevent proper protein synthesis, especially in the nucleotide sequences of protein-coding
genes, was investigated. Furthermore, when the L .brevis and L. plantarum genes are
collected using the NCBI Entrez system, a text-based system, the similarities of the strain
genes to each other must be controlled using sequence alignment to prove accurate data
were collected. MEGA-X software was used to align the GAD system genes. The GAD
pathway genes(gadR-gadC-gadl/gad2) of 30 L. brevis strains were checked by aligning
each gene to each other. Similarly, the genes were controlled by making separate
alignments for the gadB and yjeM gene data of 88 L. plantarum strains.

MEGA-X is a tool that allows multiple sequence alignment with many different
algorithms. In the thesis, the MUSCLE® algorithm was used while aligning the genes
with MEGA-X. MUSCLE is a popular alignment algorithm with fast and high accuracy,
which is mostly used in studies with bacterial genes to01'°6-1%8, The MUSCLE alignment
algorithm also was used to align gad enzyme, gadC(or yjeM), and 16S rRNA genes
taken from selected 32 bacterial species for interspecies analysis. In particular, while
homologous genes belonging to different bacterial species were aligned with each other,
nucleotide data was first converted to protein data on MEGA-X and aligned with
MUSCLE, and then aligned protein data was converted to nucleotide sequences. Thus, a
more uniform alignment was obtained according to the encoded amino acid types.

The outputs generated by the alignment of GAD genes were visualized using
MEGA-X and Jalview!®®. From the visualized alignment files, sites that are conserved
between strains, observed in a single (non-informative/singleton site) strain, or observed

in many strains(informative sites) were identified. Also, the sites found to be conserved
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in all species were determined from the alignments made with the genes of 32 species,
and the properties of the conserved residues were examined. Moreover, gene trees were
constructed using alignment files of the gad gene and gadC(or yjeM) genes of 32 species
to identify interspecific taxonomic similarities. Gene trees were created using single-gene
data of 32 species with MEGA-X.

Phylogenetic trees are made by calculating the genetic distances of the gene
sequences of the species. There are many models defined in the literature to calculate the
distances of the sequences from each other, and these models differ according to whether
the sequence is a nucleotide or protein sequence. For this reason, before creating
phylogenetic trees, the most suitable model with MEGA-X was analyzed according to the
type of substitutions (nucleotide or protein) to be used. With the MEGA-X/Models
section, the estimation of the most suitable model can be done quickly by using the
alignments of the sequences. The model combinations with the lowest Bayesian
Information Criterion (BIC) score are chosen as the best acceptable model among the
various models tried for substitutions with MEGA-X. After selecting the appropriate
model, gene trees were created using the Maximum Likelihood (ML) method with
MEGA-X. The models obtained for each gene alignment were employed when the
phylogenetic tree on MEGA-X was created using the ML approach. In addition, the
bootstrap method*®? (1000 replication) was employed to evaluate the phylogeny, and the
complete deletion option was used to treat the provided data.

Phylogenetic trees consisting of data belonging to a single gene often do not show
the taxonomy of the species from which the gene was taken. Therefore, a species tree was
created with 16S rRNA data of 32 bacterial species to determine their taxonomic
relationship. The 16S rRNA species tree was constructed similarly to gene trees with
MEGA-X. First, the 16S rRNA sequences of 32 species were aligned with MUSCLE, and
then, using this alignment output, the model suitable for the species tree was defined. A
phylogenetic tree was created with the ML method by using the appropriate model, 1000
bootstrap replication values, and the complete deletion option.

As a result, phylogenetic trees generated for 32 bacterial species and GAD

pathway genes were recorded as the rooted and unrooted trees.
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2.3 Molecular Population Genetic Analyses

This section aims to perform intraspecific and interspecies population genetic
analyses by using the alignments created with the GAD system genes of L. brevis and L.
plantarum strains. DNA Sequence Polymorphism (DnaSP version 6)® software was

used for the necessary analyses, and the results were saved in tables.

2.3.1 Intraspecies Analyses

Firstly, in intraspecies analysis, 3785 nucleotide cluster(operon) alignments of L.
brevis strains containing three genes(gadR-gadC-gadl) were loaded into the DnaSP
program. The gene regions determined in section 2.1.1 are defined for each gene as coding
regions. Afterward, 30 L. brevis strains were divided into five groups on DnaSP according
to the sources where they were isolated. Similar procedures were performed for L. brevis
gad2 and L. plantarum GAD system genes(gadB and yjeM), which are not in operon
form. Sequences of 88 L. plantarum strains were identified on DnasSP as nine different
isolation groups. Analyzes were made both for the whole population of L. brevis and L.
plantarum and for each isolation group separately.

The alignments of L. brevis and L. plantarum strains defined on DnaSP were used
for the polymorphism analysis. According to this study, polymorphic sites were identified
in all populations and isolation groups. Monomorphic and polymorphic sites were
determined through polymorphism analysis, and singletons, synonymous, and
replacement (non-synonymous) sites were identified from polymorphic sites. Moreover,
DNA polymorphism calculations were made simultaneously with the data on which
polymorphism analyses were applied. For each gene, polymorphic(segregating) sites(S)
and total mutation numbers(Eta) were determined for L. brevis/L. plantarum populations
and also for isolation groups. In addition, nucleotide diversity(Pi,n) and Theta-W

(Theta(©) (per site) from S) calculations were performed with DnaSP.

2.3.1.1 Neutrality Evolutionary Tests

The analyzes made in the previous sections are not sufficient to explain the

evolutionary scenarios of the populations. In order to understand what kind of
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evolutionary processes the populations are in, some statistical calculations are needed.
With statistical analyses called neutrality tests it is tested whether the data of a certain
population deviates from the neutral scenario, which is accepted as the null hypothesis.
The neutrality analysis applied in the study tested which evolutionary scenarios the genes
of the GAD system shown in different isolation environments of the same bacterial
species.

The Pi(n) and Theta(©) values calculated in the previous section form the basis of
neutrality tests. Pi(r), defined as nucleotide diversity, refers to the average pairwise
difference between individuals of a population. On the other hand, Theta(©) is the
calculation of the expected Pi(m) value for a population that is in a completely neutral

process(Figure 2.2).

9 S : Segregating Sites
T ——
_— n-1 n : Number of Sequences

=1

Figure 2.2: Theta(©) Equation

Two different neutrality tests were used in the intraspecies analysis. Both tests are
tests performed with a single population. The first of these is Tajima's D (TD)%* statistics
test. The TD test is based on calculating the difference between nucleotide diversity(m)
and Theta(©). In a neutrally evolving population, the two values expect to be equivalent
under the test. Because mutations in the DNA sequence occur randomly in neutrally
evolving populations and do not affect the population’'s adaptation to its environment,
different evolutionary scenarios may arise if the mutations in the genetic sequence are not
random. Therefore, the TD test is an instrumental analysis for identifying sequences that

deviate from neutral theory!®4, For TD analysis on DnaSP, four or more aligned

32



homologous gene sequences from a species are required. In the thesis, each GAD system
gene of L. brevis and L. plantarum species was tested individually for different isolation
environments.

The values obtained from the TD analysis represent three different
interpretations®®. The first is the interpretation that accepts the neutral null hypothesis
that Pi(r) and Theta(©) values are equal. The other two interpretations are cases where
the null hypothesis is rejected, and differences are observed between the Pi(m) and
Theta(O) values. If the calculated TD value is negative, it means that the observed Pi(m)
value is less than the expected Theta(©) value. In this case, called negative selection, rare
alleles are present in the genetic sequence. This is observed when the variation on the
gene is deleted by the sudden growth of a population that has been small for a long time*6®.
Unlike negative selection, a positive TD value is observed in the case of positive
selection, and this is when the observed nucleotide diversity(w) is greater than the
expected Theta(©) value. The positive selection indicates balancing selection in which
variation is kept in the population, and rare alleles are found less. Balancing selection®’
is observed in populations that have experienced sudden contraction recently.

Fu and Li's tests!® (D* and F*) are another of the intraspecies neutrality tests. Fu
and Li tried to explain the selection by determining that the mutations occurring in a
population are in the external or internal branches of the gene tree with their tests based
on singletons that affect one individual in the population. When gene trees of a population
are created, old mutations are found in the internal branches, while newly formed
mutations tend to be found in the external branches. Mutations in the negative selection(or
purifying) are observed in the external branches because the frequency of deleterious
mutations occurring in the population is very low. Similarly, a new mutation fixed in the
population tends to be found in the external brach®®, However, when there is a balancing
selection, the alleles formed in the population tend to be found in the internal branches
because they are old*®®,

DnaSP can perform Fu-Li statistic tests quickly. The interpretations of the Fu-Li
test results are similar to those of the TD test. If the numbers returned from the Fu-Li
statistical analysis are significantly negative, it implies that this population contains
singletons. On the contrary, there are old mutations in the population in the positive

selection scenario, and the values of Fu-L.i statistics are pretty positive.
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2.3.1.2 Sliding Window Analysis

The visualization of both neutrality tests applied to gene sequences of populations
and nucleotide diversity observed in these sequences are mostly used in evolutionary
biology. The sliding window analysis is one in which the statistics tested on the gene
sequence are shown as plots of varying widths®®. Sliding windows can be created in
desired lengths for statistics of genetic data TD, Fu-Li, and nucleotide diversity analysis
on DnaSP!. In this way, the statistical values corresponding to each nucleotide on the
gene sequence and their distribution in the sequence can be observed.

Sliding window analyses in the thesis were performed for all GAD system genes
of L. brevis and L. plantarum species and mainly focused on non-synonymous sites.
Sliding window images for nucleotide diversity in non-synonymous sites on GAD system
genes were easily created with DnaSP. However, there is no separate tool to create sliding
window images of TD values non-synonymous sites on DnaSP. Therefore, the R"
language was used to create sliding window images showing the TD values of non-
synonymous sites. Simple plot graphics were created with the non-synonymous site TD

values of each GAD system gene defined on R.

2.3.2 Interspecies Analyses

The 32 bacterial species from which gad enzyme gene and gadC(or yjeM) gene
information were obtained were used in the interspecies analysis. Three genes(gadC-
gadland gad2) from L.brevis and two(gadB and yjeM) from L. plantarum were analyzed
one by one with other bacterial species. One of the statistical tests used in the interspecies
analysis is the McDonald and Kreitman test(MK)’2. The MK test is one of the tests used
to measure the presence and level of adaptive evolution. The MK test compares the
diversity within the population of a species(polymorphism) with the observed diversity
among species(fixed). The MK test evaluates whether a mutation is neutral, deleterious,
or favorable, as well as whether it is synonymous(silent mutation) or non-synonymous in
a protein-coding gene!”®. In the MK analysis, a table is created, as shown in Figure 2.3.
The polymorphism observed within the species, and the number of fixed changes between
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species, as well as the information on whether the sites are synonymous or non-
synonymous, are revealed.

In MK analysis, the null hypothesis assumes that the non-synonymous to
synonymous ratios within and between species are equal, and events that deviate from
this equality are defined as positive(Dn/Ds > Pn/Ps) or negative(Dn/Ds < Pn/Ps)
selection”. On top of the general definition of the MK test, new statistical calculations
such as alpha(o)!™ and neutrality index(NI)!" are derived(Figure 2.4). Alpha(a) is an
indicator for positive selection, while the NI determines the degree and direction of

deviation from the MK neutral null hypothesis.

Fixed Sites Polymorphic Sites
(Between Species) (Within Species)

Synonymous Ds Ps
Non-synonymous Dn Pn
Dn/Ds : the ratio of Pn/Ps : the ratio of
non-synonymous to non-synonymous to
synonymous variation synonymous variation
between species within species

Figure 2.3: Schematic representation of the MK test table (2 x 2 table)

Dshy . B/ Ps

a=1——— NI =
DTLPS Dn/DS

a =0 Neutral NI =1 Neutral

Figure 2.4: The equations of a and NI



In addition to the MK analysis done in DnaSP, the direction of selection(DoS)"®
calculations were also made using the 2x2 MK table. The reason for making DoS
calculations is that NI is undefined due to zero values in the MK table. With DoS
calculation, the direction and extent of the evolution of a gene can be determined®”.
Although DoS and NI are similar equations, they are not the same. Genes with equal NI
values may not have the same DoS values. Figure 2.5 shows the DoS equation and

interpretations of NI and DoS values.

NI>1 Excess of amino acid polymorphism. (There are slightly deleterious mutations/Negative selection)
Nl <1 Excess of non-silent divergence. (Positive selection)
NI =1,Dos =0 Neutral
DoS >0 Positive selection. (Evidence of adaptive evolution)
DoS <0 There are slightly deleterious mutations. (Negative selection)
D P
DoS = - -
D, + Ds P, + P

Figure 2.5: DoS equation and interpretations of DoS and NI values!’.

Another addition to the MK test on DnaSP for interspecies comparisons, the Fu-
Li (D and F)'®8 test, was done using species close to L. brevis and L. plantarum as
outgroups for each GAD system genes of L. brevis and L. plantarum. The species close
to L. brevis and L. plantarum in terms of GAD system genes were determined according

to the results of MK analysis.

2.3.3 Codon-based Model: Site Model Analyses

There are codon-based models used to determine how a protein-coding gene
evolved through time. These models allow the identification of genes that are under
selection pressure while also allowing them to be identified in positively selected sites of
a protein-coding gene'’®. One of the methods of detecting protein-coding genes under

selection is omega(® = dN/dS) values using non-synonymous(dN) and synonymous(dS)
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rates!’’. The neutral value for omega(w) is considered to be one; cases, where the omega
Is greater than one, indicate the positive selection, while cases, where it is less than one
indicates negative selection. When the omega value is greater than one, it means that non-
synonymous changes provide an advantage to the population and are fixed. The rate(dN)
is higher than the rate of synonymous changes.

The site model has been developed to identify sites in the protein sequence under
selection using varying omega values'’®. Lactic acid bacteria are also exposed to different
environmental pressures in various environments in which they live. Therefore, site
model analysis was used to investigate whether there are positively selected sites in the
L. brevis and L. plantarum GAD system genes. The PAML package(codeml)!”® and its
graphical user interface PAMLX¥, which performs the calculation using maximum
likelihood scores, were used in the site model analysis. Aligned data for each GAD system
gene of strains belonging to L. brevis and L. plantarum species and Newick(.nwk) formats
of phylogenetic trees created from these alignments were used in the analysis. Analysis
tables were created by testing each GAD system genes of L. brevis(gadR-gadC-gadl and
gad2) and L. plantarum(gadB and yjeM) on PAMLX with models using different

omega(m) values.

2.4 Protein Sequence-Based Analyses

Non-synonymous polymorphisms occurring on the nucleotide sequence of a gene
cause changes in the amino acid sequence of the protein molecule to be formed. Amino
acids that change the protein sequence structure can affect the normal function of the
protein®. If amino acids that change in protein structure due to non-synonymous
polymorphisms have similar properties to previous amino acids, they have little effect on
the protein's function. However, if the changed amino acids have different properties than
the previous ones, they can significantly impact the function of the protein. Therefore, the
non-synonymous sites determined by polymorphism analyses on DnaSP have been
studied in the GAD pathway gene alignments of L. brevis and L. plantarum strains. It has
been defined in which regions of the proteins the amino acid changes occur and which
amino acid replaces the previous one. In addition, the distribution of non-synonymous
sites in GAD system genes according to defined isolation groups of L.brevis and L.

plantarum was also studied. Replacement changes were identified for each of the six
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genes(L. brevis gadR-gadC-gadl/gad2 and L. plantarum gadB/yjeM), and it was
determined which amino acid codons these changes constituted. Much information from
the literature and NCBI(www.ncbi.nlm.nih.gov/Class/Structure/) about the new amino
acids formed due to non-synonymous changes and the amino acids found in that site
before were collected, and detailed tables were created.

The isoelectric points(pl)*82 of protein data from L. brevis and L. plantarum strains
with replacement changes were analyzed to assess the influence of replacement changes
on the protein. The factors affecting the pl gain importance as the isoelectric point
indicates the pH value of the protein at which the net charge is zero. Because proteins
have ionizable types of amino acids and the charges of these amino acids change
according to pH*2. The pl values were calculated with a web-based application Prot Pi
(www.protpi.ch), and the pKa values to be used in the pl calculation was set to be the
values taken from EXPASy. Furthermore, the charges of the strains containing
replacement changes were calculated using Prot Pi web-based application at varying pH
values.

Another tool used to describe the effects of replacement changes on protein
functions is PROVEAN®, The web-based application predicts the effects of amino acid
changes on protein function. Protein sequences from each of the L. brevis and L.
plantarum GAD genes that do not contain replacement changes were used for PROVEAN
analysis, and the amino acid changes identified in these protein sequences were processed
as variants on the program. PROVEAN performs BLAST analysis on NCBI using the
given data and variant information and determines scores for each variant according to
other data it finds homologous to the provided data!®3. PROVEAN defines either the

variants as neutral or deleterious according to analysis scores.

2.4.1 Domain Analyses of gad Genes from L. brevis and L. plantarum

Among the LAB species, the only species whose GAD enzyme structure is known
chemically is L. brevis. The L.brevis GAD enzyme contains three major domains, as
shown by its PDB structure (5DP4).In the domain analysis, the sequence of the protein
whose structure is known in the database was taken and aligned with the L. brevis gad
genes. After finding which gad gene of L. brevis represents the structure in PDB, the
domains were determined by aligning the L. brevis (gadl and gad2) and L. plantarum
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(gadB) gad genes. The w and TD values of the domain regions defined in the three genes
were calculated separately. Moreover, the residues, which are essential in terms of their
bonding potential with PLP and L-Glu in the structure study, were determined for both L.

brevis and L. plantarum gad genes as a result of alignment.

2.4.2 Codon Usage Bias (CUB)

CUB**is based on the codon composition of a gene and expresses the frequency
of synonymous codons found for particular amino acids in the gene sequence. Besides,
CUB-related analyses are correlated with gene selection and expression levels. Since
CUB indices are strain-specific values, they are frequently used for gene prediction or for
detecting a gene that has been transferred to the microorganism. Moreover, it is stated
that the CUB value of a gene is closely related to the expression level of the gene in
prokaryotic organisms. Because in a rapidly growing bacterial population, too much
tRNA recognizes a small number of codes for genes that are expressed too much*®. There
are many CUB-related analyzes. Two of these analyzes, codon bias index(CBI) and codon
adaptation index(CAl), were used in the study.

CBI measures whether synonymous codons used in a gene are preferred or not. It
uses the ratio between preferred codons in a gene and the total number of codons to
measure the usage of preferred codons. CBI calculations are generally used to identify a
foreign gene in the bacterial genome. The CBI measurement can have values ranging
from 1 to -1 The exact mean value of zero implies that codons are chosen at random,
value 1 shows that preferred codons are utilized, and values around -1 suggest that codons
are not favored.

On the other hand, CAI measures the frequency of usage of all codons for a gene
by using predetermined reference values. CAIl values are utilized to determine the
expression level of the gene of interest since the codon use tables generated for the
organism examined are employed in the computation. Unlike CBI, the values of CAI
measurements vary between 1 and zero®*. The closer the score obtained from the analysis
result is to 1, the higher the frequency of the codons used in the analyzed gene and the
higher the expression level of the gene.

CBI analysis can be easily performed using aligned sequences on DnaSP. CBI
values were calculated for each L. brevis and L. plantarum GAD gene in the thesis.
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Besides this, CAlcal(http://genomes.urv.es/CAlcal/), a web-based application, was used
to calculate the CAI values. The codon usage tables required for CAl calculation were
obtained from a database(http://www.kazusa.or.jp/codon/).In addition to the genes for
which CBI analysis was performed, CAl analysis also was calculated for gad genes and

gadC(or yjeM) genes from 32 species.

2.4.3 GAD System Protein Structure Prediction

As discussed in Chapter 1, the three-dimensional structure of only one of the L.
brevis gad genes among the L. brevis and L. plantarum GAD system genes studied in the
thesis is known. No other study examines and reveals the three-dimensional structure of
the GAD system genes in LAB species. Only the non-LAB type E.coli gadC transporter
structure has been determined. Therefore, servers that can predict the structure of many
proteins have been used to understand the protein structure of the GAD system genes and
observe where important amino acids are located in the three-dimensional structure. Since
the information provided by each protein structure prediction server is different, a few of
these servers were used. From the servers, the secondary structure of the protein, its three-
dimensional structure, and the predictions of regions with transmembrane helix
formations, especially for transporter proteins, were examined. The protein structures
obtained from the protein structure prediction servers shown in Figure 2.6 were examined

by visualizing with PyMOL,

2.5 Statistics and Graphs

The results of intraspecies polymorphism and neutrality test values were gathered
together by preparing a table specifying the isolation group identified for each L. brevis
and L. plantarum GAD gene. Then, this table was compared for each variable, gene, and
group, and their statistical significance was calculated using the Kruskal and Shapiro tests
using the R programming language®®’. Comparisons with statistically significant results

were graphed using the R ggplo2® package.
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SWISS-MODEL®

|-TASSER!

Phyre21%!

AlphaFold**

Template-based structure prediction
Target-template alignment
Different interaction modes

swissmodel.expasy.org/

Ranked the best method in 7th CASP experiment zhanggroup.org/I-TASSER/
Full-length 3D protein structural prediction
Output includes C-score, TM-scare, and RMSD

Homology detection of 3D protein structure www.shg.bio.ic.ac.uk/phyre2/
Analyzes protein function and mutations

Neural network-based model AlphaFold Colab {AlphaFold.ipynb)

Can predict protein structures even no homologous structure
The best method in 14th CASP

Figure 2.6: Servers for 3D protein structure prediction®-1%,
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Table 2.3: Thirty-two bacterial species gad gene information.

Organisms Protein Nucleotide Source
Accession Accession
Levilactobacillus brevis ANN50035/ CP015398 Korean
ANN49747 kimchi
Levilactobacillus zymae AHF72525 KF690143 kimchi
Levilactobacillus senmaizukei KRNO01061 AYZH01000037 pickles
Levilactobacillus tangyuanensis WP_125641322 | NZ_ RHOA01000007 pickle
Levilactobacillus angrenensis WP_125574762 | NZ_RHOB01000001 yogurt
Levilactobacillus cerevisiae WP 125583210 | NZ_RHNNO01000018 Spoiled beer
Levilactobacillus spicheri KJW12820 JZCR01000015 food
Lactiplantibacillus plantarum AWY49471 CP022294 kimchi
Lactiplantibacillus argentoratensis AYJ36890 CP032751 Fermented
cassava roots
Lactiplantibacillus paraplantarum AYJ39960 CP032744 beer
Lactiplantibacillus herbarum WP_048001054 | NZ_LFEE01000043 fermented
radish
Limosilactobacillus reuteri KEQ19823 JOKX02000003 Type Il
sourdough
Limosilactobacillus fermentum BAO00911 AB856984 pickle juice
Limosilactobacillus oris KRM16609 AZGE01000002 saliva
Limosilactobacillus antri EEW54005 ACLL01000020 -
Limosilactobacillus gastricus EHS85882 NZ_ AICN01000052 human milk
Limosilactobacillus coleohominis KRM84158 AZEW01000005 vagina
Latilactobacillus sakei AJR27923 KM982734 fermented
sea-food
Latilactobacillus curvatus ASNG62676 CP022475 salami
Lentilactobacillus parakefiri GAW73186 BDGB01000146 kefir grain
Lentilactobacillus buchneri AEB72391 CP002652 -
Companilactobacillus nuruki PMD69826 NIPR01000025 beverage
starter
Companilactobacillus futsaii BBA26472 AB986192 Fermented
shrimp
Lacticaseibacillus paracasei BAG12190 AB295641 fermented
fish
Loigolactobacillus rennini WP_057874537 | NZ AYYI01000075 rennin
Paucilactobacillus suebicus KRM13113 AZGF01000003 apple mash
Furfurilactobacillus rossiae KRL56399 AZFF01000004 wheat
sourdough
Secundilactobacillus paracollinoides ANZ65502 CP014915 brewery
Lactococcus lactis QEA60644 CP042408 kimchi
Enterococcus faecium KST45897 LKPH01000077 cheese
Streptococcus thermophilus QTA50001 CP061019 Cheese starter
Escherichia coli CAA0191038/ CACSHO0010000110/ Urine
CAA0194968 CACSHO0010000111
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Table 2.4: Thirty-two bacterial species gadC or yjeM gene information.

Organisms Protein Nucleotide Source Gene
Accession Accession
Levilactobacillus brevis ANN48031 CP015398 Korean kimchi gadC
Levilactobacillus zymae AHF72526 KF690144 kimchi gadC
Levilactobacillus KRNO01060 AYZH01000037 pickles gadC
senmaizukei
Levilactobacillus WP_125641325 NZ_RHOA01000007 pickle gadC
tangyuanensis
Levilactobacillus WP_125574761 NZ_RHOB01000001 yogurt gadC
angrenensis
Levilactobacillus cerevisiae | WP_125583211 NZ_RHNNO01000018 Spoiled beer gadC
Levilactobacillus spicheri KJW12731 JZCR01000015 food gadC
Lactiplantibacillus AWY49189 CP022294 kimchi yjeM
plantarum
Lactiplantibacillus AYJ36618 CP032751 fermented cassava | yjeM
argentoratensis roots
Lactiplantibacillus AYJ39671 CP032744 beer contaminant yjeM
paraplantarum
Lactiplantibacillus - - - -
herbarum
Limosilactobacillus reuteri KEQ19824 JOKX02000003 Type Il sourdough | gadC
Limosilactobacillus WP_104878675 NZ_LT906621 sourdough yjeM
fermentum
Limosilactobacillus oris KRM16610 AZGE01000002 saliva gadC
Limosilactobacillus antri EEW54006 ACLL01000020 - gadC
Limosilactobacillus WP_007122298 NZ_AICN01000047 human milk yjeM
gastricus
Limosilactobacillus KRM81387 AZEW01000121 vagina gadC
coleohominis
Latilactobacillus sakei AKEA47364 KP310071 fermented sea-food | gadC
Latilactobacillus curvatus ASN62677 CP022475 salami gadC
Lentilactobacillus parakefiri | GAW73185 BDGB01000146 kefir grain gadC
Lentilactobacillus buchneri AEB72390 CP002652 - gadC
Companilactobacillus nuruki | PMD67803 NIPR01000064 beverage starter yjeM
Companilactobacillus futsaii | QCX25054 CP040736 - yjeM
Lacticaseibacillus paracasei | - - - -
Loigolactobacillus rennini WP_057874538 NZ_AYY101000075 rennin gadC
Paucilactobacillus suebicus | - - - -
Furfurilactobacillus rossiae | KRL56398 AZFF01000004 wheat sourdough gadC
Secundilactobacillus ANZ62949 CP014915 brewery yjeM
paracollinoides environment
Lactococcus lactis QEA60645 CP042408 kimchi gadC
Enterococcus faecium KST45898 LKPHO01000077 cheese gadC
Streptococcus thermophilus | QTA50002 CP061019 cheese starter gadC
Escherichia coli CAA0194932 CACSHO0O010000111 urine gadC
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Table 2.5: Thirty-two bacterial species 16S rRNA gene information.

16S rRNA Accession Organisms bp Source
KX458105.1 Levilactobacillus brevis 1508 bp kimchi
KJ607887.1 Levilactobacillus zymae 1543 bp sourdough
MT898562.1 Levilactobacillus senmaizukei 1593 bp Cucumber kimchi
MK110861.1 Levilactobacillus tangyuanensis 1432 bp Pickle
MK110858.1 Levilactobacillus angrenensis 1445 bp yogurt
MT211345.1 Levilactobacillus cerevisiae 1489 bp Wufeng pickle water
KT757220.1 Levilactobacillus spicheri 1476 bp fermented bamboo
MT898568.1 Lactiplantibacillus plantarum 1522 bp i:haobobtage kimchi
MZ959460.1 Lactiplantibagillus 1490 bp From koji
argentoratensis
MZ365311.1 Lactiplantibacillus 1520 bp kimchi
paraplantarum
MH548359.1 Lactiplantibacillus herbarum 1505 bp milk
L23507.1 Limosilactobacillus reuteri 1535 bp -
AB856983.1 Limosilactobacillus fermentum 1491 bp Chinese pickle juice
X94229.1 Limosilactobacillus oris 1512 bp sourdough
AY253659.1 Limosilactobacillus antri 1520 bp -
AY?253658.1 Limosilactobacillus gastricus 1550 bp -
AM113776.1 Limosilactobacillus coleohominis | 1564 bp -
KX886806.1 Latilactobacillus sakei 1496 bp kimchi
MT898647.1 Latilactobacillus curvatus 1590 bp Cabbage kimchi
LC096211.1 Lentilactobacillus parakefiri 1514 bp -
OK135530.1 Lentilactobacillus buchneri 1500 bp Zha-chili
MT786425.1 Companilactobacillus nuruki 1419 bp bioproduct
ABB839950.1 Companilactobacillus futsaii 1528 bp Fermented shrimp
0OK559730.1 Lacticaseibacillus paracasei 1498 bp Dairy product
LC258150.1 Loigolactobacillus rennini 1514 bp -
KU761840.1 Paucilactobacillus suebicus 1573 bp Sichuan pickle
MZ749583.1 Furfurilactobacillus rossiae 1496 bp From acidic gruel
NR_112846.1 Secundilactobacillus 1525 bp brewery
paracollinoides environments
MN749817.1 Lactococcus lactis 1546 bp kimchi
KM495946.1 Enterococcus faecium 1495 bp Siahmazgi cheese
HM218518.1 Streptococcus thermophilus 1472 bp fermented dairy
products
MW059027.1 Escherichia coli 1464 bp -
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 DNA Polymorphism in L. brevis and L. plantarum Populations

The polymorphism analyses were performed on L. brevis and L. plantarum
populations in the thesis. Polymorphism analysis results of the L. brevis population are
shown in Table 3.1. The L. brevis population contains the data of the GAD pathway from
30 different strains, and these strains were divided into five other groups according to the
ones from which they were isolated. One of the five identified groups represents the non-
food group. According to polymorphism analysis, 214 polymorphic sites in the operon
and 76 in the gad2 gene that was found outside the operon were detected for the whole L.
brevis population (N=30). The operon contains three different genes as a cluster of genes,
and the non-coding regions among these genes were included in the analysis. Therefore,
each gene in the operon was analyzed one by one, and the number of specific segregating
sites(S) was found. The most S was found in the gadC gene among the four analyzed
genes. When the polymorphic sites were partitioned as synonymous and polymorphic
replacement sites, which led to amino acid changes, it was found that again gadC gene
had the highest number of synonymous(non-amino acid changes) polymorphisms (Figure
3.1). However, the number of replacement(non-synonymous) segregating sites in Table
3.1 shows that the gad2 gene outside the operon has the highest number of non-
synonymous segregating sites.

The five groups defined for the L. brevis population were evaluated separately,
and scenarios different from the observed situation for the whole population were
encountered. According to Table 3.1, the gad2 gene has the highest number of S and
replacement polymorphisms(RP) in the fermented vegetable (N=6) group. The same
situation is observed in the sourdough (N=4) and fermented dairy product (N=5) groups.
In the fermented beverage (N=10) group, the highest number of S is found in the gadC,
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and the highest number of RP is found in the gad2 gene. A different scenario is observed
in the feces (N=5) group. In the feces group, the ratios of S number to other genes in the
gadC gene are quite high, and the RP is most high in the gadC gene. In addition, no RP
is found in the gadR gene in the fermented vegetable and fermented beverage groups and

the gadC gene in the fermented dairy product group (Figure 3.3-A).

(a) p-value = 0.0005462
200

100

50

Operon gadR gadC gadl gad2

p-value = 0.0005027
®y (c)

1501

p-value = 0.01246

1001

o4

Opc;ron gédR galdc gédl gédZ Operon gadR gadC gadl gad2

Figure 3.1: Box-plots of L. brevis GAD system genes to compare the number of
segregating sites. (a) the number of overall segregating sites, (b) the number of
synonymous polymorphisms, and (c) the number of non-synonymous(replacement)
polymorphisms. The p-values represent the non-parametric ANOVA tests. (Graphs

were created with ggplot2 in R)

Since the total base numbers of the four genes and groups' sample sizes (N)
examined differed, nucleotide diversity (Pi,7) of the genes was calculated to compare the
genes. As shown in Table 3.1, the gene with the highest 7 value in the L. brevis population
(N=30) is gadC (129.6x10%), and this situation varies within isolation groups. The gadR
(92.5x10%) gene in the fermented vegetable group, the gadl (138.9x10™#) gene in the
sourdough group, the gadC (293.5x10™#) gene in the feces group, also the gad2 (147x10°
#and 99.1x10™) gene in fermented dairy product and fermented beverage groups have the
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highest  value. Nevertheless, when the 7 values of non-synonymous sites are examined,
it is seen that the gad2 gene © non-synonymous value is the highest in all groups except
the sourdough group. In the sourdough group, the highest = non-synonymous value is in
the gadR (44.1x10-4) gene (Figure 3.3-B). The high rate of non-synonymous nucleotide
diversity in the gad2 gene in all L.brevis isolation groups indicates many amino acid
changes in this gene.

In the following Figure 3.2, the feces population has the highest nucleotide
diversity, followed by sourdough and fermented dairy products considering all sites(a).
The partitioning graphs for the nucleotide diversity as synonymous(b) and non-
synonymous(b) show a similar trend. The feces population has the highest number of
synonymous and non-synonymous diversity, followed by sourdough and fermented dairy
products.

Polymorphism analyses were carried out in the L. plantarum population using
gadB and the yjeM gene, which is assumed to be involved with the GAD system. The L.
plantarum population used for the analysis contains data from 88 different strains. Since
the amount of data for the L. plantarum population is high, nine isolation area-specific
groups were formed. Like L. brevis, one of the L. plantarum groups is the feces group.
Table 3.2 shows the results of L. plantarum polymorphism analysis both for the whole
population and for each group separately. According to the table, in the examination of
the total L. plantarum population (N=88), there are 121 segregating sites (S) in the gadB
gene and 65 S in the yjeM gene. While the number of RP in the gadB gene is 38 for the
whole L.plantarum population, this number is 14 in the yjeM gene. Considering the S, the
RP, and the total base numbers of genes, it is seen that & all sites and m non-Synonymous
sites values are highest for the gadB gene (Table 3.2). For the gadB gene, the kimchi
(N=28) group has the greatest S of all of the isolation groups. Kimchi is followed by
cheese (N=10), kefir (N=9), and other milk-based (N=12) groups, all of which are dairy
sources. The food (N=8) group comes in fifth, followed by the meat (N=6) and beverage
(N=6) groups. The feces (N=5) group, which is a non-food source, ranks eighth in terms
of S number, and the raw-food (N=4) group has the lowest S number (Figure 3.4).
However, the same ordering is not correct for m values because of the groups' sample sizes

(N) (Figure 3.5).
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Figure 3.2: Box-plots of Jukes-Cantor correction applied nucleotide diversity estimates
of L. brevis isolation groups. The P-values of the non-parametric ANOVA test for
graphs a,b, and c are 0.0006984,0.001248 and 0.3065, respectively. (Graphs were

created with ggplot2 in R)
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Figure 3.3: Summary graphics of L. brevis DNA polymorphism analyses. Two-way
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graphs calculated for the genes in each group. In part (B), the graph values are values

multiplied by 10. (Graphs were created with ggplot2 in R)
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Figure 3.3: (cont.)

The group with the highest L. plantarum gadB gene nucleotide diversity is the
cheese group, with a value of 136x10. It is also seen that & values of the gadB gene are
high in other dairy isolation groups (Kefir (111.9x10#) and milk-based (80.3x10)). In
addition, the cheese group is the isolation source with the highest RP number and 7 non-

synonymous value among other groups.



The order of the groups according to the S number for the yjeM gene starts with

kimchi, cheese, and other milk-based products, followed by meat, feces, food, beverage,

kefir, and raw food groups (Figure 3.4).
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Figure 3.4: Summary graphics of L. plantarum DNA polymorphism analyses. Two-way

graphs show the S and RP number of the genes gadB and yjeM for different isolation

groups. Nine different groups are represented in the figures, and "All" mean the entire

L. plantarum population (N=88). (Graphs were created with ggplot2 in R)
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When the groups are examined according to the yjeM gene & value, it is seen that
the group with the highest 7 value of the yjeM (61.1x10*) gene is the meat group (Figure
3.5). According to table 3.2 table, the number of polymorphisms that cause replacement

change in the yjeM gene is indicated equally in the kimchi and cheese groups. However,

although the RP numbers are the same, the non-synonymous nucleotide diversity value

of these two groups in the yjeM gene is not the same due to the difference in the groups'

sample size (N). Therefore, the cheese group with a smaller sample size has a higher n

non-synonymous value (16.5x10-4) (Figure 3.5).
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Figure 3.5: Summary graphics of L. plantarum gadB and yjeM genes nucleotide

diversity. The calculated © values for the entire L. plantarum population and nine

isolation groups are shown in the figure. (Graphs were created with ggplot2 in R)
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3.2 Neutrality Tests Summary Statistics

The neutrality tests were applied in order to see how GAD system genes of L.
brevis and L. plantarum depart from the neutral theory expectations. For the L. brevis
species, the tests were performed on the whole L. brevis population and each isolation
group individually for every GAD pathway gene. Table 3.3 shows the results of L. brevis
TD and Fu-Li's(D* and F*) analyses. The table shows that the results of L. brevis GAD
pathway genes for all site TD analyses are negative values for each gene. The TD all-site
value calculated for the gadC gene is more negative than other genes. However, these
negative values are not statistically significant. A similar scenario is observed when GAD
system genes are calculated for L. brevis isolation groups. Negative values that are not
statistically significant are also found in isolation groups. The only difference is in the
gad2 gene in the feces population. Although it is not statistically significant, the
calculated TD value for all sites of the gad2 gene in the feces population is positive.

The partitioned TD values for the synonymous and non-synonymous sites are
somewhat similar to the TD all site values of the L. brevis population. In terms of
statistical significance, TD non-synonymous values of all L. brevis population are
significantly negative values for operon (p < 0.01), gadC (p < 0.05), and gad1 (p < 0.05).
The TD non-synonymous values of the L. brevis isolation groups are mostly negative
values that are not statistically significant. However, the feces group is quite different
from the other groups. According to table 3.3, the TD non-synonymous value calculated
for the operon (p < 0.001) in the feces group is a statistically significant negative value.
In contrast, the TD non-synonymous value calculated for the gadC (p < 0.001) gene in
the feces group is a statistically significant positive value. Also, the TD non-synonymous
value of the gad2 gene in the feces population is positive, although it is not statistically
significant.

Negative TD values in rapidly growing populations in nutrient-rich habitats, such
as the L. brevis population, indicate that low-frequency alleles are slightly more common
than intermediate-frequency alleles. As a result, in the L. brevis population, negative TD
values found for GAD pathway genes imply the presence of rare alleles in the genes.
Whenever the feces group from the total L. brevis population is analyzed, the positive TD
values in the gadC and gad2 genes imply that the non-food feces group may be in a

somewhat different evolutionary process.
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Moreover, In table 3.3, Fu-Li's D* and F* analyses for the whole L. brevis
population is similar to TD estimates, whereas the estimates are negative for all GAD
pathway genes. The negative values for Fu-Li's estimations for GAD system genes
indicate that most of the mutations observed in these genes are relatively recent in the
gene tree of the genes. In contrast, the gad2 gene Fu-Li's D* and F* values are positive
in the feces group. The positive Fu-Li's analysis results suggest that in L.brevis species
living in the fecal environment, the gad2 gene has a different evolutionary process than
the gadl gene in the operon. Although, Fu-Li's values calculated for the gad2 gene are
greater than one but not statistically significant.

Similar to the L. brevis, negative TD values were found from the neutrality
analysis performed with the L. plantarum gadB and yjeM genes. As shown in Table 3.4,
the TD values obtained using data from all L. plantarum strains for the gadB, and yjeM
genes are negative values without any statistical significance. Moreover, when the L.
plantarum population is divided into isolation groups and the TD values are calculated,
it is seen that each TD values of the gadB (p < 0.05) gene in the kimchi group are
statistically significant negative value. Except for the kefir group, TD values for gadB
and yjeM genes in other L. plantarum isolation groups were close to zero or negative
values without statistical significance. In the kefir group, the calculated TD values for the
gadB gene are positive, and the TD non-synonymous value is greater than one. However,
the gadB TD values calculated for the kefir group are not statistically significant.
According to Table 3.4, Fu-Li's D* and F* values for L. plantarum gadB and yjeM genes
are mainly close to zero or negative values. Also, It is seen that Fu-Li's D* and F* values
of the yjeM (p < 0.05) gene are statistically significant negative values in the total L.
plantarum population.

As stated for L. brevis, negative TD and Fu-L.i's values calculated for L. plantarum
gadB and yjeM genes indicate the presence of rare alleles in these genes and show that

the mutations are mostly found in external branches of gadB /yjeM gene trees.
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Table 3.3: Neutrality tests summary statistics for GAD pathway genes among L. brevis

populations.
Population TD D - D - TD - TD - Fu- Fu-Li’s
L.brevis Cod. Syn. Nonsyn. Silent Li’s F*
D*
All Samples (N=30)
Operon -0.89 -0.84 -0.60 -2.24%* -0.67 -1.74 -1.72
gadR -0.37 -0.37 0.06 -1.75# 0.06 -0.40 -0.45
gadC -1.26 -1.27 -1.11 -2.16* -1.11 | -2.40# | -2.39%
gadl -0.23 -0.23 0.15 -1.81* 0.15 -0.59 -0.56
gad2 -0.42 -0.42 -0.25 -0.85 -0.25 -1.21 -1.12
Fermented Vegetable (N=6)

Operon -0.04 -0.09 -0.06 -0.35 0.00 -0.06 -0.06
gadR 0.24 0.24 0.24 n.a. 0.24 0.34 0.35

gadC 0.08 0.08 0.12 -0.19 0.12 -0.13 -0.09
gadl -0.46 -0.46 -0.44 -0.45 -0.44 -0.36 -0.41
gad2 -0.39 -0.39 -0.25 -0.74 -0.25 -0.29 -0.34

Sourdough (N=4)

Operon -0.13 -0.09 0.00 -0.83 -0.05 -0.13 -0.14
gadR -0.64 -0.64 -0.56 -0.78 -0.56 -0.64 -0.66
gadC -0.14 -0.14 -0.10 -0.71 -0.10 -0.14 -0.15
gadl 0.19 0.19 0.29 -0.75 0.29 0.19 0.20

gad2 -0.25 -0.25 -0.18 -0.45 -0.18 -0.25 -0.26

Fermented Dairy Product (N=5)

Operon -0.24 -0.27 -0.21 -1.12 -0.17 -0.24 -0.26
gadR 0.31 0.31 0.52 -0.97 0.52 0.31 0.33

gadC -0.32 -0.32 -0.32 n.a. -0.32 -0.32 -0.35
gadl -0.52 -0.52 -0.44 -1.05 -0.44 -0.52 -0.56
gad2 -0.80 -0.80 -0.93 -0.20 -0.93 -0.80 -0.86

Fermented Beverage (N=10
Operon -0.62 -0.64 -0.65 -0.36 -0.60 -0.54 -0.63
gadR -0.47 -0.47 -0.47 n.a. -0.47 -0.14 -0.25
gadC -0.90 -0.87 -0.92 0.22 -0.92 -0.75 -0.89
gadl -0.38 -0.38 -0.33 -1.11 -0.33 -0.44 -0.48
gad2 -0.42 -0.42 -0.28 -0.86 -0.28 -0.59 -0.62
Feces (N=5)

Operon -0.40 -0.36 -0.25 -1.32%** -0.30 -0.36 -0.40
gadR -0.05 -0.05 0.05 -0.82 0.05 -0.05 -0.05
gadC -0.46 -0.46 -0.37 1.36*** -0.37 -0.39 -0.44
gadl -0.23 -0.23 -0.08 -1.15 -0.08 -0.23 -0.25
gad2 1.57 1.57 1.60 1.33 1.60 1.57 1.69
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Table 3.4: Neutrality tests summary statistics for GAD pathway genes among L.

plantarum populations.

Population TD TD - TD - TD - TD - Fu-Li’s | Fu-Li’s
Cod. Syn. Nonsyn. | Silent D* F*
L.plantarum
Total (N=88)
gadB -1.68# -1.71# -1.75# -1.48 -1.70# -1.46 -1.86
yjeM -1.37 -1.37 -1.26 -1.46 -1.26 -2.91* | -2.74*
Kimchi Group (N=28)
gadB -2.06* -2.05* -2.13* -1.60# -2.14* | -1.96# | -2.36#
yjeM -0.87 -0.87 -0.85 -0.73 -0.85 -1.46 -1.50
Food Group (N=8)
gadB -1.05 -1.03 -0.83 -1.19 -0.89 -0.91 -1.05
yjeM -0.16 -0.16 0.05 -0.81 0.05 0.14 0.08
Raw Foods (N=4)
gadB -0.83 -0.82 -0.78 -0.78 -0.80 -0.83 -0.82
yjeM -0.28 -0.28 -0.22 -0.61 -0.22 -0.28 -0.28
Kefir Group (N=9)
gadB 0.65 0.66 0.37 1.24 0.37 0.18 0.33
yjeM -0.09 -0.09 0.26 -0.69 0.26 0.90 0.74
Cheese Group (N=10)
gadB -0.63 | -0.68 -0.58 -0.81 -0.50 |-0.92 -0.96
yjeM -0.04 | -0.04 0.47 -1.04 0.47 0.12 0.09
Beverage Group (N=6)
gadB -0.27 | -0.34 -0.43 -0.06 -0.33 | -0.19 -0.22
yjeM 0.34 0.34 0.40 -0.05 0.40 0.53 0.53
Meat Group (N=6)
gadB -1.16 | -1.16 -1.27 -0.94 -1.27 | -1.15 -1.26
yjeM -0.09 | -0.09 -0.01 -0.45 -0.01 |o0.01 -0.02
Feces Group(N=5)
gadB -0.95 -0.93 -1.16 -041 -1.17 -0.95 -1.01
yjeM -042 | -0.42 -0.27 -1.05 -0.27 | -0.42 -0.45
Other Milk-Based Fermented Products (N=12)
gadB -0.12 | -0.21 0.18 -0.72 0.30 0.59 0.46
yjeM -0.16 | -0.16 -0.08 -0.42 -0.08 | -0.60 -0.55




3.3 Structural Domains of L. brevis and L. plantarum GAD Enzymes

As explained in Chapter 1, the L. brevis gad gene's three-dimensional structure
was identified in the literature and stored in the PDB under accession number 5GP4.
When the protein's amino acid sequence in PDB(5GP4) was taken and aligned with the
amino acid sequences of the L. brevis gadl and gad2 genes, it was found that the gene
whose structure was defined was the gad2 gene. Afterward, the L .brevis and L. plantarum
GAD protein sequences were aligned, and the parts of the domains defined for the GAD

enzyme in the literature were shown in the alignment (Figure 3.6).

Table 3.5: L. brevis gadl /gad2 and L. plantarum gadB genes nucleotide ranges of

enzyme domain regions.

Gene N-terminal PLP-binding Domain | Small (C-terminal)
Domain Domain

gadl (479 aa) 1-59 aa 60-375 aa 375-479 aa
(1-177 nt) (180-1125 nt) (1125-1437 nt)

gad2 (468 aa) 1-57 aa 58-364 aa 364-468 aa
(1-171 nt) (174-1092 nt) (1092-1404 nt)

gadB (469 aa) 1-57 aa 58-365 aa 365-469 aa
(1-171 nt) (174-1095 nt) (1095-1407 nt)

As a result of the alignment, it was determined that the domain regions defined
for each gad gene correspond to which nucleotide ranges in the DNA sequence of the gad
genes (Table3.5). Nucleotide diversity and TD analyses were performed for each domain
using the data of all L. brevis(N=30) and L. plantarum (N=88) populations (Table 3.6).
According to the calculated m values of the domains, it was found that the most nucleotide
diversity was in the PLP-binding domain of the L. brevis gadl and L. plantarum gadB
gene, while the nucleotide diversity was the most in the N-terminal domain of the L.brevis
gad2 gene. Besides, while TD values of gad genes were calculated as close to zero or
negative values in domains, only L. brevis gad2 gene small domain TD values were found

positive.
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Figure 3.6: The alignment of L. brevis (Gadl and Gad2) and L. plantarum (GadB)
GAD enzymes protein sequences by MUSCLE algorithm. Coloring on the alignment

indicates domain regions of GAD enzymes.
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Table 3.6: Nucleotide diversity and TD calculations of L. brevis and L. plantarum gad

genes enzyme domains.

N-terminal n-Total n-Nonsyn TD TD-Nonsyn
Domain

gadl 0.0055 0.0014 -1.57 -1.73

gad2 0.0210 0.0094 -0.30 -0.14

gadB 0.0027 0.0009 -1.61 -1.74
PLP-binding n-Total n-Nonsyn TD TD-Nonsyn
Domain

gadl 0.0113 0.0007 0.24 -1.28

gad2 0.0130 0.0024 -0.62 -1.42

gadB 0.0093 0.0042 -1.66 -1.50

Small (C-terminal) | n-Total n-Nonsyn TD TD-Nonsyn
Domain

gadl 0.0087 0.0015 -0.55 -1.20

gad2 0.0065 0.0021 1.01 1.63

gadB 0.0082 0.0037 -1.52 -0.19

Furthermore, the similarity ratios of the L. brevis and L. plantarum gad genes to
each other were established based on their alignment. Interestingly, the amino acid
sequences of the L. brevis gadl and gad2 genes were discovered to be 51.2 percent
identical, whereas the nucleotide sequences were 57 percent similar. Additionally, the
gad2 gene of L. brevis, which is positioned outside the GAD operon, was found to be

83.12% identical to the L. plantarum gadB gene in terms of amino acid sequences.

3.4 Analysis of Replacement Sites on The GAD Pathway Genes

The non-synonymous (replacement) mutations identified in the L. brevis and L.
plantarum GAD system genes due to polymorphism analyses were analyzed one by one
to determine which nucleotides were changed. Afterward, it was determined which
nucleotides that changed in the genes formed which amino acids in the protein sequence.
The biochemical characteristics of the changed and previous amino acids in the GAD
system genes were compared. When comparing amino acids with each other, their
polarities, charge states, pl, bonding potentials, and whether they are singletons or not
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were taken into account. Moreover, whether replacement changes are neutral or

deleterious was also tested by PROVEAN analysis.

3.4.1 Replacement Sites of L.brevis gadR Gene

Table 3.7 shows which nucleotides the replacement changes detected in the L.
brevis gadR gene occur and which isolation groups these changes are seen. Also, it was
determined how the nucleotide changes in the gadR gene changed which amino acid in
the protein sequence of gadR. As indicated in the table, the change on nucleotide 571 of
the L. brevis gadR gene creates a protein synthesis-stopping codon instead of a different
amino acid.

Among the L. brevis gadR gene amino acid changes, it was determined that all
changes are found only in a single strain(singleton) except for the 93rd amino acid. In
addition, PROVEAN analysis determined that the mutation from arginine to cysteine in

the 81st amino acid of the gadR gene could be deleterious (Table 3.8).

Table 3.7: Replacement(Non-synonymous) sites in the L. brevis gadR gene and their
corresponding amino acids. The nucleotides changed in the triple codon structure, and the

new amino acids formed by the change are shown in red.

L.brevis | Isolation Groups Num. RP | Nucleotide Numbers of Mutations
gadR Fermented Vegetable 0
591 nt Sourdough 4 164-210-241-277
Fermented Dairy P. 2 277-571
Fermented Beverage 0
Feces 1 277

Amino-acid Changes on L.brevis gadR

N.No Nucleotide Changes Codons C. Amino-acids R.No
164. nt A change to G CAG/CGG | Glutamine/Arginine 55. aa
210. nt C change to A GAC/GAA | Aspartic acid/Glutamic acid | 70. aa
241 .nt Cchangeto T CGC/TGC | Arginine/Cysteine 81. aa
277.nt G changeto A GTC/ATC | Valine/lsoleucine 93.aa
571. nt Cchangeto T CAA/TAA | Glutamine/Stop 191. aa
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3.4.2 Replacement Sites of L. brevis gadC Gene

Table 3.9 below shows the distribution of replacement changes on the L. brevis
gadC gene in isolation groups and the amino acid changes they cause. It was discovered
that there are two different alterations in the 1105th nucleotide region of the L.brevis
gadC gene, which result in two distinct amino acid mutations. The table shows that only
the feces group has two different modifications in the 1105th nucleotide of the gadC gene.
Among the 15 replacement amino acid changes detected in the L. brevis gadC gene, only
two(171 and 367) were observed in more than one strain. In addition, four of the non-
synonymous changes in the gadC gene were deleterious mutations. However, only the
deleterious change in amino acid 171 of the gadC gene was observed in more than one

strain. Other deleterious changes detected were singleton changes (Table 3.10).

Table 3.9: Replacement(Non-synonymous) sites in the L. brevis gadC gene and their
corresponding amino acids. The nucleotides changed in the triple codon structure, and the

new amino acids formed by the change are shown in red.

L.brevis Isolation Groups Num. RP Nucleotide Numbers of Mutations
gadC Fermented Vegetable 3 99-1028-1099
1506 nt Sourdough 2 80-1313
Fermented Dairy P. 0
Fermented Beverage 3 278-512-1099
Feces 8 20-421-739-797-865-821-1105-1105
Amino-acid Changes on L.brevis gadC
N.No Nucleotide Changes Codons C. Amino-acids R.No
20. nt A changeto G GAA/GGA Glutamic acid/Glycine 7.aa
80. nt Cchangeto T ACG/ATG Threonine/Methionine 27. aa
278. nt Gchangeto T GGT/GTT Glycine/Valine 93. aa
421. nt A changeto G ATC/GTT Isoleucine/Valine 141. aa
512. nt T changeto C ATC/ACC Isoleucine/Threonine 171. aa
739. nt G change to A GTT/ATT Valine/lsoleucine 247. aa
797. nt A change to G AAT/AGT Asparagine/Serine 266. aa
865. nt G changeto A GGC/IAGC Glycine/Serine 289. aa
871. nt G changeto A GTC/IATT Valine/Isoleucine 291. aa
995. nt G change to A CGCI/CAC Arginine/Histidine 332. aa
1028. nt Cchangeto T ACC/ATC Threonine/lsoleucine 343. aa
1099. nt A change to G AAC/GAC Asparagine/Aspartic acid 367. aa
1105. nt Gchangeto T GCG/TCG Alanine/Serine 369. aa
1105. nt G change to A GCG/ACG Alanine/Threonine 369. aa
1313. nt T changeto C TTC/TCC Phenylalanine/Serine 438. aa
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3.4.3 Replacement Sites of L. brevis gadl Gene

The changes that lead to amino acid changes detected in the L. brevis gadl gene
and their biochemical properties are shown in the tables below (Table 3.11 and Table
3.12). Mutations in the same nucleotide occurring on the L. brevis gadl gene were found
in many isolation groups. Notably, the change in the 1413th nucleotide was observed in
all isolation groups except the fermented vegetable group (Table 3.11). As a result of the
PROVEAN analysis, it was determined that the change in only the 40th amino acid in the
L. brevis gadl gene could be deleterious. However, the mutation found as deleterious is
a singleton, as indicated in the table (Table 3.12).

Table 3.11: Replacement(Non-synonymous) sites in the L. brevis gadl gene and their
corresponding amino acids. The nucleotides changed in the triple codon structure, and the

new amino acids formed by the change are shown in red.

L.brevis | Isolation Groups Num. RP | Nucleotide Numbers of Mutations
gadl Fermented Vegetable 3 26-719-1414
1440 nt Sourdough 3 119-1016-1413
Fermented Dairy P. 3 698-1016-1413
Fermented Beverage 1 1413
Feces 6 112-701-719-1016-1219-1413

Amino-acid Changes on L.brevis gadl

N.No Nucleotide Changes Codons C. Amino-acids R.No
26. nt A changeto G CAG/CGG | Glutamine/Arginine 9.aa
112. nt G changeto A GAT/AAT | Aspartic acid/Asparagine 38. aa
119. nt Cchangeto T CCC/CTC | Proline/Leucine 40. aa
701. nt Cchangeto T ACG/ATG | Threonine/Methionine 234. aa
719. nt Cchangeto G ACC/AGC | Threonine/Serine 240. aa
968. nt Cchangeto T ACC/ATC | Threonine/lsoleucine 323. aa
1016. nt G changeto A AGT/AAT | Serine/Asparagine 339. aa
1219. nt G changeto A GAG/AAG | Glutamic acid/Lysine 407. aa
1413. nt A changeto C CAA/CAC | Glutamine/Histidine 471. aa
1414, nt G changeto A GAT/AAT | Aspartic acid/Asparagine 472. aa
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3.4.4 Replacement Sites of L. brevis gad2 Gene

The gad2 is the gene in which the most replacement changes were detected
among the L. brevis GAD system genes. As shown in Table 3.13, almost equal numbers
of mutations are seen in all isolation groups. Significantly, all isolation groups include
changes in the L. brevis gad2 gene at sites 50,68,458 and 1246.

Eight of the non-synonymous mutations in the gad2 gene were detected in several
strains. Also, non-singleton mutations in the gad2 gene were classified as neutral
modifications by PROVEAN scores. Moreover, amino acid changes of the gad2 gene that
were predicted as deleterious were found as singletons in the L. brevis population (Table
3.14).

Table 3.13: Replacement(Non-synonymous) sites in the L. brevis gad2 gene and their
corresponding amino acids. The nucleotides changed in the triple codon structure, and the

new amino acids formed by the change are shown in red.

L.brevis Isolation Groups Num. RP Nucleotide Numbers of Mutations
gad2 Fermented Vegetable 8 50-68-458-468-679-685-984-1246
1407 nt Sourdough 8 50-68-415-458-468-518-671-1246
Fermented Dairy P. 9 34-46-50-68-120-458-671-973-1246
Fermented Beverage 9 50-68-281-458-468-679-685-1058-1246
Feces 7 50-68-458-468-469-671-1246
Amino-acid Changes on L.brevis gad2
N.No Nucleotide Changes Codons C. Amino-acids R.No
34.nt A change to G ACA/GCA Threonine/Alanine 12. aa
46. nt CchangetoT CTC/TTC Leucine/Phenylalanine 16. aa
50. nt Cchangeto A ACA/AAA Threonine/Lysine 17. aa
68. nt G changeto C AGC/ACC Serine/Threonine 23. aa
120. nt G changeto T GAG/GAT Glutamic acid/Aspartic acid 40. aa
281. nt G changeto A CGG/CAG Arginine/Glutamine 94, aa
415. nt T changeto C TTT/CTT Phenylalanine/Leucine 139. aa
458. nt Cchangeto A ACT/AAT Threonine/Asparagine 153. aa
468. nt A change to C CAA/CAC Glutamine/Histidine 156. aa
469. nt CchangetoT CCT/TCT Proline/Serine 157. aa
518. nt G changeto C TGT/TCT Cysteine/Serine 173. aa
671. nt CchangetoT GCC/GTC Alanine/Valine 224. aa
679. nt G changeto A GAT/AAT Aspartic acid/Asparagine 227. aa
685. nt G changeto A GTT/ATT Valine/lsoleucine 229. aa
973. nt T changeto G TCC/GCC Serine/Alanine 325. aa
984. nt Cchangeto G ATC/ATG Isoleucine/Methionine 328. aa
1058. nt CchangetoT GCC/GTC Alanine/Valine 353. aa
1246. nt G change to A GCG/ACG Alanine/Threonine 416. aa
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3.4.5 Replacement Sites of L. plantarum gadB Gene

Table 3.15: Replacement(Non-synonymous) sites in the L. plantarum gadB gene and their
corresponding amino acids. The nucleotides changed in the triple codon structure, and the

new amino acids formed by the change are shown in red.

L.plantarum | Isolation Groups Num. RP Nucleotide Numbers of Mutations
gadB Kimchi 20 340-341-418-419-500-540-544-572-580-
1410 nt 583-595-658-674-704-712-1022-1108-1153-
1337-1353
Food 14 52-500-540-544-583-595-704-712-901-
1019-1022-1023-1153-1353
Raw Food 4 514-658-1153-1353
Kefir 11 40-500-544-572-583-595-658-704-712-953-
1353
Cheese 23 53-98-340-341-418-419-425-500-540-544-
580-583-595-674-704-712-764-793-953-
1022-1108-1153-1353
Beverage 6 540-683-850-871-951-1353
Meat 11 500-544-583-595-704-712-850-951-1022-
1108-1353
Feces 4 1105-1108-1153-1353
Other Milk-based P. 14 500-540-544-572-583-595-658-704-712-
793-934-953-1022-1353
Amino-acid Changes on L. plantarum gadB
N.No Nucleotide Changes Codons C. Amino-acids R.No
40. nt G change to A GAA/AAA | Glutamic acid/Lysine 14. aa
52.nt Cchangeto A CCA/ACA | Proline/Threonine 18. aa
53. nt Cchangeto T CCAJICTA | Proline/Leucine 18. aa
98. nt G changeto T CGG/CTG | Arginine/Leucine 33.aa
340. nt G change to A GAT/AGT | Aspartic acid/Serine 114. aa
341.nt A changeto G
418. nt G change to A GCC/AGT | Alanine/Serine 140. aa
419.nt Cchangeto G
425. nt Gchangeto T CGT/CTT Arginine/Leucine 142. aa
500. nt T change to C GTT/GCT | Valine/Alanine 167. aa
514. nt T changeto G TTT/GTT Phenylalanine/Valine 172. aa
540. nt G change to A ATG/ATA | Methionine/lsoleucine 180. aa
544. nt G change to A GTG/ATG | Valine/Methionine 182. aa
572.nt Cchangeto T GCC/GTC | Alanine/Valine 191. aa
580. nt G change to A GTT/ATT Valine/lsoleucine 194. aa
583. nt A changeto G AAC/GAC | Asparagine/Aspartic acid 195. aa
595. nt G change to A GAC/AAC | Aspartic acid/Asparagine 199. aa
658. nt T changeto G TAT/GAT | Tyrosine/Aspartic acid 220. aa
674. nt Cchangeto G GCA/GGA | Alanine/Glycine 225. aa
683. nt A changeto G AAG/AGG | Lysine/Arginine 228. aa
704. nt A changeto G CAT/CGT | Histidine/Arginine 235. aa
712.nt Cchangeto T CCCI/TCC Proline/Serine 238. aa
764. nt Cchangeto T ACC/ATC | Threonine/lsoleucine 255. aa
793. nt G change to A GAC/AAC | Aspartic acid/Asparagine 265. aa

(cont. on next page)
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Table 3.15: (cont.).

N.No Nucleotide Changes | Codons C. Amino-acids R.No

850. nt G change to A GTT/ATT Valine/Isoleucine 284. aa
871. nt G change to A GTC/ATC | Valine/lsoleucine 291. aa
901. nt Cchangeto T CCAJ/TCA | Proline/Serine 301. aa
934. nt G change to A GGG/AGG | Glycine/Arginine 312. aa
951. nt G change to A ATG/ATA | Methionine/Isoleucine 317. aa
953. nt Cchangeto T GCG/GTG | Alanine/Valine 318. aa
1019. nt T change to A ATG/AAG | Methionine/Lysine 340. aa
1022. nt A changeto G GAC/GGC | Aspartic acid/Glycine 341. aa
1023. nt C change to A GAC/GAA | Aspartic acid/Glutamic acid 341. aa
1105. nt A changeto G ATG/GTG | Methionine/Valine 369. aa
1108. nt A changeto G ATC/IGTC Isoleucine/Valine 370. aa
1153. nt Cchangeto T CCG/TCG | Proline/Serine 385. aa
1337. nt T changeto G GTC/GGC | Valine/Glycine 446. aa
1353. nt A changeto C CAA/CAC | Glutamine/Histidine 451. aa

The L. plantarum gadB gene has much more replacement mutations than the L.
brevis gad genes. Table 3.15 shows that L. plantarum gadB gene non-synonymous
changes are mostly distributed between the 300th and 1200th nucleotides. Furthermore,
as seen in the table, amino acid changes caused by the change of two nucleotide changes
were also found in the gadB gene. In Table 3.16, it is shown that most of the replacement
mutations detected in the L. plantarum gadB gene are non-singleton changes. Of the 38
non-synonymous changes in the gadB gene, only ten are singleton changes. Besides,
when the deleterious or neutral status of the mutations was evaluated, 13 mutations in the
L. plantarum gadB gene were determined could be deleterious.

In contrast to the situation observed in L. brevis gad genes, the tables show that
the majority of the deleterious mutations in the L. plantarum gadB gene were detected in
more than one strain. However, in the gadB deleterious changes seen in many L.
plantarum strains, it is noteworthy that the biochemical properties of the previous amino

acid and the new amino acid are mainly similar.
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3.4.6 Replacement Sites of L. plantarum yjeM Gene

Table 3.17 lists the replacement changes detected in the L. plantaum yjeM gene.
The absence of any changes in the N-termina I(1-378nt) part of the yjeM gene analyzed
using 88 L. plantarum strain data indicates that this part is well conserved. Moreover,
most replacement mutations detected for the yjeM gene have been observed in more than
one strain. Furthermore, most of the replacement mutations discovered in the yjeM gene
were found in more than one strain, and their impact on protein function was determined
to be neutral by PROVEAN tests (Table 3.18).

Table 3.17: Replacement(Non-synonymous) sites in the L. plantarum yjeM gene and
their corresponding amino acids. The nucleotides changed in the triple codon structure,

and the new amino acids formed by the change are shown in red.

L.plantarum | Isolation Groups Num. RP | Nucleotide Numbers of Mutations
yjeM Kimchi 7 379-400-409-898-1300-1387
1485 nt Food 3 409-898-1300
Raw Food 1 1300
Kefir 4 400-592-898-1076
Cheese 7 898-923-1021-1238-1300-1385-1438
Beverage 2 1076-1300
Meat 3 400-898-1300
Feces 3 409-898-1387
Other Milk-based P. 4 409-592-898-1300
Amino-acid Changes on L .plantarum gadB
N.No Nucleotide Changes | Codons C. Amino-acids R.No

379. nt T change to C TTT/CTT | Phenylalanine/Leucine 127. aa
400. nt A change to G ATG/GTG | Methionine/Valine 134. aa
409. nt A change to C ATT/CTT | Isoleucine/Leucine 137. aa
592. nt A change to G ATG/GTG | Methionine/Valine 198. aa
896. nt C changeto T GCG/GTG | Alanine/Valine 299. aa
898. nt Cchangeto T CTT/TTT | Leucine/Phenylalanine 300. aa
923. nt A changeto C AAG/ACG | Lysine/Threonine 308. aa
1021. nt C change to A CTT/ATT | Leucine/lsoleucine 341. aa
1076. nt A change to G AAA/AGA | Lysine/Arginine 359. aa
1238. nt Cchangeto T GCG/GTG | Alanine/Valine 413. aa
1300. nt A change to G ACT/GCT | Threonine/Alanine 434. aa
1385. nt Cchangeto A ACT/AAT | Threonine/Asparagine 462. aa
1387. nt G changeto A GGG/AGG | Glycine/Arginine 463. aa
1438. nt Gchangeto T GTG/TTG | Valine/Leucine 480. aa
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3.5 The Influence of Replacement Changes on the Charge Distribution
of GAD Pathway Proteins

This section has studied the effects of replacement mutations detected in L. brevis
and L .plantarum GAD system genes on pathway proteins. First, strains with replacement
changes were determined for each GAD system gene. Then, the pl and charge calculations
were made at varying pH using protein sequences of strains containing these replacement
changes. Each strain belonging to L. brevis and L. plantarum species contains different
replacement polymorphisms in their GAD system genes.Therefore, the amino acid
changes in the genes of the strains also differ. While some strains have many amino acid
changes, some strains have replacement polymorphisms that cause only a few amino acid
changes. If there are strains with the same replacement changes, only one of them has
been selected and used in the analysis.

When amino acid sequences of L. brevis GAD pathway proteins that do not
contain replacement mutations were analyzed, their protein pl values were calculated as
5,891 for GadR, 8,996 for GadC, 4,905 for Gad1l, and 5,363 for Gad2. Also, L. plantarum
protein sequences without replacement were analyzed, and the isoelectric points of GadB
and YjeM proteins were found as 5,577 and 9,519, respectively. The total pl value of L.
brevis Gad2 protein was found to be similar to that of L. plantarum GadB protein.
However, it differed significantly from the pl of the L. brevis Gad1l protein.

All combinations of replacement alterations found in L. brevis and L. plantarum
strains and their calculated values are reported in the tables created for pl and charge
calculations (Table 3.19 and Table 3.20).

Protein sequences from strains with replacement changes were examined, and
shown that mutations resulting in amino acid substitution did not noticeably impact the
pl and charge values of the L. brevis and L. plantarum GAD pathway proteins. Moreover,
it can be seen in the pl tables that mutations in a strain balanced each other and were not

significantly affect the overall pl value of the protein.
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3.6 Codon Usage Bias of GAD Pathway Proteins

The CBI and CAl values of the L. brevis and L. plantarum GAD system genes are
shown in Table 3.21. The calculated CBI values for the GAD pathway genes of the L.
brevis and L. plantarum species are values greater than zero. Accordingly, it can be said
that preferred codons are used instead of random codons in the synthesis of GAD pathway
proteins. In addition, CBI values can detect a foreign gene in the genome. Interestingly,
the CBI values calculated for the two gad genes of L. brevis are different from each other.

The expression levels of the L. brevis and L .plantarum GAD system genes were
tested with CAI calculations. The table below shows that the gene with the highest
expression level among the GAD pathway genes is the L. brevis gadl gene (Table 3.21).
In the L. brevis GAD operon, the expression levels of genes appear to be ordered as gadl,
followed by gadR and gadC. Also, the expression level of the L. brevis gad2 gene located
outside the operon is lower than other genes. Unlike L. brevis, the calculated expression

levels for gadB and yjeM are the same in L. plantarum.

Table 3.21: CBI and CAI calculations of L.brevis/L.plantarum GAD system proteins

Organisms Protein | CBI Scaled Chi-square, | CAI
SChi2

L. brevis
Gadl 0.39 0.36 0.83
Gad2 0.30 0.27 0.77
GadC 0.33 0.28 0.79
GadR 0.45 0.39 0.80

L.plantarum
GadB 0.29 0.26 0.79
YjeM 0.33 0.28 0.79
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3.7 Identification of Positively Selected Sites on GAD Pathway Proteins

L. brevis and L. plantarum GAD system genes are protein-coding genes, and site-
model analysis was performed using models with different @ values in order to detect
positively selected residues on these genes. As a result of site model analysis, statistically
significant positively selected sites were detected only in the gad2 and gadB genes among
the L. brevis and L. plantarum GAD system genes. However, no significant difference

was observed when comparing the maximum likelihood scores of the tested models.

Table 3.22 : PAML site model analysis of L. brevis gad2 gene among different strains

from various environments.

Model Np | Estimated Parameters InL Model 2AInL Positively
Comparisons Selected Sites
MO 21 o =0.10357 -2552.79 No sites
(one ratio)
M1 22 p0 =0.89389, p1 =0.10611 | -2546.77
(neutral) ®0 =0.00000, w1 =1.00000
M2 24 | p0=0.89611, p1 =0.00000 | -2546.77 12T** 16L**,
(selection) p2 =0.10389, ©0 = 0.00000 M2 vs. M1 0 17T** 235%*,
ol =1.00000 , 40E** 94R**,
o2 =1.02924 139F** 153T**,
156Q**,157P**,
173C** 224A**,

227N**2291**,
3255**,3281**,

353V** 416 A**

M7 22 | p=0.00848,q = 0.06238 -2546.79

(beta)

M8 24 | p0=0.89611,p = 0.00500 -2546.77 M8 vs. M7 0.04 127**,16L**,

(beta & o) g =1.84034 ,p1 = 0.10389 17T**23S**,

® =1.02923 40E** 94R**,

139F** 153T**,
156Q**,157P**,
173C** 224 A**,

227N** 2291*%,
3255**,3281**,
353V** 416A**

(*: P>95%; **; P>99% )
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Table 3.23 : PAML site model analysis of L. plantarum gadB gene among different strains

from various environments.

Model Np | Estimated InL Model 2AInL | Positively

Parameters Comparisons Selected Sites

MO 49 | ®=0.18776 -2770.93 No sites

(one ratio)

M1 50 | p0=0.82224, -2763.32

(neutral) pl=0.17776
®0=0.01004,
ol =1.00000

M2 52 pO = 091063, -2763.24 M2 vs. M1 0.16 14E,18P*,33R,

(selection) pl =0.00000 114D*,140A*,
p2 = 0.08937, 142R,167V,
®0=0.05941 172F,180M,

ol =1.0000, 182V,191A,

®2=1.52501 194V,195N*,
199D,220Y,
225A,235H*,
238P,265D,
284V,291V,
301P,312G,
318A,341D%,
3701,385P,
446V,451Q**

M7 50 | p=0.01345, -2763.35

(beta) g =0.06516

M8 52 | p0=0.91135, -2763.24 14E,18P*,33R,
(beta & ©) p = 6.37004 M8vs.M7 | 0.22 | 114D* 140A*,

g = 99.00000, 142R,167V,

pl=0.08865 172F,180M,

o =1.52936 182V,191A,
194V,195N*,
199D,220Y,
225A,235H*,
238P,265D,
284V,291V,
301P,312G,
318A,341D%,
3701,385P,
446V,451Q**

(*: P>95%; **: P>99%)
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3.8 Structure Predictions of GAD Pathway Genes

In this section, the results of the prediction servers specified in Chapter 2 are
presented by comparing them. Since the variety of information provided by each server
is different, tables containing the results were created. Moreover, the structural features
of the replacement sites that change the amino acid sequences of the GAD system proteins

were focused on in the tables.

3.8.1 Structural Features of L. brevis and L. plantarum GAD Enzymes

The PDB code 5GP4 structure was the most comparable for the L. brevis and L.
plantarum gad genes in the investigations performed on the prediction servers. The
structure of 5GP4 was utilized as a template by the prediction algorithms. Furthermore,
the chosen template's similarity to L. brevis Gadl, L. brevis Gad2, and L. plantarum GadB
proteins were determined as 52%, 99%, and 84%, respectively. It has been observed in
structure prediction studies that the L. brevis GAD enzyme, whose structure is known in
the literature, is the L. brevis Gad2 protein. Secondary structures of L. brevis and L.
plantarum gad genes predicted by the I-TASSER server are shown in Figure 3.7. As can
be seen from the figure, the secondary structures of the three indicated gad genes are
pretty similar. Although the secondary structures of the three enzymes are quite similar
to each other, it is noteworthy that L. brevis Gad2 and L. plantarum GadB proteins are
more similar to each other.

Glutamate decarboxylase enzyme is a PLP-dependent enzyme, and there are
essential residues in the enzyme to which both PLP and substrate bind. Moreover, L-
glutamate, which is the substrate of the glutamate decarboxylase enzyme, binds very
closely to PLP in the active site of the enzyme, and many amino acids in the active site
form bonds with both molecules. Critical residues on the enzyme structure are presented
in Chapter 1. Also, the alignment of the L. brevis and L. plantarum gad genes in Section
3.3 was used the find which sites correspond to the essential amino acids(Table 3.24).
Afterward, both important sites and sites with replacement changes were visualized and
examined on the predicted 3D structures of L. brevis and L. plantarum gad genes (Figure
3.8).
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L.brevis Gad1 479 aa
+ t— pm——— . » ‘ —— vt 5

50 100 150 2600 250 360 350 400 450
L.brevis Gad2 468 aa
T —
50 160 150 200 250 300 350 400 450

L.plantarum GadB 469 aa

Figure 3.7: Schematic representation of secondary structures of L. brevis and L.

Table 3.24: Important and PLP/L-Glu binding sites on the L. brevis and L. plantarum

GAD enzymes.

plantarum GAD enzyme genes.

L.brevis | L.brevis | L.plantarum | Bond Information

Gadl Gad2 GadB

T66 T64 T64 Hyrogen bond with L-Glu

F67 F65 F65 Conserved and critical for catalytic activity

C68 C66 C66 Hydrogen bond with L-Glu

N87 N85 N85 Conserved and critical for catalytic activity

S132 S126 S126 Interaction with PLP

S133 S127 S127 Hyrogen bond with PLP

Q175 Q166 Q166 Hydrogen bond with L-Glu

V177 C168 C168 Hydrophobic interaction with pyridine ring of PLP

1220 1211 1211 Hydrophobic interaction with pyridine ring of PLP

T224 T215 T215 Necessary for the enzyme activity

A257 A248 A249 Hydrophobic interaction with pyridine ring of PLP

5285 S276 S277 Hydrogen bond with PLP

H287 H278 H279 Salt bridge with L-Glu, Hydrogen bond with PLP

K288 K279 K280 Salt bridge with L-Glu, PLP is covalently attached to the catalytic
K279(Gad2)

F331 F320 F321 Conserved and critical for catalytic activity

S332 S321 S322 Hydrogen bond with L-Glu

R433 R422 R423 Salt bridge with L-Glu

Flexible Loop

Y319 Y308 Y309

L320 L309 L310 It covers the active site and provides a catalytic environment for

G321 G310 G311 GABA production.

K322 G311 G312

T323 E312 E313
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3.8.2 Structural Features of L. brevis and L. plantarum Glutamate-
GABA Antiporters

The structure found as a template for the L. brevis gadC and L. plantarum yjeM
genes by structure prediction analysis was the E. coli glutamate/GABA antiporter protein
held on the PDB with the 4DJI code. The prediction studies found that protein secondary
structures of L. brevis gadC and L .plantarum yjeM genes were formed by long a-helixes
and short coils between a-helixes (Figure 3.9). Moreover, 12 TM-helixes for the 3D
structure of both transporter genes were predicted by the Phyre2 server (Figure 3.10).

The amino acid sequences of the L. brevis gadC gene and the L. plantarum yjeM
gene are only around 18% identical. Although the amino acid sequences of the L. brevis

gadC and L. plantarum yjeM genes differ, their protein structures are very similar.

L.brevis GadC 501 aa
W
100 il 0 40 500
L.plantarum YjeM 494 aa
5 100 15 m 20 30 30 400 40
Helix ¢ Strand 0 Coil ¢

Figure 3.9: Schematic representation of L. brevis GadC and L. plantarum YjeM

proteins' secondary structures.
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3.8.3 Structural Features of L.brevis GadR Protein

The GAD system regulator protein's specified three-dimensional structure is not

found in the PDB database. Furthermore, the gadR gene is not present in all LABs. The

similarities between the genes of LABs that include the gadR gene are quite low. The

prediction servers used the regulatory proteins with the most identical protein sequences

to L. brevis GadR in the PDB as templates to predict the three-dimensional protein

structure of the L. brevis gadR gene. As a result of structure prediction analysis, it was

found that the L. brevis

GadR is a small protein consisting of a-helix structures.

Furthermore, according to Phyre2 server analysis, the L. brevis GadR protein could

contain a TM-helix structure between amino acids 136 and 151.

L.brevis GadR 191 aa

N-Terninal —,

Extracellular

Cytoplasmic

Helix Coil

136

S1

~ TM-helix

S—C-Terninal

180

Figure 3.11: Secondary and 3D structure of L. brevis GadR protein predicted by I-

TASSER and AlphaFold servers. The TM-helix structure predicted by the Phyre2 server

is colored red. Coloring was done with PyMol.
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3.9 Sliding Windows Analysis of Replacement Sites in GAD Pathway

Genes

Sliding window analyses on the GAD pathway genes provide information on the
non-synonymous 1t and TD values of the replacement polymorphisms observed in the
genes of L. brevis and L. plantarum GAD system. Additionally, the study aimed to
understand where replacement mutations are abundant in the protein structure by adding
secondary structure predictions of GAD pathway genes to the w and TD values images
in sliding window analysis.

The figures were prepared to compare the genes with each other. First, the L.
brevis gadl and gad2 genes were compared (Figure 3.12). The figure illustrates the
distribution of replacement mutations found in the L. brevis gadl and gad2 genes. While
approximately 600 nucleotides of the L. brevis gadl gene were conserved, several
mutations in the same region of the L. brevis gad2 gene were found. Another contrast is
that the non-synonymous TD values of the identified replacement mutations in the gadl
gene are negative. In conversely to the gadl gene, many changes in the gad2 gene have
positive non-synonymous TD values. In previous analyses, the L. brevis gad2 gene was
very similar to the L. plantarum gadB gene in amino acid sequence. Therefore, the
distribution of replacement mutations on L .brevis gadl and L. plantarum gadB genes
was compared in the second figure (Figure 3.13). The number of changes found in the L.
plantarum gadB gene is relatively high compared to the L. brevis gad2 gene, and it is
seen that these changes are concentrated in the middle PLP-binding domain of the gadB
gene.

Additionally, the GAD system transporter gene L. brevis gadC was compared to
the yjeM gene, which is assumed to be involved in the GAD system in L. plantarum
(Figure 3.14). Replacement mutations in the L. brevis gadC gene were spread throughout
the gene. Nevertheless, the first part of the L. plantarum yjeM gene is relatively
conserved, and the changes were found to be predominantly distributed in the C-terminal

regions of the gene.
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3.10 Interspecies Comparison of GAD System Genes Among LAB

Species

In interspecies studies, gad and transporter gadC(or yjeM) gene data from 32
bacterial species, including L. brevis and L. plantarum, were used. Interspecific MK and
DoS analyses were performed for L. brevis and L. plantarum genes with all other species
and listed in tables. Comparing L. brevis gadl and gad2 gene sequences with other
species revealed statistically significant MK values indicating positive selection.
Comparisons of L. brevis gadl and gad2 genes with some of the other species, on the
other hand, supported the neutral selection theory based on NI and DoS values. It was
discovered that the species L. spicheri, L. angrenensis, L. cerevisiae, L. zymae, and L.
sakei yielded results consistent with the neutral selection hypothesis when compared to
the L. brevis gadl gene. Significantly, the gad gene sequences of L. zymae and L. sakei
species are quite similar to the L. brevis gadl gene (Table 3.25).

When gad genes are analyzed with the L. brevis gad2 gene, the species that give
MK and DoS values indicating neutral selection are L. herbarum, L. paraplantarum, L.
argentoratensis, L. plantarum, and C.futsaii (Table 3.26). Interestingly, although the
gadl and gad2 genes of L.brevis are homologous genes expressing the same enzyme, the
MK and DoS values obtained from comparing these genes with each other indicate
positive selection. The tables show that fixed non-synonymous changes between gadl
and gad2 genes are more than synonymous changes.

A different scenario than L. brevis was observed in the results obtained comparing
the L. plantarum gadB gene with other bacterial species. The species whose gad genes
are very similar to the L. plantarum gadB gene are L. argentoratensis and C. futsaii. It
was also found in species with NI values indicating negative selection among the
compared species. The NI value obtained is quite large and statistically significant when
only the L. paraplantarum gad gene and the L .plantarum gadB gene are compared among
the L. brevis (gad2), L. herbarum, and L. paraplantarum species with NI values greater
than one (Table 3.27). Fixed synonymous changes between the L .plantarum gadB and L.
paraplantarum gad genes are almost nine times big as non-synonymous changes.
Moreover, DoS calculations support NI values indicating negative selection.

Together with the gadl gene, the L. brevis gadC gene forms an operon structure.

The gadC gene may not be present in all LABs that have the gad gene. The genomes of
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the 32 bacterial species included in the analyses were searched, and data on the gadC
gene were gathered. The yjeM gene data were collected from species that did not have the
gadC gene. When the L. brevis gadC gene is compared with the transporter genes of other
bacterial species, it is seen that four species give results close to the neutral selection
hypothesis. Comparing the L. angrenensis and L. cerevisiae transporter genes with the L.
brevis gadC gene provides the MK with DoS values that are not statistically significant
and support neutral selection. Besides, the L. zymae and L. sakei transporter genes are
identical to the L. brevis gadC gene. No fixed synonymous or non-synonymous changes
were detected between these species (Table 3.28).

The L .plantarum yjeM gene was compared among 32 bacterial species that only
have the yjeM gene instead of the gadC gene. As a result of the analysis, NI and DoS
values obtained from the comparison of L. paraplantarum transporter gene and L.
plantarum yjeM, as for L. plantarum gadB gene, are statistically significant values
indicating negative selection. In addition, the L. argentoratensis yjeM gene is identical to
the L. plantarum yjeM gene. There is no fixed synonymous or non-synonymous
polymorphism between the yjeM genes of these two species (Table 3.29).

According to the results of MK analysis, species close to L. brevis and L.
plantarum GAD pathway genes were chosen as an outgroup, and Fu-Li's tests were
performed with similar species for each GAD pathway gene (Table 3.30 and 3.31).

L. brevis gadl gene was analysed with closely related species such as L. sakei, L.
zymae, L. crevisiae, L. angrenensis, and L. spicheri. Similarly, the L. brevis gadC gene
was analysed with the same species. However, the L. brevis gad2 gene was analysed with
other species like L. herbarum, L. paraplantarum, L. argentoratensis, L. platarum, and
C. futsaii. The L. plantarum gadB gene was tested with the closely determined L. brevis
gad2, L. herbarum, L. parplantarum, L. argentoratensis, and C. futsaii gad genes. In MK
analyses, the similarity of L. brevis gad2 and L. palantarum gadB genes to each other was
also observed with the similarity of the closely related species. Besides these, the L.
plantarym yjeM gene was also tested with L. paraplantarum and L. argentoratensis yjeM

genes.
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Table 3.25: Interspecific comparisons of L. brevis gadl gene with gad genes of different
bacterial species.

| Fixed [ Polymorphic [P [ NI | Alpha | DoS
L. oris
Synonymous 244 40 0,000*** 0.12 | 0.88 0.44
Nonsynonymous 327 6
L. antri
Synonymous 255 40 0,000*** 0.12 0.88 0.43
Nonsynonymous 323 6
L. reuteri
Synonymous 253 40 0,000*** 0.12 0.88 0.43
Nonsynonymous 324 6
L. fermentum
Synonymous 270 40 0,000*** 0.13 | 0.87 0.42
Nonsynonymous 324 6
L. gastricus
Synonymous 249 40 0,000*** 0.11 | 0.89 0.44
Nonsynonymous 330 6
P. suebicus
Synonymous 257 40 0,000*** 0.12 | 0.88 0.42
Nonsynonymous 320 6
L. lactis
Synonymous 243 40 0,000%** 0.11 | 0.89 0.44
Nonsynonymous 322 6
E. faecium
Synonymous 257 40 0,000*** 0.12 | 0.88 0.43
Nonsynonymous 329 6
L.brevis gad2
Synonymous 275 40 0,000%*** 0.13 | 0.87 0.41
Nonsynonymous 322 6
L. herbarum
Synonymous 260 40 0,000%** 0.13 | 0.87 0.41
Nonsynonymous 310 6
L. paraplantarum
Synonymous 270 40 0,000*** 0.13 | 0.87 0.41
Nonsynonymous 323 6
L. argentoratensis
Synonymous 266 40 0,000*** 0.12 | 0.88 0.42
Nonsynonymous 321 6
L.plantarum
Synonymous 272 40 0,000*** 0.13 | 0.87 0.41
Nonsynonymous 317 6
C. futsaii
Synonymous 272 40 0,000*** 0.13 | 0.87 0.41
Nonsynonymous 318 6
C. nuruki
Synonymous 242 40 0,000*** 0.11 | 0.89 0.44
Nonsynonymous 324 6
S. paracollinoides
Synonymous 258 40 0,000*** 0.12 | 0.88 0.44
Nonsynonymous 337 6
F. rossiae
Synonymous 241 40 0,001** 0.27 | 0.73 0.23
Nonsynonymous 135 6
L. buchneri
Synonymous 260 40 0,002** 0.27 | 0.73 0.23
Nonsynonymous 147 6

(cont. on next page)
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Table 3.25: (cont.).

| Fixed | Polymorphic [P [ NI [ Alpha | DoS
L. paracasei
Synonymous 259 40 0,001*** 0.26 | 0.74 0.23
Nonsynonymous 149 6
L. parakefiri
Synonymous 250 40 0,003** 029 | 071 0.21
Nonsynonymous 131 6
L. curvatus
Synonymous 229 40 0,000*** 0.15 | 0.85 0.31
Nonsynonymous 154 4
L. rennini
Synonymous 222 40 0,0003*** 0.23 | 0.77 0.26
Nonsynonymous 144 6
L. coleohominis
Synonymous 219 38 0,000*** 0.09 | 0.91 0.40
Nonsynonymous 194 3
L. senmaizukei
Synonymous 267 41 0,015* 0.35 | 0.65 0.17
Nonsynonymous 111 6
L. tangyuanensis
Synonymous 263 40 0,022* 0.36 | 0.64 0.16
Nonsynonymous 109 6
L. spicheri
Synonymous 223 40 0,412 0.64 | 0.36 0.06
Nonsynonymous 52 6
L. angrenensis
Synonymous 232 41 0,320 0.62 | 0.38 0.06
Nonsynonymous 55 6
L. cerevisiae
Synonymous 230 41 0,177 052 | 0.48 0.09
Nonsynonymous 65 6 (not sig.)
L. zymae
Synonymous 0 41 - - - -
Nonsynonymous 0 6
L. sakei
Synonymous 0 41 0,145 0.00 | 1.00 0.87
Nonsynonymous 1 6 (not sig.)
S. thermophilus
Synonymous 269 41 0,000*** 0.10 | 0.90 0.47
Nonsynonymous 397 6
E.coli-alpha
Synonymous 269 39 0,000*** 0.09 | 0.91 0.49
Nonsynonymous 439 6
E.coli-beta
Synonymous 271 40 0,000*** 0.08 | 0.92 0.49
Nonsynonymous 440 5

110



Table 3.26: Interspecific comparisons of L. brevis gad2 gene with gad genes of different
bacterial species.

| Fixed | Polymorphic [P NI [Alpha [ DoS
L. oris
Synonymous 262 55 0,0003*** 0.34 0.66 0.23
Nonsynonymous 196 14
L. antri
Synonymous 269 55 0,001*** 0.36 0.64 0.21
Nonsynonymous 189 14
L. reuteri
Synonymous 278 55 0,0002*** 0.34 0.66 0.23
Nonsynonymous 210 14
L. fermentum
Synonymous 262 55 0,001*** 0.35 0.65 0.22
Nonsynonymous 190 14
L. gastricus
Synonymous 252 55 0,001*** 0.35 0.65 0.22
Nonsynonymous 182 14
P. suebicus
Synonymous 261 55 0,001*** 0.37 0.63 0.21
Nonsynonymous 180 14
L. lactis
Synonymous 261 55 0,001** 0.38 0.62 0.20
Nonsynonymous 177 14
E. faecium
Synonymous 255 55 0,001** 0.38 0.62 0.20
Nonsynonymous 171 14
L. herbarum
Synonymous 262 55 0,236 0.67 0.33 0.07
Nonsynonymous 99 14 (not sig.)
L. paraplantarum
Synonymous 251 55 0,186 0.65 0.35 0.08
Nonsynonymous 98 14 (not sig.)
L. argentoratensis
Synonymous 262 55 0,185 0.64 0.36 0.08
Nonsynonymous 104 14 (not sig.)
L.plantarum
Synonymous 263 55 0,235 0.66 0.34 0.07
Nonsynonymous 101 14 (not sig.)
C. futsaii
Synonymous 265 55 0,235 0.66 0.34 0.08
Nonsynonymous 102 14 (not sig.)
C. nuruki
Synonymous 274 55 0,0003*** 0.35 0.65 0.22
Nonsynonymous 201 14
S. paracollinoides
Synonymous 240 55 0,001*** 0.36 0.64 0.21
Nonsynonymous 170 14
F. rossiae
Synonymous 270 55 0,000*** 0.22 0.78 0.31
Nonsynonymous 290 13
L. buchneri
Synonymous 273 55 0,000*** 0.21 0.79 0.34
Nonsynonymous 329 14
L. paracasei
Synonymous 273 55 0,000*** 0.21 0.79 0.34
Nonsynonymous 329 14

(cont. on next page)
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Table 3.26: (cont.).

| Fixed | Polymorphic [P [ NI [Alpha [ DoS
L. parakefiri
Synonymous 284 55 0,000*** 0.23 0.77 0.32
Nonsynonymous 314 14
L. curvatus
Synonymous 257 53 0,000*** 0.23 0.77 0.32
Nonsynonymous 291 14
L. rennini
Synonymous 266 54 0,000%** 0.22 0.78 0.33
Nonsynonymous 313 14
L. coleohominis
Synonymous 239 51 0,000*** 0.16 0.84 0.38
Nonsynonymous 285 10
L. senmaizukei
Synonymous 273 55 0,000*** 0.22 0.78 0.33
Nonsynonymous 316 14
L. tangyuanensis
Synonymous 280 54 0,000%** 0.24 0.74 0.32
Nonsynonymous 308 14
L. spicheri
Synonymous 275 54 0,000*** 0.23 0.77 0.33
Nonsynonymous 315 14
L. angrenensis
Synonymous 280 55 0,000*** 0.22 0.78 0.33
Nonsynonymous 320 14
L. cerevisiae
Synonymous 279 55 0,000%** 0.22 0.78 0.34
Nonsynonymous 330 14
L. brevis gadl
Synonymous 264 55 0,000*** 0.20 0.80 0.35
Nonsynonymous 312 13
L. zymae
Synonymous 262 55 0,000%** 0.21 0.79 0.35
Nonsynonymous 318 14
L. sakei
Synonymous 261 55 0,000*** 0.21 0.79 0.35
Nonsynonymous 319 14
S. thermophilus
Synonymous 252 55 0,000*** 0.18 0.82 0.38
Nonsynonymous 353 14
E. coli-alpha
Synonymous 249 54 0,000*** 0.16 0.84 0.40
Nonsynonymous 376 13
E. coli-beta
Synonymous 251 55 0,000*** 0.15 0.85 0.41
Nonsynonymous 385 13
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Table 3.27: Interspecific comparisons of L. plantarum gadB gene with gad genes of
different bacterial species.

| Fixed [ Polymorphic [P | NI | Alpha [ DoS
L. oris
Synonymous 257 82 0,010** 0.57 0.43 0.13
Nonsynonymous 209 38
L. antri
Synonymous 251 82 0,010** 0.57 0.43 0.13
Nonsynonymous 204 38
L. reuteri
Synonymous 271 82 0,009** 0.56 0.44 0.13
Nonsynonymous 217 37
L. fermentum
Synonymous 253 82 0,021* 0.60 0.40 0.12
Nonsynonymous 191 37
L. gastricus
Synonymous 240 82 0,007** 0.55 0.45 0.14
Nonsynonymous 196 37
P. suebicus
Synonymous 236 82 0,011* 0.57 0.43 0.13
Nonsynonymous 186 37
L. lactis
Synonymous 252 82 0,028* 0.62 0.38 0.11
Nonsynonymous 189 38
E. faecium
Synonymous 243 82 0,045* 0.64 0.36 0.10
Nonsynonymous 175 38
L.brevis gad2
Synonymous 253 82 0,644 1.14 -0.14 -0.03
Nonsynonymous 103 38 (not sig.)
L. herbarum
Synonymous 215 82 0,181 1.39 -0.39 -0.07
Nonsynonymous 72 38 (not sig.)
L. paraplantarum
Synonymous 191 82 0,000*** 4.02 -3.02 -0.21
Nonsynonymous 22 38
L. argentoratensis
Synonymous 1 82 0,105 0.15 0.85 0.43
Nonsynonymous 3 38 (not sig.)
C. futsaii
Synonymous 2 82 1,000 0.93 0.07 0.02
Nonsynonymous 1 38 (not sig.)
C. nuruki
Synonymous 253 82 0,009** 0.57 0.43 0.13
Nonsynonymous 202 37
S. paracollinoides
Synonymous 243 82 0,055 0.64 0.36 0.10
Nonsynonymous 171 37 (not sig.)
F. rossiae
Synonymous 252 82 0,000*** 0.38 0.62 0.23
Nonsynonymous 296 37
L. buchneri
Synonymous 274 82 0,000*** 0.39 0.61 0.23
Nonsynonymous 318 37
L. paracasei
Synonymous 274 82 0,000*** 0.39 0.61 0.23
Nonsynonymous 319 37

(cont. on next page)
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Table 3.27: (cont.).

| Fixed | Polymorphic [P [ NI ] Alpha [ DoS
L. parakefiri
Synonymous 267 82 0,000%** 0.39 0.61 0.23
Nonsynonymous 309 37
L. rennini
Synonymous 244 82 0,000*** 0.34 0.66 0.26
Nonsynonymous 326 37
L. coleohominis
Synonymous 235 76 0,000%** 0.38 0.62 0.23
Nonsynonymous 278 34
L. senmaizukei
Synonymous 259 81 0,000%** 0.38 0.62 0.23
Nonsynonymous 308 37
L. tangyuanensis
Synonymous 257 82 0,000*** 0.39 0.61 0.23
Nonsynonymous 298 37
L. spicheri
Synonymous 259 82 0,000%** 0.39 0.61 0.23
Nonsynonymous 303 37
L. angrenensis
Synonymous 243 82 0,000*** 0.36 0.64 0.25
Nonsynonymous 309 37
L. cerevisiae
Synonymous 250 81 0,000*** 0.36 0.64 0.24
Nonsynonymous 315 37
L. brevis-gadl
Synonymous 253 82 0,000%** 0.36 0.64 0.24
Nonsynonymous 301 35
L. zymae
Synonymous 255 82 0,000*** 0.37 0.63 0.24
Nonsynonymous 309 37
L. sakei
Synonymous 255 82 0,000%** 0.37 0.63 0.24
Nonsynonymous 310 37
S. thermophilus
Synonymous 250 82 0,000*** 0.33 0.67 0.27
Nonsynonymous 342 37
E. coli-alpha
Synonymous 244 81 0,000*** 0.31 0.69 0.28
Nonsynonymous 366 38
E. coli-beta
Synonymous 250 81 0,000*** 0.32 0.68 0.28
Nonsynonymous 369 38
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Table 3.28: Interspecific comparisons of L. brevis gadC gene with gadC or yjeM genes

of different bacterial species.

| Fixed | Polymorphic | P NI | Alpha [ DoS
L. zymae
Synonymous 0 52 - - - -
Nonsynonymous 0 7
L. sakei
Synonymous 0 52 - - - -
Nonsynonymous 0 7
L. angrenensis
Synonymous 240 52 0,198 0.56 0.44 0.08
Nonsynonymous 58 7 (not sig.)
L. cerevisiae
Synonymous 263 52 0,151 0.53 0.47 0.08
Nonsynonymous 67 7 (not sig.)
L. spicheri
Synonymous 265 52 0,043* 0.44 0.56 0.12
Nonsynonymous 82 7
L. senmaizukei
Synonymous 283 52 0,002** 0.31 0.69 0.19
Nonsynonymous 124 7
L. tangyuanensis
Synonymous 280 52 0,002** 0.30 0.70 0.20
Nonsynonymous 125 7
F. rossiae
Synonymous 284 52 0,001*** 0.27 0.73 0.21
Nonsynonymous 142 7
L. parakefiri
Synonymous 250 50 0,000*** 0.19 0.81 0.28
Nonsynonymous 159 6
L. buchneri
Synonymous 276 52 0,000*** 0.23 0.77 0.25
Nonsynonymous 165 7
L. rennini
Synonymous 255 52 0,000*** 0.20 0.80 0.28
Nonsynonymous 169 7
L. curvatus
Synonymous 259 49 0,000*** 0.20 0.80 0.23
Nonsynonymous 188 7
L. coleohominis
Synonymous 265 50 0,000*** 0.17 0.83 0.33
Nonsynonymous 221 7
E. coli
Synonymous 333 52 0,000*** 0.09 0.91 0.46
Nonsynonymous 429 6
L. lactis
Synonymous 312 52 0,000*** 0.09 0.91 0.46
Nonsynonymous 399 6
E. faecium
Synonymous 280 51 0,000*** 0.08 0.92 0.49
Nonsynonymous 404 6
L. reuteri
Synonymous 312 52 0,000*** 0.08 0.92 0.47
Nonsynonymous 427 6
L. oris
Synonymous 296 52 0,000*** 0.09 0.91 0.47
Nonsynonymous 400 6

(cont. on next page)
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Table 3.28: (cont.).

| Fixed | Polymorphic [P NI [ Alpha | DoS
L. antri
Synonymous 290 52 0,000*** 0.08 0.92 0.47
Nonsynonymous 397 6
S. thermophilus
Synonymous 280 52 0,000*** 0.08 0.92 0.52
Nonsynonymous 497 7
C. nuruki
Synonymous 284 45 0,000*** 0.08 0.92 0.52
Nonsynonymous 538 7
C. futsaii
Synonymous 274 44 0,000*** 0.08 0.92 0.52
Nonsynonymous 530 7
L. plantarum
Synonymous 292 47 0,000*** 0.09 0.91 0.50
Nonsynonymous 506 7
L. paraplantarum
Synonymous 279 45 0,000*** 0.09 0.91 0.51
Nonsynonymous 507 7
L. argentoratensis
Synonymous 295 47 0,000*** 0.09 0.91 0.51
Nonsynonymous 513 7
S. paracollinoides
Synonymous 284 46 0,000*** 0.07 0.93 0.53
Nonsynonymous 514 6
L. fermentum
Synonymous 284 46 0,000*** 0.08 0.92 0.51
Nonsynonymous 514 7
L. gastricus
Synonymous 260 45 0,000*** 0.08 0.92 0.53
Nonsynonymous 517 7
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Table 3.29: Interspecific comparisons of L. plantarum yjeM gene with yjeM genes of

different bacterial species.

| Fixed | Polymorphic | P | NI | Alpha | DoS
C. nuruki
Synonymous 279 51 0,000*** | 0.22 | 0.78 | 0.34
Nonsynonymous | 330 13
C. futsaii
Synonymous 273 51 0,000*** | 0.20 | 0.80 | 0.36
Nonsynonymous | 347 13
L. paraplantarum
Synonymous 125 51 0,001** |49 |-3.9 -0.16
Nonsynonymous | 7 14
L. argentoratensis
Synonymous 0 51 - - - -
Nonsynonymous | O 14
S. paracollinoides
Synonymous 268 51 0,000*** | 0.20 [ 0.80 | 0.36
Nonsynonymous | 362 14
L. fermentum
Synonymous 287 50 0,000*** | 0.20 | 0.80 0.37
Nonsynonymous | 385 13
L. gastricus
Synonymous 293 51 0,000*** | 0.18 | 0.82 |0.38
Nonsynonymous | 418 13
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Table 3.30: L. brevis GAD pathway (gadl-gadC and gad2) genes Fu -Li’s Tests with

outgroups.

Total | S Eta |Eta |Eta |FL- |FL-F|FW- |ZE |AY

Sites (e) (s) D Hn
Levilactobacillus brevis gadl gene with;
L.sakei

11437 |47 |47 11 11  |0.40 [0.42 |0.92 [-0.74 | 0.06
L.zymae

11437 |47 |47 11 11  |0.40 [0.42 |0.92 [-0.74 | 0.06
L.cerevisiae

1437 |38 |38 8 11 |055 [0.48 |[-094 [2.14 |-0.22
L.angrenensis

| 1437 | 37 37 8 10 051 [045 |-0.88 |2.24 |-0.22
L.spicheri

| 1407 |36 |36 |5 9 1.03 093 |-1.43 [2.84 |-0.39
Levilactobacillus brevis gadC gene with;
L.sakei

| 1503 | 59 59 18 18 -0.10 | -0.27 | 1.09 |-1.58 |-0.59
L zymae

| 1503 | 59 59 18 18 -0.10 | -0.27 | 1.09 |-1.58 |-0.59
L.cerevisiae

| 1503 |48 |48 10 14 |057 030 |-252 [3.40 [-1.08
L.angrenensis

| 1503 |46 | 46 9 13 |066 039 |-1.95 [3.16 |-1.13
L.spicheri

1503 |48 |48 10 |14 |058 |0.31 [-2.46 [3.37 |-1.08
Levilactobacillus brevis gad2 gene with;
L.herbarum

| 1398 | 50 51 13 24 0.25 |-0.01 |-3.38 | 454 |-1.00
L. paraplantarum

| 1398 |48 |49 12 |24 032 |-003]-334 440 |-1.05
L.argentoratensis

| 1398 |47 |48 10 22 057 |029 |-3.13 [463 |-1.14
L.plantarum

| 1398 |47 |48 10 22 057 |029 [-3.22 [470 |-1.14
C.fursaii

1398 | 47 48 10 22 057 |029 |-3.22 [470 |-1.14
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Table 3.31: L. plantarum GAD pathway (gadB and yjeM) genes Fu -Li’s Tests with

outgroups.
Total |S Eta Eta Eta FL-D | FL-F | FW- ZE AY
Sites (e) (s) Hn

Lactiplantibacillus plantarum gadB gene with;
L. brevis-gad2

| 1398 | 88 88 18 26 -0.08 |-091 |-444 |506 |-2.03
L. herbarum

| 1401 101 101 17 33 -0.39 | -064 |-499 |[438 |-2.04
L.paraplantarum

| 1401 [ 103 103 23 32 033 |-110 [-398 |[352 [-1.96
L. argentoratensis

| 1401 [ 120 120 33 39 -1.04 | -162 |-262 |084 |-179
C. futsaii

| 1401 [ 120 120 39 39 -1.72 | -207# | 060 |-2.09 |-167

Lactiplantibacillus plantarum YjeM gene with;
L. paraplantarum

| 1482 |64 64 21 30 -160 |-1.87 |-319 [16 -1.23
L. argentoratensis
1482 | 65 65 28 30 -2.87* | -2.70* | -0.10 |-1.13 |[-0.83

3.11 Phylogenetic Gene and Species Trees of L. brevis and L. plantarum

GAD Pathway Genes with Other Bacterial Species

In order to determine the evolutionary phylogenetic relationships of 32 bacterial
species used in interspecies analyses, a species tree was constructed with 16S rRNA data
of these species (Figure 3.15). In addition, the presence and organization of the GAD
system genes in each bacterial species were determined by checking their genomes over
NCBI. The bacterial species examined differ in having the GAD system genes. In some
species, the gad gene forms an operon structure with gadC and gadR, while in some
species, the gltX gene is included in this operon structure to create a gene cluster. Also,
some species contain only the gad gene in their genome without the operon structure
(Figure 3.16).

From the GAD system genes, gene trees were constructed with the gad gene and
the transporter gadC gene nucleotide sequences. Data for the yjeM gene were gathered
from organisms that lacked the gadC gene. The three species were not included in the
transporter gene tree since there is no information on them in the NCBI. Rooted and

unrooted gene trees were generated to observe the species' phylogenetic distances better.
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When the species and gene trees of 32 bacterial species are reviewed, it is
observed that the trees have different topologies. Also, the distribution of GAD operon
structure on the LAB species tree (E. coli used as an outgroup) suggested loss of operon
structure but maintenance of GAD system activity via homologous genes more than once
in different LAB clades. It is noteworthy that some species that are phylogenetically
distant from each other in the species tree have a closer evolutionary relationship in terms
of GAD system genes. Moreover, a specific pattern is seen in the gene trees of the GAD
pathway.

Figure 3.17 shows the gene tree constructed from the gad genes of 31 LAB species
and outgroup E .coli. As it is clearly seen in the unrooted gene tree with orange coloring,
the species that contain the gltX gene next to the GAD operon are a separate group from
the other species in the phylogenetic tree. The species in the branches marked with purple
are the species that have only the gad gene in their genome, which is not in the operon
form, and they are grouped closely with each other. The species in the branches marked
with blue contain the gadC and gad gene in the GAD operon.No gltX gene was found
next to the GAD operon in the blue group species' genomes. In the phylogenetic tree, the
grouping of the gad genes of the species in the blue group together with the gad genes of
the species that do not have the GAD operon structure in their genomes may indicate the
loss of the operon structure in the evolutionary process.

Moreover, the functionally conserved two gad copies in the L.brevis genome
clustered with two distinct gad clades indicating horizontal gene transfer from a
phylogenetically distant LAB species rather than gene duplication for the origin of the
second gad gene. Similar to L .brevis, E. coli also has two gad genes that are functionally
homologous to each other. However, it is understood that E.coli gad genes are formed
due to duplication as they are found in the same branch of the gene tree.

Similar results to the gad gene tree were obtained from the gene tree created for
the GAD system transporter gene. While the gadC genes of the species that have the gltX
gene next to the GAD operon structure are gathered together in the gene tree, the gadC
genes of the species in the blue group are again grouped separately from the orange group
(Figure 3.18). As expected, yjeM genes collected from species that do not have the gadC
gene in their genomes (purple group) are grouped in the gene tree away from species that

have the gadC gene in their genomes.
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Figure 3.15: Phylogenetic species tree of 32 bacterial species containing GAD system.
The tree was created with MEGA-X using the Maximum Likelihood method and the
Kimura 2-parameter model*®3, One thousand replicates were used to generate the
bootstrap consensus tree. To describe evolutionary rate variations across sites, a discrete
Gamma(G) distribution was applied. The complete delete option was chosen (all gaps
and missing data eliminated). The colorings in the branches indicate the presence of the
GAD system genes of the species. Purple means that they contain only the gad gene,
blue indicates the gadC and gad gene in the operon, and orange indicates that they have
the gltX gene next to the gad gene in the operon structure.
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3.12 Comparative Interpretation of Molecular Evolution Results with

Experimental Results

LAB species are commonly utilized in the fermentation of foods. To defend
themselves from the acidified food environment, LABs have several metabolic pathways,
and they make various compounds by using the nutrients in the environment through
these metabolic pathways*> 4. The GAD system is one of the acid-resistant metabolic
pathways that synthesize the GABA molecule, essential for human health (Figure 1.9). In
recent years, species that produce GABA and their ability to synthesize GABA molecules
in fermented foods have been widely studied. Among the LAB species reported in the
literature, L .brevis is the one that can be found in various fermented food environments
and has a high GABA production potential’?®. L. brevis contains all of the genes
belonging to the GAD system in its genome as an operon. Moreover, in addition to the
GAD operon (gadR-gadC-gadl), L. brevis contains a second gad gene (gad2)
synthesizing the GAD enzyme!?, L. plantarum is another LAB species discovered in
diverse food environments and known to produce GABA. In contrast to L. brevis, no
GAD operon structure was reported in the L. plantarum genome. Only the gadB gene,
which encodes the GAD enzyme, has been identified in L. plantarum strains'?’. There are
many experimental studies about L. brevis and L. plantarum GAD system proteins. These
studies are mainly based on isolating strains with the potential to produce GABA and the
determining pH ranges in which GAD enzymes are most active. However, there is no in
silico study examining the population genetics of intraspecific and interspecific
relationships of GAD system genes by using diverse strain data.

One of the studies discovered that the GAD operon (gadC+gad) in L. brevis is
acid-sensitive'?. They came to the conclusion that the L. brevis gadC and gad gene within
the operon are both required for acid resistance in bacteria. However, they said that the
L. brevis gad gene outside the operon has only a minimal role in the acid resistance
according to the experiments done with the GAD system mutants'?®. Based on the
experimental results, we expected that the gadC and gadl genes, which form the L. brevis
GAD operon structure, would be more conserved than the L.brevis gad2 gene. The thesis's
polymorphism analysis revealed that the L. brevis gad2 (= = 31.9 x 10™*) gene has more
nucleotide diversity than the L. brevis gadC (x =9 x 10#) and gad1 (= =9.7 x 10%) genes.

Moreover, the CBI values of L. brevis gadC (0.33) and gadl (0.39) genes were higher
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than the L. brevis gad2 (0.30) gene. This result indicates that more preferred codons are
used in L .brevis gadC and gadl genes compared to the L.brevis gad2 gene. Besides,
when the expression levels(CAl) of the L. brevis GAD system genes were compared, it
was found that the estimated expression levels of the L. brevis gadC (0.79) and gadl
(0.83) genes were higher than the L. brevis gad2 (0.77) gene (Table 3.21). The results can
give a similar conclusion with the state that the genes of L. brevis gadl and gadC are
essential for acid resistance because more conservation and expression levels indicate
more activity in the cell.

According to the results of enzyme activity tests conducted in many studies, it is
known that L. brevis Gad2 and L. plantarum GadB proteins exhibit similar properties®?’.
In addition, in many features such as protein sequence similarity, enzyme activity, and
thermostability, the L. brevis gad2 gene is closer to the L. plantarum gadB gene than the
L. brevis gadl gene. A similar trend was observed in the phylogenetic studies conducted
in the thesis. While the amino acid sequence similarity of the L. brevis gad2 gene with
the L. plantarum gadB gene is 82 percent, it is around 52 percent with the L. brevis gadl
gene. Furthermore, as seen in the GAD enzyme gene tree, the L. brevis gad2 gene is
located in a different clade close to the L. plantarum gadB gene, away from the L.brevis
gadl gene (Figure 3.17). These results reveal the approach that the L. brevis gad2 gene
may have been acquired by gene transfer from a different LAB species.

In the literature, studies conducted with L. plantarum GadB and L. brevis gad
gene (outside the GAD operon) product have found that the C-terminal regions of these
proteins are pH-dependent and adjust the catalytic activity of the enzyme according to the
pH change®®®. Moreover, it is stated in the articles that the C-terminal part forms the C-
plug structure and curls towards the active site of the GAD enzyme!®. In the thesis's
analyses, there was no RP that would cause any amino acid change in the regions
corresponding to the protein C-terminal part of the L. brevis gad2 and L. plantarum gadB
genes, supporting the experimental results. Indicating that the C-terminal part of the L.
brevis gad2 and L. plantarum gadB is essential for the enzyme activity; therefore, the C-
terminal region is highly conserved. Moreover, it was observed that the C-terminal part
of the predicted three-dimensional structures of L. brevis Gad2 and L. plantarum GadB
proteins curved towards the active site. The predicted three-dimensional structure of the
L. brevis Gadl protein, on the other hand, varies from the other two GAD proteins

according to its C-terminus. The C-terminal site of the predicted L. brevis Gadl protein

126



was not found to fold towards the active site as in the L. brevis Gad2 protein. In addition,
in L .brevis gadl gene polymorphism analyses, RPs were found in the region that will
form the C-terminal of the protein.

When the N-terminal regions of the three GAD enzymes were examined, it was
discovered that the nucleotides that would form the N-terminal site of the L. brevis Gadl
protein were highly conserved since no RPs found in this region. These results support
previous reports that suggest a role for N-terminal residues in appropriate quaternary
structure formation.

As discovered in previous studies, the states of L. brevis and L. plantarum GAD
enzymes in the bacterial cell differ. Hiraga and his colleagues®* indicated that the L.
brevis Gadl enzyme is active in the tetramer state, unlike the other two GAD enzymes.
Additionally, it is stated in the article that the N-terminus of the enzyme is responsible
for the formation of the tetramer state. A similar quaternary structure is not reported for
L. plantarum GadB and L.brevis Gad2 enzymes. The states in which L. plantarum GadB
and L. brevis Gad2 enzymes are active in the bacterial cell are in dimer*® and monomer%
forms, respectively. Sliding window analyses also show that there were many RP changes
in the N-terminus of L. brevis Gad2 and L. plantarum GadB proteins (Figure 3.13).

The antiporter gene gadC is not found in ant of the LAB species studies so far,
and the three-dimensional structure of GadC protein isolated from LAB is not yet solved.
However, information on the structure of the E. coli GadC protein, which is not a LAB
species, is available in the literature. According to Ma et al.}*, E. coli GadC protein has
a C-plug structure that changes conformationally according to pH. It was thought that the
C-terminus part of the L. brevis GadC antiporter protein examined in the thesis might
have a similar function as the E. coli GadC C-plug. L. brevis gadC gene polymorphism
analyses supported the above hypothesis by revealing that the gene region forming the C-
terminal section was notably conserved in all L. brevis strains (Figure 3.14).

LABs used in the production of fermented products are first added in small
amounts to food media, regardless of industrial or traditional production. LAB species
added to a nutrient-rich environment dominate the fermented food niche by inhibiting the
proliferation of other microorganisms with the lactic acid they secrete?. In this way, they
can increase their numbers rapidly in the nutrient-rich fermented medium. As noted in the
literature, rare alleles are observed, indicating negative!®® TD and Fu/Li(D* and F*)

values in the genes of bacterial populations that overgrow in nutrient-rich environments
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after a bottleneck or selective sweeping®®’. The TD and Fu/Li analyses conducted in the
thesis were negative for L. brevis and L. plantarum GAD system genes, in line with the
approach that negative neutrality statistics obtained from sudden overgrowth bacterial
populations in a nutrient-rich environment.

Many reports'® suggest that gene trees often do not reflect the true interspecies
relationships since a gene tree is a phylogenetic network that shows the evolution of a
gene not only through nucleotide changes but also through various processes such as
duplication, gene extinction, or horizontal gene transfer'®®. The species tree and GAD
system gene trees created for LAB species exhibited different topologies from each other.
In this thesis, the gad (Figure 3.17) and gadC (Figure 3.18) gene trees showed a topology
that supports the hypothesis that species have the same GAD operon organization groups
in the same clade in the gene tree unlike the 16S rRNA species tree (Figure 3.15). Species
that contain the gltX gene in addition to the GAD operon were grouped in different clades
of gene trees from those that do not contain the gltX gene in the GAD gene cluster. It has
also been demonstrated that the L. brevis gadl and gad2 genes are located in distant
phylogenetic branches. The results suggest the process of horizontal gene transfer might

have a role in L .brevis gaining the second gad gene.
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CHAPTER 4

CONCLUSION

The GAD system is an efficient mechanism that produces the GABA molecule, a
bioactive compound. With the discovery of the therapeutic benefits of the GABA
molecule on human health, the demand for it and interest in GABA-containing functional
foods is expanding. Since the production of GABA in functional fermented foods depends
on the GAD activity of the LAB species, it is crucial to identify the LAB species that
contain the GAD metabolic pathway and understand the biochemical properties of
enzymes that perform GABA biosynthesis. Examination of the working principle of the
GAD system of LAB species and the collection of biochemical and genomic data on the
system proteins will facilitate the selection of suitable LAB strains in the production of
GABA-enriched foods. Although there are many studies on increasing GABA production
in fermented foods, there is still a lack of information in the literature about LAB species
that produce GABA, regulation of the GAD system, structures, and similarities of system
proteins. The majority of studies are focused on increasing the expression of GAD system
genes, adding products containing the GAD enzyme's substrate L-Glu into fermented
food media, and improving the activity of the GAD enzyme through protein engineering
and gene mutation studies. Nowadays, genome information of many GAD pathway active
LAB species is readily accessible from several databases, allowing cost-effective and
time-efficient bioinformatics analyses.

In this thesis, GAD system genes of two LAB species ( L. brevis and L. plantarum)
with high GABA production potential were investigated by in silico analyses. Many
evolutionary population genetic analyses have been performed using the nucleotide and
amino acid sequences of the GAD system genes belonging to the L. brevis and L
.plantarum strains' genomes. Intraspecies polymorphism analyses revealed that the genes
with the highest nucleotide diversity were L. brevis gad2 and L. plantarum gadB, which
did not form an operon structure. When all GAD pathway genes were evaluated together,

it was found that the nucleotide diversity of L. brevis and L. plantarum strains isolated
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from dairy products was higher than in other food environments. Moreover, although the
isolation environments of L. brevis and L. plantarum strains are quite diverse, intraspecies
neutrality statistics tests indicate that the GAD pathway genes are highly conserved.
Neutrality tests showed that changes in the GAD pathway genes are rare alleles, and
mutations are mostly found in the external branches of the phylogenetic gene trees. On
the other hand, It was observed many times in the thesis that the two gad genes of the L.
brevis are quite different in terms of nucleotide and proteins sequence similarity,
structural, and activity prediction analysis results. Considering much higher amino acid
sequence similarity between L. brevis gad2 and L. plantarum gadB compared to the L.
brevis gadl gene, a horizontal gene transfer event is concluded to be more plausible
compared to a gene duplication event in the L. brevis genome. Interspecies evolutionary
and phylogenetic analyzes with many LAB species also revealed the differences between
the two gad genes of L. brevis. In addition, species that may have had gene transfer
between each other in terms of GAD system genes were determined by interspecies
analyses and phylogenetic trees. These results might facilitate the selection of LAB
species with similar GAD system proteins to produce fermented foods in future studies.
With the new machine learning algorithms that are constantly developing, the
protein's three-dimensional structure can be predicted from the protein's amino acid
sequence with very close to experimental structures. In the thesis, we also used several
protein structure prediction tools to gather more information about the GAD pathway
proteins' secondary structures of L. brevis and L. plantarum and also to understand how
GAD pathway proteins fold in the bacterial cell. We examined how the mutations
determined from intraspecies polymorphism analyses are distributed, especially around
the active site of the GAD enzymes. Since there is very little information about the
structure of LAB species' GAD system proteins in the literature, all the information about
the structures of GAD pathway proteins becomes important. Protein structure prediction
analyses have built similar structures for L. brevis and L. plantarum GAD enzymes.
However, the similarity of L. brevis Gad2 protein to L. plantarum GadB protein more
than the L. brevis Gadl protein is also remarkable in the prediction results. Moreover, the
predicted structure of the YjeM protein, which is thought to be part of the GAD system
in the L. plantarum genome, was found to be similar to the predicted structure of L. brevis
GadC transporter protein. However, It is necessary to conduct experimental mutant

studies with the L. plantarum yjeM gene to understand whether the yjeM gene is needed
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or not for the transportation of L-Glu and GABA molecules without jumping to a direct
conclusion.

As explained in detail in Chapter 3, the data obtained from in silico analyses
support the experimental results of L. brevis and L. plantarum GAD enzymes. As stated
in many studies, the C and N termini of L. brevis and L. plantarum GAD enzymes have
an important role in adjusting the pH at which the enzyme is active and forming a
quaternary enzyme structure. The analyses performed with diverse strains of L. brevis and
L. plantarum genomic data revealed that the experimentally emphasized regions are well
conserved in the bacterial genomes. Furthermore, we showed that the structure
predictions of the GAD enzyme and L-Glu/GABA antiporter give supporting information
that agreed with their experimentally discovered structures.

This study has the potential to provide detailed information to the literature as it
Is the first study to examine the L. brevis and L. plantarum acid-resistant GAD pathway
genes with molecular and evolutionary analyses. Since all the genomic data of the GAD
system are collected through databases, the situation that limits the study may be the
sample size of the gene data of LAB strains taken from some isolation environments. In
future studies, carrying out in silico analyses together with experimental studies, for
instance, sequencing the genomes of LAB strains collected from a specific environment,
and examining their genomes with molecular evolutionary tests in terms of acid-resistant
systems, will provide much more detailed and precise information. In addition to the lack
of information about LAB species' GAD system, there is also a significant information
gap in the literature about other acid-resistant systems found in LABs. Studies with these
systems will be beneficial in the future, as other acid-regulating metabolic pathways in
LABs may affect the content and quality of the food environments in which LABs are

found.
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