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Abstract of the thesis

For all organisms, evolution is an ongoing process. Enteric commensal bacteria and
pathogens are no exception. With increasing focus on gut microbiota and enteric
diseases, it has become paramount to study the adaptation of gut bacteria/pathogens
to their host. In the context of commensals, these adaptations can render the
concerned bacteria better at utilizing and exchanging the available nutrients, hence
optimizing their metabolic niche. In the context of pathogens, adaptations can make
them better colonizers, aiding their transmission and/or affecting their virulence
capability, thus altering their state of pathogenicity. However, pathogenic adaptations
come at the cost of trade-offs between their virulence and fitness. These adaptations
depend on many factors including the pathogen's association to host gut microbiota,
host immune status, and stage of infection. At the expense of partial/full virulence loss,
most pathogens succeed in surviving and replicating through efficient transmission.
This characteristic can be utilized in the development of live vaccines against
pathogens. However, studying the evolution of the live vaccines is equally important
given the constant risk of such vaccines gaining back the factors that made them
genetically or phenotypically attenuated. Here, we studied the long-term evolution of a
cell-wall auxotrophic potential live vaccine against the model organism Salmonella
enterica supsp. enterica serovar Typhimurium (S. Typhimurium) through omics
approach and subsequent phenotypic validation in low-complexity microbiota
associated gnotobiotic mouse models. The auxotrophic nature of this live vaccine
renders it metabolically dependent on the surrounding bacterial community. We
described the temporal genomic adaptation of this live vaccine in the context of its
virulence, auxotrophy, and metabolic transport. We also showed that the reversal of
auxotrophy is not apparent in this live vaccine as expected over long-term colonization
through means of genetic material transmission. We revealed that the virulence
adaptation over time is dynamic and dependent on regulatory genetic determinants.
Finally, in our first step to genetically validate the observed genomic evolutionary
changes, we characterized the cellular invasiveness of genomic representative re-
isolates of the live vaccine from different time points. These initial findings demonstrate
that the long-term evolution of vaccine candidates is important in terms of their dynamic



virulence capacity and metabolic adaptation, hence affecting their continued efficacy

and safety in the host.

In addition to the long-term evolution, we also studied the gastrointestinal mucosal
transcriptomic response conferred by the auxotrophic S. Typhimurium live vaccine in
gnotobiotic mouse models. We explored the mucosal immune response after
auxotrophic S. Typhimurium has stably colonized the murine gut and characterized it
in the context of differentially regulated genes and gene-clusters. Finally, we
hypothesized a plausible interplay of immune and metabolic mechanisms instrumental

in protecting against pathogenic S. Typhimurium.

Following a deviation from the omics analysis of long-term evolution and mucosal
transcriptomics, we established a robust 'bench-to-laptop' pipeline to analyze the low-
complexity bacterial composition of a gnotobiotic murine gastrointestinal microbiome
using long-read sequencing. We showed the efficiency of this pipeline in terms of
detecting low-abundance bacteria. Finally, we demonstrated the accuracy of this

pipeline using an optimal mock community.



Introduction of the thesis

Bacterial evolution concepts and theory

Understanding the basic concepts of evolution
In his book "On the Origin of Species", Charles Darwin contemplated that all organisms

try to perfect themselves with their changing surroundings through evolution'. To
understand the trajectory of evolution, it is important to understand the ancestors from
which the evolved versions descended. However, Charles Darwin found that it is not
always possible to study the ancestors, but it is possible to study the many
descendants, compare them and estimate the plausible trajectory, hence defining the
fitness of the descendants. In recent years, advances in sequencing technologies have
enabled researchers to study both ancestors and the descendants of a myriad of

organisms, provided that the right questions are asked.

Biologists and evolutionary geneticists evaluate fitness in terms of evolution. Over the
years the terms defining the basic concepts of evolution have been misinterpreted, with
the most common example being the 'survival of the fittest'. Darwin used this phrase
to describe the survival of an organism best suited to a specific environment'. Some
researchers may interpret this as the increase in the fitness of an organism if it survives
long enough in a specific environment. On the contrary, fithess refers to both the
survival and reproduction of an organism?. For simplicity, the 'evolution of an organism'

will be referred to as 'evolution' in the subsequent paragraphs.

Evolution occurs through various mechanisms. Natural selection is one of the primary
mechanisms through which evolution occurs in the direction of acquiring adaptive
features?. It occurs in two steps. The first step is the random occurrence of genetic
variation®3. Most random mutations are either neutral or deleterious?. Sometimes
these mutations have a substantial impact on the survival and reproduction of the
concerned organism (or rather, a concerned population). The second step is the
selection of the impactful variants?3. Many of these variants will have a negative effect
on the organism's fitness. Therefore, they will not reproduce efficiently. Very few of the
selected impactful variants would have a positive effect on the organism's fitness. As
mentioned before, fithess also describes the efficiency of the reproduction of an
organism. Organisms with positively impactful variants would reproduce efficiently and
at some point in the evolutionary trajectory, a major proportion of the organisms will be
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characterized by such variants in a population?. This variant would then be referred to
as fixed. Therefore, as rightly pointed out by T. Ryan Gregory in his article —"/t is the
populations that evolve, but not organisms"?. It should be noted that while natural
selection prefers the survival of those variants which are beneficial, it does not
completely ameliorate variants with a negative impact?. Therefore, natural selection
is a stochastic phenomenon, where there is a higher probability of reproduction by
organisms with beneficial variants in a population. However, the organisms with
deleterious variants still survive and form a presumably small proportion of the
population?. This ultimately adds substantial weight to the evolution of a population
rather than an organism. This phenomenon also means that the chances of an
organism continuously evolving in response to the changing surroundings are high. By
this logic, most organisms should evolve to be fitter versions of themselves even during
shorter periods after any selection event. However, this is not always the case, mostly
because of genetic drift*®. Genetic drift or random drift refers to the phenomenon of
random changes in the frequency of different variants of the same gene by chance
over time*5. Because this change occurs at random, usually rare variants are lost more
often than others. This also means that some beneficial, but rare variants will be lost
over time because of genetic drift%>. This results in slower evolution to a fitter

phenotype even in an environment that remains constant over long periods.

Bacterial evolution: technical facts and methods
Prokaryotes are characterized by simpler genomes and a single origin of replication®.

This is in contrast to eukaryotes, which have complex genomes, defined genomic
architecture, and multiple origins of replication. While eukaryotes are characterized by
conserved rates of replication, transcription, and translation, prokaryotes have a
dynamic range when it comes to instructions of the central dogma®. The latter makes
it difficult to study the evolution of prokaryotes. However, it is possible to evaluate
prokaryotic evolution with careful design of experiments containing proper controls.

These controls should ideally capture the factors that could impact evolution.

Prokaryotes like bacteria evolve to a fitter version of their population specific to an
environment. Several studies have focused on the evolution of the bacteria E. coli.

With a low mutation rate of 0.2x10-1° to 5x10-'°, E. coli is the most commonly studied
11



laboratory bacterium”8. By using controlled experiments, it has been made possible to
track the evolutionary trajectory of this bacterium. Briefly, bacteria are propagated in a
controlled environment for several generations®. The snapshots of the bacterial
populations are frozen by sampling at specific time points along with the very first
ancestral population®. Through genotypic/phenotypic assays and genome sequencing,
the evolved populations are compared to the ancestral population to decipher the
evolutionary process that could have increased/decreased the fitness®. Genotypic
assays and genome sequencing give an idea about the possible changes that could
have resulted in fitness change. Phenotypic assays like competitive-growth
experiments are useful in attributing these genetic changes to phenotypes. In addition,
fithess can be measured as the total sum of the combined effects of several mutations
through competition experiments of ancestral and evolved lines®. This is done by
tagging these lines with separate genetic markers for fluorescence, antibiotic
resistance, or tags that could be detected by quantitative PCR®. These genetic markers
are otherwise neutral in terms of the effect on the fitness of the concerned bacteria.
Asexual reproduction by bacteria ensures that these genetic manipulations remain
associated with the genomic background in which they were made. This means that
the fitness advantage conferred by genetic variation in bacteria can be tested using
various experimental methods, thus easing the process of tracking bacterial

adaptation.

Genomic/epigenomic bacterial adaptation
A summary of a few technical facts which will be useful in understanding the later topics
and subsequently the whole thesis are as follows:

Genomic variants

Bacterial genomes are dynamic and can harbor several mutations such as single-
nucleotide polymorphism (SNP), and insertions/deletions (indel, usually less than < 1
kb)'%-12, SNP (also commonly referred to as SNPs or point mutations) can result in
either synonymous or non-synonymous substitutions. Synonymous substitutions do
not change the overall amino acid sequence, thereby having a neutral effect’’. Non-
synonymous mutations change the codon, hence affecting the amino acid sequence

coding the protein, and can have either a deleterious or a beneficial effect'’. Indels, on
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the other hand, have a wide range of effects on a bacterial genome such as frameshift
variants, in-frame deletions, and upstream variants'?. Each of these effects has a
different outcome. A frameshift variant disrupts the reading frame of the concerned
gene, whereas an in-frame deletion deletes one or more codons within the frame'3. On
the other hand, an upstream variant is located 5' upstream of the concerned gene'®.
Bacterial genomes also harbor large structural variants (> 1 kb) such as large
insertions, deletions, duplications, and inversions'"'4. These genomic rearrangements
are known to impact bacterial adaptation. An explanation of all specific genetic
variations is out of the scope of this thesis.

Epigenomic variants

Bacterial genomes are superimposed by epigenetic information, which is mainly a
modification of nucleotide bases. The most common form of epigenetic modification is
DNA methylation post-replication. DNA methylation is associated with Restriction-
Modification (RM) systems and occurs in several forms — type |, type I, and type 1115
In principle, there are two enzyme components of RM systems — endonucleases that
cleave DNAif a target site is available and methyl-transferases that recognize the same
target site and methylate a base within this site to prevent endonuclease activity'>-"7.
However, not all types of RM systems consist of cognate endonuclease-methyl-
transferase (MTase) pairs. While type | and type |ll RM systems are characterized by
enzyme complexes, in type |l systems endonucleases and methyl-transferases exist
as separate proteins'®-'7. The methyl-transferases associated with type Il systems are
also known as orphan MTase. Most bacterial genomes consist of at least one orphan
MTase'”. Two main orphan MTase are Dam MTase (found in most
gammaproteobacteria) and CcrM (found in alphaproteobacteria). Both these enzymes
have specific target sites (Dam MTase: GATC, CcrM MTase: GANTC). In principle,
methylation by MTase can prevent or enhance the binding of another entity at the
specific locus. The most common forms of methylations in bacterial genomes are 6mA,
4mC, and 5mC'"-'8. The methyl groups at these sites bulge through the major grooves
of the DNA helix, thus providing an anchor for the entities like DNA-binding proteins to
attach. This can either switch on or switch off the expression of genes located
downstream of the locus, giving rise to bistable loci'®. This phenomenon of alternating

between two conditions without affecting the genome sequence itself is known as
13



phase variation'®. In addition, methylation can affect the expression of a regulatory
gene controlling the expression of several other genes, thus generating a pyramid
effect'®. Therefore, methylation in bacteria has a potential role in genome defense,

replication, cell cycle control, DNA repair, and transcription’”18,

Dynamics of microbial evolution
Microbial evolution can result in the same phenotype, but different genetic profiles

during multiple iterations under the same environmental conditions. This means that
biological replicates of microbial populations starting at the same ancestral state will
converge to the same stable phenotypic state, even though the replicates are
genetically different®. This strengthens the theory that mutations arise by chance, but
undergo mostly non-random selection depending on the impact they carry on microbial
survival and reproduction. On the contrary, it is also possible for the microbial
populations to reach phenotypically stable populations albeit with different fitness
levels. This is because of the influence of random genetic drift in deciding which

beneficial variants are sustained over time®*.

One of the pioneering studies in microbial evolution has been conducted by Richard
Lenski and his team. They studied the evolution of 12 lineages of E. coli under
laboratory conditions. They found that microbial adaptation is also influenced by
several factors such as population size, frequency of a beneficial mutation, the
advantage of a beneficial mutation, and clonal interference’®-3'. These factors are

usually stochastic.

a) Population size
Small population size takes a long time to reach a stable phenotypic state
because individuals with even the most probabilistic beneficial mutation would
take time to form the majority of the evolved population3”.

b) Frequency of a beneficial mutation
At a given time, several mutations can arise independently in different
individuals of the same population. This, in turn, can potentially increase the
frequency of these mutations. While deleterious mutations are filtered by

selection, the reproductive output of beneficial mutations will depend on the

14



d)

number of times they arose independently in a given population. Therefore,
theoretically, the more times a mutation arises independently, the higher will be
its frequency and the shorter time will it take for the mutation to attain fixation3'.
Advantage of a beneficial mutation

The advantage offered by a beneficial mutation is inversely proportional to the
amount of time taken by the mutation to be harbored by the majority of the
population3!. However, this does not mean that mutations that offer a relatively
low advantage become extinct to genetic drift. Genetic drift leads to an increase
in the chances of a low-advantage mutation to avoid extinction yet potentially
sustain for long periods during the evolutionary trajectory*3'. This, in turn, gives
rise to transient divergence or fixation under selection at later time points of the
trajectory. The latter can happen if the environmental conditions change from a
stable state to a state where low-advantage mutations are preferred over other
fixed beneficial mutations3'.

Clonal interference

In asexually reproducing populations, multiple beneficial mutations give rise to
clonal subpopulations/lineages with similar fitness levels. This gives rise to
competition between these lineages. With equal fithess advantages offered by
these beneficial mutations, the corresponding lineages will first compete with
the wild-type lineage and eventually overcome it3'. Next, they will compete
amongst themselves and can potentially co-occur for a transient period. This, in
turn, will lead to a slower spread of these mutations and a longer time to reach
fixation by the most competitive mutation. In smaller populations, the outcome
is usually the survival of the one beneficial mutation that was competitive
enough to interfere with the spread of all other beneficial mutations and avoid
extinction by genetic drift3":32, This phenomenon is called clonal interference.
However, in large populations, the correlation between clonal interference and
genetic drift plays a stronger role in the loss of some beneficial mutations. In
this case, multiple mutations with similar competitive potential (specific to an

environment) can reach fixation simultaneously®2.
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Summary of findings from some previous microbial evolution experiments
Several studies have shown the implications of in vitro adaptations in E. coli*3-35. As

mentioned before, Richard Lenski and co-authors have elaborated on the genome
evolution of the 12 lineages of E. coli until 50,000 generations®3. These bacteria were
cultured and propagated by 100-fold serial dilution in 10 ml minimal media with low
glucose concentrations (25 ug/ml) at 37 C. Their calculations suggested that
propagation every day leads to ~6.67 generations/day, implying that 1000 generations
will be reached in around 150 days®. For 6 of the evolved lineages, they found
hypermutable phenotypes that increased point mutations®. They elaborated that
previously described power-law relations for long-term experimental evolution
captured only a subset of the evolutionary trajectory of the 12 populations until 5000
generations and not beyond®. This was because this relation assumed that the
beneficial mutations increase with the square root of time, but neglected an important
aspect; neutral mutations also increase with time under the influence of natural
selection because of stochastic processes such as random genetic drift and clonal
interference®®. Therefore, the authors fit a model which included terms for genome-
wide rates of accumulation for both neutral and beneficial mutations®. With this model,
they found that the trajectory of genome evolution of the 12 populations could be
explained better. From a broader perspective, this means that genome evolution over
the long term is characterized by both adaptive and non-adaptive changes.

In their study, Herring and co-authors found evidence of the adaptation of E. coli to
minimal media supplemented with glycerol3*. Most evolved clones had mutations in
the gene glpK coding for glycerol kinase34. This enzyme catalyzes the initial step of
glycerol catabolism. After phenotypic analysis, the authors found that the rate of the
concerned reaction increases in most mutant clones*.

The studies described above demonstrate that the evolutionary trajectories vary with
conditions (media components, time, and population size)3334.36,

In their paper, Knoppel and colleagues studied the medium adaptation of Salmonella
enterica strain LT2 (details of Salmonella genus in the next section titled "Salmonella")
up to 1000 generations and compared it to E. coli strain K1237. They went a step ahead
to compare the evolutionary trajectories of these bacteria in 4 commonly used

laboratory media®’. There is enough evidence to prove that Salmonella enterica and
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E. coli diverged around 100-140 million years ago®3°. Both organisms show high
genome similarity. Though, through sophisticated models of amelioration, it has been
shown that both genomes have gained and lost around 3 Mb of DNA since their
divergence®?. Even with high genome similarity, this independent change in the
genome composition is enough to support the argument made by Knoppel and
colleagues that there was a minor overlap between the mutation targets between the
two strains over their evolutionary trajectory®’. However, the authors found similarities
in the type of genes that harbored mutations. These genes either directly affect
resource utilization or gene expression at a global level®’. An interesting finding of this
study was that the mutations observed in minimal media had a more pronounced effect
than the ones observed in complex media®’. The authors mentioned that a probable
explanation for this phenomenon could be that the strains were already adapted to the
complex media, given that they were cultured sequentially in various laboratories®’.
Therefore, the complexity of media and prior exposure of a strain to specific
environmental conditions are important factors that should be considered while
studying the evolution of microbes in controlled experiments. This study reaffirmed that
most mutations occurring during evolution are beneficial and some have an additive

effect on fitness.

Within-host bacterial evolution
While in vitro bacterial evolution studies have provided a dearth of information about

the possible trajectories, knowledge of in vivo evolution is still in a nascent stage. In
past, the within-host diversity of bacterial populations made it difficult to track the
transmission chain*'. Even though diverse genotypes of the same pathogen can be
resolved, still there were uncertainties associated with bottlenecks during transmission.
Yet, tracking evolution through emerging genomics technologies and laboratory
experiments of bacterial pathogens has helped in understanding the mechanisms
involved in antibiotic resistance and the pathoadaptive nature of emerging pathogens.
This has been an eye-opener for health organizations that intend to control the
outbreak of infectious diseases and associated epidemics. However, a deep
understanding of the evolution in general of non-pathogenic bacteria and commensals

has been missing. A very important example is the lack of evolution studies for vaccines
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which have a high potential to become pathoadaptive due to the stochasticity of
evolutionary mechanisms. Barring a few efforts in this direction*?>43, little is known

about the evolutionary trajectories of vaccines in vivo.

With the increasing power of genomics technologies, some research groups have
made enormous progress in understanding the evolution of commensal bacteria under
stable environmental conditions. It has been shown before that under constant
nutritional and environmental conditions inside the gnotobiotic murine gut, the slow
evolution of commensal bacteria is influenced by positive selection**. The progressive
evolution of bacteria over time resulted in sub-strains, most of which have been
sustained over long periods. However, this study was technically limited to only the
most highly abundant species of the concerned gut microbiota. The same authors have
shown further that short-term adaptation to dietary shifts was mediated by gene
regulation at the transcriptional level as well as shifts in the sub-strain relative
abundances, suggesting stable sub-strain diversity as an evolutionary adaptation to

dietary and other environmental variability*4.

Salmonella

Background
Salmonella is a pathogenic gram-negative bacterium belonging to the family

Enterobacteriaceae. In humans, Salmonella intestinal infection is caused by
consuming uncooked/half-cooked vegetables, dairy, eggs, and meat products like
chicken, pork, or beef. In addition, consumption of poultry products gives rise to a major
proportion of Salmonella infection cases worldwide. The genus Salmonella consists of
two species: Salmonella bongori and Salmonella enterica, with the latter consisting of
6 subspecies and further 2600 serotypes/serovars*>46. Many of these strains cause
enteric fever such as typhoid, while some others cause invasive and diarrheal non-
typhoidal diseases*’. The responsible species for the latter are known as Non-
Typhoidal Serovars (NTS; e.g. Salmonella enterica supsp. enterica serovar
Typhimurium (STm)). Invasive diseases caused by NTS have the potential to enter the
bloodstream and cause infection at distant sites in the body. This phenomenon is called

bacteremia.
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Until around 20 years ago, the preferred regime for treating Salmonella infections in
humans was to prescribe antibiotics. However, soon healthcare professionals realized
that the infection subsides on its own within a week without treatment by antibiotics.
While administering antibiotics reduces the infection symptoms, it also leads to
prolonged survival of Salmonella species that have gained resistance against
antibiotics*8. This, in turn, leads to increased transmission of these mutants. As a
result, at present antibiotic treatments are reserved for patients who are at risk of

developing bacteremia.

Severe Salmonella infections are diagnosed by culturing the bacteria from infected
samples (e.g. fecal swabs). However, in countries where appropriate facilities for such
tests are not available, the disease burden is high*®. This is because, in the absence
of a diagnosis, the disease remains undetected and leads to increased transmission.
On the other hand, even with appropriate facilities, detection of the infectious bacteria
takes time. For immuno-compromised individuals, this means rapid development of
bacteremia and fatality. Therefore, in both developed and developing countries, the
NTS disease burden is high®°. Hence, preventing infections, which can be achieved by

vaccines, is as important as timely diagnosis and subsequent treatment.

Virulence mechanism and associated gene regulatory systems in STm
STm is characterized by a thin peptidoglycan cell wall located between an outer cell

membrane and the inner cytoplasmic membrane. The outer cell membrane comprises
lipopolysaccharides (LPS) with its outer face containing polysaccharides, lipid-A, O-

antigen, and the inner face containing phospholipids.

STm uses several virulence mechanisms for invading the intestinal epithelial lining, out
of which type-Ill secretion systems are the most studied®'. For this thesis only type-Il|
secretion system | (T3SS1) and type-Ill secretion system Il (T3SS2) will be discussed.
STm uses T3SS1 for invading the epithelial lining and T3SS2 for subsequent
proliferation®>%3, The genes encoding T3SS1 proteins are located on salmonella
pathogenicity Island 1 (SPI-1) and for T3SS2, genes are located on salmonella
pathogenicity Island 2 (SPI-2). SPI-1 is a 40 kb region and consists of genes coding

for proteins that form the needle complex through which Salmonella invades the
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intestinal epithelial cell lining®*. The expression of these genes depends on physical
stimuli such as osmolarity, oxygen tension, and neutral pH%. Few studies have
focused on the impact of osmolarity on SPI-1 expression®-%’, Osmolarity induces
changes in the levels of DNA supercoiling. At a certain threshold of DNA supercoiling,
SPI-1 expression is optimal. However, SPI-1 expression is suboptimal in response to
DNA over-supercoiling or inefficient supercoiling®”. One way to induce osmolarity is

through the addition of NaCl (salt) in the growth medium.

Several studies have reported the involvement of the two-component system
BarA/SirA in SPI-1 expression®+57-62 While BarA is the sensor kinase, SirA is the
cognate response regulator which is activated by the transfer of the phosphoryl group
from BarA. The BarA/SirA complex directly regulates hilA, hilC, and invF which leads
to regulation of the SPI-1 expression mediated by the HilD-HilC-RtsA-HilA regulon
network. This regulon in turn regulates the genes encoding the SPI-1 T3SS1. The
SirA/BarA complex also regulates csrB (regulatory RNA) that can bind up to 18 CsrA
proteins to antagonize their function. Facilitated by CsrA, hilD positively regulates the

expression of hilA and hence SPI-1.

In presence of salt (high osmolarity), BarA autophosphorylates followed the transfer of
this phosphate group to SirA%’. Mizusaki and co-authors reported that SirA, in turn,
activates a 'factor X'*’. They noted that this ‘factor X' is not the small RNA csrA, but
instead an unknown determinant that activates hilD, which further promotes SPI-1

expression through the process explained above.

Bistable expression of SPI-1 in STm
Several bacterial pathogenic bacterial species are known to divide themselves into

bistable sub-populations in the laboratory as well as under in vivo conditions. This
means that a certain population is switched on for a specific phenotype and the
remaining population is switched off. This bistability is a direct consequence of changes

in gene expression of protein-coding genes belonging to a regulatory cascade.

Bistable expression of SPI-1 represents a key virulence mechanism under the
influence of gene regulation in STm. Several studies have established that the bistable
behavior of Salmonella is observed both in vitro and in vivo conditions®384. This switch
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usually comprises T3SS1+/T3SS1- (SPI-1 inducing/SPI-1 non-inducing) populations.
However, until recently it was not clear why Salmonella shows this behavior. Studies
suggest that Salmonella makes use of the T3SS1+ population to invade the epithelial
cells, develop a niche in host cells and cause further systemic infection®5, As a
secondary outcome, the lumen microbiota is exposed to inflammation caused by the
host's innate immune response. This invasion also renders the intestinal lumen
exposed to oxygen®”’. Most commensal bacteria residing in the lumen show reduced
tolerance to oxygen or are extremely sensitive to oxygen exposure. As the T3SS1+
Salmonella invades the epithelium cells, oxygen diffuses in the lumen, hence causing
a reduction in the otherwise commensal bacterial proportions®’. This, in turn, helps the
T3SS1- population to develop a niche that was not accessible to them in presence of

a diverse commensal gut microbiome®”.

The bistable expression of SPI-1 depends on the master regulator HilA, whereas the
bistability itself is thought to be caused by a genetic circuit formed by InvF-SicA-
SipC®5° However, as explained above the regulatory cascade of T3SS1 involves
several genes that drive the expression at different levels. This means that there could

be yet unknown regulatory mechanisms that influence SPI-1.

Salmonella infections in poultry and disease tolerance
Salmonella infections are a major concern in the poultry industry because chickens are

frequently colonized by Salmonella. The colonized chicken results in transmission to
the poultry meat, but also eggshell contamination. There are two ways of eggshell
contamination. First is horizontal transmission: by penetration of the egg shells by
Salmonella in the chicken intestine and by eggs coming in contact with the chicken
feces matter on the grounds of chicken farms or breeding facilities’?. The second is
vertical transmission: by direct contact of yolk or albumen to Salmonella residing in
chicken ovaries’®. However, the majority of Salmonella colonized chickens do not show
signs of infection, instead, they become active carriers of Salmonella. This, in turn,

leads to zoonotic infections in humans.

In recent years, the concept of disease tolerance instead of disease resistance has

gained traction in chicken infection biology concerning Salmonella infections. This
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disease tolerance is associated with an immuno-metabolic phenotype of the chicken
intestine with Salmonella’’. Once Salmonella invades the chicken intestine, the host
intestinal epithelial cell lining responds by expressing pro-inflammatory cytokines and
chemokines”'. This induces the production of granulocytes at the site of infection.
However, until even this point (and contrary to infections in humans), pathological
inflammation is not detected. Following the induction of granulocytes, there is a
reduction in the mRNA transcribing the pro-inflammatory cytokines’’. In parallel to this
phenomenon, at the site of infection, the intestinal tissue metabolism changes leading
to an increase in the expression of pathways involved in fatty acid synthesis, protein
synthesis, and glycolysis’!. This is due to increased demands in the energy
metabolism of the accumulated granulocytes for phagocytosis and cell migration. This
also leads to oxygen depletion in the intestine, thus reverting the intestinal environment
to the one before colonization by Salmonella and ensuring optimal gut microbial
composition, but with Salmonella as a new companion. Unfortunately, while chickens
have adapted to the presence of Salmonella, this phenomenon results in Salmonella
transmission to poultry meat and eggs as mentioned in preceding paragraphs. Such a
transmission chain calls for chickens to be administered effective vaccines against

Salmonella.

Vaccines against Salmonella and their adaptation
There are several classes of vaccines. Most vaccines consist of inactivated bacteria

(or killed bacteria). In recent years, live vaccines against Salmonella infections have
gained some attention*?4372-75_ |jve vaccines are bacteria with reduced or no
pathogenicity. The latter can be achieved by various means. One form of the live
vaccine is bacteria with one or more genetic determinants missing for metabolites
essential for its survival’®. Such bacteria are called auxotrophic bacteria. The most
common form of auxotrophy is an absence of genetic determinants for essential amino
acids required for cell wall development. This in turn renders the bacteria unable to
replicate unless externally supplemented by the required metabolites, thus making
them useful as potential live vaccines. In most cases, the external metabolites are
present only in specific environments (e.g. intestinal lumen where gut bacteria
synthesize the essential amino acids for themselves and excrete the excess outside
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their cells). However, such environments do not include mammalian body cells where

pathogens develop their niche by altering their metabolism.

While several studies have focused on host immune response to immunization by live
vaccines and inactivated vaccines against Salmonella, few have deliberated on their
long-term efficacy and evolution*?437577 These studies were performed on poultry
animals like chickens and were limited to monitoring the viability of bacteria in the feces
shedding. While the amount and viability of bacterial vaccines are crucial factors for
their survival, a holistic approach to studying their evolution in terms of genetic
determinants is of paramount importance. These genetic factors determine the

subpopulations of the surviving bacteria and guide the division of labor in vivo.

Auxotrophic vaccines require assessment for their safety and also reversion from their
auxotrophic form to the prototrophic form. This would also imply potential reversion
from non-pathogenic to pathogenic form if the live vaccine bacteria do not evolve
towards non-pathogenicity. This can happen over long periods through horizontal gene
transfer or acquiring mutations to survive in adverse environments with limited energy
expenditure*®. Horizontal gene transfer refers to the transmission of genetic material
between organisms by means other than parent-to-offspring transfer (in other words,
vertical transfer). Such a transfer can potentially give rise to self-sufficient and
pathogenic bacteria. Acquisition of energy-conserving mutations can enable silent

transmission of the bacteria at low levels.

Application of the gnotobiotic Oligo-MM12 mouse model to study
STm colonization
Mouse models are extensively used in human disease research. Specific pathogen-

free (SPF) mice are the most used and standard mouse colony. These mice are
regularly screened for mouse pathogens and protected against them to maintain
reproducibility in research’®. A major issue with SPF mouse models is that they are
highly resistant to intestinal colonization by STm, due to colonization resistance
provided by the resident gut microbial community”®-8'. On the other hand, pretreatment

of SPF mice with streptomycin breaks this colonization resistance, making
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streptomycin-pretreated mouse models highly reproducible for STm infection8%-81.
However, the diverse intestinal microbial composition (with sometimes unknown
bacterial species) of SPF mice is a confounding factor, thus leading to differential
colonization resistance and dynamics®?. The gnotobiotic mouse model harbors a
defined consortium of mouse-derived bacteria in their gastrointestinal tract and offer a
way to study enteric diseases in a controlled intestinal environment. One such model,
known as Oligo-MM12, can confer colonization resistance against STm83, It comprises
twelve isolates representing five bacterial phyla that are naturally abundant in the
murine gastrointestinal tract®3. Therefore, this model enables a stable and reproducible

means to study STm infection with a reduced risk of confounding intestinal microbiota.
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Hypothesis and Aims of Thesis

Previous work in the Hapfelmeier lab performed by Simona Pfister and Olivier P.
Scharend deliberated on the immunogenicity of an auxotrophic live vaccine candidate
strain of Salmonella Typhimurium (STmA") against the wild-type strains (STm) in a
low-complexity gut microbiota associated (Oligo-MM12) gnotobiotic mouse model. A
parallel outcome of their research was a study on the long-term stability and evolution
of STmA"™ in Oligo-MM12 mice. In continuation of this study, | have initiated a thorough
analysis of the long-term genomic evolution of STmA" in the Oligo-MM12 mouse model
and corresponding phenotypic change. In addition, | have initiated a project to
understand the effects of immunogenicity provided by STmA“” on the global
gastrointestinal tract transcriptome. Through the work in the gnotobiotic Oligo-MM12
mouse model, our lab recognized the need to develop a rapid and cost-effective
approach for bacterial composition analysis and similar low-complexity microbiome. To
this end, | developed a robust 16S rRNA amplicon sequencing pipeline using long-
read nanopore sequencing. The specific aims of these aspects of my research are as
follows:

A. Characterize the long-term evolution of STm”"* in the context of

genomic determinants for virulence and metabolite transport
The scope of this thesis extends partially to the overarching questions of bacterial

evolution deliberated by Richard Lenski and co-authors®'. Their questions covered the
intensity (slow/gradual/rapid) and levels (limited/continuous) of adaptation and fitness
respectively?!. They also focused on parallel fitness trajectories and the corresponding
intrinsic genetic changes®'. Finally, they focused on the functional integration of
genotype and phenotype during evolution3'. Similar to these questions, a brief outlook

of the bacterial evolution arc in my research is as follows:

1) How does an auxotrophic bacterium (potential live vaccine candidate) evolve in
vivo?

2) Can a live vaccine candidate gain back its prototrophy over long-term
colonization in a constant environment?

3) How do the virulence determinants of such a candidate evolve?

4) Can isogenic bacterial lines evolve in parallel over long-term colonization? What

are the associated genetic changes?
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5) Can an evolutionary trajectory repeat itself? Are the associated genetic changes

similar and to what extent?

Concerning the above broad range questions, we hypothesized the following:

a) Host-adapted STmA“™ will lose its invasiveness in vivo over long-term
colonization. The invasion phenotype will become dispensable for maintaining
stable colonization in vivo due to the lack of bacterial cell wall metabolites (D-
alanine and meso-diaminopimelic acid) in host tissues.

b) Host-adapted STmA"* has the potential to gain back the genetic determinants
for auxotrophy over long-term colonization through horizontal gene transfer from
the Oligo-MM12 microbial community.

c) In the likely scenario that host-adapted STmA“ does not gain back the genetic
determinants for auxotrophy, it has the potential to alter the mechanism of
metabolite transport over long-term colonization in vivo to become an efficient

commensal version of itself.

The evolutionary trajectory of STm”" in vivo in has been described in depth in Chapter-
1 of this thesis.

B. Characterize the host mucosal transcriptomic response during

colonization of STmA"
Previous research from Hapfelmeier lab8 characterized the immunogenicity of STmA

in a germ-free mouse model. It was shown that NOD1/2, NLRC4, and Caspase-1/11
were exclusively not required for induction of adaptive immunity by STmA". An
untested implication of this study will be a similar outcome in Oligo-MM12 mice.
Therefore, we hypothesized that while these factors might still be required for pathogen
clearance, they do not serve as a link between innate immune defense and adaptive
immunity. We hypothesized that there are yet unknown innate immune genetic
determinants responsible for the immunogenicity of STmAY. This aspect has been
described in detail in Chapter-2 of this thesis.
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C. Establish a full-length 16S rRNA nanopore amplicon sequencing
method streamlined for the rapid species-level analysis of

gnotobiotic intestinal consortia
16s rRNA amplicon sequencing is a prominent method to analyze microbial

composition in various ecosystems. Until 5 years back short-read lllumina sequencing
technology was the gold standard for sequencing 16S rRNA amplicons. However,
short-read sequencing does not allow a high resolution of taxonomic classification. The
advent of long-read sequencing technologies such as nanopore sequencing offers the
advantage of full-length reads over sequence accuracy, thus enabling rapid
species/strain level analysis. While some methods focused on library preparation
(nanopore sequencing) of long-read 16S rRNA amplicons have already been
developed, they remain largely untested for several specialized ecosystems. To this
end, we streamlined and investigated two methods of amplicon library preparation
offered by Oxford Nanopore Technology for nanopore sequencing. We have identified
both advantages and disadvantages of using these two methods and described them

in detail in Chapter-3 of this thesis.
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Background
In recent years, it has been shown that auxotrophy shapes microbial communities and

contributes to their evolution over time'-2. Auxotrophy has also been reported in several
pathogens and has been exploited for the design of live attenuated bacterial
vaccines'3*. The Hapfelmeier lab generated a cell-invasive strain of the bacterial
pathogen Salmonella Typhimurium SL1344 (STmAY) that is auxotrophic for two
bacteria-specific non-canonical amino acids (D-alanine and meso-diaminopimelic acid
(m-DAP)) that constitute the peptidoglycan cross-link®. The survival and growth of this
auxotrophic strain in vivo strictly depend on metabolic help from the indigenous
intestinal microbiota®. Although this short-range metabolic dependency limits the
pathogen’s replication to the intestinal lumen, it still permits transient invasive epithelial
attack on the onset of mucosal STm”" infection which induces a strong protective host
mucosal immune response. We hypothesized that this immune response, similar to
previously shown with an inactivated intestinal STm vaccine®, imposes a strong
negative selection on STmA" jn vivo driving the selection of immune escaping mutants
and virulence-factor deficient variants. This observation points toward a mucosal anti-

pathogenic response that shapes STm”“ genomic adaptation.

The previous study from the Hapfelmeier lab serves as the base of my thesis®. In their
work, Oligo-MM12 mice were colonized with 10" CFUs of a fully virulence-factor
competent (SPI-1 proficient) auxotrophic Salmonella Typhimurium strain STmA", an
isogenic SPI-1 and SPI-2 type 3 secretion deficient non-auxotrophic invC ssaV mutant
(STmT38S), a non-auxotrophic SPI-2 type 3 secretion deficient ssaV mutant strain
(STmAssaV) or the fully virulent wild type strain SB300 Salmonella (STm"T) (Figure
1a; adapted from Olivier P. Scharen's thesis (University of Bern, 2021) and Pfister,
Scharen et al 2020, Nature Communications®). A comparison of fecal densities of
Salmonella over time in these mice revealed an apparent growth lag for the auxotrophic
SPI-1 competent STm”A"* compared to the non-auxotrophic strains. When challenged
with the wild-type Salmonella strain, the SPI-1 proficient auxotrophic strain (STmA%)
provided strong immunogenicity compared to the SPI-1 type 3 secretion deficient
auxotrophic strain (STmA" 355-) (Figure 1b; adapted from Olivier Schéren's thesis
(University of Bern, 2021) and Pfister, Scharen et al 2020, Nature Communications®;
data not shown for specific immunogenic response).
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While Pfister and co-authors provided evidence for the protective effects of STmA™ jn
vivo, a comprehensive evaluation of its evolutionary trajectory in vivo was missing. An
important implication of the study by Pfister and colleagues is the possibility that
STmA™ may overcome its metabolic dependency during extended within-host
evolution. This can result in evolved prototrophic STmA“ with either intact or altered
genetic determinants for virulence. In the case of intact virulence factors, STm”A"* may
potentially regain its virulence during long-term colonization. However, in the case of
altered virulence factors, there are two possibilities: (a) mutations that enhance the
expression of these factors could make evolved STmAY strain hypervirulent; (b)

mutations that inhibit the virulence factors could make it commensal.

In the presented paper, we aimed to understand the interplay between the virulence-
factor functions and metabolic niche adaptation of STmA"in the murine gut during
long-term colonization. In the presented study, we investigated short-term adaptation
and long-term evolution of STMA" in several independent lines of colonized Oligo-
MM12 mice using selective metagenomic resequencing. We described the temporal
patterns of metagenomic STm within-host evolution concerning SPI-1 type 3 secretion
function (cell invasion) and m-DAP/D-alanine auxotrophy. Our results provide evidence
of mutational adaptions for (i) optimization, but not escape from auxotrophic
dependency, of auxotrophic metabolite acquisition, and (ii) modification, but not a
complete loss, of SPI-1-dependent virulence function. Finally, in our first step to
genetically validate the observed genomic evolutionary changes, we characterized the
cellular invasiveness and virulence of genomic representative isolates from different
time points. We reveal that short-term adaptation of STmA" temporarily increases its
epithelial cell invasiveness, whereas long-term adaptation is associated with a gradual
reduction, but not complete loss of invasiveness. The latter phenotype confirms the
selection of several genetic variants with plausibly predicted SPI-1 regulatory effects.
The former, however, was not found to be associated with detectable genomic changes
and is thus hypothesized to result from epigenetic adaptation. Remarkably, we find that
both phenotypes are stably propagated during cultivation in vitro, allowing us to reverse
engineer isogenic strains with genetically repaired m-DAP and D-alanine metabolic

pathways. Their in vivo virulence adaptation in mice correlated with their in vitro
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invasiveness. Henceforth, the terms 'adapted' and 'evolved' have been used

interchangeably.

Results

Disentangling the role of auxotrophy from virulence during the long-term evolution of
STmAw
We studied the within-host evolution of STmA" and its dependence on SPI-1-mediated

cell invasiveness and auxotrophy in multiple independent lines of Oligo-MM12 mice
colonized with STmA"™ or isogenic control strains. To assess reproducibility, we
performed two separate long-term colonization experiments (Figure 2a and Figure
3a).

In the first experiment, three groups of mice (n=6 to 8) were established in six cages
(Figure 2a). Each experimental group consisted of two cages containing female and
male Oligo-MM12 mice, respectively. The first group of mice was inoculated by gavage
with 107 CFU of STmA". To control for the effects of invasiveness (or associated
immunogenicity) on bacterial in vivo adaptation, the second group of mice was
inoculated with an isogenic hilD-deficient mutant of STmAW™ (STmAWAAID)  HilD is the
master regulator of SPI-1. Lastly, to control for the influence of auxotrophy on in vivo
evolution, the third group of mice was inoculated with an isogenic non-auxotrophic
avirulent STm strain (STm#AhiDAsseD) |n STm, SseD functions as a part of the translocon
for type lll secretion system-2 (T3SS2) effector proteins. At 28 days post inoculation
female and male mice within each group were mated to form 3-4 breeding pairs
(generation FO) per group. The in vivo evolution of the resulting bacterial populations
was studied by metagenomic sequencing of fecal colony forming units of Salmonella
grown on selective agar medium (Figure 2b, Figure 2c, Supplementary figure 1b)
over 200 days spanning parental (FO) and two filial generations (F1-2) of mice (Figure
2a). This first experiment will be referred to as '200-day experiment', in the subsequent

sections of this chapter.

In the 200-day experiment, STmA™ and STmAWAhID colonized the mouse gut at levels
of 107-108 CFU/g with stable density from one week post inoculation until the end of

the experiment (Figure 2b). In comparison, STm#hiDAsseD reached carrying capacity
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earlier and at higher densities of around 10° (Figure 2b) that later stabilized at 107-108
CFU/g similar to those of the auxotrophic strains. The overall higher colonization levels

of STmAhiDAsseD could be attributed to its prototrophy.

Mutational landscape of evolved Salmonella strains
Next, to address the mechanisms underlying adaptation to the gut environment, we

rigorously analyzed the genomic mutations in the evolved STmAY, STmAUWANID, gnd
STmAhiDAsseD population levels. In the following sections, the most prominent mutations
and their plausible (and experimentally confirmed) phenotypes have been discussed

in detail.

Variants signifying a change in virulence function

The protein SirA is the response regulator and BarA is the sensor kinase of the two-
component system BarA/SirA, which positively regulates hilA, hilC, and invF to activate
SPI-1 expression (Figure 4a)’-'2. We identified a total of three different mutant alleles
(a non-synonymous SNP, a 6-bp in-frame deletion, and a 2-bp frameshift insertion,
respectively (Table 1)) of the sirA locus occurring at allele frequencies of ~16%-35%
specifically in STmA™ and STmAWAhID populations from day 127 onwards (Figure 2c).
The point mutation and 6-bp deletion alleles were found in independent mice in STmAW
(Supplementary figure 2a), whereas the 6-bp deletion and 2-bp frameshift variant
were observed prominently in STmAWANID gt allele frequencies of ~8%-80% (Figure
2c, Supplementary figure 2b). In one mouse both 6-bp deletion and 2-bp frameshift
variants were observed in the metagenomic STmAWAhID population (Supplementary
figure 2b). We did not detect sirA variants in STm#hiDAsseD  However, the discovery
rate of sirA sequence variants in evolved STm#hiDAsseD populations may be limited by
the small sample size of sequenced genomes. In addition, we did not observe any
mutations in the SPI-2 locus or its regulon (coding/regulating T3SS2) of the evolved
STm lines. In summary, sirA variants appear to be selected in auxotrophic strains
independently of SPI-1SPI-2HilD.

We further identified a non-synonymous SNP in the barA locus in both STmA"™ and

STmAuAhID_ This mutant allele initially occurred at a low frequency of ~10-20% (28-35
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days), increasing up to 100% on day 200 in STmAY, In STmA™ANID the same mutation
allele occurred at a low frequency of ~7% on day 75, increasing to 100% on day 200.

We also identified barA mutation (~7%) in STmAhiDAsseD on day 75.

Previous studies have shown that non-invasive SPI-1 deficient defector mutants may
become selected rapidly in vivo and may often harbor loss-of-function mutations in
hilD'3. Diard and co-authors could demonstrate in the acute streptomycin pretreated
mouse infection model that 10 days after oral infection, approximately 33% of the
intestinal Salmonella population have a non-invasive phenotype (SPI-1 expression
negative)'®. We hypothesized that infection with the phenotypically avirulent STmAU
could result in increased avirulent defectors, thereby making the virulence expression
unstable and reducing the overall invasiveness of the evolved strains substantially over
long-term colonization. For testing this hypothesis, we quantified the invasiveness
potential of host-adapted STmA"™ against the non-evolved original lab strain of STmA
through a Gentamicin invasion assay (Figure 2d). We observed a non-significant
increase (p-value<0.3; within group comparison Supplementary figure 3a) in the
invasiveness of 1-week (4 and 7 days) evolved STmA" isolates, indicating their
evolution towards hyper-invasiveness. This brief period of hyper-invasiveness was
followed by a gradual decline in invasiveness until day 200 of colonization. However,
at a population level, the evolved (mixed SPI-1 positive and negative) STmA" lines do
not show invasiveness as low as the fully T3SS1-deficient negative controls until 200
days, thus proving that they do not completely lose T3SS1 expression. A thorough
statistical analysis between groups, within groups, and pairwise comparisons within
groups against % invasive bacteria of non-evolved original strains was performed
(Supplementary figure 3a; see Methods section for a detailed description of the
statistical analysis). Overall, these results suggest a temporal adaptation to the
environmental circumstances rather than a fixed mutation that switches off the T3SS1
expression completely (which can potentially lead to avirulent defectors).

Variants in an uncharacterized locus
We identified a non-synonymous point mutation in an uncharacterized locus
SL1344_1678 (Figure 2c). This gene is described as 'putative inner membrane

protein' in the current Genbank database records for Salmonella Typhimurium strain
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LT2. We found evidence for the occurrence of the mutant SL1344_ 1678 allele in both
evolved STmA™ and STmAAMID  |In STmAY, this mutation reached a frequency of
~15%-40% in late time points (beyond day 127), whereas in STmAWAhID it occurred at
a mostly high frequency of ~95%-100% at early time points (day 35). In contrast, we
did not detect any SL1344_ 168 mutant alleles in STmAhiDAsseD  There is little
information available for the function of gene locus SL1344 1678, which makes it
difficult to comment on the exact role of this gene and hypothesize on the adaptive

phenotypes of its selected alleles in vivo.

Variants indicative of immune escape

OafA is an inner membrane protein that is involved in the acetylation of O-antigen
abequose moiety at the 2-hydroxyl group in Salmonella’'%. A dysfunctional OafA
protein results in a change in the acetylation state of the O-antigen, thereby affecting
the conformation of antigenic determinants for subsequent recognition by the host
mucosal immune response. This change generates OS5 negative strains. The
acetylation state does not affect the virulence of Salmonella'®'”. However, it enables
the O5-negative strains to escape recognition by IgA immunoglobulin, hence giving

rise to immune escapees.

In the evolved STm lines (beyond day-167) isolated from 3 groups of gnotobiotic Oligo-
MM12 mice in the 200-day experiment, we observed the occurrence of a 7-bp deletion
in the tandem repeat of the open reading frame of oafA (Figure 2c). In STm”"* group,
this allele occurred at a frequency of ~18%, while in STmAW™ANID the frequency was
~10%-69%. In STm#hiDAsseD  the mutations occurred at a frequency of up to ~100%.
This mutation causes a frameshift variant resulting in a premature stop codon and has
been previously described previously to underlie the immune escape O5 negative
variant strains®'®. In all three experimental groups, the oafA mutants occurred

transiently.

Within-host evolution of STmA" over an extended duration
Bacterial genomes are characterized by plasticity and two independent evolving

populations of the organism exposed to identical environmental conditions may follow
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different evolutionary paths in terms of both phenotype and genotype. To investigate
reproducibility and explore the long term evolutionary trajectory of STmA™, we
performed an independent in vivo evolution experiment. We tracked the evolution of
STmA™ within the murine gut ecosystem for an extended period of around four years
over multiple generations of Oligo-MM12 mice. This second experiment (henceforth,
referred to as 4-year experiment) also allowed us to gain in-depth knowledge of the
co-evolution of STmA™ in the host-microbial context. Briefly, we set up a long-term
experiment (Figure 3a) where initially, six animals (three males and three females)
were inoculated with 107 CFU of STmAY. After four weeks of colonization, these
animals were mated to form three breeding pairs. The breeding pairs produced
offspring and from each litter, individuals were randomly selected for subsequent
breeding. The resulting vertical (parent-to-offspring) transfer of STmA" was studied for
around four years spanning at least eight generations of mice and is still ongoing.
Feces of randomly selected mice were periodically sampled and cultivated on selective
agar plates to monitor the fecal density of STmA". The fecal densities of STmAW
remained stable at around 107-108 CFU/g throughout adulthood and across
generations in Oligo-MM12 mice for the entire experimental duration (Figure 3b).
Overall, the colonization pattern was similar to the ones observed in the 200-day
experiment. We sequenced the metagenomes of the original inoculum (day 0) and the
evolved STmA populations (isolated from mice fecal pellets) from day 7 to day 797
post-inoculation. We found several variants that were common in both long-term
evolution experiments, namely sirA, oafA, SL1344 1678, gatR, and ompR (Figure 3c).

The major findings of this experiment are as follows.
Common variants between 200-day and 4-year experiments

a) sirA 6-bp in-frame deletion (same as observed for 200-day experiment)
occurred at a low frequency of around 9% on day 37, reached 100% frequency
on day 69, and became fixed on day 285. Through sanger sequencing, we found
that the mutation was prominent at presumably high frequency even after 4
years (data not shown). To compare if the evolved STmA" with sirA allelic
mutation shows a similar temporal adaptation of invasiveness to the ones from
the 200-day experiment, we performed a Gentamicin assay for the evolved

populations of 4-year experiment. We observed similar statistical and qualitative
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results (Figure 3d, Supplementary figure 3b) and recorded a hyperinvasive
phenotype of 7-day evolved STmA" (p-value<0.3, pairwise comparison in
Supplementary figure 3b) and a gradual decrease in the invasiveness (>37-
day evolved STmA¥) (p-value<0.05, within group comparison in
Supplementary figure 3b). This result supports the evidence for hyperinvasive
phenotype of 4/7-day evolved strains of 200-day experiment.

b) We observed evidence for the selection of a point mutation (same as 200-day
experiment) in the SL1344_1678 locus, first at a low frequency of 8%-20% at
28-37 days post inoculation, increasing to nearly 100% at day 69, and reaching
fixation at day 285. Through sanger sequencing, we confirmed that this mutation
occurred at approximately high frequency after 4 years of colonization (data not
shown).

c) We identified the frameshift variant of oafA in the frequencies varying between
11% to nearly 100% occurring from day 37 post inoculation. As in the 200-day

experiment, this variant rises for brief periods throughout the experiment.
Variants observed only in 4-year experiment

d) We identified two alleles of the gcvB gene from day 28 post colonization with
STmA": a SNP found at 100% frequency at day 28, and an 8-bp deletion found
at day 37 (85%) and beyond (100%; 69-797 days post inoculation) (Figure 3c).
gcvB gene codes for a non-coding RNA (ncRNA) that acts as a direct regulator
of many ABC transporter mMRNAs in Salmonella'®?°. gcvB targets the genes of
dpp and opp operons that encode for the major enterobacterial dipeptide and
oligopeptide transporters, respectively (Figure 4b). gcvB represses these
mRNA targets under nutrient-rich conditions®. It also regulates cycA, which
encodes a permease for D-alanine, D-serine, and glycine. cycA promotes
transport of glycine which activates gcvB expression. This regulatory network
forms a negative feedback loop'®2° (Figure 4b). cycA is an important gene for
STmA" because the latter is auxotrophic for D-alanine. A virtual target screen
analysis was performed using copraRNA for the wild-type gcvB and its mutant
alleles to assess the corresponding functional changes?'. The results predict
marked changes in the binding affinity of the mutated gcvB with several targets

including dppA, dppB, dppD, oppA, oppB, oppC, oppD, oppF, and cycA
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(Supplementary figure 4a). For cycA, this change was positive, indicating that
the mutant genes bind better to cycA. A probable hypothesis is that under the
influence of increased binding by the gcvB mutant, once cycA is repressed, it
will lead to a reduction in glycine import, which in turn will repress gcvB. This
will ultimately increase the expression of cycA, subsequently facilitating the
import of amino acids including D-alanine for STmA,

To validate this hypothesis, we monitored in vitro growth of evolved STmAw
populations in media supplemented with varying concentrations of D-alanine
and m-DAP. Given constant availability of nutrients and sustained bacterial
growth, area under the growth curve (AUC) is directly proportional to the growth
rate. We observed statistically significant changes (p<0.01) in the relative AUC
of evolved STmA" as compared to the non-evolved STmA™ at relatively high
nutrient concentrations for D-alanine (100%, 33%) (Supplementary figure 4b)
and m-DAP (100%, 60%, 33%) (Supplementary figure 4c). On the contrary,
at low concentrations (4%) for both m-DAP and D-alanine, we observed a non-
significant change depicting a higher AUC for the evolved STmA" as compared
to the non-evolved STmAW,

e) We identified a point mutation in ompR at day 797 post-inoculation (~17%-56%)
(Figure 3c). OmpR is a part of the EnvZ/OmpR two component system known
to bind to the promoter region of the gene ssrA and positively regulate the
expression of the SsrA-SsrB sensor-kinase system, thereby positively
regulating the expression of SPI-2 genes?? (Figure 4a). Some studies report
that SPI-2 facilitates persistent mucosal infection, chronic intestinal shedding of
Salmonella in the mammalian gut, and subsequent intestinal inflammation23-26.
However, EnvZ/OmpR has also been implicated in regulating genes for motility
and transport of nutrients. Therefore, the functional consequence of this

mutation is not clear for STmA" evolution and remains to be studied further.

Overall, these results recapitulate the reproducibility of STmA“ genomic and
phenotypic evolution over long periods in association with the gut microbiota of Oligo-
MM12 mice.
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Auxotrophy of STmA"™ s genetically stable in vivo
Next, we addressed whether the STmAY™ reverts its auxotrophy during long-term

colonization, through the selection of partially or fully auxotrophic variants with altered
metabolic capabilities. Over long-term colonization in association with the gut
microbiota, STmA" can potentially gain back the auxotrophy conferring genes or their
homologs (alr-a, alr-b, metC, asd) through horizontal gene transfer from Oligo-MM12
bacterial species. However, we did not find STmA" auxotrophy revertants, through our
intensive genomics analysis. To confirm this finding, long-term host-adapted STmAu
(>1 year) from the 4-year experiment were cultivated on supplemented (D-alanine and
m-DAP) LB plates and non-supplemented (either or both D-alanine and m-DAP) osmo-
protective containing L-form like (LFL) agar. The LFL medium allows the cultivation of
osmo-sensitive variants with instable cell-walls. Such variants are expected for partial
auxotrophy escape mutants that potentially have a cell-wall deficient L-form-like
phenotype?’. In these in vitro experiments, we observed individual D-alanine and m-
DAP single auxotrophy escape variant clones at a low frequency, but not double
auxotrophy escape mutants (D-alanine and m-DAP prototrophic) (Figure 3e, adapted
from Olivier Scharen's thesis (University of Bern, 2021)). These findings confirmed that

STmAY™ remained fully auxotrophic within-host over long periods of evolution.

Spectrum of virulence potential of evolved re-isolates of STmA" across time
The outcome of our Gentamicin invasion assays was limited by the auxotrophic nature

of the STmA¥ lines (evolved and non-evolved), because it is not clear whether the D-
alanine and m-DAP are transported inside the HelLa cells from the infection inoculum.
Therefore, it was paramount to confirm the findings from the HelLa cell invasion assay

in a host-specific environment to address the following questions:

(a) What is the in vivo virulence of a STmA" re-isolate strain derivative in which the
auxotrophy mutations have been repaired and are consequently no longer
metabolically attenuated?

(b) Does STmA“evolve towards a gain or a loss of virulence factor function in vivo?
In the case of virulence function loss, does the metabolically attenuated STmAux

evolve towards commensalism?
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(c) If decoupled from auxotrophy, how does the virulence factor functionality (SPI-

1 dependent and independent) evolve in vivo?

To address these questions, we genetically reconstructed the wild-type alleles of
genes alr-a, and asd of non-evolved lab strain and host-adapted re-isolates of STmAux
(4-day, 90-day, and 4-year evolved) rendering them again-prototrophic (STmExAw) for
m-DAP and D-alanine. Due to low abundance of STmA" until day 7 post colonization,
STmAY™ could not be isolated from 4-year experiment and instead day 4 evolved
STmA™ strain was taken from an independent experiment with similar STmAW

colonization phenotype.

Gnotobiotic Oligo-MM12 mice were colonized with the STmEAu strains for four days
(Figure 5a). Fecal pellets were collected every day to quantify intestinal colonization,
and translocation of the strains to systemic organs was measured by bacterial
quantitation from the mesenteric lymph node, spleen, and liver tissues. We found that
while the 4-year evolved and non-evolved STm®-A" strains showed similar intestinal
colonization levels of 107-108 CFU/g, the 4-day evolved and 90-day evolved strain
colonized at elevated levels of 108-10° CFU/g (Figure 5b).

We found that the 4-day evolved, 90-day evolved, and non-evolved strains invaded the
mesenteric lymph node at high levels of 10* CFU/g, while the 4-year evolved strain
colonized approximately at 10-fold low levels of 103 CFU/g (Figure 5c). In the liver, the
4-year evolved strain colonized at levels as low as 10 CFU/g, whereas the 4-day
evolved, 90-day evolved, and non-evolved strains colonized at around 10* CFU/g
(Figure 5c¢). 4-day evolved STm®A" translocated to the spleen at high levels of up to
10* CFU/g, whereas the other evolved strains colonized at low levels of up to 10'-103
CFU/g (Figure 5c). These results depict the hyperinvasive and hypoinvasive capacity
of the 4-day evolved and 4-year evolved strains. On the other hand, mixed results for

the 90-day evolved strain were observed.

Overall, these results corroborate our genomics based predictions and in vitro invasion
assay data on virulence function development in evolved STmA"™, While STmA" does
not completely lose its virulence potential, there is evidence of reduced invasiveness
resulting from a combination of effects from multiple genomic adaptations. In addition,
we observed that STmA" does not spontaneously revert to its m-DAP/D-alanine
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prototrophic form even after long periods of in vivo evolution in several independent
mouse lines and two independent experiments. This suggests that STmAY retains its
metabolic dependency on murine gut microbiota to support its evolutionary trajectory
towards stable commensalism, but without complete loss of virulence determinants.
This raises the hypothesis that the preservation of residual virulence functionality of
STmAY s an adaptation to long term commensal intestinal colonization, related to well
demonstrated role of virulence in intestinal fithess of the wild type pathogen. Further

studies are required to assert these findings.

Whole genome sequencing and characterization of STm, and STmA"|ab strains and
their isogenic mutants
In addition to the above results, it is important to comprehend the genomic changes in

the various isogenic strains used in this study. We sequenced the genomes of the
original isogenic lab strains STm (strain SB300), STmAW, STmAWAhID  and STmAhiD
AsseD ysing short-read lllumina sequencing technology, nanopore sequencing provided
by Oxford Nanopore Technologies (ONT) and SMRT sequencing provided by PacBio.
We assembled circular genomes of length ~4878000 base pairs for each strain by
performing a de novo hybrid assembly combining the long reads from
nanopore/PacBio and short reads from lllumina (Supplementary figure 1a). Through
short-read sequencing, we identified point mutations in three genes: succinylbenzoate
synthase (menC), putative PTS system mannose specific enzyme [IAB (manX), and
putative regulatory protein (yciT) in all original non-evolved strains (Supplementary
figure 1b). We also found these mutations to be consistently conserved in the
genomes of evolved STmAY, STMAWANID  gand STmAhID AsseD rgisolated from the feces
of mice (data not shown). The same three point mutations have previously been
reported for the wild-type STm (SB300; parent strain of STmAW)!3,

We further correctly identified the in-frame deletions of four genes coding for alanine
racemase (alr-a and alr-b), cystathione beta lyase (metC), and aspartate-
semialdehyde dehydrogenase (asd) introduced by directed genome editing in STmAux
and STmAWAhIDS |n both strains, we correctly identified the insertion of tetRA cassette
at the deletion site of asd®. We also found a frameshift variant in sseD for STmAhiDAsseD
(Supplementary figure 1a)). This is likely an artifact resulting from the in-frame
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deletion modification (sseD:aphT) during the construction of this mutant. These data

define the original genotypes of all lab strains used in our study.

Discussion and Outlook
Several studies have shown the efficient colonization of live vaccines in different animal

models and their protective benefits. However, bacterial genomes are prone to
constant change under the influence of evolutionary mechanisms. Therefore, even with
similar protective benefits provided by live vaccines, the respective associated
genomic evolutionary profiles can be different. Here, we studied the long-term
evolution of a potential live vaccine candidate STm”" which colonizes gnotobiotic
Oligo-MM12 mice stably at levels of 107-108 CFU/g (approximately 1.38% relative
abundance) (Figure 2b, Figure 3b) and investigated its within host evolution and
associated phenotypic changes. We deliberated on the genomic and phenotypic
evidence of the invasiveness trajectory of STmA" across time and identified a dynamic
temporal pattern that ultimately indicates reduced invasiveness over long periods of
evolution. We identified this trajectory from a mixed population (metagenomic
sequencing) of evolved STmAY, which accounted for deciphering the intestinal
bacterial evolutionary genomics at a population level rather than being limited by

individual clones.

Previous study by Diard and co-authors reported that during intestinal infection with
virulent STm (SB300) in the streptomycin pretreated mouse model, SPI-1 negative
mutants (or SPI-1 defector mutants) become rapidly selected (at 10 days post
infection), many of which harbored loss of function mutations in hilD'3. We thus
specifically looked for hilD mutations in evolved STmA" populations from different time
points of our long-term colonization experiments. We could not find any mutation
affecting hilD or other mutations consistent with full loss of SPI-1 function. Then, we
looked for mutations in other regulons responsible for controlling the expression of hilD
and consequently the expression of T3SS1. To that end, we indeed identified
mutations in sirA locus in STmAY (Figure 2c, Figure 3c). As explained before, SirA is

the response regulator of the two-component system BarA/SirA which positively
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regulates SPI-1 (Figure 4a). In our experiments, we observed that SPI-1 regulatory
region rather than SPI-1 locus itself is responsible for the reduced invasiveness of
STmAY thus proving the crucial role of such regulatory systems in virulence
expression. Our findings support the idea that in vivo evolution of avirulent STmA
selects for genomic variants with a reduced rather than a complete loss of SPI-1 related
intestinal virulence, suggesting that SPI-1 mediated host interactions still have a fitness
promoting function in STmA“, The interaction between lowly expressed SPI-1
functionality and host immunity and consequently commensal long-term colonization

and host health remains to be elucidated in future studies.

In addition, through rigorous genomics and in vitro LFL agar experiments, we showed
that STmA" tends to retain its auxotrophy over long-term evolution. However, this
observation is based on 2 long-term experiments. In a realistic scenario, it is possible
that different evolutionary trajectories lead to different evolutionary outcomes. It is also
possible that the ex-auxotrophic (ex-aux, again-prototrophic) host-adapted STm”" can
potentially evolve towards a pathogenic lifestyle (much like its wild-type counterpart
STm) while being self-sufficient for their metabolic requirements. To this end, we
reverted the auxotrophy (ex-aux mutants) of non-evolved and host-adapted STmAY,
We observed that long-term evolved (4-year) STm®A" does not show a similar
invasive phenotype as the non-evolved STmE*-A% (Figure 5), indicating that perhaps

evolved ex-aux strains may not turn to a pathogenic lifestyle.

Overall, we show that the auxotrophic vaccine undergoes colonization resistance, yet
stably colonizes the murine intestine and augments its niche without altering its
metabolic dependency. However, it overcomes this dependency by becoming better at
transporting metabolites. Through this study, we demonstrate that metabolic

dependency of the live vaccine candidate STmA" may drive it towards commensalism.
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Methods

Ethics
All animal experiments were approved by the Bernese Cantonal Ethical committee for

animal experiments and carried out following Swiss Federation law for animal
experimentation under licenses (BE85/17, BE28/21).

Animal experiments
All animal experiments were performed with Oligo-MM12 colonized gnotobiotic

C57BL/6J mice?®. These mice were housed at the Clean Mouse Facility (CMF) at the
University of Bern at all times. Mice were maintained at an ambient temperature of 23-
25°C and relative humidity of 52-60%. All mice received autoclavable rodent chow diet
(Kliba 3307) and autoclaved water ad libitum. Gnotobiotic Oligo-MM12 mice were
generated at the Clean Mouse Facility (University of Bern) by inoculating germ-free
C57BL/6J mice with purified cultures of the Oligo-MM12 bacteria and stably maintained

in flexible film isolators under strictly axenic conditions.

For the 4-year long experiment, the mice were kept in flexible film isolators for the
entire duration of the experiment. For the 200-day long experiment, the mice were
transferred from isolators to IsoCage P bioexclusion system (Isolators at Cage level;
Techniplast, USA) and kept for the full duration of the experiment. IsoCages are airtight
cages in an isolator form and contain HEPA filters for efficient bioexclusion.
Colonization experiments were performed under aseptic conditions. For terminal
sampling and sacrifice, mice were transferred from the CMF to the Institute of
Infectious Diseases, University of Bern.

In all experiments, mice were enterally inoculated with 107 CFU of bacterial strains in
a volume of 200ul. All bacteria were grown with supplements (D-alanine + meso-
diaminopimelic acid (Sigma, USA), wherever required) and antibiotics under SPI-1
inducing conditions. SPI-1 induction was achieved by culturing bacteria in LB + 0.3M
NaCl (Sigma, USA) at 37°C, shaking at 150rpm for 16h, followed by a 4h 1:20
subculture in fresh LB + 0.3M NaCl (USA). Bacterial cultures were centrifuged, washed
with PBS, and diluted to the desired amounts in PBS.
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Bacterial strains and culture conditions
All bacterial strains used in this study are listed in Table 2. Auxotrophic strains were

made using genetic engineering methods described previously®. For making
STmAWAHID gnd STmAhIDAsseD hjlD and sseD genes were knocked out by P22 phage
transduction of the antibiotic resistance tagged gene deletion alleles hilD::cat and
sseD::aphT respectively. To generate ex-auxotrophic strains HA2000, HA752, HA753
and HA755 (Table 2), the wild type alleles of alr-a, and asd were re-introduced by P22
phage transduction using wild-type Salmonella Typhimurium (SB300) as a donor.

For all liquid bacterial cultures, Luria-Bertani (LB) Miller broth (BD Difco) was used as
the standard medium. For isolating all Salmonella Typhimurium strains from fecal
pellets, MacConkey Il broth was used in combination with 1.5% agarose weight by
volume. All media were supplemented with 50 mg/I meso-diaminopimelic acid (Sigma,
USA), 200 mg/l D-alanine (Sigma, USA), 12.5 mg/l Tetracycline (Sigma, USA), 50 mg/I
Streptomycin (Sigma, USA) where required.

Bacterial quantification
Prior to bacterial quantification, the weight of fecal samples was determined. Fecal

pellets were resuspended in PBS and homogenized by bead beating in TissueLyser
LT (Qiagen, USA) at 50Hz for 3min. Quantification of bacteria in organs was done by
resuspending organs in PBS 1X + 0.05% Tergitol and adding one autoclaved steel
bead, followed by bead beating in TissueLyser LT (Qiagen, USA) at 50Hz for 3min.
Resuspended and homogenized liquids were spread in desired dilutions on
supplemented MacConkey agar plates, incubated for 16h at 37°C, and followed by
counting the colony forming units (CFU). The counts were represented as log1o values
of CFU/g or CFU/organ and plotted using GraphPad Prism version 9.4.0.

Gentamicin invasion assay
HelLa cells (Kyoto) were grown in Dulbecco modified Eagle's medium (DMEM, Thermo

Fischer Scientific, USA) with 10% fetal bovine/calf serum (FBS/FCS, Sigma, USA) and
incubated at 37°C at 5% CO2. For cellular invasion assay, 1*10° HelLa cells were
seeded in 24 well plates and grown until 80% confluency was reached. Prior to
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infection with different STm strains, HelLa cells were washed with Hank’s Balanced
Salt Solution (HBSS, Thermo Fischer Scientific, USA).

Bacterial cultures were prepared in 10 ml LB + 0.3M NaCl under SPI-1 inducing
conditions overnight with the required supplements and half the amount of required
antibiotics. The cultures were prepared without shaking. The rationale behind not
shaking the cultures was to prevent dominant populations from taking over in the liquid
cultures and thereby maintaining all subpopulations of the re-isolated bacteria from
feces and for lab strains. For the final infection inoculum, the cultures were diluted to
an OD600 of 0.6. HeLa cells were infected with bacterial infection inoculum (5*10°
CFU/ml, validated by plating on LB agar plates) according to the multiplicity of infection
(MOQI), of 1:5 and incubated for 50 minutes at 37°C at 5% COZ2. After infection, cells
were washed with HBSS. To clear the bacteria that have not invaded the HelLa cells,
DMEM medium containing 10% FBS/FCS and 400 ug/ml Gentamicin (Sigma, USA) is
added to each well of the plate. The cells were incubated for 30 minutes at 37°C at 5%
CO2. The cells were washed with PBS and treated with 0.1% sodium desoxycholate
(Sigma, USA) in PBS. The cells were scratched with a pipette tip and resuspended 10
times. Two dilutions for each well were plated on LB plates with supplements without
antibiotics and incubated for 16 hours at 37°C. Three dilutions for the original infection
inoculum were plated and incubated for 16 hours at 37°C. Bacterial colonies were
counted and the percentage of intracellular bacteria in HeLa cells against the original

infection inoculum was calculated and plotted in R using ggplot22°,

Growth-curve assay
Bacteria were isolated by plating serial dilutions of feces content on MacConkey agar

plates supplemented with 50 mg/l Streptomycin (Sigma, USA). Original lab strains
were streaked on antibiotic supplemented MacConkey plates. For auxotrophic strains,
MacConkey plates were also supplemented with 50 mg/l meso-diaminopimelic acid
(Sigma, USA) and 200 mg/l D-alanine (Sigma, USA). Plates were incubated for 16h
at 37°C and followed by counting the CFU. Plates were washed with PBS and the
resulting wash was diluted 100 folds in LB medium with or without supplements
(varying concentrations) as indicated in Supplementary figure 4b,c. 200 ul of diluted

culture was used for growth curve measurements on a Nunc 96-well flat bottom clear
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plate (Sigma, USA) on a Varioskan Flash Spectral Scanning Multimode Reader
(Thermo Fischer Scientific, USA).

PCR
PCR was used to confirm the presence of mutations in genomes of evolved and non-

evolved Salmonella used in this study. PCR primers were designed using Benchling
and synthesized by Microsynth AG, Switzerland (Table 3). PCR conditions were

calculated using utilities within Benchling.

DNA extraction and Whole metagenome re-sequencing
DNA extraction

Bacteria were isolated by plating serial dilutions of feces content on MacConkey agar
plates supplemented with Streptomycin. Original lab strains were streaked on antibiotic
supplemented MacConkey plates. For auxotrophic strains, MacConkey plates were
also supplemented with meso-diaminopimelic acid (Sigma, USA) and D-alanine
(Sigma, USA) with amounts as mentioned in previous sections. Plates were incubated
for 16h at 37°C and followed by counting the colony forming units (CFU). Plates were
washed with PBS and the resulting wash was kept at 4°C until further analysis. The
plate wash was divided into two aliquots. One aliquot was used for Gentamicin invasion
assay (refer to Gentamicin invasion assay for more details) and the other aliquot was
used for DNA extraction. DNA was extracted using either Purelink Microbiome DNA
Purification kit (Invitrogen, USA) or Wizard High Molecular Weight (HMW) DNA
extraction kit (Promega, USA).

Quality control and Concentration

The quality control of the genomic DNA was done using Nanodrop (Thermo Fisher
Scientific, USA) 260/230 and 260/280 ratios. The concentration of all DNA samples
was determined by Qubit dsDNA High Sensitivity (HS) Assay kit (Life Technologies,
USA) on the Qubit 4.0 fluorometer.
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lllumina sequencing

2*150 bp paired-end DNA libraries were prepared using the proprietary NGS DNA
Library Prep Set kit (Novogene, UK) and sequenced on NovaSeq 6000 platform S4
flow cell (lllumina, USA) at an average read depth of ~100X. Briefly, the genomic DNA
was randomly sheared into short fragments. The obtained fragments were end
repaired, A-tailed, and further ligated with lllumina adapters. The fragments with
adapters were PCR amplified, size selected, and purified. The library was checked with
Qubit dsDNA HS Assay kit (Life Technologies, USA) and real-time PCR for
quantification and bioanalyzer for size distribution detection. Quantified libraries were
pooled and sequenced on lllumina platforms, according to effective library

concentration.

All steps were performed at the company sequencing facility in Cambridge by
Novogene UK (Cambridge, UK).

PacBio sequencing

Prior to SMRTbell library preparation, bacterial genomic DNA was assessed for quality
and purity using an Advanced Analytical FEMTO Pulse instrument (Genomic DNA 165
kb Kit; Agilent, USA) and a Denovix DS-11 UV-Vis spectrophotometer (Denovix, USA),
respectively. Multiplexed SMRTbell libraries were prepared for sequencing on the
Sequel exactly according to the PacBio (USA) guideline titled: “Preparing whole
genome and metagenome libraries using SMRTbell prep kit 3.0" - Part Number 102-
166-600 (April 2022). The only deviation made to this procedure was that the 300-1000
ng of genomic DNA in 100 uL was sheared using a Covaris g-TUBE (Covaris, USA)
following the PacBio technical note for Covaris g-TUBE DNA shearing for SMRTbell
prep kit 3.0. The sheared genomic DNA was concentrated and cleaned using 1 x
SMRTbell clean-up beads (PacBio Sciences, USA). The samples were then quantified
using a Qubit 4.0 fluorometer (Qubit dsDNA HS Assay kit, Thermo Fisher Scientific,
USA) and an Advanced Analytical FEMTO Pulse instrument (Genomic DNA 165 kb
Kit, Agilent, USA), respectively. The rest of the procedure as referenced above was
followed including end-repair & A-tailing, ligation of barcoded overhang adapters, and

then purification of the library using AMPure PB beads (Beckman Coulter, USA) as
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well as a nuclease treatment. The libraries were quality controlled using the steps
described above and then were pooled using the PacBio microbial multiplexing
calculator. Finally, the library pool was purified using AMPure PB beads (Beckman
Coulter, USA). Pooled library concentration and size were again assessed using a
Thermo Fisher Scientific Qubit 4.0 fluorometer and an Advanced Analytical FEMTO
Pulse instrument as described above.

Instructions in SMRT Link Sample Setup were followed to prepare the SMRTbell
library for sequencing (PacBio SMRT Link v11, PacBio Sciences, USA). PacBio
Sequencing primer v3.2 and Sequel DNA Polymerase 3.0 were annealed and bound,
respectively, to the DNA template libraries using a Sequel Il Binding Kit 3.2 (PacBio
Part number 102-333-300), and the complex was cleaned using SMRTbell clean-up
beads (PacBio Sciences, USA). The libraries were loaded at an on-plate concentration
of 120 pM using adaptive loading, along with the use of Sequel Il DNA internal control
complex. SMRT sequencing was performed in CCS mode on the Sequel lle with
Sequel Sequencing kit 3.0, SMRT Cells 8M (PacBio Sciences, USA), a 2h pre-
extension followed by a 10 h movie time and via PacBio SMRT Link v11. Thereafter,
the CCS generation was performed on the Sequel lle and the barcode demultiplexing
workflow was run in SMRT Link v11.

All steps were performed at the Next Generation Sequencing Platform, University of

Bern, Switzerland.

Nanopore sequencing

DNA libraries were prepared using native barcoding kit NBD104 (Oxford Nanopore
Technologies (ONT), UK) followed by adapter ligation (LSK109) as suggested by the
ONT protocol. Sequencing was performed on R9.4.1 flow cell (Oxford Nanopore

Technologies, UK).

Specific details of long-term experiments

For the 200-day experiment, both short-read lllumina sequencing and long-read
PacBio sequencing were performed from the high molecular weight DNA (extracted
using Wizard HMW DNA extraction kit), wherever possible. However, few DNA
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samples did not pass the quality control for lllumina sequencing. For these samples,
DNA was extracted again in the same manner as suggested in the section 'DNA
extraction' using PureLink Microbiome DNA Purification kit (Invitrogen, USA). All
libraries were prepared and sequenced as mentioned in 'lllumina sequencing' and

'PacBio' sequencing.

For the 4-year experiment, while isolating Salmonella from feces, pink or colorless
colonies of Enterococcus faecalis strain KB1 were observed in many plates. DNA was
extracted using Purelink Microbiome DNA Purification kit (Invitrogen, USA). All libraries
were prepared and sequenced as mentioned in "lllumina sequencing" and "Nanopore
sequencing". Following bioinformatics analysis (details in the "Bioinformatics analysis"
section), samples whose 70% reads mapped to Enterococcus faecalis strain KB1 were

not considered for further analysis.

Bioinformatics analysis
lllumina sequencing data

Quality control for the reads was performed by Fastqc and Cutadapt 393!, Based on
the QC results, the reads below Phred score 30 were discarded and the ones that
crossed the threshold were trimmed (up to 10-bp) according to the per-base quality
using Cutadapt®'. The reference genome for Salmonella enterica subsp. enterica
serovar Typhimurium was obtained from Genbank with the accession number
NC 016810.1. Reads were aligned to the reference genome using Snippy3?, which
also includes a utility for variant calling through Freebayes®3. Variants were annotated
for synonymous and non-synonymous changes using SnpEff®4.

PacBio sequencing data

HiFi reads above Q20 were considered for downstream analysis using SMRT Link
release v11.0% (lima, pbmm2, pbsv, motif-maker, ipdSummary). Reads were
demultiplexed using 'lima'. Reads were aligned to the Salmonella Typhimurium
genome (Genbank accession id: NC_016810.1) using 'pbmm?2'. The coverage and
mean depth of reads per sample were calculated using samtools®. Samples with

coverage >= 99 and mean depth >= 41 were considered for further analysis. For

59



quantifying duplications, reads were subsampled to 32000 reads per sample, and
coverage was again calculated using samtools. Structural variants were called using
'pbsv'.

Closed assemblies were generated for non-evolved lab strains using Flye®’. Reads
were aligned to closed assemblies using 'pbmm2'. SMRT sequencing records the DNA
Polymerase activity on single DNA molecules and subsequently enables observation
of kinetics characteristics of polymerization such as the time duration between two
bases. A modified base can delay this duration. Therefore, for detecting base
modifications (4-methylcytosine and 6-methyladenine), Inter Pulse Duration (IPD) was
calculated from aligned reads using 'ipdSummary' followed by motif finding through

'motifMaker.

Genome assembly of non-evolved original strains

Genome assemblies shown in Supplementary figure 1a were generated by
assembling lllumina short-reads and PacBio long-reads or nanopore long-reads using
Unicycler® using default parameters of excluding contigs shorter than 100-bp. For
short-reads, the following default parameters of 'SPAdes' assembly?® were used - 0
linear sequences, the lowest and the highest k-mer fraction of 0.2 and 0.95

respectively, 8 k-mer steps, depth filter of 0.25.

Visualization of assemblies and quality-filtered reads
Assemblies generated from Unicycler® were visualized using Quast*®4'. Quality-
filtered PacBio reads were visualized on Integrative Genomics Viewer with desired

window size and coverage information where required*?.

Binding affinity change
Expected binding affinities of the gcvB wild-type allele and 2 mutant alleles to known
mRNA targets were calculated in silico using copraRNA?'. Fold changes were

recorded and plotted as bar plots in R using ggplot22°.
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Plots, scripts, and figures

Variant data was processed using in-house R scripts. All scatter plots, line plots,
heatmaps, and bar plots were generated using the ggplot2?° package in R. Pedigree
plots were generated using igraph*® and ggraph** packages in R. Figures were
generated by assembling individual plots in Adobe lllustrator CS6.

Statistical analysis of Gentamicin invasion assay data

For this thesis, cell infection assay data were analyzed using non-parametric methods.
The most common non-parametric test for statistically analyzing grouped data is the
Kruskal-Wallis test. However, this test is limited to a one-way analysis. It cannot be
applied to datasets with more than one independent variable. Therefore, two-way
analysis (aligned ranks transformation ANOVA) was used for the comparison of >1
independent variable, and the Kruskal-Wallis test was limited to one independent

variable only.

For the 200-day experiment, a comparison between groups was performed using
‘aligned ranks transformation ANOVA'. This method mimics a 2-way ANOVA test for
non-parametric data. For this test, the independent variables were the groups (STmAY,
STmAWANID - STmAhiDAsseD) gnd time-point (days post infection: Day 0 to Day 200), the
dependent variable was the % of bacteria surviving after Gentamicin invasion assay
(as depicted in Figure 2d). An interaction term between the two independent variables

was included for this comparison.
art(meanX ~ Group + Days + Days:Group, data = <data table>)

where, 'art' = function from ARTool package for performing ‘'aligned ranks
transformation ANOVA'

meanX = mean values for the % surviving bacteria per time point per group

from <data-table>

p-
value
Term Df F-value | (Pr>F) | Significance
1.67E-
Group Group 2 60.2285 17 | ***
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1.88E-
Days Days 10 3.904857 04 | ***

4.76E-
Group:Days | Group:Days 20 2.78665 04 | ***

As evident from the above results, both independent variables 'group’, 'days', and the
corresponding interaction term were statistically significant. The next step was to test
if the values were statistically significant between groups. A posthoc contrast test ART-
C was performed between groups and the results were recorded in Supplementary
figure 3a*°. Next, we wanted to know whether, within the groups, the values were
statistically significant against the reference Day-0 % surviving bacteria from the non-
evolved original strain. Again, the posthoc test ART-C was used for this comparison
(Supplementary figure 3a; colored columns for each group) following the aligned
ranks ANOVA test (2-way non-parametric)*®. The most preferred posthoc test for the
multiple comparison tests is Tukey's test. However, this test requires the data to have
comparable covariance within themselves. To test the homogeneity of variances, the
Fligner-Killeen test was performed with the NULL hypothesis that the covariances
within the groups of the dataset are not different. This test gave us a p-value of 2.645e-
13, proving that the covariances were different from each other. Therefore, Benjamini-
Hochberg False Discovery Rate (FDR) correction, instead of Tukey's test was used for

all multiple test comparisons to avoid type-| statistical errors?.

For the 4-year long experiment, there was only one group (STmA%) for comparison
(Figure 3d). Therefore, Kruskal Wallis non-parametric test (one independent variable:
time-point, and one dependent variable: % surviving bacteria) was applied to test if the
values within the group are statistically significant (Supplementary figure 3b; single
grey square). To test further whether, within the group, the values (days post infection)
are statistically significant against the reference (day 0 % surviving bacteria from the
non-evolved original strain), a posthoc Dunn's test was performed (Supplementary
figure 3b; colored column for STmA"). Benjamini-Hochberg FDR correction was used

to control for the multiple comparisons.

All statistical data analysis of the cell invasion assay data was performed in R
(packages ARTool and car?®47:48),
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Tables

Table 1: Details of prominent mutations discussed in this study

Amino
Gene Type of | acid
name | Wild type allele Variant allele variant change
Tyr184
Arg185d
el
Conservative | (protein
inframe 6-bp | coding
SirA ACGATAGCGATAGC ACGATAGC deletion gene)
Asp9Gilu
Missense (protein
variant (point | coding
SirA G C mutation) gene)
Asn87fs
Frameshift (protein
variant (2-bp | coding
SirA TTCTCCGTA TTCTCTCCGTA insertion) gene)
Arg33GlI
n
SL134 Missense (protein
4 167 variant (point | coding
8 G A mutation) gene)
Pro149f
]
AATTTTATATTTTATAT | AATTTTATATCCTT | Frameshift (protein
CCTTTATTAGTCATTA | TATTAGTCATTAT | variant (7-bp | coding
oafA | TAG AG deletion) gene)
Upstream
gene variant | non
(point coding
gevB | C A mutation) RNA
Upstream
gene variant | non
GGTTGTGATGTTGTGT | GGTTGTGTTGTTG | (8-bp coding
gevB | TGTTGTGTTTGCAA TGTTTGCAA deletion) RNA
Gly63Cy
S
Missense (protein
variant (point | coding
ompR | C A mutation) gene)
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Table 2: Bacterial strains used in this study

Bacterial | Parent strain | Genotype Antibiotic Description | Reference
strain resistance
SB300 Salmonella Streptomycin STm;
Typhimurium Wild type
strain SL1344 strain
HAB30 SB300 Aasd::tetRA, Streptomycin, | STmAY, 5
Aalr-a, Aalr-b, | Tetracycline Auxotrophic
AmetC for meso-
diaminopime
lic acid and
D-alanine
HA700 HAG30 Aasd::tetRA, Streptomycin, | STmAWANC |5
Aalr-a, Aalr-b, | Tetracycline, Auxotrophic
AmetC, Kanamycin for meso-
AinvC::aphT diaminopime
lic acid and
D-alanine,
Lacks SPI-1
ATPase invC
HA901 M556 AhilD::cat, Streptomycin, | STmAhiDAsseD | This study
AsseD::aphT | Tetracycline, , Lacks SPI-1
Kanamycin, master
Chloramphenic | regulator
ol hilD and SPI-
2 effector
protein sseD
HA902 HAB30 Aasd::tetRA, | Streptomycin, | STmAXAAID | This study
Aalr-a, Aalr-b, | Tetracycline, Auxotrophic
AmetC, Chloramphenic | for meso-
AhilD::cat ol diaminopime
lic acid and
D-alanine,
Lacks SPI-1
master
regulator
hilD
HA2000 | HA630 Aalr-b, AmetC | Streptomycin | STmExAux This study

65




HAG30- HAG630 Aasd::tetRA, | Streptomycin, | Evolved day- | This study
D4 Aalr-a, Aalr-b, | Tetracycline 4 STmAuX,
AmetC, Auxotrophic
for meso-
diaminopime
lic acid and
D-alanine
HAG630- HAG630 Aasd::tetRA, | Streptomycin, | Evolved day- | This study
D90 Aalr-a, Aalr-b, | Tetracycline 90 STmAY,
AmetC, Auxotrophic
c.548 553del for meso-
GCTATC, diaminopime
n.70_77delAT lic acid and
GTTGTG, D-alanine
c.98G>A
HAG630- HAG630 Aasd::tetRA, | Streptomycin, | Evolved This study
Y4 Aalr-a, Aalr-b, | Tetracycline year-4
AmetC, STmAu
c.548 553del Auxotrophic
GCTATC, for meso-
n.70_77delAT diaminopime
GTTGTG, lic acid and
c.98G>A D-alanine
HA752 HAG630-D4 Aalr-b, AmetC | Streptomycin 4-day This study
evolved
STmEx-Aux
HA753 HAG630-D90 Aalr-b, AmetC | Streptomycin 90-day This study
evolved
STmEx-Aux
HA755 HA630-Y4 Aalr-b, AmetC | Streptomycin 4-year This study
evolved
STmEx-Aux
Table 3: Primers used in this study
Primer name | 5'-3' sequence Description Reference
ACCGACATAAATAACCGTACC Forward This study
sirA Fw primer to
amplify the
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region of
interest in sirA

sirA Rv

AACTATCAGTAGCGTTATCCC

Reverse
primer to
amplify the
region of
interest in sirA

This study

SL1344 1678
Fw

GATGAGCGCAGTGAGTATTC

Forward
primer to
amplify the
region of
interest in
SL1344 1678

This study

SL1344 1678
Rv

CAGCTCCATCGTAGATGAATG
TGC

Reverse
primer to
amplify the
region of
interest in
SL1344 1678

This study

gcvB Fw

GCCTCTGGACTTAATGTCG

Forward
primer to
amplify the
region of
interest in
gcvB

This study

gcvb Rv

CGTGAAAGAGATGGTGGCTC

Reverse
primer to
amplify the
region of
interest in
gcvB

This study

hilD Fw

AATCAGACCATTGCCAACACAC

Forward
primer to
amplify the
region of
interest in hilD

This study

hilD Rv

TCCCATCCTGATAGAGCGTG

Forward
primer to
amplify the
region of
interest in hilD

This study
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Figures

Figure 1
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Figure 1: Efficient colonization and subsequent immune induction by STmA" in
Oligo-MM12 mice (Both figure and figure legends were adapted from Olivier P.
Scharen's thesis (Hapfelmeier lab, 2021) and Pfister et al (2020)°). (a) Oligo-MM12
mice were inoculated by gavage with a single dose of 107 CFU of STmA" (blue circles,
n =21), STM™SS~(green squares, n = 9), STmAssaV (black inverted triangles, n = 5), or
wild-type STm (red triangles, n = 6). Trajectory of colonization by Salmonella strains
(b) Oligo-MM12 mice were inoculated by gavage with a single dose of 10’ CFU of
either STmA™ (blue circles, n = 5 animals) or STmAT3SS- (green squares, n = 3
animals) and at day 28, mice were challenged with 10’ CFU wild-type STm (red

triangles). Colonization trajectory was studied until 4 days after challenge (day 32).
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Figure 2
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Figure 2: Within-host long-term evolutionary dynamics of STmA"X, STmAuAhID,
STmAhilDAsseD show dynamic temporal adaptation over 200 days. (a) Experimental
design of the 200-day experiment. Oligo-MM12 mice were inoculated by gavage with
a single dose of 107 CFU of STmA" (purple), STmA™AhID (orange), or STmAhiDAsseD
(green) (FO parental generation) and maintained until F2 filial generation. (b) Trajectory
of colonization of STmA“ (purple, n >= 6), STmAYAHID (grange, n >= 8), and
STmAhiDAsseD (green, n >= 8). (c) Metagenomics results showing temporal dynamics of
prominent allelic gene mutations (synonymous/non-synonymous SNP, indel) across 3
groups. Each column (marked by vertical gridlines) in the heatmap depicts Salmonella
metagenome from one mouse. Frequency of each mutation is depicted by color
gradient (d) HeLa cell Gentamicin invasion assay shows short-term temporal dynamics
of invasiveness in host-adapted STmA". Positive controls- original non-evolved STm

(red), STmA™ (purple); Negative controls- original non-evolved STm#AhiDAsseD (green),
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STmAuAhID (orange). Data shown for 10 time-points for host-adapted STmAY™ (purple),

STmAuWAHID (orange) or STmARIDAsseD (green).
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Figure 3: Within-host long-term evolutionary dynamics of STmA“* over an
extended period shows dynamic temporal adaptation. (a) Experimental design of
the 4-year long experiment. Oligo-MM12 mice were inoculated by gavage with a single
dose of 107 CFU of STmA“ (purple) (FO parental generation) and maintained until F7

filial generation. (b) Trajectory of colonization of STmA" (blue, n = 5). (c)

71



Metagenomics results showing temporal dynamics of prominent allelic gene mutations
(synonymous/non-synonymous SNP, indel). Each column (marked by vertical
gridlines) in the heatmap depicts Salmonella metagenome from one mouse.
Frequency of each mutation is depicted by color gradient. (d) HeLa cell Gentamicin
invasion assay shows short-term temporal dynamics of invasiveness in host-adapted
STmAY, Positive controls- original non-evolved STm (red), STmA" (purple); Negative
controls- original non-evolved STmAsPABCD (green), STmAXAINVC (orange). Data shown
for host-adapted STmA™ (purple). (e) Escapees to auxotrophy. Randomly selected
clones of STmA™ from stock and from the 4-year experiment were cultured on LFL-
agar plates and LB plates (with or without supplementation). The ratio of revertants
was obtained by calculating 'CFU on LFL' to 'CFU on LB'. (Figure (b,e) adapted from
Olivier P. Scharen's thesis (University of Bern, 2021))

72



Figure 4
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Figure 4: Schematics of prominent mechanisms (a) BarA/SirA complex is a two-

component regulatory system that regulates both SPI-1 and SPI-2 expression through

a complex cascade. (b) GcvB is a small non-coding RNA that regulates a complex
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negative feedback loop regulating the expression of several mRNA targets
(oppABCDF, dppABCDEF, cycA).

74



Figure 5
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Figure 5: Virulence spectrum of ex-auxotrophic host-adapted STm”"* strains. (a)

Experimental design. Oligo-MM12 mice were inoculated by gavage with a single dose
of 107 CFU of STmE<A (green), 4-day evolved STm®-A (purple), 90-day evolved
STm®A (orange) or 4-year evolved STm®A (red). (b) Trajectory of colonization of
STm®A(green, n=5), 4-day evolved STmEA (purple, n=4), 90-day evolved STm&*

Aux (orange, n=3), and 4-year evolved STm®A* (red, n=5). (¢) Organ translocation in

liver, mesenteric lymph node, and spleen. Statistical data analysis for (c) was

performed using Mann-Whitney non-parametric test.
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Supplementary results and discussion
We showed that 4-day evolved strains were hyperinvasive in vitro through gentamicin

invasion assay. For both long-term experiments, genome re-sequencing performed
using lllumina short-read sequencing technology did not reveal point mutations or
small indels (<1 kb) that can explain this phenotype. However, genomic mutations also
consist of structural variants greater than 1 kb including, deletions, insertions,
inversions, duplications, and rearrangements®°. lllumina short-read sequencing limits
the detection of de novo structural variants and modified bases, either because of its
requirement of deep sequencing (structural variants) or prior treatment (epigenomic-
modified bases). On the contrary, third-generation long-read sequencing technologies
such as SMRT PacBio, enables the detection of large DNA gains, losses,
rearrangements, and modified bases*®. In the absence of conclusive evidence by
short-read sequencing concerning the hyperinvasive phenotype of 4-day evolved
STmAY™, we explored the influence of structural variants through long-read PacBio
sequencing of the genomes of non-evolved lab strains and the host-adapted strains
from five time points (Days- 4,7,35,167 and 200) of the 200-day experiment. We
asked, if not genomic, then what epigenomic or structural changes occur in the
genomes of the 4/7-day evolved STmA" that make them capable of expressing
virulence at elevated levels and how do these changes evolve over time? On analysis
of PacBio sequencing data, we observed a duplication event in evolved strains of
STmA™ (35-day (~46%), 167-day (~48%- 85%), and 200-day (~69%)). This duplication
is 94,199-bp long, spans several operons, includes a part of the gene srfB, that codes
for a putative virulence factor and causes a fusion between srfB and tyrR
(Supplementary figure 5a,b; Supplementary table 1). While this structural variant
does not explain the hyper-invasiveness of early evolved STmAY, it can potentially
contribute to its SPI-1 independent reduced invasiveness beyond day-7. In addition,
we also observed the following variants:

a) A bidirectional gene fusion refers to the joining of two genes on alternate strands
of a genome®’. We observed a bidirectional fusion in a genomic region spanned
by genes gIpT, glpA, and the corresponding intergenic region in 167-day and/or
200-day evolved STm lines from all three groups (frequency~35%-80%).

Genomic data visualization through Integrative Genomics Viewer (IGV)38
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revealed an 1187-bp fragment deletion in this region spanning both strands
(Supplementary figure 5a,c) in STmA™ and STmAWAHID  However, in
STmAwAhiDAsseD e observed an 1177-bp fragment deletion in this region.

We also observed a duplication event in evolved STmA"”*and STmAUAhID gt the
later time points of their evolutionary trajectory (167-day and 200-day evolved
strains at frequency ~35%-90%) (Supplementary figure 5a,d). This duplication
spans across a 31,458 bp region comprising genes from gat, tdc, gar, and yha
operons and a non-coding RNA STnc320. On manual inspection of read
coverage graphs and values from subsampled reads (details in methods
section) (Supplementary figure 5d, Supplementary table 1), we observed a
2-8 fold increase in the mean depth (number of times a region is sequenced) of
this region in evolved STmA"and STmAWAhID,

Finally, we observed through modified base analysis that the motif ATGCAT
was differentially methylated (p<0.01) in Salmonella genomes across time in all
groups (data not shown). However, this analysis requires further investigation

and confirmation through computational biology algorithms, which is ongoing.

While the above findings are exploratory, we expect them to cause specific phenotypic
changes concerning invasiveness and metabolic dependency of STmA", perhaps
causing alterations in its metabolic niche and exploiting these adaptations for better
transport of nutrients to maintain cell integrity.

The next step for concluding our exploratory analysis is to verify the phenotypic
changes caused by these structural variants through in vitro growth measurements of

genetically modified Salmonella harboring the specific variants.

Supplementary tables
Supplementary table 1: Mean depth for duplications observed in PacBio long-read

sequencing
Mouse Region of interest
number/Day/Strain | Strains/lines Mean depth
SB300 STm 47.0847 | gat, tdc, gar, and yha
HA630 DO STmA* D0 43.2036 operons and a non-
9017_D35_HAB30 | STmA™ D35 11.1709 | coding RNA STnc320
9020_D167_HA630 | STm ™ D167 66.5717 (31,458-bp)
9064 D167 HA630 | STmAx D167 132.194
9067 D167 HA630 | STmAx D167 126.698
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9159 D200 HAG630 | STmA* D200 81.3641
SB300 STm 54.8996 several operons, and
HA902 DO STmAWAhID D 49.4263 | includes a part of the
HA630 DO STmA™ DO 52.9102 genes srfB,tyrR
9020 D35 HAG30 | STmA™ D35 64.7032 (94,199-bp)
9045 D167 HA902 | STmAWANID D167 272.268
9052 D167 HA902 | STmAWaND D167 89.7321
9142 D200 HA902 | STmAWAND D200 104.889
9146 D200 HA902 | STmAWANID D200 78.431
9149 D200 HAB30 | STmA D200 191.971
9151 D200 HAB30 | STmA D200 147.823
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Supplementary figures
Supplementary figure 1
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Supplementary figure 1: Whole genome sequencing characterization of STm
isogenic strains. (a) Circos plot of STm and its isogenic non-evolved original strains
(STmAWX STmAUX AhilD - STmARID AsseD) from 2 long-term experiments (200-day, 4-year)
showing in-frame deletions and replacements (alr-a, alr-b, metC, asd:tetRA,
sseD::aphT, hilD::cat). (b) Heatmap showing frequency of allelic gene mutations

consistently found in all 4 non-evolved original strains.

80



Supplementary figure 2

Partial pedigree with cage and bacterial genomic information
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Supplementary figure 2: Pedigree of 200-day long term-experiment shows

variants (bacterial genome) occurring in independent mice and cages.

Left panel-Variants (SNP: non-synonymous single nucleotide polymorphism; indel:
insertion/deletion; fs: frame-shift variant/insertion) shown for respective mice and cage
in (a) STMAY; (b) STmAWANID; (¢) STmAhIDAsseD Male (squares) and Female (circles)
Oligo-MM12 mice were kept in different cages for 30-35 days before breeding for each
filial generation. Each color represents one cage. Mates are shown with thick
horizontal/curved lines. Parent-to-offspring is shown by thick vertical lines. Variants are
mentioned either on the side or bottom of the symbol. Mouse numbers are indicated at
the bottom of each symbol in small font size. For simplicity, the information shown here
is only from mice, whose metagenomic Salmonella isolated from feces were
sequenced and passed bioinformatics quality control. Right panel -Full pedigree for

each group.
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Supplementary figure 3
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Supplementary figure 3: Statistical analysis of Gentamicin invasion assay data

generated from 2 long-term experiments. Workflow of the statistical analysis and
results for (a) 200-day experiment and (b) 4-year experiment showing the overall

comparison between and within experimental groups.
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Supplementary figure 4: (a) /n silico evaluation of fold changes in binding affinity of

gcvB mutant alleles and wild-type gcvB to known mRNA targets. Area Under the Curve

(AUC) comparison of in vitro growth-curve data of evolved STmA" populations in

media supplemented with varying concentrations of (b) D-alanine. (¢) m-DAP.

84



Supplementary figure 5
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Supplementary figure 5: Structural variant analysis of non-evolved and host-

adapted STmA“*, Long-read PacBio sequencing was performed from high molecular

weight DNA of evolved Salmonella strains from 200-day experiment (a) Heatmap
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depicting temporal dynamics of structural variants across 3 groups (STmAY
STmAWAhID  STmAhiIDAsseD) Egch column (marked by vertical gridlines) in the heatmap
depicts Salmonella metagenome from one mouse. Frequency of variants is
represented by color gradient. (b) 94,199-bp long duplication event which causes a
gene fusion between srfB virulence factor and tyrR. (c) Bidirectional fusion between
glpT and glpA caused 1187-bp fragment deletion in STmA*and STmMAWAID gnd 1177-
bp deletion in STm#hiDAsseD  (d) Gene duplication of 31,458-bp comprising several

operons in STmAand STmAWAhID
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Data availability
Sequencing data generated in this study will be available at the European Nucleotide

Archive (accession number yet to be determined). Image quality has reduced due to
conversion from word to pdf. Good quality images can be obtained by email request
(disha.tandon@unibe.ch).
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Background
An immune response is not carried out by an individual cell, but it is always a

coordinated effect by different cell types. In this part of the thesis, the host immune
response has been explored from the perspective of a global transcriptome of the
gastrointestinal tract irrespective of the cell type but aware of the colonization/infection
site. In this chapter, | will elucidate the mechanisms occurring in response to a live
vaccine priming in an organ or a particular site in that organ. While the outlook
presented is global, the concept that an immune response is a coordinated and
meticulous effort of different cell types still holds. This chapter will also delve briefly
into the realm of immunometabolic phenotypes and how they hold for a live vaccine's
interaction with the host. It should be noted that immunity and immunometabolic
phenotype are two sides of a coin and go hand-in-hand each time any
researcher/scientist experiments with a hypothesis revolving around 'what is the

mechanism of this immune response?'

Salmonella Typhimurium has a spatial preference for colonization
The mammalian intestinal immune system consists of several pathways against not

only invading pathogens but also a defense against opportunistic pathobionts. These
pathways act coherently to produce a memory immune response that ultimately
protects the intestine from re-infection or new infections. However, until recently the
spatial organization of the colonization by pathogens and the subsequent response

was not studied in detail.

Several papers focused on the involvement of innate immune response provided by
gut-associated lymphoid organs, mainly Peyer's patches of the small intestine in
mouse models against infection by gram-negative bacteria like Salmonella
Typhimurium (STm)'. Peyer's patches are populated by phagocytes (dendritic cells
and macrophages) in addition to lymphocytes (T cells and B cells). Phagocytes from
the lamina propria of the small intestine and Peyer's patches help in active antigen
sampling from the lumen content providing one way for Salmonella to enter the
intestinal tissues and cause subsequent infection. In addition, Peyer's patches are
covered by a specialized epithelium (also known as follicle-associated epithelium)
consisting of microfold or M cells, that aid in transporting bacteria and their antigens to
the basal side of the intestinal epithelium through vesicular transport'. The M cells form
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a layer covering the lymphocytes, that subsequently mount the appropriate immune
response. Similar to Peyer's patches, the caecal patch harbors phagocytes that aid in
antigen sampling from the lumen content. The caecal patch is also covered by the
follicle-associated epithelium consisting of the M cells, which act mostly in the same
way as they do for Peyer's patches. However, it has been reported that the maturation

of M cells is suppressed in the caecal patch?.

Many studies have suggested that small intestine and Peyer's patches may not be the
only site of infection by Salmonella, especially in mouse models34°. Recently, a review
paper laid out the spatial map of Salmonella infection in Streptomycin-treated mouse
infection models®. In these models, STm reaches a high density of 108 -10° CFU/g of
the caecum content after 4-6 hours of ingestion®. By 8 hours, caecal tissue is colonized
by STm yielding around 108 CFU/g of caecal tissue. In the colon, signs of infection
appear 1 day after infection, but in the small intestine, no signs of infection are
observed even after 4 hours post-ingestion®. With this data, previous studies have
established the caecum as one of the main organs of infection by Salmonella in
Streptomycin-treated mouse models®’. However, it is not completely clear why

Salmonella prefers to colonize specific regions of the intestine.

One study focused on resolving the behavior of motile and non-motile subpopulations
of Salmonella in the inner mucus layer of colon and caecum explants®. The mammalian
intestine is covered by layers of mucus that act as the first line of defense against
invading bacteria, while still providing a niche for survival to commensal bacteria.
These mucus layers do not have a consistent architecture throughout the intestine. In
the colon, the mucus layer is divided into an outer layer which is open to most bacteria,
and a sterile inner layer which acts as the barrier between luminal microbiota and the
intestinal epithelium. In the ileum of the small intestine, the mucus is present as one
layer which can be separated from the tissues easily. In the caecum, most regions lack
a uniform mucus layer and a dense accumulation of mucus is found only at the bottom
of the caecal crypts. In their study, Furter and co-authors found that STm shows an
increased intensity of motility in the dense inner mucus layer of the colon and traverses
its way through the intestinal epithelium®. However, STm has direct access to most of
the caecum epithelium which consists of large spaces without a mucus layer,

particularly in the areas between the crypts. The authors also observed that the
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swimming speed of STm on/around the caecum epithelium was equivalent to the ones
in the colon lumen?d. The colon lumen also harbors a high load of STm 8 hours post-
infection as does the caecum epithelium. This, in turn, explains the preferential

invasion by STm in the caecum.

Mechanisms of invasion by Salmonella Typhimurium and corresponding immune
response
By its inherent nature, STm invades intestinal epithelium by expressing the T3SS1

coded on SPI-1 of its genome®'". T3SS1 acts per the motility of STm, thus enabling
not only swimming against the dense mucus layer in the large intestine but also
subsequent adherence to the intestinal epithelium. Consequently, the intestinal
epithelium undergoes cytoskeletal rearrangement in response to the T3SS1 effector
proteins produced by STm and enables its uptake'?. Inside the epithelium cells, STm
resides in the Salmonella-Containing Vacuole (SCV) and turns off SPI-1 expression.
However, it has been observed that in HeLa cell culture models SPI-1 expression is
turned on after a few hours of infection. This switch enables STm to cross over the
SCV and cytosolic replication in HelLa fibroblast cells'3-'6, This mechanism of escape
from the SCV is not observed for mouse macrophage cell lines'”. This is because of
different receptors for bacterial recognition in these two cell lines and subsequent
activation pathways. On a different note, the alteration of this pathway in HeLa cells
enables detecting the bacterial load inside HeLa cells easier than the macrophage cell
lines or organoids. This, in turn, helps quantify the invasion capacity of STm.

The bacterial escape from SCV in vivo is detected by the extracellular
lipopolysaccharides activation of TLR4 (toll-like receptors)®. In turn, this activates nod-
like family receptors and finally caspase-1. This whole mechanism forms an integral
part of the innate immune response triggered by STm in the gastrointestinal tract once
it reaches the intestinal epithelium. This multi-protein signaling pathway is also known
as inflammasome'®. The inflammasome signaling leads to the expulsion of the infected
epithelial cells in the lumen of the intestine, thus limiting the infection®20, This
mechanism of expulsion is known as pyroptosis. However, in the gut lumen, expelled
STm cells can potentially switch on the expression of T3SS1 and motility for the next

invasion cycle’.
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In addition to the classical pathway (explained above) of STm invasion, two alternate
mechanisms have been studied in the last several years. Firstly, as explained before,
the lamina propria and the gut-associated lymphoid tissues harbor phagocytes that
regularly sample bacterial antigens in the lumen. Through this alternate mechanism,
bacteria are taken up by these phagocytes and transported across the epithelium, thus
making way for infection by STm?'. Once inside the epithelial cell, STm is expelled in
the lumen by pyroptosis. The second alternative pathway is through M cells which are
found in the outer epithelium of the lymphoid tissues mediating the vesicular transport
of bacteria and their antigens. STm invades the M cells by utilizing T3SS12'. However,
once beyond M cells through transcytosis, STm comes across other innate immune
cells such as macrophages and phagocytes and hence goes through pyroptosis as

explained before.

It has been suggested that STm invades the intestinal epithelia by utilizing all three

pathways in parallel®.

Immunometabolic response of protection conferring intestinal bacteria
So far, the above introductory sections have shed light on the delicate balance between

pathogen loads and expulsion which leads to an increased pathological response in
the intestine, ultimately resulting in pathogen survival in a specialized niche and
disease for the host. However, the host immune system also places selection pressure
on the pathogens and gut microbes in general and undergoes adaptations to allow one

of the following??:

a) Resist the infection by reducing or blocking the invasion and negatively
impacting the fitness of the pathogen. This does not put an end to the
pathogen's journey in the intestine, instead, it gives rise to genetically variant
sublines of the pathogen competing amongst each other and ultimately co-
evolving. This results in the survival of the pathogen albeit with reduced
virulence so that it can consistently hold its niche in the intestine. This has been
described as the Red Queen hypothesis in many studies before. In one paper?3,
Red queen dynamics have been defined as "a type of cyclic dynamics involving

standing genetic variation in victim and enemies, whereas arms races are
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limited by the appearance of novel mutations in victims and enemies".
Incidentally, such an arms race is not only seen within the microbial population
but also between the microbes and the host.

b) Cooperative coevolution of the host and the pathogen, resulting in the protection
of the host from disease and a neutral/positive impact on the pathogen's fitness.
This creates an environment of host-pathogen mutualism, much like the host-
gut microbiota mutualism, in turn giving rise to the host's tolerance towards the
pathogen rather than mounting an aggressive response against the infection.
This aggressive response results in inflammation subsequently. In addition, host
tolerance comprises a chain of intricate pathways as suggested by several
review articles??24.25;

(1) limiting inflammation,

(2) repairing the damage caused by the restricted inflammation,
(3) detoxification of pathogen-derived toxins,
(4) maintenance of energy balance and distribution between the host and

microbiota.

In the case of tolerance, the classical aggressive immune response generated by the
inflammasome complex materializes itself into a different form. During conventional
innate immune response against infection, inflammasome-mediated signaling results
in the clearance of pathogens by expulsion from the intestinal epithelium as explained
above. However, during alternate host tolerance defense against invading pathogens,
the inflammasome complex aids in only removing the pathogens from the intestinal
epithelium, but not clearance?*. This can be brought about by several factors like a
non-conventional role of virulence determinants or selective pressure on the
pathogens for meeting their metabolic demands for survival. This effect may be
potentially more pronounced in auxotrophic pathogens, because there is an increased
burden of survival, and expressing conventional virulence is costly'".

Another aspect of tolerance is related to host metabolism. Host immune response is
accompanied by the utilization of energy to meet the metabolic demands of the immune
system leading to muscle wasting. In a study on E. coli 021:H+%%_ it has been shown
that this bacteria prevents cachexia (muscle wasting and weight loss caused during
the host's fight against infections) in mice infected with Salmonella Typhimurium. This
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response is mediated by NLRC4 inflammasome activation by the rod protein coded by
T3SS1 and flagellin which are both found in E. coli O21:H+. NLRC4 activation leads to
the induction of proinflammatory cytokines IL18 and IL1B. In their experiments,
Schieber and co-authors found that mice lacking both IL18 and IL1B showed no
protection against muscle wasting by E. coli, however, mice lacking only IL1B were
shown to be protected?®. This indicates a deeper role of IL18 during host tolerance
response. Overall, this study showed that during infection by pathogens, a non-
pathogen yet invasive bacterial species can induce a protective response conferring
metabolic homeostasis to the host without affecting the pathogen numbers.

An alternate perspective of Schieber and co-authors has been described in Ayres et
al?. In her article, Ayres explains that the ability of a pathogen to access the host cells'
cytosol is an advantage, yet there is a possibility that non-pathogenic bacteria which
possess the T3SS1 systems gain access to the cytosol. The latter would utilize this
ability to deliver ligands/products to instigate an intracellular response beneficial to the
host and neutral for the bacteria.

In another study, it was shown that short-term supplement with dietary iron protects
mice (germ-free or otherwise) against virulence-associated inflammation caused by
Citrobacter rodentium invasion in intestinal tissues?’. However, this does not affect the
colonization levels of Citrobacter rodentium in the primary sites of infection. In this
study, they even found that Citrobacter rodentium evolves adaptively and shows an
attenuated phenotype?’. The evolved bacteria were characterized through genomics
analysis. The authors found mutations conferring reduced function of virulence coding
genes on the locus of enterocyte effacement pathogenicity island. Incidentally, authors
also found a missense variant in the alaE gene (coding for L-alanine export) conferring
a possible deleterious effect on the function of this gene?’. Mutants for the alaE gene

can potentially accumulate intracellular L-Alanine.

In many ways, the host tolerance mechanism described above is similar to what is
observed in asymptomatic infection of the chicken intestine by Salmonella species?®2°,
In chicken intestines, such host tolerance response promotes the transmission of

Salmonella (for more details, see the Introduction of the thesis).

Pfister and co-authors showed that the auxotrophic Salmonella Typhimurium (STmAu)

manages to persist in the intestine without causing pathology even after being
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supplemented for its auxotrophy by surrounding gut microbiota®. In addition, it also
protects against the pathogenic STm. STmA" shows a synergy between bacterial
persistence (enough for bacterial survival in its niche) without conferring aggressive
virulence expression and yet able to prime the host immune system. This makes
STmAY similar to pathogens that show an equilibrium between their fitness and
transmission by infecting the host persistently without any signs of pathology. To gain
first insights into the host immune response conferred by STmA* in the Oligo-MM12
mouse model, we performed a mucosal transcriptomics analysis of different sites of
the murine gastrointestinal tract. We explored the transcriptome from the perspective
of the host innate immune response, metabolism, and tissue homeostasis.
Subsequently, we build a preliminary hypothesis around the plausible host tolerance
and immunometabolic phenotype elicited by STmA™ during the first few days of
colonization in Oligo-MM12 mice.

Results

Baseline of host innate immune response to STmMAUX
In the previous paper from Hapfelmeier lab3°, it was shown that in Oligo-MM12 mice

pre-colonized with STmAY, classic innate immune response mediated through NLRC4
and Casp-1/11 does not contribute to the protective immunity against wild-type STm.
However, it is a possibility that the classic innate immune mechanisms contribute to
the clearance of the bacteria from the gut lumen post-invasion. We expected that the
adaptive immune response plays an important role in conferring protective immunity.
It was not clear what innate immune determinants activate the link between innate
immunity and adaptive immunity. In a related experiment, it was observed that pre-
colonization with STmA"* produces a reduced protective immune response against
STm in RAG”- knockout mice (Supplementary figure 1a, adapted from Olivier P.
Schaeren's Thesis, 2021 and Pfister, Scharen et al’®). Therefore, to narrow down the
possible links, we experimented with wild-type and RAG” mice Oligo-MM12 mice
(Figure 1a). Briefly, both types of mice were colonized by gavaging 107 CFU STmAw
and SPI-1 deficient STmAWAnvC (control). To control for the effect of cell invasion protein
SipA and SPI-1 effector proteins (SopE, SopEZ2), a third group of wild-type Oligo-MM12
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mice was colonized with STmAWAsipAAsopEAsopE2 The mice were sacrificed at 9 days post
infection (Figure 1a) and transcriptome sequencing of organs (caecum, caecal patch,

ileum, Peyer's patch) from the gastrointestinal tract was performed.

Bacterial loads in the intestinal lumen indicated counts of 10* CFU/g at 3 days post-
inoculation for STmA" and 107 CFU/g for STmAWAINVC gnd STmAUXAsipAAsopEASOPE2 (Figure
1b) stabilizing to 108 CFU/g at day 9 in wild type Oligo-MM12 mice. In RAG™ mice,
bacterial loads reached 107-108 CFU/g at 9 days post inoculation of STmA“™ and

STmAuxAinvC_

Given the curse of dimensionality (in the form of several differentially regulated genes),
it becomes important to analyze differential gene regulation from transcriptomics data
efficiently focusing not on individual genes, but on gene clusters. There are many ways
to cluster genes based on co-regulation®'. The two most used ways are over-
representation analysis and Gene Set Enrichment Analysis (GSEA) (details mentioned
in the Methods section)3'32, Here, | used both approaches to ensure unbiased
comparison and to establish a baseline for prospective results. Both analyses were
performed between samples derived from wild-type and RAG” mice (STmAwAnvC

against STmA") for caecal patch, caecum, Peyer's patch, and ileum.

Both over-representation analysis and GSEA revealed common differentially regulated
pathways (p-value<0.001) for wild type group in the caecal patch (Figure 2,
Supplementary figure 2), including 'TNFR2 non-canonical NF-kB pathway', 'NIK non-
canonical NF-kB pathway', 'FCERI mediated NF-kB signaling', 'dectin-1 mediated non-
canonical NF-kB pathway', 'signaling by Wnt', 'beta-catenin independent WNT
signaling' and 'asymmetric localization of PCP proteins' all of which indicate innate
immune activation through the interplay of Wnt signaling pathways and NF-kB

activation.

For the RAG™ group, only GSEA revealed differential regulation (p-value<0.001) for all
the pathways mentioned above in the caecal patch (Supplementary figure 2).

All these pathways are related to NF-kB and Wnt signaling. This finding supports a
likely important role of NF-kB mediated immune response during early time points of

colonization by STmA" in wild-type mice. Moreover, these results indicate a potentially
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important role of SPI-1 virulence determinants of STmA" in conferring a protective

immune response against wild-type STm.

Host immune response to STmA" compared to attenuated STmA" isogenic strains
In the paper by Pfister and co-authors®?, it was shown that STm”"¥ pre-colonized wild-

type C57BL/6 mice, NLRC4-deficient mice, and caspase-1 double deficient mice (all
germ-free) harbor similar functional protective immune response against wild-type
STm (Supplementary figure 1b; adapted from Pfister et al*°). However, these results
indicate that the classic pathway of NLRC4/caspase-1 inflammasome-complex does
not affect the protective response conferred by the pre-colonization of STmA", The
same was observed for MYD88/TRIF knockout germ-free mice which lack the
downstream signaling mediated by TLR and IL1R (Supplementary figure 1c; adapted
from Pfister et al*°). TLR receptors recognize bacterial ligands and induce signaling by
MYD88 and TRIF adaptors, which in turn leads to the activation of proinflammatory
cytokines®3-35. These results suggest that the innate immune response activation is
mediated by pathways independent of MYD88/TRIF adaptors and NLRC4/caspase-1
inflammasome complex. Pfister and colleagues also showed that pre-colonization by
STmAY provides a protective immune response against the wild-type STm challenge
in gnotobiotic Oligo-MM12 mice (Supplementary figure 1a). However, the host
intestine did not show any signs of inflammation during the early and late stages of
colonization®. In the absence of inflammation and infection markers, it is imperative to
find the factors that instigate the protective immune response when the pre-colonized
mice were challenged with wild-type STm.

To resolve the host immune response that does not induce pathology or infection, yet
still produces protective mucosal immunity, we analyzed the transcriptomics data of
four organs of the Oligo-MM12 mouse intestinal tract (caecum, caecal patch, ileum,
Peyer's patch). Transcriptomics analysis of the caecal patch, caecum, ileum and
Peyer's patch of STmAWAINVC gnd STmAWAsipAbsopEAsopE2 ggainst STmMAY revealed
significant downregulation of several genes and upregulation of few genes in ileum and

caecum.
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Analysis at gene set level

To reduce the dimensions and infer the transcriptomics data at a gene cluster level,
Over-representation and GSEA analysis were performed (see Methods). Over-
representation analysis of gene sets differentially regulated in both groups revealed
that the downregulated genes (p-value<0.01) in the caecal patch were a part of the
top-level pathways 'immune response’, 'signal transduction’, 'host cell metabolism’, 'cell
cycle', and 'programmed cell death' (Figure 3a). All of these pathways, except
'programmed cell death', share at least 20 immunoproteasome genes (Psm(s))
depicting the importance of these genes in regulating immune response during STmAw
infection. Through Over-representation analysis, we found that the top-level pathway
'programmed cell death' was only differentially regulated in group STmAYAnvC (Figure
3b) (p-value<0.001). GSEA revealed that this pathway was differentially
downregulated in STmA>AnvC (Supplementary figure 3) (p-value<0.001). Other
noteworthy observations in both groups (STmAWANVC gand STmAWAsipAAsopEAsOpEZ) gre the
following. Unless explicitly stated, all results were statistically significant at p-
value<0.001.

a) Differentially regulated gene sets in the top-level pathway category 'immune
system' were 'FCERI mediated NF-kB activation', " TNFR2 non-canonical NF-kB
pathway', and 'NIK-->non-canonical NF-kB signaling', as also mentioned in the
baseline analysis.

b) Differential regulation of 'Signalling by B cell receptors' and 'Downstream
signaling events of B cell receptors' suggest the importance of B cell-mediated
immune response.

c) We also found downregulation of the gene sets 'regulated necrosis' (under the
top-level pathway category 'programmed cell death') consisting of the caspase
4 gene (also known as caspase 11). Caspase 4 has been known to activate
non-canonical inflammasomes, which leads to pyroptosis'®. However, we did
not find specific enriched gene sets related to caspase 4/11 mediated
inflammasomes. This may indicate that while caspase 4 activation may be
necessary for cell death related mechanisms in STmA", the cell death may not
be mediated by caspase 4/11 non-canonical inflammasome.
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d) Several differentially downregulated gene sets consisted of the casp3 gene,
which is activated by the SipA cell invasion protein of T3SS1 of Salmonella
Typhimurium?3®, These gene sets comprised of 'cytokine signaling in immune

system’, 'signaling by interleukins', ‘apoptosis', and 'death receptor signaling'.

Overall the results indicate activation alternative non-canonical NF-kB pathways in

both groups (STmAuxAinvC and STmAuxAsipAAsopEAsopEZ)_

Analysis at the individual gene level

Gene set analytical methods are used to study the patterns formed by co-regulated/co-
occurring genes. However, not all genes have been curated and even after curation,
they cannot be assigned to specific gene sets/pathways because of a lack of research
and associated information34. Therefore, it is paramount to discuss some of these
genes separately, Following are some of the most important observations for individual

genes irrespective of their association to a gene set:

a) In the ileum, several genes were significantly differentially expressed in both
groups (STmAWAINVC gnd STmAuxAsipAbsopEAsopE2) - oyt of which 93 genes were
common (Figure 4a, Supplementary figure 4a,). Notable genes that were
downregulated in both groups were anxa7, anxa4, socs3, Igals3, card19, bcl2I1,
nr1d1, ptporh, sh3glb1, tnip1, Igals3. A string analysis®’ did not result in the
clustering of these genes together (Figure 4b). However, protein annotation of
these genes revealed their role in innate immune system activation and
subsequent regulation. As evident from Table 1 (function annotation of genes
from String database®’), card19, bcl2/1, and tnip1 are involved in the inhibition
of NF-kB transcription factor which is involved in priming of canonical
inflammasome complexes mediated by NLRP3 and NLRC4. On the contrary,
Igals3, ptprh, and sh3glb1 are involved in the activation of apoptotic and pro-
apoptotic pathways. socs3 serves as the suppressor of cytokine3-mediated
signal transduction. Overall, this points towards a cycle of cell death activation
and subsequent suppression.

In the ileum, amongst the non-common downregulated genes, in group

STmAWANVC \ere caspase-mediated pyroptosis and apoptosis pathways
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b)

(gsdmd, plekhf1, tnfrsf1a) (Table 1). Whereas, mif, a pro-inflammatory cytokine
was upregulated.

In the caecal patch, around 893 genes were differentially regulated and were
common across both groups (Figure 5a, Supplementary figure 5). Notable
genes that were downregulated in both groups (STmA™ANC gnd
STmAwAsipAAsopEAsopE2) \were casp8, casp4 fas, tnfrsfla, pycard, arl6ip1, txn1,
tax1bp1, nircb and nirx1. Table 2 mentions the role of the most important
differentially regulated genes related to the innate immune response in the
caecal patch.

It has been reported previously that caspase 8 is recruited by inhibitor kinase of
NF-kB (IKKa) and aids in reduced proteolysis of NF-kB proteins, thus resulting
in the timely translocation of NF-kB proteins to the nucleus of B cells38. Loss of
caspase 8 results in the delayed translocation of these proteins and hence
reduced maturation of nascent B cells®8. In our results, downregulation of casp8
gene and the associated gene set ('NIK-->non-canonical NF-kB signaling) may
potentially mean low B cell survival and maturation rate.

Another important finding was the downregulation of nlrc5 and nirx1, both of
which belong to the NLRP family. However, their roles in the innate immune
response are not clear.

A noteworthy finding was that several differentially regulated genes in all organs
for both groups were related to the epithelial cell circadian clock (usp2, dbp, tef,
ciart, ncor1, per3, id1, npas2, cipc, arntl, kIf9, rorc, nr1d1, ccrn4l) (String
analysis® Figure 6, Table 3). Many of these genes have been associated with
microbiota mediated circadian clock maintenance through gut 3 innate lymphoid
cells (ILC3s) in the gastrointestinal tract3®-4'. ILC3s are involved in complex
sensory circuits and rapidly respond to inflammation, infection, and tissue
damage to maintain tissue homeostasis in the small intestine2.

In caecum, few genes were significantly downregulated (usp2, anxa7, dbp, tef)
in both groups (Supplementary figure 6a).

In Peyer's patch, differentially regulated genes were observed only in group
STmAWAINnC (Supplementary figure 6b).
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No specific conclusion can be drawn from the results obtained at the individual gene
level. However, a detailed discussion about the implication of these findings will follow

in later sections of this chapter.

Tissue homeostasis and bacterial survival: Host cell metabolic response to STmAu
infection
The previous sections focused on organ-specific immune responses stimulated by

STmAY™_ Several genes and gene sets with an anti-inflammatory effect were
differentially regulated. This indicates that the homeostasis of the intestine is
maintained even though it encounters invasive bacteria. However, these pathways
have a direct effect on bacterial cell survival, mostly leading to pyroptosis through either
canonical or non-canonical inflammasome complex. Therefore, our next question was:
how is STmA" survival controlled under the influence of overall homeostatic immune

response?

In the absence of in vivo transcriptomic data for STmA", we can only partly answer this
question. For this purpose, we reviewed the transcriptomics data from the perspective
of differentially regulated metabolic and signal transduction pathways. In our data, we
found down-regulation of canonical Wnt signaling pathways like 'TCF dependent
signaling in response to WNT', and 'signaling by WNT"' and non-canonical pathways
like 'beta-catenin independent WNT signaling' in the caecal patch for both groups
(STmMAWAINVC gnd STmAUxAsipALsopEAsopE2?) (Figure 3a, Supplementary figure 3). This
indicates a cycle of transient activation and deactivation of these pathways, which can
promote both tissue homeostasis and bacterial survival on this site (Figure 7).

Differential energy utilization modes in gastrointestinal organs in response to STmA¥
Through GSEA, we found that different mechanisms of energy utilization were present

in the ileum, caecum, and caecal patch (Supplementary figure 3). In the caecal patch,
where most immune cells reside and incur a response against infection, the 'glycolysis'
gene set appeared to be downregulated in both groups (STmAWANC gnd
STmAuwAsipAAsopEAsopE2) |n the caecum and ileum tissues, where Salmonella can enter
by invading the epithelial lining, 'the citric acid cycle (TCA) and respiratory electron
transport chain' (oxidative phosphorylation) and 'fatty acid metabolism' appear to be
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downregulated. These findings match with the previous studies that have reported that
active immune cells utilize glycolysis or aerobic glycolysis as their preferential mode of

energy*344,

Discussion
For simplicity, only the most important results were discussed in the 'Results' section.

The following sections are a detailed account of possible mechanisms that can fit with

the host immune response conferred by STmAY

Extended statistics for baseline analysis
For the baseline analysis, as indicated in the results section we found several gene

sets differentially regulated in both wild-type and RAG” mice through GSEA. On
careful analysis of the GSEA dotplots and the associated raw data, it was observed
that several genes are shared by multiple gene sets. This is usually the case at a
systems level in an organism because of the pleiotropic nature of genes. However,
during statistical analysis of transcriptomics data, it becomes difficult to identify
pathways that are false positives*>. To understand the convoluted network of genes
and gene sets in GSEA, two statistics were calculated®? (a) gene participation which
depicts the number of times a gene appears in a list of gene sets, and (b) gene set
permeability score which depicts the degree of co-occurrence of genes in multiple gene
sets (see Methods for details). To reduce the dimensionality, all the calculations were
done on the list of differentially regulated gene sets at a p-value of 0.01.
Supplementary Tables 1 & 2 depict the calculations of gene participation and gene
permeability score, respectively. However, given the huge overlap of multiple genes
shared between gene sets, it was difficult to resolve which differentially regulated gene
sets were true positives. 1.16% of all genes were present in at least 100 or more gene
sets. One-fifth of these shared genes were proteins involved in proteasomal
degradation complex essential for signal transduction and subsequent host innate
immune response. Further, each gene set also comprised of genes unique to a specific
pathway (e.g. nfkbia nfkbie, nfkbib genes for NF-kB canonical and non-canonical
pathways; Bcl2, Bcl2l1, Bcl10 for the transition of naive B cells to mature B cells).

108



Details about the gene sets, associated genes, and the statistics are depicted in

Supplementary Table-3.

In baseline GSEA, several pathways like 'signaling by B cell receptors', 'downstream
signaling events of B-cell receptors', 'antigen processing, antigen presentation’, and
‘activation of NF-kB in B cells' were also differentially regulated in both groups. This is
a contradictory observation given that RAG-are not expected to have mature B and T
lymphocytes for any downstream signaling involved in the adaptive immune system.
Careful manual analysis revealed that this result was a direct consequence of the high
gene participation of genes involved in proteasomal degradation and the presence of
very few unique genes specific to corresponding gene sets. We also found high
participation of these genes in Wnt signaling and NF-kB activation pathways in the
RAG™ group. These genes prominently showed up in the wild-type group, yet the
differential regulation of the corresponding gene sets was supported by the presence
of unique genes in the core enrichment list (Supplementary Table 3).

Therefore, these results should be viewed cautiously, given the ambiguous relationship
between genes and gene sets®.

Host immune response in wild-type mice
SipA cell invasion protein increases the efficacy of Salmonella entry in the host cells

by regulating the amount and stability of the actin molecules during membrane ruffle
formation®®. SipA also activates host caspase 3 which is involved in the downstream
signaling of a non-canonical inflammasome. SopE and SopE2 effector proteins are
essential for modulating host cellular function and immune response during the
invasion of intestinal epithelial cells. These proteins directly induce membrane ruffle
formation and cause actin cytoskeleton rearrangements in host cells during bacterial
entry. The use of the genetically modified Salmonella STmAuxAsipAAsopEAsopE2 helped us
to study the host immune response in the absence of SipA, SopE, and SopE2.
However, apart from one specific observation of 'programmed cell death' top-level
pathway being present only in STmAwAnC group (Figure 3a,b) and not in

STmAuxAsipAAsopEAsopE2 e did not observe any difference between the two groups.
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In the context of NF-kB non-canonical pathways, several genes related to the innate
immune system and adaptive immune system were found to be differentially regulated
in both groups (STmMAWANC gnd STmAWAsipAAsopEAsopE2) (Supplementary figured4,
Supplementary figure 5). These include the immunoproteasome genes responsible
for proteolytic degradation of intracellular proteins, NF-kB non-canonical pathway
genes, and several CARD-like domain genes. Proteasomes are involved in the
proteolytic degradation of ubiquitinated intracellular proteins and the removal of
damaged or misfolded proteins to maintain protein homeostasis*”8. There is evidence
that SopE is degraded by proteasome mediated pathways of host cells after bacterial

cell entry*6.

It has been reported that Salmonella Typhimurium suppresses host non-canonical NF-
kB by effector protein (SseL, AvrA) mediated induction of Inhibitor of NF-kB Kinase
(IKK) both in vitro (HeLa cells) and in vivo (Streptomycin treated mouse models)**-5",
AvrA and Ssel aid in the deubiquitnation of host IKK, protecting it from proteolysis. In
the long-term genomics experiment (see Chapter-1 -Figures 2c,3c), we did not find any
mutation in sseL or avrA, indicating that the STmA" should be capable of disrupting
the non-canonical NF-kB pathway. However, this cannot be inferred with certainty in

absence of in vivo transcriptomics data from STmAU,

Non-canonical NF-kB is also described as an anti-apoptotic pathway that regulates
intestinal inflammation%2. In contrast to the canonical pathways which are activated by
a diverse set of TNF receptors, the non-canonical pathway is activated only by a subset
of these receptors, namely the B-cell-activating factor belonging to the TNF family
receptor (BAFF; also known as Tnfsf13b), CD40, lymphotoxin B-receptor (LTBR),
receptor activator for nuclear factor kB (RANK/TNFRsf11) and TNFR252, This pathway
has also been associated with an increase in M cells in the intestine during STm
infection. It has also been reported that STm induces differentiation of follicle-
associated enterocytes to M cells through epithelial to mesenchymal transition®3. Both
these phenomena have been associated with increased expression or induction of
RANKL (Tnfrsf11a; NF-kB ligand) and its receptor RANK (Tnfrsf11) genes®3. In our
results, we did not observe differential regulation of the RANK-associated genes.
However, we observed differential regulation of tnfrsfla and tnrsf1b which are

categorized under TNFR2 (receptors for TNFSF1 and TNFSF2; Source: Uniprot
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database). On a gene set level, we observed enrichment of TNFR2 receptors, cd40
and /tbr, which point towards the activation of the non-canonical NF-kB pathway mainly
mediated by TNFR2. We also observed enrichment of tnfsf13b (BAFF) in the same
gene set. This does not diminish the possible activation of canonical NF-kB, given the
significant downregulation of FCER1 mediated NF-kB pathway and NF-kB in B cell
receptors, both of which induce canonical NF-kB. These results indicate that there is a
high possibility that STmA" infection activates the canonical NF-kB pathway through
intestinal epithelial cell invasion and the non-canonical NF-kB pathway through M-

cells.

Interplay of Wnt signaling and NF-kB pathways
In our results, we found downregulation of both Wnt signaling and NF-kB pathway in

the caecal patch for both groups (STmMAWAINVC gnd STmAUxAsipAAsopEAsopE2) - jndicating
tissue homeostasis to a certain degree (Figure 7). In previous studies in a mouse
colitis model, it has been reported that the [(-catenin dependent canonical Wnt
signaling pathway can be manipulated by STm for enhancing its infection, survival, and
migration to intestinal tissues®2%4-%, While in the intestinal epithelium, STm inhibits
Whnt signaling, it is activated in intestinal stem cells (Figure 7). It has been shown that
during infection with Salmonella, NF-kB pathway is activated in the intestinal
epithelium, while Wnt signaling is suppressed®?%%. This phenomenon is dependent on
an E3 ligase protein which ubiquitinates inhibitor kinase of NF-kB and B-catenin,
followed by proteasomal degradation. In the context of NF-kB, AvrA (an effector protein
of T3SS1 in Salmonella) is a deubiquitinase that stabilizes the (3-catenin protein, hence
inducing Wnt signaling. But this happens only in intestinal stem cells, where AvrA also
deubiquitinates inhibitor kinase of NF-kB, resulting in its inhibition and hence an
absence of a pro-inflammatory response. B-catenin has been shown to negatively
regulate inflammation through this phenomenon while keeping the bacterial population
intact®®. On the contrary with an active NF-kB pathway and a repressed Wnt signaling
in the intestinal epithelium, NF-kB activates target factors like IL16, IL8, and TNF-a%4.
However, the cells producing these factors are not only involved in controlling
Salmonella replication but also provide residence to Salmonella®*. This contradiction
helps in the persistence and dissemination of Salmonella further. Moreover, it has been
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reported that the Gut-Vascular Barrier (GVB) is regulated by an active Wnt signaling
in the endothelium of the intestine®’. In the absence of Wnt signaling mediated by NF-
kB pathway during Salmonella infection, the GVB barrier is open for a SPI-1 and SPI-
2 proficient Salmonella to pass through®’. This further helps in the dissemination of
Salmonella to systemic organs. In our results, with only bulk RNA sequencing data,
there is no clear proof of the exact mechanisms occurring in the mucosa. A
combination of single-cell sequencing analysis of intestinal epithelia and in vivo
transcriptomics data from Salmonella is required to substantiate our preliminary
findings.

Differential energy utilization
Previous studies have reported that active immune cells utilize glycolysis or aerobic

glycolysis as their preferential mode of energy*3#4. This is partly because immune cells
that act against infection require continuous and rigorous supplements of ATP for their
activity. Glycolysis generates cellular ATP and can be rapidly induced by
reprogramming of immune cells primed by foreign agents like bacterial antigens (e.g.
bacterial lipopolysaccharides sensed by TLRs on the surface of pro-inflammatory
macrophages)?®. These active immune cells have an inflammatory effect on host
tissues by induction of pro-inflammatory cytokines like IL1B, IL18, and TNFA.
However, many active immune cells do not perform the function of detecting bacterial
antigens, rather they have an anti-inflammatory effect (anti-inflammatory macrophages
or quiescent normal cells) through induction of cytokines like IL4, IL10. On the other
hand, resting cells including resting immune cells and intestinal epithelial cells utilize
oxidative phosphorylation, TCA, and fatty acid oxidation as their preferential mode of
energy utilization®5%, Much like resting cells, quiescent immune cells that have an anti-
inflammatory effect are also known to utilize the same pathways for energy
metabolism®81,  Under reduced oxygen (hypoxic) conditions associated with
inflammation, intestinal epithelial cells also utilize aerobic glycolysis as their source of
energy®%93, This plasticity of the immune cells and intestinal epithelial cells can be

explained by Warburg effect4.65,

While originally Warburg effect was proposed for cancer cells, this phenomenon has

gained traction for inflammatory diseases and immunometabolism of infection®!. Under
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normal oxygen conditions, eukaryotic cells produce pyruvate from glucose. This
pyruvate then enters the TCA cycle to produce ATP. However, under anaerobic or
hypoxic conditions, pyruvate cannot be oxidized and hence converted to lactate.
Lactate enters the TCA as a carbon source instead of pyruvate, followed by the
production of ATP®. For active immune cells, lactate production from pyruvate and
further metabolism are also observed under normoxic conditions®®. This is due to the
increased demand for energy created by the rapid proliferation of cancer cells. Under
normoxic conditions, active immune cells utilize the conversion of pyruvate to lactate
and this can increase the rate of glycolysis for meeting the increased demand for

nucleotides and amino acids for the incoming new cells®®.

In our dataset, differential regulation of glycolysis in the caecal patch indicates activity
within the follicle associated epithelium and the immune cells beneath. However, in
ileum and caecum, this effect seems to be reversed and a dampening of inflammation
is indicated by differential regulation of oxidative phosphorylation mediated through
respiratory electron transport and fatty acid metabolism. Our finding fits with the
extension of the Warburg effect to resting and active immune cells, indicating that the
caecal patch might be the prime site of immune activation, while ileum and caecum
mucosa might be instrumental in maintaining homeostasis in the murine

gastrointestinal tract.

Limitations
It should be noted that gene set enrichment analysis for Peyer's patches is not

discussed in this thesis, even though in our data the results indicate differential
regulation of some gene sets. This is because, in Peyer's patches, few genes were
found to be differentially regulated, resulting in no over-represented gene sets. In light
of these observations, a gene set enrichment analysis can result in misleading
conclusions. Nevertheless, the GSEA results for Peyer's patches are depicted in
Supplementary Figure 6b for cautious contemplation.

The transcriptomics results discussed in this chapter point towards a likely host
immune tolerance response against STm”A"X. However, as mentioned in the section

'Extended statistics for baseline analysis', Over-representation and GSEA should be
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done cautiously and filtered through statistical analysis or manual inspection. Both
approaches are characterized by a curse of dimensionality and tend to give false
positives because of shared genes amongst several gene sets324°, In the future, it is
expected that the databases of gene sets would have more accurate information with
increased curation efforts based on machine intelligence and manual processing.
However, with a consensus of multiple analyses (Over-representation and GSEA) and
the conservative approach of interpretation, the results discussed in this chapter lean

towards a high probabilistic chance of being true positives.

Outlook
Previous studies have reported the stages of infection where disease tolerance is

prominent rather than disease resistance?®?8. In some cases, this phenomenon is
prominent in presence of beneficial bacteria with indirect effects on muscle wasting
and insulin resistance?®. In other cases, the mechanism of action is through host-
pathogen mutualism?8. In our data analysis, we found compelling evidence for such
host-pathogen mutualism through direct/indirect signaling between Wnt signaling, non-
canonical NF-kB signaling, and host energy metabolism.

The results discussed in this chapter point towards the hypothesis that a Wnt-signaling
mediated NF-kB response is instrumental in conferring host immune tolerance against
STmAY™, This can be tested with the use of single-cell sequencing of specific cell types
from the gastrointestinal tract of Oligo-MM12 mice. An interesting experiment in this
regard could be the overall single-cell tagging of caecal patch tissue or by extracting
just a subset (B-cells) and then sequencing them at a single-cell level. Overall, this
chapter sets the base for future experiments which may benefit from targeted

sequencing for unraveling the murine immune response against STmAY,
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Methods

Ethics
All animal experiments were approved by the Bernese Cantonal Ethical committee for

animal experiments and carried out in accordance with Swiss Federation law for animal
experimentation under licenses (BE85/17, BE28/21).

Animal experiments
All animal experiments were performed with Oligo-MM12 colonized gnotobiotic

C57BL/6J mice®”. These mice were housed at the Clean Mouse Facility (CMF) at the
University of Bern at all times. Mice were maintained at an ambient temperature of 23-
25°C and relative humidity of 52-60%. All mice received a standard diet (Kliba 3307)
and autoclaved water. Gnotobiotic Oligo-MM12 mice were generated at the Clean
Mouse Facility (University of Bern) by inoculating germ-free C57BL/6J mice with
purified cultures of the Oligo-MM12 bacteria and stably maintained in flexible film
isolators under strictly axenic conditions. This mouse line was maintained by breeding
them over multiple generations. Previous studies have shown the stability of the murine
intestinal community over several years and across multiple mouse facilities®®°. RAG-
/- mice’® were maintained at the CMF. All mice were maintained in flexible film

isolators.

Before starting the colonization experiments, the mice were transferred from isolators
to individually ventilated cages (IVC, Techniplast, USA) and maintained under aseptic
conditions for the entire duration of the experiment in the CMF. For terminal sampling
and sacrifice, mice were transferred to the Institute of Infectious Diseases, University

of Bern.

In all experiments, mice were colonized by gavage with 10”7 CFU of bacterial strains in
a volume of 200ul. All bacteria were grown with supplements (m-DAP + D-alanine,
wherever required) and antibiotics under SPI-1 inducing conditions. SPI-1 induction
was achieved by culturing bacteria in LB + 0.3M NaCl (Sigma, USA) at 37°C, shaking
at 150rpm for 16h, followed by a 4h 1:20 subculture in fresh LB + 0.3M NaCl. Bacterial
cultures were centrifuged, washed with PBS, and diluted to the desired amounts in
PBS.
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Bacterial strains and culture conditions
All bacterial strains used in this study are listed in Table 4. Auxotrophic strains were

made using genetic engineering methods described in Pfister et alf°.

For all liquid bacterial cultures, Luria-Bertani (LB) Miller broth (BD Difco) was used as
the standard medium. For isolating all Salmonella strains from fecal pellets,
MacConkey Il broth was used in combination with 1.5% agarose weight by volume. All
media were supplemented with 50 mg/l meso-diaminopimelic acid (Sigma, USA), 200
mg/l D-alanine (Sigma, USA), 12.5 mg/l Tetracycline (Sigma, USA), 50 mgl/l
Streptomycin (Sigma, USA) wherever required.

Bacterial quantification
Before bacterial quantification, the weight of fecal samples was determined. Fecal

pellets were resuspended in PBS and homogenized by bead beating in TissueLyser
LT (Qiagen, USA) at 50Hz for 3min. Quantification of bacteria in organs was done by
resuspending organs in PBS 1X + 0.05% Tergitol and adding one autoclaved steel
bead, followed by bead beating in Qiagen TissueLyser LT at 50Hz for 3min.
Resuspended and homogenized liquids were spread in desired dilutions on
supplemented MacConkey agar plates, incubated for 16h at 37°C, and followed by
counting the Colony Forming Units (CFU). The counts were represented as logio

values of CFU/g or CFU/organ and plotted using GraphPad Prism version 9.4.1.

RNA extraction
Freshly harvested tissues weighing 10-30 mg were stored in 500ul-1ml Qiagen

RNAprotect reagent (Qiagen, USA) and kept overnight at 4C for efficient RNA
stabilization. Tissues submerged in RNAprotect reagent were then stored at -80C until
RNA extraction. Frozen tissues were thawed at room temperature, followed by manual
disruption into 0.5 cm thick pieces using 18G (1.2*38 mm) needles (Terumo, Europe)
on a Petri plate containing fresh RNAprotect reagent. Total RNA was extracted from
tissues using Qiagen RNeasy maxi kit (Qiagen, USA). Tissues were resuspended in
RLT buffer and homogenized using Tissue Lyzer LT (Qiagen, USA) at 50 Hz for 3
minutes followed by 1-minute incubation and then repeating the homogenization
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process twice. The following steps of RNA extraction were performed using the

manufacturer's guidelines in the QlAcube Connect machine (Qiagen, USA).

Quality control of RNA was performed using Nanodrop and Agilent's High Sensitivity
Bioanalyzer kit (Agilent, USA). Only samples with RNA Integrity number greater than

7.0 were considered for further processing.

Bulk RNA sequencing and count matrix generation
Total RNA concentration was measured using Quant-it Ribogreen assay kit (Thermo

Fischer Scientific, USA). BRB-Seq libraries (Alithea Genomics, Lausanne,
Switzerland) were prepared and sequenced as described previously’'. The depth of
sequencing was approximately 6 million raw reads per sample. Count matrices were
generated using STAR aligner (version 2.7.9a) in the STARsolo mode designed for
aligning, de-duplication, and generating sequence counts’?>’3. Sequences were
aligned against the Mus musculus genome GRCm38 (Ensembl release 102, Genbank
accession id GCA_000001635.2). The resulting count matrices with deduplicated UMI
counts were used for further data analysis.

Sequencing data analysis and statistics
Downstream analysis was performed using R version 4.1.1. DESeq274 was used to

normalize the count data, followed by the identification of differentially expressed
genes at a fold change threshold >= 0.5 and p-value <= 0.01. For differential
expression analysis, samples were split by organ, treatment by bacterial strain, and
mouse genotype. For each comparison, the reference was constant in the context of
the treatment group (treatment by STmA“). Over-representation and gene set
enrichment analysis (GSEA) were performed using the ReactomePA package in R".
While GSEA clusters co-regulated genes based on the amplitude of their fold change
and co-occurrence in a pathway, over-representation analysis considers only the list
of genes that are differentially regulated. For over-representation analysis, genes
differentially regulated at a p-value<=0.01 were used. For GSEA, all genes irrespective
of their fold change value or significance level were used. This was done to avoid
skewed results inclined towards high fold changes (range: -4 to 4). For both analyses,

the p-value cut-off for differential regulation was 0.001. Overall analyses performed for
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gene clusters are summarized in Supplementary Figure 7. To reduce the risk of false

positives, GSEA results were analyzed using two statistics3?:

(a) Gene participation (Presence)
For each gene, counts were obtained for its presence in the 'core enrichment'

group of all differentially regulated gene sets:

PR = ) 18 G
GieG

1, geGi

where, I(g, Gi) = {0 otherwise

g = gene in the list obtained by combining all genes from all differentially
regulated gene sets G

Gi = gene set in the list of all differentially regulated gene sets G

Each gene was assigned a weight equivalent to its gene participation. The signs
of the weight were decided based on the median value (4) from the list of gene
participation scores. All values above 4 were assigned a negative sign and all

values below 4 were assigned a positive sign.

(b) Gene set coverage score
For each gene set, a score was calculated based on the genes present in the
set and the weight assigned to them in step (a). The absolute gene set coverage

score was calculated as follows:

C(Gi,G) = Z w(g)*IGi N GI

gj eGi

where,
g/ = genes belonging to gene set Gi
w(gj) = weight assigned to each gene

Gi = gene set in the list of all differentially regulated gene sets G
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String analysis of selected genes was done using web-utilities on the website of String

database?’.

Plots and scripts
Venn diagrams were generated using 'Venn Diagrams' tool developed by the

Bioinformatics and Systems Biology group of VIB/UGent®. All dotplots and PCA plots
were generated using ggplot2 package in R”7. Networks were generated using ggraph

package in R”8.

Tables

Table 1: Differentially regulated genes in the ileum and their functions (obtained from
String database3” which employs experimental validation, text mining, co-expression,
and curated databases).

Gene

Description

Anxa4

Annexin A4. It is a calcium/phospholipid-binding protein that promotes membrane fusion and
is involved in exocytosis.

Anxa7

Annexin A7. It is a calcium/phospholipid-binding protein that promotes membrane fusion and
is involved in exocytosis.

Bcel2I1

Bcl-2-like protein-1. It is a potent inhibitor of cell death, inhibits activation of caspases, appears
to regulate cell death by blocking the voltage-dependent anion channel by binding to it and
preventing the release of the caspase activator.

Card19

Caspase recruitment domain-containing protein-19. It plays a role in inhibiting the effects of
BCL10-induced activation of NF-kB

Lgals3

Lectin, galactose binding, soluble 3. It is involved in acute inflammatory responses including
neutrophil activation and adhesion, chemoattraction of monocytes macrophages, opsonization
of apoptotic neutrophils, and activation of mast cells.

Nr1d1

Nuclear receptor subfamily-1 group-D member-1. It is an integral component of the complex
transcription machinery that governs circadian rhythmicity and forms a critical negative limb of
the circadian clock by directly repressing the expression of core clock components and also
regulates genes involved in metabolic functions, including lipid and bile acid metabolism,
adipogenesis, gluconeogenesis, and the macrophage inflammatory response.

Ptprh

Protein tyrosine phosphatase, receptor type-h. It is a protein phosphatase that may contribute
to contact inhibition of cell growth and motility by mediating the dephosphorylation of focal
adhesion-associated substrates and thus negatively regulating integrin-promoted signaling
processes.

Sh3glb1

SH3-domain GRB2-like B1 (endophilin). It is required for normal outer mitochondrial membrane
dynamics and is involved in the activation of caspase-dependent apoptosis.

Socs3

Suppressor of cytokine signaling 3. It forms part of a classical negative feedback system that
regulates cytokine signal transduction.

Tnip1

TNFAIP3-interacting protein 1. It inhibits NF-kB activation and TNF-induced NF-kB dependent
gene expression. It is involved in the anti-inflammatory response of macrophages.

119




Gsdmd

Gasdermin-D, N-terminal. It promotes pyroptosis in response to microbial infection and danger
signals. Produced by the cleavage of gasdermin-D by inflammatory caspases Casp1 or Casp4
in response to canonical, as well as non-canonical inflammasome activators.

Mif

Macrophage migration inhibitory factor. It is a pro-inflammatory cytokine and involved in the
innate immune response to bacterial pathogens. Its expression of at sites of inflammation
suggests a role as a mediator in regulating the function of macrophages in host defense.

Plekhf1

Pleckstrin homology domain containing, family-f member-1. It induces apoptosis through the
lysosomal-mitochondrial pathway.

Tnfrsf1a

Tumor necrosis factor receptor superfamily member-1A. It is the receptor for TNFSF2/TNF-
alpha and TNFSF1/lymphotoxin-alpha. Its adapter molecule recruits caspase-8 to the activated
receptor. The resulting death-inducing signaling complex performs caspase-8 proteolytic
activation which initiates the subsequent cascade of caspases mediating apoptosis.

Table 2: Differentially regulated genes in the caecal patch and their functions
(obtained from String database3’” which employs experimental validation, text mining,
co-expression, and curated databases).

Gene

Description

ArlGip1

ADP-ribosylation factor-like protein-6 interacting protein-1. It positively regulates glutamate
transport. It plays a role in the formation and stabilization of endoplasmic reticulum tubules. It
negatively regulates apoptosis, possibly by modulating the activity of caspase-9 and inhibits
cleavage of Casp9-dependent substrates.

Casp4

Caspase-4; Proinflammatory caspase. It is an essential effector of NLRP3 inflammasome
dependent Casp1 activation and IL1B and IL18 secretion in response to non-canonical
activators, such as cytosolic LPS as well as infection with Gram-negative bacteria.
Independently of NLRP3 inflammasome and Casp1, it promotes pyroptosis, through
gasdermin-D cleavage and activation. It plays a crucial role in the restriction of Salmonella
Typhimurium replication in colonic epithelial cells.

Casp7

Caspase-7. It is involved in the activation cascade of caspases responsible for apoptosis
execution. Its overexpression promotes programmed cell death.

Casp8

Caspase-8. It is the protease of the activation cascade of caspases responsible for the
TNFRSF6/FAS mediated and TNFRSF1A induced cell death. Binding to the adapter molecule
recruits it to either receptors. The resulting aggregate called death-inducing signaling complex
performs Casp8 proteolytic activation. It cleaves and activates Casp3, Casp4, Casp6.

Cd14

Monocyte differentiation antigen CD14. It mediates the innate immune response to bacterial
lipopolysaccharide and acts via MyD88, TIRAP, and TRAFG6, leading to NF-kB activation,
cytokine secretion, and the inflammatory response.

Fas

Tumor necrosis factor receptor superfamily member 6. It is the receptor for TNFSF6.

Interferon regulatory factor 7. It is the key transcriptional regulator of type | interferon (IFN)
dependent immune responses and plays a critical role in the innate immune response against
DNA and RNA viruses. Regulates the transcription of type | IFN genes (IFN-alpha and IFN-
beta) and IFN-stimulated genes. It can efficiently activate both the IFN-beta and the IFN-alpha
genes and mediate their induction via both the virus-activated, MyD88- independent pathway
and the TLR-activated, MyD88-dependent pathway.

Lrrfip1

Leucine-rich repeat flightless-interacting protein 1. It is the transcriptional repressor that
positively regulates toll-like receptor signaling.
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Nirc5

Protein NLRCS. It belongs to the NLRP family. It is a probable regulator of the NF-kB and type
| interferon signaling pathways. It may also regulate the type Il interferon signaling pathway. It
plays a role in homeostatic control of innate immunity and antiviral defense mechanisms.

NIirx1

NLR family member X1. It participates in antiviral signaling and belongs to the NLRP family.

Pycard

Apoptosis-associated speck-like protein containing a CARD. It functions as a key mediator in
apoptosis and inflammation. It promotes caspase-mediated apoptosis involving predominantly
caspase-8 and also caspase-9 in a probable cell type-specific manner.

Tax1bp1

Human T cell leukemia virus type-| binding protein 1. It inhibits TNF-induced apoptosis and is
degraded by caspase-3-like family proteins upon TNF-induced apoptosis. It may also play a
role in the pro-inflammatory cytokine IL1 signaling cascade.

Tnfrsf1a

Tumor necrosis factor receptor superfamily member-1A. It is the receptor for TNFSF2/TNF-
alpha and TNFSF1/lymphotoxin-alpha. Its adapter molecule recruits caspase-8 to the activated
receptor. The resulting death-inducing signaling complex performs caspase-8 proteolytic
activation which initiates the subsequent cascade of caspases mediating apoptosis.

Trafd1

TRAF-type zinc finger domain-containing protein 1. It is a negative feedback regulator that
controls excessive innate immune responses and regulates toll-like receptor 4.

Trim30a

Tripartite motif-containing protein 30A. It is a trans-acting factor that regulates gene expression
of interleukin 2 receptor alpha chain. It negatively regulates toll-like receptor mediated
activation of NF-kB. It negatively regulates the production of reactive oxygen species which
inhibits activation of the NLRP3 inflammasome complex.

Txn1

Thioredoxin. It inhibits caspase-3 activity.

Reg3g

Regenerating islet-derived protein 3-gamma. It is a bactericidal C-type lectin which acts
exclusively against Gram-positive bacteria and mediates bacterial killing by binding to surface-
exposed carbohydrate moieties of peptidoglycan. It restricts bacterial colonization of the
intestinal epithelial surface and consequently limits activation of adaptive immune responses
by the microbiota.

Lypd8

Ly6/PLAUR domain-containing protein 8. It is a protein specifically required to prevent invasion
of Gram-negative bacteria in the inner mucus layer of the colon epithelium in humans. It
prevents invasion of flagellated microbiota by binding to the flagellum of bacteria, thereby
inhibiting bacterial motility in the intestinal lumen.

Table 3: Differentially regulated genes in all organs (related to circadian rhythm). The
description of each gene is obtained from String database?3” which employs
experimental validation, text mining, co-expression, and curated databases.

Gene Description

Aryl hydrocarbon receptor nuclear translocator-like protein 1. It is a transcriptional activator
which forms a core component of the circadian clock. The circadian clock, an internal time-
keeping system, regulates various physiological processes through the generation of
approximately 24-hour circadian rhythms in gene expression, which are translated into rhythms

Arntl in metabolism and behavior.

Nocturnin. It is a circadian deadenylase which plays an important role in post-transcriptional
regulation of metabolic genes under circadian control. It degrades poly(A) tails of specific target

Ccrn4l mMRNAs leading to their degradation and suppression of translation. It exerts a rhythmic post-
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transcriptional control of genes necessary for metabolic functions including nutrient absorption,
glucose/insulin sensitivity, lipid metabolism, adipogenesis, inflammation, and osteogenesis.

Ciart

Circadian-associated transcriptional repressor. It is a transcriptional repressor which forms a
negative regulatory component of the circadian clock and acts independently of the circadian
transcriptional repressors.

Cipc

Clock interacting protein. It is a transcriptional repressor which may act as a negative- feedback
regulator in the circadian-clock mechanism.

D site-binding protein. It is not essential for circadian rhythm generation but modulates
important clock output genes. It may be a direct target for regulation by the circadian pacemaker
component clock.

ld1

DNA-binding protein inhibitor ID-1. It is a transcriptional which negatively regulates the basic
helix-loop-helix transcription factors by forming heterodimers and inhibiting their DNA binding
and transcriptional activity. Itis implicated in regulating a variety of cellular processes, including
cellular growth, senescence, differentiation, apoptosis, angiogenesis, and neoplastic
transformation.

KIf9

Krueppel-like factor 9. It acts as an epidermal circadian transcription factor regulating
keratinocyte proliferation.

Ncor1

Nuclear receptor co-repressor 1. It mediates transcriptional repression by certain nuclear
receptors. It is a part of a complex which promotes histone deacetylation and the formation of
repressive chromatin structures may impede the access of basal transcription factors.

Npas2

Transcriptional activator forms a core component of the circadian clock.

Nr1d1

Nuclear receptor subfamily-1 group-D member-1. It is an integral component of the complex
transcription machinery that governs circadian rhythmicity and forms a critical negative limb of
the circadian clock by directly repressing the expression of core clock components and also
regulates genes involved in metabolic functions, including lipid and bile acid metabolism,
adipogenesis, gluconeogenesis, and the macrophage inflammatory response.

Per3

Period circadian protein homolog 3. Its function not clearly defined.

Rorc

Rar-related orphan receptor gamma. It is a key regulator of cellular differentiation, immunity,
peripheral circadian rhythm as well as lipid, steroid, xenobiotics, and glucose metabolism.

Tef

Thyrotrophic embryonic factor.

Usp2

Ubiquitin carboxyl-terminal hydrolase 2. It is a hydrolase that deubiquitinates polyubiquitinated

target proteins.

Table 4: Bacterial strains used in this study

Bacterial | Parent strain | Genotype Antibiotic Description | Reference
strain resistance
SB300 Salmonella Streptomycin STm;

Typhimurium Wild type

strain SL1344 strain
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HAG30 SB300 Aasd::tetRA, Streptomycin, | STmAY, 30
Aalr-a, Aalr-b, | Tetracycline Auxotrophic
AmetC for m-DAP
and D-
alanine
HA700 HAGB30 Aasd::tetRA, Streptomycin, | STmAwAnVC | 30
Aalr-a, Aalr-b, | Tetracycline, Auxotrophic
AmetC, Kanamycin for m-DAP
AinvC:.aphT and D-
alanine,
Lacks SPI-1
ATPase invC
STmAux AsipA
Aasd::tetRA, AsopE  AsopE2
Aalr-a, Aalr-b, Auxotrophic
AmetC, Streptomycin, | for m-DAP
AsipA:.aphT, | Tetracycline, and D- .
HA727 HAG30 AsopE::pGP70 | Kanamycin, alanine; This study
4, Ampicillin deficient for
ASopE2::pM21 proteins
8 SipA, SopE,
SopE2
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Figure 1: Short-term colonization by isogenic strains of STm”"* in wild-type and

RAG”- Oligo-MM12 mice. Wild-type Oligo-MM12 mice were inoculated by gavage with

a single dose of 107 CFU of STmA" (purple circles, n=6), STmA>AnvC (orange squares,
n=6), or STmAUAsipALsopEAsOpEZ (green squares, n=6). RAG” Oligo-MM12 mice were

inoculated by gavage with a single dose of 107 CFU of STm”"(blue triangles, n=6) or

STmAWAINVC (maroon squares, n=6). (a) Experimental design. (b) Trajectory of

colonization by Salmonella strains.
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Figure 2: Baseline gene transcriptomics data analysis for wild-type and RAG"

mice. Over-representation analysis in wild-type and RAG” mice (STmAWAINC yg

STmAY™). The color gradient in the dot plot is depicted according to the adjusted p-

value and the size of the dot depicts the number of genes in each gene set. The

pathways are categorized into five top-level pathways, namely 'cellular response to
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chemical stress', 'immune system', 'metabolism’, 'programmed cell death', and 'signal

transduction'.
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Figure 3: Over-representation gene transcriptomics data analysis for wild-type
and RAG”’ mice (STmAWAsipAAsopEAsopEZ grfand STmMAWANC yvg STmAW), (a) Over-
representation analysis in wild-type (STmAUxAsipAAsopEAsopEZ|STmAWXAINVC yg STMAY) and
in RAG™ mice (STmAwANVC yg STmAY™). The color gradient in the dot plot is depicted
according to the adjusted p-value and the size of the dot depicts the number of genes
in each gene set. The pathways are categorized into five top-level pathways, namely
'cellular response to chemical stress', 'immune system’, 'metabolism’, 'programmed cell
death', and 'signal transduction'. (b) Gene to top-level pathway network analysis
depicting the genes attributed to each top-level pathway. 'programmed cell death' was

only observed for STmAWANVC yg STMA™ comparison in wild-type mice.
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Figure 4
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Figure 4: Differentially regulated genes in the ileum of wild-type and RAG”- Oligo-
MM12 mice (STmAuxAsipAbsopEAsOpEZ grfand STmAWANVC yg STmMAY). (a) Venn diagram
depicting common genes in all three groups. (b) String analysis of selected genes
differentially regulated in wild-type mice for groups (STmAuxAsipAAsopEAsopE2|STmAUXAINVC
vs STmAY), Very few genes were found related by employing experimental validation,

text mining, co-expression, and curated databases.
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Figure 5: Differentially regulated genes in the caecal patch of wild-type and RAG-
I~ Oligo-MM12 mice (STmAWAsipAAsopEAsOPEZ or/and STmAWAINVC yg STmMAY), (a) Venn
diagram depicting common genes in all three groups. (b) String analysis of selected
genes differentially regulated in wild-type mice for groups
(STmAWAsipALsopEAsopE2[STmAWAINVG vg STmAY), Barring Irrfip1, and arl6ip1 all genes
were found related by employing experimental validation, text mining, co-expression,
and curated databases.
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Figure 6
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Figure 6: String analysis of differentially expressed genes related to epithelial

cell circadian clock in wild-type mice for groups (STmAWAsipAAsopEAsOpE2|STmAUXAINVC g

STmA™). A dense network of genes was observed, all related to the murine circadian

clock by means of experimental validation, text mining, co-expression, and curated

databases.
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Figure 7
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Figure 7: Schematic explaining the interplay of Wnt signaling and NF-kB

signaling in the intestinal epithelium and intestinal stem cells. Image created in

biorender and inspired by Rogan et al (2019)%.
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Supplementary figures
Supplementary figure 1
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Supplementary figure 1: STmA" Colonization in wild-type and RAG~- Oligo-MM12

mice and subsequent mucosal induction of host immunity against STm in wild-

type mice (Both figure and figure legends adapted from Olivier P. Scharen's thesis
(University of Bern, 2021) and Pfister et al (2020)%°). (a) RAG” and wild-type Oligo-
MM12 mice were gavaged with a single dose of 107 CFU of STmA" (blue circles, n=>5.
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Both genotypes were challenged with 107 CFU of wild-type STm (open red triangles in
RAG™ group and closed red triangles in wild-type group) at day 28 post colonization
and observed until day 4 of the challenge. STmA" pre-colonized RAG”- mice were not
protected against STm, whereas pre-colonized wild-type mice were optimally protected
against STm. (b) Germ-free NLRC4-/- mice (open diamonds), Caspase-1/11-/- mice
(CASP1/11-/-, open triangles), and control mice (CASP1/11+/- NLRC4+/+ littermate
control mice; filled triangles) were either colonized by gavage with three doses of 10°
CFU of STmAY (red symbols, n=7 NLRC4-/- animals, n=7 Caspase-1/11-/-, and n=7
Caspase-1/11+/- (data pooled from two independent experiments)) or left untreated
(gray symbols, n=5 NLRC4-/- animals, n=8 Caspase-1/11-/-, and n=7 Caspase-
1/11+/- (data pooled from two independent experiments)). 27 days post first treatment,
mice were challenged with wild-type STm (10% CFU) and sacrificed at day 3 after the
challenge. Panel (b) also shows bacterial burden of wild-type STm recoverable from
mLN, spleen, and liver at day 3 after challenge. (c) MYD88—-/-TRIF®sPs mice (open
symbols) and wild-type control mice (filled symbols) were colonized by gavage with
three doses of 10" CFU of live STmAux (red triangles, n=7 MYD88/TRIF knockout
animals and n=9 wild-type (data pooled from two independent experiments)) or left
untreated as controls (gray circles, n=6 MYD88/TRIF knockout animals and n=10 wild-
type animals (data pooled from two independent experiments)). 27 days post first
treatment, mice were challenged with wild-type STm (102 CFU) harboring ssaG:eGFP
reporter plasmid pM973 and were observed until day 3 after the challenge. Panel (c)
also shows the bacterial burden of wild-type STm recoverable from mLN, spleen, and
liver at day 3 after the challenge. Panels (b) and (c) were analyzed with 2-way ANOVA
(with host genotype and treatment as 2 independent factors) and Sidak multiple

comparison corrections.
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Supplementary figure 2
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Supplementary figure 2: Baseline GSEA gene transcriptomics data analysis for
wild-type and RAG’ mice. GSEA in wild-type and RAG” mice (STmAWANC yg

STmAY™). The color gradient in the dot plot is depicted according to the normalized

enrichment score obtained from GSEA and the size of the dot depicts the number of

core genes enriched in each gene set. The pathways are categorized into five top-level

pathways,

namely ‘cellular response to chemical

stress’,

immune system’,

'metabolism’, 'programmed cell death’, and 'signal transduction'.
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Supplementary figure 3

Supplementary figure 3: GSEA gene transcriptomics data analysis for wild-type
and RAG” mice (STmAWAsipAhsopEAsopE2 grfand STmAWXAINVG yg STmAY), (a) GSEA in

WiId-type (STmAuxAsipAAsopEAsopEZ/STmAuxAinvC VS STmAux) and RAG mice (STmAuxAinvC
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