CATOLICA

ESCOLA SUPERIOR DE BIOTECNOLOGIA

PORTO

STRATEGY FOR TRACKING PROBIOTIC STRAINS IN MULTIPLE SAMPLES

by

Alexandra Lopes de Almeida Guimaraes Serodio

July 2025






CATOLICA

ESCOLA SUPERIOR DE BIOTECNOLOGIA

PORTO

STRATEGY FOR TRACKING PROBIOTIC STRAINS IN MULTIPLE SAMPLES

Dissertation presented to Escola Superior de Biotecnologia of the Universidade Catolica

Portuguesa to fulfil the requirements of Master of Science degree in Applied Microbiology

by

Alexandra Lopes de Almeida Guimaraes Serddio

Supervisor (i3S): Doctor Ricardo Aratjo

Tutor (University): Professor Doctor Ana Gomes

July 2025






Resumo

Probioticos sdo culturas microbianas vivas € o seu consumo, ou aplicacdo em quantida-
des adequadas em produtos alimentares, apresenta propriedades benéficas para a saide do con-
sumidor. Estes microrganismos sao atualmente usados como estratégia para preservar o balango
das comunidades microbianas no organismo humano e, por serem semelhantes aos microrga-
nismos que naturalmente fazem parte da nossa microflora, ou por desempenharem fungdes
idénticas, sdo usados no tratamento de certas doengas. O consumo de produtos que integram
estirpes probidticas tem mostrado grande potencial na prevencdo de condi¢des a nivel oral,

respiratdrio, gastrointestinal e cutaneo.

Bacillus pumilus, Bacillus subtilis, Levilactobacillus brevis (previamente designada de
Lactobacillus brevis) e Limosilactobacillus reuteri (previamente designada de Lactobacillus
reuteri) sdo quatro espécies de bactérias com estirpes probidticas bem conhecidas e sdo co-
mummente encontradas no nosso organismo. Estas estirpes ajudam na inibi¢do do crescimento
de microrganismos patogénicos, como bactérias, fungos, protozodrios e virus, contribuem para
a prevenc¢do de doencgas cardiovasculares e dsseas e para o tratamento de patologias orais, cu-
taneas e do trato gastrointestinal, tais como a periodontite, o eczema e inflamagdes cronicas do
trato gastrointestinal, tém propriedades anti-inflamatérias e imunomoduladoras e sdo comerci-

almente interessantes por produzirem metabolitos como antibidticos, enzimas e antigénios.

Algumas estirpes de Bacillus comercialmente usadas como probioticos, apresentam
vantagens tanto na sua forma vegetativa como na forma de enddsporo, em comparagdo com
estirpes do género Levilactobacillus e Limosilactobacillus. Estas vantagens incluem a capaci-
dade de armazenamento por periodos extensos sob forma dissecada e a temperatura ambiente,
a resisténcia ao calor e a estabilidade a multiplos valores de pH, tornando-as particularmente

adaptaveis as condigdes extremas do aparelho géstrico.

Com este projeto, pretende-se desenvolver um painel de primers especificos capaz de
detetar estirpes concretas de B. subtilis, B. pumilus, L. brevis e L. reuteri, presentes em amostras

biologicas.

Palavras-chave: Probioticos; Bacillus; Levilactobacillus; Limosilactobacillus; SNP.






Abstract

Probiotics are live microbial cultures, and their consumption or application in adequate
amounts to food products is shown to have beneficial properties for the consumers health. These
microorganisms are currently used as a strategy to preserve the balance of microbial communi-
ties in humans and, since they are similar to the indigenous microorganisms naturally found in

our microbiota, or perform identical functions, they are used to treat certain diseases.

Consumption of products containing probiotic strains has shown great potential in the

prevention of oral, respiratory, gastrointestinal, and skin diseases.

Bacillus pumilus, Bacillus subtilis, Levilactobacillus brevis (formally known as
Lactobacillus brevis) and Limosilactobacillus reuteri (formally known as Lactobacillus
reuteri) are four species of bacteria commonly found in our body, with well-known probiotic
strains. They can help to inhibit the growth of pathogenic microorganisms, such as bacteria,
fungi, protozoa, and viruses, contribute to the prevention of cardiovascular and bone diseases
and to the treatment of oral, skin and gastrointestinal tract pathologies, like periodontitis,
eczema and inflammatory bowel disease, have anti-inflammatory and immunomodulatory
properties, and be commercially interesting since they produce metabolites such as antibiotics,

enzymes and antigens.

Some strains of Bacillus used commercially as probiotics, offer advantages in both their
vegetative and endospore forms, when compared to other Levilactobacillus and
Limosilactobacillus strains. These advantages include the capacity to be stored for extended
periods in their desiccated form and at room temperature, heat-resistance, and stability at
multiple pH values, making them particularly adaptable to the extreme conditions of the gastric

tract.

In this project, we aim to develop a panel of specific primers capable of detecting unique

strains of B. subtilis, B. pumilus, L. brevis and L. reuteri in biological samples.

Keywords: Probiotics; Bacillus; Levilactobacillus; Limosilactobacillus; SNP.
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Chapter 1: Introduction

1.1 Biodiversity and Genetic Diversity

Biodiversity represents the assembly of all the different species that can be found in
distinct environments. However, there is also diversity within species, resulting from genomic
variation accumulated over time in each individual. Genetic diversity, therefore, refers to the
set of distinct characteristics that are inherited within a species, and it is essential for individuals
to adapt to environmental changes. It reflects some historical demographic processes that de-
termine the setting, long-term persistence, and adaptive potential of populations, and for that
reason there is an increasing awareness protecting hotspots for long-term persistence of diver-

sity (1,2).

If a species exhibits high genetic diversity, it is expected to find a wide variety of traits
represented in individuals from this group. This indicator, representative of a large gene pool,
positively affects the resilience and function of the ecosystem, but also the ability of species to

adapt, persist and survive in a given environment (3,4).

On the other hand, low genetic diversity is usually associated with reduced longevity
and lack of health among individuals, as well as decreased capacity for population growth and
increased susceptibility to diseases (4). The population size of a particular species can be re-
duced due to habitat loss, overexploitation, the impact of introduced species and pollution,
reaching a point where factors such as genetics increase the risk of extinction. Endangered spe-
cies usually have smaller or declining populations, making the loss of genetic diversity inevi-
table, and as a result the ability of populations to evolve and adapt to new selective pressures is

reduced (4,5).

A study performed in genetics and in the ecology field (6) suggested that genetic diver-
sity and species diversity are correlated in three main ways: (i) a parallel response to environ-
mental stimulus, could be responsible for promoting a positive relationship between them; (ii)
within a community or ecosystem, genetic diversity may casually control species diversity; (iii)
the diversity and relative abundance of coexisting species may casually have an impact in spe-

cies genetic, when the species diversity of a community affects negatively the selective system.



Quantitative indicators of changes in genetic diversity can be obtained by combining sequenc-

ing technology and genetic material isolation methodologies (1,3).

Genetic diversity underlies most of the phenotypic variability present in bacteria, as well
as their geographic distribution, host specificity, pathogenicity, antibiotic resistance, and viru-
lence (7), making it increasingly important to identify these organisms at strain level. Microor-
ganisms are important elements in the maintenance of ecological balance in the biosphere, and
extensive research on its genetic diversity have been carried out using morphological and mo-
lecular traits (8). The prokaryote genome is highly dynamic, with rates of gain and loss of genes

comparable to the level of mutations in eukaryotes (9).

The acquisition of non-self-genetic material might be seen as a mechanism of diversifi-
cation and adaptation to the environment, with heterogeneous environments of free-living or-
ganisms impacting the guanine and cytosine (GC) content by horizontal gene transfer (HGT)
(10). A comparison of nucleotide sequences across several bacteria reveals that codon compo-
sition generally is related to genomic content and that the differences in codon composition take
place to the greatest extent at the third base position (11). In order for an organism and its
offspring to survive it is essential for the instability and integrity of the genome to be balanced.
This dynamic leads to the evolution of the organism and can be caused by rearrangement of
genetic material and point mutations, which comprise changes with multiple magnitudes and

origins in the deoxyribonucleic acid (DNA) sequence (12).

Besides the endogenous source of variability, bacteria have other potential forms of di-
versity provided by a variety of transfer systems, such as conjugation, transformation and trans-
duction. These allow bacteria to expand their genome through acquisition of genes from other
bacteria, a mechanism that became known as HGT (10). Recent genomic comparison studies
show that it occurs frequently in prokaryotes and has been playing an important role in micro-
bial evolution, providing opportunities to improve their adaptation to the environment, as well
as to the host in which they inhabit, and to enhance their competitiveness (13). Persistent gene
loss, combined with periodic events of massive gene gain by HGT, dominates the genetic dy-
namics of prokaryotes. HGT of high mobile genetic elements, such as plasmids and genomic
islands which contain multiple genes, has contributed to the evolution of interactions between
prokaryotes and eukaryotes, whether by symbiosis or pathogenicity, acquiring mutualistic and

infection abilities respectively (13).



Plasmids are linear or circular shaped molecules responsible for the autonomous repli-
cation of extra-chromosomal DNA inside host cells, sometimes spreading it between cells, and
which have repetitive sequences and a variable number of copies (14,15). These structures are
commonly found in bacteria and they do not carry any core fundamental genes for growth or
multiplication of bacterial cells, although they play an important role in the virulence of these
microorganisms, as they often transport and transmit genes that code for antibiotic resistance.
They also present a critical importance for pathogenic bacteria, given the fact that they encode
properties such as the production of toxins and colonization factors (16). Like genomic islands,
plasmids are common vehicles for HGT (17) and they often have a distinct nucleotide compo-

sition from the genome they are associated with (15).

Genomic islands are clusters of known chromosomal genes or genes that are predicted
to have been acquired by HGT, ranging in size from 10 to 500 kb (15). These units are able to
integrate bacterial chromosomes, providing their host advantageous properties, such as new
metabolic functions, antibiotic resistance, niche colonization or virulence factors (18). Genomic

islands often have a different nucleotide composition compared to the rest of the genome (15).

There are two other mechanisms of HGT previously mentioned, namely transformation
and transduction. The first relates to the ability of some bacteria to incorporate DNA from the
environment into the cytoplasm and to integrate it into their genome, while the second relies on
specific phages that sometimes encapsidate DNA fragments from the host, releasing them once

they infect a new cell (19,20).

With the increased easiness in sequencing new bacterial genomes, increased efforts have
been made to sample multiple genomes within a particular species in order to discover intra-
specific evolutionary processes. Therefore, intra-specific diversity includes both genomic and
phenotypic diversities being related to physiological versatility and ecological resilience upon

climatic stress (21,22).

For example, B. subtilis has an unexpectedly high genomic diversity, found in the con-
tent of genes involved in antibiotic production, cell wall synthesis, sporulation and germination,
more specifically the presence or absence of polymorphisms in those same genes (23,24). A
unique trait of this species is its ability to trigger a production program of competent cells ca-
pable of efficiently internalizing and recombining exogenous DNA without apparent sequence
specificity. This lack of specificity provides the opportunity for genomic diversification through
the acquisition of new genes (9). B. subtilis KM and B. subtilis CGMCC63528 strains were

3



compared in a study and high-sequence variations were identified, including large insertions,

deletions and single nucleotide polymorphisms (SNPs) (25).

1.1.1 Mutations

Mutations are permanent changes in genetic material and represent a major source of
heritable phenotypic diversity, which is the substrate of natural selection (26). While some mu-
tations are silent, others may lead to phenotypic variation, evolution, and specialization (27).
They can be divided as beneficial, deleterious, lethal and neutral, based on their impact on fit-
ness, and they mainly differ in two aspects, being them the frequency at which they occur and
the importance they have to researchers. Beneficial mutations are rare and occur at single events
(28) and are important in understanding adaptation (29), while lethal and deleterious mutations
are more prevalent and are of great value in understanding gene function or molecular determi-
nants of disease. Neutral mutations are typically used as markers for building genealogies and
phylogenies, and because they lack selective effect, they have an evolutionary destiny that is

completely governed by chance (26).

Except for a small number of mutations limited to the lac system and some previously
described beneficial mutation involving regulatory changes in expression, beneficial mutations
are uncommon, difficult to detect in the environment and to identify them it is a challenging
task (30). Even in well studied bacteria such as Escherichia coli, there is a considerable diffi-
culty in predicting what kind of change constitutes a beneficial mutation in a new environment

(31,32).

These newly added sequences in the genetic material have the potential to alter protein
function and expression, as well as impact chromosome structure, thus indirectly influencing
the phenotype. When natural selection processes are not powerful enough to maintain certain
genes, since they are not needed in a given environment, they are disabled and progressively

disappear or get lost in large deletions (33).



1.2 Methods for evaluation of bacterial genotyping

Bacterial phenotype can be determined by the observation of colony morphology and
other features on culture medium, results of biochemical tests, serology, susceptibility, and
pathogenicity (34,35). But these approaches are not capable to discriminate and quantify all the
diversity found within a certain species and may lead to substantial subjective judgment (32).
In addition, these methods became difficult and time-consuming for the characterization of

slow-growing and fastidious organisms (32).

Genotyping methods are used to identify and distinguish bacterial strains based on their
genetic content, bringing significant advantages, including faster turnaround time and faster
sensitivity generating genomic profiles (36). Strain refers to a genetic variant within a biological
species, in which a group of organisms belonging to that same species share certain genetic
traits that are not found in other members of the same species. This group of isolates, which can
be distinguished from others of the same species by minimal but identifiable differences, ex-

hibits either a distinct phenotype or genotype, or even both (37,38).

The increase of genotypic databases has been crucial to allow fast and easy access by
laboratories enabling comparisons and better epidemiological surveillances to be conducted.
Conventional phenotyping methods, mainly based on biochemical properties, tend to offer re-

sults similar to the ones observed by molecular biology approaches (39).

Pulsed-field gel electrophoresis (PFGE) is an electrophoresis genotyping technique
based on the separation of large fragments of DNA (10 kb - 10 Mb), and their mobility through
a gel matrix. By applying alternating electric fields at different angles, this technique is able to
separate large molecules of DNA on agarose gel, which are formed by action of restrictive
enzymes that fragment the genetic material in specific zones, with the banding patterns visual-
ized in PFGE reflecting the DNA polymorphism in the recognition sites of selected groups of
strains (40). The selection of restrictive enzymes is one of the most important factors in gener-

ating reliable PFGE types, since the site where these enzymes cleave is unique to each of them.

Bacterial isolates showing the same PFGE profiles are considered to represent the same
strain, whereas a difference of one to three bands determines that the isolates are closely related
(41,42). If isolates differ between four and six bands, they are considered possibly related, and

if the difference in bands is greater than these values, they are considered unrelated. Although



PFGE is a widely used method, it is time and labour consuming, requires high-quality DNA,
lacks resolution power to distinguish bands of nearly identical size, and is associated with
higher risks of contamination due to prolonged handling of the bacterial material before being

treated with the proteases and restriction enzymes (40).

Multiple-locus sequence typing (MLST) is one of the most widely used genotyping
methods for characterization of bacterial strains, relying on DNA sequencing to determine al-
lelic variations in several conserved genes (typically seven genes). This method allows the ob-
servation of multiple housekeeping genes whose sequences are constrained due to the essential
function they encode, being the variation observed in these sequences neutral or nearly neutral
(40). Generally, 400-500 bp fragments of the seven selected genes are sequenced and given a
number, with each strain being assigned a seven-number allelic profile called sequence type.
For example, B. pumilus MLST panel considers the housekeeping genes including 23S rRNA
(RNA component found in the large 50S subunit of ribosomes), gyr4 (DNA gyrase subunit A),
gyrB (DNA gyrase subunit B), pycA4 (pyruvate carboxylase) and rpoB [ribonucleic acid (RNA)
polymerase 3 subunit] (43).

MLST scheme does not cover intergenic regions, but it may capture small insertions and
deletions in core genes that are missed by other analyses. This technique has some limitations,
as the allele number system is not representative of the actual gene sequence, fails to identify
variability between relatively closely strains due to the use of highly conserved housekeeping
genes, and the associated costs and time consumed in sequencing seven genes can be high when
large collection of isolates are used. Table 1.1 compares the advantages and disadvantages of

applying these two approaches, MLST and PFGE, for genotyping.



Table 1.1 Comparison between MLST and PFGE bacterial genotyping methods (44—46).

Advantages

Disadvantages

Bacterial Genotyping Methods

Data electronically portable;
DNA sequences are easily

stored in online databases;

Time and labour intensive;
High cost;
Lacking reliability (Alleles num-

M It can be used as a non-culture- bering system is not representa-
L based typing method; tive of actual gene sequence);
S Practical for comparisons of a Use of housekeeping genes often
T large number of isolates; fails to detect the variability of
Suitable for long-term evolution closely related strains;
of bacterial population struc- Does not cover intergenic re-
tures; gions.
Captures small insertions and
deletions in core genes.
Moderated cost; Restrictive enzymes with rare
Can separate large fragments of cutters;
DNA,; Time needed to complete the
P Highly discriminatory and sen- analysis (may require 2 to 4
F sitive technique; days);
G Good reproducibility. Requires high quality DNA;
E Lacks power of resolution to dis-

tinguish bands with nearly identi-
cal size;

Risk of laboratory-acquired con-
tamination, due to prolonged han-

dling of bacterial isolates.




1.3 Single nucleotide polymorphisms (SNPs)

There are millions of DNA sequence variations in the genome, as a result of different
nucleotides in homologous fragments of DNA, and minor insertions and deletions in the genetic
material (47). Such variations called SNPs are the most abundant source of polymorphism in
the DNA. The high abundance and stability of these SNPs makes them particularly useful as
DNA markers. They are the most frequent form of variability between species of microorgan-
isms and can be used to identify and learn about the dynamics of microbiological populations.
Setting up a database with a solid set of these markers will allow new approaches for investi-
gating the causative genes of drug response or complex conditions, such has multifactorial dis-

ease, and epidemiological studies (48,49).

Continuous efforts are being made in order to create technology for large-scale analysis
at low cost of SNPs and the abundant genetic variations that arise in organisms. This is partic-
ularly important for studying large microbial populations. SNP-based approaches allow maxi-
mum resolution among organisms with low levels of genetic diversity, making it the most suit-
able sequencing method (49), since their analysis covers intergenic regions and does not feature
multiple genetic variations in single allele. Currently, there are available numerous high-
throughput SNP technologies, even though there is not only one that can satisfy all users in

terms of scale, accuracy, throughput and cost.

The restriction fragment length polymorphism method, capable of tracing insertions,
deletions and restriction site polymorphism, was the very first technique to be used for the de-
tection of DNA polymorphism and serves as standard for evaluating other DNA tests. It is also
possible to rely on the enzyme-linked immunoassay which becomes advantageous since many
clinical laboratories have the necessary instrumentation to perform it, despite its difficulties in

detecting SNPs that shift a single amino acid residue.

In addition to the above-mentioned technologies, the three following methods are also
used to detect SNPs. The Sequenom MassARRAY iPLEX, used to genotype species like My-
cobacterium tuberculosis, Neisseria gonorrhoeae and Pseudomonas aeruginosa, emerged as
an alternative platform to MLST (50), and has shown to be a method with great potential for
users who seek an accurate SNP genotyping assay, with modest multiplexing and low assay

setup costs as a result of unmodified oligonucleotide primers (51). Despite its many advantages,



this method has major limitations as it requires DNA sequencing of seven housekeeping genes,

which makes it an expensive and time-consuming approach (50).

The other method used is based on DNA microarray technology, which is applied in the
detection of nucleic acids. SNP microarrays have been used for the rapid characterization of
complex clinical samples, without the use of culture, in order to determine SNPs that are asso-
ciated with resistance and pathogenicity (52,53). It appears as an alternative to sequencing,
since it provides a rapid method, capable of characterizing isolates from niche to strain in 24
hours, and at a fraction of the cost and work. Although sequencing provides a more detailed
overview of the microbial genome, it ends up showing drawbacks on the above-mentioned as-
pects, and also on the time associated with library preparation, sequencing, bioinformatic anal-
ysis and data storage, which can often be obstacles to the analysis of isolates in a standard
laboratory. When compared to other genotyping methods such as multiple-locus variable num-
ber tandem repeat analysis or MLST, SNP microarrays are capable of detecting SNP variations
along all the existing sequences in the genome and deliver greater resolution, unlike MLST
which only detects a few conserved genes, or multiple-locus variable number tandem repeat
analysis which only identifies a selected number of tandem repeats (53). On a final note, about
it can be mentioned the high-resolution melting technology which, of the three strategies dis-
cussed, is the one most subject to inaccuracies in genotyping, caused by background fluores-
cence. These anomalies can be overcome and clarified by combining this strategy with mini-

sequencing assays (54,55).

SNaPshot mini-sequencing assay was introduced during the last decade as a quick, sen-
sitive and robust technique performed using a multiplex single base extension primer strategy
in the presence of fluorescent labelled dideoxynucleotides (56). These methods are capable of
accurately genotyping multiple SNPs simultaneously in the same reaction and gel lane, requir-
ing minimal optimization (56). Through the use of single base extension primers of different
lengths, it allows the recognition of fragments of multiple sizes by automated capillary electro-
phoresis. As a result, an electropherogram is obtained with a set of peaks with different colours
and lengths that represent site-specific genomic variations, by means of capillary electrophore-
sis (57). This approach has the advantage of targeting small polymerase chain reaction (PCR)
products, facilitating the placement of markers and the absence of stutter products. However,

the limited number of markers and alleles can be restrictive to some genomic analyses (58).



The majority of SNP detection methods requires a step for nucleic acid amplification as
either PCR, quantitative PCR, solid phase, or isothermal amplification (59), since these provide
analytical performance required for many molecular analyses. Normally, the PCR-based meth-
ods used for the detection of SNP are sorted into the following categories: (i) analysis of poly-
morphism and mutant alleles using primers that match the fragments containing substituted
nucleotides or by use of oligonucleotides blocking undesired templates, and (ii) combined ap-
proach of melting curve analysis and real-time PCR techniques by use of hydrolysis probes, or
fluorescent dyes bounded to double-stranded DNA (59). To perform SNP analysis on genomic
data, raw sequence reads have to be compared with reference sequences using available tools
for short-read alignment, to identify zones of variation (60). This highly informative markers
are able to reveal the evolutionary history of homogeneous groups, and to detect and trace out-
breaks. These are spotted by comparing the sequences of isolates of interest with reference

genomes, and the nucleotides that vary between the two are recorded in the database.

1.3.1 SNP panels for microorganism identification and typing

1.3.1.1 Lactobacillus spp.

To date, it has proven to be quite difficult to distinguish between some closely related
species within the Lactobacillus genus. However, there are at least three SNaPshot mini-

sequencing tests described for the detection of Lactobacillus spp.

The first one was conceived to quickly identify species from the Lactobacillus
plantarum group, with five being closely related (Lactiplantibacillus fabifermentans,
Lactiplantibacillus paraplantarum, L. plantarum subsp. argentoratensis, L. plantarum subsp.
plantarum and Lactiplantibacillus pentosus), in which L. plantarum subsp. plantarum and L.

pentosus showed probiotic properties (61).

The second test was designed to identify the Lactobacillus casei group, which has five
closely related species (Lacticaseibacillus casei, Lacticaseibacillus paracasei subsp.
paracasei, L. paracasei subsp. tolerans, Lactobacillus zeae and Lacticaseibacillus rhamnosus).

While the two subspecies of L. paracasei showed a complementarity of 86% in DNA
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hybridization, L. casei and L. zeae presented a similarity value of 80%, proving that they belong
to the same species. A few strains of the L. casei, L. paracasei and L. rhamnosus species have
shown to be probiotics with a potential beneficial effect on our immune system and of interest

to the food industry (61).

Later, a third test was developed to identify Lactobacillus delbruekii subsp. bulgaricus.
This test, the mini-sequencing scheme, was suggested for targeting the rec4 gene and therefore
to discriminate different species of the Lactobacillus acidophilus group. Only through
phenotyping and genotyping techniques (e.g. 16S rDNA sequence analysis) it becomes
problematic to distinguish and identify specific species and subspecies of the L. acidophilus

group (62).

1.3.1.2 Bacillus anthracis

B. anthracis is a member of the Bacillus cereus group, which is a subgroup of the
Bacillus species. Within it are found the following eight known species, Bacillus cyttoxicus,
Bacillus toyonensis, the non-pathogenic bacteria, Bacillus mycoides, Bacillus pseudomycoides
and Bacillus weihenstephanensis, and other opportunistic or pathogenic microorganisms to
insects and mammals, B. anthracis, B. cereus and B. thuringiensis, which have shown to be

extremely close related based on 16s rRNA gene analysis (63,64).

B. cereus is a food-borne pathogenic bacterium responsible for synthesizing toxins, that
can be encoded in its chromosomes and plasmids, conferring this microorganism virulence. We
can also find in some strains of B. anthracis and B. thuringiensis, several virulence factors, such
as genes encoding enterotoxins, that are typically found in B. cereus (64). B. anthracis, the
deadliest of these pathogenic bacteria, contains two plasmids responsible for its virulence,
pXO1 and pXO2, in which pXOI encodes three lethal toxins and pXO2 encodes a capsule
composed of poly-D-glutamic acid, responsible for protecting the microorganism from being
phagocytized. Only with these two plasmids present in B. anthracis, is the bacteria able to

present virulence and infect humans (65).

The three species B. cereus, B. anthracis and B. thuringiensis display morphological
and biochemical identity and share a high degree of genetic similarities. Although it has been

suggested that their virulence factors and pathogenic properties play an important role in
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distinguishing them down to the species level, the high degree of lateral gene transfer of these
virulence factors and the fact that some of these genes are encoded on plasmids that can be
easily lost by the microorganism, complicate the identification of these microorganisms as a
species (66). Even the use of rapid molecular tests, like PCR, as shown not to be the right
method for identifying B. anthracis, since this bacteria shares a high degree of genomic
homology with B. cereus and B. thuringiensis. The thermal shift assay and high-resolution
melting methods can be used to quickly discriminate B. anthracis from other identical bacteria,
using two SNPs specific to this species, which are a nonsense mutation at nucleotide position

640 of the plcR gene and nucleotide position 1668 of the gyrA4 gene (65).

1.3.1.3 Mycobacterium tuberculosis

Nowadays, tuberculosis still represents a major health problem worldwide, and the
microorganisms that are able to cause this infection in humans and animals include M.
tuberculosis, Mycobacterium africanum, Mycobacterium bovis, Mycobacterium canettii,
Mycobacterium microti, Mycobacterium caprae, Mycobacterium pinnipedii, M. bovis BCG and
Mycobacterium mungi all forming the M. tuberculosis complex (67,68). Although they differ
in some traits such as host tropism, phenotype and pathogenicity, all members of the M.

tuberculosis complex are genetically close.

Distinguishing the different species of M. tuberculosis complex is essential in order to
determine which ones are strictly zoonotic human or animal tuberculosis and consequently to
initiate the appropriate therapy. In particular, it is necessary to be able to differentiate M.
tuberculosis from M. bovis, as the later species is naturally resistant to treatment with the
antituberculous drug pyrazinamide (67). The use of a minimum number of SNP sets has been

proposed as a possible solution for distinguishing these species.

The following method has been developed to simultaneously distinguish M.
tuberculosis complex members down to the species level and M. tuberculosis strains. It is a
SNaPshot mini sequencing-based approach, which has a high multiplexing capacity, robustness
and extreme sensitivity. In addition to these advantages, this method is simple and affordable,

requiring only equipment commonly available in molecular microbiology laboratories.
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In order to differentiate M. bovis from other M. tuberculosis complex species, the
following SNPs serve as bases: nucleotide position 756 of gyrB gene and nucleotide position
1410 of gyrB gene. For the genotyping of M. tuberculosis isolates the following SNPs present
in the H37Rv strain at position 1977, 3352929, 74092, 105139, 2460626, 232574, 311613,
913274, 2154724, which corresponds to katG at position 463 of the gene, were used as base.
M. tuberculosis H37Rv is identified through the SNP at nucleotide position 95 of the gyr4 gene
(69).

1.3.1.4 Brucella spp.

Brucella is a pathogenic bacteria sorted into six species, that are distinguished according
to their host specificity, being them Brucella abortus, Brucella canis, Brucella melitensis,
Brucella neotomae, Brucella ovis and Brucella suis. Despite their host specificity, Brucella spp.
proved to be difficult to differentiate using molecular techniques, since Brucella genomes are
highly conserved, with more than 90% homology between species based on DNA-DNA
hybridization, identical 16S rRNA sequence between all species and more than 98% identical

genome sequence (70).

The two methods capable of distinguish species of Brucella, which have clonally
derived populations structures, are based in SNPs that accurately describe the framework of a

species. These methods are MLST of housekeeping genes and whole-genome comparisons

(71).

Five housekeeping gene products (abc, aroE and gdh, groEL, pip, cysW) and the omp25,
rpoB and trpE genes have been selected to identify species-specific SNPs required for real-time
PCR testing. By using this method, 19 SNPs can be identified, including four specific to B.

abortus, three to B. canis and B. suis, two to B. ovis and one to B. melitensis (71).
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1.3.2  Whole Genome Sequencing (WGS)

Whole genome sequencing (WGS) technologies can be applied to the diagnosis of
infectious diseases in the public health, animal health, and food and environmental safety
sectors (60). A relevant example is Helicobacter pylori, a human gastric pathogen highly
prevalent in the gastric microbiome of patients with chronic gastritis (72), that infects more than
50% of the world’s population (73) and its colonization causes a persistent inflammatory
response that results in this condition. This bacterium has a high genetic diversity, with each
individual usually hosting a distinct bacterial population, and with recent advances in
technology, new subpopulations have been identified showing to be composed of multiple
strains of H. pylori. The genotypic variation of this bacteria may be related to the presence of
virulence factors between strains and is associated with different outcomes of infection in
distinct individuals (74). WGS technology has been mandatory in expanding our ability to
detect a higher number of SNPs (75), since it covers the complete genome of the
microorganism, as well as multiple insertions and deletions. There are numerous WGS
approaches for quantifying the relationship between isolated bacterial strains, with the two most

widely used in public health being gene-by-gene and SNP-based approaches.

SNP approaches identify unique nucleotide differences between isolates when
compared to a reference genome. This reference genome must be closely related to the isolates
in order to identify SNPs with true phylogenetic information for comparison (76,77). The gene-
by-gene method, which can be considered an extension of the MLST scheme, identifies
variations in accessory or core genes, due to mutations or recombinant events, and can be
applied to various specimens without the need for high-quality reference genomes. Bacterial
genomes contain both core and accessory components, and a great part of them is flexible (77).
A core genome consists of all the genes shared between the strains of given species that are
likely to encode functions related to the basic biology and phenotype of the species. Ideally,
these genes truly reflect the genealogy within a species and do not change their presence over
time (49). Some genes found in certain strains and those that are unique to each strain form the
accessory genome. This group of genes are important for species’ diversity and most likely
provides selective advantages to bacteria, being some of this benefits antibiotic resistance,

habitat adaptation and the capacity to colonize other hosts (78).
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WGS has been shown to be a technique with great discriminatory power, and it is

essentially used on small groups of isolates instead of large collections of them (77,79).

Although WGS is in theory the ideal way to elucidate regarding genetic variability
within a bacterial species, there are however a few challenges facing the application of WGS,
the major ones being data analysis due to its complexity, the need for bioinformatic support to

interpret the information, and the associated costs (60).
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1.4 Next Generation Sequencing (NGS)

To determine the exact order of nucleotides, the basic units of nucleic acids, in DNA
and RNA, is called sequencing of genetic information. This method has considerably grown
over the years, since it became more affordable and accessible for research institutes and

clinical laboratories, to sequence genetic material.

The first major research around DNA sequencing was the Human Genome Project that
required many years and the investment of billions of dollars (80). It involved first-generation
sequencing methodologies, known as Sanger sequencing, developed in 1977 by Fred Sanger
and was embraced as primary technology in laboratory and commercial sequencing applications
due to its high efficiency and low radioactivity (81). Over the last decades it has been
implemented in research and clinical genetics, focusing in the identification of deletions,

substitutions and small insertions (82).

Next-generation sequencing (NGS) tools have been developed in the last decades
showing lower associated costs and faster throughput with large volume samples (82,83). Yet,
for laboratory experiments, the Sanger technique is still employed, especially for the study of
regions — typically exons — where NGS lacks the capacity to provide adequate depth of coverage

or produce sufficiently high-quality data (84).

The growth of NGS applications in science, medical diagnosis, agrogenomics, and
forensic science, has been possible due to significant improvements in sequencing technology,
such as in speed, read length, throughput, and a substantial decrease in per-base cost (85). This
technology that allowed several small labs to sequence entire genomes, enables simultaneous
sequencing of millions of DNA sequences, and may involve the following workflow: (1) sample
preparation including extraction of genetic material by bridge amplification or emulsion PCR
(76); (i1) library preparation, which normally includes mechanical or enzymatic shearing of the
DNA (76,86), and clonal amplification; (iii) sequencing and alignment of short reads.
Sequencing is the most direct step in the NGS process because all sequencer brands are
relatively simple to operate and include comprehensive manufacturer support services. The
critical part of this step is loading the proper amount of library molecules into the instrument,
which can be achieved by accurate library quantification and by following appropriate quality
control procedures (86). Short read technologies currently in use are collectively referred to as

massively parallel sequencing and are also often mentioned as second-generation sequencing.
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They generate billions of nucleotide sequences during each run, where each single genome is

sequenced multiple times in small random pieces to generate very sizable data sets (76).

In order to obtain such a large number of DNA molecules, PCR amplification is
required, although this process is susceptible of introducing some errors in the template
sequence, as well as to the amplification bias. In addition, the amplification process increases
the complexity and time associated with sample preparation, a process that may take several
days (87). Furthermore, second-generation sequencing or short-read sequencing techniques
cannot directly sequence DNA and RNA molecules without the need for library preparation or
sequencing reagents (85). Short-read sequencing techniques tend to generate fairly fragmented
genome assemblies, therefore it is needed additional work to assembly such sequences for
longer reads in order to provide closed reference genomes. These longer reads are especially
useful when sequencing complex genomic regions such as repeats and phages (50-75 kb in

length) (76), which is why third-generation sequencing platforms have been introduced.

They directly target single DNA molecules without requiring PCR amplification, and to
carry out their detection and functional analysis, instrumentation such as atomic force
microscopy, single-molecule fluorescence spectroscopy/single-molecule real-time technology
(Pacific Bioscience), and single-channel current measurements (MinlON) has been created.
These technologies have been used to screen physical properties of individual DNA strands,
indicating that their use could be applied to single nucleotide resolution and rapid DNA
sequence analysis. However, these new sequencers remain under development and present
drawbacks regarding the reliability of the resulting sequence. They are still inaccurate in the
analysis of short-sequencing read lengths which can lead to data reading errors (81), and data
analysis can be very time consuming or may require extra knowledge in bioinformatics to
collect the most accurate sequencing data (85). Table 1.2 compares several first-, second- and
third-generation sequencing systems, listing their strengths and weaknesses, as well as their

throughput range and read length potential.
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Table 1.2 Characteristics, strengths and weaknesses of commonly used sequencing platforms
(76,82,86).

Sequencing Throughput Read length
Platform Instrument Strength ‘Weakness
technology range (Gb) (bp)
Elevated Cost; Laborious
Produces long high- and time consuming to
First- Sanger .
) ) ABI 3500/3730 0.0003 500 — 1,000 quality DNA sequence whole genomes
generation sequencing )
sequences (even for small size
genomes) and throughput
Affordable instrument Run length; Read length;
MiniSeq 1.7-7.5 75 to 150 pricing; Reasonable Low to mid sample
per sample cost throughput
Affordable instrument
pricing; Read length; )
. . Low to mid sample
MiSeq 0.3-15 50 to 300 Scalability;
throughput
Illumina Reasonable per sample
cost; Reduced run time
Second- -
NextSeq 10-120 75 to 150 High Throughput Run length; Read length
generation . S—
Read accuracy; High High initial investment;
HiSeq (2500) 10-1,000 50 to 250
Throughput Run length
NovaSeq Read accuracy; High High initial investment;
2,000-6,000 50to 150
5000/6000 Throughput Run length
Throughput; Higher per
PGM 0.08-2 Up to 400 Read length; Speed
sample cost
Ion Torrent .
S5 0.6-15 Up to 400 Read length; Speed Higher per sample cost
Proton 10-15 Up to 200 Speed; Throughput Higher per sample cost
Read length; Speed;
Longer sequence reads
than second
PacBio RSII 0.5-1 Up to 60 kb generation; Does not High error rate initial
require amplification;
Sequence extended
Pacific repetitive regions
BioSciences Read length; Speed;
Longer sequence reads
) than second
Third-
) Sequel 5-10 Up to 60 kb generation; Does not High error rate
generation . . .
require amplification;
Sequence extended
repetitive regions
Read length; Speed;
Longer sequence reads
than second
. High error rate; Run
Oxford Nanopore MInION 0.1-1 Up to 100 kb generation; Does not lenath
engt
require amplification;
Sequence extended
repetitive regions
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1.5 Bacterial Genomes

The bacterial genome is organized in two cellular units, referred as chromosomes and
plasmids. It carries the information that specifies the cell genetic functions, and as a
consequence determines the chemical, structural, and replicative aspects of the cell. Bacterial
genomes differ in a three-fold interval in terms of adenine and thymine (AT) content versus GC
content. GC content can be variable within species and strains due to factors such as genome
size, mutations, and environmental conditions, including temperature, acrobiosis conditions and

nitrogen abundance (88).

The high variability in GC content within the bacterial genome is of enormous intrigue,
since it is assumed that changes in GC content over evolutionary time are a natural response to
environmental conditions in order to confer advantages (89). There is a continuum of values
that range from under 25% GC content to over 73% GC content. For instance, species of
Mycoplasma normally carry as much as 40% GC content, while Micrococcus species contain
GC content values as high as 75%, and the genomes of E. coli have nearly 50% GC content
(90). Genes encoding stable RNAs (e.g., ribosomal, transfer, and small regulatory RNAs) have
less variation in GC content, since the product RNA molecules rely on particular nucleotide
compositions and sequences in order to maintain suitable based paired secondary structures.
Protein-encoding genes range far more, however the greatest variation is found in non-coding
regions and in the “wobble” position, the third nucleotide position in codons, of protein-

encoding genes (91).

The average GC content of free-living bacteria is higher than the average for obligate
pathogens and symbionts, representing bacteria with higher GC content the Actinomycetota
(formally known as Actinobacteria), Acidobacteriota (formally known as Acidobacteria),
Betaproteobacteria, and Deinococcota (formally known as Denococcus-Thermus). On the other
hand, lower GC content is predominantly associated with Campylobacteria (formally known as
Epsilonproteobacteria), Bacillota (formally known as Firmicutes), Fusobacteria, and

Spirochetes.

The bacterial genome is remarkably stable from one generation to the next, and yet it is
plastic on an evolutionary scale. These events can be driven by deletions, duplications,
amplifications, insertions, inversions and translocations, leading to changes in the amount of

information contained in the genome and the appearance of new sequences at the sites of the
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events (27). Because they provide raw material for the evolution of new genes, duplications are
considered very important (92). Duplications and deletions result from two main mechanisms,
these being slipped-strand mispairing during DNA replication or unequal crossover between
two daughter sets of duplicated sequences, resulting in one chromosome harbouring a
duplication and the second a deletion. Minor deletions may lead to altered gene dosage, gene

product or patterns of gene expression (27,93,94).

Bacterial mutagenesis is greatly impacted by transposable elements such as insertions
sequencies and transposons as they trigger mutations at a higher rate. These mobile DNA
sequences have the power to restrict or allow the mobility DNA within the cell or between
genomes through reactions of excision or integration (95). The vast majority of transposable
elements require transposases to identify and process the end of the elements and its short
terminal inverted repeats in order to be mobile (27). Additionally, they are capable of replicating

themselves in genomes without the host cell’s DNA (96).

While transposons carry a variety of information, such as antibiotic resistance genes,
insertion sequences contain information exclusively related to their transposition and regulation

(27,97).

Genome sequencing had a great impact for the understanding of the biology, diversity
and evolutionary path of bacteria, since it allows us to obtain the complete information about
the genetic material of a living being, as well as to identify non-essential genes and core sets of
conserved genetic functions, by means of comparative genome methods (98). The core-genome
is the group of genes shared between most of the individuals within a given species, but also
the essential genes unique to a certain species, including those involved in translation,
ribosomal structure, transcription, and replication, whereas the accessory-genome comprises
genes that are only present in a fraction of the individuals belonging to a species, or even in a
single individual (99). The vast majority of genes belonging to the accessory-genome are
acquired through HGT and encode for functions that are not crucial for the biology of a given

species (100).

Some subsets of genes are rarely gained or lost as they encode for functions that are
required for growth under nearly any condition. These are referred to as essential genes and
represent a group of genes indispensable for the survival of an organism in a particular
environment, meaning that they are absolutely indispensable to the viability of the

microorganism and that they encode for functions considered to be the basis of life (101,102).
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Typically, essential genes encode conservative functional elements that mainly contribute to
DNA replication, gene translation, gene transcription and substance transport, and their
inactivation or loss may lead ultimately to cell death (103). In addition, essential genes are
evolutionarily more conserved than non-essential genes (104), presumably as a consequence of
their higher expression levels, and they constitute a persistent set of genes, which are expected
to be less subject to loss or horizontal transfer. For this very reason these genes carry fewer

selective advantages, thus escaping natural selection (105).

Identifying proteins that are predicted to be encoded by an organism’s genome, can
reveal a lot about the behaviours and habitats in which that same organism lives. The
sequencing of the B. subtilis 168 genome defied the previous belief that the bacterium was
obligate aerobic, as genes encoding a putative respiratory nitrate reductase were found and
suggested its capability to grow in anaerobic conditions using nitrate as an electron acceptor
(106). From this study it was also concluded that a great part of the B. subtilis genome encoded
genes for secondary metabolites, some of which being potent compounds that inhibit fungi and
bacteria, possibly helping this bacterium competing in the human body and potentially serving

as probiotics.
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1.6 Probiotics

Probiotics are defined as live cultures that can be consumed or applied in the body
showing beneficial properties for our health when administered in adequate quantities
(107,108). Probiotics are commonly used as a strategy to preserve the balance of the microbial
community in our body and to help improve the microbiota in case of disturbance or disease,
as they are identical or similar to the microorganisms that naturally form part of our microflora.
In some cases, these microorganisms in their inactive state and their molecular components can

also provide properties similar to probiotics (109—111).

A probiotic microorganism must also fulfil the following requirements: (i) be preferably
isolated from the human microbiota; (ii) be able to survive the extreme conditions of the
gastrointestinal system, such as acidic pH, enzyme action and exposure to bile salts; (ii1) show
benefits for the body; (iv) be safe for consumption and not contain vectors capable of

transferring antibiotic resistance or toxicity factors (109,112,113).

Probiotics are required to be identified by their genus, species and strain designation,
i.e. to be a defined entity, since there are many different probiotics being commercialized today
and with different purposes (112,114). Probiotics are commonly incorporated into a range of
products, including foods and functional products such as yogurts and other fermented food,

dietary supplements, pharmaceutical items, and cosmetic (108,115).

These microorganisms are most commonly found in the intestine, but there are other
parts of the body with the potential to isolate probiotics, such as the skin, oral cavity, lungs,
urinary tract and the vagina (116). Among the many benefits that probiotics have for our body,
it is important to mention the contribution they have in the digestion of food, protection against
pathogenic microbes that cause diseases, synthesis of vitamins and production of substances
with desirable effects, stimulation of the immune system and control of the inflammatory
response, digestion and absorption of medicines (108,117). Probiotics are used in the prevention
and treatment of gastrointestinal conditions such as diarrhoea, oral infections, allergic reactions
and related conditions like eczema and allergic rhinitis, and more recently the possibility of
using these microorganisms as adjuncts in the treatment of metabolic disorders (e.g. obesity

and type 2 diabetes) has been studied (107,108,117-119).

Probiotics main mechanism of action includes colonization and balance of the intestinal

microbial community, microbial antagonism and inhibition of bacteriocin synthesis,
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modulation of enzymatic activity associated with the metabolization of bile salts and
inactivation of xenobiotics, production of volatile fatty acids, cell adhesion and mucin
production, stimulation, modulation and regulation of the immune system and interaction with
the brain-gut axis by regulation of endocrine and neurologic functions (107,109).
The most common microorganisms to be used in probiotic products, in mono or mixed cultures,
belong to the bacterial genus Lactobacillus, Bifidobacterium, Enterococcus and the yeast

species Saccharomyces boulardii, which are isolated from natural environments (120).

Advances in human microbiome research contributed for the probiotic field growth, and
also to unveil that the microbiota colonizing healthy humans usually differs from the microbiota
of humans with certain diseases or health conditions (108,121). Previous research has shown
that patients with atopic dermatitis, when compared to healthy patients, reveal loss of local
microbiota diversity, including in species such as Corynebacterium spp. and Staphylococcus
epidermidis, while showing a predominance in the amount of Staphylococcus aureus. As for
patients with seborrheic dermatitis, they tend to suffer a reduction in the amount of
Corynebacterium spp. and an increase in the level of Micrococcus spp, Pseudomonas spp. and

Staphylococcus spp. (122—124).

Based on the studies conducted, it is expected that manipulating the intestinal microflora
will promote an increase in the number of beneficial microorganisms, having a positive impact
on the immune and digestive system, metabolism and gut-brain communication, and that
potential probiotic candidate species might be isolated from other sites in the body of healthy

subjects - "next generation" probiotics (108).
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1.6.1 Subjects of this study

1.6.1.1 Bacillus pumilus

B. pumilus performs a major ecological role, since it produces compounds that are
antagonistic to fungi and pathogenic bacteria, like S. aureus and some Vibrio species (125).
Certain strains of B. pumilus synthetise highly desirable antibiotics, like amicoumacin A, that
targets the ribosomes of pathogenic microorganism, like some Lactobacillales and
Staphylococcaceae (126). Other strains produce extracellular compounds, such as bacteriocin
and surfactin, which inhibit the bacterial activity of Staphylococcus through disruption of the

cell membrane (127).

This species has proven to be of benefit in the intestinal flora, stimulating growth
performance, innate immunity, and stress tolerance (128,129). The following attributes of
certain isolates have been identified as essential to their probiotic potential: (i) colonization of
gastrointestinal tract through competitive exclusion (competition for adhesion sites); (ii)
immunostimulation by induction of proinflammatory responses (cytokinines that increase
phagocytosis; cytotoxic cells); (iil) antimicrobial activity (secretion of antimicrobial

compounds such as enterotoxins) (130).

Modulation of the microbiota can also be used in order to achieve a more mature and
stable configuration of our organism at an earlier stage of life, since the host’s age is a
determining factor for the diversity and stability of the microbiota, being these two parameters
lower in an earlier stage (129). Increasing the diversity and modifying the microbiota — by
introduction of bacterial populations specific to a more mature stage of life — is important for
optimal host metabolism and immune development, since they present higher resilience. B.
pumilus vegetative and spore form has been used in probiotic formulations, both benefiting
from high stability to the surrounding atmospheric conditions such as heat, gastric conditions

and moisture (125).

Also, B. pumilus SG43 can reveal red pigmentation, presumably conferred by the
production of carotenoids (C30) and riboflavin. These two compounds have antioxidant

properties, and their production in both vegetative and spore forms may be of great interest in

24



providing benefits to human health, particularly for people suffering from inflammatory bowel

disease (131).

1.6.1.2 Bacillus subtilis

B. subtilis is a gram-positive bacterium which is non-pathogenic for mammals,
including humans, with great commercial interest as a source of several secondary metabolites
such as antibiotics, fine chemicals, enzymes, as well as heterologous proteins and antigens
(132). This species is able of synthesizing 66 different types of antibiotics (133). B. subtilis has
an antimicrobial effect that is enhanced by the synthesis of antimicrobial substances,
antidiarrheal effect, immunostimulatory effect, and it is responsible for the competitive
exclusion of pathogens, prevention of gut inflammation, and normalization of the intestinal
flora (134,135). This species contains roughly 192 essential genes, involved in metabolic
processes of information processing, synthesis of cell envelope and determination of cell shape

and division, and cell energetics (136).

Due to its ability to metabolize a variety of sugars, a study conducted with B. subtilis
NCIB3610 (132) investigated the probiotic potential of this strain in the treatment of oral
infections caused by Streptococcus mutans. In the same study, strain NCIB3610 showed a more
active metabolism of sugars than S. mutans and its potential in the treatment of oral conditions
caused by this pathogenic microorganism. B. subtilis has also been subject of research in
reducing cholesterol levels in humans, since a correlation has been observed between the
modulation of the intestinal microbiota and the prevention of risks associated with

cardiovascular diseases (137).

Conditions generated by climate change, such as increased environmental temperature,
with more intense, frequent, and longer lasting heat waves, have been the cause of several
physiological changes resulting from heat stress, such as abnormal bone remodelling and
deterioration. Probiotics such as B. subtilis C-3102, B. subtilis ATCC 6051 and B. subtilis PB6
have proven to prevent and reduce the negative effects caused physiologically by induced stress,

thereby increasing bone growth (mineral content, weight, size and length index) (138,139).

The impact that this bacterium has on our body is immense and can be enhanced when

combined with other probiotic bacteria, thus helping to increase the levels of this group of
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bacteria in the microbiota and to combat pathogenic microorganisms that threaten our health

(140,141).

1.6.1.3 Levilactobacillus brevis

L. brevis is a bacterial species known for its probiotic strains, such as L. brevis ATCC
8287, ATCC 14869, and FFC199, and it is capable of surviving under such conditions as pH 2,
being tolerant to bile salts, revealing self-aggregating and/or hydrophobic properties, and being
resistant to the antibiotic vancomycin, a trait typically shown by the Levilactobacillus genus

(142,143).

L. brevis strains reveal antagonistic activity against some well-known pathogenic
bacteria, such as B. cereus, Listeria monocytogenes, and S. aureus, resulting in the improvement
of intestinal health. Some of the mechanisms involved in the antagonist activity of this strain
are: (1) co-aggregation, which is the ability to aggregate with organisms of the same or different
strain, in this instance a pathogen; (ii) synthesis of organic acids — lactic acid and acetic acid —
leading to lower intracellular pH or intracellular accumulation of these compounds in their
ionized form, resulting in the death of the pathogenic microorganism; (iii) production of
antibacterial peptides — bacteriocins and antimicrobial peptides — involved in pore formation
and/or inhibition of cell wall synthesis; (iv) synthesis of hydrogen peroxide and other
compounds such as reuterin; and (v) Competition for available nutrients and for mucosal
adhesion sites, as these probiotics share carbohydrate-binding specificities with some

pathogens, thus making competition for receptor sites on host cell possible (142—144).

L. brevis has the potential to compete with these pathogenic bacteria, inhibiting and
displacing the adhesion of pathogenic bacteria to the cells of our organism (145). This species
is involved in the regulation and treatment of conditions such as periodontitis, through
inhibition of oral pathogenic microorganisms such as the species S. mutans, Porphyromonas
gingivalis and Fusobacterium nucleatum, production of hydrogen peroxide and alleviation of
inflammation, as well as through modulatory effects on the host response - decreased expression
of all proinflammatory cytokines (TNF, IL-1B, among others) implicated in inflammatory
periodontal bone loss - and the periodontal microbiota — inhibition of anaerobic bacteria,

predominantly associated with periodontitis, and stimulation of aerobic bacteria. The release of
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enzyme arginine deiminase inhibits the synthesis of nitric oxide, which is stimulated by the
production of pathogenic compounds, such as liposaccharides by P. gingivalis, while
competing with nitric oxide synthase for the arginine substrate. Nitric oxide production induces
the release of pro-inflammatory cytokines, which is reversed by the enzyme arginine deiminase,
resulting in anti-inflammatory effects (146). These metabolites, such as hydrogen peroxide,
arginine deiminase, and lactic acid, secreted by L. brevis are crucial for preventing the growth

of oral pathogens and for immunomodulating our system (147).

In addition, L. brevis KT16-2 has been studied with the aim of preventing symptoms
associated with chronic autoimmune celiac disease (148). L. brevis KT16-2 is able to hydrolyse
gluten, therefore it is a good candidate as a probiotic supplement by individuals with this
condition (148). Certain supplements (e.g. fructooligosaccharides) when combined with these
probiotic bacteria can enhance their viability and antioxidant activity (149,150). These
fructooligosaccharides provide a protective effect to probiotics through their interaction with
the phospholipids present in the cytoplasmic membrane, therefore ensuring probiotic stability

and viability (151,152).

The improvement in the properties of these lactic acid bacteria, such as adherence ability
and inhibition of pathogens, shows great potential in the food industry for application in

fermented dairy products in order to upgrade their quality and safety (150).

L. brevis KU200019 inhibition of foodborne pathogens occurs due to competition for
nutrients and the binding sites on the epithelial cells, but also through metabolism of
oligosaccharides with antagonistic action against pathogenic microorganisms, inhibiting their
growth (153). In addition, these compounds — oligosaccharides — exhibit anti-adhesive activity,
by mimicking the host cell receptor sites and thus preventing the binding of pathogenic
microorganisms to the cells of the intestinal epithelium (150). The ability of L. brevis
KU200019 to adhere the intestine is enabled by the fermentation of these oligosaccharides,
resulting in short-chain fatty acids production, and supplying the energy needed for probiotic

proliferation (150).
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1.6.1.4 Limosilactobacillus reuteri

L. reuteri is a bacterial specie that naturally resides in the intestinal microbiota of
humans and animals, and it can also be discovered in the urinary tract, skin, and even breast
milk (154). In order for some L. reuteri stains to show their probiotic potential and provide
health advantages to the consumer, these bacteria must interact with the host microbiota (155).
As an example, a previous study (156) shown that L. reuteri 15007 influenced the
gastrointestinal flora by lowering the pH level, which allowed beneficial bacteria in the body
to thrive, such as Limosilactobacillus vaginalis and Bifidobacterium spp., and helped to reduce
pathogenic bacteria, such as E. coli. This effect on the microbial community was mediated by

the production of lactic acid.

L. reuteri is responsible for the synthesis of antimicrobial compounds such as organic
acids and ethanol, but also converts glycerol into reuterin, a compound with a broad spectrum
of antibacterial, antifungal, antiviral and antiprotozoal activity, synthesized under the pH,
temperature and anaerobic conditions present in the gastrointestinal system (154,156). For
probiotics it is essential for them to adhere onto the intestine epithelium cells, and this feature
tends to vary between strains depending on the amount of glyceraldehyde-3-phosphate
dehydrogenase that this microorganism has in its cell wall. For instance, L. reuteri ZJ615 shows
less adhesion to intestinal epithelial cells when compared to L. reuteri ZJ617 (157). A higher
abundance of glyceraldehyde-3-phosphate dehydrogenase in this probiotic, means a higher
capacity to adhere to the mucin present in the intestine, thus preventing the development of

serious conditions at the intestinal tract (158,159).

This species has some bacterial strains, that have shown to be helpful suppressing the
severity of enteric infections and modulate the immune system, but also have proven to be of
great interest in the treatment of conditions such as diarrhoea, infantile colic, eczema, oral
conditions and H. pylori infections, being these strains L. reuteri ATCC 55730, ATCC PTA
4659, ATCC PTA 5289, ATCC PTA 6475 and DSM 17938 (154). Since L. reuteri DSM 17938
and ATCC PTA 5289 have proven to be helpful minimizing epithelial damage, oxidative stress,
and inflammation of the oral mucosa normally induced by chemotherapy, their therapeutic

potential in treating conditions like oral mucositis has shown promise (160).
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The following table (Table 1.3) provides information concerning the genome of our four
species of study mentioned above, B. pumilus, B. subtilis, L. brevis and L. reuteri, based on

reference strains found in published articles (161-165).

Table 1.3 Overview between reference genomes of four different species.

B. pumilus B. subtilis L. brevis L. reuteri
Bacterial species
SAFR-032 168 BSO 464 SD2112
Genome length
3,704,641 4,214,547 2,503,991 2,264,399
(bp)
GC ratio content
413 43.5 45.9 39.0
(%)
Coding DNA
sequences 3,679 4,320 2,627 2,236
(CDSs) (Total)
Coding DNA
sequences
3,617 4,125 2,533 2,127
(CDSs) (with
protein)
Transfer RNAs
72 86 49 70
(tRNAs)
Number of
1 1 1 1
chromosomes
Number of
0 0 8 4
Plasmids
References (166) (167) (164,168) (169)
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Chapter 2: Objective

2.1 Aim of the study

The aim of this project was to develop a set of primers capable of detecting specific probiotic
strains belonging to the four species mentioned above, B. pumilus, B. subtilis, L. brevis and L.
reuteri, so it can be used in studies focused on the detection of such specific strains in biological

samples.
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Chapter 3: Materials and Methods

3.1 Genome selection for species Bacillus pumilus, Bacillus subtilis, Levilacto-
bacillus brevis and Limosilactobacillus reuteri

Representative genomes for each target species were selected with the assistance of the
software Geneious (Biomatters Ltd., Boston, United Stated of America). The selection was
made using the NCBI’s Genome database by collecting all complete genomes available for each
bacterial species. Out of the set of genomes obtained, a single one was selected for each target
species, based on the most frequently referenced species in scientific articles and was shown to
be a model to be used in this study but also for presenting identical characteristics such as
genome size, GC content and normal CDSs associated to each species, as referenced in Table

1.3.

3.2 Screening for genes

The selection for target genes was made using the software Geneious and the search
conducted in the NCBI’s Nucleotide database. Filters were applied at the level of the nucleotide
sequence length, in order to obtain genomic fragments with length between 500 bp and 10,000
bp for each of the target species considered in the study, B. pumilus, B. subtilis, L. brevis and

L. reuteri.

Following the search in Geneious software, genes were filtered for each of the four
target species, based on previous research carried out to identify the most referenced genes
when searching each one of our species. Housekeeping genes were also selected for each of the
species studied in this project, as they are essential genes in basic bacterial functions, allowing
them to survive, and also because they can be found in all species, making them good targets

for our study.
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3.3 Selection of polymorphic genes

From the obtained sequences of this research, their alignment (“Multiple align™) was
performed using the Geneious software, in which the only sequences selected to be aligned
were those that belonged to our study species and which showed to have nucleotide information

available when searched.

The previously obtained fragments, belonging to our genes of interest, were aligned with
the reference genomes in order to analyse differences and similarities between them. For this
study only fragments with polymorphisms were selected, therefore the polymorphic regions
were identified in each of the previously aligned fragments, and those that showed these
variations were selected as having potential. These fragments were later evaluated to determine

if they contained any sequences that met the necessary conditions for the design of primers.

3.4 Primers

Following the selection of fragments with polymorphic areas, the sequences were
evaluated in order to determine whether they had sequences with potential for the design of
primers. This evaluation was carried out according to the following characteristics, which in
case they occur in the identified sequences, turn them into potential primers. The following
criteria were used: (i) primer length between 18 and 24 bp; (i1) melting temperature (Mt) ideally
between 50 and 65°C, and with 5°C in between primers; (ii1) GC content between 40 and 60%;
(iv) no secondary structures formed, namely self-dimers and hetero-dimers; (v) no hairpins

formation.

As a desirable but not mandatory requirement, primers should have one to three
guanines or cytosines in the last five nucleotides of the fragment to promote specific binding

and have a guanine or cytosine as the last nucleotide to make it more stable (GC clamp).
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Chapter 4: Results

4.1 Selection of four relevant strains for the target species

Geneious software collected 214, 839, 242 and 407 genomes for the species B. pumilus,
B. subtilis, L. brevis and L. reuteri, respectively. For each species, and based on the
methodology previously described for selecting a representative genome, were obtained a set
of genomes belonging to the strains B. pumilus SAFR-032, B. subtilis 168, L. brevis KB290
and L. reuteri 15007. A total of 9, 1, 10 (nine of them plasmids) and 7 (six of them plasmids)
sequences were gathered for B. pumilus SAFR-032, B. subtilis 168, L. brevis KB290 and L.
reuteri 15007 respectively, and for each strain was selected a genome, which represent

chromosomal DNA.

General details on the genetic content of the four strains selected for our study, gathered

from GenBank using Geneious software, are presented below in Table 4.1.

Table 4.1 Overview between the four strains selected for our target species.

Bacterial strains B. pumilus B. subtilis L. brevis L. reuteri
selected SAFR-032 168 KB290 15007
Genome length (bp) 3,704,641 4,215,606 2,395,134 1,947,706
GC ratio content (%) 41.3 43.5 46.1 39.0
Coding DNA 3,614 4,174 2,535 2,009
Sequences (CDSs)
Accession number NC_009848 NC_000964 NC_020819 NC_021494
from NCBI
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4.2 Screening for relevant genes within our target species

Following the analysis conducted on Geneious software and relevant articles associated
with our study species, specific genes were selected for B. pumilus, B. subtilis, L. brevis and L.
reuteri. These conserved genes were identified using references for each of the species, making
them suitable for comparison between strains. Tables 4.2 to 4.5 show these genes for the four

species, as well as information on the products they encode and their function.
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Table 4.2 Selection of genes for Bacillus pumilus.

Gene Encodes Activity References
Extracellular alkaline protease gene (170,171)
aprE Subsilisin E responsible for more than 70% of the total ’
extracellular proteolytic activity
3-phosphoshikimate 1- . . . . .
aroE carboxyvinyltransferase Biosynthesis of aromatic amino acids (172)
Type II topoisomerase that negatively
supercoils closed circular double-stranded
. DNA to modulate DNA topology and (173)
&8 DNA gyrase subunit B maintain chromosomes in a wounded state,
controlling the replication initiation,
transcription and chromosome segregation
— DNA mismatch repair Recognizes and repairs mismatched bases (174)
protein in new synthesized DNA daughter strands
. . (88,175)
pycA Pyruvate carboxylase Conversion of pyruvate into oxaloacetate
Catalyses the transfer of a ribosyl
Orotate phosphate group from S-phosphoribose 1-
pyrk phosphoribosyltransferase diphosphate to orotate, leading to the (176,177)
formation of orotidine monophosphate
It promotes the transcription of DNA into
rpoB RNA polyme?ase beta RNA through the four ribonucleoside (178)
subunit .
triphosphates used as substrates
. Essential in the final stage of tryptophan
trpB Beta subunit of tryptophan synthase, where it converts idole and L- (179)
synthase .
serine into tryptophan
xynB Beta xylosidase Xylan-degrading intracellular enzyme (180)
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Table 4.3 Selection of genes for Bacillus subtilis.

Gene Encodes Activity References
Response regulator of the comP/comA
. regulatory system which is involved in a
Transcriptional regulatory .
comA . major quorum response pathway that (181)
protein comA .
controls the development of genetic
competence
comC Late competence gene It is necessary .for the development of (182)
genetic competence
It is a sensor in the comP/comA regulatory
comP Sensor histidine kinase system that pgrforms an importgnt role in (183)
comP sporulation, which is partially
interchangeable with the function of SpollJ
A protein linked to cell It is important for regulating cellular
w10 communication and the competence, thus allowing the bacteria to (182)
process of competence for absorb exogenous DNA from the
genetic transformation environment
csad Csad chaperone Molecular chaperon ipvolved in protein (184)
secretion
It is part of the degS/degU regulatory
complex, crucial in the transitional growth
Signal transduction phase. In addition, it controls the expression
degS histidine-protein of various cellular activities, including the (185)
kinase/phosphatase degS production of degradative enzymes such as
neutral and alkaline proteases, as well as the
formation of flagella and biofilms
It is part of the degS/degU two-component
Transcriptional regulatory regulatory system and is involved in
degU . . (186)
protein degU processes such as exoprotease production,
genetic competence and motility
Involved in stress response, especially heat
shock, and assists in the proper folding of
dnak Chaperon protein dnak proteins as well as in the prevention of the (187)
aggregation of misfolded proteins under
stressful conditions
groEL GroEL chaperone Together Wl?}ll;h:hzg:iﬁ(gr‘ggoES’ it forms (188)
Type II topoisomerase that negatively
. supercoils closed circular double-stranded
gyrd DNA gyrase subunit A DpNA and also regulates the initiation of (189)
DNA replication
Type II topoisomerase that negatively
supercoils closed circular double-stranded
. DNA to modulate DNA topology and
g8 DNA gyrase subunit B maintain chromosomes in a wounded state, (173)
controlling the replication initiation,
transcription and chromosome segregation
y Phosphatidylglycerophospha | PgsA is an essential protein involved in the (190)
pgs te synthase synthesis of phosphatidylglycerol
G Glucose permease of the Transport of glucose as well as (190)
pLs phosphotransferase system | phosphorylation, and control of glsT activity
It promotes the transcription of DNA into
rpoB RNA pz:l}{)rzz?se beta RNA through the four ribonucleoside (191)

triphosphates used as substrates
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Table 4.4 Selection of genes for Levilactobacillus brevis.

Gene

Encodes

Activity

References

dnaK

Chaperone protein dnak

Involved in stress response, especially heat
shock, and assists in the proper folding of
proteins as well as in the prevention of the
aggregation of misfolded proteins under
stressful conditions

(187)

gadB

Glutamate decarboxylase

Catalyses the conversion of glutamate into
gamma-aminobutyric acid

(192)

gadC

Gamma-aminobutyric acid
antiporter

Enhances the availability of glutamate and,
consequently, the efficiency of the
glutamate decarboxylase system

(192)

gyrB

DNA gyrase subunit B

Type II topoisomerase that negatively
supercoils closed circular double-stranded
DNA to modulate DNA topology and
maintain chromosomes in a wounded state,
controlling the replication initiation,
transcription and chromosome segregation

(193)

horA

Multidrug transporter horA

Encodes a multidrug transporter protein
with a key role in hop resistance, that
protects the bacteria from antimicrobial
effects

(194)

recA

Recombinase recA

Encodes a DNA recombination protein of
the repair system

(195,196)

rpoA

RNA polymerase alpha
subunit

Essential in bacterial transcription

(197)
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Table 4.5 Selection of genes for Limosilactobacillus reuteri.

Gene

Encodes

Activity

References

ddl

D-alanine-D-alanine ligase

Enzyme involved in peptidoglycan
biosynthesis

(198)

dltA

D-alanyl-D-alanine carrier
protein ligase

Involved in the D-alanylation of teichoic
acids in the cell wall of many gram-positive
bacteria and modifies lipoteichoic acids by
integrating D-alanine, affecting the overall

charge of the cell wall

(199)

fabZ

Beta-hydroxyacyl-ACP-
dehydratase

Regulates the activity of 3-hydroxyacyl-
ACP dehydratase, the step involving the
dehydration of fatty acid in their
elongation, thus promoting the conversion
of 3-hydroxyacyl-ACP into enoyl-ACP

(200)

gnQ

Protein belonging to the
glutamine transport system

It is involved in the active transport of
glutamine across the cell membrane and
contributes to the uptake of this amino acid
by the bacteria

(200,201)

DNA gyrase subunit B

Type 11 topoisomerase that negatively
supercoils closed circular double-stranded
DNA to modulate DNA topology and
maintain chromosomes in a wounded state,
controlling the replication initiation,
transcription and chromosome segregation

(193)

leuS

Leucyl-tRNA synthetase

It is responsible for binding the amino acid
leucine to its cognate tRNA molecules
during protein synthesis

(202)

pkt

Phosphoketolase

Catalyses the conversion of xylulose 5-
phosphate or fructose 6-phosphate into
glyceraldehyde 3-phosphate and
acetylphosphate, a crucial reaction in the
phosphoketolase pathway for sugar
metabolism

(202)

recA

Recombinase recA4

Encodes a DNA recombination protein of
the repair system

(195,196)
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Once the genes for each species were selected, the NCBI Nucleotide database was used
to search for fragments that were associated with the target species and the respective genes
chosen for each one, resulting in the following number of samples displayed in Tables 4.6 to
4.9. In these same tables it is possible to see the number of fragments obtained by the program,

some of which were not described as being from the desired species or gene.

In some instances, although the number of fragments obtained for a given gene was
significant, they displayed many nucleotide sequences with no information available in the
NCBI Nucleotide database. This limitation affected, in particular, the fragments obtained for
the comQ gene from B. subtilis, as well as the rpoB and gyrB from B. pumilus. As a result, these

genes were excluded from subsequent stages of the study.

Table 4.6 Number of sequences obtained using Geneious software, after searching the se-
lected genes for Bacillus pumilus.

Resea.rch Found %Eg;;ﬁ::ig;l:igg Sequences of t.he Sequences fl.'OlIl se?:;ltl::flnsc::c?:stgid
Topic Sequences Information Selected Species other Species gene
aprE 3 0 1 2 1
aroE 82 0 19 63 19
B 230 1 136 94 127
mutL 83 4 20 63 16
pycd 79 0 16 63 16
pyrE 81 1 18 63 17
rpoB 170 1 70 100 66
trpB 80 1 17 63 16
xynB 4 0 3 1 3
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Table 4.7 Number of sequences obtained using Geneious software, after searching the se-
lected genes for Bacillus subtilis.

Sequences with no

Sequences of the

Resea.rch Found Visible Nucleotide Sequences of t.he Sequences fl.‘om selected species and
Topic Sequences Information Selected Species other Species P
comA 23 6 17 6 5
comC 12 5 9 3 3
comP 69 6 66 3 46
comQ 68 5 66 2 49
csad 1511 186 13 1498 1
degS 13 7 10 3 5
degU 15 9 9 6 5
dnak 180 87 82 98 15
groEL 163 16 99 64 84
gyrd 859 134 613 246 558
gyrB 423 131 244 179 182
pgsA 116 95 30 86 7
ptsG 96 89 8 88 2
rpoB 521 81 345 176 329
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Table 4.8 Number of sequences obtained using Geneious software, after searching the se-

lected genes for Levilactobacillus brevis.

Sequences with no

Sequences of the

Resea.rch Found Visible Nucleotide Sequences of t'he Sequences fl.‘om selected species and
Topic Sequences Information Selected Species other Species P
dnakK 13 2 13 0 11
gadB 8 0 7 1 7
gadC 6 0 6 0 5
gyrB 28 0 28 0 27
horA 4 0 4 0 4
recA 45 6 21 24 19
rpoA 18 1 18 0 17

Table 4.9 Number of sequences obtained using Geneious software, after searching the se-

lected genes for Limosilactobacillus reuteri.

Research

Found

Sequences with no

Sequences of the

Sequences from

Sequences of the

Topic Sequences Vislizizfnl:::f:;ide Selected Species other Species seleaedgi[:edes and
ddl 133 0 133 0 133
ditA 165 24 165 0 133
fabZ 68 48 68 0 0
ginQ 22 7 22 0 0
gyrB 152 17 152 0 134
leuS 144 11 144 0 133
pkt 133 0 133 0 133
recA 156 15 156 0 133

41




For each of the target species, were selected the genes that had a significant number of
fragments, which were the aroE, gyrB, mutL, pycA, pyrE, rpoB and trpB genes from B. pumilus,
comP, comQ, dnak, groEL, gyrA, gyrB and rpoB from B. subtilis, gyrB, recA and rpoA from
L. brevis and ddl, ditA, gyrB, leuS, pkt and recA from L. reuteri.

4.3 Promising fragments suitable for primers

Once selected the target genes, 19, 127, 16, 16, 17, 66, 16, 46, 49, 15, 84, 558, 182, 329,
27,19, 17,133, 133, 134, 133, 133 and 133 fragments were aligned according to the previous
search performed for "B. pumilus aroE", "B. pumilus gyrB", "B. pumilus mutL", "B. pumilus
pycA","B. pumilus pyrE","B. pumilus rpoB", "B. pumilus trpB”,"B. subtilis comP","B. subtilis
comQ","B. subtilis dnaK", "B. subtilis groEL", "B. subtilis gyrA", "B. subtilis gyrB", "B. subtilis
rpoB", "L. brevis gyrB", "L. brevis recA", "L. brevis rpoA", "L. reuteri ddl", "L. reuteri dit4",
"L. reuteri gyrB", "L. reuteri leuS", "L. reuteri pkt" and "L. reuteri recA", respectively. These
fragments were aligned with the reference genomes of each species, B. pumilus SAFR-032, B.

subtilis 168, L. brevis KB290 and L. reuteri 15007, as shown by the examples in Figures 4.1 to

400 a07 410 420 43 240 450 60 a7 480 290 500 510
dentiy T
L& 1. B. pumilus SAFR-032 GA 1 TCT [«
L+ 2. KR905420 GA C A C A
[+ 3. KC346753 A G C G TATT T C C (o
[s 4. KC346752
L+ 5. KC346751
L+ 6. KC346750
O+ 7. KC346749
[ 8. KC346748 A G C G T T T C C C
O+ 9. KC346746 A GA A T A C C A
L+ 10. KC346736
O+ 11. KC346734
[ 12 KC346729
O+ 13. KC346727
L+ 14, KC346726
O+ 15. KC346725 GA A T A C C A
[ 16. KC346724 C G T T A cT A C C G A
L+ 17. KC346717 AA C T T TA A A C C C

[+ 18. KC346693

Figure 4.1 Alignment of 17 fragments of the pyrE target gene with the reference genome of Bacillus pu-
milus SAFR-032.
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Figure 4.2 Alignment of 15 fragments of the dnaK target gene with the reference genome of Bacillus subtilis
168.

identity I IS W S S E S ..

Ce 1. AMO87777 A

5. JF754638
6. KT428810
7. MF988164

8. MF988165

9. MFS88166

10. MF988167

11. MF988168

12. MF988169

13. MF988170

14. MF988171
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Figure 4.3 Alignment of 17 fragments of the 7poA target gene with the reference genome of Levilactobacil-
lus brevis KB290.
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Figure 4.4 Alignment of 25 unique sequence fragments, out of a total of 133 fragments, of the recA target
gene with the reference genome of Limosilactobacillus reuteri 15007.
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After aligning these sequences, the identification of non-conserved regions in each
reference genome, meaning regions that accumulate enough changes to specifically detect one
strain and not another, was performed, since these regions could be useful and have potential
for the design of our primers. In the Appendix 1 to 4, were summarized for each strain of the
target species, sequences with potential for the design of our primers. Each of these fragments
was selected from a panel of many others, and the ones listed in the following four tables
showed that they had potential to be a primer for our study strains, according to the parameters
presented in section 3.4 of this document, which summarize the criteria for a good primer
selection. In this stage of the project, the parameters that were evaluated for the selection of
fragments with potential for primers, and which are summarized in the tables below, were the
length of the primer, value of the melting temperature, GC content, the formation of self-dimers
and hairpins, with these last parameters being evaluated using the OligoAnalyzer™ Tool from

Integrated DNA Technologies, Inc. (IDT™).

4.4 Primer design for target strains

Among the fragments previously selected as having potential for primers, were
highlighted in the tables below (Table 4.10 to 4.12) those that operate better collectively and
which meet the criteria mentioned in Chapter 3.4 of this document. For each of the strains
studied in this project, a set of primers specific to them was created, making it possible to
uniquely identify each one of them. In this step of the project, was tested the possibility of
forming hetero-dimers between the primers proposed in Appendix 1 to 4, with only those in the
tables below showing a lower probability of forming these bonds or causing any problem during
the amplification process. This last variable was calculated using the OligoAnalyzer™ Tool

from Integrated DNA Technologies, Inc. (IDT™).
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Table 4.10 Selected primers for the target genes of Bacillus pumilus SAFR-032 and corre-
sponding length, melting temperature and GC content value of each primer.

Melting
Primer length GC content
Gene Primers Temperature
(bp) . (%)
O

2 5’ TATGACTGTTCTTCACGCTGGC 3’ 22 57.3 50.0
gyr.

3’ CCTACCTCGCGTGTAAGCTTGC 5’ 22 60.9 59.1

5’ TCCCGCTTCCGTTGTAAAAG 3’ 20 62.6 50.0

mutL 3> GAATGCAGTGGTTCCTTTTCAG 5’ 22 61.1 45.5

3> CGATAAATACCCTGTCGTCA 5’ 20 59.8 45.0

y 5" GACACCTTCTTCTAAAGTAGTC 3’ 22 57.9 40.9
pye

5" ACTCATTGTGAAACTCGTGTCA 3° 22 62.4 40.9

5" TGCTCCGATGTGTTATGTC 3’ 19 59.5 47.4

pyrE 3> CCATCAGCAGCATCTTCTAGAT 5’ 22 60.0 45.5

3’ CCTACCTTCTTTGGCCAGATT 5’ 20 593 45.0

For the B. pumilus SAFR-032 strain, a set of ten primers was selected, five of which
being forward primers and the other five reverse primers, with a length ranging from 19 bp to
22 bp, therefore fulfilling the appropriate primer length to avoid any undesired results during
product amplification. As for GC content, the primers presented values between 40.9% and
59.1%, which were within the ideal values mentioned in Chapter 3.4, and the majority of them
contained two to three cytosine or guanine nucleotides at the end of the chain, giving them
greater binding strength to the DNA strand to be amplified. Regarding the melting temperature
of the primers, the values ranged from 57.3°C to 62.6°C, indicating that they had an ideal and

similar Mt, with a temperature variation of approximately 5°C between the ten primers.
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Table 4.11 Selected primers for the target genes of Bacillus subtilis 168 and corresponding
length, melting temperature and GC content value of each primer.

Melting
Primer length GC content

Gene Primers Temperature

(bp) . (%)
O

5" TTTCGCTTGCAGAAAGTCC 3’ 19 53.5 47.4
5’ TCTTGTGGAGTGTAATCCTTTC 3’ 22 523 40.9
dnak 5" GTTCGCCGTTTTTAAATGCA 3° 20 52.4 40.0
3> CCCAAACATTATCTAACCGCAA S’ 22 53.4 40.9
3> CAAACAACAAGGATTCAGCTAAGG &’ 24 54.1 41.7

Regarding the B. subtilis 168 strain, a set of five primers was picked, three of which
were forward primers and two reverse primers, presenting a length that varied from 19 bp to 24
bp, thus fulfilling the appropriate length required for a good primer. As for CG content, they
showed levels ranging from 40.0% to 47.4%, which is in line with the ideal values mentioned
in Chapter 3.4, and most of these primers presented two to three cytosine or guanine nucleotides
at the end of the chain, conferring greater binding strength to the DNA chain intended to be
amplified. When it comes to the melting temperature of the primers, the values fluctuated
between 52.3°C and 54.1°C, showing that they had an ideal and similar Mt between them, with

the temperature variation between the five primers being less than 2°C.
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Table 4.12 Selected primers for the target genes of Limosilactobacillus reuteri 15007 and cor-
responding length, melting temperature and GC content value of each primer.

Primer length | Melting Temper- | GC content
Gene Primers

(bp) ature (°C) (%)
5> AACTTCCCACATTTGAGGG 3’ 19 52.5 47.4
5> GGTACACGAACAGCTCCT 3’ 18 54.2 55.6

ddl
5’ TTCTTGAGGATTGGCGAT 3’ 18 51.1 44 .4
3> TTACGGAACATACGGAAG 5’ 18 50.2 44 .4
5> GGCTTCTGCATATTGAGGATCA 3’ 22 54.8 45.5
3> AAGGTTATTGTAGGCATGGT 5’ 20 51.1 40.0

recA
3> TTCTCGGACTCTGTAGTTTG 5’ 20 52.4 45.0
3> GACGCTTTCGTTATCCAGTAGTTA &’ 24 54.1 41.7

Lastly, the L. reuteri 15007 was analysed by selecting a set of eight primers, four of

which were forward primers and four reverse primers, presenting a length ranging from 19 bp

to 24 bp and thus meeting the criteria required for a suitable primer length. In terms of GC

content, the primers exhibited a percentage that ranged from 40.0% to 55.6%, thus falling within

the ideal values mentioned in Chapter 3.4, and some of them contained two to three cytosine or

guanine nucleotides at the end of the chain, thus making them stronger in binding to the DNA

chain to be amplified. Regarding the melting temperature of the primers, the values varied

between 50.2°C and 54.8°C.
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Chapter 5: Discussion

5.1 Probiotic applications

For the present study, four strains of different bacterial species exhibiting probiotic po-
tential were selected, being them B. pumilus SAFR-032, B. subtilis 168, L. brevis KB290 and
L. reuteri 15007. These bacterial strains can contribute to human health. A study shown that
strain B. pumilus SAFR-032 was able to produce an antimicrobial agent with effect on E. coli
ATCC 10536, a member of one of the most common pathogenic bacterial species responsible
for causing infections in the urinary tract of children and adults (203). The designation of this
antimicrobial agent was not specified. The ammonium sulphate method known for extracting
protein bioactive agents, was used to isolate it, and it was possible to infer that it contained a

peptide chain in its structure or a particular unit with amino acids joined by peptide bonds.

Meanwhile, B. subtilis 168 is known for producing sublancin 168, a bacteriocin with
strong antimicrobial activity against certain gram-positive bacteria, including Priestia mega-
terium (formally known as Bacillus megaterium) and Streptococcus pyogenes (204). P. mega-
terium 1s a bacteria that usually does not reveal significant pathogenicity, and that can be dis-
covered in environments such as in food (e.g. honey) and soil. However, although it is uncom-
mon, some studies report the pathogenic character of this bacteria and associate it with some
cases of human infections, as mentioned in the following research. In addition to some cases of
bacteraemia, meningitis, and other conditions, a case study also reported a soft tissue infection
caused by this bacteria after a potential wound developed by a patient (205). In contrast, S.
pyogenes is a pathogenic bacteria responsible for causing a wide range of infections, from mild
and common, such as pharyngitis, impetigo and scarlet fever, to more serious cases of infection
with high mortality rates, such as septicaemia, necrotizing fasciitis and streptococcal toxic
shock syndrome (206,207). B. subtilis 168 has also shown its potential, in experiments carried
out with Drosophila melanogaster and in vitro cell cultures, in the treatment of CaOX nephro-
lithiasis, commonly known as kidney stones, as it is capable of degrading oxalate, the cause of
80% of cases concerning kidney stones, and preventing the aggregation and adhesion of CaOX

crystals to the cells of the kidney epithelium (208).
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A third study (209) aimed to confirm that the oral administration of probiotic Bacillus
species promoted the growth of Lactobacillus in the intestinal tract, by co-culturing in vitro
strains of L. plantarum SDMCCO050204-pL157 with B. subtilis 168. Strains of L. brevis have a
high sensitivity to reactive oxygen species because they lack an efficient antioxidant system
which is normally found in aerobic microorganisms. So, these bacteria carry a gene that encodes
a heme-dependent catalase, which catalyses the degrading of hydrogen peroxide from reactive
oxygen species, despite the fact that these microorganisms do not have the ability to synthesize
heme and for this reason they are defined as catalase-negative strains. For this experiment, in
which the conditions of the intestinal tract were simulated, an autolysate was added to the cul-
tures of L. plantarum SDMCCO050204-pL157, minimizing the hydrogen peroxide levels, pro-
tecting the DNA integrity of L. plantarum SDMCC050204-pL157 against oxidative stress and
increasing the survival rate of this strain. The heme group, formed by the autolysis of B. subtilis
168, activated the heme-dependent catalase - katA - in L. plantarum SDMCC050204-pL157,

improving its ability to catalyse hydrogen peroxide and thus survive oxidative stress.

This study proposed a model in which, after oral administration of the probiotic B. sub-
tilis 168, this strain undergoes a process of autolysis in the intestine, releasing the heme group
and possibly other factors that promote the growth and resilience of Lactobacillus strains, and
the benefits of its administration extend beyond the direct effects, playing a supporting role by

interacting with other probiotic strains.

Previous observations have indicated that L. brevis KB290 may be effective in the treat-
ment of a wide range of health conditions, being some of them obesity and gastrointestinal
disorders, such as irritable bowel syndrome. As for the case of obesity, supplementation with
heat-killed L. brevis KB290, a paraprobiotic, helped to reduce indicators of obesity, such as the
increased density of adipose tissue caused by a unhealthy diet and high levels of glucose in the
system, and for irritable bowel syndrome, this probiotic significantly relieved abdominal pain
and modified the composition of the intestinal microflora of patients after taking L. brevis
KB290, showing a decrease in Clostridium, which is normally highly prevalent in irritable
bowel syndrome patients, and an increase in Bifidobacterium, which is highly prevalent among
healthy individuals (210). The difference between a paraprobiotic and a probiotic is that the
first one refers to a non-viable/inactive microbial cell or a fraction of it derived from a probiotic
bacterium, which confers health benefits to its consumer, when administered in the indicated
doses, similar to those provided by a probiotic. Paraprobiotics have emerged as an alternative

to probiotics since they bring the following advantages: they are more stable and safer to be
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consumed, they have a longer shelf life, they are easier to store, the doses administered are
easier to control and they are compatible with antibiotics and antifungals (211,212). L. brevis
KB290 exhibits immunomodulatory properties that can be enhanced against influenza virus
infections. Research results have shown that oral administration of the probiotic L. brevis
KB290 plays a significant role in mitigating some of the symptoms induced by influenza virus
infection, such as loss of body mass, helping increase the levels of [FV-specific immunoglobu-

lin A and raising the synthesis of IFN-a induced by viral infection (213).

Multiple studies support the probiotic effects of L. reuteri 15007 on gut health, including
enhancement of gut barrier integrity, modulation of immune responses, improvement of

intestinal morphology, and reduction of inflammation in both animal and cell culture models.

A study has revealed that pre-treatment with L. reuteri 15007 helped to prevent the
development of colitis in mice, and the impact was attributed to changes in the intestinal
microbiota and metabolites, and their roles in improving colonic function (214). Tests
performed in vivo with rats treated with dextran sulphate sodium, a compound commonly used
to induce colitis in animal models, revealed that the L. reuteri 15007 pre-treatment improved
the proper functioning of the colon by maintaining its consistency and minimizing the loss of
length induced by treatment with dextran sulphate sodium. It also helped significantly in
decelerating the weight loss of the subjects, when compared to other treated solely with dextran
sulphate sodium who showed weight loss and helped recovering the number of globlet cells and
reducing ulceration of the mucosa. Observation of mice colon treated with dextran sulphate
sodium revealed severe inflammation of the mucosa and the near loss of this layer, when
compared to the test carried out after pre-treatment with L. reuteri 15007 which showed an
inhibition of this inflammatory response of decreased mucosal ulceration, epithelial oedema

and crypt loss, and recovered globlet cells and MUC-2 expression.

In the same study, an in vitro test was undertaken with human colon cell line HT-29,
exposed to lipopolysaccharides in order to induce an expression of inflammatory cytokines.
The pre-treatment with L. reuteri 15007 diminished the pro-inflammatory cytokines IL-1f3 and
TNF-a levels, which are associated with the pathogenic potential of IBD, while promoting the
augmented expression of IL-10 (214). Additionally, researchers observed a modulatory effect
on the gut microbiota, as pre-treatment with L. reuteri 15007 led to a decrease in the abundance
of the Enterobacteriaceae family and the Escherichia-Shigella genus, both reported to be

connected with individuals with IBD in other studies.
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In a previous study (215), scientists investigated the ability of L. reuteri 15007 to support
and protect the intestinal epithelium by modulating tight junction proteins, claudin-1, occludin
and ZO-1, through an in vitro experiment with an IPEC-J2 cell line and an in vivo experiment
with newborn piglets. These proteins were shown to be responsible for preserving the gut
mucosal barrier structure and for regulating the transport of ions, solutes and water across it,
but also for preventing and treating several illnesses regarding the intestine, through
augmentation and protection of the gut barrier, when modulated by probiotics. L. reuteri 15007
showed its probiotic effect by upregulating tight junction protein expression (claudin-1,
occluding and ZO-1), preventing epithelial barrier disruption and inflammation induced by

endotoxins (e.g. LPS), resulting in the intestinal barrier protection and preserving its health.

The results of the above-mentioned experiment proved to be successful as the probiotic
strain L. reuteri 15007 was able to modulate the expression of tight junction proteins in vivo, in
the intestine, and in vitro, using IPEC-J2 cells, thus reinforcing the belief that this probiotic

helps protecting and supporting the intestinal mucosal barrier.
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5.2 Development of specific primers for probiotic strains

The aim of this project was to create a panel of specific primers capable of detecting the
probiotic strains mentioned above. Based on the results obtained, it is possible to state that it
was partially accomplished, as a set of primers was proposed for all the strains selected, except
for L. brevis KB290. A major limitation of this study lies in the fact that the results obtained
can only be considered positive on a theoretical level, as the set of primers proposed for each
probiotic strain has not yet been validated. Other limitations are associated with the bioinfor-
matic software used, Geneious, when compared with other platforms. The license cost for the
use of this software is elevated, it’s restricted mode blocks access to most of the program tools,
it requires a higher memory and CPU power from the user’s computer to work efficiently and

it takes longer time to generate results, particularly when analysing large datasets.

The genomes of each of the selected probiotic strains and the gene fragments-chosen for
our study, obtained from the NCBI database collection, were compared with multiple fragments

and allowed to analyse the sequences and determine polymorphisms between all sequences.

It is commonly found in the literature, sets of primers capable of being used to detect
single microbial species and some examples are presented for B. subtilis and L. brevis. In a
recent study (216), out of 17 housekeeping genes studied, the authors selected pycA and aroE
as the best genes to distinguish B. subtilis from other Bacillus species, with the pycA gene
showing the highest number of polymorphisms as it had 1075 polymorphic sites. The pycA gene
has shown a nucleotide identity between B. subtilis strains of 98.9%-100%, compared to the
identity shared with other Bacillus species of 79.7%-82.1%, and the aroE gene has shown a
similarity between strains of 98.8%-99.9%, in contrast to other Bacillus species which have
shown a similarity of 67.0%-74.6% in the entire sequence of this gene. After selecting the two
genes, distinct nucleotide sequences were identified by comparative analysis, and then specific
primers were designed for these sequences. In the end, the PCR method was able to confirm
the specificity of these primers by only amplifying the DNA of B. subtilis and not from other
Bacillus species. During a study performed with lactic acid bacteria, the quantitative PCR
method was used for the quantitative and qualitative detection of six lactic acid bacteria isolates
using the fuf gene, a gene whose region was more variable between species, with one of these

isolates belonging to the L. brevis species (217).
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Other studies carried out over the last couple of years have proposed different
approaches to distinguishing the strains used in our study from some other strains of the same
species (218,219). A study revealed that it was possible to differentiate B. subtilis 168 from
other strains of the same species based on existing polymorphisms in the sequences of B. subtilis

168, B. subtilis NCBI 3610T, B. subtilis PY76 and B. subtilis SMY (218).

A second research conducted in the last few years was capable to distinguish L. brevis
KB290 from other strain of the same species (219). Comparisons between L. brevis KB290 and
another probiotic strain, L. brevis ATCC 367, showed that strain KB290 harbours genes
encoding for 375 unique proteins when compared with strain ATCC 367. This study allowed
us to observe the existing differences between these two strains of the same species, although

no specific detection method has been proposed for L. brevis strain KB290.

Finally, for L. reuteri 15007, many studies have been found with methods for detecting
this strain, although they have not proved to be specific. As an example, we found a study
conducted with the aim of evaluating the effects of this strain on the diversity of the intestinal
microbial community in pigs (156). The method used to detect and analyse the microbial
community was Denaturing Gradient Gel Electrophoresis after performing PCR of products
resulting from the amplification of the V6 - V8 regions of the 16S rRNA of these same
microorganisms, which included, among many microorganisms, the strain L. reuteri 15007
tested in this thesis. This same method was used to separate the fragments produced by PCR

amplification of two sets of primers.

Based on the literature, no studies or approaches previously proposed were able to
uniquely distinguish specific strains from large sets of strains including closely related strains.
It becomes difficult to find variations in regions of specific strains that are unique and very few
comparative studies with genetically close microorganisms belonging to the same species have
shown promising results in this regard (161). The challenge lies in finding genomic regions that
remain stable over time, but at the same time exhibit enough variability to distinguish a given

strain from others of the same species.

Given the above situations, a set of highly conserved genes, some of which
housekeeping genes, were selected for comparison with other strains. Only part of these genes
was used further in this project because they proved to have the unique characteristics needed

to design specific primers for each of our strains. The first reason for excluding certain genes
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was the low number of variability found for these genes in the NCBI database. Ideally, the
availability of multiple gene sequences, variable enough to characterize the full species, would
facilitate our task and get good conclusions from the comparison of genomes or sequences. The
second reason for the rejection of genes in this project was that, after aligning the reference
genomes with the fragments of the chosen genes, there were genes with multiple
polymorphisms, such as SNPs, but they were too sparce and no enough polymorphisms were
available in order to provide a differentiation of a specific strain from others based on that gene

(in other words it was not possible to design specific primers).

Therefore, enough SNPs were identified in a last set of genes allowing the design of
primers capable of distinguishing our targeting strains from a large number of others belonging
to the same species, including closely related strains. A set of ten primers — five forward and
five reverse primers, were proposed for B. pumilus SAFR-032; five primers — three forward and
two reverse primers, were proposed for B. subtilis 168; and eight primers — four forward and
four reverse primers, were proposed for L. reuteri 15007. These primers need to be tested now

in multiple samples in order to verify in real samples the result observed in silico.

54



Chapter 6: Conclusion

The purpose of this study was to develop a panel of primers capable of detecting the strains
B. pumilus SAFR-032, B. subtilis 168, L. brevis KB290 and L. reuteri 15007. These primers
could be potentially used in the future to detect the same strains in complex biological samples
with high biodiversity and genetic diversity. The goal was achieved for three strains, as a set of
potential primers was proposed for the detection of the targeted strains. However, it was not
possible to design a set of primers for the L. brevis KB290 strain as the variability of the tested
genes was low. At the end of this project, a set of ten primers was selected for B. pumilus SAFR-

032, five primers for B. subtilis 168 and eight primers for L. reuteri 15007.

Although it was not possible to deliver a set of primers for L. brevis KB290, the study
yielded promising results. A panel of primers with potential to detect the probiotic strains B.
pumilus SAFR-032, B. subtilis 168 and L. reuteri 15007 was successfully proposed. In contrast
with previous comparative studies that failed to propose methods for the detection of the above-
mentioned strains, the current work presents a methodological approach with potential applica-

bility not only for the selected strains, but also for the detection of other strains.
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Chapter 7: Future work

Considering the work carried out in this project and the fact that a set of primers was
proposed for the detection of the strains B. pumilus SAFR-032, B. subtilis 168 and L. reuteri
15007, the next step for future research involves the experimental validation of these primers.
The primers were designed in silico and demonstrated potential for the detection of the proposed
strains among large genomic datasets, including closely related strains. Nevertheless, it will
only be possible to validate the specificity of these primers through laboratorial work with the
conditions proposed during this study testing clinical samples, such as intestinal mucosa,
intestinal tissue, faecal or oral samples, and other samples, such as food samples, food products

with probiotic effects where these strains are often included or fermented food products.

Certain improvements could also be introduced to this work in its many stages, such as
a more extensive search of different genes for our study strains, which not only could provide
more fragments from other strains for comparison with ours, but could also provide more
unique genomic regions, which would be an important factor in the design of specific primers
for our strains. In addition, the comparison of thousands of genomes for each species, including
closely related strains, can be relevant insights on the best regions for polymorphic segments
and therefore unique primer designs. Finally, the methodology developed in this work could be
extended to other probiotic strains including the design of multiplex systems capable to detect
and monitor multiple strains at once and therefore exploring the potential of multiple probiotics

combined and cooperating for a better human health.
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Appendixes

Appendix 1 Fragments containing polymorphic regions with potential for primers in the Ba-
cillus pumilus SAFR-032 gyrB, mutL, pycA and pyrE genes.

Gene Melting GC content
Gene Gene Fragment Fragment Temperature (%)
length (bp) °O)
5> TATGACTGTTCTTCACGCTGGC 3’ 2 573 500
3> ATACTGACAAGAAGTGCGACCG 5’ ) )
3> TCTACGGCTACACCTACCTC 5’ 20 57.0 55.0
3> TCTACGGCTACACCTACCT 5’ 19 56.2 52.6
&rB 5 GGATGGAGCGCACATTCGAACG 3’ ’ 0.9 o1
3> CCTACCTCGCGTGTAAGCTTGC 5’ ’ ’
5> TCCCGCTTCCGTTGTAAAAGAG 3’ 22 64.5 50.0
5> TCCCGCTTCCGTTGTAAAAGA 3’ 21 64.1 47.6
5> TCCCGCTTCCGTTGTAAAAG 3’ 20 62.6 50.0
5> CGCTTCCGTTGTAAAAGA 3’ 18 57.7 44 .4
5> GCTTACGTCACCAAGGAAAAGTC 3’ 23 635 478
3> CGAATGCAGTGGTTCCTTTTCAG 5’ ) )
5> CTTACGTCACCAAGGAAAAGTC 3’ 2 61.1 455
3> GAATGCAGTGGTTCCTTTTCAG 5’ ) )
5> CTTACGTCACCAAGGAAAAG ¥’ 20 535 450
3> GAATGCAGTGGTTCCTTTTC 5’ ) )
3> CCGATAAATACCCTGTCGTCAAC 5’ 23 63.3 47.8
3> CCGATAAATACCCTGTCGTCAA 5’ 22 62.6 45.5
3> CCGATAAATACCCTGTCGTCA 5’ 21 62.1 47.6
mutL 5> GCTATTTATGGGACAGCAGT 3’ 20 508 45.0
3> CGATAAATACCCTGTCGTCA 5° ) )
5> GCTATTTATGGGACAGCAG 3’ 19 573 474
3> CGATAAATACCCTGTCGTC 5’ ) )
5> CTATTTATGGGACAGCAG 3’ 18 544 444
3> GATAAATACCCTGTCGTC 5’ ) )
3> TACCGTCTATACACTTCGTAAAGG 5’ 24 63.6 41.7
3> ACCGTCTATACACTTCGTAAAGG 5’ 23 63.3 43.5
5> GTGAAGCATTTCCCGCTCGTAA 3’ 22 65.0 50.0
5> TGAAGCATTTCCCGCTCGTAA 3’ 21 64.4 47.6
5> TGAAGCATTTCCCGCTCGTA 3’ 20 63.9 50.0
5> GAAGCATTTCCCGCTCGTA 3’ 19 62.1 52.6
5> CACGCTTCTGCCGATTGGT 3' 19 65.0 579
3> GTGCGAAGACGGCTAACCA 5° ) )
5> GACACCTTCTTCTAAAGTAGTCGG 3’ 24 62.1 45.8
5> GACACCTTCTTCTAAAGTAGTCG 3’ 23 60.2 43.5
5> GACACCTTCTTCTAAAGTAGTC 3’ 22 57.9 40.9
5> GTGACACCTTCTTCTAAAGTAGTC 3’ 24 60.5 41.7
5> CCTTCTTCTAAAGTAGTCGGAGAT 3’ 24 61.3 41.7
5> CTTCTAAAGTAGTCGGAGAT 3’ 20 56.0 40.0
pycA 3> GAAGATTTCATCAGCCTCTA 5° ) )
5> CGGTTCTTGACACACCAACATIT 3’ 23 64.0 435
3> GCCAAGAACTGTGTGGTTGTAAA 5’ ' )
5> GGTTCTTGACACACCAACATTT 3’ ” 618 409
3> CCAAGAACTGTGTGGTTGTAAA 5’ ) )
5> ACTCATTGTGAAACTCGTGTCA 3’ 22 62.4 40.9
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3> TGAGTAACACTTTGAGCACAGT 5°

pyrE

3> GTAACGGCTTCCAGACTTTCTCA 5’ 23 64.7 47.8
3> TAACGGCTTCCAGACTTTCTCA 5° 22 64.1 45.5
3> AACGGCTTCCAGACTTTCTCA S’ 21 63.8 47.6
3> ACGGCTTCCAGACTTTCTCA 5° 20 63.3 50.0
3> GGCTTCCAGACTTTCTCA 5’ 18 58.3 50.0
5’ CTGAATGCTCCGATGTGTTATGTC 3° 24 63.4 458
3> GACTTACGAGGCTACACAATACAG S’ ) )
5" TGAATGCTCCGATGTGTTATGTC 3° 23 62.9 435
3> ACTTACGAGGCTACACAATACAG 5’ ) )
5’ GAATGCTCCGATGTGTTATGTC 3’ 2 613 455
3> CTTACGAGGCTACACAATACAG 5’ ) )
5" AATGCTCCGATGTGTTATGTC 3’ 71 606 42.9
3> TTACGAGGCTACACAATACAG 5° ) )
5 ATGCTCCGATGTGTTATGTC 3’ 20 60.0 45.0
3’ TACGAGGCTACACAATAGAC S’ ) )
5’ TGCTCCGATGTGTTATGTC 3’ 19 595 474
3> ACGAGGCTACACAATACAG 5’ ) )
3> TTCCATCAGCAGCATCTTCTAGAT 5° 24 62.0 41.7
3> TCCATCAGCAGCATCTTCTAGAT 5° 23 61.5 43.5
3’ CCATCAGCAGCATCTTCTAGAT 5° 22 60.0 45.5
3> AGAACCTACCTTCTTTGGCAGATT 5° 24 63.8 41.7
3> GAACCTACCTTCTTTGGCAGATT 5° 23 62.4 43.5
3> AACCTACCTTCTTTGGCAGATT 5° 22 61.8 40.9
3> ACCTACCTTCTTTGGCAGATT 5’ 21 61.2 429
3’ CCTACCTTCTTTGGCAGATT 5° 20 59.3 45.0
3> CTACCTTCTTTGGCAGATT 5° 19 56.8 42.1
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Appendix 2 Fragments containing polymorphic regions with potential for primers in the Ba-
cillus subtilis 168 dnaK and groEL genes.

Gene

Melting

Gene Gene Fragment Fragment Temperature C cogntent
length (bp) (°C) (%)
5 GTCGATTTCGCTTGCAGAAAGTCC 3’ 24 58.6 50.0
5’ GTCGATTTCGCTTGCAGAAAGTC 3’ 23 56.8 47.8
5’ GTCGATTTCGCTTGCAGAAAGT ¥’ 22 56.1 45.5
5’ GTCGATTTCGCTTGCAGAAAG 3° 21 54.7 47.6
5’ GTCGATTTCGCTTGCAGAAA 3° 20 53.9 45.0
5’ GTCGATTTCGCTTGCAGAA 3’ 19 53.5 474
5" TTTCGCTTGCAGAAAGTCC 3’ 19 535 47.4
3> AAAGCGAACGTCTTTCAGG 5° ' )
3> AGTTCCACTTCGCCAGGACGA 5’ 21 61.2 57.1
5" TCAAGGTGAAGCGGTCCTGC 3° 20 60 1 60.0
3’AGTTCCACTTCGCCAGGACG 5’ ' )
5" TCAAGGTGAAGCGGTCCTG 3’ 19 573 579
3> AGTTCCACTTCGCCAGGAC 5’ ' )
5" TCTTGTGGAGTGTAATCCTTTC 3’ 2 573 40.9
3> AGAACACCTCACATTAGGAAG S’ ) )
5> TCTTGTGGAGTGTAATCCTT 3’ 20 507 40.0
3> AGAACACCTCACATTAGGAA S’ ) )
5> CTTGTGGAGTGTAATCCTTTC 3° 71 50.9 42.9
3> GAACACCTCACATTAGGAAAG S’ ' )
5> GTACCCATATGACGTTTGATAG 3’ 2 506 40.9
3> CATGGGTATACTGCAAACTATC S’ ' )
5> GTTAGGGTTTGTAATAGATTGGCG 3’ 24 539 417
dnakK 3> CAATCCCAAACATTATCTAACCGCS® ' )
5> GGGTTTGTAATAGATTGGCGTT 3’ 2 534 40.9
3’ CCCAAACATTATCTAACCGCAA S’ ' )
5" GGGTTTGTAATAGATTGGCGT 3’ 71 530 429
3’ CCCAAACATTATCTAACCGCA S’ ) )
5" GGGTTTGTAATAGATTGGCG 3’ 20 513 45.0
3’ CCCAAACATTATCTAACCGC 5° ) )
5" GTTCGCCGTTTTTAAATGCA 3’ 20 574 40.0
3’CAAGCGGCAAAAATTTACGT 5° ) )
5" GTTTGTTGTTCCTAAGTCGATTCC 3’ 24 541 41.7
3’CAAACAACAAGGATTCAGCTAAGG 5’ ) )
5’ GTTGTTCCTAAGTCGATTCCGAT 3’ 23 54.7 43.5
5’ GTTGTTCCTAAGTCGATTCCGA 3’ 22 54.5 45.5
5" GTTGTTCCTAAGTCGATTCC 3° 20 506 45.0
3> CAACAAGGATTCAGCTAAGG S’ ) )
5> TGTTCCTAAGTCGATTCCGAT 3’ 21 533 42.9
5> TGTTCCTAAGTCGATTCCGA 3’ 20 53.0 45.0
5> GTTCCTAAGTCGATTCCGATAACT 3’ 24 54.1 41.7
5> GTTCCTAAGTCGATTCCGATAA 3’ 22 51.8 40.9
5> GTTCCTAAGTCGATTCCGAT 3’ 20 51.7 45.0
5’ GTTCCTAAGTCGATTCCGA 3° 19 51.3 474
5’ CCTAAGTCGATTCCGATAACT 3’ 21 514 42.9
5> CAAAAGTTACACGCTCAGCTCTTC 3’ 24 63.9 458
3’ GTTTTCAATGTGCGAGTCGAGAAG 5’ ) )
5> CAAAAGTTACACGCTCAGCTCTT 3° 23 63.4 435
il 3’ GTTTTCAATGTGCGAGTCGAGAA 5’ ) )
5> AAAAGTTACACGCTCAGCTCTT 3’ 2 62.7 40.9

3> TTTTCAATGTGCGAGTCGAGAA 5’
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5> AGCTCTTCAAAACGCTGCG 3’

3’ TCGAGAAGTTTTGCGACGC 5° 19 634 526
5' CTGCGTCTGTAGCTGCAATGT 3’ 1 64.9 524
3> GACGCAGACATCGACGTTACA &° ' )
5" TGCGTCTGTAGCTGCAATGT 3’ 20 64.4 50.0
3> ACGCAGACATCGACGTTACA & ' )
5" ACAAGCCAGAAGAAAACGGTG 3’ 71 633 476
3 TGTTCGGTCTTCTTTTGCCAC 5° ) )
5" CAAGCCAGAAGAAAACGGTG 3’ 20 616 500
3> GTTCGGTCTTCTTTTGCCAC 5° ) )
5> AAGCCAGAAGAAAACGGTG 3’ 19 60.6 47.4
3 TTCGGTCTTCTTTTGCCAC &° ) )
5> AGCCAGAAGAAAACGGTG 3’ 18 599 500
3 TCGGTCTTCTTTTGCCAC S’ ) )
Appendix 3 Fragments containing polymorphic regions with potential for primers in the
Levilactobacillus brevis KB290 rpoA gene.
Gene Melting
Gene Gene Fragment Fragment Temperature (£ c‘;ntent
length (bp) ¢C) ()
5" CAAACATTGCCAGATGTTCAG 3’ 21 52.5 429
5" CAAACATTGCCAGATGTTCA 3’ 20 51.4 40.0
5" AAACATTGCCAGATGTTCAG 3’ 20 512 40.0
5> AACATTGCCAGATGTTCAG 3° 19 507 41
3’ TTGTAACGGTCTACAAGTC S’ ) )
5> ACATTGCCAGATGTTCAG 3° 18 500 44.4
3> TGTAACGGTCTACAAGTC &’ ) )
5> CAGAACCCCGTCGATTTGAATG 3° 22 563 50.0
rpoA 3> GTCTTGGGGCAGCTAAACTTAC 5’ ' )
5’CAGAACCCCGTCGATTTGA 3 19 549 526
3> GTCTTGGGGCAGCTAAACT 5’ ' )
5" AGAACCCCGTCGATTTGAATG 3’ 21 553 476
3’ TCTTGGGGCAGCTAAACTTAC 5’ ) )
5" GAACCCCGTCGATTTGAATG 3’ 20 540 500
3’ CTTGGGGCAGCTAAACTTAC S’ ) )
5" AACCCCGTCGATTTGAATG 3’ 19 531 474

3> TTGGGGCAGCTAAACTTAC 5°
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Appendix 4 Fragments containing polymorphic regions with potential for primers in the Li-

mosilactobacillus reuteri 15007 ddl and recA gene.

Gene

Melting

Gene Gene Fragment Fragment Temperature (£ c;ntent
length (bp) (°C) {20
5> AACTTCCCACATTTGAGGG 3’ 19 52.5 47.4
5> ACTTCCCACATTTGAGGG 3 18 52.0 50.0
5> AATGCCTTGTATGCCTTC 3’ 18 S0 444
3> TTACGGAACATACGGAAG 5’ : '
5> GGTACACGAACAGCTCCTAA 3’ 0 sl 500
3> CCATGTGCTTGTCGAGGATT 5’ : '
ddl 5> GGTACACGAACAGCTCCTA 3’ 19 537 526
3> CCATGTGCTTGTCGAGGAT 5’ : '
5> GGTACACGAACAGCTCCT 3’ 18 540 556
3> CCATGTGCTTGTCGAGGA 5’ : :
5> TCAATTTCTTGAGGATTGGC 3’ 20 50.7 40.0
5> TTCTTGAGGATTGGCGAT 3’ 18 s1 1 444
3> AAGAACTCCTAACCGCTA 5° ) '
5' TTCCAATAACATCCGTACCA 3’ 20 s1 1 400
3> AAGGTTATTGTAGGCATGGT 5’ ) '
5> AGCTTCCGAAGAGCCTGAGACAT 3’ ’3 60.1 539
3> TCGAAGGCTTCTCGGACTCTGTA 5° : :
5> AGCTTCCGAAGAGCCTGAGACA 3’ ” 602 s4s
3> TCGAAGGCTTCTCGGACTCTGT 5° : :
5> AGCTTCCGAAGAGCCTGAGAC 3’ 21 589 571
3> TCGAAGGCTTCTCGGACTCTG 5’ : '
5> AGCTTCCGAAGAGCCTGAG 3’ 19 6.9 s79
3> TCGAAGGCTTCTCGGACTC 5’ : '
5> AAGAGCCTGAGACATCAAACGAGC 3’ 24 0.1 500
3> TTCTCGGACTCTGTAGTTTGCTCG 5’ : '
5> AAGAGCCTGAGACATCAAACGAG 3’ 23 6.8 478
3> TTCTCGGACTCTGTAGTTTGCTC 5’ : '
5> AAGAGCCTGAGACATCAAACGA 3’ » s6 455
3> TTCTCGGACTCTGTAGTTTGCT 5’ : '
5> AAGAGCCTGAGACATCAAACG 3’ 21
recA 3> TTCTCGGACTCTGTAGTTTGC 5’ 330 47.6
5> AAGAGCCTGAGACATCAAAC 3’ 0 s34 450
3’ TTCTCGGACTCTGTAGTTTG 5’ ) '
3> GACGCTTTCGTTATCCAGTAGTTA 5° 24 55.8 41.7
3> GACGCTTTCGTTATCCAGTAG 5’ 21 53.9 47.6
3> GACGCTTTCGTTATCCAG 5’ 18 51.0 50.0
3> CGCTTTCGTTATCCAGTAGTTA 5’ 22 53.6 40.9
3> CGCTTTCGTTATCCAGTAG 5’ 19 51.3 47.4
3> CCGAAGACGTATAACTCCTAGTTC 5’ 24 55.8 45.8
3> CCGAAGACGTATAACTCCTAGTT 5° 23 55.1 43.5
5> GGCTTCTGCATATTGAGGATCA 3’ ” sag 455
3> CCGAAGACGTATAACTCCTAGT 5° : :
3> GAAGACGTATAACTCCTAGTTC 5’ 22 58.9 40.9
3> GACGTATAACTCCTAGTTCTCGTA 5’ 24 62.9 41.7
3> GACGTATAACTCCTAGTTCTCGT 5’ 23 62.6 43.5
5> CTGTCCCGCCTTGCCGTTGTAC 3’ ” 6.9 63.6

3> GACAGGGCGGAACGGCAACATG 5°
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