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ABSTRACT

Acinetobacter baumannii is an important human pathogen and considered as a major threat due to
its extreme drug resistance. In this study, the genome of a hyper-virulent MDR strain PKABO7 of A.
baumannii isolated from an Indian patient was sequenced and analyzed to understand its
mechanisms of virulence, resistance and evolution. Comparative genome analysis of PKABO7
revealed virulence and resistance related genes scattered throughout the genome, instead of being
organized as an island, indicating the highly mosaic nature of the genome. Many intermittent
horizontal gene transfer events, insertion sequence (IS) element insertions identified were
augmenting resistance machinery and elevating the SNP densities in A. baumannii eventually aiding
in their swift evolution. ISAba1, the most widely distributed insertion sequence in A. baumannii was
found in multiple sites in PKABO7. Out of many ISAbal insertions, we identified novel insertions in 9
different genes wherein insertional inactivation of adeN (tetR type regulator) was significant. To
assess the significance of this disruption in A. baumannii, adeN mutant and complement strains
were constructed in A. baumannii ATCC 17978 strain and studied. Biofilm levels were abrogated in
the adeN knockout when compared with the wild type and complemented strain of adeN knockout.
Virulence of the adeN knockout mutant strain was observed to be high, which was validated by in
vitro experiments and Galleria mellonella infection model. The overexpression of adeJ, a major
component of AdelJK efflux pump observed in adeN knockout strain could be the possible reason
for the elevated virulence in adeN mutant and PKBO7 strain. Knocking out of adeN in ATCC strain led
to increased resistance and virulence at par with the PKABO7. Disruption of tetR type regulator adeN
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by ISAbal consequently has led to elevated virulence in this pathogen.

Introduction

Acinetobacter baumannii is one of the most significant
nosocomial pathogens and considered as a major threat
to the global medical community." The reasons for its
success as a human pathogen are its ability to develop
resistance against almost all the classes of antibiotics and
its capacity to survive under extremely adverse
conditions.” Several typing methods including MLST
were used to study the global epidemiology of A.
baumannii that determines the dynamics of disease trans-
mission at local hospital levels, within the country level or
across different nations. Next generation sequencing
methods are more efficient recent epidemiological tools to
analyze whole genomes of A. baumannii clones and
different lineages of international clones. Moreover, a

complete knowledge of clonal population structure of A.
baumannii and dominant international clonal lineages is
prerequisite to understand the importance of high-risk
clones in the dynamics of international dissemination of
antibiotic resistant strains.’ Further, whole genome
analysis of multiple resistant clones may also decipher the
role of mobile genetic elements in emergence of resistance
in A. baumannii.

Mobile genetic elements, such as Insertion Sequence
(IS) elements are known to be present copiously in A.
baumannii, among which ISAbal of class IS6 is the
predominant one that has been shown to modulate the
expression of resistance associated genes such as ampC,
blaoxa.s; like and blagxa »3 like —genes.‘l’6 The presence
of additional promoters with ISAbal intensifies the
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expression of OXA-23 carbapenemase.” Such findings
indicate that resistance mechanisms in A. baumannii are
constantly co-evolving not only with a single IS-element,
but also with multiple IS-elements to cope up with the
antibiotic pressure.” Although, there have been reports
on other IS elements present in A. baumannii such as
ISAba2, 1ISAba3, I1SAba4, ISAbal25 and ISAba825, the
copy number of these elements are sparse when
compared with ISAbal.

Resistance of A. baumannii to various antimicrobial
agents is predominantly mediated by mechanisms such
as enzymatic inactivation, target site modification, active
efflux and decreased influx of drugs.® Previously, it was
shown that overexpression of resistance nodulation cell
division (RND)-type efflux systems contributing to drug
resistance in A. baumannii for multiple antibiotics.> '
Among RND-type efflux systems, AdelJK pump seems
to be mainly contributing to intrinsic resistance of
A. baumannii toward many major antibiotics."" How-
ever, the exact mechanisms of the efflux systems involved
are not completely understood.

While there is ample literature available regarding
antibiotic resistance in A. baumannii and its underlying
mechanisms, not much is known about the role of IS-
elements in assisting the evolution, pathogenesis and
successive progression of this nosocomial pathogen. Pre-
viously, it was shown that ISAbal disruped genes related
to two component systems (adeS) and membrane
porins (carO) escalate the genome plasticity of
A. baumannii.”*? According to another work, ISAbal
mediated disruption of the global repressor proteins
such as H-NS in clinical strains had resulted in elevated
virulence."? Recently a few attempts have been made to
understand the virulence potential of A. baumannii
using whole genome analysis. However, numerous previ-
ous molecular experiments contemplate that there may
not be any individual factor that can contribute to the
organism’s virulence.'* '

The virulence determining genes of A. baumannii are
believed to be multiple in nature and not specific to any
international clones (IC)/ non-international clones.'®
Although there have been numerous virulence genes
identified in A. baumannii, their mere presence alone do
not confer virulence as they have been found intact in
less-virulent strains too.'” Analysis of genome sequence
helps to predict and identify the virulence genes
and their putative functions based on their
homologies with well-studied genes from closely related
bacteria. There have been a limited number of research
works on genome perspectives of A. baumannii through
performing whole genome analysis of clinical strains
originated from India. The present study analyzed the
genome of A. baumannii PKABO7, an MDR strain that
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was a carbapenem-resistant isolated from a wound infec-
tion in a hospitalized patient. Besides, in vitro studies
revealed that PKABO7 is a hyper-invasive strain that was
exhibiting high induction of early apoptosis in maximum
number of human epithelial cells. Whole genome analy-
sis of PKABO7 helped in understanding the nature of
this genome and also assisted us in identifying various
resistance and virulence related traits present in it.

Materials and methods
Hllumina NGS - Assembly and annotation

Genomic paired-end reads of 2 x 100 nucleotides were
generated on an Illumina Genome analyzer II platform.
A total of 9.4 million reads of insert size between 180 to
220 bp were generated. The adaptor sequences were
trimmed from the reads using FASTX-Toolkit (http://han
nonlab.cshl.edu/fastx_toolkit/). The trimmed sequence
reads were assembled denovo using appropriate assembly
software and annotated as described in our previous
draft release."®

Additional tools in genome annotation

Accessory softwares used in addition to regular NGS
analysis tools were: PHAST server for identifying phage
related genes, manual search in BASys annotation server
to look for resistance and stress related genes.'”** MLST
analysis of assembled genome using CGE server’';
CRISPR finder for finding regular interspaced palin-
dromic repeats'’; and CGview for making circular
genome map and locating IS elements.”

Identification of IS-disrupted genes

The position of IS-elements throughout the genome was
predicted by IS-finder and a map showing the loci of
ISAbal in the genome was generated with CG view.*>**
The genes preceding and following ISAbal were
identified using ACT Artemis tool.”” The disruption of
identified genes and their copy number were verified by
performing BLAST analysis of the intact full-length gene
from other reference strains with the assembled genome
files.

Comparative genomics

A total of 43 genomes of A. baumannii including
PKABO7 were downloaded from NCBI for whole
genome multiple sequence alignment by Progressive-
Mauve.”® From the ‘backbone’ file generated by this soft-
ware, the fragments that are shared by all the 43
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genomes were segregated from the rest in MS-Excel to
generate the core and the accessory genome. This data
was used to construct the Circos map to represent the
affinities among the genomes with respect to the acces-
sory genome.”” Regions <5kb were ignored. The geno-
mic content distance matrix generated by it was used to
prepare the heat map by R-program and dendrogram by
FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Clus-
tering of orthologous genes was performed using the
MBGD server.”® Methods adopted to identify genes of
two component systems (TCS) are described in supple-
mentary file SM1.

Comparative analysis of efflux pumps genes

Whole genomes along with the plasmids belonging to the
43 genomes were uploaded to the MBGD server in Gen-
Bank format, which clustered the protein products of all
the genes. Two genes were clustered together if their pro-
tein products align with a cut-off value of > 75% cover-
age and share >60% of identity. From the list of
orthologous genes generated, genes belonging to RND-
type efflux pumps and efflux pumps from other families,
such as ATP-binding cassette transporters, heavy-metal
transporters that confer resistance to copper, zinc, major
facilitator super family (MFS) and multidrug and toxic
compound extrusion (MATE) were selected (total 22
clusters) and used to create a map depicting the presence

or absence of each gene belonging to efflux pump system
among the genomes analyzed.

Generation of adeN knockout

PCR primers for the forward flanking (FF) and reverse
flanking (RF) regions of A. baumannii adeN gene and
kanamycin cassette were designed using GeneTool
software. The primer sequences are given in Table 1.
Genomic DNA isolated from A. baumannii ATCC
17978 strain was used as a template for amplification of
FF and RF regions of adeN. Kanamycin resistance
cassette was amplified using PCR TOPO 1II vector
(Invitrogen, USA) as a template. Purification of the
amplified products was performed using GeneJET PCR
clean up kit (Thermo scientific, USA) following the
manufacturer’s instructions.

Overlap extension PCR

At their 5" ends the FF adeNR and RF adeNF primers
(Table 1) were added with an extension of around 20
nucleotides homologous to the KNCF and KNCR
primers, respectively. The amplicons obtained in the
aforementioned PCR reactions were added at equimolar
concentrations in a PCR mixture and subjected to nested
overlap extension PCR with adeNF, adeNR primers
using pfu DNA polymerase (Thermo scientific, USA).

Table 1. List of primers used for nested overlap extension PCR and real-time gPCR analysis.

Sl. No Primer Name Sequence Amplicon size (bp)

1 adeN F-5" CCGGGAATTCATGCATGATCCAGTCCTTGAG 3’ 654
R- 5" ATCG GAATTC TTAGACTTTATGATGGCCCTTT 3’

2 adeN FF F- 5" ATGCATGATCCAGTCCTTGAG 3’ 130
R - 5'CCCAGCTGGCAATTCCGGCAGCA
TCATATCCTTTTTCCA

3 adeN RF F -5’ CTTGACGAGTTCTTCTGAATCCTGA 154
TCATTCCTCTCTTAT 3/
R - 5 TTAGACTTTATGATGGCCCTTT

4 Kanamycin Cassette F-5'CCGGAATTGCCAGCTGGG 3’ 934
F -5" TTCAGAAGAACTCGTCAAG 3’

Reel-time PCR Primers

5 Outer membrane receptor cat. (OMRC) F- 5GCCGACTGGACTAGCT 3/ 123
R- 5’GCAGCGGCCTATACAGC 3/

6 Putative Membrane Protein (PTP) F- 5 TGCGGTGTTAACGTTCTGGATT 3’ 140
R-5'ACCCAGCCAATAGCAGTCCAG 3’

7 Putative transcript regulator (PTR) F-5'TCGTCAATCATGCTGGTGGT 3/ 224
R-5'CCAAACGTAAAAAGGCAATGTG 3’

8 Putative dehydrogenase (PDH) F-5'AAGCGTACCGTGGTTTTGTTCT 3/ 127
R-5'TCCCTCAATTTTTTTACGCAGTC 3’

9 adel F 5’CATCGGCTGAAACAGTTGAA 3
R 5’GCCTGACCATTACCAGCACT 3/

10 Dehydrogenase with different specificities (DDS) F- 5’CGCCGCATAGGTCGATAAAT 3/ 189
R-5'GGTCGCCGTATTGGTAAAGGT 3

1 Outer membrane receptor protein Fe transporter (OMRIR) F-5'CCGCCTGATGAATTTCCA 3/ 177
R-5'TGGTTTTGGTGCACGTTCTAC 3/

12 Putative acetyl transferase (PAT) F-5'GCGATGAGCGAGAAGAAGATA 3/ 175
R- 5’GCCACATGCCCAACAATAGTA 3’

13 rpoB F- 5"TCCGCACGTAAAGTAGGAAC 154

R- 5'ATGCCGCCTGAAAAAGTAAC
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The reaction conditions adopted for overlap extension
PCR were 94°C for 30 s, 40°C for 1 min, 72°C for 2 min
(10 cycles) followed by 94°C for 30 s, 55°C for 1 min,
72°C for 3 min (20 cycles) with a final extension at 68°C
for 10 min. The PCR amplicons generated (AadeN) with
the kanamycin resistance cassette flanked by 130 bp
upstream and 154bp downstream fragments of adeN
were purified using GeneJET PCR purification kit
(Thermo Scientific, USA) following manufacturer’s
instructions. The purified AadeN amplicons were used
for further electroporation experiments.

Preparation of electrocompetent cells

and electroporation

Two micrograms of the AadeN amplicons were added to
the electrocompetent cells prepared from an overnight
grown culture of A. baumannii ATCC 17978, mixed
thoroughly by gentle tapping and kept on ice for 30 min.
The electrocompetent cells were subjected to electropo-
ration at 1.8 KV for 3.2 ms. Nine hundred microlitres of
fresh LB broth was immediately added to the cuvette and
this preparation was transferred to a sterile 1.5 ml micro-
fuge tube and kept in an orbital shaker at 37° C for 1 h.
The cells were then pelleted at 4000 rpm for 5 min at
4°C and plated on LB agar plates supplemented with
1004g/ml kanamycin. Confirmation of transformed col-
onies was performed by PCR using forward and reverse
primers of adeN and kanamycin cassette. The colonies
with amplicon sizes of ~1.2 kb i.e. larger than the gene
size (> 654 bp) were categorized to be transformants
with disrupted adeN. This disruption was also
confirmed by sequencing of adeN amplicons.

adeN complementation using pWH1266

Intact full length adeN was amplified from the A.
baumannii ATCC 17978 genomic DNA using adeN full
length primers (Table 1). The amplicons were purified
using GeneJET PCR clean up kit. Purified amplicon and
shuttle vector pWH1266 were digested with fast digest
EcoRI (Thermo scientific, USA) at 37°C and ligation
reactions were performed using T4 DNA ligase (Thermo
scientific, USA) at 22°C. The ligated product was then
transformed into E.coli DH5¢ cells. The isolated plasmid
pWHI1266:adeN was electroporated into A. baumannii
ATCC 17978:AadeN electrocompetent cells by electropo-
ration. The complemented A. baumannii ATCC 17978:
AadeNQadeN strains were selected on LB agar with tet-
racycline 10p.g/ml and confirmed by PCR.

Growth curve analysis of A. baumannii strains
Growth rate of all the 4 strains namely PKAB07, ATCC
17978, AadeN and AadeNQadeN was monitored for
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24h. Briefly, overnight cultures grown in LB were diluted
in fresh LB medium to an ODgy, of 0.2. Two hundred
microlitres of fresh media were distributed into 96 well
plate and to this 2 pl of OD set culture were inoculated.
The growth experiments were performed at 37° C using
the Spectra-Max M Series multi-mode microplate reader
with continuous shaking. The ODgy, values were
measured at every 30 min for 24 h. The averages were
calculated from values obtained for the bacteria grown in
6 parallel wells. The results of this experiment has been
illustrated in Fig. S1 (and supplementary file SM1)

MIC determination and biofilm analysis

Antimicrobial susceptibility testing for determination of
MIC for multiple antimicrobials was performed using
E-strips and by microbroth dilution method as per CLSI
guidelines.”” MIC values were determined for tigecycline,
ceftazidime and meropenem using the MIC E-strips
(Hi-Media laboratories, Mumbai, India) and for chlor-
amphenicol, ciprofloxacin, tobramycin and amikacin
MIC determination was by micro-broth dilution method
in 96 well microtiter plate. Hundred micro-liter of
Muller-Hinton broth was serially diluted from highest
concentration of antibiotics (1024ug/ml) to lowest
concentration (0.5ug/ml) in 96 well microtiter plate. 2l
of 4-6 h grown culture were inoculated in each well.
Wells without inoculation were maintained as negative
control along with positive control. Microtiter plates
were incubated for 16-18 hours at 37°C and MIC value
was determined based on the turbidity in each well.

The ability of the A. baumannii strains ATCC 17978,
ATCC 17978AadeN, ATCC 17978 AadeNQadeN and
PKABO7 to form biofilm was tested quantitatively using
the micro-titer plate assay.”® Briefly, strains were grown
overnight at 37°C in brain heart infusion (BHI) broth.
Two hundred micro liters of sterile BHI broth was added
in the wells of a 96-well plate and 2ul of each of the over-
night grown cultures were inoculated into the wells in
triplicates followed by 24 h incubation. The biofilm
formed by individual strains were quantified according
to the standard protocol.”

Quantitative RT-PCR

Total RNA extraction. The total RNA of bacteria grown
at 37°C was isolated using the TRI reagent (Sigma-
Aldrich). The quality of the isolated RNA was deter-
mined using Nano-Drop (Thermo Scientific). For each
strain with similar growth condition 3 biological repli-
cates were included. Overnight cultures of all strains
were diluted to ODgp equivalent to 0.1 and grown at
37°C to an ODgg equivalent to 0.6 in LB. The extracted
total RNA was diluted to the final concentration of
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25 ng/ul. Equal amount of RNA were used for quantita-
tive RT-PCR analysis. The reactions were performed
using the 7500 Real-Time PCR System (Applied Biosys-
tems), with the following cycle profile: 1 cycle at 50°C
for 2 min, followed by 40 cycles at 95°C for 5 s, 60°C for
34 s and 72°C for 30s. All the experiments were per-
formed in triplicates. Relative quantification was used to
compare the amount of a target nucleic acid present in
the samples. The ratio between the reference and the test
sample was calculated as follows: Ratio (Reference/Tar-
get) = 2C4(ReD - Ca(Targe) "y ch result is presented as the
mean value of three independent results with their stan-
dard deviation. All the primers used for qPCR are listed
in Table 1.

Acridine orange and ethidium bromide (AO/EtBr)
staining and Annexin V analysis

A confluent layer of A549 cells in a 12-well plate was
co-cultured with overnight grown cultures of A. bau-
mannii ATCC 17978, ATCC 17978AadeN, ATCC
17978 AadeNQadeN complemented strain and
PKABO7 at an MOI of 100. The plates were then incu-
bated for 24 h following which the medium was
removed and cells were washed thrice with PBS. AO/
EB staining method followed was described in SM1.
The percentages of cell death induced by these four
strains were quantified using flow cytometer (Guava
Easycyte 8HT Millipore). A confluent monolayer of
A549 cells was infected with A. baumannii strains for
6 h following which the cells were harvested and
stained with Annexin V - FITC. (Annexin V - FITC
Apoptosis detection kit, Sigma Aldrich, USA). The late
apoptotic and early-apoptotic population of A549
cells were analyzed using bench top flow cytometer
(Guava Easycyte 8HT Millipore). The staining proce-
dures were performed by following manufacturer’s
instructions.

Galleria mellonella survival analysis

The degree of virulence of the wild type ATCC 17978
strain, PKABO7, AadeN and adeN complemented
strain were evaluated in an in vivo infection model,
Galleria melonella, the greater wax moth. G. mello-
nella larvae maintained at Prof. Rakesh Seth’s labora-
tory at Department of Zoology, University of Delhi,
were obtained and cultivated in laboratory for sur-
vival analysis. The larvae weighed in the range of 250
to 300 mg at the late instar stage, were used for infec-
tion assays. Phosphate buffered saline (PBS) and wild
type reference strain were used as negative and non-
virulent controls respectively. Overnight grown

cultures of the strains were pelleted, washed twice
with PBS and adjusted to 1 OD at 600 nm by
re-suspending in PBS. The cultures were plated on LB
agar and the CFU was evaluated after overnight incu-
bation. 10 ul of the 1000 fold diluted cultures of each
strain were injected into the left proleg of the larvae
and each set of injections were performed on 16 lar-
vae of uniform size. The larvae were maintained at
37°C after injection and observed for 6 d following
injection. Since the lethal dose standardized for
ATCC 17978 killed the larvae in our setup, sub-lethal
dose of the bacterial inoculum determined by serial
dilution followed by CFU calculation were injected to
evaluate the elevated virulence potential due to adeN
disruption. The results were documented and the sur-
vival rates were plotted by using Kaplan-Meier
method.” The differences in the virulence potential
based on the survival rates were assessed and the sta-
tistical ~significance was analyzed by unpaired
2-tailed student’s t-test. All the analyses were per-
formed on two or more independent experiments
using Graphpad Prism software version 6.0.

Results and discussion
Molecular epidemiology of A. baumannii PKABO7

Multi-locus sequence typing (MLST) of strain PKABO7
revealed that it belongs to the sequence type 195 (ST
195), clonal complex (CC) 92° according to MLST
scheme of Bartual and designated as International Clone
II world over. MLST assigned to the representative
sequenced genomes of A. baumannii and their clonal
complex affiliation according to Bartual and Pasteur
schemes is given in Table 2. Most of the previous studies
have chosen IC-II strains for genome analysis, indicating
the global dissemination of a successful clone (IC-II) that
has the ability to cause severe nosocomial infections.

A. baumannii ACICU genome was used as a reference
for the PKABO7 genome assembly. ACICU is an IC-II
clone which had caused outbreak in Rome in 2005.%* It
has a genome size of 3.9 Mb, as compared with 4.23 Mb
of PKABO07.” Since no ISAbal elements were found in
ACICU, as compared with 26 copies in PKABO7, this
may be one of the causes for its shorter genome. Notably,
a large 86Kb island AbaR1 found in ACICU, which is not
present in PKABO7 and this could be one of the reasons
for the fact that PKABO7 is more virulent although its
degree of resistance is comparatively lower than former.
Nevertheless, ACICU has 2 large plasmids pACICU1
(28.2kb) and pACICU2 (64.3kb), as compared with a
small plasmid pPKABO7 (8.8kb) in PKABO7 that is devoid
of any antibiotic resistance or virulence gene.



Table 2. A. baumannii genomes used in comparative whole

genome analysis and MLST analysis.

Isolate STOXFSTPAS  CCO®Fec™ IC GenBank ID
3207 1321/422 NA/79 NA  CP015364.1
6200 1161/464 NA/85 NA  CP010397.1
1656-2 423/2 92/2 Il CP001921.1
30275TDY5784958 136/2 92/2 Il LT594095.1
A1 231/1 109/1 I CP010781.1
AB0057 207/1 109/1 I CP001182.1
AB030 758/79 636/79 NA  CP009257.1
AB031 1000/638 NA/NA NA  CP009256.1
Ab04-mff 447/10 447/10 Vil CP012006.1
AB307-0294 2311 109/1 I CP001172.1
AB5075-UW 945/1 109/1 I CP008706.1
AbH120-A2 924/79 636/79 NA  CP009534.1
AC29 195/2 92/2 Il CP007535.2
AC30 195/2 92/2 Il CP007577.1
ACICU 437/2 92/2 Il CP000863.1
ATCC17978 112/437 NA/92 Il CP018664.1
AYE 231/1 109/1 I CU459141.1
BJAB07104 368/2 92/2 Il CP003846.1
BJABO715 642/23 447/10 VIl CP003847.1
BJAB0868 218/2 92/2 Il CP003849.1
D1279779 942/267 NA/NA NA  CP003967.2
D36 498/81 109/1 I CP012952.1
DU202 423/2 92/2 Il CP017152.1
IOMTU433 919/622 862/NA NA  AP014649.1
KBN10P02143 191/2 92/2 Il CP013924.1
LAC-4 447/10 447/10 Vil CP007712.1
MDR-TJ 369/2 92/2 Il CP003500.1
MDR-ZJ06 643/2 92/2 Il CP001937.1
NCGM237 455/2 92/2 Il AP013357.1
ORABO1 208/2 92/2 Il CP015483.1
PKABO7 195/NA 92/NA Il CP006963.1
R2090 942/267 NA/NA NA  LN868200.1
SDF NA/17 NA/NA NA  CU468230.2
TCDC-AB0715 218/2 92/2 Il CP002522.2
TYTH-1 455/2 92/2 Il CP003856.1
XH386 208/2 92/2 Il CP010779.1
XH856 381/2 92/2 Il CP014541.1
XH857 806/215 254/215 NA  CP014540.1
XH858 642/23 447/10 VIl CP014528.1
XH859 368/2 92/2 Il CP014539.1
XH860 457/2 92/2 Il CP014538.1
YU-R612 191/2 92/2 Il CP014215.1
ZW85-1 378/639 109/NA I CP006768.1

Note. NA= not available.
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antibiotic hydrolysing enzymes, over-production of RND
type efflux pumps, through modification of outer mem-
brane porins or by modifying the target and making them
inaccessible to the antibiotic binding. Annotation per-
formed on PKABO7 genome using RAST server predicted
around 3877 protein coding genes that included 59 genes
related to resistance to antibiotics and toxic compounds.™*
ResFinder identified resistance genes encoding aminogly-
coside modifying enzymes (strA and strB),16S rRNA
methyl transferase gene (armA), f-lactamases (blaoxa_¢s
ampC), macrolide resistance (mphE and msrE) and tetra-
cycline resistance (tetB).>> Some of the known and puta-
tive antibiotic resistance genes in the A. baumannii
genome specifying the resistance mediated through dif-
ferent and varying mechanisms against the f-lactams,
aminoglycosides and macrolides are given in Table 3.

Table 3. Important genome segment with genomic coordinates
2875478 — 2905039 present only in 21 genomes including A. bau-
mannii PKABO7 but absent in many other genomes.

Genome sequencing and assembly

The trimmed and filtered sequence reads were assembled
denovo using velvet, ABySS and A5 pipeline. All the con-
tigs from different assemblies were pooled and a total of
284 contigs were reordered against available (during
2015) 17 complete genomes of A. baumannii using Pro-
gressiveMAUVE.”® The highest level of similarity was
observed against A. baumannii ACICU genome, which
was thereafter used as the reference sequence by abacas.
pl (http://abacas.sourceforge.net/index.html) to generate
genome assembly of 4,304,370 bp (4.3 Mb).

Annotation of PKABO7 genome

Resistance and stress tolerance related genes
In Gram-negative bacterial pathogens, multidrug resis-
tance is likely to be mediated by the production of

Protein ID Predicted functions Function characterized
AHJ94053 TetR family Transcriptional —
Regulator
AHJ94054 TetR family Transcriptional —
Regulator
AHJ94055 Alcohol Dehydrogenase —
AHJ94056 Muconate-Lactonizing Degradation of Aromatic
Protein Compounds in B-
Ketoadipate pathway
AHJ94057 Major Facilitator —
Transporter
AHJ94058 Prevent-Host-Death Protein Antitoxin of toxin-
Antitoxin stability
System
AHJ94059 Transporter Permeases of the Drug/
Metabolite transporter
(Dmt) superfamily
AHJ94060 Membrane Transport —
Protein
AHJ94061 Membrane Protein Marc Multiple Antibiotic
Transporter
(Intracellular
Trafficking And
Secretion)
AHJ94062 Signal Peptide Protein —
AHJ94063 Ethanolamine Utilization —
Protein Eutq
AHJ94064 Oxidoreductase —
AHJ94065 Rubredoxin/Rubredoxin —
Reductase
AHJ94066 Aldehyde Dehydrogenase —
AHJ94067 2Fe-2S Ferredoxin —
AHJ94068 Choline Transporter —
AHJ94069 Choline Transporter —
AHJ94070 LysR Family Transcriptional —
Regulator
AHJ94071 GABA Permease —
AHJ94072 Methylmalonate- —
Semialdehyde
Dehydrogenase
AHJ94073 Hypothetical Protein —
AHJ94074 Amino Acid Oxidase —
AHJ94075 Polyketide Synthase —
Regulator
AHJ94076 TetR Family Transcriptional —

Regulator



http://abacas.sourceforge.net/index.html

1322 (&) R SARANATHANETAL.

Additional manual search performed using BASys*’
revealed the presence of various classes of efflux pump
coding genes such as RND type, ATP binding cassette
type (ABC), small multidrug resistance (SMR), major
facilitator super family (MFS) and multidrug and toxic
compound extrusion (MATE). In addition, genes respon-
sible for metabolising/modifying antibiotics of various
classes such as B-lactams, aminoglycosides, glycopeptides,
polypeptides, macrolides and sulfa drugs were found to be
dispersed throughout the assembled genome. A total of 18
predicted genes responsible for providing tolerance to
metals such as arsenic, copper, cobalt, zinc, cadmium, tel-
lurium, mercury and chromium were present across the
genome. Further, numerous other genes responsible for
stress tolerance, resistance to inorganic compounds and
dyes as well as multi-drug resistance mediating putative
transcription regulators were also detected that could con-
tribute significantly to the persistence of A. baumannii.
RAST annotation has revealed a total of 102 RNA coding
genes. Twenty-one rRNA genes were present (7 each of
5SrRNAs, 16S rRNAs, and 23S rRNAs) in PKABO7 that
was demonstrated through RNAmmer analysis. Lastly,
CRISPR related genes were not found in this genome.

Comparative genomics

A. baumannii PKABO7 may not apparently harbour any
unique islands, as revealed by our comparative genome
analysis. Nevertheless the mosaic genomic structure of
PKABO7 is evident by the scattered core genome inter-
laced by 202 long and short accessory genome segments
(Fig. 1). One of the most important gene segments
29561 bp (genomic coordinates 2875478 - 2905039,
Table 3), is present in 21 other genomes including
PKABO7. This segment has 23 ORFs, which include
many coding DNA sequences for various genes such as
different transcriptional regulators (mainly TetR family
of regulators), genes that facilitate transporting antibiot-
ics, small molecules and toxins. It is interesting to note
that, this region is always associated with CC-92 of IC-II.
This could be a significant factor in making this clone
successful globally.

Two component systems (TCS)

PKABO7 has at least 21 TCSs, one of the highest num-
bers for A. baumannii revealed through analyzing P2CS
database.”® According to the database the histidine kin-
ases (HKs) were classified as classic, hybrid and unortho-
dox or CheA family, and those lack HATPase or receiver
domains were classified as phospho-transfer proteins.
The response regulators (RRs) fell into OmpR, NarL,
NtrC, LytR and CheY families. We found 18 HKs and 17

RRs and 2 hybrids in A. baumannii PKABO7, with the
HisKA, HATPase and the receiver domains residing in
the same protein molecule. Together, these constituted
14 cognate pairs of HK-RRs; whereas no detectable part-
ner was found for the rest of the 7 TCS

Genome plasticity and evolution

A total of 43 fully sequenced genomes representing
isolates from diverse geographical regions such as Asia
(India, China and Malaysia), European (France, Italy and
Korea), the Americas (USA) and Australia, which made
the study demographically unbiased were analyzed.
PKABO7 is one of the largest among the genomes ana-
lyzed and some of main feature of the genome is given
(supplementary file SM1). Strain PKABO7, stands out
from the rest as shown in the unrooted tree (Fig. 2). The
resistance, virulence and stress response modules were
found to be scattered throughout the core and accessory
genomes which is very significant and is not fully under-
stood. But this does indicate that the organism had
acquired genomic regions by recombination or horizontal
transfers”” albeit intermittently, resulting in a scattered
accessory genome devoid of any island. Moreover, the
presence of numerous insertion elements had further
augmented the genome rearrangements. It is interesting
to note that due to the tremendous selective pressure A.
baumannii is subjected to while thriving in hostile envi-
ronments, the organism successfully managed to disperse
the resistance, virulence and stress response modules
throughout the core and accessory genome. This may
give A. baumannii immense flexibility to re-model a sub-
set of its entire repertoire of genes rather than just orga-
nizing these modules into a ‘patch’ of the island and just
gaining or losing it as a whole. This phenomenon might
explain how it helps A. baumannii in driving forward to
a positive selection and evolution. Finally, the evolution-
ary potential of this bacterium is evident due to the pres-
ence of a large number of transposases (n = 60) that
includes both full length and remnant transposases,
though the significance of remnants is unclear.

Single nucleotide polymorphisms (SNPs)

The distribution of SNPs was found to be elevated around
the accessory genome as depicted in circus plot (Fig. 1).
Recent studies reveal that IC-II lineage have accumulated
an elevated number of SNPs, which are located preferen-
tially around regions that are subjected to frequent
homologous recombination events**’ These SNPs are
probably the products of homologous recombination
events and represent recombination hot-spots. This rapid
accumulation of SNPs is indicative of rapidness at which
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Figure 1. Circos plot showing SNP-distribution in the genome of A. baumannii PKABO7 and its correlation with accessory genome and the GC-
skew (From inside out) Track-1 (green) - regions that are absent in at least one of the genomes (the accessory genome). Track-2 (red) — The
chromosome of A. baumannii PKABO7. Track-3 (purple/orange) — Histogram showing GC-skew. Track-4 (red) — Scatter plot of SNP count/kb.
Note the scattering of the plot outward at genomic regions where either a steep deviation from the GC-skew occurs or a syntenic link appears,
or both (particularly, regions around 0.1 —0.3 Mb, 0.7-1 Mb, 1.2 Mb, 2-2.3 Mb; the outer numbers showing genomic coordinates in mb)

A. baumannii clonal lineage has been evolving.*” GC-con-
tent has always been the gold standard for identifying
HGT in prokaryotes*' but this study did not find any shift
in the GC content associated with elevated SNPs (Fig. 1).
Since the elevated SNPs distribution around accessory
genome did not always represent a deviation in the GC-
skew while mining for the regions of HGT one should
also take SNPs into consideration.

Gene expression modulation due to ISAba1 insertion

ISAbal of A. baumannii was previously shown to modu-
late the expression of resistance related genes by

providing hybrid promoters or by disrupting the global
transcriptional repressor protein encoding genes such as
H-NS through insertional inactivation leading to
increased resistance and virulence.*”'>"> IS-Finder
identified ISAbal to be present in 26 copies in PKABO7,
the highest number among the sequenced A. baumannii
genomes and their exact positions were also located
using ACT Artemis (Fig. 4). Interestingly, we identified 7
novel ISAbal mediated gene disruptions in 7 coding
DNA sequences (CDS) and 3 ISAbal insertions in the
upstream of genes namely TonB-dependent receptor
plug domain, ampC and putative acetyl transferase
resulting in overexpression of these genes. Except ampC,
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Figure 2. Unrooted phylogenetic tree representing the relatedness among the genomes under study. The tree file was generated by Pro-
gressiveMauve and was visualized in FigTree (Version 1.4.1) (http://tree.bio.ed.ac.uk/software/figtree/). The PKABO7, despite closest to
the clonal AC29, stands out in the tree, where as the rest of the strains clustered into 3 clades, a tree similar to that of Tan et al., (2013).

all the upstream insertions and gene disruptions
observed were in novel regions which codes for tran-
scriptional regulators, repressors, outer membrane pro-
teins and receptors, which was not reported hitherto.
The insertions were confirmed by PCR wherein genes
encoding transcription regulator (AdeN), cAMP binding
protein, TonB dependent siderophore receptor (OMRC),
putative outer membrane protein (PTP or OMPX), a
hypothetical protein (HYP), dehydrogenase with differ-
ent specificities (DDS) and putative dehydrogenase
(PDH),which are disrupted, generated the amplicons of
larger size that included the size of IS element along with
gene size.

Over expression due to ISAba1 insertion

Insertion of ISAbal in upstream of the genes such as
ampC, putative acetyl transferase (PAT) and TonB-
dependent receptor plug was observed in PKABO7.
Over-expression of ampC has been previously reported
attributing to ISAbal insertion upstream of this gene.*?
PAT of PKABO7 is an acetyltransferase belonging to
GCNb5-related N-acetyltransferase (GNAT) super family
that was first identified as aminoglycoside acetyltransfer-
ases in bacteria responsible for the development of

resistance to the aminoglycoside antibiotics.*” Though
very few GNATSs have been characterized till date there
are large number of known substrates for them that
include antibiotics, small molecules and homoserine lac-
tones that help in bacterial survival and pathogenesis.*’
ISAbal insertion in PKABO7 is in the upstream of PAT
gene probably might have created a hybrid promoter
that was found to be responsible for overexpression of
this gene leading to aminoglycoside resistance in
PKABO7. qRT-PCR experiments revealed 10-fold
increase in expression of PAT compared with wild type
in this study, which is significant (Fig. 5). In the same
manner acylation of other antibiotics and homoserine
lactones can also be anticipated since these factors are
required for its survival and invasion of host.

TonB dependent siderophore receptor mutations results
in avirulent phenotypes in Gram-negative bacteria accord-
ing to earlier studies.** TonB dependent siderophore recep-
tor gene in PKABO7 is disrupted by ISAbal, showed 41%
similarity and 23% identity with fpvA(a TonB receptor
homolog) found in Pseudomonas syringae.*” Mutants of
fpvA showed reduced ability to produce EPS, increased tol-
erance to antimicrobial agents, accelerated swarming abil-
ity and increased biosurfactant production, indicating that
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Figure 3. Heat map based on the distance matrix generated by ProgressiveMauve.?® The pair-wise distance matrix was used to generate
the heatmap using R program (http://www.r-project.org/). The legend shows the gradient color-code to the values in the distance

matrix.

swarming motility and biosurfactant production might be
negatively controlled by siderophore synthesized.*>*® In
addition, TonB-dependent receptor plug domain has also
been identified in PKABO7, which has sequence similarity
with the plug domains from other structurally character-
ized TonB-dependent transporters.”” The receptor plug
domains of TonB-dependent transporters can fold inde-
pendently after translocation across the inner membrane,
with subsequent insertion of the folded plug domain into
the L-barrel. However, extracellular loops of the L-barrel
are required for ligand binding.*” This domain structure
suggests that such a plug might be stable even when
expressed in the absence of the transmembrane L-barrel.
We found ISAbal insertion upstream of TonB-dependent
receptor plug domain gene in PKAB07, which is likely lead-
ing to overexpression of this plug that locks the L-barrel
possibly blocking the transport of siderophores as reported
elsewhere.”” Indeed, this study experimentally proved that
overexpression of plug domain was happening in PKAB07
by performing by qPCR experiment and quantifying the
transcripts of plug domain (Fig. 5).

ISAba1 mediated control of multidrug efflux systems
When we analyzed multiple genomes for studying efflux
pump genes and majority of them appeared to be con-
served. However, a few efflux pump gene losses were found.
The most apparent was the loss of 5 efflux pump genes by
the strain SDF (Fig. 6), which was isolated from body lice.*®
SDF is a commensal strain that was found to be highly sus-
ceptible to antibiotics. In this regard, we believe that it is
more appropriate for the strain to lose many of these efflux
pump genes as it is not required in a niche it thrives. This
study more importantly observed ISAbal insertion in a
negative regulator gene of adelJK efflux pump.

Among the 3 major diversely regulated multidrug
efflux systems reported so far in A. baumannii, AdelJK
efflux system is controlled by a TetR regulator namely
AdeN.*° The TetR family is one of the commonest tran-
scriptional regulator families in bacteria that are often
involved in the regulation of efflux systems by acting as
repressors.”>* It has been established that interaction of a
ligand with the LBD domain of the transcription regulator
leads to a conformational change that interferes with the
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Figure 4. Location of ISAbaT loci in the genome of A. baumannii PKABO7 illustrated using CGview. Manual input through numerals for
displaying the positions of ISAba7 throughout the genome was fed in CG view tool and the image was generated.

DNA-binding ability of the protein, thus relieving tran-
scription repression.”> We identified ISAbal mediated dis-
ruption of adeN in PKABO7 that had eased out adeN
repression of AdeIJK and thereby allowing the uncon-
trolled expression of genes of the adelJK operon.> The
results of QRT-PCR for ade], one of the major component
of AdeIJK efflux pump in this study showed a significant
overexpression in PKAB(07 (8-fold) and experimental
adeN knockout (2-fold) when compared with control
(Fig. 5). Abrogation of adeN repressor activity due to
ISAbal disruption could have led to multiple drug resis-
tance in PKABO7 (Table 4). Moreover, adeN has been
shown to be responsible for the repression of the adelJK
operon only in susceptible strains of A. baumannii.>
AdelJK pump appears to be contributing to intrinsic
resistance toward many antibiotics including B-lactams
and tigecycline.!" Since, overexpression of the adelJK
operon has been shown to be toxic in E. coli and Acineto-
bacter it is suggested that expression of this gene cluster

is tightly regulated.'"' Additionally, adeN repression of
adeIJK only observed in susceptible strains of A.
baumannii.>® Insertional inactivation of adeN might
have led to diminished susceptibility to antibiotics that
are substrates for the AdeIJK. Natural overexpression of
adeIJK efflux pump is unlikely since there exists a thresh-
old for toxicity. However, disruption of adeN, which
seemed to be lethal leading to overexpression of adelJK
initially, is appeared to be slowly evolving into an intrin-
sic low level of expression tolerable to A. baumannii.
Such observations confirm tight control of AdeN over
AdelJK efflux pump and for the first time we have
observed naturally occurring insertional inactivation of
adeN by ISAbal.

Role of adeN in regulating virulence of A. baumannii

This study attempted to investigate any other important
functions that can be attributed to adeN that might help
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Figure 5. Quantitative Real-time PCR experiments for determining the expression levels of genes that are affected by ISAba1. Expression
levels of adeN, adel, PAT and TonB receptor plug domain genes in A. baumannii strains ATCC 17978, ATCC AadeN, adeN complement
and PKABO7. mRNA levels were determined by quantitative real-time PCR and normalized to the expression of rpoB in each sample. All
data are representatives of at least 3 independent experiments. Statistical significance was derived using 2-tailed paired Student’s t-test
*, P < 0.05; ", P < 0.01; ", P< 0.00 1. Error bars represent the standard error (SE) of the mean.

in pathogenesis of A. baumannii. Since, transcription
regulator adeN appeared to have significant additional
physiologic roles, other than the controlling efflux mech-
anisms such as virulence and persistence, adeN gene
knockouts were investigated initially for their abilities to
form biofilm and induce apoptosis in co-culturing
conditions.

Construction of adeN knockout in A. baumannii ATCC

17978

The adeN knockout strain was constructed through
homologous recombination followed by gene replacement
as described elsewhere.”* AadeN construct was prepared
by placing kanamycin cassette in the middle with flanking
upstream and downstream regions of adeN. Electropora-
tion of competent cells with the AadeN construct formed
around 80 colonies on the LB agar plate containing
kanamycin (100p4g/ml). Subsequently, the colonies were
screened by PCR for the presence of disrupted adeN with
a amplicon size of ~1.2 kb that is larger than the adeN
gene size (654bp). All the colonies were found to possess
this amplicon i.e. AadeN construct, thereby confirming to
be mutant colonies with defective adeN.

adeN disruption affects biofilm formation
When the AadeN and wild type strain ATCC 17978 were
tested for the extent of biofilm production through

microtiter plate assay, adeN mutation nearly abolished
the biofilm forming ability of A. baumannii. When com-
pared with the wild type strain, more than threefold
reduction in the amount of biofilm formed by mutant
strains was witnessed. A similar scenario was noted in
PKABO7, which had natural disruption of adeN because
of ISAbal insertion. To further evaluate the importance
of adeN in biofilm formation, a replicative plasmid of
Acinetobacter pWH1266 carrying full-length intact adeN
(pWH1266::adeN) was electroporated into AadeN
mutant strain for complementation. Biofilm level in the
complemented strain was significantly restored though it
was slightly lesser than the wild type strain (Fig. 7). Our
results reveal that adeN knockout fails to form biofilm,
which was restored in the complemented strain. Such
results provide concrete evidence that adeN could be a
positive regulator in controlling the process of biofilm
formation in A. baumannii. Moreover, complemented
strain showed very high level expression of adeN, which
is expected. Similar results of overexpression was also
found by Tomaras et al., 2008>> and Mussi et al., 2010°°
when they complemented bfmR and blsA alleles of A.
baumannii in pWH1266 respectively. Indeed, they sug-
gest such overexpression is most probably due to high
copy number of the allele (in our case it is adeN) in
pWHI1266 derived complemented mutant generated
from parental ATCC 17978 strain.
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Figure 6. RND-type efflux pump genes among the sequenced genomes. 22 clusters of orthologous genes belonging to RND-type efflux
pumps and efflux pumps that cause antibiotic resistance were mapped against 43 genomes that were analyzed, showing the presence
(yellow) or absence (white) of the orthologous genes. Brown colored squares indicate the presence of 2 paralogs in the same genome.
Strains that belong to IC1, IC2 and IC8 are shaded gray, yellow and green, respectively.

AO/EB staining and Annexin V assay revealed AadeN
to be hyper virulent

Based on the results observed for the PKABO7 strain
which was hypervirulent as well harboured mutated
adeN, this study looked into the role of adeN in
conferring virulence to A. baumannii. When the wild
type and adeN mutant strains were co-cultured with
the A549 cells for 24 h, there was a drastic increase in
the virulence potential of the adeN mutant strain,
which reduced the viability of A549 cells significantly
(Fig. 8A). Conversely, the wild type and complemented
strains did not induce any notable cell death (Fig. 8A).
Early apoptotic and the late apoptotic population of
A549 cells after co-culturing with A. baumannii were
analyzed using flow cytometer. Flow cytometry data
was analyzed by combining the plots from both the
upper right and lower right quadrants, which shows
the population of both apoptotic and early apoptotic
cells. About 5,000 events were captured for each sample
and the percentage of annexin V positive cells were cal-
culated. AadeN strain induced more cell death (60%)

Table 4. Determination of MIC for 7 antibiotics in 4 strains
included in the study.

Antimicrobial agents™

Strain tested P CHL CAZ TGC* MRP  TOB  AMK

PKABO7 32 16 <016 15 >256 >256 >256
AadeN <05 16 >256 019 >256 <05 <05
AadeNQadeN <05 <05 >256 0125 =256 <05 <05
ATCC 17978 <05 <05 >256 0125 >256 <05 <05

*CIP-Ciprofloxacin, CHL- Chloramphenicol, CAZ-Ceftazidime, TGC- Tigecycline,
'MRP- Meropenem, TOB-Tobramycin, AMK- Amikacin.
SE- strips were used for determination of MIC

when compared with the wild type ATCC (38%) and
ATCC 17978 AadeNQadeNstrain (14%) (Fig. 8B). The
results of AadeN strain and PKABO07 (58%) that had
adeN disrupted by ISAbal were almost similar (Fig. 9).

Galleria mellonella killing assays

The degree of virulence in different strains of A. bau-
mannii was determined by G. mellonella killing assays.
The sub-optimal dose of ATCC 17978 which did not
affect the survival of the larvae up to 6 d of infection was
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Figure 7. Biofilm levels in adeN mutant and wild type strains -
Microtitre plate biofilm assay was performed for A. baumannii
strains ATCC 17978, ATCC AadeN, adeN complement and PKAB0O7
and the results were analyzed. Statistical significance was derived
using 2-tailed Student’s t-test (**, p < 0.005; ***, p < 0.001).
Experiments were performed in triplicates and error bars repre-
sent the standard deviations.
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A) Control

B) PKABO7

Figure 8. (A) Co-culturing followed by AO/EB stainingA549 cells co-cultured with A. baumannii strains were added with AO/EB viability
check stain and observed under fluorescent microscope B-2A filter (Nikon Eclipse TS100, Japan). PKABO7 and AadeN strains were found
to be hyper invasive and induced more cell death as evidenced by the cellular uptake of ethidium bromide by A549 cells (B & C) when
compared with the uninfected control (A). The virulence was compromised when the AadeN strain was complemented with pWH1266::

adeN plasmid (D). Scale bar represents 50.4m at 40X magnification.

found to be 6.4 x 10% 5.2 x 10%,5.7 x 10" and 5.9 x 10
for PKABO7, ATCC, AadeN and complemented strain
respectively. The dose of the A. baumannii inoculum
was fixed based on the earlier observations.” Among the
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Figure 9. Annexin (V)expression analysis through flow-cytometer.
Expression of Annexin V was evaluated using Annexin V-FITC
Apoptosis Detection Kit (Sigma Aldrich, USA). A549 cells infected
with A. baumannii strains ATCC 17978, ATCC AadeN, adeN com-
plement and PKABO7 were analyzed after incubation for 24 h
at 37°C, and statistical significance was derived using 2-tailed
Student’s t test ("x, P < 0.05; ***, P < 0.001). Experiments were
performed in triplicates and error bars represent the standard
deviations.

injected strains, PKABO7 and AadeN were found to be
more virulent and causing increased mortality by killing
more number of larvae than the ATCC 17978 and
ATCC 17978 AadeNQadeN strain (Fig. 9).Previously, it
was known that adeN represses the expression of AdelJK
efflux pump and it was also speculated that AdelJK efflux
pump proteins could be important to manifest virulence

as their absence abrogated the virulence in A.
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Figure 10. Survival Plot of Galleria mellonella larvae infected with
the adeN knockout, wild type and complemented strains.
PKABO7 and AadeN strains were found to be hyper- virulent and
killed relatively higher number of larvae when compared with
controls, ATCC 17978 and PBS. The virulence was compromised
when G. mellonella infected with the complemented strain of
AadeN with pWH1266::adeN plasmid.
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baumannii.”” Lack or down regulation of AdelJK genes
may cause defective effluxing, wherein defense related
toxins of G. mellonella that have entered the bacteria are
likely to be retained within leading to subsequent killing
of bacteria thereby helping the insect survival.”” Besides,
our findings substantiate that the overexpression of
adelJK has direct influence on elevation of virulence, in
addition to increased efficiency of effluxing. This result
confirms the fact that AdeN has a definitive role in con-
trolling the expression of virulence related genes in A.
baumannii.

Elevated resistance due to adeN disruption by ISAba1
AdelJK efflux system has a wide range of substrates,
which is very similar to those of the AcrAB-TolC and
MexAB-OprM systems.”>*” AdelJK efflux pump system
contributes to resistance toward B-lactams, chloram-
phenicol, tetracycline, erythromycin, lincosamides, flu-
oroquinolones, fusidic acid, novobiocin, rifampin,
trimethoprim, acridine, safranin, pyronine and sodium
dodecyl sulfate.'' Besides, it works in an additive fash-
ion to bring tigecycline resistance along with AdeABC
efflux system. It is also suggested that AdeIJK may have
more important physiologic roles other than efflux
pumping.'’ One recent investigation identified AdeN
repressing the expression of the adeIJK operon.” Rose-
nfeld et al. (2012) experimentally deleted the adeN gene
partially in A. baumannii by insertion-inactivation to
check the regulation of AdelJK expression.’® Experi-
mental deletion of adeN resulted in elevated resistance
to multiple antibiotics that are likely substrates of the
Ade]JK efflux pump. The present study, through
whole-genome sequencing approach, for the first time
identified naturally occurring ISAbal insertion in adeN
gene in PKABO7 strain of A. baumannii leading to
insertion-inactivation of adeN, which may have
resulted in diminished susceptibility of this strain to
various classes of antibiotics. The antibiotic susceptibil-
ity results of PKABO7, AadeN and complement of
knockout proved this point (Table 4).

Based on the in vitro assay results observed for the
PKABO?7 strain, which was hypervirulent that harboured
a disrupted adeN, we intended to study the role of adeN
in conferring virulence to A. baumannii. Interestingly,
when the wild type and adeN mutant strains were co-cul-
tured with the A549 cells for 24 h, there was a drastic
increase in the virulence potential of the adeN mutant
strain which reduced the viability of A549 cells. Con-
versely, the wild type strain did not induce any notable
cell death (Fig. 8 and 9). This experimental result con-
firms that adeN could be a negative regulator of viru-
lence, and adeN disruption in A. baumannii causes this

bacteria to behave abnormally with elevated virulence
properties.

The regulatory networks controlling the expression of
A. baumannii virulence factors such as metal acquisition,
motility, adhesion, invasion and biofilm formation
remains largely unknown. A recent study compared the
genome sequences of hyper motile strains and wild type
strains, and revealed that IS mediated disruption of
H-NS like genes resulted in enhanced virulence/motil-
ity."”> It was also shown that this H-NS encoding gene
is a common homolog of histone-like nucleotide struc-
turing protein of E. coli, which is also known to be a
major global transcriptional repressor. It is interesting to
note that similar ISAbalmediated disruption of TetR
regulator adeN through insertional inactivation in
PKABO7 resulted in various alterations including
increased virulence potential, hyper invasiveness and
global transcriptional changes."’

Many earlier studies show positive correlation between
biofilm formation and virulence in A. baumannii wherein
the components of biofilm have been associated with host
inflammatory response. In our study there exists an inter-
esting scenario wherein the strain was found to be a moder-
ate biofilm producer but possess high virulence. One
previous study has observed increased expression of AdelJK
efflux pump when adeN was experimentally disrupted™
and such an overexpression might also lead to reduced fit-
ness.'” Another complementing study showed AdelJK
efflux pump defective strains were compromised in their
virulence potential when compared with their wild type
counterparts and these findings clearly indicate that normal
functioning of AdeIJK efflux pump is pivotal requirement
for causing host cell damage.”” It has also been shown that
in MDR clinical isolates, a functional AdeIJK is likely to be
responsible for the intrinsic low-level resistance for different
antibiotics at the same time having high capacity to form
biofilms with increased adhering ability to respiratory epi-
thelial cells, leading to increased virulence.'**® Contradicto-
rily, one recent study revealed that proteomic analysis of
bacterial membranes in overexpressing mutants of adelJK
had resulted in under expression of proteins belonging to
chaperone-usher (CU) pilus assembly systems (CsuA/B
and CsuC & FimA fimbrial protein). Both pilins CsuA/B
and FimA have been detected in the matrix of different A.
baumannii pellicles,’’ and the disruption of both CU sys-
tems results in a severe decrease in biofilm formation on
abiotic surfaces.*>®* Interestingly, such a negative correla-
tion between overexpression of efflux systems leading to
antibiotic resistance and reduction in biofilm formation has
also been recently observed in a transcriptomic analysis of
imipenem-selected A. baumannii®* Taken together, there
is fair chance of occurrence of phenomenon wherein bio-
film formation and antibiotic resistance could be controlled



antagonistically by certain negative regulators such as adeN
as it is seen in our case. Therefore, adeN disruption in
PKABO7 and adeN knock out leading to reduction in the
amount of biofilm signifies that biofilm may not enhance
the virulence in all circumstances.

The present study, for the first time describes the
alternative physiologic roles of adeN where in it possibly
appears to be a smart negative regulator of genes associ-
ated with virulence such as biofilm formation, host cell
killing, which are not its primary role. Moreover, natu-
rally occurring adeN disruptions by mobile genetic ele-
ments may help A. baumannii to evolve in the stressful
micro-environment of the host. In summary, the pheno-
typic and genotypic analysis performed using strains
such as ATCC 17978, PKABO7, adeN mutants, comple-
mented mutant strain revealed a significant role for
adeN in the regulation of A. baumannii virulence associ-
ated genes.
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