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Etude de la réplication des chromosomes chez le pathogène Brucella abortus 
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Résumé 

Les bactéries du genre Brucella sont des alpha-protéobactéries, intracellulaires et pathogènes 

responsables d'une zoonose répandue mondialement, la brucellose. Actuellement, notre équipe 

étudie le cycle cellulaire et plus particulièrement les mécanismes de réplication des 

chromosomes chez Brucella abortus. DnaA, une protéine hautement conservée chez les 

bactéries, agit comme l'initiateur de la réplication des chromosomes et doit être régulée 

finement pour que la réplication n'ait lieu qu'une fois par cycle cellulaire. Ici, nous étudions le 

rôle de 3 protéines potentiellement impliquées dans cette régulation : HdaA, ClpA et Lon. En 

effet, ces protéines sont impliquées dans la régulation de DnaA chez Caulobacter crescentus, 

une autre alpha-protéobactérie qui est un modèle pour étudier le cycle cellulaire. Le but de ce 

travail est de générer des mutants pour ces trois gènes (hdaA, clpA, Ion) , afin d'investiguer leurs 

rôles dans la réplication des chromosomes de B. abortus en culture in vitro mais également en 

infection, étant donné qu'il a été montré que le cycle cellulaire de B. abortus est coordonné 

avec certaines infections cellulaires. Cependant, même si Ion est considéré comme non essentiel 

d'après une étude Tn-seq, aucun mutant pour ce gène n'a pu être obtenu. Le gène clpA est en 

opéron avec la séquence codante de sa protéine adaptatrice, ClpS, et aucun des deux gènes n'a 

été démontré comme étant essentiel. Afin d'initier la caractérisation de ClpA, une souche de 

délétion a donc été créée pour les deux gènes (b,.clpSA) . Cette souche présente un léger retard 

de croissance en phase exponentielle et des problèmes de morphologie. De plus, lors d' une 

infection de macrophages, une légère diminution du nombre de CFUs est observée à 24h post 

infection pour /'t,.clpSA , comparé à la souche WT. Concernant HdaA, ce travail a permis de 

mettre en évidence la présence éventuelle d'un domaine transmembranaire additionnel chez B. 

abortus. Cependant, la délétion de ce domaine n'impacte pas le fitness des bactéries. Enfin, 

nous avons créé une souche de B. abortus permettant de localiser HdaA par microscopie à 

fluorescence, en fusion avec la YFP. HdaA-YFP forme desfoci dans une fraction des bactéries 

examinées. Des études plus approfondies sont nécessaires afin de mieux comprendre le rôle de 

ces protéines dans la réplication des chromosomes chez B. abortus. 
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Study of chromosome replication in the pathogen Bru cella abortus 

SERVAIS Caroline 

Abstract 

Brucella spp. are alpha-proteobacteria, intracellular pathogens responsible for a worldwide 

zoonosis called brucellosis. Our team is currently investigating the regulation of the bacterial 

cell cycle and particularly the chromosomal replication mechanisms of Bruce fla abortus. DnaA, 

a highly conserved protein among bacteria, acts as the initiator of chromosome replication and 

must be tightly regulated to ensure that replication only happens once per cell cycle. Here, we 

investigate the raie of three proteins potentially involved in this regulation: HdaA, ClpA and 

Lon. Indeed, those proteins were shown to be involved in DnaA regulation in Caulobacter 

crescentus, another alpha-proteobacterium being a mode! for cell cycle studies. The aim ofthis 

work is to generate mutants for these three genes (hdaA, clpA and Ion) in order to characterize 

their roles in the replication control of B. abortus in culture but also in infection, since the cell 

cycle of B. abortus has been shown to be coordinated with cellular infections. However, even 

though Ion is not considered as an essential gene according to a Tn-seq analysis, no mutant was 

obtained for that gene. The clpA gene is found in operon with the coding sequence of its adaptor 

protein ClpS and neither of those genes were shown to be essential. In order to initiate the 

characterization of ClpA, a strain carrying a deletion ofboth genes (tlclpSA) was created. This 

strain displays a slight growth delay in exponential phase and morphological defects. Moreover, 

when infecting macrophages, a slight decrease in CFU is observed at 24h post infection for 

tlclpSA, compared to the WT. This work also highlights the fact that HdaA in B. abortus could 

be found with an additional transmembrane domain. However, the deletion ofthis domain does 

not impact the bacterial fitness. Eventually, we created a B. abortus strain enabling us to localize 

HdaA with fluorescent microscopy, by fusing it the yellow fluorescent protein (YFP). HdaA

YFP formedfoci in a fraction of the bacteria. Further investigations are needed in order to better 

understand the role ofthese proteins in chromosomal replication in B. abortus. 
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INTRODUCTION 

1. Brucellosis 

1.1. History of brucellosis 

The discovery of the agent responsible for brucellosis dates back to the end of the 19th century. 
Back then, many British soldiers standing in the Malta island appeared to be affected by a new 
type of fever. They were afflicted by an undulant fever that confined them to bed, and 
sometimes led them to death (National Academy of Sciences (U.S.) 1980). In 1887, the British 
physician David Bruce, his wife and a Maltese microbiologist managed to isolate the 
responsible microorganism from spleens and livers of deceased soldiers (Moreno 2014). They 
found out that this microorganism was a small Gram-negative coccobacillus. The bacterium 
was named "Micrococcus melitensis " because ofits small size and because the disease was first 
found in Malta - "melita" meaning Malta in latin (V assallo 1996). The name of Bruce/la 
melitensis was given Iater, in honor of Sir David Bruce. However, at the time, the disease's 
origin of transmission remained unknown. A few year a:fter the isolation of the bacterium, 
Themistocles Zammit demonstrated that the infection of British soldiers was due to 
contaminated goat' s milk consumption (Wyatt 2005). Over the following decades, other 
Bruce/la species were found in other hosts. Bruce/la abortus was isolated from bovine aborted 
fetuses, placenta and uterine wall secretions (Ficht 2010; Moreno 2014). Bruce/la suis was 
isolated from aborted swines, B. canis from dogs, and B. ovis from sheeps, just to name a few 
(Ficht 2010). The relation with all these bacteria belonging to the same genus was made in 1918 
by an American microbiologist, Alice Catherine Evans (Moreno 2014). Since that relation has 
been made, many eradication campaigns were done, allowing the eradication of brucellosis 
from Malta island in 2005, for example (Moreno 2014). However, at the end of the 20th century, 
other Bruce/la species have been isolated from dolphin, porpoises (B. ceti), from pinnipeds 
(B. pinnipedialis) and other marine mammals (Poster et al. , 2007). 

Even though the discovery of the bacteria took place in the 19th century, the disease itself has 
an older history. Indeed, studies have shown that brucellosis responsible agents, more precisely 
Bruce/la abortus and Bruce/la melitensis, were present about twenty million years ago (Moreno 
et al. , 2002). The precise moment of brucellosis apparition is still unknown, but it is now sure 
that the disease occurs since the first contacts of humans with animais (Moreno et al. , 2002). 

1.2. Epidemiology 

Although brucellosis has been eradicated from many countries since its discovery, it remains 
one of the most important bacterial zoonic disease worldwide, with about half million new cases 
reported per year (Figure 1) (Pappas et al., 2006). Indeed, even if many countries have been 
characterized "brucellosis-free1" in Europe, Spain and Greece are still considered as endemic 
area, with one of the highest annual incidence in Europe (Pappas et al., 2006). Moreover, 
Mexico, together with Peru and Argentina in south America, is considered as one of the most 
important endemic zone for human brucellosis. Asia and Africa are also part of the area with 
the highest incidence of human brucellosis worldwide, showing that the disease remains an 
important burden mostly in developing countries nowadays (Pappas et al. , 2006). However, 
few cases of human brucellosis have been reported in non-endemic countries, suggesting that 
these sporadic events may be due to food importation and traveling from endemic to 

1 meaning that they show a low incidence of human brucellosis annually (Pappas et al. , 2006) 
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Figure 2 1 Different transmission modes of brucellosis between its hosts (Atluri et al. , 2011). Brucellosis can 
be transmitted between animais through the licking of aborted fetuses, through genital secretions during mating or 
through suckling. The disease can also infect humans mainly via aerosolization and through consumption of 
unpasteurized milk products. Transmission of the disease between human beings is rare. 



non-endemic area. These data further confirm the importance to manage the disease in 
developing countries in order to have a better global control on the disease (Pappas et al. , 2006; 
Moreno 2014). 

1.3. The disease 

Brucellosis is a worldwide anthropo-zoonosis caused by bacteria of the Brucella genus (Moreno 
& Moriy6n 2006). It affects many different mammals including domesticated, wild and see 
animais, but also humans (Moreno et al., 2002). In animais, the disease is mostly characterized 
by late term abortion in females and sterility or epididymitis in males, and therefore results in 
huge economical losses (Neta et al., 2010). The disease can be vertically transmitted from the 
mother to the fetus, or horizontally through close contacts with infected secretions, sexually 
intercourse, or through the licking of aborted fetuses (Figure 2) (Moreno 2014 ). In the presence 
of enough carbon sources and if protected from the sun' s rays, bacteria of the Brucella genus 
may also survive in the externat environment for weeks. However, this is considered as a dead 
end for the bacteria (Moreno 2014). 

Although the natural hosts ofbrucellosis are animais, this infectious disease may affect humans 
leading to the so-called "Malta Fever". They can be infected by direct contact with tissues or 
blood from infected animais through skin abrasions or conjunctiva, by consumption of 
contaminated milk or milk-derived products (Moreno & Moriy6n 2006). Brucellae are also 
highly virulent bacteria through aerosolization, with an estimated dose of only 10 to 100 
microorganisms being sufficient to infect humans (Bossi et al. , 2004). Therefore, farmers, 
veterinarians, slaughterhouse workers but also scientists working with this bacterium are more 
at risk to contract the disease (Corbel 2006; Fiori et al., 2000). However, few transmissions 
between humans have been reported (Meltzer et al. , 2010; Wyatt 2010), making these cases 
irrelevant from an epidemiological point of view. Humans are considered as end hosts for 
Brucella (Moreno 2014). Nevertheless, brucellosis in human is often severe, with a lot of 
different symptoms varying from an asymptomatic disease to a debilitating undulant fever 
(Figure 3) (Moreno 2014). If left untreated, brucellosis becomes chronic, leading to a 
granulomatous disease that may affect many organs of the host. For example, the chronic 
disease often generates arthritis, hepatitis or endocarditis, and may sometimes have a fatal 
outcome (de Figueiredo et al., 2015). 

1.4. Diagnosis and treatment 

Considering the wide range of symptoms and the Jack of pathognomonic signs for the disease 
in animals as well as in humans, brucellosis is quite difficult to diagnose. In humans, it might 
even be mistaken with other diseases such as syphilis, malaria or tuberculosis (Moreno 2014). 
Therefore, the disease is underdiagnosed. Several diagnostic tests have been developed in order 
to strengthen the detection of the pathogen. Among these, the most common methods include 
bacterial cultures in the Farrell medium, biotyping analysis, DNA detection using the 
polymerase chain reaction (PCR), but also serological analysis and skin tests. Serological tests 
are often characterized by a good specificity but lower sensitivity, often confusing Brucella 
with Yersinia enterolitica 0:9 strain because of serum cross reactivity, making these tests not 
highly reliable. To date, only the PCR enables a correct diagnostic, even allowing the distinction 
between the different Brucella strains (Godfroid et al., 2010). 

The current treatment for human brucellosis is an antibiotic bitherapy composed of doxycycline 
and rifampicin for 6 weeks. However, patients treated with that cure may experiment relapses 
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Figure 41 Schematic representation of the Caulobacter crescentus Iife cycle. Caulobacter cell cycle is divided 
in two major steps, the cyclic development and the non-cyclic development. ln the first kind of development, the 
bacteria possess a stalk and are therefore named stalked cells. The stalked cells are anchored to a surface and are 
able to initiate chromosomal replication, enter the S phase and eventually become predivisional cells. At this stage, 
the bacteria divide in two different daughter cells, one stalked cell able to resurne another cell cycle, and one 
swarmer cell that cannot replicate its DNA. The swarmer cell needs to differentiate into stalked cell in order to be 
able to initiate DNA replication. 



(Al-Tawfiq et al., 2013). Therefore, the Bruce/la species are currently classified as class 3 risk 
micro-organisms2 (Moreno et al., 2002) . Vaccines could help to contrai and, to some extents, 
completely eradicate the disease. Up to now, several vaccines have been developed but only 
few of them were proven to be efficient in animais. For cattle for example, two main vaccines 
are now approved, the S 19 and the RB51 (Domeles et al., 2015). The S 19 vaccine, whose name 
cornes from "Strain 19", was the first to be massively used. This vaccine is a smooth live 
attenuated vaccine while the RB51 is a rough rifampicin resistant strain, which has lost its 
virulent phenotype for animais (Dorneles et al., 2015; Schurig et al., 1991). Nevertheless, both 
of them have shown side effects, and both can cause infections in humans. Therefore, none of 
them can be used for humans (Dorneles et al., 2015). Other studies are now focusing on new 
vaccines development to help prevent the disease apparition (Barbosa et al., 2017). 

2. The Bruce/la genus 

2.1. Brucel/a species and phylogeny 

Bacteria of the Bruce/la genus are facultative intracellular-extracellular pathogens, 
Gram-negative coccobacilli from 0.5 to 1.5 µm long (Moreno & Moriy6n 2006). Severa! 
species have been identified and differentiated from one another based on metabolic and 
antigenic characteristics, on their preferential hosts, but also based on their 16S RNA sequences 
(Michaux-Charachon et al., 1997; Moreno & Moriy6n 2006). They have been classified in two 
groups, the "classical" species and the "non-classical" species. The first class include B. abortus 
(primarily infecting cows), B. suis (suidae), B. melitensis (goats), B. canis (dogs), B. ovis 
(sheeps), and B. neotomae (desert wood rat). These species were the first to be described 
(Moreno et al., 2002). Among them, only the four first are known to infect humans, with 
different severity degrees (Moreno & Moriy6n 2006). The non-classical species include the 
marine strains (B. ceti and B. pinnipedialis) (Foster et al., 2007), B. microti that was isolated 
from the common vole (Scholz et al., 2008), B. inopinata from the breast implant of a woman 
(Scholz et al., 2010), B. papionis from baboon (Whatmore et al., 2014) and B. vu/pis from foxes 
(Hofer et al., 2016). The reason for such a tropism is unknown but a research suggests that it 
may be related to alterations of the genome (Wattam et al., 2009). 

These bacteria belong to the Rhizobiales order in the group of the alpha-proteobacteria. This 
group contains highly diversified Gram-negative bacteria (Batut et al. , 2004). It includes plant 
symbionts and pathogens such as Sinorhizobium meliloti and Agrobacterium tumefaciens 
respectively, intracellular animal pathogens such as Bartonella, Rickettsia and Bruce/la, but 
also non-pathogenic free-living bacteria such as Caulobacter crescentus (Moreno et al., 2002). 
They live in different ecological niches varying from soi! to water, and can interact with 
eukaryotes through an extra or intracellular manner. Moreover, they also show a great 
variability in metabolic capacity, in morphology but also in life cycle (Batut et al., 2004). 
Despite these different lifestyles, some of the alpha-proteobacteria display common features 
such as asymmetric division (Haliez et al., 2004). This feature is shared by B. abortus and 
C. crescentus, another alpha-proteobacterium used as mode! to study the cell cycle regulation. 
Indeed, C. crescentus generates two different cells after the division and these cells differ in 
morphology, in size as well as in replication fate. The smaller cells named swarmer cells are 
motile and display a flagellum whereas the larger cells display a stalk at the tip of which an 
adhesive holdfast allows the binding of the bacteria to surfaces (Figure 4)(Curtis & Brun 2010). 

2 Class 3 micro-organism co1Tesponds to a group ofpathogens that can cause a severe disease in humans and/or 
may easily be spread in the environment. For this class, treatment or prophylaxis measures exist (Belgium 
Society Server) 
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Figure 5 1 Representation of unipolar growth in bacteria labeled with TRSE. Bacteria are first incubated with 
the dye and are therefore completely labeled. The bacteria are then washed. When the growth starts, the newly 
incorporated material can be easily detected since it will not be labeled. The red cells therefore represent the mother 
cells that have been labeled, whereas the white cells represent the new daughter cells that have never been in 
contact with the dye (Van der Henst et al., 2013). 
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Figure 6 1 Mode! of PdhS localization in B. abortus ceU cycle. Each cell is characterized by an old ( o) and a new 
(n) pole in the asymmetrically dividing B. abortus. PdhS is an old pole marker and was shown to be localized at 
the old pole of the large cells (L) while no PdhS is found in the small cells (S) that must undergo a differentiation 
event to acquire the old pole marker and thereby become large cells. PdhS-YFP is represented by the dark spot 
(Hallez et al., 2007). 



In B. abortus, cell division gives two daughter cells that only present a slight difference in size 
(Haliez et al. , 2004; Van der Henst et al. , 2013). 

2.2.Unipolar growth and polar markers 

Another particularity in Brucella spp. is that they display an atypical growth mode, called the 
unipolar growth. This type of growth is widespread among bacteria of the Rhizobiales order 
and is defined by the addition of new material at only one pole of the bacterium, before cell 
division (Brown et al. , 2012). The daughter cells always emerge with a new cell envelope, while 
the mother cells keep the old one (Van der Henst et al. , 2013). Thus, the bacteria are always 
characterized by an old and a new pole. The new poles are generated by the division whereas 
they become old when a new division cycle is complete (Van der Henst et al. , 2013). Using the 
fact that B. abortus grows unipolarly, the growth can be highlighted using a dye labeling the 
cell envelope. For example, the Texas Red conjugated to Succinimidyl Ester (TRSE) binds to 
the amine groups on the bacterial surface. By doing so, it enables the distinction of previously 
labeled mother cells from the unlabeled growing bacteria (Figure 5) (Brown et al. , 2012). 

The old and the new pole can be highlighted as well, using fusion proteins that are localized at 
one pole or another. PdhS, an essential cytoplasmic protein conserved in the Rhizobiales order, 
is found at the old pole of the large cells of B. abortus. Once they have achieved a division, the 
small cells maturate into large cells and eventually acquire PdhS (Figure 6). It has been shown 
that a fusion protein PdhS-YFP accumulates at the old pole in B. abortus but also in other 
alpha-proteobacteria. Therefore, PdhS fused to a fluorescent protein can be used as a marker of 
the old pole, further allowing to discriminate the small from the large cells directly after division 
in Brucella species (Hallez et al., 2007). Moreover, another prote in, PopZ, can be used as a new 
pole marker in B. abortus (Deghelt et al., 2014) 

2.3. Brucella infection and intracellular trafficking 

Brucellae are intracellular pathogens facultatively extracellular, meaning that they are able to 
proliferate inside a host cell as well as in a rich culture medium in vitro (Moreno 2014). 
Depending on the infection way, Brucella may enter a host through skin abrasions or through 
mucosal surfaces that could either be the respiratory or the digestive tract (Atluri et al., 2011). 
At the beginning of the infection, Brucella preferentially replicates inside phagocytic cells such 
as macrophages or dendritic cells (Archambaud et al., 2010), but it is important to note that this 
bacterium may also enter epithelial cells (Gorvel and Moreno, 2002). The infected phagocytic 
cells migrate to the regional lymph nodes, causing the systemic spreading of the bacteria. From 
there, Brucella subsequently reaches myeloid lineage cells such as macrophages found in the 
spleen and the li ver, leading to the chronicity of the disease and to granulomatous lesions (Atluri 
et al. , 2011). Furthermore, the bacteria can also invade the trophoblastic cells in pregnant 
animais, which is responsible for abortion in females (Atluri et al., 2011). 

As one can imagine, survival and multiplication ofbacteria in host cells are crucial for Brucella 
infection establishment (Liautard et al. , 1996; Porte et al. , 1999). Therefore, like the 
intracellular pathogens, those bacteria have developed several strategies to survive inside their 
host cells (Pizzaro-Cerdà et al. , 1998). Directly after intemalization in macrophages or in 
epithelial cells, the bacteria are found in a membrane-derived compartment, called the !J..rucella 
fontaining yacuole (BCV). This compartment enables the survival of the bacteria and will be 
maturated progressively (Celli et al., 2015). The BCV primarily interacts with the early 
endosome network, therefore becoming an endosomal BCV ( eBCV), and acquires markers of 
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Figure 7 1 lntraceUular trafficking of Brucella inside a mammalian host cell. Following their internalization, 
the bacteria first reside within a BCV, that is progressively maturated into an eBCV by interacting with the 
endosomal pathway. Afterwards, the eBCV turns into to rBCV by interacting with the ER. Once they have reached 
the ER, the bacteria replicate. The rBCV undergoes a last maturation step and evolves into an autophagocytic 
vacuole that further allows the spreading of the bacteria to other cells (Modified from Celli et al., 2015). 



this network, namely EEAl ( early endosomal antigen 1) (Pizzaro-Cerdà et al. , 1998). However, 
this interaction is transient and the eBCV rapidly loose its early endosome markers to make the 
acquisition of the lysosomal associated-membrane protein 1 (LAMPl) and other makers oflate 
endosomes (Pizzaro-Cerdà et al. , 1998, Starr et al., 2008). The vacuole subsequently undergoes 
an acidification, lowering the intravacuolar pH to 4-4.5 (Porte et al., 1999; Starr et al. , 2008). 
This step is crucial for the maturation of the vacuole because it acts as an activating signal for 
one of the major virulence factor in Brucella, the Type IV Secretion System (T4SS), VirB 
(Boschiroli et al., 2002). The T4SS is essential to exit the endocytic pathway since it was shown 
to secrete effector proteins controlling the interaction of the vacuole with the endoplasmic 
reticulum exit sites (ERES) (Celli et al., 2003). The eBCV will eventually fuse with the 
endoplasmic reticulum, generating a ER derived-vacuole constituting the replicative BCV 
(rBCV), in which the bacterial proliferation occurs (Celli et al., 2005). The intracellular cycle 
is not completely understood but is thought to be completed when the vacuoles become 
autophagie (aBCV). Those aBCV are thought to be responsible for the cell-to-cell spreading of 
the bacteria (Figure 7) (Starr et al. , 2012; Celli, 2015). 

2.4. Structure of Bruce/la genome 

As compared to most intracellular bacteria, members of the Brucella genus are characterized 
by a large genome (Sallstrom & Anderson, 2005). Apart from B. suis biovar 3 which only shows 
one large chromosome, all Brucella species have two circular chromosomes. More precisely, 
the genome of Brucella species is composed of a large chromosome (Chrl) and a small 
chromosome (Chrll) with a size of2.1 Mb and 1.2 Mb respectively (Jumas-Bilak et al. , 1998). 
These two replicons display different partitioning systems. The first chromosome encodes a 
Par AB segregation system, where ParB is a centromere-binding protein that binds to parS sites 
located close to the replication origin (oril) and promotes its segregation (Livny et al. , 2007). 
The second chromosome is classified as a chromid, i.e. a replicon sharing plasmidic and 
chromosomic features (Harrison et al., 2010). This chromid shares a similar GC content as the 
first chromosome (57%) and also contains essential genes such as housekeeping genes essential 
for growth (Wattam et al., 2009; Harrison et al., 2010). The Chrll encodes a repABC cassette 
in which RepB acts as a centromere-binding protein, recognizing repS, which is localized near 
the replication origin II ( orill), thereby driving the segregation. This chromid family carrying a 
repABC cassette similar to plasmidic one is exclusively found in alpha-proteobacteria (Pinto et 
al. , 2012). 

3. Brucella infection and cell cycle 

3.1. Cell cycle monitoring 

Taking advantage of the fact that the two chromosomes of Brucella display different 
partitioning systems, two reporter strains have been constructed (Deghelt et al., 2014). The oril 
can be highlighted using a mCherry-ParB fusion protein. In that purpose, a strain mCherry
parB was constructed by allelic replacement in the parB locus by mcherry-parB, to express the 
fusion protein directly from its chromosomal locus. Since the creation of a fusion protein for 
ParB was too taxie for the bacteria, an additional copy of the intact gene was used to escape 
this detrirnental phenotype. In order to visualize the oriII, RepB was fused to YFP (YFP-RepB) 
and the strain was constructed using the same method as oril. Using other known partitioning 
systems, these strains were confirmed to be reliable to investigate the replication state of 
B. abortus (Deghelt et al. , 2014). 
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Figure 8 1 Localization of the replication origins in Brucella abortus. The oril and orill were highlighted using 
fluorescent fusion proteins, mCherry-ParB for Chrl (red) and YFP-RepB for ChrII (green). These fusions allow to 
observe the replication status of the bacteria. When the replication has not been started, bacteria are in the G 1 
stage, which is characterized by only one oril and one orill. During the S stage, bacteria replicate their DNA. 
When the replication is initiated, the first chromosome always duplicates its oril whereas the second shows a little 
delay (adapted from Deghelt et al. , 2014). The scale bare represents 2µm. 
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Figure 9 1 Brucella abortus cell cycle in an in vitro culture and infection of HeLa cells. Upon growth on a rich 
medium, Brucella initiates the replication ofChrI first. When infecting mammalian cells (HeLa cell in this mode!), 
not only the bacteria in G 1 stage were found to be to predominant infectious form but those bacteria stay blocked 
in G 1 phase until they reach their proliferation niche. There, they eventually start DNA replication and resume 
growth. The oril is represented in red and the orill in green (Adapted from Deghelt et al., 2013). 



By counting the number of oris, it has been shown that the cell cycle of Brucella is composed 
ofthree main stages. As long as the replication has not been started, only one oril and one orill 
are seen as two distinct foci (mCherry-ParB and YFP-RepB). These bacteria are called 
"newborns" and they correspond to the G 1 phase of the cell cycle. Once initiation of repli cation 
occurs, two fluorescent foci corresponding to orils (mCherry-ParB) are observed. This event 
corresponds to the entry into the DNA synthesis phase (S phase) followed by segregation of the 
duplicated replication origin. These data revealed that the chromosome I initiates its replication 
first, indicating a coordination between the replication of bath chromosomes (Deghelt et al., 
2014). The molecular mechanism of this coordination is unknown. The bacteria found in this 
stage have initiated chromosomal replication, but no constriction site is not detectable. Then, 
two foci of orill are detected indicating that the ChrII has initiated its replication in tum (Figure 
8) (Deghelt et al. , 2014). When the bacteria have duplicated their termini, they are in G2 stage 
of the cell cycle. However, using the strain highlighting the ori only allows to discriminate 
bacteria in the G 1 stage from those in the S/G2 phase. 

Using these strains, it has also been shown that the oril is localized either at the old pole for the 
G 1 stage or at bath pales during the S/G2 phase, whereas the orill does not show any polar 
attachment. This is consistent with the fact that the two chromosomes show difference in terms 
of partitioning systems and evolutive origin (Deghelt et al. , 2014). 

3.2. Cell cycle and infection are coordinated 

The intracellular trafficking of Brucella infecting mammalian cells is defined by two main 
stages. The infection starts with a long non-proliferative stage characterized by a stable number 
of CFUs (colony forming units) where the bacteria transit within endocytic vacuoles, and is 
followed by a proliferative phase where bacteria have reached their proliferation niche and 
initiate their replication (Deghelt et al. , 2014). 

Investigating the replication status of bacteria inside the hast ce Ils in culture using the reporter 
strain mcherry-parB/yfp-repB, it was observed that no chromosome replication occurred for 4 
to 8 hours post-infection, depending on the type of cells infected. This observation suggests that 
bacteria stay blocked in G 1 phase after internalization in hast cells (Figure 9) (Deghelt et al., 
2014). Moreover, at fifteen minutes post-infection, about 80% of the engulfed bacteria are in 
G 1 phase, while in a rich culture medium, this population only represents 18 to 26% of the 
bacterial population, suggesting that G 1 bacteria preferentially invade the hast cell. The second 
stage of the infection is characterized by an increased number of CFUs and a high number of 
bacteria in S/G2 phase indicating that the cell cycle has restarted. Using a marker of the 
endoplasmic reticulum (ER), it was observed that this proliferative phase corresponds to the 
stage where bacteria reside in this compartment, that constitutes the only replicative niche for 
B. abortus. However, the growth and replication have previously been started, when the bacteria 
were in Lampl positive compartment (Celli et al. , 2015). Taken together, these data indicate a 
coordination between the cell cycle and the infection process of B. abortus (Deghelt et al., 
2014). Therefore, studying the regulation of chromosomal replication in Brucella might be of 
particular interest to further understand the mechanism underlying this phenomenon. 

14 



Helicase 
interaction 

Il 
Linker 

r" 
WA 

Ill 
AAA· ATPase 

Base 

~ 
SI Box VII 

Lid 

SIi 

IV 
DNAbinding 

Basic loop DnaA 
signature 
sequence 

Figure 10 1 Schematic representation of the 4 domains of DnaA. The domain IV recognizes DnaA binding 
boxes within the ori, through a helix turn helix motif. The domain III consists ofan AAA+ motifbinding ATP, 
and is able to change conformation in order to allow a proper oligomerization of the protein into a filament. Domain 
II is thought to be a linker joining the first with the third domain. Finally, the first domain enab les the interaction 
ofDnaA with the helicase (adapted from Mott & Berger 2007). 
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Figure 11 1 Representation of the chromosomal origin of replication of E. coli (a) and C. crescentus (b ). The 
arrow directions represent the orientation of the DnaA binding boxes. The blue arrows indicate high affinity 
binding sites for DnaA, allowing the binding ofDnaA-ATP and ADP (RI, R2 and R4 for E. coti; GI and 02 for 
C. crescentus). On the contrary, the purple arrows represent the low affinity binding sites, only allowing the 
binding of DnaA-ATP (R5, R3 , tau and I sequences for E. coli; W sequences for C. crescentus). The DNA 
unwinding element (DUE) is found in E. coti as well as C. crescentus. This sequence is composed of AT repeats. 
Other elements bind within the chromosomal origin of replication of both bacteria, such as IHF (represented in 
green) and Fis (red H) for E. coli, and IHF (green arrow) and CtrA (orange line) for C. crescentus (Wolanski et 
al., 2015). 



4. Chromosomal replication 

4.1. Generalities 

Chromosomal repli cation in bacteria is a highly complex and coordinated mechanism involving 
three main steps: initiation, elongation and termination (Baker & Bell 1998). In most bacteria, 
the replication starts atone single place in the chromosome, the origin ofreplication, also named 
ori. This ori can have different sizes depending on the bacteria and usually contains an AT rich 
region, called DNA unwinding element (DUE), and several binding sites for a specific initiator 
protein (Messer et al., 2001; Leonard & Grimwade 2004). This specific initiator protein binds 
to the ori, allowing the denaturation of the double strand DNA and the assembly of factors 
involved in DNA replication, leading to the formation of the replisome. This complex contains 
several activities such as specialized polymerases that synthetize new strands of DNA, editing 
exonucleases, proteins controlling polymerases interactions with the DNA, and a replicative 
DNA helicase that unwinds the two strands of the DNA (Baker & Bell 1998). From there, two 
replication forks are generated and proceed in opposite directions until they reach the 
termination site, named ter (Mackiewicz et al. , 2004). This process leads to the duplication of 
the chromosome (O' Donnel et al., 2013; Skarstad & Katayama, 2013). 

4.2. Initiation of chromosomal replication 

DnaA is the key protein for the initiation of chromosomal replication in bacteria, and also act 
as a transcription factor in some bacterial species, i.e. Escherichia coli, Bacillus subtilis and 
Caulobacter crescentus (Messer & Weigel 2003; Smith & Grossman 2015; Hottes et al., 2005). 
This protein is composed of four domains (Figure 10), including a central ATPase domain and 
is highly conserved among bacteria (Messer 2002; Zawilak-Pawlik et al., 2017). DnaA is part 
of the ATPases f!SSociated with diverse cellular f!Ctivities (AAA+) superfamily. Members of 
this superfamily are characterized by an ability to oligomerize, but also by a nucleotide binding 
domain and a conserved ATPase domain that constitutes the catalytic domain (Snider et al., 
2008). DnaA has an intrinsic ATPase activity and can therefore be found in two forms, either 
bound to ATP or to ADP (Speck et al. , 1999). 

Using its C-terminal domain, DnaA binds to consensus sequences, named DnaA-binding boxes, 
which are repeated and organized in cluster in a short distance around the chromosomal 
replication origin (ori) (Bramhill & Komberg 1988; Mackiewicz et al. , 2004). In E. coli, this 
protein is able to bind with a high and a low affinity to DnaA-binding boxes, in the ori. The 
high affinity boxes were shown to be 9 mers and are part of the so-called R-boxes (Schaper & 
Messer 1995). Two different affinity level are found within the R-boxes, the high affinity one 
are accessible for both forms ofDnaA (RI, R2 and R4), whereas only the ATP bound form of 
DnaA is able to bind to the low affinity sites (R3 and 5) (McGarry et al. , 2004). Other low 
affinity boxes can be found within the ori of E. coli, and are 6 bases pair sequences (Speck et 
al. , 1999). Those sequences are named tau ('r) and I sites and only allow the binding of 
DnaA-ATP (Ryan et al., 2002) . However, C. crescentus does not contain I and tau boxes and 
only shows two apparent DnaA-binding boxes within the ori. They differ from the R-boxes of 
E. coli and are named G- and W-boxes (Taylor et al., 2011; Shaheen et al., 2009). The G-boxes 
are 9mers and the W-boxes are 6mers (Figure 11). They are respectively weak and very weak 
binding site for DnaA when compared to the R-boxes of E. coli (Taylor et al. , 2011). 

Nevertheless, in E. coli as well as in C. crescentus, when enough DnaA-ATP has accumulated 
in the cell, the DnaA monomers oligomerize into a helical filament and/or a nucleosome-like 
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Figure 12 1 Simplified model of replication initiation and elongation in E. coli. DnaA first binds to the DnaA 
binding boxes localized within the replication origin. By doing so it triggers the unwinding of the double strain 
DNA, further allowing the recruitment of the helicase DnaB and the primase DnaG, forming the so-called 
primosome. Then, the DNA polymerase-based replisome assembles. Replication forks are formed and proceed 
bidirectionnaly until they reach the termini (Robinson et al. , 2013). 



structure (Zawilak-Pawlik et al., 2017). This oligomerization process is in fact one major 
feature found in the AAA+ proteases (Snider et al., 2008). This event induces a conformational 
change in the bound DNA, resulting in a local unwinding at the AT rich region of the ori. The 
unwinding of the double strand DNA generates simple strand DNA which allows the loading 
of the DNA helicase, DnaB, by DnaC (Erzberger et al. , 2006). DnaC is another AAA+ ATPase 
that not only acts as a loading factor for DnaB, but also inhibits the helicase activity and the 
adenosine triphosphatase (ATPase) activity of DnaB (Makowska-Grzyska & Kaguni 2010). 
DnaB becomes activated through the interaction of the complex DnaB-DnaC with the DnaG 
primase, which causes the dissociation of DnaC and thereby the activation of DnaB 
(Makowska-Grzyska & Kaguni 2010). From there, DnaB triggers the bidirectional unwinding 
of the double strand DNA and generates the two repli cation forks (Bramhill & Komberg 1988). 
The DNA polymerase holoenzyme III-based replisome assembles at each replication fork and 
the elongation starts (Figure 12) (Brarnhill & Komberg 1988). 

4.3. Elongation: role of the DNA polymerase III and its 13 sliding clamp 

The elongation occurs through the action oftwo main kinds of polymerases: the primase which 
synthesize primers to start the replication and the replicative polymerase that allows the 
elongation (Komberg & Baker 2006). The DNA polymerase III holoenzyme is a replicative 
polymerase composed of three parts: the core, the p sliding clamp also called DnaN, and the 
clamp loader complex (Figure 12) (O'Donnell 2006). The core of the DNA polymerase itself 
is divided in three subdomains: a, containing the DNA polymerase activity, E, subunit 
responsible for the 3' to 5' proofreading exonuclease activity and 8, for which no essential 
activity has been shown (Bloom et al., 1996). However, the binding of the core of the DNA 
polymerase on its own is a highly inefficient process. Therefore, it needs to be attached to the 
DNA during the elongation and this process is mediated by the P sliding clamp of the DNA 
polymerase. DnaN is a ring-shaped homodimer which is actively loaded by the clamp loader to 
the 3 '-ends of the previously synthetized primers. When loaded, it anchors the core of the DNA 
polymerase III to the DNA during the DNA synthesis (Baker & Bell 1998). Moreover, since 
the replication forks move bidirectionally and the DNA polymerase only works in the 3' to the 
5' direction, the parental strands of the DNA are copied in opposite directions generating two 
strands, the leading and the lagging strand (O'Donnell 2006). The leading strand is the one 
whose synthesis is made from the 3' end, this strand is called leading because it can be 
continuously replicated. On the contrary, the lagging strand is uncontinuously synthetized 
which generates several segments of DNA, called the Okazaki fragments. Each of those 
segments requires the loading of one p sliding clamp of the DNA polymerase, that remains on 
the DNA after the fragment synthesis, whereas the core and the clamp loader of the polymerase 
are recycled. In fact, the p clamp has additional roles, i.e. allowing the binding of other proteins, 
and was shown to actas a kind of toolbelt for the replisome (O'Donnell 2006). 

4.4. Termination 

The end of the elongation phase is completed when the replication forks reach the repli cation 
termini (ter) (Brussiere & Bastia, 1999). Following the replication forks arrest, the two daughter 
chromosomes achieve their replication and the replisome disassembles as soon as the DNA 
replication is over (Brussiere & Bastia, 1999). The termination is followed by the chromosome 
segregation and the creation of a constriction site through the polymerization of FtsZ into a 
ring-like structure (Jonas, 2014). The FtsK proteins, localized near the FtsZ ring, help the ter 
regions of the replicated chromosomes to move away from the constriction site, to avoid them 
to be eut during cell division (Stouf et al., 2013). 
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Figure 13 1 Homology regions between E. coli DnaA, HdaA and C. crescentus HdaA and DnaA. HdaA is 
shown to be similar to both DnaA and Hda of E. coli. The 4 domains ofDnaA are represented in E. coli DnaA, 
with the 3rd domain corresponding to the AAA+ domain which is found in Hda as well as DnaA. The numbers in 
grey are representing the amino acids positions on the protein; the percentages show the identities between the 
regions, the similarities between the regions being in brackets. 
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Figure 14 1 Simplified mode! for the regulated inactivation of DnaA by Hda, based on the E. coli mode! 
(adapted from (Mott & Berger 2007)). DnaA binds to DnaA binding boxes within the chromosomal origin of 
replication, near an AT rich region (represented in red) (1). When enough DnaA-ATP (represented in green) has 
accumulated in the cell, the proteins oligomerize forming an homomultimer of DnaA. This homomultimer 
generates a remodeling of the chromosomal origin ofreplication that leads to the unwinding of the downstream 
AT rich region (2). The DnaB helicase is then loaded to the simple strand DNA molecule thanks to its loading 
protein, DnaC (3), and allows the unwinding of the double strand DNA, generating two replication forks. The p 
sliding clamp of the DNA polymerase is recruited and recruits in tums Hda (4). The complex formed by the p 
clamp and Hda enables Hda to interact with DnaA and to stimulate its intrinsic ATPase activity leading to the 
inactivation of the initiator of chromosomal replication. Two mechanisms have been proposed for its inactivation, 
it may either be sequential (5a), meaning that Hda inactivates one DnaA molecule at a time generating DnaA-ADP 
(represented in orange), or catastrophic (5b), inactivating several DnaA in the same time (Mott & Berger 2007). 

Figure 15 1 Schematic representation of the subcellular localization of HdaA in C. crescentus. The grey col or 
indicates the localization of HdaA while the grey dots represent foci. When the cells are full y colored, HdaA is 
homogeneously distributed within the bacteria. HdaA is first found homogeneously distributed in the non
replicating swarmer cells (SW), then a focus is formed in the replicative stalked cells. This focus evolved with the 
replisome within the ST and the the early predivisionnal cells (EPD). Then, the replisome disassembles and and 
HdaA is found distributed in the Iate predivisionnal ce Ils (LPD) (Femandez-Femandez et al. , 201 1 ). 



5. Regulation of chromosome I replication 

Chromosomal replication can be regulated at several levels. The initiation of chromosome 
replication is a process that needs to be tightly regulated to have a specific coordination with 
the cell cycle, i.e. only one initiation of replication per cell cycle, depending on the bacterial 
species (O'Donnell et al. , 2013; Duderstadt et al. , 2011). Severa! mechanisms are involved in 
this regulation such as post-translational modifications, proteolysis, but also transcriptional 
control. Those mechanisms can be regulated by an alarmone, the ppGpp, which is known to 
induce astringent response thereby blocking the replication in stressful conditions (Magnusson 
et al. , 2005), or by proteins displaying different activities. This work will focus on proteins 
exerting arole on chromosomal replication in B. abortus. 

5.1. Control of replication by HdaA 

The regulated inactivation ofDnaA (RIDA) is one of the most important regulatory mechanism 
preventing the over-initiation of replication. In E. coli, this mechanism is essential and is mostly 
mediated by Hda, a protein .homologous to the ATPase domain ofDnaA (Figure 13) (Kato & 
Katayama 2001 ). Hda was first identified and described in E. coli, where it was shown to be a 
regulator of the chromosomal replication (Camara et al. , 2003 ; Kato & Katayama 2001). This 
protein can be found bound to ADP or in its « apo » state, meaning that Hda is not bound to 
any nucleotide. When bound to ADP the protein is active and is found in a monomeric state, 
whereas Apo-Hda is inactive and forms multimers (Su' etsugu et al., 2008). More precisely, the 
binding of ADP enables the dissociation of the inactive Hda multimers (Su ' etsugu et al. , 2008). 
Once DNA replication is started, Hda-ADP is recruited to the replisome by binding the P clamp 
(DnaN) of the replisome. The interaction between those two proteins is required for the RIDA 
process and this interaction is mediated through a p clamp binding motif localized at the N
terminus of Hda (Kurz et al. , 2004) . Then, Hda-ADP stimulates the intrinsic ATPase activity 
ofDnaA leading to DnaA-ADP. The exact mechanism ofthis inactivation is unclear but it may 
occur at the replisome or at the ori, directly after the recruitrnent of the sliding clamp (Figure 
14) (Kim et al., 2017) . This process occurs through a putative arginine finger located in the 
AAA+ domain ofHda (Fernandez-Fernandez et al. , 2013; Kato & Katayama 2001; Nakamura 
& Katayama 2010). This motifwas shown to be essential for the hydrolysis of ATP bound to 
DnaA because it enables the interaction between the AAA+ domains of Hda and DnaA 
(Nakamura & Katayama 2010). Moreover, since Hda is recruited by the P clamp, and since the 
complex P clamp-Hda is only active when bound to DNA, it provides a temporal control of the 
replication ensuring the requirement ofHda only when the replication has already been started 
(Su ' etsugu et al., 2004). 

Hda is conserved in the group of alpha-proteobacteria, including in Caulobacter crescentus 
where its homolog is named HdaA (Figure 13) (Collier & Shapiro 2009). This protein was 
shown to dynamically colocalize with the replisome (Figure 15), which is consistent with the 
fact that it displays the same function as in E. coli, even though HdaA of C. crescentus also 
affects the stability of DnaA (Wargachuk & Marczynski 2015). Especially, HdaA enables the 
degradation of DnaA-ATP during exponential phase and the degradation of all the DnaA in 
stationary phase, therefore providing a better control of chromosome replication (Wargachuk 
& Marczynski 2015). Two major hypotheses have been proposed to explain how HdaA could 
lead to proteolysis. First, HdaA may indirectly expose DnaA to proteolysis by removing it from 
the DNA, by triggering a conformational change, or by forming DnaA-ADP which would lead 
to a less stable protein that would be easily degraded. The second hypothesis is that HdaA 
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Figure 16 J Different stress conditions and their effect on DnaA degradation by the Lon protease. When the 
bacteria are not facing any stress, a basal expression of the Lon protease is present, but this will not trigger the 
degradation ofDnaA. Therefore, the initiator protein will bind the chromosomal origin of replication and start the 
replication. If the bacteria have to cope with a mild stress, the few misfolded proteins will be folded by a chaperone 
(DnaK, for example), no degradation ofDnaA will occur and there will be replication. However, if the stress is 
acute, a lot of unfolded proteins will accumulate in the bacterium and the chaperones will rapidly be saturated, 
releasing the sigma factor and thereby leading to the transcription of Lon. The Lon protease then degrades DnaA 
and by doing so, inhibits the chromosomal replication leading to a Gl arrest (Jonas et al. , 2013). 
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Figure 17 J Schematic representation of ClpAP roles. ClpAP shows two different ways for degrading proteins. 
The first mechanism involves ClpS (blue), which recognizes the N-end rule substrates and targets them into the 
proteolytic chamber, ClpP (grey) by passing through ClpA (brown). The second mechanism is the one used for 
the degradation ofDnaA in Caulobacter crescentus. In this mode ofaction, ClpS is not involved in the recognition 
of the substrate but rather inhibits the recognition when it is not needed. ClpA is able to recognize DnaA on its 
own and then targets it toward the ClpP protease to degrade the proteins (Liu et al., 2016). 



acts as a chaperone when inactivating DnaA and guides the protein to the ClpAP protease or to 
the Lon protease for degradation (Wargachuk & Marczynski 2015). 

5.2. DnaA proteolysis mediated by Lon and ClpAP 

Regulated proteolysis during the cell cycle is one of the mechanisms driving its progression. 
The mechanism is also critical for bacterial growth by helping to maintain a correct level of 
proteins at the right time (Vass et al., 2016). This could be crucial in the case of replication 
because an excess ofDnaA leads to an overinitiation ofreplication, and is toxic in many bacteria 
(Jonas et al., 2011; Liu et al., 2016). In C. crescentus, Lon and ClpAP, two proteins from the 
AAA+ family of proteases, are involved in DnaA degradation (Liu et al., 2016; Vass et al., 
2016). These proteases use the energy provided by ATP to recognize, unfold and degrade their 
targets and are both responsible for normal and stress related proteolysis. They are characterized 
by an ATPase demain and several protease demains (Joshi & Chien 2016; Vass et al., 2016). 
Because they are involved in DnaA proteolysis in C. crescentus, they play an important role in 
the regulation of chromosome replication in this bacterium too (Jonas et al., 2011; Liu et al., 
2016). 

The conserved Lon protease is formed by a single polypeptide and is involved in 
misfolded/damaged proteins degradation (Gur 2013; Vass et al., 2016). Despite its important 
role in protein quality control, this protease is also responsible for the degradation of different 
regulatory proteins when they are natively folded (Vass et al., 2016; Van Melderen & Aertsen 
2009). Lon regulates several physiological processes such as cell division, DNA replication, 
and stress adaptation (Gur, 2013). How the Lon protease recognizes its targets is still unclear, 
but it has been suggested that they might be recognized by a tag rich in non-polar amino acids 
(Shah & Wolf 2006). The AAA+ demain of Lon enables the unfolding of its substrates and 
their translocation to the proteolytic chamber (Van Melderen & Aertsen 2009). Among its 
activities, the degradation ofDnaA is a process particularly important during proteotoxic stress 
or starvation in C. crescentus (Jonas et al., 2013; Leslie et al., 2015). Indeed, it has been shown 
that Lon can be allosterically activated by unfolded proteins and that in these given conditions, 
DnaA degradation by Lon was more efficient (Figure 16) (Jonas et al., 2013). Lon is deficient 
for degrading DnaA-ATP whereas it is able to degrade ADP-bound form of DnaA, in 
exponential as well as in stationary phase (Gur 2013; Jonas et al., 2013; Leslie et al. , 2015) . 
Thus, Lon plays an important role for physiological processes such as the contrai of DNA 
replication, however, considering its numerous targets, it can be rapidly saturated. Therefore, 
other studies have suggested the importance to have other proteases presenting a similar 
function (Gur 2013; Liu et al., 2016). 

ClpAP is composed of two conserved polypeptides, ClpA and ClpP, forming a functional 
protease. ClpA is an ATPase with a chaperone activity that unfolds and translocates substrates 
through its central pore toward ClpP, which constitutes the proteolytic chamber (Liu et al., 
2016) . In C. crescentus as well as is E. coli, the clpA gene is co-transcribed with a clpS gene 
coding for an adapter (ClpS) which binds the N-terminal part of ClpA and has a dual role in 
ClpAP-mediated degradation (Figure 17). Since proteolysis is an irreversible process and since 
the recognition is the determinant step leading to degradation, the function of ClpS is crucial 
(Vass et al., 2016). On one hand, ClpS can help ClpA to identify substrates by recognizing a 
specific ami no acid residue on the N-terminal part of the target proteins. This signal is sufficient 
to trigger the binding of ClpS to its targets and to direct the substrates to the proteolytic chamber 
(Erbse et al., 2006). This mode of degradation is the one used for the N-end rule degradation 
pathway (Dougan et al., 2010). On the other hand, when ClpA is able to recognize its substrates 
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Figure 181 Representation of the global amount of the Lon and ClpA in Caulobacter crescentus over culture 
time. When the bacteria are in logarithmic phase, they are synthetizing new DNA and therefore need DnaA to 
initiate chromosomal replication. However, when they reach the stationary phase, the total amont of DnaA 
progressively decrease leading at the end to the total degradation of ail DnaA molecules in the late stationary 
phase. This degradation is mainly due to Lon that is present during exponential as well as stationary phases, but 
also to the ClpA chaperone that is progressively produced until the bacteria reach their stationary phase where the 
concentration of ClpA is higher. This indicates a raie of ClpA during the stationary phase more than during the 
exponential phase. This raie is directly linked to the degradation of DnaA, even though this protease was shown 
to be an auxiliary protease for DnaA degradation (Liu et al. , 2016). 



on its own, ClpS can block the access of some substrates to ClpA and thereby indirectly inhibits 
ClpAP proteolytic activity on these substrates (De Donatis et al., 2010; Liu et al., 2016). For 
example, in C. crescentus, ClpA is involved in the recognition, followed by the degradation of 
FtsA and FtsZ by the ClpP protease, two major cell division proteins, and was shown to be 
required for the cell division (William et al. , 2014). Moreover, ClpAP was shown to be an 
auxiliary protease for DnaA degradation during exponential and stationary phases (Liu et al., 
2016). During entry into stationary phase, the levels of ClpAP rise whereas DnaA levels 
decrease in C. crescentus, suggesting that ClpAP has arole in DnaA degradation during this 
phase (Liu et al., 2016).Therefore, it has been suggested that ClpAP could be of great interest 
during exponential phase as well as when the Lon protease is saturated (Figure 18) (Gur 2013; 
Liu et al. , 2016). 
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OBJECTIVES 

The general objective of this is to understand the mechanisms underlying the regulation of 
initiation replication of the first chromosome in Brucella abortus. Therefore, we want to 
investigate the role of three proteins potentially involved in chromosomal replication: HdaA, 
Lon and ClpA. Those three proteins are more precisely thought to be involved in the contrai of 
the initiator protein, DnaA. 

Regarding HdaA, we first want to create a hdaA-yfp strain in order to observe the localization 
of the protein in wild type (WT) bacteria and in a mCherry-parB strain highlighting the oril 
This mutant will be achieved by allelic replacement at the chromosomal locus. If the fluorescent 
signal of the YFP is stable after fixation of the bacteria, we also plan to study localization 
patterns of the strain in infection of eukaryotic ce Ils. Since hdaA is an essential gene, as shown 
in a Tn-seq experiment, we want to create a depletion mutant (hdaA-) by inserting the coding 
sequence of hdaA under the contrai of an inducible promoter on a replicative plasmid (pBBRi), 
and by deleting the chromosomal copy of hdaA, which will be achieved by allelic replacement. 
Using the same plasmid, we want to create an overexpression strain of hdaA in a WT 
background and in the mCherry-parB strain in order to further investigate the impact of HdaA 
on the initiation of Chrl replication in B. abortus. 

Because Ion is not essential according to the Tn-seq analysis, we plan to delete it by allelic 
replacement in a WT background as well as in the mCherry-parB strain, in order to investigate 
their impact on the initiation of Chrl replication (Mon). Concerning clpA, since the gene is 
organized in operon with clpS and since none of the genes are essential according to the Tn
seq, both will be deleted in a first tirne (ticlpSA) in a WT and in a mCherry-parB backgrounds. 
Because the ClpAP and the Lon proteases were shown to degrade DnaA in C. crescentus, we 
want to do western blot analysis to investigate if ClpA and Lon may have a role in DnaA 
degradation in Brucella abortus as well. For each mutant, we want to characterize the growth 
in rich medium, and the status of chromosomal replication using fluorescence microscopy to 
highlight the mCherry-parB fusions. In order to test the ability of the Ion and clpSA mutants to 
invade and replicate inside host cell, we plan to perform infection of eukaryotic cells and 
compared them to WT bacteria by counting the colony forming units (i. e. living bacteria) at 
different times post infection. If DnaA is degraded by Lon or ClpAP and if uncontrolled 
initiation of replication is taxie early in the intracellular trafficking, we could expect to see a 
decreased survival of the bacterial mutants in host cells. 
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Figure 19 1 Tn-seq analysis for clpA, clpS (2475 and 411 bp respectively, on the left) and Ion (2439 bp, on the 
right). The experiment consists in creating a library oftranspositionnal mutants and then investigating their global 
wellness in a 2YT rich medium (A, representing the contrai; CTL), when re-plated in 2YT rich medium 
(B, Re-plating), and in RA W 264. 7 macrophages infection at different times post infection: 2 h, 5 h, and 24 h (C, 
D, E respectively). The red line represents the global insertion of the transposon in the genome (R200 representing 
the loglO of the number ofmini-Tn5 insertion(s)+ l computed in a sliding window of200 bp). IfR200 is above 
the average value for the chromosome (thin grey line), it means that bacteria can grow with a Tn-insertion at this 
place. If the red line is below the average (grey line), it means that the mutant presents defect for growth and if the 
R200 is equal to 0, it indicates that the corresponding gene is essential. The three lower graphs represent the 
infection profile at 2, 5 and 24 h minus the contrai data, centering the average on zero (t-.R200). Therefore, the 
genes showing negative values are proposed to be important for infection. 



RESULTS 

As mentioned in the Objectives, we chose to investigate the role of three proteins potentially 
involved in chromosomal replication in B. abortus. We first investigated the roles of the Lon 
and the ClpAP proteases in B. abortus. 

1. Lon and ClpA 

1.1. Tn-seq analysis of the Ion and clpSA loci 

We first searched for homologs of those proteins and found clpSA (BABl_l 191 and 
BAB 1 _ 1192) and Ion (BAB 1 _ 1130) in B. abortus. Indeed, like in C. crescentus and man y other 
bacteria, the clpA coding sequence is in operon with clpS (Figure 19). Using a Tn-seq analysis, 
we investigated whether those genes are essential or not in B. abortus. The Tn-seq is a high 
throughput experiment highlighting essential genes for growth in rich medium as well as genes 
required for survival in RA W 264.7 macrophages at different times post infection. For this 
experiment, a library of transpositional mutants was first created by the random insertion of a 
transposon, the mini-Tn5, in the genome of B. abortus. The mutants were then tested for growth 
on rich medium, for replating on rich medium or for survival in RA W 264.7 macrophages. The 
genomic DNA of ail mutants was extracted for each condition and the regions flanking the 
mini-Tn5 were amplified, sequenced and mapped on the genome in order to highlight insertion 
sites. Since the insertion of the mini-Tn5 is spread over ail regions of the genome, the region 
where no sequence was mapped are highly likely to be essential in the given condition. In this 
case, the interpretation is that the insertion of a mini-Tn5 would be detrimental for the bacterial 
survival and/or ability to form a colony. 

The Tn-seq analysis suggests that mutants containing the transposon in clpA gene are attenuated 
at 24 hours in infection of RA W 264. 7 macrophages and that the gene coding for its adaptor 
protein ClpS starts to be attenuated at 24 h post infection (Figure 19E, left). This effect could 
be due to the fact that insertion in clpS and clpA has a negative effect on the fitness ofbacteria. 
Another hypothesis could involve polar effects, since it is possible that Tn-insertions in the clpS 
coding sequence could impair the expression of clpA. According to the Tn-seq, the clpSA 
mutant should not show a strong growth defect on plate, suggesting that this gene may be 
required for infection (Figure 19A, left). However, it is noticeable that when Tn-seq is 
performed by simply replating the library on rich medium plates, the transpositional mutants in 
clpA display a huge drop in the R200 values (Figure 19B, left), suggesting that they have a 
growth defect. This is difficult to interpret since at 2 h PI, there is also a second round on culture 
on rich medium plates, and not growth defect is detected in Tn-seq (Figure 19C, left). In 
summary, this result suggests that we must be cautious when we interpret Tn-seq data that have 
been performed in a single experiment, without biological replicates. 

Regarding the Tn-seq profile of Ion we can observe an attenuation immediately at 2 hours post 
infection, and this attenuation seems to be more important at 5 hours and 24 hours post-infection 
(Figure 19C, D, E, right). The Ion mutants already show a growth defect for the control 
condition on rich medium (Figure 19A right), that was not worsening in the replating condition 
(Figure 19B, right), further suggesting that the profile obtained in infection is really due to the 
infection itselfrather than to an aggravation of the previous phenotype. This result suggests that 
Ion might be required for a successful infection in B. abortus. 
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Figure 20 1 Growth curve for the WT B. abortus (blue), the 6.clpSA (red) and the complemented strain 
6.clpSA+ (grey) for one representative experiment (logarithmic scale). For ail conditions, bacteria were grown 
in 2YT rich medium and the bioscreen was performed for 50 hours. The 0D of the WT, the 6.clpSA and the 6.clpSA+ 
strains were taken every 30 minutes for 50 hours. 
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Figure 21 1 Number of CFUs for the WT B. abortus (blue) and the L1clpSA (red) at 2, 5, 24, 48 h and post 
infection of RA W 264.7 macrophages (logarithmic scale). The *** indicate a highly significant difference 
between the WT and the mutant (p-value<0.001) (n=3 technical replicates, error bars represent standard deviation 
(SD)). 
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Figure 22 1 Phase microscopy of WT Bruce/la abortus (A), 6.clpSA (B) and the complementation strain (C). 
The 6.clpSA strain shows morphological defects such as Y shapes, indicated by the white arrows. The 
complementation strain displays a morphology similar to the WT. The scale bar represents 2µm. 



Since the results of the Tn-seq suggest that those genes do not seem to be essential, we decided 
. to generate deletion mutant_s (or both genes. Unfortunately, the Ion deletion mutant (Mon) was 

never obtained, suggesting that disturbing this locus could be deleterious for B. abortus. 
However, we obtained the deletion mutant for the clpSA operon (t1clpSA) and performed several 
analyses on this mutant. 

1.2. The growtb of the 11clpSA is impaired in culture 

Conceming t1clpSA, we first observed that the growth on plate as well as in a liquid culture 
medium was slowed down for the mutant compared to the WT. Therefore, the growth of the 
t1clpSA strain was investigated by performing a bioscreen, i.e. an experiment consisting in 
measuring the optical density (OD) at 600 nm of a liquid culture over the time. This experiment 
was repeated three times, in order to have biological replicates. An exponential phase culture 
of the WT and L1clpSA was diluted in rich medium at an initial OD of 0.1. The OD of both 
strains were then measured every 30 minutes for 50 hours. We observed that 11clpSA presents 
a slight growth delay during the first 20 hours, corresponding to the exponential phase, but 
reaches the WT strain during stationary phase (Figure 20). In order to confirm that this 
phenotype was due to the clpSA deletion, a complementation strain (11clpSA+) was also 
constructed by inserting a copy of the coding sequences under the control of their endogenous 
promoter (PclpS) in a pMRl O low copy replicative plasmid. The sequence was inserted in the 
opposite direction of the Plac promoter to further allow an expression Ievel as close as possible 
to the WT situation. A bioscreen was performed for this strain, and we observed a slightly Jess 
important growth delay in exponential phase when compared to the 11clpSA (Figure 20). 
However, the experiment was only performed once for the complementation strain and needs 
to be repeated twice in order to confirm these results. 

1.3. The growth of the !1clpSA is impaired in RA W 264. 7 macrophages 

Since the cell cycle and the infection are coordinated in B. abortus (De Bolle et al., 2015), we 
wanted to investigate the infection profile of the !1clpSA mutant. Indeed, it is possible that 
altering the proteolysis of DnaA or other substrates could disturb the ability of B. abortus to 
survive and proliferate inside macrophages. Therefore, we decided to infect RA W 264.7 
macrophages with the WT and the !1clpSA strains, to investigate a potential role of ClpSA 
during infection. The colony forming unit or CFUs (number of living bacteria estimated in l 
mL of cellular lysate, allowing to evaluate the number of intracellular bacteria still able to form 
a colony) were counted at different times post-infection (PI). At 2 hours PI no significant 
difference was observed between the WT and the mutant, meaning that there is no detectable 
difference for the entry in host cells between both strains. After 5 hours PI, a slight but not 
significant decrease in the number of CFUs was observed for the mutant strain. However, at 24 
hours PI, a highly significant decrease was observed for the mutant compared to the WT. An 
interesting fact is that at 48 hours PI a slight but not significant decrease is observed for the 
mutant when compared to the WT (Figure 21). 

1.4. The !1clpSA mutant displays aberrant morphologies 

Because we saw that the deletion of clpSA leads to an impaired growth in exponential phase, 
we wanted to further characterize the mutant by monitoring its morphology. To investigate this 
feature, bacteria were observed in exponential phase by phase contrast microscopy. The t1clpSA 
clearly displays aberrant morphologies such as Y shapes, which are related to division defects 
in unipolarly growing bacteria, donut-shapes and other aberrant morphologies revealing fitness 
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Figure 23 1 Western blot analysis against DnaA in the WT and in the LJclpSA strain in exponential and 
stationary phases. The strains were grown until a mid-exponential phase (DO 0.4) and until late stationary phase 
(DO 2. 1) fo r the sampling. They were normalized to an optical density of 1 to perform the western blot analysis 
and l0µm ofeach were loaded on the SDS gel. The first antibody (anti-DnaA produced in rabbits) was used at a 
concentration of 1/3000 and incubated for one hour at RT. The secondary antibody was an anti-rabbit used at the 
same concentration (1/5000) for lh at RT. The nitrocellulose membrane was exposed to chemi luminescence for 1 
minute. PhyR represents the loading control. 
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Figure 24 1 Domain prediction on HdaA of Brucella abortus (658 aa). HdaA presents a transmembrane domain 
containing 7 predicted transmembrane segments in the N-terminal part. The C-terminal part (from aa 434 until 
651) constitutes the conserved part which is homologous to HdaA of C. crescentus. 
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Figure 25 1 Results of the Tn-seq analysis for hdaA in Brucella abortus . The N-terminal part of HdaA, 
corresponding to the transmembrane domain (dark blue), is not essential while the C-terminal, corresponding to 
the conserved part ofHdaA, is essential (light blue). 
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Figure 26 1 Blast analysis of HdaA in Brucella abortus against HdaA in Caulobacter crescentus. The red 
square shows the potential ~ binding clamp sequence of B. abortus as compared to the confirmed ~ binding clamp 
sequence of C. crescentus. 



prablems in the bacteria (Figure 22B). However, the complementation strain shows a 
restoration of the WT phenotype, presenting a morphology similar to the WT B. abortus 
(Figure 22C). 

1.5. ClpSA seems to be involved in DnaA degradation during the stationary phase 

lt has been shown in C. crescentus that DnaA is totally removed from the bacteria in a stationary 
phase (Liu et al. , 2016). Therefore, the investigation of the possible degradation of DnaA in 
B. abortus was one of our main objective. To assess this question, we took samples from 
exponential and stationary phases culture of the WT and !iclpSA and performed western blot 
analysis to highlight DnaA pratein. We used antibodies against DnaA that have been generated 
during the master thesis. Those antibodies were generated using a recombinant protein 
containing only one part of the pratein (Mathilde Van der Henst & Aurelie Mayard). If the 
prateolysis ofDnaA is indeed mediated in part by ClpSA we would expected to see an increase 
in DnaA abundance for the !iclpSA strain. Moreover, if DnaA is degraded as in Caulobacter 
crescentus, a decrease ofDnaA is expected in the stationary phase compared to the exponential 
phase for the WT condition. The results show that DnaA levels seem to be similar for all 
conditions except for the stationary phase in !iclpSA where the signal seems to be lower (Figure 
23). This is in complete contradiction with our initial hypothesis, and will be discussed in the 
Discussion section. PhyR was used as loading contrai. 

2. HdaA 

We also wanted to investigate the raie of another pratein, HdaA, which was shown to be 
involved in one of the major mechanism preventing the overinitation of chromosome 
replication in E. coli as well as in C. crescentus (Kato et al. , 2001; Collier et al., 2009). 

2.1. Tn-seq and homology analyses 

Using a protein blast analysis, we found a homolog of hdaAc.crescentus in B. abortus 
(BAB1_0733) that is partially conserved. Indeed, the pratein found in B. abortus presents a 
large additional segment in the N-terminal part as compared to C. crescentus. We performed a 
prediction analysis for transmembrane domains of the whole Hda.AB.abortus 

(http://www.cbs.dtu.dk/cgi-bin) and we observed that the large additional part of the pratein 
corresponds to a transmembrane domain containing 7 transmembrane segments (Figure 24). 
Looking for synteny in other micra-organisms, it was observed that this additional domain is 
not found in any other bacterial species, even closely related (i.e. other Bruce/la species). 
Interestingly, the Tn-seq analysis revealed that the conserved part of hdaAs.abortus (C-terminal) 
is essential for growth in rich medium whereas the part corresponding to the transmembrane 
domain does not seem essential at all (Figure 25). 

HdaAcaulobacter was shown to bind to the P-clamp of the DNA polymerase through a consensus 
sequence QFKLPL localized in the N-terminal part of the pratein (Fernandez-Fernandez et al., 
2013). In this hexapeptide, it has been shown that only Q L Lare important for recognition of 
DnaN by HdaA (Collier et al. , persona! communication). Therefore, we search for such a 
sequence and found QIPLNL, localized at the N-terminal of the conserved part of the gene 
(Figure 26). Since the three amino acids required for the binding are conserved between 
B. abortus and C. crescentus, and because of the N-terminal localization of the sequence, this 
candidate is highly relevant as a p clamp binding motif, further suggesting that HdaA of 
B. abortus may bind the p clamp thraugh QIPLNL. 
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Figure 27 1 Growth curve for the WT (blue) and the lldaA-yfp (yellow) strains for one representative 
experiment. For ail conditions, bacteria were grown in 2YT rich medium and the bioscreen was performed for 50 
hours. The OD was taken every 30 minutes for 50 h. 
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Figure 281 Localization ofHdaA-YFP in an exponential phase. Bacteria from hdaA-yfp (B) strain and WT (A) 
bacteria were observed using phase contrast and fluorescence microscopy. White arrows indicate HdaA-YFP foci. 
Bacteria from the hdaA-yfp strain show fro m O to 4 foci whereas no focus can be detected in the WT strain. The 
scale bar represents 2 µm . 
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Figure 29 1 Localization of HdaA-YFP in a stationary phase. Bacteria fro m hdaA-yfp (B) strain and WT (A) 
bacteria in stationary phase were observed using phase contrast and fluorescence microscopy. The bacterial cells 
fro m the hdaA-yfp strain only display one foc us maximum in the stationary phase , while no focus was detected in 
the WT strain. The scale bar indicates 2µm . 



2.2. HdaA presents a subcellular localization 

In order to investigate the localization of HdaA in B. abortus, we constructed a strain that 
enables the visualization of HdaA by fluorescence microscopy. The coding sequence of the 
YFP (Yellow Fluorescent Protein) was fused to the C-terminal part of hdaA. This strain was 
generated by allelic replacement in B. abortus, allowing the expression of the fusion protein 
directly from its chromosomal locus, without the addition of an antibiotic resistance marker in 
the engineered genome. Since the fusion of a fluorochrome could impact the function of a 
protein, and since that hdaA seems essential, the growth of hdaA-yfp was first investigated. 
Therefore, we performed a bioscreen to compare the growth profile of hdaA-yfp with the wild 
type. This experiment was performed using exponential phase cultures diluted at 0.1 OD as 
time O h and the OD was measured for each strain every 30 minutes. The growth profile shows 
no significant difference between the WT and hdaA-yfp, meaning that our fusion protein does 
not strongly alter the growth ability of the bacteria, thus suggesting that the HdaA-YFP fusion 
is functional (Figure 27). Moreover, several clones for this construction were generated and 
tested for growth, and they always displayed the same results (Figure S2). 

To investigate a potential localization of HdaAB.abortus as it is already published for 
HdaAc.crescentus, we subsequently observed bacteria from an exponential phase of culture by 
fluorescence microscopy. We can see that hdaA-yfp strain displays from O to 4 fluorescent foci, 
with each focus representing HdaA fused to YFP (Figure 28). Moreover, it should be noted 
that a fluorescent background is observed even in the WT strain with the same settings, 
suggesting the HdaA-YFP expression level is rather low, close to the background. This 
experiment was also repeated for other clones containing this fusion protein and they all showed 
the same results (Figure S3). The number of foci is interesting because it corresponds to the 
range of replisome copies per cell, i.e. a maximum of 2 replisomes for each of the two 
chromosomes.We then decided to check the localization of HdaA-YFP when the bacteria are 
in the stationary phase, where we expected to observe Jess replisomes. Therefore, bacteria were 
grown until they reach a stationary phase, and they were observed by fluorescence microscopy. 
We found bacteria displaying from O to one focus maximum. Moreover, compared to an 
exponential phase, the foci always displayed a lower signal (Figure 29). 

Since it has been shown that HdaA is involved in the contrai ofreplication in C. crescentus and 
it localizes in foci when replication has started (Collier et al., 2009), we were interested to see 
how the florescent signal evolved when bacteria are inside host cells and ifit could be correlated 
to the G 1 arrest observed at the beginning of the infection. However, to study the strain in 
infection, the cells need to be fixed, in order to be observed by microscopy later. Therefore, we 
did some preliminary test using the paraformaldehyde (PFA) on hdaA-yfp strain to assess the 
resistance of the labelling after fixation. The bacteria were incubated for 20 minutes at room 
temperature with PFA 2%, washed and were then observed by fluorescence microscopy. 
Unfortunately, the fluorescent signal corresponding to HdaA-YFP is lost after the fixation 
(Figure 30), meaning that this strain cannot be used in infection to follow the localization 
pattern of HdaA. Another possibility would be observe living bacteria into living cells (no 
fixation), but this risky experiment has not been performed. 
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Phase contrast 

Figure 30 / Fluorescent microscopy of the strain producing HdaA-YFP fixed with PFA. The scale bar 
represents 2µm. 

PdhS + HdaA HdaA 

Figure 31 / Fluorescent microscopy of the hdaA-yfp strain highlighting the old potes with mCherry-PdhS. 
HdaA is highlighted in yellow and PdhS is represented in red. The scale bar represents 2µm . 
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Figure 32 / Demograph analysis representing the position of PdhS, old pole marker, in bacterial cells (A) 
and the position of HdaA in the bacterial cells (B). The X axe represents the position of the protein in the 
bacteria as compared to the poles, with -1 corresponding to the old pole, 0 the mid-cell , 1 the new pole of the 
bacteria. The Y axe represents the number of bacteria used classified from the longer to the smaller cells. This 
analysis was performed on 716 bacteria on the basis of the microscopy pictures, using the software imageJ. 



2.3. HdaA does not seem to be polarly localized 

Since it has been shown that the origin of replication of the Chrl in B. abortus is fixed at the 
old pole (Deghelt et al. , 2014), and since HdaA is expected to colocalize with the replisomes 
that are formed in the ori when replication starts, we wanted to see ifHdaA had a tendency to 
be localized at one pole or another in B. abortus. However, nothing is known about replisome 
localization in B. abortus. We therefore generated a strain highlighting both HdaA and the old 
pole of the bacteria. To do so, the coding sequence of PdhS, an already characterized old pole 
marker, was used fused with the one of the mCherry in order to enable the visualization of both 
proteins at the same time. The strain was created by conjugation of a pSKoriTcat integrative 
plasmid carrying PdhS-mCherry in the hdaA-yfp strain described above. We then observed the 
bacteria using fluorescence microscopy (Figure 31). Based on the microscopy images, we were 
notable to observe a tendency, and decided therefore to do a demograph analysis. This analysis 
allows the organization of all cells by sizes, from the longest cell to the smallest one, and using 
PdhS-mCherry focus, we were able to orient them according to the nature of their pole ( old or 
new). A contrai of the analysis was first performed by showing the distribution of PdhS in the 
cell (Figure 32A). Since all the PdhS signal was localized to the left part of the demograph, its 
localization further confirmed that the cells were properly aligned based on their old pole, but 
this also show an example a typical polar localization. The localization of the YFP signal was 
then analysed. HdaA does not seem to display a polar localization, since the pole always show 
low signal. However, the yellow signal seems to have a slight tendency to be localized near the 
old pole in the largest cells (Figure 32B). 

2.4. The transmembrane domain is not crucial for the fitness of B. abortus in culture 

Since the domain prediction analysis revealed that HdaAB.abartus has an additional non-essential 
transmembrane domain that is not present in other species, we decided to delete this domain 
(f....TM-hdaA) to investigate if its absence leads to any particular phenotype in B. abortus. For 
that purpose, we performed a bioscreen, and the results show that there is no difference between 
the WT and f....TM-hdaA (Figure 33). We investigated by microscopy whether this deletion 
could lead to morphological defects and the mutant did not show any difference for the 
morphology compared to the WT (Figure 34). 

2.5. Investigation of the role of the transmembrane domain in the HdaA localization 

We then wondered if the localization of HdaAB.abartus could be impacted by the removing of its 
transmembrane domain. Taking advantage of our previous construction plasmids, we generated 
the strain f....TM-hdaA-yjp. The f....TM-hdaA-yjp strain presented no growth defect compared to 
the WT (Figure 35). Afterwards, to investigate the localization of the protein lacking the 
transmembrane domain, this strain was observed by fluorescence microscopy. Interestingly, no 
foci were observed, and bacteria only displayed a fluorescent background as observed in the 
WT (Figure 36). 
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Figure 33 1 Growth curve of the t:,.TM-hdaA as compared to the WT. Ail strains were grown in 2YT rich 
medium and the bioscreen was performed for 50 hours. The 0D of the WT (blue), the t:,.TM-hdaA (green) strains 
were taken every 30 minutes for 50 hours. 

WT ~TM-hdaA 

Figure 34 I Contrast phase microscopy of the WT (Ieft) and t:,.TM-hdaA (right). The scale bar represents 2µm. 
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Figure 35 1 Growth curve for the ôTM-hdaA-yfp (yellow) strain as compared to the WT (blue). 
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Figure 36 1 Fluorescent microscopy for ôTM-hdaA-yfp (B) as compared to the WT (A). 



2.6. Detection ofHdaA-YFP by western-blot 

Because HdaA in B. abortus was shown to have a large additional transmembrane domain not 
found in other species, we wanted to investigate if the protein had the expected size. Moreover, 
we also wanted to investigate if the total amount of HdaA can vary in different conditions, 
i.e. between the exponential and the stationary phase. Since we do not have an antibody against 
HdaA, we needed a tagged-protein. Therefore, we took advantage of hdaA-yfp and !:,,.TM-hdaA
y.fp strains. Both ofthem display the protein fused to YFP, so we can highlight HdaA-YFP and 
t:,,.TM-HdaA-YFP using an antibody against the YFP. Samples of these two strains were 
harvested from an exponential phase as well as from a stationary phase of liquid culture, and a 
western blot analysis was performed. Taking into account that the molecular weight of the YFP 
is around 26 k.Da, we calculated the expected sizes of both fusion proteins and found an 
estimated size of98.7 k.Da for HdaA-YFP, and 55 .15k.Da for !.:,,.TM-HdaA-YFP. 

Surprisingly the HdaA-YFP protein was found with an approximative size of 55k.Da in the 
exponential phase condition, whereas in stationary phase two sizes were observed, a first band 
at 55k.Da and a band with a slight intensity at 1 00k.Da (Figure 37). On the other hand, the 
western blot showed that in the !.:,,.TM-HdaA-YFP strain, two different sizes were observed in 
exponential and in stationary phases: 55 and 65 k.Da. The protein with a size of 65k.Da seemed 
to be more produced in the exponential phase than in the stationary phase, whereas the opposite 
seemed to happen for the one with a size of 55k.Da. Moreover, another band was observed at 
26k.Da only in the exponential phase for the !:,,.TM-hdaA-y.fp strain. However, when reaching the 
stationary phase, both strain display a signal at 26k.Da, corresponding to the molecular weight 
of the YFP. Moreover, in stationary phase t:,,.TM-hdaA-y.fp displays an increase of signal for the 
three bands compared to the situation in exponential phase. 
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Figure 37 1 Western blot anti-YFP highlighting the HdaA protein fused to YFP in exponential and in 
stationary phases. The strains were grown until a mid-exponential phase (0D 0.4) and until early stationary phase 
(0D 1.4) for the sampling. They were normalized to an optical density of20 to perform the western blot analysis 
and 15 µI of each were loaded on the SDS gel. The first antibody (mouse anti-GFP) was used at a concentration 
of 1/1000 and incubated for two hours at RT. The secondary antibody was an anti-mouse (1 /5000) for 1 h at RT. 
The nitrocellulose membrane was exposed to chemiluminescence for 5 minutes. The WT constitutes the negative 
control (absence ofYFP). The complete picture can be found in the supplementary data (Figure S1). 



DISCUSSION & PERSPECTIVES 

Chromosomal replication in Brucella abortus, as well as in most bacteria, is a highly-regulated 
process that involves many different proteins, including the crucial and highly conserved DnaA. 
This protein acts as the initiator of chromosomal replication, and therefore needs to be tightly 
regulated (Mort et al., 2007). In this study, the role of three proteins potentially involved in the 
contrai of DnaA in B. abortus was investigated. Those three proteins, HdaA, ClpAP and Lon, 
were chosen since they were shown to be involved in DnaA regulation in Caulobacter 
crescentus. Indeed, even though this micro-organism harbors a different lifestyle than Brucella 
species, it is a relevant model to initiate a study of chromosomal replication in B. abortus. 

1. Investigation of clpSA and Ion 

ClpAP and Lon are proteases that were shown to proteolyze DnaA in C. crescentus (Liu et al. , 
2016; Jonas et al. , 2013), as described in the Introduction. We therefore decided to study the 
role of ClpA, its adaptor protein ClpS and the Lon protease in chromosomal replication of 
B. abortus. First, we searched for homologs of those genes in B. abortus and investigated 
whether they were essential or not using the Tn-seq analysis. The Tn-seq is a high throughput 
experiment that allows the visualization of potentially essential genes in a given condition, such 
as growth in a rich culture medium or in eukaryotic cells infection. In this dataset, we observed 
that neither the clpSA operon nor Ion were essential for growth in a rich culture medium despite 
the fact that Ion mutants seemed to have a slight decrease in fitness (Figure 19A). When 
infecting RA W 264.7 macrophages with transpositionnal mutants for clpSA, the mutants 
showed an attenuation at 24 h post-infection (PI). Surprisingly, when replating those 
transpositionnal mutants into a rich culture medium, some parts of clpA appeared to become 
essential (Figure 19B). This suggests that the effect observed in infection might be due to an 
attenuation of the intrinsic ability to grow for clpSA mutants, rather than an effect of the 
infection itself. However, since the transpositional mutants were not attenuated at 2 h PI 
(Figure 19C), as they would have been ifreplating itselfwas sufficient to score these mutants 
as essential, it is also predictable that Tn-seq data are not reproducible and that several 
biological replicates should be done to gain more robust conclusions. Regarding Ion, the 
mutants infecting RA W 264.7 macrophages were found to be attenuated at 2 h PI, and this 
attenuation increased at 5 and 24 h PI (Figure 19C, D, E). This observation further suggests 
that Lon could be required for survival inside RA W 264.7 macrophages, and that this protease 
could be involved in virulence mechanisms of Brucella. Furthermore, when infecting 
macrophages, bacteria are probably facing much more stresses than in a rich culture medium, 
thereby making the Tn-seq results consistent with previous work performed in C. crescentus 
where Lon was shown to be important for proteins degradation in stress conditions (Jonas et 
al., 2013). It is also worth to note that the Lon protease was shown to be important for full 
virulence in other bacterial species (Breidenstein et al. , 2012; Su et al., 2006). 

However, since none ofthese two genes were essential for growth in rich medium, we decided 
to generate deletion mutants for both. Unfortunately, we did not obtain the deletion mutant for 
Ion. A reason for that could be that the allelic replacement used to delete Ion has generated some 
polar effects that are deleterious for the bacteria, or that the deletion of Ion is toxic when it is 
generated from an integrant strain, (i . e. the step before the excision of resistance cassettes). 
Nevertheless, the clpSA deletion was achieved (~clpSA), which is in contradiction with Tn-seq 
data on the replated library, that would have predicted that the strain could not be viable. 
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In order to characterize this mutant, we performed several experiments including a growth 
assay, a morphology investigation by microscopy, an infection of RA W 264.7 macrophages, 
and we finally tested the abundance of DnaA to have a fist clue on the implication of ClpSA in 
the proteolysis of DnaA. 

The 11clpSA mutant showed a statistically significant decrease in CFUs at 24 h PI when 
compared to the WT B. abortus (Figure 21). Although the decrease was weak, the results are 
consistent with the Tn-seq analysis, in which mutants with insertion of transposon in clpSA 
were shown to be slightly attenuated at 24 hours PI (Figure 19E). Those results first suggested 
that the genes are required for optimal intracellular growth in RA W 264. 7 macrophages. One 
interesting observation is that this difference between the WT and the mutant seemed to be 
reduced at 48 hours PI. However, the CFUs at 48h PI needs to be repeated twice in order to be 
confirmed, and the experiment still needs to be performed with the complementation strain to 
further confirm that this phenotype is really due to the deletion of clpSA . Nonetheless, the 
observed phenotype might not be related to the infection itself but rather to the ability of the 
mutant to grow and proliferate. Indeed, when grown on 2YT-agar plates, the deletion mutant 
showed growth delay as compared to the WT B. abortus (i.e. the mutant needs more time to 
form a colony than the WT). Moreover, the bioscreen experiment performed in rich culture 
medium (Figure 20) showed a slight growth delay during exponential phase regarding the 
11clpSA mutant in comparison to the WT. The growth delay observed in exponential phase could 
explain the phenotype at 24 h PI. Although the lack of ClpA in C. crescentus induce growth 
defects mainly during stationary phase, our results are consistent with another work performed 
in C. crescentus where a slightly slower growth was reported in !-i.clpA mutants (Liu et al. , 
2016). Taken together, these data suggest that ClpAP is an auxiliary protease and thus its 
function can be substituted by the activity of other proteases, such as Lon (Liu et al. , 2016). 
Indeed, these small differences of growth in rich culture medium could be explained by the 
redundancy in function of ClpAP and Lon proteases, both being able to degrade protein during 
stress conditions. 

The l:lclpSA strain has shown aberrant morphologies such as "Y-shape" and "donut-shape" 
bacteria (Figure 22 B), which are probably attributable to pleiotropic effects. Those aberrant 
morphologies could be due to replication defects, division defects or even to toxicity inside the 
bacterial cells by accumulation ofunfolded proteins. Indeed, since ClpA is a chaperone protein 
unfolding and targeting its substrate toward the ClpP protease, and since ClpS is an adaptor 
protein involved in the N-end rule degradation pathway, their deletion could lead to 
misregulation of several proteins. This could easily generate accumulation of proteins, that 
would lead to functional defects. Another hypothesis is that these aberrant morphologies could 
be related to division defects. Indeed, such branching morphologies, or other aberrations such 
as minicells, were shown to be typical of division defects in unipolarly growing bacteria (Brown 
et al., 2012). This division defect has recently been reported in Agrobacterium tumefaciens 
deleted for genes involved in polar development Iike pod.J or popZ (Anderson-Furgeson et al. , 
2016; Grangeon et al., 2017). Therefore, the misregulation of a polar development factor due 
to the loss of clpSA could be partially responsible for this phenotype. Furthermore, it has been 
shown in C. crescentus that the ClpAP protease was involved in the divisome degradation, more 
specifically, in FtsZ degradation (Williams et al. , 2014). Therefore, by deleting clpSA, the 
bacteria would not be able to provide an optimal contrai of FtsZ, leading to this defective 
morphology. Moreover, it has been reported that an overexpression of DnaA-ATP leads to a 
blockage of cell division because of an overinitiation of chromosomal replication (Femandez 
Fernandez et al. , 2011 ). Even though the chromosome content of the l:lclpSA mutant has not 
been investigated here, one could imagine that the bacteria will not be able to regulate their 
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replication, leading to an abnormal chromosomal content, thereby generating a stress response 
that would trigger an inhibition of cell division. Taking all these data into account, the most 
likely explanation is that the morphology defects results from the numerous targets of the 
ClpAP protease. This observation further highlights that even though the ClpAP protease is not 
essential for growth, this protease could be involved in a lot of mechanisms, and therefore, 
would be important for the fitness of the bacteria. It could be interesting investigate how those 
Y shapes are formed using a time lapse experiment, in order to better characterize the growth 
mechanisms of f:i.clpSA . 

To assess whether ClpAP was involved in DnaA degradation or not, a western blot analysis 
against DnaA was performed using the WT and the f:i.clpSA (Figure 23) . When comparing the 
DnaA levels in the WT and in the f:i.clpSA in an exponential phase, no difference in DnaA 
abundance was observed. Surprisingly, in stationary phase, a slight decrease of DnaA levels 
was observed in f:i.clpSA compared to the WT. An explanation for this could be that the f:i.clpSA 
mutants are notable to survive upon extended growth in stationary phase, thereby leading to a 
global proteolysis. This hypothesis could be tested by measuring CFU numbers at the stationary 
phase of culture. Another hypothesis is that since the degradation pathway depending on the 
ClpAP protease is thought to be impaired in f:i.clpSA, the targets ofthis protease will accumulate 
inside the bacteria leading to proteotoxic stress that would allosterically activate other 
proteases, such as Lon. Indeed, this protease has been shown to be allosterically activated by 
proteotoxic stress in C. crescentus (Jonas et al., 2013). To address this last hypothesis, it could 
be interesting to test whether Lon substrates de gradation increase when deleting ClpA and ClpS. 
Nevertheless, one should keep in mind that the western blot bas only been performed once and 
needs to be repeated. Intensity mean of each condition could be determined and statistical 
analysis could be performed afterward to test these data. However, since it was shown that 
C. crescentus remove all the DnaA upon entry in stationary phase (Wargachuck et al. , 2015) 
and since it does not seem to be the case in B. abortus, one could imagine the control ofDnaA 
might be different in B. abortus than in C. crescentus. Indeed, even though C. crescentus 
represents a reliable mode! to study chromosomal replication in B. abortus, those bacteria 
display different lifestyles. Therefore, they have evolved with different environmental pressures 
and could therefore have generated different mechanisms of regulation, specifically adapted to 
their needs (Jonas, 2014). Here, one of the advantage of B. abortus not to proteolyse all its 
DnaA could be that it might enable the replication to start as soon as the conditions are favorable 
rather than waiting for DnaA de novo synthesis, for example. This nicely correlates with the 
presence of bacteria in the S phase of the cell cycle, at the stationary phase for culture in rich 
medium, as indicated by flow cytometry (M. Van der Henst and T.A.P. Ong, unpublished data). 
Moreover, a review has recently reported that, even though those regulatory have highly 
conserved targets such as DnaA, the underlying mechanisms can vary a lot between the 
bacterial species (Jonas, 2014). Other mechanisms can be involved in DnaA control, such as 
transcriptional regulation or post-translational modification. In E. coli for example, at least three 
mechanisms have been reported to contrai the chromosomal replication (Katayama et al., 
2010). Among those, the RIDA system was shown to be the dominant mechanism in E. coli. 
Taken together, those data highlight the importance of having other regulatory mechanisms, 
and further suggest the potential importance of HdaA in B. abortus. 

One intriguing observation for the 6..clpSA mutant is that, when complemented, the bacteria are 
able to corne back to a morphology similar to the WT (Figure 22 C) while they are not able to 
fully compensate the growth delay in exponential phase (Figure 20). On the basis of those 
observations, three hypotheses can be made. First, our mutant may have another mutation 
elsewhere in the genome that would be partially responsible for the growth delay on liquid 
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culture, on plate as well as on infection - since we hypothesized that the effect in infection is 
due to the intrinsic growth ability of the mutant rather than an infection effect. Therefore, this 
growth delay phenotype would only be partially due to the deletion. To assess this hypothesis, 
an investigation of the growth ability of other clones of t:,.clpSA can be performed, or the entire 
genome of our mutant can be sequenced. The second hypothesis is that the insertion of the 
pMRl0 in B. abortus might lead to some disturbances in terms of growth, thereby impeding the 
supplementary copy to completely alleviate the growth delay. To test this second hypothesis, a 
conjugation of an empty plasmid cou Id be realized in a WT background in order to investigate 
if the presence of this replicative plasmid could somehow disturb the growth ability of the 
bacteria. Finally, a last hypothesis would be that the complementation plasmid does not allow 
a sufficient expression level of the genes to fully complement the phenotype, while it is 
sufficient to alleviate the morphology defect. 

Nevertheless, among the perspectives of this work, one of the most important would be to 
investigate the chromosomal content of t:,.clpSA in order to see if this deletion mutant has any 
impact on the chromosomal replication. Severa! approaches can be used to answer that question. 
A plasmid enabling the visualization of oril could be introduced in the deletion strain in order 
to investigate the chromosomal pattern in this strain and count the number of foci. F low 
cytometry analysis could also be performed on that strain and compared to the WT. The ratio 
between ori and ter could also be measured by qPCR from the extraction of genomic DNA of 
this mutant and compared to a WT background, as it has already been done in C. crescentus by 
Femandez-Femandez et al. , 2011 . 

Another interesting perspective would be to generate deletion mutants for clpA and clpS alone. 
The deletion of clpA alone (t:,.clpA) should give a phenotype close to the one we observed in 
t:,.clpSA since, to our knowledge, ClpS was never reported to act without ClpA. lt would also be 
interesting to delete clpS as well in order to investi gate whether the lev el of DnaA are changing 
or not and to further assess the morphology and growth ability of those mutants. Moreover, 
given that there may be redundancy between the functions of ClpAP and Lon, it would also be 
of particular interest to create a triple deletion strain (Mon, t:,.clpSA), in which we expect the 
bacteria to present much more growth defects than in each ofthis deletion taking separately, as 
previously proposed in C. crescentus (Liu et al. , 2016). Of course, one should be aware that 
Lon and ClpAP have a lot of targets and therefore, the observed phenotype may not be due to 
the effect on DnaA but rather to pleiotropic effects. However, generating such a strain would 
be difficult since we could not manage to obtain the deletion mutant for Ion. Therefore, other 
strategies can be tried such as the generation of catalytic dead mutant for Ion in a WT 
background and in t:,.clpSA. Indeed, since one of our hypothesis is that we could not get the Mon 
strain is that they might be polar effect generated by the double recombination, the creation of 
a mutant defective for its activity could perhaps be possible . However, even though a triple 
deletion strain has already been done in C. crescentus (Liu et al., 2016), the fact that this strain 
could lead to synthetic lethality in B. abortus is not unlikely. 
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2. Investigation of hdaA 

Since RIDA is one of the more important mechanism preventing overinitiation in E. coli and in 
C. crescentus, we wanted to investigate the role of HdaA in B. abortus. Interestingly, we found 
a homolog of HdaA in B. abortus characterized by an additional transmembrane domain. This 
additional domain is not found in any other bacterial species, even closely related. 

Since HdaAc.crescentus presents a subcellular localization when replication occurs (Collier et al., 
2009), we wanted to characterize the localization ofHdaA in B. abortus as well. Therefore, we 
generated a mutant in which the C-terminal part of hdaA is fused to the coding sequence of the 
YFP, generating the hdaA-yfp strain. Interestingly, in an exponential growth phase, HdaA-YFP 
was seen as foci, displaying from 0 to 4 foci per bacterium (Figure 28). This result is highly 
interesting because this pattern of localization could be consistent with a replisome-associated 
localization of the protein. Indeed, since B. abortus presents two chromosomes, up to 4 
replisomes can be formed within replicative cells and no replisome is formed when the cells are 
not replicating their chromosomes. Therefore, one could imagine that, as long as the replication 
has not been started, the bacteria will not display any foci and HdaA will be diffuse in the 
cytoplasm. However, when the replication starts, HdaA will be recruited to the replisome and, 
in the first time, only one focus will be observed since the two replisomes are relatively close 
to each other. Then the replication forks will move along the chromosome, and the foci will 
move away from each another, thereby allowing the detection of two foci. Subsequently, the 
second chromosome initiates its replication following the same pattern, therefore successively 
showing from 3 to 4 foci. When the replication is finished, the replisome dissociates, thereby 
going back to the first situation, with no detection of HdaA foci. This localization of HdaA 
throughout the cell cycle would be consistent with the previously demonstrated localization of 
HdaA in C. crescentus as shown in the Introduction (Figure 15) (Collier et al. , 2009). We 
cannot exclude that two or more replisomes could overlap in localization, especially for a small 
bacterium like B. abortus, thereby underestimating the number of replisomes formed in the cell. 

To better characterize the localization of HdaA, we also observed this strain in a stationary 
phase of liquid culture and saw maximum one focus per bacterium (Figure 29), further 
suggesting that HdaA would not be able to form foci in stationary phase and is probably diffuse 
in the cytoplasm most of the time. 

Nevertheless, since HdaA was shown to bind the p clamp of the DNA polymerase in C. 
crescentus through a consensus sequence localized in the N-terminal part of the protein, and 
since QIPLNL was proposed to be the P sliding clamp binding motif of HdaA in B. abortus, 
one could imagine that this interaction is a conserved property of the protein. To test this 
hypothesis, it would be of great interest to construct a strain highlighting the localization of 
DnaN (forming the f3 clamp) in order to see ifHdaA and P clamp positions overlap in the cell. 
If the two proteins are colocalizing, it would be interesting to assess if the QIPLNL motif is the 
one allowing the binding. To assess this, the same experiment can be done in a strain harboring 
one or several point mutations in the consensus sequence to see whether the colocalization is 
lost or not. For that purpose, we are currently constructing a fusion protein of DnaN with the 
mCherry fluorescent protein in the hdaA-yfp strain. If HdaA-YFP can indeed highlight the 
replisome, the fact that up to four foci can be detectable is interesting since it means that HdaA 
would be able to internet with both chromosomes of B. abortus even though the Chrll is part of 
the chromid family and displays different replication characteristics. 
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Figure 38 1 Molecular strategy used to construct the L1 TM-hdaA strain. PCRs were performed to amplify the 
upstream region (UP) of the coding region of hdaA and the C-terminal region of hdaA which represents the 
downstream region (DOWN). The primers used for these amplifications are represented by dark arrows. Since we 
deleted the transmembrane domain which is in N-terminal, we also remove the start codon. Therefore, we added 
a new start codon (ATG) at the 5' end of the forward primer used to amplify the DOWN part. We then performed 
ajoining PCR ofboth products and ligated in a pNPTS integrative plasmid which encodes resistance to kanamycin 
(KanR) and contains a sucrose sensitivity cassette (SacBR). This plasmid was then conj ugated in Brucella were 
the deletion of the domain was performed by allelic replacement. The correct start codon is represented in green, 
the wrongly annotated start codon is represented in red, and the new start codon that we inserted is in orange. 



To further characterize the localization of HdaA in the bacteria and sin ce it has been shown that 
the Chrl is precisely oriented along the cell (oril are either at the old pole or at both poles) we 
wanted to investigate whether HdaA has a tendency to be found close to one pole or another. 
Therefore, we performed microscopy on the hdaA-yfp strain in which a plasmid carrying a 
fusion protein of PdhS with the mCherry was integrated (Figure 31). The pictures were 
analysed with Microbe] and we constructed a demograph to map both signal along the cells. 
This graph shows that although HdaA does not seem to be localized at one pole or another in 
the small cells, it seems to be localized closer to the old pole in the larger cells, suggesting that 
HdaA may have a preferential localization in the cell, that remains to be deeply investigated 
(Figure 32). It could be interesting to perform a time lapse experiment on the hdaA-yfp strain 
in order to investigate if the foci are mobile throughout the cell cycle, as it was shown in C. 
crescentus (Collier et al., 2009). However, due to the bleaching of the fluorescent signal, this 
experiment would be difficult to achieve. 

Afterwards, we decided to further investigate the role of the additionnai transmembrane do main 
found in B. abortus HdaA by generating a mutant lacking this domain (1'-,.TM-hdaA) . Our results 
suggest that this deletion does not impact the fitness of the bacteria neither for the growth ability 
(Figure 33), nor for the morphology of the mutant (Figure 34). Since this part of the protein 
was indicated as non-essential by the Tn-seq analysis (Figure 23), those results were further 
raising the question of its function. Considering the hypothetical role of the protein, i.e. to 
prevent overinitiation by acting on DnaA, one could imagine that HdaA would present an 
advantage to be localized close to the membrane. Indeed, it was reported in E. coli that DnaA 
is a membrane associated protein, which strongly suggest that replication could be a membrane 
associated event (Newman et al., 2000). Therefore, the presence of a transmembrane domain 
could facilitate the interaction between HdaA and DnaA for example. Nevertheless, even 
though our results suggest that the deletion of the transmembrane domain does not affect the 
bacterial fitness, one should be careful considering this interpretation. Indeed, it should be noted 
that because of a wrong annotation of the genome, our mutant was wrongly constructed, leaving 
a small portion (31 amino acids) of the transmembrane domain in the N-terminal portion of our 
mutant (Figure 39). A perspective for this part of the work would be to generate a deletion 
mutant of the entire transmembrane domain and to assess if the mutant still behaves the same 
way than ours. However, since the major part of the transmembrane domain has been removed 
in our mutant, it is unlikely that a difference would be observed. 

We then wondered if the localization of the protein might be impacted by the deletion of the 
transmembrane domain. First, using the strain highlighting HdaA with the YFP and the plasmid 
previously used to construct a deletion of the transmembrane domain, we generated a new 
strain, 1'-,.TM-hdaA-yfp. Interestingly, we observed that the bacteria did not display any focus 
anymore and presented a fluorescent signal comparable to the negative control 
(autofluorescence background in the WT) (Figure 36). Two hypotheses were first proposed. 
The first suggested that, deprived of its transmembrane domain, the protein was not able to 
localize anymore and was therefore homogeneously distributed in the cytoplasm. The second 
hypothesis was that the fusion protein was less stable because of post translational cleavage of 
the YFP for example, and therefore did not show any focused signal. 

However, by performing a western blot against the YFP to highlight HdaA in hdaA-yfp and 
1'-,.TM-hdaA-yfp (Figure 37), other explanations emerged. Indeed, the results showed that in the 
hdaA-yfp strain, in exponential phase, HdaA-YFP is only found with a molecular weight 
corresponding to the protein lacking its transmembrane domain (55 kDa), white a slight band 
corresponding to the size of the entire prote in (98 kDa) can be detected in stationary phase, in 
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Figure 39 1 RNA-seq profil e of hdaA in B. abortus. The red line disp lays three mains peaks representing the 
transcription initiation (+J sites) within the gene. 
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Figure 401 Scbematic representation of the theoretical promoters predicted in and upstream hdaA and their 
theoretical activation in an exponential or stationary culture phases, with and without the transmembrane 
domain. In the hdaA-yfp strain, one weak promoter is thought to be localized in the upstrearn region, while two 
are supposedly localized within the gene. In an exponential phase in the WT bacteria, the first prornoter is thought 
to be a weak promotor, the second is thought to be strong, white the thi rd is thought to be a weak prornoter as well. 
By creating the ôTM-hdaA strain, the second prornoter might have been removed, thereby impeding the 
transcription of the conserved part of hdaA. In that condition, the first promoter is thought to be turned on, allowing 
the expression of the essential protein. However, since the genorne was wrongly annotated, TM-hdaA include the 
putative start codon (green) and 31 AA constituting the N-terminal part of the transmembrane domain. Moreover, 
to allow the transcription of the C-terminal part, we also artificially added an ATG codon (orange). Therefore, the 
first promoter could potentially allow the transcription of a region with two translational start sites, one frorn the 
putative start codon (green) and from the artificially added start codon (orange). Furtherrnore, the deletion of the 
central promoter rnay also have led to the activation of the third promoter. Considering the prornoter activity in 
stationary phase, the first promoter seems to be slightly activated in the WT background, while the central prornoter 
seerns to display the sarne activation state. However, in the TM-hdaA strain, the situation seerns to be similar to 
the one in exponential phase. Bent arrows represent the prornoters, size and grey intensity correlate with the 
proposed activ ity of the prornoter, big dark grey arrows being the strong promoter activated. The white arrow 
crossed in red represents the potentially deleted promoter. 



addition to the band of 55 k.Da. Regarding the !:,,.TM-hdaA-yfp strain, a band corresponding to 
the protein lacking its transmembrane domain was observed, as well as two additional bands 
(around 70 kDa and 25 k.Da). The band of 70 kDa was at a higher size than expected and is 
probably due to the way we constructed the !:,,.TM-hdaA-yfp (Figure 38). The 25 kDa band 
corresponds to the expected size of the YFP alone. Consistent with the RNA-seq profile that 
shows three transcription peaks within the gene (Figure 39), those results suggest that several 
promotors could be found within the gene and our data suggest that they may be activated by 
different conditions (Figure 40). One promoter could be localized upstream the transmembrane 
domain, allowing the transcription of the entire prote in, this promotor should not be strong since 
the full protein seems only slightly present during the stationary phase. The second promoter 
could be localized in between the transmembrane domain and the conserved part of hdaA 
thereby triggering the transcription of the protein without its transmembrane domain, even in 
the WT background. The transcription from this promoter would be the most important 
according to the western blot results. Another promotor could be found in the C-terminal part 
of hdaA, allowing the expression of the gene localized downstream hdaA. However, since we 
fused the coding sequence in the C-terminal part of HdaA, the YFP may act as a reporter for 
this gene. Therefore, by deleting the transmembrane domain we might have remove the second 
promoter localized in the middle of gene. The deletion of its promoter could have led to the 
activation of the first one which is thought to be a very weak promotor under normal growth 
conditions, further allowing the transcription of the gene without its transmembrane domain. 
The mechanism of this activation is completely unknown, but could be linked to (a) signal(s) 
present inside the transmembrane coding sequence. In the t:,,.TM-hdaA-yfp strain, this first 
promoter would allow the transcription oftwo proteins with different sizes, because of the way 
the strain was constructed (Figure 40). The deletion of the second promoter could also have 
led to the activation of the third promotor, localized at the C-terminal part of HdaA, allowing 
the transcription of the downstream gene, which is here the YFP coding sequence. This 
activation of the transcription of the YFP would therefore generate an explanation for the 
absence of foci and the background signal observed in the t:,,.TM-hdaA-yfp strain. To avoid this 
intense background signal, another strain could be constructed with the yfp inserted between 
the transmembrane domain and the conserved part of HdaA. However, it could be interesting 
to further confirm the results obtained by the western blot. For example, 5'RACE experiment 
would be highly relevant to further confirms those hypotheses. 

Other perspectives include the creation of an overexpression strain of hdaA to investigate the 
role of HdaA in the regulation of chromosomal replication. This construction was one of our 
initial objective, but we did not manage to express hdaA under the control of an inducible 
promoter in the pBBRi plasmid in E. coli. An explanation could be that since HdaA is highly 
conserved, expressing an extra copy of hdaA in E. coli can be deleterious for the bacteria. This 
is further suggested by the fact that hdaA overexpression is deleterious in E. coli (Banack et al., 
2005). However, this construction strain could be made in another way. For example, a strong 
promoter could be placed between the putative promoter of hdaA and the onset of the gene. By 
doing so, only the N-terminal part of the transmembrane domain would be amplified by PCR 
and expressed in E. coli. Sin ce this part of the prote in is not thought to be toxic, this construction 
should be possible. Then a homologous recombination will be performed in B. abortus thereby 
allowing a strong expression of hdaA directly from its chromosomal locus. Moreover, it could 
also be interesting to generate a depletion strain for hdaA. Indeed, since the gene is essential, 
an additional inducible copy of hdaA is needed to achieve the deletion of the gene. 
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CONCLUSION 

In this work, we have shown that a deletion mutant for clpSA (t:,.c/pSA) leads to a slightly slower 
growth and a slight effect in infection, which is probably related to the growth delay rather than 
the infection itself. This mutant also showed aberrant morphologies that were complemented 
by the addition of a copy of the genes on a replicative plasmid, thereby suggesting that ClpSA 
are important to maintain a correct morphology. An interesting finding of this work is that, on 
the contrary of C. crescentus, B. abortus does not seem to induce DnaA proteolysis in the 
stationary phase of the culture. This could allow B. abortus to directly starts its replication when 
the conditions are favorable by using the pool of DnaA present in the cells. However, this 
observation further highlights the importance of other regulatory mechanisms to contrai DnaA, 
such as the action of HdaA. This protein is indeed commonly accepted as one of the main 
mechanisms controlling DNA replication in bacteria, by acting on the activation state of the 
initiator protein DnaA. Here, we show that, although HdaA of B. abortus was first proposed to 
exhibit an additional transmembrane domain, the deletion ofthis domain (tlTM-hdaA) does not 
impact the bacterial fitness and, more surprisingly, that the protein was even produced without 
it most of the time. lt highlights that the transmembrane protein is probably not produced (or at 
very low levels) and actually a promoter upstream hdaA conserved part is sufficient to drive 
expression of a functional HdaA protein. If this hypothesis is true, this is a good example of 
misleading genomic annotation. Furthermore, HdaA forms from zero to four foci in a bacterial 
cell and does not display any sign of polar attachment. Nevertheless, further investigations are 
required to gain a mechanistic understanding of the function HdaA and ClpSA in the contrai of 
chromosomal replication. 
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Figure 41 1 Molecular strategy to construct ClpSA deletion strain. PCR were performed to amplify the 
upstream region (UP) of the coding region of clpS and clpA and the downstream region (DOWN) of the genes. 
The primers used are represented by dark arrows. Both PCR products were ligated within a pNPTS integrative 
plasmid which encodes resistance to kanamycin (KanR) and contains a sucrose sensitivity cassette (SacBR). This 
plasmid was then conjugated in Brucella were the deletion of the genes was performed by allelic replacement. 
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Figure 42 1 Molecular strategy to construct the hdaA-yfp strain. PCR were performed using primers that can 
be found in the supplementary data. The C-terminal portion of hdaA, the region downstream the gene, and the YFP 
were amplified by PCR. The primers were constructed with restriction sites in their 5' end in order to perform 
ligation in pNPTS 138 in two times. In a first time, the UP part was ligated with the YFP in a pNPTS 138. Then 
the DOWN part was cloned in a pNPTS 138. Then a restriction was performed on those two plasmids in order to 
excise the insert from the plasmid. The obtained producted were then ligated in a pNPTS138. Subsequently, this 
plasmid was conjugated in B. abortus and the strain was obtained by allelic replacement. The light blue represents 
the transmembrane domain of hdaA, the light blue represents the C-term conserved domain, while the YFP is 
represented in yellow. 
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MATERIAL AND METHODS 

Bacterial strains and growth conditions 
Bruce/la abortus 544 strain was the WT strain used in this study. This strain has been modified 
to be resistant to nalidixic acid (NalR). All Bruce/la abortus strains were grown in solid or liquid 
2YT rich medium (Yeast Extract and Tryptone; 1 % yeast extract, 1.6 % peptone, 0.5 % NaCl) 
at 3 7°C ovemight. 
Two different strains of E. coli were also used. The DHl OB strain was used for plasmid 
constructions and the S 17-1 was used for the mating in B. abortus. Bath strains were cultivated 
in solid or liquid LB (Luria Bertani) medium at 37°C ovemight. 
For selection in E. coli and in B. abortus, the following antibiotics were added to the culture 
medium: kanamycin (50µg/mL for plasmid borne resistance cassettes and l0µg/mL for 
chromosome-encoded resistance cassettes) and chloramphenicol (20µg/mL). Nalidixic acid 
(25µL/mL) was also used as selection marker in Bruce/la during conjugation with Sl 7-1 E. 
coli. The plasmids used were pNPTS138 (carrying kanR and sacBR, a sucrase sensitivity 
cassette), pMR.10 (carrying kanR) and pSKoriTcat (carrying cmR cassette). 

Strain constructions 
For the construction of the !-:..clpSA strain, a pNPTS 138 integrative plasmid in which the region 
before and after clpSA previously constructed by PCR was cloned, was used to achieve a double 
deletion mutant (ilclpS-ilclpA) in B. abortus 544. With this plasmid, a transformation of E. coli 
DHl0B and then a transformation of the conjugative strain E. coli Sl 7-1 were performed. The 
conjugation was then performed in B. abortus 544 and the mutant was obtained by allelic 
replacement (Figure 41). 
For the construction of hdaA-YFP strain, a pNPTS138 integrative plasmid in which the end 
region of hdaA fused with a YFP and the beginning of the gene region following hdaA 
previously constructed by PCR was cloned, was used to achieve a fusion protein HdaA-YFP in 
the genome of B. abortus. The method used was the same as for the !-:..clpSA strain (allelic 
replacement in B.abortus) (Figure 42). 
For the construction of the il TM-hdaA strain, a pNPTS 13 8 integrative plasmid, in which the 
region before and after the transmembrane domain of hdaA constructed by PCR was cloned, 
was used to achieve a deletion of hdaA transmembrane domain. However, since the genome 
was wrongly annotated in artemis, the upstream region selected included 93 nucleotides 
belonging to the N-terminal part of the transmembrane domain. The method used was the same 
as for the !-:..clpSA strain (allelic replacement in Bruce/la abortus) (Figure 39). 
For the construction of the LJTM-hdaA-YFP strain, a pNPTS138 integrative plasmid in which 
the end region of hdaA fused with a YFP and the beginning of the gene region following hdaA 
previously constructed by PCR was cloned, was used to achieve a fusion protein !-:..TM-HdaA
YFP in the genome of LJTM-hdaA. The method used was the same as for the the previously 
cited. 

Plasmidic DNA extraction 
From an ovemight liquid culture of E. coli DHl OB carrying the desired plasmid, approximately 
1 mL was put in Eppendorftubes, centrifuged at 8000 RPM for 2 min and the supernatant was 
removed. This operation was repeated twice to increase the bacterial pellet. 300 µLof Pl buffer 
(RNase A l00µg/ml, TrisHCl 50 mM, EDTA 10 mM, pH 8), stored at 4°C, was added and used 
to resuspend the bacterial pellet. Then, 300 µL of P2 buffer (NaOH 200 mM and 1 % SDS), 
stored at room temperature (RT), was added and the suspensions were incubated at RT for 2 
min. After this incubation time, 300 µLof the P3 buffer (potassium acetate 3 M, pH 5.5), mixed 
by gentle inversion about 10 times, and the mix was stored at 4°C, was added. The solution was 
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mixed 10 times by inversion and then centrifuged at 13000 RPM for 12 min to remove the 
debris. The supernatant containing the plasmidic DNA was collected in new Eppendorf tubes 
and 600 µL of isopropanol were added to it, the solution was mixed by vigorous inversions, 
and centrifuged for 12 min at 13000 RPM. The supernatant was removed. Next, 500 µLof 
ethanol 70% were added and the solution was centrifuged one last time at 13000 RPM for 5 
min. The supernatant was once again removed using the vacuum pump and the tubes were left 
drying in an incubator at 50°C for at least 30 min. Once they were dry, 20 µL of water were 
added to resuspend the pellet of each tube. 

PCR 
Different PCR were performed: preparative PCR, joining PCR and diagnostic PCR. 
Preparative PCR. This PCR was used for the subsequent constructions. The PCR mix contains 
Q5 High-Fidelity DNA polymerase (2,000 U/µL , Biolabs), Q5 reaction buffer (Biolabs), 
forward and reverse primers (20 µM of each), dNTP (5 µM each), template DNA (about 60 ng 
of genomic DNA), DMSO 5% and water, for a final volume of 50 µl. The PCR programme was 
composed of a DNA denaturation step (at 98°C for 30 s), followed by 25 amplification cycles. 
These cycles were composed of a DNA denaturation step (at 98°C for 10 s), a primer 
hybridization step (in which the temperature must be adapted according to the primer Tm, for 
30 s), and an elongation step (at 72°C, the time of elongation depends on the length of the DNA 
fragment to be amplified, 1 min for 2000 bp). After these 25 cycles, the last step is a final 
elongation (at 72°C for 2 min). 
Joining PCR. This kind of PCR concatenates two PCR products together through sequence 
complementarity. The mix contained Q5 Highly-Fidelity DNA polymerase, Q5 reaction buffer 
(5X, BioLabs), dNTP (5 µM each), 1 µL of each PCR product to be joined, DMSO 5% and 
water. A classical PCR programme with only 5 amplification cycles was first performed to join 
the two products. Once this first PCR was performed, primers were added to the mix and 25 
more cycles were done to amplify the entire product. 
Diagnostic PCR. This PCR is used to check the presence and the size of a given DNA fragment. 
The PCR mix contains GoTaq polymerase (Promega®), GoTaq buffer (5X, Promega®), forward 
and reverse primers (20 µM of each), dNTP (5 µM of each), a fragment of a bacterial colony, 
DMSO 5% and water for a final volume of 30 µl. The PCR programme was composed of a 
DNA denaturation step (94°C for 4 min) and 25 amplification cycles. These amplification 
cycles were composed of the following steps: DNA denaturation (94° for 30 s), primer 
hybridization (54°C for 30 s) and DNA elongation (72°C for a period determined through the 
size of the DNA fragment to be amplified, 1 min for 1000 bp). The last step was a final 
elongation (72°C for 5 min). 

Purification of PCR products 
Each PCR product was first checked by electrophoretic migration in agarose gel containing 
ethidium bromide to see if the size of the given PCR product was the one expected by 
correspondence to a DNA ladder (Gene Ruler 0.1 µg/µL Thermo Scientific). The purification 
of PCR products was then achieved with the NucleoSpin, Gel and PCR Clean-up kit (Macherey
nagel), according to manufacturer instructions. 

Enzymatic restriction 
The purified PCR products were digested using the appropriated restriction enzyme and buffer 
(CutSmart) during 10 min at 37°C, and was directly put on ice afterwards to stop the enzymatic 
reaction. The mix for the restriction was composed of the purified PCR product or the plasmid, 
the appropriate enzyme and buffer (1 0X) for a final volume of 10 µL if one enzyme was used, 
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and 15 µL iftwo enzymes were used. The restriction products were then purified according to 
the previous section. 

Ligation 
The ligation of the PCR products into the plasmids was performed in a mix containing the T4-
ligase (1 0X, Invitrogen), the buffer (5X, Invitrogen), the restricted plasmid and the restricted 
insert. The mix was then incubated overnight at l 8°C. 
A triple ligation was performed to ligate three PCR products together using compatible 
restriction sites. The DNA quantity of each product was first measured and then the quantity of 
each part was adapted in order to increase the likelihood of the ligation. The same enzyme and 
buffer were used for a final volume of 25 µL. 

Transformation 
E. coli DHI OB and S 17-1 competent strains were used for the transformations. For the DHI OB 
transformation, 5 µLof the ligation product was added to 50 µLof competent bacteria. The mix 
was incubated on ice for 5 min, heat shocked for 2 min at 42°C and then put on ice again. 
500 µL of liquid LB medium was then added to help bacteria recovering from the heat shock 
and the bacteria were incubated with agitation for 20 minutes at 37°C. A:fter this incubation 
time, the bacteria were centrifuged at 5000 RPM for 3 minutes, the supernatant was removed 
to leave approximatively 100 µL in which the pellet was resuspended. These bacteria were then 
plated on LB-agar medium containing X-Gal (0.004%) and IPTG (1 mM) if a blue-white screen 
was performed, and the antibiotic corresponding to the plasmid used. The Petri dishes were 
incubated overnight at 37°C. The same protocol was used with the SI 7-1 strain, excepted that 
15 µLof bacteria were first taken instead of 50 µL for DHI0B. 

Conjugation 
For the conjugation, plasmids of interest were transformed into E. coli S 17-1 conjugative strain, 
which were used for the mating in B. abortus 544. 50 µLof an overnight culture of E. coli S 17-
1 were added to 1 mL of an overnight culture of the B. abortus 544 (WT). The bacteria were 
then centrifuged for 2 min and 30 s at 7000 RPM, the supernatant was removed, and the pellet 
was resuspended in 100 µL of 2YT medium. The bacteria were spotted in 2YT agar without 
spreading and incubated at RT for 24 h. The next day, half of the drop was resuspended in 
100 µLof 2YT liquid medium, plated on 2YT-agar medium supplemented with nalidixic acid 
(1 µL/mL) and kanamycin (10 µg/µL) and placed in the incubator at 37°C for 4 to 5 days. 
Colonies were then streaked on 2YT-agar containing kanamycin (10 µg/µL) but no nalidixic 
acid to allow them to grow better. From a streak, a bacterial culture was performed in liquid 
2YT without any antibiotic to allow the second recombination (excision of the antibiotic 
resistance cassette and the sucrose sensitive cassette). 100 µL of this culture were plated in 
2YT-agar containing sucrose (5%) and were incubated at 37°C. Approximatively 5 days a:fter, 
the colonies obtained were picked and streaks were made in parallel on two squared plates, 
containing respectively 2YT-agar with kanamycin and 2YT-agar with sucrose. These plates 
were incubated for 2 to 3 days. The colonies that were grown only in the sucrose medium were 
picked up, placed in 100 µL of sterile PBS and then inactivated at 80°C for at least 1 h. 
Diagnostic PCR was then performed to check if the clone was effectively the expected mutant. 

Infection of RA W 264.7 macrophages and CFU counting 
RA W 264.7 macrophages were cultured in a 5% CO2 atmosphere at 37°C in DMEM 
supplemented with 5% Fetal Calf Serum (Gibco). The day before infection, RA W 264.7 
macrophages were diluted to have lx105 cells/mL and 500 µL was put in each well of the 
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24-wells plate. An ovemight liquid culture of the B. abortus strain was also performed the day 
before the infection. 
For the infection, we used a MOI of 50 (multiplicity of infection, meaning that there are 50 
times more bacteria than cells). We assumed that the RA W 264.7 macrophages have been 
multiplying about 1.5 times during the night, meaning that there are about l.5xl 05 cells/mL in 
the moming. The day of the infection we first performed a wash of the bacterial culture by 
centrifugation (2 min and 30 s at 7000 RPM), using the appropriate amont of bacteria (75x 105 

bacteria/ml) . Then, the pellet was resuspended in the appropriate volume of RA W 264.7 culture 
medium. The medium in the multiwell plate was removed and 500 µL of the bacteria in the 
RA W 264.7 medium were added in each condition. A centrifugation of the plate was then 
performed at 4 °C and 1000 RPM for 10 min and the plate was incubated at 3 7°C, which 
corresponded to the beginning of the infection (T0h). 
After one hour of incubation, the medium was removed and replaced by 500 µLof RA W 264. 7 
medium with gentamycin (50 µg/mL). Then, 2 hours post infection (PI), the medium was 
discarded, and replaced by the same medium but with gentamycin 10 µg/mL. For the conditions 
studied at 2 h PI, 2 washes of PBS were done, 500 µLof PBS-Triton Xl00 (0.1%) were then 
added in each condition and the plate was incubated for 10 min at 37°C. After this incubation 
time, 10 flushes were performed in each well and the bacteria were harvested in Eppendorf 
tubes. From these suspensions, different dilutions were performed and 20 µL of each condition 
were spotted in triplicate on 2YT-agar plates. The same steps were repeated for different times 
post infection (5 , 24 and 48 h PI) and CFU were counted 3 to 4 days afterwards. 

Microscopy 
Before the microscopy, agarose pads were made with 350µL of agarose (1 %) in PBS 1 %. For 
observation of bacteria (LJclpSA, LJTM-hdaA, hdaA-YFP, LJTM-hdaA-YFP and the WT strain), 
lmL of an ovemight culture were put in an Eppendorf, centrifuged at 7000RPM for 2 min 30, 
and washed in PBS to take off the 2YT liquid medium (which is auto-fluorescent). The pellet 
was then resuspended in 150 to 500µL of sterile PBS, depending on its size, in order to have an 
optimal amont of bacteria to visualize. Then, 2µL of the solution were dropped on the agarose 
pad previously made and the pads were sealed with V ALAP (1/3 vaseline, 1/3 lanoline and 1/3 
paraffin wax). The Bruce/la strains were observed with a Nikon 80i ( objective phase contrast 
xl00, plan Apo) connected to Hamamatsu ORCA-ER camera. The microscope which has been 
used is a Nikon 80i (objective l00X, plan Apo) connected to a Hamamatsu ORCA-ER camera. 
We also used DF type immersion oil (Nikon oil) with refraction indice of 1.5150 +/- 0.0002. 

Fixation test with PF A 
For the fixation test using PF A (paraformaldehyde) 1 mL of a liquid culture in an exponential 
phase were washed twice (at 7000RPM for 2 min 30 each time). The pellet was then 
resuspended in 200µL of PBS with PFA (2%) and incubated at RT for 20 minutes. 2µL of these 
bacteria were placed on a slide to be observed by fluorescent microscopy. 

Bioscreen 
Ovemight pre-cultures of B. abortus WT and the mutant were performed two days before the 
bioscreen. The next day, the liquid cu ltures were grossly diluted in order to have an exponential 
phase in the evening, where the culture was again diluted to have an optical density (OD) of 
0.05 . The day the bioscreen was performed, the liquid cultures were diluted in fresh 2YT at an 
OD of 0.1 for the different conditions tested (to normalize the amount of bacteria for all of the 
conditions). 200 µLof each condition were put in triplicate in a multiwell plate and 2YT alone 
was used as a blank condition. Sterile PBS was put between the wells to avoid evaporation 
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problems. The bioscreen was then started for 50h. The bioscreen was repeated three times 
(biological triplicate ). 

Western Blot 
Samples for the Western Blot were made according to the following steps: the optical density 
(OD) was first taken from an overnight culture and the sample were concentrate to an OD of 
10. The samples were then centrifuged at 13000 RPM for 5 minutes and resuspended in ¾ of 
the optimal volume of PBS. They were left in the bath at 80°C for 1 hour in order to be 
inactivated. Then ¼ of the final volume of loading buffer (lM Tris-HCl pH 6.8, 10% SDS, 
Glycerol, ~ mercaptoethanol, 1 % Bromophonol blue, dH2O) was added to the sample. The mix 
was then boiled at 95°C for 10 to 15 minutes. 15 µlof each sample was loaded on a SDS-PAGE 
two-parts gels, the running gel and the stacking gel (1.5M Tris-HCl pH 8.8 for running gel PH 
6.6 for stacking gel, 10% SDS, 10% Ammonium Persulfate (APS), Acrylamide/ Bis acrylamide 
12%, Tetramethylethylenediamine (TEMED)). The gel was run at 40 mA, 300 V, 100 W. The 
proteins were then transferred from the gel to the nitrocellulose membrane at 14 V, 112 mA for 
30 minutes using a Transblot turbo Bio-Rad. Afterward, a blocking of the membrane was 
achieved with milk 5% dissolved in PBS-Tween (0.05%) overnight at 4°C. The detection of 
HdaA-YFP was performed via commercial antibody (Jc8) while the detection of DnaA was 
detected by monoclonal antibody. The incubation with the primary antibody was done for lh 
ou 2h at RT, diluted at 1/300 or 1/5000 in 1 % milk PBS-Tween. Then, the membrane was 
washed with PBS-Tween three times for 10 min each and then incubated during 1 h with the 
secondary antibody anti-mouse or anti-rabbit IgG (1/5000) conjugated with HRP (Horseradish 
peroxidase) diluted in 1 % milk PBS-T. Again, the membrane was washed three times with 
PBS-Tween. Proteins were visualized by adding a mix of the peroxide solution and 
luminol/enhancer solution (1/1) to the membrane (Clarity TM ECL Western Substrate,Bio-Rad). 
Images were revealed with Amersham imager 6000. 
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SUPPLEMENT ARY DATA 

Supplementary table 1 - Primer table representing ail the primers used in this study. 

Mutant 

!J.TM-hdaA 

hdaA-yfp 

!J.clpSA 

!J.clpSA+ 

dnaN-mCherry 

Primer 
/J. TM-hdaA-AMF 
/J. TM-hdaA-AMR 
/J.TM-hdaA-A VF 
/J.TM-hdaA-A VR 
/J. TM-hdaA-check-F 
hdaA-yfp-AM-F 
hdaA-yfp-AM-R 
yfp-for-hdaA-F 
yfp-for-hdaA-R 
hdaA-yfp-AV-F 
hdaA-yfp-AV-R 
t'J.clpSA-AMF 
t'J.clpSA-AMR 
tJ.clpSA-A VF 
t'J.cl SA-A VR 
clpSA-compl-F 
clpSA-compl-R 
dnaN-F 
dnaN-R 
mCherry-F 
mCherry-R 

Se uence 5'--► 3' 
gggGTCGACcatcaatagcgatcttgagc 
CA Tattgacatgaatgtcaccg 
cggtgacattcatgtcaatA TGcgttttgcattgaatagcta 
gggGAA TTCatctgtatcgccgatagaag 
tgcacgaccagatcgttcac 
aaGTCGACcgggtgacaatacaggccg 
ttCTCGAGtccggcctgccccata 
aaCTCGAGtcgaagggcgaag 
ctCTGCA Gtcacttatacagttcatc 
tttCTGCAGtgagggtggcggtcaca 
tttGAA TTCggtcgtagagaccgcgctt 
cgcGGATCCcgtatccttgttgatgcg 
gcgGAATTCggacgtcatatggggatt 
aaaGAA TTCtaaacgcataaaaacggc 
aaaGCTAGCc a ataat c aat 
aaaGGATCC gtgttcgcatcaacgacg 
aaaAAGCTTttatttcttgcgcggcac 
aaGGA TCCgtgcgccttatcgacaaggg 
ttgcggccgcGGTGGCCGACCGgacgcgcatcggcatga 
aaGCGGCCGCgtgagcaagggcgaggag 
ttGAA TTCtcacttgtacagctcgtccatgcc 

Supplementary table 2 - Strain constructed in the study 

Strain 
E. coli DHlOB 

E. coli Sl 7 

B. abortus 544 

Name 
pNPTS138 /J.TM-hdaA-AM 
pNPTS138 /J.TM-hdaA-AV 
pNPTS138 hdaA-AM-YFP 
pNPTS138 hdaA-A V (for YFP) 
pGemS-Zft+) t'J.clpSA-AM 
pGemS-Zf(+) t'J.clpSA-A V 
pMRlO clpSA 
pNPTS138 /J.TM-hdaA 
pNPTS138 hdaA-YFP 
pNPTS138 t'J.clpSA 
pMRlO ClpSA 
pNPTS138 /J.TM-hdaA 
pNPTS138 hdaA-YFP 
pNPTS138 t'J.clpSA 
pMRlO clpSA 

Resistance/ Sensitivi 
kanR/ sucs 
kanR/ sucS 
kanR/ sucs 
kanR/ sucs 
ampR 
ampR 
kanR 
kanR/sucS 
kanR/sucS 
kanR/sucS 
kanR 
/ 
/ 
/ 
kanR 
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Figure SI I Western blot anti-YFP highlighting the HdaA protein fused to YFP in exponential and in 
stationary phases (entire Figure). Two clones of the hdaA-yfp strain were tested (2 and 4) to further confirm the 
results. The description of the experiment is avai lable bellow Figure 35. 
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Figure S2 1 Growth curve for the WT (blue) and the hdaA-yfp strains for one representative experiment. 
hdaA-yfpl is represented in black and hdaA-yfp2 in grey. 

Contrast phase YFP Merge 

A 

hdaA-yfp-1 

B 

hdaA-yfp-2 

Figure S31 Localization ofHdaA-YFP in an exponential phase. Bacteria from hdaA-yfp-1 (A) strain and hdaA
yfp-2 (B) strain were observed using phase contrast and fluorescence microscopy. White arrows indicate HdaA
YFP foci. The scale bar represents 2 µm. 
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