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Abstract

Bacterial pathogens can evade the host’s immune defence to adapt and
establish an infection within the host. Some even slip into a quiescent
state to establish themselves without acutely harming the host. Phylo-
genetically unrelated bacteria can share similar strategies for the es-
tablishment of infection and for persistence. Our lab previously
showed that Yersinia pseudotuberculosis underwent a dramatic re-
programming from a virulent phenotype expressing virulence genes,
including T3SS and Yop effectors during early infection, to an adapted
phenotype capable of persisting in tissue. The overall aim of my PhD
study was to dissect the mechanisms behind bacterial adaptation and
maintenance of infection within host tissue using Y. pseudotuberculo-
sis as a model pathogen. The ultimate goal is to identify key players of
critical importance for the ability of the bacterium to maintain and es-
tablish infection in host tissue. In my studies, | mainly focused on bac-
terial biofilm and the role of the alternative sigma factor RpoN. Much
of my studies involve RNA-Seq analyses, encouraging me to develop a
convenient, time-efficient, and all-purpose RNA-Seq data analysis
package especially designed for prokaryotic organisms. The package is
available online as a free tool and can be used by any biologist with
minimal computational knowledge. We systematically examined bio-
film formation of Y. pseudotuberculosis under different stress condi-
tions and found that biofilm development involved a series of adaptive
responses against various stressors, including bile, pH, amino acid
deprivation, and temperature and oxygen-level changes. Analyses of
transcription profiles of bacteria forming biofilm in different condi-
tions revealed a set of core genes that were similarly regulated in bio-
film bacteria independently of induced environment. The transcrip-
tional regulator RpoN, commonly known as sigma 54, was found to be
important for biofilm formation, and a ArpoN mutant strain was se-
verely attenuated in virulence. To understand the regulatory mecha-
nisms involved, we investigated gene expressions in wild-type (WT)
and the isogenic ArpoN mutant strain and also chromatin immuno-
precipitation followed by sequencing. We have identified RpoN bind-
ing sites in the Y. pseudotuberculosis genome and revealed a complex



regulation by RpoN involving both activation and repression effects.
We also investigated the role of RpoN in regulation of the Type 111 se-
cretion system (T3SS) and found that RpoN was required for a func-
tional T3SS, which is essential for bacterial virulence properties in
host tissue. Our work indicates that Yersinia modulates itself in mul-
tiple ways to create niches favourable to growth and survival in the
host environment. We have identified some key regulators and genes
that will be explored further for their potential as novel targets for the
development of new antibiotics.
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Background

“You must not fight too often with one enemy, or you will teach
him all your art of war”
- Plutarch

We are engaged in an epic and gruelling war against path-
ogenic bacteria throughout human evolution, establishment of
society, and since the understanding of disease. During the last
two centuries as science and technology flourish, we were gain-
ing the upper hand on pathogenic bacteria. We grew overcon-
fident with the invention of antibiotics that could kill any kind
of pathogenic bacteria with timely treatment. The most infa-
mous quote expressing such overconfidence by William H.
Stewart, the Surgeon General, in 1967 states, “It’s time to close
the books on infectious diseases, declare the war against pesti-
lence won, and shift national resources to such chronic prob-
lems as cancer and heart disease.”

As time passed, researchers around the world started to
realise that the war between humans and pathogenic bacteria
had just begun. The rise of multidrug resistant bacteria (MDR)
started to turn the tide in favour of pathogenic bacteria, and
humanity began losing their best antibiotic weapons one by
one. Pathogenic bacteria are winning the war against various
antibiotics slowly but steadily. The only way to win this war is
to gather more and more information from the perspective of
both the host defence and the bacterial mechanisms. With this
information, it would be easier for the researcher to find the
Achilles heel of pathogens and find new ways to defeat or at
least subdue them.



Bacterial pathogens are capable of evading the host im-
mune defence by various means and in some cases can persist
within the host, where some use the quiescence route to estab-
lish themselves in a population without acutely harming the
host (1). Phylogenetically unrelated bacteria can share similar
strategies for establishment as well as maintenance of infec-
tion. To understand the underlying molecular mechanisms, we
need to understand how bacteria control their molecular ma-
chinery in the host during infection, which with current tech-
nology is hard to study in vivo so far. During infection, bacteria
encounter different environmental cues influencing their func-
tions. In vitro study on the other hand is much less complex,
and in in vivo relevant conditions can be mimicked in vitro. By
understanding how bacteria control different stressors under
physiologically different environmental cues, it may be possible
to understand how those coincide with in vivo conditions.



1. Introduction

1.1 Bacterial evolution from origin to pathogene-
sis

Bacteria are fine-tuned evolutionary cellular life forms existing
from the very early history of life on earth. It is believed and
evident that bacteria have existed since the Precambrian time,
about 3.5 billion years ago (2, 3). During the Great Oxygenation
event 2.7 billion years ago, when the oxygen levels in the atmos-
phere increased, bacteria evolved to Proteobacteria (2, 3). Pro-
teobacteria phylum which includes free living microorganisms,
nitrogen-fixing bacteria, and pathogens evolved more during
Paleoproterozoic era approximately 1.5 billion years ago. The
word pathogen first introduced in 1880 was adapted from the
Greek words patho “suffering” and genes “producer of”, simply
defined as organisms causing disease (4). However, the term
pathogen is not only applied to bacteria but also includes other
organisms, such as viruses, viroids, protozoa, prions or fungi.
Since their evolution, bacteria spread to a wide variety of habi-
tats from volcanos to glaciers as well as the natural habitats of
other living organisms from prokaryotic to higher organisms.
Pathogenic bacteria, like other microorganisms started to
adapt with their host and environment. In most cases, they use
binary fission, an asexual reproduction where a single parent
cell splits into two identical daughter cells. In this way, bacteria
pass their genetic information of adaptability and survival to
the next generation, within 10 minutes to an hour, making
them one of the most fine-tuned organisms that exist (5-9).

Compared to bacteria, mammals are much younger
and exist from 60 million years ago (10). Humans as a species
are much more younger, only one million years old (11), and it
is suspected that human specific pathogenic and commensal



bacteria started evolving with humans. Phylogenetic analysis is
based on the assumption that horizontal gene transfer can cap-
ture the evolution pattern, although it is shown to be unable to
capture all the molecular events (11, 12). Recent developments
in genomics making it possible to sequence ancient genomes
from human fossils have however opened a new vistas to ac-
quiring an in depth view of human pathogen evolution (13). An
example here is, Salmonella enterica Paratyphi C genome
(Ragna) recovered from an 800-year-old skeleton, revealing
that few genomic changes had occurred in the para C lineage
over its 3000-year history (14).

To adapt to a new host environment, pathogenic bacteria use
their existing defence mechanisms or modify the existing sys-
tems as well as acquire new molecular mechanisms (15-19). It
has been speculated that pathogenic bacteria have evolved to-
gether with humans by gaining fitness through various molec-
ular mechanisms such as gene duplication, gene mutation, and
loss and gain of gene function and plasmids within and between
species (15-35). Bacteria can follow horizontal gene transfer, a
non-sexual transmission of genetic information by which new
genes can be introduced or existing genes can be replaced with
a new one (35).

1.2 Host pathogen interaction and adaptability:
from bacterial perspective

1.2.1 Virulence factors

During the long course of evolution, pathogenic bacteria devel-
oped the ability to synthesise certain molecules or used existing
ones to invade the host and evade the host response. These vir-
ulence factors help pathogens to enter and exit host cells as well
as in some cases obtain nutrition from the host (36, 37). Viru-
lence factors can be unique to a certain pathogen or conserved



within and between species. The severity of bacterial pathogen-
esis often depends on effects caused by virulence factors. Bac-
teria can obtain virulence factors by inter and intra species hor-
izontal gene transfer through mobile genetic elements such as
plasmids and phages (37).

1.2.2 Adherence and colonisation factors

For colonisation of a host, pathogenic bacteria adhere to host
cells through adhesins, proteins, or glycoproteins on the sur-
face of bacteria. Adhesins can be of different types, such as Yer-
sinia adhesin A (YadA), mucin, and attachment-invasion locus
(Ail) in Yersinia species (38, 39), type 1 fimbrial adhesins in
Escherichia coli, type 1V pili in Neisseria gonorrhoeae, or N-
methylphenylalanine pili in Vibrio cholerae. Other pathogenic
bacteria using pili for adherence are Salmonella spp., N. gon-
orrheae, N. meningitidis, and Streptococcus pyogenes (36,
37).

1.2.3 Invasion factors: exoenzymes, toxins and others

Once pathogenic bacteria attach to host cells, many of them
also invade the cells. Invasion factors can be surface compo-
nents or components secreted by the bacteria. There are several
classes of virulence factors, such as glycohydrolases, nucleases,
phospholipases, proteases and toxins that bacteria can use for
successful invasion into host cells and tissues (16, 18, 25, 40).
Toxins, both exo- and endo-toxins, are used by certain patho-
gens to invade and spread through tissues. Examples here are
cholera toxin, diphtheria toxin, alpha-toxin, and lipopolysac-
charides (LPS) (15, 23). Proteins delivered by T3SS, so called
effector proteins play key roles for pathogenicity of some path-
ogenic bacteria such as Yersinia (multiple species), Pseudomo-
nas, and Salmonella for host tissue invasion and suppression



of the host immune system (41-43). The number of T3SS effec-
tor proteins can vary according to species from four in Pseudo-
monas aeruginosa (43) to more than 300 in Legionella pneu-
mophila (44).

1.3 Stress responses

Living organisms commonly adapt to new environments. Bac-
teria possess an extraordinary ability to adapt to vastly diverse
environments, including extreme physically and chemically
challenging environments (45-47). Stress conditions for bacte-
ria are hard to define, as the perception of stress condition may
vary from one bacterium to another (48). A stress condition for
one bacterium can be an optimal growth condition for another.
In general, stress conditions can be defined as those that devi-
ate from optimal growth conditions (48). Bacteria experience
stress upon entering the host and have to withstand diverse
stress environments during initial colonisation and infection
establishment (16, 45, 47-49). This stress experience also de-
pends on the route of infection, site of colonisation, and sever-
ity of the infection (45). Bacteria, both pathogenic and non-
pathogenic, have endured stress responses to sustain and adapt
and sometimes use the stress responses in diverse niches of the
host.

Many general stress responders among bacteria are conserved
evolutionally. These include key regulators such as Sigma Fac-
tors (SFs) (e.g. RpoS, RpoB, and RpoH) or chaperone proteins
(e.g. GroEL, GroES, DnaK, and Dnald) (45). Furthermore,
toxin-antitoxin systems, long non-coding RNA, and the re-
cently highlighted small proteins are additional players in-
volved in the complex regulation of stress responses (16, 17, 45,
48, 50-52).



1.4 Responses to multiple stressors during infec-
tion

Bacteria have developed several mechanisms to survive the
stress originating from the host environment and immune sys-
tem (45, 46, 48). They not only face the host immune response
but also the unfavourable environments in the host tissues. In
some instances, bacteria face more than one stressor and, sim-
ultaneously, the host immune response requiring adaptation,
defence, and competition for necessary nutrients (45-48).
Many pathogenic bacteria have evolved an economical and ef-
ficient way to fight adverse conditions and at the same time rep-
licate and then establish infection (53). Many successful path-
ogenic species use specialised transcription factors (TFs) and
pathways for responses to particular states by regulating cer-
tain sets of genes (16, 18, 48). During different infection stages,
bacteria can reprogram their transcriptome to adjust the host
environment (45, 48, 54, 55). Additionally, the existence of
small proteins with potential roles in stress responses in vari-
ous pathogenic bacteria, indicates an added layer of complexity
(56-58).

Furthermore, bacteria also use TFs and other regulators to in-
terplay and overlap between different functions efficiently (49,
55). Besides, their metabolism can be used as a stress response,
and can contribute to their maintenance in the host environ-
ment. Some transcription factors have evolved to work differ-
ently during particular stress conditions. One good example of
this specific type of transcription factor is the MerR family of
bacterial TFs, common in many pathogenic bacteria (59-64).
MerR family of TFs can respond to different stressors (e.g. oxi-
dative stress, heavy metals, antibiotics, and motility), and their
functions can also differ between species (59-64)



1.5 Biofilm formation

Bacteria are commonly found either as independent planktonic
cells or as organised surface-attached communities known as
biofilms. One of the major distinguishable features between
planktonic and biofilm bacteria is the presence of a self-pro-
ducing extracellular matrix in biofilms (Figure 1). This matrix
comprises one or more extracellular polymeric components
such as polysaccharides, proteins, extracellular DNA, etc. (65-
67) . Biofilm formation is evolutionally conserved and wide-
spread among bacteria. The biofilms are raising more and more
concern due to their connection to antibiotic resistance (68, 69)
and persistent infections (70). Biofilm bacteria are much more
resistant to antibiotic treatment and leave limited treatment
options for certain infections [31]. Biofilms not only help to
raise antibiotic-resistant strains but also prevent eradication of
infection (71, 72).

In recent years, several comprehensive studies have been per-
formed to understand the regulation of biofilms in P. aeru-
ginosa, S. Typhimurium, Escherichia coli, V. cholerae, and
Serratia marcescens (73-77). However, despite various ap-
proaches, still a specific core set of genes has not been
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Figure 1: Schematic representation of biofilm formation. The sche-
matic is based on the in vitro biofilm formation by P. aeruginosa and adapted
from Rumbaugh et al., 2020 (78). Growing bacteria (planktonic, green) in bio-
film-inducing conditions can attach to the surface. Bacteria produce an extra-
cellular matrix (ECM) to form a monolayer. This stage is irreversible, and bac-
teria cannot turn to planktonic. The next stage in biofilm formation is growth,
where more planktonic bacteria attach to the monolayer to form a multilayer.
During the multilayer stage, biofilm bacteria produce more biofilm matrix
components, and flagellum gene expression is reduced. Once stable, some bac-
teria disperse from this mature biofilm and re-enter into the planktonic stage.



proven to be characteristic of the biofilm mode (69). Biofilm
formation induces attachment, but at specific conditions and
surfaces, bacteria may induce different structural components
for the biofilm matrix (79, 80). Furthermore, things complicate
further when bacteria use alternative or multiple pathways for
specific conditions or hosts. A good example can be observed in
a range of clinical P. aeruginosa isolates (81, 82) where psl,
pel, and alg genes to be essential for exopolysaccharides in a P.
aeruginosa biofilm (81, 83) but four independent clinical P. ae-
ruginosa isolates were found to form a mature biofilm with an-
other carbohydrate-rich matrix component (82). Further, the
biofilm mode of growth is inconsistent and varies depending on
surfaces, growth conditions, and environmental stresses (83).
Finding new drugs or antibiotics against biofilm bacteria are
challenging due to a lack of a conserved pathway or of a set of
core genes responsible for biofilm. Hence, due to the versatility
of biofilm formation within and between species, biofilms need
to be studied under different stress conditions, which bacteria
face during host colonisation and where biofilm formation en-
ables persistent infection.

1.6 Quorum sensing

Quorum sensing (QS) is a process allowing bacteria to com-
municate inter or intra species through various chemical sig-
nals to respond to environmental cues and trigger different
processes for survival as a community (84). These chemical
substances, generally known as autoinducers and their sensors,
can vary between species and genera. For example, gram-neg-
ative bacteria commonly use small molecules as autoinducers
sensed by cytoplasmic TFs (e.g. LuxS, and CqgsA) and trans-
membrane two-component histidine sensor kinases (85, 86).
In the case of gram-positive bacteria, the autoinducers have
been shown to be oligopeptides sensed by two-component his-
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tidine sensor kinases (87, 88). When bacteria sense the autoin-
ducers, QS circuits are activated and can trigger global regula-
tors such as RpoN, Hfq, CsrA, Fis, etc. to control the QS-specific
gene expression. QS can control several physiological processes
in bacteria such as biofilm formation, sporulation, population
density, replication, fitness, stress responses, bacterial hetero-
geneity, etc (89-93). Some bacteria have also evolved to com-
municate with other species via QS. A good example is commu-
nication between S. aureus and P. aeruginosa in chronic
wounds (89). Like this phenomenon, there are numerous ex-
amples where bacteria use QS for their own benefit depending
on the environmental needs. For example, bacteria use QS for
biofilm formation and virulence factor secretion (90-93), and
extracellular DNA uptake (94). However, QS is complex where
many genes and regulators are involved in a sequential event.

1.7 Bacterial heterogeneity

In general, when we think of bacteria, we see them as a homog-
enous population, but this is far from the reality. The concept
of bacterial heterogenicity in environmental conditions is a
decade old (95-98). Due to technological limitations and diffi-
culties in experimental setups, this concept has been cautiously
ignored. But with the recent advancement in single-cell se-
guencing, revealing the heterogeneous nature of bacteriais eas-
ier. A recent study also showed that phenotypic heterogeneity
is ubiquitously present among the intestinal microbiota (99,
100). If we assume, and which is true, that bacterial communi-
ties are fine-tuned evolutionary machineries, it should be ad-
vantageous for bacteria to divide biological functions among
their subpopulations, conferring an overall fitness advantage
against environmental stressors. One example of this is the re-
cent report about heterogenicity in P. aeruginosa biofilms,
where different subpopulations with different roles worked to-

11



gether in the biofilm community (99). For example, extracellu-
lar matrix production and surface motility were controlled by
two different subpopulations to initiate an expansion of the
biofilm (99). There are several other examples where bacteria
incorporate phenotypic variation into the population to in-
crease the chance of some members surviving the stresses of
the host environments, including immune defences (98, 101-
103). From an evolutionary and cost-effective strategy stand-
point, bacterial heterogeneity should be advantageous over tra-
ditional sense and response mechanisms because it does not
require time for adaptability. In case of sudden stress, hetero-
geneity itself will ensure the survival of the population, while
populations not well-suited to the current environment will be
lost.

1.8 Persistent infections

Persistent infections are often asymptomatic in nature, and
bacteria can colonise a host for a long time without causing ap-
parent symptoms. Bacterial persistent colonisation is a major
cause of antibiotic overuse in both human and animal hus-
bandry and thereby contributes to the development and spread
of antibiotic resistance. Persistent infections by bacteria cause
several health complications, often requiring prolonged antibi-
otic treatment (73). These infections also increase morbidity
and mortality, especially in susceptible hosts. Biofilm-associ-
ated persistent infections can greatly contribute to chronic in-
flammation in infections. Such examples are chronic wounds
(104), cystic fibrosis(105), otitis media (106), osteomyelitis
(107), prostatitis (108, 109), and nosocomial infections (108).
Several bacterial species form biofilms on medical devices
transplanted into humans leading to chronic and persistent
bacterial infection (110).
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2. Molecular mechanisms underlying bacterial
adaptation and establishment of infection

Bacterial adaptation to different adverse conditions in both ex-
ternal environments and inside hosts requires fine tuning of
different regulatory processes. Transcription of genes is one of
the first stages of control mechanisms that determine down-
stream processes such as translation of proteins and mainte-
nance of the molecular machinery for homeostasis and adapta-
tion. Every step of the transcription process is tightly controlled
by various factors such as TFs and SFs. Additionally, other fac-
tors may also contribute in one way or another such as chromo-
some structure (111), DNA methylation (112-114), and RNA-
binding proteins (115-118).

2.1 Transcription factors and gene regulation

Bacterial gene expression is tightly controlled to help bacteria
survive and thrive in diverse, competitive, and fluctuating hab-
itats. This control includes activation of expression of specific
genes and at the same time repression of others (119-121). TFs
are the class of protein that control this regulation. TFs can be
homodimers, tetramers, hexamers, or even heterodimers (55,
120-121). Regulation of TFs is commonly more complex than
anticipated requiring multidimensional studies to pinpoint
genes regulated by a single or multiple TF. TFs can work
uniquely or in concert, and regulatory regions on the DNA can
be occupied by more than one TF. In general, TFs bind to pro-
moters by recognising a conserved motif. Furthermore, differ-
ent TFs can recognise and bind to similar sites and one TF can
bind to many different sites. TFs can be classified into specific
and global TFs. Specific TFs bind to high affinity sites and are
activated in certain environmental cues. On the contrary, bind-
ing sites for global TFs such as SoxRS, OxyR, FNR, FadR, and
ArcA are less specific, and they can bind to a larger collection
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of sites (55). Transcriptional reprogramming as response to
host environments is commonly controlled by different tran-
scriptional regulators activated as a response to external sig-
nals. This often involves activation of global TFs controlling
many genes involved in adaptation to diverse environmental
conditions (119-124). There are also TFs, for example Fis and
IHF, that can act as both activators and repressors depending
on the condition and environmental cue. (119, 124-133).

2.2 Sigma factors in controlling global gene expres-
sion

An important class of transcriptional regulators are SFs, which
control sets of genes in different environmental conditions,
from stress responses to bacterial growth phase. SFs activate
the RNA polymerase (RNAP) by binding with the core complex
and promote the binding of the SF-RNAP complex (holoen-
zyme) to specific initiation sites on the DNA strand. Binding of
the holoenzyme to a specific binding site creates a transcrip-
tion bubble initiating transcription of the downstream gene
(134).

There are different types of SFs in bacteria, with RpoD or sigma
70 (079), as the primary and housekeeping SF, being active dur-
ing exponential growth (135, 136). Other, alternative SFs, such
as RpoE (024), RpoS (0%8), RpoH (032), and RpoN (0%4) recog-
nise promoters distinct from that of RpoD and regulate tran-
scription during specific environmental conditions, allowing
expression of genes required for the bacteria to cope with and
adapt to these particular situations (135-137). Each SF plays an
important role in bacterial virulence and fitness. Particularly
interesting here is RpoN due to its versatile function and prop-
erties. RpoN is also in the scope of this thesis due to its poten-
tial role in bacterial motility and biofilm formation (138-140).
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2.2.1 The alternative sigma factor RpoN

RpoN is an alternative sigma factor, both structurally and func-
tionally distinct from the other alternative SFs. RpoN-mediated
transcription initiation commonly depends on the interaction
of the holoenzyme with certain RpoN activators termed as bac-
terial enhancer-binding proteins (EBPs) (141). These EBPs use
ATP catalysis to remodel the RNAP DNA-binding for initiation
of transcription (Figure 2) (142).
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Figure 2: RpoN dependent promotor activation. RpoN along with RNA
polymerase binds to the DNA recognizing the conserved motif. Once RpoN
binds, enhancer binding protein binds to the sequence upstream of RpoN bind-
ing site. Integration host factor protein (IHF) form the DNA loop, allowing EBP
to activate the RNA-polymerase to initiate the transcription.

Further, the affinity of RpoN for the core RNAP is higher than
most of the other RpoD-related alternative SFs, allowing RpoN
to compete efficiently for RNAP-binding. However, although
shown only in vitro, there are many studies that have demon-
strated that RpoN also can bind to DNA independent of a core
RNAP, a property not seen for other SFs (143-147). RpoN has a
role in adaption and has, for many bacteria, been shown to con-
trol regulation of genes involved in nitrogen metabolism, mo-
tility, biofilm, and quorum sensing (138-140).
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2.2.1.1 Role of RpoN in bacterial virulence

Many reports have implicated RpoN as a vital regulator of pro-
teins participating in bacterial virulence. P. aeruginosa, Pro-
teus mirabilis, V. cholerae, and Vibrio (Listonella) anguilla-
rum depend on RpoN for establishing infection in mice (136,
148-151). RpoN has been shown to control flagella, pili, and al-
ginate genes and influence T3SS in P. aeruginosa (152). Corre-
spondingly, in V. cholerae and V. anguillarum, RpoN controls
expression of flagellar genes and regulates type VI secretion
system factors (153, 154). RpoN—mediated control of type VI
secretion has also been reported for V. alginolyticus and Aer-
omonas hydrophila (153, 155, 156). Other examples of viru-
lence-associated factors affected by RpoN are expression of O-
antigens in S. enterica and of outer surface proteins in B.
burgdorferi. The specific regulation of RpoN regarding the
type of external signal that results in activation can vary be-
tween bacteria, which adds to the complexity. Furthermore, the
particular functions that are regulated by RpoN can vary be-
tween different types of bacteria. Here one example is biofilm
formation, where deletion of the rpoN gene results in severe
restrictions on the capacity to form biofilm in many bacteria,
including P. aeruginosa and V. cholera (148, 157, 158). On the
contrary, an opposite effect is seen for E. coli K-12 and Entero-
coccus faecalis, where such deletion instead leads to increased
biofilm formation (159). Taken together, RpoN plays a crucial
role in many pathogens where it participates in the regulation
of a variety of processes important for infection and adaptation
to harsh host environments.
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2.3 Post transcriptional regulation and translational
control

Bacteria respond to different environmental conditions via var-
ious molecular mechanisms. Although gene regulation is the
primary response for control mechanisms, post transcriptional
regulation often plays crucial roles in controlling concentra-
tions of proteins. There are many transcription features such as
codon frequency, gene length, mRNA folding and stability, and
ribosomal binding sites (RBSs) that can influence translation.
Sometimes regulation at certain stages is controlled by confor-
mational changes of the mRNA that allows or inhibits protein
translation. The 5’-untranslated regions (UTRs) of some
MRNAs can control their translation by binding small molecule
ligands known as riboswitches (160). For example, translation
of the virulence regulators prfA in Listeria monocytogenes and
IcrF in Y. pestis is controlled by an mRNA structure that is ac-
cessible to ribosomes only at higher (over 30°C ) temperatures
(161). Riboswitches have been found to control 2% of the genes
in Bacillus subtilis, and they are also anticipated to be abun-
dant in other species (122, 162-168). Other types of post tran-
scriptional control of gene expression are trans-acting small
non-coding RNAs that can control translation by blocking the
RBS and thereby sterically hindering mRNA-ribosome binding
(122, 162-168). Further, tRNA and mRNA modifications that
constitute a common post transcriptional regulatory event in
eukaryotic cells (122, 162-168) have also been observed to play
crucial roles for bacterial translation control during stress and
different growth phases (122, 162-168).
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3 Yersinia pseudotuberculosis as a model or-
ganism to study the molecular mechanism of
pathogenic bacteria

Yersinia is a genus of gram-negative bacteria belonging to the
class y-proteobacteria, order Enterobacterales and family Yer-
siniaceae (169). In 1944, Van Loghem proposed a new genus
separated from Pasteurella and named it Yersinia (170), which
was not effective until 1974  (171). The name Yersinia is
adapted from Alexander Yersin, who discovered the plague-
causing bacterium Y. pestis in 1894 (170). However, Y. pseudo-
tuberculosis (formerly Pasteurella pseudotuberculosis) was
discovered in 1883 by Malassez and Vignal as the first species
of Yersinia. Finally, with the advancement of genomics and
phylogenetic analyses based on the conserved signature of in-
sertion sequences, Yersinia was placed in the family Yer-
siniaceae (169). To date, 18 known species have been identified
and broadly classified into pathogenic and non-pathogenic spe-
cies (172). Three species are zoonotic pathogens that can cause
disease in humans: Y. enterocolitica, Y. pseudotuberculosis,
and Y. pestis (173-181). The remaining 15 known species that
belong to the Yersinia genus are commonly ubiquitous in soil
and aquatic environments. Most of them, except Y. ruckeri and
Y. entomophaga, are generally non-pathogenic to mammals.

Genetic evolutionary studies suggest that the common ancestor
of Yersinia emerged around 42 to 187 million years ago and
that Y. pseudotuberculosis and Y. enterocolitica diverged from
each other around 0.4 to 1.9 million years ago (182-185). Y. pes-
tis, is the youngest strain that emerged from the ancestral Y.
pseudotuberculosis between 2,000 to 10,000 years ago (182-
185). The bubonic plague that destroyed millions of human
lives in Europe and worldwide, was caused by Y. pestis. Y.
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pseudotuberculosis shares significant similarities with Y. pes-
tis, but the latter has a different lifestyle and host and causes a
much more acute disease. The characteristics of Y. pestis have
been gained by acquirement of genetic information through
plasmids, bacteriophages, integrons, and genomic islands to-
gether with gene loss that leads to reduction of genetic flexibil-
ity as well as metabolic rearrangements (182, 185, 186).

One of the common distinct similarities among the three path-
ogenic Yersinia species is the presence of a 70 kDa virulence
plasmid, that encodes the T3SS and other virulence factors. The
virulence plasmid is crucial for virulence in all pathogenic spe-
cies, where one important function of the plasmid gene prod-
ucts is resistance to the host immune system. The plasmid en-
coded T3SS genes in Y. pestis and Y. pseudotuberculosis are
conserved (187). Y. pseudotuberculosis has therefore been used
to understand and characterise T3SS in in vitro settings as well
as in the host environment and has also been extensively used
to understand the molecular mechanism of pathogenic bacteria
(54, 188-194).

3.1 Yersinia biofilm formation

Y. pseudotuberculosis and Y. pestis are genetically very similar.
Most of the genes known for biofilm-causing properties in Y.
pestis are conserved and have similar functions in Y. pseudotu-
berculosis. Biofilm formation has been implicated in spread
and maintenance of Y. pseudotuberculosis through vegetables
such as carrots and lettuce (195, 196). Several outbreaks of Y.
pseudotuberculosis serotype 0:3 were associated with iceberg
lettuce between 1997 to 2001 (195, 196). There are also indica-
tions of environmental biofilm formation of Y. pseudotubercu-
losis in raw milk causing an outbreak in Finland in 2014 (197,
198).
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Biofilm regulation in Y. pseudotuberculosis strains is known to
be controlled by the Hms system [44]. None of the Y. pseudo-
tuberculosis strains are able to form biofilm in flea gut, which
might be due to the absence of the Yersinia murine toxin (Ymt)
located on the pMT1 plasmid in Y. pestis [46]. Furthermore, at
least two genes are inactive (rcsA and nghA) in Y. pestis, which
are biofilm repressors in Y. pseudotuberculosis [46, 47]. These
variations in biofilm regulation suggest a big complexity, and
although we know some of the elements that regulate and con-
trol Y. pseudotuberculosis biofilm development, many of the
target genes of the biofilm network have not yet been charac-
terised.

3.2 RpoN regulation in Y. pseudotuberculosis

The role of RpoN in Y. pseudotuberculosis has not been fully
elucidated. However, the potential involvement of RpoN in fla-
gellar motility and QS suggest this sigma factor to be important
for Y. pseudotuberculosis tissue infection (135, 136, 148-150,
199, 200). Accordingly, data from in vivo transcriptomics of Y.
pseudotuberculosis during persistent colonisation of cecum
showed increased expression of both flagella and quorum sens-
ing genes together with other genes known to be regulated by
RpoN as well as genes involved in RpoN regulatory cascade
(54). Genome wide studies of RpoN binding sites and studies
of regulation of RpoN in Yersinia had not been revealed before
our study.

3.3 Yersinia type 3 secretion system (T3SS)

The Yersinia virulence plasmid encodes a type T3SS and the
associated virulence effectors called Yersinia outer proteins
(Yops) (172, 180, 201). This 70-kb virulence plasmid, that also
codes for chaperones and some other proteins whose functions
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remain elusive, enables Yersinia to survive and multiply in the
lymphoid tissues of its host.

3.3.1 The secretion apparatus

The T3SS comprises 27 Yersinia secretion (Ysc) proteins that
span the inner and outer bacterial membrane (Figure 3). Upon
contact with eukaryotic cells, Yersinia deploys the T3SS to se-
crete Yops into the host cell cytoplasm via a translocon formed
in the cell membrane (Figure 3). T3SS assembly and activity are
strictly regulated, and Yop expression and secretion increase
after the bacterium establishes intimate contact with the eukar-
yotic target cell (202). This cell contact—dependent regulation
can be mimicked in vitro at 37°C by depleting Ca2+ from the
growth medium(203). When assembled, the T3SS protein com-
plex comprises an extracellular needle, a series of membrane
rings embedding an export apparatus, and several cytosolic
components. The cytosolic components shuttle between the cy-
tosol and the secretion apparatus, bind to chaperone-effector
complexes, and govern the order of secretion (Figure 3). After
assembly, the T3SS is in a standby mode, and secretion of the
pore-forming hydrophobic translocators and the virulence ef-
fectors can be induced by host cell contact. The needle creates
a continuous channel that connects the bacterium to the host
cytoplasm with the help of proteins that form a needle tip and
a pore within the host cell membrane, thus allowing the trans-
location of Yops.

YscN, an essential component of the secretion apparatus, is the
ATPase that provides the energy for the secretion of Yops by the
T3SS. This ATPase couples ATP hydrolysis to the unfolding of
secreted proteins and catalyses the dissociation of Yops from
their chaperones just prior to secretion (204).
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3.3.2 Effector proteins

The T3SS effector proteins, commonly named Yops, play a ma-
jor role in Yersinia virulence. YopB and YopD form a pore in
the host cell membrane through which the effector proteins
gain access to the target cell cytoplasm. However, effector pro-
teins YopE and YopH and the translocator YopD have also been
found on the bacterial surface under non-inducing conditions
(205). YopH located on the bacterial surface was also able to
translocate into HelLa cells (205). On the basis of this, a two-
step model has been proposed, where Yops are localized on the
surface of Y. pseudotuberculosis cells before target cell contact
and translocated into the host cell upon cell contact (206).
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Figure 3: Structural overview of the T3SS. Different components of the
T3SS are color-coded, and the standard nomenclature of the Ysc-Yop T3SS has
been used. The basal body of the T3SS is embedded in the bacterial mem-
branes, whereas the needle protrudes into the extracellular space. Upon acti-
vation by host cell contact, translocators YopB and YopB are secreted to form a
pore in the host cell membrane. Yops can then be secreted into the host cell.
Two different mechanisms have been proposed the one-step injection model
and the two-step model. In the one-step injection model, Yops are secreted
directly through the needle into the target cell cytoplasm. In the two-step
model, Yops are secreted through the needle and localized on the bacterial sur-
face at 37°C. Upon induction by host cell contact, surface localized Yops can be
translocated into the host cell. The mechanisms underlying this process are still
unknown.
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Six effector proteins are translocated into the interacting host
cells to disrupt the host-mediated response. These are YopJ
(YopP in Y. enterocolitica), YopT, YopK (YopQ in Y. entero-
colitica), YpkA (YopO in Y. enterocolitica), and YopM. They ex-
hibit a wide range of functions. Some interfere with the host cell
cytoskeletal dynamics (YopH, YopE, YopT, and YpkA) (207,
208). Three of them disturb the cytoskeleton by acting on
members of the Rho family of GTPases (YopE, YopT, and
YpkA) (209, 210). YopH is a tyrosine phosphatase that blocks
host cell adhesion signalling and inhibits phagocytosis (211,
212). YopJ suppresses macrophage-mediated inflammatory re-
sponse (213, 214). The function of YopM still remain largely
elusive, although it traffics to the nucleus of the targeted host
cell (215).

3.4 Yersinia infection

Y. pestis transmits to humans and rodents by flea bites. Upon
entering the host, it spreads to lymph nodes and causes swollen
nodes known as buboes (216). It then spreads to spleen, liver,
and lung via the blood stream (Figure 4). Colonisation in the
lungs causes pneumonic plague (216). Y. enterocolitica and Y.
pseudotuberculosis species, which are transmitted through
contaminated food or water, can cause gastroenteritis, mesen-
teric lymphadenitis, and diarrheal disease (217, 218). Bacteria
are commonly localised to the distal ileum or ascending colon
and also found in mesenteric lymph nodes (MLNs)(219, 220).
Infections by Y. pseudotuberculosis and Y. enterocolitica are
generally self-limited and get cleared in the local lymph nodes.
But infections can become systemic if the individual is immun-
ocompromised or suffers from iron overload disorder (221-
224). There are also examples of chronic infections in humans
(221-223).
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Figure 4: Infection route of Yersinia in humans. Y. pseudotuberculo-
sisand Y. enterocolitica are transmitted to humans through contaminated
food and water. Upon ingestion, they can cross the intestinal barrier through
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bite of infected fleas. Y. pestis spreads to the draining lymph nodes (bubonic
plague). It can also spread to the lungs and cause pneumonic plague that even-
tually can be transmitted to other humans by respiratory droplets. This figure
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Although enteric Yersinia and Y. pestis follow different coloni-
sation mechanisms in humans, they follow the same route for
colonisation in mice, which are commonly used as a virulence
model system for these pathogens (221-224). Upon infection in
mice, enteric Yersinia enters the Peyer’s patches (PPs) of small
intestine through M cells (226, 227). It can also enter the lym-
phoid follicles of the cecum. After colonisation in the intestinal
compartment, the bacteria disseminate further to the mesen-
teric lymph nodes (MLNs) and from there they can spread to
spleen and liver to cause systemic disease (228-233).

There are different mouse models for enteric Yersinia infec-
tions, and the severity of disease can differ depending on the
choice of mouse strain and dose. Both BALB/c and C57BL/6
mice are susceptible to infection, where BALB/c mice appear to
be less sensitive (224, 234, 235). FVB/n mice appear to be even
less susceptible than BALB/c (224, 234, 235). The outcome of
an enteric Yersinia infection is dose-dependent. For example,
when using a high dose (108—10° CFUs) of Y. pseudotuberculo-
sis, the infection becomes systemic, and the bacteria spread
through liver and spleen and are usually lethal (223, 236-238).
On the other hand, the infection of FVB/n mice with a lower
dose (107 CFUs or lower) results in one third of the population
establishing a persistent infection (224).

4. Next-generation sequencing to reveal the Mo-
lecular mechanisms of bacteria

Introduction of next-generation sequencing (NGS) technology
has revolutionised studies of gene expression in both eukary-
otic and prokaryotic organisms. The advancement of massive
parallel sequencing and dramatic reduction of sequencing cost
makes NGS one of the major tools to identify and quantify RNA
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transcripts as well as to find DNA-binding region of TFs, regu-
latory regions, and genomic changes, both single nucleotide
polymorphism and rearrangements. One of the most common
techniques rising in popularity is the genome-wide transcrip-
tome studies by RNA-Seq. There are around 50,000 RNA-Seq
studies found in PubMed and millions of data sets are available
in public data bases (239).

Next generation sequencing (NGS) technologies have been ex-
tensively used to reveal the molecular mechanism of patho-
genic bacteria and their interaction with their host. Several
methods and techniques were developed, and the field is still in
the process of deeper understanding of host-pathogen interac-
tions by massive parallel sequencing of RNA and DNA as well
as determination of specific genomic regions interacting with
certain TFs. The advancement in the technology have sparked
an enormous range of applications to study replication, tran-
scription, translation, methylation, or even DNA-folding prop-
erties at certain stages. Although the sequencing principle is
more or less similar at the downstream level, it varies according
to the application and the targeted molecules for which it is de-
veloped. As for example, Multiplexed Analysis of Projections by
Sequencing (MAP-Seq), Global small non-coding RNA target
Identification by Ligation and sequencing (GRIL-Seq), RNA
Immunoprecipitation sequencing (RIP-Seq), UV Cross-linking
and Immuno-precipitation with sequencing (CLIP-Seq), and
RNA interaction by ligation and sequencing (RIL-Seq) are all
based on the principle of RNA sequencing (RNA-Seq), but their
treatment and sample preparation process are different, and
each are developed for understanding different mechanisms
(240-245).

There are many advantages of NGS data over other technolo-
gies, when it comes to quality, robustness, and noise. To
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achieve a biologically reliable result, analysis from both wet lab
and bioinformatics is essential (246-248). For high quality
data, quality control (QC) of raw data as well as pre and post
alignment QC is essential and can ensure a noise-free data for
downstream analysis. Furthermore, low quality reads should
be filtered out during data analysis, and when the QC fails to
meet a certain threshold, it is evident that there may be serious
problems in previous steps in the study. Although, NGS like
RNA-Seq is becoming a routine study in labs around the world,
the current lack of using standard data analysis practise in
peer-reviewed articles raises concerns about methodological
standards (246). For biologists, without proper understanding
of RNA-Seq data analysis pipelines and methodologies, data
analysis may be a daunting task that can lead to use of wrong
tools and methodologies, resulting in non-relevant data as the
final output.

Two NGS techniques commonly used to understand the molec-
ular mechanism of bacteria are RNA-Seq and Chromatin im-
munoprecipitation followed by sequencing (ChIP-Seq).

4.1 RNA-Seq:

If we want to understand the bacterial molecular mechanisms
in certain states or conditions both in in vitro or in in vivo,
knowledge about which genes are expressed at that time and
how the genes are regulated are fundamental. RNA-Seq is one
of the best methods to obtain information of genome-wide reg-
ulation of genes relative to a control state. In this method, total
RNA is isolated, purified, and converted into cDNA for se-
guencing (Figure 4). RNA-Seq can vary according to the exper-
imental questions and design. Other than conventional RNA-
Seq, several different kinds of RNA-Seq techniques have been
developed based on the experimental questions. RNA-Seq has
been widely applied to study stress responses, bacterial growth
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conditions, antibiotic treatment effects, biofilm, gene mutation
effects, and infection conditions in both in vitro and in vivo set-
tings (54, 249-257). Furthermore, Dual RNA-seq techniques
can elucidate the mechanisms underlying bacteria-host inter-
actions by determining gene expression in both bacteria and
host. RNA-Seq is not only providing information about regula-
tion of genes but also opening up a vast new knowledge about
other regulatory features such as transcription start sites (67),
transcript boundaries, antisense transcription, unannotated
gene features, operon predictions, novel ncRNAs, novel small
RNAs etc. RNA-Seq, in combination with other genomic stud-
ies such as ChlP-Seq and Ribo-Seq, can provide information on
complex regulons of specific and unspecific transcriptional and
translational regulators or proteins (Figure 5).

4.2 ChlP-Seq:

ChlIP-Seq (Chromatin immunoprecipitation followed by deep
sequencing) is another strong NGS technology based on the
principle of protein-DNA binding. Protein-DNA complexes are
immunoprecipitated using antibodies, recognising the proteins
of interest. Immunoprecipitated DNA fragments are isolated,
purified, and subjected to library construction for sequencing.
A parallel sample using a mock antibody or, an untagged pro-
tein, is used as control. After sequencing, subsequent analyses
show the genomic regions where proteins of interest are bound
(Figure 4).
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Figure 5: Schematic representation of RNA-Seq and ChIP-Seq meth-
odology in brief. In RNA-Seq methodology, isolated total RNA from cells are
fragmented, and specific adapters are ligated to the 5' and 3’ ends. After adapter
ligation, RNAs are converted into cDNA, followed by the sequencing library
construction. Library preparation and cDNA preparation can vary according to
the commercial kits and the type of RNA-Seq. For ChIP-Seq, purified DNA
from cells is fragmented, and protein-DNA binding regions are immunoprecip-
itated using the corresponding antibody. Immunoprecipitated DNA is purified
from bound protein and used for library preparation for sequencing.
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In general, ChlP-Seq studies are used to identify TFs and SFs-
binding sites, which can be promoter regions or other DNA-
binding sites. However, the enrichments of protein-DNA bind-
ing regions might be difficult to predict in the analysis due to
genomic noise, where the intensity of the signal depends on
many parameters. For noise-free information, it is important to
carefully evaluate some parameters before and after the exper-
iment, including protein-binding efficiency, DNA fragmenta-
tion, antibody efficiency, library quality, etc. Additionally, a so-
phisticated bioinformatic pipeline is the precondition to receive
noise-free information, although increasing the number of
reads in sequencing can help to obtain a good signal even if the
protein-binding signal is weak. ChIP-Seq has been used exten-
sively to reveal DNA-binding sites for a range of DNA-binding
proteins in eukaryotic cells. Two such extensive studies are EN-
CODE [32] and FANTOMS [29] where genome-wide binding
sites are revealed for more than 100 DNA-binding proteins.
The majority of the studies in prokaryotes are focused on TFs
in E. coli, however there are some recent studies also focused
on other bacterial species, such as V. cholerae, V. harveyi, P.
aeruginosa, S. enterica, Mycobacterium tuberculosis, and
Caulobacter crescentus (124, 133, 258-264). Several of these
studies also use RNA-Seq data to correlate the genome occu-
pancy of TFs or SFs with gene expression using RNA-Seq to
capture a view of the regulons (124, 133, 258-261).

4.3 RNA-Seq data analysis: challenges and limitations
in prokaryotic research

Although the reduced sequencing cost increases the availability
of the RNA-Seq facility, associated data analysis is still very
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complex and often requires bioinformatic skills. There are
many standalone pipelines and tools for RNA-Seq data analy-
sis, but these often require moderate bioinformatics knowledge
(265, 266). However, things become more challenging when it
comes to prokaryotic RNA-Seq data analysis.

4.3.1 RNA-Seq data processing

Very few RNA-Seq packages are built by considering features
specific for prokaryotic gene structure (267). Bacterial genes do
not have introns and are not spliced alternatively, and the use
of aligners that are developed to look for splicing junctions of-
ten increases the number of false positives (268). Instead of us-
ing splice-aware aligners designed for eukaryotes, short-read
aligners that does not increase false mapping should be used
for analyses of data from prokaryotes. These are for example,
bowtie, bowtie2 (with end to end mapping), segmehl (269),
BBmap (270), etc.

Moreover, RNA-Seq requires several quality checks before and
after alignment to the reference genome to get rid of genes,
falsely identified as differentially expressed (271). Quality trim-
ming, adapter removal, and normalisation of skewed data are
often very important for prokaryotic data due to variations in
experimental setups, presence and eventual overexpression of
plasmid genes, and differences in the RNA-Seq protocols (268,
272). Downstream analysis of differentially expressed genes us-
ing, for example, Gene set enrichment analysis (GSEA), path-
way enrichment, or Gene ontology (GO) enrichment are also
daunting tasks for biologists.

4.3.2 Gene expression comparison between condi-
tions

32



As the total amount of RNA in the cell is unknown, RNA-Seq
data needs to be normalised to predicted differences in gene
expression caused by various conditions. In case of read per
kilobase per million (RPKM) or fragment per kilobase per mil-
lion (FPKM), normalisation is done by normalising individual
genes by the total read counts per sample and transcript length
(273). The logic is to measure the relative RNA molar concen-
tration (rmc) of a transcript in a sample. RPKM has been widely
used because of its simplicity. But one important limitation of
the RPKM measurement is to obtain a valid average RPKM,
when the value within and between samples is not constant, in
most of the experiments. As RPKM does not respect the invar-
iance properties of RNA-Seq data, and therefore does not accu-
rately measure rmc, RPKM is not accepted for cross compari-
son between samples (274, 275). Transcript per million (TPM)
which is a slight modification of RPKM, considers the length of
atranscript, is another method used for comparison within and
between samples (274, 276). TPM and RPKM are closely re-
lated and can be easily converted to each other by using the fol-
lowing formula.

RPKM=10° X (number of reads mapped to a gene) / 3, (reads
mapped to a gene X gene length)

TPM=10¢ X (number of reads mapped to a gene/ gene length)
/Y (reads mapped to a gene/gene length)

TPM= 106 X (RPKM of a gene) / 3 (RPKM)

Although TPM, which respects the invariance property and is
proportional to the average rmc, is a better unit compared to
RPKM, we need to be cautious before using the metrics for
comparisons across projects and data sets. This measure has
some limitations, and misuse of TPM can happen (275) if it for
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example is used for comparing samples where treatment and
control samples do not produce similar levels of RNA/cell (277,
278). TPM can be used to compare between samples if the as-
sumption is that under the experimental conditions assayed
cells produce similar levels of RNA. For prokaryotes, it is be-
lieved that many experimental conditions such as stress, DNA
damage response, disease states or developmental stages in-
volve production of different amounts of RNA (279). Similar
phenomena are also observed in yeast and mammalian cells, as
shown for stationary and heat-shock treated cells (278). In
those conditions, TPM may represent relative abundance of
transcripts in a sample but would not normalise for global
shifts in total RNA contents. For this reason, the advice (275) is
not to use TPM for quantitative comparisons across samples in
those cases where total RNA contents and distributions may
differ (275). However, TPM is considered a good indicator of
intra sample comparison (within genes of a sample) (280).

4.3.3 Differential expression

The most-used differential expression methodologies follow
normalised overall samples by Upper Quartile (UQ) normalisa-
tion (265), by DESeq2 (281), NoiSeq (282), or Trimmed-Mean
of M-values (TMM) normalisation by EdgeR (283). Normalisa-
tion of RNA-Seq data is here commonly based on the assump-
tion that the mean expression of genes across experiment does
not change as well as a single global scaling factor is valid over
the entire dynamic range of expression (284, 285). Due to the
dynamic and rapid changes of transcriptomes in bacteria in
some environmental conditions such as stationary phase, viru-
lence induction, and stress responses, these normalisation
methods may perform poorly. The assumption in the common
differential expression model that the majority of the genes are
not differentially expressed does not match these environmen-
tal conditions for bacteria. For these, two other normalisation
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methods are established: normalisation by reference genes that
are invariable in expression regardless of condition or by sam-
ple and normalised base count data by using gene-specific read
alignments, which express each value as the base count per bil-
lion bases counted (286, 287).

4.3.4 A user-friendly tool is required

Although currently available methods for studies of gene ex-
pression perform reasonably well, they are not easy to run with-
out or with limited knowledge in bioinformatics. Sometimes,
users need to run several software tools in succession, where
the output of one program is not the correct input for the next
tool (267). Despite the rapid growth and availability of RNA-
Seq technology in prokaryotes, there was still a need for user
friendly, automated tools containing all the features for a better
understanding of the transcriptome dynamics in certain or
multiple biological conditions.
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5 Aim of the study

The project’s overall aim was to elucidate the mechanism be-
hind bacterial adaption in host tissue by using Yersinia
pseudotuberculosis as a model pathogen while focusing on bio-
film formation and the global regulator RpoN.

Specific aims
- To develop a free, user-friendly and multipurpose RNA-Seq
data analysis package for analysis of data from prokaryotes;

- To identify key components and get mechanistic insight into
Y. pseudotuberculosis biofilm formation

- To elucidate the RpoN regulon in Y. pseudotuberculosis and

reveal its importance in adaptability and establishment or
maintenance of infection.
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6 Results and discussion

6.1 ProkSeq, a complete RNA-Seq data analysis
package for prokaryotes, reduces data handling
complexity and ensures reproducibility

We have developed a prokaryotic RNA-Seq data analysis pack-
age that can be used by biologists to perform every step of the
RNA-Seq data analysis in a short period of time without pos-
sessing extensive knowledge of bioinformatics. The package is
known as ProkSeq and has been optimised for analyses of RNA-
Seq data from bacteria. ProkSeq provides user control over the
analysis pipeline through a parameter file that can be edited
easily. The ProkSeq pipeline automatically performs quality fil-
tering of bad reads and runs the analysis on good quality reads
(Paper 1, Figure 1). The package also includes differential ex-
pression analysis by one or several tools as well as downstream
functional analyses of differentially expressed genes, such as
the KEGG pathway enrichment analysis and GO enrichment.
In addition, pre- and post-alignment quality statistics and
graphical visualisations can be created in both PDF and HTML
formats. Furthermore, rich graphics and publication-ready fig-
ures can be created in every step of the data analysis to provide
information and ensure that users have better control and un-
derstanding of their data. A unique feature of ProKseq is the
integration of well-established normalisation methods for
skewed data as options when required due to variations in ex-
perimental designs.

Biologists contribute to a comprehensive understanding of bi-
ological NGS data, but they can sometimes become reluctant to
analyse their own data due to the complexity of computational
data analysis. ProkSeq, which is an all-in-one package, will as-
sist in removing that barrier by making the process of data
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analysis time efficient and easier. The pipeline is faster and free
of cost, but at the same time, it ensures quality and reproduci-
bility. Reproducibility is ensured by creating the conda and
docker versions of the tool, which maintain the version and
computational environment of the package over time. Hence,
ProkSeq will help biologists to focus more on understanding
complex biological regulations instead of spending time on
managing proper processing and analyses of complex data sets.

6.2.1 Yersinia pseudotuberculosis forms biofilm
to adapt to multiple stress conditions and envi-
ronmental cues

To find out the environmental cues that trigger biofilm for-
mation in Y. pseudotuberculosis, multiple environmental con-
ditions, such as bile, AA-, anaerobic environment, effect of cal-
cium, iron limitation etc., at 26°C (environmental temperature)
and 37°C (host temperature) were used (Paper 2, Table S1).
These studies revealed that the higher temperature (37°C) trig-
gers more biofilm formation under all conditions tested (Paper
2, Table S1). However, in addition to biofilm formation in Cae-
norhabditis elegans at 26°C (Paper 2, Figure 1E), it was ob-
served that Y. pseudotuberculosis forms biofilm at 26°C under
most of the conditions but to a lesser extent than that seen at
elevated temperatures. Biofilm formation at environmental
temperatures likely aids in its survival in the environment. Y.
pseudotuberculosis can spread through lettuce, carrot and
likely other vegetables (196-198), indicating a possible role of
biofilm formation in its dissemination.

The observed ability of Y. pseudotuberculosis to form biofilm
at host temperature even in anaerobic conditions suggests that
this pathogen possesses all the molecular mechanisms required
to form biofilm in the host environment like its later divergent
strain Y. pestis. However, whether or not infection by Y.
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pseudotuberculosis leads to biofilm formation in the host, and
if so how, remains elusive.

6.2.2 Similar regulation of a set of core genes in-
dicates the existence of central but complex gene
regulation in biofilm

It is generally assumed that bacteria in biofilm express a set of
core genes as a signature for biofilm bacteria per se, which is
independent of the specific environmental conditions. Despite
the advancement of transcriptome studies, such a set of core
genes has not been elucidated yet. We therefore set out to find
such core genes by using RNA-Seq of biofilm and planktonic
bacteria in biofilms induced by different environmental signals.
For this purpose, we tried to design the experimental setup by
carefully evaluating suitable time point at which the total RNA
was sampled so that low viability of planktonic and biofilm cells
did not interfere with the resulting outcome (Paper 2, Figure 2,
Figure S1). Depending on the conditions, the resulting tran-
scriptional profiles of biofilm and planktonic bacteria differed.
But despite these differences in gene expression, there was a set
of 54 genes that were regulated similarly in biofilm bacteria in-
dependently of the inducing condition (Paper 2, Figure 3C, Ta-
ble 1). As expected, these core genes included regulatory genes
that are known to be associated with biofilms, such as hmsF,
hmsT, cpxA and cpxP, as well as genes associated with curli, pili
and c-di-GMP signalling, which were upregulated in biofilm
bacteria. Four genes were downregulated in biofilm bacteria
along with the known biofilm repressor hmsP and rfaH (288,
289). Interestingly, many other genes among the set of genes
have not been previously reported to be associated with bio-
films, including 14 hypothetical genes (Paper 2, Figure 4, Table

).
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6.2.3 Metabolic reprogramming in biofilms

We also performed RNA-Seq of bacteria during the early phase
of biofilm formation in order to identify bacterial components
involved in the initiation of the biofilm. The resulting tran-
scriptomic data suggested an early metabolic reprogramming
where pathways involved in motility, QS and oxidative phos-
phorylation are upregulated (Paper 2, Figure 5C). The observed
upregulation of c-di-GMP signalling is an important feature
that can play a role in deciding when and how bacteria must
trigger the biofilm state. Upregulation of type 1V pili was an-
other interesting observation of this study. Type IV pili are not
only involved in DNA uptake and eDNA secretion but also re-
sponsible for twitching motility (290-292). When bacteria are
in stress conditions, Y. pseudotuberculosis may trigger twitch-
ing motility to reach the air surface area and initiate biofilm.
The role of certain genes such as IsrK, luxS, csgG and csgD and
their coordinated regulation remaine elusive and requires fur-
ther investigation. The effect of Ahpr in biofilm formation was
another interesting observation of this study. The roles of the
phosphocarrier protein (Hpr) and the phosphotransferase sys-
tem (PTS) require further evaluation for acquiring an under-
standing of the events involved in the metabolic reprogram-
ming of bacteria from planktonic to biofilm state. The RNA-Seq
data of early, biofilm-inducing conditions are taken from a
state with a heterogeneous population. Thus, the metabolic re-
programming might be clearer if the early biofilm bacteria
could be enriched from planktonic bacteria.

6.2.4 RpoN is important for biofilm formation

In studies of a strain lacking RpoN (ArpoN), we found that this
SF was required for biofilm formation by Y. pseudotuberculosis
YPIII (Paper 3, Figure 1C). Interestingly, in transcriptome pro-
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files of biofilm bacteria under different environmental condi-
tions, the nitrogen regulation sensor histidine kinase glnL was
one of the core genes that was upregulated in both mature bio-
film bacteria and during early biofilm-inducing conditions (Pa-
per 2, Table 1). Inactivation of the gene gInL led to a severe bio-
film defect (Paper 2, Figure 6), suggesting a role of nitrogen
regulation and metabolism in biofilm formation and mainte-
nance of biofilm status by Y. pseudotuberculosis YPIII. RpoN
is a central regulator that has been shown to control nitrogen
metabolism and regulation in other bacteria. The transcription
profile of the Y. pseudotuberculosis YPIII ArpoN strain showed
that the central genes involved in the process of nitrogen me-
tabolism, such as gInA (glutamate synthetase) and gInK (nitro-
gen regulatory protein), were controlled and positively regu-
lated by RpoN in this strain as well (Paper 3). N-containing
compounds and their metabolism generally cover many aspects
of the central metabolism and are crucial for the synthesis and
metabolism of amino acids and nucleotides and, thereby, for
cell division (293, 294). When bacteria need to adapt to differ-
ent environmental conditions, the N-cycle pathways can con-
tribute to controlling DNA replication and protein synthesis
and the source of alternative carbon (295, 296). Further, the
production of autoinducer molecules, which is crucial for early
biofilm formation (Paper 2), requires a lot of energy, and N-
based energy production may compensate for this extra ATP.
However, there was no obvious explanation that could lead to
aclear conclusion regarding the metabolic traits during biofilm
formation, and more in-depth studies on the same are needed.
Interestingly, two genes that were found to be controlled by
RpoN were also found among the core biofilm genes; these
were bamE (YPK_2977) and YPK_1256. The latter is a con-
served gene that encodes a hypothetical protein, and bamE en-
codes an outer membrane protein assembly factor. The role of
bamE in biofilm is not clear, but certain reports have shown
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that outer membrane proteins are important for biofilm for-
mation in V. anguillarum (297).

6.3.1 Genome-wide RpoN binding sites in Y.
pseudotuberculosis are revealed by ChIP-Seq

We used ChlIP-Seq to uncover the regulatory mechanism of
RpoN in Y. pseudotuberculosis YPI11, which have not been pre-
viously elucidated genome-wide. To comprehend the idea or
the possibility of chromosomal structural changes influencing
gene expression at certain conditions, we performed ChIP-Seq
under three distinct conditions. The conditions used were ex-
ponential growth at 26°C where RpoN-V5 was either over-ex-
pressed or expressed from its native promoter (rpoN::V5
strain) to ensure proper stoichiometry, as well as under viru-
lence-inducing condition at 37°C (Paper 3, Figure 2C). We
found 103 distinct RpoN binding sites (BSs) (Paper 3, Figure 2,
Table 1 and Table 2) with a conserved motif. We used a high
stringency cut-off (> 2.5 fold over genomic noise) to avoid false
positives and noise in the data, which are often found in ChIP-
Seq studies. We observed RpoN BSs at different genomic posi-
tions in terms of CDS and orientation, and we divided them into
groups (A—D) (Paper 3, Figure 2E). Groups A and B comprised
BSs in intergenic regions, whereas Groups C and D comprised
intragenic BSs. Furthermore, Groups A and C were oriented in
the sense direction and group B and D in the anti-sense direc-
tion (Figure 6, Paper 3, Figure 2E). We also compared these
RpoN BSs with the BSs identified by ChlP-Seq in E. coli, Sal-
monella and Vibrio (Paper 3, Figure 2D, Table 1 and Table 2)
and found that some were conserved in some of these species
but a large number were specific for Y. pseudotuberculosis. A
similar variation was also found between E. coli, Salmonella
and Vibrio (Paper 3, Figure 2D).
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Figure 6: Schematic illustration of four classes of RpoN binding
sites. Arrow boxes represent the coding sequence (CDS) and its direction. A
and B binding sites are in intergenic regions, while C and D sites are intragenic.
A and C sites are oriented in the sense direction, and B and D in the anti-sense
direction.

6.3.2 RpoN act as both an activator and a re-
pressor

To identify the genes regulated by RpoN, in addition to the
ChlIP-Seq experiments, we also performed transcriptome pro-
filing (RNA-Seq) of wild-type (WT) Y. pseudotuberculosis
YPIII and the isogenic ArpoN deletion strain at a 26°C station-
ary phase as well as at a 37°C virulence-inducing condition. The
subsequent analyses revealed that the inactivation of rpoN led
to a robust transcriptional change at both conditions, and the
effect was more prominent at the 37°C virulence-inducing con-
dition (Paper 3, Figure 3A and 3B). By combining gene expres-
sion with RpoN BSs, we found 130 genes and operons that were
potentially activated or suppressed by RpoN (Paper 3, Figure
3D, Table 1 and 2). Both the activating and suppressing effects
of RpoN on gene expression in Y. pseudotuberculosis could be
verified by site-directed mutagenesis of the RpoN binding mo-
tif as predicted in this study (Paper 3, Figure 2A and Figure 4).
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Mutagenesis of the BS was used to verify RpoN regulation of
some genes that are known to be regulated by RpoN in other
bacterial species, such as pspA, pspP and gInA as well as some
novel RpoN-regulated genes, such as tppB, ugpB and dkgA
(Paper 3, Figure 4 and Figure S3).

6.3.3 Intragenic binding sites of RpoN and gene
regulations

The majority of the RpoN BSs predicted in our study were in-
tragenic sites with some being in the sense (C) direction and
others in the antisense (D) direction (Paper 3, Figures 2E and
2F). Similarly high numbers of intragenic RpoN BSs have been
shown in E. coli, S. Typhimurium and V. cholerae (Paper 3, Ta-
ble 1 and 2). By comparing the intragenic RpoN BS in Y.
pseudotuberculosis with corresponding transcriptome data, we
observed possible activating and inhibitory effects as a result of
the RpoN binding. However, we did not succeed to experimen-
tally validate any activating or inhibiting effects of intragenic
RpoN binding to sense strand sites by mutating the binding
motifs. Surprisingly, we could indeed validate the inhibitory ef-
fects of intragenic antisense sites. These findings were puzzling
and suggested the presence of more complex regulation of SFs
than anticipated. The molecular mechanism for the inhibitory
effect of RpoN BSs on the anti-sense strand was not obvious
and remained elusive. One possible explanation can be that the
binding of RpoN to the antisense strand may inhibit gene ex-
pression by disturbing strand separation or create some kind of
hindrance. Further studies are required to understand this
complexity. RpoN binding to the intragenic sense strand, which
could not be coupled to changes in the expression of down-
stream genes, may instead be associated with the transcription
of unknown coding sequences (CDSs) or small RNAs, or the re-
gion may be silent and only used for RpoN-RNA polymerase
(RNAP) storage, which might be most likely.
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6.3.4 Cross-talk between sigma factors and RpoN
regulation

We observed possible signs of cross-talk between SFs by detect-
ing BSs for other SFs within or in close proximity to the RpoN
BSs. In many cases dual or multiple SFs binding motifs were
observed within 200 nucleotides from the RpoN BSs. For ex-
ample, we observed that 68% of all A sites contained one or
more SFs binding motifs, and in the case of intragenic BSs C
and D, the availability of other SFs binding motifs was found to
be around 90% (Paper 3, Table 1 and 2). Nearly all A BSs pos-
sessed RpoD binding motif, and half of the sites were enriched
with RpoE and/or RpoS binding motifs. In the case of intra-
genic C and D sites, RpoE, RpoH, RpoS and FliA binding motifs
were ubiquitously present. The presence of RpoD in intragenic
sites and FliA in intergenic sites were less abundant compared
to other SFs (Paper 3, Table 1 and 2). The presence of neigh-
bouring BSs for other SFs might indicate that in the absence of
RpoN, these SFs can act and influence gene expression. In ad-
dition, we observed that the expression of mRNAs for other
SFs, including RpoD, RpoE, RpoS and many global regulators,
was affected by RpoN inactivation (Paper 3, Table S3). Alto-
gether, these observations pointed towards a scenario where
the absence of RpoN is also associated with more indirect ef-
fects by the action of other sigma factors on the regulation of
genes downstream the RpoN-BSs as well as by an effect on the
expression levels of regulators, which influences the gene ex-
pression in the bacteria.
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6.4 RpoN plays an important role in virulence
and is required for T3SS

By utilising both the acute virulence and the persistence mouse
models, we showed that RpoN is vital both for the establish-
ment and maintenance of the infection. In the acute virulence
model, the ArpoN strain failed to initiate infection in contrast
to what was observed for the WT strain (Paper 2, Figure 1A and
Figure S1A). In the mouse model for persistent infection, the
ArpoN strain was less efficient in terms of the initiation of in-
fection as well as maintenance. Mice infected with the ArpoN
strain did not show any signs of disease during the infection
period, in any of the infection models. Altogether, these results
pointed towards a severe defect in a function that was critical
for infection.

While characterising the gene expression of the ArpoN mutant
strain, we observed significantly reduced expression of several
plasmid genes and operons, especially ysc operons (Paper 4,
Figure 1A). It is, therefore, highly likely that it is this effect on
T3SS that is responsible for the reduced virulence of Y. pseudo-
tuberculosis. Accordingly, the ArpoN mutant strain also had a
defect in terms of the secretion of Yop effectors. However, this
effect on the expression of plasmid genes could not be con-
nected to the identification of any clear RpoN BS on the plas-
mid. However, when the cut-off was relaxed, three possible
RpoN BSs could be predicted on the virulence plasmid. Two in-
tergenic RpoN BS were positioned upstream of the yscNU op-
eron and one intragenic BSs was located in the yscN gene.

The relevance of these potential BSs was tested by creating
point mutations that destroyed the essential GG nucleotides in
the consensus RpoN binding motif. Of these three potential
BSs, the destruction of the intragenic site resulted in reduced
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secretion of Yop effectors (Paper 4, Figure 5). This was sup-
ported by in silco homology modelling, which predicted that
the structure of WT and mutated YscN would be the same and
all predicted functional and ligand-binding domains would be
positioned far away from the mutated site (Paper 4, Figure S1).
However, the binding site mutant in which glycine is replaced
by a serine residue in YscN did not have the same severe secre-
tion defect. Hence, this potential RpoN BS might not be rele-
vant here, and more experiments are needed.

Our observation suggested that RpoN may play a crucial role in
activating T3SS by possibly binding to an intragenic site in
yscN and controlling the yscNU operon transcription. These
puzzling results with effects depending on swapping to differ-
ent amino acids reveal the need for further studies. We are cur-
rently developing the electrophoretic mobility shift assay
(EMSA) protocol to reveal the process of eventual DNA binding
by RpoN to this region and whether that is affected by the point
mutations. If this shows that the BS is non-relevant, we will
need to conduct further investigations on the eventual influ-
ence of other regulators on T3SS in the absence of RpoN. An-
other puzzling result was the observation that the amount of
YscN, the protein product of the gene with the putative intra-
genic RpoN BS was greatly reduced in the ArpoN mutant
strain. This indeed points to additional direct or maybe more
likely indirect regulatory effects associated with the inactiva-
tion of RpoN,

As pointed out above, it is also possible that the resulting tran-
scriptome of the ArpoN mutant strain is partly a result of indi-
rect effects caused by the altered levels of other global regula-
tors. Here, one candidate is RpoE, which has previously been
implicated to be involved in inducing T3SS in Yersinia. How-
ever, rpoE is also an essential gene in Y. pseudotuberculosis,
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and all attempts to create a deletion mutant lacking this gene
has failed. Interestingly in this context is that a time course
transcriptional profiling of Y. pseudotuberculosis gene expres-
sion during induction of the T3SS, the expression of rpoE is up-
regulated in the WT strain, but absent in the the ArpoN mutant.
Further, overexpression of this SF in the ArpoN mutant partly
rescued the defective T3SS. However, other global regulators
that have altered expression in the ArpoN mutant might also
contribute to the T3SS defective phenotype.
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7. Outcome and main findings
In this thesis

Yersinia pseudotuberculosis forms biofilm in dif-
ferent environmental conditions to adapt to stress
conditions.

A set of core genes follow similar regulation indi-
cating the existence of central gene regulation
in Yersinia biofilm.

Y. pseudotuberculosis adapt its metabolism and
modulate according to the niche to form and main-
tain biofilm state.

RpoN is required for Y. pseudotuberculosis bio-
film formation and plays an essential role in viru-
lence.

RpoN binds to multiple intra and intergenic sites
in the genome and acts as an activator and a re-
pressor.

RpoN is required for a functional T3SS.
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8. Future perspectives

One limitation of the RNA-Seq data that cannot be ig-
nored is that we only see the snapshot of an event at a particular
time point. Regulators or essential players not expressed at that
time point of RNA collection might have been overlooked. The
suggested metabolic reprogramming in Y. pseudotuberculosis
during early biofilm formation, which has so far been observed
to be only based on signs in its gene expression profile, will re-
quire further studies to be verified. One way can be to include
additional time points in the analyses of gene expression dur-
ing the induction of biofilm formation, which may provide im-
portant information that can help elucidate the mechanisms in-
volved more precisely. This can highlight vital regulators that
might have been masked or not revealed in our previous setup.
It is also possible that some regulators are post-transcription-
ally regulated, which could not be disclosed by the transcrip-
tome study. Ribosome profiling (122) or CLIP-Seq may be use-
ful to reveal post-transcriptional regulation. Small RNAs, ri-
boregulators, ncRNAs, TFs etc. might also contribute to the in-
itiation of the biofilm state.

An interesting observation is the high number (25%) of
hypothetical genes among the mature biofilm core genes. Many
of these are also conserved, which might suggest an important
function. Although we attempted to predict the functions of
these by analysing the presence of domains, most of the genes
encoding hypothetical proteins remained unknown. For these
genes, the creation of deletion mutants and subsequent pheno-
typical assays would be very informative and may open new
doors for possible mechanisms of biofilm regulation. Moreo-
ver, it would be interesting to analyse biofilm formation by
other bacteria that lack any of the core genes identified in our
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study. This would then show if some of these hypothetical gene
products have general roles in bacterial biofilm formation.

We saw some core mature biofilm genes, but to a large
extent, the transcriptome had distinct profiles. It also raised the
guestion of whether the biofilm morphology or the nature of
the compounds of the extracellular matrix were similar or dif-
fered within and between conditions. In a future study, a com-
bination of microscopy, mass spectrometry and biochemical
characterisation would enable us to pinpoint the difference if it
exists. Another aspect is whether these biofilms really resemble
the biofilms that are formed by bacteria in vivo. To assess the
in vivo importance of these genes in both early and mature bio-
films, C. elegans and mice in vivo infection models can be used.
For in vivo connectivity, it would be interesting to employ a dif-
ferent type of in vivo tissue model.

Our ChlIP-Seq and transcriptomic studies of RpoN in
Y. pseudotuberculosis have provided information on RpoN-
regulated genes. However, there were observations that we
could not fully understand or reveal in detail. The presence of
other SFs binding sites in close proximity to the RpoN binding
along with altered abundances of the transcripts of other global
regulators hinted at a more complex SFs regulation than antic-
ipated. To reveal such complex regulatory networks, a lot of ad-
ditional data are required. However, we have previously gener-
ated transcriptional profiles of Y. pseudotuberculosis YPIII at
different time points during virulence plasmid induction as
well as during normal growth conditions at both 26°C and 37°C
for bacteria carrying or not carrying the virulence plasmid (un-
published data). This is a very comprehensive data set that pro-
vides a unique source to explore this type of complex regulatory
events. This data set will, therefore, be used for future analyses
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of the co-expression network of RpoN-regulated genes or of
genes controlled by other sigma factors or even their cross-talk.

One of the significant hindrances to a better under-
standing of NGS data is the lack of functional annotation of a
significant percentage of genes. Despite numerous homology-
based and evolutionary sequence similarity-based methods,
only 60—70% of genes have known functions in most bacteria.
Furthermore, a significant number of genes could not be placed
in the metabolic pathways in different databases such as KEGG,
PATRIC, bioCyc etc. In Y. pseudotuberculosis, there are 80
metabolic pathways for which we do not have three or more
corresponding proteins (unpublished data), which indicates
the necessity to fill up those metabolic pathway holes. For this
machine learning (deep learning) algorithms would be helpful
to predict functions of these proteins. This can be done by using
multiple features, such as sequence pattern, motif, domain,
fold information, evolutionary gene neighbourhood functions,
etc. New predicted functions of hypothetical proteins would be
used to fill up the metabolic gap in the pathway. Predicted func-
tions can then be further validated by using available tran-
scriptomics data and wet lab experiment.

Multiomics data integration would be another aspect
of my plan. In this approach, | would elucidate the molecular
mechanisms by combining multidimensional omics data such
as RNA-Seq, Ribo-Seq, proteomics, metabolomics, etc. by
mathematical modelling and machine learning. The aim is to
create a whole-cell modelling approach by linking different om-
ics data through the simulated interaction of bacterial cellular
processes. | want to include many biological parameters and
rate-limiting steps in the simulation. The parameters can be as
follows but are not limited to mRNA and protein half-lives,
transcription factor binding sites, translational efficiencies of
MRNA transcripts, enzyme kinetic, ribosome, RNA polymerase
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elongation rates, etc. In this way, we would able to see the im-
pact of the expression of a particular gene and can pinpoint how
the expression of a specific gene affects other molecular events

53



Acknowledgements

“There is no sun without shadow, and it is essential to know the night”
................. Albert Camus

This is so true in my personal life and this enjoying journey
as a PhD student. PhD life is hectic and uncertain, but for me, the
whole journey was different because of none other than my wonderful
supervisor Prof. Maria Fallman. | found her always there to guide
me, inspire me, and let me generate out of the box hypothesis. You did
not let me give up when things were not working accordingly and
grounded me in time to finish my PhD at the end. | am grateful to you
for training me in all the ways possible and passionately handle my
limitations positively. Not only you allowed me to work on my weak-
ness but provided all the available resources to overcome it. People
told me 1 would regret for giving up the opportunity to work in Max
plunk, instead of continuing in your lab. But to date, that was the best
decision of my life. I learn from you to think outside of the box, and
realize that science is not only about publishing but to understand and
explore the possibilities. Thank you also for letting me nourish my bi-
oinformatics skills.

To my Co-supervisor, Prof. Matthew S Francis, | am im-
mensely grateful for your help and guidance throughout my PhD, | was
always impressed and adored your insight into science and how you
envision complex biological phenomena. Thank you for everything.

I would like to thank Prof. J6rgen Johansson for occa-
sional helps, suggestions and evaluation of the required credits.
Thanks for always being a nice person to me. Thanks to Dr. Mikael
Wikstrom for the help and nice talks. | love your enthusiasm for
birds.

Prof. Hans Wolf-Watz, | felt lucky to have you surround.
Thank you for the discussion and guidance when | was puzzled on
some occasions. | still think plasmid integration to chromosomes is a
possibility in Yersinia.

54



Other than my supervisor, another person whom | am enor-
mously grateful for is Kristina Nilsson. Kristina, you deserve half of
my PhD. | could think and design things because | have you as a lux-
ury, and you are a magician when it comes to lab work. Sometimes, |
felt guilty for putting you in those troubles. But look, we made things
possible and would continue doing so (:. I hope you soon can meet
your grandkids and love for the angels. My sincere acknowledge to Dr.
Anna Fahlgren, for occasional help, guidance, and suggestions dur-
ing my PhD You are such a nice person.

Kemal and Roberto, | have learned so many things from
you two. Kemal, love your analytical ability and passion in the arena,
where no one set foot before. Love for the little angel Eda. Roberto,
thanks for helping me in so many ways. Love for Carlos and El-
loe and thanks to Innesto be family friend. Rajdeep dada and
Dharmendra, thanks for all the help and guidance. Rajdeep da,
wish to see you again and wish for you the best. Valerie, thanks for
the time when we discussed RNA-Seq and occasional science. Rikki,
I love to see your passion for the outdoor as well as in science. Best of
luck with your data analysis. Barbara, love to see your enthusiasm
and energy for new things. Best of luck with your data analysis, and we
would continue in our ribosome projects (:

Prof. Ake Forsberg, thanks for the occasional guidance
and suggestion in my projects when needed. Ummehan, thank you
to be always nice, and Sarp for all the science talk in the coffee
room. Nayyer, wish you the best, and thanks for letting me involved
in your project. | feel lucky to be alive, though, while working with you
(:, you know what | mean. Thank you Prof. Simon Tuck for helping
and training for C. elegans study. Thankyou, Dr. Christer Larsson
for the discussions and nice suggestions during the student seminar.

I am immensely grateful to you, Dr. Per Stenberg. You
were not only a visionary researcher but also a wonderful human be-
ing. The time | have spent in your lab made me more interested in Bi-
oinformatics. Your thinking and guidance towards your lab members
always amazed me. | wish | could work a bit more with you. Thanks

55



for the help you provided when 1 needed it
most. Philge and Aman nice to work with you two. Philge, 1 still
amazed to see you working in wonderful things. I show my sincere
gratitude to Prof. Jan Larsson and Dr. Yuri Schwartz for the les-
son | learned by observing your thinking. It was always my pleasure to
talk to you two.

Soumyadeep Nandi dada, although 1 first met you while
I was working in Per’s lab but we kept in contact and worked together.
I always see you as a loving elder brother. | cannot but show my sincere
regards and gratitude to you for the beautiful time we had at the uni-
versity and with our family. Lots of Love to the little angel Shrean,
and | wish you to be live with him and boudi soon. We will keep con-
tinue working on more wonderful things with machine learning.

Prof. Anders Bystrém, thanks a lot for the time and help
during my staying in your lab. I feel grateful and immensely thrilled to
work on tRNA modification. Hasan, Tonny, and Fu, thank you guys
for the time we have spent together in Anders lab. Hasan, you are not
only a dear friend but were also my mentor. You indeed are a fine-
tuned machine who can adapt any branch of science, and 1 still want
you to learn some programming as | believe you would ace it as well
(:. Marilene, best of luck with your thesis, and thanks for being such
a nice friend. Familly time with you and Hasan, is one of the best
thingsto do in Umea. Dr. Marcus Johansson and Dr. Tracy Nis-
san, feeling lucky to see and learn from your works.

Thank vyou, Prof. Teresa FrisanandProf. Jenny
Persson, for the suggestion during my student seminar and for al-
ways being so nice to me. Prof. Sun Nyunt Wai, thank you for al-
ways being so cordial to me during the course teaching or in occasional
talks. Dr. Gemma Atkinson, thanks for the occasional nice discus-
sion and helps. I wish to see some more amazing works from you. Dr.
Vasili Hauryliuk, thanks for coffee machine talks, and | am a fan of
your fantastic work. Dr. Allison Churcher and Dr. Nicolas Del-
homme thanks for the bioinformatics suggestions and discussions.
Nicolas, thanks a lot for your involvement and suggestions for building
the ProkSeq package. Dr. Andrea Puhar, thanks for always being

56



nice to me and for the occasional talks. Lalitha best of luck for your
PhD. Dr. Saskia Erttmann, thanks for the occasional suggestion
and discussions. Dr. Johan Henriksson, nice to see a versatile per-
son like you surround, thank you for the nice talks now and then. You
are an inspiration. Nico, thanks for the much help and discussion,
and | am grateful for some helps | got from you. You are such a nice
person, and | am amazed to see your Microbiology knowledge. Jyoti,
I bothered you from time to time, and thanks for helping things
out. Ramon, and Emilio, always love to talk to you. Marek, thanks
for the help and the tech talks. All the members in the research
meeting and journal clubs, thank you for the nice discussions. |
could not make all the name but, all other people at the Department of
Molecular Biology, thanks for being pleasant and helpful in a way or
another. Sometimes | feel this department has become my second
home. Finally, if I missed someone's name, it is not because | have not
thought of them, but because | have written, this acknowledgement
partina hurry.

Jamil vai and Susan vabi, you two were a blessing for us
to survive life in Umea. Lots of love for the little angel Samin. God-
win and Nanci, thanks for all the help and best of luck for the fu-
ture. Shiplu and Dia, | wish you to overcome everything and have a
wonderful life ahead, and thanks for everything. Alam vai,
Shamima vabi, Joy vai, Bubli Apu, Shakhwat Vai, Tanni
Vabi, Harun vai, Shilpi Vabi, thank you for everything, especially
for the get-together and family time. Chayan, love your enthusiasm
and enjoyed the time with you. Best of luck for your future and wish
you a wonderful life ahead. Atanu, and Aparna, best of luck with
your PhD. Ayesha, wish you get enrolled soon. Love and thanks for
all other people from the Bangladeshi community, especially Moon
vai, Tushi Apu, Koushik, Abir, Bodiul, Badal. Raj da and
Jolly boudi, thanks for being so lovely as always. | wish to have some
more summer tours and waiting to be amazed by your two wonder
kids Progga and Oindrilla. Lots of love for them.

I deeply condolence to my late Father, who would be very

proud to see me accomplishing my PhD. My mother, who is my in-
spiration and my reason not to surrender when things are not in my

57



favour. I could not fulfil your expectations but at least | never quit. My
elder sister, who is always the source of my inspiration and belief.
You took care of me more than a brother, and | wish | can return some.
My other brothers and sisters, Lutu Vai, Limon vai, Liton Vai,
and Niru, my love for you and thank for your love and care all the
ways in my life. My nieces and nephews, my love for all of you and
wish some of you would have passion for science.

Last but not least, My wonderful wife, Swati, who is the
source of all my energy, wisdom and happiness. You started your jour-
ney with me when you were not even an adult but never hesitate to be
by my side in every odds. | adore you and, thanks for being in my life.
During this PhD life, we have gone through unimaginable turmoil, but
you have protected me from every odds and pits. You were and always
will be my last resource of courage and solace. Thank you for eve-
rything, and this belongs to you. Aarish and Aaritro, my two
little angels, this is for you.

58



References

10.

11.

12.

13.

14.

Grant SS, Hung DT. 2013. Persistent bacterial infections,
antibiotic tolerance, and the oxidative stress response. Virulence
4:273-83.

Battistuzzi FU, Feijao A, Hedges SB. 2004. A genomic
timescale of prokaryote evolution: insights into the origin of
methanogenesis, phototrophy, and the colonization of land. BMC
Evol Biol 4:44.

Brown JR, Doolittle WF. 1997. Archaea and the prokaryote-to-
eukaryote transition. Microbiol Mol Biol Rev 61:456-502.
Casadevall A, Pirofski LA. 2014. Microbiology: Ditch the term
pathogen. Nature 516:165-6.

Zheng H, Ho PY, Jiang M, Tang B, Liu W, Li D, Yu X,
Kleckner NE, Amir A, Liu C. 2016. Interrogating the Escherichia
coli cell cycle by cell dimension perturbations. Proc Natl Acad Sci U
S A 113:15000-15005.

Zheng H, Bai Y, Jiang M, Tokuyasu TA, Huang X, Zhong F,
Wu Y, Fu X, Kleckner N, Hwa T, Liu C. 2020. General
quantitative relations linking cell growth and the cell cycle in
Escherichia coli. Nat Microbiol 5:995-1001.

Si F, Li D, Cox SE, Sauls JT, Azizi O, Sou C, Schwartz AB,
Erickstad MJ, Jun'Y, Li X, Jun S. 2017. Invariance of Initiation
Mass and Predictability of Cell Size in Escherichia coli. Curr Biol
27:1278-1287.

lyer-Biswas S, Wright CS, Henry JT, Lo K, Burov S, Lin Y,
Crooks GE, Crosson S, Dinner AR, Scherer NF. 2014. Scaling
laws governing stochastic growth and division of single bacterial
cells. Proc Natl Acad Sci U S A 111:15912-7.

Grover NB, Eidelstein E, Koppes LJ. 2004. Bacterial shape
maintenance: an evaluation of various models. J Theor Biol 227:547-
59.

Wyss A. 2001. Paleontology. Digging up fresh clues about the origin
of mammals. Science 292:1496-7.

Brussow H, Canchaya C, Hardt WD. 2004. Phages and the
evolution of bacterial pathogens: from genomic rearrangements to
lysogenic conversion. Microbiol Mol Biol Rev 68:560-602, table of
contents.

Daubin V, Moran NA, Ochman H. 2003. Phylogenetics and the
cohesion of bacterial genomes. Science 301:829-32.

Spyrou MA, Bos KIl, Herbig A, Krause J. 2019. Ancient
pathogen genomics as anemerging tool for infectious
disease research. Nature Reviews Genetics 20:323-340.

Zhou Z, Lundstrom I, Tran-Dien A, Duchene S, Alikhan NF,
Sergeant MJ, Langridge G, Fotakis AK, Nair S, Stenoien
HK, Hamre SS, Casjens S, Christophersen A, Quince C,
Thomson NR, Weill FX, Ho SYW, Gilbert MTP, Achtman M.
2018. Pan-genome Analysis of Ancient and Modern Salmonella

59



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

enterica Demonstrates Genomic Stability of the Invasive Para C
Lineage for Millennia. Curr Biol 28:2420-2428 e10.

Yamamoto T, Gojobori T, Yokota T. 1987. Evolutionary origin
of pathogenic determinants in enterotoxigenic Escherichia coli and
Vibrio cholerae O1. J Bacteriol 169:1352-7.

Fuchs TM. 1998. Molecular mechanisms of bacterial pathogenicity.
Naturwissenschaften 85:99-108.

Danin-Poleg Y, Somer L, Cohen LA, Diamant E, Palti Y,
Kashi Y. 2006. Towards the definition of pathogenic microbe. Int J
Food Microbiol 112:236-43.

Cotter PA, DiRita VJ. 2000. Bacterial virulence gene regulation:
an evolutionary perspective. Annu Rev Microbiol 54:519-65.

Gu J, Neary J, Cai H, Moshfeghian A, Rodriguez SA,
Lilburn TG, Wang Y. 2009. Genomic and systems evolution in
Vibrionaceae species. BMC Genomics 10 Suppl 1:S11.

Smirnova, I, Kutyrev VVV. 2004. [Evolution of the cholera agent
genome]. Mol Gen Mikrobiol Virusol:3-13.

Oliver JD, Fountain-Jones NM. 2021. Interspecies bacterial
communication produces a delicate balance between vibriocholerae
and the chironomid egg mass microbiome. Mol Ecol
doi:10.1111/mec.15839.

Martinez-Urtaza J, van Aerle R, Abanto M, Haendiges J,
Myers RA, Trinanes J, Baker-Austin C, Gonzalez-Escalona
N. 2017. Genomic Variation and Evolution of Vibrio
parahaemolyticus ST36 over the Course of a Transcontinental
Epidemic Expansion. mBio 8.

Greig DR, Schaefer U, Octavia S, Hunter E, Chattaway MA,
Dallman TJ, Jenkins C. 2018. Evaluation of Whole-Genome
Sequencing for Identification and Typing of Vibrio cholerae. J Clin
Microbiol 56.

Byun R, Elbourne LD, Lan R, Reeves PR. 1999. Evolutionary
relationships of pathogenic clones of Vibrio cholerae by sequence
analysis of four housekeeping genes. Infect Immun 67:1116-24.
Zhang W, Shi L. 2005. Distribution and evolution of multiple-step
phosphorelay in prokaryotes: lateral domain recruitment involved in
the formation of hybrid-type histidine Kkinases. Microbiology
(Reading) 151:2159-2173.

XuY, ZhuY, Wang Y, Chang YF, Zhang Y, Jiang X, Zhuang
X,ZhuY, Zhang J, Zeng L, Yang M, Li S, Wang S, Ye Q, Xin
X, Zhao G, Zheng H, Guo X, Wang J. 2016. Whole genome
sequencing revealed host adaptation-focused genomic plasticity of
pathogenic Leptospira. Sci Rep 6:20020.

Woolfit M, lturbe-Ormaetxe I, Brownlie JC, Walker T,
Riegler M, Seleznev A, Popovici J, Rances E, Wee BA,
Pavlides J, Sullivan MJ, Beatson SA, Lane A, Sidhu M,
McMeniman CJ, McGraw EA, O'Neill SL. 2013. Genomic
evolution of the pathogenic Wolbachia strain, wMelPop. Genome
Biol Evol 5:2189-204.

60



28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Sanchez I, Hernandez-Guerrero R, Mendez-Monroy PE,
Martinez-Nunez MA, lIbarra JA, Perez-Rueda E. 2020.
Evaluation of the Abundance of DNA-Binding Transcription Factors
in Prokaryotes. Genes (Basel) 11.

Powell AJ, Conant GC, Brown DE, Carbone |, Dean RA.
2008. Altered patterns of gene duplication and differential gene gain
and loss in fungal pathogens. BMC Genomics 9:147.

Merhej V, Raoult D. 2011. Rickettsial evolution in the light of
comparative genomics. Biol Rev Camb Philos Soc 86:379-405.
Kavanaugh LA, Fraser JA, Dietrich FS. 2006. Recent evolution
of the human pathogen Cryptococcus neoformans by intervarietal
transfer of a 14-gene fragment. Mol Biol Evol 23:1879-90.

Karboul A, Gey van Pittius NC, Namouchi A, Vincent V,
Sola C, Rastogi N, Suffys P, Fabre M, Cataldi A, Huard RC,
Kurepina N, Kreiswirth B, Ho JL, Gutierrez MC, Mardassi
H. 2006. Insights into the evolutionary history of tubercle bacilli as
disclosed by genetic rearrangements within a PE_PGRS duplicated
gene pair. BMC Evol Biol 6:107.

Hooper SD, Berg OG. 2002. Gene Import or Deletion: A Study of
the Different Genes in Escherichia coli Strains K12 and O157:H7. J
Mol Evol 55:734-44.

Hobbs MM, Seiler A, Achtman M, Cannon JG. 1994.
Microevolution within a clonal population of pathogenic bacteria:
recombination, gene duplication and horizontal genetic exchange in
the opa gene family of Neisseria meningitidis. Mol Microbiol 12:171-
80

Keeling PJ, Palmer JD. 2008. Horizontal gene transfer in
eukaryotic evolution. Nat Rev Genet 9:605-18.

Cross AS. 2008. What is a virulence factor? Crit Care 12:196.
Keen EC. 2012. Paradigms of pathogenesis: targeting the mobile
genetic elements of disease. Front Cell Infect Microbiol 2:161.
Casutt-Meyer S, Renzi F, Schmaler M, Jann NJ, Amstutz M,
Cornelis GR. 2010. Oligomeric coiled-coil adhesin YadA is a
double-edged sword. PLoS One 5:e15159.

Bancerz-Kisiel A, Pieczywek M, Lada P, Szweda W. 2018.
The Most Important Virulence Markers of Yersinia enterocolitica
and Their Role during Infection. Genes (Basel) 9.

Montminy SW, Khan N, McGrath S, Walkowicz MJ, Sharp
F, Conlon JE, Fukase K, Kusumoto S, Sweet C, Miyake K,
Akira S, Cotter RJ, Goguen JD, Lien E. 2006. Virulence factors
of Yersinia pestis are overcome by a strong lipopolysaccharide
response. Nat Immunol 7:1066-73.

Matsumoto H, Young GM. 2009. Translocated effectors of
Yersinia. Curr Opin Microbiol 12:94-100.

Mejia E, Bliska JB, Viboud GI. 2008. Yersinia controls type I1l
effector delivery into host cells by modulating Rho activity. PLoS
Pathog 4:e3.

61



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Van Engelenburg SB, Palmer AE. 2010. Imaging type-III
secretion reveals dynamics and spatial segregation of Salmonella
effectors. Nat Methods 7:325-30.

Burstein D, Zusman T, Degtyar E, Viner R, Segal G, Pupko
T. 2009. Genome-scale identification of Legionella pneumophila
effectors using a machine learning approach. PLoS Pathog
5:1000508.

Fang FC, Frawley ER, Tapscott T, Vazquez-Torres A. 2016.
Bacterial Stress Responses during Host Infection. Cell Host Microbe
20:133-43.

Lyte M. 2014. The effect of stress on microbial growth. Anim Health
Res Rev 15:172-4,

Kumar A, Rahal A, Sohal JS, Gupta VK. 2021. Bacterial stress
response: understanding the molecular mechanics to identify
possible therapeutic targets. Expert Rev Anti Infect Ther 19:121-127.
Desai SK, Kenney LJ. 2019. Switching Lifestyles Is an in vivo
Adaptive Strategy of Bacterial Pathogens. Front Cell Infect Microbiol
9:421.

Chekabab SM, Harel J, Dozois CM. 2014. Interplay between
genetic regulation of phosphate homeostasis and bacterial virulence.
Virulence 5:786-93.

Venturini E, Svensson SL, MaalRR S, Gelhausen R,
Eggenhofer F, Li L, Cain AK, Parkhill J, Becher D, Backofen
R, Barquist L, Sharma CM, Westermann AJ, Vogel J. 2020.
A global data-driven census of Salmonella small proteins and their
potential functions in bacterial virulence. microLife 1.

Bolhassani A, Agi E. 2019. Heat shock proteins in infection. Clin
Chim Acta 498:90-100.

Schumann W. 2007. Thermosensors in eubacteria: role and
evolution. J Biosci 32:549-57.

Thakur A, Mikkelsen H, Jungersen G. 2019. Intracellular
Pathogens: Host Immunity and Microbial Persistence Strategies. J
Immunol Res 2019:1356540.

Avican K, Fahlgren A, Huss M, Heroven AK, Beckstette M,
Dersch P, Fallman M. 2015. Reprogramming of Yersinia from
virulent to persistent mode revealed by complex in vivo RNA-seq
analysis. PLoS Pathog 11:¢1004600.

Lozada-Chavez I, Angarica VE, Collado-Vides J, Contreras-
Moreira B. 2008. The role of DNA-binding specificity in the
evolution of bacterial regulatory networks. J Mol Biol 379:627-43.
Orr MW, Mao Y, Storz G, Qian SB. 2020. Alternative ORFs and
small ORFs: shedding light on the dark proteome. Nucleic Acids Res
48:1029-1042.

Basrai MA, Hieter P, Boeke JD. 1997. Small open reading
frames: beautiful needles in the haystack. Genome Res 7:768-71.
Miravet-Verde S, Ferrar T, Espadas-Garcia G, Mazzolini R,
Gharrab A, Sabido E, Serrano L, Lluch-Senar M. 2019.
Unraveling the hidden universe of small proteins in bacterial
genomes. Mol Syst Biol 15:e8290.

62



59.

60.

61.

62.

63.

64.

65.

67.

68.

69.

70.

71.

72.

73.

74.

Brown NL, Stoyanov JV, Kidd SP, Hobman JL. 2003. The
MerR family of transcriptional regulators. FEMS Microbiol Rev
27:145-63.

Gomez RL, Jose L, Ramachandran R, Raghunandanan S,
Muralikrishnan B, Johnson JB, Sivakumar KC,
Mundayoor S, Kumar RA. 2016. The multiple stress responsive
transcriptional regulator Rv3334 of Mycobacterium tuberculosis is
an autorepressor and a positive regulator of kstR. FEBS J 283:3056-
71.

Hobman JL. 2007. MerR family transcription activators: similar
designs, different specificities. Mol Microbiol 63:1275-8.

Hobman JL, Wilkie J, Brown NL. 2005. A design for life:
prokaryotic metal-binding MerR family regulators. Biometals
18:429-36.

Kidd SP, Djoko KY, Ng J, Argente MP, Jennings MP,
McEwan AG. 2011. A novel nickel responsive MerR-like regulator,
NimR, from Haemophilus influenzae. Metallomics 3:1009-18.

Pan X, Sun C, Tang M, You J, Osire T, Zhao Y, Xu M, Zhang
X, Shao M, Yang S, Yang T, Rao Z. 2020. LysR-Type
Transcriptional Regulator MetR Controls Prodigiosin Production,
Methionine Biosynthesis, Cell Motility, H202 Tolerance, Heat
Tolerance, and Exopolysaccharide Synthesis in Serratia
marcescens. Appl Environ Microbiol 86.

O'Toole GA. 2003. To build a biofilm. J Bacteriol 185:2687-9.
Webb JS, Givskov M, Kjelleberg S. 2003. Bacterial biofilms:
prokaryotic adventures in multicellularity. Curr Opin Microbiol
6:578-85.

Battin TJ, Besemer K, Bengtsson MM, Romani AM,
Packmann Al. 2016. The ecology and biogeochemistry of stream
biofilms. Nat Rev Microbiol 14:251-63.

Poole K. 2012. Bacterial stress responses as determinants of
antimicrobial resistance. J Antimicrob Chemother 67:2069-89.
O'Toole G, Kaplan HB, Kolter R. 2000. Biofilm formation as
microbial development. Annu Rev Microbiol 54:49-79.

Conlon BP, Rowe SE, Lewis K. 2015. Persister cells in biofilm
associated infections. Adv Exp Med Biol 831:1-9.

Parsek MR, Singh PK. 2003. Bacterial biofilms: an emerging link
to disease pathogenesis. Annu Rev Microbiol 57:677-701.
Moskowitz SM, Foster JM, Emerson J, Burns JL. 2004.
Clinically feasible biofilm susceptibility assay for isolates of
Pseudomonas aeruginosa from patients with cystic fibrosis. J Clin
Microbiol 42:1915-22.

Drenkard E, Ausubel FM. 2002. Pseudomonas biofilm formation
and antibiotic resistance are linked to phenotypic variation. Nature
416:740-3.

Davey ME, O'Toole G A. 2000. Microbial biofilms: from ecology
to molecular genetics. Microbiol Mol Biol Rev 64:847-67.

63



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Bayramoglu B, Toubiana D, Gillor O. 2017. Genome-wide
transcription profiling of aerobic and anaerobic Escherichia coli
biofilm and planktonic cultures. FEMS Microbiol Lett 364.

Cui L, Wang X, Huang D, Zhao Y, Feng J, Lu Q, Pu Q, Wang
Y, Cheng G, Wu M, Dai M. 2020. CRISPR-cas3 of Salmonella
Upregulates Bacterial Biofilm Formation and Virulence to Host Cells
by Targeting Quorum-Sensing Systems. Pathogens 9.

Wood TL, Gong T, Zhu L, Miller J, Miller DS, Yin B, Wood
TK. 2018. Rhamnolipids from Pseudomonas aeruginosa disperse
the biofilms of sulfate-reducing bacteria. NPJ Biofilms Microbiomes
4:22.

Rumbaugh KP, Sauer K. 2020. Biofilm dispersion. Nat Rev
Microbiol 18:571-586.

Mah TF, Pitts B, Pellock B, Walker GC, Stewart PS, O'Toole
GA. 2003. A genetic basis for Pseudomonas aeruginosa biofilm
antibiotic resistance. Nature 426:306-10.

Bjarnsholt T, Jensen PO, Burmolle M, Hentzer M,
Haagensen JAJ, Hougen HP, Calum H, Madsen KG, Moser
C, Molin S, Hoiby N, Givskov M. 2005. Pseudomonas
aeruginosa tolerance to tobramycin, hydrogen peroxide and
polymorphonuclear leukocytes is quorum-sensing dependent.
Microbiology (Reading) 151:373-383.

Friedman L, Kolter R. 2004. Two genetic loci produce distinct
carbohydrate-rich structural components of the Pseudomonas
aeruginosa biofilm matrix. J Bacteriol 186:4457-65.

Nemoto K, Hirota K, Murakami K, Taniguti K, Murata H,
Viducic D, Miyake Y. 2003. Effect of Varidase (streptodornase)
on biofilm formed by Pseudomonas aeruginosa. Chemotherapy
49:121-5.

Vasseur P, Vallet-Gely I, Soscia C, Genin S, Filloux A. 2005.
The pel genes of the Pseudomonas aeruginosa PAK strain are
involved at early and late stages of biofilm formation. Microbiology
(Reading) 151:985-997.

Mukherjee S, Bassler BL. 2019. Bacterial quorum sensing in
complex and dynamically changing environments. Nat Rev
Microbiol 17:371-382.

Duddy OP, Bassler BL. 2021. Quorum sensing across bacterial
and viral domains. PLoS Pathog 17:e1009074.

Papenfort K, Bassler BL. 2016. Quorum sensing signal-response
systems in Gram-negative bacteria. Nat Rev Microbiol 14:576-88.
Novick RP, Geisinger E. 2008. Quorum sensing in staphylococci.
Annu Rev Genet 42:541-64.

Wang B, Zhao A, Novick RP, Muir TW. 2015. Key driving forces
in the biosynthesis of autoinducing peptides required for
staphylococcal virulence. Proc Natl Acad Sci U S A 112:10679-84.
DeLeon S, Clinton A, Fowler H, Everett J, Horswill AR,
Rumbaugh KP. 2014. Synergistic interactions of Pseudomonas
aeruginosa and Staphylococcus aureus in an in vitro wound model.
Infect Immun 82:4718-28.

64



90.

oL

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Pena RT, Blasco L, Ambroa A, Gonzalez-Pedrajo B,
Fernandez-Garcia L, Lopez M, Bleriot I, Bou G, Garcia-
Contreras R, Wood TK, Tomas M. 2019. Relationship Between
Quorum Sensing and Secretion Systems. Front Microbiol 10:1100.
Boyle KE, Heilmann S, van Ditmarsch D, Xavier JB. 2013.
Exploiting social evolution in biofilms. Curr Opin Microbiol 16:207-
12.

Antonova ES, Hammer BK. 2011. Quorum-sensing autoinducer
molecules produced by members of a multispecies biofilm promote
horizontal gene transfer to Vibrio cholerae. FEMS Microbiol Lett
322:68-76.

Nadell CD, Xavier JB, Levin SA, Foster KR. 2008. The
evolution of quorum sensing in bacterial biofilms. PLoS Biol 6:e14.
Suckow G, Seitz P, Blokesch M. 2011. Quorum sensing
contributes to natural transformation of Vibrio cholerae in a species-
specific manner. J Bacteriol 193:4914-24.

Weiser JN, Maskell DJ, Butler PD, Lindberg AA, Moxon
ER. 1990. Characterization of repetitive sequences controlling phase
variation of Haemophilus influenzae lipopolysaccharide. J Bacteriol
172:3304-9.

Weiser JN, Love JM, Moxon ER. 1989. The molecular
mechanism of phase variation of H. influenzae lipopolysaccharide.
Cell 59:657-65.

Dawid S, Barenkamp SJ, St Geme JW, 3rd. 1999. Variation in
expression of the Haemophilus influenzae HMW adhesins: a
prokaryotic system reminiscent of eukaryotes. Proc Natl Acad Sci U
S A 96:1077-82.

Srikhanta YN, Maguire TL, Stacey KJ, Grimmond SM,
Jennings MP. 2005. The phasevarion: a genetic system controlling
coordinated, random switching of expression of multiple genes. Proc
Natl Acad Sci U S A 102:5547-51.

Armbruster CR, Lee CK, Parker-Gilham J, de Anda J, Xia
A, Zhao K, Murakami K, Tseng BS, Hoffman LR, Jin F,
Harwood CS, Wong GC, Parsek MR. 2019. Heterogeneity in
surface sensing suggests a division of labor in Pseudomonas
aeruginosa populations. Elife 8.

Jiang X, Hall AB, Arthur TD, Plichta DR, Covington CT,
Poyet M, Crothers J, Moses PL, Tolonen AC, Vlamakis H,
Alm EJ, Xavier RJ. 2019. Invertible promoters mediate bacterial
phase variation, antibiotic resistance, and host adaptation in the gut.
Science 363:181-187.

Phillips ZN, Tram G, Seib KL, Atack JM. 2019. Phase-variable
bacterial loci: how bacteria gamble to maximise fitness in changing
environments. Biochem Soc Trans 47:1131-1141.

Reyes Ruiz LM, Williams CL, Tamayo R. 2020. Enhancing
bacterial survival through phenotypic heterogeneity. PLoS Pathog
16:1008439.

65



103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

Davis KM. 2018. All Yersinia Are Not Created Equal: Phenotypic
Adaptation to Distinct Niches Within Mammalian Tissues. Front
Cell Infect Microbiol 8:261.

Wolcott RD, Rhoads DD, Dowd SE. 2008. Biofilms and chronic
wound inflammation. J Wound Care 17:333-41.

Ciofu O, Riis B, Pressler T, Poulsen HE, Hoiby N. 2005.
Occurrence of hypermutable Pseudomonas aeruginosa in cystic
fibrosis patients is associated with the oxidative stress caused by
chronic lung inflammation. Antimicrob Agents Chemother 49:2276-
82.

Rayner MG, Zhang Y, Gorry MC, Chen Y, Post JC, Ehrlich
GD. 1998. Evidence of bacterial metabolic activity in culture-
negative otitis media with effusion. JAMA 279:296-9.

Wagner C, Kondella K, Bernschneider T, Heppert V,
Wentzensen A, Hansch GM. 2003. Post-traumatic
osteomyelitis: analysis of inflammatory cells recruited into the site
of infection. Shock 20:503-10.

Nickel JC, Costerton JW, McLean RJ, Olson M. 1994.
Bacterial biofilms: influence on the pathogenesis, diagnosis and
treatment of urinary tract infections. J Antimicrob Chemother 33
Suppl A:31-41.

Mazzoli S. 2010. Biofilms in chronic bacterial prostatitis (NIH-11)
and in prostatic calcifications. FEMS Immunol Med Microbiol
59:337-44.

Arciola CR, Campoccia D, Montanaro L. 2018. Implant
infections: adhesion, biofilm formation and immune evasion. Nat
Rev Microbiol 16:397-409.

McLeod SM, Johnson RC. 2001. Control of transcription by
nucleoid proteins. Curr Opin Microbiol 4:152-9.
Sanchez-Romero MA, Casadesus J. 2020. The bacterial
epigenome. Nat Rev Microbiol 18:7-20.

Li HC, Chen T, Yu L, Guo HX, Chen L, Chen YH, Chen M,
Zhao J, Yan HM, Zhou L, Wang W. 2020. Genome-wide DNA
methylation and transcriptome and proteome changes in
Mycobacterium  tuberculosis with para-aminosalicylic acid
resistance. Chem Biol Drug Des 95:104-112.

Binnie A, Tsang JLY, Hu P, Carrasqueiro G, Castelo-Branco
P, Dos Santos CC. 2020. Epigenetics of Sepsis. Crit Care Med
48:745-756.

Wang G, Zheng C. 2020. Zinc finger proteins in the host-virus
interplay: multifaceted functions based on their nucleic acid-binding
property. FEMS Microbiol Rev doi:10.1093/femsre/fuaa059.

von Konig K, Kachel N, Kalbitzer HR, Kremer W. 2020. RNA
and DNA Binding Epitopes of the Cold Shock Protein TmCsp from
the Hyperthermophile Thermotoga maritima. Protein J 39:487-500.
McQuail J, Switzer A, Burchell L, Wigneshweraraj S. 2020.
The RNA-binding protein Hfg assembles into foci-like structures in
nitrogen starved Escherichia coli. J Biol Chem 295:12355-12367.

66



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Adekunle DA, Wang ET. 2020. Transcriptome-wide organization
of subcellular microenvironments revealed by ATLAS-Seq. Nucleic
Acids Res 48:5859-5872.

Gomez-Pastor R, Burchfiel ET, Thiele DJ. 2018. Regulation of
heat shock transcription factors and their roles in physiology and
disease. Nat Rev Mol Cell Biol 19:4-19.

Fiebig A, Herrou J, Willett J, Crosson S. 2015. General Stress
Signaling in the Alphaproteobacteria. Annu Rev Genet 49:603-25.
Bystritskaya E, Stenkova A, Chistuylin D, Chernysheva N,
Khomenko V, Anastyuk S, Novikova O, Rakin A, Isaeva M.
2016. Adaptive responses of outer membrane porin balance of
Yersinia ruckeri under different incubation temperature, osmolarity,
and oxygen availability. Microbiologyopen 5:597-603.

Su Z, Tang Y, Ritchey LE, Tack DC, Zhu M, Bevilacqua PC,
Assmann SM. 2018. Genome-wide RNA structurome
reprogramming by acute heat shock globally regulates mRNA
abundance. Proc Natl Acad Sci U S A 115:12170-12175.

Niehus E, Gressmann H, Ye F, Schlapbach R, Dehio M,
Dehio C, Stack A, Meyer TF, Suerbaum S, Josenhans C.
2004. Genome-wide analysis of transcriptional hierarchy and
feedback regulation in the flagellar system of Helicobacter pylori.
Mol Microbiol 52:947-61.

Kahramanoglou C, Seshasayee AS, Prieto Al, Ibberson D,
Schmidt S, Zimmermann J, Benes V, Fraser GM, Luscombe
NM. 2011. Direct and indirect effects of H-NS and Fis on global gene
expression control in Escherichia coli. Nucleic Acids Res 39:2073-91.
Puccio S, Grillo G, Licciulli F, Severgnini M, Liuni S,
Bicciato S, De Bellis G, Ferrari F, Peano C. 2017. WoPPER:
Web server for Position Related data analysis of gene Expression in
Prokaryotes. Nucleic Acids Res 45:W109-W115.

Nijveen H, Matus-Garcia M, van Passel MW. 2012. Promoter
reuse in prokaryotes. Mob Genet Elements 2:279-281.

Munch R, Hiller K, Barg H, Heldt D, Linz S, Wingender E,
Jahn D. 2003. PRODORIC: prokaryotic database of gene
regulation. Nucleic Acids Res 31:266-9.

Kazakov AE, Cipriano MJ, Novichkov PS, Minovitsky S,
Vinogradov DV, Arkin A, Mironov AA, Gelfand MS,
Dubchak 1. 2007. RegTransBase--a database of regulatory
sequences and interactions in a wide range of prokaryotic genomes.
Nucleic Acids Res 35:D407-12.

Gonzalez AD, Espinosa V, Vasconcelos AT, Perez-Rueda E,
Collado-Vides J. 2005. TRACTOR_DB: a database of regulatory
networks in gamma-proteobacterial genomes. Nucleic Acids Res
33:D98-102.

Eckweiler D, Dudek CA, Hartlich J, Brotje D, Jahn D. 2018.
PRODORIC2: the bacterial gene regulation database in 2018.
Nucleic Acids Res 46:D320-D326.

67



131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Aguilar D, Oliva B, Aviles FX, Querol E. 2002. TranScout:
prediction of gene expression regulatory proteins from their
sequences. Bioinformatics 18:597-607.

Kilic S, White ER, Sagitova DM, Cornish JP, Erill 1. 2014.
CollecTF: a database of experimentally validated transcription
factor-binding sites in Bacteria. Nucleic Acids Res 42:D156-60.
Myers KS, Yan H, Ong IM, Chung D, Liang K, Tran F, Keles
S, Landick R, Kiley PJ. 2013. Genome-scale analysis of
escherichia coli FNR reveals complex features of transcription factor
binding. PLoS Genet 9:e1003565.

deHaseth PL, Lohman TM, Burgess RR, Record MT, Jr.
1978. Nonspecific interactions of Escherichia coli RNA polymerase
with native and denatured DNA: differences in the binding behavior
of core and holoenzyme. Biochemistry 17:1612-22.

Wosten MM. 1998. Eubacterial sigma-factors. FEMS Microbiol
Rev 22:127-50.

Osterberg S, del Peso-Santos T, Shingler V. 2011. Regulation
of alternative sigma factor use. Annu Rev Microbiol 65:37-55.
Meyer AS, Grainger DC. 2013. The Escherichia coli Nucleoid in
Stationary Phase. Adv Appl Microbiol 83:69-86.

Hunt TP, Magasanik B. 1985. Transcription of gInA by purified
Escherichia coli components: core RNA polymerase and the
products of gInF, gInG, and gInL. Proc Natl Acad Sci U S A 82:8453-
7

Kazakov AE, Rajeev L, Chen A, Luning EG, Dubchak I,
Mukhopadhyay A, Novichkov PS. 2015. sigma54-dependent
regulome in Desulfovibrio vulgaris Hildenborough. BMC Genomics
16:919.

Kazmierczak MJ, Wiedmann M, Boor KJ. 2005. Alternative
sigma factors and their roles in bacterial virulence. Microbiol Mol
Biol Rev 69:527-43.

Shingler V. 2011. Signal sensory systems that impact sigma(5)(4) -
dependent transcription. FEMS Microbiol Rev 35:425-40.

Bush M, Dixon R. 2012. The role of bacterial enhancer binding
proteins as specialized activators of sigma54-dependent
transcription. Microbiol Mol Biol Rev 76:497-529.

Maeda H, Fujita N, Ishihama A. 2000. Competition among
seven Escherichia coli sigma subunits: relative binding affinities to
the core RNA polymerase. Nucleic Acids Res 28:3497-503.
Schumacher J, Joly N, Rappas M, Bradley D,
Wigneshweraraj SR, Zhang X, Buck M. 2007. Sensor |
threonine of the AAA+ ATPase transcriptional activator PspF is
involved in coupling nucleotide triphosphate hydrolysis to the
restructuring of sigma 54-RNA polymerase. J Biol Chem 282:9825-
33.

Rappas M, Schumacher J, Beuron F, Niwa H, Bordes P,
Wigneshweraraj S, Keetch CA, Robinson CV, Buck M,
Zhang X. 2005. Structural insights into the activity of enhancer-
binding proteins. Science 307:1972-5.

68



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Gallegos MT, Cannon WYV, Buck M. 1999. Functions of the
sigma(54) region | in trans and implications for transcription
activation. J Biol Chem 274:25285-90.

Cases I, Ussery DW, de Lorenzo V. 2003. The sigma54 regulon
(sigmulon) of Pseudomonas putida. Environ Microbiol 5:1281-93.
Hendrickson EL, Guevera P, Penaloza-Vazquez A, Shao J,
Bender C, Ausubel FM. 2000. Virulence of the phytopathogen
Pseudomonas syringae pv. maculicola is rpoN dependent. J
Bacteriol 182:3498-507.

Viducic D, Murakami K, Amoh T, Ono T, Miyake Y. 2017.
RpoN Promotes Pseudomonas aeruginosa Survival in the Presence
of Tobramycin. Front Microbiol 8:839.

Zhao H, Li X, Johnson DE, Mobley HL. 1999. Identification of
protease and rpoN-associated genes of uropathogenic Proteus
mirabilis by negative selection in a mouse model of ascending
urinary tract infection. Microbiology 145 ( Pt 1):185-95.

O'Toole R, Milton DL, Horstedt P, Wolf-Watz H. 1997. RpoN
of the fish pathogen Vibrio (Listonella) anguillarum is essential for
flagellum production and virulence by the water-borne but not
intraperitoneal route of inoculation. Microbiology 143 ( Pt 12):3849-
59.

Matz C, Moreno AM, Alhede M, Manefield M, Hauser AR,
Givskov M, Kjelleberg S. 2008. Pseudomonas aeruginosa uses
type 111 secretion system to kill biofilm-associated amoebae. ISME J
2:843-52.

Dong T, Yu R, Schellhorn H. 2011. Antagonistic regulation of
motility and transcriptome expression by RpoN and RpoS in
Escherichia coli. Mol Microbiol 79:375-86.

Ishikawa T, Rompikuntal PK, Lindmark B, Milton DL, Wai
SN. 2009. Quorum sensing regulation of the two hcp alleles in Vibrio
cholerae O1 strains. PLoS One 4:e6734.

Suarez G, Sierra JC, Sha J, Wang S, Erova TE, Fadl AA,
Foltz SM, Horneman AJ, Chopra AK. 2008. Molecular
characterization of a functional type VI secretion system from a
clinical isolate of Aeromonas hydrophila. Microb Pathog 44:344-61.
Dong TG, Mekalanos JJ. 2012. Characterization of the RpoN
regulon reveals differential regulation of T6SS and new flagellar
operons in Vibrio cholerae 037 strain V52. Nucleic Acids Res
40:7766-75.

Alarcon-Chaidez FJ, Keith L, Zhao Y, Bender CL. 2003.
RpoN (sigma(54)) is required for plasmid-encoded coronatine
biosynthesis in Pseudomonas syringae. Plasmid 49:106-17.
Hendrickson EL, Plotnikova J, Mahajan-Miklos S, Rahme
LG, Ausubel FM. 2001. Differential roles of the Pseudomonas
aeruginosa PA14 rpoN gene in pathogenicity in plants, nematodes,
insects, and mice. J Bacteriol 183:7126-34.

Belik AS, Tarasova NN, Khmel IA. 2008. [Regulation of biofilm
formation in Escherichia coli K12: effect of mutations in HNS, StpA,
lon, and rpoN genes]. Mol Gen Mikrobiol Virusol:3-5.

69



160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Garst AD, Edwards AL, Batey RT. 2011. Riboswitches: structures
and mechanisms. Cold Spring Harb Perspect Biol 3.

Johansson J, Mandin P, Renzoni A, Chiaruttini C, Springer
M, Cossart P. 2002. An RNA thermosensor controls expression of
virulence genes in Listeria monocytogenes. Cell 110:551-61.
Waldminghaus T, Fippinger A, Alfsmann J, Narberhaus F.
2005. RNA thermometers are common in alpha- and gamma-
proteobacteria. Biol Chem 386:1279-86.

Narberhaus F, Waldminghaus T, Chowdhury S. 2006. RNA
thermometers. FEMS Microbiol Rev 30:3-16.

Narberhaus F. 2010. Translational control of bacterial heat shock
and virulence genes by temperature-sensing mRNAs. RNA Biol 7:84-
9.

Loh E, Righetti F, Eichner H, Twittenhoff C, Narberhaus F.
2018. RNA Thermometers in Bacterial Pathogens. Microbiol Spectr
6.

Hor J, Gorski SA, Vogel J. 2018. Bacterial RNA Biology on a
Genome Scale. Mol Cell 70:785-799.

Chowdhury S, Maris C, Allain FH, Narberhaus F. 2006.
Molecular basis for temperature sensing by an RNA thermometer.
EMBO J 25:2487-97.

Bohme K, Steinmann R, Kortmann J, Seekircher S,
Heroven AK, Berger E, Pisano F, Thiermann T, Wolf-Watz
H, Narberhaus F, Dersch P. 2012. Concerted actions of a
thermo-labile regulator and a unique intergenic RNA thermosensor
control Yersinia virulence. PLoS Pathog 8:e1002518.

Adeolu M, Alnajar S, Naushad S, R SG. 2016. Genome-based
phylogeny and taxonomy of the 'Enterobacteriales': proposal for
Enterobacterales ord. nov. divided into the families
Enterobacteriaceae, Erwiniaceae fam. nov., Pectobacteriaceae fam.
nov., Yersiniaceae fam. nov., Hafniaceae fam. nov., Morganellaceae
fam. nov., and Budviciaceae fam. nov. Int J Syst Evol Microbiol
66:5575-5599.

Van Loghem JJ. 1944. The classification of the plague-bacillus.
Antonie Van Leeuwenhoek 10:15.

Bercovier H, Mollaret HH, Alonso JM, Brault J, Fanning
GR, Steigerwalt AG, Brenner DJ. 1980. Intra- and interspecies
relatedness of Yersinia pestis by DNA hybridization and its
relationship toYersinia pseudotuberculosis. Current Microbiology
4:225-229.

McNally A, Thomson NR, Reuter S, Wren BW. 2016. 'Add, stir
and reduce": Yersinia spp. as model bacteria for pathogen evolution.
Nat Rev Microbiol 14:177-90.

Wren BW. 2003. The yersiniae--a model genus to study the rapid
evolution of bacterial pathogens. Nat Rev Microbiol 1:55-64.
Thomson NR, Howard S, Wren BW, Prentice MB. 2007.
Comparative genome analyses of the pathogenic Yersiniae based on
the genome sequence of Yersinia enterocolitica strain 8081. Adv Exp
Med Biol 603:2-16.

70



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Souza RA, Pitondo-Silva A, Falcao DP, Falcao JP. 2010.
Evaluation of four molecular typing methodologies as tools for
determining taxonomy relations and for identifying species among
Yersinia isolates. J Microbiol Methods 82:141-50.

Rakin A, Urbitsch P, Heesemann J. 1995. Evidence for two
evolutionary lineages of highly pathogenic Yersinia species. J
Bacteriol 177:2292-8.

Mittal S, Mallik S, Sharma S, Virdi JS. 2007. Characteristics of
beta-lactamases and their genes (blaA and blaB) in Yersinia
intermedia and Y. frederiksenii. BMC Microbiol 7:25.

Ibrahim A, Goebel BM, Liesack W, Griffiths M,
Stackebrandt E. 1993. The phylogeny of the genus Yersinia based
on 16S rDNA sequences. FEMS Microbiol Lett 114:173-7.

Chauhan N, Wrobel A, Skurnik M, Leo JC. 2016. Yersinia
adhesins: An arsenal for infection. Proteomics Clin Appl 10:949-963.
Brubaker RR. 2004. The recent emergence of plague: a process of
felonious evolution. Microb Ecol 47:293-9.

Carniel E. 2003. Evolution of pathogenic Yersinia, some lights in
the dark. Adv Exp Med Biol 529:3-12.

Achtman M, Zurth K, Morelli G, Torrea G, Guiyoule A,
Carniel E. 1999. Yersinia pestis, the cause of plague, is a recently
emerged clone of Yersinia pseudotuberculosis. Proc Natl Acad Sci U
S A 96:14043-8.

Spyrou MA, Tukhbatova RI, Wang CC, Valtuena AA,
Lankapalli AK, Kondrashin VV, Tsybin VA, Khokhlov A,
Kuhnert D, Herbig A, Bos Kl, Krause J. 2018. Analysis of
3800-year-old Yersinia pestis genomes suggests Bronze Age origin
for bubonic plague. Nat Commun 9:2234.

Bos KI, Stevens P, Nieselt K, Poinar HN, Dewitte SN,
Krause J. 2012. Yersinia pestis: new evidence for an old infection.
PL0S One 7:e49803.

Achtman M, Morelli G, Zhu P, Wirth T, Diehl I, Kusecek B,
Vogler AJ, Wagner DM, Allender CJ, Easterday WR,
Chenal-Francisque V, Worsham P, Thomson NR, Parkhill
J, Lindler LE, Carniel E, Keim P. 2004. Microevolution and
history of the plague bacillus, Yersinia pestis. Proc Natl Acad Sci U S
A 101:17837-42.

Achtman M. 2004. Population structure of pathogenic bacteria
revisited. Int J Med Microbiol 294:67-73.

Cornelis GR, Boland A, Boyd AP, Geuijen C, Iriarte M, Neyt
C, Sory MP, Stainier |. 1998. The virulence plasmid of Yersinia,
an antihost genome. Microbiol Mol Biol Rev 62:1315-52.

Wang Z, Zhou L, Qi Z, Zhang Q, Dai R, Yang Y, Cui B, Wang
H, Yang R, Wang X. 2010. Long-term observation of subunit
vaccine F1-rV270 against Yersinia pestis in mice. Clin Vaccine
Immunol 17:199-201.

Sebbane F, Jarrett C, Gardner D, Long D, Hinnebusch BJ.
2009. The Yersinia pestis cafiIM1Al fimbrial capsule operon

71



190.

191

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

promotes transmission by flea bite in a mouse model of bubonic
plague. Infect Immun 77:1222-9.

Lin JS, Szaba FM, Kummer LW, Chromy BA, Smiley ST.
2011. Yersinia pestis YopE contains a dominant CD8 T cell epitope
that confers protection in a mouse model of pneumonic plague. J
Immunol 187:897-904.

Lawson JN, Lyons CR, Johnston SA. 2006. Expression
profiling of Yersinia pestis during mouse pulmonary infection. DNA
Cell Biol 25:608-16.

Gur D, Glinert I, Aftalion M, Vagima Y, Levy Y, Rotem S,
Zauberman A, Tidhar A, Tal A, Maoz S, Ber R, Pass A,
Mamroud E. 2018. Inhalational Gentamicin Treatment Is Effective
Against Pneumonic Plague in a Mouse Model. Front Microbiol 9:741.
Galindo CL, Moen ST, Kozlova EV, Sha J, Garner HR, Agar
SL, Chopra AK. 2009. Comparative Analyses of Transcriptional
Profiles in Mouse Organs Using a Pneumonic Plague Model after
Infection with Wild-Type Yersinia pestis CO92 and Its Braun
Lipoprotein Mutant. Comp Funct Genomics 2009:914762.
VagimaY, Levy Y, Mamroud E. 2019. Monitoring of Neutrophil
Recruitment to Mice Lungs During Pneumonic Plague. Methods Mol
Biol 2010:141-150.

Kangas S, Takkinen J, Hakkinen M, Nakari UM, Johansson
T, Henttonen H, Virtaluoto L, Siitonen A, Ollgren J, Kuusi
M. 2008. Yersinia pseudotuberculosis O:1 traced to raw carrots,
Finland. Emerg Infect Dis 14:1959-61.

Nuorti JP, Niskanen T, Hallanvuo S, Mikkola J, Kela E,
Hatakka M, Fredriksson-Ahomaa M, Lyytikainen O,
Siitonen A, Korkeala H, Ruutu P. 2004. A widespread outbreak
of Yersinia pseudotuberculosis O:3 infection from iceberg lettuce. J
Infect Dis 189:766-74.

Castro H, Jaakkonen A, Hakakorpi A, Hakkinen M, Isidro
J, Korkeala H, Lindstrom M, Hallanvuo S. 2019. Genomic
Epidemiology and Phenotyping Reveal on-Farm Persistence and
Cold Adaptation of Raw Milk Outbreak-Associated Yersinia
pseudotuberculosis. Front Microbiol 10:1049.

Parn T, Hallanvuo S, Salmenlinna S, Pihlajasaari A,
Heikkinen S, Telkki-Nykanen H, Hakkinen M, Ollgren J,
Huusko S, Rimhanen-Finne R. 2015. Outbreak of Yersinia
pseudotuberculosis O:1 infection associated with raw milk
consumption, Finland, spring 2014. Euro Surveill 20.

Young GM, Badger JL, Miller VL. 2000. Motility is required to
initiate host cell invasion by Yersinia enterocolitica. Infect Immun
68:4323-6.

Lloyd MG, Lundgren BR, Hall CW, Gagnon LB, Mah TF,
Moffat JF, Nomura CT. 2017. Targeting the alternative sigma
factor RpoN to combat virulence in Pseudomonas aeruginosa. Sci
Rep 7:12615.

Portnoy DA, Wolf-Watz H, Bolin |, Beeder AB, Falkow S.
1984. Characterization of common virulence plasmids in Yersinia

72



202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

species and their role in the expression of outer membrane proteins.
Infect Immun 43:108-14.

Pettersson J, Nordfelth R, Dubinina E, Bergman T,
Gustafsson M, Magnusson KE, Wolf-Watz H. 1996.
Modulation of virulence factor expression by pathogen target cell
contact. Science 273:1231-3.

Rosqvist R, Magnusson KE, Wolf-Watz H. 1994. Target cell
contact triggers expression and polarized transfer of Yersinia YopE
cytotoxin into mammalian cells. EMBO J 13:964-72.

Blaylock B, Riordan KE, Missiakas DM, Schneewind O.
2006. Characterization of the Yersinia enterocolitica type Ill
secretion ATPase YscN and its regulator, YscL. J Bacteriol 188:3525-
34.

Akopyan K, Edgren T, Wang-Edgren H, Rosqvist R,
Fahlgren A, Wolf-Watz H, Fallman M. 2011. Translocation of
surface-localized effectors in type 111 secretion. Proc Natl Acad Sci U
S A108:1639-44.

Edgren T, Forsberg A, Rosqvist R, Wolf-Watz H. 2012. Type
Il secretion in Yersinia: injectisome or not? PLoS Pathog
8:1002669.

Hakansson S, Galyov EE, Rosqvist R, Wolf-Watz H. 1996.
The Yersinia YpkA Ser/Thr kinase is translocated and subsequently
targeted to the inner surface of the HeLa cell plasma membrane. Mol
Microbiol 20:593-603.

Iriarte M, Cornelis GR. 1998. YopT, a new Yersinia Yop effector
protein, affects the cytoskeleton of host cells. Mol Microbiol 29:915-
29.

Barz C, Abahji TN, Trulzsch K, Heesemann J. 2000. The
Yersinia Ser/Thr protein kinase YpkA/YopO directly interacts with
the small GTPases RhoA and Rac-1. FEBS Lett 482:139-43.

Andor A, Trulzsch K, Essler M, Roggenkamp A,
Wiedemann A, Heesemann J, Aepfelbacher M. 2001. YopE of
Yersinia, a GAP for Rho GTPases, selectively modulates Rac-
dependent actin structures in endothelial cells. Cell Microbiol 3:301-
10.

Black DS, Marie-Cardine A, Schraven B, Bliska JB. 2000.
The Yersinia tyrosine phosphatase YopH targets a novel adhesion-
regulated signalling complex in macrophages. Cell Microbiol 2:401-
14.

Black DS, Bliska JB. 1997. Identification of p130Cas as a substrate
of Yersinia YopH (Yop51), a bacterial protein tyrosine phosphatase
that translocates into mammalian cells and targets focal adhesions.
EMBO J 16:2730-44.

Denecker G, Totemeyer S, Mota LJ, Troisfontaines P,
Lambermont I, Youta C, Stainier |, Ackermann M, Cornelis
GR. 2002. Effect of low- and high-virulence Yersinia enterocolitica
strains on the inflammatory response of human umbilical vein
endothelial cells. Infect Immun 70:3510-20.

73



214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

2217.

228.

Palmer LE, Hobbie S, Galan JE, Bliska JB. 1998. YopJ of
Yersinia pseudotuberculosis is required for the inhibition of
macrophage TNF-alpha production and downregulation of the MAP
kinases p38 and JNK. Mol Microbiol 27:953-65.

Skrzypek E, Cowan C, Straley SC. 1998. Targeting of the
Yersinia pestis YopM protein into HelLa cells and intracellular
trafficking to the nucleus. Mol Microbiol 30:1051-65.

Perry RD, Fetherston JD. 1997. Yersinia pestis--etiologic agent
of plague. Clin Microbiol Rev 10:35-66.

Zganjer M, Roic G, Cizmic A, Pajic A. 2005. Infectious
ileocecitis--appendicitis mimicking syndrome. Bratisl Lek Listy
106:201-2.

Galindo CL, Rosenzweig JA, Kirtley ML, Chopra AK. 2011.
Pathogenesis of Y. enterocolitica and Y. pseudotuberculosis in
Human Yersiniosis. J Pathog 2011:182051.

El-Maraghi NR, Mair NS. 1979. The histopathology of enteric
infection with Yersinia pseudotuberculosis. Am J Clin Pathol 71:631-
9.

Andrew JH, Weedon D, Mair NS. 1976. Terminal ileitis,
mesenteric lymphadenitis and appendicitis due to Yersinia
pseudotuberculosis type VA: case report. Pathology 8:189-93.
Miller VL, Falkow S. 1988. Evidence for two genetic loci in
Yersinia enterocolitica that can promote invasion of epithelial cells.
Infect Immun 56:1242-8.

Abbott M, Galloway A, Cunningham JL. 1986.
Haemochromatosis presenting with a double Yersinia infection. J
Infect 13:143-5.

Barnes PD, Bergman MA, Mecsas J, Isberg RR. 2006.
Yersinia pseudotuberculosis disseminates directly from a replicating
bacterial pool in the intestine. J Exp Med 203:1591-601.

Fahlgren A, Avican K, Westermark L, Nordfelth R, Fallman
M. 2014. Colonization of cecum is important for development of
persistent infection by Yersinia pseudotuberculosis. Infect Immun
82:3471-82.

Heroven AK, Dersch P. 2014. Coregulation of host-adapted
metabolism and virulence by pathogenic yersiniae. Front Cell Infect
Microbiol 4:146.

Grutzkau A, Hanski C, Hahn H, Riecken EO. 1990.
Involvement of M cells in the bacterial invasion of Peyer's patches: a
common mechanism shared by Yersinia enterocolitica and other
enteroinvasive bacteria. Gut 31:1011-5.

Autenrieth IB, Firsching R. 1996. Penetration of M cells and
destruction of Peyer's patches by Yersinia enterocolitica: an
ultrastructural and histological study. J Med Microbiol 44:285-94.
Crimmins GT, Mohammadi S, Green ER, Bergman MA,
Isberg RR, Mecsas J. 2012. Identification of MrtAB, an ABC
transporter specifically required for Yersinia pseudotuberculosis to
colonize the mesenteric lymph nodes. PLoS Pathog 8:61002828.

74



229.

230.

231

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Oellerich MF, Jacobi CA, Freund S, Niedung K, Bach A,
Heesemann J, Trulzsch K. 2007. Yersinia enterocolitica
infection of mice reveals clonal invasion and abscess formation.
Infect Immun 75:3802-11.

Logsdon LK, Mecsas J. 2006. The proinflammatory response
induced by wild-type Yersinia pseudotuberculosis infection inhibits
survival of yop mutants in the gastrointestinal tract and Peyer's
patches. Infect Immun 74:1516-27.

Simonet M, Riot B, Fortineau N, Berche P. 1996. Invasin
production by Yersinia pestis is abolished by insertion of an 1S200-
like element within the inv gene. Infect Immun 64:375-9.

Davis KM, Mohammadi S, Isberg RR. 2015. Community
behavior and spatial regulation within a bacterial microcolony in
deep tissue sites serves to protect against host attack. Cell Host
Microbe 17:21-31.

Logsdon LK, Mecsas J. 2003. Requirement of the Yersinia
pseudotuberculosis effectors YopH and YopE in colonization and
persistence in intestinal and lymph tissues. Infect Immun 71:4595-
607.

Autenrieth IB, Beer M, Bohn E, Kaufmann SH, Heesemann
J. 1994. Immune responses to Yersinia enterocolitica in susceptible
BALB/c and resistant C57BL/6 mice: an essential role for gamma
interferon. Infect Immun 62:2590-9.

Hancock GE, Schaedler RW, MacDonald TT. 1986. Yersinia
enterocolitica infection in resistant and susceptible strains of mice.
Infect Immun 53:26-31.

Costa TR, Amer AA, Farag Sl, Wolf-Watz H, Fallman M,
Fahlgren A, Edgren T, Francis MS. 2013. Type Ill secretion
translocon assemblies that attenuate Yersinia virulence. Cell
Microbiol 15:1088-110.

Holmstrom A, Rosqvist R, Wolf-Watz H, Forsberg A. 1995.
Virulence plasmid-encoded YopK is essential for Yersinia
pseudotuberculosis to cause systemic infection in mice. Infect
Immun 63:2269-76.

Lu P, Vogel C, Wang R, Yao X, Marcotte EM. 2007. Absolute
protein expression profiling estimates the relative contributions of
transcriptional and translational regulation. Nat Biotechnol 25:117-
24,

Lachmann A, Torre D, Keenan AB, Jagodnik KM, Lee HJ,
Wang L, Silverstein MC, Ma'ayan A. 2018. Massive mining of
publicly available RNA-seq data from human and mouse. Nat
Commun 9:1366.

Melamed S, Faigenbaum-Romm R, Peer A, Reiss N,
Shechter O, Bar A, Altuvia Y, Argaman L, Margalit H. 2018.
Mapping the small RNA interactome in bacteria using RIL-seq. Nat
Protoc 13:1-33.

Stork C, Zheng S. 2016. Genome-Wide Profiling of RNA-Protein
Interactions Using CLIP-Seq. Methods Mol Biol 1421:137-51.

75



242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

Zeng Y, Wang S, Gao S, Soares F, Ahmed M, Guo H, Wang
M, Hua JT, Guan J, Moran MF, Tsao MS, He HH. 2018.
Refined RIP-seq protocol for epitranscriptome analysis with low
input materials. PLoS Biol 16:e2006092.

Han K, Tjaden B, Lory S. 2016. GRIL-seq provides a method for
identifying direct targets of bacterial small regulatory RNA by in vivo
proximity ligation. Nat Microbiol 2:16239.

Seetin MG, Kladwang W, Bida JP, Das R. 2014. Massively
parallel RNA chemical mapping with a reduced bias MAP-seq
protocol. Methods Mol Biol 1086:95-117.

Enroth C, Poulsen LD, Iversen S, Kirpekar F, Albrechtsen
A, Vinther J. 2019. Detection of internal N7-methylguanosine
(m7G) RNA modifications by mutational profiling sequencing.
Nucleic Acids Res 47:e126.

Simoneau J, Dumontier S, Gosselin R, Scott MS. 2021.
Current RNA-seq methodology reporting limits reproducibility.
Brief Bioinform 22:140-145.

Mandelboum S, Manber Z, Elroy-Stein O, Elkon R. 2019.
Recurrent functional misinterpretation of RNA-seq data caused by
sample-specific gene length bias. PLoS Biol 17:e3000481.

Ma C, Kingsford C. 2019. Detecting, Categorizing, and Correcting
Coverage Anomalies of RNA-Seq Quantification. Cell Syst 9:589-599
e7.

Wang-Kan X, Blair JIMA, Chirullo B, Betts J, La Ragione
RM, Ivens A, Ricci V, Opperman TJ, Piddock LJV. 2017. Lack
of AcrB Efflux Function Confers Loss of Virulence on Salmonella
enterica Serovar Typhimurium. mBio 8.

Shah DH. 2014. RNA sequencing reveals differences between the
global transcriptomes of Salmonella enterica serovar enteritidis
strains with high and low pathogenicities. Appl Environ Microbiol
80:896-906.

Potts AH, Guo Y, Ahmer BMM, Romeo T. 2019. Role of CsrA
in stress responses and metabolism important for Salmonella
virulence revealed by integrated transcriptomics. PLoS One
14:e0211430.

Porta A, Petrone AM, Morello S, Granata I, Rizzo F, Memoli
D, Weisz A, Maresca B. 2017. Design and expression of peptides
with antimicrobial activity against Salmonella typhimurium. Cell
Microbiol 19.

Huang X, Zhou X, Jia B, Li N, Jia J, He M, He Y, Qin X, Cui
Y, Shi C, Liu Y, Shi X. 2019. Transcriptional Sequencing Uncovers
Survival Mechanisms of Salmonella enterica Serovar Enteritidis in
Antibacterial Egg White. mSphere 4.

Crucello A, Furtado MM, Chaves MDR, Sant'Ana AS. 2019.
Transcriptome sequencing reveals genes and adaptation pathways in
Salmonella Typhimurium inoculated in four low water activity
foods. Food Microbiol 82:426-435.

Cao L, Wang J, Sun L, Kong Z, Wu Q, Wang Z. 2019.
Transcriptional analysis reveals the relativity of acid tolerance and

76



256.

257.

258.

259.

260.

261.

262.

263.

264.

antimicrobial peptide resistance of Salmonella. Microb Pathog
136:103701.

Wang T, Chen K, Gao F, Kang Y, Chaudhry MT, Wang Z,
Wang Y, Shen X. 2017. ZntR positively regulates T6SS4 expression
in Yersinia pseudotuberculosis. J Microbiol 55:448-456.

Nuss AM, Beckstette M, Pimenova M, Schmuhl C, Opitz W,
Pisano F, Heroven AK, Dersch P. 2017. Tissue dual RNA-seq
allows fast discovery of infection-specific functions and
riboregulators shaping host-pathogen transcriptomes. Proc Natl
Acad Sci U S A 114:E791-E800.

Stringer AM, Currenti S, Bonocora RP, Baranowski C,
Petrone BL, Palumbo MJ, Reilly AA, Zhang Z, Erill I, Wade
JT. 2014. Genome-scale analyses of Escherichia coli and Salmonella
enterica AraC reveal noncanonical targets and an expanded core
regulon. J Bacteriol 196:660-71.

Galagan JE, Minch K, Peterson M, Lyubetskaya A, Azizi E,
Sweet L, Gomes A, Rustad T, Dolganov G, Glotova I, Abeel
T, Mahwinney C, Kennedy AD, Allard R, Brabant W,
Krueger A, Jaini S, Honda B, Yu WH, Hickey MJ, Zucker J,
Garay C, Weiner B, Sisk P, Stolte C, Winkler JK, Van de
Peer Y, lazzetti P, Camacho D, Dreyfuss J, Liu Y, Dorhoi A,
Mollenkopf HJ, Drogaris P, Lamontagne J, Zhou Y,
Piquenot J, Park ST, Raman S, Kaufmann SH, Mohney RP,
Chelsky D, Moody DB, Sherman DR, Schoolnik GK. 2013.
The Mycobacterium tuberculosis regulatory network and hypoxia.
Nature 499:178-83.

Jones CJ, Newsom D, Kelly B, Irie Y, Jennings LK, Xu B,
Limoli DH, Harrison JJ, Parsek MR, White P, Wozniak DJ.
2014. ChIP-Seq and RNA-Seq reveal an AmrZ-mediated mechanism
for cyclic di-GMP synthesis and biofilm development by
Pseudomonas aeruginosa. PLoS Pathog 10:e1003984.

Park DM, Akhtar MS, Ansari AZ, Landick R, Kiley PJ. 2013.
The bacterial response regulator ArcA uses a diverse binding site
architecture to regulate carbon oxidation globally. PLoS Genet
9:1003839.

Mahmud AKMF, Nilsson K, Fahlgren A, Navais R, Choudhury R,
Avican K, et al. Genome-Scale Map-ping Reveals Complex
Regulatory Activities of RpoN in Yersinia pseudotuberculosis.
mSystems. 2020;5(6). e01006-20. doi: 10.1128/mSystems.01006-
20.

Bonocora RP, Smith C, Lapierre P, Wade JT. 2015. Genome-
Scale Mapping of Escherichia coli sigma54 Reveals Widespread,
Conserved Intragenic Binding. PLoS Genet 11:€1005552.

Samuels DJ, Frye JG, Porwollik S, McClelland M, Mrazek
J, Hoover TR, Karls AC. 2013. Use of a promiscuous,
constitutively-active bacterial enhancer-binding protein to define
the sigma(5)(4) (RpoN) regulon of Salmonella Typhimurium LT2.
BMC Genomics 14:602.

77



265.

266.

267.

268.

269.

270.

271.

272,

273.

274.

275.

276.

277.

278.

279.

Soneson C, Delorenzi M. 2013. A comparison of methods for
differential expression analysis of RNA-seq data. BMC
Bioinformatics 14:91.

Seyednasrollah F, Laiho A, Elo LL. 2015. Comparison of
software packages for detecting differential expression in RNA-seq
studies. Brief Bioinform 16:59-70.

Johnson BK, Scholz MB, Teal TK, Abramovitch RB. 2016.
SPARTA: Simple Program for Automated reference-based bacterial
RNA-seq Transcriptome Analysis. BMC Bioinformatics 17:66.
Magoc T, Wood D, Salzberg SL. 2013. EDGE-pro: Estimated
Degree of Gene Expression in Prokaryotic Genomes. Evol Bioinform
Online 9:127-36.

Hoffmann S, Otto C, Kurtz S, Sharma CM, Khaitovich P,
Vogel J, Stadler PF, Hackermuller J. 2009. Fast mapping of
short sequences with mismatches, insertions and deletions using
index structures. PLoS Comput Biol 5:e1000502.

Roy KR, Chanfreau GF. 2020. Robust mapping of polyadenylated
and non-polyadenylated RNA 3' ends at nucleotide resolution by 3'-
end sequencing. Methods 176:4-13.

Conesa A, Madrigal P, Tarazona S, Gomez-Cabrero D,
Cervera A, McPherson A, Szczesniak MW, Gaffney DJ, Elo
LL, Zhang X, Mortazavi A. 2016. A survey of best practices for
RNA-seq data analysis. Genome Biol 17:13.

McClure R, Balasubramanian D, Sun Y, Bobrovskyy M,
Sumby P, Genco CA, Vanderpool CK, Tjaden B. 2013.
Computational analysis of bacterial RNA-Seq data. Nucleic Acids
Res 41:e140.

Mortazavi A, Williams BA, McCue K, Schaeffer L, Wold B.
2008. Mapping and quantifying mammalian transcriptomes by
RNA-Seq. Nat Methods 5:621-8.

Wagner GP, Kin K, Lynch VJ. 2012. Measurement of mRNA
abundance using RNA-seq data: RPKM measure is inconsistent
among samples. Theory Biosci 131:281-5.

Zhao S, Ye Z, Stanton R. 2020. Misuse of RPKM or TPM
normalization when comparing across samples and sequencing
protocols. RNA 26:903-909.

Li B, Dewey CN. 2011. RSEM: accurate transcript quantification
from RNA-Seq data with or without a reference genome. BMC
Bioinformatics 12:323.

Liu Y, Beyer A, Aebersold R. 2016. On the Dependency of
Cellular Protein Levels on mMRNA Abundance. Cell 165:535-50.

van de Peppel J, Kemmeren P, van Bakel H, Radonjic M,
van Leenen D, Holstege FC. 2003. Monitoring global messenger
RNA changes in externally controlled microarray experiments.
EMBO Rep 4:387-93.

Bartholomaus A, Fedyunin I, Feist P, Sin C, Zhang G,
Valleriani A, Ignatova Z. 2016. Bacteria differently regulate
mRNA abundance to specifically respond to various stresses. Philos
Trans A Math Phys Eng Sci 374.

78



280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

292.

293.

Aanes H, Winata C, Moen LF, Ostrup O, Mathavan S, Collas
P, Rognes T, Alestrom P. 2014. Normalization of RNA-
sequencing data from samples with varying mRNA levels. PLoS One
9:e89158.

Love MI, Huber W, Anders S. 2014. Moderated estimation of
fold change and dispersion for RNA-seq data with DESeg2. Genome
Biol 15:550.

Tarazona S, Furio-Tari P, Turra D, Pietro AD, Nueda MJ,
Ferrer A, Conesa A. 2015. Data quality aware analysis of
differential expression in RNA-seq with NOISeq R/Bioc package.
Nucleic Acids Res 43:e140.

Robinson MD, McCarthy DJ, Smyth GK. 2010. edgeR: a
Bioconductor package for differential expression analysis of digital
gene expression data. Bioinformatics 26:139-40.

Bullard JH, Purdom E, Hansen KD, Dudoit S. 2010.
Evaluation of statistical methods for normalization and differential
expression in MRNA-Seq experiments. BMC Bioinformatics 11:94.
Dillies MA, Rau A, Aubert J, Hennequet-Antier C,
Jeanmougin M, Servant N, Keime C, Marot G, Castel D,
Estelle J, Guernec G, Jagla B, Jouneau L, Laloe D, Le Gall
C, Schaeffer B, Le Crom S, Guedj M, Jaffrezic F, French
StatOmique C. 2013. A comprehensive evaluation of normalization
methods for Illumina high-throughput RNA sequencing data
analysis. Brief Bioinform 14:671-83.

Creecy JP, Conway T. 2015. Quantitative bacterial
transcriptomics with RNA-seq. Curr Opin Microbiol 23:133-40.
Berghoff BA, Karlsson T, Kallman T, Wagner EGH,
Grabherr MG. 2017. RNA-sequence data normalization through in
silico prediction of reference genes: the bacterial response to DNA
damage as case study. BioData Min 10:30.

Kostakioti M, Hadjifrangiskou M, Hultgren SJ. 2013.
Bacterial biofilms: development, dispersal, and therapeutic
strategies in the dawn of the postantibiotic era. Cold Spring Harb
Perspect Med 3:a010306.

Fang N, Yang H, Fang H, Liu L, Zhang Y, Wang L, Han Y,
Zhou D, Yang R. 2015. RcsAB is a major repressor of Yersinia
biofilm development through directly acting on hmsCDE, hmsT, and
hmsHFRS. Sci Rep 5:9566.

Craig L, Forest KT, Maier B. 2019. Type IV pili: dynamics,
biophysics and functional consequences. Nat Rev Microbiol 17:429-
440.

Shime-Hattori A, lida T, Arita M, Park KS, Kodama T,
Honda T. 2006. Two type IV pili of Vibrio parahaemolyticus play
different roles in biofilm formation. FEMS Microbiol Lett 264:89-97.
Bahar O, Goffer T, Burdman S. 2009. Type IV Pili are required
for virulence, twitching motility, and biofilm formation of acidovorax
avenae subsp. Citrulli. Mol Plant Microbe Interact 22:909-20.
Commichau FM, Wacker |, Schleider J, Blencke HM, Reif
I, Tripal P, Stulke J. 2007. Characterization of Bacillus subtilis

79



294.

295.

296.

297.

mutants with carbon source-independent glutamate biosynthesis. J
Mol Microbiol Biotechnol 12:106-13.

Commichau FM, Forchhammer K, Stulke J. 2006. Regulatory
links between carbon and nitrogen metabolism. Curr Opin Microbiol
9:167-72.

van Heeswijk WC, Westerhoff HV, Boogerd FC. 2013.
Nitrogen assimilation in Escherichia coli: putting molecular data
into a systems perspective. Microbiol Mol Biol Rev 77:628-95.
Gouzy A, Poquet Y, Neyrolles O. 2014. Nitrogen metabolism in
Mycobacterium tuberculosis physiology and virulence. Nat Rev
Microbiol 12:729-37.

Wang SY, Lauritz J, Jass J, Milton DL. 2003. Role for the major
outer-membrane protein from Vibrio anguillarum in bile resistance
and biofilm formation. Microbiology 149:1061-1071.

80



