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Abstract
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The ability of pathogenic bacteria to cause disease depends on various virulence mechanisms.
The three pathogenic species of Yersinia use a type III secretion system (T3SS) to translocate
effector proteins into host cells and disrupt the immune system. This T3SS is encoded on
a 70kb, low-copy, virulence plasmid. A novel mechanism of virulence was identified in Y.
pseudotuberculosis, where the plasmid copy number (PCN) increases during infection. The
PCN needs to be tightly regulated, as it encodes important, but costly, virulence genes. This
thesis expends our understanding of PCN regulation and its importance in Yersinia virulence.

In Paper I, we demonstrate that PCN regulation as a virulence mechanism is a dynamic
system capable of adapting to different host environments. We found that an increased PCN is
important at the onset of infection, particularly during the colonization phase. In later stages,
within different organs, the PCN decreases, suggesting a reduced need for the T3SS once the
infection is established. This insight was enabled by the development of a novel method based
on droplet digital PCR, allowing accurate PCN detection in sample with very little target DNA.

In Paper II, we studied the PCN regulation by YopD. We showed that YopD represses
PCN through the regulation of copA transcription. This YopD-dependant PCN control is
released when YopD is secreted outside the bacteria upon contact with the host cell. YopD is
a multifunctional protein. It possesses different domains crucial for its different functions. We
found that the domains important for T3SS regulation are also required for PCN regulation.

In Paper III, we used phenotypical approaches together with Nuclear Magnetic Resonance
(NMR) method to study YmoA, a protein regulating gene expression in Yersinia in response to
environmental stresses. YmoA’s ability to control gene expression requires its interaction with
H-NS, a global DNA regulator. YmoA up-regulates a great number of genes, the T3SS and its
effectors protein for instance. We observed that it also down-regulates many others, such as
flagellar assembly genes. Our findings reveal that YmoA regulates PCN and senses temperature
and osmotic stress resulting in a change of its conformation, which affects its ability to form
a complex with H-NS.

In summary, the studies presented in this thesis show that PCN is a highly dynamic, tightly
regulated mechanism, important for Yersinia pathogenesis.
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" Nothing in life is to be feared, it is only to be understood."
Marie Curie
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Introduction

Bacteria are universally present across the Earth, they exhibit a remarkable
diversity in shape and size (Chen, Thompson, and Francis 2016; Flemming
and Wuertz 2019). To survive and thrive in various niches, bacteria have
evolved to rapidly sense and adapt to environmental shifts. This has led to the
development of a plethora of survival strategies and complex regulatory sys-
tems. While many bacteria form part of the normal human flora, contributing
to our health, others possess the capacity to cause diseases. These pathogenic
bacteria must overcome challenges by adapting to host environments, com-
peting with resident microbiota, and evading immune defenses. Their disease-
causing ability depends on various virulence factors facilitating immune sys-
tem evasion and adherence, invasion, and survival within host cells (Danin-
Poleg et al. 2006; Fuchs 1998). These virulence factors can be located on the
bacterial surface, secreted into the extracellular environment, or translocated
directly into target cells. However, the expression of these factors is often very
costly for bacterial fitness. Hence, bacteria must finely tune the expression of
different virulence and colonization factors based on environmental cues. This
complex regulatory process occurs at multiple levels, including transcriptional
and post-transcriptional mechanisms, and is orchestrated by overlapping reg-
ulatory networks (Cotter and Dirita 2000). Pathogenic Yersinia species pos-
sess an array of virulence factors and associated regulatory systems, and Yer-
sinia pestis stands out as one of the most “successful” human pathogens (Chen
et al. 2016). Yersinia, therefore, serve as an excellent model for studying bac-
terial virulence, a topic that will be discussed in detail in subsequent sections.

Yersinia genus: evolution of human pathogens

Yersinia are Gram-negative, rod-shaped, facultative anaerobic, non-spore-
forming bacteria that usually possess a flagellum. Yersinia is a genus of the
Enterobacteriaceae family, one of the most characterized bacterial families. It
includes some of the most common bacterial pathogens such as Escherichia
coli, Salmonella, Shigella or Klebsiella. The Yersinia genus comprises 18 de-
fined species, of which three can cause disease in mammals (including hu-
mans): Y. enterocolitica, Y. pseudotuberculosis, and Y. pestis.



Y. enterocolitica and Y. pseudotuberculosis are zoonotic bacteria that can
be found in soil and water causing self-limiting gastroenteritis in humans. On
the other hand, Y. pestis is responsible for a severe disease in humans, the
plague, and is transmitted through fleas and rodents. The remaining 15 species
are present in soil and aquatic environments and are not pathogenic to mam-
mals (McNally et al. 2016; Wren 2003).

Y. pestis has evolved from Y. pseudotuberculosis very recently (5,700—
6,000 years ago), a “blink of an eye” in evolutionary time (Figure 1) (Rasco-
van et al. 2019). Y. pestis acquired two small plasmids, pFra (or pMT1) and
pPla (or pPCP1), allowing the bacterium to be transmitted by fleas and to
cause infection in human lungs. These two additional virulence plasmids are
responsible for most of the differences in lifestyle and virulence between Y.
pseudotuberculosis and Y. pestis together with some gene loss and other minor
genomic differences on their chromosomes (Hinnebusch et al. 2002; McNally
et al. 2016; Zimbler et al. 2015).
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Figure 1: The phylogeny of the genus Yersinia. Phylogenetic tree of the genus Yer-
sinia based on the sequence of 84 housekeeping genes. The red arrows indicate the
independent acquisition of the virulence plasmid pYV (adapted from Reuter et al.,
2014).

It was previously believed that the three human pathogenic species had
evolved from a common pathogenic ancestor that would have acquired the
essential Yersinia virulence plasmid, pY'V, which encodes the Type III secre-
tion system (T3SS). However, recent genomic data suggested that pYV was
acquired independently three times in the Yersinia genus: twice in the Y. en-
terocolitica lineage and once in the Y. pestis-Y. pseudotuberculosis lineage
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(Figure 1) (Reuter et al. 2014). This study also suggested that the three path-
ogenic strains have evolved from a non-pathogenic ancestor and do not share
a common pathogenic ancestor as previously thought. Despite being genet-
ically similar, the three pathogenic Yersinia have very different transmission
routes and cause different diseases.

Yersinia pathogenesis

Y. enterocolitica and Y. pseudotuberculosis infection

The enteropathogenic Yersinia species, Y. enterocolitica and Y. pseudotuber-
culosis, are widespread in the environment. They can be found in soil, water,
plants and animals. Yersiniosis, the enteric infection caused by Y. enterocolit-
ica and Y. pseudotuberculosis, is the third most common reported cause of
gastrointestinal infection in the EU. In 2021, 28 countries of the EU/EEA re-
ported 6,876 cases, although notification rate varies greatly between country.
A third of the yersiniosis cases were hospitalized and the infection is most
common in children 0-4 years old. About 98% of the reported cases are caused
by Y. enterocolitica but both species are transmitted in the same manner and
causes similar symptoms (Ecdc 2021). Undercooked pork meat is the most
common source of Y. enterocolitica infection while Y. pseudotuberculosis is
most often transmitted by raw vegetables such as carrots and lettuce (Bottone
1997, Jalava et al. 2006). Bacteria enter the small intestine after ingestion of
contaminated food or water and attach to the intestinal epithelium (Figure 2)
(Mazigh, Quilici, and Mollaret 1984). Internalization of bacteria is triggered
by the invasin protein and followed by translocation across the epithelium via
M cells (Grassl et al. 2003). Invasin is expressed in the stationary phase at low
temperatures (food storage temperature) and is, therefore, already present on
the bacterial outer membrane (OM) when food is ingested (Grutzkau et al.
1990; Pepe and Miller 1993). Crossing the intestinal epithelial barrier also re-
quires a second protein, Ail. In Peyer’s patches, upon invasin binding to in-
tegrin, the production of chemokines is induced. The bacteria can then repli-
cate in Peyer’s patches and express another adhesin, YadA. YadA and Ail
protect the bacteria against the immune system and facilitate bacterial dissem-
ination to mesenteric lymph nodes (Hinnebusch et al. 2002). In some more
severe cases, bacteria can pass from the intestinal tract to other organs like the
liver, spleen, kidney, or lungs (Grassl et al. 2003).

Children and infants may develop acute gastroenteritis due to their imma-
ture immune systems. More rarely, adults can develop pseudo-appendicular
syndrome, myotic aneurysms, and sometimes, septicemia. Some chronic con-
ditions were also observed, such as reactive arthritis or erythema nodosum.
Despite enteropathogenic yersiniosis being self-limiting in healthy people, it
can be fatal in immunocompromised individuals (Galindo et al. 2011).
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Y. pestis infection

Y. pestis is the causative agent of the plague, one of the deadliest bacteria in
human history. Although transmission of the plague to humans is rare, some
epidemics still occur in Africa, Asia, and South America. Since the 1990s,
most cases occurred in Africa. Madagascar, for instance, reports more plague
cases per year than any other country and experienced an unprecedentedly
large pneumonic plague outbreak in 2017, with 2,549 suspected cases (Andri-
anaivoarimanana et al. 2024; Bertherat 2019).
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Figure 2: Mechanism of pathogenesis in Yersinia spp. The plague caused by Y. pestis
can take different forms depending on the site of entry of the bacteria. The infection
occurs via flea bite; the bacteria might reach lymph nodes, causing bubonic plague.
In some cases, the bacteria might enter the lungs through aerosol and cause pneumonic
plague or migrate through the blood to the lungs. If it enters the bloodstream, it can
cause septicemia. Y. pseudotuberculosis and Y. enterica are food-borne pathogens that
infect the intestine. They cross the epithelial barrier through M-cells. The bacteria
reach the underlying Peyer’s Patches, where they meet the host macrophages. Entero-
pathogenic Yersiniae are usually self-limiting but, in rare cases, can cause systemic
infection. Figure adapted from McNally, 2016.

Y. pestis has evolved to replicate inside the flea gut but has lost the ability to
colonize the intestine (Figure 2) (Sun et al. 2014). The bacterium cycles be-
tween its endemic hosts; fleas and rodents. Y. pestis forms a biofilm in the
flea’s foregut, which is transmitted to rodents or human hosts through the
flea’s bite (Hinnebusch et al. 2002).
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The manifestation of the disease varies depending on where bacteria enter
the body. If injected into the bloodstream, it will lead to the rare but very ag-
gressive septicemic plague. In this case, the bacteria immediately encounter
phagocytes, and virulence factors such as the T3SS and Yops effectors will be
activated to evade the host immune system (Sebbane et al. 2006). If bacteria
enter the extravascular part of the dermis, they will migrate to the lymph nodes
and cause a swelling known as buboes, leading to bubonic plague. If left un-
treated, bacteria can migrate to the lungs through the bloodstream, causing
pneumonic plague. This form of the disease can also occur if bacteria enter
the lungs by inhaling infected droplets (Perry and Fetherston 1997).

Type III secretion system apparatus

During infection, Yersinia pathogens encounter different host immune cells.
A critical step for Yersinia is to evade the phagocytes encountered in the lym-
phoid tissue after crossing the epithelial barrier. To meet this end, the bacteria
have evolved a virulence system capable of translocating effector proteins into
the target eukaryotic cells: the T3SS. This system is found among numerous
Gram-negative bacteria. It consists of a secretion apparatus, called injecti-
some, made of Ysc (Yop secretion) proteins and Yops (Yersinia outer protein)
effectors secreted by this apparatus. The effector proteins secreted by the
T3SS can differ a lot between species, but the injectisome structure is con-
served and shares similarities with the flagella structure. Interestingly, the rise
of temperature within the host, which promotes the T3SS gene expression,
also leads to flagellar gene repression (Kapatral et al. 1996). Thus, Yersinia
likely only utilizes flagellar motility outside the host.

Yops effectors

The secreted Yops play a crucial role in evading the immune system. The Yop
proteins can be categorized into three groups based on the specific host path-
ways they target: YopH, YopE, YopT and YpkA (YopO in Y. enterocolitica)
inhibit phagocytosis. YoplJ targets the Toll-like receptor, and YopM and YopK
inhibit the inflammasome (Trosky, Liverman, and Orth 2008). Note that most
of these effectors were studied in great detail in Y. pseudotuberculosis or Y.
enterocolitica but remain to be investigated in Y. pestis. Shortly, the tyrosine
phosphatase YopH disrupts focal adhesion complexes and actin stress fibers
of immune cells to inhibit phagocytosis (Persson et al. 1997). YopE possesses
a GTPase-activating protein (GAP) domain downregulating host cell Rho
GTPases and resulting in the loss of cell motility and inhibition of phagocyto-
sis (Evdokimov et al. 2002). The YopT cysteine protease cleaves Rho
GTPases from host membranes (Shao et al. 2002; Shao and Dixon 2003).
YopJ exhibits acetyltransferase activity inhibiting the mitogen-activated
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protein kinase (MAPK) and the nuclear factor-kB (NF-kB) signaling, block-
ing the production of pro-inflammatory cytokines and triggering cell death in
host macrophages (Mukherjee et al. 2006; Orth et al. 2000; Philip et al. 2014).
YpkA/YopO is a bifunctional protein, its guanine nucleotide dissociation in-
hibitor (GDI) domain inhibits nucleotide exchange on Rho GTPases, leading
to disruption of actin filaments (Prehna et al. 20006). Its serine-threonine kinase
domain targets actin-regulating proteins (Lee, Grimes, and Robinson 2015).
YopM possesses a leucine-rich repeat (LRR) and promotes virulence differ-
ently. YopM inhibits activation of the pyrin inflammasome by forming a com-
plex with two different host kinases (Berneking et al. 2016; Chung et al. 2016;
Larock and Cookson 2012; Park et al. 2020; Wei et al. 2016). YopK is a spe-
cial effector that inhibits inflammasome activation but has no predicted func-
tional domains or significant homology to other proteins and no known bio-
chemical activity (Dewoody et al. 2011; Philip, Zwack, and Brodsky 2016).
YopK regulates the secretion of the Yops, including itself, into host cells
(Holmstrom et al. 1997). It also limits the secretion of YopB and YopD and
their delivery into the plasma membrane to form the translocon (Zwack et al.
2015).

Several Yops need a chaperone (Syc) to be translocated efficiently; these
chaperones do not leave the bacterium and are specific to each Yop. Chaper-
ones have been described for the effector proteins YopE, YopT and YopH
named SycE, SycT, and SycH, respectively (Cambronne, Cheng, and
Schneewind 2000). The non-effector proteins YopB and YopD also possess a
chaperone, SycD (LcrH in Y. pseudotuberculosis and Y. pestis) (Francis et al.
2000; Neyt and Cornelis 1999). The other Yop effectors, YpkA, YopP, YopM,
and YopK, do not require any known or putative orphan chaperones for effi-
cient secretion/translocation (Triilzsch et al. 2003).

Ysc injectisome

Secretion of the T3SS effector proteins is enabled by a complex secretion ap-
paratus that exhibits a syringe-like structure named injectisome. Some pro-
teins of the injectisome are highly similar to those in the flagellum which pos-
sesses an export apparatus to transport its hook and filament components. In-
terestingly, this export apparatus can also transport non-flagellar proteins
(Cornelis 2006). Despite the common view that the Type III secretion appa-
ratus would have evolved from the flagellum, in reality, they both evolved in
parallel from a common ancestor (Gophna, Ron, and Graur 2003).
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Figure 3: Schematic representation of the Ysc injectisome. The left panel shows a
surface representation of 3D reconstructions based on cryo-electromicroscopic data.
The right panel shows a schematic representation of the T3SS’s components. Cyto-
plasmic components are shaded in green, export apparatus components in orange, base
components in blue, needle in pink and translocator proteins in red. Figure adapted
from Diepold & Wagner, 2014.

The T3SS injectisome is a multiprotein complex of about 20 individual struc-
tural proteins (Ysc proteins) in multiple copies (Figure 3). The injectisome
has three main components: the basal body, the needle, and the tip. The basal
body is made of rings spanning the peptidoglycan layer and the two bacterial
membranes. A protein pump, made of the ATPase YscN, sits inside the basal
body and catalyzes substrate unfolding and chaperone removal of T3SS com-
ponents. It is believed to be similar to the corresponding one in the flagella.
The central part of the basal body is built up by YscC, forming a 50 A central
pore. The injectisome needle comprises YscF proteins forming a 20 A hollow
center. Lastly, the needle tip is made of scaffold protein LcrV. This addition
of the needle cap is considered a final checkpoint in injectisome assembly
(Diepold and Wagner 2014). However, the secretion apparatus is not func-
tional until the translocator proteins YopB and YopD are secreted upon
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contact with a target cell. In this process, LerV is an assembly platform on
which YopB and YopD form the translocon to induce pore formation in the
eukaryotic cell membrane (Cornelis 2002).

T3SS activation

Yersinia has evolved different regulatory pathways to regulate the T3SS acti-
vation (Schiano and Lathem 2012). This regulation is based on two primary
conditions: temperature and host cell contact. Upon entry into the mammalian
host, the bacteria sense the temperature increase and activate transcription of
T3SS syringe and effector genes. Yet, the full expression and secretion of
Yops require the bacteria to sense contact with a eukaryotic cell. In vitro, com-
plete turning on of the T3SS is triggered when the temperature is shifted from
26°C to 37°C and Ca’’is depleted, which is referred to as the low-calcium
response (LCR) (Cornelis et al. 1998; Kupferberg and Higuchi 1958). Many
genes involved in T3SS regulation were initially found to alter the LCR phe-
notype and were named after it. It remains unclear how calcium ions can reg-
ulate Yop secretion, but since the LCR mimics the cell-contact response, it
provides us with an ideal system to study the T3SS in vitro (Perry et al. 1986;
Yother and Goguen 1985).

T3SS regulation

The virulence master regulator: LerF

As mentioned earlier, the first line of the T3SS regulation is temperature de-
pendent. This regulation occurs at the transcriptional level through the DNA
binding protein LcrF (VirF in Y. enterocolitica). LerF exhibits sequence sim-
ilarities in its DNA-binding regions with the transcriptional regulator, AraC,
from E. coli (Cornelis et al. 1989; Schleif 2010). LerF is the only identified
transcriptional activator of the virulence genes encoded on Yersinia virulence
plasmid (pYV), it is encoded as part of the yscW-lcrF operon on pYV (Bolin
et al. 1988; Cornelis, Vanootegem, and Sluiters 1987; Yother, Chamness, and
Goguen 1986). Putative LcrF binding sites were identified in promoter regions
of many plasmid-encoded virulence genes (Schwiesow et al. 2016). LcrF was
found to induce transcription or bind to promoter regions of the yopE, yopH,
yvadA, and ylpA genes as well as the yopBD-lcrGVH and virC operons (China,
Michiels, and Cornelis 1990; Hoe, Minion, and Goguen 1992; Lambert De
Rouvroit, Sluiters, and Cornelis 1992; Michiels et al. 1991; Michiels and Cor-
nelis 1988; Skurnik and Toivanen 1992; Wattiau and Cornelis 1994). At lower
temperatures, LerF is regulated at both transcription and translation levels.
When the temperature is above 37°C, lcrF" mRNA transcripts are translated
efficiently (Cornelis et al. 1989).
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Transcriptional regulation of LcrF

The first level of regulation of LcrF is transcriptional regulation. Its main reg-
ulator, YmoA, was identified soon after LcrF; it controls LerF in a thermo-
dependant manner and will be described in detail below. A couple of other
systems, IscR and CxpR, repress /crF transcription in response to specific sig-
nals.

Thermoregulation of LerF by YmoA

YmoA regulation of LcerF

In 1991, Cornelis et al. isolated two mutants in Y. enterocolitica which were
able to express the yop regulon at 25°C, they called the mutated protein YmoA
(Yersinia modulator). YmoA is a small histone-like protein thermoregulating
LerF at the transcriptional level at temperatures under 30°C (Figure 4)
(Bohme et al. 2012; Cornelis et al. 1991a; Jackson, Silva-Herzog, and Plano
2004a).

YmoA and its homologous protein in E. coli, Hha, interact with the heat-
stable nucleotide-structuring (H-NS) protein (Nieto et al. 2002). H-NS can
bind to curved DNA commonly found at promoter regions; this ability makes
it a general spread genetic expression inhibitor in Gram-negative bacteria
(Dorman 2004; Zhang et al. 1996). A conserved oligomerization domain is
found at the N-terminal region of H-NS, allowing both monomeric interac-
tions of H-NS with itself and heteromeric interactions with other regulatory
proteins like YmoA (Dorman 2004). Hha and YmoA proteins appear to share
amino-acid similarities with H-NS in the N-terminal oligomerization region
(Nieto et al. 2002). They would, therefore, function by forming a complex
with H-NS, targeting specific genes.

YmoA regulation is lost when sequences upstream of the yscW transcrip-
tional start-site are deleted. It was concluded that YmoA acts on a promoter
located 264 nucleotides upstream of the start codon of yscW to repress yscW-
lcrF transcription (Bohme et al. 2012). Alone, purified YmoA is unable to
interact with the yscW promoter region. However, YmoA copurified with H-
NS can interact specifically with the sequences located downstream of the
yscW promoter (Balderas et al. 2022; Bohme et al. 2012). Interestingly, H-NS
homodimers are also able to bind to the /crF promoter region, but the regula-
tory effect of H-NS binding requires YmoA (Balderas et al. 2022). The current
model proposes that YmoA acts on the DNA supercoiling of LcrF by forming
a complex with H-NS (Madrid, Nieto, and Juarez 2002). Notably, LcrF ex-
pression is increased at 37°C in a AymoA deletion mutant compared to 25°C,
indicating another level of temperature regulation.

Regulation of YmoA: ClpXP and Lon

YmoA was found to be regulated at the post-translational level by two prote-
ases, CIpXP and Lon, at 37°C. It is stable at 26°C and rapidly degraded at
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37°C (Figure 4), allowing the expression of LcrF and, subsequently, the ex-
pression of the virulence genes (Bohme et al. 2012; Jackson et al. 2004). Con-
sequently, YmoA regulation of the Yops secretion expression mainly occurs
at 26°C (Cornelis et al. 1991). However, some over-expression and secretion
of Yops might be observed at 37°C in a AymoA deletion mutant compared to
the wildtype, probably due to the time needed for the proteolysis of YmoA
after the temperature is shifted (Jackson et al. 2004). The mechanism by which
Lon and CIpXP proteases target YmoA only at elevated temperatures is not
yet understood.
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Figure 4: Thermoregulation of T3SS gene expression. At lower temperatures, YmoA
represses the yscW-IlcrF operon by binding to the region upstream of yscW. Transla-
tion of lcrF is also controlled by forming a two-stem loop structure within the inter-
genic region that blocks the RBS. At elevated temperatures, YmoA is degraded by
ClpXP and Lon proteases, allowing transcription of yscW-IcrF operon. Moreover, the
temperature change leads to conformational changes and allows ribosome binding.
The translation of /crF' enables the expression of LerF-dependent virulence genes.
Figure adapted from Bohme et. Al, 2012.

Hha and YmoA regulate many genes in response to different environmental
stresses.

Hha was initially identified in Escherichia coli, where the mutants expressed
increased levels of a-hemolysin (Nieto et al. 1991). This phenotype is temper-
ature and osmolarity-dependent (Mourifio et al. 1996). Hha and YmoA have
significant sequence homology (82% identity) (Cruz, Carmona, and Juarez
1992) and are functionally interchangeable (Balsalobre et al. 1996; Mikulskis
and Cornelis 1994). However, a significant distinction emerged when E. coli,
harboring the pYV plasmid (also called pCDI1 in Y. pestis) from Y. pestis,
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failed to express the T3SS unless Hha was mutated and trans-complementa-
tion with YmoA could not rescue this phenotype. This indicates that Hha pre-
vents pYV T3SS gene expression at 37°C but not YmoA (Bartra et al. 2006).
The stability contrast between YmoA rapidly degraded in Y. pestis at 37°C
(Jackson et al. 2004) and Hha, which remains stable, provides a plausible ex-
planation for this difference in phenotype (Bartra et al. 2006).

The Hha/YmoA protein family has been implicated in numerous virulence
processes, frequently in response to environmental cues. In Salmonella, Hha
was reported to repress the invasion phenotype by modulating the expression
of the transcription regulator, /i/4 (Fahlen et al. 2001). Moreover, a Ahha mu-
tant had increased biofilm production but reduced motility and expression of
the flagellar gene fIiC in E. coli O157:H7. Hha was found to regulate biofilm
formation by interacting with FIhDC and Csg, the global regulators of motility
and curli production (Sharma and Bearson 2013). A similar non-motile phe-
notype of Ahha-ydgT mutant was observed in S. enterica serovar Typhi-
murium (Wallar, Bysice, and Coombes 2011). The heteromeric complex
formed by Hha and H-NS is required for hemolysin gene thermal and osmotic
regulation (Nieto et al. 2002). In Y. enterocolitica, YmoA was shown to re-
press invasin expression at the transcriptional level by forming a complex with
H-NS at the promoter region and competing with RovA (Ellison et al. 2003;
Ellison and Miller 2006). Hha was shown to be toxic under acid stress in S.
Typhimurium (Jaiswal et al. 2016) and low oxygen conditions in E. coli (Mari-
mon et al. 2016). Additionally, H-NS plays a role in the osmotic and thermal
regulation of transcription. Both temperature and osmolarity are known to af-
fect DNA curvature, which could reduce the affinity of H-NS to DNA (Falconi
et al. 1998; Gowrishankar and Manna 1996; Porter and Dorman 1994).

Hha and TomB, toxin-antitoxin system?

In both E. coli and Yersinia, hha and ymoA are part of an operon with a second
gene named tomB (ymoB in Yersinia). In 2008, while overexpressing Hha to
rescue biofilm formation, Garcia-Contreras et al. found that overexpressed
Hha decreased bacterial growth rate. Interestingly, they observed that over-
expression of the neighboring gene fomB attenuated Hha toxicity. Further-
more, since Hha is self-downregulating on the transcription level, they pro-
posed that Hha and TomB formed a toxin-antitoxin (TA) system where Hha
is the toxin and TomB the antitoxin (Garcia-Contreras et al. 2008).

A similar system was found in Salmonella Typhimurium, where Hha is
toxic under acid stress. Hha and TomB formed a stable complex, with TomB
acting as a more labile component and exerting a repressive influence on their
shared promoter. These are common characteristics of a TA system (Jaiswal
et al. 2016; Paul et al. 2021). Hha-TomB was defined as a type II TA system
where both the toxin and the antitoxin are proteins and bind directly. However,
it was recently proposed that Hha and TomB may belong to a new type of TA
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system where the antitoxin enzymatically inactivates the toxin (Wang et al.
2021). The toxic effect of Hha under oxygen stress in E. coli was attenuated
by YmoB from Yersinia, which interacted transiently with the toxin Hha.
YmoB had the same antitoxin effect on Hha from Salmonella Typhimurium,
suggesting that a similar TA system might exist in Yersinia (Marimon et al.
2016).

Other transcriptional regulators: IscR and CpxR

Environmental factors other than temperature were found to affect LerF. The
iron and oxygen-regulated transcription regulator, IscR, was identified in Y.
pseudotuberculosis as essential for T3S and Yersinia virulence (Miller et al.
2014). IscR function is based on the recognition of a motif within the lcrF
promoter (Balderas et al. 2021; Hooker-Romero et al. 2019). This motif is
100% conserved between Y. pseudotuberculosis and Y. pestis (Miller et al.
2014). The nine residues critical for IscR binding are also conserved in Y. en-
terocolitica, suggesting that this regulation mechanism might be conserved
among the three Yersinia pathogens. Interestingly, the positive regulation of
IscR is dispensable in strains lacking the YmoA/H-NS repressive complex
(Balderas et al. 2022).

T3SS gene expression is also regulated through LcrF by ResB and CpxR,
two phosphorelay systems. Phosphorelays are complexes able to sense
stresses in external or surface-associated processes and respond by adapting
cellular processes (Li et al. 2015).

Thermoregulation of /crF translation

Translation of lcrF is prevented at lower temperatures by two thermolabile
secondary structures at the intergenic region of yscW and lcrF (Bohme et al.
2012; Hoe and Goguen 1993). This untranslated region folds into two hairpin
structures (Figure 4). When the temperature increases, the secondary struc-
tures adopt an “open” conformation, allowing ribosomal access to the Shine-
Dalgarno sequence and inducing /crF translation (Béhme et al. 2012). This
lerF RNA thermometer is 100% conserved among the three pathogenic Yer-
sinia.

Cell-contact mediated regulation of virulence genes expression

Another system down-regulates the T3SS in a post-transcriptional manner.
The so-called low-calcium response (LCR) refers to the T3SS being triggered
at temperatures above 30°C in a low-calcium environment. It is controlled by
three plasmid-encoded proteins YopD/LcrH and LerQ (Pettersson et al. 1996;
Price and Straley 1989; Rimpilainen, Forsberg, and Wolf-Watz 1992;
Rosqvist, Magnusson, and Wolf-Watz 1994). These proteins are present in the
cytoplasm, where they repress the synthesis and secretion of T3SS-associated
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proteins. They are secreted upon Ca®* depletion or cell contact, and their in-
tracellular concentration decreases, allowing Yops expression and secretion.

YopD

YopD is a 33kDA multifunctional protein required to form the translocation
pore across the eukaryotic membrane, but it also acts as a T3SS repressor
(Chen and Anderson 2011). Intracellular YopD functions as a post-transcrip-
tional repressor of yop genes (Figure 5). When the bacteria sense a low cal-
cium environment or host-cell contact, YopD is triggered to form a translocon
with YopB. The subsequent secretion of YopD induces a decrease in its intra-
cellular concentration, allowing Yops expression and secretion (Francis and
Wolf-Watz 1998; Williams and Straley 1998).

Lerf | 37°C, high Ca?*

ribosome
yop/yW

yop/ysc mRNA

37°C, low Ca?* | (Yopo)

yop/yic\n{R\Nf\/\,"\/\/\ =+ ") ribosome YopD and LcrQ are

secreted, translation
regulation is released

{> Ysc/Yops
&Q

Figure 5: Post-transcriptional regulation of the Yersinia yop-ysc T3SS. At 37°C, LerF
is expressed and activates transcription of T3SS genes. When calcium concentration
is high, YopD remains inside the cell. YopD-LcrH complex, as well as LerQ, bind to
the 5’UTR region of the yop and ysc mRNAs (both “high-affinity” and “low-affinity”)
and represses translation. When calcium concentration is lowered, YopD secretion is
initiated, intracellular YopD levels decrease, “low-affinity” sites are released, and
translation proceeds. When YopD is mutated or present in low concentration, the
“high-affinity” sites are released, and translation of yop/ysc proteins proceeds even
more efficiently. Figure adapted from (Schiano and Lathem 2012).

Both YopD’s functions require it to bind to a chaperone, LcrH, to ensure

YopD secretion and protein stability. YopD and LcrH are encoded on the same
operon together with YopB. When LcrH or YopD are mutated, pore formation
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is impaired, and Yops are not translocated into the target cell. In addition,
mutated YopD or LcrH cannot regulate the expression of Yop effectors, caus-
ing bacterial growth arrest (Francis, Lloyd, and Wolf-Watz 2001). The re-
pressor function of YopD is not affected when a deficient secretion machinery
or secretion signal prevents the secretion of YopD.

YopD-LcrH have been found to bind to the 5° end of mRNAs (Anderson
et al. 2002). It was proposed that YopD prevents ribosome binding and, there-
fore, accelerates mRNA degradation. Its affinity for the mRNA of different
T3SS components varies, allowing an expression hierarchy (Figure 5). Low-
affinity targets, such as T3SS chaperones, can still be translated, whereas high-
affinity Yop effectors’ translation would be repressed more tightly (Anderson
et al. 2002; Chen and Anderson 2011).

YopD is a multifunctional protein, and different domains of the protein
were found to affect different functions. Systematic mutagenesis allowed the
identification of 13 functional domains. The domains regulating pore for-
mation or T3SS regulation are distinct from those required to translocate Yop
effectors into target cells (Olsson et al. 2004).

In Y. pseudotuberculosis, a AyopD mutant displays the same plasmid copy
number increase in T3SS-repressive conditions at 37°C than the parental
strain in T3SS-inductive conditions (Wang et al. 2016).

LerQ

Another protein involved in T3SS regulation is the 12-kDa protein LcrQ
(YscM1 and YscM2 in Y. enterocolitica) that blocks the Yops expression
(Rimpilainen et al. 1992). In conditions where LcrQ is not secreted, it accu-
mulates in the cytoplasm and represses the expression of T3SS (Figure 5).
The repression is relieved when a functional translocation channel is in place,
and LcrQ is effectively secreted, permitting full induction of Yops expression
(Pettersson et al. 1996; Rimpilainen et al. 1992). YopD and LcrH are required
for LcrQ activity, and the three proteins work in a synergic way (Cambronne
and Schneewind 2002; Francis, Lloyd, and Wolf-Watz 2001; Rimpilainen et
al. 1992b; Williams and Straley 1998). In Y. enterocolitica, YscM1 and
YscM2, in cooperation with the YopD-LcrH complex, are suggested to rec-
ognize an AU-rich sequence in the 5’UTR of yop effectors and inhibit their
translation (Cambronne and Schneewind 2002). YscM1 and YscM2 need to
bind to the SycH chaperone prior to their secretion (Cambronne, Sorg, and
Schneewind 2004). Also, Y. pseudotuberculosis LerQ was suggested to inhibit
LecrF activity, but no direct interaction between LcrQ and LerF was found. (Li
et al. 2014). Recently, it was shown that LcrQ directly interacts with LerH,
enhancing the negative regulation of the YopD-LcrH complex (Fei et al.
2021).
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CsrA

LecrF is also regulated in a post-transcriptional manner by the RNA-binding
protein CsrA. CsrA binds to the 5’ untranscribed region (UTR) of the lerF
mRNA, preventing degradation and boosting translation initiation of the lcrF
transcript (Kusmierek et al. 2019). CsrA synthesis is directly controlled post-
transcriptionally by YopD. YopD interacts with the 5’ region of csv4A mRNA,
inhibiting csrA translation. Consequently, secretion of YopD outside the cell
allows [crF translation to be upregulated by CsrA. YopD also enhances the
synthesis of ribonucleases degrading /crFF mRNA, RNases, RNase E, and
PNPase (Kusmierek et al. 2019). Additionally, the stability of the antagonist
to CsrA, csrC RNA, was found to be enhanced by YmoA, thereby repressing
lcrF translation at lower temperatures (Béhme et al. 2021).

Yersinia virulence plasmid

As discussed earlier, the plasmid of Yersinia virulence, pY'V, encodes the ma-
jority of Yersinia’s most important virulence factors. The pYV was described
as the most critical gene gain for the emergence of mammalian pathogenesis
in the Yersinia lineages (McNally et al. 2016). The pY'V is a low-copy-number
plasmid and belongs to the IncFII incompatibility group. It is similar to plas-
mid R1 from E. coli and Salmonella. The R1 plasmid was first identified from
a Salmonella infection and was subsequently best studied in E. coli, where its
replication genes have been examined in great detail (Nordstrom 2006). IncF
plasmids are widely spread in the Enterobacteriaceae family, where they com-
monly encode various virulence and antibiotic resistance genes (Pilla and
Tang 2018). Apart from harboring genes associated with pathogenesis, viru-
lence plasmids also encode their replication and maintenance mechanisms.
Large plasmid replication and the genes they encode typically impose a sub-
stantial metabolic burden on the bacteria and need to be tightly regulated.

Plasmid replication control

The plasmid copy number and its incompatibility group are determined by its
replicon. Plasmid R1 from E. coli was used to define the basic replicon (the
smallest piece of the plasmid able to replicate with the same copy number as
the parent plasmid) of IncFII plasmids (Masai, Kaziro, and Arai 1983). R1
basic replicon (about 2kb) is made of an origin of replication (oriR1), a repli-
cation initiator (repA), and genes responsible for the control of replication;
one transcription inhibitor (copB) and one post-transcriptional and transla-
tional inhibiting antisense ncRNA (copA) (Figure 6) (Rosen et al. 1980; del
Solar et al. 1998; Yoshikawa 1974). Upstream of repA, there is the leader pep-
tide fap, which is required for repA expression. Replication of R1 is initiated
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by RepA binding to oriR1 and proceeds via theta replication (del Solar et al.
1998).

RepA

The 33kDa initiator protein, RepA, binds to oriR! to initiate replication. This
requires the binding of about 20 RepA molecules to oriR1; with the DNA
strand winding around the initiator molecules agglomeration in two turns.
RepA is transcribed from two promoters, P1 (PcopB + PrepA) and P2 (PrepA).
The second promoter is two times stronger than the first but is usually re-
pressed by the CopB protein. The replication happens randomly and inde-
pendently of the cell cycle, except for the ellipse time when a newly replicated
plasmid cannot be replicated immediately. New RepA molecules have to be
synthetized before each replication initiation. Consequently, all proteins en-
coded on the chromosome depend on RepA function (Rosen et al. 1980; del
Solar et al. 1998).

CopB RepA

) - - Protein

CopA RNA

RNA

DNA

Figure 6: Plasmid R1 basic replicon. The replicon expresses an antisense ncRNA
CopA and two polycistronic mRNAs starting from two promoters (P1 and P2). The
longer copB-repA transcript encodes both the copB and the repA gene (including the
tap leader-peptide). The shorter one only encodes repA (also including the tap leader-
peptide). RepA initiates replication by binding to oriR1. CopB regulates P2 on a tran-
scriptional level, while CopA further inhibits RepA synthesis on a post-transcriptional
and translational level. Figure adapted from (Nordstrom 2006).

CopA

CopA, an anti-sense RNA, is the most important regulator of replication. The
ncRNA of 91 nucleotides is transcribed from the antisense strand between the
repA gene and its promoter. The synthesis of RepA is linked to the expression
of a leader sequence, tap. CopA-RNA interacts with the rep4-mRNA in a re-
gion called CopT (Persson, Wagner, and Nordstrém 1988). This region is up-
stream of the repA mRNA and inhibits fap translation by blocking the ribo-
some binding site (RBS) of the leader peptide, therefore indirectly inhibiting
repA translation (Blomberg, Nordstrom, and Wagner 1992). Additionally,
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CopA inhibits repA translation by mediating RNase-based digestion of the
CopA-CopT RNA complex, reducing RepA expression (Blomberg, Wagner,
and Nordstrom 1990).

CopB

CopB is the second component of replication regulation. However, CopB
mainly maintains the plasmid and stabilizes its distribution in the population,
thereby regulating the steady state and supporting CopA function. CopB is a
10.5 kDa polypeptide transcribed from the P1 promoter (PcopB+PrepA) as
part of the long rep4-mRNA. When CopB concentration is elevated enough,
it will form a homotetramer and inhibit the initiation of the repA transcription
by acting on P2 (PrepA) (Light, Riise, and Molin 1985). CopB is constitutively
expressed; if the plasmid copy number is reduced, less CopB will be tran-
scribed, CopB homotetramer will disassemble, and P2 (PrepA) will be de-re-
pressed (Riise and Molin 1986). This allows CopB to react to copy number
changes via a simple negative feedback loop.

Plasmid maintenance/segregation system

Plasmid partitioning systems are responsible for maintaining the stability of
plasmids during cell division. Yersinia has a partitioning system that consists
of two proteins, SpyA and SpyB, and a site on the plasmid called spyC. This
system is similar to the ParABS system of F plasmids (Bakour, Laroche, and
Cornelis 1983; Biot and Cornelis 1988; Cornelis et al. 1998).

Plasmid-encoded TA systems are another relatively common mechanism
that guarantees the maintenance of a plasmid in a growing population by me-
diating post-segregational killing. A parDE operon encoding a toxin-antitoxin
was identified in Yersinia spp; it reduces the loss of the virulence plasmid,
particularly in conditions where the virulence genes are expressed (Gerdes
2000; Schott et al. 2023).

Plasmid copy number (PCN)

Virulence factors are sometimes encoded on the chromosome, often concen-
trated within pathogenicity islands, as observed in Salmonella. In contrast,
certain species, such as Yersinia, predominantly harbor their virulence genes
on plasmids. While these accessory genes benefit their hosts in specific envi-
ronments, plasmids come with a fitness cost for the bacterium in the absence
of selective pressure. Consequently, it is expected that costly plasmids would
be lost while, in contrast, beneficial ones would be integrated into the chro-
mosome, alleviating the burden of plasmid-specific genes such as self-repli-
cation and partitioning. In reality, many plasmids persist over extended peri-
ods even without positive selection, though the reasons for this are not yet
completely understood (Carroll and Wong 2018).
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The three pathogenic Yersinia species have all their T3SS virulence-related
machinery encoded on the pYV plasmid. In 2016, Wang et al. proposed a
novel mechanism of virulence mediated by plasmid-copy number regulation.
In this model, the gene dosage of virulence factors is elevated by increasing
the number of copies of the virulence plasmid, thereby increasing virulence
(Wang et al. 2016). Under in vitro conditions mimicking T3SS induction, the
plasmid copy number of Y. pseudotuberculosis increased four-fold. In a mouse
model, bacteria recovered from Peyer’s patches exhibited a six-fold increase
in PCN. These findings offer insights into the benefits of the non-integration
of virulence genes into the chromosome.

When a single copy of the plasmid was integrated into the chromosome to
avoid PCN variation, the T3SS responded to temperature and calcium regula-
tion in vitro; still, the strain was completely attenuated in vivo. In contrast, a
strain with three copies of pYV integrated into the chromosome was virulent
in vivo, showing that gene dose increase is essential to cause infection (Figure
7). Plasmid copy number measured in virulent isolates recovered from mice
infections revealed even higher copy numbers (up to 6 plasmids per chromo-
some in Peyer’s patches), suggesting selective pressure toward PCN increase
in vivo.

As previously discussed, CopA serves as a regulator of plasmid replication
and the relative amount of copA antisense RNA to rep4 mRNA led to in-
creased replication initiation. The plasmid copy number regulation was shown
to operate through a change in copA antisense RNA levels. Furthermore, the
secreted protein YopD, a key player in T3SS regulation, regulates the copy
number, indicating tight control of the system.

The plasmid copy
number is increased
during infection when the
bacteria sense contact
with a eucaryotic cell.

Q

In the environment
or in vitro at 26°C,
the plasmid copy
number is low.

V

Figure 7: Plasmid copy number is increased during infection. At low temperatures,
the PCN is low, and T3SS is repressed. In vivo, in contact to host cells, or in vitro, at
37°C in T3SS-inductive conditions, the PCN is elevated.
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Methods to determine PCN

Various techniques to quantify PCN have been developed and can be divided
into two main categories: the indirect and the direct methods (Friehs 2004).
The indirect methods measure the activity of enzymes/proteins encoded on the
plasmid, such as B-lactamase, luciferase, or fluorescent reporter protein (Coro-
nado et al. 1994; Doulatov 2003; Miller and Cohen 1993). These methods are
susceptible to errors because the activity of these enzymes/proteins is not only
dependent on the plasmid copy number, but also influenced by factors such as
mRNA stability, proteolysis, and protein folding, which can vary significantly
under different conditions. Alternatively, direct quantification methods such
as quantitative PCR (qPCR) or whole-genome sequencing (WGS) can be em-
ployed (Klein 2002; Lee et al. 2006; Livak and Schmittgen 2001). In these
methods, PCN is determined by the ratio of the DNA molecules from the plas-
mid to that of the chromosome. While WGS is a robust method for determin-
ing PCN in various samples, it remains relatively expensive and time-consum-
ing, making it less ideal for large-scale screening. In such cases, qPCR
emerges as a cost-effective and widely accessible alternative. However, the
accuracy of qPCR largely depends on the quality of a standard curve. Moreo-
ver, qPCR has sensitivity limitations, especially when the target bacterial
DNA is present at very low concentrations, and an abundance of untargeted
DNA interferes with the reaction. These constraints are frequently encoun-
tered in infection models, highlighting the need for more sensitive and precise
quantification methods for target DNA (Schneiders et al. 2021; Sze et al.
2014).

Recently, ddPCR emerged as a highly precise and cost-efficient approach
for assessing PCN (Plotka, Wozniak, and Kaczorowski 2017). This method
enables the absolute quantification of target DNA (Hindson et al. 2011). The
process involves dividing the PCR reaction into 20,000 droplets, resulting in
random distributions of sample DNA, with some droplets containing the target
DNA. Post-PCR, the droplets are qualitatively categorized as either "positive"
(containing the target DNA) or "negative" (lacking target DNA) based on flu-
orescent signals. This approach ensures accurate detection of less abundant
target DNA, even in the presence of high concentrations of background DNA.

Furthermore, unlike traditional gPCR, ddPCR eliminates the need for a
standard curve and enables precise determination of the absolute number of
target DNA molecules in a sample using the Poisson distribution (Hindson et
al. 2011; Schneiders et al. 2021; Sze et al. 2014). ddPCR-based methods have
been extensively used in detecting eukaryotic DNA in cancer diagnosis and
occasionally in clinical microbiology settings (Jahn et al. 2014; Plotka et al.
2017). This method was optimized and used to quantify PCN and measure
growth rates in this thesis and is described in detail in a method book chapter
(Hechard and Wang 2023).
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All the methods described above are great at determining PCN in a popu-
lation, still, the PCN might not be homogenous between different cells. The
ability to measure the PCN in a single cell would significantly improve our
understanding of this mechanism. Until recently, no methods could accurately
count plasmid copies in a single cell (Tal and Paulsson 2012). A new strategy
was recently developed in which fluorescent reporters bound to DNA-binding
protein to detect plasmid DNA were used. The marked plasmids can then be
counted in an individual cell using microscopy (Shao et al. 2021). This method
is very accurate but remains tedious and complicated to scale up. Nonetheless,
it would help us determine whether the PCN increase in Yersinia occurs on
the population level or is a heterogeneous phenomenon, with different cells
exhibiting different expression profiles.

28



Current investigations

As described in the introduction, the genes encoded on the pY'V are essential
for Yersinia virulence. Expression of these virulence factors imposes a signif-
icant burden on bacterial fitness; therefore, they are tightly regulated on vari-
ous levels. A novel strategy of gene regulation was recently described in
which the bacteria change its PCN (Wang et al. 2016). Yet, much remains to
be understood about this mechanism and how it is controlled. The papers in-
cluded in this thesis aim to deepen our understanding of the PCN dynamics
during infection and start to decipher the molecular mechanisms regulating
the PCN. The following summaries highlight the most important findings of
each paper.

Paper I: Spatiotemporal variations in growth rate and
virulence plasmid copy number during Yersinia
pseudotuberculosis infection

Yersinia pseudotuberculosis increases its PCN during infection, which is cru-
cial for virulence. It was unclear if an increased PCN is essential for every
stage of infection and how much it varies as the bacteria colonize different
organs.

It can be very challenging to study bacteria recovered from an infection
model. They may be present in some organs in very small numbers, and, de-
pending on the method, it can be hard to distinguish them from host cells’
background. PCN and growth rate can be determined from DNA directly re-
covered from bacteria in an infection model. The PCN is determined by the
ratio between bacterial chromosomal DNA and plasmid DNA. The growth
rate can be extrapolated by calculating the “peak-to-trough” (PTR) ratio. The
idea is that in fast-growing bacteria, the chromosome is replicated several
times simultaneously. This results in more than one origin of replication per
cell, meaning that the WGS read coverage of the oriC region (peak) will be
higher than at the terC region (trough), resulting in an observed V-shape. If
the bacteria are not proliferating, the chromosome replication slows, the peak-
to-trough is smaller, and the V-shape is flattened.

Under normal conditions, PCN and PTR can be obtained using the conven-
tional WGS method, yet, this technique cannot discern PTR and PCN values
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for bacteria within infected tissues. This is due to the minimal quantities of
bacterial DNA compared to the prevalent host DNA in the sample, leading to
the effective dilution of bacterial reads in WGS data. Moreover, WGS remains
a costly method and is difficult to scale up. Quantitative PCR (qPCR) is a
much more affordable method, but it is subject to the same challenges of sen-
sitivity, particularly when background host DNA is present. In this paper, we
used a novel method, described earlier, based on droplet digital PCR (ddPCR)
to detect small amounts of target bacteria. To validate this method for bacterial
infection samples, we tested its sensitivity in complex samples. The ddPCR
was able to accurately detect amounts as small as 0.031 pg/ul of target DNA,
even in the presence of 20 ng/ml of mouse DNA. The method could detect 0.5
pg/ul of Yersinia DNA in the presence of up to 32 ng/ul (800,000-fold more)
of mouse DNA. In comparison, gPCR had a detection limit of 0.25 pg/ml
without background DNA. In addition, PCR could not detect small amounts
of target DNA (0.5 pg/ml of Yersinia DNA) with concentrations above 1.5
ng/ml of mouse DNA present in the sample. In conclusion, ddPCR proved to
be a sensitive and robust technique, with a broad dynamic range that allows
for the accurate quantification of target DNA. This is true even in complex
samples with high amounts of interfering foreign DNA.

Using this ddPCR method in a mouse infection model, we demonstrated
that Y. pseudotuberculosis PCN and growth rate varied across different tissues
and throughout the course of infection, indicating the bacteria's adaptation to
distinct microenvironments during infection. The highest PCN was observed
in Peyer’s patches and in the cecum during the initial clonal invasive phase,
while the highest growth rates occurring in the mesenteric lymph nodes. In
deeper systemic organs, PCN was lower, and more modest growth rates were
recorded. Interestingly, in our infection model, we did not observe the slower
growth rate usually associated with increased virulence gene expression in
vitro. Our data demonstrate that PCN is a dynamic mechanism regulating gene
expression. It appears that a higher gene dosage is present early in infection,
during the colonization phase. As Yersinia infection progresses and the bacte-
ria proliferate, the need for the T3SS is reduced and the PCN is diminished. It
appears that the regulation of the PCN offers Yersinia a mechanism to trade
off virulence gene costs during infection.

Paper II: Calcium-responsive plasmid copy number
regulation is dependent on discrete YopD domains in
Yersinia pseudotuberculosis

YopD is a multifunctional protein, part of the T3SS translocon, and essential
for pore formation. YopD is also a key regulator of the T3SS. The PCN in-
crease, essential for Y. pseudotuberculosis virulence, is also affected by YopD.
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In a AyopD deletion mutant, the PCN is elevated at 37°C in T3SS-repressive
conditions (Wang et al. 2016). However, little is known about the mechanism
of how YopD regulates this PCN.

We first investigated the effect of YopD on the transcription of the genes
involved in plasmid replication, repA, copA, and copB. We showed that in Y.
pseudotuberculosis, a AyopD mutant displayed reduced transcription levels of
copA and copB, two regulators of plasmid replication, at 37°C under T3SS-
repressive conditions. Moreover, under T3SS-inductive conditions, the copA
transcription level increases in a AyscS mutant, where YopD cannot be se-
creted and is trapped in the cytoplasm.

The multifunctional YopD possesses 13 previously characterized discrete
functional domains with different regulatory functions (Olsson et al. 2004).
By systematically testing the 13 sequential in-frame AyopD deletion mutants,
we found that YopD domains necessary for PCN control are identical to those
essential for LerH chaperone binding and Yop regulation. YopD binding to its
chaperones LcrH is required for the translation repression of T3SS mRNAs.
It is likely that binding to LcrH is also a prerequisite for YopD control of cop4
transcription and PCN.

Together, these results suggest that when present in the cytoplasm, YopD
regulates plasmid copy number through its replication regulator, cop4. Upon
T3SS-inductive condition, YopD is secreted outside the cell and its repression
of the PCN is released. We hypothesized that the coupled regulation of PCN
and T3SS gene expression by YopD facilitates the fine-tuning of T3SS during
various stages of infection.

Paper III: YmoA functions as a molecular stress sensor
in Yersinia

In Yersinia, T3SS gene expression is controlled by a master regulator, LcrF.
YmoA is a chromosomally-encoded gene that suppresses LcrF expression at
temperatures under 30°C. Alongside Hha, present in other Enterobacteri-
aceae, YmoA belongs to a well-conserved family of transcription regulators.
YmoA/Hha regulatory function requires them to form a heterocomplex with
H-NS, a global DNA-binding regulator. The regulatory functions of
YmoA/Hha include the modulation of various bacterial processes, often in re-
sponse to environmental cues. In this paper, we explore the role of YmoA in
gene regulation and sought to elucidate its function as an environmental sensor
in Yersinia.

Beyond its regulation of many gene expression levels, including the T3SS,
we also found that YmoA regulates PCN in a temperature-dependent manner.
We demonstrated that temperature and osmotic stress-induced changes in
YmoA'’s structure and flexibility affect its ability to interact with H-NS. We
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identified several specific residues capable of sensing temperature or salt con-
centration changes. Noticeably, helix 4 and two residues, Arg-21 and His-65,
were important for sensing both temperature and ionic changes. We mutated
these two residues and identified a third residue, Lys-67, necessary for protein
relaxation. Mutations of these three residues significantly impacted the cell
growth and plasmid copy number compared to the native YmoA, confirming
their roles as environmental sensors. Together, these findings suggest that
YmoA acts as an environmental sensor to regulate T3SS and PCN. Interest-
ingly, YmoA is another regulator, together with YopD, that couples the con-
trol of PCN and T3SS gene expression.
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Future perspectives

The work conducted during my thesis offers various opportunities for further
studies, and I will present some that I find particularly interesting.

The pY'V studied in this thesis belongs to the IncF family of plasmids and
is present in many Enterobacteriaceae. IncF plasmids are known to encode
virulence and antibiotic resistance genes. Therefore, regulating the PCN could
be a virulence strategy in some species but also have an impact on antibiotic
resistance. Antibiotic resistance is commonly tested in vitro where the bacteria
are not grown in the presence of any host-related stresses. Thus, the increased
resistance linked to PCN could go undetected if only specific conditions trig-
ger it. In conclusion, it is important to explore if the PCN increase is a common
bacterial strategy for regulation of gene expression, particularly for antibiotic
resistance genes.

In Paper I, we optimized a novel strategy to study a small bacterial popula-
tion in an infection model. This method could be applied to various scientific
questions, for instance, to study other virulence strategies, immune responses,
or drug treatment effects on bacteria. Beyond the technique developed in this
paper, the discovery of dynamic regulation of PCN and the lack of correlation
between PCN and PTR raised the question of the presence of heterogeneous
populations such as microcolonies. Heterogenous microcolonies were shown
to get established in infected tissues where the colonies facing the outside en-
vironment, and the host immune system, display a specific gene expression
profile (including T3SS effectors) and protect other microcolonies, buried in-
side (Davis 2018; Davis, Mohammadi, and Isberg 2015). Despite being pow-
erful for a very small number of bacteria, ddPCR is not able to distinguish
between populations that cannot be dissected apart from each other. Detecting
PCN in single cells is very difficult, and so far, no perfect methods have been
established (Tal and Paulsson 2012). One method based on microscopy shows
promising results but remains very complex to apply (Shao et al. 2021). It will
be interesting to find out if the increased plasmid copy number observed dur-
ing Yersinia infection occurs homogeneously on the population level or if it is
a heterogeneous phenomenon.

In Papers II and III, we investigated the importance of two proteins, YopD
and YmoA, in regulating the PCN. Both of these proteins are also crucial for
the regulation of T3SS. Hence, the question of the chicken and the egg arises.
Some elements indicate that YopD and YmoA regulate T3SS independently

33



of the PCN. YopD, for instance, was found to bind to Yops mRNA and even
has a different affinity for the different Yop effectors, allowing an expression
hierarchy (Anderson et al. 2002; Chen and Anderson 2011). YmoA copurified
with H-NS interacts specifically with sequences upstream of the yscW tran-
scriptional start-site, and its regulation of T3SS is lost when these sequences
are deleted (Balderas et al. 2022; Béhme et al. 2012). Thus, YopD and YmoA
control of the T3SS is an additional layer to their regulation of PCN. The T3SS
regulation, even though well studied, is a very complex multi-layered mecha-
nism, and there is still a lot to be understood. The PCN strategy for regulating
T3SS genes represents an essential, additional layer of control within the Yer-
sinia virulence regulatory network, yet considerable knowledge gaps remain
regarding its molecular mechanisms.
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Popular science summary

It is essential to understand bacteria. Some “good” bacteria are part of our
natural microbiome, do not cause diseases, and can even be important for our
health. Other bacteria called “pathogenic” can cause diverse kind of sick-
nesses, from food poisoning to plague epidemics. In recent history, the dis-
covery of antibiotics caused us to not fear bacteria nearly as much as we used
to. The rise of antibiotic-resistant bacteria reminds us how crucial it is to un-
derstand them properly.

During my thesis, I studied Yersinia pseudotuberculosis. This bacterium is
closely related to Yersinia pestis, famous for causing the black plague. Y.
pseudotuberculosis does not cause a disease as severe as the plague, but it can
still lead to unpleasant gastrointestinal symptoms and sometimes a serious dis-
ease in persons with a weak immune system. Even though these two bacteria
cause very different symptoms, they use the same weapon to escape our im-
mune system. This weapon is called the type III secretion system (T3SS) and
looks like a syringe, it can secrete toxins into human cells. An important fea-
ture of this T3SS is that the genes that encode the different parts of the syringe
and the toxins are not on the bacterial chromosome. Instead, they are encoded
on a smaller, secondary “chromosome” called a plasmid, where bacteria often
encode their virulence (disease-causing) and antibiotic resistance genes. Be-
cause they encode important genes, plasmids are very interesting subjects of
research.

Before the beginning of my thesis, it was found that Y. pseudotuberculosis
could make its plasmid copy number vary during an infection. If there are
more copies of a plasmid, there will be more copies of the genes encoded on
it and, consequently, more T3SS weapons. It was also found that this plasmid
copy number increase was crucial for the capacity of the bacteria to cause a
disease. This is a novel mechanism regulating the bacteria virulence that had
not been described before. Therefore, the aim of my PhD thesis was to under-
stand better how this mechanism was regulated.

The first thing we found is that the plasmid copy number does not simply
increase when the bacteria enter the host. Instead, using a mouse model, we
showed that the number of copies varies between the different stages of infec-
tion and organs. This is interesting because it allows the bacteria to have a
flexible control of its weapon and to deploy it only when and where it is most
needed.
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We then wanted to study how the plasmid copy number was regulated.
Since the T3SS is an essential weapon in Yersinia, its control was already well
studied. Different genes are known to ensure that the T3SS is built only when
the bacteria sense that it is in contact with a host cell. During my thesis, we
showed that two genes that regulate the T3SS can also regulate the plasmid
copy number. Interestingly, the bacteria have coupled the control of the T3SS
with the control of the plasmid copy number, which probably allows a more
precise control of its weaponry. This work adds another stepping stone to our
understanding of bacterial virulence. All the knowledge about how bacteria
cause disease, beyond being interesting by itself, could eventually be used to
help us fight them, for example, by designing new drugs targeting these mech-
anisms.
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