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Background: Acinetobacter baumannii is a healthcare-associated pathogen with high rates of carbapenem
resistance. Colistin is now routinely used for treatment of infections by this pathogen. However, colistin use has
been associated with development of resistance to this agent.

Objectives: To elucidate the phylogenomics of colistin-susceptible and -resistant A. baumannii strain pairs from
a cohort of hospitalized patients at a tertiary medical centre in the USA.

Methods: WGS data from 21 pairs of colistin-susceptible and -resistant, XDR clinical strains were obtained and
compared using phylogeny of aligned genome sequences, assessment of pairwise SNP differences and gene
content.

Results: Fourteen patients had colistin-resistant strains that were highly genetically related to their own original
susceptible strain with a median pairwise SNP distance of 5.5 (range 1-40 SNPs), while seven other strain pairs
were divergent with >84 SNP differences. In addition, several strains from different patients formed distinct clus-
ters on the phylogeny in keeping with closely linked transmission chains. The majority of colistin-resistant strains
contained non-synonymous mutations within the pmrAB locus suggesting a central role for pmrAB mutations in
colistin resistance. Excellent genotype-phenotype correlation was also observed for carbapenems, aminoglyco-
sides and tetracyclines.

Conclusions: The findings suggest that colistin resistance in the clinical setting arises through both in vivo evolu-
tion from colistin-susceptible strains and reinfection by unrelated colistin-resistant strains, the latter of which

may involve patient-to-patient transmission.

Introduction

Acinetobacter baumannii has emerged as an opportunistic patho-
gen associated with bacteraemiga, respiratory, skin and soft tissue
infection due to the high frequency with which it acquires anti-
microbial resistance, and its ability to survive in the healthcare en-
vironment.! It is one of the six pathogens that account for a
majority of healthcare-associated infections in the United States.”
Of particular concern, the majority of A. baumannii clinical strains
are now resistant to carbapenems.? Colistin belongs to the poly-
myxin class and is one of the few agents that remain active against
most carbapenem-resistant A. baumannii strains. However, colis-
tin use has been associated with development of resistance to this

agent, which has been linked to mutations in the two-component
transcriptional regulator genes pmrAB in most instances.”

Several genomic studies have demonstrated that A. baumannii
can rapidly evolve antimicrobial resistance by chromosomal muta-
tions as well as by plasmid acquisition.>® For example, mutations
are frequently identified in pmrAB involved in colistin resistance,
adeRS involved in tigecycline resistance, as well as iron acquisition
genes.” In addition, there is rapid, extensive gain and loss of anti-
biotic resistance genes through acquisition and loss of plasmids,
transposons and integrons.”

We previously described a cohort of hospitalized patients at a
large tertiary medical centre who were initially infected by colistin-
susceptible, carbapenem-resistant A. baumannii strains and
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subsequently developed infection or colonization with colistin-
resistant A. baumannii strains after being treated with colistin.?
Conventional genotyping using PFGE showed that colistin-
resistant strains were more similar to the colistin-susceptible
strains from the same patients compared with colistin-resistant
strains from other patients, supporting in vivo emergence of colis-
tin resistance through evolution of persistently infecting or coloniz-
ing strains. However, a recent genomic study of within-patient
evolution of A. baumannii reported 13 of 40 (32.5%) patients
thought to have persistent infections in fact had reinfection by dif-
ferent strains.” These results suggest that even though colistin re-
sistance is often acquired through evolution of the original
infecting strain, some patients may acquire colistin-resistant infec-
tion through reinfection by genetically distinct strains, which can
only be resolved by genome sequencing. The aim of this work was
to elucidate the genomic basis for the emergence of resistance fol-
lowing colistin therapy among a well-characterized set of patients
at atertiary care hospital.

Methods

Strain collection

A total of 42 carbapenem-resistant A. baumannii strains, two each from 21
different patients, were collected during the course of routine clinical care
at a tertiary hospital in Western Pennsylvania between 2007 and 2016,
including the previously described patients.® One of each strain pair was co-
listin susceptible (MIC <2 mg/L; ‘S’ strains) while the second strain was re-
sistant (MIC >2 mg/L; ‘R’ strains). Eighteen patients (serial numbers 1-7 and
9-19) had a colistin-susceptible strain first, were treated with colistin, and
then had a colistin-resistant strain. One patient was treated with colistin be-
fore the colistin-susceptible strain was isolated, then had a colistin-
resistant strain later (patient 8); one patient had a colistin-resistant strain
first then colistin-susceptible strain later, but did not receive colistin around
or before this time (patient 20). One patient received colistin earlier, had a
colistin-resistant strain, then a colistin-susceptible strain later (patient 21).
Colistin resistance was assessed using broth microdilution MICs determined
by the CLSI method and confirmed by detection of the characteristic
mass peaks representing phosphoethanolamine modification of hepta-
acetylated lipid A using MALDI-TOF/MS as previously described.® MICs of
other antibiotics were determined by broth microdilution using Sensititre
GNX3F plates (TREK Diagnostic Systems, Oakwood Village, OH, USA). Results
were interpreted according to the CLSI susceptibility breakpoints.”

Genome sequencing, assembly and annotation

The genomic DNA was extracted with the Qiagen Blood and Tissue Kit and
sequenced using Illumina HiSeq 150bp or MiSeq 250bp paired-end
sequencing. Genome sequences were assembled using SPAdes v3.5'° and
annotated using prokka v1.11.'* A high-quality reference genome se-
quence for S1, the colistin-susceptible strain of the first strain pair identified,
was obtained using the Pacific Biosciences single molecule real time plat-
form using P4-C2 sequencing chemistry and assembled using Hierarchical
Genome Assembler v2.0 into a single contiguous chromosome and three
plasmid sequences.’?

A number of methods were used to identify genetic variation among
study strains. Nullarbor (https://github.com/tseemann/nullarbor) provided
high-quality, core SNPs shared among all strains. Breseq v0.25 provided
additional details on pairwise SNP comparisons of strains from the same
patient.!® Within-patient SNPs were defined as SNPs that were present in
only one isolate within a patient pair while subclade-specific SNPs were
shared by all strains within a particular subclade. A core SNP phylogenetic
tree was reconstructed with RAXML using the general time-reversible

model of evolution, I distributed rate variation among sites (GTRGAMMA)
and 1000 rapid bootstrap replicates.*

Gene content was compared using BLASTn searches of predicted
genes against assembled contigs using an 80% sequence identity cut-off
and confirmed by mapping sequencing reads to the query gene using
bwa-mem v0.7.'° Gene content matrices were then generated using cus-
tom python scripts. Pangenome analysis was conducted using the ortho-
logue clustering program Roary v3.6 with the default 95% sequence
identity cut-off.’® Antibiotic gene content was assessed using ResFinder
and NCBI B-lactamase (www.ncbi.nlm.nih.gov/pathogens/beta-lacta
mase-data-resources/) databases based on 70% nucleotide sequence
identity cut-off.!” The capsule gene locus (KL) was compared using
assembled contigs and mapping of raw sequence reads to reference KL
sequences as described by Kenyon et al.'® Sequence alignments were
manually curated and compared on CLC genomics workbench v9.0
(www.clcbio.com).

Nucleotide sequence accession numbers

Raw sequencing reads from this study are deposited in NCBI sequence
reads archive under accession numbers SRR6256389-SRR6256430; acces-
sion numbers for complete sequence assemblies of the reference genome
S1 chromosome and three plasmids are CP026943-CP026946 while
41 draft genome assemblies are available under accession numbers
PUCB0O0000000-PUDPO0000000 (see Table S1 available as Supplementary
data at JAC Online). GenBank accession numbers for two new B-lactamase
gene sequences are MG452937 (blappc-161) and MG452939 (blaoxa-162)-

Results

Complete genome of A. baumannii strain S1

A complete genome sequence was generated for reference strain
S1 using Hierarchical Genome Assembler into a single chromo-
some and three separate plasmid sequences pAbS1 01-
pAbS1 03.° Plasmid pAbS1 01 was a novel 108kb plasmid
containing predominantly phage-related genes; a second 110kb
plasmid pAbS1 02 was very similar to the pABTJ2 found in the ref-
erence strain MDR-TJ and contained no known resistance ele-
ments. A third plasmid pAbS1_03 was a 72kb plasmid highly
similar (95%) to pAba3207b found in an A. baumannii ST422 strain
identified in Mexico,”° except that it contained Tn2008A carrying
the blaoxa »3 carbapenemase gene.”!

Sequence typing of colistin-susceptible and -resistant
A. baumannii strains

All except one strain (41 of 42) were ST2 belonging to previously
described global clone 2 (GC2) as defined by the Pasteur Institute
MLST scheme,?? with only one strain (R20) belonging to ST46,
which differs from ST2 in six of seven loci (Figure 1 and Table 1).
On the other hand, the Oxford MLST scheme captured substantial-
ly more diversity among strains,”® clustering the 42 strains into five
distinct STs: the majority of strains (30 of 42, 71.4%) belonged to
ST208 while ST281 and ST451 made up 11.8% (n=4) and 5.9%
(n=2), and one isolate (R20) belonged to a novel ST, ST1557.
ST208 is now understood as identical to ST92, which is defined by
the Oxford MSLT scheme when Sanger sequencing is used instead
of high-throughput sequencing,”* and includes strains that were
previously reported as ST92 based on Sanger sequencing.® In fact,
ST208, ST281 and ST451 all belonged to clonal group 92 (CG92)
based on this scheme. Phylogenomic analyses based on
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Figure 1. (a) Phylogeny, AMR and AMR gene content of 42 A. baumannii genomes showing core SNP maximum likelihood tree (left), STs (coloured
bars), AMR susceptibility profile and presence/absence of AMR genes. AMR, antimicrobial resistance; CST, colistin; PMB, polymyxin B; IPM, imipenem;
MEM, meropenem; DOR, doripenem,; FEP, cefepime; CAZ, ceftazidime; CTX, cefotaxime; GEN, gentamicin; AMK, amikacin; TOB, tobramycin; CIP, cipro-
floxacin; LVX levofloxacin; SXT trimethoprim/sulfamethoxazole; ATM, aztreonam; SAM, ampicillin/sulbactam; TZP, piperacillin/tazobactam; TIM, ticar-
cillin/clavulanic acid; DOX, doxycycline; MIN, minocycline; TGC, tigecycline. (b) Phylogeny of 42 A. baumannii genomes (left and top panels)
juxtaposed with heatmaps of STs and pairwise SNP differences between strains.

high-quality shared SNPs and aligned core gene sequences
(Figure 1) supported the distinction of the A. baumannii genomes
into five major clades, corresponding to ST208 clade I, ST208
clade II, ST281/348, ST451 and ST1557. The Oxford MLST scheme
therefore captures the population structure of our study isolates
with better granularity and will be used henceforth.

Pairwise SNP analyses

A total of 93 359 shared core SNP positions were identified among
the 42 strains. When pairwise SNP differences were compared, 14
pairs of strains from the same patients were very highly related
with a median of 5.5 (range 1-40) SNP differences from each other
(Table 1). These paired strains belonged to highly related branches
of the phylogenetic tree (Figure 1). As such, these monophyletic
strain pairs were considered to represent within-patient emer-
gence of colistin resistance through the persistence and evolution
of a single infecting strain (Figure 1 and Table 1). The vast majority
(98 of 110) of these 1-40 SNPs from within patient pairs were
unique to individual patients, while 11 SNPs were shared by resist-
ant isolates from two patients. All 11 SNPs shared by more than
one resistant isolate were localized to two intergenic and

hypothetical gene sequences clustered within two chromosomal
regions containing phage-like sequences at positions 1898 and
3339kb on the S1 reference genome. No SNPs were shared by
more than two resistant isolates. The other seven isolate pairs,
including those from two patients whose resistant strains were
identified before the susceptible strains, had much higher genetic
distances indicated by 7273 median pairwise SNP distances (range
84-44830) and belonged to genetically distinct subclades on the
phylogeny (Table 1 and Figure 1). These strains most likely repre-
sented reinfection of the patients with new strains of A. baumannii.

Pairwise genomic comparison of same-patient strains

Assessment of pairwise SNP differences and gene content pro-
vided insight into the genomic basis of colistin resistance among
strains. A number of studies have linked non-synonymous muta-
tions within pmrAB with colistin resistance.” Therefore, we aligned
pmrAB sequences comparing gene sequences within our data set
and with the ACICU reference strain, to identify whether colistin-
resistant strains contained mutations within pmrAB that may
be linked to colistin resistance. In the pmr locus, strain S1 had a
2.3kb deletion involving 94% of pmrC (phosphoethanolamine
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transferase), all of pmrA and the first 44 amino acids of pmrB, all
replaced by a single copy of ISAba2?2. Colistin-resistant strain R1
had intact pmrAB genes. In addition, strain R1 had acquired muta-
tions in the IptF gene involved in lipooligosaccharide transport, and
cyadA, associated with reduced susceptibility to fosfomycin, quino-
lones and cefoxitin.?> Two mutations present in S1 (located in
topoisomerase gene topA, and deaD gene involved in Type III se-
cretion system) were not present in R1.%° Additional mutations
were found in yjaC likely involved in quorum sensing.?” In addition,
two of three plasmids found in S1 (pAbS1 01 and pAbS1 02) were
also contained in R1. The overall picture suggests a scenario where
both S1 and R1 evolved from a shared ancestor.

The majority of colistin-resistant strains (15 of 21, 71.4%) con-
tained non-synonymous mutations within the pmrAB locus sug-
gesting a central role for pmrAB mutations in the emergence of
colistin resistance as reported by previous studies (Table 1).*¢ For
example, M121 mutation within pmrA and P233S, P233T, T235I
and R263C pmrB mutations found among colistin-resistant strains
in our study were previously linked to colistin resistance by at least
one study.®>1

In addition, several colistin-resistant strains had additional
mutations outside pmrAB. These mutations more commonly
affected genes involved in the Type III secretion system (cyaA),
major facilitator family of transport proteins (mfs), surface struc-
tures (pilY, wzc, itrA2, gtr5, gna), zinc uptake (znuA) and efflux
pumps (adel, mexA).>**3 The wzc gene is part of the capsule poly-
saccharides synthesis K locus where mutations have been shown
to affect virulence.**7 Several strain pairs showed significant dif-
ferences in gene content despite very low SNP differences in the
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core genome, in keeping with rapid loss and gain of genetic ele-
ments. For example, strain R6 contained a 12 kb genomic island
not found in S6. This genomic island is similar to TnAbaR23 previ-
ously linked to unpredictable changes in drug resistance.®®
Within S6 there is a 14 kb prophage-like chromosomal sequence
that was not found in R6. An alternative explanation is that S6 and
R6 may represent independent acquisition of distinct, yet highly
similar strains.

Finally, some strains from different patients were genetically
highly similar and formed very closely related monophyletic clades
suggesting transmission either directly between patients or
through a common focal exposure. The median pairwise distance
within these clusters was 20 SNPs, which substantially overlaps
the SNP distance range of 1-40 SNPs seen among the same-
patient monophyletic strain pairs, in contrast to the median SNP
distance of 878 for the remaining strain pairs from different
patients.

These genetic clusters were highly suggestive of between-
patient transmission networks. Six of these phylogenetic clusters
had a range of 0-35 pairwise SNP distances between strains within
the same cluster, which was comparable to 3-40 SNPs observed
between same-patient strain pairs. Five of six transmission clusters
contained two or more colistin-resistant strains that were genetic-
ally very closely related. Only two strains (R5 and R12) shared com-
mon pmr mutations (R134S, T235I) suggesting possible direct
transmission of a resistant strain between patients 5 and 12.
Strains R5 and R12 were identified 425 days apart but from the
same ICU, raising the possibility of an occult environmental reser-
voir given the ability of this organism to survive in the healthcare
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Table 1. List of mutations associated with colistin resistance in this study. Mutations were detected by pairwise SNP comparisons between one pair
of colistin-susceptible and -resistant strains from each patient and sequence alignment of pmrAB genes

Studies reporting
identical pmrAB

ST Core SNP pmr mutations (first author and
Patient (Oxford) differences® mutations® reference number) SNPs outside pmr
1 208/208 6 [ptF, cyaA, yjaC, topA and deaD
2 208/208 3 L20F (pmrA) cyaA, adel
3 281/208 5720
4 208/208 17 M12I (pmrA) Arroyo?® pgaC
5 208/208 7 R134S, 72351 Arroyo®® cyaA, mmgC, mexA and itrA2
6 281/281 40 A226T pilY and zinc binding alcohol dehydrogenase
7 208/208 7 - zZnuA, yail, smvA, cyaA, ubiH, yecA and edd
8 281/208 7273 F105L (pmrA)
9 208/208 4 T232A,F267L, L271F gtr5, mfs
10 208/208 2 Q277K
11 208/208 5 znuA, IptC, mfs and nlhH
12 208/208 84 P119L, R134S, 72351 Arroyo?®
13 208/208 3 L208R, R263C Arroyo?® itrA2
14 281/208 7642 pily
15 208/208 3 P233T,L292H Adams?®
16 208/208 7 clpA, tolR, sell and mfs
17 208/208 313 A14V (pmrA)
18 451/451 1 P233S Adams??; Beceiro®?; gna

Arroyo?®; Kim?!

19 451/451 16 G315V tetR, wzc, gna, asnC and pgap1
20 1557/208 44 830 V4bbA
21 281/348 7488 -

“Core SNP counts include only genome sequences shared by all 42 isolates. Upstream part of pmrB was truncated in reference genome S1 and was

excluded from core SNP analysis.

PMutations refer to pmrB except when pmrA is indicated inside parenthesis.

environment.! None the less, the overall findings support the hy-
pothesis that colistin resistance commonly arises in vivo in the
course of colistin therapy.

Antimicrobial resistance genes and phenotype
correlation

All A. baumannii strains in this study were MDR (resistant to three
or more classes of antimicrobial agents) with all 42 strains also
being XDR (resistant to all except up to two classes of antimicrobial
agents).>® A large variety of f-lactamase genes was found among
genomes in this study (Figure 1). All 42 genomes contained one or
more OXA-type carbapenemase gene. Forty-one genomes con-
tained the most commonly reported acquired carbapenemase
gene blapxa-23- All genomes contained an intrinsic blagxa-s1 group
carbapenemase gene, where blaoxa-ss Was tightly associated with
ST208 clade I, ST348 and ST451; blaoxa-g» Was associated with
ST208 clade II and ST281, while one isolate (R20) contained
blaoxa-104 (Figure 1). ISAbal was found upstream of blagya-g> in all
blaoxa-g2-containing strains except S5 while blapxa-e6 and blaoxa-
104 had no upstream IS. IS elements are known to provide strong
promoter sequences for the expression of blaoxa-si-ike. All
genomes contained a variant of the chromosomal ADC group
cephalosporinase gene.*®“! Genomes within the ST208 clade

Iand ST451 contained the blapc-30 (corresponds to AmpC peptide,
allele 30) or blappc.162 (AMpC-162) gene that differed from
blaapc-30 by A245E substitution, while all genomes belonging to
ST208 clade II contained blaapc.se. Six ST281 strains contained
blaapc-161 (AMpC-161) gene while the blappc-26 (AMpC-26) gene
was found in one genome (R20). blaxpc had upstream ISAbal
sequences in 42 of 43 genomes in this study; the exception is
blaapc-26 (R20), which had no upstream IS. Likewise, an allelic vari-
ant of the blargu-; B-lactamase gene that encoded K37Q substitu-
tion was found predominantly among ST208 clade II genomes.
Two genomes from the same patient (S18 and R18) contained
blapegr-7, an ESBL gene. All but one genome (R20) contained two or
more aminoglycoside resistance genes including aac(3)-Ia, aacA4,
aadA1, aph(3')-VIa, aph(3')-Ic, armA, strA and strB.

Antimicrobial susceptibility phenotypes were compared
with the corresponding gene content among genomes. All 41
blapxa-23-containing strains were non-susceptible to all tested car-
bapenems (imipenem, meropenem and doripenem). The only
strain without an acquired carbapenemase gene (R20) was
carbapenem-susceptible but colistin-resistant, consistent with the
aforementioned genotypes. All strains were non-susceptible to
one or more cephalosporin, but two strains each (2 of 42, 4.8%)
were susceptible to cefotaxime and ceftazidime while eight strains
(19%) were susceptible to cefepime. All 16 blaapc-sg-containing
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genomes were non-susceptible to cefepime compared with 69.2%
(18 of 26) of strains containing other blaapc variants, consistent
with the unique spectrum of blaapc.se that includes cefepime.*?

All 42 strains were non-susceptible to gentamicin and the
36 armA-containing strains were non-susceptible to amikacin and
tobramycin as well, which is a phenotype consistent with produc-
tion of the 16S ribosomal RNA methyltransferase, which protects
the 30S ribosome from aminoglycoside binding. All 42 strains con-
tained substitutions within the QRDR, namely S83L within gyrA
(42 strains), S80L within parC (41 strains)** and a previously unre-
ported S80F parC mutation in one strain (R20). As expected, all
strains were non-susceptible to ciprofloxacin while 83.3% were
non-susceptible to levofloxacin. Non-susceptibility to doxycycline
was high (71.4%), but only a small minority of strains (5.7%) were
non-susceptible to minocycline. Genomes containing tetB had a
significantly higher frequency of doxycycline non-susceptibility
(82.8% versus 14.3%, P<0.001) and the only two minocycline
non-susceptible strains also contained tetB, reflecting the role of
the TetB efflux pump in the non-susceptibility to these tetracy-
clines.** All of the strains in this study were susceptible to
tigecycline.

Capsule biosynthesis locus (KL) and correlation to ST

Gene content and arrangement within KL was strongly linked to
Oxford STs. All ST208 genomes contained an identical KL corre-
sponding to KL6a.'® ST281, ST348 and ST451 genomes shared a
similar gene arrangement associated with a possible deletion of a
13 kb sequence within KL. This smaller KL locus differed from previ-
ously described KL types and was composed of regions A (capsule
export genes, wza, wzb and wzc), B (pgm, gnel, gpi, ugd and galU),
gna and itrA2 genes only. The ST1557 genome had a unique KL
locus that shared 82% similarity to KL6éa.

Discussion

Colistin resistance is a growing problem within the healthcare set-
ting as colistin is considered an agent of last resort. It is only
employed in the treatment of Gram-negative bacterial infection
when other safer and more effective agents such as carbapenems
cannot be used due to extensive drug resistance. Colistin resist-
ance is in part driven by a global increase in carbapenem-resistant
A. baumannii infections.*> A study from Greece reported an in-
crease in colistin resistance from 1% in 2012 to >20% in 2014.°
Likewise, a survey of nosocomial infections in Italy found more
than half of 26 carbapenem-resistant A. baumannii strains to be
colistin resistant.*” In this study, we elucidated the genomic basis
for the evolution of colistin resistance among patients with
carbapenem-resistant A. baumannii infections. The majority of
strains belonged to ST208, which is part of the International Clone
2, and possessed KL6a. Following exposure to colistin therapy,
two-thirds of patients acquired colistin resistance through micro-
evolution, primarily through mutation within the pmrAB genes of a
previously susceptible infecting strain. In addition to pmrAB muta-
tions, several strains contain mutations within cyaA, a gene previ-
ously implicated in resistance to fosfomycin and some B-lactams
in Escherichia coli.”> In addition, an accumulation of mutations
was observed in genes involved in surface structures including

pilus, capsule and O antigen biosynthesis and transport in the
colistin-resistant strains, which may reflect ongoing adaptation to
the host defence systems.>®

On the other hand, in some instances colistin resistance was
linked to the presence of a strain that was genetically distinct from
the corresponding susceptible strain suggesting that some
patients acquired a new strain that was already colistin-resistant,
or a susceptible strain that was acquired yet undetected, which
subsequently evolved colistin resistance. Alternatively, these
patients may initially have been coinfected by two strains, one
colistin-susceptible and the other colistin-resistant, with colistin
therapy later favouring dominance of the resistant strain.

In addition to being resistant to colistin, most of the A. baumannii
strains in this study were XDR, highlighted by very high frequencies
(>80%) of non-susceptibility to carbapenems, aminoglycosides,
fluoroquinolones and tetracyclines. Of all tested antibiotics, strains
in this study were only susceptible to minocycline (92% susceptible)
and tigecycline (100% susceptible). These findings buttress the ur-
gent need to develop new classes of agents against highly resistant
organisms. The presence of tight genetic clusters containing strains
from different patients also sheds additional light on the transmis-
sion of XDR A. baumannii infections in the hospital environment. The
presence of diverse, co-evolving clusters is in keeping with multiple
transmission events of carbapenem-non-susceptible A. baumanni.
These clusters may also be associated with environmental reser-
voirs given the propensity of A. baumannii to survive in the hospital
environment.”® None the less, there is limited overlap in specific
mutations associated with resistant strains even within transmis-
sion clusters. This finding supports the hypothesis that colistin re-
sistance largely develops independently within each patient as
opposed to broad dissemination of a single resistant strain. A not-
able exception is the transmission of a resistant isolate between
patients 5 and 12 with 0 SNP differences.

Limitations of this study include a relatively small sample size
and that gene expression levels were not taken into account,
which may explain some of the observed phenotypic diversity. In
addition, some patients may have been coinfected or colonized by
multiple strains in addition to the two included in the study. In add-
ition, a limitation of short-read sequencing is that the full length of
IS found upstream of several antibiotic resistance genes is often
not completely resolved. Despite these limitations, this work
provides insights into the genomic basis of colistin resistance in
A. baumannii in clinical settings and adds to the body of evidence
supporting the utility of routine genome-based surveillance for
major hospital-associated infections. Genomic evidence for trans-
mission events over a long period suggests the need for sustained
environmental disinfection in addition to routine infection
prevention practices to curtail the spread of colistin-resistant
A. baumannii in the hospital setting. Furthermore, patients receiv-
ing colistin need to be closely monitored for the development of
resistance.
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