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Abstract

Characterization of Regulatory Pathways that Control a Virulence-Opacity Switch in

Acinetobacter baumannii

By: Aimee R. P. Tierney

Acinetobacter baumannii is a Gram-negative nosocomial pathogen that is highly resistant to a wide
variety of antibiotics. A. baumannii cells exhibit phenotypic heterogeneity and switch rapidly
between variants that form opaque or translucent colonies. These variants have unique
transcriptional profiles and display differences in quorum sensing signal secretion, surface-
associated motility, levels of polysaccharide capsule, biofilm formation, and carbon-source
utilization. Most interestingly, the opaque variant is virulent while the translucent variant is
avirulent, so they are designated VIR-O and AV-T, respectively. These observations suggest that
manipulation of the genetic controls of the switch may attenuate A. baumannii virulence, thereby
providing new methods of treatment that are not dependent on antibiotic susceptibility. The
research described herein details the characterization of several regulatory genes that contribute to
the control of the virulence-opacity switch in the clinical isolate AB5075. The stringent response
regulator relA is one such gene, and upon its deletion cells become locked in the VIR-O state and
display a strong increase in quorum sensing signal secretion and motility. The latter two
phenotypes are enacted through the LysR-type transcriptional regulator ABUW_ 1132, which
becomes overexpressed in the absence of relA. Investigation of ABUW_ 1132 revealed that its
deletion decreases VIR-O to AV-T switching 16-fold, halts quorum sensing signal secretion, and
reduces motility. Further, ABUW 1132 deletion increases levels of polysaccharide capsule and
virulence in the AV-T variant. Finally, this work additionally characterizes a family of at least
twelve TetR-type transcriptional regulators, some of which constitute the primary pathway through
which switching is controlled. As VIR-O cells grow to high density, a stochastic increase in the
transcription of one or more of these TetRs occurs, activating the switch to AV-T. The TetRs
display high levels of homology to one another and act in a redundant manner such that if one
TetR is deleted, others can serve to activate the switch. Four TetRs—ABUW _1645, ABUW_1959,
ABUW_2818, and ABUW_3353—appear to be the most utilized, and deletion of these four genes
results in a 1,245-fold decrease in switching. This research adds significantly to the body of
knowledge surrounding switching, quorum sensing, motility, and virulence in AB5075.
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Chapter 1: Introduction

Acinetobacter baumannii

Acinetobacter baumannii is a Gram-negative bacterial pathogen recognized during the 1970s as a
particularly troublesome source of pneumonia in nosocomial settings, especially in patients with
compromised immune systems and indwelling medical devices [1]. Although Acinetobacter
infections most commonly occur in the lungs, other sites include the urinary tract, skin and soft
tissues, blood, bone, and cerebrospinal fluid [2-4]. Despite a relatively low number of deaths per
year attributable to A. baumannii infection (700 deaths in the US in 2017) [5], this organism has
been deemed a critical priority for research and development of new antimicrobials due to its wide
range of resistances to antibiotics, especially carbapenems [3, 5-8], and its impressive ability to
persist on surfaces in the clinical setting [9-13]. In recent years, the Rather laboratory discovered
that A. baumannii displays colony opacity variation that is directly connected to virulence [14, 15],
a phenotype that had gone undetected in over 75 years of studies and publications on this species.
This phenotype and the transcriptional regulators controlling this process is the primary focus of
the research presented herein and will be discussed in greater detail following a summation of A.

baumannii’s history and other relevant phenotypes.

History of Acinetobacter baumannii

The Acinetobacter genus has undergone a great deal of taxonomic revisions since its discovery in
1911 by the Dutch microbiologist Beijerinck from soil samples grown in minimal media
containing calcium acetate [16]. This first isolate was named Micrococcus calco-aceticus and
subsequently various other similar species were described and given scientific names under

different genera. The designation “Acinetobacter” was later crafted from the Greek “akinetos”



meaning ‘“nonmotile” by Brisou and Prevot in 1954 in an attempt to separate motile and nonmotile
species of the Achromobacter genus, under which some of the phenotypically similar species to
Beijerinck’s Micrococcus calco-aceticus had been classified [17]. However, this name was not
widely used until 14 years later when Baumann conducted a thorough examination of this
assortment of similar species. He determined that they could not be further phenotypically
subcategorized and should be classified under the same genus: Acinetobacter [18], which was
officially accepted in 1971 [19]. Prior to this revision, A. baumannii was known mostly by the
name Bacterium anitratum or Hellerea vaginicola [20], and after as Acinetobacter anitratum or
Acinetobacter calcoaceticus var. anitratum. Dozens of publications as early as 1949 document
this pathogen’s presence, using these older names, in cases of septicemia, pneumonia, pleurisy,
meningitis, and urinary tract, wound, and ocular infections [21-34] as well as its resistance to
antibiotics [35-42] and its predilection for ventilator-associated infections [43]. Finally, in 1987,
Bouvet and Grimont assayed 343 Acinetobacter strains, 299 of which were clinical isolates, and
found that 253 of these represented the same species, which they named Acinetobacter baumannii

[44].

As previously mentioned, A. baumannii was already a known to exhibit high resistance to
a variety of antibiotics, but clinicians became increasingly concerned as resistance to imipenem, a
carbapenem to which A. baumannii had previously been susceptible, began to be widely
documented in the mid-1990s [45-49]. Starting around 2005, publications on A. baumannii began
to increase exponentially, surpassing 1000 manuscripts in 2019 alone (PubMed search:
Acinetobacter baumannii). This escalation of publications coincided with increased incidences of
nosocomial infections as well as a surge in wound infections with multidrug resistant A. baumannii

in U.S. soldiers during the Iraq War and later the Afghanistan War, earning it the name



“Iraqibacter” [50-54]. Increased interest in A. baumannii may also be due to the proliferation of
antibiotic resistance as a whole. In 1994, the first paper to mention the idea of a “post-antibiotic
era” was published [55] and was followed by a steady trickle of likeminded publications, with the
call to action beginning to amplify greatly in the mid-2000s. In light of this crisis, the study of A.
baumannii became critical due to its antibiotic resistance profile and ability to gain resistance

elements from other bacteria.

Species and Strain General Characteristics

The strain used for this research is AB5075, a clinical isolate recovered from a case of tibial
osteomyelitis in 2008. AB5075 is highly virulent and multidrug resistant while still amenable to
genetic manipulations by high-copy expression vectors, Tn7 chromosomal insertions, transposon
insertional deletions and in-frame null allele deletions [88]. Together these phenotypes make
AB5075 an excellent model strain with high clinical relevance.

A. baumannii are aerobic, gram-negative coccobacilli that are catalase-positive, oxidase-
negative, non-flagellated, and non-glucose-fermenting [2, 3]. While most Acinetobacter species
inhabit soil and form part of human skin flora [56-58], the natural habitat of A. baumannii is not
yet determined, though many potential reservoirs have been identified [59]. Among them are
farmed vegetables in the United Kingdom [60], soil in Hong Kong, India, and France [61-63],
frequently-touched surfaces in South Korea [64], domestic animals in veterinary settings [65-69],
and a variety of other agriculture and aquaculture sources [70-72]. The carrier rate among humans
was observed to be generally low (0.5% to 3%) in Europe [57, 58]. Predictably, medical workers

exhibit higher rates of colonization [73, 74]; however, a study conducted among New York



community members showed 10.4% A. baumannii skin carriage [75], and other studies have
shown a strong presence of this species in human head and body lice [76-78].

Colonies appear whitish-beige on solid media and are slightly mucoid due to their
production of capsular polysaccharide [79-81]. The outer leaflet of A. baumannii’s outer
membrane is composed of the endotoxin lipid A onto which a core oligosaccharide is anchored,
forming lipooligosaccharide (LOS) [82]. In many species of Gram-negative bacteria, the
carbohydrate chain is further elongated by WaalL ligase which connects repeating O-antigen sugar
structures onto the core oligosaccharide, forming lipopolysaccharide (LPS) [83]. However,
microbiologists debate whether A. baumannii cell surfaces display LOS or LPS, due to
inconsistencies in silver staining of LPS extractions and the lack of a clear WaalL ligase ortholog
[84]. Interestingly, in either case, LOS/LPS is not an essential structure for A. baumannii, as

demonstrated in mutants for the lipid A biosynthetic pathway [85-87].

Quorum Sensing

A. baumannii uses a LuxI-LuxR type quorum sensing system known as Abal-AbaR, which
employs an N-acyl-homoserine lactone (AHL) molecular signal, primarily N-(3-
hydroxydodecanoyl)-L-homoserine lactone. [89]. The autoinducer synthase encoded by abal
produces AHL, which exits the cell through an unknown mechanism. At high population density,
the AHL signal reenters cells and binds the AbaR transcriptional regulator, encoded upstream of
abal, which then brings about global transcriptional changes. AbaR may also promote abal
expression based on the presence of a putative lux-box 67 bp upstream of abal, indicating a likely

binding site for AbaR [89]. Quorum sensing increases surface-associated motility and biofilm



production in A. baumannii [89, 90]. It is also thought to contribute to virulence, possibly through

regulation of the Type VI secretion system and modulation of host immunity [91, 92].

Motility

Acinetobacters do not encode flagellar genes and were once thought to be nonmotile, as indicated
by the Greek etymology “akinetos,” meaning ‘“nonmotile.” We now recognize that A. baumannii
exhibits both twitching motility and surface-associated motility [90, 93, 94]. The twitching
motility requires a functioning Type IV pilus, which is also necessary for natural transformation
[93].

Surface-associated motility can be seen on low concentration agar (~0.3%) and likely
employs a gliding mechanism with the assistance of a surfactant. Surface motility in A. baumannii
is dependent on the Abal-AbaR quorum sensing system [90]. Briefly, when a quorum is reached,
AbaR activates an operon required for biosynthesis of lipopeptide acinetin-505, which acts as a
surfactant. Genetic modifications that cause increased AHL production result in a several-fold

increase in motility.

Stringent Response

The stringent response is a type of stress response utilized by bacteria in reaction to environmental
conditions lacking in nutrients such as amino acids and fatty acids. Activation of the stringent
response enacts global transcriptional changes that halts most translational elements of the cell
[95, 96]. As aresult, the cell undergoes multiple phenotypic changes often including slow growth
and changes to motility, virulence, persister cell formation, cell division, and biofilm formation

[97].



The stringent response is orchestrated by the RelA and SpoT enzymes [98], the alarmone
(p)ppGpp (guanosine tetra- or pentaphosphate), and the transcription factor DskA [95]. RelA
synthesizes (p)ppGpp from ATP, GTP or GDP while SpoT acts mainly as a hydrolase of (p)ppGpp,
but also has weak synthetase activity [95, 96]. RelA senses amino acid depletion when its C-
terminal binds to an uncharged tRNA in the ribosomal A site [99]. The binding event triggers
RelA activation, and synthesis of (p)ppGpp initiates. (p)ppGpp binds RNA polymerase (RNAP)
at two sites: the p'—o interface and at a second site that requires DskA assistance—the DskA-p’
interface [100]. The result of this binding is a change in global promoter activity, some increased
and some decreased, though the large reduction of transcription at rRNA promoters is most notable
and formed the basis of the research that determined (p)ppGpp and DskA interactions with RNAP

[95].

Pathogenesis and Virulence Factors

A. baumannii is a hospital pathogen often associated with cases of ventilator-associated pneumonia
in ICU settings. However, it is capable of enacting a wide range of other infections, most
prominently septicemia, urinary tract infections, skin and soft tissue infections, and meningitis
[101, 102]. Often these infections coincide with patients who have a history of long length of stays
in the hospital or ICU, major surgery, depressed immune system, alcoholism, or involvement in
war or a large-scale disaster such as a tsunami or earthquake. While infections are typically
nosocomial, potential reservoirs now exist in the environment and community (as discussed
above). Community-associated cases are sporadically reported, often involving individuals
suffering from alcoholism or homelessness, or in tropical regions [103-111]. Interestingly, A.

baumannii has recently been identified as an inhabitant of oral biofilms and a possible oral



pathogen associated with cases of chronic or aggressive periodontitis, especially in HIVV-positive
patients [112]. Individuals with oral colonization by A. baumannii may be at increased risk for

ventilator-associated pneumonia.

Persistence in the Clinical Environment

One of A. baumannii’s most problematic traits is its ability to withstand long periods of desiccation
while retaining virulence [8, 9]. In one study, five clinical isolates survived 60 days on glass or
plastic at rates of 40% to 70% [11]. Desiccation resistance is not yet fully understood in A.
baumannii but is influenced by a variety of factors. A recent study showed that capsule-minus
mutants were 2.5-fold less resistant to desiccation, indicating capsule polysaccharide as a possible
shield to cell dehydration [113]. Adequate acylation of lipid A is also required for outer membrane
integrity in periods of osmotic stress [114]. Additionally, mutations in the coding sequence for
the BfmR response regulator gives rise to a desiccation-sensitive phenotype that appears to result
from the loss of BfmR-controlled stress responses [115].

Disinfectants used against Gram-negative bacteria are not consistently successful when
applied to A. baumannii [116]. Here again, the bacterial capsule increases resistance to the
common hospital disinfectants benzethonium chloride (BZT), benzalkonium chloride (BAC), and
chlorhexidine gluconate (CHG) [113]. Additionally, a variety of efflux pumps also contribute to
disinfectant resistance. Deletion of the RND (resistance nodulation division) efflux pumps
AdeABC and AdelJK increase susceptibility to BAC, CHG, Synergize disinfectant, and Wex-Cide
[117]. Futher, the efflux pumps AvmA and AdeS both confer resistance to BAC and CHG [118,

119], and yet another, Acel, specifically binds CHG and transports it out of the cell [120].



Another mechanism that promotes environmental persistence is the formation of biofilms
on both biotic and abiotic surfaces. This strengthens resistance to desiccation and disinfectants,
promotes infection of wounds, and allows colonization of indwelling medical devices [121-123].
The BfmS/BfmR two-component system mediates biofilm formation through its regulation of the
csu pilus operon, the quorum sensing system, the OmpA outer membrane protein, the biofilm-
associated (Bap) protein, and the pgaABCD operon required for the production of PNAG (poly-f-

1,6-N-acetylglucosamine) [124].

Host Interaction

A. baumannii employs a wide variety of virulence factors that allow it to colonize, invade, and
survive inside a host. The initial adherence to host cells is an essential step to infection, carried
out in large part by the OmpA outer membrane protein, a 3-barrel porin that binds to the fibronectin
component of epithelial cells’ extracellular matrix [125-127]. OmpA also promotes serum
resistance through the binding and sequestration of factor H, the primary regulator of the
alternative complement pathway [128, 129]. Further, OmpA can target both the mitochondria and
nucleus, releasing apoptosis-inducing factors and causing cell death [130-132].

Components of the bacterial cell envelope, primarily the polysaccharide capsule,
glycosylated proteins, and LOS/LPS, also contribute to pathogenicity [3, 8]. The capsule is
possibly A. baumannii’s most important contributor to survival in host serum, as loss of capsule
causes avirulence due to a large increase in both complement-mediated killing and susceptibility
to lysozyme [79, 113]. The precise role of glycosylated proteins in pathogenicity is still unknown,
but disruption of the O-linked glycosylation system leads to loss of normal biofilm formation and

attenuation of virulence in Galleria mellonella larvae [133]. Additionally, a separate O-linked



glycosylation system has been shown to glycosylate Type IV pili, which may shield them from
antigenic recognition [80, 134]. Finally, the lipid A moiety of LOS/LPS is a known endotoxin, and
the blocking of lipid A and LOS/LPS synthesis decreases virulence significantly through increased
opsonophagocytosis [135].

Phospholipases are enzymes that metabolize membrane phospholipids and are crucial for
normal cell maintenance. Phospholipases have long been recognized as virulence factors in many
species of bacteria, as they can disrupt host cell membranes and interfere with immune-related cell
signaling [136, 137]. There are three known classes in bacteria: phospholipase A (PLA),
phospholipase C (PLC), and phospholipase D (PLD), of which A. baumannii possesses only PLC
and PLD [3, 137]. Deletion of PLC or PLD diminishes host cell invasion, serum resistance,
cytolysis, and overall virulence [138-142].

A. baumannii employs a variety of methods for secretion, some of which contribute to
pathogenicity. The study of outer membrane vesicles (OMVSs) in A. baumannii has increased in
the past ten years, revealing a putative role in virulence [143]. OMVs are capable of transporting
a variety of effectors into host cells, including OmpA, phospholipases, and proteases [144-146].
Due to their ability to elicit a strong immune response, OMVs have been considered for use in
vaccines, and were shown to provide protection in a mouse model [147, 148]. Additionally, A.
baumannii possesses multiple classic secretion systems: Types I, Il, 1V, V, and VI, though only
Types 1, V, and VI are known to contribute to virulence [149, 150]. The Type Il SS secretes
several effectors including lipases and a metalloprotease required to colonize and propagate
throughout the host [151-153]. The Ata autotransporter is a Type V SS that contributes to adhesion

by binding to components of the epithelial extra cellular matrix and basal membrane, including
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collagen and laminin [154, 155]. A. baumannii’s Type VI SS is primarily used for interspecies
competition, but its deletion in one study led to failed infection of G. mellonella [156].

Like all organisms, bacteria need trace metals for survival, and during infection they must
combat host attempts to prevent their acquisition. Hosts sequester these metals as a protective
measure known as nutritional immunity, and A. baumannii has evolved multiple mechanisms to
overcome this defense [128, 157, 158]. Production and utilization of siderophores, small
molecules with a high affinity for iron, is the primary means of iron acquisition. Of several A.
baumannii siderophores, acinetobactin is the best characterized and is essential to virulence in G.
mellonella and mouse models [159-161]. Zinc is another key trace metal and a prominent cofactor
for enzymatic function. The transcriptional regulator Zur reacts to zinc depletion by upregulation
of the high-affinity zinc acquisition system ZnuABC [162-164]. This system also reacts to the
presence of calprotectin, a host-affiliated molecule released in the lungs for the entire course of a
pulmonary infection, that chelates and sequesters zinc and manganese [165, 166]. Acquisition of
manganese, another essential cofactor, relies on the coordinated action of a manganese transporter
and urea carboxylase [167]. The urea carboxylase is required for calprotectin resistance, though

the mechanism for this interaction is currently unknown.

Antibiotic Resistance

A. baumannii’s high resistance levels to a wide range of antibiotics are undeniably its most
worrisome characteristic. Globally, over 45% of strains are multidrug resistant, with increasing
rates of extreme drug resistant and even pan-resistant organisms [8, 168]. Moreover, the ability of
this pathogen to distribute and receive genetic elements encoding resistance through horizontal

gene transmission has been extensively documented [169-176]. Resistance to antimicrobials may
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be encoded chromosomally or on plasmids and mediated by a variety of mechanisms including,
production of antibiotic degrading or modifying enzymes, efflux pumps, changes in permeability,
and alteration of antibiotic targets among others [3, 168].

A. baumannii primarily uses antibiotic degrading enzymes, and some isolates carry all four
classes of B-lactamases [3]. B-lactamases are a large family of hydrolases that inactivate 3-lactam
antibiotics such as penicillin and cephalosporin through cleavage of their B-lactam ring.
Carbapenems are generally less susceptible to degradation by -lactamases and until recently were
regarded as the weapon of choice in treating MDR A. baumannii infections [177]. The
aforementioned clinical change in susceptibility to the carbapenem imipenem was later shown to
be the result of carbapenemase activity [178-180]. A. baumannii possesses three clavulanic acid-
resistant carbapenemases: OXA-23, OXA-24, and OXA-58 [181]. Additionally, most clinical
isolates of A. baumannii are resistant to aminoglycosides, which is primarily achieved through the
use of a variety of aminoglycoside-modifying enzymes [182-185].

Efflux pumps can rid the cell of a variety of antibiotics and other toxins. Clinical isolates
of A. baumannii often overexpress efflux pumps, contributing to their overall resistance [186].
The Ade pumps (AdeABC AdeFGH, AdelJK), which belong to the RND family, aid in resistance
to aminoglycosides, tigecycline, P-lactams, macrolides, tetracycline, fluoroquinolones,
trimethoprim, and chloramphenicol [186-191]. Other major facilitator superfamily (MFS)
members confer resistance to tetracycline (TetA and TetS) [192], chloramphenicol (CraA, CmlIA,
FIoR) [193, 194], and erythromycin (AmvA) [119]. The EmrAB-TolC pump was recently
implicated in reduced susceptibility to the last-line drug colistin as well as netilmicin, tobramycin,

and imipenem [195, 196]. While a comprehensive listing of the many efflux pumps utilized in A.
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baumannii antibiotic resistance is beyond the scope of this introduction, the broad-spectrum
protection provided by efflux pumps is evident even among the few examples given here.

A. baumannii may reduce its susceptibility to an antibiotic by modifying the drug’s cellular
target to prevent its action. Alteration of GyrA and ParC, components of DNA gyrase and
topoisomerase 1V, respectively, leads to quinolone resistance [197, 198]. A. baumannii can also
overexpress altered penicillin binding proteins (PBPs), repetitive constituents of bacterial cell
walls, to which imipenem can no longer bind [199]. In addition to the aminoglycoside resistance
achieved through aminoglycoside-modifying enzymes, the ArmA protein found in many clinical
isolates methylates the 16S RNA ribosomal subunit, blocking the drug’s point of action [200].
Finally, modification or loss of LOS/LPS removes the electrostatic attraction that allows colistin
permeation, thereby promoting resistance [85, 201].

Finally, changes that reduce the ability of antibiotics to permeate cells understandably
complicate treatment. Downregulation of outer membrane porins has been shown to enact or
further increase resistance to carbapenems by preventing their entry into cells [3]. Furthermore,
the slow diffusion of antibiotics through biofilms as well as the major changes to gene expression

that occurs in cells within them can prevent antibiotic action [187].

Phenotypic Heterogeneity

The majority of work to be discussed herein centers on A. baumannii’s phenotypic heterogeneity,
which manifests as cells that can form either opaque or translucent colonies [14]. The difference
in colony opacity must be visualized on 0.8% agar plates using a dissecting microscope with an
oblique light source from beneath the stage. Opaque colonies are bright yellow-orange in color

with a distinct golden sheen and are slightly smaller than translucent colonies, which have a blue-
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tinged periphery surrounding a concentric muted beige center. Microscopically, translucent cells
are more elongated than opaque cells when grown to stationary phase.

Cells within these opaque and translucent colonies interconvert at frequencies between 4-
13% at 24 hours of growth and 20-40% at 48 hours, indicating a high-frequency phenotypic switch
between the two variants [14, 15]. Switching in opaque colonies is visibly apparent in the form of
translucent sectors that begin to form in the outer edges of the colony after 14-16 hours of growth
at 37°C. However, translucent colonies do not display a reliable visual marker indicating
switching to the opaque form. The switch only begins to occur at high cell density, so pure glycerol
stocks of each variant can be obtained by growing low density cultures from very small, well-
isolated colonies. Switching frequencies are quantified by extracting a whole colony with its
underlying agar, resuspending the colony in broth, and plating serial dilutions.

Cells that form either opaque or translucent colonies exhibit multiple phenotypic
differences, and among the most important of these is virulence. The variant forming opaque
colonies is virulent (VIR-O) and those forming translucent colonies are avirulent (AV-T), which
has been confirmed in G. mellonella and mouse models [14, 15]. When pure cultures of VIR-O
are inoculated into mice intranasally, complete lethality occurs by the second day of infection, with
recovery of 100% VIR-O variants from the lungs, spleens, and livers at titers of 10°, 108, and 10°
CFUlqg, respectively [15]. By contrast, 100% of mice survived when inoculated with pure cultures
of AV-T, and only 70% of the recovered cells from the lungs were the AV-T variant. This indicates
that the host environment enriched for the 0.01% of VIR-O variants that were present in the starting
culture, resulting in a 3,000-fold increase. Moreover, the bacterial loads recovered from AV-T-

infected mouse lungs were 10,000-fold lower and 1,000-fold lower in the spleens and livers
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compared with VIR-O-infected mice. Additionally, in humans with A. baumannii septicemia, only
VIR-O variants are recovered from blood [15].

Other phenotypic distinctions between the two colony types include increases in capsular
polysaccharide, secretion of AHL quorum sensing signal, and surface-associated motility of the
VIR-O variant [14, 113]. Higher capsule volume of the VIR-O variant constitutes part of the
explanation for its increased virulence as well as its increased resistance to desiccation and
lysozyme compared to AV-T [15, 113]. However, the visual distinction in opacity between VIR-
O and AV-T colony variants is not the result of their capsular differences, as capsule-minus
mutants (Awzc) still exhibit opaque and translucent colony morphotypes [113]. VIR-O cells are
also more resistant to hydrogen peroxide and the host antimicrobial peptide LL-37 [15]. Together,
these qualities contribute to the virulence of VIR-O and the selection of this variant in the
nosocomial environment and in host organisms.

The AV-T variant activates a number of metabolic pathways not expressed in the VIR-O
variant and also exhibits increased biofilm formation [14]. Due to these features, the AV-T state
is hypothesized to be better adapted for survival in the non-hospital/host environment; however,
experiments to better define this role are currently lacking. Despite the typical avirulence of AV-
T, experiments suggest that the basic ability to switch from VIR-O to AV-T may be important to
virulence. LSOs (low switching VIR-Os) are isogenic populations of VIR-O cells that switch at
rates up to 1,000-fold lower than normal VIR-O cells. In mouse pneumonia models, infection with
pure LSO cultures results in attenuated virulence with at least 10 lower bacterial loads recovered

from the lungs at 24 hours post-inoculation than normal VIR-O cells [202].
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Regulation of the Switch

The ultimate goal of this research is to contribute to the understanding of the genetic mechanisms
underlying the phenotypic switch. Our group has identified upwards of 20 key genes that affect
the switch when deleted and/or overexpressed, though at this time their interactions have not been
ascertained and a great deal of redundancy appears to exist. Most of these genes encode TetR-
type transcriptional regulators (TTTRs), a family of DNA-binding proteins described in detail in
a following section. One in particular, ABUW_1645 (1645), appears to be crucial to the
maintenance of the AV-T state [15]. This gene was discovered through RNA sequencing of the
wild-type VIR-O and AV-T, which revealed a 60-fold upregulation of 1645 in AV-T. Deletion of
1645 in either VIR-O or AV-T backgrounds does not significantly alter rates of switching, but its
overexpression completely drives VIR-O cells to AV-T state where they are locked. Other TTTRs
were also noted as differentially regulated between the two variants [15]. Some, like ABUW_1959
and ABUW_2818, have identical outcomes to 1645 when deleted and overexpressed (unpublished
data). Investigation of many other TTTRs is ongoing.

The OmpR/EnvZ two-component system also plays a role in the phenotypic switch [203].
Deletion of either ompR or envZ results in a roughly 400-fold increase in VIR-O to AV-T
switching. However, deletion of ompR or envZ in the AV-T background causes a 9-fold reduction
or a 5-fold increase in switching, respectively. These outcomes were among the first that strongly
indicated the presence of unique regulatory pathways controlling switching in the two variants.

Additionally, transposon mutagenesis screens identified two genes arpA and arpB,
predicted to encode components of RND type efflux systems. Deletion of arpA in the VIR-O
background caused a 70-fold reduction in switching, while deletion of arpB in VIR-O caused a

769-fold reduction [204]. However, neither gene appears to affect the AV-T to VIR-O switch
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when deleted. Intriguingly, neither the OmpR/EnvZ nor the ArpAB pathways seem to work

through 1645.

Opacity Variation in Other Organisms

Variation of colony opacity among isogenic populations has also been well documented and
described in Neisseria gonorrhoeae and Streptococcus pneumoniae, both of which result from
phase variation. In the case of N. gonorrhoeae, cells encode opacity (“Opa” or “P.II"") proteins at
11 loci [205-207]. Opa proteins are outer membrane proteins that impart an increased colony
opacity that scales with the number of loci that are active in expressing Opa proteins [208]. The
5’ ends of the opa loci contain several pentameric repeats (CTCTT) that can cause slipped-strand
mispairing during DNA replication [209, 210]. When these mispairing events result in a frameshift
that brings an ATG start codon into frame, the opa gene is expressed [209, 210]. Consequently,
any number from 0 to all 11 of the opa loci may be expressed in a given gonococcal cell.

S. pneumoniae’s opacity variation arises due to large DNA inversions in the hsdSa gene,
one of three genes that encode portions of the HsdS protein of a Type | restriction-modification
(R-M) system [211-213]. Typically, R-M systems endeavor to prevent bacteriophage infection
through the action of an endonuclease that cleaves phage genetic material [214]. A
methyltransferase protects the host genome by methylation of host DNA, which is recognized in a
site-specific manner. Ina Type | R-M, neither the endonuclease (HsdR) nor the methyltransferase
(HsdM) has site-recognition abilities, and a separate protein (HsdS) carries out this function [215].
Three genes with high sequence homology—hsdSa, hsdSg, and hsdSc—encode the subunits of
HsdS [213]. Inversions of these genes generate new allelic versions, and among them, the hsdSa1

allele was shown to alter sequence recognition of HsdS such that new patterns of methylation by
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HsdM emerges, bringing about phenotypic heterogeneity [213]. Specifically, opaque cells carry

the hsdSa1 allele, while translucent cells lack this allele.

Bistability

It is likely that the opacity variation of A. baumannii is dependent on a bistable switch that toggles
formation of the two cell types. Bistability refers to the emergence of two phenotypically distinct
subpopulations within a clonal population of bacteria [216, 217]. The states of these
subpopulations are bimodal, with no notable transitional state that cells can stably inhabit.
Characteristic to bistable systems is the role of “noise,” the natural stochastic fluctuations of gene
products, metabolites, and other molecules that may impact the expression of a master regulatory
gene or genes, known as the “switch.” At this time, there is not a clear candidate gene that may
act as the master regulatory gene for A. baumannii’s opacity switch, and it may be that there are
multiple, redundant switches.

There are two generally accepted models for the arrangement and mechanism of action for
bistable switches [216, 217]. The first system is constituted by an autoregulatory master gene
(abcD) whose product (AbcD) both activates its own expression as well as that of target genes that
bring about phenotypic changes. Bistability occurs when large-scale upregulation of abcD drives
major changes in global regulation due to synergistic activation of abcD’s promoter by AbcD,
possibly through cooperative binding to the promoter or multimerization. The stochastic nature of
the switch is imparted by random variations in the rates of transcription, translation and
degradation of AbcD. The second system involves a pair of mutually repressing repressors (X and
Y). In this case, the phenotype associated with constitutive expression of X will persist until an

antagonizing element, such as an additional gene product or other molecule whose concentration
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in the cell varies stochastically, disrupts X’s repression of Y. Once Y is expressed, its product will
repress X, hence relieving repression of other downstream regulatory targets of X. These changes
bring about the constitutive expression of Y and its associated phenotype.

Bistable systems that promote phenotypic heterogeneity within isogenic populations of
bacterial constitute a form of bet-hedging [216, 217]. This strategy ensures that when bacteria are
faced with an environmental change, some members of the population will already have committed
to a differential state that is more adaptive to the new pressures. For example, in Staphylococcus
aureus, some cells randomly commit to the persister state, marked by very slow or no growth.
When treated with penicillin, these cells survive and once the antibiotic is withdrawn, they serve
to reestablish the population. The clear benefit of such a strategy is that the challenge is
immediately met, whereas a sole reliance on cells attempting to respond by enacting transcriptional
changes may be too slow for population survival. Additionally, specialized subpopulations prevent
the need for population-wide use of energy and resources in the generation of gene products that

are only tentatively beneficial in the face of a very specific environmental change.

LysR-type Transcriptional Regulators (LTTRS)

A considerable amount of the work described herein centers on the role of a specific LysR-type
transcriptional regulator (LTTR): ABUW_1132. LTTRs constitute the largest family of
prokaryotic transcriptional regulators and are two-domain proteins whose C-terminal binds a co-
inducer molecule and whose N-terminal contains a winged helix-turn-helix (HTH) DNA binding
domain [218, 219]. The first described LTTRs were negatively autoregulatory and activated a
divergently transcribed gene. However, this rule has not persisted over the years as additional

members have been characterized. Autoregulation is not a given, and LTTRs are frequently global
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regulators that may serve as repressors or activators of their target genes or operons. In many
instances the LTTR may be divergently transcribed from its target(s), but this is not always the
case. LTTRs have been shown to regulate a wide variety of cellular functions including
metabolism, quorum sensing, motility, virulence, oxidative stress response, secretion, cell
division, and attachment [219]. A co-inducer molecule is often required to carry out some of their
functions, and this molecule may be a product or intermediate of a metabolic pathway regulated
by the LTTR. The family’s namesake is LysR, a transcriptional activator of the lysA gene, which
encodes an enzyme that catalyzes production of lysine from the precursor diaminopimelate, which
is the co-inducer for LysR [219].

LTTRs usually function as tetramers [219]. The current model for the mechanism by which
these regulators function is as follows: LTTR homodimers bind at regions -20 bp to +35 bp and at
-20 bp to -40 bp relative to the target gene. The two dimers form a tetramer, causing DNA bending.
Upon introduction of the co-inducer, the LTTRs undergo a conformational change that allows
complexing with RNA polymerase at the promoter in a manner that may promote or hinder
transcription. It is also possible that tetramers may not form until the co-inducer is bound.

The -20 bp to +35 bp binding site typically contains an “LTTR box” consisting of a semi-
palindromic dyadic sequence to which the dimer’s HTH binds [219, 220]. The consensus for this
site is T-N11-A, but this may vary in length and composition. The preference for the LTTR box
may be stronger when the LTTR is unbound by its co-inducer, which may also lead to differing
affinities for the two binding sites when the LTTR is bound or unbound. Further, there are
examples of LTTRs that bind at additional sites even further upstream (-55 bp to -218 bp) or within

the target gene (+350 bp).
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TetR-type Transcriptional Regulators (TTTRS)

TetR-type transcriptional regulators (TTTRsS) are a group of one-component transcriptional
regulators that carry out a variety of functions in response to environmental changes. In A.
baumannii AB5075, there are 36 genes annotated as encoding TTTRs. These homodimeric
regulators sense changes through a ligand-binding domain and enact local or global transcriptional
regulation through a DNA-binding domain containing a helix-turn-helix (HTH) motif [221, 222].
TTTRs are named for the first and best characterized member: TetR in E. coli, which reacts to the
presence of tetracycline [221, 222]. TetR normally represses both its own expression and that of
tetA, a gene encoding a tetracycline efflux pump. Upon binding tetracycline, complexed with
Mg?*, TetR undergoes a conformational change that alters its HTH and can no longer bind the tetR
and tetA operators, allowing their expression and the expulsion of tetracycline from the cell via
TetA.

Over 240 TTTRs had been at least partially characterized by 2013, promoting a clearer
picture of the class as a whole and allowing recognition of common themes among them [221].
Like TetR, a large number of TTTRs are involved in antibiotic or toxin resistance. Others regulate
processes including antibiotic biosynthesis, virulence, osmotic stress response, cell to cell
signaling, cell division, and metabolism of carbon, lipids, or proteins. Most TTTRs are
autoregulatory and act as repressors of their target genes, but exceptions to both of these have been
documented. Additionally, the DNA sequences targeted by their HTH tend to be semi-palindromic

repeats.
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The following research documents the discovery of a link between the stringent response and
motility, quorum sensing, and opacity variation in A. baumannii. It further presents unpublished
data detailing a recent leap in the understanding of the genetic regulation of the opacity-virulence
switch. As a whole, this work builds on several prior years of research in the Rather laboratory and

adds valuable insight into key facets of A. baumannii biology.
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Abstract

In response to nutrient depletion, the RelA and SpoT proteins generate the signaling molecule
(p)pPGpp, which then controls a number of downstream effectors to modulate cell physiology.

In Acinetobacter baumannii strain AB5075, a relA ortholog (ABUW_3302) was identified by a
transposon insertion that conferred an unusual colony phenotype. An in-frame deletion

in relA (ArelA) failed to produce detectable levels of ppGpp when amino acid starvation was
induced with serine hydroxamate. The ArelA mutant was blocked from switching from the
virulent opaque colony variant (VIR-O) to the avirulent translucent colony variant (AV-T), but
the rate of AV-T to VIR-O switching was unchanged. In addition, the ArelA mutation resulted in
a pronounced hypermotile phenotype on 0.35% agar plates. This hypermotility was dependent on
the activation of a LysR regulator ABUW_1132, which was required for expression of AbaR, a
LuxR family quorum-sensing regulator. In the ArelA mutant, ABUW_1132 was also required for
the increased expression of an operon composed of the ABUW_3766-ABUW_3773 genes
required for production of the surfactant-like lipopeptide acinetin 505. Additional phenotypes
identified in the ArelA mutant included (i) cell elongation at high density, (ii) reduced formation
of persister cells tolerant to colistin and rifampin, and (iii) decreased virulence in a Galleria

mellonella model.
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Importance

Acinetobacter baumannii is a pathogen of worldwide importance. Due to the increasing
prevalence of antibiotic resistance, these infections are becoming increasingly difficult to treat.
New therapies are required to combat multidrug-resistant isolates. The role of RelA in A.
baumannii is largely unknown. This study demonstrates that like in other bacteria, RelA controls
a variety of functions, including virulence. Strategies to inhibit the activity of RelA and the
resulting production of ppGpp could inhibit virulence and may represent a new therapeutic

approach.
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Introduction

Acinetobacter baumannii is a nosocomial pathogen responsible for a variety of human infections
(1-5). The incidence of these infections is increasing worldwide, and the inability to effectively
treat these infections with antibiotics is a worrisome development, as recently emphasized by
both the U.S. Centers for Disease Control and Prevention and the World Health Organization (6—
9). Furthermore, A. baumannii infections can be seen in the community and can cause a severe

rapidly fatal disease (10, 11).

A. baumannii strain AB5075 and many clinical isolates can switch between two cell
types, those that form opaque colonies on 0.5x Luria-Bertani (LB) agar plates when viewed by
oblique lighting and those that form translucent colonies (12). These two cell types exhibit
marked differences in virulence in both Galleria mellonella and mouse lung models of infection,
where the opaque form is virulent (VIR-O) and the translucent form is avirulent (AV-T) (12, 13).
Several regulatory genes can influence the rate of VIR-O to AV-T switching. For example,
mutations in arpAB encoding an RND-type efflux system decrease the rate of switching, and
mutations in orthologs of the EnvZ/OmpR two-component system increase the rate of VIR-O to
AV-T switching (14, 15). In addition, overexpression of a TetR-type transcriptional regulator,
ABUW _1645, can drive cells from the VIR-O to the AV-T state. However, a null allele

in ABUW_1645 had no effect on VIR-O to AV-T switching (13).

Bacteria respond to starvation for carbon, fatty acid, phosphate, iron, and amino acids and
other stress responses by inducing synthesis of the alarmone molecule (p)ppGpp via the RelA or
SpoT protein, reviewed in references 16 to 20. RelA and SpoT comprise the RSH superfamily, in
which RelA synthesizes (p)ppGpp using ATP and GDP/GTP and SpoT has both weak synthetase

activity and strong hydrolase (ppGpp degrading) activity. The effect of ppGpp accumulation in
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cells is multifactorial. Global transcription is reprogrammed utilizing ppGpp together with the
DksA protein to alter the activity of RNA polymerase (RNAP), resulting in both decreased and
increased transcription at various promoters (16, 19, 21, 22). A second mechanism for
transcriptional reprogramming by ppGpp involves decreasing the affinity of 6’° for RNAP and
allowing other sigma factors to bind (23). RelA and the resulting production of ppGpp impacts
additional cellular functions, including growth rate, translation, and DNA replication (16, 20). A
requirement for ppGpp in bacterial virulence has been demonstrated in a wide variety of Gram-
negative bacteria, including Pseudomonas aeruginosa, Legionella pneumophila, Burkholderia
pseudomallei, Francisella novicida, Vibrio cholerae, Yersinia pestis, Salmonella enterica,

and Escherichia coli (24-32). The role of RelA and ppGpp in the formation of antibiotic-tolerant
persister cells has also been described (33-38). Reviews on this subject highlight the multiple

roles attributed to RelA, including examples in Gram-positive bacteria (16, 39, 40).

In A. baumannii, the role of RelA is largely unknown. A screen for transposon insertions
that resulted in sensitivity to ascites fluid or human serum identified relA, but no additional
characterization was reported (41, 42). A recent study demonstrated a role for RelA in the
regulation of efflux genes, such as adeB and adeJ (43). In this study, we report a transposon
insertion in relA that was initially identified by the resulting change in colony morphology.
Further characterization of an in-frame relA deletion revealed that a number of phenotypes were
impacted by the mutation, including (i) loss of ppGpp synthesis, (ii) loss of switching from the
VIR-O to the AV-T variant, (iii) increased surface motility, and (iv) elongated cell morphology
at high density. Furthermore, like in many other bacteria, the loss of relA decreased virulence
when assessed in a Galleria mellonella model. This study reveals for the first time the multiple

roles for RelA in the physiology of A. baumannii.
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Results

Identification of an A. baumannii relA ortholog.

A. baumannii strain AB5075 can rapidly switch between two cell types, virulent and avirulent,
that are distinguished by their opaque (VIR-O) or translucent (AV-T) colony phenotypes when
viewed with a light source that illuminates the colonies from below (obligue lighting) (12, 13). In
the course of screening a transposon insertion library (EZ-Tn5 <Tet-1>) in the avirulent
translucent (AV-T) variant of AB5075, a colony with an unusual phenotype was observed that
exhibited a metallic sheen and an irregular colony surface when viewed by oblique lighting. This
colony phenotype was similar to that of mutants we had previously observed, where cells were
highly filamentous (44). When this colony was restreaked, it gave rise to a second colony
phenotype that was larger and flat with irregular edges. To identify this mutation, the transposon
insertion was cloned out along with flanking DNA, and the insertion site was determined to be
within the ABUW_3302 gene. The protein encoded by ABUW _3302 exhibited 40% identity and
62% amino acid similarity to the E. coli RelA protein. RelA functions as a ppGpp synthetase that
generates the secondary messenger molecule (p)ppGpp in response to nutrient starvation and
other stressors (19, 45). To confirm that the insertion in ABUW_3302 was responsible for the
observed colony phenotypes, a nonpolar in-frame deletion in ABUW_3302 was constructed in
both the VIR-O and AV-T variants. The AV-T AABUW_3302 mutant exhibited the same
unusual colony phenotype as the original transposon insertion, and this phenotype is shown
compared to a wild-type AV-T colony (Fig. 1A). In addition, the AV-T AABUW_3302 mutant
was capable of switching at high frequency (~5% to 10%) to cells that now formed large flat
colonies with irregular borders that were identical in appearance to colonies observed arising in

the original AV-T transposon mutant. Moreover, these colonies were identical in appearance to
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the VIR-O AABUW_3302 mutant, confirming that these represented VIR-O variants (Fig. 1B).
Taken together, these data indicate that the AABUW_3302 mutation significantly alters colony

morphology in both the VIR-O and AV-T variants.

A deletion of ABUW 3302 blocks the VIR-O to AV-T switch.

As noted above, the AV-T AABUW_3302 mutant gave rise at high frequency to colonies
identical in appearance to the VIR-O AABUW_3302 mutant. However, the VIR-O

AABUW 3302 mutant did not give rise to colonies of the AV-T morphology when restreaked. To
determine if the rate of VIR-O to AV-T switching was reduced by the AABUW_3302 mutation,
the frequency of switching in 24-h colonies was determined (Table 1). While the rate of VIR-O
to AV-T was measured at 6.6% in wild-type cells, we could not detect any AV-T colonies arising
from the VIR-O mutant in the AABUW_3302 mutant background. The lower limit of detection in
these switching assays is estimated to be 1/10° to 1/10° cells, making the decrease in switching at
least 5,000-fold. Interestingly, when the rate of AV-T to VIR-O switching was determined, the
levels were similar in wild-type cells and the AABUW_3302 mutant, 7.5% £ 1.7% and

10.9% =+ 6.8%, respectively. To determine whether providing the AABUW_3302 gene

in trans could complement the AABUW_3302 mutation, an isopropyl-p-D-thiogalactopyranoside
(IPTG)-inducible copy of AABUW_3302 was introduced into the chromosome at the gImS site on
a Tn7 derivative. In the presence of 2 mM IPTG, the AABUW_3302/Tn7::ABUW_3302 cells now
exhibited a normal colony morphology, and the rate of VIR-O to AV-T switching was restored to

20.5% =+ 8.6%.
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The ABUW 3302 gene encodes a RelA ortholog.

To determine whether the ABUW_3302 gene encoded a ppGpp synthetase, the production of
ppGpp was examined by thin-layer chromatography in the presence or absence of serine
hydroxamate, an inducer of the Rel A-dependent stringent response. In wild-type cells, the
presence of serine hydroxamate induced the production of ppGpp. However, the ArelA mutant
was unable to produce ppGpp, confirming that it functioned as a ppGpp synthetase (Fig. 2).
Based on this result and the amino acid similarity of the ABUW_3302 gene product to those of

the RelA proteins of other bacteria, the ABUW_3302 gene will be referred to here as relA.

The ArelA mutation results in cell elongation at high density.

Cells of the wild-type VIR-O and AV-T variants and the corresponding isogenic ArelA mutants
were examined by phase-contrast microscopy at mid-log phase and at early stationary phase. In
mid-log-phase cultures, both wild-type and ArelA cells from either VIR-O or AV-T backgrounds
exhibited similar morphologies (Fig. 3). However, at high cell density, the ArelA mutation in
both the VIR-O and AV-T backgrounds resulted in elongated cells relative to the wild type,

which was restored by a wild-type copy of relA (Fig. 3).

The ArelA mutation results in a hypermotile phenotype.

Based on the flat, irregular, and spreading colonies formed by the VIR-O ArelA mutant on 0.5x
LB agar plates, we predicted that cells would be hypermotile, as a similar colony phenotype and
hypermotility was previously observed in an arpB mutant (14). When motility was measured on
0.35% agar plates, the VIR-O ArelA mutant was indeed hypermotile relative to wild-type cells
(Fig. 4A). However, this increase in motility was specific to the VIR-O form. When the AV-T

ArelA mutant was tested for motility, it was similar to wild-type AV-T cells (data not shown).



53

Introduction of the wild-type relA gene under the control of an IPTG-inducible tac promoter in
single copy (Tn7) into the VIR-O ArelA mutant reduced motility back to wild-type levels

when relA expression was induced with IPTG (Fig. 4A).

Rel A represses guorum sensing.

Previous studies have indicated that surface motility in A. baumannii and Acinetobacter
nosocomialis is dependent on a number of factors, including (i) production of the quorum-
sensing signal 3-OH Ci2-homoserine lactone (HSL) mediated by the Abal autoinducer synthase,
which is activated by the AbaR transcriptional regulator (46), (ii) 1, 3-diaminopropane produced
by the combined activity of the Dat and Ddc proteins (47), (iii) acinetin 505, a surfactant-like
molecule produced by proteins encoded by a large operon, ABUW_3766-ABUW_3773 (46, 48),
and (iv) loss of the histone-like protein H-NS (49). To determine if the ArelA mutation altered
the expression of genes encoding these motility-related factors, we used quantitative real-time
PCR (qRT-PCR) to measure expression of these genes in wild-type VIR-O and isogenic

ArelA backgrounds. Expression of abal, abaR, and ABUW_3770, a representative gene in

the ABUW_3766-ABUW_3773 operon, were upregulated 3.9-fold, 41.3-fold, and 55.6-fold,
respectively, in the ArelA mutant (Table 2). In contrast, expression of ABUW_1109 (dat)

and ABUW_3609 (hns) was not significantly altered in the ArelA mutant (Table 2). Introduction
of a wild-type copy of relA on a Tn7 derivative into the ArelA mutant reduced the levels

of abal, abaR, and ABUW_3770 expression back to wild-type levels (Table 2).

Next, to evaluate if hypermotility in the ArelA mutant was dependent on overexpression
of the abal, abaR, or ABUW_3770 gene, abal::T26, abaR::T26, and ABUW_3770::T26 mutations
were individually introduced into the ArelA background, and all these mutations resulted in loss

of the hypermotile phenotype (Fig. 4A).
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Rel A controls motility and quorum sensing via ABUW 1132, a LysR-type requlator.

In the course of screening an A. baumannii plasmid library for a separate study, a transformant
was identified that produced large flat colonies with irregular edges on 0.5x LB agar plates. This
phenotype was very similar to that seen in the ArelA mutant and suggested a hypermotile
phenotype. The only functional gene within this insert was ABUW_1132, encoding a predicted
LysR-type transcriptional regulator. To verify that motility was increased in this transformant,
surface motility was examined on 0.35% Eiken agar plates. The presence of ABUW_1132 in
multicopy (p1132) resulted in a 3.8-fold increase in motility compared to that of the vector
control (Fig. 4B). In a manner similar to that seen in the ArelA mutant, the hypermotile
phenotype resulting from ABUW_1132 overexpression was lost in abal::T26 and
ABUW_3770::T26 mutants, indicating that a functional quorum-sensing pathway and acinetin

505 synthesis were required (Fig. 4B).

Since the motility phenotype resulting from ABUW_1132 overexpression and that of the
ArelA mutant were similar, two additional experiments were conducted to determine if the
increased motility in the ArelA mutant was due to ABUW_1132 overexpression. First, qRT-PCR
analysis of ABUW_1132 mRNA levels in a wild-type VIR-O and the isogenic ArelA mutant
verified that expression of ABUW_1132 was increased 14.2 + 1.0-fold in the ArelA mutant (Table
2). The increased ABUW_1132 expression was brought back to wild-type levels in the
ArelA mutant containing a wild-type copy of relA (Tn7relA). Next, to determine if the
increased ABUW_1132 expression in the ArelA mutant was responsible for activation of the
downstream abal, abaR, and ABUW_3770 genes, the expression of these genes was examined by
gRT-PCR in the ArelA mutant and in a ArelA ABUW_1132::T26 double mutant. The increased

expression of abal, abaR, and ABUW_3770 in the ArelA mutant was now lost or significantly
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reduced in the ArelA ABUW_1132::T26 double mutant (Table 2). In addition, the hypermotile
phenotype observed in the relA mutant was now lost in the ArelA ABUW_1132::T26 double

mutant (Fig. 4C).

Role of RelA in persister cell formation.

Strain AB5075 is highly resistant to most antibiotics and only exhibits sensitivity to a limited
number of bactericidal antibiotics, such as colistin and rifampin. The MICs for colistin and
rifampin were similar in both the wild-type VIR-O and the ArelA mutant, with the rifampin MIC
at 2 pg/ml and the colistin MIC at 0.38 pg/ml. Next, to determine if RelA contributed to the
development of persister cells tolerant to high levels of antibiotic, cell survival was assayed after
1 h of exposure to 50x the MIC for colistin or 80x the MIC for rifampin. For wild-type VIR-O
with rifampin, the percentage of surviving VIR-O cells was 22.3% + 10.9%, and for the

ArelA mutant it was 6.3% + 5.9%, representing a 3.5-fold decrease. For wild-type VIR-O, the
percentage of cells surviving colistin was 7.9% + 1.9%. For the ArelA mutant, the percentage of

surviving cells was 1.7% + 0.5%, a 4.6-fold decrease (P < 0.05 versus the wild type).

RelA is required for virulence in Galleria mellonella.

To investigate the role of RelA in virulence, larvae of the Galleria mellonella moth were utilized.
Larvae (n=30/strain) were infected with 9 x 105 cells of the wild-type VIR-O or isogenic ArelA
mutant, and survival was monitored over a 5-day period. The ArelA mutant exhibited reduced
virulence, as indicated by the increased overall survival after 5 days relative to that of larvae
infected with wild-type VIR-O cells (P < 0.001) (Fig. 5). The reduced virulence of the ArelA

mutant was restored when a copy of relA (Tn7relA) was introduced (Fig. 5).
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Discussion

In this study, we have identified and characterized a RelA ortholog in A. baumannii and
demonstrated that it regulates multiple cellular functions. Our initial identification of the
ArelA mutation resulted from a transposon insertion in the avirulent translucent (AV-T) colony
variant that gave an unusual colony phenotype when viewed by oblique lighting under a
dissecting microscope. This phenotype was likely the result of elongated cells that changed the
colony appearance. This finding is consistent with previous studies that have shown

that rel A mutations and the resulting loss of ppGpp can also result in cell elongation (50-52).
Additional changes in colony morphology due to loss of relA were evident in virulent opaque
(VIR-O) cells, where colonies exhibited a spreading morphology on 0.5% agar plates, a

phenotype consistent with increased surface motility.

The ArelA mutation in a VIR-O background resulted in a 3-fold increase in surface
motility (Fig. 4A). This increased motility was dependent on the LysR-type transcriptional
regulator ABUW 1132, Abal (autoinducer synthase), AbaR (LuxR-type regulator), and
ABUW _3770. Previous studies in A. nosocomialis M2 have shown that abal, encoding an
autoinducer synthase responsible for the production of 3-OH C1.-HSL, was required for surface
motility (46). In addition, the Abal-dependent quorum-sensing pathway in A. nosocomialis was
responsible for activating a large operon highly similar to A1S 0112-A1S 0119 in A.
baumannii strain ATCC 17978 and to ABUW_3766-ABUW_3773 in A. baumannii AB5075 (46).
Recent work has shown the A1S 0112-A1S 0119 gene products direct the production of acinetin
505, a surfactant-like lipopeptide (48). In the ArelA mutant, expression
of abaR and ABUW_3770 (a representative gene for the ABUW_3766-ABUW _3773 operon)

were upregulated 41-fold and 56-fold, respectively. This suggests the following mechanism to
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explain the hypermotile phenotype in the ArelA mutant (Fig. 6). First, loss of relA increases
ABUW _1132 expression, which directly or indirectly activates AbaR. In turn, together with 3-
OH C1-HSL, AbaR then activates the ABUW_3766-ABUW_3773 operon, which increases
acinetin 505 production and aids cell motility by its surfactant-like qualities. However, the loss
of relA may also increase abaR expression in a manner independent of ABUW _1132, as the
levels of expression in the relA ABUW_1132::T26 double mutant are still elevated above wild-
type levels (Table 2). Interestingly, the effect of RelA on the quorum-sensing response in A.
baumannii differs from that seen in Pseudomonas aeruginosa, where quorum sensing is

activated in a RelA-dependent manner (53).

The ArelA mutation completely blocked the ability of A. baumannii AB5075 to switch
from the virulent opaque form (VIR-O) to the avirulent translucent form (AV-T). This phenotype
was fully complemented by expressing a single copy of the relA gene from an IPTG-inducible
promoter. Interestingly, the reciprocal AV-T to VIR-O switch was unaffected by the
ArelA mutation. A similar effect on switching was also observed in arpAB mutants, where
switching was decreased in the VIR-O to AV-T direction only (14). This adds support to the
hypothesis that separate pathways can control the directionality of this virulence switch.

Since arpAB mutants exhibited a defect in switching, we determined if the ArelA mutation
decreased expression of these genes, but similar levels were observed in the wild type and the
ArelA mutant (M. Perez-Varela and P. Rather, unpublished data). Despite being locked in the
virulent opaque form, the ArelA mutant exhibited a significant decrease in virulence when tested
in a Galleria mellonella model. Reduced virulence is a common phenotype resulting from loss of
RelA in other bacteria (24—-32). The contribution of decreased switching from the VIR-O to the

AV-T form to the overall levels of virulence in vivo are likely to be minimal, as the majority of
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cells will be in the VIR-O form either way. Therefore, in the absence of other genetic changes,
simply locking a strain in the VIR-O state may not increase virulence. The reduced virulence of

the ArelA mutant is likely due to global pleiotropic changes that negatively impact virulence.

The mechanism by which the ArelA mutation results in loss of switching from the VIR-O
to AV-T state is under investigation. However, a ArelA ABUW_1132 double mutant did not
exhibit restored switching, indicating that the Rel A-mediated upregulation of ABUW_1132 was
not involved (Perez-Varela and Rather, unpublished). It is possible that ppGpp directly
influences the activity of a transcriptional regulatory protein in a manner similar to that seen with
SlyA in S. enterica serovar Typhimurium and PigR in Francisella tularensis (54, 55).
Alternatively, the loss of switching may result from a more general mechanism due to the global
changes in gene expression brought about by reprogramming RNA polymerase. We are currently
investigating these possibilities by conducting suppressor screens to identify mutations or high-
copy-number suppressors that restore VIR-O to AV-T switching in the ArelA mutant.
Additionally, a SpoT ortholog (ABUW _0309) is present in A. baumannii, and its role in A.

baumannii is under investigation.
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Materials and Methods

Strains and growth conditions.

A. baumannii AB5075 was grown in modified Luria-Bertani (LB) broth (10 g tryptone, 5 g yeast
extract, 5 g NaCl per liter) at 37°C with shaking at 270 rpm. LB agar plates were prepared either
full strength (1x LB), using 10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter and 1.5%
agar, or half strength (0.5x LB), using 5 g tryptone, 2.5 g yeast extract, and 2.5 g NaCl per liter
and 0.8% agar. To prepare competent AB5075 AV-T, cells were grown to an optical density at
600 nm (ODeoo) of 0.8, pelleted by centrifugation, and washed twice with 1 ml of ice-cold 10%
glycerol. Competent cells were resuspended in 70 pl of ice-cold 10% glycerol per
electroporation. Following electroporation, cells were resuspended in 1 ml of LB broth and
recovered by stationary incubation at 37°C for 30 min followed by 30 min of incubation at

270 rpm. Isopropyl-B-D-thiogalactopyranoside (IPTG) was added at a final concentration of

2 uM to media.

Measurement of (p)ppGpp pools.

Nucleotides were measured as described previously (56, 57). A. baumannii cells were grown in
morpholinepropanesulfonic acid (MOPS) minimal medium supplemented with 0.4% D-glucose,
40 pg/ml of each amino acid except serine, and 0.4 mM phosphate. MOPS minimal medium
consisted of 40 mM MOPS buffer, 4 mM tricine, 0.4% D-glucose, 40 pg/ml of each amino acid
except serine, 2 mM KoHPOg, 10 uM FeSO4:7H20, 9.5 mM NH4Cl, 276 uM K2SO4, 500 nM
CaClz, 50 mM NaCl, 525 uM MgClz, 2.9 nM (NH4)sM07024-4H20, 400 nM H3BO3, 30 nM
CoClz, 9.6 nM CuSOg4, 80.8 nM MnClz, and 9.74 nM ZnSO4 (pH 7.2) (58). Logarithmically

grown bacterial cultures (ODsoo of 0.25) were labeled with 10 pCi/ml of [¥2P]phosphorous
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(PerkinElmer, Waltham, MA) for approximately 1.5 doubling times (60 min). Cells were treated
with 0.4 mg/ml serine hydroxamate for 5 min before 0.4 ml of ice-cold 50% formic acid was
added to the cultures. Samples incubated on ice for at least 20 min were centrifuged at

13,000 rpm for 5 min. Five microliters of formic acid extracts was spotted along the bottom of
polyethyleneimine-cellulose thin-layer chromatography (TLC) plates (20 cm by 20 cm;
Millipore, Billerica, MA), and air-dried plates were separated with a 1.25 M KH2PO4 (pH 3.4)
solvent system in a TLC chamber for 1 h. TLC autoradiograms were visualized using a

phosphorimager (Bio-Rad, Hercules, CA).

Transposon mutagenesis.

The AB5075 AV-T variant was mutagenized with EZ-Tn5 <Tet-1> (Lucigen) per the
manufacturer’s instructions. The transposon solution (0.5 pl transposon, 0.5 pl transposase, 1.5 pl
10% glycerol) was incubated at 37°C for 1 h prior to electroporation into competent AB5075
AV-T cells. Electroporations were performed in Bio-Rad Gene Pulser 0.2-cm-gap cuvettes with
a MicroPulser electroporator (Bio-Rad, Hercules, CA). Cells were plated on LB agar plates with
tetracycline and incubated at 37°C for 24 h. Plates were inspected using a dissecting microscope

with oblique lighting.

Identification of the EZ-Tn5 <Tet-1> insertion site.

To identify the insertion site of the EZ-Tn5 <Tet-1> insertion, total genomic DNA from the
mutant was partially digested with Sau3A, and fragments in the 2- to 4-kb range were gel
purified, ligated into the BamHI site of pPBC SK(—), and electroporated into EC100D competent
cells (Lucigen, Middleton, WI). Cells were plated on LB agar plates containing 10 pg/ml

tetracycline and incubated overnight at 37°C. To confirm that the insertions were present,
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plasmid DNA was purified from Tet' colonies using the QIAprep Spin Miniprep kit (Qiagen,
Hilden, Germany) prior to digestion with Xbal. Plasmids containing insertions were sequenced
with primers FP1 and RP1 provided by the EZ-Tn5 <Tet-1> insertion kit (Lucigen, Middleton,

WI).

Microscopy.

Cells were grown in LB to either mid-log phase (ODsoo Of 0.3) or to early stationary phase
(ODeoo of 1.3). Cells at mid-log phase were concentrated 10-fold prior to phase-contrast

microscopy at x1,000 magnification under an oil immersion lens.

Construction of an in-frame deletion in relA.

To create an in-frame deletion mutant, a fragment upstream of the relA gene (RelA Up) which
contains the first few codons of relA and flanking DNA was PCR amplified using primers Up-1
(5'-AAAAAGGATCCGCTTGAGCCTTTTTCTCACC-3') and Up-2 (5'-
GCACGACGCATGATTCAAG-3'). A second fragment downstream of relA (RelA Down)
containing the last few relA codons and flanking DNA was PCR amplified using primers Down-
1 (5'-CTGTTCACGTACTGTGACCAT-3") and Down-2 (5'-
AAAAAGGATCCTAAGCGCCATCCAACTTTAGT-3'). Primers Up-2 and Down-1 were
previously phosphorylated using T4 polynucleotide kinase (New England BioLabs, Beverly,
MA). RelA Up and RelA Down were ligated for 2 h, run on a 0.8% Tris-acetate-EDTA (TAE)
gel, and the gel section corresponding to the size of the combined fragments was gel purified.
The fragment was PCR amplified using primers Up-1 and Down-2 to create the Arel4 fragment,
which was digested and ligated into the BamHI site of pEX18Tc. The ligation was transformed

into EC100D cells and plated on LB plates containing tetracycline (10 pg/ml). Plasmid DNA was



62

isolated from Tet" colonies and digested to confirm the presence of pEX18Tc-ArelA construct.
PEX18Tc-Areld was electroporated and maintained in E. coli SM10 Apir. E. coli SM10 Apir
PEX18Tc-Areld was conjugated to the VIR-O variant of AB5075, and an

Amp' Tet" Suc® AB5075 exconjugant was grown in LB broth at 37°C for 1.5 h at 250 rpm. Cells
were plated on LB (without NaCl) containing 10% sucrose and incubated at room temperature.
Sucrose-resistant colonies were screened via PCR using primers Up-1 and Down-2 to confirm

the deletion of relA.

Construction of a relA-complemented strain.

A wild-type copy of the relA gene with its native ribosome binding site was generated by PCR
using the primers AGGAGAATGGTATGGTCACAGTACG and
ACTCTCAACAATAAGTCCCCAG. This PCR-generated fragment was then cloned into the
Smal site of pUC18Tn7 LAC Apr (kindly provided by Ayush Kumar at the University of
Manitoba) (59). A recombinant containing the relA gene in the correct orientation such that
expression could be driven by the IPTG-inducible tac promoter was electroporated along with a
plasmid containing the Tn7 transposase (pTNS2) into the ArelA mutant. A strain with the correct
insertion of the Tn7/relA into the glmsS region of the chromosome was verified by PCR. This
strain was then grown in the presence of IPTG at the indicated concentrations for

complementation experiments.

Moving T26 transposon insertions into new backgrounds.

A recent study reported that chromosomal markers could be moved between A. baumannii
strains by phage-mediated generalized transduction (60). Based on this study, we determined that

insertions from the comprehensive insertion library constructed by Colin Manoil’s group at the
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University of Washington could be moved between strains by the same procedure. Overnight
saturated cultures containing a given transposon insertion were spun down, and 1 ml of
supernatant was filter sterilized (0.22 um) to generate a phage lysate. To transduce the recipient
strain, 20 pl of a mid-log-phase culture was mixed with 20 ul of lysate and spotted on the surface
of a well-dried LB plate to allow the spot to quickly soak into the agar. After incubation at 37°C
for 4 h, cells were scraped from the plate, resuspended in 2 ml of LB broth, and plated on LB

plus tetracycline (5 pg/ml). Colonies were screened by PCR for the correct insertion.

Plasmid p1132 construction.

Plasmid pQF1266 is a derivative of pQF50 (61) and contains a hygromycin resistance cassette
cloned into the Scal site of the 3-lactamase gene and an origin of replication from pWH1266. A
partial Sau3A digest of AB5075 chromosomal DNA was performed, and fragments in the size
range of 3 to 6 kb were cloned into the BamHI site of pQF1266 (62). This genomic library was
used in a variety of genetic screens, and a recombinant plasmid that generated a hypermotile

colony was designated p1132. The only complete gene within this plasmid was ABUW_1132.

Analysis of VIR-O and AV-T switching frequencies.

Aliguots of AB5075 VIR-O and AV-T variants in the wild-type and Arel4 mutant backgrounds
were serially diluted, plated on 0.5% LB plates, and incubated at 37°C for 24 h. Plates containing
fewer than 50 colonies were used, and 6 well-isolated colonies from each strain were removed
from the plate as agar plugs and resuspended in 2 ml LB broth. Serial dilutions of 107%, 107, and
1077 were plated on 0.5x LB plates and incubated at 37°C for 24 h. Plates were inspected under a

dissecting microscope via indirect light, and VIR-O and AV-T variants were quantified.
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Motility assays.

Motility assays were carried out on Eiken agar motility plates consisted of 10 g tryptone, 5 g
yeast extract, 5 g NaCl, and 3.5 g Eiken agar (Eiken Chemical Ltd., Tokyo, Japan) per liter. The
plates were prepared the same day of the assay and they were allowed to dry for 30 min before
use. Strains were inoculated in LB broth medium and grown at 37°C with shaking until an
ODeoo of 0.5 was reached. A 1-ul aliquot of the corresponding strain culture was spotted onto the
0.35% Eiken agar motility plates, and the plates were incubated at 37°C for approximately 8 h,
which was previously determined to be the time required for the ArelA mutant strain to reach the
plate border under experimental conditions. Wild-type and ArelA mutant strains were compared
on the same plates. Motility diameters were measured after the designated time, and statistical
analysis was performed using Student's t test. The relative migration was calculated as the ratio
of the motility diameter of the studied strain to that of the corresponding control strain in each

case. All assays were conducted a minimum of two independent times.

Galleria mellonella infections.

G. mellonella larvae were purchased from Speedy Worm, Alexandria, MN. For larval infections,
the wild-type VIR-O variant of AB5075 and isogenic ArelA mutant cultures were grown in 2 ml
of LB broth at 37°C with shaking to an optical density (ODeoo) of approximately 0.5. Serial
dilutions were prepared in LB with 20% glycerol and stored in aliquots at —80°C. For infections,
9 x 10° cells were injected in an 8-ul volume with IPTG (10 mM) into the last proleg of G.
mellonella larvae weighing between 200 and 250 mg. Larvae were incubated in a petri plate at
37°C in a humidified incubator for up to 5 days. The number of dead larvae was evaluated at 24-
h intervals; larvae were considered dead when they were dark brown to black and showed no

movement in response to touch with a pipette tip. Injections of LB alone did not result in killing.
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For all experiments, the serial dilutions used were plated onto regular LB plates to determine
CFU per milliliter for each bacterial strain. The reported data correspond to three independent

experiments carried out with 10 larvae for each strain.

RNA extraction and guantitative real-time PCR.

Cultures of wild-type VIR-O strain AB5075 and the ArelA mutant were grown in 2 ml of LB
broth at 37°C with shaking to an OD600 of approximately 1.500. The cultures were centrifuged,
and the RNA was isolated using the MasterPure RNA isolation kit (Lucigen, Middleton, WI)
according to the manufacturer’s instructions. The samples were treated with Turbo DNA-free
DNase (Ambion) to remove the contaminating DNA. The RNA concentration was determined
using a NanoDrop ND-1000 spectrophotometer, and cDNA was obtained by using the iScript
cDNA synthesis kit (Bio-Rad, Hercules, CA) with random primers. The reverse transcription
reaction was performed as follows: 25°C for 5 min, 42°C for 45 min, and 85°C for 5 min. Diluted
cDNA (1:10) was used as the template for experimental reactions. Specific oligonucleotides
pairs for quantitative real-time PCR (qRT-PCR) to amplify approximately 150-bp fragments
from each gene of study were generated by using the Primer-BLAST program
(www.ncbi.nlm.nih.gov/tools/primer-blast/). Gene expression was determined using iQ SYBR
green Supermix (Bio-Rad, Hercules, CA) on a CFX Connect cycler (Bio-Rad). Cycle conditions
to amplify and quantify fragments were the following: 95°C for 3 min and then 95°C for 10 s,
55°C for 10 s, and 72°C for 20 s, repeated 40 times. Melt curve data were then collected to
confirm the specificity of the oligonucleotide primer set. Data were generated from two
independent RNA isolation and cDNA preparations and three replicates for each primer pair. The
expression level of the target genes was standardized relative to the transcription level of the

housekeeping gene clpX using the threshold cycle (2-AACT) method (63). The statistical
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significance of the observed differences was confirmed by the analysis of variance (ANOVA)

test.

Persister cell assays.

Wild-type and ArelA cells were grown to an ODeoo Of 1.1 and incubated for 1 h at 37°C with
either rifampin at a final concentration of 160 pug/ml or colistin at a final concentration of

20 pug/ml. Dilutions were then plated for CFU on LB agar plates.
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Table 1: Analysis of switching frequency between VIR-O and AV-T variants
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Strain or genotype VIR-O to AV-T (%) AV-T to VIR-O (%)
Wild type 66 = 29 75 1.7
AABUW_3302 None detected 109 + 6.8
AABUW _3302/Tn7::ABUW_3302 20.5 = 8.6 Not determined
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Table 2: Real-time gRT-PCR analysis of gene expression

Relative expression of”:

Strain or genotype abal abaR ABUW_3770 dat (ABUW_1109) hns (ABUW_3609) ABUW_1132
Wild type 1 1 1 1 1 1

ArelA 89:=13 413 =104 556 = 17.1® 1.7 £ 03 15 £03 142 = 1.00
ArelA/ABUW_1132::T26 17207 79 = 3.0 09 = 0.3

ArelA Tn7relA¢ 08 + 0.1 1.2:x:02 09 =02 08 = 0.1

/alues represent the means from three biological replicates with standard errors. Values for each strain were calculated using the 2-2a<T method with clpX as an
internal control.

% < 0.05 versus wild type.

P < 0.05 versus ArelA.

«Cells with Tn7relA were grown with 5mM IPTG.
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Figure Legends

Figure 1: Colony morphology of wild-type and A3302 mutants. (A) Colonies of the wild-type
AV-T and the isogenic AV-T A3302 mutant are shown after 24 h of growth on a 0.5x% LB agar
plate. (B) Colonies of the VIR-O wild type and the isogenic VIR-O A3302 mutant are shown
after 24 h of growth on a 0.5x LB agar plate. Because of the larger size of the VIR-O A3302

colony, the relative picture size in panel B is approximately 50% smaller than in panel A.

Figure 2: TLC autoradiogram of *?P-labeled nucleotides from the AB5075 VIR-O wild type
(WT) and the AABUW_3302 (relA) mutant after exposure to 0.4 mg/ml serine hydroxamate

(SHX) for 5 min. The autoradiogram shown is representative of three independent experiments.

Figure 3: Cell morphology at low and high cell densities. Cells were grown in LB and

examined microscopically at early log phase (OD600 of 0.3) or at high density (OD600 of 1.3).

Figure 4: Surface motility of A. baumannii strains. Cultures of strains to be tested were grown
to an optical density of 0.5, and a 1-ul aliquot was placed on the surface of a 0.35% Eiken agar
plate. Plates were incubated at 37°C for 8 h. The reported values represent the averages from 6
measurements per strain, 2 from three independent experiments. *, P < 0.05 versus wild-type

control determined by Student’s t test.

Figure 5: Virulence assays using Galleria mellonella. Larvae weighing between 200 and

250 mg were injected with 9 x 10° cells of the indicated strains. Larvae were monitored daily for
survival for a period of 5 days. The reported values represent the averages from 30 larvae from a
total of three independent experiments where 10 larvae/strain were used. *, P < 0.001 by the

Mantel-Cox test.
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Figure 6: A model for the RelA-dependent control of downstream pathways. RelA is
predicted to act as a negative regulator of both the LysR-type regulator ABUW _1132 and the
LuxR-type regulator AbaR. ABUW _1132 then activates the abaR gene and, together with 3-OH

C12-HSL, AbaR then activates the abal gene and the ABUW_3766-ABUW_3773 operon.
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Figure 1

A.  AV-T wild-type AV-T A3302

VIR-O wild-type VIR-O A3302

Figure 1: Colony morphology of wild-type and A3302 mutants. (A) Colonies of the wild-type
AV-T and the isogenic AV-T A3302 mutant are shown after 24 h of growth on a 0.5x LB agar
plate. (B) Colonies of the VIR-O wild type and the isogenic VIR-O A3302 mutant are shown
after 24 h of growth on a 0.5x LB agar plate. Because of the larger size of the VIR-O A3302

colony, the relative picture size in panel B is approximately 50% smaller than in panel A.
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Figure 2: TLC autoradiogram of 3P-labeled nucleotides from the AB5075 VIR-O wild type
(WT) and the AABUW_3302 (relA) mutant after exposure to 0.4 mg/ml serine hydroxamate

(SHX) for 5 min. The autoradiogram shown is representative of three independent experiments.
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Figure 3
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Figure 3: Cell morphology at low and high cell densities. Cells were grown in LB and

examined microscopically at early log phase (OD600 of 0.3) or at high density (OD600 of 1.3).
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Figure 4: Surface motility of A. baumannii strains. Cultures of strains to be tested were grown

to an optical density of 0.5, and a 1-ul aliquot was placed on the surface of a 0.35% Eiken agar

plate. Plates were incubated at 37°C for 8 h. The reported values represent the averages from 6

measurements per strain, 2 from three independent experiments. *, P < 0.05 versus wild-type

control determined by Student’s t test.
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Figure 5
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Figure 5: Virulence assays using Galleria mellonella. Larvae weighing between 200 and

250 mg were injected with 9 x 10° cells of the indicated strains. Larvae were monitored daily for
survival for a period of 5 days. The reported values represent the averages from 30 larvae from a
total of three independent experiments where 10 larvae/strain were used. *, P < 0.001 by the

Mantel-Cox test.
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Figure 6
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Figure 6: A model for the RelA-dependent control of downstream pathways. RelA is
predicted to act as a negative regulator of both the LysR-type regulator ABUW _1132 and the
LuxR-type regulator AbaR. ABUW_1132 then activates the abaR gene and, together with 3-OH

C12-HSL, AbaR then activates the abal gene and the ABUW_3766-ABUW_3773 operon.
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Abstract

Acinetobacter baumannii is a multidrug-resistant, Gram-negative nosocomial pathogen that
exhibits phenotypic heterogeneity resulting in virulent opaque (VIR-O) and avirulent translucent
(AV-T) colony variants. Each variant has a distinct gene expression profile resulting in multiple
phenotypic differences. Cells interconvert between the VIR-O and AV-T variants at high
frequency under laboratory conditions, suggesting that the genetic mechanism underlying the
phenotypic switch could be manipulated to attenuate virulence. Therefore, our group has focused
on identifying and characterizing genes that regulate this switch, which led to the investigation of
ABUW_1132 (1132), a highly conserved gene predicted to encode a LysR-type transcriptional
regulator. ABUW_1132 was shown to be a global regulator as the expression of 74 genes was
altered > 2-fold in an 1132 deletion mutant. The 1132 deletion also resulted in a 16-fold decrease
in VIR-O to AV-T switching, loss of 3-OH-C12-HSL secretion, and reduced surface-associated
motility. Further, the deletion of 1132 in the AV-T background caused elevated capsule
production, which increased colony opacity and altered the typical avirulent phenotype of
translucent cells. These findings distinguish 1132 as a global regulatory gene and advance our

understanding of A. baumannii’s opacity-virulence switch.
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Importance

The increase of antibiotic-resistant infections and the implications for its detrimental impact on
healthcare and the economy have been well documented. Consequently, the need to unravel the
virulence and resistance-associated genetic pathways of pathogens and pursue alternative avenues
for treatment has never been more pressing. Acinetobacter baumannii is a nosocomial pathogen
that is both highly resistant to antibiotics and extremely persistent in hospital settings. Our group’s
previous discovery that only the opaque variant can establish an infection has opened doors to new
methods of prevention and treatment but necessitates clarification of the genetic regulation of the
switching mechanism between the two variants. This report details a rigorous characterization of
1132, a key global regulator that impacts this phenotypic switch as well as other known virulence
factors including capsule expression, quorum sensing, and motility. These findings constitute

crucial information for the continued elucidation of virulence in A. baumannii.



92

Introduction

The Gram-negative pathogen Acinetobacter baumannii poses a major threat to hospitalized
patients. Cases of ventilator-associated pneumonia are among the most common A. baumannii
infections, but incidences of skin and soft tissue infections, urinary tract infections, and sepsis are
on the rise (Davis et al., 2005;Dijkshoorn et al., 2007;Peleg et al., 2008;Peleg and Hooper,
2010;Doyle et al., 2011;Weiner et al., 2016;Wong et al., 2017). Of primary concern is A.
baumannii’s increasing resistance to treatment with antimicrobials, with 63% of infections caused
by multidrug-resistant (MDR) strains (Clark et al., 2016;Lee et al., 2017;Centers for Disease
Control and Prevention, 2019). In particular, A. baumannii’s rapidly growing resistance to
carbapenem antibiotics and its ability to widely disseminate resistance via mobile genetic elements
prompted the World Health Organization to name this organism as a critical priority for the
research and development of new antimicrobial drugs in 2017 (World Health Organization, 2017).
Further, its extreme resistance to desiccation and disinfectants makes it notoriously difficult to
eradicate in hospital environments (Jawad et al., 1998;Chapartegui-Gonzalez et al., 2018;Rocha et
al., 2018;Bravo et al., 2019;D'Souza et al., 2019). In the face of such problematic phenotypes, an
understanding of pathogenesis and virulence in this species is imperative. To meet this need,
experiments conducted by our group have been carried out in the strain AB5075 (GenBank
Accession Number CP008706.1), a highly virulent MDR clinical isolate that is genetically
tractable (Jacobs et al., 2014;Gallagher et al., 2015).

Our group has sought to better understand the genetic mechanisms regulating A. baumannii
virulence in light of our findings that clinical isolates of this species exhibit phenotypic
heterogeneity resulting in virulent and avirulent colony opacity variants (Tipton et al., 2015;Chin

et al., 2018). The virulent variant has a golden, opaque colony morphotype under oblique lighting
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and is termed VIR-O, while the avirulent variant is translucent and is termed AV-T (Fig. 1A). In
addition to differences in virulence, the VIR-O variant displays higher levels of capsule
production, quorum sensing signal secretion, and surface-associated motility, while AV-T
demonstrates greater production of biofilm and is able to utilize multiple carbon sources. Both
variants switch back and forth at high frequency, with rates of approximately 4-13% conversion
at 24 hours of colony growth and 20-40% at 48 hours (Chin et al., 2018). The two types have
distinctly different genomic expression profiles as revealed by RNA sequencing, and a variety of
gene products—including transcriptional regulators, a two-component system (OmpR/EnvZ), an
efflux pump (ArpB), and a putative SRNA located upstream of a plasmid-encoded antibiotic
resistance locus—appear to contribute to interconversion between VIR-O and AV-T (Tipton and
Rather, 2016;Tipton et al., 2017;Chin et al., 2018;Anderson et al., 2020).

One such regulator, ABUW_1645 (1645), is a TetR-type transcriptional regulator (TTTR)
whose rate of expression is 150-fold higher in the AV-T state and whose overexpression in the
VIR-O background drives conversion to the AV-T state (Chin et al., 2018). Although 1645 is
crucial to the maintenance of the AV-T variant and is a key regulator of the VIR-O to AV-T switch,
it does not appear to act in the same pathways as other previously discovered regulators of the
switch such as arpB or ompR (Tipton and Rather, 2016;Tipton et al., 2017), a fact which
emphasizes the complexity of the switching mechanism and the probable functional redundancy
of many of the regulatory elements.

We continued to investigate additional genes to better understand the VIR-O and AV-T
variants and the processes that regulate their interconversion. This led to the characterization of
ABUW 1132 (1132), a LysR-type transcriptional regulator (LTTR) that influences the VIR-O to

AV-T switch. LTTRs are highly abundant in Proteobacteria (Reen et al., 2015) and are the most
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common type of transcriptional regulator in AB5075 at 24% (59/243) (Casella et al., 2017). They
often function as global regulators and act in conjunction with a ligand molecule to repress and/or
activate target genes (Maddocks and Oyston, 2008). Prototypical LTTRs are self-repressing and
regulate gene(s) divergently transcribed from their own coding sequence, though these need not
be the case.

A recent publication by our group detailed the identification of 1132 and its role in a relA
mutant (4relA), which exhibits increased quorum sensing signal secretion and hyper-motility
(Perez-Varela et al., 2020). Quorum sensing in A. baumannii is carried out by a LuxI-LuxR type
system composed of abal, the autoinducer synthase, and abaR, the signal receptor and
transcriptional regulator (Niu et al., 2008). We reported that the quorum sensing and motility
phenotypes of Arel4 were largely enacted through 1132, which is overexpressed 14-fold in the
absence of relA (Perez-Varela et al., 2020). Specifically, 1132 overexpression results in
upregulation of the autoinducer synthase abal, resulting in a large increase to secretion of the
quorum sensing signal 3-OH-Ci>-homoserine lactone. Expression of the abaR transcriptional
regulator is also increased, resulting in strong upregulation of one of AbaR’s targets: the
ABUW_3766-ABUW_3773 operon. This operon promotes production of the lipopeptide acinetin-
505, which acts as a surfactant and gives rise to a hyper-motile phenotype.

This study builds on these findings and details multiple phenotypic changes resulting from
the deletion of 1132; including quorum sensing signal secretion, surface-associated motility, the
virulence-opacity switch, capsule expression, and virulence in a mouse pneumonia model of

infection.
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Results

ABUW 1132 is a global requlator

To identify genes and pathways regulated by 1132, we carried out genome-wide transcriptional
profiling by RNA sequencing of VIR-O A1132 vs. wild-type VIR-O, which revealed a total of 74
differentially regulated genes in VIR-O A1132 (greater than 2-fold change, p value less than
0.05) (Supp. Table 1). These results showed that 1132 impacts transcription of a variety of genes
involved in regulation, metabolism, protein synthesis, and possibly the cell stress response.
Genes that encode ribosomal proteins, RNA polymerase, translation initiation factors, and both
transcriptional and translational elongation factors are among genes that are upregulated in VIR-
O A1132. On the other hand, several genes that are downregulated in the absence of 1132 encode
a variety of enzymes involved in oxidative stress protection including catalases, peroxidases and

others that interact with glutathione.

Deletion of 1132 Impacts Quorum Sensing Signal Secretion and Motility

Deletion of 1132 results in loss of secretion of the quorum sensing signal 3-OH-C12-HSL (AHL)
(Fig. 1B). This is based on the inability to activate an Agrobacterium tumefaciens traG::lacZ fusion
when grown on a soft agar lawn containing this biosensor strain and X-Gal (Niu et al., 2008;Paulk
Tierney and Rather, 2019). We utilized a Tn7 transposon system (Ducas-Mowchun et al., 2019a)
to provide single-copy complementation of 1132 (VIR-O A1132-Tn7/1132), which restored AHL
secretion. This restoration is lost again if the Tn7 copy of 1132 is disrupted (Fig. 1B). The loss of
AHL secretion also occurs in the AV-T A1132 mutant (Fig. 1C).

Considering our previously published findings that 1132 overexpression activates the abal-

abaR system (Perez-Varela et al., 2020), we hypothesized that loss of AHL secretion was due to
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downregulation of abal when 1132 is deleted. Surprisingly, our RNA sequencing analysis
indicated wild-type levels of abal expression in VIR-O A1132, which we confirmed by gRT-PCR
(Supp. Fig. 1). This result suggested that the mutant cells synthesize AHL, but do not secrete it.
To investigate this possibility, we conducted an assay utilizing the A. tumefaciens biosensor in
which 10% SDS was added to a well at the center of the plate (Supp. Fig. 2). Cultures of wild-type
VIR-0O, an abal mutant (VIR-O abal::T26), and VIR-O A1132 were then added to the plate in
lines going toward the SDS-containing well. As expected, we saw that the wild-type VIR-O cells
uniformly activate the biosensor. However, the VIR-O A1132 cells show activation of the
biosensor only at the point where the VIR-O A1132 cells have been lysed by the SDS in the
presence of non-lysed biosensor cells, which confirmed our hypothesis that AHL is synthesized
but cannot exit the cell. Since there is no activation by an abal mutant near the SDS, the activating
signal in the 1132 mutant is 3-OH-C12-HSL and not a released metabolite. These results indicate
a more complicated role for 1132 in quorum sensing than simple regulation of abal, which is
further considered in the Discussion section.

We previously reported that overexpression of 1132 increases surface-associated
motility 3.8-fold and that this effect requires both abal and the ABUW_3766-ABUW_3773 operon
(Perez-Varela et al., 2020). As expected, both VIR-O A1132 and AV-T A1132 demonstrate a
significant decrease in motility compared to their wild-type counterparts, both which are
complemented by the single-copy chromosomal insertion of 1132 (Fig. 1D, only VIR-O results
shown).

The 1132 deletion behaves in a manner opposite to 1132 overexpression with respect
to motility, but the mechanism for this is unclear. As previously mentioned, abal mRNA levels

are unaffected by 1132 deletion, and although the RNA sequencing data shows a 1.5-fold
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downregulation of abaR, there are no transcriptional differences in the ABUW_3766-ABUW_3773
operon (Supp. Table 1). We also considered the possibility that AHL itself acts as a surfactant to
some extent and that the loss of AHL secretion could reduce motility. To test this, we constructed
a double mutant of 1132 and abaR—to control for quorum sensing-directed motility—and
measured motility on 0.3% Eiken agar plates containing 1 mM synthetic 3-OH-Cz-HSL.
However, motility was similar between the solvent control (38.75 mm + 0.83) and the plate with

AHL added (41.0 + 1.73) p = 0.11.

Role of 1132 in Requlation of the VIR-O to AV-T Switch

VIR-O A1132 exhibited lower levels of colony sectoring than observed for the wild-type VIR-O
on 0.5X LB agar (Fig. 2A). This lack of sectoring indicated a decreased rate of switching to the
AV-T variant, and we subsequently quantified a 16.4-fold decrease in the switching frequency
(Fig. 2B). To confirm these effects were due to 1132 deletion, we provided single-copy
complementation of 1132 using the Tn7 transposon system. This strain exhibited the wild-type
phenotype of colony sectoring and restored VIR-O to AV-T switching to wild-type levels (Fig.

2B).

Deletion of 1132 in the AV-T Background Increases Capsule

We further noted that AV-T A1132 colonies are more opaque than wild-type AV-T colonies,
although AV-T A1132 is still translucent compared to VIR-O A1132 colonies (Fig. 3A, 3B).
Single-copy chromosomal complementation of the AV-T A1132 mutant restored wild-type levels
of translucence (Fig. 3A). We first hypothesized that the increased opacity indicated hyper-

switching from AV-T to VIR-O within the colony; however, the rate of switching was the same as
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the wild-type AV-T (Supp. Fig. 3). We then considered that the AV-T A1132 mutant’s increased
opacity may be due to increased levels of capsule.

Previous work revealed that wild-type VIR-O cells exhibit a 2-fold increase in capsule
compared with the wild-type AV-T (Chin et al., 2018). We utilized a Percoll density gradient, a
method that was recently described as a method to separate A. baumannii strains by capsule level
(Kon et al., 2020), to compare capsular polysaccharide levels in AV-T A1132 to wild-type VIR-O
and AV-T cells. As seen in Fig. 3C, the gradient is able to distinguish between capsule levels of
the wild-type VIR-O and AV-T variants, with the AV-T cells migrating significantly further than
the VIR-O cells. Intriguingly, AV-T A1132 cells exhibited a high degree of heterogeneity and
occupied a space in the gradient layer that was intermediate to that of the wild-type VIR-O and
AV-T. We interpret this result as indication that deletion of 1132 causes a dysregulation and
increase of capsule in the AV-T state, which imparts the more opaque appearance of AV-T A1132.

To confirm the effect of 1132 deletion on capsule, we next carried out TEM imaging of
cell samples of wild-type VIR-O, wild-type AV-T, and AV-T A1132 stained with Ruthenium red
(Fig. 3D). We used ImageJ to measure capsule width in 100 cells per strain with 3 measurements
taken per cell, which revealed average capsule widths of 0.142 uM £ 0.010, 0.072 uM = 0.008,
and 0.092 uM + 0.008 in VIR-O, AV-T, and AV-T A1132, respectively (Fig. 3E). The resulting
ratio of these values is 1.96:1.00:1.28, which demonstrates the 2-fold difference in capsule
previously seen in the VIR-O vs. AV-T (Chin et al., 2018) and confirms a 28% increase in capsule
in the AV-T background when 1132 is deleted. The difference between the wild-type AV-T and
AV-T A1132 is highly significant at p < 0.0001 as determined by a Student’s two-tailed t test.

In light of these results, we considered that, in the AV-T state, 1132 may regulate the K

locus genes that encode the proteins largely responsible for the biosynthesis and export of capsular
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polysaccharide (CPS). We assessed representative genes from the K locus—manB, galE,
ABUW 3818, ABUW 3820, ABUW_3821, ABUW 3830, wza, wzb, and wzc—by qRT-PCR across
three sets of samples (Supp. Fig. 4). These results indicated that 1132 did not transcriptionally

regulate the K locus genes.

The A1132 mutation increases virulence in the AV-T background

Capsule is a known virulence factor in A. baumannii, and presumably contributes to virulent
phenotype of the VIR-O variant relative to AV-T (Russo et al., 2010;Chin et al., 2018;Singh et al.,
2018;Tipton et al., 2018;Talyansky et al., 2021). The intermediate capsular levels of AV-T A1132
therefore suggested that this deletion may increase virulence. Before initiating virulence studies,
we first tested the growth rates of the AV-T and AV-T A1132 strains and found no significant
differences under laboratory conditions (Supp. Fig. 5A. Using the Galleria mellonella (waxworm)
model of infection, a modest, but statistically significant increase in AV-T A1132 virulence was
observed (Fig. 4A). Waxworms injected with the wild-type AV-T control showed a 23.3% survival
rate after five days, while only 10% of those injected with AV-T A1132 survived.
Complementation of AV-T A1132 with the single-copy chromosomal insertion of 1132 (AV-T
A1132/Tn7-1132) reversed the increase in virulence, bringing the rate of survival back up to 30%.

We next examined the virulence of AV-T A1132 in a mouse pneumonia model of infection.
In three experiments, mice were intranasally inoculated with 1 x 108 CFU/mL of VIR-O (n=10),
AV-T (n=17), or AV-T A1132 (n=17). At 24 hours post-inoculation, lungs were harvested, and
the CFU/g for each tissue was calculated where a significant increase in CFU/g in AV-T A1132
was observed compared to wild-type AV-T in the lungs (Fig. 4B). Both strains exhibited a similar

number of VIR-O variants recovered from the lungs (approximately 0.1%). The highly virulent
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VIR-O variant was unaffected by the A1132 mutation in both a Galleria mellonella waxworm
model and in a mouse pneumonia model (Supp. Fig. 5B, 5C), and both strains exhibited similar

growth rates in-vitro (Supp. Fig. 5A).
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Discussion

This study confirms 1132 as a global transcriptional regulator that impacts multiple
pathways: surface-associated motility, AHL secretion, regulation of the opacity-virulence switch,
and capsule expression. Most importantly, our work demonstrates that an 1132 deletion, and
possibly its natural downregulation, has the potential to increase virulence of the typically avirulent
translucent colony variant in the clinical isolate AB5075. The 1132 gene was highly conserved in
all completed A. baumannii genome sequences (n = 330), where at least 98.7% nucleotide
homology was observed. The gene was also conserved in A. nosocomialis (91.7% or greater
nucleotide identity), A. seifertii (89.8% or greater identity) and A. pittii (83.7% or greater identity).
Given the high conservation of 1132 among A. baumannii strains, it is likely that the 1132-
associated phenotypes we have reported here and in a previous publication (Perez-Varela et al.,

2020) will also be conserved in other strains.

Some questions remain regarding the mechanisms through which 1132 acts in the
described phenotypes. As previously mentioned, in our earlier publication we determined that
overexpression of 1132 causes large increases in AHL secretion and surface-associated motility.
This occurs through activation of the abal-abaR system and follows a well-defined downstream
pathway ending with overproduction of the surfactant acinetin-505 (Perez-Varela et al., 2020)
Perplexingly, although the deletion of 1132 results in phenotypes opposite to that of 1132
overexpression—Iloss of both AHL secretion and motility—our experiments show that neither of
these phenotypes are due to transcriptional downregulation of the abal-abaR system or the
ABUW_3766-ABUW_3773 operon. A post-transcriptional effect of 1132 on abal also seems
unlikely, as VIR-O A1132 cells lysed in the presence of the AHL-detecting biosensor are able to

activate the traG::lacZ fusion, indicating a functional Abal protein (Supp. Fig 2). It is possible that
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the length of the N-acyl chain of the AHL molecule is altered due to the global changes that occur
when 1132 is deleted. Both shortened and elongated chains could affect the hydrophobicity of the
AHL molecule and therefore have the potential to disrupt diffusion or export of the autoinducer
across the membrane. Due to the trapping of signal within the cell, it is possible that the quorum
sensing response is altered, possibly being activated earlier in cell density, or being constitutive.
With respect to capsule, the effect of 1132 on capsule thickness did not involve transcriptional
changes in representative genes within the capsule locus. Therefore, the 1132 mutation may alter
biosynthetic pathways that impact precursors for capsule synthesis in a manner that increases their

abundance and results in enhanced capsule thickness.

This work revealed that 1132 positively regulated the VIR-O to AV-T switch, and
experiments to address the mechanism for this increase are ongoing. It is possible that one or more
of several regulatory genes revealed by the RNA sequencing as differentially regulated by 1132 is
involved. However, it is intriguing that other known regulators of the switch, including the
OmpR/EnvZ two-component system and the ArpB efflux pump, were not regulated by 1132. A
possibility is that the 1132 deletion creates a cellular metabolome that withholds ligands or other
molecules required by other known regulators of the switch, such as the TetR regulator
ABUW 1645 (Chin et al., 2018). It is important to note that the lack of AHL secretion is not
expected to impact the switch, as deletion of abal does not cause alteration of switching frequency
(Tipton et al., 2015).

Our work here has important implications for the characterizations of VIR-O cells as
virulent and AV-T cells as avirulent. While the increase in virulence in the AV-T variant caused
by 1132 deletion was modest, this finding demonstrates that stochastic downregulation of 1132—

potentially mediated by RelA’s repression of 1132—may allow an AV-T cell to be moderately
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virulent in a mammalian host without necessitating a switch to the VIR-O state. We have
previously hypothesized that AV-T cells possess an advantage in natural environments due to their
versatility in utilization of carbon sources and their improved formation of biofilm (Chin et al.,
2018). Combined, these observations suggest that AB5075, and possibly other A. baumannii

strains, could survive in a natural environment while existing in a virulent state.
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Materials and Methods

Bacterial strains and growth conditions

All experiments were conducted using the clinical isolate AB5075. For all experiments, cultures
were started from frozen glycerol stocks containing at least 99.5% of the desired colony variant
(VIR-O or AV-T). Cultures were grown in either broth or on solid media containing LB (10 g
tryptone, 5 g yeast extract, and 5 g NaCl per liter) and 1.5% agar (Difco) (“1X” LB agar) or 0.8%

agar (“0.5X” LB agar).

Methods to distinguish colony variants

Cultures were plated or streaked on 0.5X LB agar and viewed under a dissecting microscope,
illuminated from underneath at an oblique angle. Colonies must be viewed at high colony density

(at least 100 colonies per plate) to effectively distinguish VIR-O and AV-T colonies.

Detection of 3-OH-C1,-HSL

Plates containing the Agrobacterium tumefaciens traG::lacZ biosensor and X-Gal were prepared
as described in Paulk Tierney and Rather, 2019. AB5075 cell cultures were grown in 2 mL LB to
ODs0o ~ 0.3, and 1 pL was spotted onto the soft agar lawn. Plates were incubated at 28°C

overnight.

Quantification of VIR-O and AV-T switching

Dilutions were plated from frozen pure stocks of the strains to be assessed, and plates were

incubated at 37°C for a set number of growth hours. High density plates were used to verify the
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purity of the stock. Isolated colonies were extracted from the plate by cutting out a section of agar
underlying the colony and then resuspended and dilutions plated. The percent variant was then
determined for each set of resuspended colonies from each strain. All experiments were performed

twice with three colonies each for a total of six colonies.

Electroporation

Cell cultures for competent cells were grown in 2 mL LB to ODeoo ~ 0.5 (mid-log phase) at 37°C,
shaking from frozen stocks. Cultures were pelleted and washed twice in sterile dH.O, then
resuspended to accommodate a volume of approximately 50 puL of cell per electroporation.
Plasmid minipreps or ligation products mixed with cells were added to 2 mm cuvettes and
electroporated at 2.5 kV. Cells were recovered in 1 mL LB at 37°C, shaking for one hour, then

plated onto media containing selective antibiotics.

Construction of deletion mutations

In-frame deletion of ABUW_1132 was generated using sucrose counterselection and a suicide
vector containing the sacB marker (pEX18Tc) using methods previously described (Hoang et al.,
1998). Briefly, PCR amplification (Phusion polymerase, Thermo-Fisher Scientific) was used to
amplify the 2-kb regions upstream and downstream of the gene to be deleted, gel purified
(UltraClean 15 DNA Purification Kit, MO BIO Laboratories), and ligated (Fast-Link DNA
Ligation Kit, Epicentre Biotechnologies). The 4-kb ligation product was PCR amplified, gel
purified, and ligated into the pEX18Tc vector MCS. The product vector was verified by
sequencing and then transformed into competent E. coli Transformax EC100D cells (Epicentre

Biotechnologies) by electroporation. The resulting suicide vector was confirmed by PCR and
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transformed by electroporation into AB5075, grown to ODego 0f 0.5 in 2-mL LB and washed twice
in 10% glycerol. Transformants were plated on 1X LB agar plus Tetracycline (5-pug/mL) to yield
single-crossover mutants. Counterselection was carried out at room temperature on 1X LB plates
with 10% sucrose and no NaCl, and colonies were screened by PCR for the deletion. Primer
sequences are recorded in Supp. Table 2.

To construct the A1132, abaR::T26 double mutant, genomic DNA was purified from an abaR::T26
mutant obtained from the University of Washington AB5075 transposon mutant library. Genomic
DNA was then electroporated into VIR-O A1132. Transformants were selected on 1X LB plus

Tetracycline (5-pug/mL) and confirmed by PCR.

Construction of single-copy complementation in deletion mutants

We utilized a Tn7-based single-copy insertion element system (Ducas-Mowchun et al.,
2019a;Ducas-Mowchun et al., 2019b) to reintroduce 1132 into the VIR-O A1132 and AV-T A1132
deletion mutants. We opted to use a segment of 1132 that includes a large portion of the up and
downstream regions (GenBank Accession NZ_CP008706.1:1152309-1156236). This is the
portion of the genome contained within the original 1132-containing fragment isolated from a
high-copy AB5075 chromosomal library during the screen that led to our first discovery of 1132
(Perez-Varela et al., 2020), and previous experiments showed that this fragment allows for optimal
expression of 1132. A modified version of this construct containing a T26 transposon (tetracycline)
in 1132 had also been made to confirm loss of the phenotypes presumably caused by 1132
overexpression. This was made by digestion of the plasmid with Pmll, which cuts once near the
beginning of the 1132 ORF, and re-ligation with a PCR-amplified T26 transposon. The original

1132-containing fragment and the modified version with 1132::T26 were excised from these
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plasmids by digestion with Xbal, which flanks the site into which the library was cloned, and gel
purified to be used in construction of the suicide vector.

The pUC18T-mini-Tn7T-Apr-LAC construct was digested with Spel and ligated with the 1132-
or 1132::T26-containing fragment (Fast-Link DNA Ligation Kit, Epicentre Biotechnologies). The
ligation product was transformed into competent E. coli Transformax EC100D cells (Epicentre
Biotechnologies) by electroporation. The resulting constructs—pUC18T-mini-Tn7T-Apr-
LAC/1132 and pUC18T-mini-Tn7T-Apr-LAC/1132::T26—were confirmed by PCR and
sequencing then transformed into pure cultures of VIR-O A1132 and AV-T Al1132 by
electroporation along with the helper plasmid pTNS2. Transformant colonies were screened by
PCR for insertion into the attTn7 site and those containing the correct insertion were again verified
by sequencing. Wild-type Tn7 and A1132-Tn7 control strains were also made in both VIR-O and
AV-T backgrounds using the same methods with an empty pUC18T-mini-Tn7T-Apr-LAC

construct. Primer sequences are recorded in Supp. Table 2.

RNA preparation and gRT-PCR analysis

Strains for gRT-PCR analysis in Supp. Fig. 1 were prepared for RNA isolation by growing them
from pure frozen stocks to ODeoo ~ 0.15 then plating 100 pL on a 1X LB plate. Plates were
incubated at 37°C for 6 hours, then pooled with 3 mL ice cold LB. Resuspensions were normalized
to within ODego 0f 0.01, then 1 mL of the resuspension was pelleted, flash frozen in an ethanol-
dry ice bath and stored at -80°C. The resuspension cultures were streaked on 0.5X LB to ensure
sample purity.

Strains for qRT-PCR analysis in Supp. Fig. 4 were grown up to match the growth conditions of

the cells prepared for electron microscopy (see below). Samples were grown from pure frozen
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stocks in overnight cultures of 2 mL LB and were then shaken at 37°C to the same ODegoo of 0.3.
20 pL of each culture was then plated as a line onto a 0.5X plate, allowed to incubate at 37°C for
4 hours, and then harvested off the plate. Scraped cells were resuspended to an ODeggo 0f 0.6 in 2
mL LB. 1 mL of cells was pelleted, flash frozen in an ethanol-dry ice bath, then stored at -80°C.
The resuspension cultures were streaked on 0.5X LB to ensure sample purity.

RNA was prepared using the Epicentre MasterPure RNA Purification kit according to the
manufacturer’s protocols. The resulting nucleic acid product was purified to remove DNA
contamination using the Invitrogen TURBO DNA-free kit according to the manufacturer’s
instructions. Following quantification of RNA concentration using a NanoDrop ND-1000
spectrophotometer, cONA was prepared from 1 pg of RNA using the High-Capacity cDNA
Reverse Transcription Kit by Applied Biosystems and subsequently diluted 1:10 in nuclease-free
water. gRT-PCR experiments were carried out on a Bio-Rad CFX Connect Real-Time PCR
Detection System using iQ SYBR Green Supermix reverse transcriptase from Bio-Rad. RNA
purity was confirmed by qRT-PCR through the inclusion of template controls made without
reverse transcriptase. QRT-PCR data was analyzed by the delta-delta Ct method (224¢%) with
comparison to 16S as an internal control. This method was carried out for three biological
replicates. Each biological replicate had three technical replicates for each primer set. Primer

sequences are recorded in Supp. Table 2.

RNA sequencing and analysis

Three independent sets of RNA were prepared from each of AB5075 strains VIR-O and VIR-O
A1132. Cultures were grown in 2 mL LB from pure frozen stocks to ODeoo ~ 0.5 (shaking, 37°C)

and were streaked on 0.5X LB to ensure purity of samples. 1 mL of cells was pelleted and flash
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frozen in a dry ice bath before being stored at -80°C. RNA was prepared using the Epicentre
MasterPure RNA Purification kit according to the manufacturer’s protocols.

RNA quality control, sequencing, and analysis was carried out by the Yerkes Non-Human
Primate Genomics Core at Emory University. RNA quantity and quality assessments were
carried out using a Thermo Nanodrop2000 and Agilent 2100 Bioanalyzer, respectively. RNA
sequencing was carried out using an lllumina HiSeq 3000, and reads were normalized and
mapped using Cufflinks software. The data discussed in this publication have been deposited in
NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number

GSE185730 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE185730).

Percoll density gradient

Method slightly modified from Kon et al 2020. Cell cultures of VIR-O, AV-T, and AV-T A1132
were grown in 2 mL LB from pure frozen stocks to ODego ~ 0.6 (shaking, 37°C). For each strain,
600 uL of cells was pelleted and washed in PBS 1X, then resuspended in 100 pL PBS 1X. Percoll
solutions were prepared by first mixing 9 parts Percoll (Sigma Aldrich Cat. P4937) and 1 part 1.5
M NaCl, which was further diluted using 0.15 M NaCl to make 40% and 50% Percoll solutions.
For each cell sample to be tested, 1 mL of 40% Percoll was added to a 12x75 mm glass tube
(Fisherbrand 14958C), and 1 mL 50% Percoll was gently layered underneath using a 1cc syringe
and a 1.5 in. 23G needle (BD 305194). 100 pL of cells were gently layered at the top of the
gradient. Samples were spun at 3,000 xg for 30 minutes at room temperature and then visually

assessed. This protocol was repeated 6 times.
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Electron Microscopy

Ruthenium red-lysine fixation and cell staining and subsequent transmission electron microscopy
were performed by the Robert P. Apkarian Integrated Electron Microscopy Core at Emory
University using previously described techniques (Fassel et al., 1997;1998;Beaussart et al., 2014).
Samples were provided to the EM Core as follows: cells grown from pure frozen stocks in
overnight cultures were shaken at 37°C until OD ~ 0.30, and 20 uL of each culture was plated as
a line onto the same 0.5X LB plate. Plates were then incubated at 37°C for 4 hours and stored
overnight at 4°C before being transported to the EM Core.

Capsule widths in the electron micrographs were measured by ImageJ 1.53e (Rasband, W.S.,
Imaged, U. S. National Institutes of Health, Bethesda, Maryland, USA, https://imagej.nih.gov/ij/,
1997-2018). Three measurements were taken for 100 cells of each strain at the same magnification,

which were averaged and then converted to micrometers.

Galleria mellonella larvae (Waxworm) virulence assays

Waxworms were purchased from Speedy Worm (www.speedyworm.com). Cultures of AV-T, AV-
T A1132, and AV-T A1132/Tn7-1132 were grown in 2 mL LB from pure frozen stocks to ODsoo
~ 0.5 (shaking, 37°C). 5 pL of a LB control, AV-T, AV-T A1132, or AV-T A1132/Tn7-1132 was
injected into the hemolymph of a larvae of mass 150-200 mg (n=30 per condition; approximately
1.2 x 10%° CFU were administered per strain). Larvae were then housed in petri dishes in a
humidified incubator at 37°C for 5 days. Each day, dead larvae were removed and surviving larvae

counted.
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Mouse virulence assays

Approximately 1 x 108 CFU were administered per mouse for infections to quantify the bacterial
load. For mouse infections, overnight standing bacterial cultures at room temperature were sub-
cultured in LB broth and grown at 37°C with shaking to an OD600 ~0.15, washed and re-
suspended in PBS. Each mouse was inoculated intranasally with 50 pL of bacteria. Mice were
anesthetized with isoflurane immediately prior to intranasal inoculation. At 24 hours, the mice
were sacrificed and the lungs were harvested, homogenized, and ten-fold serial dilutions plated for
CFU on 0.5X LB plates. The mouse strain used was C57BL/6J (females at 8-10 weeks of age)
from Jackson Laboratories (JAX stock #000664). Experiments were carried out under the

Institutional Animal Care and Use Committee guidelines.

Statistics

Statistics were performed using GraphPad Prism 9.2.0 software for Windows (GraphPad Software,
San Diego, California USA, www.graphpad.com). The following statistical tests were utilized: (1)
Mann-Whitney test for the mouse experiments (two-tailed), two-sample switching assays (two-
tailed), motility assays (two-tailed), and gRT-PCR experiments (two-tailed or multiple, as
indicated); (2) Log-Rank (Mantel-Cox) test for the Galleria mellonella experiments; (3) Welch’s
ANOVA analysis for three-sample switching assays; and (4) Student’s two-tailed t test for capsule
width measurements from the TEM micrographs. The Mann-Whitney test was utilized instead of
a Student’s t test to allow for the possibility or reality of a non-Gaussian distribution. Welch’s

ANOVA was chosen over standard ANOVA to allow for unequal variance between samples.
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Figure Legends

Figure 1: (A) AB5075 Wild-type opaque (VIR-O) and translucent (AV-T) colonies, viewed under
a dissecting microscope with oblique lighting from underneath. (B) Qualitative assay of AHL
secretion in which cultures of the wild-type (VIR-0), the VIR-O A1132 mutant, the complemented
mutant (VIR-O A1132/Tn7-1132), and a version of the complemented mutant disrupted by
transposon insertion (VIR-O A1132/Tn7-1132::T26) were spotted onto a soft agar lawn containing
X-Gal and an Agrobacterium tumefaciens traG::lacZ biosensor that reacts to the presence of
exogenous AHL by cleaving X-Gal, forming a blue halo. (C) Qualitative assay of AHL secretion
in the wild-type (AV-T), the AV-T A1132 mutant, the complemented mutant (AV-T A1132/Tn7-
1132), and a version of the complemented mutant disrupted by transposon insertion (AV-T
A1132/Tn7-1132::T26). Signal secretion was analyzed as in panel B, except the amount of X-Gal
was increased 2-fold. (D) Surface-associated motility of wild-type (VIR-O), the VIR-O A1132
mutant, and the complemented mutant (VIR-O A1132/Tn7-1132) measured on 0.3% Eiken Agar
plates. A Welch’s ANOVA (*¥***p < 0.00005) was carried out to assess (B); error bars indicate

standard deviation of the mean.

Figure 2: The Reduced Switching Phenotypes in VIR-O A1132. (A) Micrograph showing the
loss of sectoring in VIR-O A1132 colonies compared to wild-type VIR-O colonies at 24 hours of
growth. (B) Quantification of switching frequencies demonstrating restoration of normal switching
of VIR-O A1132 through single copy complementation (VIR-O A1132/Tn7-1132). The wild-type
VIR-O and VIR-O A1132 controls each have integrated an empty version of the pUC18T-mini-
Tn7T-Apr-LAC insertion element into the attTn7 site. All micrographs were taken under a

dissecting microscope illuminated from below the plate at an angle. All quantitative switching
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assays represent six colonies from each strain. A two-tailed Mann-Whitney test (**p < 0.005) was
carried out for (B), and error bars represent the standard deviation of the mean. ns, not significant.
The p value represents a comparison of both wild-type to mutant and mutant to the complemented

strain.

Figure 3: Deletion of 1132 in the AV-T background alters the opacity phenotype and capsule
expression. (A) Micrographs comparing representative colonies of AV-T, AV-T A1132 and AV-
T A1132 Tn7-1132. (B) Micrographs comparing colonies of AV-T A1132, indicated by arrows, to
VIR-O A1132. Micrographs were taken under a dissecting scope lit from underneath at an angle.
(C) Wild-type VIR-O, wild-type AV-T, and AV-T A1132 cells were layered onto a Percoll
gradient (top layer 40%, bottom layer 50%) and centrifuged for 30 minutes at 3,000 xg. AV-T
A1132 cells migrate between the stopping points for VIR-O and AV-T wild-types, indicating
intermediate capsular levels with high levels of heterogeneity in the AV-T A1132 mutant.
Photograph shown is one of six experimental replicates. (D) Transmission electron micrographs
of representative wild-type VIR-O, wild-type AV-T, and AV-T A1132 cells, stained with
Ruthenium red. (E) Averages + standard deviation of the mean of capsule widths of these three
strains converted to ratios to the wild-type AV-T. The difference between the wild-type AV-T and
AV-T A1132 capsule widths is significant at p < 0.0001 as determined by a Student’s two-tailed t

test.

Figure 4: Deletion of 1132 in AV-T background increases virulence. (A) Galleria mellonella
infected with AV-T A1132 are killed at higher rates compared with wild-type AV-T or the

complemented mutant (AV-T A1132/Tn7-1132). (B) Bacterial CFU/g recovered from mice lungs
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24 hours after intranasal inoculation with pure cultures of wild-type VIR-O, wild-type AV-T, or
AV-T A1132. A Log-Rank (Mantel-Cox) test (*p < 0.05) was carried out for (A) and a two-tailed

Mann-Whitney test (*p < 0.05; ***p < 0.0005) was carried out for (B).

Supplemental Figure 1: Deletion of 1132 does not affect abal expression. gRT-PCR
experiments comparing wild-type VIR-O and VIR-O A1132 indicate no significant difference in
the expression of abal, using 16S as an internal control (two-tailed Mann-Whitney test, ns = not

significant). Results are the average of three biological replicates.

Supplemental Figure 2: VIR-O A1132 cells contain quorum sensing signal (AHL), but do not
secrete it. Cultures of wild-type VIR-O, VIR-O A1132, and VIR-O Aabal were grown to the same
ODsoo and plated as a line onto a soft-agar lawn containing Agrobacterium tumefaciens

(traG::lacZ) and X-Gal. 10% SDS was added to a well at the center of the plate, lysing the cells.

Supplemental Figure 3: AV-T A1132 switches to the VIR-O variant at the same frequency
as wild-type AV-T. Bars represent averages of six colonies assayed for switching frequency at 18
hours of growth. Error bars indicate standard deviation of the mean, and there is no statistical

significance as assessed by Welch’s ANOVA.

Supplementary Figure 4: K locus genes for capsule polysaccharide synthesis and export are
not transcriptionally regulated by 1132. Bars for AV-T A1132 and AV-T A1132/Tn7-1132

represent averages of three biological replicates. Error bars indicate standard deviation of the
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mean, and there is no statistical significance in expression across strains as assessed by multiple

Mann-Whitney tests.

Supplementary Figure 5: (A) Growth curves for VIR-O, AV-T, VIR-O A1132, and AV-T A1132
in LB media. Data represents two biological replicates, and error bars indicate standard deviation
of the mean. (B) Galleria mellonella infected with VIR-O A1132 show no significant difference
in mortality compared with wild-type VIR-O (n=30 per strain) as assessed by a log-rank (Mantel-
Cox) test. (C) Mice were infected intranasally with either VIR-O or VIR-O A1132. At 24 hours
post-inoculation, bacteria were recovered from the lungs, spleen, and liver tissues and CFU/g
quantified. There is no significant difference between the two strains in all tissues as assessed by

a Mann-Whitney test. ns, not significant.

Supplementary Table 1: RNA Sequencing Data for VIR-O A1132

Supplementary Table 2: Primers used in this study
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Figure 1
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Figure 1: (A) AB5075 Wild-type opaque (VIR-0) and translucent (AV-T) colonies, viewed under
a dissecting microscope with oblique lighting from underneath. (B) Qualitative assay of AHL
secretion in which cultures of the wild-type (VIR-O), the VIR-O A1132 mutant, the complemented
mutant (VIR-O A1132/Tn7-1132), and a version of the complemented mutant disrupted by
transposon insertion (VIR-O A1132/Tn7-1132::T26) were spotted onto a soft agar lawn containing
X-Gal and an Agrobacterium tumefaciens traG::lacZ biosensor that reacts to the presence of

exogenous AHL by cleaving X-Gal, forming a blue halo. (C) Qualitative assay of AHL secretion
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in the wild-type (AV-T), the AV-T A1132 mutant, the complemented mutant (AV-T A1132/Tn7-
1132), and a version of the complemented mutant disrupted by transposon insertion (AV-T
A1132/Tn7-1132::T26). Signal secretion was analyzed as in panel B, except the amount of X-Gal
was increased 2-fold. (D) Surface-associated motility of wild-type (VIR-O), the VIR-O A1132
mutant, and the complemented mutant (VIR-O A1132/Tn7-1132) measured on 0.3% Eiken Agar
plates. A Welch’s ANOVA (****p < 0.00005) was carried out to assess (B); error bars indicate

standard deviation of the mean.
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Figure 2
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Figure 2: The Reduced Switching Phenotypes in VIR-O A1132. (A) Micrograph showing the
loss of sectoring in VIR-O A1132 colonies compared to wild-type VIR-O colonies at 24 hours of
growth. (B) Quantification of switching frequencies demonstrating restoration of normal switching
of VIR-O A1132 through single copy complementation (VIR-O A1132/Tn7-1132). The wild-type
VIR-0O and VIR-O A1132 controls each have integrated an empty version of the pUC18T-mini-
Tn7T-Apr-LAC insertion element into the attTn7 site. All micrographs were taken under a
dissecting microscope illuminated from below the plate at an angle. All quantitative switching
assays represent six colonies from each strain. A two-tailed Mann-Whitney test (**p < 0.005) was
carried out for (B), and error bars represent the standard deviation of the mean. Ns, not significant.

The p value represents a comparison of both wild-type to mutant and mutant to the complemented

strain.
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Figure 3
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Figure 3: Deletion of 1132 in the AV-T background alters the opacity phenotype and capsule
expression. (A) Micrographs comparing representative colonies of AV-T, AV-T A1132 and AV-
T A1132 Tn7-1132. (B) Micrographs comparing colonies of AV-T A1132, indicated by arrows, to
VIR-O A1132. Micrographs were taken under a dissecting scope lit from underneath at an angle.
(C) Wild-type VIR-O, wild-type AV-T, and AV-T A1132 cells were layered onto a Percoll
gradient (top layer 40%, bottom layer 50%) and centrifuged for 30 minutes at 3,000 xg. AV-T
A1132 cells migrate between the stopping points for VIR-O and AV-T wild-types, indicating
intermediate capsular levels with high levels of heterogeneity in the AV-T A1132 mutant.
Photograph shown is one of six experimental replicates. (D) Transmission electron micrographs
of representative wild-type VIR-O, wild-type AV-T, and AV-T A1132 cells, stained with
Ruthenium red. (E) Averages + standard deviation of the mean of capsule widths of these three

strains converted to ratios to the wild-type AV-T. The difference between the wild-type AV-T and
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AV-T A1132 capsule widths is significant at p < 0.0001 as determined by a Student’s two-tailed t

test.
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Figure 4: Deletion of 1132 in AV-T background increases virulence. (A) Galleria mellonella

infected with AV-T A1132 are killed at higher rates compared with wild-type AV-T or the

complemented mutant (AV-T A1132/Tn7-1132). (B) Bacterial CFU/g recovered from mice lungs

24 hours after intranasal inoculation with pure cultures of wild-type VIR-O, wild-type AV-T, or

AV-T A1132. A Log-Rank (Mantel-Cox) test (*p < 0.05) was carried out for (A) and a two-tailed

Mann-Whitney test (*p < 0.05; ***p < 0.0005) was carried out for (B).
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Supplemental Figure 1
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Supplemental Figure 1: Deletion of 1132 does not affect abal expression. gRT-PCR
experiments comparing wild-type VIR-O and VIR-O A1132 indicate no significant difference in
the expression of abal, using 16S as an internal control (two-tailed Mann-Whitney test, ns = not

significant). Results are the average of three biological replicates.
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Supplemental Figure 2

Supplemental Figure 2: VIR-O A1132 cells contain quorum sensing signal (AHL), but do not
secrete it. Cultures of wild-type VIR-O, VIR-O A1132, and VIR-O Aabal were grown to the same
ODsoo and plated as a line onto a soft-agar lawn containing Agrobacterium tumefaciens

(traG::lacZ) and X-Gal. 10% SDS was added to a well at the center of the plate, lysing the cells.
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Supplemental Figure 3
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Supplemental Figure 3: AV-T A1132 switches to the VIR-O variant at the same frequency
as wild-type AV-T. Bars represent averages of six colonies assayed for switching frequency at 18

hours of growth. Error bars indicate standard deviation of the mean, and there is no statistical

significance as assessed by Welch’s ANOVA.
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Supplemental Figure 4
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Supplementary Figure 4: K locus genes for capsule polysaccharide synthesis and export are
not transcriptionally regulated by 1132. Bars for AV-T A1132 and AV-T A1132/Tn7-1132
represent averages of three biological replicates. Error bars indicate standard deviation of the

mean, and there is no statistical significance in expression across strains as assessed by multiple

Mann-Whitney tests.
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Supplementary Figure 5: (A) Growth curves for VIR-O, AV-T, VIR-O A1132, and AV-T A1132

in LB media. Data represents two biological replicates, and error bars indicate standard deviation

of the mean. (B) Galleria mellonella infected with VIR-O A1132 show no significant difference

in mortality compared with wild-type VIR-O (n=30 per strain) as assessed by a log-rank (Mantel-

Cox) test. (C) Mice were infected intranasally with either VIR-O or VIR-O A1132. At 24 hours

post-inoculation, bacteria were recovered from the lungs, spleen, and liver tissues and CFU/g

quantified. There is no significant difference between the two strains in all tissues as assessed by

a Mann-Whitney test. ns, not significant.
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Supplementary Table 1: RNA Sequencing Data for VIR-O A1132?

Upregulated in VIR-O A1132 (fold change > 2.0, p < 0.05)

Gene function

log2FoldChange  pvalue

ABUW 2965 | hypothetical protein 1.961295846 0.000604492
ABUW 0928 | lytic transglycosylase, catalytic 1.885129873 1.73994E-16
ABUW 1860 | hypothetical protein 1.872882079 3.68519E-10
ABUW 1861 | ring hydroxylating dioxygenase, Rieske 1.80387855 9.37852E-12
ABUW 1859 | hypothetical protein 1.691026846 4.72958E-10
ABUW 1863 | short-chain dehydrogenase/reductase 1.650304412 1.16755E-12
aromatic-ring-hydroxylating
ABUW 1862 | dioxygenase beta subunit 1.644821317 4.88748E-11
ABUW 1858 | acyl-CoA dehydrogenase 1.630758202 0.007110473
pntB NAD(P) transhydrogenase subunit beta 1.524004574 0.009455886
2Fe-2S iron-sulfur cluster binding
ABUW 1864 | domain protein 1.515487744 3.4676E-09
ABUW 2103 | hypothetical protein 1.396286823 2.5455E-05
rplB ribosomal protein L2 1.355787742 1.89674E-09
ABUW 2102 | hypothetical protein 1.350249007 0.001934095
ABUW 1857 | Glu-tRNA amidotransferase 1.33982145 0.025505609
ABUW 1906 | transcriptional regulator, LysR family 1.335739688 3.59868E-14
ABUW 2276 | transcriptional regulator, ArsR family 1.323953684 1.06455E-09
rplVv ribosomal protein L22 1.30807529 1.1861E-08
rplD ribosomal protein L4/L1e 1.303068367 1.92527E-08
rpsQ ribosomal protein S17 1.282013953 6.66588E-07
ABUW 2964 | putative cobalamin synthesis protein 1.272754435 1.78629E-10
rpsC ribosomal protein S3 1.266479373 2.62045E-08
rplC ribosomal protein L3 1.263234638 4.53774E-08
ABUW 1233 | OmpW family protein 1.262713332 0.036401349
rplwW ribosomal protein L23 1.254776138 2.41682E-07
P-hydroxyphenylacetate hydroxylase
ABUW 1865 | Cl:reductase component 1.24279795 1.33877E-08
rpsS ribosomal protein S19 1.228647212 9.92145E-08
rplP ribosomal protein L16 1.225814066 1.56763E-07
ABUW 0187 | hypothetical protein 1.212161791 6.49337E-09
ABUW 4123 | hypothetical protein 1.2083132 0.035957784

! Note: The table presented here has been modified to fit this document. The original version was
published as a supplementary file in Frontiers in Cellular and Infection Microbiology, which may
be downloaded at:
https://www.frontiersin.org/articles/10.3389/fcimb.2021.778331/full#supplementary-material
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NAD(P) transhydrogenase subunit

pntA2 alpha 1.165429903 4.44522E-05
ABUW 3881 | matrixin superfamily 1.149103656 0.000272945
rpsJ ribosomal protein S10 1.096441337 1.68586E-06
ABUW 1904 | antibiotic biosynthesis monooxygenase 1.078130875 7.20481E-07
rplS ribosomal protein L19 1.076671089 5.65671E-07
rpmD ribosomal protein L30 1.057307344 2.5436E-08
rpsH ribosomal protein S8 1.037111677 8.53666E-06
ABUW 0357 | hypothetical protein 1.024923147 3.18468E-07
ABUW 1905 | isochorismatase hydrolase 1.021068084 6.48871E-09
ABUW 4094 | hypothetical protein 1.014348646 2.98844E-07
rpsE ribosomal protein S5 0.995686106 4.41269E-07
rpsN ribosomal protein S14 0.995126708 1.80277E-05
rpmC ribosomal protein L29 0.986109395 6.8819E-05
lipid A biosynthesis lauroyl
ABUW 2630 | acyltransferase 0.978407351 3.47425E-08
ABUW 1969 | alpha/beta hydrolase 0.972366804 | 0.022710688
rplF ribosomal protein L6 0.967027259 2.63369E-06
rpll ribosomal protein L9 0.958856352 5.22331E-06
ABUW 0358 | peptidase S8 and S53 subtilisin 0.957647701 2.57894E-06
rplE ribosomal protein L5 0.955862094 2.71425E-05
ABUW 4093 | hypothetical protein 0.946222508 2.42582E-05
ABUW 2806 | putrescine importer 0.907138594 | 0.000387949
gdhB1 quinoprotein glucose dehydrogenase-B 0.903248542 4.39201E-06
rpIR ribosomal protein L18 0.897907562 1.62045E-05
betA choline dehydrogenase 0.889514936 0.001617127
adeB multidrug efflux protein AdeB 0.889296503 4.24505E-06
caiB2 L-carnitine dehydrogenase 0.88878961 0.000339542
trmD tRNA (guanine-N1)-methyltransferase 0.873513148 1.07968E-05
ABUW 4095 | Soluble lytic murein transglycosylase 0.86933977 0.002486102
ABUW 4096 | hypothetical protein 0.867267919 8.96982E-05
rplA ribosomal protein L1 0.866215771 3.67415E-06
rplX ribosomal protein L24 0.860965022 0.000162164
MarC family integral membrane
ABUW 2967 | protein 0.85992403 0.000109076
rpsk ribosomal protein S18 0.832990634 1.68847E-05
rplO ribosomal protein L15 0.816295628 1.47438E-05
DNA-directed RNA polymerase, alpha
rpoA subunit 0.815102053 2.02112E-05
icmF type VI secretion protein IcmF 0.814766971 7.89476E-05
ABUW 2687 | hypothetical protein 0.810904881 1.06268E-05
rpsF ribosomal protein S6 0.801505068 2.80946E-05
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ABUW 1942 | ribose-phosphate pyrophosphokinase 0.797481491 0.002227699
ABUW 3149 | hypothetical protein 0.794089134 0.00017773
general substrate transporter:Major
ABUW 1855 | facilitator superfamily 0.785448146 0.012240901
mucK?2 cis,cis-muconate transport protein 0.778747363 0.003240104
ABUW 1796 | hypothetical protein 0.777744527 0.006928674
conjugative transfer system protein
traE TrakE 0.776556425 0.003185619
rplQ ribosomal protein L17 0.767047784 0.000276798
secY preprotein translocase, SecY subunit 0.766950964 3.19007E-05
tral TraL 0.757761981 0.005192332
rplT ribosomal protein L20 0.757205236 0.000571163
comL pilus assembly protein, PilQ 0.754751862 0.000906265
ABUW 3891 | integral membrane protein TerC 0.750746498 0.00110694
rplL ribosomal protein L7/L12 0.736147676 1.73998E-05
rpIN ribosomal protein L14 0.728847352 0.000890104
ABUW 0382 | hypothetical protein 0.728543923 0.032339649
adeA multidrug efflux protein AdeA 0.720105309 0.001394626
ABUW 4047 | hypothetical protein 0.709473056 0.000140784
rpsl ribosomal protein S9 0.707628992 0.00148434
rplJ ribosomal protein L10 0.706744367 3.78135E-05
ABUW 4097 | hypothetical protein 0.70507969 0.000697637
Downregulated in VIR-O A1132 (fold change > 2.0, p < 0.05)

Gene \ Gene function \ log2FoldChange  pvalue

ABUW 1132 | transcriptional regulator, LysR family -8.601525249 2.8644E-203
ABUW 0684 | coproporphyrinogen Il oxidase -2.363306712 3.68447E-38
ABUW 3351 | heme oxygenase-like protein -1.950460596 3.45166E-24
ABUW 1949 | RND family drug transporter -1.948305873 2.81679E-17
ABUW 1693 | heme oxygenase-like protein -1.747812394 2.92692E-19
ABUW 2679 | DUF4142/predicted OMP -1.647069188 3.76281E-13
ABUW 1692 | TetR transcriptional regulator -1.573162991 1.94712E-13
ABUW 2678 | 17 kDa surface antigen -1.511897805 4.63134E-09
ABUW 2627 | hypothetical protein -1.452607384 2.16539E-14
ABUW 1950 | multidrug resistance protein VVceB -1.417805103 1.74942E-06
ABUW 1467 | acyl-CoA dehydrogenase -1.396211322 1.0447E-11
ABUW 3352 | putative transcriptional regulator -1.392818929 3.9427E-12
ABUW 1659 | hypothetical protein -1.365607582 1.55582E-08
ABUW 1468 | LmbE-like protein -1.33907148 2.18879E-08
ABUW 0449 | hypothetical protein -1.298891027 5.53946E-12
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ABUW 1470 | glycosyl transferase, family 2 -1.264654551 5.98952E-07
ABUW 1951 | hypothetical protein -1.257021303 4.66419E-06
ABUW 1952 | auxin-responsive GH3-related protein -1.241366116 1.03625E-07
competence/damage-inducible protein
cinAl CinA -1.23674542 1.65083E-06
oxidoreductase short-chain
ABUW 1637 | dehydrogenase/reductase family -1.22128007 1.02542E-08
ABUW 2434 | hypothetical protein -1.209534993 3.53817E-06
ABUW 2060 | hypothetical protein -1.19856057 2.77049E-08
ABUW 1469 | methyltransferase type 12 -1.195009144 1.92606E-06
ABUW 0685 | alpha/beta hydrolase fold protein -1.192625413 1.85883E-10
short-chain dehydrogenase/reductase
ABUW 3798 | SDR -1.188344157 1.47717E-10
ABUW 2145 | hypothetical protein -1.147833522 1.41756E-09
ABUW 1635 | glutathione S-transferase -1.088457502 4.46632E-06
ABUW 1636 | short chain dehydrogenase -1.083911193 5.70996E-06
ABUW 2437 | heme oxygenase-like protein -1.073489114 1.70548E-06
ABUW 1632 | PapD-like P pilus assembly protein -1.07111178 3.42114E-09
ABUW 1594 | hypothetical protein -1.070691104 3.41442E-09
OtsA trehalose-6-phosphate synthase -1.069589423 1.46178E-05
glutathione-dependent formaldehyde
ABUW 2594 | dehydrogenase -1.040438182 2.44086E-05
otsB trehalose-phosphatase -1.025924201 1.49664E-06
ABUW 2064 | hypothetical protein -0.997635407 1.86714E-06
ABUW 1471 | hypothetical protein -0.948622613 0.000283352
ABUW 2435 | oxidoreductase -0.934741536 9.96414E-05
ABUW 2058 | hypothetical protein -0.923952446 8.84294E-05
fimbrial biogenesis outer membrane
ABUW 1633 | usher protein -0.900714393 4.55397E-06
phage putative head morphogenesis
ABUW 2684 | protein -0.899364565 2.16863E-06
ABUW 0934 | hypothetical protein -0.884162498 0.008842011
ABUW 1657 | hypothetical protein -0.861729142 0.000217464
ABUW 3322 | hypothetical protein -0.847820865 0.001775124
ABUW 1499 | EamA-like transporter family protein -0.847173036 0.000875339
cysP thiosulfate-binding protein -0.847099476 0.004770505
COpA copper resistance protein A -0.843261422 0.00030549
ABUW 1631 | spore coat protein U -0.838225902 1.45764E-05
ABUW 1379 | hypothetical protein -0.837518919 0.000117946
ABUW 2887 | lipoprotein -0.833223437 4.22943E-05
ABUW 1634 | spore coat protein U -0.82955249 0.001128184
ABUW 0360 | hypothetical protein -0.829405029 3.69036E-05
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serine hydrolase domain-containing

ABUW 3575 | protein -0.81728765 0.0004209
ABUW 1629 | hypothetical protein -0.814790936 | 0.001558172
ABUW _0259 | sulfate transporter -0.806046229 0.001457525
ABUW 2685 | hypothetical protein -0.795097191 2.86166E-05
ABUW 0628 | peroxidase -0.794236119 | 0.000113172
ABUW 3106 | peptidoglycan-binding LysM -0.780207482 2.56877E-05
ABUW 1759 | extracellular serine protease -0.775047034 0.000168497
ABUW 0055 | glucose sorbosone dehydrogenase -0.773228109 0.000174059
ABUW 0916 | biofilm-associated protein -0.769047874 0.000103053
ABUW 1953 | outer membrane efflux protein -0.757553932 0.002696082
algC phosphomannomutase -0.75658648 1.47072E-05
ABUW 2321 | hypothetical protein -0.756098829 | 0.000828061
ABUW_2403 | MFS permease -0.746342328 0.003095028
ABUW 0233 | hypothetical protein -0.742062466 8.74948E-05
ABUW 1227 | acyl-CoA dehydrogenase -0.736772043 |  0.005493207

glycerophosphoryl diester
ABUW 0921 | phosphodiesterase -0.735643343 0.005410306
ABUW 3577 | hypothetical protein -0.729641931 4.09155E-05
manB phosphomannomutase -0.727536999 5.24995E-05
ABUW 3708 | transglycosylase SLT domain protein -0.727080036 0.001044547

glutathione-dependent formaldehyde-

activating enzyme/centromere protein
ABUW 1042 |V -0.723873511 | 0.000614386
ABUW 1996 | hypothetical protein -0.720830843 0.000971826

alkyl hydroperoxide reductase, F
ahpF2 subunit -0.719192839 | 0.003271284
ABUW 2554 | putative hemolysin -0.718202468 0.000872036
ABUW 2504 | catalase -0.717479086 0.00083838

glutathione-dependent formaldehyde-

activating enzyme/centromere protein
ABUW 0210 |V -0.712867017 0.000314544
ABUW 2063 | uracil-DNA glycosylase-like protein -0.710550828 7.67967E-05
ABUW 0359 | hypothetical protein -0.708740233 0.000141777
ABUW 3898 | transglycosylase-associated protein -0.708540871 0.006329618




139

Supplementary Table 2: Primers used in this study

Primer Name Sequence Description/Use
1132Up1 | GATACCCTCATCAGCAAAAA Amplifies the 2Kb region
1132Up2 | AAAAAATGCTTATTGTTGTAATGAAAG | upstream of 1132

1132 Down 1 | ATGCAGATTGTTCGTTAACTTT Amplifies the 2Kb region
1132 Down 2 | ATCAGGTTCAAGAACTGACT downstream of 1132

1132 For GTTTCCTCGTATAATACAAT o .
1132 Rev CTACGCTAAAGCAAAAATAA Verification of 1132 deletion

manB gPCR 1 | AGCGCTTAACGTACCTGTTGA
manB qPCR 2 | AAACAGCGGTCAAAATCGCC
galEgPCR1 | CAGTGGGTGAAAGCCAGGAA
galEqPCR 2 | GGCATACCCGTTGGCATTTC
3818 qPCR1 | TCGGGCATGTTAGCTACTCG
3818 gPCR 2 | CACCGCCAAATCCTACACCT
3820gPCR1 | AGCATTACCTTCAGTAGGCCG
3820 gPCR 2 | AGGGTCACGTCCCAGTAAGT
3821 gPCR1 | TGGTCATATTGCGGCATGGT
3821 qPCR 2 | AAACCTGGTGGGTGCTGTTT
3830 gPCR1 | CAGGAACTCACAAGGCACCA
3830 qPCR 2 | CGCCAACTAAACCTGGACGA
wzagPCR1 | GTTTCCTCTAGTGGGACGCT
wzagPCR 2 | CGCTGCCTTGAACGGAAAAG
wzb gPCR1 | CTGCCGGTATTTCAGGGCTT
wzb gPCR 2 | GCAAAGGGCCAAGTCTGTTC
wzc gPCR1 | AGATACGGCCGTTGAACCAG
wzc gPCR 2 | GCGTGGCACAGTTGCATAAA
16SgPCR1 | GATCTTCGGACCTTGCGCTA
16SgPCR 2 | GTGTCTCAGTCCCAGTGTGG
abal PCR1 | TGCCAGACTACTACCCACCA
abal )PCR2 | ACTAGCAGAGGAAGGCGGAT

att-Tn7 site 1 | TTGCTGATGAAAATAGTGGTGTAG Amplification of the att-Tn7
insertion site downstream of

att-Tn7 site2 | CACATCTAGAATTGCCTTCCAT glmS

gRT-PCR of manB

gRT-PCR of galE

gRT-PCR of ABUW_3818

gRT-PCR of ABUW_3820

gRT-PCR of ABUW_3821

gRT-PCR of ABUW_3830

gRT-PCR of wza

gRT-PCR of wzb

gRT-PCR of wzc

gRT-PCR of 16S

gRT-PCR of abal
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Abstract

Acinetobacter baumannii cells interconvert at a high frequency between two colony opacity
variants termed virulent opaque (VIR-O) and avirulent translucent (AV-T). We have reported on
several genes that impact the rate of switching between these two variants, with the TetR-type
transcriptional regulator (TTTR) ABUW_1645 appearing to be a crucial component of the key
pathway of VIR-O to AV-T switching. We now report that ABUW_1645 is one of a large family
of at least 12 functionally redundant TTTRs in AB5075 that share high levels of homology in their
helix-turn-helix DNA binding region and are all able to mediate conversion of VIR-O cells to the
AV-T state when overexpressed. As a VIR-O colony grows, cells within that colony switch to AV-
T, forming multiple sectors of translucent cells in the periphery of the colony. In each sector, at
least one of these TTTRs has been activated to allow the switch to AV-T and then to maintain the
AV-T state. Three of these TTTRs, ABUW_1645, ABUW_1959, and ABUW 2818, are utilized
most often, while a fourth—ABUW _3353—is required for switching in the absence of the main
three. Deletion of the TTTR(s) that is currently maintaining the AV-T state causes cells to switch
back to the VIR-O state, which effectively “resets” the system, allowing a different TTTR to
activate and mediate the switch from VIR-O to AV-T. Real-time quantitative PCR analysis further
revealed that members of this TTTR family do not appear to inter-regulate or autoregulate, and

investigations into the conditions and mechanisms that activate these TTTRs are ongoing.
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Introduction

Within the last decade, Acinetobacter baumannii has become a highly relevant nosocomial
pathogen due to its ability to evade treatment with antibiotics and to persist in clinical
environments [1-12]. While much research has elucidated the prevalence of multi-drug resistance
and the resistance mechanisms employed by A. baumannii, there is a much less cohesive picture
of its virulence. In 2015, our group published on a phenotypic switch in A. baumannii that regulates
virulence [13]. At its most basic level, this switch results in a phenotypic heterogeneity that
presents as cells forming either opaque or translucent colonies. The translucent variants appear to
be important for survival in a natural environment, as they readily form biofilm and are able to
utilize a wide variety of carbon sources [13, 14]. The opaque variants secrete higher levels of 3-
OH C12-homoserine lactone quorum sensing signal, display increased surface-associated motility,
and have greater resistance to desiccation. Further, the opaque variant possesses higher levels of
capsule, is virulent in a mouse pneumonia model, and was exclusively recovered from the blood
of humans with A. baumannii septicemia [13-15]. Due to this difference in virulence between the
two colony types, we designated the opaque variant as VIR-O (virulent opaque) and the translucent
variant as AV-T (avirulent translucent).

VIR-O and AV-T cells switch to the opposite variant at a high frequency, with rates
averaging 4-13% at 24 hours and 20-40% at 48 hours [14]. Many investigations to determine the
genetic mechanisms that regulate this switch have been carried out to date, utilizing techniques
including RNA sequencing, real-time quantitative PCR, and genetic screens to reveal gene
products that promote or preclude switching. These led to the discovery of numerous gene products
capable of influencing the switch including but not limited to: an RND-type efflux system, the

OmpR-EnvZ two-component system, a plasmid-based antibiotic resistance locus, a LysR-type
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transcriptional regulator, and a TetR-type transcriptional regulator (TTTR)—ABUW_1645—
whose overexpression both completely converts VIR-O to AV-T and serves as a highly effective
live attenuated vaccine strain that protects mice from lethal infection [14, 16-19].

TTTRs are a well-defined family of transcriptional regulators named for the founding
member TetR, which regulates tetracycline resistance in Escherichia coli [20, 21]. These
regulators form homodimers and possess both a helix-turn-helix (HTH) DNA-binding domain and
a ligand-binding domain whose bound and unbound states alter the conformation of the HTH. We
now have evidence that ABUW_1645 is an important member of a family of at least twelve TTTRs
in A. baumannii that promote switching from VIR-O to AV-T and maintain the AV-T state.
Although work is still underway to elucidate the mechanisms and potential ligands that regulate
this subpopulation of TTTRs in a bistable manner, the following findings constitute a novel system

of regulation as yet undocumented in bacteria.
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Results

Overexpression of the TTTRs ABUW 1959 or ABUW 2818 converts VIR-O cells to an AV-T-

like state.

Previous work demonstrated the TTTR ABUW_1645 (1645) was upregulated in AV-T cells and
its overexpression in VIR-O cells converted them to the AV-T state (Fig. 1A) [14]. A recently
identified phenotype associated with 1645 overexpression in VIR-O cells was a reduction in
surface motility (Fig. 1B), a characteristic associated with AV-T cells [13]. In addition, we have
found that VIR-O and AV-T cells differ in secretion of the Abal-dependent quorum sensing signal
3-OH Cy12-HSL, where VIR-O cells secrete far greater amounts than AV-T cells (Fig. S1A) [13].
Overexpression of 1645 in VIR-O cells resulted in loss of 3-OH-C12-HSL secretion (Fig. 1C).
Therefore, overexpression of 1645 converted VIR-O cells to known phenotypes of the AV-T state.
This effect was not limited to strain AB5075, as overexpression of 1645 in four other clinical
isolates also drove VIR-O cells to a translucent colony phenotype, reduced motility and led to a
reduction in 3-OH C1o-HSL secretion (Fig. S1B). Based on this data, it was hypothesized that the
stochastic activation of 1645 in a subset of VIR-O cells was a key step in the switch from the VIR-
O to AV-T state. However, as previously reported, an in-frame deletion of 1645 did not impact
VIR-O to AV-T switching [14], suggesting the possibility that functionally redundant regulators
might be present.

To identify additional regulators that might be stochastically activated in VIR-O cells to
drive them to the AV-T state, we re-examined several RNA sequencing data sets between VIR-O
and AV-T cells. This revealed two additional TTTRs, ABUW_1959 (1959) and ABUW_2818
(2818), that were strongly upregulated in AV-T cells. This differential expression was confirmed

by gRT-PCR analysis, where in AV-T cells 1959 expression was increased 18.5 + 7.2-fold and
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2818 was increased 28.1 + 7.7-fold above the levels in VIR-O cells. As a reference, 1645 was
upregulated 149.8 + 34.6-fold by gRT-PCR in these same AV-T cells. To determine if increased
expression of 1959 or 2818 in VIR-O cells could convert them to the AV-T state, each gene was
cloned in pWH1266, where transcription was driven from the B-lactamase promoter as previously
done with 1645 [14]. Constitutive expression of either 1959 or 2818 in the VIR-O variant
converted cells to the translucent colony phenotype (Fig. 1A), reduced motility (Fig. 1B), and
blocked 3-OH C12 —HSL secretion (Fig. 1C). As a control, the overexpression of another TetR-
type transcriptional regulator ArpR [17] cloned in an identical manner, did not convert VIR-O
cells to any of the AV-T-associated phenotypes (data not shown). Surprisingly, despite their
translucent colony appearance, VIR-O cells overexpressing either 1959 or 2818 did not exhibit a
statistically significant difference in bacterial CFU/g at 24 hours post-infection in a mouse lung
model of infection compared to VIR-O cells containing the pWH1266 vector (Fig. 1D). This
contrasts with the marked decrease in bacterial CFU/g previously seen with 1645 overexpression

[14].

Expression of additional TTTRs can convert VIR-O cells to an AV-T-like state.

A bioinformatic analysis of the 1645, 1959 and 2818 proteins determined that they possessed
similar helix-turn-helix DNA binding regions (Fig. S2), which likely accounted for their ability to
regulate similar phenotypes when overexpressed. During this analysis, it became apparent that
nine additional TTTRs were highly similar to 1645 in the DNA-binding helix-turn-helix (HTH)
region. These included ABUW_3353, 2596, 1498, 3194, 1163, 0939, 0222, 2629, and 1912 (Fig.
S2). Each of these TTTRs was individually overexpressed from the p-lactamase promoter in

PWH1266 in an identical manner as was done for 1645, 1959 and 2818 and introduced into VIR-
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O cells. In each case, this resulted in conversion to a translucent colony phenotype, loss of 3-OH

C12-HSL secretion, and, in most cases, a reduction in surface motility (Table 1).

Individual AV-T variants derived from VIR-O cells exhibit different TTTR expression profiles.

As noted above, in our lab stock of AV-T cells, the TTTRs 1645, 1959, and 2818 were upregulated
150, 19 and 28-fold, respectively (Fig. 2). Since additional TTTRs were identified that could drive
the VIR-O to AV-T switch (Table 1), we considered the possibility that one or more of these were
also activated in AV-T cells that had switched from the VIR-O state. Each TTTR shown in Table
1 was tested for expression in our lab stock of VIR-O and AV-T variants by gRT-PCR, and all
exhibited similar levels of expression between VIR-O and AV-T cells, indicating that they were
all in the OFF state in the AV-T cells (Fig. 2).

To confirm the expression profile seen in the AV-T variant of our lab stock, a second
variant designated AV-T.T1 was independently derived from a VIR-O colony, and expression of
the entire panel of TTTR genes in Table 1 was examined by gRT-PCR analysis. Remarkably, when
compared to the VIR-O parent, a different pattern of TTTR gene expression was observed in AV-
T.T1, with only 1645 upregulated (Fig 2). As a control, the TTTR expression profile was similar
between the two VIR-O isolates used to derive each AV-T, demonstrating that variations were
occurring in the independent AV-T isolates. To determine if 1645 in the “ON” state was required
to maintain AV-T.T1 cells in the AV-T form, an ABUW_1645::T26 insertion was introduced into
the AV-T.T1 cells. This mutation converted AV-T cells to the VIR-O state based on colony opacity
and the restoration of 3-OH Ci» HSL secretion (Fig. S3), indicating that 1645 expression was
required to keep AV-T.T1 cells in the AV-T state and its activation in the VIR-O cell drove it to

the AV-T state.
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The TTTR expression pattern was then examined in a third independent AV-T variant,
designated AV-T.T3, and this new variant exhibited a third distinct pattern of TTTR gene
expression, where only 1959 was in the ON state and upregulated 19.2 + 11-fold (Fig. 2). In AV-
T.T3, introduction of an ABUW_1959::T26 insertion converted cells back to the VIR-O state and
restored 3-OH C1o-HSL production (Fig. S3). As expected, AV-T.T3 cells with ABUW_1645::T26
or ABUW_2818:T26 insertions remained in the AV-T state as these TTTRs were OFF in this
isolate (Fig. 2). Therefore, 1959 expression was required to keep AV-T.T1 cells in the AV-T state.

A fourth independent AV-T variant (AV-T.T6) exhibited a pattern of TTTR gene
expression that was distinct from the previous three variants, where 1645 and 2818 were in the ON
state (Fig. 2). In this AV-T.T6 variant, introduction of individual T26 insertions into either 1645
or 2818 did not result in a conversion to the VIR-O state, indicating that expression of more than
one TTTR was maintaining the AV-T state and further demonstrating the functional redundancy

of these regulators.

TTTR expression profiles in AV-T cells are reset after passage through the VIR-O state.

In AV-T.T1, the 1645::T26 mutation converted cells back to the VIR-O state (Fig. S3). However,
these VIR-O colonies now formed translucent sectors, indicating they were capable of switching
back to the AV-T state, despite the fact that 1645 was no longer functional and its activation
initially drove cells into the AV-T state. A similar result was observed in AV-T.T3, where the
1959::T726 mutation converted cells back to the VIR-O state, but these VIR-O cells were now
capable of switching once again to the AV-T state. This indicated that cells in the new VIR-O state
no longer relied on the previous set of TTTRs and activated a different TTTR to switch to the AV-

T state.
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To determine which TTTR was now activated to drive cells from the VIR-O to AV-T state,
the TTTR expression profiles in two independent AV-T colonies derived from AV-T.T1 1645::T26
(opaque) were measured by qRT-PCR. In the first AV-T variant, 2818 was now activated 38.8-
fold (Fig. S4A). In the second AV-T variant, anew TTTR ABUW_3353 (3353) was activated 34.5-
fold (Fig. S4B). Interestingly, 3353 was previously identified based on the significant similarity
to 1645 in the HTH region, and it was capable of driving VIR-O cells to the AV-T state when
overexpressed (Table 1).

Next, the TTTR expression profiles in two independent AV-T colonies derived from AV-
T.T3 1959::T26 (opaque) were measured. In the first AV-T variant, 1645 was activated 188.9-fold
(Fig. S4C). In the second AV-T variant, both 1645 and 2818 were now activated, 129.6-fold and

28.6-fold, respectively (Fig. S4D).

Role of 1645, 1959, and 2818 in switching between the VIR-O and AV-T states.

The above data demonstrated that 1645, 1959 and 2818 were functionally redundant in their ability
to drive VIR-O cells to the AV-T state. To investigate a role in switching, individual null alleles
were constructed in the 1959 and 2818 genes. However, neither mutation alone had an effect on
VIR-O to AV-T switching (Fig. 3). The ratio of switching of a A1959 mutant compared to wild-
type was 1.06 and the ratio of a 2818::T26 mutant to wild-type was 1.01, which was similar to that
previously reported for a 1645 deletion [14]. To determine if all three genes were required for the
VIR-O to AV-T switch, a 2818::T26 insertion was introduced into a double mutant of 1645 and
1959 (VIR-O A1645/A1959) to make a triple mutant in the VIR-O background (VIR-O
A1645/A1959/2818::T26). Surprisingly, this triple mutant only exhibited a 2.8-fold decrease in

VIR-O to AV-T switching compared to wild-type cells (Fig. 3).
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Deletion of 1645, 1959, and 2818 allows less utilized TTTRs to drive VIR-O to AV-T

We further attempted to construct a triple mutant of 1645, 1959, and 2818 in the AV-T background
using the same method of moving the 2818::T26 into the AV-T A1645/A1959 double mutant.
However, this additional mutation forced the AV-T cells to immediately switch back to the VIR-
O state, indicating 2818 as the TTTR that was maintaining the AV-T state in AV-T A1645/A1959.
We allowed the triple mutants of these VIR-O colonies to sector and obtained a clone of AV-T
A1645/A1959/2818::T26. Analysis of the TTTR expression profile in this mutant by gqRT-PCR
showed that ABUW 1498 (1498) was increased 616-fold. Interestingly, 1498 is yet another TTTR
with similarity to the HTH region of 1645, and overexpression of 1498 converts VIR-O cells to
the AV-T state (Table 1, Fig. S2).

We next wanted to determine whether 1498 was the primary TTTR activated once 1645,
1959, and 2818 were nonfunctional. We isolated additional AV-T clones from the strain of VIR-
O A1645/A1959/2818::T26 that was constructed by introduction of the 2818::T26 into the VIR-O
A1645/A1959 double mutant, which had shown only a 2.8-fold decrease in switching (Fig. 3). For
this experiment, we utilized practices recently identified in our lab that promote maintenance of
the AV-T state and allow the currently active TTTRs to stay on. These practices include plating
on LB (10 g tryptone, 5 g yeast extract, and 5 g NaCl per liter) containing 1.5% agar and incubating
plates at room temperature. Six independent AV-T variants were isolated from VIR-O
A1645/A1959/2818::T26 colonies, and the expression profile for all the TTTR genes in Table 1
was determined by gRT-PCR. In all six AV-T triple mutant variants, a single TTTR, ABUW_3353
(3353), was in the ON state relative to the VIR-O triple mutant. To determine whether expression

of 3353 was required to keep cells in the AV-T state, a 3353::T26 insertion was moved into two
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of the newly isolated AV-T triple mutant variants. In each case, the loss of 3353 reverted cells

back to the VIR-O phenotype and (Fig. S5).

3353 is required to drive VIR-O to AV-T switch in the absence of 1645, 1959, and 2818

Since 3353 was confirmed as the primary TTTR activated in the cells of the VIR-O
A1645/A1959/2818::T26 triple mutant that had switched to the AV-T state, it was predicted that
loss of 3353 in this background would impact switching. Indeed, the quadruple mutant of 1645,
1959, 2818, and 3353 exhibited levels of VIR-O to AV-T switching that were decreased an average
of 1,245-fold compared to wild-type, a rate equivalent to approximately 1/10° cells of the
quadruple mutant (Fig. 3). This result demonstrated that 3353 is the TTTR responsible for

maintaining the AV-T state when the most commonly used three TTTRs are unavailable.

Requlatory interactions among the TTTRs

The primary TTTRs driving the VIR-O to AV-T switch were 1645, 2818, 1959 and 3353 as
indicated by the near complete loss of switching in the quadruple mutant (Fig. 3). To determine if
regulatory interactions existed between these TTTRs, we measured expression of all twelve
homologous TTTRs by gRT-PCR in backgrounds where (1) each of the four main TTTRs were
overexpressed using the pWH1266 constructs (Fig. S6) and (2) each of the four main TTTRs was
disrupted by T26 insertion (Fig. S7). Interesting neither of these conditions significantly affected
transcription of any of the other TTTRs.

TTTRs often autoregulate [20, 21], so the possibility of autoregulation among the 1645,
1959, and 2818 was also examined by qRT-PCR. These experiments were conducted by probing

the region between the predicted promoter and the ORF for 1645, 1959, or 2818 while
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overexpressing the same TTTR in the pWH1266 construct. The primers targeted the region
between the transcriptional start site, as identified by RNA sequencing mapping, and the coding
region cloned in pWH1266, so that only expression of the chromosomal promoter site was

measured. However, this analysis did not reveal autoregulation among the TTTRs (Fig. S8).

The implications of these unpublished results are discussed in

Chapter 6: Discussion on page 197.
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Materials and Methods

Bacterial strains and growth conditions

Acinetobacter baumannii strain AB5075 [22] and its derivative strains were routinely grown at
37°C in modified Luria-Bertani (LB) agar or in LB broth stationary at room temperature (RT) or
with shaking at 37°C when necessary. Regular agar plates (1xLB) contain 10 g tryptone, 5 g
yeast extract, 5 g NaCl per liter and 1.5% agar. For distinguishing opaque and
translucent phenotypes, the cells were plated in half strength LB (0.5XLB) constituted by 5 g
tryptone, 2.5 g yeast extract, and 2.5 g NaCl per liter and 0.8% agar. Variable amounts of
tryptone and yeast extract were used for the starvation assays plates, using 0.25xLB (5 g of
tryptone and 2.5 g of yeast extract, 5 g NaCl per liter) or 0.125xLB (1.25 g tryptone and 0.625 g
yeast extract, 5 g NaCl per liter) when required.

For counterselection of in-frame deletion mutants 1xLB without NaCl was
used. Bacterial strains were stored at -80°C in 15% glycerol and pure stocks obtained as
previously described [23]. To prevent opacity switching, VIR-O and AV-T cultures were grown
overnight stationary at RT and not more than to ODsoo: 1.0 (VIR-O) or ODeoo: 0.8 (AV-T) when
shaking at 37°C. Competent cells were prepared by growing the cells to an ODeoo: 1.0 (VIR-O)
or ODeoo: 0.8 (AV-T) and pelleting them by centrifugation. The cells were washed twice with 1
mL of cold dH20 and resuspended in 70 pL of cold dH20. After electroporation, the cells were
recovered in 1mL of LB broth and grown stationary at 37°C followed by 1 hour shaking
at 37°C. Freshly prepared competent cells were used for each transformation. Escherichia
coli EC100 Transformax cells (Lucigen, Middleton, W1) were used for cloning procedures and

transformants were selected with tetracycline (5 pg/mL), ampicillin (200 pg/mL) or hygromycin
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(150 pg/mL) when required. A. baumannii transformants were selected with tetracycline (5
pg/mL) or hygromycin (150 pug/mL) as appropriate.
The pEX18Tc plasmid [24] was used for allelic replacement in A. baumannii AB5075,

the pWH1266 plasmid [25] was used for overexpression of the target genes.

In silico protein analysis

The amino acid sequence of the proteins annotated as TetR-type transcriptional regulators in
the A. baumannii AB5075 strain genome were obtained from the NCBI database (GenBank
accession number: CP008706.1). The protein sequence alignment of the selected

TetR transcriptional regulators proteins was generated using the Clustal Omega website
(www.ebi.ac.uk/Tools/msa/clustalo/). The analysis of the secondary structure of the proteins to
identify the helix-turn-helix region was carried out using the SOPMA website (npsa-
prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_sopma.html) and then the sequence

similarity analysis of this region was performed using the Clustal Omega website.

Construction of in-frame deletions.

The single or combined in-frame deletion mutant strains of the TetR transcriptional regulators,
ABUW_1645, ABUW_1959, and ABUW 2818, were generated as previously described (3).
Briefly, approximately 1 kb upstream and downstream fragments containing small portions of
the target gene were amplified from the A. baumannii AB5075 genome by PCR with the Phusion
High-Fidelity DNA Polymerase (Thermo-Fisher Scientific, Waltham, MA). The mutant strains
contain deletions corresponding to amino acids 10 to 181 for A1645, 3 to 208 for A1959, and 0 to

185 for A2818. The oligonucleotide pairs used are listed in Supplementary Table 1.
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The oligonucleotides Up 1 and Down 2 of each set contain BamHI restriction sites at the
5’ end, except the ABUW_2818 Upl and Down 2 pair. In each case, the upstream and
downstream fragments were ligated together using the Fast-Link DNA Ligation Kit (Lucigen,
Middleton, WI). The resulting fragment of approximately 2 kb was cloned into the BamHlI site of
the pEX18Tc suicide vector. In the case of the ABUW_2818 fragment, it was cloned into
the Smal site. 1 pL of the ligation was transformed into EC100 Transformax cells (Lucigen,
Middleton, WI), and selection carried out on 5 pug/mL tetracycline 1XLB plates. The
pEX18TcATetR vector was introduced into both VIR-O and AV-T A. baumannii AB5075
competent cells prepared by washing them twice with dH20. The integrant clones were selected
on 5 pg/mL tetracycline 1xLB plates at 28°C to prevent cells from switching in the case of the
AV-T derivative mutants. Then, counterselection was performed at RT on LB without NaCl and
LB without NaCl supplemented with 10% sucrose. Potential mutant clones were screened by
PCR using their respective Up 1 and Down 2 oligonucleotide set. Pure cultures of each mutant

were obtained as previously described [23].

Construction of strains with T26 transposon insertions.

The T26 insertions were obtained from the transposon mutant library created by

Colin Manoil’s group at the University of Washington [26]. Cultures of the target insertions were
grown overnight at 37°C shaking, centrifuged and the supernatant was filtered using a 0.22 pum
pore filter to obtain the phage lysate. 10 pL of the recipient strain grown until an ODsgo: 0.5 and
10 pL of the lysate were spotted on the surface of a 2 hour-dried 1xLB plate and incubated at
37°C. After 4 hours, the cells were recovered from the plate and resuspended in 1 mL of LB

broth. The transductions were plated in 5 pg/mL tetracycline 1xLB plates. Both a negative
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control of only the recipient strain cells and other of only the lysate were included. All the

insertions were verified by PCR using primers located outside the target gene.

Overexpression of TetR transcriptional reqgulators

Each of the 10 TetR transcriptional regulators was cloned into the pWH1266 expression

vector that was previously digested with Scal. All the constructs contain the full-length gene and
a short upstream region from the start codon and a short downstream region from the stop

codon of the gene. Each of the fragments was amplified by PCR using the Phusion High-Fidelity
DNA Polymerase (Thermo-Fisher Scientific, Waltham, MA). For this PCR, the respective Expl
and Exp2 oligonucleotides pair listed in Table X and the genomic DNA of A.

baumannii AB5075 as template were used. The fragment was gel-purified from an agarose

gel using the Monarch DNA Gel Extraction Kit (New England Biolabs, Ipswich, MA) and
ligated with the Scal digested vector using the Fast-Link Ligation Kit (Lucigen, Middleton, WI).
1 uL of the ligation was transformed into E. coli Transformax EC100D competent cells
(Lucigen, Middleton, WI) and plated in 5uL/mL tetracycline 1XLB plates. The transformant
clones were screened for tetracycline resistance and ampicillin sensitivity and the plasmids with
insert were confirmed by DNA sequencing (Genewiz, South Plainfield, NJ). The pWH1266

+ TetR vectors and the empty pWH1266 vector were transformed into A. baumannii AB5075
VIR-O and AV-T competent cells prepared by washing the cells twice with dH20. The
transformants were selected in 5uL/mL tetracycline 1XLB plates. For determining the opacity of
the strains harboring the TetR overexpression plasmids, two colonies from each transformation

were grown in LB broth with 5uL/mL tetracycline until turbid and streaked in 0.5xLB plates.
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After 24 hours, the opacity phenotype was determined by viewing the cells under a stereo

microscope with oblique lighting.

VIR-0 and AV-T switching assays

For assessing the opacity switching frequency, tenfold serial dilutions from the frozen stocks of
each of the strains were plated in 20 mL 1 hour-dried 0.5xLB plates. Initial dilutions plates were
incubated at 37°C. After 24 hours, six well-isolated colonies were lifted as agar plugs from low
colony density plates (<50 colonies) and resuspended in 1 mL of LB broth. Serial dilutions were
plated in 0.5xLB and incubated at 37°C overnight. The number of each VIR-O and AV-T variant
was determined on four independent random sectors of the 10 plate using a stereo microscope
with oblique lighting. The switching frequency was assessed for each initial colony as the total
number of colonies of the opposite opacity phenotype divided by the total number of colonies of

both phenotypes and expressed as a percentage.

Surface motility assays

Surface motility assays were carried out as previously described [27]. Briefly, a 1-ul drop of the
strains grown in LB broth until ODeoo: 0.5 was inoculated onto a 30 minutes-

dried 0.35% Eiken agar motility plate prepared the same day of the experiment. The strains to be
compared were spotted on the same motility plates. The plates were incubated at 37°C until the
control strain reached the plate border, approximately 8 h. Motility diameters were measured and
relative migration determined by calculating the ratio of the motility diameter of the strain of
interest to that of the control strain. The differences in motility between strains were determined

using the Student's t test. All assays were carried out a minimum of two times.
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HSL production assays

The HSL secretion of the strains of study was assessed using the soft agar lawn assay [28]. In
this method, an Agrobacterium tumefaciens biosensor strain containing a plasmid-localized traG-
lacZ fusion (pZLR4) is utilized. The exogenous HSL produced by A. baumannii bind

to TraR and coactivates traG resulting in the production of B-galactosidase giving rise to the
appearance of a blue halo. The soft-agar plates were prepared by adding 60 pL of 20 pug/mL X-
gal and 120 pL of an A. tumefaciens culture (grown overnight stationary at

28°C in 30 pg/mL gentamicin LB broth) to 20 mL of 0.5xLB cooled to 45°C. The plates were
allowed to dry for 30 minutes before use. Strains to test were grown shaking in LB broth medium
at 37°C until an ODeoo: 0.5. A 1 pL drop of each strain was spotted onto the soft-agar plates and
incubated at 28°C overnight. The presence of blue halo was determined, and

significant images of each experiment were taken. All the assays were carried out a minimum of

two times.

RNA Isolation

Bacterial cultures of the strains of interest were grown in 2mL of LB broth at 37°C with

shaking to an ODeoo: 0.5. Cells were collected by centrifugation and RNA was isolated using

the MasterPure RNA Purification Kit (Lucigen, Middleton, WI) following the manufacturer’s
instructions. The total RNA extraction was subjected to two Turbo DNA-free treatments
(Thermo-Fisher Scientific, Waltham, MA) to remove contaminating DNA according to the
manufacturer’s protocol. Absence of DNA was tested by 40xcycles PCR using the RNA samples

as template. RNA concentration was measured with a Nanodrop ND-100 spectrophotometer.
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Quantitative real-time PCR

cDNA was synthesized from 1 pg of the purified RNA of the strains of interest using

the iScript Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA) with random primers. Negative
controls were carried out by including reactions without reverse transcriptase. The cODNA
synthesis was performed following the cycling parameters: 25°C for 5 min, 42°C for 45 min, and
85°C for 5 min. Reverse transcriptase quantitative PCR (qRT-PCR) was used to assess the
expression level of the genes of interest. Diluted cDNAs (1:10 dilution with dH2O water) were
used as template and iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) as fluorescent dye
mix. The oligonucleotide pairs were designed to amplify fragments of approximately 150 bp of
the gene of study and they were generated using the NCBI Primer-BLAST website
(www.ncbi.nlm.nih.gov/tools/primer-blast). The oligonucleotide pairs used for each gene are
listed in Table X as gRT-PCR 1 and gRT-PCR 2 primers. The Bio-Rad CFX Connect cycler was
used following the program: 95°C for 3 min, followed by 40 cycles of 95°C for 10's, 55°C for

10 s, and 72°C for 20 s. Three independent biological replicates were analyzed. The fold changes
in gene expression were calculated using the threshold cycle (2—AACT) method (9) comparing

target gene expression with housekeeping gene (16S) expression.
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Table 1: Phenotypes of VIR-O cells overexpressing TTTRs.
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TTTR Opacity QS Signal Secretion Motility
ABUW_1645 Translucent (AV-T) - -
ABUW_2818 Translucent (AV-T) - +
ABUW_1959 Translucent (AV-T) - +/-
ABUW_3353 Translucent (AV-T) - -
ABUW_2596 Translucent (AV-T) - -
ABUW_1498 Translucent (AV-T) - -
ABUW_3194 Translucent (AV-T) - +
ABUW_1163 Translucent (AV-T) - R
ABUW_0939 Translucent (AV-T) - -
ABUW_0222 Translucent (AV-T) - R
ABUW_2629 Translucent (AV-T) - +
ABUW_1912 Translucent (AV-T) - -

The translucent colony morphotype that results from overexpression of a subpopulation of TetR-

type transcriptional regulators in VIR-O exhibits additional AV-T associated phenotypes

including a decrease in 3-OH C12-HSL secretion and, in most cases, reduced surface-associated

motility. Explanation of symbols: “-” and “+” signs indicate reduced or increased, respectively,

3-OH C12-HSL secretion or reduced motility relative to a VIR-O empty vector (pWH1266)

control; “+/-” indicates similar levels to the VIR-O vector control.
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Figure Legends

Figure 1: Phenotypes associated with overexpression of 1645, 1959, and 2818.

(A) Overexpression of 1645, 1959, and 2818 in VIR-O causes cells to switch to the AV-T state.
Colonies on the left are VIR-O + pWH1266 (empty vector control). Colonies on the right
contain pWH1266 constructs overexpressing each TTTR. These constructs were used in all
assays shown in this figure. (B) Overexpression of 1645, 1959, and 2818 in VIR-O results in a
reduction of surface-associated motility. The motility for each VIR-O + pWH1266/TTTR
construct was measured on 0.3% Eiken agar plates relative to a VIR-O + pWH1266 control.
Proportion of the distance migrated by each construct relative to the vector control is shown. (C)
Overexpression of 1645, 1959, and 2818 in VIR-O results in a loss of 3-OH C12-HSL secretion,
qualitatively measured on a soft agar lawn containing Agrobacterium tumefaciens with a
ptraG::LacZ fusion and X-Gal. (D) Strains overexpressing 1959 and 2818 in VIR-O were
intranasally inoculated into mice. At 24 hours post-infection, the lungs were harvested,
homogenized, and CFU/g determined. The CFU/g of bacteria recovered for the overexpression

strains were not significantly different from the vector control.

Figure 2: TTTR activation profiles during VIR-O to AV-T switching. Each AV-T variant
shown (AV-T Variant Lab Stock, AV-T.T1, AV-T.T3, and AV-T.T6) was derived from a unique
VIR-O sector. The TTTRs that were transcriptionally activated (“ON”) in each AV-T were
identified by qRT-PCR by comparison to the parent VIR-O and 16S internal control. In the AV-
T Variant Lab Stock, 1645, 1959, and 2818 were ON, and disruption of any one of these genes

by T26 does not alter the opacity phenotype. In AV-T.T1, only 1645 is ON, and introduction of
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T26 into this gene results in the inability to maintain the AV-T state and a complete switch to
VIR-O. In AV-T.T3, only 1959 is ON, and the disruption of 1959 by T26 causes a switch to
VIR-O. Controls of 1645::T26 and 2818::T26 in this strain do not change the opacity phenotype.
In AV-T.T26, 1645 and 2818 are ON, and neither the 1645::T26 and 2818::T26 insertions alone

cause a reversal to the VIR-O state. Error bars indicated standard error.

Figure 3: Analysis of VIR-O to AV-T switching frequencies in TTTR single, triple, and
guadruple mutants. Single deletions of 1959 and 2818 do not significantly affect rates of VIR-
O to AV-T switching. A triple mutant (“3KO” = VIR-O A1645/A1959/2818::T26) exhibits a
2.8-fold decrease in switching relative to wild-type VIR-O (*, p < .05 as assessed by Mann-
Whitney test). A quadruple mutant (“4KO” = VIR-O A1645/A1959/2818::T26scar/3353::T26)
shows a 1,245-fold decrease in switching relative to wild-type VIR-O (**, p =0.0001 to 0.001 as
assessed by one-way ANOVA with Welch’s Correction). All assays represent the averages of six

colonies extracted at 24 hours of growth. Error bars indicate standard deviation of the mean.

Supplementary Figure 1: ABUW_1645 overexpression converts other A. baumannii strains
from VIR-O to AV-T. (A) VIR-O and AV-T cells at the same ODsoo Were spotted onto a soft
agar lawn containing the Agrobacterium tumefaciens biosensor (ptraG::lacZ) and X-Gal. The
smaller blue halo around the AV-T cells demonstrates the decrease in of 3-OH C12-HSL
secretion in AV-T. (B) Overexpression of 1645 in VIR-O backgrounds of the Acinetobacter
baumannii clinical isolates AB5075, 2050, P2A, EH3, and AB0057 all demonstrate a shift from
VIR-O to AV-T. Further, all isolates exhibit a reduction or loss of 3-OH C12-HSL secretion, and

all isolates except AB0057 display decreased motility.
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Supplementary Figure 2: The DNA-binding HTH region of 1645 is highly homologous to

eleven other TetR-type transcriptional regulators in AB5075.

Supplementary Figure 3: Phenotypes of inactivating a TTTR in the ON state in AV-T cells.
(Top) In AV-T.T1, 1645 was identified as the only TTTR that activated to cause a switch from
VIR-O to AV-T (Fig. 2). Introduction of T26 into 1645 forces cells to switch back to VIR-O and
restores 3-OH C12-HSL secretion, as shown by activation of the A. tumefaciens ptraG::lacZ
fusion. (Bottom) Disruption of 1959 in AV-T.T3 by T26, in which 1959 had activated the VIR-
O to AV-T switch (Fig. 2), also results in a switch back to VIR-O and restored 3-OH C1o-HSL

secretion.

Supplementary Figure 4: Passage through the VIR-O state allows TetR-type
transcriptional regulators (TTTRsS) to reset. (A, B) Introduction of 1645::T26 into AV-T.T1
caused cells to switch to the VIR-O state (Fig. S3). Colonies of these VIR-O cells were allowed
to grow and sector, and two new AV-T variants were obtained. qRT-PCR analysis showed
transcriptional activation of 2818 in the first variant (A), and 3353 in the second variant (B).

(C, D) Introduction of 1959::T26 into AV-T.T3 also caused cells to switch to the VIR-O state
(Fig. S3), and two new AV-T variants were derived from VIR-O sectors. qRT-PCR analysis
revealed that 1645 had activated in the first variant (C), and both 1645 and 2818 had activated in

the second variant (D).
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Supplementary Figure 5: Introduction of a 3353::T26 insertion in the triple mutant AV-T
A1645/A1959/2818::T26scar forces a switch back to the VIR-O state, evidenced by the

change in colony opacity and the restoration of 3-OH Ci2-HSL secretion.

Supplementary Figure 6: Analysis of inter-regulation between TTTRs by overexpression of
TTTRs in the AV-T background. Each of the four main TTTRs—1645, 1959, 2818, and
3353—were cloned into the pWH1266 Scal site, which puts inserted genes under control of the
B-lactamase promoter, leading to strong overexpression. Empty pWH1266 vector controls and
PWH1266/TTTR constructs were transformed into AV-T cells. Expression levels of all eleven
other TTTRs were then measured by qRT-PCR, comparing the overexpression strain to the
vector control strain and internal control 16S. The value shown for each overexpression strain
represents the average 222t of three biological replicates. Error bars indicated standard
deviation of the mean. This analysis showed no significant differences in TTTR expression when

one of the four main TTTRs is overexpressed as measured by multiple Mann-Whitney tests.

Supplementary Figure 7: Analysis of inter-regulation between TTTRs in single mutants of
1645, 1959, 2818, and 3353 in the AV-T background. Expression levels of TTTRs were
measured by qRT-PCR in strains of AV-T 1645::T26, AV-T 1959::T26, AV-T 2818::T26, and
AV-T 3353::T26 compared to a wild-type AV-T control strain and a 16S internal control. The
value shown for each overexpression strain represents the average 222 of two biological
replicates. Error bars indicated standard deviation of the mean. This analysis showed no
significant differences in TTTR expression when one of the four main TTTRs is overexpressed

as measured by multiple Mann-Whitney tests.
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Supplementary Figure 8: Analysis of autoregulation of 1645, 1959, and 2818. Two sets of
primers were designed to probe the region upstream of each of 1645, 1959, and 2818, between
the predicted transcriptional start site (TSS) and the coding region. The “Up A” and “Up B”
primers target two portions of the upstream region, with the “Up A” primer probing further
upstream and closer to the TSS than the “Up B” primer. These primers were used in qRT-PCR
experiments to measure expression of these upstream regions when the same TTTR was being
overexpressed in the pWH1266 construct. Autoregulation of 1959 and 2818 were both assayed in
strains of AV-T containing either a vector control or the overexpression construct, and each
value shown represents the average of three biological replicates. Autoregulation of 1645 was
assayed in both VIR-O and AV-T containing either a vector control or the overexpression
construct, and each value shown represents a single independent experiment. For 1645
experiments, the fold changes when 1645 was overexpressed are less than two, which does not
implicate autoregulation. For 1959 and 2818 experiments, multiple Mann-Whitney tests
determined no significant changes in the upstream regions of the TTTRs when the same TTTR

was overexpressed.

Supplementary Table 1: Oligonucleotides used in this study.
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Figure 1: Phenotypes associated with overexpression of 1645, 1959, and 2818.

(A) Overexpression of 1645, 1959, and 2818 in VIR-O causes cells to switch to the AV-T state.
Colonies on the left are VIR-O + pWH1266 (empty vector control). Colonies on the right contain
PWH1266 constructs overexpressing each TTTR. These constructs were used in all assays shown
in this figure. (B) Overexpression of 1645, 1959, and 2818 in VIR-O results in a reduction of
surface-associated motility. The motility for each VIR-O + pWH1266/TTTR construct was
measured on 0.3% Eiken agar plates relative to a VIR-O + pWH1266 control. Proportion of the
distance migrated by each construct relative to the vector control is shown. (C) Overexpression of
1645, 1959, and 2818 in VIR-O results in a loss of 3-OH Ci2-HSL secretion, qualitatively
measured on a soft agar lawn containing Agrobacterium tumefaciens with a ptraG::LacZ fusion
and X-Gal. (D) Strains overexpressing 1959 and 2818 in VIR-O were intranasally inoculated into
mice. At 24 hours post-infection, the lungs were harvested, homogenized, and CFU/g determined.
The CFU/g of bacteria recovered for the overexpression strains were not significantly different

from the vector control.
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Figure 2
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Figure 2: TTTR activation profiles during VIR-O to AV-T switching. Each AV-T variant
shown (AV-T Variant Lab Stock, AV-T.T1, AV-T.T3, and AV-T.T6) was derived from a unique
VIR-O sector. The TTTRs that were transcriptionally activated (“ON”) in each AV-T were
identified by qRT-PCR by comparison to the parent VIR-O and 16S internal control. In the AV-T
Variant Lab Stock, 1645, 1959, and 2818 were ON, and disruption of any one of these genes by
T26 does not alter the opacity phenotype. In AV-T.T1, only 1645 is ON, and introduction of T26
into this gene results in the inability to maintain the AV-T state and a complete switch to VIR-O.
In AV-T.T3, only 1959 is ON, and the disruption of 1959 by T26 causes a switch to VIR-O.
Controls of 1645::T26 and 2818::T26 in this strain do not change the opacity phenotype. In AV-
T.T26, 1645 and 2818 are ON, and neither the 1645::T26 and 2818::T26 insertions alone cause a

reversal to the VIR-O state. Error bars indicate standard error.
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Figure 3
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Figure 3: Analysis of VIR-O to AV-T switching frequencies in TTTR single, triple, and
guadruple mutants. Single deletions of 1959 and 2818 do not significantly affect rates of VIR-O
to AV-T switching. A triple mutant (“3KO” = VIR-O A1645/A1959/2818::T26) exhibits a 2.8-
fold decrease in switching relative to wild-type VIR-O (*, p < .05 as assessed by Mann-Whitney
test). A quadruple mutant (“4KO” = VIR-O A1645/A1959/2818::T26scar/3353::T26) shows a
1,245-fold decrease in switching relative to wild-type VIR-O (**, p = 0.0001 to 0.001 as assessed
by one-way ANOVA with Welch’s Correction). All assays represent the averages of six colonies

extracted at 24 hours of growth. Error bars indicate standard deviation of the mean.
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Supplementary Figure 1
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Supplementary Figure 1: ABUW_1645 overexpression converts other A. baumannii strains
from VIR-O to AV-T. (A) VIR-O and AV-T cells at the same ODegoo Were spotted onto a soft
agar lawn containing the Agrobacterium tumefaciens biosensor (ptraG::lacZ) and X-Gal. The
smaller blue halo around the AV-T cells demonstrates the decrease in of 3-OH C12-HSL secretion
in AV-T. (B) Overexpression of 1645 in VIR-O backgrounds of the Acinetobacter baumannii
clinical isolates AB5075, 2050, P2A, EH3, and AB0057 all demonstrate a shift from VIR-O to
AV-T. Further, all isolates exhibit a reduction or loss of 3-OH C12-HSL secretion, and all isolates

except AB0057 display decreased motility.
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HTARDLFROY GFHRVGVDRIIAESKITRATFYNYFHSKERLIEMCLTFQRDGLEREE
TA DLFRQYGF+EVGVD+IIAES+I K TFY+YFHSKER IE CL (CF+ L+E+

DTAT DLFRQY GFNEVGVDQIIAES QINRGTFYSYFHSKERFIERCLVAQRE QLQER

1645 vs 2629

HTARDLFROY GFHRVGVDRIIAESRITRATFYNYFESRERLIEMCLTFORDGLEEE
LF +GFH GVD I+ ES+I FAT YNYFHSEERLIE+C+ FQOFE LEEE

R-——-LFITHGFATTGVDLIVRESEIPRATLYNYFESRERLIEICIAFQRSLLEER

1645 vs 1912

HTARDLFROY GFHRVGVDRIIAESKITRATFYNYFESRERLIEMCLTFORDGLEEE
HTA LF YGFH GVD II E+EITFATFYNYFHSKERLIEMC+ FCQE LEEE
HIAIRLFVIYGFHTTGVDLIIREARITRATF YNYFESRERLIEMCIAFCRSLLREE

1645 vs 0939 (Pseudogene)

HIARDLFRQYGFHEVGVDRIIAESKITEATF YNYFESEERLIEMCLTFOEDGLEEE
+ A DLF GFH +GVDRI+ ES+ITEATFYNYFHSEERLIE+CL QR+ L+E+
NEAIDLFHHRGFHLIGVDRIVEESQITRATFYNYFHSEERLIEI CLMVOEERLOEQ

eleven other TetR-type transcriptional regulators in AB5075.
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Supplementary Figure 2: The DNA-binding HTH region of 1645 is highly homologous to
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Supplementary Figure 3
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Supplementary Figure 3: Phenotypes of inactivating a TTTR in the ON state in AV-T cells.
(Top) In AV-T.T1, 1645 was identified as the only TTTR that activated to cause a switch from
VIR-O to AV-T (Fig. 2). Introduction of T26 into 1645 forces cells to switch back to VIR-O and
restores 3-OH C12-HSL secretion, as shown by activation of the A. tumefaciens ptraG::lacZ fusion.
(Bottom) Disruption of 1959 in AV-T.T3 by T26, in which 1959 had activated the VIR-O to AV-

T switch (Fig. 2), also results in a switch back to VIR-O and restored 3-OH C12>-HSL secretion.
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Supplementary Figure 4
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Supplementary Figure 4: Passage through the VIR-O state allows TetR-type transcriptional
regulators (TTTRs) to reset. (A, B) Introduction of 1645::T26 into AV-T.T1 caused cells to
switch to the VIR-O state (Fig. S3). Colonies of these VIR-O cells were allowed to grow and
sector, and two new AV-T variants were obtained. gqRT-PCR analysis showed transcriptional
activation of 2818 in the first variant (A), and 3353 in the second variant (B).

(C, D) Introduction of 1959::T26 into AV-T.T3 also caused cells to switch to the VIR-O state (Fig.
S3), and two new AV-T variants were derived from VIR-O sectors. qRT-PCR analysis revealed

that 1645 had activated in the first variant (C), and both 1645 and 2818 had activated in the second

variant (D).
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Supplementary Figure 5

A1645 A1959 A1645 A1959 A1645 A1959
A1645 A1959 2818::T26scar (AV-T) 2818::T26scar 2818::T26scar (AV-T)
2818::T26scar (AV-T) +3353::T26 (AV-T) +3353::T26

Supplementary Figure 5: Introduction of a 3353::T26 insertion in the triple mutant AV-T
A1645/A1959/2818::T26scar forces a switch back to the VIR-O state, evidenced by the change

in colony opacity and the restoration of 3-OH Ci12-HSL secretion.
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Supplementary Figure 6
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Supplementary Figure 6: Analysis of inter-regulation between TTTRs by overexpression of
TTTRs in the AV-T background. Each of the four main TTTRs—1645, 1959, 2818, and 3353—
were cloned into the pWH1266 Scal site, which puts inserted genes under control of the B-
lactamase promoter, leading to strong overexpression. Empty pWH1266 vector controls and
PWH1266/TTTR constructs were transformed into AV-T cells. Expression levels of all eleven
other TTTRs were then measured by qRT-PCR, comparing the overexpression strain to the vector
control strain and internal control 16S. The value shown for each overexpression strain represents
the average 2 of three biological replicates. Error bars indicate standard deviation of the mean.
This analysis showed no significant differences in TTTR expression when one of the four main

TTTRs is overexpressed as measured by multiple Mann-Whitney tests.
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Supplementary Figure 7
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Supplementary Figure 7: Analysis of inter-regulation between TTTRs in single mutants of
1645, 1959, 2818, and 3353 in the AV-T background. Expression levels of TTTRs were
measured by gRT-PCR in strains of AV-T 1645::T26, AV-T 1959::T26, AV-T 2818::T26, and
AV-T 3353::T26 compared to a wild-type AV-T control strain and a 16S internal control. The
value shown for each overexpression strain represents the average 222t of two biological
replicates. Error bars indicate standard deviation of the mean. This analysis showed no significant
differences in TTTR expression when one of the four main TTTRs is overexpressed as measured

by multiple Mann-Whitney tests.
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Supplementary Figure 8
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Supplementary Figure 8: Analysis of autoregulation of 1645, 1959, and 2818. Two sets of
primers were designed to probe the region upstream of each of 1645, 1959, and 2818, between the
predicted transcriptional start site (TSS) and the coding region. The “Up A” and “Up B” primers
target two portions of the upstream region, with the “Up A” primer probing further upstream and
closer to the TSS than the “Up B” primer. These primers were used in qRT-PCR experiments to
measure expression of these upstream regions when the same TTTR was being overexpressed in
the pWH1266 construct. Autoregulation of 1645 was assayed in both VIR-O and AV-T containing
either a vector control or the overexpression construct, and each value shown represents a single
independent experiment. Autoregulation of 1959 and 2818 were both assayed in strains of AV-T
containing either a vector control or the overexpression construct, and each value shown represents
the average of three biological replicates. For 1645 experiments, the fold changes when 1645 was
overexpressed are less than two, which does not implicate autoregulation. For 1959 and 2818
experiments, multiple Mann-Whitney tests determined no significant changes in the upstream

regions of the TTTRs when the same TTTR was overexpressed.
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Supplementary Table 1: Oligonucleotides used in this study. BamHI sites appear in italics.

Oligonucleotide | Sequence Use
1645 Up 1 AAAAAGGATCCTACAGACCTTAAATAACGTTG Mutant
construction
1645 Up 2 TGCTCTAAATGAAGCTTCTAA Mutant
construction
1645 Down 1 ATAATACTGTCCTAGATTAAAAATAAAAGC Mutant
construction
1645 Down 2 AAAAAGGATCCTGGTCAAACTTTACGTGGT Mutant
construction
1959 Up 1 AAAAAGGATCCGGGCTACGCTATTCTATGCA Mutant
construction
1959 Up 2 AAAAGGCATAGCAAAGCCCT Mutant
construction
1959 Down 1 GGGTGAGGTGGAAATAATGA Mutant
construction
1959 Down 2 AAAAAGGATCCAGTACTGCGCTTAAACTTTCGTTA | Mutant
construction
2596 Up 1 AAAAAGGATCCACCGACCTCTTCAACAATGC Mutant
construction
2596 Up 2 CTGTCTGAGTGTTAAATCTAGAAACAC Mutant
construction
2596 Down 1 AAATGAAGCTTCTAAATTTGG Mutant
construction
2596 Down 2 AAAAAGGATCCGAGTAGCTAGTTGAGTCGATTG Mutant
construction
2818 Up 1 AGTTTTACCGTTATAAATTCTTGTTGTTTC Mutant
construction
2818 Up 2 AGCGTGCAAATTCACGGAAG Mutant
construction
2818 Down 1 TAACTGGCTTGCACCATGAC Mutant
construction
2818 Down 2 AGAGAGGAAAACTAATTAATTGCAC Mutant
construction
0222 Expl GTAGAACTCCTTTACACACAAG Overexpression
0222 Exp?2 GTATTTCTTTAATGGGGGC Overexpression
0939 Expl CATTTCATCATTTACCATTTTCATATTC Overexpression
0939 Exp2 GTAATTCAAATTTTAGGCTTTCATTC Overexpression
1163 Expl CCAGGTAAACCTAAAACTTCATC Overexpression
1163 Exp2 AACCCTAAACTTTCATTTGCAT Overexpression
1498 Expl CACTCATTTTAAGAGTGACGGC Overexpression
1498 Exp2 GCTCAATCAATTTAGTTAACCCTCA Overexpression
1645 Expl GAGTGACGGCATGTCTATCT Overexpression
1645 Exp2 CTTATAGCCATAAGTGGTAATTGAG Overexpression
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1959 Expl GCTATAACGACACAGCTTAAAA Overexpression

1959 Exp2 AGGTTAATGAAATCAGCAGG Overexpression

2596 Expl GCGTGAGCCGTGGCCTTAAA Overexpression

2596 Exp2 AAACCCGAGATAGGCGAGCAC Overexpression

2629 Expl CTACACCTTAAGAATCGTCACG Overexpression

2629 Exp2 GGTCTGCTCATCTAATAAAAATCAAG Overexpression

2818 Expl CAAAAAAAGTATCTCATTTAGAAAC Overexpression

2818 Exp2 AAGAATAAAAACCTAAAATCATATG Overexpression

3194 Expl GAAACAACAAGAATTTATAACGG Overexpression

3194 Exp?2 GAATGGATTTATTTAGTAACTATTTAATC Overexpression

322 Bam For GCAACCGCACCTGTGGCGCCG pPWH1266
sequencing

322 Bam Rev CCCATTCTGCTATTCTGTATACAC pWH1266
sequencing

16S qRT-PCR | GATCTTCGGACCTTGCGCTA gRT-PCR

1

16S qRT-PCR | GTGTCTCAGTCCCAGTGTGG gRT-PCR

2

0222 gRT-PCR | AGTGAGTGTGGTGAGTGAGC gRT-PCR

1

0222 qRT-PCR | GCGGTTTGGTAGGCATTTGG gRT-PCR

2

0939 gRT-PCR | CACCGTGGGTTCCACCTTAT gRT-PCR

1

0939 gRT-PCR | TCGACCATTGCGACTACTTGT gRT-PCR

2

1163 gRT-PCR | GCAGGAGTGCTTAAGTCATATTCG gRT-PCR

1

1163 gRT-PCR | GTTTCATCACCGTGGATTTCATCTG gRT-PCR

2

1498 gqRT-PCR | TTCGCTCATAAACTCAGGCA gRT-PCR

1

1498 gRT-PCR | CTTCGGCATATGAAACGGCT gRT-PCR

2

1645 gRT-PCR | CTCGAAGGGCTGTACCGTTT gRT-PCR

1

1645 gRT-PCR | TCTTCGAGTGTAGCTGTGGC gRT-PCR

2

1959 gqRT-PCR | TGTGGGCGTCGATAGACTTG gRT-PCR

1

1959 qRT-PCR | TGTGCTTGTGTCATGGTCGT gRT-PCR

2

2596 qRT-PCR | TATCGTGAACTTATGGTGTTTG gRT-PCR

1




183

2596 gRT-PCR | TCAACCACCACTTTATAGGC qRT-PCR

2

2629 qRT-PCR | AAGCCACGTTGTATAACTACT gRT-PCR

1

2629 qRT-PCR | TTCCTTGAGCTTATCGGTTG gRT-PCR

2

2818 gRT-PCR | GCCACTTTCTATACTCGATTGCC gRT-PCR

1

2818 gRT-PCR | CTCAAACCGTTACTGCACGC gRT-PCR

2

3194 gRT-PCR | TTACTCAAGCCGTTACTACA gRT-PCR

1

3194 gRT-PCR | GTATTCAACTGCCATACGGT gRT-PCR

2

1645 P1 TATTTATGAGTTAATGTGAGTTAAG lacZ fusion
construction

1645 P2 TAAATTTGGCATAGTTATACCGC lacZ fusion
construction

1498 P1 GTGCGCATATCTAGCCTAAG lacZ fusion
construction

1498 P2 AATCCGATGCTATGTGGAGC lacZ fusion
construction

1959 P1 GTACAGCTCCATCAGTTTAAAAATC lacZ fusion
construction

1959 P2 CATAGCAAAGCCCTAAAGACTGTG lacZ fusion
construction

2596 P1 TTTTGAAATGATCACAGGGACAAAAC lacZ fusion
construction

2596 P2 GGTTGTAAAACGTGGCTTTGGTC lacZ fusion
construction

2818 P1 GGAAGAGGTTTCTAAATTTGGCAT lacZ fusion
construction

2818 P2 TTCATGGTTTTCCATTTTTATATTT lacZ fusion
construction

lacZ CTGCAAGGCGATTAAGTTGG lacZ fusion

verification
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Abstract

Acinetobacter baumannii cell-cell signaling is mediated by production and release of N-acyl
homoserine lactones (AHLs), primarily N-(3-hydroxydodecanoyl)-I-homoserine lactone (3-
hydroxy-C12-HSL). The secretion of this signal can be readily assessed via simple plate-based or
thin-layer chromatography-based assays utilizing an Agrobacterium tumefaciens traG-

lacZ containing biosensor. In this chapter, we describe methods to assay for secreted N-acyl

homoserine lactone production in Acinetobacter baumannii.
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Introduction

Similar to other Gram-negative bacteria, Acinetobacter baumannii communicates via production
and secretion of N-acyl homoserine lactone (AHL) autoinducers utilizing a LuxI-/LuxR-type
system [1]. In this system, an autoinducer synthase produces the AHL signal, which typically
diffuses across the cell membrane, reenters the cell at high concentrations, and then binds and
activates a transcriptional regulatory protein to mediate global changes in gene expression [2].

In A. baumannii, the autoinducer synthase and transcriptional regulator proteins are termed Abal
and AbaR, respectively [1].

Secretion levels of AHL signal can be qualitatively assessed by plate-based methods that utilize
bacterial biosensor strains containing a reporter gene that is transcriptionally activated in the
presence of AHL signals. Typical reporters include luminescence (lux), B-galactosidase (lacz),
or Chromobacterium violaceum purple pigment violacein [3, 4]. Here, we demonstrate detection
of A. baumannii AHL signals using an Agrobacterium tumefaciens biosensor containing a
plasmid-localized traG-lacZ fusion (pZLR4). The host biosensor strain does not make AHL
signals, but exogenous AHL from other bacteria will bind to TraR, coactivating traG and
inducing production of B-galactosidase [4, 5]. Strains of interest can be surveyed for AHL
secretion by (a) cross-streaking the A. tumefaciens biosensor against the strain of interest on a LB
plate containing 5-bromo-4-chloro-3-indolyl-p-d-galactopyranoside (X-gal); (b) direct plating of
bacterial culture, cell-free supernatants, or patched colonies onto a soft agar lawn containing

the A. tumefaciens biosensor and X-gal; or (c) separating extracts on reversed-phase Cis thin-
layer chromatography plates and overlaying the dried plates with a soft agar lawn containing

the A. tumefaciens biosensor.
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Materials

Prepare all solutions with distilled water prior to daily use. Store reagents at room temperature

unless otherwise indicated.

1.

N

Media: Luria broth (LB)—10 g tryptone, 5 g yeast extract, 5 g sodium chloride per liter.
Soft agar. Luria broth containing 0.7% agar.

Gentamicin stock solution 20 mg/mL in water.

Petri dishes and tubes for bacterial culture.

X-gal (5-bromo-4-chloro-3-indolyl-B-d-galactopyranoside) solution at 20 pg/mL. Store at
—20 °C.

Reversed-phase C-18 thin-layer chromatography (TLC) plates.

Glass chromatography chamber for developing TLC plates.

60% methanol.
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Methods
3.1. Cross-Streak Assay

1. Inoculate 2 mL LB containing gentamicin 30 pg/mL with the Agrobacterium
tumefaciens biosensor strain. Grow overnight at 28 °C, stationary (see Note 1).

2. Prepare a LB agar plate (15 g agar/L) with 80 uL of 20 ug/mL X-gal per 20 mL (see Note
2). Dry the plate inverted with the top off at 37 °C for at least 1 h.

3. While holding the plate at an angle, add 30 uL of the A. tumefaciens biosensor strain
(ODsoo = 0.2) and allow the culture to run down the surface of the plate to form a line of
cells. Streak a loop of A. baumannii strain to be tested for AHL production next to the
biosensor strain. Alternatively, spot 5 pL of the culture to be tested for signal production
adjacent to the biosensor strain and allow the spot to soak into the agar.

4. Incubate plates at 28 °C for 12 h or until a blue color develops in the biosensor strain.

Blue pigmentation of the A. tumefaciens biosensor near the strain(s) of interest indicates

production of the AHL signal (Fig. 1).

3.2. Soft Agar Assay
1. Inoculate 2 mL LB containing gentamicin (30 pg/mL) with the Agrobacterium
tumefaciens biosensor strain. Grow overnight at 28 °C, stationary (see Note 1).
2. Prepare LB soft agar (0.7 g agar/L). Cool to 45 °C and add 80 pL of 20 pg/mL X-gal per
20 mL melted agar and 250 pL of the A. tumefaciens culture (OD Agoo = 0.2) per 20 mL
melted agar. Mix and pour plate immediately (see Notes 2 and 3).

3. Allow plate to set and then dry inverted at 37 °C for 3045 min.
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4. Plate or patch bacterial cultures, colonies, or supernatants as desired. Incubate plates at 28
°C. Strains of interest that are positive for AHL secretion will produce a blue halo (Fig.

2).

3.3 Thin-Layer Chromatography (TLC) Assay

1. Spot samples to be tested on a reversed-phase Cig TLC plate. Spots should be
approximately 2—-3 cm from the bottom of the TLC plate.

2. Allow spots to dry completely.

3. Incubate the TLC plate in a glass chamber with 50 mL of 60% methanol and allow the
solvent to completely ascend to the top of the plate.

4. Allow the plate to sit at room temperature for 60 min in a fume hood to allow the
methanol to evaporate.

5. Seal all four sides of the TLC plate with tape in a manner that creates a lip of at least 1/2

in. on all sides. Laboratory tape works well for this (Fig. 3A).

6. Prepare 50 mL of LB soft agar (0.7 g agar/L). Cool to 45 °C and add 160 pL of 20 pg/mL
X-gal and 400 uL of the A. tumefaciens culture. Mix and immediately pour the agar
solution over the TLC plate to completely cover the surface. Allow the agar to solidify

for 30 min (see Note 4).

7. Remove the tape border and place the TLC plate on top of an 8 in. x 8 in. glass Pyrex
dish that contains 100 mL of water in the bottom, Fig. 3B (see Note 5). Cover the plate
with an identical 8 in. x 8 in. glass Pyrex dish (Fig. 3C). Seal the two dishes by using
Saran wrap. Place the sealed Pyrex dishes in a 28 °C incubator and incubate for 24-48 h

until blue spots appear indicating activation of the biosensor.
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8. Air-dry the TLC plate until the soft agar lawn has become completely dehydrated. This

can be done at room temperature or in a 37 °C incubator (see Note 6).

Notes

1. The A. tumefaciens with pZLR4 should be grown at 28 °C as the replication of this

plasmid is temperature sensitive.

2. The concentration of X-gal can be adjusted to suit experimental needs.

3. The volume of A. tumefaciens culture added varies by culture density. The indicated
volume of 250 pL per 20 mL agar is based on a culture at an ODgoo Of at least 0.2. It is
generally better to err on the side of using a higher concentration as too low concentration
will result in a sparse lawn with poor halo visualization. Troubleshooting the volume of
culture needed may be required to suit experimental needs.

4. When the soft agar is added to the TLC plate, it is not necessary to have it at an even
thickness in all areas of the plate. Once the plate is done incubating and the agar overlay
is dried, all changes in thickness will even out and be invisible.

5. This will allow the soft agar overlay to remain hydrated within the chamber created by
the sealed Pyrex dishes.

6. When drying the soft agar lawn on the TLC plate, be aware that the dried agar/TLC

matrix can sometime crack and curl up. Photograph the plates immediately after drying.
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Figure Legends

Figure 1: Cross-streak of Agrobacterium tumefaciens indicator strain and Acinetobacter
baumannii. A. baumannii (horizontal line, top of plate) was streaked perpendicular to the A.
tumefaciens biosensor (vertical line). Blue pigmentation of the biosensor strain near the point of
intersection to A. baumannii indicates production, secretion, and diffusion of AHL through the

medium.

Figure 2: Detection of AHL secretion on a soft agar lawn containing Agrobacterium
tumefaciens biosensor strain. Colonies of an A. baumannii wild-type control (right) and an AHL-
deficient mutant (left) were patched onto a soft agar lawn of A. tumefaciens traG-lacZ biosensor
and X-gal. The plate was incubated for 24 h at 28 °C. The blue halo surrounding the wild-type A.
baumannii patch indicates production, secretion, and diffusion of AHL through the medium, where

it results in activation of the traG-lacZ fusion in the biosensor strain.

Figure 3: Methods for incubating TLC plates with a soft agar overlay. This figure
demonstrates how an enclosure can be generated with glass Pyrex dishes that can be used to
incubate TLC plates in an incubator. Panel A demonstrates how tape can be used to create an agar
enclosure for the TLC plate. Panels B and C demonstrate the use of Pyrex dishes to create a

humidified enclosure.
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Figure 1

Wild-type A. baumannii

A. tumefaciens traG-lacZ

Figure 1: Cross-streak of Agrobacterium tumefaciens indicator strain and Acinetobacter
baumannii. A. baumannii (horizontal line, top of plate) was streaked perpendicular to the A.
tumefaciens biosensor (vertical line). Blue pigmentation of the biosensor strain near the point of
intersection to A. baumannii indicates production, secretion, and diffusion of AHL through the

medium.



195

Figure 2

abal::Tc Wild-type

Figure 2: Detection of AHL secretion on a soft agar lawn containing Agrobacterium

tumefaciens biosensor strain. Colonies of an A. baumannii wild-type control (right) and an AHL-
deficient mutant (left) were patched onto a soft agar lawn of A. tumefaciens traG-lacZ biosensor
and X-gal. The plate was incubated for 24 h at 28 °C. The blue halo surrounding the wild-type A.
baumannii patch indicates production, secretion, and diffusion of AHL through the medium, where

it results in activation of the traG-lacZ fusion in the biosensor strain.
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Figure 3

B.

Figure 3: Methods for incubating TLC plates with a soft agar overlay. This figure

demonstrates how an enclosure can be generated with glass Pyrex dishes that can be used to
incubate TLC plates in an incubator. Panel A demonstrates how tape can be used to create an agar
enclosure for the TLC plate. Panels B and C demonstrate the use of Pyrex dishes to create a

humidified enclosure.
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Chapter 6: Discussion

The discovery of bistable opacity-virulence states in Acinetobacter baumannii presents an
unprecedented opportunity for the development of future treatments of this notoriously
antimicrobial resistant nosocomial pathogen. Given the somewhat discouraging state of antibiotic
drug development [1-5] and the prevalence of A. baumannii strains that are multidrug resistant [6],
exploration of alternative methods of treatment is imperative. The existence of an avirulent
translucent (AV-T) state, to which virulent opaque (VIR-O) cells may readily switch, represents
an exploitable vulnerability in A. baumannii that went undetected until only recently [7].
Importantly, our previous publications demonstrate that many clinical isolates, not solely AB5075,
possess the ability to switch between the VIR-O and AV-T states [7, 8], indicating that clinical
interventions which target the switch are likely to have broad applicability. While a number of
other bacterial species exhibit colony opacity variation, reviewed in Chapter 1, the method by
which A. baumannii regulates colony opacity does not overlap with any other known systems.
Therefore, the characterization of the genetic mechanisms that control the phenotypic switch is a
high priority.

This body of work introduces two hitherto unknown regulatory pathways that influence the
VIR-O to AV-T switch and adds greatly to the understanding of a previously known pathway
involving the TetR-type transcriptional regulator (TTTR) ABUW_1645 [8]. In Chapter 2, we
reveal a role for the stringent response regulator RelA in the phenotypic switch, as deletion of relA
locks cells into the VIR-O state [9]. We further discovered that RelA represses the LysR-type
transcriptional regulator ABUW 1132 (1132), whose deletion results in a 16-fold decrease in VIR-
O to AV-T switching as shown in Chapter 3 [9, 10]. Finally, Chapter 4 entails the discovery and

characterization of a novel regulatory system comprised of a family of at least twelve functionally
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redundant TTTRs that appears to constitute the primary pathway that drives the VIR-O to AV-T
switch. Importantly, we were able to identify four TTTRs among these that are most crucial to the
switch: ABUW_1645 (1645), ABUW_1959 (1959), ABUW 2818 (2818), and ABUW_3353 (3353),
as indicated by the near total loss of switching in the VIR-O quadruple mutant.

In addition, this research has increased our knowledge of A. baumannii biology as a whole.
The genetic pathways that regulate quorum sensing and surface-associated motility are not clearly
defined in Acinetobacter. Therefore, our findings that RelA and 1132 act as key regulators of both
processes provide new insight into these complex systems. In particular, the discovery that RelA
represses the Abal-AbaR quorum sensing system through repression of 1132 is a key finding that
will likely be of value in completing our understanding of both the stringent response and quorum
sensing in Acinetobacter species [9]. It is important to note that the impact of these regulators upon
the quorum sensing and motility phenotypes is not due to their simultaneous influence on the
opacity-virulence switch. Although both of these phenotypes differ between wild-type VIR-O and
AV-T cells, the expression of abal is equal between the opacity variants, indicating that a different
mechanism is responsible for the increase in quorum sensing signal (3-OH Ci2-homoserine
lactone; “AHL”) secretion and motility seen in VIR-O [7, 8].

This research has also challenged our previously held notion that cells exhibiting a
translucent colony appearance are reliably and unequivocally avirulent. As shown in Chapter 3,
the deletion of 1132 resulted in “AV-T” variants with increased capsular polysaccharide, a known
virulence factor which has been shown in other studies to promote resistances to desiccation, host
antimicrobials, and surface disinfectants [8, 10-14]. While these resistances were not tested in the
AV-T A1132 mutant, we demonstrated moderately increased virulence of this mutant in both

Galleria mellonella and mouse lung models of infection [10]. Furthermore, findings in Chapter 4
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revealed that although overexpression of the TTTRs 1959 and 2818 in the VIR-O background
drives a switch to cells having a translucent colony appearance, these cells are recovered at equal
CFU/g counts compared with VIR-O vector controls in a mouse lung model. This is a stark contrast
to the greater than 10,000-fold reduction in CFU observed when the TTTR 1645 was

overexpressed in the same conditions [8].

1645 OFF £
e

. tT '?' 4 \
) Activation

2818 OFF
——
3353 OFF

Figure 1: A model for VIR-O to AV-T to VIR-O switching as directed by the stochastic

activation and subsequent deactivation of TTTRs.

These findings allow us to construct a model in which the fundamental mechanism for the
VIR-O to AV-T switch is the stochastic activation of 1645 and/or at least one other TTTR with
homology to the DNA-binding HTH region of 1645 (Fig. 1), with a preference for 1645, 1959,
2818, and 3353. The subsequent deactivation of the TTTR(S) is responsible for the return to the
VIR-O state. We hypothesize that other regulatory elements that have been identified in previous
publications, ongoing research, and the research presented in this dissertation operate peripherally

to the central TTTR pathway. These peripheral entities may function in a variety of ways, such as
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to moderate TTTR transcription, to provide necessary ligands for the TTTRs, or to stabilize TTTR
transcripts or proteins. It is further possible that they may carry out one of these roles for the genes
(or gene products) that are regulated by the TTTRs.

This work has generated a number of interesting questions for further exploration. First,
the relationships between RelA, 1132, and the Abal-AbaR quorum sensing system are not totally
clear. Our research would benefit from an analysis of whether RelA directly represses 1132 or if
this effect occurs via downstream transcriptional changes brought about by RelA. Further
experiments could consider whether 1132 helps to bring about desired changes during the stringent
response, which may be possible to assess by measuring 1132 transcripts in cells under protein
starvation conditions. As noted in Chapter 3, a portion of 1132’s regulon includes ribosomal
proteins, RNA polymerase, and transcriptional initiation and elongation factors, all of which would
be expected to be downregulated during the stringent response.

Intriguingly, deletion of relA in the AV-T background did not result in the hyper-motile
phenotype observed for VIR-O ArelA [9]. Wild-type AV-T cells overexpressing 1132 from the
p1132 construct described in Chapter 2 exhibit 3.2-fold increased motility relative to vector
controls (unpublished data). For comparison, wild-type VIR-O with p1132 exhibit a 3.8-fold
increase in motility (Chapter 2). This observation implies that 1132 may only become
overexpressed in the VIR-O ArelA, which would suggest that RelA’s repression of 1132 is limited
to the VIR-O state. Should a gRT-PCR analysis of AV-T ArelA reveal similar levels of 1132
expression as VIR-O ArelA, it may be the case that the AV-T ArelA cells lack the conditions or
necessary ligands for 1132 to activate the quorum sensing genes and the downstream acinetin-505

operon.
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Additional experiments could be carried out to determine whether the abal and abaR loci
are directly regulated by 1132. As discussed in Chapter 2 and 3, we only saw transcriptional
changes in abal and abaR when 1132 was overexpressed, and abaR was only downregulated 1.5-
fold when 1132 was deleted. This contrast may indicate that 1132’s relationship with the quorum
sensing genes, particularly abal, is indirect. One hypothesis that could be considered is whether
1132 mediates a change in the permeability of the membrane to AHL, such that when 1132 is
overexpressed, the membrane is highly permeable to AHL. In such a scenario, cells would reach
a quorum more quickly, and abal transcripts would increase due to activation by AbaR-AHL, a
positive feedback loop that has been verified in A. nosocomialis strain M2 [15].

Other future directions entail the clarification of the roles of each of RelA, 1132, and the
TTTRs in the phenotypic switch. As previously stated, we consider the TTTR pathway to be
central to the switch and the likely mechanism for switching in wild-type cells. This claim is based
on the observation that the TTTRs 1645, 1959, and 2818 are among the most highly
transcriptionally upregulated genes in AV-T relative to VIR-O ([8] and Chapter 4). Moreover,
overexpression of 1645 forces a switch to AV-T in nearly all switching-deficient mutant
backgrounds that have been discovered to date, including VIR-O ArelA and VIR-O A1132
(unpublished data). We therefore have questioned whether the loss of switching seen when either
relA or 1132 is deleted is due to a change in the expression of the TTTRs. qRT-PCR analysis of
these strains indicated that neither mutation affects TTTR transcription in a biologically
meaningful way. Future experiments could utilize Western blotting to determine whether TTTR
protein levels are diminished in either of these mutants. Alternatively, loss of either relA or 1132
may impair the unknown process that catalyzes the stochastic activation of the TTTRs or may

hamper the activity of a downstream target of the TTTRs. In the case of VIR-O ArelA in particular,
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the dysregulation of the stringent response may simply preclude active VIR-O to AV-T switching
due to the pleiotropy of this mutation.

The TTTRs are themselves global regulators, as seen by the number of phenotypes they
influence including colony opacity, AHL secretion, motility, and potentially virulence. As further
evidence, RNA sequencing of VIR-O overexpressing 1645 revealed 335 differentially regulated
genes (p < 0.05, fold-change > 2.0). Due to the homology of the HTH regions of the TTTRs
involved in switching, it is probable that each TTTR has a large regulon. Indeed, this is currently
under investigation as we have recently carried out RNA sequencing for VIR-O overexpressing
each of 1959 and 2818, and analysis is under way. We expect to discover many common targets
as well as elucidate key differences between these TTTRs, which may aid in the understanding of
the evolutionary benefit to the possession of at least a dozen functionally redundant regulators.
These data may further indicate genes that are key to the avirulent phenotype of the true AV-T
state, as the overexpression of 1959 or 2818 in VIR-O both caused a shift to a translucent colony
morphotype without the reversal of virulence (see Chapter 4).

Finally, the most important future direction for this work is to determine the mechanism
that regulates the TTTRs, and thereby the switch from VIR-O to AV-T. Such a mechanism should
meet the criteria of functioning in a bistable and stochastic manner as well as preferentially
targeting one of the most commonly used TTTRs. The most promising candidate for this role at
this time is the transcriptional termination factor Rho. Briefly, Rho is an ATP-dependent RNA
helicase-translocase that targets selected nascent mRNA transcripts and uncouples RNA
polymerase from the DNA [16]. Rho has been implicated as a beneficial generator of noise in
stochastic systems, whereby it promotes phenotypic heterogeneity and “bet-hedging” strategies

[17]. Preliminary studies indicate that Rho terminates transcription in a long leader region of one
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or more of the TTTRs during the VIR-O state, but this termination is prevented in VIR-O cells that
switch to the AV-T state. Initial experiments also indicate interaction between Rho and 1645
transcripts (M Pérez-Varela, unpublished data). However, it is also clear that Rho does not function
alone in controlling the phenotypic switch, as Rho is not differentially expressed between the two
variants, although post-translational modifications may differ between variants [8]. Additional
assays will be necessary to identify gene products that regulate the TTTRs and potentially act
antagonistically to Rho.

In conclusion, our work has resulted in the identification and characterization of important
genetic elements that regulate a novel phenotypic switch impacting several clinically relevant A.
baumannii phenotypes, including virulence. The discovery of the TTTRs homologous to 1645 and
the manner by which they orchestrate the switch constitutes a completely unique system of
regulation. We further identified RelA and the LysR-transcriptional regulator 1132 as key
contributors to wild-type levels of switching, and also revealed a link between the stringent
response, quorum sensing, and motility. Overall, this research has significantly advanced our
understanding of A. baumannii’s opacity-virulence switch, which will likely be crucial knowledge

in the search for new treatments to counter the prevalence of multi-drug resistance in this pathogen.
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Abstract

Two-component regulatory systems (TCSs) are a major mechanism by which bacteria sense and
respond to changes in their environment. TCSs typically consist of two proteins that bring about
major regulation of the cell genome through coordinated action mediated by phosphorylation.
Environmental conditions that activate TCSs are numerous and diverse and include exposure to
antibiotics as well as conditions inside a host. The resulting regulatory action often involves
activation of antibiotic defenses and changes to cell physiology that increase antibiotic
resistance. Examples of resistance mechanisms enacted by TCSs contained in this review span
those found in both Gram-negative and Gram-positive species and include cell surface
modifications, changes in cell permeability, increased biofilm formation, and upregulation of

antibiotic-degrading enzymes.
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Executive summary

o Bacteria utilize coupled sensory-response proteins known as two-component systems
(TCSs) to sense environmental changes, including exposure to antibiotics and conditions
inside a host, and to respond with activation of genes that increase antibiotic resistance.

e TCSs are ubiquitous in bacteria and can initiate a variety of antibiotic resistance
mechanisms, including modification of the cell surface, increased efflux, decreased
influx, biofilm formation and upregulation of antibiotic-degrading enzymes.

o The importance of TCSs to antibiotic resistance, in addition to their role in regulating

virulence, has led to the current focus in drug discovery for TCS inhibitors.

The escalating issue of antibiotic resistance
Since the introduction of penicillin in 1942, antibiotics have been nothing short of miracle drugs,
prolonging life through treatment of previously lethal infections and permitting advances in
healthcare through surgery. However, within 2 years of clinical implementation of penicillin,
healthcare workers were already beginning to see a loss of drug efficacy due to bacterial resistance.
Now, over 70 years later, a post-antibiotic era is either here or uncomfortably close. Measures must
be taken to institute better stewardship of current drugs to dedicate funding to research of new
drugs as well as to research the mechanisms of antibiotic resistance. This last point may seem
comparatively trivial or too little, too late, but an understanding of how bacteria evade antibiotics
is crucial to the success of both the former measures.

The intent of this review is to introduce the primary mechanisms by which bacteria activate
antibiotic resistance via two-component regulatory systems (TCSs). TCSs are ubiquitous in

bacteria and crucial to the maintenance of homeostasis, allowing bacteria to sense changes in their
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environment and respond accordingly. While the primary purpose of many TCSs is to initiate
responses to simple criteria such as environmental changes in nutritional availability and
osmolarity, others directly respond to the presence of antibiotics or conditions induced by them.
In many cases the identity of the signal is not known, and even TCSs that do not directly sense
antibiotics may respond to conditions that overlap with those found inside hosts or may indirectly
lead to an increased antibiotic-resistant state. Consequently, TCSs are major players in the realm
of infectious disease caused by pathogenic bacteria, and so much so that recent years have seen an

increase in research of identifying drugs that target TCSs [1-21].

Fundamentals of bacterial two-component signal transduction

Prototypical bacterial TCSs consist of a pair of proteins: a sensor histidine kinase (HK) and a
response regulator (RR) (Figure 1). The HK constitutes a homodimeric integral membrane protein
with an N-terminal domain containing a receptor that faces the extracellular or periplasmic space
and a C-terminal kinase domain located in the cytosol. These domains are connected by a series
of transmembrane helices, the number of which vary from system to system. The variable HK N-
terminal domain senses environmental changes via binding of an extracellular ligand or through
other conformational changes, which triggers autophosphorylation of a conserved C-terminal
histidine residue through adenosine triphosphate hydrolysis. The histidine-bound phosphate is
transferred to an aspartate residue in the conserved N-terminal domain of the RR, a homodimeric
protein located in the cytosol, which activates the RR’s variable C-terminal output domain,
allowing it to regulate genomic expression via targeting of DNA. Through this flow of information
through phosphorylation, bacteria are able to effectively sense changes in their surroundings

(nutrition, pH, osmotic pressure, antibiotics, etc.) and orchestrate their genetic expression in a way
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that permits a rapid, cohesive reaction to a dynamic environment [22-26]. Furthermore, the
variable natures of the input domain of the HK and the output domain of the RR can allow
adaptation to recognize new signaling molecules and/or regulate different genetic foci.

The number and organization of proteins comprising a TCS can vary from the archetypal
arrangement described above. For example, certain systems utilize an intramembrane-sensing HK
(IM-HK), which is significantly smaller than an average HK and does not extend into the
extracellular or periplasmic space (Figure 1). The IM-HKs were originally predicted to detect
stimuli within or at the surface of the membrane [27,28], but more recent studies indicated that
these minimalistic HKs do not carry out sensory functions independently and instead recruit
additional proteins that detect membrane stimuli [29-31]. Additionally, despite the name of ‘two-
component system’, the domains that compose the HK and RR may exist on multiple separate
proteins, forming a phosphorelay. In particular, it is not uncommon for an independent protein to
provide the histidine-containing phosphotransfer (HPt) domain that transfers a phosphate to the
RR aspartate [32,33]. Finally, an additional gene product may be required for proper functioning
of the HK [34] or act as a second RR [35], forming a ‘three-component system’.

A subset of sensor kinases autophosphorylate on a serine or threonine residue, which is
similar to signal transduction in eukaryotic cells and has resulted in their being termed eukaryotic-
like Ser/Thr kinases (eSTKSs). The eSTKs bring about cellular changes by different mechanisms
than TCSs, and therefore are not considered to be substitutes of HKs in TCSs. However,
interactions in signaling between eSTKs and TCSs can occur [36]. As the purpose of this review
is to consider antibiotic resistance controlled specifically by TCSs, eSTKs will not be discussed

further.
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Mechanisms of TCS-induced antibiotic resistance

In many cases, TCSs respond directly to the presence of antibiotics to bring about a resistant
phenotype. In other cases, TCS-enacted global regulation in response to general environmental
stressors or changes results in physiological changes that indirectly render the bacteria more
resistant to antibiotics. While the types of environmental signals are highly variable, the resulting
mechanisms of antibiotic resistance brought about by TCSs will be divided into four categories for
the purposes of this review: modification of the cell surface, decreased drug influx or increased
drug efflux, upregulation of antibiotic-degrading enzymes and alternative forms of antibiotic
resistance, including biofilm production and stress response-induced antibiotic resistance. The
following sections will highlight the best characterized TCSs per category of resistance
mechanism. Additional TCSs and those that affect antibiotic resistance through an undetermined

mechanism can be found in Table 1.

Modification of cell surfaces

Different classes of antibiotics work through a variety of mechanisms that cause bacterial lysis or
stasis. However, all antibiotics must first interact with the outermost portion of the cell. In Gram-
negative bacteria, this is the outer membrane (OM), and in Gram-positive bacteria, it is the cell
wall composed of peptidoglycan. Many antibiotics directly target the OM, peptidoglycan or their

biogenesis as their destabilization is lethal to cells [222].

Gram-neqative bacteria

Strongly positively charged antibiotics such as polymyxin B, colistin, aminoglycosides, as well as

host cationic antimicrobial peptides (CAMPs) take advantage of the net negative charge of the OM
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in Gram-negative cells. Polymyxin B, colistin and host CAMPs utilize a self-promoted uptake
system in which they interact with the OM to form neutral patches that lead to membrane breakage,
thereby permitting drug or peptide passage to the periplasm. Here, the amphipathic portion of the
cationic molecules insert into the cytoplasmic membrane to form pores, leading to the breakdown
of the membrane and cell death. It is also possible for this insertion to occur at the OM [223,224].
Aminoglycosides use the difference in charge to cross the membrane and reach their target — the
bacterial ribosome [225-227]. The anionic nature of the OM is due to the prevalence of
lipopolysaccharide, which contains a negatively charged lipid A moiety. Bacteria can reverse this
state by covalent modification of the lipid A through which the OM becomes positively charged,
resulting in decreased or abolished antibiotic action. The three most common modifications to lipid
A are the addition of 4-aminoarabinose (4AA), phosphoethanolamine (PEtN) or palmitic acid, the
latter of which reduces membrane fluidity but does not affect charge [151,152].

TCSs play a major role in OM lipid A modification, and the two of the best known and
most well-characterized TCSs, PhoPQ and PmrAB are found in many Gram-negative bacterial
species including but not limited to: Salmonella enterica, Enterobacter cloacae, Pseudomonas
aeruginosa, Klebsiella pneumoniae, and Yersinia pestis [151-170]. PhoQ is a HK located in the
inner membrane (IM) which activates in response to low concentrations of Mg?* or to the presence
of polycationic peptides. The SK PhoQ then activates the RR PhoP, which can bring about
modifications to the OM via genetic regulation. The path leading to lipid A modification differs
from species to species. In S. enterica, PhoP can further activate pmrAB, which can lead to PEtN
and 4AA modifications to lipid A by activation of the pmrCAB and arnBCADTEF-pmrE operons,
respectively [38,164,173,228-232]. In P. aeruginosa, the arnBCADTEF-pmrE operon can be

directly induced by PhoP or else via the PmrAB TCS [154]. Furthermore, PmrAB is capable of
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activating independently of PhoPQ through sensing of low pH or high Fe®" levels
[39,163,171,231], and a recent study of clinical isolates of Acinetobacter baumannii, a multidrug
resistant Gram-negative nosocomial pathogen, found mutations in PmrAB could invoke up to a
30-fold increase in transcription of pmrC, which encodes the lipid A phosphoethanolamine
transferase [233]. Finally, PhoP can also activate pagB, a gene encoding a palmitoyltransferase
which modifies lipid A by addition of a palmitic acid [158].

Two additional TCSs inP. aeruginosa, ParRS and CprRS can activate
the arnBCADTEF operon, which regulates 4-AA maodification of lipid A in response to the
detection of subinhibitory concentrations of polymyxins and colistin [83-87,147]. A recent study
further demonstrated the critical need to understand these systems, as the researchers found that 4-
AA lipid A modifications are a prerequisite to the evolution of colistin resistance inP.
aeruginosa [234].

Finally, in several Gram-negative organisms, including E. coli and Salmonella species, the
Rcs TCS, also known as the Rcs phosphorelay, regulates expression of ugd, which is essential to
the production and incorporation of 4-AA into the lipopolysaccharide [158,174-184]. Further,
in E. coli the Rcs TCS has been shown to increase PagP expression in mature biofilms, leading to
increased lipid A palmitoylation and consequently enhanced resistance to treatment with positively

charged antibiotics [184,235].

Gram-positive bacteria

The peptidoglycan of bacterial cell walls is formed by alternating sugar residues N-
acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), polymers of which are linked

together by cross-linked peptide side chains bound to NAM. During cell wall biosynthesis, the
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peptide side chains begin as pentapeptides bound to a Lipid Il precursor molecule, and in many
species the pentapeptide contains a terminal D-Ala moiety. The cross-linkage of peptide side
chains on opposite strands of the NAM-NAG polymer is catalyzed by a transpeptidase enzyme
that recognizes the D-Ala signature. The transpeptidase cleaves the distal D-Ala from each side
chain being cross-linked and forms a bond between the two side chains.

Both the glycopeptide and B-lactam classes of antibiotics attempt to shut down cell wall
synthesis by preventing the final cross-linking step of peptidoglycan synthesis. In the case of
glycopeptides, such as vancomycin, inhibition is accomplished by binding of the drug to the D-
Ala peptides, which simultaneously blocks polymerization of Lipid Il through transglycosylation
as well as the transpeptidase action [236]. B-lactams, such as penicillin, mimic the D-Ala-D-Ala
moiety and bind to the active site of the transpeptidase enzyme, impeding it from binding its true
substrate. For this reason, transpeptidase enzymes that cross-link peptidoglycan are called
penicillin binding proteins (PBPs) [237].

The TCSs in many bacterial species can sense antimicrobials or antimicrobial-induced cell
wall damage and initiate a response. Vancomycin-resistant Enterococcus and vancomycin-
resistant Staphylococcus aureus and several Streptomyces species utilize a chromosomal or
plasmid encoded VanSR TCS to counteract vancomycin. The VanS, the HK, is located in the
plasma membrane and autophosphorylates on exposure to vancomycin. Subsequent activation of
the RR VanR results in the activation of several genes — vanA/B, vanH, vanX and vanY — whose
products collectively negate vancomycin’s mechanism of action. The VanA/B ligates D-Lac to D-
Ala, lowering the concentration of D-Ala pentapeptides targetable by vancomycin. The VanH

reduces pyruvate to D-Lac, further supporting the action of VanA/B. The VanX and VanY work
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together to deplete the cell of the normal peptidoglycan precursors displaying the D-Ala moiety
required for vancomycin recognition [199-204].

In addition to VanSR defenses, S. aureus encodes VraSR and GraRS, both of which
prevent antibiotic targeting of cell surfaces. The VraSR acts to mitigate antibiotic degradation of
the cell wall specifically during the early and late stages of peptidoglycan synthesis. The system
is induced by the action of B-lactams or glycopeptides, increasing resistance to vancomycin,
daptomycin and oxacillin [60,211-216]. The VraSR has also been shown to increase expression
of PBP2, which plays a role in methicillin and vancomycin resistance [217]. The GraRS, also
known as the APS system (antimicrobial peptide sensing), reverses the surface bacterial charge
via D-alanylation of teichoic acids to repel positively charged antibiotics and host cAMPs
[129,130,238,239].

Enterococcus faecalis and Enterococcus faecium utilize the CroRS TCS to resist 3-lactam
antibiotics including ampicillin and cephalosporins. In this case the CroS HK activates in response
to antimicrobial-induced cell wall damage, and in response, CroR upregulates PBP5, an alternative
PBP which can still carry out transpeptidase activity while having a low-binding affinity for p-
lactams [100-106].

Several Streptococcus species including S. pneumoniae, S. mutans, S. agalactiae (group
B Streptococcus) utilize LiaSR to respond to cell-envelope stressors such as vancomycin,
bacitracin and polymyxin B, resulting in activation of genes involved in cell wall maintenance

[34,71,133-136].
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TCS regulation of drug influx & efflux

Bacteria regulate entry and exit of many molecules via the expression of porins and efflux pumps.
Porins, also called outer membrane proteins (OMPs), are B-barrel proteins embedded in the OM
of Gram-negative bacteria that allow passive diffusion of molecules. Hydrophilic antibiotics such
as B-lactams, aminoglycosides and fluoroquinolones can enter cells via porins, and therefore,
downregulation of porins can reduce permeation and decrease susceptibility to a wide variety of
antibiotics [240-244].

Efflux pumps are active transport proteins essential to bacterial homeostasis through
expulsion of toxic substances and are found in all types of bacteria. Naturally, bacteria also use
them to expel antibiotics, and many drug resistances arise from increased expression or activity of
efflux pumps [242,243,245]. Some types of pumps transport a wide variety of structurally
dissimilar compounds, and it is these that give rise to multiple drug resistances (MDR) and are
therefore termed MDR efflux pumps. Increased expression of efflux pumps is often a first step to
high levels of resistance as it allows the bacteria to cope with low to intermediate levels of an
antibiotic, thereby giving it a chance to gain additional mutations [246]. It is therefore unsurprising
that there are many instances of TCS-mediated upregulation of efflux pumps found across many
species of MDR bacteria. Here, we will consider a few examples to appreciate the prevalence and

diversity of these resistance mechanisms.

Gram-neqative bacteria

One of the best known TCSs in Gram-negatives is the EnvZ/OmpR, which is found in a wide
variety of species including E. coli, A. baumannii, Yersinia species and S. enterica among others

[89,90,108-121]. EnvZ is a HK that primarily senses osmolarity changes and modulates the RR
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OmpR to regulate expression levels of the OM porins OmpC and OmpF according to levels of
certain chemicals in the environment. Reduced expression levels of these OMPs has been seen to
upregulate resistance to P-lactams inE. coliandS. enterica Typhimurium [38,89,90,108—
110,112], and furthermore, OmpR has been seen to act in additional regulatory pathways
in Yersinia, activating the AcrAB-TolC MDR efflux pump [122].

In P. aeruginosa, the TCSs CzcRS and CopRS respond to the presence of metals in the
environment. The HK CzcS senses zinc, cobalt, cadmium and copper, while the CopS HK senses
copper. Both RRs, CzcR and CopR, repress expression of the OrpD porin. As a result, carbapenem
antibiotics, a subclass of B-lactams used to treat highly problematic MDR infections, can no longer
access their target PBPs due to the lack of an entry route [81,82,107]. Another P.
aeruginosa sensor kinase SagS, a TCS hybrid, activates the RR BIrR via cyclic-di-GMP to turn on
MDR ABC transporters [190-197]. Additionally, the AmgRS TCS responds to membrane stress
and damage induced by aminoglycosides by upregulating the mexAB-oprM MDR efflux pump
[45].

Similarly, K. pneumoniae encodes two TCSs, CpxAR and PhoBR, that repress the KpnO
porin, decreasing susceptibility to several antibiotics including chloramphenicol, amikacin,
nalidixic acid, and tetracycline. Both TCSs activate due to OM stress [91,150]. Furthermore,
CpxAR simultaneously upregulates three MDR RND-family efflux pumps in response to OM
stress in K. pneumoniae [91]. A CpxAR homolog in E. coli acts identically, repressing expression
of the porins OmpF and OmpC [92,93] and simultaneously activating the mar operon which
increases expression of the MDR pump AcrAB-TolC [122].

A. baumannii has at least two TCSs that upregulate MDR efflux pumps. The first, AdeRS,

activates the AdeABC MDR pump, and the second, BaeSR, also activates AdeABC as well as two
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other pumps: AdelJK and MacAB-TolC [38-44,49]. In E. coli, BaeSR acts similarly, activating
the mdtABCD gene cluster encoding a multidrug transporter [50,51]. Finally, BaeSR acts in S.
enterica Typhimurium to upregulate two OMPSs, resulting in increased resistance to ceftriaxone
[52].

In Stenotrophomonas maltophilia, a nosocomial pathogen, the TCS PhoPQ not only
contributes to polymyxin resistance through lipid A modification, but also causes resistance to
gentamicin, kanamycin, and streptomycin (aminoglycosides) through activation of SmeZ, an
efflux protein [172], which is also regulated by an additional S. maltophilia TCS called SmeRySy

[198].

Gram-positive bacteria

S. aureus encodes two TCSs that increase resistance by upregulation of various ABC transporters
in response to low concentrations of antibiotics: GraRS, which has been implicated in vancomycin
resistance through upregulation of the VraFG ABC transporter [61,130,131] and BraRS, also
called BceRS or NsaRS, which activates the BraDE and VraDE ABC transporters, increasing
resistance to nisin and bacitracin [60-64].

Bacillus subtilis, a soil-dwelling model organism, increases expression of BceAB, an ABC-
family efflux pump, via its TCS BceRS in response to exposure to the antibiotic bacitracin [65,66].
Similarly, the YvcPQ TCS in Bacillus thuringiensis, a member of the Bacillus cereus group,
modulates efflux via two ABC transporters in response to lantibiotics and bacitracin [221].
Mycobacteria

Finally, Mycobacterium tuberculosis encodes an essential TCS called MtrAB that

primarily functions in replication and cell wall biosynthesis. However, MtrA also binds and
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activates the iniBAC promoter, an operon encoding an efflux pump that increases resistance to
isoniazid and ethambutol, two first-line antituberculosis drugs [143-145,247-253]. Additionally,
mutations to mtrA in M. smegmatis resulted in decreased resistance to rifampicin and vancomycin,
albeit with increased resistance to isoniazid [254]. In the opportunistic pathogen M. avium, MtrAB
is required for conversion to a virulent, MDR colony morphotype, presumably by decreasing cell

permeability [146].

TCS regulation of antibiotic-modifying enzymes

A discussion of antibiotic resistance would not be complete without mention of the first resistance
mechanism clinicians encountered after the introduction of penicillin: the production of enzymes
that target the antibiotic itself. As their name suggests, B-lactamases are enzymes that degrade f-
lactam antibiotics, which they accomplish through hydrolyzation of the B-lactam ring. They are
comprised of many subclasses including but not limited to carbapenemases, cephalosporinases and
penicillinases. Other classes of enzymes inactivate antibiotics by direct modification, such as
aminoglycoside and chloramphenicol acetyltransferases [255].

The CreBC TCS in P. aeruginosa not only affects biofilm formation, but also activates the
chromosomal ampC gene encoding a B-lactamase. The HK CreB directly senses B-lactam activity,
making this system particularly effective: it detects a specific threat and responds with a specific
countermeasure [96-99].

Another example is the BIrAB TCS found in bacteria of the Aeromonas genus (Gram-
negative). Analogous to the CreBC TCS, the BIrB HK autophosphorylates in response to

accumulation of pentapeptides in the periplasm, the result of B-lactam inhibition of PBPA4.
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Subsequent phosphorylation of BIrA results in activation of three [p-lactamases: a
cephalosporinase, a penicillinase and a carbapenemase [57-59].

A final example in the MDR nosocomial pathogen Providencia stuartii, the AarG sensor
kinase has been implicated in aminoglycoside resistance through regulation of the aac(2’)-la gene
encoding an aminoglycoside acetyltransferase. Furthermore, a mutation in aarG gave rise to
several additional intrinsic resistances to tetracycline, chloramphenicol and ciprofloxacin, a
phenotype that was hypothesized to be mediated via derepression of aarP, encoding a global

transcriptional regulator that targets various MDR-associated genes [37].

Alternative forms of resistance

Uprequlation of biofilm formation

Biofilms are structurally complex bacterial communities that present a major obstacle to the
treatment of many infections. While a thorough discussion of the issues of antibiotic efficacy in
eradication of bacteria contained in biofilms is beyond the scope of this review, it is important to
convey that biofilm formation generally results in increased tolerance or resistance to antibiotics
in several ways including differential gene expression in biofilms, decreased drug penetration
through the matrix and the presence of dormant populations of cells or persisters [256-264].
Several Streptococcus species including S. pyogenes, S. mutans and S. pneumoniae utilize
the TCS VicKR, which upregulates biofilm formation in response to an as-yet-undetermined
environmental signal [137,206-208]. In S. mutans, LiaSR also increases biofilm formation in
response to cell envelope stress and can directly react to the antibiotic bacitracin [135,137]. At
least two other TCSs, ComDE and hk11/rrll in S. mutans, also appear to function in the formation

of biofilm [79,80,132].
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P. aeruginosa is well known for its role in cystic fibrosis-associated lung infections and
the tremendous difficulties encountered in treatment due to the impenetrable nature of its biofilm.
Therefore, it is not surprising that P. aeruginosa encodes several TCSs that facilitate biofilm
formation [187]. The two-component hybrid SagS directs the transition from a planktonic to
surface-associated way of life, activating a second TCS, BfiSR, which is essential to the formation
of biofilm. As previously noted, SagS simultaneously activates the BrIR RR to upregulate MDR
efflux pumps within the biofilm, greatly increasing the biofilm drug tolerance [190-197]. CreBC
directly senses B-lactam inhibition of PBP4 and responds by increasing biofilm formation [97].
The GacSA TCS in P. aeruginosa is also essential for biofilm formation and is unique among other
GacSA systems in that the GacS sensor kinase cannot autophosphorylate. Instead GacS must be
activated by the orphan sensor kinase RetS, which functions as both a kinase and phosphatase to
GacS [187-189]. Several more TCSs, including the Rocl system, Rcs/Pvr, PprAB and PilRS,
regulate the expression of cup fimbriae and/or type IV pili required for surface adhesion and
prerequisite to biofilm formation in P. aeruginosa [35,185,187,265-268]. Furthermore and finally,
small colony variants [269] in this species are known to have increased biofilm production and
multidrug resistance [270], and interestingly, a recent study on clinical isolates of P.
aeruginosa revealed that mutations in amgRS as well as pmrAB culminated in a highly drug
resistant SCV phenotype [46].

BfmRS, a TCS in A. baumannii, also upregulates biofilm production, possibly in response
to sublethal concentrations of chloramphenicol, and in doing so, becomes increasingly recalcitrant
to treatment [1,38,39,53-56]. Finally, the Rcs TCS is also essential to biofilm formation in E.

coli, Proteus mirabilis and S. enterica Typhimurium as well as other species [174-182,186,187].
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Stress response-associated antibiotic resistance

A number of TCSs induce cellular stress responses in reaction to environmental changes including
poor nutrition, fluctuations in temperature, membrane integrity and oxidative stress. Stress
responses often bring about global transcriptional changes, some of which alter the efficacy of
antibiotic action. Many of the previously discussed TCSs are considered to function in this manner,
including PhoPQ, CpxAR, LiaSR, BaeSR, BceRS, BraRS, VraSR, CroRS and ParRS
[34,133,271-273]. Other examples include the AmgRS TCS in P. aeruginosa, which is believed
to respond to membrane stress caused by aminoglycoside-induced accumulation of mistranslated
peptides by upregulating certain proteases and otherwise implementing measures that protect the

membrane [47,48].

Future perspective

TCSs are incredibly versatile and provide bacteria with an indispensable tool for sensing and
reacting to their surroundings. Given the essential role of TCSs in bacterial homeostasis as well as
the diverse antibiotic resistance mechanisms that can be activated through them, TCSs are an
intriguing target for the development of new antimicrobial therapeutics [1-21]. The ability to use
predictive software to identify putative compounds that bind one or more TCSs to render them
ineffective would be an essential tool in the pharmaceutical targeting of TCSs [2]. Further, the
conserved nature of certain domains of the various HKs and RRs both within and across bacterial
species could be exploited to develop new broad-spectrum antimicrobials, although portions of
these domains share similarity to eukaryotic proteins and thereby could lead to inhibition of host

cell processes. Tiwari et al. recently published a review on this topic that covers the benefits and
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feasibility of medicinal targeting of TCSs and lists several predicted and validated TCS inhibitors
[21].

While this review cannot hope to detail the myriad and often pleiotropic effects of TCSs,
one can certainly begin to grasp the scope of their importance in antibiotic resistance from the
research compiled herein. The numerous instances of TCS-induced resistance mechanisms across
both Gram-negative and Gram-positive species highlights the need for further and continued

investigation into targeting TCSs in the future development of antimicrobial therapeutics.
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Figure 1. The basic process of two-component signal transduction. (1) An extracellular ligand

(orange) binds to the N-terminal receptor of the sensor histidine kinase (green), embedded in the
cell membrane. Binding of the ligand causes (2) the C-terminal kinase domain to hydrolyze
adenosine triphosphate and phosphorylate a histidine residue. (3) The phosphate (yellow) is then
transferred to an aspartate residue on the N-terminal domain of the cytosolic response regulator
(blue). (4) This phosphorylation event activates the response regulator’s C-terminal output domain,
which leads to global transcriptional changes. (5) In some cases, the sensor histidine kinase also
functions as a phosphatase, and terminates the response regulator’s activation by removal of the
phosphate. Inset to right: intramembrane-sensing histidine kinases lack an extracytoplasmic

sensory domain and have recently been shown to recruit other sensory proteins in order to function.
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