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Abstract

Bacterial coordination of stress resistance mechanisms in harsh environments is key to long-term
survival and evolutionary success. In many Gram-negative pathogens, both general- and specific-
stress response are controlled by alternative sigma factors such as RpoS. The critically important
pathogen Acinetobacter baumannii is notoriously recalcitrant to external stressors, yet it lacks RpoS,
so the molecular control of its resilience remains unclear. Here, we used transposon insertion
sequencing to characterize the molecular responses of Acinetobacter baumannii to two biologically-
important metals stressors, zinc and copper, and discovered that the transcriptional regulator DksA
acts as a major regulatory stress-protection switch. We mapped the highly pleiotropic nature of DksA
using transcriptomics and phenomics and found that it controls ribosomal protein expression,
metabolism of gluconeogenic substrates and survival in stresses that cause oxidative damage. 4.
baumannii strains lacking DksA were no longer virulent in both murine and Galleria mellonella in
vivo models. In vitro, DksA mutants exhibited increased sensitivity to human serum and antibiotics
yet promoted biofilm and capsule formation. Our study provides detailed insight into the unique role
that DksA plays in stress protection and virulence for A. baumannii and lays the groundwork for

understanding of RpoS-independent regulatory general stress response.
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Introduction

Acinetobacter baumannii, a ubiquitous Gram-negative aerobe, has emerged as one of the most
notorious human pathogens for health care institutions globally '. In the past two decades, A.
baumannii has attracted significant attention due to its extremely high levels of antimicrobial
resistance -2 and has been recently recognized by the World Health Organization as one of three top
pathogens in critical need of new antibiotic therapies *. Like many bacterial pathogens, A. baumannii
is subject to frequently changing environments, to which it must adapt in order to survive, persist and
infect % °. A. baumannii has a remarkable ability to survive a wide range of stresses for prolonged
periods including commonly used hospital disinfectants and biocides ¢, as well as those encountered
during host infection e.g. metal toxicity and oxidative agents - 8. Importantly, A. baumannii lacks
well-defined host-specific virulence factors * 1° and its pathogenesis largely relies on its resistance to
harsh environments and ability to pump out toxic chemicals via efflux mechanisms % %13, Thus,
mapping the molecular mechanisms underpinning various stress tolerance strategies in 4. baumannii

is crucial in order to ultimately tackle this pathogen.

Bacterial stress response systems are energetically costly, and large-scale defense mechanisms can

involve a significant proportion of cell components to counteract environmental stresses ' 13,

Regulation of stress adaptations at a cellular level is largely controlled by common regulators that
redistribute the limited stores of RNA polymerase to transcribe genes involved in maintenance and/or

114,15

surviva via two major pathways: the general stress response, and the stringent response. In most

bacteria, the general stress response system is regulated by an alternative sigma factor of RNA

38 and o%). RpoS plays a pleiotropic role in the cell, activating genes

polymerase, RpoS (alias o
involved in metabolism, protein processing, transport, and transcriptional regulation during starvation

and other environmental challenges '* !, The stringent response is controlled by the transcription

initiating factor DksA and nucleotide alarmones guanosine penta- or tetra- phosphate (p)ppGpp '7-'°,
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that work together to downregulate transcription of translational machinery and reduce growth and
promote expression of stress tolerance genes !7 1820 In E. coli and other Gram-negative bacteria,
DksA and (p)ppGpp are both required for a full induction of RpoS 2!, While some stress responses
regulated by RpoS, (p)ppGpp and DksA overlap, independent and opposing roles of DksA have also
been observed, supporting the independent functioning of DksA 2*25. DksA has been implicated in

26-29

a wide range of cellular physiology including DNA repair , amino acid biosynthesis 3, cell

division 3!, resistance to antibiotic 32, oxidative stress®> and virulence in a number of Gram-negative
b 9

pathogens 234,

Unlike other Gram-negative bacteria, 4. baumannii and closely related Acinetobacter species do not

harbor a gene encoding RpoS % 3°

and, curiously, a functional replacement for RpoS in the general
stress response has not yet been identified. Here, to understand how the major stress responses are
coordinated and controlled in A. baumannii, we chose to investigate two biologically-important metal
stresses: copper and zinc. These metal ions are essential in all forms of life including in bacterial

7, 36,37

pathogenesis , yet become toxic at high concentrations *3. Thus, host immune responses often

exploit both the essentiality and toxicity of copper and zinc ions to clear invading bacteria 3% 344,

45, 46

While excess copper is known to induce myriad of stress responses in bacteria , ZInc toxicity

mainly involves oxidative stress 7.

In this study, we used transposon insertion sequencing *® to identify genes influencing the fitness of
A. baumannii strains under copper and zinc stresses, uncovering roles for efflux, membrane and
envelope biogenesis and global regulators, including the regulator DksA. We further characterised
DksA, which acts as a switch between the two stressors, using transcriptomic and phenotypic
profiling of AdksA mutants and in vivo infection models, revealing its key role in stress protection

and virulence. Our results demonstrate that DksA is not only a crucial component of the regulation
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of translational machinery but also acts as an RpoS-independent general stress protection regulator

in A. baumannii.

Results and discussion

Identification of genes important in copper and zinc stresses for 4. baumannii

To identify the network of genes in A. baumannii important to survival of two infection-relevant
stresses, copper and zinc, we employed the fitness-based functional genomics technique, transposon
directed insertion-site sequencing (TraDIS) ** 4. A high-density random transposon library was
generated in A. baumannii wild-type strain ATCC 17978 containing >110,000 unique Tn5 mutants,
and challenged with subinhibitory levels of copper (6 mM) or zinc (3 mM) for 16 h. These
concentrations were chosen as the highest tolerated without significantly reducing growth rate
compared to untreated ATCC 17978 (Supplementary Fig. 1). After TraDIS sequencing and analysis
of frequencies of insertion mutants with the TraDIS Toolkit > genes whose mutants decreased in
abundance relative to untreated controls were considered as necessary for metal-stress tolerance and
those whose mutants increased in abundance as metal stress sensitivity (using a cut-off of 2-fold

change and P,4;<0.05).

The TraDIS screen under copper stress identified 45 tolerance genes with decreased mutant fitness
and 32 sensitivity genes with increased mutant fitness (Fig. 1a, Supplementary Table 1). Under zinc
stress, 92 tolerance genes and 31 sensitivity genes were identified (Fig. 1b, Supplementary Table 1).
To sanity-check our TraDIS genotype-phenotype screens, we identified known metal tolerance genes
among the mutants with decreased abundance, such as the copper exporter copAB in copper treated
samples (Fig. 1¢) °! and czcABCD transport genes in the zinc treated samples (Fig. 1d) °" 2. We
phenotypically confirmed the validity of these control genes by comparing growth of individual,

defined copA and czeD Tn26 mutants in A. baumannii strain AB5075 UW 33, with and without
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copper and zinc treatment. We observed altered growth only in the presence of their respective metals
(Fig. le, f) and no growth defect compared to wild-type in untreated LB (Supplementary Fig. 2),

confirming their role as metal resistance genes.

Next, we validated the growth phenotypes of a collection of single mutants that had differential
abundance in TraDIS analysis previously unassociated to metal resistance, including 13 tolerance and
4 sensitivity genes for copper, and 15 tolerance and 5 sensitivity genes from zinc, using the defined
mutant library in the AB5075_UW background >*. Red colored genes with label in (Fig. 1a, b) were
used for validation. A positive linear correlation with TraDIS data and screening with individual
growth phenotype assays was detected in both copper and zinc conditions (Fig. le, f; R> = 0.79 in
copper and R? = 0.57 in zinc, Supplementary Fig. 2), indicating that the TraDIS results accurately
predict the phenotypic impact of zinc or copper stress on individual mutants, even across distinct A4.

baumannii strains.

Besides the known copper and zinc efflux genes, the TraDIS analysis also identified a number of
genes involved in other cellular functions including cell wall/envelop/membrane biogenesis, and
global regulators involved in translation and ribosome synthesis for both copper and zinc stresses
(Supplementary Fig. 3). These data indicated that no single pathway can fully account for the 4.
baumannii metal tolerance profile, and multiple layers of gene regulation are required for adaptation
to metal stresses. While the copper and zinc stress responses involved distinct gene networks, we also
found some shared metal tolerance genes. For example, Tn5 insertions in genes associated with
membrane integrity and capsule synthesis (wzb, galU, pgi and IptE) were depleted in both copper and
zinc stress (Fig. 2a, Supplementary Table 1). Similarities of metal sensitivity genes were also
observed, for instance, disruption of dcaP, an outer membrane pore forming protein for nutrient

uptake 34, increased tolerance to both copper and zinc (Fig. le, f; Supplementary Fig. 2).
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Figure 1. Identification and validation of 4. baumannii genes that alter fitness under copper
and zinc stresses using the TraDIS approach. The effect of 6 mM CuSOs (a) and 3 mM ZnSO4
(b) on the abundance of transposon insertion mutations (differential abundance of Tnj, log, fold
change (FC)) mapping to the A. baumannii ATCC 17978 chromosome and plasmid pAB3 as
determined by TraDIS analysis. Examples of TraDIS plots mapping at the known copper (¢) and zinc
(d) detoxification loci copAB and czcCBDA of A. baumannii, respectively. Top panel in (¢) and (d)
represents read counts reflecting growth of the ATCC 17978 TraDIS library in the control Mueller
Hinton (MH), whereas middle and bottom panels represent read counts under copper and zinc stresses
respectively. Validation of TraDIS results using independent single gene inactivated mutants of 4.
baumannii strain AB5075 UW in copper (e) and zinc stress (f). Growth differences (measured as a
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difference in area under curve, AAUC) between the wild-type AB5075 UW and Tn26 insertion
mutants in presence of ZnSO4 or CuSO4 was used as a proxy for fitness of the single gene inactivated
mutants. Red colored genes with label in (a, b) were used for validation. Insets showing examples of
growth curves of wild-type and its cop4 and czcD mutants in presence of 3 mM CuSOs and 1.5 mM
ZnSOq respectively. Each data point (open black and peach circles and error bars) represents mean
and standard deviation from at least three independent assays. Each Tn5 mutant fitness in (a, b) value
was calculated from two independent TraDIS experiments. See Supplementary Fig. 2 and methods
for further details.

Only two potential global regulators were identified that showed opposite effects in copper and zinc
stresses: the two-component system gacS/4 and transcriptional regulator dksA. While gacS/4 has
been studied extensively in A. baumannii and is known to be a dynamic coordinator of tolerance to
stress, virulence, motility and antibiotic resistance '!:°, the role of DksA is largely uncharacterized
in A. baumannii. The TraDIS data suggested that DksA may act as a molecular switch in responses
to the two similar but distinct metal stress conditions (Fig. 2b). Phenotypic fitness assays of the dksA
mutant confirmed that DksA disruption is deleterious to the bacteria under zinc stress (Fig. 2d),
whereas it is beneficial under copper stress (Fig. 2e). We further noticed that the Adks4 mutant had a
comparable growth rate to wild-type but reached stationary phase much earlier than wild-type with a
significantly lower growth yield (Fig. 2¢). Since host immune cells exploit the sensitivity of bacteria
to metal stress during infection, we further investigated the role of DksA as a potential molecular

switch, coordinating stress protection and virulence in A. baumannii.
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Figure 2. DksA has an opposite role in zinc and copper stress protection. (a) Network diagram
showing the overlap of genes involved in tolerance and sensitivity to copper (purple) or zinc (yellow)
stress. Genes represented by grey color are involved in tolerance to both copper and zinc. Pink colored
genes have opposite effects under zinc and copper stresses with dksA in bold. The network analysis
is based on 75 and 121 genes involved in copper and zinc stress with change in mutant abundance of
>1.0 log> fold change and Pagj < 0.05. An inset showing the list of 19 genes found detected in both
copper and zinc. Gene with pink type have opposite effects. Cytoscape version 3.8.1. was used for
network visualization . (b) The TraDIS results showing the read counts in dksA; top (control),
middle (6 mM CuSOg4) and bottom (3 mM ZnSO4). The growth phenotype of wild-type and AdksA
mutant in without stress (¢) and in presence of 1.5 mM ZnSO4 (d) and 5 mM CuSOs (e). Data are
from at least three experiments, presented as mean (open black and peach circles + StDev). See
methods for detail.

The role of DKsA in virulence and colonization in animal models
We first investigated the possible role that DksA plays in virulence for A. baumannii by employing a

Galleria mellonella wax-moth insect model, which has been shown to be as an effective in vivo

platform for molecular studies 7. The initial G. mellonella infection assay was performed on two
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different strains of A. baumannii, ATCC 17978 and AB5075 UW, and their respective AdksA
mutants as previously described °8. We found that, for both 4. baumannii strains, the AdksA mutants
killed significantly fewer larvae compared to wild-type, which killed all larvae within 3 days post-
infection (Fig. 3a). These promising results spurred us to investigate the role of DksA in a mammalian
host. For this, we intranasally challenged BALB/c mice with 4. baumannii strain AB5075 _UW or its
AdksA mutant derivative and after 24 h the mouse was sacrificed and organs were removed and
bacterial load counted. Strikingly, AdksA mutants could not be recovered from the blood of any mice
(<10? cells/mL), compared to 2.5x10° cells/mL for wild-type (Fig. 3b). For all tissues, the dksA
mutant could still colonize, but not as well as the wild-type Fig. 3¢-g), except for liver (Fig. 3h).
Recovery of the AdksA mutant from the respiratory tract (nose, bronchoalveolar and lung tissue), was

at least 2 orders of magnitude lower than that seen for wild-type cells (Fig. 3¢,d,e).
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Figure 3. DksA-dependent virulence and niche specific colonization of 4. baumannii and
associated phenotype. (a) Galleria mellonella larvae were injected with 1 x 107 A. baumannii strains
AB5075 UW or ATCC 17978 and their dksA deletion mutants. Survival of larvae was enumerated
at every day post-challenge for six days. Enumeration of 4. baumannii AB5075 UW and the dksA
mutant in different host niches: blood (b), nasopharyngeal tissue (¢), bronchioalveolar lavage, BAL
(d), lung tissue (e), pleural cavity, PL (f), spleen tissue(g) and liver (h). Female Swiss mice were
intranasally challenged with 2 x 108 CFU and colonization was examined 24 h post-challenge.
Growth and respiration in presence of 50% human serum in LB (i), box and whiskers plots (min to
max with all data points) showing estimates of crystal violet based biofilm (j) and density gradient
qualitative estimation of capsule (k). See methods for detail. For each panel, the data represent the
mean of at least two biological triplicates (+SEM). Statistical analyses were performed using a one-
way ANOVA; * p <0.05, ** p <0.01, *** p <0.001, **** p <(0.0001, and ns = not significant.
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To understand the differences in the observed lack of ability of the dks4 mutant to survive in the
blood compared to other issues, we performed in vitro virulence assays on both A. baumannii strains
(ATCC 17978 and AB5075_UW) and their dks4A mutants. First, we tested the mutant’s ability to
propagate in human serum, which we found was greatly reduced for both Adks4 mutant strains (Fig.
3i). Next, we tested the mutant’s ability to form biofilm and capsule, and found that it was increased
compared to wild-type (Fig. 3j and 3k). Taken together, these data show that DksA is needed for
serum resistance and ultimately to infect the bloodstream but seems to repress other virulence
determinants, like biofilm and capsule formation. We speculate that the increase in biofilm density

resulting from dksA loss is what allows this mutant to still partially colonize tissue.

DKksA acts as a global transcriptional regulator in A. baumannii

To identify the molecular mechanism underlying the divergent role of DksA in stress protection and
virulence in 4. baumannii, we conducted RNA-sequencing (RNAseq) on the ATCC 17978 AdksA
mutant and wild-type with and without a shock treatment with copper or zinc. We used the same
concentration of copper and zinc in both TraDIS and transcriptomic assays (Fig S1). For AdksA
compared to wild-type without treatment, differential expression of 12.1% (461) of the total genes in
the ATCC 17978 genome was observed (using a cut-off of logoFC >1.5 change and P.¢<0.05,
Supplementary Table 2). Under copper and zinc stress, this increased so that the expression of ~1/5
of all genes (20.0% and 18.4% respectively) in AdksA were significantly altered, compared to treated

wild-type.

To obtain a functional overview of the genes with altered expression in the dks4 mutant, we used the
“Pathway Omics Dashboards Tool” in the MetaCyc database, based on gene ontology *°. The cellular
processes of translation, respiration, ATP synthesis, amino acid synthesis, aromatic compound

degradation, co-factor synthesis, nucleoside and nucleotide synthesis and oxidative stress protection

12
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were amongst the most highly impacted, suggesting a crucial role of DksA regulation in both stress
protection and metabolism (Supplementary Fig. 4). Individual genes and operons likely to be
switched on or off under stress included genes known to be responsible for 4. baumannii metal efflux
and biofilm formation (e.g. csud/BABCDE) (Supplementary Table 2). We found that the
csud/BABCDE operon was significantly upregulated (3.8 to 7.1-fold) in the AdksA strain. The csu
operon encodes a pilus synthesis and assembly system required for initial bacterial attachment and

60, 61

biofilm formation , consistent with our observation of higher biofilm formation in the AdksA

mutant in both ATCC 17968 and AB5075 UW backgrounds (Fig. 3j).

Characterizing DksA-dependent induction of a stringent stress response

The stringent response in bacteria is primarily characterized by a down-regulation of translational
machinery; ribosomal proteins (r-proteins) and ribosomal RNAs (rRNAs) '8 !°. Therefore, to
investigate the DksA-dependent stringent response in A. baumannii, we used transcription of r-protein

genes as a proxy for the stringent response.

In E. coli, DksA disrupts the interaction of RNA polymerase (RNAP) with DNA by directly binding
to RNAP, decreasing the transcription of rRNAs and r-proteins; thus a strain lacking DksA

18,2062 Consistent

constitutively expresses rRNAs and r-proteins throughout different growth phases
with this, we observed that the expression of r-proteins was increased in the AdksA A. baumannii cells
compared to wild-type with the exception of rpmE?2 (give a range of FCs; Fig. 4a, top panel). rpmE2
encodes an alternative ribosome sub-unit of 50S protein L31 (C- form), uniquely lacking a zinc
binding motif. Under copper stress the expression of r-protein genes in the AdksA cells was also
increased (logoFC 1.5 to 3.7), whereas in wild-type cells subjected to copper stress they were mostly

down regulated (Fig. 4a, middle panel). However, under zinc stress the transcription of r-protein

genes was relatively unaffected in both wild-type and AdksA (Fig. 4a, bottom panel) besides rpmE?2.

13
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Both DksA and the C- form of RpmE (RpmE2) were previously found to be important for zinc

homeostasis in P. aeruginosa

. Together, these results suggest that copper stress induces the
stringent response in a DksA-dependent manner whereas zinc stress does not induce stringent

response, potentially due to a zinc finger-dependent interaction with r-proteins.
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Figure 4. Copper stress attenuates expression of ribosomal protein and respiratory genes in A.
baumannii in a DksA dependent manner. Differential expression (relative to untreated wild type)
of genes involved in the synthesis of ribosomal proteins in Adks4 mutant (a, top panel), wild-type
and AdksA in presence of copper stress (a, middle panel) and wild-type and AdksA in presence of
zinc stress (a, bottom panel), genes involved in ATP synthesis atpI]BEFHAGDC operon (b) and
NADH:quinone oxidoreductase and cytochrome bd-I ubiquinol oxidase subunits are encoded by
nuoABCEFGHIJKLMN and cydAB operons (c¢). Effect of copper and zinc stress on respiration of
wild-type ATCC 17978 and AdksA in present of copper (d) and zinc (e). Respiration activity data are
from at five independent experiments, presented as mean + StDev. See materials and method for
detail.

The transcription of rRNA and r-proteins is highly correlated with the cellular concentration of

initiating nucleotide triphosphates, ATP and GTP %%, Therefore the divergent regulation of r-protein
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genes under copper and zinc stresses by DksA could be due to differences in the cellular energy status
under these two stresses. Most microorganisms use a branched electron transport chain composed of
NADH-quinone oxidoreductases and quinol oxidases to efficiently couple electron exchange for ATP
production by the F1FO ATPase during aerobic respiration 78, In 4. baumannii, enzymes necessary
for ATP synthesis are encoded by the atpIBEFHAGDC operon whereas NADH:quinone
oxidoreductase and cytochrome bd-I ubiquinol oxidase subunits are encoded by
nuoABCEFGHIJKLMN and cydAB operons respectively. For the dksA mutant without treatment, the
expression of many of the genes (9 out of 24, logoFC>1.5 and P,4;<0.05) in these operons were
increased (2.4 — 6.1-fold), whereas expression remained largely (0/24 genes, logoFC>1.5 and
P4j<0.05) unaffected under both copper and zinc stresses (Fig. 4b and 4¢). In wild-type 4. baumannii
under copper stress, expression of both the atp and nuo/cyd operons genes (22 out 24, log,FC>1.5
and P.4<0.05) were decreased up to 7-fold, but were largely unaffected under zinc stress (Fig. 4b and

4¢).

To test whether DksA impacts on respiration, we directly assayed respiration activities in wild-type
and AdksA with and without copper and zinc stress using a tetrazolium redox based assay (Fig. 4d).
Both wild-type and AdksA exhibited similar levels of respiratory activities under zinc stress, which
were also indistinguishable from the untreated controls (Fig. 4d). In contrast, copper stress resulted
in a drastic reduction in respiration for wild-type cells. A reduction of respiratory activity was also
noted in the AdksA strain under copper stress, but the effect was not as severe as in wild type,
suggesting that copper stress inhibits respiration in 4. baumannii and DksA plays a role in
exacerbating this effect under copper stress. Collectively, these observations indicate that a
decoupling of electron exchange in the respiratory system and subsequent reduction of ATP

production may contribute to induction of the stringent response under copper stress.
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DKksA controls transcription of aromatic compound catabolism pathways

A. baumannii are metabolically versatile and can efficiently catabolize a large number of aromatic
and aliphatic compounds . In particular, aromatic degradation pathways are known to be important
for A. baumannii virulence !'. Most bacteria use the phenylacetate and B-ketoadipate pathways to
metabolize aromatic compounds (Fig. 5a). A variety of aromatic compounds such as catechol and
protocatechuate, can be degraded via these two pathways and are widely distributed among soil
microorganisms 7% 7!, In the phenylacetate pathway, aromatic compounds are broken down into
succinyl-CoA, whereas the B-ketoadipate pathway generates succinyl-CoA and acetyl-CoA before

entering into TCA-glyoxylate cycle (Fig. 5a) 7!

We noted that the phenylacetate and [-ketoadipate pathways encoded by genes in paa
(paaNABCDEFGHK) and pca (pcal FBDKCHG) operons respectively were the two most enriched
pathways detected in our analysis of transcription in AdksA4 (Fig. 5b and 5¢) but displayed specific
induction conditions. The expression of genes in the paa operon decreased (between 12-330-fold) in
AdksA cells in both the presence and absence of copper stress (Fig. 5b) and was decreased up to 8-
fold under zinc stress. By contrast, when wild-type cells are treated with copper, expression of these
genes was increased (5 to 14-fold; Fig. 5b). The effect of copper stress on expression of pca operon
in wild-type strain was found to be similar to the paa operon, as it also increased relative to untreated
cells (28 to 180-fold; Fig. 5¢). When we gather all genes belonging to aromatic compounds together,
it is clear that DksA acts as a transcriptional switch for regulating secondary gluconeogenic pathways

(Fig. 5d).
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Figure 5. DksA regulates phenylacetate, p-ketoadipate and TCA-glyoxylate pathways in A.
baumannii. a, Reactions and intermediates of the TCA and glyoxylate cycle (purple), phenylacetate
(light green) and B-ketodipate pathways are based on BioCyc 4. baumannii ATCC 17978 database
2, Genes (enzymes) paaABCE (1,2-phenylacetyl-CoA epoxidase); paaG, (1,2-epoxyphenylacetyl-
CoA isomerase); paaZ (oxepin-CoA hydrolase); paaJ, 3-oxoadipyl-CoA; paaF, 2,3-dehydroadipyl-
CoA hydratase; paaH (3-hydroxyadipyl-CoA dehydrogenase). Intermediate products: (I)
phenylacetyl-CoA; (II) 1,2-epoxyphenylacetyl-CoA; (IIT) 2-oxepin-2(3H)-yli-deneacetyl-CoA; (IV)
2,3-dehydroadipyl-CoA. Expression of 13-gene paa operon for phenylacetate (b) and pca operon for
catechol catabolism (¢) are based on transcriptomic data (Supplementary Table 2) relative to
untreated wild-type (WT). d, Visualization of transcriptomics data in the aromatic compound
degradation pathways (n=44 genes). Bars above the line (blue) represent percentages of genes
increased and bars below the line (green) represent percentages of genes inhibited under given
conditions. e, Strengths of aliphatic and aromatic compound utilization phenotypes of WT and its
AdksA mutant were determined using Biolog Phenotype Microarray plates PM1 and PM2. The
maximal kinetic curve was based on expressed OmniLog units (y-axis) over time. Metabolite
utilization activity data are from two independent experiments, presented as mean + StDev.
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Previously, it has been proposed that the GacS/GacA two-component system operates as a switch
between primary and gluconeogenic secondary metabolites in number of bacteria 73, and also aliphatic
carboxylic acids such as acetate and propionate have been shown to be an environmental cue for the
GacS/A system ™ 7. In A. baumannii gacS is essential for the expression of paa operon !!. In line
with the reduced expression of the paa operon, expression of gacA was decreased 3.7-fold in the
AdksA mutant in both the presence and absence of copper. In ATCC 17978 wild-type, expression of
gacA remained unaffected in both copper and zinc stress conditions. Based on these observations, we

conclude that DksA is required for the GacS/GacA-dependent metabolic switch during stress.

DksA controls the glyoxylate shunt in 4. baumannii

Growth on aromatic compounds, acetate, or fatty acids also requires the activation of the glyoxylate
shunt in the tricarboxylic acid cycle (TCA) and gluconeogenesis pathways’®. More importantly, the
glyoxylate shunt that bypasses the NADH producing steps is required within the electron transport
chain for the production of ATP and plays important roles in oxidative stress, antibiotic resistance
and pathogenesis 77°. In AdksA cells, two important genes responsible for the glyoxylate shunt, aceA4
encoding isocitrate lyase and glcB encoding malate synthase were reduced in expression by 18- and
5-fold respectively (Fig. 5a, Supplementary Table 2). When treated with zinc, expression of only
aceA (18-fold) was decreased in AdksA, whereas this pathway was not affected under copper stress
in both wild-type and AdksA strains (Fig. 5a). Thus, this data further demonstrates a DksA-dependent

metabolic switch under metal stresses.

To test whether DksA 1is functionally important for catabolism of substrates associated with the
glyoxylate shunt, we used phenotypic arrays with carbon-assay plates (Biolog MicroArrays PM1 and
PM2) as described previously % %, With rich medium as a control, the Adks4 mutant displayed

respiratory curve similar to the wild type (Fig. 5e). As expected, the AdksA mutant showed growth
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defects in media requiring a functional glyoxylate shunt, such as acetic and ketoglutaric acid (Fig.
5e). Similarly, we found that the AdksA mutant had a significant growth defect on a number of
aromatic carbon sources requiring the paa and pca operons including phenylalanine and 4-hydroxy
benzoic acid (Fig. 5e). Taken together, our transcriptomic and phenotypic data indicate that DksA

controls pathways associated with aromatic and aliphatic compounds.

DKksA acts as a general stress regulator by promoting tolerance of oxidative, osmotic stress and
antibiotic resistance in A. baumannii

A. baumannii and other Gram-negative bacteria contain an elaborate oxidative stress response system,
involved in detoxification of oxidizing agents such as hydrogen peroxide. This stress response is
characterized by the up-regulation of a number of genes, including catalase (katG and katE) and
NADH dehydrogenase/alkyl hydroperoxide reductase (ahpC, ahpF1 and ahpF2), superoxide
dismutase (sodC and sodB), glutathione peroxidase (bfuE) and universal stress protein A (uspA) genes
81,82 1In the dksA mutant, transcription of katE, katG, sodC, btuE and uspA was decreased compared
to wild-type (3.1 to 12.2-fold; Supplementary Fig. 5a), suggesting that DksA positively controls this
oxidative stress response system. To test whether DksA protects cells from oxidative damage, we
conducted phenotypic growth assays of wild-type and AdksA strains in the presence of exogenous
H>0,. As expected, the AdksA mutant was highly sensitive to oxidative stress (Supplementary Fig.
5b). In E. coli, expression of katE and sodC is regulated by RpoS * while in 4. baumannii DksA
controls the expression of these genes. Other well-known stress response genes that are RpoS-
dependent in E. coli but controlled by DksA in A. baumannii included the trehalose synthesis genes
otsA (7.9-fold) and otsB (36-fold) required for cold and osmotic stress protection and infection %4,
Interestingly, in E. coli AdksA mutant the expression of the RpoS-dependent stress response genes
katE, sodC, otsA and otsB was not affected®. These results indicate that DksA has taken over the

functions of RpoS in A. baumannii, for at least some stress response genes.

19



411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

Various stresses including antibiotics are known to perturb cellular respiration impacting redox
homeostasis in cells ¢ 838 In addition, bacteria that unable to activate the stringent response
generally show a decrease in antibiotic tolerance %, and we found that the dks4 mutant displayed
reduced expression of genes involved in antibiotic efflux (Supplementary Fig. 5¢). We therefore set
out to investigate whether cells lacking DksA also displayed decreased resistance to antibiotics. The
minimum inhibitory concentration (MIC) was determined for nine different antibiotics representing
the four major classes for 3 wild-type strains and their respective Adks4 mutants: a multidrug resistant
A. baumannii strain (AB5075 _UW), a more sensitive laboratory strain (ATCC 17978) and the
sensitive E. coli K-12 strain harboring 7poS as a control. We found that despite having very different
antibiotic resistance profiles, both A. baumannii strains exhibited a very similar effect for dksA
disruption of reduction in antibiotic resistance. Four out of nine (or 44%) antibiotics tested had a
decreased MIC (2 to 16-fold) in the AdksA mutant of AB5075 UW and six out of nine (67%) in
ATCC 17978 (Supplementary Fig. 5d). However, in the E. coli AdksA strain, we noted that although
six antibiotics (67%) had a decreased MIC, the MIC for 2 antibiotics (amikacin and rifampicin)
increased by 2 to 4-fold (Supplementary Fig. 5d ). Taken together, this data shows that DksA plays
a major role in controlling the central metabolism of A. baumannii. Interestingly, its disruption leads
to increased sensitivity to different classes of antibiotics, but in a sensitive, RpoS-containing strain of

E. coli these DksA-related antibiotic resistance effects are divergent.

Concluding remarks
Our systematic genomics-based approach has helped to unravel the intricate details of how DksA
controls stress responses and virulence in 4. baumannii, an important pathogen lacking the global

stress regulator RpoS °-3%. Our results suggest that activity of DksA may be involved in numerous
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stress conditions, as summarised in Fig. 6. The overall strategy of 4. baumannii in employing DksA

for many activities that are RpoS-controlled in other pathogens can be rationalized in terms of its

adaptive advantages. While RpoS positively regulates many gene required for stress protection, it

also adversely effects the utilisation of secondary carbon sources such as acetate and succinate . In

A. baumannii, our results show that DksA plays unique roles by regulating RpoS-dependent stress

genes without exerting notable trade-offs associated with metabolism of such secondary carbon

sources.
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Figure 6. An overview of DksA-dependent stress regulation in A. baumannii. The model

depicting the various pathways and their cellular locations and regulatory roles of DksA are illustrated

with arrows (activation) and blunt ended lines (inhibition) from the green centre. The illustration is

based on the gene expression in A. baumannii ATCC 17978 AdksA mutant in presence of ZnSO4 (3
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mM, dotted grey line) or CuSO4 (6 mM, dashed red line) and absence of either metal stresses (solid

blue line), and are discussed in text.

Since DksA is a substrate of the ATP-dependent CIpXP protease °!, environmental conditions
affecting ATP synthesis may influence the activity of DksA. This is already evident from the observed
switching role of DksA in copper and zinc stresses. Some of the pleiotropic effects of DksA can thus
be explained. For instance, copper stress suppressing transcription of r-proteins, a hallmark of the
stringent response, is most likely due to mismetallation of other metals in proteins involved in the
electron transport system needed for aerobic respiration and ATP production. Copper is known to
displace Fe directly from 4Fe-4S iron-sulfur clusters in proteins requiring this prosthetic group®?. The
reduction of ATP synthesis and hence ClpXP protease activity might increase the activity of DksA
under copper stress leading to increase in expression of DksA-dependent metabolic genes such as
paa and pca operons. Conversely, the inability to activate the stringent response in strain lacking
DksA might have led to increase sensitivity to variety of stresses including the heavy metal zinc.
Since antibiotics efficacy is determined by cellular metabolic states 87-3%, the broad effect of DksA on

antibiotic sensitivity (Supplementary Fig. 5d) may stem from its effects on central metabolism.

The positive role of DksA in metabolic pathways requiring catabolism of secondary (gluconeogenic)
carbon sources (e.g. acetate and other aliphatic and aromatic compounds), which could be primary
carbon and energy sources in natural or host environments might have contributed to the observed
attenuation of A. baumannii virulence in G. mellonella and mouse models. Although DksA-dependent
activation of aliphatic and aromatic acids catabolic pathways is essential for efficient utilization of
secondary carbon source catabolism and necessary for virulence in vivo, it is deleterious in laboratory

environment under Cu stress.
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Our study lays the groundwork for understanding just how important DksA is in general 4. baumannii
stress response, antibiotic resistance and virulence. However, further investigation into the specifics
of DksA function, for example whether activity and/or concentration of DksA varies with
environmental conditions or the precise mechanism through which DksA works to alter antibiotic
resistance differently between bacterial strains, is warranted. In conclusion, our analysis provides a
detailed insight into the unique role that DksA plays in stress protection, metabolism and virulence
in this deadly pathogen and reveals a newly found alternative to the better-known sigma factor
dependent resistance mechanisms. Our study reiterates the need for assessing gene function in
specific bacterial species and not simply transferring function based on homology. The identification
of RpoS-independent general stress response provides a novel approach of bacterial adaptative
strategies, and it will be very interesting to explore whether DksA plays a similar role in other
bacterial species lacking RpoS, or whether there are further novel strategies for regulating general

stress responses.

Materials and Methods

Bacteria strains, media and growth conditions

The wild-type A. baumannii strains used were ATCC 17978 (NCBI accession number: CP012004.1)
and AB5075 UW (NCBI accession number: CP008706.1). The Tn26 insertion mutant derivatives of
AB5075_UW were purchased from the Manoil Laboratory 3 and used for individual growth assays
to validate TraDIS results. A total of 28 mutants was used for the individual growth assays. The
dksA::kan mutant derivative of ATCC 17978 was constructed for this study using the previously
published protocol ** °*. To confirm that both the ATCC 17978 and AB5075 UW dksA mutants
contained no secondary mutations, we whole genome sequenced each mutant (>20 x coverage on an

Illumina MiSeq platform) and employed the Snippy pipeline version 4.3.6 for mutation single
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nucleotide polymorphism (SNP) identification ®>. All primers used in this study are listed in

Supplementary Table 3.

For routine overnight culturing of A. baumannii strains, a single colony from cation adjusted Mueller
Hinton (MH) agar (for AB5075 low switching opaque type was chosen to minimise phase variation)

was used to inoculate 5 mL of MH broth medium.

Construction of transposon mutant library

The ATCC 17978 A. baumannii dense transposon library used in this study was constructed using
the protocol as previously described 4. Briefly, transposomes were prepared by using EZ-Tn5
transposase (Epicentre Biotechnology) and a custom TnJ transposon carrying a kanamycin resistance
cassette amplified from the plasmid pUT_Km °® using the primer set as described previously 7. The
transposomes (0.25 pL) were electroporated into 60 pL of freshly prepared electrocompetent cells
using a Bio-Rad GenePulser II set to 1.8 kV, 25 uF, and 200 Q in a 1-mm electrode gap (Bio-Rad).
For preparation of electrocompetent cells, the 125 mL cultures were grown in 500 ml baffled flasks
at 37°C in an Infor HT shaking incubator (Switzerland) at 200 rpm until they reached mid-log phase
(ODsoo = 0.5). The cultures were then place on ice for 15 min with occasional swirling before
centrifugation for 10 min at 4°C, washed twice with ice-cold 10% glycerol in MilliQ water. The
washed electro-competent cells were then resuspended with 150 pl of ice-cold 10% glycerol. The
cells were resuspended in 1 mL of SOC medium and incubated at 37°C with shaking 200 rpm for 2
hours then spread on MH-agar supplemented with 7 pg/mL kanamycin (Sigma-Aldrich, Australia).
Usually, 12 to 16 transformations were performed for each batch. Number of transformants in each
batch ranged from 10,000 to 50,000. Approximately 250,000 mutants were collected from a total of

10 batches and stored as glycerol stocks at -80°C.
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Transposon mutant library metal stress challenge and Transposon-directed insertion site
sequencing (TraDIS) of mutant library

Approximately 10° viable mutant cells were inoculated into 10 ml MH broth and grown at 37°C for
8 hours with shaking (200 rpm). The culture (500 uL) containing approximately 10° cells was sub-
cultured into 10 mL fresh MH broth with or without 6 mM CuSO4 or 3 mM ZnSOs in duplicate and
grown for 16 hours at 37°C with shaking (200 rpm). Genomic DNA was then extracted from
approximately 10710 cells using the DNeasy UltraClean Microbial Kit (Qiagen) according to the
manufacturer’s protocol. Sequencing and analysis of transposon mutant library were performed using
the transposon-directed insertion site sequencing (TraDIS) as described previously 4% 3°. The primer
sets used for PCR amplification of TraDIS fragments and sequencing were described previously *7.
Samples were sequenced on a HiSeq2500 Illumina sequencing platform at the Wellcome Sanger
Institute, generating approximately 2 million 50 bp single-end reads per sample as previously
described. TraDIS sequence reads were deposited in the European Nucleotide Archive under
accession number ERP118051 and analysed using the BioTraDIS pipeline with default parameters

as described in *°, The final ATCC 17978 TnJ5 library density was >110,000 unique mutants.

Time Kkill assay for the selection of copper and zinc concentrations for mutant library challenge
In order to identify sub-inhibitory concentration of CuSO4 and ZnSO4 for treatment of TnJ transposon
library we performed time kill assays. Approximately 10° cells from overnight culture of ATCC
17978 was sub-cultured into fresh 10 mL MH broth spiked with different amount of CuSOs (0, 3, 6,
8, 16 and 24 mM final concentration) or ZnSOj4 (0, 3, 4, 8, 16, and 24 mM final concentration) and
incubated at 37°C with shaking. At 0, 1, 2,4, 5 and 24 h time points, 100 pL samples were taken, 10-
fold serially diluted in sterile PBS and 10 pL of each dilution was then spotted on MH-agar plates.
Plates were incubated at 37°C overnight and colonies were enumerated to determine the surviving

cells.
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Transcriptomic Analyses

Three independent A. baumannii strain ATCC 17978 and its AdksA mutant were grown overnight in
5 ml MH broth with shaking 200 rpm at 37°C. The overnight cultures were diluted 200-fold in fresh
MH medium and grown to mid-log phase (OD600 of 0.55). Each culture was divided into three flasks,
two cultures were treated with either 6 mM CuSO4 or 3 mM ZnSO4 and one left untreated as control
and grown for 40 mins. RNA extraction was carried out using the miRNeasy mini kit (Qiagen) and
DNA was eliminated using the TURBO DNA-free kit (Ambion Inc., USA), as per manufacturer’s
instructions. Libraries were constructed using Universal Prokaryotic RNA-Seq Library preparation
kit (Tecan, USA) according to the manufacturer protocol. The samples were sequenced on Novaseq
[lumina platform, producing, ~3 million 150 bp paired-end reads per sample ~ 25 Gbp of data in
total. The raw sequencing data was deposited under GEO accession number GSE169081. Reads were
quality controlled using FastQC and trimmed using bbduk (v38.79) with the included adapters.fa file
and parameters ktrim=r k=23 mink=11 hdist=1 gqtrim2=t trimq=10 tpe tbo. Reads were then mapped
using bbmap (v38.79) with parameters k=13 and ambig=toss against the Acinetobacter baumannii
genome (accession CP000522) and plasmids (accessions CP000523, CP012004, CP012005), sorted
using samtools (v1.6), and quantified using HTSeq (v0.12.4) with default parameters. Read counts
were aggregated using a custom perl script and used as the basis for differential expression analysis.
Differential expression analysis was performed in the R language, using the edgeR package (v3.30.3)
using the quasi-likelihood fit and test functions (glmQLFit, glmQLFTest). Genes differentially
expressed, as defined by >3-fold change and P.qj <0.05, are listed in Supplementary Table 2. The
function of genes in A. baumannii were allocated using eggNOG-mapper, and the resulting GO terms
and KEGG pathways were used for gene set enrichment analysis (GSEA) using Fry, a fast

approximation of the ROAST gene set test included in the edgeR package.
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For visualisation metabolic pathways in our RNA sequencing data we also used combined of the
EcoCyc ?® and MetaCyc ° database in Omics Dashboard Tool. Information in Dataset S1 was
imported into an EcoCyc (ecocyc.org) analyzed using the Omics Dashboard. Enrichment or depletion
of metabolic pathways then analysed using the Fisher’s exact test hypothesis and significant values
of <0.05. Enrichment or depletion scores (-logio P values) for each pathway in the dashboard were
downloaded, and figures were then created using PRISM graphing software (Graph-Pad Software
Inc). We also downloaded tables showing list of genes from the dashboard and were used to calculate
the percentage of transcripts that increased or decreased, as shown in Fig. 5d. We could not map 1338
gene out of 2470 significant up or downregulated in at least one condition due to lack of their

functional annotation.

Animal infection experiments

The Galleria mellonella infection experiments, larvae were performed as previously described in 38,
Briefly, triplicate assays of 5 larvae (200-230mg) were injected with 1 x 107 A. baumannii strains
AB5075 UW or ATCC 17978 and their dksA deletion mutants. Survival and health of larvae were
enumerated at every day post-challenge for six days according to the G. mellonella Health Index

Scoring System *°.

A mice in vivo model was used for enumeration of 4. baumannii AB5075 _UW and the dksA mutant
in different host niches: blood, nasopharyngeal tissue, bronchioalveolar lavage, BAL, lung tissue,
pleural cavity, PL, spleen tissue and liver. Female Swiss mice were intranasally challenged with 2 x

108 CFU and colonization was examined 24 h post-challenge as previously described.
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Growth phenotypic assays

For all growth phenotypic assays a single colony from Luria Bertani (LB) agar plates was used to
inoculate 5 mL of LB broth medium. Overnight cultures were diluted to an optical density at 600 nm
(ODsoo) of 0.01 in 105 pl LB broth with or without stress treatments in 96-well plates. We
supplemented ZnSO4 (1.5 mM), CuSO4 (3 mM or 5 mM) and H>O» (0.5 mM) in LB medium for zinc,
copper and oxidative stresses respectively. For all growth assays, cultures were incubated at 37 °C
for 16 h with shaking at 200 rpm in a PHER Astar FS Spectrophotometer (BMG Labtech). Cell growth
was monitored at 0.1 h intervals by measuring ODgoo. Growth curves were used to calculate area
under curve (AUC) using Graphpad Prism 9.0. The difference in AUC between wild-type and mutants

was and then used as a proxy for fitness under different stress conditions.

Biolog phenotypic microarray

The phenomes of A. baumannii ATCC 17978 its AdksA mutant were assayed with the Biolog
Phenotype MicroArrayTM (PM) system ¥ to identify compounds that could serve as sole carbon
(PM1-2; 190 compounds). Additionally, sensitivities to stress conditions (PM9-10; 192 conditions)
were also tested. All phenotypic tests were performed as per the manufacturer’s protocol. Following
inoculation, all PM plates were incubated in an OmniLog reader (Biolog) aerobically at 37°C for 48
h. Reduction of the tetrazolium-based dye (colourless) to formazan (violet) was monitored and
recorded at 15 min intervals by an integrated charge-coupled device camera. The resultant data were
analysed with the supplied manufacturer’s software, resulting in a time-course curve for colorimetric

change equating to respiration rate.

Respiration activity assay
For respiration assay, wild-type ATCC 17978 and AdksA mutant cells in 5 ml MH broth were grown

to mid-log phase (OD600 = 0.5) at 37°C with shaking at 200 rpm and treated with 6 mM CuSO4 or 3
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mM ZnSOy for 40 mins, 1 ml cultures were centrifuged for 1.5 mins and resuspended with fresh MH
medium containing 0.1% tetrazolium dye and chloramphenicol (200 pg/ml). Chloramphenicol was
used to prevent further protein synthesis allowing us to capture respiration status during 40 mins of
Cu or Zn treatment. 150 pL of cells were then transferred into 96-well culture plates. The plates were
incubated in an OmniLog reader (Biolog) aerobically at 37°C for 6 h. Reduction of the tetrazolium-
based dye (colourless) to formazan (violet) was monitored and recorded at 15 min intervals by an
integrated charge-coupled device camera. The resultant data were analysed with the supplied

manufacturer’s software as in the Biolog phenotypic microarray assay.

Serum growth inhibition assay

For serum growth inhibition assay 10> CFU in 10 uL from exponentially growing cells in MH were
transferred into 100 pL 50% serum in MH plus 0.1% tetrazolium dye in 96-well microplates. The
plates were then incubated in an OmniLog reader (Biolog) aerobically at 37°C for 48 h. Reduction of
the tetrazolium-based dye (colourless) to formazan (violet) was monitored and recorded at 15 min
intervals by an integrated charge-coupled device camera. The resultant data were analysed with the

supplied manufacturer’s software.

Biofilm formation and capsule synthesis

For biofilm formation assay we used the previously published method '*. Briefly, overnight cultures were
diluted 100-fold in 100 uL. LB broth in 96-well dish. Cells were then incubated for 24 h at 37°C
without shaking. Bacterial cells were removed by pipetting washed three times with PBS to remove
unattached cells, added 125 pl of a 0.1% crystal violet (CV) aqueous solution and incubated for 15
mins at room temperature. After rinsing 3 times with water and drying for 2 hours, 125 puL of 30%
acetic acid in water was added to each well, incubated for 15 mins to allow complete solubilisation

of CV and 125 pL of solubilised CV was transferred a new flat bottom microtiter plate. Biofilm
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formations were then estimated by measuring absorbance in a plate at 550 nm using 30% acetic acid

solution as blank.

For qualitative estimation of capsule levels, we used density gradient centrifugation as previously
described ', which is based on the effect of cell-associated capsule on bacterial density. Briefly, 1
ml of overnight grown cultures were centrifuged, washed with PBS and resuspended in 1 ml PBS.
The ODgoo of the cell suspensions was then adjusted to 1, translating approximately 8 x 108 cells/ml,
and 400 pl of the cell suspensions were loaded gently on the top of a solution of 37.5% (AB5075) or
47.5% (ATCC17978) Percoll in PBS. A second layer of 60% Percoll was included to aid visualisation
of the cells following centrifugation. The tubes containing biphasic percoll solution and cell

suspension were centrifuged for 5 mins at 3000g.

Minimal inhibitory concentration (MIC) assay

The three wild type strains (4. baumannii AB5075 and ATCC 17978, and E. coli K-12) and their
dksA single gene knockouts were streaked from frozen on an MH plate overnight at 37°C. A single
colony was inoculated in 10 mL of MH in a 50 mL falcon tube and shaken at 200 rpm in 37°C until
an ODegoo of 0.5 was reached. Antibiotic two-fold dilutions were prepared in triplicate in 96-well
plates to a volume of 140 uL using a multichannel pipette. A 1/400 dilution was made in PBS for
each of the cultures once they had reached ODgoo 0f 0.5. 15 pL of the culture dilutions was dispensed
into each well, bringing the final volume to 155 pL. Each plate was covered with an AeraSeal™ film
(Sigma Aldrich, cat. A9224-50EA) and incubated at 37°C for overnight with shaking (200 rpm).
Plates were imaged at ODgoo and MICs were reported at the lowest concentration where the majority

of wells had 80% growth inhibition compared to the positive control.
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Identification and validation of A. baumannii genes that alter fitness under copper and zinc stresses
using the TraDIS approach.
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Figure 2

DksA has an opposite role in zinc and copper stress protection.
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DksA-dependent virulence and niche specific colonization of A. baumannii and associated phenotype.
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Copper stress attenuates expression of ribosomal protein and respiratory genes in A. baumannii in a
DksA dependent manner.
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Figure 5

DksA regulates phenylacetate, B-ketoadipate and TCA-glyoxylate pathways in A. baumannii.
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An overview of DksA-dependent stress regulation in A. baumannii.
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