Clinical Infectious Diseases ~ =
We

Whole-Genome Sequencing Accurately Identifies
Resistance to Extended-Spectrum p-Lactams for Major
Gram-Negative Bacterial Pathogens

Samuel A. Shelburne,'*® Jiwoong Kim,** Jose M. Munita,**” Pranoti Sahasrabhojane,' Ryan K. Shields,® Ellen G. Press,® Xigi Li,}
Cesar A. Arias,**"""" Brandi Cantarel,’ Ying Jiang,' Min S. Kim,*® Samuel L. Aitken,>'? and David E. Greenberg®'*"

Departments of 'Infectious Diseases and “Genomic Medicine, MD Anderson Cancer Center, and *Center for Antimicrobial Resistance and Microbial Genomics, Division of Infectious Diseases,
University of Texas McGovern Medical School at Houston, “Department of Bioinformatics and ®Harold C. Simmons Comprehensive Cancer Center, University of Texas Southwestern Medical
Center, Dallas, and “Division of Infectious Diseases, Department of Internal Medicine, University of Texas McGovern Medical School at Houston; ’Genomics and Resistant Microbes Group, Clinica
Alemana, Universidad del Desarrollo, Santiago, Chile; ®Department of Medicine, University of Pittsburgh, Pennsylvania; *Graduate Program in Diagnostic Genetics, School of Health Professions,
University of Texas MD Anderson Cancer Center and '°Department of Microbiology and Molecular Genetics, University of Texas McGovern Medical School at Houston; "Molecular Genetics

and Antimicrobial Resistance Unit, International Center for Microbial Genomics, Universidad El Bosque, Bogota, Colombia; "?Division of Pharmacy, MD Anderson Cancer Center, Houston, and
Departments of “Internal Medicine and "*Microbiology, University of Texas Southwestern, Dallas

Background. ‘There is marked interest in using DNA-based methods to detect antimicrobial resistance (AMR), with targeted
polymerase chain reaction (PCR) approaches increasingly being incorporated into clinical care. Whole-genome sequencing (WGS)
could offer significant advantages over targeted PCR for AMR detection, particularly for species where mutations are major drivers
of AMR.

Methods. Illumina MiSeq WGS and broth microdilution (BMD) assays were performed on 90 bloodstream isolates of the 4
most common gram-negative bacteria causing bloodstream infections in neutropenic patients. The WGS data, including both gene
presence/absence and detection of mutations in an array of AMR-relevant genes, were used to predict resistance to 4 f-lactams com-
monly used in the empiric treatment of neutropenic fever. The genotypic predictions were then compared to phenotypic resistance
as determined by BMD and by commercial methods during routine patient care.

Results.  Of 133 putative instances of resistance to the p-lactams of interest identified by WGS, only 87 (65%) would have been
detected by a typical PCR-based approach. The sensitivity, specificity, and positive and negative predictive values for WGS in predict-
ing AMR were 0.87, 0.98, 0.97, and 0.91, respectively. Using BMD as the gold standard, our genotypic resistance prediction approach
had a significantly higher positive predictive value compared to minimum inhibitory concentrations generated by commercial meth-

ods (0.97 vs 0.92; P =.025).
Conclusions.

These data demonstrate the potential feasibility of using WGS to guide antibiotic treatment decisions for patients

with life-threatening infections for an array of medically important pathogens.
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The ever-increasing impact of antimicrobial resistance (AMR)
has resulted in a broad array of efforts to improve antibiotic
utilization [1-4]. Currently, most clinical microbiology labora-
tories require 48-72 hours to perform traditional phenotypic
assays to detect AMR [5]. Thus, rapid molecular diagnostics
(RMDs) of AMR have been proposed as a means to implement
timely escalation or de-escalation of antimicrobial therapy [1,
6, 7]. Several studies have shown that various RMDs, includ-
ing whole-genome sequencing (WGS) approaches, have good
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predictive values for detecting AMR in Escherichia coli and
Klebsiella pneumoniae [1, 8-10]. However, to move RMDs into
clinical practice, it is important to study these approaches in sit-
uations where a broad variety of species that account for a large
proportion of actual infections are analyzed [1, 6, 8-11].

We have chosen to study RMDs for AMR detection in neu-
tropenic cancer patients, as such patients are particularly prone
to lethal bacterial infections, and timely initiation of active anti-
biotics is critical [12]. The major goal in the empiric treatment
of the febrile, neutropenic patient with suspected infection is
to provide adequate therapy for gram-negative bacteria [12].
Thus, the intravenous antibiotics recommended for empiric
treatment of high-risk, febrile neutropenic patients are either
piperacillin-tazobactam (P/T), a carbapenem (meropenem or
imipenem-cilastatin), cefepime, or ceftazidime, all of which are
B-lactams and possess broad activity against a range of major
gram-negative pathogens, including Pseudomonas aeruginosa
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[12]. However, the increasing level of B-lactam resistance among
bacteria causing infections in neutropenic patients threatens
the ability to provide timely, effective antimicrobial therapy to
these seriously ill patients [13].

DNA-based approaches, such as multiplex polymerase chain
reaction (PCR) assays to detect the presence of B-lactamase
genes, are considered the most likely method of increasing
the speed of AMR detection [1, 6]. However, reliance on the
presence or absence of f-lactamase genes to categorize AMR
patterns will fail to detect resistance associated with porin
mutations, efflux pump systems, or de-repression of chromo-
somal B-lactamase genes [8, 14]. As these are the predominant
mechanisms of B-lactam resistance in P. aeruginosa and con-
tribute significantly to AMR in Enterobacteriaceae, detection
of these resistance determinants is likely to be critically impor-
tant to ensure widespread clinical applicability of any RMD
approach [15, 16]. Herein, we sought to determine whether
WGS of gram-negative bacteria isolated from the bloodstream
of neutropenic patients could be useful in classifying organisms
in terms of resistance to the B-lactams used in the empiric treat-
ment of neutropenic fever.

METHODS

Specimen Selection and Antimicrobial Susceptibility Testing

Glycerol stocks of bacterial strains causing bloodstream infec-
tion at MD Anderson Cancer Center (MDACC) in Houston,
Texas, are routinely stored at —-80°C for future analysis under an
MDACC Institutional Review Board (IRB)-approved protocol

(PA13-0334). Bacterial strains used in this study were isolated
from patients with fever (maximum temperature >38.3°C at
least 1 time or >38.1°C for at least 1 hour) and neutropenia
(neutrophil count < 500/pL), and when the patients were con-
sidered high-risk by Infectious Diseases Society of America
criteria (ie, expected duration of neutropenia at least 7 days,
were clinically unstable, and/or had medical comorbidities)
[12]. Isolates obtained between August 2013 and December
2014 were analyzed in this study. A waiver of informed consent
to collect clinical data and analyze the isolates was provided by
the MDACC IRB (PA14-0645).

Minimum inhibitory concentrations (MICs) were deter-
mined for ceftazidime, cefepime, P/T, and meropenem in
duplicate using reference Clinical and Laboratory Standards
Institute (CLSI) broth microdilution (BMD) methods. Quality
control was performed with E. coli ATCC 25922 and P. aerug-
inosa ATCC 27853; all quality control results were within the
specified ranges. Additionally, MIC data for each isolate gen-
erated in the MDACC clinical microbiology laboratory for the
4 B-lactams being studied were obtained from the electronic
medical record. During the time period of this study, P. aerug-
inosa was routinely tested using Etest (bioMérieux, Marcy-
LEtoile, France) while Enterobacteriaceae were tested via the
automated Vitek 2 system (bioMérieux). For both BMD and
clinical microbiology data, MICs were interpreted using cur-
rent CLSI recommendations with isolates classified as either as
susceptible (including susceptible dose-dependent) or resistant
(including intermediate).
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Figure 1.  Schematic for how genotypic detection of antimicrobial resistance (AMR) mechanisms was translated into phenotypic predictions. On the left are various AMR
mechanisms. When detected, phenotypic resistance to the antibiotic listed at the top was predicted when a shaded bar is present. A blue bar indicates AMR was predicted
for all 4 species examined. A green bar indicates a mechanism specific to Escherichia coli. An orange bar indicates a mechanism specific to Klebsiella pneumoniae. A
magenta bar indicates a mechanism specific to Pseudomonas aeruginosa. A purple bar indicates a mechanism specific to Enterobacter cloacae. AmpD is separated out for
P aeruginosa and E. cloacae because of the differential effects of AmpC depression on cefepime susceptibility in these 2 organisms. Only AMR mechanisms detected in
our cohort are depicted here, although we searched for all mechanisms to the indicated antibiotics found in the antibiotic resistance database (ARDB) and comprehensive
antibiotic resistance database (CARD) databases. *2 be indicates extended spectrum f-lactamase SHV variant with G238S and E240K mutations [40]. Abbreviation: P/T,

piperacillin-tazobactam.
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Whole-Genome Sequencing and Analysis

Strains of selected species of gram-negative bacteria (details on
strain selection are given in the Results) were chosen for WGS
based on having a broad array of antimicrobial phenotypic resist-
ance patterns. A custom database of AMR protein sequences was
built by merging the data of antibiotic resistance database (ARDB)
and comprehensive antibiotic resistance database (CARD), includ-
ing B-lactamase alleles or mutations leading to p-lactam resistance
[1,8-10, 14, 15, 17-28]. Further details on sequencing and predic-
tions of genotypic resistance are provided in the Supplementary
Materials and Figure 1. If any of the AMR mechanisms shown
in Figure 1 for ceftazidime, cefepime, P/T, and meropenem were
identified, then the isolate was predicted to be resistant to the
specified antibiotic, whereas if no mechanisms were identified
then the isolate was predicted to be susceptible. Predictions of
AMR were performed without reference to the phenotypic data.
Mechanisms of resistance were considered PCR detectable when
conferred by exogenous P-lactamases. The sequences reported
in this article have been deposited in the National Center for
Biotechnology BioProject database PRJNA388450.

Statistical Analyses

The sensitivity, specificity, and positive and negative predic-
tive values for the genotypic prediction were calculated for
each B-lactam and for each species relative to the phenotypic
assignment. Interrater agreement of the various methods was
determined using Cohen kappa (k). Comparison of the sen-
sitivity and specificity of the WGS method relative to clinical
microbiology data using BMD as the gold standard was per-
formed using McNemar test, and comparison of the positive
and negative predictive values was performed using a marginal
regression model [29]. Statistical significance was assigned at a
P value of <.05. All analyses were performed in Stata software
version 14 (StataCorp, College Station, Texas).

RESULTS

Isolate Identification and Characterization

During the period of study, there were 737 unique cases of
monomicrobial gram-negative rod bacteremia. The top 4 organ-
isms were E. coli (n = 280 cases [38%]), P. aeruginosa (n = 138
[19%]), K. pneumoniae (n = 102 [14%]), and Enterobacter cloa-
cae (n = 39 [5%]), which together accounted for 76% of all the
gram-negative bacteremia cases. Thus, these were the 4 species
chosen for further analysis. A representative sample composed
of 31 E. coli, 25 K. pneumoniae, 22 P. aeruginosa, and 13 E. clo-
acae isolates demonstrating a range of susceptibility patterns
was sent for WGS. The sample was enriched for K. pneumo-
niae because of the broad range of MICs for each antibiotic
observed for this species (Table 1). One K. pneumoniae strain
was removed due to insufficient sequencing coverage depth,
leaving 90 total isolates. By multilocus sequence typing (MLST)
and whole-genome phylogeny, isolates were genetically diverse

(Supplementary Table 1; Supplementary Figures 1-4), with the
exception of 12 E. coli strains that grouped within sequence type
131, the most common extended-spectrum B-lactamase—pro-
ducing E. coli genetic lineage worldwide [30].

Phenotypic Analysis of f-Lactam Resistance

Phenotypic susceptibility and MIC ranges are presented in
Table 1. With the exception of meropenem and E. cloacae, for
which no resistant isolates were detected, we observed suscepti-
ble and nonsusceptible strains for each combination of f-lactam
and species. Additionally, a wide range of MICs were detected
across B-lactams for each species (Table 1). Combined with the
lack of clonality observed in our WGS phylogeny data, these
findings indicate that our cohort was composed of heteroge-
neous bacteria useful for testing the ability of WGS to predict
AMR.

WGS Characterization of Predicted Antimicrobial Resistance Determinants
Our WGS approach identified a broad array of AMR elements
relevant to a diverse range of antimicrobials (Supplementary
Figure 5). Hierarchical clustering of the strains by presence/
absence of AMR elements showed 100% concordance with
species designation, indicating that broad inclusion of all the
AMR data is sufficient to resolve the 4 species studied here
(Supplementary Figure 5). For the 360 combinations of the 90
strains with 4 antimicrobials, our WGS approach identified
133 predicted instances of AMR to the 4 B-lactams of interest

Table1. Summary of Antimicrobial Susceptibility Data for Various Strain/
Antibiotic Combinations

Antibiotic
Piperacillin-
Species Ceftazidime Cefepime  Tazobactam Meropenem
Escherichia coli (n = 31)
Resistant®’, 20 (64.5) 18 (58.1) 8(25.8) 1(3.2)
No. (%)
MIC range,  <0.25to >256 <0.5to >256 2 to >256 <0.06 to >64
mg/L
Klebsiella pneumoniae (n = 24)
Resistant?, 16 (66.7) 14 (58.3) 10 (41.7) 6 (25.0)
No. (%)
MIC range, <0.5t0>256 <0.25to >256 2 to >256 <0.06 to >64
mg/L
Pseudomonas aeruginosa (n = 22)
Resistant?, 6 (27.3) 10 (45.5) 9 (40.9) 14 (63.6)
No. (%)
MIC range, 1 to >256 2 to >256 2 to >256 0.12 to >64
mg/L
Enterobacter cloacae (n = 13)
Resistant?, 7 (563.8) 3(23.1) 7 (53.8) 0(0.0)
No. (%)
MIC range, <0.5to>256 <0.5t0 32 0.75t0 >256 0.25to 1
mg/L

Abbreviation: MIC, minimum inhibitory concentration.

“Resistance as determined by Clinical and Laboratory Standards Institute guidelines using
broth microdilution (reference method).
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(Figure 2). Broadly speaking, there were 2 major categories of
predicted AMR. The first resulted from acquisition of exoge-
nous P-lactamases, such as genes encoding CTX-M or NDM
enzymes. The second was due to mutations or other mecha-
nisms resulting in inactivation of a chromosomal gene, such as
insertion in the OprD porin-encoding gene in P. aeruginosa or
mutation in ampD leading to hyperproduction of the chromo-
somally encoded AmpC protein in E. cloacae [8, 21]. The break-
down of identified AMR mechanisms by species is presented
in Supplementary Figure 6. Exogenous -lactamase acquisition
predominated as a predicted AMR mechanism among E. coli
and K. pneumoniae strains, whereas chromosomal gene inac-
tivation events were the predominant AMR mechanism for
P aeruginosa and E. cloacae isolates (Table 2). In total, only 87
of the 133 (65%) of the predicted AMR events were mediated by
genes encoding exogenous P-lactamases readily detected with a
typical PCR-based approach.

Assessment of Whole-Genome Data to Predict Phenotypic AMR

Of the 360 total determinations of AMR, there was agreement
between our WGS prediction and phenotypic susceptibility as
determined by BMD (hereafter called the reference method)
in 336 instances (93%) and disagreement on 24 occasions (7%)
(Figure 3 shows agreement/disagreement for the entire cohort
whereas species specific analyses are provided in Supplementary
Figures 6-10). The majority of disagreements (13 instances)
were due to an inability to detect a genotypic mechanism for
phenotypic resistance to P/T, which was an issue for all species
except E. cloacae (Figure 3; Supplementary Table 2). The com-
bination of cefepime and P. aeruginosa was another main source
of disagreement with 4 of 10 strains that tested phenotypically
resistant to cefepime lacking an identified resistance mecha-
nism (Supplementary Figure 9). No instances of disagreement
in any species were observed for meropenem. Overall, our WGS
approach had a 0.87 sensitivity and 0.98 specificity vs the reference
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Figure 2. Antimicrobial resistance mechanisms identified via whole-genome sequencing. On the x-axis are individual strains sorted by species. On the y-axis are protein
forms of various p-lactam resistance mechanisms. All B-lactam resistance mechanisms identified in our cohort are included along with some additional mechanisms that were
not present in any of the studied strains. Box color scheme is as follows: purple, absent; green, 3-lactamase encoding gene present but not predicted to mediate resistance as
not active against the B-lactams being studied; red, p-lactamase encoding gene present and predicted to mediate resistance; black, endogenous chromosomal gene present
and functional (eg, ampD); yellow, endogenous chromosomal gene predicted to be inactive and to result in resistance (eg, oprD); brown, chromosomal p-lactamase encoding

gene present and capable of mediating resistance if de-repressed (eg, bla, ).
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Table 2. Contribution of Exogenous -Lactamase Acquisition Versus Chromosomal Gene Mutation Driving Predicted Antimicrobial Resistance

No. (%) of Instances of Predicted
AMR due to Exogenous B-Lact-

Total Instances of

No. (%) of Instances of Predicted

AMR due to Chromosomal No. (%) of Instances of Predicted

Species Predicted AMR amase Acquisition Mutations AMR due to Both Mechanisms
Escherichia coli 44 43 (98) 1(2) 0(0)

Klebsiella pneumoniae 41 40 (98) 1(2) 0(0)
Pseudomonas aeruginosa 32 3(9) 20 (63) 9 (28)
Enterobacter cloacae 16 4 (25) 11 (69) 1(6)

Abbreviation: AMR, antimicrobial resistance.

method (Figure 4). These findings translated into a positive and
negative predictive value of 0.97 and 0.91, respectively.

Comparison of BMD With Data Derived From the Clinical Microbiology
Laboratory

Although BMD is considered the gold standard for determining
antimicrobial susceptibility, it is a time- and resource-consuming
methodology and thus rarely performed in clinical microbiol-
ogy laboratories. Instead, a combination of non-BMD (ie, auto-
mated susceptibility testing and diffusion-based) approaches is
frequently used [31, 32]. Therefore, we next sought to compare
whether using data from the clinical microbiology laboratory

(hereafter called commercial methods) as the gold standard
would significantly alter the predictive capacity of our WGS
approach. We observed marked variation between the commer-
cial methods and reference method MICs, particularly for the
combinations of E. coli and K. pneumoniae with ceftazidime and
cefepime (Supplementary Table 2). Primarily this was due to
higher MICs using the reference method in these 2 organisms
for strains in which CTX-M enzymes were present, a finding
that has been previously reported [33]. When all combinations
of strains and antimicrobials were considered, the sensitivity
and specificity for our WGS approach was higher when we used
the reference method rather than the commercial methods
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Figure 4. Sensitivity and specificity of genotypic predicted resistance. A—F, Data shown are either sensitivity or specificity (as noted in the y-axis) plus 95% confidence
intervals. A-D, Data derived from predicted genotypic resistance using reference method (broth microdilution) as gold standard. Data are grouped by indicated organism (A
and B) or by indicated antimicrobial (Cand D). £and F, Summary data for all organism—antimicrobial combinations. Top line shows performance of genotypic prediction using
reference method as gold standard. Middle line shows performance of genotypic prediction using commercial methods as gold standard. Bottom line shows performance of

commercial methods using reference method as gold standard.

MICs as the gold standard, and the 95% confidence intervals
(CIs) were nonoverlapping for specificity but not sensitivity
(Figure 4E and 4F; Supplementary Table 2).

Our finding that using different reference gold standards sig-
nificantly impacted the test performance of our WGS prediction
model led us to directly compare our WGS prediction model with
the commercial methods data while using the reference method
as the gold standard. The interrater agreement (Cohen «) for our
WGS prediction with the reference method was 0.86 (95% CI,
.81-.91), whereas it was 0.78 (95% CI, .72-.85) for the commer-
cial methods data with the reference method. Using the reference
method as the gold standard, the positive predictive value of our
WGS approach was significantly higher compared to the commer-
cial methods data (0.97 vs 0.92; P = .025), and the difference in
specificity showed a trend toward a statistically significant differ-
ence (0.98 vs 0.95; P =.07) (Table 3). Although the sensitivity and
negative predictive values were also higher for our WGS approach
compared to the commercial methods data, the differences were
not statistically significant (Table 3). Thus, our WGS approach was
at least equivalent, and in some characteristics significantly better,
in terms of classification of AMR for the B-lactams studied here
compared to the commercial methods data.

DISCUSSION

In light of the increasing burden of antimicrobial-resistant
infections, there is significant impetus to improve the rapidity
and accuracy of bacterial AMR identification [1, 6]. Although

PCR-based assays are currently being incorporated into rou-
tine clinical care in many microbiology laboratories [34], there
is growing recognition that a WGS approach will be needed to
capture the diverse array of insertions, deletions, and single-nu-
cleotide polymorphisms (SNPs) that contribute to AMR [35].
We chose to examine neutropenic fever as a proof of concept
for WGS prediction of clinically relevant AMR because such
patients are treated with a limited number of antimicrobials for
which the AMR pathways are fairly well delineated [12]. Using
an approach that incorporated both gene presence/absence
and mutations in genes encoding an array of proteins involved
in B-lactamase expression, porin function, and efflux pump
expression, we achieved high rates of both positive and negative
AMR prediction values for 4 B-lactams empirically used in the
neutropenic fever setting.

Table 3. Diagnostic Performance of Whole-Genome Sequencing Versus
Clinical Microbiology Data Using Broth Microdilution as the Gold Standard

Diagnostic Performance WGS Clinical Microbiology P Value

Sensitivity (95% ClI) 0.87 (.81-.92) 0.82 (.76-.88) .36°

Specificity (95% CI) 0.98 (.96-.999) 0.95 (.92-.98) .07°

Positive predictive value 0.97 (.94-.999) 0.92 (.88-.97) .025°
(95% CI)

Negative predictive value  0.91 (.88-.95) 0.88 (.84-.92) 24°
(95% CI)

Abbreviations: Cl, confidence interval; WGS, whole-genome sequencing.
“McNemar test.

®Score statistic derived from marginal regression model.
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These data add to a number of investigations showing that
genetic approaches can effectively predict antimicrobial suscep-
tibility for an array of medically important bacterial pathogens
[1,6,8-11, 36-38]. Our study, however, provides key advances.
First, research into genetic predictors of gram-negative AMR
has mainly focused on E. coli and K. pneumoniae given that
AMR in these organisms is primarily mediated by -lactamase
gene acquisition events that are relatively easy to detect [1, 10].
Genotypic predictions of AMR in P. aeruginosa and E. cloacae
have been more problematic and scarce despite the importance
of these organisms to healthcare-associated infections [8, 9].
A major reason for this difficulty is that these organisms con-
tain genes encoding a variety of resistance mechanisms to the
B-lactams studied here, such as AmpC-like enzymes or efflux
pumps, but de-repression of such genes, and not simply their
presence, are needed to confer a resistant phenotype [15].
Thus, accurate genotypic assessment of B-lactam AMR needs
to incorporate identification of small genetic changes such as
polymorphisms in AmpD leading to AmpC hyperproduction,
inactivation of genes regulating efflux pump production, and
porin mutations [15, 20, 21]. Importantly, these AMR mech-
anisms are not readily detected by most PCR-based method-
ologies. In our cohort, the vast majority of genetic changes
mediating AMR to the B-lactams of interest in P. aeruginosa and
E. cloacae were caused by mutations or insertions/deletion in
genes encoding either regulatory elements or porins (Table 2).
For the entire cohort, PCR methodologies capable of detecting
exogenous P-lactamases would have identified less than two-
thirds of all AMR mechanisms, indicating that WGS, if feasible
to implement and automate, could be a more comprehensive,
and clinically relevant, approach.

A second important aspect of our study was that we com-
pared our WGS results to susceptibility data derived by ref-
erence BMD methods and to data generated by commercial
methods. In clinical laboratories, susceptibility testing by auto-
mated technologies and diffusion-based methods (ie, Etest) are
widely utilized [1, 6, 32]; however, such approaches are known to
have shortcomings with particular species-antimicrobial com-
binations [33, 39]. Indeed, we found that when we compared
our WGS data to MICs generated by commercial methods, we
observed a significant decrease in the positive predictive value
and specificity. To minimize inaccuracies in the interpretation
of genotypic data, comparisons should ideally be made to sus-
ceptibility results generated by reference BMD methods. This
assertion is supported by our finding that WGS data were at least
as good, and possibly superior, to susceptibility testing results
from commercial methods in predicting AMR. As WGS tech-
nologies evolve, the possibility of incorporating genome-wide
analyses in the clinical microbiology laboratory grows. Given
that automated DNA extraction, sequencing, and analysis may
ultimately be significantly less resource intensive for the clinical
microbiology laboratory compared with current techniques, the

WGS approach could become the preferred methodology for
species identification and AMR detection. For this to happen,
however, the genetic basis of resistance for all clinically useful
antimicrobials must be more fully characterized, and clinical
trials to test whether WGS approaches can significantly improve
patient care will need to be conducted.

There are several limitations to this study that bear mention-
ing. First, all of the isolates were from a single center at which
broad-spectrum antimicrobial use is common, meaning that
we do not know how our data translate into other healthcare
settings. However, there was limited clonality among our iso-
lates, the genetic bases for AMR identified in our strains are
similar to those previously reported [1, 8, 10], and our MLST
populations were comparable to those described elsewhere for
the studied species [8, 10, 30]. Second, as all data were derived
from genotypic information, we did not confirm that our geno-
typic prediction actually resulted in changes in transcript level
or protein function, such as efflux pump upregulation or OprD
inactivation. Given the high sensitivity and specificity of our
genotypic predictions, however, it seems that we were able to
correctly identify when genotypic changes resulted in altera-
tions in protein function that eventually affected AMR. Third,
we had to use manual sequence inspection to identify SNPs and
in/dels that abrogated gene function, which was a time-con-
suming process that will require significant computational biol-
ogy improvements to move to an automated platform. Finally,
we did not extend our genotypic prediction to a broad array
of antimicrobials, but rather focused solely on 4 broad spec-
trum [-lactams. Given that the clinical microbiology labora-
tory needs to provide physicians with information regarding a
diverse panel of antimicrobials, it will be important to extend
this line of investigation to the full range of antibiotics used in
clinical practice, and we are currently pursuing such studies.

In summary, we have shown that WGS combined with sin-
gle nucleotide-level analysis accurately predicts resistance and
susceptibility to f-lactam antimicrobials used in the treatment
of suspected infections in neutropenic cancer patients. Further
efforts to routinely incorporate such an approach into the care
of patients with suspected and proven infections could mark-
edly alter how the clinical microbiology laboratory identifies
and reports AMR to clinicians.

Supplementary Data
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