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Abstract

The objective of this study was to characterize blagxa.o3 harbouring Acinetobacter indicus-
like strains from cattle including genomic and phylogenetic analyses, antimicrobial suscepti-
bility testing and evaluation of pathogenicity in vitro and in vivo. Nasal and rectal swabs (n =
45) from cattle in Germany were screened for carbapenem-non-susceptible Acinetobacter
spp. Thereby, two carbapenem resistant Acinetobacter spp. from the nasal cavities of two
calves could be isolated. MALDI-TOF mass spectrometry and 16S rDNA sequencing identi-
fied these isolates as A. indicus-like. A phylogenetic tree based on partial rpoB sequences
indicated closest relation of the two bovine isolates to the A. indicus type strain A648" and
human clinical A. indicus isolates, while whole genome comparison revealed considerable
intraspecies diversity. High mimimum inhibitory concentrations were observed for carbape-
nems and other antibiotics including fluoroquinolones and gentamicin. Whole genome
sequencing and PCR mapping revealed that both isolates harboured blagxa.o3 localized on
the chromosome and surrounded by interrupted Tn2008 transposon structures. Since the
pathogenic potential of A. indicus is unknown, pathogenicity was assessed employing the
Galleria (G.) mellonella infection model and an in vitro cytotoxicity assay using A549 human
lung epithelial cells. Pathogenicity in vivo (G. mellonella killing assay) and in vitro (cytotoxic-
ity assay) of the two A. indicus-like isolates was lower compared to A. baumannii ATCC
17978 and similar to A. Iwoffii ATCC 15309. The reduced pathogenicity of A. indicus com-
pared to A. baumannii correlated with the absence of important virulence genes encoding
like phospholipase C1+C2, acinetobactin outer membrane protein BauA, RND-type efflux
system proteins AdeRS and AdeAB or the trimeric autotransporter adhesin Ata. The emer-
gence of carbapenem-resistant A. indicus-like strains from cattle carrying blapxa-g3 on trans-
posable elements and revealing genetic relatedness to isolates from human clinical sources
requires further investigations regarding the pathogenic potential, genomic characteristics,
zoonotic risk and putative additional sources of this new Acinetobacter species.
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Introduction

Acinetobacter baumannii is an opportunistic pathogen frequently involved in a wide range of
nosocomial infections [1]. For more than a decade now, carbapenem-resistant Acinetobacter
spp. strains, particularly A. baumannii, represent a growing public health concern, since they
often confer resistance to other critically important antimicrobials, including aminoglycosides,
fluoroquinolones or even polymyxins [2, 3]. Carbapenem resistance in Acinetobacter spp. is
most often mediated by oxacillinases (OXA) which belong to the group of carbapenem-hydro-
lysing class D B-lactamases (CHDLs). The most prevalent OXA carbapenemases found in Aci-
netobacter are acquired OXA-23 and OXA-58 which can be either plasmid or chromosome
encoded. OXA carbapenemases exhibit only weak hydrolysis of carbapenems in vitro but are
often associated with insertion sequences that provide additional promoter elements leading
to overexpression of CHDLs and finally to carbapenem resistance in clinical isolates [1-3].
Although reports about carbapenem resistant Acinetobacter spp. strains in animals are still
infrequent, they have been increasing in the last few years. OXA-23 was identified in A. varia-
bilis from cattle in France [4], in A. gandensis strains from horses in the Netherlands [5], and
in A. baumannii from cats in Portugal and Germany [6-8]. Different carbapenemases were
further recovered in A. baumannii from livestock animals in Lebanon [9], and from swine in
China [10]. In 2012, a novel species, termed A. indicus, has been identified from a cyclohex-
ane-containing dumpsite [11]. Two years later Bonnin et al. reported OXA-23 mediated carba-
penem resistance in a human clinical isolate identified to be closely related to this species and,
thus, was termed A. indicus-like [12].

In the present study, two carbapenem-resistant, OXA-23 carrying Acinetobacter indicus-
like isolates were recovered from nasal swabs of two calves. We characterized the genetic envi-
ronment of blagxa 3, and performed genomic and phylogenetic analyses in order to get
insights into acquisition and dissemination. Since the clinical relevance of A. indicus is
unknown, we evaluated pathogenicity in vitro and in vivo in comparison to reference strains of
A. baumannii and the closely related A. Iwoffii.

Materials and methods

Bacterial strains, species identification and assignment to international
clones

From September 2014 to March 2015 nasal and rectal swabs as well as composite fecal samples
from the corresponding stables (n = 45) were taken from cattle (Bos taurus) in Hesse (coordi-
nates 50°39'58”N 8°35'28"E), Germany. Cattle breeds included Holstein-Frisian, Angus, Here-
ford, Swiss-Brown, Pinzgauer and Vogelsberger Rotes Hohenvieh. The samples were cultured
on blood agar (blood agar base by Merck Chemicals, Darmstadt, supplemented with 5% sheep
blood) and on Gassner agar (Oxoid, Wesel, Germany). Screening for carbapenem-non-suscep-
tible Acinetobacter spp. was done by using Mueller-Hinton agar plates (Oxoid, Wesel, Ger-
many) containing 2 mg/L and 4 mg/L meropenem (Sigma-Aldrich, Munich, Germany),
respectively. Colonies with suspected reduced susceptibility to carbapenems were initially
identified at the species level using matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS; Bruker Daltonics, Bremen, Germany). Species identifi-
cation was verified by multiplex PCR targeting different portions of the gyrB gene and by 16S
rRNA gene sequence analysis [13].
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Whole genome sequencing and phylogenetic analysis and screening for
virulence-related genes

For whole genome sequencing of two bovine A. indicus strains, DNA was extracted with the
“Master Pure™ DNA Purification Kit” (Biozym Scientific GmbH, Hessisch Oldendorf, Ger-
many). Genome sequencing was done using an Illumina MiSeq sequencer with multiplexing
of 30 samples per flow cell using 300 bp paired-end reads and a minimum of 50-fold coverage.
Sequence data were assembled de novo using SPAdes Genome Assembler V. 3.8 [14]. Phyloge-
netic analysis was initially performed by using the partial rpoB sequence of A. indicus-like
strains and comparing them with publicly available rpoB sequences of type or reference strains
of known species of the genus Acinetobacter. Similarity calculations and cluster analysis were
carried out for a 823 bp region spanning nucleotide positions 2944-3766 of the rpoB coding
region of A. baumannii CIP70.34". MAFFT (Multiple Alignment using Fast Fourier Trans-
form) alignment was performed to cluster partial rpoB sequences [15]. A PhyML (Phylogenetic
software based on the Maximum-Likelihood principle) tree was created using the HKY85 sub-
stitution model and bootstrap values were determined after 1000 simulations using the Gen-
eious 8.1.3 software (Biomatter Ltd., Auckland, New Zealand) [16].

Phylogenetic relationships were further determined on the basis of the Maximum Com-
mon Genome (MCG) [17], which represents the set of orthologous genes that are present in
all genomes under study. In a first comparison, we included 32 publicly available representa-
tives of the different Acinetobacter spp. (S1 Fig). Secondly, we compared the genomes of six
A. indicus strains (including three genome sequences of strain A648”, which were submitted
under different labels), namely IHIT27599 (accession number MRUS00000000), IHIT27630
(MRUT00000000), KM7 (JZRE01000070), CIP 110367 (= A648 *; ACET00000000.1), ANC
4215 (= A648"; ATGH00000000.1), and DSM 25388 (= A648"; BBSF00000000.1). A predic-
tion of genes was performed by using the Prokaryotic Dynamic Programming Genefinding
Algorithm For Microbial Genomes (Prodigal) [18]. The coding sequences where subse-
quently clustered using USEARCH v7 [19] based on a threshold of 70% similarity on nucleo-
tide level and 90% coverage to determine the set of orthologous genes of all genomes
included in the respective comparison. Using these sets as a reference, we extracted the cor-
responding allelic variants of the MCG genes from the genomes (32 and 6, respectively)
using PLAST v2.3.1 [20], aligned them with MUSCLE v3.8.31 [21] and finally concatenated
them. The resulting alignment was used to infer a maximum likelihood phylogeny using
RAxML version 8.1.14 with a General Time Reversible model and gamma correction for
among site rate variation [22].

Antimicrobial susceptibility and resistance genes

Antimicrobial susceptibility was determined by antibiotic gradient tests (Liofilchem, Roseto
degli Abruzzi, Italy). Minimum inhibitory concentrations (MICs) were interpreted according
to breakpoints defined for human Acinetobacter spp. by either EUCAST or CLSI [23, 24].
MIC:s of tigecycline and chloramphenicol were interpreted according to breakpoints for Enter-
obacteriaceae set by EUCAST [23]. Whole genome sequences were used to identify resistance
genes by using the online tool ResFinder 2.1, provided by the Center for Genomic Epidemiol-
ogy (CGE) (http://www.genomicepidemiology.org/). PCR mapping of the genetic environ-
ment of blagxa_»3 was performed to determine the correct order of contigs and sequence
assemblies using primers listed in S1 Table. The genetic location of the blagxa.,3 gene was
evaluated by performing I-Ceul digestion of whole-cell DNAs followed by Southern blot
hybridization using 16S rRNA and blapxa »3 probes as previously reported [25, 26].
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Analysis of pathogenicity in the Galleria mellonella infection model

Pathogenicity of Acinetobacter spp. strains was analysed employing last-instar larvae of the
greater wax moth (Galleria mellonella) [27]. A 1:50 dilution of an overnight bacterial culture in
lysogeny broth (LB) was prepared and grown to an ODggg of 1.0 at 37°C. A phosphate-buffered
saline (PBS) solution containing serial dilutions of this culture representing colony forming
units of 5x10” to 5x10° was injected into the last left proleg of the larvae using a Hamilton pre-
cision syringe. PBS solution alone served as negative control. Upon infection, larvae were incu-
bated in petri dishes at 37°C for 72 h and scored for survival by two independent observers
daily. For determination of the median lethal dose (LDs,), a series of 10-fold serial dilutions
were injected and LDs, were calculated after 24 h by nonlinear regression analysis using
GraphPad Prism 5.0 (La Jolla, USA) as described [28, 29].

Cell viability assay

A549 human lung epithelial cells (ATCC®™ CCL-185) were grown in six well plates in Dulbec-
co’s Modified Eagle Medium (DMEM,; Biochrom GmbH, Berlin, Germany) with 10% foetal
calf serum (FCS; Biochrom GmbH, Berlin, Germany) at 37°C until almost confluent. Different
Acinetobacter spp. were used at a multiplicity of infection (MOI) of 100 and incubated for 20
h. Thereafter, the supernatant was filtered (0.45 pm) and lactate dehydrogenase (LDH) activi-
ties were determined by spectrophotometry at a wavelength of 340 nm using the IFCC method
as described by Schuman et al. [30]. The detergent Triton X-100 (0.1% in PBS) and DMEM
were used as positive and negative controls, respectively. Mean LDH values of medium-treated
A549 cells versus infected cells were analysed by an unpaired two-tailed Student’s ¢ test (Graph
Pad Prism 5.0). A p value of <0.05 was considered statistically significant, and a p value of
<0.001 was considered highly significant.

Screening for virulence-related genes

Screening for virulence-related genes was performed by using the online tool MyDbFinder

1.1, provided by the Center for Genomic Epidemiology (https://cge.cbs.dtu.dk/services/). Only
genes that have previously been associated with one of the phenotypes investigated later, i.e.
killing of G. mellonella larvae and cytotoxicity to human lung epithelial cells, were included.
Using the Geneious 8.1.3 software a MAFFT alignment was performed to cluster nucleotide/
amino acid sequences and to calculate sequence identity to a given reference sequence.

Results
Susceptibility of bovine Acinetobacter spp. isolates to carbapenems

During screening of cattle for carbapenem-non-susceptible Acinetobacter spp. two isolates
showed growth on the meropenem-containing screening agar. Strain IHIT27630 was isolated
in September 2014 from the nasal cavity of a calf which was hospitalized in a veterinary clinic
due to dermatophytosis, wasting syndrome, diarrhoea and bronchopneumonia. The second
strain, IHIT27599, was isolated one month later from the nasal cavity of a calf which was suf-
fering from bronchopneumonia and omphalophlebitis. This calf was sampled on a farm 35
miles away from the veterinary clinic and nearly 60 miles apart from the farm where the first
calf originated from, making an epidemiologic link and a transmission highly unlikely. Using
MALDI-TOF MS analysis, both isolates were presumably suggested as A. calcoaceticus but
with low reliability (score values of 1.57 and 1.56 using the IVD MALDI Biotyper library). 16S
rDNA sequence analysis enabled a more precise identification and indicated a high homology
(>99%) to published sequences of A. indicus and A. indicus-like strains, including strain RAB1
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and the type strain A648". RABI originates from a human rectal swab and was isolated in
France in 2011, whereas A648" was obtained from a cyclohexane dumping site in India some-
time before 2010 [12, 31].

Phylogenetic analysis and genome comparison

A phylogenetic tree was compiled based on the alignment of partial 823-bp rpoB sequences
from the two bovine A. indicus-like isolates, 34 distinct Acinetobacter spp. with validly pub-
lished names, seven Acinetobacter spp. with effectively published names awaiting validation
(www.bacterio.net), and six A. genomospecies strains. The analysis indicated closest relation
between THIT27630 and THIT27599 and the A. indicus type strain A648" with 97.69% nucleo-
tide sequence similarity of partial rpoB sequence (Fig 1). The next closest related strains were
A. guangdongensis strain 1 NM-47T (92.22%), A. variabilis ANC 4750 (87.97%), A. £enomosp.
15TU (now A. variabilis) NIPH 546 (86.76%), and A. Iwoffii CIP 61.10" (86.39%), while A.
qingfengsis strain 2BJ17 revealed the least closely related rpoB sequence (76.01%). When gener-
ating a phylogenetic tree employing all published rpoB sequences from A. indicus-like strains
(accessed at 29" December 2016), our bovine isolates clustered with human clinical A. indi-
cus-like strain LUH10523 (99.88% nucleotide sequence identity) that was obtained from the
blood culture of a patient in The Netherlands in 2005 (Fig 2) [12]. Next closely related was A.
indicus-like strain CIP 53.82 that was obtained from a human patient with postoperative men-
ingitis in 1953 in France [32, 33]. Overall, the rpoB regions showed intraspecies similarity val-
ues for the 11 strains, ranging between 96.36% and 100%. There was no evidence for a
separation of environmental (strains KM7 and A648"), animal (isolates from the present study
and strains LUH08556 + LUH8511 from cow faeces) and human strains (LUH05836, RABI,
LUHO05041 and LUH10523) or of strains with or without carbapenemases [12]. Apart from
our study isolates, only A. indicus-like strain RABI expressed the OXA-23 carbapenemase
[12]. In addition, in silico analysis of the genome sequence of A. indicus-like strain CIP 53.82
(acc. no. APRK00000000.1) revealed the presence of the blagxa_ss gene, which is flanked by
two incomplete ISAba3 insertion elements [32, 33].

For a higher phylogenetic resolution, we further compared 32 isolates of different Acineto-
bacter spp. based on genome sequences (S1A Fig). As whole genomes of several species
included in the rpoB-based tree (Fig 1) were not available, a direct comparison of both tree phy-
logenies was not possible. The MCG of the 32 selected Acinetobacter spp. isolates revealed 42
orthologous genes and the alignment of the genes consisted of 26,161 sites from which 8,026
were informative SNP sites. Pairwise distance varied between 0 and 4,049 sites. Similar to what
has been observed for the rpoB-based tree, the A. indicus strains clustered together and strains
of the species A. towneri, A. tandoii were placed in closer vicinity as for example those of A. bau-
mannii and A. pittii, as shown in S1A Fig and verified by pairwise distance values (S2 Table).

A separate calculation of the MCG for the A. indicus strains revealed 2,145 orthologous
genes and the alignment of these genes consisted of 2,027,793 sites from which 109,137 were
phylogenetically informative SNP sites. Based on this analysis, the genome sequences submit-
ted under three different labels and accession numbers for A. indicus type strain A648" differed
by 313 (ANC 4215 versus CIP 110367) to 1917 (CIP 110367 versus DSM 25388) SNPs, which
may be due to different sequencing strategies or strain material. Apart from this, hardly any
similarity-based clustering could be observed, suggesting a considerable diversity between the
genomes of strains A648", KM7, THIT27599 and THIT27630. This was also evident in the pair-
wise distance which varied between 64,841 and 86,573 SNPs to the type strain (S2B Table).
Even the two bovine IHIT strains differed by 35,396 from each other, clearly indicating two
different strains.
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A. pakistanensis NCCP- 644T(AB938199)
A. gerneri CIP 107464 (DQZO7482)

A. bereziniae NIPH 5217 (EU477116)
E Z_[ A. baylii CIP 107474 (DQZO7472)
A. guillouiae NIPH 522T(EU4771 17)

A. rudis DSM 240317 (LC102691)
A. towneri CIP 107472 (DQ207493)
A. tandoii CIP 1074697 (DQ207491)
A. haemolyticus CIP 64.3T(DQ207484)
99.9 - A. grimontii (=A. junii) CIP 107470T(DQ207483)
A. junii strain CIP 64.5"(DQ207486)
A. brisouii DSM 18516"(LC102676)
A. ursingii NIPH 137" (EU477105)
A. soli KCTC 221847 (LC102693)
A. radioresistens CIP 103788T(DQ207489)
A. gingfengensis 2BJ17(KC631629)
A. puyangensis BQ4-17(JX499272)
A. apis HYN18T(JX863071)
A. nectaris SAP 763.2T(JQ771146)
A. boissieri SAP 284.1" (JQ771155)

A. johnsonii CIP 64.6"(DQ207485)

93.7
724

61.9_| A. beijerinckii NIPH 838" (EU477124)
. A. venetianus NIPH 19257 (EU477136)
’ A. genomosp. 13 CIP 64.2 (DQ207478)

A. genomosp. 14BJ NIPH 2112 (EU477147)
A. parvus NIPH 384T (EU477107)
A. genomosp. 17BJ NIPH 1867 (EU477134)
A. tiernbergiae CIP 1074657(DQ207492)
A. gyllenbergii NIPH 21507 (EU477148)
100r A. genomosp. 15BJ NIPH 1866 (EU477133)
A. genomosp. 16 CIP 70.18 (DQ207477)
A. pittii DSM 25618 (LC102689)
A. calcoaceticus CIP 81.87(DQ207474)
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A. seifertii NIPH 973T(APO0O01000019)
A. nosocomialis NIPH 2119" (NZ_KB849239)

0.2

Fig 1. Neighbour-joining phylogenetic tree based on partial nucleotide sequences of the rpoB (823 bp) genes of
Acinetobacter indicus-like strains IHIT27630 and IHIT27599 and 47 type or reference strains of known
Acinetobacter species. The tree was constructed using the maximum likelihood method. Bootstrap values (> 50%) after
1,000 simulations are shown at branch nodes. GenBank accession nos. are given in parentheses. Bar, 0.2 nucleotide

substitutions per site.

doi:10.1371/journal.pone.0171986.9001
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A. indicus KM7 (NZ_JZRF01000032.1)
- National park river, Johor, Malaysia, 2012 (Carb-neg.)

A. indicus LUH05836 (KJ847274)
- Human ear, Leiden, The Netherlands, 1999 (Carb-neg.)

A. indicus A648 (JF772169)
63 - Polluted dumpsite, Lucknow, India, < 2010 (Carb-neg.)

A.indicus RAB1 (KJ847272)
- Human rectal swab, Paris, France, 2011 (OXA-23)

75.2

A. indicus LUH08556 (KJ847276)
- Cow faeces, Deventer, The Netherlands, 2003 (Carb-neg.)

A. indicus LUH8511 (KJ847275)
— - Cow faeces, De Zalk, The Netherlands, 1998 (Carb-neg.)

A. indicus LUH05041 (KJ847273)
- Human chest, Rotterdam, The Netherlands, 1998 (Carb-neg.)

A. indicus CIP 53.82 (APRK00000000.1)
- Human, postoperative meningitis, Paris, France, 1953 (OXA-58)

74.9

A. indicus-like IHIT27630 (KU507501)
- Calf nose, Miicke, Germany, 2014 (OXA-23)

A. indicus-like IHIT27599 (KU507500)
- Calf nose, Brechen, Germany, 2014 (OXA-23)

79.6

A. indicus LUH10523 (KJ847277)

0.006 - Human blood culture, Leiden, The Netherlands, 2005 (Carb-neg.)

Fig 2. Neighbour-joining phylogenetic tree based on partial nucleotide sequences of the rpoB (823 bp) genes of Acinetobacter indicus-like
strains IHIT27630 and IHIT27599 and nine published A. indicus strains, including relevant information about original host, geographical
background, year of isolation and possession of carbapenemases. The tree was constructed using the maximum likelihood method. Bootstrap
values (> 50%) after 1,000 simulations are shown at branch nodes. GenBank accession nos. are given in parentheses. Bar, 0.006 nucleotide substitutions
per site. Carb-neg., carbapenemase negative.

doi:10.1371/journal.pone.0171986.9002

Antimicrobial susceptibility and resistance genes

The two bovine A. indicus-like isolates showed high MICs to imipenem, meropenem and dori-
penem (Table 1) and represent the first known carbapenem-resistant A. indicus-like isolates of
animal origin. While the isolates remained susceptible to third and fourth generation cephalo-
sporins, non-susceptibility was observed for a number of other antimicrobial substances,
including piperacillin-tazobactam, fluoroquinolones, gentamicin, and doxycycline (Table 1).
The two isolates differed slightly in their antimicrobial resistance profile with IHIT27599
being additionally resistant to tobramycin and co-trimoxazole. Sanger sequencing confirmed
that both isolates harboured the p-lactamase OXA-23 which is widespread in A. baumannii
[34]. Subsequent whole genome sequencing revealed the presence of aminoglycoside resis-
tance genes aac(3)-1la, strA/B and aph(3’)-Ic, sulfonamide resistance gene sul2, phenicol resis-
tance gene floR, and tetracycline resistance genes tet(A) and tet(Y) in isolate IHIT27630. The
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Table 1. Antimicrobial susceptibility of bovine Acinetobacter indicus-like isolates.

Drug class
Penicillins + inhibitors

Cephalosporins

Carbapenems

Fluoroquinolones

Aminoglycosides

Tetracyclines

Chloramphenicol
Glycylcycline

Folate pathway inhibitors
Polymyxins

IHIT27630
Antimicrobial agent MIC (mg/L) Suscep-tibility? MIC (mg/L)
Piperacillin >256 R 64
Ampicillin/sulbactam® 2 S 8
Piperacillin/tazobactam® >256 R 64
Ticarcillin/clavulanic acid >256 RH >256
Cefotaxime 4 S 2
Ceftriaxone 4 S 2
Ceftazidime 2 S 4
Ceftiofur 4 | 4
Cefepime 4 S 2
Imipenem >32 RH 32
Meropenem >32 RH 32
Doripenem 8 RH 16
Ciprofloxacin >32 RH 4
Levofloxacin >32 RH 4
Gentamicin 16 R 8
Amikacin 0.5 S 1
Tobramycin 2 S 8
Netilmicin 4 S 1
Tetracycline 32 R 128
Doxycycline 16 R 16
Minocycline 1 S 0.5
Chloramphenicol 64 R 128
Tigecycline 0.5 S 0.125
Trimethoprim/sulfamethoxazole 1 S >32
Polymyxin B 1 S 1
Colistin 1 S 1

S, susceptible; |, intermediate susceptible; R, resistant; H, heteroresistance.

3MICs were interpreted according to breakpoints for Acinetobacter spp. set by EUCAST and CLSI. MICs for tigecycline and chloramphenicol were

| DI ®IIV N ID NIV IIITON—-—0O0OO®OIT—0—

Suscep-tibility?

interpreted according to breakpoints for Enterobacteriaceae set by EUCAST. MICs for Ceftiofur were interpreted according to breakpoints of 3™-generation
cephalosporines set by the CLSI for Acinetobacter spp.

PBeta-lactamase inhibitors sulbactam and tazobactam were used with a fixed concentration of 4 mg/L as recommended by EUCAST.

doi:10.1371/journal.pone.0171986.t001

second isolate (IHIT27599) possessed aminoglycoside resistance genes aadAl, aadB, strA/B

and aph(3")-Ic, sulfonamide resistance genes sull and sul2, phenicol resistance gene floR, and

tetracycline resistance genes tet(X) and tet(Y), which is in line with the phenotypic results.

Localization and genetic environment of blagxa-23

I-Ceul digestion of whole-cell DN As and Southern blot hybridization using 16S rRNA and
blaox .23 probes demonstrated that both A. indicus-like isolates harboured blagxa.»3 on the
chromosome. Genome sequencing and PCR mapping of assembled contigs identified a differ-

ently interrupted and incomplete 712008 transposon structure surrounding the OXA genes

(Fig 3). In both isolates the same genetic structure is present downstream of blagxa_»3, includ-

ing a putative AAA ATPase gene disrupted by a partial insertion sequence ISAcral of 564 bp
in length and the transcriptional regulator gene merR. We identified a 105-bp long ISAbal-
remnant which was either truncated by a full version of insertion sequence ISAcsp2 in isolate

PLOS ONE | DOI:10.1371/journal.pone.0171986 February 16, 2017
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: _Is1006
IRL IRR
GATATAACTC
IS ISAbull 1S ISAcsle IS ISAcsp2 ” ISISAcsp2
IHIT27630 %
ISAcral  1SAbal ISAcsp2  cds ISAcsp2  ISAbal blagyy 53 putative AAA  ISAcral merR cesD tnp1006  cro
IS154¢ra1 ATPase gene
; 7630 bp
Tn2008 interrupted 1S1006
TTATCTTAA| (|STSAcsp2 IRR
IS ISAcsle
IHIT27599 3
IS26  1SAcsp2 1SAbal blagyy 3 putative AAA  ISAcral merR cesD tnp1006  cro
ATPase gene

5498 bp

Fig 3. Schematic maps of the genetic environment of blagxa-23 in bovine A. indicus-like strains. The interrupted Tn2008 is indicated with a solid
line. Target site duplications are likely missing due to other insertion events, such as ISAcsp2 at the left border and ISAcra1 at the right border of Tn2008.
IS, insertion site; IRL, inverted repeat left; IRR, inverted repeat right; ATPase (truncated), gene encoding the putative AAA ATPase; merR, gene encoding
the transcriptional regulator MerR; cesD, gene encoding the cobalt-zinc-cadmium resistance protein CesD; cro, gene encoding the Cro-like protein; cds,
encoding a hypothetical protein. The figure is not to scale. GenBank accession nos. KU833218 (IHIT27599) and KU833219 (IHIT27630).

doi:10.1371/journal.pone.0171986.9003

IHIT27630 or by a partial ISAcsp2 sequence which was preceded by IS26 in isolate IHIT27599.
In case of IHIT27630, a second disrupted copy of ISAcsp2 was preceded by a full-length copy
of a Tn2008-related ISAbal transposase gene and the remaining 168-bp sequence of the afore-
mentioned truncated ISAcral. ISAcral is a novel insertion element that has previously been
described in an A. radioresistens strain where it was flanked by a typical 7-bp direct repeat
(DR) / insertion site (ATTATAT) as well as a 15-bp inverted repeat left IRL; GGCTCTAGAC
TAGCA) and inverted repeat right (IRR; TGCTAGTCTAGAGCC) [35]. In isolate IHIT27630,
the disrupted ISAcral element lacked the downstream DR, whereas the characteristic
upstream DR and the two IR regions were identical to those described recently [35]. In both
isolates, 27 nucleotides are present between insertion sequence ISAbal and the start codon of
blaoxa .23 which is typical of Tn2008 in contrast to the previously described Tn2008b [36].
Different genetic structures associated with the blagxa 3 genes in the two A. indicus isolates
supports previous reports about the high variability of this flanking region in A. baumannii. In
addition, the finding of ISAcral, although disrupted, may be a hint towards A. radioresistens as
original source of the blapxa_»3 gene not only in A. baumannii but also in A. indicus [37].

Virulence properties of A. indicus-like strains

Clinically relevant biological features of A. indicus remain totally elusive. In order to evaluate
the virulence of IHIT27599 and THIT27630, the Galleria mellonella in vivo infection model was
employed. G. mellonella larvae were infected with different infection doses of the two bovine
A. indicus-like isolates and reference strains of A. baumannii (ATCC 17978) and A. lwoffii
(ATCC 15309), which were included for comparative analysis. Infection of larvae with the dif-
ferent Acinetobacter spp. caused a time- and dose-dependent killing of larvae (Fig 4). Whereas
almost no mortality was observed when 5x10* cfu of A. indicus-like species were injected,
almost 100% of G. mellonella larvae died 72 h post infection with 5x10° cfu (Fig 4C and 4D).
Injection of the highest dose of 5x10° A. Iwoffii ATCC 15309, which was selected due to its
close phylogenetic relatedness to A. indicus (Fig 1), resulted in death of approximately 40% of
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Fig 4. Dose-dependent lethality of Galleria mellonellainfected with Acinetobacter spp. strains. Larvae were injected with different cfu (5x107 to

5x10°) and survival was monitored over 72 h after infection. Mean values from at least four experiments are shown. Error bars show standard error of the
mean.

doi:10.1371/journal.pone.0171986.9g004

larvae after 72 h. In contrast, injection of only 5x10* A. baumannii ATCC 17978 resulted in the
death of 50% of larvae 24 h post infection. We determined median lethal doses (LDs5) to com-
pare virulence across the Acinetobacter strains (S3 Table). A. indicus-like strains IHIT27630
and IHIT27599 displayed LDs, values of 5.67 [95% CI 5.51-5.82] and 6.20 [95% CI 5.91-6.50]
and, thus, were more virulent than A. Iwoffii ATCC 15309 with an LD, of 6.84 [95% CI 6.65—
7.04]. A. baumannii ATCC 17978 displayed the lowest LDs;, of 4.72 [95% CI 4.42-5.01) and
was therefore the most virulent of all tested strains in the Galleria in vivo infection model.

To investigate the capability to disrupt membrane integrity of human cells, A549 lung
epithelial cells were infected with the same Acinetobacter strains used in the Galleria assay
(Fig 5). Infection with A. baumannii ATCC 17978 resulted in a LDH release of 100 U/L. In
contrast, infection with A. Iwoffii ATCC 15309 or the two A. indicus-like strains induced a
LDH release of approximately only 25 U/L (range 22.2-27.9 U/L) compared to the medium
control (DMEM) (16.3 U/L) (p = 0.0026 for A. Iwoffii; p = 0.0709 for IHIT27599; p = 0.20
for IHIT27630). This indicates that cytotoxicity towards A549 human lung epithelial cells of
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Fig 5. Acinetobacter spp. mediated cytotoxicity towards A549 human lung epithelial cells. Confluent
A549 monolayers were infected for 20 h with an MOI of 100 with the indicated bacteria. Supernatants were
harvested and LDH activities determined. Mean value for Triton X-100 (positive control) was 924.0 + 93.7 U/L.
Medium (DMEM) was used as a negative control. Shown are mean values * standard deviations from n = 3—4
experiments. Asterisks indicate a significant difference between the control group (medium) and strains,
respectively (* p<0.05; **p<0.001).

doi:10.1371/journal.pone.0171986.9005

the three Acinetobacter non-baumannii strains was comparable to each other but much
lower compared to A. baumannii ATCC 17978 (3.6 to 4.5-fold lower LDH activities;
$<0.001).

Presence of virulence genes related to in vivo virulence and in vitro
cytotoxicity

We screened the genomes of the strains A. baumannii ATCC 17978, A. Iwoffii ATCC 15309,
A. indicus THIT27599 and A. indicus IHIT27630, all of which were included in phenotypical
assays, for virulence genes that have previously been linked with killing of G. mellonella lar-
vae and cytotoxicity to human epithelial cells. A. baumannii ATCC 17978 harboured most of
the virulence determinants linked with the above mentioned phenotypes and only lacked the
phospholipase D1 gene pld1 and DNA uptake protein genes comEC (Table 2). In contrast, A.
Iwoffii strain ATCC 15309 and the two A. indicus strains IHIT27599 and IHIT27630 har-
boured only some of the tested virulence-associated determinants but lacked for example
phospholipase genes plcl and pic2, acinetobactin outer membrane receptor protein gene
bauA, efflux pump system protein genes adeRS and adeAB, and the trimeric autotransporter
adhesion gene ata. In case orthologous proteins could be identified in the A. indicus strains,
they revealed amino acid sequence identity to the A. baumannii reference genomes ranging
from 47.6% for SurAl, 54.4% for PLD1, and 62.6% for Omp33 to a maximum of 91.4% for
SodB (Table 2).
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Table 2. Presence and absence of virulence gene/protein orthologs in four Acintebacter species strains used for virulence assays.

Virulence determinant

Phospholipase C1
Phospholipase C2
Phospholipase D1
Phospholipase D2
Phospholipase D3

Acinetobactin outer
membrane receptor
protein

Type VI secretion system
protein

Autotransporter adhesin
Surface antigen protein 1

Efflux pump system
protein

Efflux pump system
protein

Efflux pump system
protein

Efflux pump system
protein

Superoxide dismutase B

DNA uptake channel
proteins

Outer membrane protein
A

Quter membrane protein
33

Gene

plc1
plc2
pld1
pld2
pld3
bauA
tssM

ata
SurAt
adeRS

adeAB
arpA
arpB

5002343
comEC

ompA

omp33

Gene size in Gene position in Nucleotide/amino acid sequence similarity to reference
reference reference sequence* sequence* (%)
sequence (bp) A.baumannii | A.lwoffii | A.indicus | A.indicus
ATCC 17978 ATCC IHIT27599 IHIT27630
15309
2229 1575962..1578190 100/100 - - -
2169 3794856..3792688 100/100 - - -
1527 140863..142389 - 57.1/50.3 58.6/54.4 58.6/54.4
1626 524407..522783 100/100 64.2/70.4 65.9/67.1 65.9/67.1
1464 628527..627064 100/100 67.4/69.4 67.3/68.4 67.2/68.2
2190 160673..158484 100/100 - - -
3825 2445726..2441902 100/100 66.0/66.1 71.3/77.8 71.5/77.7
5622 2775454..2781075 100/100 - - -
318 2349708..2350025 100/100 - 58.2/48.6 58.2/47.6
1861 1929381..1931241 100/100 - - -
4298 1931387..1935684 100/100 - - -
1101 40488..41588 100/100 66.5/70.6 66.9/71.4 67.2/71.7
3126 41591..44716 100/100 73.1/83.2 73.4/84.3 73.4/84.2
627 1256650..1256024 100/100 83.9/89.9 84.1/91.4 84.4/91.4
4198 4695..8892 - - - -
1071 680965..682035 100/100 81.6/84.3 82.6/87.4 82.6/87.4
900 212171..211272 100/100 66.1/58.8 68.8/62.6 68.8/62.6

*Refers to A. baumannii ATCC 17978 (Acc-No. CP012004.1) except for genes pld1 (A. baumannii ATCC 19606; Acc. No. ACQB01000015.1) and comEC
(Acinetobacter species BD413; AF027189.3); minus (-) denotes that the gene/protein is not present in the data source.

doi:10.1371/journal.pone.0171986.1002

Discussion

Since its first description as a novel environmental Acinetobacter species in 2012, very few
studies reported about the isolation of A. indicus-like strains from different sources [12, 33,
38]. Difficulties in discriminating this novel species, together with its unknown clinical rele-
vance might be reasons for that. Based on MALDI-TOF MS analysis, which has been shown to
be a useful tool for identification of Acinetobacter spp. [32], our bovine isolates were initially
misclassified as A. calcoaceticus, albeit with unreliable score values. Having similar problems
with the species designation based on biochemical properties, Bonnin et al. (2014) established
MALDI-TOF MS reference spectra for reliable identification of A. indicus-like isolates. Using
these new spectra, two animal and three human A. indicus-like isolates from the Netherlands
and Belgium, which were identified by rpoB sequencing and 16S rRNA analysis, grouped
together but were clearly distinct from the type strain A648" [12]. This was also evident from a
genome-based comparison, where the two bovine A. indicus-like strains from the present
study clustered together, but were clearly separated from the two environmental A. indicus
strains A648" and KM7. Future genomic studies, including a broader set of A. indicus-like
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isolates from different sources should help to elucidate the phylogenetic relatedness among
members of this novel species more precisely, probably leading to the identification of differ-
ent genotypic lineages.

Prior to our study, the first and still only published case of carbapenem resistance in an A.
indicus-like strain was reported in 2014 by Bonnin et al. [12]. Here, the presence of OXA-23 in
a rectal swab isolate (RAB1) from a French patient previously hospitalized in Algeria after a
road traffic accident in August 2011 could be demonstrated [12]. In addition, we could identify
the carbapenemase gene blagxa_ss in the genome sequence of the human clinical A. indicus-
like isolate CIP 53.82. Despite the presence of blagxa_sg it is unclear, whether this strain was
also phenotypically resistant to carbapenems. When evaluating antimicrobial susceptibilities
for human isolate RAB1 and our bovine A. indicus-like isolates, carbapenem MICs ranged
from 8 to >32 mg/L, indicating a high level resistance in both cases. Indeed, a strong promoter
with distinct -10 and -35 motifs located within the ISAbal sequence was present in our bovine
isolates and most likely conferred clinically relevant resistance to carbapenems [39, 40]. Four
other previously published A. indicus-like isolates, obtained from cow faeces and from human
clinical samples between 1998 and 2003 in the Netherlands did not harbour a carbapenemase
gene, nor were they resistant to carbapenems [12].

In contrast to the study of Bonnin et al., where blagxa >3 of human A. indicus-like strain
RABI was located on a conjugative plasmid, the bovine isolates from our study harboured the
gene on the chromosome [12]. However, as the genomes of A. indicus strains IHIT27599 and
[HIT27630 revealed plasmid sequences in the genetic surrounding of blagxa »3, it may be
assumed that the resistance gene was once acquired by horizontal plasmid transfer and subse-
quent loss of the plasmid, which warrants further investigations. While strain RAB1 possessed
ISAba4 upstream of the blagxa »3 gene, which corresponds to transposon Tn2007 [36], the
bovine isolates revealed an interrupted Tn2008 with a single ISAbal located upstream of the
blaoxa 23 gene, as recently described for other isolates as well [12, 32]. Transposon Tn2008,
which is a major vehicle for spreading of blagxa 23 in A. baumannii [41], was recently also iden-
tified in one out of nine OXA-23 positive A. variabilis isolates from cows [4]. In several of these
nine isolates, including those with the highest MICs to carbapenems, the ISAbal element of
Tn2008 was truncated by a novel insertion sequence termed ISAcsp2 [4]. In our bovine strain
IHIT27630 we identified a full copy of ISAcsp2, preceded by an open reading frame encoding a
protein of unknown function and a second truncated ISAcsp2. In case of IHIT27599, the trun-
cated ISAbal was directly preceded by a truncated ISAcsp2, indicating, that the genetic context
of the blagxa 3 gene is not unique and probably undergoes evolutionary changes.

We further detected an interrupted version of the recently described 732-bp insertion
sequence element ISAcral of A. radioresistens in strain IHIT27630 (Fig 3). ISAcral has been
associated with overexpression of the intrinsic blagxa_,3 in A. baumannii and A. radioresistens
strains resulting in phenotypic carbapenem resistance [35]. This novel insertion sequence ele-
ment has also been associated with the spread of blagxa.»3 in strains of the species A. radiore-
sistens, which is the likely source of this gene [37], and this might be the case for A. indicus
isolates as well.

Due to its novelty, barely anything is known about the pathogenicity of members of the spe-
cies A. indicus. In order to assess pathogenicity of A. indicus in vivo, Galleria mellonella larvae
were employed. G. mellonella has recently been described as a non-vertebrate infection model
for studying human pathogens, including A. baumannii with regard to pathogenetic and thera-
peutic aspects [27]. In our study, both A. indicus-like strains were slightly more virulent com-
pared to A. Iwoffii ATCC 15309 since lower LD5, values were obtained and more larvae died
when injecting same colony forming units. In contrast, A. baumannii ATCC 17978 was clearly
more virulent than all other species in concordance with the LDH assay.
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We further employed the LDH assay to monitor cytotoxicity towards human lung epithelial
cells in vitro. Here, the two bovine A. indicus-like isolates and A. Iwoffii displayed an abrogated
phenotype in the cell toxicity assays compared to ATCC 17978 since LDH values were only
slightly higher than the negative control DMEM. As anticipated, cytotoxicity of A. baumannii
ATCC 17978 was approximately four times higher compared to the other Acinetobacter species
(p<0.001). These results suggest that A. indicus-like strains are not cytotoxic which is mainly
caused by secreted toxins or virulence factors of the outer membrane. By using knock-out
mutants or regulating gene expression previous studies could identify various factors of Acine-
tobacter species to be involved in either virulence to G. mellonella larvae or cytotoxicity to epi-
thelial cells or both. These factors include the phospolipases C (PLC) [42], phospholipases D
(PLD) [43], trimeric autotransporter adhesin Ata [44], acinetobactin outer membrane receptor
protein BauA [45], type VI secretion system protein TssM/VasK [46], surface antigen protein
1 (SurAl) [47], RND-type efflux system proteins AdeAB, AdeRS and ArpAB [48, 49], a super-
oxide dismutase (SodB) [50], and the putative DNA uptake channel protein ComEC [51]. The
presence of most of the genes in the genome of A. baumannii strain ATCC 17978 corresponds
well with its phenotype in vitro and in vivo, namely high cytotoxicity to epithelial cells and
high ability to kill G. mellonella larvae. The absence of several factors, including PLC1 and
PLC2, BauA, Ata, AdeRS, and AdeAB in A. Iwoffii strain ATCC 15309 and the two A. indicus
strains might—at least partially—explain the abrogated pathogenicity phenotype in both
assays. Although our A. indicus strains and the A. Iwoffii strain ATCC 15309 strain harboured
orthologous genes/proteins of some of these factors, including PLD1-3, TSSM, ArpAB,
OmpA, and Omp33, they may have lost their suggested function due to sequence alterations.
Complementation of A. indicus strains with virulence factors from A. baumannii and compar-
ative analysis of pathogenicity in vitro and in vivo with the isogenic ancestor will help to iden-
tify crucial virulence determinants in future studies.

Taken together, the two A. indicus-like strains IHIT27630 and IHIT27599 showed a compa-
rable pathogenicity with A. lwoffii ATCC 15309 which is considered to be a rather low to mod-
erate pathogen. Thus, A. indicus might be considered to be less pathogenic to animals and
humans. However, this remains yet unknown for A. indicus-isolates from other sources and
should be part of future genomic and functional studies, particularly as this novel species has
already been associated with human infection. The fact that cattle are colonized with carbape-
nem-resistant strains harbouring blapx, »3 on transposable elements requires further investi-
gations regarding the zoonotic risk of this new Acinetobacter species. One animal which
carried the OXA-23 producing A. indicus-like isolate was treated with benzyl-penicillin before,
while nothing is known about antibiotic treatment of the other calf. As OXA-23 confers high-
level resistance to penicillins and penicillin-B-lactamase inhibitor combinations it can be
assumed, that the use of penicillins has created a selective pressure.

Even if the suggested pathogenicity of the isolates is rather low, the potential to contribute
to the dissemination of the blapxa »3 gene requires careful consideration. Studies are needed
to further explore the cattle population as putative source of carbapenem resistant Acinetobac-
ter spp. strains and of carbapenem resistance determinants to understand spreading of both
resistance genes and carbapenem-resistant Acinetobacter species.

Supporting information

S1 Table. Primers and their positions used for mapping of the blagx, 3 genetic region in
bovine A. indicus-like isolates IHIT27599 and IHIT27630.
(DOCX)
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S2 Table. SNP matrix referring to S1(A) Fig. Colour shading indicates SNP values (low num-
ber of SNPs [dark green] to high number of SNPs [white]).
(XLSX)

S3 Table. Median lethal doses (LD50) of Acinetobacter spp. injected into G. mellonella lar-
vae at 24 hours post infection. CI, confidence interval.
(DOCX)

S4 Table. LDH statistics.
(XLSX)

S1 Fig. Neighbour-joining phylogenetic tree based on (A) the maximum common genome
(MCQG) of publicly available whole genomes of 32 representative isolates of different Acine-
tobacter species and (B) the MCG of whole genomes of A. indicus isolates provided publicly
and generated in this study. As for the A. indicus type strain A648 three genome sequences
under different strain labels (ANC 4215, CIP 110367 and DSM 25388) and accession numbers
were available in the database, they were all included in the analysis. The tree was constructed
using the maximum likelihood method. Bootstrap values (> 50%) after 1,000 simulations are
shown at branch nodes. GenBank accession nos. are given in parenthesis. Bar, 0.05 (A) / 0.01
(B) nucleotide substitutions per site. Results of pairwise distance calculation are provided in S2
Table.

(EPS)

Acknowledgments

We thank Lisa Diirr, Florian Hef} and S6nke Allrich for facilitating the sample collection and
providing clinical background information of the strains. We also would like to thank the par-
ticipating farmers.

Author Contributions
Conceptualization: CE PK SS SG.
Data curation: CE PK TS SG.
Formal analysis: CE SG TS PK.
Funding acquisition: PK SG.
Investigation: PK UL SS SG CE.
Methodology: CE PK SG TS.
Project administration: CE.
Resources: CE SG TS.

Software: CE TS SG PK.
Supervision: CE SS.

Validation: CE PK SG TS.
Visualization: CE SG.

Writing - original draft: CE.
Writing - review & editing: CE SG PK TS SS.

PLOS ONE | DOI:10.1371/journal.pone.0171986 February 16, 2017 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171986.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171986.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171986.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0171986.s005

@° PLOS | ONE

Carbapenem-resistant Acinetobacter indicus from cattle

References

1.

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

Peleg AY, Seifert H, Paterson DL. Acinetobacter baumannii: emergence of a successful pathogen. Clin-
ical microbiology reviews. 2008; 21(3):538-82. doi: 10.1128/CMR.00058-07 PMID: 18625687

Goettig S, Gruber TM, Higgins PG, Wachsmuth M, Seifert H, Kempf VA. Detection of pan drug-resistant
Acinetobacter baumanniiin Germany. The Journal of antimicrobial chemotherapy. 2014; 69(9):2578-9.
doi: 10.1098/jac/dku170 PMID: 24833751

Potron A, Poirel L, Nordmann P. Emerging broad-spectrum resistance in Pseudomonas aeruginosa
and Acinetobacter baumannii: Mechanisms and epidemiology. International journal of antimicrobial
agents. 2015; 45(6):568—-85. doi: 10.1016/j.ijantimicag.2015.03.001 PMID: 25857949

Poirel L, Bercot B, Millemann Y, Bonnin RA, Pannaux G, Nordmann P. Carbapenemase-producing Aci-
netobacter spp. in Cattle, France. Emerging infectious diseases. 2012; 18(3):523-5. doi: 10.3201/
eid1803.111330 PMID: 22377480

Smet A, Boyen F, Pasmans F, Butaye P, Martens A, Nemec A, et al. OXA-23-producing Acinetobacter
species from horses: a public health hazard? The Journal of antimicrobial chemotherapy. 2012; 67
(12):3009-10. doi: 10.1093/jac/dks311 PMID: 22872446

Pomba C, Endimiani A, Rossano A, Saial D, Couto N, Perreten V. First report of OXA-23-mediated car-
bapenem resistance in sequence type 2 multidrug-resistant Acinetobacter baumannii associated with
urinary tract infection in a cat. Antimicrobial agents and chemotherapy. 2014; 58(2):1267-8. doi: 10.
1128/AAC.02527-13 PMID: 24295971

Ewers C, Klotz P, Scheufen S, Leidner U, Gottig S, Semmler T. Genome sequence of OXA-23 produc-
ing Acinetobacter baumannii IHIT7853, a carbapenem-resistant strain from a cat belonging to interna-
tional clone IC1. Gut pathogens. 2016; 8:37. doi: 10.1186/s13099-016-0119-z PMID: 27471549

Ewers C, Klotz P, Leidner U, Stamm |, Prenger-Berninghoff E, Gottig S, et al. OXA-23 and ISAba1-
OXA-66 class D beta-lactamases in Acinetobacter baumanniiisolates from companion animals. Inter-
national journal of antimicrobial agents. 2017; 49(1):37—44. doi: 10.1016/j.ijantimicag.2016.09.033
PMID: 27890443

Al Bayssari C, Dabboussi F, Hamze M, Rolain JM. Emergence of carbapenemase-producing Pseudo-
monas aeruginosa and Acinetobacter baumanniiin livestock animals in Lebanon. The Journal of antimi-
crobial chemotherapy. 2015; 70(3):950—1. doi: 10.1093/jac/dku469 PMID: 25406297

Zhang WJ, Lu Z, Schwarz S, Zhang RM, Wang XM, Si W, et al. Complete sequence of the bla(NDM-1)-
carrying plasmid pNDM-AB from Acinetobacter baumannii of food animal origin. The Journal of antimi-
crobial chemotherapy. 2013; 68(7):1681-2. doi: 10.1093/jac/dkt066 PMID: 23449827

Malhotra J, Anand S, Jindal S, Rajagopal R, Lal R. Acinetobacter indicus sp. nov., isolated from a hexa-
chlorocyclohexane dump site. International journal of systematic and evolutionary microbiology. 2012;
62(Pt 12):2883-90. doi: 10.1099/ijs.0.037721-0 PMID: 22247213

Bonnin RA, Poirel L, van der Reijden TJ, Dijkshoorn L, Lescat M, Nordmann P. Carbapenem resistance
in a human clinical isolate identified to be closely related to Acinetobacter indicus. International journal
of antimicrobial agents. 2014; 44(4):345-50. doi: 10.1016/j.ijantimicag.2014.05.022 PMID: 25245212

Higgins PG, Lehmann M, Wisplinghoff H, Seifert H. gyrB multiplex PCR to differentiate between Acine-
tobacter calcoaceticus and Acinetobacter genomic species 3. Journal of clinical microbiology. 2010; 48
(12):4592—4. doi: 10.1128/JCM.01765-10 PMID: 20881170

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, et al. SPAdes: a new genome
assembly algorithm and its applications to single-cell sequencing. Journal of computational biology: a
journal of computational molecular cell biology. 2012; 19(5):455-77.

Katoh K, Misawa K, Kuma K, Miyata T. MAFFT: a novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic acids research. 2002; 30(14):3059-66. PMID: 12136088

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New algorithms and methods to
estimate maximum-likelihood phylogenies: assessing the performance of PhyML 3.0. Systematic biol-
ogy. 2010; 59(3):307-21. doi: 10.1093/sysbio/syq010 PMID: 20525638

von Mentzer A, Connor TR, Wieler LH, Semmler T, Iguchi A, Thomson NR, et al. Identification of entero-
toxigenic Escherichia coli (ETEC) clades with long-term global distribution. Nature genetics. 2014; 46
(12):1321-6. doi: 10.1038/ng.3145 PMID: 25383970

Hyatt D, Chen GL, Locascio PF, Land ML, Larimer FW, Hauser LJ. Prodigal: prokaryotic gene recogni-
tion and translation initiation site identification. BMC bioinformatics. 2010; 11:119. doi: 10.1186/1471-
2105-11-119 PMID: 20211023

Edgar RC. Search and clustering orders of magnitude faster than BLAST. Bioinformatics. 2010; 26
(19):2460—1. doi: 10.1093/bioinformatics/btq461 PMID: 20709691

Nguyen VH, Lavenier D. PLAST: parallel local alignment search tool for database comparison. BMC
bioinformatics. 2009; 10:329. doi: 10.1186/1471-2105-10-329 PMID: 19821978

PLOS ONE | DOI:10.1371/journal.pone.0171986 February 16, 2017 16/18


http://dx.doi.org/10.1128/CMR.00058-07
http://www.ncbi.nlm.nih.gov/pubmed/18625687
http://dx.doi.org/10.1093/jac/dku170
http://www.ncbi.nlm.nih.gov/pubmed/24833751
http://dx.doi.org/10.1016/j.ijantimicag.2015.03.001
http://www.ncbi.nlm.nih.gov/pubmed/25857949
http://dx.doi.org/10.3201/eid1803.111330
http://dx.doi.org/10.3201/eid1803.111330
http://www.ncbi.nlm.nih.gov/pubmed/22377480
http://dx.doi.org/10.1093/jac/dks311
http://www.ncbi.nlm.nih.gov/pubmed/22872446
http://dx.doi.org/10.1128/AAC.02527-13
http://dx.doi.org/10.1128/AAC.02527-13
http://www.ncbi.nlm.nih.gov/pubmed/24295971
http://dx.doi.org/10.1186/s13099-016-0119-z
http://www.ncbi.nlm.nih.gov/pubmed/27471549
http://dx.doi.org/10.1016/j.ijantimicag.2016.09.033
http://www.ncbi.nlm.nih.gov/pubmed/27890443
http://dx.doi.org/10.1093/jac/dku469
http://www.ncbi.nlm.nih.gov/pubmed/25406297
http://dx.doi.org/10.1093/jac/dkt066
http://www.ncbi.nlm.nih.gov/pubmed/23449827
http://dx.doi.org/10.1099/ijs.0.037721-0
http://www.ncbi.nlm.nih.gov/pubmed/22247213
http://dx.doi.org/10.1016/j.ijantimicag.2014.05.022
http://www.ncbi.nlm.nih.gov/pubmed/25245212
http://dx.doi.org/10.1128/JCM.01765-10
http://www.ncbi.nlm.nih.gov/pubmed/20881170
http://www.ncbi.nlm.nih.gov/pubmed/12136088
http://dx.doi.org/10.1093/sysbio/syq010
http://www.ncbi.nlm.nih.gov/pubmed/20525638
http://dx.doi.org/10.1038/ng.3145
http://www.ncbi.nlm.nih.gov/pubmed/25383970
http://dx.doi.org/10.1186/1471-2105-11-119
http://dx.doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
http://dx.doi.org/10.1093/bioinformatics/btq461
http://www.ncbi.nlm.nih.gov/pubmed/20709691
http://dx.doi.org/10.1186/1471-2105-10-329
http://www.ncbi.nlm.nih.gov/pubmed/19821978

@° PLOS | ONE

Carbapenem-resistant Acinetobacter indicus from cattle

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
acids research. 2004; 32(5):1792-7. doi: 10.1093/nar/gkh340 PMID: 15034147

Stamatakis A. RAXML version 8: a tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics. 2014; 30(9):1312-3. doi: 10.1093/bicinformatics/btu033 PMID: 24451623

The European Committee on Antimicrobial Susceptibility Testing (EUCAST). Breakpoint tables for
interpretation of MICs and zone diameters. Version 6.0, 2016. http://eucast.org

Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Suscepti-
bility Testing; 26th ed. CLSI Supplement, M100S. Wayne, PA, USA, 2016.

Liu SL, Hessel A, Sanderson KE. Genomic mapping with I-Ceu |, an intron-encoded endonuclease spe-
cific for genes for ribosomal RNA, in Salmonella spp., Escherichia coli, and other bacteria. Proceedings
of the National Academy of Sciences of the United States of America. 1993; 90(14):6874-8. PMID:
8341713

Grobner S, Linke D, Schutz W, Fladerer C, Madlung J, Autenrieth IB, et al. Emergence of carbapenem-
non-susceptible extended-spectrum beta-lactamase-producing Klebsiella pneumoniae isolates at the
university hospital of Tubingen, Germany. Journal of medical microbiology. 2009; 58(Pt 7):912-22. doi:
10.1099/jmm.0.005850-0 PMID: 19502377

Peleg AY, Jara S, Monga D, Eliopoulos GM, Moellering RC Jr., Mylonakis E. Galleria mellonella as a
model system to study Acinetobacter baumannii pathogenesis and therapeutics. Antimicrobial agents
and chemotherapy. 2009; 53(6):2605-9. doi: 10.1128/AAC.01533-08 PMID: 19332683

Marra A, Lamb L, Medina |, George D, Gibson G, Hardink J, et al. Effect of linezolid on the 50% lethal
dose and 50% protective dose in treatment of infections by Gram-negative pathogens in naive and
immunosuppressed mice and on the efficacy of ciprofloxacin in an acute murine model of septicemia.
Antimicrobial agents and chemotherapy. 2012; 56(9):4671-5. doi: 10.1128/AAC.00276-12 PMID:
22710118

Gruber TM, Gottig S, Mark L, Christ S, Kempf VA, Wichelhaus TA, et al. Pathogenicity of pan-drug-
resistant Serratia marcescens harbouring blanpwm-1- The Journal of antimicrobial chemotherapy. 2015;
70(4):1026-30. doi: 10.1093/jac/dku482 PMID: 25468904

Schumann G, Bonora R, Ceriotti F, Clerc-Renaud P, Ferrero CA, Ferard G, et al. IFCC primary refer-
ence procedures for the measurement of catalytic activity concentrations of enzymes at 37 degrees C.
Part 3. Reference procedure for the measurement of catalytic concentration of lactate dehydrogenase.
Clinical chemistry and laboratory medicine. 2002; 40(6):643-8. doi: 10.1515/CCLM.2002.111 PMID:
12211663

Malhotra J, Dua A, Saxena A, Sangwan N, Mukherjee U, Pandey N, et al. Genome sequence of Acine-
tobacter sp. strain HA, isolated from the gut of the polyphagous insect pest Helicoverpa armigera. Jour-
nal of bacteriology. 2012; 194(18):5156. doi: 10.1128/JB.01194-12 PMID: 22933775

Adams-Haduch JM, Paterson DL, Sidjabat HE, Pasculle AW, Potoski BA, Muto CA, et al. Genetic basis
of multidrug resistance in Acinetobacter baumannii clinical isolates at a tertiary medical center in Penn-
sylvania. Antimicrobial agents and chemotherapy. 2008; 52(11):3837—43. doi: 10.1128/AAC.00570-08
PMID: 18725452

Krizova L, Maixnerova M, Sedo O, Nemec A. Acinetobacter albensis sp. nov., isolated from natural soil
and water ecosystems. International journal of systematic and evolutionary microbiology. 2015.

Mugnier PD, Poirel L, Naas T, Nordmann P. Worldwide dissemination of the blaOXA-23 carbapene-
mase gene of Acinetobacter baumannii. Emerging infectious diseases. 2010; 16(1):35-40. doi: 10.
3201/eid1601.090852 PMID: 20031040

Higgins PG, Zander E, Seifert H. Identification of a novel insertion sequence element associated with
carbapenem resistance and the development of fluoroquinolone resistance in Acinetobacter radioresis-
tens. The Journal of antimicrobial chemotherapy. 2013; 68(3):720-2. doi: 10.1093/jac/dks446 PMID:
23139290

Nigro SJ, Hall RM. Structure and context of Acinetobactertransposons carrying the oxa23 carbapene-
mase gene. The Journal of antimicrobial chemotherapy. 2016.

Poirel L, Figueiredo S, Cattoir V, Carattoli A, Nordmann P. Acinetobacter radioresistens as a silent
source of carbapenem resistance for Acinetobacter spp. Antimicrobial agents and chemotherapy.
2008; 52(4):1252—6. doi: 10.1128/AAC.01304-07 PMID: 18195058

Touchon M, Cury J, Yoon EJ, Krizova L, Cerqueira GC, Murphy C, et al. The genomic diversification of
the whole Acinetobacter genus: origins, mechanisms, and consequences. Genome biology and evolu-
tion. 2014; 6(10):2866—82. doi: 10.1093/gbe/evu225 PMID: 25313016

Hamidian M, Hall RM. ISAba1 targets a specific position upstream of the intrinsic ampC gene of Acine-
tobacter baumanniileading to cephalosporin resistance. The Journal of antimicrobial chemotherapy.
2013; 68(11):2682—3. doi: 10.1093/jac/dki233 PMID: 23788477

PLOS ONE | DOI:10.1371/journal.pone.0171986 February 16, 2017 17/18


http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://eucast.org
http://www.ncbi.nlm.nih.gov/pubmed/8341713
http://dx.doi.org/10.1099/jmm.0.005850-0
http://www.ncbi.nlm.nih.gov/pubmed/19502377
http://dx.doi.org/10.1128/AAC.01533-08
http://www.ncbi.nlm.nih.gov/pubmed/19332683
http://dx.doi.org/10.1128/AAC.00276-12
http://www.ncbi.nlm.nih.gov/pubmed/22710118
http://dx.doi.org/10.1093/jac/dku482
http://www.ncbi.nlm.nih.gov/pubmed/25468904
http://dx.doi.org/10.1515/CCLM.2002.111
http://www.ncbi.nlm.nih.gov/pubmed/12211663
http://dx.doi.org/10.1128/JB.01194-12
http://www.ncbi.nlm.nih.gov/pubmed/22933775
http://dx.doi.org/10.1128/AAC.00570-08
http://www.ncbi.nlm.nih.gov/pubmed/18725452
http://dx.doi.org/10.3201/eid1601.090852
http://dx.doi.org/10.3201/eid1601.090852
http://www.ncbi.nlm.nih.gov/pubmed/20031040
http://dx.doi.org/10.1093/jac/dks446
http://www.ncbi.nlm.nih.gov/pubmed/23139290
http://dx.doi.org/10.1128/AAC.01304-07
http://www.ncbi.nlm.nih.gov/pubmed/18195058
http://dx.doi.org/10.1093/gbe/evu225
http://www.ncbi.nlm.nih.gov/pubmed/25313016
http://dx.doi.org/10.1093/jac/dkt233
http://www.ncbi.nlm.nih.gov/pubmed/23788477

@° PLOS | ONE

Carbapenem-resistant Acinetobacter indicus from cattle

40.

M.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Segal H, Jacobson RK, Garny S, Bamford CM, Elisha BG. Extended -10 promoter in ISAba-1 upstream
of blapxa-23 from Acinetobacter baumannii. Antimicrobial agents and chemotherapy. 2007; 51(8):3040—
1. doi: 10.1128/AAC.00594-07 PMID: 17548500

Wang X, Zong Z, Lu X. Tn2008 is a major vehicle carrying bla(OXA-23) in Acinetobacter baumannii
from China. Diagnostic microbiology and infectious disease. 2011; 69(2):218-22. doi: 10.1016/j.
diagmicrobio.2010.10.018 PMID: 21251570

Fiester SE, Arivett BA, Schmidt RE, Beckett AC, Ticak T, Carrier MV, et al. Iron-Regulated Phospholi-
pase C Activity Contributes to the Cytolytic Activity and Virulence of Acinetobacter baumannii. PloS
one. 2016; 11(11):e0167068. doi: 10.1371/journal.pone.0167068 PMID: 27875572

Stahl J, Bergmann H, Gottig S, Ebersberger |, Averhoff B. Acinetobacter baumanniiVirulence |s Medi-
ated by the Concerted Action of Three Phospholipases D. PloS one. 2015; 10(9):e0138360. doi: 10.
1371/journal.pone.0138360 PMID: 26379240

Weidensdorfer M, Chae JI, Makobe C, Stahl J, Averhoff B, Muller V, et al. Analysis of Endothelial Adher-
ence of Bartonella henselae and Acinetobacter baumannii Using a Dynamic Human Ex Vivo Infection
Model. Infection and immunity. 2015; 84(3):711-22. doi: 10.1128/IA1.01502-15 PMID: 26712205

Gaddy JA, Arivett BA, McConnell MJ, Lopez-Rojas R, Pachon J, Actis LA. Role of acinetobactin-medi-
ated iron acquisition functions in the interaction of Acinetobacter baumannii strain ATCC 19606T with
human lung epithelial cells, Galleria mellonella caterpillars, and mice. Infection and immunity. 2012; 80
(3):1015—24. doi: 10.1128/IA1.06279-11 PMID: 22232188

Repizo GD, Gagne S, Foucault-Grunenwald ML, Borges V, Charpentier X, Limansky AS, et al. Differen-
tial Role of the T6SS in Acinetobacter baumanniiVirulence. PloS one. 2015; 10(9):e0138265. doi: 10.
1371/journal.pone.0138265 PMID: 26401654

Liu D, Liu ZS, Hu P, CaiL, FuBQ, Li YS, et al. Characterization of surface antigen protein 1 (SurA1)
from Acinetobacter baumanniiand its role in virulence and fitness. Veterinary microbiology. 2016;
186:126-38. doi: 10.1016/j.vetmic.2016.02.018 PMID: 27016767

Richmond GE, Evans LP, Anderson MJ, Wand ME, Bonney LC, Ivens A, et al. The Acinetobacter bau-
mannii Two-Component System AdeRS Regulates Genes Required for Multidrug Efflux, Biofilm Forma-
tion, and Virulence in a Strain-Specific Manner. mBio. 2016; 7(2):e00430-16. doi: 10.1128/mBio.
00430-16 PMID: 27094331

Tipton KA, Farokhyfar M, Rather PN. Multiple roles for a novel RND-type efflux system in Acinetobacter
baumannii AB5075. MicrobiologyOpen. 2016.

Heindorf M, Kadari M, Heider C, Skiebe E, Wilharm G. Impact of Acinetobacter baumannii superoxide
dismutase on motility, virulence, oxidative stress resistance and susceptibility to antibiotics. PloS one.
2014; 9(7):e101033. doi: 10.1371/journal.pone.0101033 PMID: 25000585

Wilharm G, Piesker J, Laue M, Skiebe E. DNA uptake by the nosocomial pathogen Acinetobacter bau-
mannij occurs during movement along wet surfaces. Journal of bacteriology. 2013; 195(18):4146-53.
doi: 10.1128/JB.00754-13 PMID: 23852865

PLOS ONE | DOI:10.1371/journal.pone.0171986 February 16, 2017 18/18


http://dx.doi.org/10.1128/AAC.00594-07
http://www.ncbi.nlm.nih.gov/pubmed/17548500
http://dx.doi.org/10.1016/j.diagmicrobio.2010.10.018
http://dx.doi.org/10.1016/j.diagmicrobio.2010.10.018
http://www.ncbi.nlm.nih.gov/pubmed/21251570
http://dx.doi.org/10.1371/journal.pone.0167068
http://www.ncbi.nlm.nih.gov/pubmed/27875572
http://dx.doi.org/10.1371/journal.pone.0138360
http://dx.doi.org/10.1371/journal.pone.0138360
http://www.ncbi.nlm.nih.gov/pubmed/26379240
http://dx.doi.org/10.1128/IAI.01502-15
http://www.ncbi.nlm.nih.gov/pubmed/26712205
http://dx.doi.org/10.1128/IAI.06279-11
http://www.ncbi.nlm.nih.gov/pubmed/22232188
http://dx.doi.org/10.1371/journal.pone.0138265
http://dx.doi.org/10.1371/journal.pone.0138265
http://www.ncbi.nlm.nih.gov/pubmed/26401654
http://dx.doi.org/10.1016/j.vetmic.2016.02.018
http://www.ncbi.nlm.nih.gov/pubmed/27016767
http://dx.doi.org/10.1128/mBio.00430-16
http://dx.doi.org/10.1128/mBio.00430-16
http://www.ncbi.nlm.nih.gov/pubmed/27094331
http://dx.doi.org/10.1371/journal.pone.0101033
http://www.ncbi.nlm.nih.gov/pubmed/25000585
http://dx.doi.org/10.1128/JB.00754-13
http://www.ncbi.nlm.nih.gov/pubmed/23852865

