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INTRODUCTION

Acinetobacter baumannii is one of the most clinically important
pathogens worldwide. This Gram-negative bacteria have spread in health-
care institutions and affect individuals with critical conditions and those who
have experienced a prolong stay in hospital. Infections caused by
A. baumannii are difficult to treat and represent a serious risk for people with
a compromised immune system.

It has been estimated that A. baumannii is responsible for up to a tenth of
all Gram-negative hospital infections (Antunes et al., 2014), with a mortality
rate of the most common ones reaching as high as 70 % (McConnell et al.,
2013). The spectrum of infections includes pneumonia, bacteremia (blood
infection), urinary tract infections, wound infections, endocarditis, post-
neurosurgical meningitis, and necrotizing fasciitis (Peleg et al., 2008).

The success of A. baumannii in clinical settings comes from its ability to
persist in the environment, which is unfavourable for a majority of bacteria.
The adaptation modes include such traits as multidrug-resistance, tolerance
to desiccation, ability to form biofilms, motility, and tolerance to oxidative
stress (Harding et al., 2018; Morris et al., 2019). Recently, various traits that
can directly aid in the colonisation of a host have been described and include
virulence factors, secretion systems, and nutrient acquisition systems (Morris
etal., 2019).

In bacteria, gene regulation is commonly performed via two-component
systems composed of a membrane anchored histidine kinases and cytosolic
response regulators, which are regulated via phosphoryl group transfer to a
conserved aspartate from the cognate histidine kinase (Groisman, 2016).
Recent research provided compelling evidence that A. baumannii two-
component system BfmRS is one of the most important systems contributing
to A. baumannii virulent traits such as biofilms, motility, capsule formation,
drug resistance, desiccation resistance, adhesion to epithelial cells, resistance
to immune system (Clemmer et al., 2011; Farrow et al., 2018; Geisinger et
al., 2018; Geisinger and Isberg, 2015; Russo et al., 2010; Tomaras et al.,
2008).

Additional mechanism that allows A. baumannii to respond and persist in
the environment is the presence of secretion systems (Harding et al., 2018;
Weber et al., 2017). Recently, it has been shown that the pathogen uses Type
VI secretion and contact-dependent growth inhibition systems, which
theoretically can provide an in vivo fitness advantage in microbial

8



communities (Harding ef al., 2018). This phenotype is especially important
in clinical settings, where food sources are scarce, therefore competitions are
unavoidable. In addition, these systems in some organisms modulate the
secretion of virulence factors, adhesion to surfaces, or mediate micro-
nutrient uptake, suggesting their role in pathogenesis.

However, very few studies have been performed -elucidating the
regulatory circuits of these secretion systems. Understanding of how they are
regulated in bacteria and how beneficial they are for the interaction with the
environment is of significant importance for the design of potential treating
strategies.

In this work, we characterise the contribution of the two-component
system BfmRS to 4. baumannii phenotypes important for the establishment
of bacterial communities in the environment and inter-bacterial competition.
We also characterise a contact-dependent growth inhibition system encoded
by A. baumannii V15 clinical isolate.

Therefore, the goal of this thesis is to describe the role of BfmRS two-
component system in 4. baumannii ability to persist in the environment and
in microbial communities.

To reach the goal the following objectives were formulated:

* To investigate the role of BfmRS system in 4. baumannii ability to
form pellicle and to mediate motility;

* To investigate the role of BfmRS system in 4. baumannii
inter-bacterial competition via Type VI secretion system;

e To determine the regulatory action of BfmRS system in
A. baumannii contact-dependent growth inhibition;

* To evaluate the role of 4. baumannii polysaccharide capsule in the
defence against contact-dependent growth inhibition;

*  To determine the mechanism of action of A. baumannii CdiA protein
in contact-dependent growth inhibition system.



Scientific novelty statement

This work presents novel findings regarding the regulatory network of
Acinetobacter baumannii two-component system BfmRS, a Gram-negative
opportunistic pathogen responsible for a growing number of severe
nosocomial infections.

A. baumannii forms a biofilm-like structure at the air/liquid interface
known as a pellicle, which increases bacterial survival and persistence in a
hostile environment. So far, no regulatory mechanisms have been described
that influence 4. baumannii pellicle formation. In this work, for the first time
we show that 4. baumannii BfmR regulator promotes pellicle formation. We
provide evidence that at the same time BfmR protein reciprocally regulates
A. baumannii surface-associated motility. Although it has already been
known that the loss of the BfmS sensor coding gene results in the loss of
motility, the role of BfmR regulator in this phenotype remained unexplained.
We demonstrated for the first time that the inhibition of motility results from
the up-regulation of BfmR coding gene.

BfmR positively regulates the secretion of Hcp protein into the growth
media. Hcp in complex along with other proteins form a needle-like
apparatus, called Type VI secretion system (T6SS), which is able to puncture
and deliver effectors (toxins) into adjacent cells. We demonstrated for the
first time that the BfmRS system up-regulates Type VI secretion system.
However, the BfmR-dependent increase in the secretion of Hcp protein does
not influence the T6SS-mediated interbacterial competition, suggesting that
Hcp secretion performs an alternative role in A. haumannii physiology.

We have also linked the BfmRS system with the repression of the
contact-dependent growth inhibition system in A. baumannii. These
inhibition systems in Gram-negative bacteria mediate intra-species
competition by binding to neighbouring cells of the same species and
delivering various toxins to them. This results in the inhibition of the target
cell growth. To date, knowledge regarding the regulatory mechanisms of
contact-dependent growth inhibition systems is scarce.

It is generally accepted, that a cell-cell contact is essential for contact-
dependent growth inhibition activity. However, our results showed that
A. baumannii CdiA toxin, the component of contact-dependent growth
inhibition system, released from bacterial cell into the growth media, retains
its toxicity, and effectively induces the growth arrest of susceptible strains.
This unique feature indicates that 4. baumannii does not require a cell to cell
interaction to mediate contact-dependent growth inhibition, suggesting that
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the pathogen could expand the sphere of influence, leading to the
establishment of a more homogeneous population.

This work also introduces novel findings regarding A. baumannii defence
mechanisms against contact-dependent growth inhibition. It has been known
that the outer polysaccharide layer, the capsule, protects Escherichia coli
from this type of inhibition. In this work, we showed for the first time that
A. baumannii capsule performs the same protective role, indicating that this
defence mechanism is a common phenomenon among bacteria.

Lastly, we found that the presence of the BfmRS system impacts the
susceptibility against contact-dependent growth inhibition in some
A. baumannii clinical strains. This work is the first study that established a
direct link between the BfmRS system and the protection against contact-
dependent growth inhibition. It has been shown that the loss of BfmRS in
some A. baumannii strains resulted in the down-regulation of the capsule,
which might render them susceptible to the inhibition. However, we did not
find that the bfmRS deletion caused any apparent reduction in the quantity of
capsule in all our tested strains. We concluded that the BfmRS system
mediates resistance to contact-dependent growth inhibition via other
mechanisms.

In sum, this work demonstrates that the BfmRS system plays a central
role in A. baumannii ability to survive under unfavourable environmental
conditions as well as its ability to perform inter-bacterial competition.
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Major findings presented for the defence of this thesis:

* BfmRS system acts as a positive regulator of A. baumannii pellicle
formation and a negative regulator of surface-associated motility;

* BfmRS system positively regulates the secretion of Hcp protein, a
component of the Type VI secretion system into the growth media
without impacting the killing phenotype;

* A. baumannii contains a functional contact-dependent growth
inhibition system negatively regulated by the two-component system
BfmRS;

* A. baumannii capsule efficiently protects clinical 4. baumannii
isolates from contact-dependent growth inhibition;

* A. baumannii V15 strain secretes a functional CdiA toxin into the
growth media causing the growth arrest of susceptible cells.
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1. LITERATURE REVIEW

1.1. General features of the genus Acinetobacter

The genus Acinetobacter includes bacteria that can be isolated from
various sources of natural ecosystems and opportunistic pathogens that cause
human infections. Currently, the genus include 59 distinct species
(https://Ipsn.dsmz.de/genus/acinetobacter, last accessed March 09, 2020),
that should be classified in the Family Moraxellaceae, within the Order
Pseudomonadales, the Class Gammaproteobacteria, The Phylum
Proteobacteria, and the Domain Bacteria (George Garrity et al., 2005).

Based on the protein similarity between orthologs in the core genomes,
the proposed age of Acinetobacter is ~500 million years old, meaning that
the genus is as ancient as Enterobacteriacea, explaining a great phenotypic
and genotypic variation within it (Touchon et al., 2014). Isolated strains can
be assigned to Acinetobacter if they have a G + C content of 38 — 47 %, are
Gram-negative coccobacilli, oxidase negative, catalase positive, aerobic
(nonfermenting), non-motile, and do not reduce nitrate (for most strains)
(George Garrity et al., 2005). Among all Acinetobacter species, which are
predominantly isolated from environmental samples, Acinetobacter
baumannii is found almost uniquely in the hospital environment (Antunes et
al.,2014).

Special attention should be paid to the Acinetobacter calcoaceticus —
Acinetobacter baumannii complex (Acb), which includes species that can not
be properly distinguished based only on phenotypic characterisation. The
Acb complex includes A. baumannii, Acinetobacter pittii, Acinetobacter
nosocomialis, A. calcoaceticus, and Acinetobacter seifertii species (Mateo-
Estrada et al., 2019; Peleg et al., 2008). A recent phylogenetic analysis of the
Acinetobacter genus not only has identified a few additional species that
classify under the Acb complex, namely Acinetobacter oleivorans and
Acinetobacter lactucae, but also has found that some strains in the complex
are misclassified (Mateo-Estrada et al., 2019). Out of all species from the
genus, A. baumannii, A. nosocomialis and A. pittii, appear to be the most
clinically important. These species emerged recently in health institutions
worldwide as opportunistic pathogens causing various hospital-acquired
infections (Peleg et al., 2008).

Due to the clinical importance of some of the species from Acinetobacter
genus, methods that identify Acinetobacter down to the species level, are of

13


https://lpsn.dsmz.de/genus/acinetobacter

high priority. Currently these include various phenotypic and genotypic
analysis techniques that involve but are not limited to: matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry, DNA-DNA
hybridisation, 16S rRNA gene restriction analysis, high-resolution
fingerprint analysis by amplified fragment length polymorphism, ribotyping,
tRNA spacer fingerprinting, restriction or sequence analysis of the 16S-23S
rRNA intergenic spacer sequences, sequencing of various other phylogenetic
markers, and whole genome sequencing along with average nucleotide
identity (Mateo-Estrada et al., 2019; Peleg et al., 2008).

1.1.1 Clonal lineages of A. baumannii

It has been observed that bacterial cells within a population might form
so-called clonal groups that differ between each other by various properties
such as virulence, epidemicity and other. These groups can be identified by
performing multi-locus sequence typing of several house-keeping genes
(Diancourt et al., 2010). The comparison of resulting profiles allows to track
global distribution, spread, and common features among groups of
A. baumannii. Data from various typing schemes indicate that population
structure of A. baumannii can be separated into at least nine distinct clonal
lineages that are widespread (Zarrilli et al., 2013). Two of these, termed
International Clones (IC) I and II, are the most widespread and responsible
for the majority of infections worldwide (Giannouli et al., 2013; Zarrilli et
al., 2013). It has been suggested that these clusters originated in the mid-
1970s with resistance determinants for early antibiotics. The introduction of
currently used modern antibiotics from the 1980s caused a rapid,
resistance-driven diversification of strains within lineages (Hamidian et al.,
2019; Wright et al., 2014). Recent observations of the variations in capsular
polysaccharide and lipooligosaccharide outer core loci (Holt ef al., 2016;
Schultz et al., 2016; Wyres et al., 2020) show an additional level of the
diversity of A. baumannii. These changes can significantly impact surface
polysaccharide structure, host interactions, resistance to predators, and
various virulence phenotypes (Holt et al., 2016; Russo et al., 2010; Tipton et
al., 2018).

The comparative analyses of genome sequences between strains
belonging to IC I and IC II clusters revealed a striking variations within them
that can not be observed by conventional typing methods (Holt et al., 2016;
Schultz et al., 2016; Wright et al., 2014). Also, these variant strains are
seemingly widespread indicating the necessity to characterise each
individual isolate (Wright et al., 2014). An interesting observation was made
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recently that several different strains can colonise a single patient at the same
time. This suggests a possibility for lateral gene transfer between
populations, which additionally contributes to the increase of diversity
within 4. baumannii (Snitkin et al., 2013; Wright et al., 2014).

Despite high variations within clusters, some generalities can be drawn.
For instance, a tendency has been observed for IC II strains to form larger
biofilms, when compared to IC I strains. Moreover, the former group of
strains displayed a higher adherence to airway epithelial cells (de Breij et al.,
2010; Giannouli et al., 2013), suggesting their more pronounced virulence,
and partially explaining the prevalence of IC II clones (Higgins ef al., 2010;
Karah et al., 2012). Our recent analysis indicated that carbapenem-resistant
A. baumannii strains from IC II cluster, were the most prevalent
carbapenemase producers in Lithuanian hospitals (Povilonis ef al., 2013). It
was reported that IC I strains display increased resistance to desiccation,
while IC II strains are only moderately resistant (Giannouli et al., 2013).
Also, when compared to IC II strains, IC I clones display the ability to
twitch. It is one out of two motility phenotypes displayed by A. baumannii
strains (please see section 1.3.1) (Eijkelkamp et al., 2011b). In summary,
A. baumannii displays a high level of genomic and phenotypic variability,
allowing it to rapidly evolve and adapt to life under unfavourable conditions.

1.2. Acinetobacter baumannii epidemiology and clinical manifestations

It was calculated that Acinetobacter infections account for up to 20 % of
all infections in intensive care units worldwide (Vincent et al., 2009). The
pathogen targets critically ill people with pre-existing health conditions or
patients that have received major surgical interventions, thereby causing
nosocomial infections (Antunes et al, 2014). Additionally, the rise of
community-acquired A. baumannii infections has also been noted
(Dijkshoorn et al., 2007).

A recent epidemiological study surveying in vitro activities of tigecycline
and other antimicrobials against clinically important pathogens, indicated
that during the period of 2004-2014, multidrug-resistant A. baumannii isolate
numbers increased globally from 23 % to 63 %, while all other Gram-
negative pathogen numbers remained relatively stable (Fig. 1.1. A). Most
important was the fact that ~90 % of surveyed A. baumannii isolates were
resistant to at least three antibiotics (Giammanco et al., 2017). The
epidemiological data on the prevalence of multidrug-resistant A. baumannii
in Eastern Europe between 2011 and 2016 show an increase from 44.1 % in
2011 to 71.0 % in 2015, before decreasing to ~50.0 % (Fig. 1.1 B). A
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worrying observation was made that resistance to fluoroquinolones,
aminoglycosides and carbapenems in isolates from Eastern Europe was
approximately two-times higher than reported average for European
Union/European Economic Area (EU/EEA) countries (Dowzicky and
Chmelarova, 2019).

A Acinetobacter baumannii B
—&— Pseudomonas aeruginosa
Escherichia coli -
100 & Acinetobacter baumannii
—&— Klebsiella pneumoniae
80 —a— Klebsiella oxytoca 0
—&— Enterobacter aerogenes
¢ 8 | —e—Enterobacter cloacae 14
=) O 4
= =
40
R R
20 -
EEES =t
0 0 T T T T
2004 2006 2008 2010 2012 2014 2011 2013 2014 2015 2016
Year Year

Fig. 1.1. Percentages of multi-drug resistant (MDR) isolates collected:
(A) globally, between 2004-2014 (adapted from Giammanco et al., (2017)); (B) in Eastern
Europe, between 2011-2016 (adapted from Dowzicky and Chmelatova, (2019)).

Particular attention should be paid to A. baumannii caused outbreaks in
neonatal care units. A recently published study aggregating 12 studies from
2004 to 2017 showed that the risk factors associated with neonatal care units
including low birthweight, use of various assisted devices, and extensive use
of antibiotics, resulted in bloodstream and respiratory tract infections caused
by multidrug-resistant and extensively multi-drug resistant A. baumannii
(Zarrilli et al., 2018).

A. baumannii predominantly causes two types of infections: nosocomial
pneumonia and bacteremia (blood infection) (Wong et al., 2017). The former
results when the pathogen reaches alveoli of a ventilated patient. This is
usually mediated via an invasive endotracheal tube, to which the pathogen
might adhere and subsequently be inhaled (Gil-Perotin et al., 2012).
Additionally, community-acquired pneumonia has also been documented
(Peleg et al., 2008). In general, these cases are associated with pre-existing
health conditions such as diabetes or cancer, and are common for patients
that smoke heavily, or consume excessive amounts of alcohol (Peleg et al.,
2008; Wong et al., 2017). Bacteremia is caused when the pathogen reaches
the bloodstream. This happens via various means, such as via contaminated
catheter, or secondarily due to the extensive pneumonia (Wong et al., 2017).
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The disease is associated with the risk factors such as loss of functionality,
steroid and antibiotic use, and prolonged hospital stay (Ballouz et al., 2017).
It also demonstrates highly increased mortality rates (between 30 % and

76 %) (Ballouz et al., 2017; Peleg et al., 2008). Other infections caused by

A. baumannii include urinary tract infections, wound infections,
endocarditis, post-neurosurgical meningitis, and necrotizing fasciitis (Peleg
et al., 2008).

1.3. Environmental persistence and virulence of A. baumannii

Generally, traits that enable A. baumannii to successfully inhabit
nosocomial settings and colonise its host can be subdivided into two major
groups: traits required for environmental persistence, and traits that directly
influence infection (Harding et al., 2018). The former includes such traits as
multidrug-resistance, biofilm formation, motility, desiccation resistance, and
ability to withstand oxidative stress. The traits that influence infection can be
further subdivided into conventional virulence factors, secretion systems,
nutrient acquisition systems, and bacterial community interactions (Harding
et al., 2018; Morris et al., 2019).

1.3.1. A. baumannii traits required for environmental persistence

Antibiotic resistance
represents one of the most

T ox 9 & Ricriccl important phenotypic traits
Q 44 : .
. a Protected drug targets t: [ that allOW the perSlStence m
Altered drug targets ° /‘/ Q . .
I % /'/.: nosocomial environments. It
®M 3%3 . has been observed that

Substituted drug targets via modification

nearly all known drug-

Efflux Systems

Reduced permeability resistance mechanisms are

used by A. baumannii (Fig.
1.2) (Alekshun and Levy,

% ) 2007). These include
Fig. 1.2. Graphical schematic of main drug resistance resistance obtained through
mechanisms used by A. baumannii. chromosomal mutation

(mutated DNA gyrase or
topoisomerase IV subunits); enzymatic drug inactivation via hydrolysis or
modification (B-Lactamases, aminoglycoside-modifying enzymes); altered,
substituted, or protected drug targets (altered penicillin binding proteins,
Lipid A modifications); the use of efflux systems (at least four types of
efflux pumps); and a reduced permeability (the loss of lipopolysaccharide

17



leads to increased resistance to colistin; the use of outer membrane porins
with reduced permeability) (Lee et al., 2017).

Biofilm formation is the ability of bacteria to regulate the aggregation of
population into clumps that are wrapped in an extracellular polymeric
matrix, which is composed of polysaccharides, proteins, lipids and
extracellular DNA (Flemming et al., 2016). These complexes are formed via
multiple stages reaching a high cell density (10%-10" cells/g), and are
characterized by some level of bacterial organization, where
morphologically and/or genetically different cells signal or respond to
nearby cells and surroundings (Flemming et al., 2016; Flynn et al., 2016;
Poltak and Cooper, 2011). It is a highly regulated structure that allows
bacteria to tolerate unfavourable environment conditions such as desiccation,
increased concentrations of antimicrobials, disinfectants, and others
(Flemming et al., 2016).

Biofilm formation by
A. baumannii is considered to be
generally responsible for the ability to
persist in the environment as the role
of this phenotype in in vivo
pathogenesis models is not well
understood (Wong et al., 2017). The
pathogen forms biofilms on various
surfaces including plastics and
stainless steel (Harding et al., 2018).

Currently, at least a dozen of
factors are known that contribute to

for substrate attachment

. . .. Outer membrane
biofilm formation by 4. baumannii.

The best understood are the Csu Type
Periplasmic space

1 chaperone-usher pili, which allow
the pathogen to adhere to abiotic
surfaces. Each pilus is composed of
CsuA/B pilins, minor subunits CsuA

and CsuB, the chaperone CsuC, the  Fig. 1.3. Graphical schematic of

A. baumannii Csu pilus. CsuE ribbon
] ) ) structure shows finger-like loops of the
CsuE, which displays archaic finger- protein, which are displayed as a surface

like loops to attach to the surface (Fig. view. Experimental structure accessible in

Protein Data Bank with the ID: 6FJY. The
1.3) (Pakharukova ez al., 2018; scheme is based on the proposition

Tomaras et al., 2003). Harding et al., (2018).

CsuC

Inner membrane

usher CsuD, and the adhesive tip
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Aside from the Csu pili, there are three Type 1 pili gene clusters encoded
in A. baumannii genomes, which in some cases contribute to biofilm
formation. However, their exact role is currently unknown (Eijkelkamp et
al., 2014; Harding et al., 2018; Wood et al., 2018).

In addition to surface biofilms, some 4. baumannii strains display a novel
biofilm phenotype, termed pellicle (Armitano et al., 2014; Marti et al., 2011;
Nait Chabane et al., 2014). This structure is considered a type of biofilm,
except it is not attached to surface. Instead, pellicle forming bacteria float on
the surface of liquid, allowing the community to directly access high
concentrations of oxygen above and nutrients from below (Armitano et al.,
2014). Similar to biofilms, the pellicle phenotype is also highly regulated
and has a complex structure (Armitano ef al., 2014).

Motility of A. baumannii

While Acinetobacter genus initially was described to be a non-motile
(George Garrity et al., 2005), later it has been shown that A. baumannii
indeed displays two forms of motility, namely, surface-associated motility
and twitching motility (Clemmer et al., 2011; Eijkelkamp et al., 2011b;
McQueary et al., 2012; Mussi et al., 2010; Skiebe et al., 2012). The latter
was shown recently to be
mediated via Type IV pili (TFP).
It is a multi-stage process

Minor pilins

involving assembly and export of

N — TFP, pili attachment to the

reveten surface,  followed by  the

retraction, resulting in the shift of

the cell body towards the point of

attachment (Harding et al., 2013;

Sherreaaens Mattick, 2002). Interestingly, this

type of motility contributes to

natural DNA uptake as this

molecule can be pulled into the

Rt cell during the retraction of the
pili (Harding et al., 2013).

The  twitching  machinery

consists of several proteins (Fig.

1.4) including cytoplasmic (PilB)

Fig. 1.4. Graphical schematic of the general and retraction (PilT) ATPases,
structure of Type IV pilus. The scheme is

based on the proposition by Craig et al., (2019) which —are required for the
and Harding et al., (2013). assembly and/or the disassembly
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of a pilus; inner membrane platform (PilC) protein that mechanically moves
a pilus; an outer membrane secretin protein (PilQ) that forms a channel;
pilus filament, that extends throughout periplasmic space and outer
membrane; minor pilins that prime the whole complex assembly and
modulate the function of the assembled pilus, which itself is composed of
multiple copies of the major pilin proteins PilA that were processed by PilD
from pre-pilins. The complex is additionally secured and interconnected
between the membranes by the supporting alignment proteins: PilM, PilN,
PilO, PilP (Craig et al., 2019).

Recently, it was observed that the PilA pilin displays a high sequence
variability among A. baumannii strains (Eijkelkamp et al., 2011b). Based on
structural analysis observations, it was suggested that over time,
A. baumannii Type 1V pili diverged into two forms with different surface
electrostatic properties that promote either biofilm formation or motility
(Ronish et al., 2019).

Contrary to twitching-motility, the mechanism of surface-associated
motility is currently unknown. Visually, the locomotion is similar to the
swarming motility of P. aeruginosa, however the underlying mechanism is
different, since 4. baumannii is not known to produce flagella (Harding et
al., 2018). It was shown that the genus specific polyamine -—
1,3-diaminopropane is required for this type of locomotion (Skiebe et al.,
2012). Apparently, the motility is community and light controlled, as without
auto-inducer synthesis and/or under blue light, the surface-associated
motility of A. baumannii is inhibited (Clemmer et al., 2011).

A. baumannii resistance to desiccation and oxidative stress is one of
the most pronounced features of the pathogen. It was observed that some
A. baumannii isolates can remain viable for at least 100 days while
desiccated (Harding et al., 2018). Special adaptations are needed as water
loss leads to the accumulation of free radicals (due to the inactivation of
antioxidant mechanisms) and subsequent damage to DNA and proteins. Also,
under  these conditions, membrane damage and  protein
denaturation/destruction due to the cell shrinkage followed by molecular
overcrowding is unavoidable (Laskowska and Kuczynska-Wisnik, 2019).
While the exact molecular mechanisms of desiccation tolerance in
A. baumannii have not been well understood, there were several
observations indicating that the presence of capsule and the fatty acid lipid
content of lipid A are two major factors contributing to the survival of
A. baumannii (Boll et al., 2015; Tipton et al., 2018). Recently, it was also
determined that the BfmR regulator protein contributes to the resistance
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phenotype via the up-regulation of stress resistance proteins KatE and AbsA.
The former encodes catalase, which detoxifies hydrogen peroxide, while the
latter is a general stress-induced protein contributing to desiccation
resistance (Farrow et al., 2018).

A. baumannii strains living in the hospital environment regularly
encounter various disinfectants in their surroundings. These conditions also
generate reactive oxygen species from which the pathogen must defend.
Recently, several genes were described contributing to this protection. It was
determined that the RecA protein, which is involved in homologous genetic
recombination and recombinational repair, contributes to the survival of
A. baumannii under desiccative conditions (Aranda et al, 2011).
Additionally, the role of catalase genes in resistance to H.O, was also
described (Sun et al., 2016).

1.3.2. A. baumannii virulence factors

While 4. baumannii is considered as an opportunistic pathogen targeting
humans with compromised immunity systems and lacking canonical toxins
or determinants characteristic to known true pathogens (Harding et al.,
2018), it nevertheless has adaptations that facilitate host colonisation. These
can be considered as potential virulence factors and the majority of them are
summarised in Table 1.

Table 1. Summary of known 4. baumannii virulence factors and their proposed
functions.

Virulence factor Role in pathogenesis/proposed function in virulence
Quter membrane proteins, porins
OmpA (Omp38) Biogenesis of outer-membrane vesicles (Moon et al., 2012);

attachment to eukaryotic cells, invasion, cytotoxicity (Choi et al.,
2008a, 2008b, 2005); binding to extracellular matrix, resistance to
complement-mediated killing (Kim et al., 2009; Smani et al., 2012);
virulence in nematode infection model, role in twitching motility,
resistance to desiccation and serum-induced killing (Skerniskyté et al.,
2019b); contributes to biofilm formation (Gaddy et al., 2009);
antibacterial resistance (Sugawara and Nikaido, 2012).

Omp34 Released with outer-membrane vesicles (McConnell et al., 2011);
cytotoxic, induces apoptosis, and inhibits autophagy (Rumbo et al.,
2014); mounts a strong immune response (Jahangiri et al., 2018);
adhesion to extracellular matrix (Smani et al., 2012).

OmpW Contributes to transport of iron, hydrophobic and aromatic molecules
across the outer membrane (Catel-Ferreira et al., 2016; Nwugo et al.,
2011; Soojhawon et al., 2017); mounts a strong immune response
(Huang et al., 2014).

CarO and OprD-like Imipenem resistance and nutrient uptake (Mussi et al., 2007; Zahn et
al., 2015); contributes to growth and cytotoxicity (Fernandez-Cuenca
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AbuO

Bap and Bap-like
(Blp) proteins

TonB-copper receptor

etal.,2011).

Contributes to resistance to oxidative stress, osmotic changes
(Srinivasan et al., 2015).

Affect adherence to surfaces (De Gregorio et al., 2015; Loehfelm et
al., 2008; SkernisSkyté et al., 2019a); contributes to virulence against
Caenorhabditis elegans and murine infection models (Skerniskyte et
al.,2019a).

Mediates adhesion to extracellular matrix (Smani et al., 2012).

Capsule associated

Capsule formation

Antimicrobial resistance (Geisinger and Isberg, 2015); protection from
desiccation and complement mediated killing, and general aid in
virulence (Harding et al., 2018; Lees-Miller et al., 2013).

LpxL and LpxM Modification of Lipid A, resulting in increased resistance to cationic

proteins antimicrobial peptides, desiccation resistance (Boll et al., 2015).

gnaA gene Required for cellular morphology, contributes to resistance to multiple
drugs, and virulence in Galleria mellonella (Xu et al., 2019).

Other

CpaA protein Metallo-endopeptidase deregulating the coagulation system of a host
(Tilley et al., 2014).

Phospholipases C Required for cytolytic and haemolytic activity, contribute to virulence

and D in G. mellonella (Fiester et al., 2016); required for epithelial cell

Thioredoxin-A
protein

hisF gene

A1S 0114 (gene)
katG and katE genes
Superoxide

dismutase

Surface antigen

invasion and serum resistance (Jacobs et al., 2010; Stahl ef al., 2015).

Contributes to twitching motility, virulence, and resistance to H,O,
(May et al., 2019).

Required for virulence in mouse lung infection model and increased
resistance to macrophages (Martinez-Guitian ef al., 2019).
Mediates virulence in C. elegans, G. mellonella, and mouse
pneumonia models (Rumbo-Feal et al., 2017); promotes biofilm
formation and adherence (Rumbo-Feal ef al., 2017).

Required for resistance to H,O, (Sun et al., 2016).

Contributes to virulence in G. mellonella, surface associated motility,
protection against reactive oxygen species, and resistance to
antibiotics (Heindorf ez al., 2014).

Participates in biofilm formation and contributes to virulence in G.

protein 1 mellonella (Liu et al., 2016).

Response Increased resistance to colicin (Adams et al., 2009; Beceiro et al.,
regulator 2011).

PmrA (protein)

The most notable of these are outer membrane proteins, which modulate

mainly the transport of various molecules across lipid bilayer membranes
(Vila et al., 2007). It was observed that A. baumannii resistance to antibiotics
is partially provided by small size and low number of porins present in the
outer membrane, which cause low cell permeability (Vila et al., 2007).
Recent data indicate that these proteins are essential in various phenotypic
outcomes that enable the bacteria to persist in the environment and/or
contribute to general virulence (Morris et al., 2019). For instance, OmpA
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porin participates in various cellular processes, such as adhesion to biotic
and abiotic surfaces, outer membrane vesicle secretion, and complement
resistance, to name a few (Wang et al., 2014). Also, it was observed to
significantly contribute to virulence in in vivo infection models (Wang et al.,
2014). Other porins, such as CarO, OprD-like, and OmpW, mediate nutrient
uptake, which aid in the survival under limiting conditions (Wong et al.,
2017). It is worth noting that the majority of porins were determined to
modulate adhesion to abiotic and/or biotic surfaces, promoting the
persistence of bacteria.

Another important virulence mechanism of 4. baumannii is the evasion
of the immune system involving complement-mediated killing and
phagocytosis (Harding et al., 2018). Resistance is mediated by capsular
polysaccharide (Russo et al., 2010). In addition, it was suggested that the
glycosylation of membrane-associated proteins might also protect
A. baumannii from being recognised by the immune system (Harding et al.,
2018). It is worth noting that several bacterial type C and D phospholipases
were observed to mediate hemolytic activity, serum resistance, epithelial cell
invasion, and in vivo pathogenesis in general (Fiester et al., 2016; Jacobs et
al., 2010; Stahl et al., 2015).

1.3.2.1. A. baumannii capsular polysaccharides

The outer layer of A. baumannii is surrounded by a high molecular
weight capsular polysaccharide composed of repeating oligosaccharide units
(K units). This structure allows protection against various unfavourable
environmental factors such as antimicrobials, desiccation, immune system
and others (Geisinger and Isberg, 2015; Harding ef al., 2018; Lees-Miller et
al., 2013; Russo et al., 2010). Nearly all genes required for 4. baumannii
capsule synthesis are clustered in a K locus, which can be divided into three
parts: capsule export machinery, module of the synthesis of simple sugar
substrates, and the region required for capsule production (Fig. 1.5) (Wyres
et al., 2020).

K Locus \) . N
S 8 &

«;100 @'{9«(1«0&@
I Capsule export [ Capsule production [l Simple sugar synthesis

Fig. 1.5. Graphical schematic of capsule polysaccharide locus in 4. baumannii. Genes are
coloured based on the role they play in capsule polysaccharide production. The figure was
adapted from Wyres et al., 2020.
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Capsule production regions are especially variable among strains and
determine the final capsular polysaccharide structure. These regions contain
genes required for repeat unit processing (wzx, wzy), specific glycosyl
transferases and/or various other transferases such as acetylation proteins.
they can also contain genes required for complex sugar synthesis (Singh et
al., 2018; Wyres et al., 2020). Currently, there are more than 92 types of K
locus gene clusters known (Wyres et al., 2020). All this variability indicates
that complete structures can only be determined experimentally.

A. baumannii capsule synthesis begins at the cytoplasmic side, where
sugar oligomers consisting of 4-6 monosaccharides (K units) are assembled
together with a carrier lipid undecaprenyl phosphate (und-P) by an initial
transferase (Itr) (Fig. 1.6). Then, additional sugars are added by specific
glycosyl transferases (Gtr), and the resulting product is transferred to the
periplasm via the Wzx translocase. There, the repeat unit translocase Wzy
starts polymerising the incoming oligomers onto a single und-P molecule.
Finally, the export machinery composed of Wza, Wzb, and Wzc proteins,
transport the assembled capsule polymer to the outside (Fig. 1.6) (Singh et
al., 2018).

REEEERRRE S

Outer membrane

Periplasmic space
K-unitj[
—> —>
Inner membrane

Und-P

L] PY Sugar
@ ¥ subunits

Fig. 1.6. Graphical schematic of the proposed mechanism of capsule polysaccharide synthesis
and export in A. baumannii. Und-P, lipid undecaprenyl phosphate. The scheme is based on the
proposition by Singh et al., (2018).
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It is worth noting that capsule synthesis machinery allows protein
glycosylation. It has been described that oligo-saccharides from K units can
be transferred onto various proteins via oligosaccharyl-transferases,
potentially contributing to biofilm formation and survival in the mouse
model of systemic infection (Weber ef al., 2015a). The glycosylation of Type
IV pili and Lipid A were observed also. These modifications are suspected to
mediate drug resistance and aid in the evasion from host recognition
(Harding et al., 2018).

There are also several other loci involved in the production of surface
polysaccharides, which include poly-p-1-6-N-acetylglucosamine that is
important for virulence and Dbiofilm formation. Additionally,
A. baumannii can synthesize lipooligosaccharide (LOS), which contains
lipid A, anchoring LOS complex in the outer membrane, and an
oligosaccharide. The LOS contributes to 4. baumannii adherence, motility,
and resistance to immune system or antimicrobials (Harding ef al., 2018).

1.4. Gene regulatory systems in 4. baumannii

Prokaryotes use various regulatory systems to respond to environmental
stimuli. This is essential for microorganisms, as it allows them to optimally
balance energy utilization and rapidly respond to fluctuating environmental
conditions and stresses. It has been observed that organisms that can thrive
in a more diverse environments, possess a larger number of genes encoding
regulatory elements (Bervoets and Charlier, 2019). Gene regulation
mechanisms can be separated into a few large groups, which include
DNA-binding transcription factors, alternative sigma (o) factors, nucleoid-
associated proteins, covalent DNA modifications and/or sequence variations,
small effector binding to RNA polymerase, mRNA stability, RNA binding
proteins, riboswitches, and small RNAs (Bervoets and Charlier, 2019).

1.4.1. Transcription factors of A. baumannii

The majority of genes in prokaryotes are regulated by proteins that bind
DNA sequences and directly influence RNA polymerase binding capabilities
to promoters or their functional activity. To bind, transcription factors use
helix-turn-helix (HTH) or ribbon-helix-helix (B-ribbon) motifs. Depending
on the effect, these factors might activate or repress transcription through
various different mechanisms. It must be noted that the affinity of factors to
DNA sequences is adjusted either by covalent modifications or reversible
interactions with small molecules (Bervoets and Charlier, 2019).
Transcription factors, based on their regulation mechanisms and/or proteins
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involved, can be subdivided into one-component transcription factors,
two-component systems, phosphorelay systems, and oxidation/reduction-
regulated proteins, which change their regulatory properties depending on
the oxidative state of the cell or its surroundings (Bervoets and Charlier,
2019; Sevilla et al., 2019).

1.4.1.1. One-component transcription factors of 4. baumannii

A. baumannii is able to survive in various different unfavourable
environments, which require specific responses in order to successfully
persist. Some of these systems in addition to regulating physiological
responses to the environment, also modulate virulence phenotype of the
pathogen, making them good targets for antimicrobial therapy (Tiwari ef al.,
2017).

One of the responses that has been characterised in 4. baumannii, allows
it to cope with the changes of abundance of iron or zinc in the surroundings.
Bacteria responds to these via Fur and Zur transcription factors. Iron is used
in various metabolic processes and as a cofactor for many enzymes. Free
iron is a limited resource in the environment because it can be insoluble
(oxidised form), highly toxic (reduced form), or, as often is the case,
sequestered by iron- and heme-carrier proteins. To evade limitation, bacteria
can either directly bind and import iron ions, or can produce high-affinity
molecules, termed iron chelating siderophores, which compete with the host
cells (Wandersman and Delepelaire, 2004). In many bacteria, including
A. baumannii, these genes are under the tight control of Fur or Zur response
regulators, which, in the presence of high concentrations of metal, bind to
DNA and repress transcription (Fig. 1.7). However, under the conditions of
limited Fe or Zn, regulators de-repress the transcription of uptake genes (Fig.
1.7) (Eijkelkamp et al., 2011a;

Mortensen et al., 2014). In High metal

(@)
)
addition to its role in iron uptake, o 8 °
6 o OFF

A. baumannii Fur regulator has
been shown to contribute to
virulence phenotype in a mouse
lung infection model (Eijkelkamp

etal.,2011a). ON
It has been long observed that
environmental and pathogenic

chemotrophic  non-phototrophic

Low metal Genes responsible for
metal uptake and utilisation

; ] Fig. 1.7. Graphical schematic of the modulation
prokaryotes encode light-sensing  of transcription due to direct metal binding.
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photoreceptors, but only recently, data regarding their role in bacteria
physiology began to emerge. Mussi ef al. reported that A. baumannii uses a
18.6-kDa single BLUF domain (sensors of blue-light using FAD) containing
photoreceptor protein to respond to blue light. Additionally, this protein
regulates various physiological processes: cell motility, biofilm formation,
iron uptake, and killing of fungal filaments (Mussi et al., 2010; Tuttobene et
al., 2018). Interestingly, the regulation is temperature-dependent, as photo-
regulation is lost at temperatures above 25°C (Golic et al., 2019).

In 2015, Webber et al, described a peculiar regulatory mechanism of
A. baumannii Type VI secretion system (T6SS), which encodes a puncturing
device required for the killing of neighbouring bacteria (the in depth
description of the system is provided in section 1.5.4.). They showed, that
some A. baumannii strains carry a resistance conjugative plasmid, which
encodes two transcriptional repressors, TetR1 and TetR2, that negatively
regulate T6SS. This suppression results in the inability of the pathogen to
out-compete other bacteria in a T6SS-dependent manner (Weber et al.,
2015b).

Recently, the A.
isolate ABS5075 was
produce colonies with two opacity
phenotypes — opaque and translucent
(Fig. 1.8), that display differences in
terms of cell morphology, capsule

baumannii
shown to

thickness, motility, biofilm
formation, antibiotic resistance, and
virulence (Chin et al., 2018; Tipton

Fig. 1.8. Opaque (left) and translucent
(right) A. baumannii colony phenotypes.
The image was reproduced from Tipton et
al. (2015).

et al., 2015). The gene ABUW 1645

was identified as the master TetR-type transcriptional regulator promoting
the switch to translucent colony morphology (Chin et al, 2018). The
overexpression of the regulator reduced resistance to antimicrobials,
disinfectants, and desiccation. Additionally, cells with overexpressed
ABUW _ 1645 became less virulent in a mouse lung infection model (Chin et
al., 2018).

1.4.1.2. Two-component regulatory systems.

While found in all domains of life, two-component systems play an
exceptional role in gene regulation in bacteria (Groisman, 2016). These
systems are widely distributed among prokaryotes allowing them to sense
and respond to various environmental and internal stimuli such as cell
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envelope stress, ion or electrochemical gradients, pH, osmolarity, presence
of antimicrobial peptides and many other (Mascher et al., 2006). Canonical
two-component systems are composed of a membrane anchored histidine
kinase, which, via phosphoryl group transfer to a conserved aspartate on a
cognate response regulator, modulates its activity (Fig. 1.9). Also, histidine
kinases are bifunctional enzymes and, depending on stimulus or its presence,
can act as kinases or as phosphatases to their cognate regulators (Zschiedrich
et al., 2016). It must be noted that the activating stimuli for the majority of
two-component systems are unknown (Mascher e al., 2006).

Generally, histidine kinases

Histidine kinase and their response regulators are
encoded in the same operon,
Signal allowing for an easy

perception

identification in genome. Also, it
has been observed that the total
number  of

Periplasmic space

two-component
systems encoded by a specific
bacteria species depend on the

Cytoplasm

Signal

transduction  type  of  environment an
organism lives in — the more
diverse the inhabited

environment, the more systems
are encoded in genome (Capra

Fig. 1.9. Graphical schematic of domain
structures and mechanism of signal transduction
in two-component systems. TM, transmembrane
helices; HAMP, transmembrane domain; PAS,
extra-cytoplasmic  sensor  domain;  DHp,
histidine-phosphotransfer domain; CA, catalytic
and ATP-binding domain; REC, receiver
domain. The scheme is based on the proposition

and Laub, 2012). However, it is
worth noting that despite
multiple number of two-
component systems encoded in
genome, the specificity-
determining residues at the
binding interface of sensor and

its cognate regulator allows to

by Zschiedrich er al, (2016) and Jacob-  avoid  cross-talk  between
Dubuisson et al., (2018). different systems (Capra and
Laub, 2012).

Two-component systems are absent in humans, making them a promising
targets for antibiotic development. It has been suggested that a specific
inhibition of these systems in bacterial pathogens would completely impair
their ability to infect a host (Tiwari et al., 2017). This is because these
systems act globally on the pathogen’s ability to respond to the environment,
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limiting ways of how it can evade the inhibition. Additionally, two-
component systems have been shown to regulate the expression of resistance
genes. Therefore, the modulation of activity of these systems could render
bacteria susceptible to conventional antimicrobials (Poole, 2012; Tiwari et
al., 2017).

Generally, response regulators are composed of two domains: a highly
diverse receiver (REC) domain, which contains a site of phosphorylation
with a conserved aspartate, and an effector domain, which is responsible for
the output of the signalling pathway. The effector domain can be linked to
REC either covalently or non-covalently (Gao et al., 2019).

The majority of response regulators act as transcription factors, which
regulate gene expression by binding to DNA via their effector domains. In
addition, some response regulators can bind RNA molecules, proteins, or
even display various enzymatic activities such as cyclic diguanylate
monophosphate (c-di-GMP) synthesis, phosphodiesterases, and phosphatases
(Zschiedrich et al., 2016).

Signal sensing in two-component systems is mediated via the extra-
cytoplasmic sensor domains (mainly periplasmic PAS-like or all a-helical) of
membrane-associated homodimeric histidine kinase, which upon activation,
induces conformational changes in the transmembrane (TM) helices. The
signal is then transduced to the C-terminal extensions of transmembrane
domain (dimeric HAMP or monomeric STAC domains), which act as
connectors between transmembrane and cytoplasmic sensing domains (PAS
or GAF). Finally, the signal reaches the C-terminal catalytic domains of a
histidine kinase composed of dimerization and histidine-phosphotransfer
(DHp), catalytic and ATP-binding (CA) domains (Fig. 1.9) (Zschiedrich et
al., 2016). These two domains, along with the REC domain, comprise the
catalytic core of a two-component system, where three distinct enzymatic
reactions (autophosphorylation, phosphotransfer and dephosphorylation)
take place. Firstly, the histidine-phosphotransfer domain comes close to the
catalytic and ATP-binding domain with bound ATP and auto-phosphorylates
itself from the nucleotide. Then, the catalytic and ATP-binding domain
moves away, allowing the binding and subsequent self-catalysed phosphoryl
transfer from phosphohistidine on the histidine-phosphotransfer domain to
its own conserved aspartyl (Jacob-Dubuisson et al., 2018; Zschiedrich et al.,
2016). It is worth noting that the catalytic core of a two-component system is
the place, where the specificity of a histidine kinase and response regulator is
determined (Gao et al., 2019).
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The phosphorylation of
response regulator mediates
the switch between active
and inactive conformations,
which can relieve the REC
domain mediated inhibition
and/or activate an effector

Fig. 1.10. Graphical schematic diagram of the
. activation of response regulator via phosphorylation.
domain. For example, the REC, receiver domain. The scheme is based on the

phosphorylation of REC proposition by Gao et al., (2019).

domains can  promote

dimerization and increased DNA binding affinity of response regulators (Fig.
1.10) (Gao et al., 2019). It should be noted that histidine kinases are
bifunctional enzymes and, depending on a stimulus, can act as kinases or as
phosphatases towards the cognate regulator (Jacob-Dubuisson et al., 2018).

1.4.1.2.1. Two-component systems of A. baumannii

Bioinformatic analyses of 4. baumannii genomes have predicted nearly
20 two-component systems. However, only six have been studied in
Acinetobacter (De Silva and Kumar, 2019). These are BfmRS, GacSA,
PmrAB, orphan sensor kinase A1S_ 2811, BaeSR, AdeRS, and ompR-envZ.
BfmRS system in A. baumannii is responsible for the regulation of
csuA/BABCD pili operon, which mediates biofilm formation on abiotic
surfaces (Tomaras et al., 2008, 2003). The system is highly conserved
among 4. baumannii genomes (Russo et al., 2016; Tomaras et al., 2008; also
our observations). The chromosomal region encoding the bfimRS system is
surrounded by a ribonucleotide reductase subunit (nrdA) encoding gene
upstream and a hypothetical protein along with GGDEF domain containing
diguanylate cyclase encoding genes downstream (Fig. 1.11) (Ahmad et al.,
2020; Tomaras et al., 2008). The bfimR gene is 714 nucleotides long with a
predicted 27.1 kDa cytoplasmic protein containing receiver and winged-
helix DNA-binding domains (Geisinger and Isberg, 2015; Tomaras et al.,
2008). The BfmS sensor is encoded by a 1649 nucleotides long sequence,
which produces a predicted 62.4 kDa transmembrane protein (Tomaras ef al.,
2008). Domain organization includes all domains that are conserved to
histidine kinases (Geisinger and Isberg, 2015; Tomaras et al., 2008; also
please see section 1.4.1.2.). Currently, the activating signal of the BfmS
sensor is unknown.
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Fig. 1.11. Graphical schematic of 4. baumannii chromosomal region encoding the bfimRS
system. The bfimRS system is surrounded by the following genes: ribonucleotide reductase
subunit (nrdA), hypothetical (4yp) and GGDEF domain containing diguanylate cyclase. kb,
kilobase. The part of the scheme was adapted from Tomaras et al., 2008.

Recently solved crystal structure by coupling X-ray crystallography,
solution nuclear magnetic resonance, chemical crosslinking, and mass
spectrometry, indicated that BfmR binds an inverted repeat within the bfinRS
promoter in both forms — phosphorylated and non-phosphorylated. The latter
form binds to DNA with a higher affinity despite the negative impact of
dephosphorylation on dimer formation, which in other response regulators
increases binding affinity. This phenotype suggests a novel mechanism of
self-regulation (Draughn et al., 2018). Other studies also implicate BfmRS in
the regulation of various virulence phenotypes, such as surface-associated
motility (Clemmer et al., 2011), tolerance to desiccation and oxidative stress
(Farrow et al., 2018), physiological modulation of cell envelope, capsular
exopolysaccharide expression, resistance to -lactams and serum (Geisinger
et al., 2018; Geisinger and Isberg, 2015; Russo et al., 2016). It has also been
observed that BfmRS contributes to 4. baumannii persistence in murine lung
and virulence in Galleria mellonella model system (Gebhardt et al., 2015;
Wang et al., 2014). Lastly, recent observations indicate that the system
modulates outer membrane vesicle secretion (Kim et al., 2019).

GacSA two-component system is composed of the hybrid sensor kinase
GacS, which contains both histidine kinase and response regulator domains,
suggesting that it can act as a hybrid two-component system. The system
also includes additional response regulator, GacA, encoded on a different
genome locus (Cerqueira ef al., 2014). While the initial role of GacSA was
proposed to be citrate utilization, later it was shown that GacSA regulates
various additional phenotypes such as aromatic compound metabolism,
attachment and biofilm formation, motility, serum resistance, and virulence
(Bhuiyan et al., 2016; Cerqueira et al., 2014; Kentache et al., 2017).

PmrAB two-component system along with the phosphoethanolamine
transferase gene pmrC, is encoded on a single locus pmrCAB and in various
pathogens has been described to be responsible for colistin resistance (De
Silva and Kumar, 2019). Mutations in 4. baumannii pmrAB also causes
resistance to colistin (Adams et al., 2009). While the exact mechanism is still
unknown, it is assumed that mutations lead to the up-regulation of the two-

31



component system, followed by the PmrC-mediated addition of
phosphoethanolamine to hepta-acylated lipid A, resulting in resistance to
cationic colistin due to positively charged lipid A (Da Silva and Domingues,
2017).

A recently characterized histidine kinase A1S_ 2811 has four histidine-
containing phosphotransfer domains, a CheA-like regulatory domain, and a
CheY-like receiver domain at its C-terminus, therefore making it a hybrid
two-component system. It has been suggested that the kinase regulates
surface-associated motility, biofilm, and pellicle formation. The latter was
proposed to be mediated via the regulation of csud/BABCDE operon.
Interestingly, the phenotype of A1S 2811 mutant, when supplemented with
synthetic N-acyl-homoserine lactone (quorum sensing molecule) was
reinstated, indicating that the kinase participates in quorum sensing pathway
(Chen et al., 2017).

BaeSR two-component system was found to modulate the expression of
AdeABC efflux pump and respond to osmotic stress (Lin et al., 2014).
Additionally, a subsequent study indicated that BaeSR also regulates AdelJK
and MacAB-TolC transport systems (Lin et al., 2015). The AdelJK efflux
pump was determined to transport not only various antibiotics but also
contribute to virulence in a mouse lung infection model (Wang et al., 2014).

AdeRS two-component system regulates one of the most in depth
described resistance-nodulation-division family-type efflux pump AdeABC
(Marchand et al., 2004). Its substrate profile includes aminoglycosides,
tigecycline, erythromycin, chloramphenicol, tetracyclines, fluoroquinolones,
trimethoprim, and ethidium bromide (Lin et al., 2014; Peleg et al., 2008).
Additionally, this pump was suggested to contribute to virulence in a mouse
infection model (Yoon et al., 2016). The AdeRS two-component system
itself was implicated in the control of virulence phenotypes such as surface-
associated motility, biofilm formation, resistance to salinity (De Silva and
Kumar, 2018; Richmond et al., 2016). While AdeABC is regulated by the
two-component system, the other two well-known A. baumannii efflux
pumps, namely AdeFHG and AdelJK, are regulated by LysR-type AdeL and
TetR-type AdeN transcription factors, respectively (Coyne et al., 2010;
Rosenfeld et al., 2012). These regulators act as repressors of the pumps,
subsequently leading to the reduced resistance of strains to antimicrobials.
Interestingly, it seems that at least the AdeN regulator can also play a role in
A. baumannii virulence phenotype as strains with disrupted adeN not only
displayed a greatly reduced biofilm formation, but also showed an increased
virulence towards G. mellonella (Saranathan et al., 2017).
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OmpR-EnvZ two-component system regulates switching frequency of
phase-variable colony opacity phenotype and modulates A. baumannii
motility, response to osmotic stress, and virulence in the G. mellonella
infection model (Tipton et al., 2018).

1.4.1.3. Oxidation/reduction-regulated proteins

OxyR is a conserved bacterial transcriptional regulator that responds to
the oxidation state of the cell by undergoing a conformational change due to
the oxidation of cysteine residues, followed by disulphide formation (Sevilla
et al., 2019). A. baumannii OxyR was confirmed recently to be required for
growth in the presence of hydrogen peroxide. Also, it was found to mediate
global transcription response to peroxide induced stress, as well as to
contribute to A. baumannii survival in murine model of pneumonia
(Juttukonda et al., 2019).

1.4.2. Gene regulation by alternative sigma factors

The first step in gene expression involves RNA polymerase mediated
transcription of DNA into messenger RNA. The core of this enzyme is
composed of two identical o subunits, a single § subunit, and a catalytic '
subunit (Lodish et al., 2000). For full functionality, RNA polymerase also
needs to bind a o factor, which is essential for promoter recognition. These
factors are grouped into two protein families, which are further subdivided
into either essential for housekeeping gene expression or alternative factors.
The latter are responsible for the regulation of genes required for various
cellular processes under different conditions (Pinto et al, 2019). All o
factors in a cell compete for binding to RNA polymerases, and under various
conditions their ratio and/or concentration fluctuates, resulting in the
modulation of gene expression (Bervoets and Charlier, 2019).

While sigma factors are conserved among bacteria, a lot is still unknown
about the mechanisms of how they are regulated in A. baumannii.
Previously, two chromosome encoded genes gigAd/gigB were proposed to
globally modulate the response to multiple stressors such as acidic pH,
exposure to increased concentrations of Zn**, elevated growth temperatures.
Sequence analysis of these proteins show that GigA contains a N-terminal
receiver and a C-terminal protein phosphatase domains, while the GigB
protein contains a sulphate transport and anti-sigma factor antagonist
domains. Subsequent experiments led to a proposed model suggesting that
GigB is able to sequester phosphate groups from the phosphorylated anti-
sigma factor Npr-P, which suppresses sigma factor c”, thereby allowing the

33



o" activated transcription of stress response genes. Unphosphorylated NPr
can then acquire a new phosphate group from phosphoenolpyruvate (PEP),
under normal growth conditions. The phosphates from GigB are removed by
the phosphatase activity of GigA via a yet unidentified GigA activation
mechanism (Gebhardt and Shuman, 2017).

1.4.3. Gene regulation by nucleoid-associated proteins

Nucleoid-associated proteins introduce an additional level of gene
regulation. These proteins affect bacterial chromatin organisation by
influencing transcription from exposed or hidden regions via non-specific
binding to DNA (Dame and Tark-Dame, 2016). Currently, only one
nucleoid-associated protein has been characterised in A. baumannii. It was
shown that /ns-like gene acts as the suppressor of motility but promotes
pellicle formation. Additionally, the gene mutants displayed an increased
adherence to A549 eukaryotic cells and increased virulence against
Caenorhabditis elegans, suggesting a global role of H-NS in A. baumannii
pathobiology (Eijkelkamp et al., 2013).

1.4.4. Other A. baumannii gene regulation mechanisms

Some genes in bacteria can also be regulated via chemical modification
of bases, such as adenine methylation, which modulates the affinity of
transcription factors or RNA polymerase to promoters. Moreover, there were
observations of changes in DNA sequence, directly impacting transcription
such as variable numbers of binding repeats or site-specific recombination of
promoter regions (Bervoets and Charlier, 2019). A. baumannii is frequently
observed to contain various insertion sequences, which promote the
expression of resistance genes by either providing a novel promoter or better
positioning the existing -35 sequence. In some cases, insertion sequences
inactivate genes leading to increased resistance to antibiotics or virulence
(Vandecraen et al., 2017).

Mechanisms that regulate gene expression can act via RNA molecules or
target them. Specifically, RNA binding proteins can modulate the stability
and function of RNA by facilitating their correct secondary and ternary
structures, susceptibility to RNases, affinity to ribosomes, and, finally,
promote interaction with other effectors (Duval et al., 2015). One of the
examples is the Hfq chaperone. This protein usually binds RNA molecules
and protects them from degradation. Moreover, it is known to promote
interaction between small RNAs and their targets (Bervoets and Charlier,
2019). A recent analysis of RNA chaperone Hfq in A. baumannii has
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demonstrated that the gene deletion causes multiple defects in A. baumannii
physiology including growth defects, increased susceptibility to various
stresses and to killing by microphages, impairments in biofilm formation,
adhesion, and invasion (Kuo et al., 2017). This shows that regulation via
RNA molecules is just as important for 4. baumannii as via transcription
factors.

Finally, the regulation of gene expression can be enacted via highly
specific mechanisms, which include riboswitches and small RNAs. The
former are mRNA molecules with sequences that, depending on physical
conditions or the presence of a small metabolite, can fold into a ternary
complex and modulate gene expression at transcriptional or translational
levels. The latter are small regulatory antisense RNA molecules that when
produced, form RNA-RNA interactions with mRNA, influencing gene
expression (Saberi et al., 2016). Recent studies identified nearly 300 sSRNAs
expressed in A. baumannii under various stress conditions (Alvarez-Fraga et
al., 2017; Cafiso et al., 2020; Sharma et al., 2014; Weiss et al., 2016).
However, only some of them were directly associated with a specific
A. baumannii phenotype, while the vast majority still awaits more detailed
characterisation (Alvarez-Fraga et al., 2017).

1.5. Secretion systems in 4. baumannii

Protein secretion is an
essential feature of all N
bacteria, allowing them to
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cell cytoplasm to other 1
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D
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Mecsas, 2016). In Gram-
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negative bacteria, protein e B
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: M 3 Sec-d dent Tat-d dent
environment is problematic Secaepences pacbencen

due to the two membranes Fig. 1.12. Graphical schematic of export through the
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pathways in Gram-negative bacteria. The scheme is

There are two general based on the proposition by Green and Mecsas (2016).
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arginine translocation (Tat)-dependent protein secretion mechanisms (Fig.
1.12) (Green and Mecsas, 2016).

The Sec and Tat pathways transport proteins that are destined to remain
inside a cell (periplasm). In cases where a protein is to be exported outside,
Type I and V secretion systems take over (please see the description below).
The main difference between the Sec- and Tat-dependent transport pathways
is that the former transports only unfolded proteins, while the latter
transports folded substrate. Proteins to be secreted via the Sec pathway
contain a ~20 aa long hydrophobic signal sequence at the N-terminus. They
are bound by SecB protein, and via SecA are then delivered to the SecYEG
channel (Fig. 1.12). If a protein is to be integrated into the membrane, it co-
translationally binds SRP protein and a docking protein FtsY. Similarly, the
Tat secretion pathway includes proteins TatB and TatC, which bind Tat
signal sequence via two arginines of the target protein, and direct it to the
membrane channel TatA (Fig. 1.12) (Green and Mecsas, 2016).

Sec- and Tat-independent protein secretion systems are numbered from
Type I through Type VI, each with their specific substrates and/or functions.
It has been determined that 4. baumannii has at least four distinct functional
secretion systems: Type I (T1SS), Type II (T2SS), Type V (T5SS), Type VI
(T6SS).

1.5.1. T1SS

T1SS are found in the majority of
DN Y USSR Gram-negative bacteria, facilitating
the transport of various substrates (in
terms of size and function) through
both membranes (Fig. 1.13). These
include haeme-binding proteins,
proteases, lipases, adhesins, and
RTX-family toxins. The size of
transferred proteins varies from 20
kDa to 900 kDa. The T1SS complex
B F vE SOPEC is composed of three proteins: ABC-
transporter (HlyB), membrane fusion
RTX-family toxin protein (MFP/HlyD), and outer
hypothetical peptidase _J .
Bap orthologs membrane protein (OMP/TolC). The

Fig. 1.13. Graphical schematic of structural transporter via the hydrolysis of ATP

organization of a Type I secretion system. . .
The scheme is based on the proposition by provides the required energy, TolC

Harding et al., (2017). forms a channel in the outer
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membrane, and HlyD in addition to performing a substrate recognition role,
acts as a connector between the transporter and TolC in the periplasm (Fig.
1.13) (Kanonenberg et al., 2013). Recent data indicate that A. baumannii
possesses a functional T1SS. It has been determined that this system is
required for the secretion of Bap orthologs, RTX-family toxin, and a
hypothetical peptidase M10 serralysin. This was supported by the fact that
T1SS mutants were impaired in both biofilm formation and ability to cause
infection in G. mellonella. Interestingly, the system cross-talks and
negatively regulates the activity of other secretion systems of 4. baumannii
such as T6SS and T2SS, suggesting the global integration of T1SS in
A. baumannii physiology (Harding ef al., 2017).

1.5.2. T2SS

T2SS are also widespread T2SS
among Gram-negative Dbacteria.
These systems transport folded
proteins from the periplasm that
were transported there via either

Outer membrane

Sec- or Tat-dependent secretion
mechanisms (Green and Mecsas,
2016). T2SS are highly complex
machineries,  spanning  both
membranes and involving 40-70

Periplasmic space

proteins of 12—15 different types
(Fig. 1.14) (Korotkov et al.,
2012). These proteins form the

Inner membrane

following sub-assemblies:
pseudopilus, outer-membrane,
inner-membrane, and secretion GspE

ATPase. The cytoplasmic ATPase Fig. 1.14. Graphical schematic of structural
GspE provides energy for the  organization of a Type II secretion system. The

whole complex and incracts with e s s, e ppestin b
the inner-membrane  complex  Sandkvist (2019).

proteins GspL and GspF. The

complex also include proteins GspN, GspM, and GspC. The latter, interacts
with the outer-membrane complex secretin GspD, and possibly determines
the recognition of substrates. Finally, in the periplasm, a pseudopilus is
formed from at least five proteins. The assembled complex is then ready to
secrete substrates. One of the generally accepted models of secretion, the
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piston model, suggests that the pseudopilus tip is used to push substrates
through the secretin channel to the outside (Korotkov and Sandkvist, 2019).
However, the exact mechanism of secretion has not been fully elucidated.

Many bacterial pathogens, including A. baumannii, employ T2SS to
secret various virulence factors outside of the cell. The substrates include
toxins, proteases, lipid-modifying enzymes, carbohydrate-active enzymes,
phosphatases, nucleases, and other (Korotkov and Sandkvist, 2019). In the
case of Acinetobacter, it was found that the T2SS of 4. nosocomialis was
required for secretion of CpdA metallo-peptidase, LipA, and LipH lipases. It
also contributed to the virulence against mouse and G. mellonella (Harding
et al., 2016; Johnson et al., 2015). It must be noted, that various T2SS
secreted proteins promote the formation and stability of biofilm (Korotkov
and Sandkvist, 2019).

1.5.3. T5SS
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38

Sec signal
sequence



The auto-transporter secretion requires only a single polypeptide
containing a translocation domain fused to effector/passenger domain. In
some instances, where an effector needs to be released, a protease domain
allowing the cleavage of effector domain is present. This mechanism is used
in Va, V¢, Vd, Ve subtypes (Green and Mecsas, 2016).

A. baumannii was recently found to encode a functional subtype Vc
trimeric auto-transporter, termed Ata (Bentancor et al., 2012). This subtype
is unique among other auto-transporters due to the fact that it forms a
trimeric outer membrane pore. These transporters generally contribute to
biofilm formation (Guérin et al., 2017). Accordingly, it has been shown that
Ata auto-transporter mediates A. baumannii biofilm formation and adhesion
to extracellular matrix components (Bentancor ef al., 2012). Additionally, the
auto-transporter is required for adhesion and invasion to human endothelial
and epithelial cells, induces inflammatory signals, and mediates virulence in
G. mellonella and in murine pneumonia models (Bentancor et al., 2012;
Weidensdorfer et al., 2019). There were also observations that among
different A. baumannii strains Ata auto-transporter expression varies,
suggesting that it is tightly regulated (Bentancor et al., 2012).

In the two-partner secretion class (subtype Vb), passenger and
translocation domains are two different proteins, TpsA and TpsB,
respectively. However, the majority of cases show that TpsA after the
secretion, is retained on the surface of TpsB (Fan ef al., 2016). It is worth
noting that sometimes TpsB can mediate the secretion of different TpsA (Fan
et al., 2016; Guérin et al., 2017). The Vb subtype, depending on the
functions performed, can be further separated into two major groups:
cytolysin/hemolysin secretion and contact-dependent growth inhibition
(CDI) systems. However, there have been observations that some TPS can
perform adhesion, iron acquisition or proteolysis functions (Guérin et al.,
2017).

Previous studies have identified two adhesins in the A. baumannii: FhaB/
FhaC-like 2-partner secretion system and filamentous hemagglutinin adhesin
FhaB1/FhaCl in AbH120-A2 and ATCC19606 strains, respectively. Both
systems seem to contribute to biofilm formation and adhesion to epithelial
cells (Darvish Alipour Astaneh et al., 2014; Pérez et al., 2017). In addition,
the FhaB/FhaC system has been further demonstrated to mediate adhesion to
extracellular matrix, and contribute to virulence in mouse or C. elegans
infection models (Pérez et al, 2017). Recently, these adhesins were
suggested to also mediate bacterial contact-dependent growth inhibition
(Roussin et al., 2019).
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1.5.3.1. Contact-dependent growth inhibition (CDI) systems

CDI systems were first identified and described in the E. coli EC93
isolate in 2005 (Aoki et al., 2005). The term was coined because growth
inhibition requires a cell-cell contact (Aoki et al., 2005; Hayes et al., 2014).
These systems are able to transfer a toxic compound to a nearby competitor
cell and arrest their growth (Hayes et al., 2014).

Contact-dependent growth inhibition systems consist of three components
— outer membrane transporter (CdiB), toxin encoding exoprotein CdiA, and
immunity protein Cdil, which prevents bacteria from autoinhibition (Hayes
et al., 2014). The genetic organisation of CDI loci depends on the strain, but
generally they can be classified into three main types: 1) E. coli type with a
three gene locus cdiBAI, 2) Burkholderia type with an analogous bcpAIB
locus along with an accessory bcpO gene between bepl and bepB, and 3)
cdiBCAI-type with cdiC encoding a hypothetical protein potentially involved
in CdiB or CdiA biogenesis (Guérin et al., 2017).

It has been observed that CDI systems are found among different a-, B-
and y-proteobacteria species. However, due to their localisation within
genomic or pathogenicity islands not all strains from a given species have
these systems (Ruhe et al., 2013a). Therefore, it has been suggested that CDI
coding regions provide stability to the genetic elements that encode them as
the loss would render the bearer to be susceptible to the inhibition (Ruhe et
al.,2016).

Toxin translocation requires a specific receptor on target bacteria to be
recognized. Also, the mechanism seems to recognise only highly conserved
sequences. This requirement results in a very limited target cell range
composed of only bacteria within the same species (Ruhe et al., 2013b). A
recent proposition indicates that due to the nature of CDI systems to encode
variable toxin-immunity pairs they can be used as cues to distinguish “self”
from “non-self” neighbours and selectively exclude the latter from the
population (Danka et al., 2017).

Currently, the exact role of CDI systems in bacterial physiology is
unclear. A proposed model suggests that bacteria use them to compete for a
specific niche environments. Additionally, it has been suggested that it could
be used as a policing mechanism for non-cooperators in a population
(Garcia, 2018). Lastly, a recent observation indicates that contact-dependent
growth inhibition is responsible for persister cell creation, which aid in the
increased survival chances of population (Ghosh et al., 2018).
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1.5.3.1.1. Domain architecture and mechanism of action of CDI systems

Contact-dependent growth inhibition is mediated via the two-partner
secretion proteins CdiB and CdiA (Guérin et al., 2017). CdiB is an outer-
membrane [-barrel protein that is required to export the toxic CdiA
protein/effector onto the cell surface. CdiA proteins are large molecules with
sizes starting from as low as 180 kDa and reaching up to 640 kDa. The
domain and structural organisation of CdiA is displayed in Figure 1.16 A and
B. At the N-terminus CdiA
contains a Sec-dependent
secretion signal sequence,
which allows transport into PS FHA1
The VENN
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CdiA-CT
<
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Fig. 1.16. Graphical schematic of the proposed (A)
domain organisation and (B) structural organization of
contact-dependent inhibition system. Sec-SS, Sec-
dependent secretion signal; TPS, two-partner secretion
domain; FHA-1 and FHA-2, filamentous
hemagglutinin adhesin domains; RBD, receptor
binding domain; YP, cell-surface presentation domain;
CdiA-CT, C-terminal region of CdiA. The scheme is
based on the proposition by Ruhe et al., (2018, 2017).
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CdiA has been named CdiA-CT and is the part of the protein responsible for
toxic activity. In some CDI systems this region is easily identifiable due to
the presence of VENN or (E/Q)LYN motif. In other CDI systems CdiA-CT
can be identified by a high sequence variability.

The last component of CDI systems, immunity protein Cdil, directly
binds and neutralises CdiA-CT, preventing bacterial cell from auto-toxicity
(Willett et al., 2015b). Some CDI systems contain functional orphan cdid-
CT/cdil toxin-immunity modules in their genomes. These modules require a

full length CdiA to be
“ delivered to the target cell. It
is speculated that due to the
repeat regions upstream of

Cytoplasm

Inner membrane

these modules, homologous
Translocation recombination could create a

Periplasmic space  pgye] effector-immunity
VENN pairs not only increasing

e ¢ < toxin diversity but also
receptor uter membrane . . ..
yielding a  competitive
advantage to the host (Hayes
Target cell et al., 2014)

The mechanism of CDI

activity based on the

ultrastructural images of
CdiA was proposed recently.
The model suggests that
before target binding, the

AAAAAAAAAAAAAAAAAAAAAAAA)

Aggressor cell full CdiA secretion out of
the cell is inhibited. This

Outer membrane results in a ~33 nm long
extracellular filament

Periplasmic space

composed of the following
domains: filamentous

Inner membrane

hemagglutinin adhesin
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binding domain, the C-terminal half of CdiA is exported, leading to
filamentous hemagglutinin adhesin domain 2 interaction and subsequent
integration into the outer membrane of the target cell (Fig. 1.17). This leads
to the subsequent translocation of CdiA-CT into the periplasm, cleavage,
and, depending on the mode of toxicity, integration into the inner membrane
or translocation into the cytoplasm of the target cell (Fig. 1.17) (Ruhe et al.,
2018).

1.5.3.1.2. Contact-dependent growth inhibition receptors

To date, only three outer membrane receptors that are recognised by CDI
have been determined: the outer membrane protein BamA, heterotrimers of
the outer membrane proteins OmpC and OmpkF, and the bacterial nucleoside
transporter Tsx. These are recognised by CdiA®™? CdiA™>¢ and
CdiAS™ ! respectively. (Aoki et al., 2008; Beck et al., 2016; Ruhe et al.,
2017, 2013b). One of the best studied examples is the BamA receptor, which
is highly conserved among y-proteobacteria (Ruhe et al., 2013b). Despite
conservation, it was observed that E. coli EC93 targets only other E. coli
strains, but not related species. A subsequent analysis has found that
CdiA®™ ™ binds highly variable extracellular loops 4, 6, and 7, thereby
restricting CDI-mediated activity to a narrow target range (Ruhe et al.,
2013b). This highly specific targeting was also confirmed for the remaining
receptors (Beck et al., 2016; Ruhe et al., 2017). Once inside the periplasm,
CdiA-CT™ integrates into the inner membrane and via the pore formation
activity causes dissipation of proton gradient, leading to decreased ATP and
respiration (Hayes et al., 2014). Other CdiA-CT proteins can translocate into
the cytoplasm of a target cell, where they execute their activity. For the
translocation, the N-terminal domain of CdiA-CT and proton motive force
are required. It was observed that N-terminal domains recognize and target
different membrane proteins, which usually are metabolite transporters
(Willett et al., 2015b, 2015a).

Although the translocation mechanism is currently unknown, it has been
suggested that instead of exploiting transport mechanism of transporters,
toxins use receptors to bring toxin domains together. This clustering allows
the integration into the inner-membrane, and, subsequently, proton-motive
force facilitated transport into the cytosol (Willett et al., 2015a).

1.5.3.1.3. CdiA functional activities

Based on the functional activity, CdiA-CT domains can be separated into
several groups: toxins with pore-forming activity; nuclease activity,
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deaminase activity, and peptidase activity. However, the functions of the
majority of CdiA-CTs are unknown (Willett et al., 2015b). There also have
been suggestions, that predictions regarding the functional activity of
CdiA-CTs can be unreliable due to the high variability of these domains
(Beck et al., 2014).

It is worth noting the multiple observations of CDI-mediated roles
beyond bacterial competition. These include biofilm formation and virulence
(Allen et al., 2020; Garcia et al., 2013; Ruhe et al., 2015). Recently, it was
shown that Burkholderia thailandensis CDI effectors are required for biofilm
formation (Garcia et al., 2013). Subsequent work has found that
B. thailandensis cells in a population can sense and respond to each other via
a CDI system. Specifically, the delivery of CdiA-CT into immune bacteria
resulted in gene expression and phenotypic changes such as biofilm
formation, pigment production, and cell aggregation (Garcia ef al., 2016).

CdiA-mediated virulence was also reported. The majority of
microorganisms that use contact-dependent growth inhibition for virulence
include bacterial phytopathogens (Guérin et al., 2017). CDI contribution to
virulence in eukaryotic models was observed in a few studies such as
CdiA-mediated survival and escape of Neisseria meningitidis from the
intracellular vacuoles of Hela cells (Tala et al., 2008). Interesting results
were obtained recently, indicating that CDI systems in virulent
Pseudomonas aeruginosa isolates directly influence virulence in mouse
infection models (Allen et al., 2020).

It has been determined that Acinetobacter sp. harbour up to two
functional CDI systems. These can be divided into two classes based on the
size — type I and type II (De Gregorio et al., 2019). Interestingly, while many
CDI systems in other bacteria were determined to contribute to biofilm
formation, they do not seem to be required for this phenotype in
Acinetobacter sp., and therefore, it has been proposed that their main role is
competition with neighbouring bacteria (De Gregorio et al., 2018; Harding
et al., 2017; Roussin et al, 2019). Some researchers even found that
expression of at least one 4. baumannii CDI system decrease biofilm
formation and adhesion to epithelial cells (Roussin ef al., 2019).

1.5.4. T6SS

Type VI secretion systems are encoded in the genomes of a quarter of all
proteobacteria, and used mainly as a killing mechanism for competing
bacteria (Coulthurst, 2019). These large complexes, structurally homologous
to T4 bacteriophage injectosome, are composed of at least 13 proteins and
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span both membranes (Fig. 1.18) (Pukatzki et al., 2009). Based on structural
similarities, these systems are split into six types. However, the general
mechanism of action is similar — the assembled apparatus uses contractile
ejection machinery to deliver effectors straight into target cell (Fig. 1.18).
The expression of immunity proteins prevents from self-inhibition by the
cognate effectors (Coulthurst, 2019).

The structure of the
whole apparatus can be
split into four parts (Fig.

Inner membrane

« % 1.18): membrane
Periplasmic space complex, cytoplasmic
baseplate,  cytoplasmic

contractile sheath, and

Outer membrane

puncturing device.

Firstly, the membrane
complex composed of
TssJLM  proteins, s
assembled. This structure
then connects with the

TssJ Periplasmic space

Inner membrane

— PAAR/Effector [ g
VgrG/Spike
TssK

TssE

Membrane complex

TssB-TssC
Sheath-tube

baseplate  from  the
cytoplasmic side, that is

composed of TssEFGK.
A 1
The  baseplate  also

contains central VgrG
trimer with a PAAR-

Fig. 1.18. Graphical schematic of structural organization ~ repeat protein tip, which
and proposed mechanism of action of a Type VI secretion
system. The left and right parts of the image show .
assembled/extended and contracted states of the system,  top of VgrG proteins and
respectively. The scheme is based on the proposition by mediates cell puncturing
Pukatzki et al. (2009) and Ho et al. (2014).

Contraction

TssA
Distal end

places themselves on the

(in some cases, VgrG
proteins contain
additional domains encoding effector functions). Then, Hcp proteins start to
polymerise from the VgrG protein base, forming a hollow tube, made up of
hexameric Hcp rings, which along with VgrG and PAAR-repeat proteins
form a puncturing device. At the same time, the TssBC sheath proteins
polymerise around the Hep tube. This structure is capped by TssA and acts as
a contraction machinery that pushes the assembled puncturing device out of
the cell (Coulthurst, 2019). The presence of Hcp and VgrG in the growth
media is a reliable indicator of a fuctional T6SS (Pukatzki et al., 2009). After
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the contraction, ATPase TssH depolymerises sheath structure, which can
readily re-polymerase and contract again.

Fully assembled T6SS can T6SS kill range
extend across the diameter of the

cell. It was suggested that after
contraction, the puncturing device
can extend up to 500 nm outside
the cell (Ho et al, 2014) (Fig.
1.19). Interestingly, due to the

Aggressor
[o2=1]]

T6SS

extension across the whole cell,
T6SS can fire in both sides. In
this case, TssA protein acts both
as a cap for the distal end and,

along with additional proteins, Fig. 1.19. Proposed spatial geometry of Type

) ] VI secretion system (T6SS) attack range (area
might form alternative baseplate  marked as a ticked circle). The figure was

at the proximal end (Szwedziak  2dapted from Basler (2015).

and Pilhofer, 2019). It has been

calculated that T6SS sheath assembly takes 20-30 s, contraction — less than
5 ms, and disassembly — several tens of seconds. Also, a single contraction
release energy equivalent to hydrolysis of 1600 molecules of ATP and allows
the puncturing device to reach the speed of ~100 um/s, meaning that T6SS
can effectively puncture a target cell membrane (Basler, 2015).

A recent in depth bioinformatic analysis of Acinetobacter sp. T6SS
secretion systems has identified at least two clusters that display differences
in the organisation of T6SS encoding loci. The majority of bacteria including
pathogenic Acinetobacter species contain T6SS type I cluster, which is
unique in terms that no vgrG genes are encoded within it, in contrast to the
observations made in other bacteria (Repizo et al., 2019). Another analysis
have predicted that around half of all 4. baumannii strains encode functional
T6SS loci with two or three effectors per genome. Interestingly, the analysis
have found at least 30 distinct effector families with approximately half of
them performing an unknown function (Lewis et al, 2019). It has been
previously observed that there is a great heterogeneity among clinical
A. baumannii strains in their ability to display an active T6SS system and
pathogenesis phenotype (Repizo et al., 2019; Weber et al., 2015b, 2013).
These results, along with the bioinformatic data showing that 4. baumannii
genomes do not encode effectors with a known anti-eukaryotic function
(Lewis et al., 2019), indicate that the pathogen might use T6SS mainly for
antibacterial purposes.
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2. MATERIALS AND METHODS

2.1. Materials

In this work, strains from the previously characterized collection of
clinical 4. baumannii isolates were used (Povilonis et al., 2013). The isolates
were collected in the period from July 2010 to November 2011 in:
Lithuanian University of Health Sciences Kauno Klinikos Hospital, Vilnius
University Emergency Hospital, Republican Siauliai County Hospital.
Identification of A. baumannii strains was performed in the respective
hospital laboratories, using an automated microbiology system Phoenix TM
(BD). Additionally, isolates were confirmed using 4. baumannii-specific
identification primers (Chen ef al., 2007). A. baumannii strains used in this
work and their characteristics are listed in Table 2.1. Other bacterial strains
and plasmids are listed in Tables 2.2 and 2.3, respectively. Oligonucleotide
primers were obtained from Metabion or Thermo Fisher Scientific and are
listed in Table 2.4.

Microbial growth media used in the work (g/L volume):

* LB (Lysogeny Broth) — 10 g tryptone, 5 g yeast extract, 5 g NaCl, 15

g agar (omited for liquid media).

* TSB (Tryptic Soy Broth) — 17 g Pancreatic digest of casein, 3 g
Enzymatic digest of soya bean, 5 g NaCl, 2.5 g K;HPO,, 2.5 g
glucose, 15 g agar (omited for liquid media). The dehydrated culture
media was obtained from Oxoid.

Table 2.1. Origin of 4. baumannii clinical isolates used in this work. The list of representative
clones was compiled by Skerniskyté et al., (2019c¢).

Isolate Place of origin® Ward/unit Clinical specimen Date of isolation
Isolates selected for genetic manipulations

AbV15 A Toxicology n.d. n.d.
II-a A Gastroenterology Sputum 2010-08-02
II-al B Intensive care Sputum n.d.
JIEY A Intensive care Bronchi 2010-10-07
R ining representative isolat

I-a A Heart surgery n.d. 2010-10-05
I-aC C Trauma center Joint n.d.
I-b A Head injury Blood 2010-07-03
I-c A Burn Wound 2010-10-06
I-d A Trauma center Joint 2010-07-13
I-dB B Intensive care Sputum n.d.
I-e A Intensive care Bronchi 2010-10-11
I-f A Intensive care Bronchi 2010-07-16
I-g A Intensive care Bronchi 2010-07-13
I-gB B Intensive care Wound n.d.
I-h A Neurosurgery n.d. 2010-06-22
I-i A Intensive care Bronchi 2010-10-28
Ij A Urology Urine 2010-10-28
I-k A Burn Wound 2010-10-12
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I-m A Intensive care Bronchi 2010-07-02
I-n A Intensive care n.d. 2010-06-29
I-o A Intensive care n.d. 2010-06-29
I-p B Nefrology n.d. 2010-11-10
I-ul B Intensive care n.d. n.d.
I-v A Intensive care n.d. n.d.
II-alC C n.d. n.d. n.d.
11-a2 B Neurosurgery n.d. n.d.
1I-a3 C n.d. Intubation tube n.d.
11-b A Head injury n.d. 2010-06-29
1I-d A Neurosurgery Bronchi n.d.
1I-dB B Intensive care n.d. n.d.
II-e A Intensive care Bronchi n.d.
II-e A Neurosurgery Trachea 2010-10-13
1I-f A Intensive care Bronchi 2010-10-14
II-g A Neurosurgery n.d. 2010-11-09
1I-h A n.d. n.d. 2010-11-09
1I-j2 A Head injury Blood n.d.
1I-j4 A Child intensive care  Trachea n.d.

* — (A) Lithuanian University of Health Sciences Kauno Klinikos Hospital, (B) Vilnius University
Emergency Hospital; (C) Republican Siauliai County Hospital. Roman numerals (I or II) indicate clonal
lineage; letters indicate pulso-type as determined by Povilonis et al. (2013).

Table 2.2. Bacterial strains used in the study.

Bacterial strain Description and/or genotype Reference

Escherichia coli IM107 endAl, glnV44, thi', relA1, gyr496, A(lac-proAB) [F', traD36, Yanisch-Perron et
proAB”, lacl'ZAM15], hsdR17(Rx mg"), i al. (1985)

Escherichia coli DH5a. F-, A(argF-lac)169, p80dlacZ58(M15), AphoAS, glnX44(AS), -, Woodcock et al.
deoR481, 1fbCl, gyrA96(NalR), recAl, endAl, thiEl, hsdR17 — (1989)

Escherichia coli MC4100

Escherichia coli BL21(DE3)

Bacillus subtilis

Acinetobacter baylyi ADP1
A. baylyi ADP1 pcdil

AbV15 AbfinRS

AbV15 AbfinR

AbV15 AbfinS

AbV15 AbfmRS pbfinRS
AbV15 AbfmRS pbfinR
AbV15 AbfmRS pbfmS
AbV15 AbfmS pbfinS

AbV1S dhep
AbV 15 Ahep phep

AbV 15 AbfimRSAhcp
AbV 15 AbfmRSAhcp pbfmRS

AbV15 AbfmRSAhcp pbfmR
AbV 15 AbfmRSAhcp phcp
AbV15 Acdi

AbV15 AbfmRSAcdi

AbV 15 AbfimRSAhcpAcdi
AbV 15 AbfimRSAcdi pbfinRS

AbV15 AbfinRSAcdi pbfinR

F-, [araD1391s, A(argF-lac)169, 2-, el4-, flhD5301, A(fruK-
veiR)725(frud25), relAl, rpsL150(strR), rbsR22, A(fimB-
fimE)632(::1S1), deoC1

F-, lon-11, A(ompT-nfir4)885, A(galM-ybhJ)884, ADE3 [lacl,
lacUVS5-T7 gene 1, indl, sam7, nin5], 446, [mal+]K7]2()»S),
hsdS10

Wild-type. Used for the amplification of the sacB gene

Wild-type.

A. baylyi ADP1 strain complemented with
pUC_AcORI_Ptac_cdil TER lacl2_gm

AbV1S derivative with the bfimRS operon deletion
AbV1S5 derivative with the in-frame bfinS deletion
AbV15 derivative with the in-frame bfinR deletion
AbV1S5 AbfinRS complemented with
pUC_AcORI_Ptac_bfinRS_TER_lacl’2

AbV1S AbfmRS complemented with
pUC_AcORI_Ptac_bfinR_TER_lacl’2

AbV15 AbfinRS complemented with
pUC_AcORI_Ptac_bfinS_TER_lacl’2

AbV15 AbfinS complemented with
pUC_AcORI_Ptac_bfinS_TER_lacl’2

AbV15 derivative with the hcp gene deletion

AbV15 Ahcp complemented with
pUC_AcORI_Ptac_hcp_TER_lacl‘2

AbV15 AbfmRS derivative with the hcp gene deletion
AbV15 AbfmRSAhcp complemented with
pUC_AcORI_Ptac_bfmRS_TER_lacl’2

AbV15 AbfmRSAhcp complemented with
pUC_AcORI_Ptac_bfinR_TER_lacl’2

AbV15 AbfmRSAhcp complemented with
pUC_AcORI_Ptac_hcp_TER_lacl’2

AbV 15 derivative with a partial cdiBAI operon deletion
AbV15 AbfmRS derivative with a partial cdiBAI operon deletion
AbV1S5 AbfinRSAhcp derivative with a partial cdiBAI operon
deletion

AbV1S5 AbfinRSAcdi complemented with
pUC_AcORI_Ptac_bfinRS_TER_lacl’2

AbV15 AbfinRSAcdi complemented with
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Casadaban and
Cohen (1979)

Wood (1966)

Gift from Audrius
Gegeckas
ATCC 33305
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

This work
This work

This work
This work
This work
This work
This work
This work

This work



AbV15 AbfinRSAhcpAcdi

pbfmRS

pUC_AcORI_Ptac_bfinR_TER_lacl’2
AbV1S5 AbfinRSAhcpAcdi complemented with
pUC_AcORI_Ptac_bfinRS_TER_lacl’2

AbV 15 AbfmRSAhcpAcdi pbfinR AbV15 AbfmRSAhcpAcdi complemented with

1I-al AgalU

1I-a 4galU

1I-c AgalU

1I-al 4galU pgalU
1I-a 4galU pgalU
I-c AgalU pgalU
1I-al AgalU pcdil
1I-a AgalU pcdil

M-c AgalU pedil
1I-al AbfmRS

II-a AbfmRS

1I-c AbfimRS

II-al AbfmRS pbfmRS
1I-a AbfmRS pbfmRS
1I-c AbfmRS pbfmRS
1I-al AbfmRS pedil
1I-a AbfmRS pcdil

1I-c AbfmRS pedil

Pseudomonas aeruginosa P16

Klebsiella pneumoniae
K39

pUC_AcORI_Prtac_bfmR _TER lacl’2
1I-alwith the ga/U gene deletion
II-a with the galU gene deletion
II-c with the galU gene deletion

1-al4galU complemented with pUC_AcORI_Prac_galU™

“_TER_lacl’2_gm

1I-a 4galU complemented with
pUC_ACcORI_Ptac_galU™_TER_lacl’2_gm
1I-c 4galU complemented with
pUC_AcORI_Ptac_galU™_TER_lacl’2_gm
II-al AgalU complemented with
pUC_ACcORI_Prac_cdil™™"_TER_lacl’2_gm
1I-a AgalU complemented with
pUC_ACcORI_Prac_cdil™™"*_TER_lacl’2_gm

1I-c 4galU complemented with pUC_AcORI_Ptac_cdil**""

_TER lacl’2_gm

1I-al with the bfinRS operon deletion

1I-a with the bfinRS operon deletion

1I-c with the bfimRS operon deletion

II-al AbfmRS complemented with
pUC_ACcORI_Prac_bfmRS™"_TER_lacl’2_gm
1I-a A4bfinRS complemented with
pUC_ACcORI_Prac_bfmRS™"_TER_lacl’2_gm
1I-c 4bfinRScomplemented with
pUC_AcORI_Prac_bfmRS™ " _TER_lacl’2_gm

11-al AbfinRS complemented with pUC_AcORI_Ptac_cdil*V"*

_TER lacl2 gm

I1-a AbfmRS complemented with pUC_AcORI_Ptac_cdil"™¥"

_TER lacl‘2_gm

11-c 4bfmRS complemented with pUC_AcORI_Prac_cdil"™"®

_TER lacl‘2 gm
Clinical isolate

Clinical isolate

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
Krasauskas et al.,
(2015)

Seputiene et al.,
(2010)

Table 2.3. Plasmids used in the study.

Plasmids Description and/or genotype Reference

pUCI9 Used as the scaffold for the construction of suicide Norrander et al. (1983)
plasmid pUC19_sacB; Amp?

pWHI1266 Acinetobacter calcoaceticus plasmid fragment Hunger et al. (1990)
containing ori cloned to pBR322

pAcGFP1-C3 Used as the source for gfp gene; Kan® Clonetech laboratories Inc

pKK223-3 Used as the source for Pfac promoter and termination Cloning Vector from PL-
sites; Amp® Pharmacia,

GenBank:M77749.1

pUC19_sacB A. baumannii suicide vector containing sacB gene from  This work
Bacillus spp. cloned via Xbal and Pael; Amp®

pUC19_sacB_bfmRSUPDwn_ pUC19_sacB derivative with AbfinRS::aac3I; Amp*; This work

gmR Gm*

pUC19_sacB_hcpUPDwn_  pUC19_sacB derivative with Adhcp::aac3l; Amp®; Gm®  This work

gmR

pUC19 _sacB_cdiUPDwn_  pUC19_sacB derivative with AcdiAl::aac3I; Amp®; Gm® This work

gmR

pUC19 _sacB_galU™ pUCI19_sacB derivative with AgalU™"::aac31; Amp*; This work

“UPDwn_gmR Gm*

pUC19_sacB_galU™ pUCI19_sacB derivative with 4galU"*::aac31; Amp*; This work

“UPDwn_gmR Gm*

pUC19 sacB_galU™ pUCI19_sacB derivative with AgalU™*::aac31; Amp*; This work

‘UPDwn_gmR Gm*

pUC19 sacB_bfmRS™ pUCI19_sacB derivative with AbfimRS"::aac31; Amp®;  This work

AUPDwn_gmR Gm®

pUC19 sacB_bfmRS™ pUC19 _sacB derivative with AbfmRS"*::aac31; Amp®;  This work

“UPDwn_gmR Gm®

pUC19 sacB_bfmRS™ pUC19_sacB derivative with AbfimRS"™*::aac3I; Amp®;  This work
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‘UPDwn_gmR
pUC_gm
pUC_gm_AcORI

pUC_gm AcORI gfp

pUC_gm_AcORI_Ptac_gfp

pUC_gm_AcORI_Ptac_gfp_
TER

pUC_AcORI_Prac_gfp_TER
_lacl’2

pUC_AcORI_Ptac_gfp TER
_lacI2_gm
pUC_AcORI_Ptac_TER_lacl
2
pUC_ACcORI_Ptac_bfmRS T
ER _lacl?2
pUC_AcORI_Ptac_bfinR_TE
R lacl?2

pUC_AcORI_Ptac_bfimRS T
ER lacl’2

pUC_AcORI_Ptac_bfinS_TE
R lacl2

pUC_ACcORI_Ptac_hcp_TER
_lacl2
pUC_ACcORI_Ptac_cdil TER
_lacl2
pUC_ACcORI_Ptac_cdil TER
_lacl"2_gm
pUC_AcORI_Prac_galU™
“_TER_lacl’2_gm

pUC_AcORI_Prac_galU™
* TER lacl’2_gm

pUC_AcORI_Ptac_galU™
¢ TER_lacl’2_gm

pUC_AcORI_Ptac_bfmRS"!
S TER lacl'2_gm

Gm*

pUC19 derivative with the aac3I gene; Amp®; Gm®
pUC19_gm derivative with the Acinetobacter sp. ori,
Amp®; Gm®

pUC_gm_AcORI derivative with the gfp gene from
pAcGFP1-C3 cloned downstream to Acinetobacter sp.
ori; Amp®, Gm®

pUC_gm_AcORI_gfp derivative with the Ptac promoter
from pKK223-3 cloned downstream to Acinetobacter sp.
ori; Amp®; Gm®

pUC_gm_AcORI_Ptac_gfp derivative with the
terminator (TER) sequence from pKK223-3 cloned
downstream to gfp gene; Amp®; Gm®
pUC_gm_AcORI_Ptac_gfp_TER derivative with the
lacl’ gene cloned downstream to terminator sequence,
replacing aac3I; Amp?

pUC_ACcORI_Ptac_gfp TER_laclq2 derivative, where
the bla gene is replaced with the aac3I gene; Gm®
pUC_AcORI_Ptac_gfp TER_lacl’2 derivative where
the gfp gene is removed; Amp*
pUC_AcORI_Ptac_gfp TER_lacl’2 derivative where
the gfp gene is replaced with the bfimRS operon; Amp®
pUC_ACcORI_Ptac_gfp TER_lacl‘2 derivative where
the gfp gene is replaced with the wild-type bfinR allele;
Amp*

pUC_AcORI_Ptac_gfp TER_ lacl‘2 derivative where
the gfp gene is replaced with the wild-type bfinRS
operon; Amp®

pUC_AcORI_Ptac gfp TER_ lacl‘2 derivative where
the gfp gene is replaced with the wild-type bfinS allele;
Amp®

pUC_ACcORI_Ptac_gfp TER_lacl‘2 derivative where
the gfp gene is replaced with the hcp gene; Amp®
pUC_ACcORI_Ptac_gfp TER_lacl‘2 derivative where
the gfp gene is replaced with the cdil gene; Amp®
pUC_ACORI_Ptac_imm""_TER_lacl?2 derivative where
the bla gene is replaced with the aac3I gene; Gm®
pUC_AcORI_Ptac_gfp TER_lacl’2_gm derivative,
where the gfp gene is replaced with the wild-type galU
gene from I1-al;Gm®
pUC_ACcORI_Ptac_gfp_TER_lacl’2_gm derivative,
where the gfp gene is replaced with the wild-type galU
gene from II-a; Gm"*

pUC_AcORI_Prac_gfp TER lacl’2_gm derivative,
where the gfp gene is replaced with the wild-type galU
gene from II-c; Gm®

pUC_AcORI_Ptac_bfimRS"’ TER_lacl’2 derivative,
where the bla gene is replaced with the aac3! gene; Gm®

Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
This work

This work

This work
This work
This work

This work

This work

This work

This work
This work
This work

This work

This work

This work

This work

Amp® — resistance to ampicillin; Gm® — resistance to gentamicin

Table 2.4. Oligonucleotides used in the study

Olig leotide Oligonucleotide sequence (5°—3’) Purpose Reference
P-Ab-ITSF CATTATCACGGTAATTAGTG A. baumannii specific Chen et al.
P-Ab-ITSB AGAGCACTGTGCACTTAAG identification primers (2007)
sacB_F GTTGTCTAGAGATCCTTTTTAACCCATCAC Amplification of the sacB This work
sacB R GTTGGCATGCTGGGATTCACCTTTATGTTG gene
BfmR_Ptac F CATGAGCCAAGAAGAAAAGTTACC Amplification of the bfimRS  This work
BfmR_Ptac R TTACAATCCATTGGTTTCTTTAAC operon and wild-type bfinR;
cloning into inducible vector
BfmS_Ptac R GAACCTGATGCAACTCAG Amplification of the bfinS This work
gene or the bfinRS operon;
cloning into inducible vector
BfmS_Ptac_F CGTGTTTAAACACAGTATATTCCTGC Amplification of the bfinS This work
gene and cloning into
inducible vector
hep_compl_F CATGAAAGATATATACGTTGAGTTTCGC Amplification of the hcp gene This work
hep_compl R CTTTATGTCAGCCTCCACCAA and cloning into inducible

vector
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BfmR_F GTTGAAGCTTAAATGCAGCAACATCTCC Verification of the bfmRS Tomaras et

operon deletion al. (2008)
ter_F GGGCCATGGGCATGCGGTACCCTGTTTTGGC Amplification of the This work
GGATGAGAG transcription termination site
ter R GTTGGAGCTCTTTGTAGAAACGCAAAAAGG
C
M13_rwd ACTGGCCGTCGTTTTAC Inverted amplification of the This work
Aac3l _seqR CGAAGTCGAGGCATTTCTGT plasmid
pUC_gm_AcORI_Ptac_AcG
FP_TER to remove Gm"
Laclg2_R CTCACTGCCCGCTTTCCA Amplification of the lacl’ This work
Laclg2_F ATCGAATGGTGCAAAAC gene
BfmRO1F TCACGCATTGCACCATAA Amplification of the bfinRS ~ This work
BfmRSOIR GGAACCTGATGCAACTCAGTTATAAATCATTG operon upstream region
CCCCTATAAATCTC
BfmS02F TTATAACTGAGTTGCATCAGG Amplification of the bfinRS ~ This work
BfmS02Rgm CGTTCAAGCCGAGATGAATTCGATCGGCCGA operon downstream region
ATTTGGTTATTG
5_hcepFwd TCAGGAAACGCCTTCAAATC Amplification of the hcp gene This work
5_hcpRev CTTTATGTCAGCCTCCACCAAGCTGACCTTG upstream region
ATTAATTTGAGG
3_hepFwd TTGGTGGAGGCTGACATAAAG Amplification of the hcp gene This work
3_hcpRev CGTTCAAGCCGAGATGAATTCGATCGCTCAA downstream region
ATTCGGATACATGCTG
GentR_F GATCGAGCTCAGGACAGAAATGCCTCGACT  Amplification of the aac3/ ~ This work
GentR_R GATCGAATTCATCTCGGCTTGAACGAATTG gene
Bfm_check_F CAACACCCTGAGATTTACCG Verification of the bfinRS This work
Bfm_check R CAGCAACTTTTGTGCCTATG operon deletion
hep_checkF GTCAACTTGGCGTGGTCTTT Verification of the icp gene  This work
hep_checkR TGGGGTTCAGCATATTTTTCA deletion
Hep_seq_chk TGCTTCTGCTGGAAATGTTG Verification of the icp gene  This work
deletion
rpoB_qF CGATTCGTACAGAACATTCTT qPCR house-keeping gene This work
rpoB_qR TAAAGCAGCATTGCCAGAATA primer
T6hcF ACTTCAAGTAGTGTGGGCGG qPCR primer for This work
T6hcR AAGTCCACTCAACAGCAGCA quantification of the scp gene
expression
TssMF TGCTTTGGCGCAGTAAGACA qPCR primer for This work
TssMR CTTGCTGTGCGGATACAACG quantification of the tssM
gene expression
CDI_5Fwd_XH858 TTGTCGGTACGACTGCTGCT Sequencing of the cdiBAI This work
CDIIR TGCTGTCAGGTGCAATCAGC operon from A. baumannii
CDIF GGTAAATGGCCGCAATAGCATAC VIS
CDI_3Rev_XH858 TGGCCGTGGAGCTTTTAACT
CDI_seq 2_F GGGGCGAATAATGTCAGTGC
CDI_seq 2 R CTCAACACGGCAAGCAGATA
CDI_compl_F CATGTTAACTAAGAACTTTATAACTTCTTC
CDI_seq4_F AATATCAATCTTGGGGAAGGTC
CDI_seq4_R TCACTGGCATAGATTTGACTC
CDI_seq5_R CTTAAGCCAATATTCTGAGCA
CDI _seq 7F TTCAAGTGGTGGTTTAGTGCTC
CDI_seq 7R CAGAAGGATTAGGACCATCACC
CDI_5Fwd_final_short GCTGATTGCACCTGACAGCA Amplification of the cdiBAI  This work
CDI_5Rev_final _short TAAACGACCTGTAATAGACCGCACTGACATT operon upstream region;
ATTCGCCCC sequencing of the cdiBAI
locus from 4. baumannii V15
CDI_3Fwd_final GGTCTATTACAGGTCGTTTACTTTAAATAG Amplification of the cdiBAI ~ This work
CDI_3Rev_final gm CGTTCAAGCCGAGATGAATTCGATCACCCCA operon downstream region
AATCTTACTCCAATCG
Cdi_Imm_F TTAAAGTAAACGACCTGTAATAGACC Amplification of the cdil This work
Cdi_Imm_R CATGATCGATTTTGTTAAAGAATTATCTGC gene; cloning into inducible
vector; check for the presence
of the gene in a genome.
CDIIF GGTAAATGGCCGCAATAGCATAC Detection of the type I CDI ~ This work
CDIIR TGCTGTCAGGTGCAATCAGC systems among A.
baumannii; quantification of
the cdiBAI operon expression
CDI2F TTTATGCTTCGGGCAATCTGG Detection of the type | CDI  This work
CDI2R GCACACCAAGTCGCAAAGAA systems among A. baumannii
F_CDI cluster3_4 CGGAGAGGTTGGTGGAAAAACTGC Detection of the type Il CDI  This work
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R _CDI cluster3 4 CAAAGGCGCACCCACAAAAGC system among 4. baumannii

galu_Up_F GTCCGTAAAAATTTAGGTTC Amplification of the galU This work
galu_Up R CAAATAGTTAAGCAGAGCTACGTAGAACTGC gene upstream region
TTTTTTAATCAT
galu Dwn_F GTAGCTCTGCTTAACTATTTG Amplification of the galU This work
galu Dwn_R_gmR CGTTCAAGCCGAGATGAATTCGATCCGGAAT gene downstream region
AAAATTTCTTTTTGTTG
galu_check CTGCTTCCATGCCGTAACTA Verification of the gal/U gene This work
galu_check2 TTGTTTCCATGCGGTTACTA deletion
galU_compl F CATGATTAAAAAGGCAGTTTTACCT Amplification of the galU This work
galU_compl R CAAATACTTAAGCAGAGCTAC gene; cloning the gene into

inducible vector

2.2. Methods

2.2.1. Bacterial growth conditions

All bacteria were grown aerobically at 37°C or 30°C. Growth media were
supplemented with antibiotics where appropriate: ampicillin 100 pg/mL,
gentamicin 10 pg/mL, ceftazidime 10 pg/mL. 4. baumannii, P. aeruginosa,
K. pneumoniae, are second level biosafety agents and were handled in a
laboratory with a laminar flow hood. Workplace was disinfected with either
UV irradiation or cleaning with 70% ethanol. All waste or contaminated
accessories were neutralised by autoclaving where appropriate.

2.2.2. Bacterial DNA extraction

Bacterial genomic and plasmid DNA was extracted using GeneJET
Genomic DNA Purification and GeneJET Plasmid Miniprep kits (Thermo
Fisher Scientific), respectively. The DNA from electrophoresis gels was
purified using GeneJET Gel Extraction Kit (Thermo Fisher Scientific). The
concentration and purity of the extracted DNA was evaluated using a
NanoDrop spectrophotometer (Thermo Fisher Scientific).

2.2.3. PCR

The amplicons for cloning and/or sequencing were generated using
Phusion polymerase (Thermo Fisher Scientific). For routine PCR reactions
DreamTaq polymerase was wused (Thermo Fisher Scientific).
Oligonucleotides used in the work are listed in Table 2.4. Annealing
temperatures for oligonucleotides were calculated using Thermo Fisher
Scientific online Ty, calculator.
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2.2.4. Plasmid construction

Plasmids and oligonucleotides used in the work are listed in Tables 2.3
and 2.4, respectively. All resulting final constructs were verified by
sequencing at BaseClear.

A. baumannii/E. coli shuttle expression plasmid construction.

pUC gm AcORI plasmid containing Acinetobacter sp. origin of
replication (ori) from pWH1266 and the aac3/ gentamicin resistance cassette
(Armalyté er al., 2018) was used as a scaffold for the construction of
expression plasmid. The plasmid pKK223-3 was used as a source for Ptac
promoter and terminator sites (TER). The gfp gene was obtained from the
plasmid pAcGFP1-C3. BL21(DE3) strain genomic DNA was used as a
source for the amplification of the /acl’ gene, encoding the Lac repressor.
The A. baumannii/lE. coli shuttle expression plasmid was obtained by
cloning the gfp gene, Ptac promoter, TER sites into the plasmid
pUC _gm AcORI to obtain the plasmid pUC gm AcORI Prac gfp TER.
Then, this plasmid was inverse amplified with the primer pair
M13 rwd/Aac3l seqR to remove the aac3/ gene, and blunt ligated with the
lacl’ gene to generate a final
shuttle
expression plasmid
pUC_AcORI Ptac _gfp TER lacl’2
(Fig. 2.1). The alternative shuttle
plasmid, containing the aac3]
gentamicin resistance cassette was
generated by the bla
ampicillin gene  with
Eam11051 restriction endonuclease,
followed by blunt ligation of the
aac3l gene, which was amplified = @~
from the plasmid pUC gm_ AcORI.

A. baumanniilE. coli
Ptac

promoter g(p

Kpni Pael’ ; \

Terminator .-

"pWH1266 ori lacl

removing

: pUC_ACcORI_Ptac_gfp_TER_lacl"2
resistance 6411 bp

Eam11051"F...
pUC19 ori

Control plasmids were obtained by
removing the gfp gene from each
shuttle plasmid by digestion with
Pael and Kpnl, and blunt ligating the
remaining fragments (Fig. 2.1).
Control plasmids in figures and
throughout the text are denoted as

[T 2]

p”, where relevant.
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Fig. 2.1. A. baumannii/E. coli shuttle
expression plasmid map. pUCI19 ori,

E. coli replication origin, pWH ori,
Acinetobacter sp. origin of replication;
bla, ampicillin resistance gene; lacl?, Lac
repressor encoding gene; gfp, green
fluorescent protein gene; bpm base pair;
restriction enzyme sites for Kpnl, Pael,
Eam1105I are also displayed.



Plasmids for complementation were constructed by substituting the gfp
gene in the shuttle plasmid with the required gene via blunted Pael and Kpnl
sites (Fig. 2.1). These plasmids were used to complement the relevant strains
(Table 2.2).

For the construction of suicide plasmid, B. subtilis gene sacB, encoding
levansucrase, was amplified with the primer pair sacB_F/sacB R and
subsequently cloned into the plasmid pUC19 via Xbal and Pael, resulting in
the plasmid pUC19 sacB. Suicide plasmids for gene deletions were
constructed by amplifying the aac3/ gentamicin resistance cassette and
approximately 1 kb long upstream and downstream regions of a gene of
interest, containing overlap sequences with each other and the cassette. All
three amplicons were then joined into a single fragment using overlap
extension PCR and blunt-end ligated into the plasmid pUC19_sacB.

2.2.5. Preparation of electrocompetent cells

A. baumannii electrocompetent cells were prepared from overnight
culture grown in LB at 37°C. 1 mL of the culture was centrifuged at 12 000
g at room temperature (RT) to collect all cells, washed three times with 1 mL
of deionised water (ddH-O) before being resuspended in 100 pL of ddH,O.
Electrocompetent cells from other bacteria were prepared by diluting
overnight culture 100-fold in the fresh LB-media (300 mL) and grown to
ODygo 0f 0.4-0.6 at 37 °C with shaking. Media with cells were then removed
from a shaker and chilled for 15 min at 4 °C. Bacteria were pelleted by
centrifuging at 1000 g for 7 min at 4 °C, washed 3 times with 10 % glycerol
solution in ddH,O before being resuspended in the same solution in a total
volume of 500 pL. Prepared electrocompetent cells were portioned by 50 puL
and were either used for transformation immediately or stored at
-80°C. Electroporation was performed using Eppendorf Electroporator 2510
and Sigma-Aldrich” electroporation cuvettes with a gap of 0.1 cm.

2.2.6. Biofilm formation assay

Biofilm formation assay was performed as described by O’Toole et al.,
(1999) with some modifications. The required strains were grown overnight
in either TSB or LB media at 37°C with shaking. The cultures were diluted
to a final cell density of 10° colony-forming units (CFU)/mL with either LB
or 0.25x diluted TSB media and inoculated into the wells of a flat-bottom 96
well polystyrene microplate (NERBE). The microplate was placed in an
airtight box with a wet paper towel to preserve humid conditions and was
incubated stationary for 24 h at 37°C. The wells with grown bacteria were
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washed three times with ddH>O to remove planktonic cells and stained for
15 min with 0.1 % (w/v) crystal violet solution. After staining, the wells
were washed three times with ddH>O to remove an excess of the dye. The
stained biofilms were evaluated either visually or quantified by solubilizing
the dye with 33 % glacial acetic acid for 15 min and measuring the optical
density at 580 nm (ODsg). The obtained values were normalized by a total
bacterial biomass measuring the optical density at 600 nm (ODgq).
Experiments were performed three times each with 2 technical replicates.
Measurements were performed using a Tecan Infinite M200 Pro plate reader.

2.2.7. Generation of 4. baumannii mutant strains

A. baumannii marker-less gene deletions were obtained according to Oh
et al. (2015) with some modifications. The upstream and downstream
regions of genes to be deleted were amplified, joined into a single fragments
with the aacl3 gene, and cloned into the suicide vector as described in the
section 2.2.4. Products were electroporated into E. coli IM107 strain and
transformants were plated on a selective LB agar media containing 10 mg/L
gentamicin. Suicide plasmid was isolated from a propagated colony and
electroporated into A. baumannii isolate of interest. Resulting transformants
were plated on a LB agar plate containing 10 mg/L. gentamicin to select
colonies, which experienced a first recombination event resulting in the
integration of the plasmid into the chromosome as it is unable to replicate in
A. baumannii. A single transformant was inoculated into LB liquid media
without antibiotics, grown for 4-6 hours at 37°C with shaking, streaked onto
a LB agar plate containing 10 % sucrose, and grown overnight at 37°C. This
step allowed for the selection of strains with a second homologous
recombination event, resulting in the loss of the integrated plasmid from the
chromosome due to the fact that levansucrase synthesized high molecular-
weight fructose polymers are toxic to A. baumannii. The resulting strains
were either WT strains or mutants with deletions. The graphical schematic of
mutant strain generation and genetic mutants that were created using this
workflow is displayed in Figure 2.2. All generated mutants were identified
and confirmed by PCR with specific primers and by sequencing.
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using Primer 1 and Primer 6

AbfmRS::gmR? _m—

J7 Cloning into pUC19_ sacB

i Overlap extension PCR

Electroporation into A. baumannii
R
S or | bms  ———— {3

First single h I r
Positive selection using gentamicin

5 bfmR gm® sacB ® AmpR 3

Second cross-over | |

Counter-selection against
sacB-carrying strains
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AbfmRS [ {—— e —
AbfMR  /——— () —

bfmS
AbfmS  /{————— ) —
bfmR
WT /) =) ) )/

14
cdiB cdiA cdil

AgalU /) e—) w)e— (—

Fig. 2.2. Graphical schematic of marker-less mutant strain generation method used in this work (A) and
genetic mutants that were created using this workflow (B). (A) The mutant generation workflow is based
on the proposition by Oh et al. (2015) and is described in section 2.2.7. The deletion of the whole bfimRS
operon is provided as an example. Amp®, ampicillin resistance cassette; gm", gentamicin resistance
cassette; sacB, levansucrase gene; kb, kilobase. Primers 1 — 4 were unique for each target sequence to be
deleted and are provided in Table 2.4. Primers 5 and 6 were GentR R and GentR_F, respectively. (B)
Genomic organization of genetic mutants used in the work that were created via marker-less deletion

method. The list of the mutants can also be found in Table 2.2. WT, wild-type.
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2.2.8. Pellicle formation assay

Overnight cultures of 4. baumannii strains grown in TSB media were
diluted with fresh media to a cell density of 10° CFU/mL and inoculated into
the wells of a flat-bottom 12 well polystyrene microplate (TPP) in a total
volume of 3 mL. The cultures were incubated stationary for 30 hours at
30°C. The formed pellicles were inspected visually by observing a floating
biomass on the surface of the media. To collect pellicles for the
quantification, 200 uL of 2-propanol was added to each well. This allowed
to easily transfer pellicles into new tubes using pipette tips. The transferred
pellicles were resuspended in 500 uL. of 10 mM NaOH, followed by a quick
neutralization with HCI. The biomass was quantified by measuring the
ODygo of suspensions and normalizing to the total volume of inoculation
culture (3 mL) so as to be comparable to the planktonic ODgg readings.

2.2.9. Motility assays

All motility experiments were performed using bacteria from freshly
grown cultures on solid TSB media. Bacteria were picked with a 10 pL
pipette tip and were stab inoculated into the centre of freshly prepared
motility media in Petri plates (90 mm diameter) and grown in a humid
airtight containers at 37°C for 24 h or 48 h for surface motility and twitching
motility, respectively. Motility was quantified by measuring the halo of
growth around the inoculation site. The surface and twitching motility plates
included 20 mL 0.25x TSB media supplemented with 0.25 % and 0.75 %
agar, respectively. The prepared plates were allowed to dry with lids
removed for 80 min in a laminar flow hood. To assess twitching motility,
plates with removed media were stained with 0.1 % crystal violet (w/v). The
unbound stain was washed out with water.

2.2.10. Protein secretion assay

The total protein in growth media was evaluated from bacterial cultures
grown in TSB media for 30 hours at 30°C. Cells from the cultures were
removed by a centrifugation at 10000 g for 10 min at 4°C and an additional
filtration through 0.22 micron. In the resulting supernatants, trichloroacetic
acid (TCA) to a final concentration of 10 % was added. The precipitated
proteins were pelleted by a centrifugation for 60 min at 15000 g at 4°C. The
pellets in tubes were washed twice with an ice-cold acetone and dried by
incubating at 95°C. The samples were re-suspended with SDS-PAGE sample
buffer and analysed using the Laemmli-12% SDS-PAGE system. After
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electrophoresis, gels were stained with Coomassie brilliant blue. Protein
molecular weight standard (PageRuler™ unstained broad range protein
ladder (Thermo Fisher Scientific)) was used as a marker (5 pL per lane).
Protein identification by MALDI-TOF mass spectrometry of cut-out bands
from gels were undertaken at Proteomics department of Vilnius University
Life Sciences Center.

2.2.11. RNA isolation and gene expression analysis

Overnight cultures of 4. baumannii were diluted to a cell density of 10°
CFU/mL, inoculated into the wells of 96-well polystyrene plates (Nerbe),
and grown at 37°C with shaking until mid-logarithmic phase (ODgg of 0.35-
0.4). The growth was performed and monitored using Tecan Infinite M200
Pro plate reader. The total RNA was isolated using GeneJET RNA
Purification Kit (Thermo Fisher Scientific). The RNA concentration was
evaluated with a NanoDrop (Thermo Fisher Scientific). The RNA integrity
was checked by agarose gel electrophoresis. Residual DNA was removed
with DNase I and cDNA was synthesized using RevertAid First Strand
c¢DNA Synthesis Kit (both Thermo Fisher Scientific). gPCR was performed
using primer pairs listed in Table 2.4. The amplification efficiencies of
primer pairs exhibited 95-107% (coefficient of determination >0.99), as
determined by using the dilutions of genomic DNA. Melting curve analysis
was applied to investigate product specificity. Changes in gene expression
were calculated as AAC,, using rpoB as a house-keeping gene. At least three
biological replicates were performed.

2.2.12. Inter-bacterial competition assay

Bacterial strains were grown overnight in TSB media at 37°C with
shaking. Grown cultures were washed twice with fresh TSB by a
centrifugation for 2 min at 5000 g. Washed bacteria were diluted to a final
concentration of 10®° CFU/mL. Competitions were performed by mixing the
prepared cultures at various ratios (indicated in figure legends), and spotting
5 uL of suspensions on TSB media containing 1.5 % agar. The spots were
allowed to dry before the plates were proceeded to be incubated for 6 h at
37°C. After the incubation, the spots were excised, vigorously resuspended
in 500 pL TSB media, serially diluted, and plated on LB agar plates,
containing a selective antibiotic to enumerate surviving bacteria (target and
aggressor (if possible)). Strains that were used had a natural resistance or
were transformed with a plasmid containing appropriate marker allowing the
selective isolation. All experiments included control reactions with E. coli
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strain DHS50 to obtain the total number of bacteria if there were no
competition between strains. The obtained number of colonies were
calculated as CFU per mL of culture.

2.2.13. Fractionation of Capsular Polysaccharides

Bacterial cultures, grown overnight on LB agar plates were suspended in
1 mL of phosphate-buffered saline (PBS) buffer to a final ODgy of 3, and
vortexed for 2 min at the maximum speed. Bacteria cells were pelleted by a
centrifugation at 10000 g for 10 min. Ethanol to a final concentration of
75 % was added to the supernatants to precipitate capsular polysaccharides,
which were pelleted by a centrifugation at 15000 g for 120 min at 4°C. The
pellets were air-dried and resuspended in Laemmli-SDS-PAGE sample
buffer. The samples were analysed using the Laemmli-12% SDS-PAGE
system. After electrophoresis, gels were stained overnight with 0.1 % (w/v)
of Alcian Blue as described in Mercaldi ef al. (2008).

2.2.14. A. baumannii growth assays

Overnight cultures of A. baumannii strains grown in LB at 37°C with
shaking were diluted to a cell density of 10° CFU/mL and inoculated into the
wells of a flat-bottom 96 well polystyrene microplate (Nerbe) to a final
volume of 150 pL. Cultures were grown at 37°C with shaking until reached
early logarithmic phase (ODggo of 0.25-0.35), where the required additive in
a total volume of 10 pL was added and the monitoring was continued. The
following additives were used: 0.22 um filtered supernatant from growth
media, sterile LB media, sterile PBS buffer, sterile LB media, purified CdiA
protein at 0.3 pg/mL final concentration. Growth was monitored using Tecan
Infinite M200 Pro plate reader. Experiment was repeated three times with
two technical replicates each.

2.2.15. Purification of CdiA

Overnight cultures of A. baumannii V15 AbfmRS grown in TSB at 37 °C
with shaking were diluted to a cell density of 107 CFU/mL in a total volume
of 750 mL of the fresh TSB. Cultures were allowed to grow stationary for 30
hours at 30 °C. The supernatants of grown cultures were clarified by a
centrifugation at 10000 g for 10 min, followed by a filtration through 0.22
pum filter (regenerated cellulose). The CdiA was purified firstly precipitating
proteins via the gradual addition of ammonium sulphate to a final
concentration of 40 %, under constant mixing. Then, the precipitated

proteins were pelleted by a centrifugation at 15000 g for 25 min and
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resuspended in 10 mL 0.05 M sodium phosphate buffer (pH 7.0), containing
10 % ammonium sulphate. The suspension was applied to a hydrophobic
interaction chromatography column (I mL Butyl Sepharose® 4 Fast Flow
column (GE Healthcare)), which was equilibrated with buffer A (0.05 M
sodium phosphate, 1.0 M ammonium sulphate, pH 7.0). The column with
bound CdiA was washed with five column volumes of buffer A, followed by
elution with buffer B (0.05 M sodium phosphate, pH 7.0) over linear
gradient of 14 column volumes. The fractions with eluted CdiA were pooled
and concentrated with buffer exchange into PBS using Pierce™ Protein
Concentrator PES, with the 100 kDa cut-off value (Thermo Fisher
Scientific). Protein concentration was determined using Roti®Quant
Bradford protein assay (Roth) with bovine serum albumin standard (Roth)
for calibration. Hydrophobic interaction chromatography was performed
using AKTA FPLC system (GE Healthcare).

2.2.16. Protein size determination by size-exclusion chromatography

The size of purified CdiA was determined using Superose 12 10/300 GL
gel filtration column (GE Healthcare) on AKTA FPLC system (GE
Healthcare). The column was equilibrated with PBS. The following protein
molecular mass standards were used for calibration curve: blue dextran,
ferritin (440 kDa), catalase (232 kDa), Aldolase (158 kDa), bovine serum
albumin (68 kDa) (All Amersham biosciences). The flow conditions were
kept constant at 0.6 mL/min. All eluted fractions were collected and
subsequently evaluated by SDS-PAGE analysis and by grow inhibition assay
as described in section 2.2.14. The molecular weight of CdiA was
determined from the calibration curve, which itself was obtained by
calculating partitioning coefficients (K.,) of eluted molecular weight
standards (calculated as (V. - Vo)/(V. - V,), where V. — elution of a molecule
(mL), V, — column void volume (mL), and V; — total column volume (24
mL)) and plotting them against the decadic logarithm of standard molecular
weight.

2.2.17. Minimal inhibitory concentration (MIC) determination

MICs were performed by the broth micro-dilution method. Briefly, the
serial dilutions of purified CdiA were prepared with sterile LB media and
dispensed into the wells of a round-bottom 96 well polystyrene microplate
(Nerbe) in a total volume of 50 pL. Next, overnight cultures of bacteria
grown in LB were diluted with fresh media to a final concentration of 10°
CFU/mL and 50 pL of suspensions were added to each well in a microplate
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containing CdiA dilutions as well as wells that contained only LB media as a
growth control. The plate was then incubated for 16 h at 37 °C before
recording MIC values, which were defined as the lowest concentration of
CdiA that inhibited the visible growth of culture.

2.2.18. Bacteria viability assay

Overnight cultures of bacteria grown in LB were diluted to a final
concentration of 10° CFU/mL. 100 uL of suspensions were dispensed into
the wells of a microplate. 5 pL of either purified CdiA (0.5 pg) or PBS were
added, and the plate was incubated at 37 °C. At various time points, 5 puL
from suspensions were drawn out, serially diluted, and plated on a selective
LB agar plate to enumerate viable bacteria.

2.2.19. Live/dead assay and microscopy analysis

Overnight bacterial cultures grown in LB, were washed twice by a
centrifugation at 5000 g for 2 min with PBS, and diluted to a final
concentration of 10® CFU/mL and distributed into three vials with a total
volume of 250 pL. Bacteria were pelleted by a centrifugation at 5000 g for 2
min and resuspended in either PBS (control for live bacteria), 70%
2-propanol (control for dead bacteria), or purified CdiA solution in PBS
(final concentration of 5 pg/mL). The suspensions were incubated for 30
minutes or 3 hours at room temperature before the cells were washed 3 times
with PBS by a centrifugation at 5000 g for 2 min. The washed cells were
concentrated to a cell density of ~10° CFU/mL and subjected to cell staining
for 15 min in the dark using SYTO9 (Invitrogen) and propidium iodide
(Sigma) solution in water at a final concentration of 9.4 nM and 42.4 nM,
respectively.

Microscopy experiments were performed by trapping 5 pL of cells
between a slide and an 18 mm square cover slip and observing bacteria with
Olympus AX70 microscope using UPlanApo objective lens with a final
magnification of 1000x. U-WIBA (excitation band-pass at 460-490 nm and
emission band-pass at 515-550 nm) and U-MWG (510-550/510-) block
filters were used to observe fluorescence for SYTO9 and propidium iodide,
respectively. Fluorescent images were taken under the same acquisition
setting. The obtained images were merged into a single pseudo-color image
using Fiji software (Schindelin ef al., 2012).
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2.2.20. Homology search and domain identification

Identification of CDI systems in complete and annotated 4. baumannii
genomes (Supplementary table 1) were performed by iteratively searching
CdiB homologs in rp75 database (version 2018 09) using JACKHMMER
(HmmerWeb version 2.30.0) and the product of gene F911 RS14340
(Harding et al., 2017) as a query. The resulting profile was used to perform
HMMSEARCH v. 3.2.1 (HMMER.org) with the inclusion E-value and
inclusion domain E-value set at 0.001 against 4. baumannii protein database
created using protein product sequences annotated on the genome assemblies
(Supplementary table 1). The CDI coding regions were considered as
positive only if the products of downstream genes were identified as large
proteins with haemagglutination activity or haemagglutinin repeat domains
(potential CdiA protein), followed by a small protein indicating the presence
of a potential Cdil. 4. baumannii genomes were separated into clonal lineage
groups by performing in silico PCR (primersearch algorithm from EMBOSS
suite) using primers and the typing scheme described previously (Turton et
al., 2007).

The domain architecture identification in CdiB, CdiA, and Cdil proteins
was achieved by performing three iterative searches of each sequence
against rp55 database (version 2020 01) using JACKHMMER (HmmerWeb
version 2.41.1) with default parameters. The resulting significant hits were
used as queries to perform searches with the web version of HHPRED
(Zimmermann et al., 2018) against Pfam 32.0 database. The hits were
determined as significant if probability value was above 80 %. In the case of
CdiA, the searches were performed using the N- and C-terminal halves of
the protein separately. Protein alignments were performed with MUSCLE
(Edgar, 2004), and visualised as sequence fingerprints using alignment
shading software Texshade (version 1.25) (Beitz, 2000).

2.2.21. In silico analysis of expression changes of capsule locus genes

Data of published studies regarding A. baumannii gene expression
changes under various conditions were extracted. The retrieved information
included transcriptomics, proteomics, or transposon insertion sequencing
from studies, which are listed in Supplementary table 2. All obtained results
were sorted by a study and normalized to a relative value of change, when
compared to all significantly expressed gene products in that study (scaled

from -1 to 0 and from 0 to 1, by calculating using formula per each set of
data (logzxgene product of interest _ logZXleast significantly expressed gene product)/(logzxmosl significantly
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expressed gene product _ |y least significantly expressed gene product) The top limit of the most
expressed gene product used in the calculations (either induced or repressed)
were set at 1000-fold. Hits that went beyond this threshold were considered
as maximally expressed/repressed. The data from transposon insertion
sequencing were normalized using counts of insertions. The Genes from the
K1 locus were obtained from Kaptive database
(https://github.com/katholt/Kaptive) (Wyres et al., 2020). Positive hits were
identified and confirmed via BLAST against aggregated database containing
translated genes with differential expression from all studies using percent
identity above 60 % and query coverage above 80 %. The positive hits were
also inspected manually.

2.2.22. Statistical analyses

All statistical comparisons were performed using one-way ANOVA (p =
0.05) with a Tukey HSD post hoc test. The inter-bacterial competition and
viability assays were calculated by taking a decadic logarithm from
calculated values as CFU per mL. The changes in gene expression were
evaluated only if the differences were more than 2-fold. The asterisks in
figures denote the significance (n.s., not significant; *, p<0.05; **, p<0.01;
**% p<0.001). The analyses were performed using R package (version
3.4.4). The graphs were drawn using QtiPlot.

2.2.23. Data availability

The sequence of A. baumannii V15 cdiBAI locus has been deposited in
GenBank under the accession number MK405474.
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3. RESULTS

The first part of the Results section describes the role of 4. baumannii
two-component system BfmRS in virulence-associated phenotypes, namely
biofilm and pellicle formation, motility, and inter-species competition. The
second part, characterizes a competition mechanism termed contact
dependent-growth inhibition in A. baumannii.

3.1. BfmS is not required for biofilm formation of 4. baumannii

The two-component system BfmRS has been long known to be
responsible for biofilm formation in A. baumannii (Tomaras et al., 2008). It
has also been determined that BfmS participates in 4. baumannii motility
(Clemmer et al., 2011). However, the role of BfmR regulator in motility is
unknown. It is thought that the reciprocal regulation of biofilm formation
and motility for bacteria is essential for the stabilisation and maturation of
biofilm communities (Guttenplan and Kearns, 2013). Therefore, we set out
to investigate how BfmR affects these phenotypes in A. baumannii.

For this purpose, from the collection of clinical A. baumannii isolates
(Povilonis et al., 2013), we have selected isolate V15 (4hV15) (Table 2.1),
which showed clear biofilm formation and motility phenotypes. Via
markerless gene deletion technique, we have generated knockout strains

AbfimR, AbfmS,

A B AbfmRS, deficient in
6o — s 6 — n_s**f's' response regulator

5| T 5 | bfmR, signal kinase

05 4 | g4 bfmS, or the whole
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Fig. 3.1.1. Quantitative evaluation of biofilms formed by:
(A) AbV15 strain (WT) and its mutants AbfmR, AbfmS, and of
AbfimRS; (B) AbfmRS mutant, complemented with plasmids
pbfmR, pbfmS, pbfimRS. Error bars represent standard

deviation. ***  p<0.001; n.s., not significant. p denotes
empty plasmid used as a control.
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form biofilms. The bfmS gene deletion did not impact the biofilm formation
phenotype (Fig. 3.1.1 A).

We then performed complementation experiments using the A4bV1S5
AbfmRS mutant complemented with plasmids containing wild-type (WT)
genes bfimR (pbfimR), bfmS (pbfmS), and bfmRS (pbfmRS) under an IPTG-
inducible promoter. We chose an inducible promoter since constructs with
the native promoter sequence were found to be toxic for bacteria (data not
shown). The complementation of AbfmRS with the wild-type operon
reinstated the biofilm formation phenotype. The phenotype was also
complemented with the sole bfimR gene, but not with the bfmS gene (Fig.
3.1.1 B), in agreement with previous findings indicating that the deletion of
bfmS does not impact this phenotype (Tomaras et al, 2008). This is
consistent with the observations, that BfmS acts negatively on BfmR, and
that the regulator can complement the whole AbfmRS mutant to the WT
(Geisinger ef al., 2018; Geisinger and Isberg, 2015).

Since the phenotypes were reinstated under non-inducing conditions, we
decided to evaluate the hfinR gene transcript levels in both WT strain and
AbfmRS mutant, complemented with pbfinR. Results revealed a ~2.9-fold
increase of bfmR transcript levels (with a standard deviation of +0.9) in the
mutant, when compared to the WT. This indicated that the inducible
promoter displays the unregulated transcription of downstream sequences,
explaining the reinstated biofilm formation phenotype under non-inducing
conditions.

3.2. BfmR negatively regulates surface-associated motility
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al., 2013). As can be seen in Fig. 3.2.1 A, the 4bfmRS mutant showed an
approximately 30 % reduction in the surface-associated motility compared to
the WT strain. Complementation with plasmids pbfinR or with pbfinRS
restored the phenotype to the wild-type levels, while complementation with
plasmid pbfmS did not affect the motility. In contrast to the changes in
surface-associated motility, the AbfimRS mutation did not significantly
impact twitching motility (Fig. 3.2.1 B).

Remarkably, induction of the bfinR allele in ADV15 AbfmRS strain with
IPTG concentration of 0.01 mM and 0.1 mM, resulted in the inhibition of
surface-associated motility phenotype (Fig. 3.2.2 A). Growth assays showed
that only 0.1 mM IPTG concentration caused a slight inhibitory effect on the
growth phenotype (Fig. 3.2.2 B). We also measured the transcript levels of
the bfinR gene under inducing conditions. Only at 0.1 mM IPTG
concentration the hfimR transcript was significantly up-regulated by ~eight-
fold compared to non-inducing conditions (Fig. 3.2.2 C).
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Fig. 3.2.2. (A) Inhibition of surface-associated motility under inducing conditions
demonstrated by AbV15 AbfinRS strain complemented with pbfmR plasmid. (B) Comparison
of growth curves obtained from AbV15 AbfmRS strain complemented with phfinR under
inducing conditions. (C) mRNA levels of bfmR transcript under inducing conditions. Pictures
next to the graph A show macroscopic images of motility zones. IPTG at various
concentrations was used as an inducer, where required. Error bars represent standard
deviation. *** p<0.001, relative to non-induced control.

The same surface-associated motility inhibition phenomenon was
observed for the pbfmRS-complemented AbV15 AbfmRS strain at IPTG
concentration of 0.1 mM, but not for pbfmsS plasmid (Fig. 3.2.3 A and B). It
must be noted that growth phenotypes in the latter two constructs were not
impacted by IPTG concentrations used (data not shown).
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Fig. 3.2.3. (A-B) Surface-associated motility under inducing conditions demonstrated by
AbV15 AbfmRS strain complemented with (A) pbfmRS or (B) pbfnS. (C-D) Surface-
associated motility demonstrated by AbV1S5 strain (WT), 4bV15 AbfinS strain alone or
complemented with plasmid pbfnS under (C) non-inducing or (D) inducing conditions. IPTG
at various concentrations was used as an inducer, where required. Error bars represent
standard deviation. ***  p<0.001, relative to WT; n.s., not significant. p denotes empty
plasmid used as a control.

Collectively, these results suggest, that the overexpression of bfmR
inhibits the surface-associated motility phenotype. Given the previous
observations showing that the loss of bfinS inhibited A. baumannii surface
motility (Clemmer et al., 2011), which we also confirmed with our strain
(Fig. 3.2.3 C and D), and our observations with the overexpressed constructs
(data presented above), the obtained data are fully consistent with the
proposed model that BfmS negatively regulates the activity of BfmR
(Geisinger et al., 2018; Geisinger and Isberg, 2015). Therefore, for the
following experiments, only complementing constructs containing bfmRS or
bfmR genes were used.

3.3. BfmR is required for 4. baumannii pellicle formation

A recent study by Kentache et al. (2017) found that a four-day mature
pellicle contains approximately 4.5-fold increased BfmR levels, when
compared to a one-day pellicle. Additionally, this study also showed that a
mature pellicle displayed increased amounts of CsuA/B pilin, which was
shown to be the most abundant component of 4. baumannii pellicle (Nait
Chabane et al., 2014). Therefore, we raised a hypothesis that BfmR might
also impact the pellicle phenotype.

For the pellicle formation assay, we selected TSB media and grew strains
at 30°C for 30 hours without shaking as these conditions are known to
promote pellicle formation (Armitano et al., 2014; Giles et al., 2015). By
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growing AbV15, AbfmRS mutant alone or complemented with plasmids
pbfmRS or pbfmR, we determined that the loss of bfmRS abolished pellicle
formation. The phenotype was fully restored with either pbfmRS or pbfinR
plasmids (Fig. 3.3.1 A). These results indicate that BfmR is required for
pellicle formation of 4. baumannii V15.
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Fig. 3.3.1. Quantitative evaluation of (A) pellicle biomass and (B) planktonic growth in the
pellicle formation assay. The following strains were assessed: AbV15 (WT), 4bfmRS mutant
alone or complemented with plasmids pbfinRS or pbfimR. Biomass in the planktonic growth
assay was measured after the removal of pellicle. p denotes empty plasmid used as a control.
Pictures next to graph A show macroscopic images of formed pellicle on the surface of
growth media. Error bars represent standard deviation. ***, denotes statistical significant
(p<0.001) difference compared to WT strain.

Additionally, WT and A4bfmRS strains, complemented with pbfimR or
pbfmRS plasmids exhibited a significantly reduced amount of planktonic
bacteria, when compared to the 4hfmRS mutant (Fig. 3.3.1 B). It is currently
proposed that the formation of pellicle prevents oxygen flux into the growth
media, which leads to reduced planktonic growth (Eijkelkamp et al., 2013;
Liang et al., 2010). Our results suggest that the reduction of planktonic
growth might be caused by the fact that most bacterial cells are located in the
pellicle itself, as the total biomass (pellicle + planktonic growth) of all
strains is at the comparable level.

3.4. Motility and pellicle formation phenotype among 4. baumannii clinical
isolates

We were also interested in how wide-spread is BfmR regulated pellicle
phenotype among clinical A. baumannii strains as it might facilitate the
spread of the pathogen in the clinical environment via the formation of small
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droplets (Nait Chabane et al., 2014). For this purpose, we screened clinical
A. baumannii isolates, representing different genotypically related groups
(pulso-types) of strains belonging to the International Clone (IC) I (N=20)
and IC II (N=16) clonal lineages (Povilonis et al., 2013). As can be seen in
Fig. 3.4.1, the phenotype, although variable in terms of quantity, is nearly
exclusively a trait of the IC I strains (17/20), while only a single pellicle
former was found among IC II strains analysed. This result indicates that
bfmR-regulated feature is prevalent only among IC I strains.
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Fig. 3.4.1. Quantitative evaluation of pellicles formed by representative strains belonging to
international lineages IC I and IC II. Roman numerals (I or II) indicate clonal lineage, letters
indicate pulso-type as determined by Povilonis et al. (2013). AbV1S5 strain was used as a
positive pellicle forming control.

Additionally, we asked whether a correlation between two phenotypes —
pellicle formation and motility exists among clinical isolates. For this, we
performed surface associated and twitching motility assays. As can be seen
in Fig. 3.4.2 A, all strains tested displayed a surface-associated motility.
Twitching was a more common trait for the majority (16/20) of strains of IC
I clonal lineage, while IC II strains essentially did not twitch (Fig. 3.4.2 B).
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Our results show that while there was a tendency for a twitching strain to

form a pellicle, this motility phenotype was not an indicative sign for pellicle
formation.

3.5. Loss of bfmR reduces secretion of Hep into growth media

Pellicle formation is a complex, highly regulated process, which requires
various secreted substances such as proteins, polysaccharides, and DNA
(Armitano et al., 2014; Kentache et al., 2017). A recent proteomic analysis
identified multiple virulence factors expressed in A. baumannii pellicle,
indicating the clinical significance of this phenotype (Kentache ef al., 2017).
Therefore, we were interested whether BfmR is responsible for the
regulation of pellicle phenotype-associated components.
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strain was complemented

with either pbfinRS or pbfinR plasmids (Fig. 3.5.1 A).
We identified the band by mass spectrometry as 4. baumannii Hcp

protein, which is one of the essential components of a bacterial Type VI
secretion system (T6SS). Additional confirmation was made by generating
the Ahcp deletion in AbV 15 strain, resulting in the complete loss of secreted
Hep in culture media. The phenotype was reinstated under inducing
conditions of 0.1 mM IPTG, by introducing a plasmid p/cp with a copy of
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Fig. 3.5.2. Comparison of mRNA levels of (A)
hep and (B) tssM transcripts between AbV15
(WT) and 4bfmRS mutant with or without a
complementing plasmid phfmR. Data in graphs
are displayed as a fold change compared to WT
strain which is set at 1. Error bars represent
standard deviation. p denotes empty plasmid
used as a control. **, p<0.01.
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the native hcp gene under
inducible promoter (Fig. 3.5.1 B).
We hypothesize that induction
only conditions for  the
complementation were required
due to the nature of T6SS
apparatus, where Hcp before
secretion, must assemble into
tubular ~ multimeric  structure
(Coulthurst, 2019).

The  bfmR-dependent  hcp
regulation was also observed at
the transcriptional level, where we
recorded a five-fold reduced /cp-
specific mRNA quantity in the
AbfmRS mutant, when compared
to the WT strain (Fig. 3.5.2 A).
This indicated that the whole



T6SS apparatus might be down-regulated, therefore we additionally assessed
the mRNA levels of the zssM gene in the AbfmRS mutant. The gene encodes
a membrane-anchoring complex, which is essential for T6SS assembly and
functional activity (Weber et al., 2013). We found that the 4bfmRS mutant
displayed a four-fold down-regulation of tssM-specific mRNA quantity,
when compared to the WT strain (Fig. 3.5.2 B). The mRNA levels of zssM
and Acp genes in the 4bfmRS mutant were restored to the WT levels, when
the mutant was complemented with plasmid pbfinR (Fig. 3.5.2 A and B).
These results indicate that BfmR is required for the increased secretion of
Hcp into the growth media and it is likely that the regulator positively
regulates the whole T6SS apparatus.

Finally, we considered the possibility that due to the abundance, bias
towards oligomerization, and regulation by BfmR, Hcp might be necessary
for pellicle formation by embedding into and stabilising pellicle matrix.
Unfortunately, our results showed the loss of Acp did not impact the pellicle
formation phenotype (Fig. 3.5.3 A), indicating that the secretion of Hcp does
not contribute to A. baumannii V15 pellicle formation.
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Fig. 3.5.3. (A) Quantitative evaluation of pellicle biomass formed by 4b6V15 (WT), 4hcp
mutant alone or complemented with the plasmid p/cp. p denotes empty plasmid used as a
control. Error bars represent standard deviation. n.s., no significant difference. (B) 12.5%
SDS-PAGE view of trichloroacetic acid precipitated total proteins from centrifuged growth
media supernatants of representative strains belonging to international lineages IC I and IC
II. Roman numerals (I or II) indicate clonal lineage, letters indicate pulso-type as determined
by Povilonis ef al. (2013). AbV15 strain was used as a positive Hep secreting control. SDS-
PAGE gels were visualised by staining with Coomassie blue. Numbers on the left denote
molecular mass of a marker (in kDa).

By performing protein secretion analysis using all representative clinical
A. baumannii isolates from our collection, we observed that only a single
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isolate demonstrated the apparent secretion of Hcp into the growth media
(Fig. 3.5.3 B). This suggests that Hcp secretion is not a widespread
phenotype among A. baumannii isolates, confirming previously published
results (Repizo et al., 2015).

3.6. Reduced Hcp secretion does not impact T6SS activity

The presence of Hcp in growth media is considered indicative of an
active T6SS (Pukatzki et al., 2009). Thus, we hypothesised that the presence
of hfmR might impact the activity of T6SS in terms of the increased killing
efficiency of target bacteria.

To answer this question, we have undertaken competition experiments,
where two strains are mixed together, incubated on solid media before
plating serial dilutions to evaluate the remaining cell count. We have selected
E. coli MC4100 strain as a target. Firstly, we confirmed that the AbV15
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Fig. 3.6.1. Quantitative evaluation of inter-bacterial
competition assay displaying the recovered numbers
of E. coli MC4100 target bacteria. Competitions were
performed with the following strains used as
aggressors: (A) AbV15 (WT), Ahcp mutant alone or
complemented with plasmid phcp, AbfmRS mutant,
AbfmRSAhcp alone or complemented with plasmid
phep. Competitions were performed under inducing
conditions (0.1 mM IPTG). (B) 4bV15 (WT),
AbfmRS mutant alone or complemented with plasmids
pbfinRS or pbfimR. Aggressor-target ratio of 10:1 was
used. p denotes empty plasmid used as a control.
Error bars represent standard deviation. The
horizontal lines represent mean value. ***, p<0.001;
n.s., not significant.
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strain indeed displays a
T6SS-mediated killing
phenotype by using wild-
type strain and 4Aicp mutant
with or without
complementing plasmid
containing the native hcp
allele (phcp). We observed
that the AbV15 strain
reduced MC4100 numbers
by 100-fold, and lost this
phenotype once the Ahcp
deletion was introduced.
The phenotype was readily
complemented with phcp
plasmid under inducing (0.1
mM IPTG) conditions (Fig.

3.6.1 A).
We  then  compared
T6SS-mediated killing

efficiencies among AbV15
and its 4bfmRS mutant. As
can be seen in Fig. 3.6.1 B,
the hfmRS deletion did not
significantly impact killing



phenotype, when compared to the wild-type strain. The complementation of
AbfmRS mutant with plasmids pbfmRS or pbfmR also did not significantly
impact killing phenotype Fig. 3.6.1 B. To confirm that the mutant displayed
T6SS-mediated killing phenotype, we generated a double deletion
AbfmRSAhcp and observed a complete loss of the ability to out-compete
E. coli MC4100 (Fig. 3.6.1 A). Consistently, the phenotype was rescued by
complementation with phcp plasmid under inducing (0.1 mM IPTG)
conditions (Fig. 3.6.1 A).

We also performed competition assays with other bacterial species. These
included clinical strains of Pseudomonas aeruginosa P16 and Klebsiella
pneumoniae K39. However, we did not observe any differences in killing
efficiencies between WT and 4bfimRS strains towards these two species (Fig.
3.6.2 A and B).
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Fig. 3.6.2. Quantitative evaluation of inter-bacterial competition assay displaying recovered
numbers of (A) Pseudomonas aeruginosa P16 and (B) Klebsiella pneumoniae K36.
Competitions were performed with the following strains used as aggressors: 4bV15 (WT),
Ahcp mutant alone or complemented with plasmid phcp, 4bfmRS mutant, AbfmRSAhcp alone
or complemented with plasmid phcp. Competitions were performed under inducing conditions
(0.1 mM IPTG). Aggressor-target ratio of 20:1 was used. p denotes empty plasmid used as a
control. Error bars represent standard deviation. The horizontal lines represent mean value. *,
p<0.05; **, p<0.01; *** p<0.001; n.s., not significant.

Altogether, these results show that 4. baumannii BfmRS system does not
affect T6SS-mediated inter-genus killing. They also indicate that the
increased secretion of Hcp into the growth media does not correlate with the
increased killing efficiency of target bacteria.
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3.7. BfmR down-regulates CDI system

Interesting results were obtained when competitions were performed with
a closely related species Acinetobacter baylyi ADP1 strain. We observed that
A. baumannii AbfmRS mutant displayed a significantly more aggressive
killing phenotype (~10-fold), when compared to the WT, which itself
reduced 4. baylyi ADP1 numbers by 70-200-fold (Fig. 3.7.1 A). The
phenotype, displayed by the A4bfmRS mutant, was unaffected despite
complementation with either pbfmRS or pbfmR plasmids (Fig. 3.7.1 A).
Moreover, the deletion of 4cp gene from the AhfmRS mutant resulted only in
a minor reduction of the killing phenotype, while the same deletion in the
wild-type strain almost completely abolished T6SS-mediated killing activity
(Fig. 3.7.1 B). The phenotype was restored in both strains by
complementation with phcp plasmid under inducing (0.1 mM IPTG)
conditions (Fig. 3.7.1 B). The obtained results suggest that the loss of
BfmRS system causes the activation of T6SS-independent killing
mechanism in 4. baumannii.
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Fig. 3.7.1. Quantitative evaluation of inter-bacterial competition assay displaying recovered
numbers of 4. baylyi ADP1 target bacteria. Competitions were performed with the following
strains used as aggressors: (A) AbV15 (WT), 4bfmRS mutant alone or complemented with
plasmids pbfmRS or pbfimR. (B) AbV15 (WT), 4hcp mutant alone or complemented with
plasmid phcp, AbfimRS mutant, AbfmRSAhcp alone or complemented with plasmid phcp,
under inducing conditions (0.1 mM IPTG). Aggressor-target ratio of 10:1 was used. p denotes
empty plasmid used as a control. Error bars represent standard deviation. E. coli DH5a was
used as a negative non-competitive control. The horizontal lines represent mean value. *,
p<0.05; **, p<0.01; *** p<0.001.
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Since the T6SS-independent killing phenotype was observed only against
related species, we hypothesized that it could be mediated via the contact-
dependent growth inhibition system, which has been characterised in
Acinetobacter genus only recently (Harding er al., 2017). We based our
hypothesis on the fact that these systems generally target the neighbouring
bacteria from the same or related species (Hayes et al., 2014).

Firstly, we identified the CDI system encoded by the A. baumannii
AbV15 strain. A recent bioinformatic analysis has classified all
Acinetobacter sp. systems into two types based on the length of clusters.
Additionally, it was observed that CdiB transporters are rather conserved
among Acinetobacter sp. CDI systems (De Gregorio et al., 2019). Therefore,
based on the sequence similarity, we created three primer pairs targeting all
CDI systems encoded by 4. baumannii. By identifying the exact sequence of
the cdiB gene encoded by AbV15, we
then easily identified the genomic
location and sequence of the

two *

remaining genes, cdid and cdil. The 1] 8
sequenced cdiBAI locus has Dbeen 8? ]
deposited in  GenBank under the 5 2 4-:
accession number MK405474. % 2 2]

Next, we evaluated the cdiB gene E; ]
expression levels in A4bV15 and its gg 1]
AbfimRS mutant. We found that cdiB was né ;
up-regulated by ~6.4-fold in the mutant, 0.5

when compared to the wild-type strain \‘S‘ R ‘QQ'

(Fig. 3.7.2). We also measured transcript éo‘\

levels in the  4bfmRS  mutant —_—
AbfmRS

complemented with pbfmR plasmid and

observed a 2.5-fold up-regulation levels
of c¢diB, when compared to the WT
AbV 15 strain (Fig. 3.7.2).

Altogether, these results suggest that
the deletion of bfmRS system leads to the
up-regulation  of  contact-dependent
growth inhibition locus in 4bV15 strain.

Fig. 3.7.2. Comparison of mRNA
levels of AbV15 transcripts cdiB
between in AbV15 (WT) and A4bfmRS
mutant with or  without a
complementing plasmid pbfmR. Data
in graphs are displayed as a fold
change compared to WT strain which
is set at 1. Error bars represent
standard deviation. p denotes empty
plasmid used as a control. *, p<0.05.

3.8. Bioinformatic analysis of a CDI system encoded by 46V 15

The analysis of sequenced cdiBAI locus of 4bV15 allowed us to classify
AbV15 CDI system as a type-I system with the highest identity to
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bau-Al/pit-A3 CDI systems: CdiB, CdiA, and Cdil proteins displayed
identity of 98%, 90%, 66%, respectively (Fig. 3.8.1 A). The length of CdiB,
CdiA, and Cdil were determined to be at 579, 2154, 185 amino acids,
respectively.

BLASTP searches of CDI locus against all non-redundant protein
sequences database (as of 2019-01-15) have identified seven identical CDI
loci encoded in other strains: four in A. baumannii strains, one system in a
Acinetobacter sp. strain, and two in A. pittii strains.

We also observed that four 4. baumannii strains, namely AR 0037
(GenBank accession: MPBX01000005.1/bau-D9 CdiA type (De Gregorio et
al., 2019)), 1295549 (JFXB01000002.1/bau-B2), 426863 (JFYF01000002.1/
bau-B2), and ATCC19606 (JMRY01000015.1/bau-B2) in addition to their
own CDI systems, also encoded genes that were nearly identical to the cdil
from AbV15, indicating that these strains are potentially immune to CDI-
mediated inhibition by 4bV15. Interestingly, the immunity genes were
encoded in genomic regions that did not have a CDI system nearby,
suggesting a possibility that orphan CDI immunity genes might be
widespread among A. baumannii strains.

Domain analysis indicated that CdiB consisted of a canonical for Type
Vb secretion systems B-barrel pore forming domain (Haemolysin
secretion/activation, Pfam database access code: PF03865.13) and two
periplasmic  polypeptide  transport-associated =~ (POTRA)  domains
(PF08479.11 and PF17287.2), required for interaction with the substrate
proteins (Fan ef al., 2016) (Fig. 3.8.1 B). Our bioinformatic analysis also
identified a domain from opacity family porin proteins (PF02462.15), the
function of which in CdiB is currently unclear.

CdiA domain analysis showed that the protein contained a conserved N-
terminus signal peptide for the Sec-dependent secretion into the periplasm
(PF13018.6). The signal sequence were followed by the two-partner
secretion or hemagglutination activity domain, which is required for
transport via CdiB across the outer membrane. CdiA also carried two
filamentous hemagglutinin (FHA) regions on the N-terminal (FHA1) and C-
terminal (FHA2) halves of the protein (Fig. 3.8.1 B). FHA1 has been shown
recently to form a -helix a filament that extends outside the cell, while the
FHA2 region domain is sequestered along with CdiA-CT region in the
periplasm of inhibitor cell (Ruhe ef al., 2018, 2017). The C-terminal half of
the CdiA contained CdiA-CT region, which is demarcated by Pre-toxin
domain with VENN motif (PF04829.13), and, upon binding the target cell, is
cleaved and translocated (Fig. 3.8.1 A and B).
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Fig. 3.8.1. (A) Multiple amino acid sequence alignment of proteins encoded by AbV15
cdiBAI locus with the respective proteins from the most similar type-I CDI system
(bau-A1/Genbank accession number: AMFH01000034.1) as determined by De Gregorio et
al., (2019). Alignments are displayed as sequence fingerprints that were generated by
Texshade software (version 1.25) (Beitz, 2000). Identical and unique amino acids are shaded
black and grey, respectively. (B) Schematic representation of the domain architectures of
AbV15 cdiBAI locus proteins. Pfam database accession codes are provided next to domain
names. Domains were predicted using HHPRED server (Zimmermann et al., 2018) as
described in section 2.2.20. (C) The distribution of CDI systems in fully sequenced A.
baumannii genomes. A. baumannii genomes were separated into international clonal lineage
groups (IC) by performing in silico PCR using primers and the typing scheme described by
Turton et al. (2007). Roman numerals (I or II) indicate clonal lineage. List of genomes
analysed and their Genbank accession numbers are provided in Supplementary table 1. Note
that some strains contain more than one CDI system.

Our analysis indicated that the CdiA-CT region contains a conserved
toxin-deaminase domain (PF14424.6) from clade BURPS668 1122 (Iyer et
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al., 2011). These domains were identified recently in a large array of a novel
class of bacterial toxin systems, termed polymorphic toxin systems, which
are multi-domain secreted proteins that have a toxin module at the C-
terminus. The family that this domain has been classified to includes toxins
that are secreted via various secretion systems, including T2SS, T5SS, T7SS,
T6SS. Unfortunately, substrate preferences have not been determined.
However, it was predicted that these enzymes should target cytidine on DNA
and/or RNA (Iyer et al., 2011). The Cdil immunity protein contained a Smil/
Knr4 superfamily domain (PF14567.6), which is common among immunity
proteins in bacterial polymorphic toxin systems (lyer et al., 2011) (Fig. 3.8.1
B).

Unfortunately, due to a weak sequence conservation we were unable to
identify regions already known to be involved in the recognition of target
cells (receptor binding domain), or cell surface presentation (YP domain)
(Ruhe ef al., 2018). It was predicted that these domains are situated between
two FHA repeat regions. However, we observed previously described
heterogeneity (HET) region between the two FHA domains (Fig. 3.8.1 B).
HET regions are predicted to form coiled-coils, the structural motif from at
least two alpha-helices that are coiled together. It has been suggested that
these sequences participate in a protein-protein interaction and possibly can
act as receptor binding domains for CDI systems (De Gregorio et al., 2018).

Lastly, we decided to evaluate the distribution of CDI systems among
clinical 4. baumannii isolates from our collection, representing different
genotypically related groups (pulso-types) of strains belonging to the
International Clone IC I (N=20) and IC II (N=16) lineages (Povilonis et al.,
2013). For this purpose, we have screened our isolates using primer pairs
targeting cdiB genes from all 4. baumannii encoded CDI systems and
observed that the systems were absent in all A. baumannii strains assigned to
the IC I lineage. In contrast, almost all IC II strains except II-g and II-h
strains contained cdiB gene. These observations were confirmed by
screening the completed 4. baumannii genomes that are available in NCBI
GenBank for the presence of CDI systems (Supplementary Table 1). By
using a typing scheme developed by Turton et al. (2007), via in silico PCR,
we assigned strains into international clonal lineages and observed that CDI
systems were absent or truncated in all A. baumannii strains of international
clonal lineage I, while present in the vast majority of strains identified as
international clonal lineage II, thereby fully confirming our results obtained
with clinical strains (Fig. 3.8.1 C).
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Taken together these results indicate that IC I and IC II lineage strains
potentially use diverse evolutionary adaptation strategies for intra-species

competition via CDI.

3.9. AbV15 CDI is used for intra-genus competition

BfmRS-dependent changes in the
expression of  cdiBAI
prompted us to further investigate
CDI system of 4bV 15 strain. Firstly,
we deleted nearly a whole cdid gene
along with cdil in WT, 4bfmRS, and
AbfmRSAhcp strains. We succeeded
in a partial deletion only, due to the

locus

large genomic region of cdiBAl,
which resulted
attempts to acquire clones with a
fully deleted operon. We observed
that the deletion resulted in the loss

in unsuccessful
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Fig. 3.9.1. 10 % Coomassie blue stained
SDS-PAGE  of trichloroacetic  acid
precipitated total protein fracion from
growth media supernatants of AbV15 (WT),
and Adcdi, AbfmRS, AbfmRSAcdi mutants.
Numbers on the left denote molecular
weight in kDa. Only the relevant part of a

gel is shown.

of approximately 200 kDa band in
SDS-PAGE gel containing the total
protein fraction precipitated from the culture media of Acdi and AbfmRSAcdi
strains, when compared to their parent strains (Fig. 3.9.1). The size of the
band corresponded to the predicted molecular weight of the CdiA protein,
which is approximately 229 kDa, without a signal peptide. We confirmed the
identity of the predicted protein by mass spectrometry analysis.

Next, we performed competition assays with the following aggressor
strains with presumably inactivated cdi loci: AbV1S AbfinRSAcdi, and
AbfmRSAhcpAcdi mutants. The former mutant was expected to display only
the T6SS activity, while the latter — no inhibitory activity towards a target
strain. AbV15 wild-type strain, the 4bfmRS mutant, and the AbfmRSAhcp
mutant were used as positive controls. We have selected 4. baylyi ADP1 as
the target strain.

As can be seen in Fig. 3.9.2 A, the recovered ADP1 cell numbers from
competition assays showed a gradual ~10-fold significant decrease with each
deletion in the AbfmRS mutant. Interestingly, even the triple mutant
displayed an aggressive phenotype. Although, it was attenuated when
compared to either of the AbfmRSAhcp or AbfimRSAcdi mutans. This suggests
the presence of an additional inhibition mechanism. It is reasonable to
speculate that AbV15 contains a second CDI locus, which we were unable to
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detect with our PCR screen. The presence of two CDI systems have already
been observed in some Acinetobacter sp. strains (Harding et al., 2017).
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Fig. 3.9.2. Quantitative evaluation of inter-bacterial competition assay displaying recovered
numbers of (A) A. baylyi ADP strain alone or (B) complemented with plasmid pcdil,
containing immunity gene cdil. Competitions were performed under inducing conditions (5
mM IPTG) with the following strains used as aggressors: AbV15 (WT), A4bfmRS,
AbfmRSAhcp, AbfmRSAcdi, and AbfmRSAhcpAcdi. Aggressor-target ratio of 10:1 was used.
Error bars represent standard deviation. E. coli DH5a was used as a negative non-competitive
control. The horizontal lines represent mean value. **, p<0.01; *** p<0.001; n.s., not
significant.

Finally, we also performed competitions using plasmid with the cloned
immunity gene cdil under inducible promoter. The plasmid was transformed
into 4. baylyi ADP1. We hypothesized that if the killing was mediated via
CDI system, the cdil gene product should protect its host from the CDI
activity. Results showed that pcdil plasmid protected A. baylyi ADP1 from
aggressors, which had a predicted active CDI system (4bfmRS and
AbfmRSAhcp mutants), while displayed no effect with the competitions
against the predicted CDI-negative mutants (Fig. 3.9.2 B). It must be noted
that we did not observe pcdil-mediated increase in resistance towards 4bV15
wild-type strain (Fig. 3.9.2 B). We hypothesize, that this might be due to the
down-regulated nature of CDI system as we observed that the deletion of
hcp in AbV15 nearly abolished the killing activity (Fig. 3.7.1 B). Together,
these data show that the loss of bfinRS activates 4bV15 CDI system, which
can be used against 4. baylyi ADP1.
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3.10. AbV15 CDI system is used for intra-species competition

Primary targets of the CDI-mediated inhibition are organisms from the
same species (Hayes er al, 2014). Therefore, we hypothesized that
competitions with A. baumannii strains should display increased efficiencies
in terms of recovered cell numbers.

To test the hypothesis, we have selected two clinical
A. baumannii strains II-g and II-h that did not contain a cdiB gene (as was
described in section 3.8). Additionally, using a primer pair specific for the
cdil gene, encoded by AbV15, we confirmed that these strains did not have
genetically encoded immunity. All these data predicted that II-g and II-h
strains should be susceptible to CDI-mediated attack from the A6V 15 strain.

Competition experiments showed that only the II-h strain was highly
susceptible to CDI-mediated killing by the AbfimRS and AbfmRSAhcp
mutants, and displayed approximately 10’-fold reduction in the recovered
cell numbers (Fig. 3.10.1 A). When competitions were performed with
mutants that also had a cdi loci deletions, we observed a ~10%-fold decreased
aggressiveness when compared to their parent strains (Fig. 3.10.1 A).
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In comparison, the II-g strain showed a weak but significant susceptibility
profile to the inhibitory phenotype displayed by the AbfmRS mutant (Fig.
3.10.1 B). However, because of weak susceptibility, we could not discern
between the CDI and T6SS phenotypes using AbfmRSAhcp or AbfmRSAcdi
mutants. We observed that only the AbfimRSAhcpAcdi mutant significantly
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rescued the II-g strain, suggesting a cumulative effect of both systems (Fig.
3.10.1 B).

The wild-type AbV1S5 strain, as expected, displayed mainly T6SS-
dependent killing activity, with an overall greatly reduced efficiency, when
compared to the AhfmRS strain (Fig. 3.10.2 A and B also Fig. 3.10.1 A and
B).

A B Fig. 3.10.2. Quantitative
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Based on the findings that A. baumannii 11-h strain was highly resistant to
CDI-mediated inhibition and the previous observation that complementation
with plasmid pbfmR causes a down-regulation of cdiBAI locus, we
hypothesised that we should observe a BfmR/BfmRS-mediated partial
reduction of aggressive phenotype displayed by CDI-positive strains.

As can be seen in Fig. 3.10.3, the complementation of A4hfmRS mutant
with pbfimR or pbfmRS plasmids resulted in a ~30-fold increase of the
recovery numbers of II-h strain, when compared to the non-complemented
mutant. Additionally, when T6SS-negative but CDI-positive mutant
(4bfmRSAhcp) was complemented with the same plasmids, target recovery
numbers increased by ~500-fold, compared to the non-complemented strain
(Fig. 3.10.3). Lastly, the AbfmRSAcdi and AbfmRSAhcpAcdi mutants which
were predicted to be CDI-negative displayed no effect on the killing activity
regardless complementation by pbfmR or pbfinRS plasmids (Fig. 3.10.3).

83



10 o Target: A. baumannii ll-h

[ ]
*k%k

1 | Hy

. ]

loe—

Target recovery (log,, CFU/mL)

-

T T ?I~ T ‘Ib QI~ T T % T T QI~ T

R 9 R RO R -
& S & & &

& ¢ & § &

Q Q Q

AbfmRS AbfmRSAhcp AbfmRSAcdi AbfmRSAhcpAcdi

Aggressor

Fig. 3.10.3. Quantitative evaluation of inter-bacterial competition assay displaying the
recovered numbers of 4. baumannii target strain II-h. Competitions were performed with
aggressors: AbV15 (WT), and AbfmRS, AbfmRSAhcp, AbfmRSAcdi, AbfmRSAhcpAcdi
mutants, which were complemented with either pbfimRS or pbfimR. Aggressor-target ratio of
20:1 was used. E. coli DH5a was used as a negative non-competitive control. Error bars
represent standard deviation. The horizontal lines represent mean value. **, p<0.01; ***
p<0.001; n.s., not significant.

Taken together, these results show that 46V15 encodes a CDI system
which is active only against some 4. baumannii strains. Additionally, our
phenotypic results are consistent with the cdiBAI expression data, indicating
that the BfmRS system negatively regulates the AbV15 CDI system.

3.11. Role of capsule in the defence against CDI

We observed, that II-h and II-g 4. baumannii strains, which were selected
for the competition assay, differed in the ability to form capsule (Skerniskyté
et al., 2019¢). Capsule-deficient strain, II-h, was more susceptible to CDI-
mediated inhibition, when compared to capsule forming strain II-g (Fig.
3.10.1 A and B). The presence of capsule might help to hide receptors that a
CDI system recognizes leading to a resistant phenotype. Therefore, we asked
whether the inhibition of capsule formation would yield A. baumannii
susceptibility to CDI-mediated inhibition.

We have selected three A. baumannii clinical strains, II-c, II-al and II-a,
belonging to distinct genotypically-related groups — pulsotypes that (1)
displayed capsule forming phenotype; (2) were resistant to CDI activity
mediated by 4hV15 strain (evaluated by performing competition assays
using an excess of aggressor to prey ratio of 10:1 (data not shown), and (3)
did not have the same cdi locus (as determined by the presence of immunity
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gene). Additionally, these strains showed differences in terms of resistance to
desiccation, hydrophobicity, ability to be phagocytosed by macrophages, and
virulence against Caenorhabditis elegans (Skerniskyte et al., 2019¢).

Firstly, galU gene deletions in the selected strains were generated. The
gene encodes UTP-glucose-1-phosphate uridylyltransferase, which catalyses
the formation of UDP-glucose from glucose-1-phosphate and UTP and is
required for the production of capsule in A. baumannii (Geisinger and
Isberg, 2015).

We observed that the
AgalU mutants lost the
ability to  produce
polysaccharide as
judged by 12.5 % SDS-
PAGE followed by

Fig. 3.11.1. 12.5 % SDS-PAGE gel showing capsular staining with
polysaccharide profiles of Il-c, II-al, II-a, and their AgalU
mutants with or without the complementing plasmids ) ) ]
pgalU with the wild-type galU. Polysaccharides were stain Alcian Blue (Fig.

stained with Alcian Blue. 3.11.1). The phenotype

was readily reinstated
by complementation with pga/U plasmids that contain the native gal/U genes
(Fig. 3.11.1).

Then, we performed the competition assays using 4. baumannii clinical
strains Il-c, Il-al, Il-a, and their AgalU mutants with or without
complementing pga/U plasmids. The AbV15 AbfmRSAhcp strain was
selected as an aggressor. It had an inactive T6SS (to eliminate influence of
T6SS-mediated killing effect), but active CDI system, therefore was named
as CDI+T6SS- strain. As a CDlI-negative control, we selected
AbfmRSAhcpAcdi mutant and named it as CDI-T6SS- strain.

The competitions showed that the loss of capsule greatly increased
sensitivity to CDI-mediated inhibition of all three tested strains (Fig. 3.11.2
A-F). We observed a ~10°-10°-fold decrease in the recovered numbers of the
capsule-negative target strains, when competitions were performed with
CDI+T6SS-, but not with CDI-T6SS- aggressor strains (Fig. 3.11.2 A-F).
The resistance phenotype was fully complemented with pgal/U plasmids

ll-c AgalU ll-a1 AgalU ll-a AgalU

polysaccharide specific

(Fig. 3.11.2 A-F). Additionally, the complementation was apparent when the
immunity gene was supplied in trans with pcdil plasmid (Fig. 3.11.2 A-F).
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Fig. 3.11.2. Quantitative evaluation of inter-bacterial competition assay displaying the
recovered numbers of A. baumannii target strains: (A-B) Il-c; (C-D) II-al; (E-F) Il-a, and
their 4galU mutants with or without the complementing plasmids pgalU or pcdil, encoding a
wild-type galU or immunity to CDI genes, respectively. Competitions were performed with
the following aggressors: (A, C, E) 4bfmRSAhcp (CDI+T6SS-), (B, D, F) AbfinRSAhcpAcdi
(CDI-T6SS-). Aggressor-target ratio of 1:1 was used. Error bars represent standard deviation.
The horizontal lines represent mean value. *** p<0.001; n.s., not significant.

We also observed consistent results after the competitions performed with
AbV15 strains, which had an active T6SS system: The 4bfimRS mutant with
both active systems (CDI+T6SS+) outcompeted capsule-deficient
A. baumannii strains, while AbfmRSAcdi mutant (CDI-T6SS+) did not (Fig.
3.11.3 A-F). The phenotypes were fully complemented with pgalU or pcdil
plasmids (Fig. 3.11.3 A-F).
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Fig. 3.11.3. Quantitative evaluation of inter-bacterial competition assay displaying the
recovered numbers of A. baumannii target strains: (A-B) IlI-c; (C-D) II-al; (E-F) II-a, and
their 4galU mutants with or without the complementing plasmids pgalU or pcdil, encoding a
wild-type galU or immunity to CDI genes, respectively. Competitions were performed with
the aggressors: (A, C, E) 4bfmRS (CDI+T6SS+), (B, D, F) A4bfmRSAcdi (CDI-T6SS+).
Aggressor-target ratio of 1:1 was used. Error bars represent standard deviation. The horizontal
lines represent mean value. ***, p<0.001; n.s., not significant.

Collectively, these data show that capsule is an essential structure that
grants susceptible cells the protection against CDI system.

3.12. Strain-specific role of BfmRS in the protection against CDI

Recent results obtained with A. baumannii strain ATCC 17978 showed
that the loss of BfmRS results in the reduced capsule polysaccharide
synthesis (Geisinger et al., 2018; Geisinger and Isberg, 2015). Based on
these observations we hypothesized that the deletion of BfmRS system in

our chosen clinical A. baumannii strains would lead to decreased capsule
87



production, which would subsequently increase the susceptibility against
CDI.

To test our hypothesis ll-c AbfmRS a1 AbfmRS ll-a AbfmRS
we have generated a © © &
; . . & & &
AbfmRS deletion in strains ¥ < Q@‘ \\:i‘ Q Q&;‘ &® e Q&

II-c, II-al, and II-a and
evaluated their capsule
formation capabilities
using 12.5 % SDS-PAGE
followed by staining with

. . Fig. 3.12.1. 12.5 % SDS-PAGE gel showing capsular
polysaccharide specific polysaccharide profiles of 4. baumannii clinical strains
stain Alcian Blue. As can [I-c, II-al, II-a strains, and their 45fmRS mutants with

. . or without the complementing plasmid pbfinRS with a
be seen in Fig. 3.12.1, the wild-type bfmRS. Polysaccharides were stained with
mutants showed similar  Alcian Blue.

quantities of produced

capsule, when compared to the respective WT strains. However, we noticed
that mutants displayed slightly wider capsular polysaccharide profiles, which
were reinstated to wild-type levels upon complementation with pbfinRS
plasmid Fig. 3.12.1.

We considered a possibility that wider capsular polysaccharide profiles
could indicate modifications in the general capsule structure, which could
influence resistance to CDI phenotype. Therefore, we proceeded to perform
competitions by selecting AbV15 AbfmRSAhcp mutant (CDI+T6SS-) as an
aggressor, and Il-c, II-al, and II-a strains and their 4bfimRS mutants with or
without complementing pbfinRS plasmids, as the target strains. The results
showed that only AbfmRS mutant of Il-a strain was susceptible to CDI-
mediated inhibition, as we observed a ~400-fold reduction in the recovered
cell numbers, which were fully reinstated when the mutant was
complemented with plasmids pbfmRS or pcdil (Fig. 3.12.2 A). When
competitions were performed with CDI-T6SS- aggressor, the recovered cell
numbers were similar between all tested strains (Fig. 3.12.2 B). The bfmRS
deletion in the remaining two strains did not cause susceptibility to
CDI-mediated inhibition. We observed that II-c AbfmRS mutant was
susceptible to both CDI+T6SS- and CDI-T6SS- aggressors (Fig. 3.12.2 C
and D). Since the phenotype was reinstated by complementation with
pbfmRS, we speculated that the deletion possibly caused a grow deficiency
in co-cultures due to the loss of bfmRS. The last strain, II-al 4bfmRS, also
displayed increased susceptibility to CDI+T6SS- and CDI-T6SS- aggressors
(Fig. 3.12.2 E and F). However, the increase was small, when compared to
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the observed profiles with strains II-c and II-a. Also, the phenotype could not
be significantly complemented with either phfmRS or pcdil plasmids (Fig.
3.12.2 E and F).
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Fig. 3.12.2. Quantitative evaluation of inter-bacterial competition assay displaying the
recovered numbers of A. baumannii target strains: (A-B) II-a; (C-D) Il-c; (E-F) II-al, and
their 4bfmRS mutants with or without the complementing plasmids pbmfRS or pcdil, encoding
a wild-type bfmRS operon or immunity to CDI genes, respectively. Competitions were
performed with the following aggressors: (A, C, E) A4bfmRSAhcp (CDI+T6SS-), (B, D, F)
AbfmRSAhcpAcdi (CDI-T6SS-). Aggressor-target ratio of 1:1 was used. Error bars represent
standard deviation. The horizontal lines represent mean value. *, p<0.0; *** p<0.01; **,
p<0.001; n.s., not significant.

Taken together, these results show that A. baumanni BfmRS system plays
a strain-specific role in the protection against CDI-mediated inhibition. Our
observations also indicate that the loss of bfmRS does not cause an apparent
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reduction in the quantity of capsular polysaccharides, suggesting that the
protection is probably mediated via other mechanisms.

3.13. In silico analysis of differential expression of 4. baumannii capsule
synthesis loci

In order to identify additional conditions under which A. baumannii
capsule loci genes and subsequently, capsule formation might be down-
regulated, we screened published data on A. baumannii total transcriptome,
proteome, and genome-wide transposon mutant libraries, and evaluated the
expression changes of capsule loci gene products under different conditions.
We included data from 81 studies (Supplementary table 2). The data were
normalised by scaling values from 0 to 1 so expression ratios would be
comparable between different experiments and plotted as a heat map (Fig.
3.13.1).
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Fig. 3.13.1. Heat map showing aggregated results of differentially expressed Kl
polysaccharide synthesis locus gene products that were observed in previously published
studies. The map shows normalized relative value of change, when compared to all
significantly expressed genes in a particular study. Graph was prepared as described in section
2.2.21. The left of the figure denotes conditions with differential change (for references see
Supplementary table 2). The bottom of the figure denotes the names of genes from the locus.
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Our analysis revealed only a few conditions that caused significant
expression changes in the majority of capsule locus genes (Fig. 3.13.1).The
down-regulation was evident in the AbfinR and AbfmRS background (Fig.
3.13.1). Moreover, we have observed that an increase in NaCl concentration
to 200 mM caused the down-regulation of the majority of genes in the
capsule locus (in the range of 2.1-7.4-fold) (Hood et al., 2010) (Fig. 3.13.1).
This suggested that under high osmotic conditions due to the down-
regulation of capsule synthesis, bacterium might become susceptible to CDI-
dependent inhibition. To test this hypothesis, we performed preliminary
competition assays under final NaCl concentrations of 240 mM by
competing Il-a strain against AbV15 AbfmRSAhcp (CDI+T6SS-) and 4bV15
AbfmRSAhcpAcdi  (CDI-T6SS-) strains. Unfortunately, the preliminary
results did not reveal a predicted increase of susceptibility towards CDI-
dependent inhibition.

3.14. A. baumannii secretes a functional CdiA into
growth media

It has been well documented that CDI systems
require a cell-cell contact to mediate their activity
(Hayes et al., 2014). These systems are composed
of an outer-membrane [-barrel protein CdiB,
which exports a large CdiA protein onto the cell
surface, where it, only upon binding a target cell,
translocates its C-terminal toxic domain (CdiA-
CT) inside the cell (Hayes et al., 2014).

Several studies have identified fragments of a
CdiA protein in bacterial growth media. These
fragments, in support to previous observations, did

Fig. 3.14.1.

not display inhibitory activity (Aoki et al., 2005; Coomassie
Webb et al., 2013). However, it has been reported ~ blue stained 12.5% SDS-
. . PAGE gel containing

recently that the whole protein can be found in the  ejther total cellular protein
secreted fraction of a CDI producing strain  fraction  (Cell)  or
(Roussin et al., 2019). In agreement with these trichloroacetic acid
precipitated total protein

results, we also observed the presence of secreted  fraction from culture
media  (Sup) of A

CdiA in growth media but not in cellular fraction
of AbV15 AbfmRS strain (Fig. 3.14.1).

In section 3.7 we also showed that AhV15
AbfmRS displayed the up-regulated
expression of CDI locus. Given these data we
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asked whether the supernatant of CDI+ strain would be toxic to capsule-
negative and susceptible to CDI-mediated inhibition 4. baumannii strains

that we characterised in section 3.11.
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Fig. 3.14.2. Growth inhibition assays of
A. baumannii clinical strains: (A) II-c; (B) II-a; (C)
II-al; and their 4galU mutants with or without
plasmids pgalU or pcdil, encoding a wild-type
galU or immunity to CDI genes, respectively. Red
vertical lines denote the time when 10 pL of 0.22
um filtered culture media from AbfmRS (CDI+) or
AbfmRSAcdi  (CDI-) were added. Error bars
represent standard deviation.
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In order to answer this
question, we grew capsule-
(4galU)

A. baumannii strains II-c, II-a,
II-al until early logarithmic
stage and supplied them with

negative

0.22 pm-filtered supernatant
fractions of CDI+ and CDI-
strains and allowed the growth
to continue. Remarkably, we
observed that the supernatant
from CDI+ strain but not from
CDI- strain resulted in a
complete growth inhibition of
AgalU strains (Fig. 3.14.2 A-
C). The susceptible strains
were rescued by
complementation with either
pgalU or pcdil plasmids,
restoring  either  capsule
formation or resistance to CDI
due to the expression of
immunity protein (Fig. 3.14.2
A-C). These results indicate
that AbV15  supernatants
display a CDI activity.

To confirm that the activity
is mediated by a full length
CdiA protein but not its
CdiA-CT domain, we purified
the toxic component from
growth media and estimated

its  molecular weight by
performing size exclusion
chromatography. We

hypothesized that if toxicity is



mediated via a full length CdiA we should observe a molecular weight of
~229 kDa, while the predicted weight of only CdiA-CT domain is ~ 44 kDa
(the domain prediction was based on the presence of VENN motif at the
C-terminus of CdiA (section 3.8).

The CdiA protein was purified using ammonium sulphate precipitation,
hydrophobic interaction chromatography and protein concentration with the
molecular weight cut-off of 100 kDa. The obtained purity of CdiA was
determined to be ~70 % (Fig. 3.14.3 A). The molecular weight of the protein
was estimated by size-exclusion chromatography to be approximately 152
kDa (Fig. 3.14.3 B), suggesting that only a part of the full CdiA is secreted
into the growth media.
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Fig. 3.14.3. (A) 12.5% SDS-PAGE view gel CdiA purification results after each purification
step, according to the scheme on the right. Numbers on the left of the gel denote molecular
mass in kDa. Bands in the gel were stained with Coomassie Brilliant Blue. (B) Calibration
curve used to determine the molecular weight of CdiA by size-exclusion chromatography. The
curve was obtained by calculating partition coefficient K,, versus the logarithm of molecular
weight standards. Black dots denote proteins used for the calibration curve. Red dot denotes
estimated CdiA molecular mass from the curve.

In order to identify, how potent the toxin is, we also have determined the
minimum inhibitory concentration (MIC) of CdiA against the Aga/U strains.
We calculated that the MIC values of the mutants were 1.25 pg/mL (or 8
nM), while the wild-type strains or mutants complemented with pga/U or
pcdil plasmids displayed at least 10 times higher MIC values. These results
indicate that the purified CdiA displays antimicrobial activity, comparable to
that of colicins (Sharma et al., 2009), which are toxic proteins, produced by
E. coli to kill related target cells (Cascales et al., 2007) (please see the
Discussion for the brief description of colicin biology).
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Altogether, the obtained data show that 4bV15 secretes a largely intact
CdiA protein into the growth media which retains its activity and enables
CDI inhibition without a direct cell-cell contact.

3.15. CdiA inhibits the growth of target cells

Reduced cell recovery numbers after competitions could indicate either
that cells were killed, or the growth was inhibited resulting in a persister-like
state, where bacteria do not actively divide. Published data, regarding the
mechanisms of CDI systems indicate that toxins can perform their activities
in both ways (Aoki et al., 2009; Roussin et al., 2019).
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Fig. 3.15.1. Time-dependent viability assay of AgalU mutants of 4. baumannii clinical strains
II-al (A), lI-c (B), II-a (C), with or without the complementing plasmid pcdil encoding the
immunity to CDI gene. The viability was assessed by mixing strains with either PBS or
purified CdiA and evaluating the remaining bacterial colony forming units (CFU) by plating
ten-fold dilutions after 0 min, 10 min, 30 min, 1 h, 3 h, 6 h. Values were calculated from at
least three independent experiments. Error bars represent standard deviation.

To evaluate the mode of action of CdiA, we first performed viability
assays, where over a period of six hours we estimated the recovered cell
numbers of the target bacteria that were premixed with the purified CdiA
protein. The PBS buffer was used as a negative control. As target bacteria,
we selected 4gal/U mutants of Il-c, II-al, and II-a strains with or without
pedil plasmid encoding immunity gene. The results revealed that the CdiA
concentration 4 times higher the MIC value (section 3.14) on the 10°
CFU/mL of starting culture of all AgalU strains, caused a ~500-fold
reduction of the cell count after only 10 minutes (Fig. 3.15.1 A-C).
Recovered cell numbers remained relatively unchanged for at least another
six hours (Fig. 3.15.1 A-C). Control experiments using strains with
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immunity gene (complemented with pcdil) or when cultures were premixed
with PBS, did not significantly affect the recovery (Fig. 3.15.1 A-C).

Viability experiments were coupled with a live/dead bacteria cell staining
using a mix of SYTO9 and Propidium iodide dyes. Green SYTO9 stains all
cells in a population, while red propidium iodide enters and stains cells with
a damaged cytoplasmic membranes, allowing to discern living and dead
cells.

For live/dead staining assay, we selected II-al strain and its 4ga/U mutant
with or without complementing plasmids pcdil or pgalU. All strains before
staining were pre-incubated in either PBS (live control), 2-propanol (dead
control) or purified CdiA protein solution for 30 minutes or for 3 hours. The
results are presented in Figure 3.15.2.
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Fig. 3.15.2. Live/dead assays performed with the following 4. baumannii strains: II-al (A), its
AgalU mutant (B), and the mutant, complemented with plasmids pcdil (C) or pgalU (D),
encoding immunity to CDI gene or the wild-type ga/U gene, respectively. Bacteria, before
each assay, were treated for 30 minutes or 3 hours with either PBS (Live control), 2-propanol
(dead control), or purified CdiA. Graphs display the quantitative evaluation of live bacteria
from multiple microscopic images. Cells were visualized at 1000x magnification with a
fluorescence microscope Olympus AX70 equipped with 100x/1.35 oil immersion lens and
WIBA (460—490 nm for excitation and 515-550 nm for emission) and MWG (510-550/590)
filter cubes for SYTO9 and propidium iodide, respectively. Numbers above columns indicate
total number of bacterial cells counted.
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The staining experiments showed that the wild-type Il-al cells were
apparently unaffected by the presence of CdiA and more than 90 % of them
were alive independent from the incubation time with the protein (Fig.
3.15.2 A). This data were consistent with the viability calculations for this
strain (data not shown). Interestingly, we observed that the majority of II-al
AgalU mutant cells that were pre-incubated with the purified CdiA protein
for either 30 minutes or 3 hours, still stained green (Fig. 3.15.2 B). The
quantitative analysis indicated a slightly reduced live cell numbers — from
90-95%, when incubated with PBS, to ~75-80% after the pre-incubation
with CdiA (Fig. 3.15.2 B).The 4galU mutant, complemented with plasmid
pcdil, stained similarly (Fig. 3.15.2 C), while complementation with pgalU
resulted in the indistinguishable from the WT phenotype (Fig. 3.15.2 D).

Together, these data indicate that the observed approximate 1000-fold
reduction in survived AgalU mutant cells in the viability assay after either 30
minutes or 3 hours (Fig. 3.15.1 A-C) might have been caused due to the
ability of CdiA to mainly inflict target cell growth arrest.
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Conclusion.
Our main findings presented in this thesis are summarized in Fig. 3.15.3.
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Fig. 3.15.3. Main findings presented in this work regarding the role of Acinetobacter
baumannii BfmRS system in the environmental fitness and inter-bacterial competition.

We showed here that the two-component BfmRS system from

A. baumannii reciprocally regulates two physiologically different processes:
motility and pellicle formation. We also determined that it regulates intra-
species competition via the repression of a CDI system. Peculiarly, we
observed that BfmRS might mediate the resistance to CDI competition by
strain specific mechanism. However, we noticed that capsule formation
might represent a more universal defence mechanism from CDI. Lastly, we
are the first to show that due to the secretion of toxic component, which
causes target cell growth arrest, CDI inhibition in 4. baumannii does not
require a cell-cell contact.
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4. DISCUSSION

In this work we aimed to further our understanding of the role of BfmR
regulator from the two-component system BfmRS and its regulatory circuit
that might enable 4. baumannii to better adapt, persist, and spread in clinical
settings. Carbapenem-resistant 4. baumannii is currently classified under the
priority 1 pathogens by the World Health Organisation, which indicates that
the research and development of new antibacterial strategies against the
pathogen is critically important (Tacconelli et al., 2018). Knowledge
regarding how organisms interact and respond to their surroundings is key
for the design of potential treatment schemes.

One of the mechanisms employed by bacteria to interact with the
environment is via two-component signal systems (Groisman, 2016). The
ability to manipulate core regulatory circuit of 4. baumannii might aid in a
more efficient control in preventing the persistence of the pathogen in the
environment. One of the mechanisms that 4. baumannii employs to survive
under the unfavourable conditions is via biofilm formation, which is
regulated by the BfmRS two-component system (Tomaras ef al., 2008).

Here, we showed that BfmR regulator does not require the sensor kinase
BfmS to reinstate surface biofilm formation. It is well known that bacterial
response regulators of two-component systems require phosphorylation of
their conserved aspartate to stimulate their activity (Zschiedrich et al., 2016).
However, in the case of 4. baumannii BfmRS system, it has been suggested
that BfmS sensor acts negatively on the BfmR regulator by phosphorylating
it, resulting in its inactivation (Farrow et al., 2018; Geisinger et al., 2018;
Geisinger and Isberg, 2015). Therefore, our data are in agreement with the
proposed mechanism of regulation.

This mechanism can also explain a previously observed phenotype,
where the mutation of bfmsS results in the reduction of 4. baumannii surface-
associated motility (Clemmer ef al., 2011). The activation of BfmR due to
the loss of BfmS might cause the inhibition of the phenotype. Our results
confirm this hypothesis as we showed that overproduction of BfmR or
BfmRS in the 4bfmRS background completely inhibits 4. baumannii motility
phenotype.

Taken together our findings suggest that BfmR is responsible not only for
the promotion of biofilm formation but also for the repression of motility
phenotype under inducing conditions, indicating that BfmR can function as a
switch from motile to non-motile phases in 4. baumannii lifestyle. This is
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also confirmed by our observations that the loss of bfmRS or bfmR genes
only slightly reduced the surface-associated motility phenotype while the
twitching motility was unaffected.

It has been hypothesized, that during the transition to a biofilm lifestyle,
the transition from motile to non-motile state might be advantageous for
bacteria (Guttenplan and Kearns, 2013). Such phenotype might allow
bacteria to conserve energy and do not waste it on two contrasting
behaviours. Interestingly, the signalling molecule cyclic-di-GMP (c-di-
GMP), composed of two GMP moieties fused into the macrocyclic ring by
GGDEF domain containing diguanylate cyclase, regulates motility to biofilm
transition in bacterial cells. High levels of c-di-GMP promote biofilm
formation, while low levels activate motility (Jenal et al., 2017). A recent
analysis of GGDEF domain containing proteins in A. baumannii ATCC
17978 showed that the overexpression of some diguanylate cyclases
completely abolished surface-associated motility and promoted Csu pili-
mediated biofilm formation (Ahmad et al., 2020). Interestingly, one of the
diguanylate cyclases tested that completely inhibited motility under the
overexpression is encoded nearby the bfmRS locus (Fig. 1.11) (Ahmad et al.,
2020). This suggests that BfmR-mediated inhibition of surface-associated
motility might be enacted via the nearby encoded diguanylate cyclase.

Our investigation into the prevalence of motility phenotypes among
clinical 4. baumannii isolates revealed that the majority of them displayed
only minor ability to perform surface-associated motility, suggesting that this
phenotype is either not widespread or is repressed under laboratory
conditions. Currently, it is unclear how exactly A. baumannii mediates
surface-associated motility, but it is suggested that multiple factors
determine this phenotype (Harding et al., 2018). On the contrary, we
observed a clear distinction between isolates in the ability to perform
twitching motility as mainly IC I lineage isolates displayed this phenotype. It
is known that this phenotype in Acinetobacter sp is regulated by Type IV pili
(Harding et al., 2013). Our findings could be explained by a recent
observation that Type IV pili experienced a specialisation in A. baumannii
clonal lineages resulting in pilus types that due to the differences in surface
electrostatics promote either motility (International clone 1) or biofilm
formation (International Clone II) (Ronish ef al., 2019).

In this study we showed that BfmR is essential for the formation of
A. baumannii pellicle. It is suggested that this structure is superior to the
surface attached biofilms, as it not only allows to persist in hospital
environments but also could potentially facilitate the spread via droplets
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(Armitano et al., 2014; Nait Chabane et al.,, 2014). Another advantage
against surface biofilms is that pellicle allows bacteria to acquire a
favourable ecological niche enabling direct access to oxygen and nutrients
from the air and liquid, respectively (Armitano er al, 2014). A recent
proteomics study identified multiple virulence factors expressed in the
pellicle, suggesting that this phenotype might play an important role in the
pathogenesis of 4. baumannii (Kentache et al., 2017).

The role of BfmRS in pellicle formation supports observations that
mature pellicles contain increased BfmR levels (Kentache er al., 2017).
Furthermore, it has been recently determined that BfmRS regulated Csu pili
are not only required for pellicle formation (Ahmad et al., 2020), but also
their component, CsuA/B pilin, has been found to be the most abundant
protein in A. baumannii pellicle (Nait Chabane et al., 2014). These results
explain our observed BfmR-dependent phenotype as the BfmRS system is
responsible for the transcriptional regulation of csud/BABCDE locus
(Tomaras et al., 2008).

Our screen of clinical A. baumannii isolates revealed that pellicle
formation was a nearly exclusive phenotype among IC I lineage strains. And
although, we observed twitching motility only among the same lineage
strains, we could not conclude that these phenotypes are connected as we
observed strains, which formed pellicles but did not twitch. A recent study
indicated that A. baumannii Type IV pili are not required for pellicle
formation, as the deletion of pil4 did not impact the phenotype (Ahmad et
al., 2020). Therefore, it is likely that these traits are not related.

A. baumannii pellicle has been shown to also display an increased
expression of some T6SS locus genes (Kentache et al., 2017). T6SS systems
are widespread among Gram-negative bacteria and are mainly involved in
competition among bacteria (Coulthurst, 2019). Interestingly, we found that
the supernatants of the 4hV15 pellicle contained increased Hcp protein
secretion in a BfmR-dependent fashion. This protein is a structural
component of T6SS, which with additional proteins assembles into a needle-
like apparatus (Coulthurst, 2019). Hcp secretion correlated with the changes
in the expression of /cp and tssM genes that are essential components for the
assembly of T6SS apparatus. Given the multiple observations that the
secretion of Hcp is a direct indication of an active Type VI secretion system
(Pukatzki et al., 2009), we assumed that we should observe an increased
killing efficiency against competing bacteria. However, our results revealed
that apparent changes in the secretion of Hcp did not correlate with the
aggressiveness mediated via T6SS. These results suggest that BfmRS is not
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responsible for T6SS-mediated inter-species competition. On the other hand,
the increased secretion of Hcp indicated that the protein might participate in
other physiological processes of 4. baumannii.

Type VI secretion systems have been reported to mediate metal ion
uptake by the secretion of metal ion scavenging proteins into the
extracellular media (Coulthurst, 2019). Additionally, there was an
observation of T6SS contribution towards biofilm formation of
Pseudomonas fluorescens (Gallique et al., 2017). However, our data indicate
that a functional A4. baumannii T6SS does not contribute to biofilm
formation nor is required for the uptake of metal ions, when grown under
ion-chelating conditions in the presence of EDTA (data not shown).

It is worth noting that the secretion of Hcp into the growth media and
hence the T6SS-mediated antibacterial activity is not a universal phenotype
among A. baumannii as there were observations that some clinical multi-
drug resistant strains showed transcriptional activity of Acp but did not
release the encoded protein into the media and/or killed target cells (Repizo
et al., 2015). These observations are consistent with our data indicating that
the vast majority of clinical A. baumannii isolates did not show an apparent
Hcp secretion into the growth media. Recently, it was observed that the
activity of A. baumannii T6SS is regulated by the two repressors, fetRI and
terR2, which are found on a large conjugative plasmid conferring
antimicrobial resistance. Isolates in a colony can lose or gain the plasmid
resulting in the increased overall fitness of the colony. Isolates without the
plasmid can defend the colony from invaders using T6SS, while individuals
with the plasmid ensure the survival of the community under antibiotic
pressure (Weber et al., 2015b). However, our PCR screen for these
repressors failed to detect them in our collection of isolates, suggesting
another T6SS regulatory mechanisms.

In this work we observed that BfmRS is responsible for the down-
regulation of contact-dependent growth inhibition system (CDI) of
A. baumannii V15 strain. These systems belong to a group B of two-partner
secretion family, that is a part of Type V secretion systems. CDI systems are
composed of a membrane beta-barrel protein (CdiB) that translocates a large
exoprotein (CdiA) onto the cell surface. These translocated proteins via their
receptor binding domains can recognise, bind, and transfer a CdiA-CT
region, encoding a toxic module, into the target cell. This results in growth
inhibition or cell death depending on the mechanism of action of a toxin. The
auto-inhibition is prevented by a third CDI module, encoding an immunity
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gene, whose product binds to and neutralises CdiA-CT activity (Willett et
al., 2015b).

Due to the necessity to bind the receptor, CDI is limited only within
related bacteria species (Hayes et al., 2014). Our results are consistent with
these observations, as we detected the activity against 4. baumannii, but not
against E. coli MC4100, P. aeruginosa, and K. pneumoniae. However, there
are a few instances, where CDI systems are used to out-compete strains from
related species (Beck ef al., 2014; Koskiniemi et al., 2015). Our results show
that A. baumannii V15 can also out-compete related species — Acinetobacter
baylyi ADP1 in a CDI-dependent manner. This indicates, that the CDI
system targets a rather conserved receptor between these two species.

Interestingly, our bioinformatic analysis showed that CDI systems were
absent in clinical A. baumannii strains belonging to the IC I international
clonal lineage, while the vast majority of the IC II lineage strains carried a
CDI module. Such a clear distinction in terms of CDI carriage between
worldwide spread A. baumannii clonal lineages was not observed before,
and the potential of the IC II strains to antagonize related IC I strains might,
at least partially, explain the worldwide predominance of this clonal lineage
(Karah et al., 2012). However, our analysis showed that some A. baumannii
strains encoded genes that were nearly identical to the cdil from AbV15.
These genes did not have the remaining cdi locus components nearby,
indicating that not only these isolates are potentially immune to a CDI-
mediated inhibition by 4bV15, but also it is possible that the accumulation
of immunity modules might be widespread among A. baumannii.

Our competition assays using clinical A. baumannii strains of IC II
lineage, that did not contain a known cdi locus, revealed that only one of
them was susceptible to CDI-mediated inhibition. We observed that the
susceptible isolate was capsule-deficient. Since capsule over-production has
been previously shown to mediate the resistance against CDI-mediated
attack in E. coli (Aoki et al., 2008), we asked whether this is also true in
A. baumannii. Our data allowed to reach a conclusion that 4. baumannii
capsule is indeed an essential phenotypic trait determining the resistance
against CDI-mediated inhibition.

A. baumannii capsule formation has been evaluated by a number of
studies. Currently, it is considered as one of the main mechanisms that
allows the pathogen to survive under desiccation conditions (Harding et al.,
2018). It is hypothesised that due to the ability to retain water, capsule
polysaccharides can prevent lethal desiccation (Espinal ef al., 2012). Also,
capsule is essential to defend against complement system, indicating the
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important role of this structure in virulence (Russo et al, 2010).
Interestingly, there have been reports showing that the loss of capsule results
in the increased hydrophobicity, which in turn promotes adherence to
surfaces (Kempf et al., 2012; also our unpublished data). This phenotype
might aid in the establishment of biofilm communities on surfaces or allow
to invade already established ones. In the latter scenario, CDI-mediated
inhibition might be an effective defence strategy for the population in the
already established biofilm. In agreement, recent data indicate that CDI-
positive cells tend to exclude susceptible cells from biofilm formation
(Anderson ef al., 2014).

In contrast, capsule polysaccharide formation or its absence might be
better suited phenotype for different environments. A recent study identified
a transcription regulator, which mediates the phenotypic switch of
A. baumannii isolate AB5075 from virulent opaque phenotype to avirulent
translucent phenotype. Interestingly, one of the differences between these
two types is that opaque colonies demonstrated a 2-fold increase in capsule
thickness (Chin et al., 2018). The study authors hypothesized that the
phenotype with reduced capsule production was better suited for life in
natural environments due to the increased expression of genes required for
the catabolism and uptake of nutrients from various different sources. In
addition, the transcription of regulatory factor was more pronounced in
lower temperatures, further confirming these suggestions (Chin et al., 2018).

We have shown in this study, that 4. baumannii V15 is able to secrete a
functional CdiA protein into the growth media. This suggests that at least for
this strain, a cell-cell contact is not essential to mediate CDI-inhibition. To
the best of our knowledge, this is the only observation showing the release of
functional CdiA from the cell. Previously, it was shown that only non-
functional fragments of CdiA can be released and found in supernatants
(Aoki et al., 2005). Our findings suggest that 4. baumannii CDI-mediated
inhibition can influence the growth of susceptible bacteria over the distance,
thereby greatly expanding its sphere of influence.

This makes CdiA mechanism more similar to a colicin-like bacteriocins,
which are diffusible, receptor-specific, cytotoxic molecules, that translocate
their C-terminal domain into the target cell. Their structural organization
consisting of N-terminal receptor binding domain, central translocation
domain and C-terminal cytotoxic domain resembles that of CdiA (Cascales
et al., 2007). Both of these systems are highly species-specific (Cascales et
al., 2007; Ruhe et al., 2017). However, colicin production is induced during
the SOS response, and the majority of them are released due to cell lysis or
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inefficiently via leakage (Cascales ef al, 2007). These mechanisms of
release are not energy efficient and might lower the overall fitness of a
population. On the contrary, CDI export mechanism involves translocation
of CdiA protein via its dedicated transporter CdiB (Hayes et al., 2014). This
mechanism is much more efficient and sustainable. Additionally, most of the
colicin-like bacteriocins are encoded on plasmids, which could result in an
easy horizontal spread of immunity among strains. In fact, in natural E. coli
populations it was found that the frequency of toxin producer strains was up
to 50%, while the combined frequencies of resistant strains reached up to
98% (Cascales et al., 2007). It is worth noting that the majority of CDI
systems are located on predicted genomic islands, indicating that these
systems are/were mobile (Danka ef al., 2017). Recent data indicate that these
systems might perform a stabilisation of mobile genetic elements as the
bearers are constantly under the supervision of sibling cells in a population
(Ruhe et al., 2016). This suggests a limited horizontal spread of CDI
systems.

In this work, we also estimated the secreted CdiA size to be
approximately of 152 kDa, while the full size of the protein is predicted to be
~ 229 kDa. This raises a question of how CdiA is released from the cell
surface? It has been suggested that CdiA, after the export to the outer
membrane, remains non-covalently bound to CdiB (Willett et al., 2015b).
This indicates that the toxin could shed into growth media naturally.
However, the determined molecular weight suggests that it is present in
growth media as not a full-sized protein. Additionally, it is unclear whether
the release from the cell surface is an active mechanism and primary
objective of CdiA, or if its release is a non-specific mechanism due to the
nature of display.

It has been shown that the loss of the BfmRS two-component system can
reduce the ability of some A. baumannii strains to produce capsular
polysaccharides (Geisinger et al., 2018; Geisinger and Isberg, 2015; Russo
et al., 2016). This dependence would potentially make A. baumannii strains
susceptible to CDI-mediated inhibition, once they turn off BfmRS signalling.
In this study, by using bfinRS mutants, we have shown that the loss of the
system did not result in the reduction of capsule polysaccharides. This result
was in agreement with observations made with A. baumannii AB307-0294
strain (Russo et al., 2016), and suggests that BfmRS plays a strain-specific
role in the ability to cause a reduction in capsule production. Secondly, we
observed that AbfinRS deletion caused a somewhat different capsule
polysaccharide profile, with increased quantity of a more variable length
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polysaccharides. Currently, the biological meaning of this phenotype is
unclear. Lastly, we showed that BfmRS system also plays a strain-specific
role in the ability to mediate resistance against CDI-mediated inhibition. Out
of the three AbfmRS mutants tested, only one displayed a clear susceptibility
to CDI-inhibition phenotype, while the remaining two strains were either
resistant or showed a general growth deficiency in co-cultures that were
rescued by complementation with the wild-type bfmRS allele. While the
mechanism of BfmRS-mediated defence against CDI inhibition is unclear,
we hypothesise, that due to the increase in variable length polysaccharides,
receptors required for CdiA binding might become more readily accessible,
resulting in a higher susceptibility to CDI-mediated inhibition.

Biofilm formation allows the population to protect itself from
unfavourable conditions such as predation, presence of antimicrobials,
desiccation, chemical perturbations (Yan and Bassler, 2019). It is worth to
note that biofilm or pellicle formation requires multiple secreted components
such as adhesion factors, nucleic acids, exopolysaccharides, various proteins,
lipopolysaccharide and other components to stabilise the structure
(Flemming et al., 2016). Once secreted, these factors become available to all
individuals in a population, which could lead to the rise of exploiter strains,
which do not produce these resources (Xavier, 2011). Additionally, it was
shown that the secreted pellicle matrix components (exopolysaccharides and
structural protein TasA) are shared between the cells in a population,
resulting in the diminished fitness of producing strain, when compared to the
non-producing mutant (Drago$ et al., 2018). This suggests that the
population might be vulnerable to the invasion of cells that do not contribute
to biofilm formation. Also, the same population is vulnerable to the
individuals within it, which engage in exploitation behaviour. Interestingly, it
was shown recently, that in the majority of bacterial populations, CDI
systems are under tight regulation and only a small fraction of bacteria
(~0.1%) displays activated systems (Danka et al., 2017).

Our observations, that capsule-deficient strains and only some BfmRS
mutant A. baumannii strains become susceptible to CDI, suggests several
things. First, the repression of CDI indicates that bacteria theoretically might
sense when they are growing in a community of siblings, meaning that
expression of CDI would by a waste of energy and resources. Second, a
small fraction of bacteria, that do express CDI, can protect the population
from invaders (Danka et al., 2017). Also, a small number of strains
expressing CDI would not significantly impact the fitness of a biofilm
colony. Finally, it is clear, that in some A. baumannii strains, the biofilm
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formation circuitry has a CDI-dependent policing mechanism, meaning that
non-related strains can join biofilm colony as long as they contribute to it.
Once they switch the BfmRS system off, they might get rapidly eliminated.
However, our results also show a rather strain-specific role for the BfmRS
system in the regulation of the susceptibility to CDI-mediated inhibition.

While the majority of functions of CDI toxins remain unknown, the
experimentally or bioinformatically characterized ones can be separated into
several groups: DNase/RNase toxins; nucleic acid deaminases, peptidases,
ADP-ribosyl transferases, and pore forming toxins (Iyer et al, 2011;
Koskiniemi et al., 2015; Zhang et al., 2012). Interestingly, some toxins were
observed to cause a reversible growth inhibition or at least do not cause cell
death (Aoki et al., 2009; Roussin et al., 2019), while others caused an
immediate cell death (Roussin et al, 2019). A recent study identified
A. baumannii strain, which encoded both types of systems (Roussin et al.,
2019). We determined that the lethal system is categorized in the same type
with the similar CdiA modular structure as the CDI described in this work
(type 1 according to De Gregorio et al., (2019)). Peculiarly, our data show
that CdiA from A. baumannii V15 mainly causes an immediate and effective
growth arrest. It is worth noting that the toxin in the aforementioned study
was predicted to be a nuclease (Roussin et al., 2019), while the CdiA in our
study might belong to a family of toxin-deaminase targeting RNA/DNA
cytosines, suggesting a completely different functional activity. Additionally,
the authors observed that the CDI system with a lethal mechanism was
repressed, while the one with inhibitory activity displayed a constitutive
activation. If BfmRS mediated repression is universal among these systems
(i.e. Type I systems De Gregorio et al, (2019)), then our observations
implicating BfmRS role in CDI regulation, might explain the observed
transcriptional repression in the previous study.

Altogether, our results suggest that 4. baumannii can mediate not only
commitment to community behaviour via the BfmRS system, but also
mediate competition between sibling cells via contact-dependent growth
inhibition system.
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CONCLUSIONS

BfmRS system acts as a positive regulator of A. baumannii pellicle
formation and a negative regulator of surface-associated motility;
BfmRS system positively regulates the secretion of Hcp protein, a
component of the Type VI secretion system into the growth media
without impacting the killing phenotype;

A. baumannii contains a functional contact-dependent growth
inhibition system negatively regulated by the two-component system
BfmRS;

A. baumannii capsule efficiently protects clinical A. baumannii
isolates from contact-dependent growth inhibition;

A. baumannii V15 strain secretes a functional CdiA toxin into the
growth media causing the growth arrest of susceptible cells.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. A list of complete A. baumannii genomes used in the analyses and
their NCBI GenBank accession numbers. IC groups were determined by the in silico PCR
using primer pairs described by Turton et al. (2007).

Assembly accession Genome accessionStrain name IC group
GCA_000018445.1 CP000863.1 ACICU ICTII
GCA_000021145.1 CP001172.1 AB307-0294 ICI
GCA _000021245.2 CP001182.2 AB0057 ICI
GCA_000069245.1 CU459141.1 AYE ICI
GCA_000186665.4 CP003967.2 D1279779 IC_other
GCA _000187205.4 CP003500.1 MDR-TJ Icu
GCA_000188215.1 CP001921.1 1656-2 ICTII
GCA_000226275.2 CP001937.2 MDR-ZJ06 IC_other
GCA _000302575.1 CP003856.1 TYTH-1 Icu
GCA_000419385.1 CP003846.1 BJAB07104 ICTII
GCA_000419405.1 CP003847.1 BJABO715 IC_other
GCA _000419425.1 CP003849.1 BJAB0868 IC other
GCA_000498375.2 CP017152.1 DU202 ICTII
GCA_000505685.2 CP006768.1 ZW85-1 IC_other
GCA _000576535.1 CP006963.1 ABO7 Icu
GCA_000695855.3 CP007535.2 AC29 ICTII
GCA_000746605.1 CP009256.1 ABO031 IC_other
GCA_000746645.1 CP009257.1 AB030 IC other
GCA_000761175.1 CP009534.1 AbH120-A2 IC_other
GCA_000786735.1 CP007712.1 LAC-4 IC_other
GCA _000814345.1 CP010397.1 6200 IC other
GCA_000828795.1 AP013357.1 NCGM 237 IC_other
GCA_000828935.1 AP014649.1 IOMTU 433 IC_other
GCA_000830055.1 CP010781.1 Al ICI
GCA_000939415.2 CP015483.1 ORABO1 ICTII
GCA_000963815.1 CP008706.1 AB5075-UW ICI
GCA _001026965.1 CP010779.1 XH386 Icu
GCA_001077555.2 CP021342.1 B8342 IC_other
GCA_001077565.2 CP021345.1 BI11911 IC_other
GCA _001077655.1 CP012006.1 Ab04-mff IC other
GCA_001077675.1 CP012004.1 ATCC 17978-mff IC_other
GCA_001077965.2 CP021347.1 B8300 IC_other
GCA _001261895.2 LN868200.1 R2090 IC other
GCA_001399655.1 CP012952.1 D36 ICI
GCA _001457535.1 LN865143.1 CIP70.10 IC_other
GCA _001514375.1 CP013924.1 KBN10P02143 Icu
GCA_001517645.1 LN997846.1 R2091 IC_other
GCA _001543995.1 CP014215.1 YU-R612 Icu
GCA _001573065.1 CP014538.1 XH860 Icu
GCA_001573085.1 CP014539.1 XHS859 ICTII
GCA _001573105.1 CP014540.1 XH857 IC_other
GCA _001573125.1 CP014541.1 XH856 Icu
GCA_001578145.1 CP014528.1 XHS858 IC_other
GCA _001636235.1 CP015364.1 3207 IC_other
GCA _001721705.1 CP012587.1 CA-17 IC other
GCA_001806345.1 CP017642.1 KABO1 ICTII
GCA_001806365.1 CP017644.1 KABO02 Icu
GCA _001806385.1 CP017646.1 KABO3 Icu
GCA_001806405.1 CP017648.1 KAB04 ICTII
GCA_001806425.1 CP017650.1 KABOS Icu
GCA _001806445.1 CP017652.1 KABO06 Icu
GCA_001806465.1 CP017654.1 KABO07 ICTII
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GCA_001806485.1
GCA_001887305.1
GCA_001895985.1
GCA_001896005.1
GCA_001902375.1
GCA_001922205.1
GCA_001922225.1
GCA_001922245.1
GCA_001922425.2
GCA_001941765.1
GCA_002082625.2
GCA_002082645.1
GCA_002082685.1
GCA_002082705.1
GCA_002082725.1
GCA_002082745.1
GCA_002082785.1
GCA_002082805.1
GCA_002082825.1
GCA_002082845.1
GCA_002082865.1
GCA_002082885.1
GCA_002116925.1
GCA_002210065.1
GCA_002504145.1
GCA_002741415.1
GCA_002753915.1
GCA_002761575.1
GCA_002762095.1
GCA_002762115.1
GCA_002762155.1
GCA_002843665.1
GCA_002902885.1
GCA_002947845.1
GCA_002948475.1
GCA_002948925.1
GCA_002950495.1
GCA_002996805.1
GCA_002999195.1
GCA_003006035.1
GCA_003010655.1
GCA_003010675.1
GCA_003029495.1
GCA_003181015.1
GCA_003202135.1
GCA_003264295.1
GCA_003296225.1
GCA_003345235.1
GCA_003431385.1
GCA_003431865.1
GCA_003516005.1
GCA_003522665.1
GCA_003522705.1
GCA_003522785.1
GCA_003522845.1
GCA_003522885.1
GCA_003547115.1
GCA_003591615.1
GCA_900088705.1
GCA_900478145.1

CP017656.1
CP018143.1
CP018256.1
CP018254.1
CP018421.1
CP016295.1
CP016298.1
CP016300.1
CP018861.2
CP019034.1
CP020584.1
CP020586.1
CP020590.1
CP020574.1
CP020592.1
CP020591.1
CP020597.1
CP020598.1
CP020595.1
CP020579.1
CP020578.1
CP020581.1
CPO15121.1
CP021782.1
CP018332.1
CP024418.1
CP024576.1
CP024124.1
CP024611.1
CP024613.1
CP024612.1
CP025266.1
CP026125.1
CP026711.1
CP026943.1
CP026761.1
CP026750.1
CP027528.1
CP027246.1
CP027530.1
CP027607.1
CP027611.1
CP027123.1
CP029569.1
CP021496.1
CP019217.1
CP030106.1
CP026338.1
CP022283.1
CP027178.1
CP023031.1
CP023020.1
CP023022.1
CP023026.1
CP023029.1
CP023034.1
CP027183.1
CP023140.1
LT594095.1
L.S483472.1

KABO8
HRAB-85
AF-673

AF-401
XDR-BJ83
CMC-CR-MDR-Ab4
CMC-MDR-Ab59
CMC-CR-MDR-Ab66
11510

AB042

JBA13

CBA7

15A34

15A5

USA2

SSA6

HWBAS
WKA02

USAI15

SAA14

SSA12
SSMA17

ab736

A85

A1296

A388

ADbPK1

AYP-A2
Ab4977

Ab4568

Ab4653

SMC Paed Ab BLO1
ABNIH28
AR_0063

S1 AB1A2

AR _0078
WCHABO005133
AR_0083
WCHABO005078
AR_0088
AR_0102

AR 0101
AR_0056
DA33098

ZS3

XH731
DA33382
810CP

7804

AR_0070

7847

9201

10324

10042

9102

5845

AR 0052
XH906

BAL062
NCTC13421

Icn
ICII
ICII
IC_other
ICII
ICII
Icl
ICII
IC_other
IC_other
ICII
IC_other
IC_other
ICII
ICII
IC_other
IC_other
IC_other
ICI
ICII
ICII
Icn
IC_other
ICI
IC_other
IC_other
ICII
Icl
ICII
ICII
Icn
ICII
IC_other
IC_other
ICII
IC_other
Icn
ICI

ICI
IC_other
ICII
IC_other
Icn
ICII
ICII
Icn
ICI
IC_other
IC_other
IC_other
ICII
IC_other
IC_other
ICII
ICI
ICII
IC_other
Icn
ICII
IC1
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Supplementary table 2. References to studies, which data were used to screen the expression

changes of genes from capsule synthesis loci under various conditions.

Conditions

Note

Reference

Triclosan resistan mutant

Outer membrane vesicles

Biofilm vs exponential growth
Biofilm vs late growth

Exponential vs late growth
Salicylic acid treated vs exponential
growth

Salicylic acid treated vs late growth
Late growth vs biofilm

Late growth vs exponential growht
Freely soluble extracellular proteins
Found in OMVs and FSEP

Found in OMV only
Biofilm vs stationary growth
Response to ciprofloxacin

Response to ciprofloxacin

Biofilm response to tetracycline
Biofilm response to tetracycline
Response to chlorhexidine

WT vs LOS" strain

WT vs LOS strain
WT vs LOS strain

WT vs 4ponAd

WT vs 4dponA LOS' strain

AgacA vs WT

AgacSvs WT

Response to colistin + doripenem

Response to colistin
Response to colistin
Response to doripenem

LPS deficient strain vs WT
Growth in LB

Growth in LB

Growth in serum

Growth in serum
Transcriptome changes in
Porphyromonas gingivalis A.

baumannii polymicrobial community

Response to monovalent cations
LPS deficient strain vs WT
Ahns vs WT

Response to H,O, treatment
Light vs dark conditions
DNA damage regulon

Azur vs WT

AadeAB vs WT S1 strain
AadeB vs WT AYE strain
AadeRS vs WT AYE strain

A38 strain compared to 5806 strain

Found in outer membrane vesicles and
freely soluble extracellular proteins
Found in outer membrane vesicles only

Ciprofloxacin exposed biofilm compared
to control biofilm

Ciprofloxacin exposed biofilm compared
to stationary growth

Versus biofilm

Versus stationary growth

AYE compared to lipooligosaccharide
negative strain

Strain 19606 compared to
lipooligosaccharide negative strain
Strain 5075 compared to
lipooligosaccharide negative strain

2mg/L Colistin doripenem treatment for
60 min

2mg/L Colistin treatment for 15 min
2mg/L Colistin treatment for 60 min
2mg/L Doripenem treatment for 60 min

Exponential growth phase
Stationary growth phase
Exponential growth phase
Stationary growth phase
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Fernando et al. (2017)
Li et al. (2015)
Cabral et al. (2011)

Mendez et al. (2012)

Penesyan et al. (2019)

Hassan et al. (2013)
Boll et al. (2016)

Cerqueira et al. (2014)

Henry et al. (2015)

Jacobs et al. (2012)

Miller ef al. (2018)

Hood et al. (2010)
Henry et al. (2012)
Eijkelkamp et al.
(2013)

Juttukonda et al. (2019)
Miiller et al. (2017)
Aranda et al. (2013)
Mortensen et al. (2014)
Richmond et al. (2016)



Genes that decrease persistence in
lungs of mice

Genes required for growth in rich
media

Genes required for persistence in
lungs of mice

Growth in Galleria mellonella
During Infection treatment
During Infection treatment
During Infection treatment
During Infection treatment
During Infection treatment
During Infection treatment
During Infection treatment
During Infection treatment
Response to benzalkonium
Iron limitation

Response to Imipenem

Response to Imipenem

AcpdA vs WT

Biofilm vs exponential growth
Biofilm vs stationary phase
Exponential vs stationary growth
Rnase T2 mutant vs WT

Mitomycin C induced DNA damage

Cells treated with 0.5% mucin
AadeRS vs WT

AtrxA vs WT

AbfmRS vs WT

AbfmR vs WT

AbfmS vs WT

AadeB vs AadeB in 0.5% bile salt
AadeB vs AadeL in 0.5% bile salt
AadeB vs WT in 0.5% bile salt
AadeL vs AadeL in 0.5% bile salt
AadeL vs WT in 0.5% bile salt
AadeL vs WT in 0.5% bile salt
Response to Human pleural fluid
Aabal vs WT

Patient 280
Patient 315
Patient 348
Patient 410
Patient 475
Patient 588
Patient 66

Patient 81

0.5mg/l imipenem

2mg/l imipenem

Wang et al. (2014)

Gebhardt et al. (2015)
Wright et al. (2017)

Knauf et al. (2018)
Eijkelkamp et al.
(2011a)

Chang et al. (2014)

Giles et al. (2015)
Rumbo-Feal et al.
(2013)

Jacobs et al. (2014)
Hare et al. (2014)
Ohneck et al. (2018)
Adams et al. (2018)
May et al. (2019)
Geisinger et al. (2018)

Lopez et al. (2017)

Rodman et al. (2019)
Ng et al. (2019)
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