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Bacterial whole-genome sequencing (WGS) of human pathogens has provided unprecedented insights into the evolution
of antibiotic resistance. Most studies have focused on identification of resistance mutations, leaving one to speculate on
the fate of these mutants once the antibiotic selective pressure is removed. We performed WGS on longitudinal isolates of
Acinetobacter baumannii from patients undergoing colistin treatment, and upon subsequent drug withdrawal. In each of the
four patients, colistin resistance evolved via mutations at the pmr locus. Upon colistin withdrawal, an ancestral susceptible
strain outcompeted resistant isolates in three of the four cases. In the final case, resistance was also lost, but by a com-
pensatory inactivating mutation in the transcriptional regulator of the pmr locus. Notably, this inactivating mutation
reduced the probability of reacquiring colistin resistance when subsequently challenged in vitro. On face value, these
results supported an in vivo fitness cost preventing the evolution of stable colistin resistance. However, more careful
analysis of WGS data identified genomic evidence for stable colistin resistance undetected by clinical microbiological
assays. Transcriptional studies validated this genomic hypothesis, showing increased pmr expression of the initial isolate.
Moreover, altering the environmental growth conditions of the clinical assay recapitulated the classification as colistin
resistant. Additional targeted sequencing revealed that this isolate evolved undetected in a patient undergoing colistin
treatment, and was then transmitted to other hospitalized patients, further demonstrating its stability in the absence of
colistin. This study provides a unique window into mutational pathways taken in response to antibiotic pressure in vivo,
and demonstrates the potential for genome sequence data to predict resistance phenotypes.

[Supplemental material is available for this article.]

Acinetobacter baumannii is a significant cause of hospital-acquired

infections among immune compromised patients, accounting for

5% of Gram-negative infections (Lockhart et al. 2007). The threat

posed by A. baumannii to hospital patients has increased in recent

years because of the widespread dissemination of multidrug re-

sistant (MDR) strains (Dijkshoorn et al. 2007; Perez et al. 2007;

Munoz-Price and Weinstein 2008): 30% of A. baumannii isolates

from United States hospitals were identified as MDR in data from

2004 (Lockhart et al. 2007). The acquisition of drug resistance in A.

baumannii has culminated with recent reports of strains resistant to

all commonly used antibiotics (Valencia et al. 2009). The positively

charged peptide antibiotic colistin is the last drug for which

widespread resistance has not been observed in A. baumannii

(Gordon and Wareham 2010). Colistin is also considered the drug

of last resort to treat other Gram-negative MDR bacteria, such as

carbapenem-resistant Klebsiella pneumoniae.

While still rare, colistin resistance has begun to emerge in A.

baumannii and other Gram-negative pathogens (Gales et al. 2011;

Cai et al. 2012). Previous studies of colistin resistance in A. bau-

mannii have found resistance to be mediated either by the com-

plete loss of lipopolysaccharide (LPS) (Moffatt et al. 2010), or by

mutations at the pmr locus (Adams et al. 2009; Beceiro et al. 2011;

Park et al. 2011; Rolain et al. 2012). The pmr locus is an auto-regulated

two-component signal transduction system, which in addition to a

sensor-kinase and response-regulator, also includes an ethanolamine

transferase. The ethanolamine transferase contributes to colistin

resistance by adding ethanolamine moieties to the lipid A com-

ponent of LPS, which reduces the negative charge of the bacterial

membrane, and thereby decreases binding of positively charged

colistin (Beceiro et al. 2011).

Mutations conferring resistance to antibiotics often come

with a fitness cost in the absence of the drug (Andersson and Levin

1999; Andersson and Hughes 2010). Multiple studies have re-

ported a significant fitness cost associated with colistin resistance

(Fernández-Reyes et al. 2009; López-Rojas et al. 2011; Rolain et al.

2011), leading to the hypothesis that this fitness cost may explain

the lack of widespread resistance (López-Rojas et al. 2011). With

other antibiotics, it has been found that the cost of resistance can

be overcome either by acquiring low-cost mutations or by accu-

mulating compensatory mutations that diminish the fitness cost

(Andersson and Hughes 2010). However, low-cost resistance to

peptide antibiotics such as colistin may be difficult to achieve, as

evidenced by the continued effectiveness of positively charged

human anti-microbial peptides, despite their role in innate im-

munity over millions of years (Brogden 2005).

Advances in genome sequencing technology have revolu-

tionized the study of the evolution of antibiotic resistance. The

ability to sequence entire bacterial genomes has afforded the op-

portunity to sequence in vitro and in vivo evolved drug-resistant
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isolates, along with their susceptible ancestors, to identify muta-

tions associated with resistance (Mwangi et al. 2007; Arias et al.

2011; Howden et al. 2011; Saunders et al. 2011). Strikingly, several

studies have noted that the most prevalent resistance genotypes

are those associated with the lowest fitness cost (Mwangi et al.

2007), pointing to the long-term instability of high-cost mutations

in the absence of compensatory mutations (Gagneux et al. 2006;

Comas et al. 2012; Nielsen et al. 2012).

Here we applied whole-genome sequencing to isolates of

A. baumannii from patients undergoing colistin treatment to de-

termine the fate of colistin-resistance mutations. Longitudinal

isolates of A. baumannii were sequenced from four patients in

whom colistin resistance evolved during treatment and was sub-

sequently lost after termination of colistin. Genomic comparisons

revealed the pathways leading to both the gain and subsequent

loss of resistance in each patient. We find that genetic alterations to

modulate initial antibiotic sensitivity can constrain the future

evolution of resistance. While mutations conferring antibiotic re-

sistance are frequently unstable due to the associated high fitness

cost, genomic analysis identified a low-cost mutation, which went

undetected by clinical susceptibility assays. The potential stability

of this resistant genotype was indicated by its transmission to

other patients in the hospital.

Results

Fitness cost of colistin resistance leads to the return of drug
susceptibility after colistin is withdrawn from patients

The National Institutes of Health Clinical Center (NIHCC) has had two

outbreaks of multidrug-resistant Acinetobacter baumannii (MDRAB) in

recent years (Palmore et al. 2011; Snitkin et al. 2011). The four strain

types observed during these outbreaks were all highly drug resistant,

but each was initially susceptible to colistin (see Methods and Sup-

plemental Table S2). Because of this uniform susceptibility to colistin,

it was heavily used during these outbreaks to treat patients with

MDRAB infections. Among the 37 patients treated with colistin for

MDRAB during these outbreaks, colistin-resistant strains were isolated

from five patients. Resistance appears to have evolved independently

in each patient, as resistant isolates were only detected after initiation

of colistin treatment (Fig. 1; Supplemental Fig. S4A). The failure to

observe a patient whose initial isolate was colistin resistant supports

the fitness cost associated with colistin resistance limiting its spread.

Further evidence for a fitness cost of colistin resistance comes from the

in vitro observation of decreased growth rates (Supplemental Fig. S2).

Even more striking was the in vivo observation that in each of the

four patients for whom colistin treatment was stopped, susceptible

isolates returned soon after the termination of colistin treatment

(Fig. 1). The duration of colistin treatment ranged from <1 mo (PT-3) to

3 mo (PT-4), indicating that longer drug exposure did not result in

mutations compensating for the fitness cost of resistance. Note that

colistin was not withdrawn from the fifth patient and his/her case is

not included for further studies.

Whole-genome sequencing reveals a common mechanism
of resistance in all four patients

To provide insight into the gain, and subsequent loss, of colistin

resistance in MDRAB isolated from these four patients, whole-ge-

nome sequencing was performed on longitudinal isolates taken

from each patient (Fig. 1; Supplemental Table S1). Whenever

possible, isolates from each patient were taken from the same an-

atomical site, in hopes of sampling from the same bacterial pop-

ulation over time (Supplemental Table S1). Longitudinal isolates

started with each patient’s initial colistin susceptible MDRAB iso-

late (e.g., PT1-S), included at least one resistant isolate (e.g., PT1-R),

and ended with an isolate after resistance to colistin had been lost

(e.g., PT1-S9). These genomic time courses provided clear insight

into the mechanism of resistance (Fig. 2; Supplemental Fig. S4B).

In all patients, resistant isolates showed mutations at the pmr locus,

Figure 1. Gain and loss of colistin resistance in A. baumannii. (A–D) The colistin minimal inhibitory concentrations (MICs) of A. baumannii isolates from
the four study patients are shown. The x-axis represents time, with the shaded box indicating the time period during which the patient received colistin.
The y-axis shows the colistin MICs, with the horizontal line drawn at an MIC value of 4, which is the clinical cutoff for colistin resistance. Patients’ isolates
include their initial susceptible isolate (S), at least one resistant isolate (R), and a post-colistin susceptible isolate (S9). (E ) Models illustrating the potential
evolutionary paths underlying the loss of colistin resistance in patients 1 through 4.
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supporting previous reports of the role of the pmr locus in colistin

resistance (Adams et al. 2009; Park et al. 2011). More specifically,

each resistant isolate had either a nonsynonymous substitution or

a small indel in the pmrB gene, which encodes the sensor-kinase in

the pmr two-component system. The observation of distinct mu-

tations in each isolate supports the existence of many mutations

at this locus conferring resistance. We hypothesized that these

pmrB mutations constitutively activated the sensor-kinase, leading

to overexpression of the pmrC ethanolamine transferase (Beceiro

et al. 2011). Supporting this hypothesis, the pmrB mutations in

each resistant isolate were associated with increased expression of

the pmr transcript (Fig. 3; Supplemental Fig. S4C). Furthermore,

extrapolating from mutagenesis studies done on the Escherichia coli

EnvZ gene, which is a homolog of pmrB, revealed that several of the

pmrB mutations observed in resistant isolates mapped to EnvZ

mutation sites, causing constitutive kinase activity (Supplemental

Table S5; Hsing et al. 1998). In addition to recurrent mutations at

the pmr locus, mutations in the translational machinery were ob-

served in multiple patients (Fig. 2; Supplemental Material). We

hypothesized that these mutations might play a role in compen-

sating for the fitness cost associated with colistin resistance (see

Supplemental Material).

Whole-genome sequencing demonstrates different evolutionary
pathways leading to loss of resistance in different patients

In addition to providing insight into the genetic basis for the gain

of colistin resistance, the patterns of mutations in each patient’s

isolates also allowed us to distinguish among the different sce-

narios leading to the loss of resistance: reversion, compensation,

or re-emergence (Fig. 1E). Patient 1 shows genetic evidence for a

compensatory mutation accounting for the loss of resistance. In

addition to having the pmrB mutation from his/her resistant iso-

late (PT1-R), the post-colistin susceptible isolate (PT1-S9) also has

a mutation in the DNA-binding domain of the pmrA transcrip-

tional regulator. We hypothesized that the pmrA mutation ablated

resistance by preventing the hyper-activation of the pmrB kinase

from having a downstream impact on pmr transcription. This hy-

pothesis is supported by the return of the pmr transcript to wild-

type levels in the PT1-S9 isolate (Fig. 3). Furthermore, mutagenesis

studies in the E. coli ompR gene, a homolog of pmrA, found that

mutation of the equivalent residue resulted in loss of DNA binding

(Supplemental Table S5; Martı́nez-Hackert and Stock 1997).

We next wondered if the compensatory pmrA mutation

resulting in the loss of resistance in patient 1 might have had im-

Figure 2. Genome-wide single-nucleotide variants in longitudinal patient isolates. (A–D) Rows in each table represent all nonsynonymous mutations
identified across the genomes of isolates derived from patients 1 through 4. Isolates from each patient are shown in temporal order, in the columns of the
corresponding patient’s heatmap. Dark/light gray boxes in the heatmap represent the presence/absence of mutations in patient isolates. The pmr genes
appear in boldface, to emphasize their mutation in the resistant isolates from each patient. The putative functional impact of mutations was predicted
using SIFT. Note that for PT3-S9 unique mutations are not shown, as this is a different strain type from PT3-S and PT3-R and, therefore, has several hundred
unique variants.
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plications on the future evolution of colistin resistance in this

patient. We hypothesized that, for the PT1-S9 isolate to re-evolve

colistin resistance, the function of the DNA-binding domain of

pmrA must be restored, which may only be achievable by a small

number of mutations. We tested this hypothesis by performing

fluctuation tests (Rosche and Foster 2000) on the PT1-S and PT1-S9

isolates to determine the rates of colistin resistance mutations in

each isolate (Supplemental Fig. S5). Fluctuation tests confirmed

that PT1-S9 had a significantly lower rate of colistin resistance

mutations than PT1-S (uPT1-S = 1.47 3 10�8, uPT1-S9 = 3.12 3 10�9,

Spearman rank P = 0.007). These assays confirmed that patient 1’s

A. baumannii isolate evolved colistin resistance by mutating the

pmrB locus and with the removal of colistin, a secondary mutation

in the pmrA locus restores colistin sensitivity, but at the cost of sig-

nificantly decreasing the future potential to re-evolve resistance.

Patients 2 and 3 show evidence for the loss of resistance being

due to the re-emergence of ancestral susceptible strains. For patient

2, the pmr genotype of the post-colistin susceptible isolate (PT2-S9)

matched their pre-colistin susceptible ancestor (PT2-S) (Fig. 3).

While in principle a reversion mutation is also consistent with the

data, we deemed this less likely due to the likely low probability of

the 3-bp insertion that would have been required to return to the

ancestral genotype. Loss of resistance in patient 3 is clearly due to

a resistant strain being outcompeted by a susceptible competitor,

as the post-colistin susceptible strain is of a different strain type

(PT3-S9) (pusoltype A in Supplemental Fig. S1) from the resistant

strain (PT3-R) (pusoltype B in Supplemental Fig. S1). It is possible

that patient 3 had an undetected mixed infection with both strain

types A and B, or that s/he acquired a strain of type A after dis-

continuation of colistin treatment.

Functional, genetic, and epidemiological evidence suggests
existence of low-cost resistance mutation that went undetected
by clinical assay

Patient 4 also shows evidence for re-emergence, as the pmr geno-

type of the pre- and post-colistin isolates are identical (PT4-S vs.

PT4-S9) (Fig. 3). As in the other patients, we took the re-emergence

of the pretreatment genotype as evidence of the fitness cost of

colistin resistance leading to population instability upon removal

of colistin. However, unlike in the other patients, for patient 4 we

also found several lines of evidence indicating population instability

in the presence of colistin. First, unlike in the other patients, in

patient 4 there was not a rapid stabilization of an initial resistance

mutation. Rather, the two resistant isolates sequenced have dis-

tinct pmrB mutations (PT4-Ra and PT4-Rb) (Fig. 2). Second, when

the two resistant isolates were cultured from patient 4, both re-

sistant and susceptible isolates were identified in the same sample.

This heterogeneity was initially uncovered based on the observa-

tion of different colony morphologies in the patient sample, with

subsequent resistance testing demonstrating that smaller colonies

were colistin resistant and larger ones colistin susceptible (see

Methods). Distinct colony morphologies were not observed for

any other patient sample. Sequencing of the pmr locus in these co-

isolated susceptible isolates identified the same genotype as the

initial PT4-S isolate. These observations indicated that the initial

isolate from patient 4 was able to remain in the population in the

presence of colistin, despite its apparent colistin susceptibility, as

evaluated by E-test. To determine if there was a genetic basis for

the persistence of the PT4-S’s genotype during colistin treatment

we compared the genomes of the initial isolates from patients 2

and 4 (PT2-S and PT4-S), which were of the same strain type, and

whose common ancestor initiated the outbreak. Most variants

between these two genomes were surrounding a recombinant

region containing a putative iron acquisition gene locus (see

Supplemental Material). Filtering out variants in this recombi-

nant region left eight nonsynonymous SNPs (Fig. 4A), one of

which was pmrBL271R, and was predicted to affect protein func-

tion based on SIFT analysis and mapping to envZ mutagenesis

studies (Supplemental Table S6). Comparison of pmr transcript

levels revealed that PT4-S indeed expressed the pmr transcript at

higher levels than PT2-S (Fig. 4B).

The observation of elevated pmr expression in patient 4’s initial

isolate led us to wonder if this isolate was in fact colistin resistant,

despite demonstrating susceptibility by E-test. E-tests have been

previously shown to be reliable indicators of colistin resistance in

Figure 3. Mutations at pmr locus account for altered pmr expression and colistin MICs. (A–D) The relationship between pmr genotype, pmr transcript
level, and colistin MICs is shown for patients 1 through 4. The x-axis of each plot represents time, with the date of each isolate labeled. The left y-axis of each
plot represents the pmr expression relative to the initial patient isolate and corresponds to red points. The expression values and error bars are based on the
mean and standard error of three replicate experiments. The right y-axis of each plot represents the isolates MICs and corresponds to blue points. The
heatmap above represents the presence/absence (dark/light gray) of mutations to the pmr observed in each patient’s isolates.
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A. baumannii, demonstrating good correlation with other standard

susceptibility tests (Arroyo et al. 2005). Here, however, we found that

despite susceptibility by E-test (MIC [minimal inhibitory concen-

tration] = 0.125), broth-microdilution (BMD) experiments showed

growth of PT4-S well into the range of colistin concentrations asso-

ciated with resistance (MIC = 64 mg/mL) (Supplemental Table S4).

PT4-S was the only isolate for which colistin resistance differed be-

tween E-test and BMD, with the accepted cutoff at 4 mg/mL.

We next sought to identify PT4-S’s origin, and specifically if

the pmrBL271R mutation had evolved in a previous patient receiving

colistin, who might then have transmitted this allele to PT4. To

this end we sequenced the pmr locus from isolates in patients who

received colistin prior to patient 4, and found that the pmrBL271R

had indeed appeared in a patient during the course of his/her co-

listin treatment (Supplemental Fig. S3). Specifically, this patient’s

original isolate had the wild-type pmrB sequence and evolved the

pmrBL271R mutation during colistin treatment. We identified an

additional patient whose initial isolate had the pmrBL271R, further

demonstrating the stability of this genotype in the absence of co-

listin (Supplemental Fig. S3). Thus, pmrBL271R appears to provide

a sufficient level of resistance to survive in patients receiving co-

listin, while being fit enough in the absence of colistin to be

transmitted and not be outcompeted by susceptible strains.

Discussion
Here we tracked the evolution of colistin resistance in A. baumannii

by sequencing longitudinal isolates from four patients, and found

a common in vivo mechanism of resistance in all patients. Fol-

lowing the fate of A. baumannii isolates in these patients after the

selective pressure of colistin was removed, allowed us to observe

the long-term evolutionary consequences of different mutational

trajectories. In some patients, the evolution of resistance did not

impact future pathogen evolution, as the original susceptible iso-

late was able to re-emerge after removal of the drug. It is unclear if

the re-emergence of susceptible ancestors is a result of the presence

of a dormant persister population (Lewis 2007) or bacterial pop-

ulations in locations inaccessible to cytotoxic drug concentrations

(Hermsen et al. 2012). Both of these issues are major concerns in

effective patient treatment. While the current study was retro-

spective, and therefore limited by samples that were collected, it

will be interesting in the future to attempt to gain insight into the

impact of spatial population heterogeneity on the evolution of

resistance. For instance, by sequencing entire bacterial populations

from multiple patient sites during the course of treatment, the

presence of distinct evolutionary trajectories within a single pa-

tient could be monitored (Sun et al. 2012).

In one patient, resistance was lost via the acquisition of a

secondary mutation, which compensated for the fitness cost of

drug resistance. Following up on computational predictions, we per-

formed in vitro experiments that demonstrated that this mutation

moved the population to a new part of the fitness landscape, in

which re-acclimation to colistin was more difficult. This observa-

tion suggests that for this individual patient, reintroduction of

colistin might have been effective. It is intriguing to wonder

whether, for drugs with high frequencies of high-cost resistance

mutations, cycling of the drug may prove effective in ultimately

driving the population to a state where resistance mutations are

inaccessible.

Despite the fitness cost associated with most observed colistin

resistance mutations, we ultimately found evidence of a stably

resistant strain that could navigate the fluctuations in drug expo-

sure during patient-to-patient transmission. It is important to note

that while we believe that this isolate has some level of resistance,

it does not appear to have complete resistance to physiological

concentrations of colistin, as demonstrated by the accumulation

of additional pmr mutations in PT4, when treated with colistin.

We therefore hypothesize that this mutation provides enough

resistance to the cytotoxic effects of colistin to remain in the

population during treatment, and subsequently re-emerges after

colistin is withdrawn. Thus, more than a resistance mutation, it

may be more aptly classified as a mutation that predicts resistance

upon exposure to colistin. It will be of great interest in the future to

determine the long-term viability of this strategy for surviving

fluctuations in drug concentrations, while circumventing the fit-

ness cost associated with resistance.

More broadly, we believe that our results provide further

support for the future power of bacterial genomics to make in-

ferences into both current and future resistance. There has been

a great deal of work in characterizing the machinery associated

with drug resistance (Alekshun and Levy 2007; Kohanski et al.

2010). However, the presence of this machinery in a bacterial ge-

nome is not sufficient to confer resistance, as it must be both

functional (e.g., lack inactivating mutations) and regulated in

a way that it is deployed in the correct place and time. Here, ap-

plying both background knowledge and genomic insights, we were

able to correctly identify (1) colistin resistance missed by labora-

tory assay in PT4S, and (2) the acquisition of a compensatory

mutation, which impedes future evolution of resistance. Much

work is needed to understand the mutational landscape associated

with resistance to colistin and other drugs, such that predictions

can be made with high confidence. However, advances in mas-

sively parallel directed bacterial evolution (Wang et al. 2009) and

sequencing (Loman et al. 2012) provide the necessary tools to

Figure 4. Initial isolate from patient 4 has elevated pmr expression. (A) Rows in the table represent all nonsynonymous mutations in nonrecombinant
regions identified between the initial isolates of patients 2 (PT2-S) and 4 (PT4-S). Dark/light gray boxes in the heatmap represent the presence/absence of
mutations in patient isolates. The pmr gene mutation is bolded to emphasize its hypothesized role in colistin resistance of PT4-S. (B) The expression of the
pmr transcript relative to PT2-S is shown for PT2-R, PT2-S9, and PT4-S. The expression values are the mean and standard error for three replicates
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determine the local fitness landscape of known resistance loci. The

capacity to sequence bacterial populations directly from the pa-

tient, and rapidly determine current resistance spectrums and the

probabilities of future resistance, can be a powerful tool in limiting

the evolution of resistance and maintaining the effectiveness of

available drugs.

Methods

Isolation of strains from patient samples
Clinical isolates of A. baumanii were obtained from respiratory,
blood, or surveillance specimens as part of standard of care patient
treatment. The strains used in this study originated from the NIH
Department of Laboratory Medicine, Microbiology Department.
The NIH microbiology laboratory stores all bacterial isolates tested
for antibiotic susceptibility. Samples were not collected specifically
for this study or research purposes.

Isolates were identified at the species level by MALDI-TOF
mass spectrometry. Antibiotic susceptibility testing was carried out
with the Microscan except for colistin, which was performed by
E-test (Biomerieux). If different colony morphologies of A. bau-
mannii were visualized, each was isolated, identified, tested for
antibiotic susceptibilities, and frozen separately. For a list of strains
see Supplemental Table S1.

Colistin susceptibility testing

Minimal inhibitory concentrations (MICs) were determined by the
E-test method according to the manufacturer’s guidelines (AB
Biodisk). Strains were plated and grown overnight, and then used
to inoculate 5 mL tryptic soy broth to a turbidity of 0.5 McFarland.
Mueller-Hinton agar plates were swabbed with the innocula in
three directions to ensure uniform growth. Once the agar surface
was completely dry, an E-test colistin strip was applied to each plate
with sterile forceps, and the plates were incubated at 37°C for 16–
20 h in an incubator without CO2.

For comparison, we determined MIC values by broth micro-
dilution. Colistin sulfate powder (hereafter referred to as colistin)
was obtained from Sigma Chemical Co., and a stock solution of
10 mg/mL was created. Broth microdilution was performed in ac-
cordance with NCCLS guidelines. Briefly, strains were plated and
grown overnight on Mueller-Hinton plates. Plates were used to
inoculate 5 mL tryptic soy broth to a turbidity of 0.5 McFarland,
and then diluted 1:20 to achieve an inoculum of 5 3 106 CFU/mL. A
solution of 128 mg/mL colistin in Mueller-Hinton broth was created,
followed by 1:2 serial dilutions to obtain solutions with colistin
concentrations ranging from 0.025 to 128 mg/mL. Ninety microli-
ters of colistin solutions were placed in microtiter plates, followed by
the addition of 10 mL of the appropriate innocula to each well. The
MIC was defined as the lowest concentration with which no growth
was visible after incubation of plates at 35°C for 16–20 h.

Calculation of in vitro growth rates

Growth curves were performed for all isolates from a given patient
in a single experiment. Overnight cultures for each strain were
grown in 2 mL of LB media by inoculating with a single colony
from a fresh plate. Thirty milliliters of fresh LB media was in-
oculated the next morning to an OD of 0.015. Cultures were placed
on orbital shaker at 37°C and shaken at 160 rpm. OD measure-
ments were taken every 30 min between 1 and 4 h, and then every
hour up until 8 h. Growth rates were determined as the average
slope of the log of the OD vs. time between 1.5 and 3 h. All growth
curves were performed in triplicate on separate days, from fresh
overnight cultures.

Measurement of pmr transcript levels

Half a milliliter of culture was taken during mid-log phase (t = 2.5
h) of growth and combined with 1.0 mL of RNA protect (Qiagen).
The sample was then spun down and the pellet stored at �80°C
until subsequent experiments. Total RNA was extracted from cell
lysates using the RNeasy kit (Qiagen). RT-PCR was performed using
the QuantiTect SYBR Green RT-PCR (Qiagen). The 16S rRNA gene
was used for control and sample normalization. Primers for the
pmrA and the 16S rRNA were taken from reference (Adams et al.
2009). In each run a blank sample (distilled water) and a no reverse-
transcriptase control were included to exclude DNA contamina-
tion. Technical replicates of each sample were run, and the mean of
these two readings was used.

RT-PCR reactions were run on an ABI 7300 System (Applied
Biosystems). Relative gene expression differences were calculated
by first normalizing Ct values by subtracting out the 16S rRNA
control, and then comparing with the appropriate reference sam-
ple (initial patient sample for Fig. 3 and PT2-S for Fig. 4).

Pulsed-Field Gel Electrophoresis (PFGE)

Isolates were grown overnight in Brain Heart Infusion broth at
35°C in 5% CO2, concentrated by centrifugation, and resuspended
in 1 M NaCl, 10 mM Tris-Cl (pH 7.6) to achieve approximately the
turbidity of a 4.0 McFarland turbidity standard. Extraction of ge-
nomic DNA in 0.8% InCert agarose plugs (Cambrex Corp.) was
performed by standard methods and included 2 mg of lysozyme/
mL followed by proteinase K digestion (100 mg/mL) for bacterial
lysis. DNA was digested with 125 U of the restriction endonuclease
ApaI at 250°C. Pulsed-Field Gel Electrophoresis (PFGE) was per-
formed in a CHEF DR III (Bio-Rad Laboratories) apparatus with
ramped pulse times from 7 to 21 sec for 24 h at 6 V/cm. Size
standards and an A. baumannii control strain were included in each
run for gel-to-gel comparisons.

Genome sequencing and assembly

Genomic libraries were constructed using the Roche 454 Titanium
Kit (Roche 454 LifeScience). Sequencing was performed on the
Roche/454 XLR instrument with an average N50 contig size of
44,836 bp and an average of 246 large contigs. Sequencing as-
sembly statistics for each isolate are provided in Supplemental
Table S3. Contig assembly was executed using the gsAssembler
v.2.5. Genome annotation was performed using the publicly
available Prokaryotic Genomes Automatic Annotation Pipeline.

Genome alignment and mutation detection

Large contigs from each genome assembly were ordered and ori-
ented relative to a finished reference A. baumannii genome
(ACICU/Accession Number NC_010611 for pulsotypes A, B, and C
and AB0057/Accession Number NC_011586 for pulsotype D), and
then stitched together to form a pseudo-chromosome with the
Mauve contig mover (Rissman et al. 2009). For each patient line-
age, each genome was then aligned to the initial isolate using
MUMmer (Delcher et al. 2002), with single-base variants and small
indels being extracted from these alignments using the show-snps
function. Single-nucleotide variants (SNVs) were filtered to remove
those SNVs that were likely to be due to alignment or sequencing
errors. SNVs were filtered out if (1) they resided in genes annotated
as phage, transposase, or integrase, (2) they resided in genomic
regions annotated as phage by the Phage Finder program (Fouts
2006), (3) they resided within 20 bp of the start or end of a contig,
(4) they resided in tandem repeats of total length >20 bp, as de-
termined by the exact-tandem program associated with MUMmer
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(Delcher et al. 2002), (5) they resided in large inexact repeats as
determined by nucmer, (6) they were within two positions of
a second putative SNV, (7) the SNV position was ambiguous or low
quality in any of the aligned genomes, (8) the 10-bp window sur-
rounding the putative SNV contained more than two ambiguous
or low-quality base calls, or (9) the 10-bp window surrounding the
putative SNV contained a A/T homopolymer run of length five or
longer. The putative functional impact of nonsynonymous mu-
tations was determined using SIFT (Ng and Henikoff 2003).

Fluctuation tests

Fluctuation tests were used to determine the rate of colistin re-
sistance mutations in PT1-S and PT1-S9. For each strain, a single
colony was inoculated into 2 mL of Mueller-Hinton broth and
grown overnight at 37°C. The following day, overnight cultures were
diluted 1:100 in 10 mL of fresh Mueller-Hinton broth and grown
overnight at 37°C and 160 rpm on an orbital shaker. The next day,
each overnight culture was diluted 1:106, to a concentration of
roughly 5000 cells/mL. These diluted cultures were used to create
15 3 200 mL cultures for each strain. After 24 h of growth at 37°C/
160 rpm, 12 of the 200 mL cultures were plated onto Mueller-Hinton
agar plates containing 8 mg/mL colistin, and three were diluted by
a factor of 1:106 and plated on Mueller-Hinton agar plates lacking
colistin. Plates were incubated at 37°C in the presence of CO2 for
18 h, after which the number of colonies on each plate was counted.
The FALCOR online tool (Hall et al. 2009) was used to calculate the
rate of colistin resistance mutations using the MSS maximum
likelihood method (Rosche and Foster 2000).

Sequencing of pmr locus

The pmr locus from several strains of A. baumannii was sequenced
using amplicons as templates. Four overlapping amplimers (Sup-
plemental Table S6) spanning 4 kb of the targeted region were
designed using Consed (Gordon et al. 1998) and the genome se-
quence of PT1-R. Each amplimer ranged from 1 to 1.5 kb in length
and overlapped by ;50–100 bp. Amplicons were generated from
purified genomic DNA using Sprint Advantage (Clontech) as di-
rected by the manufacturer. Each amplicon was sequenced from
each end using the respective amplimer primer and Big Dye Ter-
minator chemistry (Applied Biosystems), and then analyzed on an
AB3130xl sequencing instrument. To improve data quality addi-
tional sequence was generated using nested primers (Supplemental
Table S7). Sequence reads were aligned and analyzed in Consed.

Data access
The sequence data from this study have been submitted to
NCBI BioProject (http://www.ncbi.nlm.nih.gov/bioproject)
under BioProject accessions: PRJNA73903/APAW00000000,
PRJNA73905/APAX00000000, PRJNA73907/APAY00000000,
PRJNA73913/APAZ00000000, PRJNA73915/APBA00000000,
PRJNA73919/APBB00000000, PRJNA73921/APBC00000000,
PRJNA73923/APBD00000000, PRJNA73925/APBE00000000,
PRJNA73927/APBF00000000, PRJNA73929/APBG00000000,
PRJNA73931/APBH00000000, PRJNA73933/APBI00000000,
PRJNA73937/APBJ00000000, PRJNA73939/APBK00000000,
PRJNA73941/APBL00000000, PRJNA172976/APBM00000000,
PRJNA172977/AOGD00000000.
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