
Molecular mechanisms of  
Yersinia pseudotuberculosis for 
adaptation and establishment of 

infection in host tissue 

A K M Firoj Mahmud 

Department of Molecular Biology 
Umeå Center for Microbial Research (UCMR) 

Laboratory for Molecular Infection medicine Sweden (MIMS) 
Umeå University, Umeå 2021 



This work is protected by the Swedish Copyright Legislation (Act 1960:729)a 
Dissertation for PhD 
ISBN:  978-91-7855-488-1 
ISSN: 0346-6612 
Revealing bacterial molecular mechanisms 
Cover page design by: A K M Firoj Mahmud 
Electronic version available at: http://umu.diva-portal.org/ 
Printed by: print and Media 
Umea, Sweden 2021 



 

To my Mother, Sister and Wife, who always keep their faith on me 

Any living cell carries with it the experience of a billion 
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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, I 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 ∆rpoN 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 ∆rpoN 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 
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regulation by RpoN involving both activation and repression effects. 
We also investigated the role of RpoN in regulation of the Type III 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. 
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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. 

 

 

 

 

 

 

 

 

 



3 
 

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 genēs “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 
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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 
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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 IV 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 



6 
 

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 DnaJ) (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). 
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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) 

 



8 
 

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. 
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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 CqsA) 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-
quencing, revealing the heterogeneous nature of bacteria is 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-
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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 (σ70), as the primary and housekeeping SF, being active dur-
ing exponential growth (135, 136). Other, alternative SFs, such 
as RpoE (σ24), RpoS (σ38), RpoH (σ32), and RpoN (σ54) 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).  

 
 

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. 

 

 



17 
 

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 
lcrF in Y. pestis is controlled by an mRNA structure that is ac-
cessible to ribosomes only at higher (over 300C ) 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 γ-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).  



20 
 

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 HeLa 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 370C. 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-
sis and Y. enterocolitica are transmitted to humans through contaminated 
food and water. Upon ingestion, they can cross the intestinal barrier through 
M cells and colonize lymphoid tissue. Y. pestis is transmitted to humans by the 
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 
are inspired from Herovan A. K et al. (225). 
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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 (108–109 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-
quencing (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 ChIP-Seq and Ribo-Seq, can provide information on 
complex regulons of specific and unspecific transcriptional and 
translational regulators or proteins (Figure 5). 

4.2  ChIP-Seq:  

ChIP-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, ChIP-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 FANTOM5 [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 
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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 
a transcript, 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= 109 X (number of reads mapped to a gene) / ∑ (reads 
mapped to a gene X gene length)  

TPM= 106 X (number of reads mapped to a gene/ gene length) 
/ ∑ (reads mapped to a gene/gene length)  

TPM= 106 X (RPKM of a gene) / ∑ (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 
1). 
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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 IV 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 lsrK, luxS, csgG and csgD and 
their coordinated regulation remaine elusive and requires fur-
ther investigation. The effect of Δhpr 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 (∆rpoN), 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 glnL 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 ∆rpoN strain showed 
that the central genes involved in the process of nitrogen me-
tabolism, such as glnA (glutamate synthetase) and glnK (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 
a clear 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 ChIP-Seq to uncover the regulatory mechanism of 
RpoN in Y. pseudotuberculosis YPIII, 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 ChIP-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 
ChIP-Seq experiments, we also performed transcriptome pro-
filing (RNA-Seq) of wild-type (WT) Y. pseudotuberculosis 
YPIII and the isogenic ∆rpoN 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 glnA 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 ∆rpoN 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 
∆rpoN strain was less efficient in terms of the initiation of in-
fection as well as maintenance. Mice infected with the ∆rpoN 
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 ∆rpoN 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 ∆rpoN 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 ∆rpoN 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 ∆rpoN 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 ∆rpoN mutant. 
Further, overexpression of this SF in the ∆rpoN mutant partly 
rescued the defective T3SS. However, other global regulators 
that have altered expression in the ∆rpoN 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 
question 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 ChIP-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, I 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. I 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 



53 
 

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 
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