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ABSTRACT Standard antimicrobial susceptibility testing (AST) approaches lead to
delays in the selection of optimal antimicrobial therapy. Here, we sought to deter-
mine the accuracy of antimicrobial resistance (AMR) determinants identified by
Nanopore whole-genome sequencing in predicting AST results. Using a cohort of 40
clinical isolates (21 carbapenemase-producing carbapenem-resistant Klebsiella pneu-
moniae, 10 non-carbapenemase-producing carbapenem-resistant K. pneumoniae, and
9 carbapenem-susceptible K. pneumoniae isolates), three separate sequencing and
analysis pipelines were performed, as follows: (i) a real-time Nanopore analysis ap-
proach identifying acquired AMR genes, (ii) an assembly-based Nanopore approach
identifying acquired AMR genes and chromosomal mutations, and (iii) an approach
using short-read correction of Nanopore assemblies. The short-read correction of
Nanopore assemblies served as the reference standard to determine the accuracy of
Nanopore sequencing results. With the real-time analysis approach, full annotation
of acquired AMR genes occurred within 8 h from subcultured isolates. Assemblies
sufficient for full resistance gene and single-nucleotide polymorphism annotation
were available within 14 h from subcultured isolates. The overall agreement of geno-
typic results and anticipated AST results for the 40 K. pneumoniae isolates was 77%
(range, 30% to 100%) and 92% (range, 80% to 100%) for the real-time approach and
the assembly approach, respectively. Evaluating the patients contributing the 40 iso-
lates, the real-time approach and assembly approach could shorten the median time
to effective antibiotic therapy by 20 h and 26 h, respectively, compared to standard
AST. Nanopore sequencing offers a rapid approach to both accurately identify re-
sistance mechanisms and to predict AST results for K. pneumoniae isolates. Bioin-
formatics improvements enabling real-time alignment, coupled with rapid extrac-
tion and library preparation, will further enhance the accuracy and workflow of
the Nanopore real-time approach.

KEYWORDS lllumina, WGS, antibiotic resistance, antimicrobial resistance

hole-genome sequencing (WGS) has enabled notable advancements to the field

of infectious diseases, such as an improved understanding of transmission dy-
namics and outbreak analysis (1). An exciting possibility from this technology is the
ability to predict antimicrobial susceptibility testing (AST) results based on the identi-
fication of acquired resistance genes and/or chromosomal mutations (2).
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Currently, there are several shortcomings with standard approaches to AST, partic-
ularly as they relate to multidrug-resistant Gram-negative (MDRGN) organisms. First,
AST results are reported approximately 48 to 72 h after the time of culture collection,
potentially leading to delays in appropriate empirical antibiotic therapy (3). Second,
automated AST panels are limited in the number of antibiotic agents included. For
agents that frequently need to be considered for highly drug-resistant pathogens (e.g.,
colistin, tigecycline, ceftazidime-avibactam, etc.) and newer agents in later phases of
development that are unlikely to be routinely included in AST panels for the foresee-
able future, there are additional delays in AST determination. As it is generally not
evident at the time antibiotics are initiated that a patient will be infected with an
MDRGN organism, susceptibility testing for these last-resort agents occurs subsequent
to, and not simultaneously with, automated AST testing. Third, standard AST reporting
does not include identification of resistance mechanisms (e.g., carbapenemases,
extended-spectrum B-lactamases [ESBLs], etc.), which can be important for guiding
antibiotic treatment decisions, as in vitro activity does not always translate to in vivo
activity (4). WGS can potentially alleviate many of these concerns by offering the
potential to predict AST results by identifying the presence or absence of resistance
genes, as well as mutations in relevant genes, from which clinicians can infer the
activity of antibiotic agents.

Oxford Nanopore Technologies (Oxford, England) has created a Nanopore-based
DNA sequencer that sequences DNA by monitoring the electrical current as DNA passes
through a protein pore. Unlike second-generation sequencing methods, which require
the entire run to be completed before data can be analyzed, Nanopore sequencing
streams long-read data in real time (5), allowing for resistance gene identification
within as few as 15 min of beginning the sequencing run (6-8). As the duration of time
needed for DNA extraction and library preparation techniques continues to be reduced,
the total time to identification of resistance determinants from organism growth could
conceivably be accomplished within a single laboratory shift. To further advance this
science, we evaluated the correlation of resistance determinants identified through
Nanopore sequencing with AST results in a cohort of 40 clinical Klebsiella pneumoniae
complex isolates. This also enabled us to quantify the potential decrease in time to
effective antibiotic therapy for the patients contributing isolates with the use of WGS
using real-time analysis or rapid assembly approaches compared to that with traditional
AST methods.

RESULTS

Percent agreement of WGS in predicting AST results. The overall agreement of
genotypic results and anticipated AST results for the 40 K. pneumoniae isolates was 77%
(range, 30% to 100%), 92% (range, 80% to 100%), and 92% (range, 80% to 100%) for the
Nanopore real-time approach, the Nanopore sequencing assembly approach, and the
Pilon-corrected Illumina approach, respectively (Table 1). Specific details of the agree-
ment between the predicted AST results and the broth microdilution (BMD) AST results
for each of these methods are provided in Table 2 and Tables S1, S2, and S3 in the
supplemental material. The Nanopore real-time approach, compared to the assembly-
based approach, had an inability to identify allelic variants (i.e., blaypc was identified but
blaypc.5 could not be specifically identified). Because all K. pneumoniae isolates are
known to have chromosomally integrated non-ESBL B-lactamase genes (e.g., blag,, ;.
blag;,y.1,), when blag,,,, was identified, the assumption was that it was a non-ESBL
blas,,, This led to reductions in the accuracy of predictions for several B-lactams,
including 5%, 2%, and 3% reductions in accurate predictions for piperacillin-
tazobactam, ceftriaxone, and cefepime, respectively. Also, since the number of
aminoglycoside-modifying enzymes were important to predict aminoglycoside resis-
tance, and the alleles could not be distinguished, this led to decreases in accurate
predictions for amikacin (reduced by 7%) and gentamicin (reduced by 48%). Addition-
ally, the real-time approach was unable to identify chromosomal mutations, leading to
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TABLE 1 Percent agreement between three different sequencing and analysis approaches compared to phenotypic antimicrobial
susceptibility testing results for 40 Klebsiella pneumoniae clinical isolates

Phenotypic antimicrobial

susceptibility testing % agreement with antimicrobial
results (%) susceptibility testing results
Real-time Assembly Hybrid Nanopore-lllumina

Antibiotic Susceptible Not susceptible approach approach assembly
Piperacillin-tazobactam 25 75 80 85 85
Ceftriaxone 25 75 93 95 95
Cefepime 28 72 95 98 98
Ceftazidime-avibactam 93 7 100 100 100
Ertapenem 78 22 83 85 85
Meropenem 40 60 93 95 95
Amikacin 78 22 78 85 85
Gentamicin 60 40 45 93 95
Ciprofloxacin 33 67 30 98 98
Colistin 93 7 93 98 98
Doxycycline 50 50 63 80 80
Trimethoprim-sulfamethoxazole 35 65 68 93 93
Overall agreement 77 92 92

decreases in accurate predictions for ciprofloxacin/levofloxacin (reduced by 68%) and
colistin (reduced by 5%).

Time to resistance determination. With a Nanopore real-time analysis approach,
acquired resistance genes were identified within 8 h from subcultured isolates. Assem-
blies sufficient for full resistance gene and single-nucleotide polymorphism annotation
using Nanopore sequences (Nanopore assembly approach) were available within 14 h
from subcultured isolates. Figure 1 compares the Nanopore real-time analysis and
assembly approaches with standard-of-care methods. Table 1 summarizes the agree-
ments between antibiotic resistance determinants identified using the real-time ap-
proach, assembly-based approach, or hybrid Nanopore-lllumina assemblies and AST
predictions. The following subsections describe the results summarized in Table 1 in
more detail.

B-Lactam resistance. There were 28 ESBL genes detected in the cohort of 40
isolates. The presence of an ESBL gene (in the absence of a carbapenemase gene [n =
9]) accurately predicted resistance to ceftriaxone and aztreonam 96% of the time. There
were 23 carbapenemase genes identified, including blaypc_, (n = 8); blapc.5 (n = 10);
blagpc.o (N = 1), blaypm.1 (N = 3), and blagyag (N = 1). The presence of a carbapen-
emase gene predicted meropenem and ertapenem inactivity 100% of the time and
imipenem inactivity 95% of the time.

There were no isolated OmpK35 truncations identified in the absence of ESBL,
AmpC, or carbapenemase-encoding genes, limiting us from better defining the contri-
butions of inactivity of Ompk35 to B-lactam resistance. Eleven isolates had OmpK36
truncations without the coexistence of broad-spectrum B-lactamase enzymes. The
presence of mutations leading to truncation of OmpK36 had poor correlation with
B-lactam nonsusceptibility, ranging from 9% to 45%. Only two isolates had premature
stop codons identified for both OmpK35 and OmpK36 in the absence of carbapen-
emase genes. Both isolates correctly predicted inactivity of ertapenem, but only one of
the two isolates was resistant to meropenem and imipenem. Three isolates contained
blaypnm genes. Ceftazidime-avibactam resistance was limited to these three isolates, as
would be anticipated.

Fluoroquinolone resistance. There were no isolates with single gyrA or parC
mutations in the absence of other known fluoroquinolone resistance mechanisms,
demonstrating nonsusceptibility to ciprofloxacin or levofloxacin. However, the pres-
ence of two-step gyrA mutations or gyrA mutations in conjunction with parC mutations
correctly predicted fluoroquinolone resistance 100% of the time. The presence of the
plasmid-mediated quinolone resistance genes gnrB or gnrS was only 50% or 33%
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FIG 1 Schematic of Nanopore sequencing with a real-time analysis and assembly-based approach for identifying resistance genes compared to
standard of care testing, using an example of a positive blood culture. MALDI-TOF MS, matrix-assisted laser desorption ionization-time of flight

mass spectrometry; AMR, antimicrobial resistance; AST, antimicrobial susceptibility testing.

predictive of ciprofloxacin and levofloxacin inactivity, respectively. The presence of
0ogxA or ogxB efflux pumps did not correlate with fluoroquinolone resistance. Finally,
aac(6’)lb-cr was associated with ciprofloxacin resistance in all three K. pneumoniae
isolates in which this aminoglycoside-modifying enzyme (AME) was identified in the
absence of two-step gyrA or gyrA and parC mutations.

Aminoglycoside resistance. Twenty-eight (70%) isolates produced AMEs. Amin-
oglycoside resistance could not be calculated a priori due to lack of clear guidance from
the literature of the relationship between the number of AMEs produced and amin-
oglycoside resistance. In our cohort, the number of AMEs produced correlated with
nonsusceptibility to gentamicin and tobramycin, with 33% of isolates being not sus-
ceptible to these agents when one enzyme was present, compared to 93% of isolates
demonstrating nonsusceptibility to gentamicin or tobramycin when four or more AMEs
were present (p < 0.05). Three isolates produced rRNA methyltransferases, two of these
isolates also contained blaypm., genes. All three isolates were resistant to gentamicin,
tobramycin, and amikacin.

Colistin resistance. None of the isolates had plasmid-mediated mcr genes (mcr-1 or
its variants mcr-2 to mcr-8) detected. Three isolates had colistin MICs in the non-wild-
type range, all =8 ug/ml. For 2 of these isolates, mgrB mutations accounted for
resistance using our initial prediction models. Isolate 15 had an insertion sequence
IS5-like transposase that disrupted the mgrB gene, the negative regulator of the
two-component regulatory system that renders polymixins ineffective (9). Isolate 22
had an elevated colistin MIC attributable to a 40-bp deletion in the mgrB gene that
leads to abrogation in mgrB gene function. Finally, no mgrB mutation was identified in
isolate 30. To better understand colistin resistance identified in this isolate, further
investigations were performed after AST results were known. Evaluations into muta-
tions in the two-component regulatory genes phoP and phoQ as well as pmrA and pmrB
were undertaken. A deletion in phoP at position 142 resulted in a premature stop codon
at amino acid 229.

Tetracycline resistance. The presence of tetracycline resistance genes predicted
doxycycline and minocycline resistance 100% of the time. Eight of 29 (28%) isolates
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FIG 2 Timeline comparing availability of organism identification and antimicrobial susceptibility testing along with actual
and anticipated antibiotic treatment decisions using standard approaches versus live-streaming whole-genome sequenc-
ing data generated from Nanopore sequencing with assembly; data generated based on the case of a 64-year-old liver
transplant recipient with an NDM-1, CTX-M-15, and CMY-4-producing Klebsiella pneumoniae bacteremia.

without identifiable tet genes were not susceptible to both doxycycline and minocy-
cline. The causative resistance genes/mutations could not be identified for these
isolates.

Trimethoprim-sulfamethoxazole resistance. The presence of trimethoprim or
sulfonamide resistance genes alone correlated with trimethoprim-sulfamethoxazole
resistance in 0% and 33% of isolates, respectively. Both dfr and sul genes were present
in 23 isolates and correlated with trimethoprim-sulfamethoxazole resistance for 100%
of isolates.

Time to detection. Table S4 in the supplemental material displays the average time
to detection of resistance genes based on the number of reads detected in minutes. On
average, one read, ten reads, 40 reads, 50 reads, and 100 reads of acquired or
chromosomal genes were detected by Metrichor’s Antimicrobial Resistance Mapping
Application (ARMA) in 0.6 min, 14 min, 60 min, 76 min, and 149 min, respectively.

Time to effective therapy for infections caused by carbapenem-resistant K.
pneumoniae strains. There were 28 patients in the cohort infected with carbapenem-
resistant K. pneumoniae strains. Overall, 22 (79%) received empirical antibiotic therapy
that was not active against their infecting isolates. Results from Nanopore sequencing
with assembly approach had the potential to place 20 (91%) of these patients on effective
therapy sooner than did standard AST methods. As an example, Fig. 2 displays the timeline
of a 64-year-old liver transplant recipient with a bloodstream infection caused by a K.
pneumoniae isolate (isolate 29) that produced an NDM carbapenemase, CTX-M-15 ESBL,
and CMY-4 AmpC B-lactamase, in addition to several mechanisms for inactivating fluoro-
quinolones, aminoglycosides, and trimethoprim-sulfamethoxazole. Initially, this patient was
placed on standard infusion meropenem. After AST results were available and add-on
testing with colistin was conducted, she was ultimately prescribed extended-infusion
meropenem, colistin, and amikacin. With the use of Nanopore sequencing with assembly
results, we anticipate that she potentially could have been placed on effective therapy 42
h sooner.

Overall, the median time to effective antibiotic therapy for the 28 patients infected
with carbapenem-resistant K. pneumoniae was 61 h (interquartile range [IQR], 43 to 82
h). Of the antibiotics evaluated, ceftazidime-avibactam, extended-infusion meropenem,
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aminoglycosides, fluoroquinolones, polymixins, and tigecycline are generally consid-
ered reasonable treatment options for infections caused by carbapenem-resistant K.
pneumoniae isolates, if active in vitro. As results from the real-time analysis approach
were generally available within 8 h from subcultured isolates, Nanopore real-time
analysis could have led to an average time to effective therapy of 41 h (IQR, 33 to 44).
Using the Nanopore assembly approach, time to effective therapy could have been
reduced to 35 h (IQR, 32 to 42). The time to effective therapy was reduced with the
assembly approach compared to that with the real-time approach because the former
provided more comprehensive data to infer AST activity (e.g., aminoglycoside resis-
tance, colistin resistance, etc.) than the real-time approach, for which there were delays
in antibiotic optimization while awaiting additional AST results. Both the real-time and
assembly approaches were significantly faster than the standard approach (p < 0.05).

DISCUSSION

Our results demonstrate that Nanopore sequencing can be employed to both
accurately and rapidly predict phenotypic AST profiles. Our study builds off previously
published proof-of-concept or early insight studies applying Nanopore sequencing for
the detection of antimicrobial resistance genes (8, 10-16). We found an overall agree-
ment of 92% between genotypic results and comprehensive AST results using a
Nanopore assembly-based approach. We further demonstrated that assembly-based
approaches enhance the ability to identify chromosomal mutations and allelic variants
compared to that of the Nanopore real-time approach. A future method centered on
real-time alignment and consensus of raw reads to a database of antimicrobial resis-
tance (AMR) genes will enhance the capabilities of the real-time approach. Neverthe-
less, even with its current limitations, the Nanopore real-time analysis approach cor-
rectly predicted the presumed activity of a number of antibiotics commonly prescribed
for Gram-negative infections, such as B-lactams, trimethoprim-sulfamethoxazole,
tetracyclines, with reasonable accuracy, with full annotation of acquired AMR genes
within 8 h from the time of cultured isolates. Within 14 h of cultured isolates, a
Nanopolished assembly-based approach would allow for predictions of the activity of
additional agents, such as fluoroquinolones, aminoglycosides, and polymixins (beyond
mcr-1 and its variants), due to the ability to detect chromosomal mutations or allelic
variants leading to resistance. We believe that with rapid extraction and library prep-
aration techniques, the turn-around times could further be reduced to =3 h for a
real-time approach and =9 h for a Nanopore assembly-based approach. Moreover,
using a hypothetical trial design, we found that a real-time approach and assembly
approach could shorten the average time to effective antibiotic therapy for
carbapenem-resistant K. pneumoniae infections by 20 h and 26 h, respectively, com-
pared to standard approaches.

Although there have been other investigations of the use of WGS to predict AST
results for Gram-negative organisms based on resistance determinants (2, 5-8, 10-13,
16), ours is the first to use a Nanopore assembly approach for evaluating a broad range
of acquired resistance genes and chromosomal mutations in predicting susceptibility
results for a comprehensive panel of antibiotics. Previous studies applying Nanopore
sequencing for resistance gene detection have applied this methodology to small
numbers of isolates and limited evaluations to acquired resistance genes. Furthermore,
the potential impact of WGS in reducing time to appropriate antibiotic therapy for
highly drug-resistant organisms has not been previously reported. As the science of
WGS continues to evolve, the costs of sequencing are becoming more affordable, and
the time requirements for DNA extraction, library preparation, assembly, and detection
are anticipated to be further reduced. We believe that this methodology can accurately
expedite antibiotic decision making for critically ill patients infected with MDRGN
organisms. WGS also provides the ability to identify emerging mechanisms of resis-
tance, such as mcr variants or novel mechanisms of resistance against newly approved
agents (17, 18).

As we continue to gain further insights into the complexities of resistance mecha-
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nisms present in Gram-negative organisms, it is becoming increasingly clear that sole
reliance on the detection of B-lactamase genes to identify antibiotic resistance is
insufficient. Such is the case with commercially available PCR-based methodologies
(e.g., Cepheid Xpert Carba-R assay, BioFire FilmArray blood culture identification panel,
Verigene Gram-negative blood culture test, etc.) that fail to identify the wide array of
additional resistance determinants (e.g., porin deletions, multidrug efflux pumps, func-
tioning of the two-component regulatory system, DNA gyrase mutations, off-panel
targets, etc.). Using carbapenem-resistant K. pneumoniae as a case study, over half
of isolates render carbapenem antibiotics ineffective due to non-carbapenemase-
mediated mechanisms (4). Similarly, carbapenem resistance among Pseudomonas
aeruginosa strains in the United States is predominantly mediated by noncarbapen-
emase mechanisms, including the loss of OprD porin expression and/or upregulation of
MexAB-OprM efflux pumps (19). WGS offers a more comprehensive approach to
identifying clinically relevant antibiotic resistance compared with standard PCR tech-
nologies.

Nanopore technology offers real-time DNA sequencing of long reads, which facili-
tate the process of high-quality genome assembly (20). Additionally, they are better
able to capture large regions of structural variation (e.g., insertions, deletions, duplica-
tions, translocations, inversions, etc.) and resolve repetitive regions accurately, com-
pared to technologies which generate short-read data. However, there are some
drawbacks to Nanopore sequencing (20). Chromosomal mutations as small as single-
base polymorphisms in DNA can result in drastic changes to proteins due to frame
shifts or early truncations. Indels and resulting false positives in chromosomal muta-
tions can be difficult to distinguish with Nanopore sequencing alone (21). The assembly
process generally removes random error, given sufficient sequencing coverage. How-
ever, systematic errors in the form of homopolymer indels and methylation errors still
result in disagreement compared with Illlumina-corrected assemblies. Nanopolish cor-
rects most homopolymer indels, improving accuracy, but in its current form, it is not
all-inclusive (22). Methylation motifs alter the electrical signal from Nanopore sequenc-
ing, resulting in errors in base calling. We anticipate further improvements to the
quality of Nanopore sequencing and available bioinformatics, enabling this technology
to rapidly and accurately resolve variants of acquired resistance genes and characterize
chromosomal mutations in the absence of assembly.

We assessed the minimum sequencing time to be able to accurately predict AST
using Nanopore sequencing. We determined that a minimum of 10 reads per gene
were required and that a sequencing run of 1 h is sufficient to predict the AST profile,
using either a real-time ARMA or an assembly approach. In fact, we were able to detect
10 reads of all AMR genes within 14 min of starting the sequencing run and 40 reads
of each gene within 1 h. This is an important quality control measure as we begin to
consider these methods for clinical application.

There are several remaining limitations to this work. First, there were some antimi-
crobial susceptibility profiles for which we were unable to identify the associated
resistance mechanisms, suggesting that our approach to resistance detection was not
comprehensive. As an example, we were only able to accurately predict piperacillin-
tazobactam activity 85% of the time. This is similar to what others have shown (2), and
it is likely due to efflux pumps, where expression analysis is required. Second, there
were some agents tested for which no resistance was observed (e.g., tigecycline),
precluding us from including these agents in our analysis. Third, we only evaluated K.
pneumoniae isolates from a single region of the United States. Validation needs to occur
in larger data sets with a more diverse array of genera and species and resistance
mechanisms, including some not observed in our isolates, such as the mcr genes.
Additionally, as antibiotic susceptibility criteria include several considerations, such as
wild-type MIC distributions, pharmacokinetic-pharmacodynamic modeling, clinical out-
comes data, etc., it can be challenging to determine the most accurate MIC that
signifies nonsusceptibility. The European Committee on Antimicrobial Susceptibility
Testing suggests that epidemiologic cutoff values (i.e., wild-type versus non-wild-type

January 2019 Volume 63 Issue 1 e01923-18

Antimicrobial Agents and Chemotherapy

aac.asm.org 9


https://aac.asm.org

Tamma et al.

distributions) are the preferred values for correlation with resistance genes (23). We
elected to use antibiotic breakpoints, as these remain the most relevant metric for
quantifying antibiotic resistance for clinicians, but we realize that this might not be the
most accurate proxy.

In conclusion, we were able to leverage the long reads, rapid turnaround time, and
real-time analytic capabilities of Nanopore sequencing to accurately identify resistance
loci. With the continued rise in highly drug-resistant infections, the need for rapid and
accurate methods to detect antibiotic resistance is becoming increasingly important.
Continued enhancements to WGS may permit real-time AMR gene detection from
clinical isolates in the near future.

MATERIALS AND METHODS

Study cohort. Forty clinical Klebsiella pneumoniae complex isolates collected between 2016 and 2017
and processed at the Johns Hopkins Hospital Medical Microbiology Laboratory were included in the
present study. Isolates for inclusion were deliberately selected based on their diversity of AST results and
mechanisms of resistance and included 30 carbapenem-resistant (21 carbapenemase producers and 10
non-carbapenemase producers) and 9 carbapenem-susceptible K. pneumoniae isolates. As this was a
proof-of-concept study comparing different WGS approaches, we decided to focus on a single genus and
species (i.e.,, K. pneumoniae) to increase the number of isolates with any single resistance mechanism
identified, as some resistance mechanisms are genus and species specific, especially among chromo-
somal mutations leading to resistance. Isolates were subcultured from frozen stock to tryptic soy agar
(TSA) with 5% blood agar. A second subculture was performed prior to DNA extraction. K. pneumoniae
isolates from deep tissue (n = 3), intraabdominal fluid (n = 1), blood (n = 10), respiratory (n = 10), and
urine (n = 16) were included.

Species and antimicrobial susceptibility testing. Bacterial genus and species were identified using
matrix-assisted laser desorption ionization-time of flight mass spectrometry (Bruker Daltonics Inc.,
Billerica, MA). AST results were determined using the BD Phoenix Automated System NMIC-303 panels
(BD Diagnostics, Sparks, Maryland). MICs were confirmed by broth microdilution (BMD) with Sensititre
GNX2F Gram-negative panels (Thermo Fisher Scientific, Indianapolis, IN) and the ceftazidime-avibactam
Etest (bioMérieux, France) (24). BMD was repeated on isolates with 2-fold or greater MIC discrepancies
between the Phoenix automated panel and initial BMD results. Interpretive criteria established by the
Clinical and Laboratory Standards Institute (CLSI) were used to define antibiotic susceptibility (25). AST
results in both the “intermediate” and “resistant” ranges were categorized as resistant.

Whole-genome sequencing and antimicrobial resistance gene detection. As Nanopore sequenc-
ing has a substantial raw sequencing error rate, three separate sequencing and analysis pipelines were
performed, as follows: (i) a real-time Nanopore (Oxford, England) analysis approach that identified
acquired and chromosomal resistance genes by applying Metrichor’s Antimicrobial Resistance Mapping
Application (ARMA) (https://nanoporetech.com/resource-centre/real-time-detection-antibiotic-resistance
-genes-using-oxford-nanopore-technologies); (i) an assembly-based Nanopore approach that uses Canu
and Nanopolish (22, 26) to compute high-identity sequences with identification of resistance genes,
using Abricate ResFinder results as well as chromosomal mutations (e.g., ompK35 and ompK36 mutations,
gyrA and parC mutations, etc.) from genomic assemblies, using minimap2 and a novel tool evaluating the
impact on amino acid translation based on resulting codon changes (27, 28); and (iii) a Pilon-corrected
hybrid approach using both Illumina (Illumina, San Diego, California) and Nanopore sequencing (29). The
short-read correction of Nanopore assemblies served as the reference standard to determine the
accuracy of Nanopore sequencing results. A detailed description of the sequencing and analysis methods
is included in supplemental material (Supplemental Data Set S1).

Predicted correlations between resistance genes/mutations and AST results. Predictions of
resistance were performed without reference to phenotypic data, unless otherwise noted in Results. The
correlations of resistance genes and sequence variants with anticipated AST results for the evaluated
antibiotics were determined based on reference gene databases and the published literature (30-47; see
also K. Bush, T. Palzkill, and G. Jacoby, http://www.lahey.org/studies/). Antimicrobial resistance genes and
mutation results were reviewed manually to predict AST results. Details on the predictive models applied
to chromosomal mutations and acquired resistance genes to predict phenotypic AST can be found in the
supplemental material.

Clinical data. An infectious diseases physician (P.D.T.) confirmed all isolates to be representative of
clinical infections by manual chart review. Detailed clinical and treatment data were collected to identify
if the time to effective antibiotic therapy would have decreased had Nanopore sequencing data with a
real-time analysis approach or an assembly-based approach been used in predicting AST results
compared to that with standard AST identification methods. Dates and times antibiotic regimen changes
occurred and the timing of the availability of clinical culture results were recorded. Furthermore, time
points for the steps involved in Nanopore sequencing and identification of resistance determinants were
also recorded. The Johns Hopkins University School of Medicine Institutional Review Board approved this
study, with a waiver of informed consent.

Statistical analysis. The analysis was largely descriptive. The percent agreement of individual
exogenous and chromosomal resistance mutations in predicting specific AST results was determined.
Additionally, agreement of the anticipated AST results based on the composite resistance determinants
identified for each of the 40 isolates was evaluated separately for the Nanopore real-time approach, the
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Nanopore assembly-based approach, and Illumina-corrected Nanopore data. BMD AST results were
considered the reference method. For each patient contributing a carbapenem-resistant isolate, the
median time to effective therapy with WGS compared to that with traditional AST methodology was
calculated. Statistical analyses were performed using Stata version 15 (StataCorp).

Accession number(s). Sequencing data for this study were deposited in the Sequence Read Archive

(BioProject number PRINA496461), and genome assemblies were submitted to NCBI.

SUPPLEMENTAL MATERIAL

.01923-18.

SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.03 MB.

ACKNOWLEDGMENTS
P.D.T. has received research funding from Merck, outside the submitted work. K.C.C.
has received research funding from GenMark, Inc., and Singulex, outside the submitted
work. W.T. has two patents (8,748,091 and 8,394,584) licensed to Oxford Nanopore.
W.T., Y.F., and P.J.S. have received travel funds from Oxford Nanopore Technologies.
P.J.S. has received grants and personal fees from Accelerate Diagnostics, grants from BD
Diagnostics, Inc., grants from bioMérieux, Inc., grants from Check-Points Diagnostics,
BV, grants from Hardy Diagnostics, personal fees from Roche Diagnostics, and personal
fees from OpGen, Inc, outside the submitted work. All other authors declare no
competing interests.

Supplemental material for this article may be found at https://doi.org/10.1128/AAC

The work was supported by funding from the National Institutes of Health (grant

K23-A1127935 awarded to P.D.T.), a Canadian Institutes of Health Research fellowship
(awarded to Y.F.), an RO1-HG009190 grant awarded to W.T., an RO1-HG006677 grant

awarded to M.C.S., and an R21-Al130608 grant awarded to P.J.S.

REFERENCES

1.

January 2019 Volume 63

Didelot X, Bowden R, Wilson DJ, Peto TEA, Crook DW. 2012. Transform-
ing clinical microbiology with bacterial genome sequencing. Nat Rev
Genet 13:601-612. https://doi.org/10.1038/nrg3226.

. Shelburne SA, Kim J, Munita JM, Sahasrabhojane P, Shields RK, Press

EG, Li X, Arias CA, Cantarel B, Jiang Y, Kim MS, Aitken SL, Greenberg
DE. 2017. Whole-genome sequencing accurately identifies resistance
to extended-spectrum beta-lactams for major gram-negative bacte-
rial pathogens. Clin Infect Dis 65:738-745. https://doi.org/10.1093/
cid/cix417.

. Caliendo AM, Gilbert DN, Ginocchio CC, Hanson KE, May L, Quinn TC,

Tenover FC, Alland D, Blaschke AJ, Bonomo RA, Carroll KC, Ferraro MJ,
Hirschhorn LR, Joseph WP, Karchmer T, MacIntyre AT, Reller LB, Jackson
AF, Infectious Diseases Society of America. 2013. Better tests, better care:
improved diagnostics for infectious diseases. Clin Infect Dis 57:
$139-S170. https://doi.org/10.1093/cid/cit578.

. Tamma PD, Goodman KE, Harris AD, Tekle T, Roberts A, Taiwo A, Simner

PJ. 2017. Comparing the outcomes of patients with carbapenemase-
producing and non-carbapenemase-producing carbapenem-resistant
Enterobacteriaceae bacteremia. Clin Infect Dis 64:257-264. https://doi
.org/10.1093/cid/ciw741.

. Cao MD, Ganesamoorthy D, Elliott AG, Zhang H, Cooper MA, Coin LJ.

2016. Streaming algorithms for identification of pathogens and antibi-
otic resistance potential from real-time MinlON™ sequencing. Gigasci-
ence 5:32. https://doi.org/10.1186/s13742-016-0137-2.

. Schmidt K, Mwaigwisya S, Crossman LC, Doumith M, Munroe D, Pires C,

Khan AM, Woodford N, Saunders NJ, Wain J, O'Grady J, Livermore DM.
2017. Identification of bacterial pathogens and antimicrobial resistance
directly from clinical urines by nanopore-based metagenomic sequenc-
ing. J Antimicrob Chemother 72:104-114. https://doi.org/10.1093/jac/
dkw397.

. Lemon JK, Khil PP, Frank KM, Dekker JP. 2017. Rapid nanopore sequenc-

ing of plasmids and resistance gene detection in clinical isolates. J Clin
Microbiol 55:3530-3543. https://doi.org/10.1128/JCM.01069-17.

. Judge K, Harris SR, Reuter S, Parkhill J, Peacock SJ. 2015. Early insights

into the potential of the Oxford Nanopore MinlON for the detection of

Issue 1 e01923-18

antimicrobial resistance genes. J Antimicrob Chemother 70:2775-2778.
https://doi.org/10.1093/jac/dkv206.

. Esposito EP, Zarrilli R. 2017. Data for “Klebsiella pneumoniae subsp. pneu-

moniae strain 5034 disrupted MgrB (mgrB) pseudogene, partial sequence;
and insertion sequence IS5-like Tnp (tnp) gene, complete cds.” Retrieved
from https://www.ncbi.nlm.nih.gov/nuccore/MG214776.1. (Unpub-
lished data.)

. Judge K, Hunt M, Reuter S, Tracey A, Quail MA, Parkhill J, Peacock SJ.

2016. Comparison of bacterial genome assembly software for MinlON
data and their applicability to medical microbiology. Microb Genom
2:e000085. https://doi.org/10.1099/mgen.0.000085.

. Li R, Xie M, Dong N, Lin D, Yang X, Wong MHY, Chan EW, Chen S. 2018.

Efficient generation of complete sequences of MDR-encoding plasmids
by rapid assembly of MinlON barcoding sequencing data. Gigascience
7:1-9. https://doi.org/10.1093/gigascience/gix132.

. van der Helm E, Imamovic L, Hashim Ellabaan MM, van Schaik W, Koza

A, Sommer MOA. 2017. Rapid resistome mapping using nanopore
sequencing. Nucleic Acids Res 45:e61. https://doi.org/10.1093/nar/
gkw1328.

. Xia Y, Li AD, Deng Y, Jiang XT, Li LG, Zhang T. 2017. MinlON nanopore

sequencing enables correlation between resistome phenotype and ge-
notype of coliform bacteria in municipal sewage. Front Microbiol 8:2105.
https://doi.org/10.3389/fmicb.2017.02105.

. Neuert S, Nair S, Day MR, Doumith M, Ashton PM, Mellor KC, Jenkins C,

Hopkins KL, Woodford N, de Pinna E, Godbole G, Dallman TJ. 2018.
Prediction of phenotypic antimicrobial resistance profiles from whole
genome sequences of non-typhoidal Salmonella enterica. Front Micro-
biol 9:592. https://doi.org/10.3389/fmicb.2018.00592.

. Hasman H, Saputra D, Sicheritz-Ponten T, Lund O, Svendsen CA,

Frimodt-Moller N, Aarestrup FM. 2014. Rapid whole-genome se-
quencing for detection and characterization of microorganisms di-
rectly from clinical samples. J Clin Microbiol 52:139-146. https://doi
.org/10.1128/JCM.02452-13.

. Stoesser N, Batty EM, Eyre DW, Morgan M, Wyllie DH, Del Ojo Elias C,

Johnson JR, Walker AS, Peto TE, Crook DW. 2013. Predicting antimicro-
bial susceptibilities for Escherichia coli and Klebsiella pneumoniae isolates

aacasm.org 11


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA496461
https://doi.org/10.1128/AAC.01923-18
https://doi.org/10.1128/AAC.01923-18
https://doi.org/10.1038/nrg3226
https://doi.org/10.1093/cid/cix417
https://doi.org/10.1093/cid/cix417
https://doi.org/10.1093/cid/cit578
https://doi.org/10.1093/cid/ciw741
https://doi.org/10.1093/cid/ciw741
https://doi.org/10.1186/s13742-016-0137-2
https://doi.org/10.1093/jac/dkw397
https://doi.org/10.1093/jac/dkw397
https://doi.org/10.1128/JCM.01069-17
https://doi.org/10.1093/jac/dkv206
https://www.ncbi.nlm.nih.gov/nuccore/MG214776.1
https://doi.org/10.1099/mgen.0.000085
https://doi.org/10.1093/gigascience/gix132
https://doi.org/10.1093/nar/gkw1328
https://doi.org/10.1093/nar/gkw1328
https://doi.org/10.3389/fmicb.2017.02105
https://doi.org/10.3389/fmicb.2018.00592
https://doi.org/10.1128/JCM.02452-13
https://doi.org/10.1128/JCM.02452-13
https://aac.asm.org

Tamma et al.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

January 2019 Volume 63

using whole genomic sequence data. J Antimicrob Chemother 68:
2234 -2244. https://doi.org/10.1093/jac/dkt180.

Haidar G, Philips NJ, Shields RK, Snyder D, Cheng S, Potoski BA, Doi Y,
Hao B, Press EG, Cooper VS, Clancy CJ, Nguyen MH. 2017. Ceftolozane-
tazobactam for the treatment of multidrug-resistant Pseudomonas
aeruginosa infections: clinical effectiveness and evolution of resistance.
Clin Infect Dis 65:110-120. https://doi.org/10.1093/cid/cix182.

Haidar G, Clancy CJ, Shields RK, Hao B, Cheng S, Nguyen MH. 2017.
Mutations in bla,sc., that confer ceftazidime-avibactam resistance
encode novel KPC-3 variants that function as extended-spectrum
B-lactamases. Antimicrob Agents Chemother 61. https://doi.org/10
.1128/AAC.02534-16.

Lister PD, Wolter DJ, Hanson ND. 2009. Antibacterial-resistant Pseudomo-
nas aeruginosa: clinical impact and complex regulation of chromo-
somally encoded resistance mechanisms. Clin Microbiol Rev 22:582-610.
https://doi.org/10.1128/CMR.00040-09.

Lu H, Giordano F, Ning Z. 2016. Oxford Nanopore MinlON sequencing
and genome assembly. Genomics Proteomics Bioinformatics 14:
265-279. https://doi.org/10.1016/j.gpb.2016.05.004.

Jain M, Koren S, Miga KH, Quick J, Rand AC, Sasani TA, Tyson JR, Beggs
AD, Dilthey AT, Fiddes IT, Malla S, Marriott H, Nieto T, O'Grady J, Olsen
HE, Pedersen BS, Rhie A, Richardson H, Quinlan AR, Snutch TP, Tee L,
Paten B, Phillippy AM, Simpson JT, Loman NJ, Loose M. 2018. Nanopore
sequencing and assembly of a human genome with ultra-long reads.
Nat Biotechnol 36:338-345. https://doi.org/10.1038/nbt.4060.

Loman NJ, Quick J, Simpson JT. 2015. A complete bacterial genome
assembled de novo using only nanopore sequencing data. Nat Methods
12:733-735. https://doi.org/10.1038/nmeth.3444.

EUCAST Subcommittee on the Role of Whole Genome Sequencing
(WGS) in Antimicrobial Susceptibility Testing of Bacteria. 2016. Con-
sultation on report from the EUCAST Subcommittee on the Role of
Whole Genome Sequencing (WGS) in Antimicrobial Susceptibility
Testing of Bacteria. http://www.eucast.org/fileadmin/src/media/PDFs/
EUCAST _files/Consultation/2016/EUCAST_WGS_report_consultation
_20160511.pdf.

Matuschek E, Ahman J, Webster C, Kahimeter G. 2017. Antimicrobial
susceptibility testing of colistin—evaluation of seven commercial MIC
products against standard broth microdilution for Escherichia coli, Kleb-
siella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter spp. Clin
Microbiol Infect https://doi.org/10.1016/j.cmi.2017.11.020.

Clinical and Laboratory Standards Institute. 2018. Performance standards
for antimicrobial susceptibility testing, 28th ed. CLSI document M100.
Clinical and Laboratory Standards Institute, Wayne, PA.

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM. 2017.
Canu: scalable and accurate long-read assembly via adaptive k-mer
weighting and repeat separation. Genome Res 27:722-736. https://doi
.org/10.1101/gr.215087.116.

Pertea G. 2018. MSA and consensus (assembly) generator from pairwise
alignments of DNA sequences. https://github.com/gpertea/pwasm. Re-
trieved 17 October.

Li H. 2018. Minimap2: pairwise alignment for nucleotide sequences. Bioin-
formatics 34:3094-3100. https://doi.org/10.1093/bioinformatics/
bty191.

Walker BJ, Abeel T, Shea T, Priest M, Abouelliel A, Sakthikumar S, Cuomo
CA, Zeng Q, Wortman J, Young SK, Earl AM. 2014. Pilon: an integrated
tool for comprehensive microbial variant detection and genome assem-
bly improvement. PLoS One 9:e112963. https://doi.org/10.1371/journal
.pone.0112963.

Bush K, Jacoby GA. 2010. Updated functional classification of beta-
lactamases. Antimicrob Agents Chemother 54:969-976. https://doi.org/
10.1128/AAC.01009-09.

Issue 1 e01923-18

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

Antimicrobial Agents and Chemotherapy

Bush K, Jacoby GA, Medeiros AA. 1995. A functional classification
scheme for beta-lactamases and its correlation with molecular structure.
Antimicrob Agents Chemother 39:1211-1233. https://doi.org/10.1128/
AAC.39.6.1211.

Jacoby GA. 2009. AmpC beta-lactamases. Clin Microbiol Rev 22:161-182.
https://doi.org/10.1128/CMR.00036-08.

Naas T, Poirel L, Nordmann P. 2008. Minor extended-spectrum beta-
lactamases. Clin Microbiol Infect 14:42-52. https://doi.org/10.1111/j
.1469-0691.2007.01861.x.

Evans BA, Amyes SG. 2014. OXA beta-lactamases. Clin Microbiol Rev
27:241-263. https://doi.org/10.1128/CMR.00117-13.

Zhang Y, Jiang X, Wang Y, Li G, Tian Y, Liu H, Ai F, Ma Y, Wang B, Ruan
F, Rajakumar K. 2014. Contribution of beta-lactamases and porin pro-
teins OmpK35 and OmpK36 to carbapenem resistance in clinical isolates
of KPC-2-producing Klebsiella pneumoniae. Antimicrob Agents Che-
mother 58:1214-1217. https://doi.org/10.1128/AAC.02045-12.

Chen FJ, Lauderdale TL, Ho M, Lo HJ. 2003. The roles of mutations in
gyrA, parC, and ompK35 in fluoroquinolone resistance in Klebsiella
pneumoniae. Microb Drug Resist 9:265-271. https://doi.org/10.1089/
107662903322286472.

Vetting MW, Hegde SS, Wang M, Jacoby GA, Hooper DC, Blanchard JS.
2011. Structure of QnrB1, a plasmid-mediated fluoroquinolone resis-
tance factor. J Biol Chem 286:25265-25273. https://doi.org/10.1074/jbc
.M111.226936.

Kim HB, Wang M, Park CH, Kim EC, Jacoby GA, Hooper DC. 2009. ogxAB
encoding a multidrug efflux pump in human clinical isolates of Entero-
bacteriaceae. Antimicrob Agents Chemother 53:3582-3584. https://doi
.org/10.1128/AAC.01574-08.

Ramirez MS, Tolmasky ME. 2010. Aminoglycoside modifying enzymes.
Drug Resist Updat 13:151-171. https://doi.org/10.1016/j.drup.2010.08
.003.

Galimand M, Courvalin P, Lambert T. 2012. RmtF, a new member of the
aminoglycoside resistance 16S rRNA N7 G1405 methyltransferase family.
Antimicrob Agents Chemother 56:3960-3962. https://doi.org/10.1128/
AAC.00660-12.

Liakopoulos A, Mevius D, Ceccarelli D. 2016. A review of SHV extended-
spectrum beta-lactamases: neglected yet ubiquitous. Front Microbiol
7:1374. https://doi.org/10.3389/fmicb.2016.01374.

Tarnberg M, Nilsson LE, Monstein HJ. 2009. Molecular identification of
blaSHYV, blaEN and P'2OKP beta-lactamase genes in Klebsiella pneumoniae
by bi-directional sequencing of universal SP6- and T7-sequence-tagged
blaSHV-PCR amplicons. Mol Cell Probes 23:195-200. https://doi.org/10
.1016/j.mcp.2009.01.005.

Bonnet R. 2004. Growing group of extended-spectrum beta-lactamases:
the CTX-M enzymes. Antimicrob Agents Chemother 48:1-14. https://doi
.org/10.1128/AAC.48.1.1-14.2004.

Roberts MC. 2005. Update on acquired tetracycline resistance genes.
FEMS Microbiol Lett 245:195-203. https://doi.org/10.1016/j.femsle.2005
.02.034.

Fevre C, Passet V, Weill FX, Grimont PA, Brisse S. 2005. Variants of the
Klebsiella pneumoniae OKP chromosomal beta-lactamase are divided
into two main groups, OKP-A and OKP-B. Antimicrob Agents Chemother
49:5149-5152. https://doi.org/10.1128/AAC.49.12.5149-5152.2005.

Fu Y, Zhang W, Wang H, Zhao S, Chen Y, Meng F, Zhang Y, Xu H, Chen
X, Zhang F. 2013. Specific patterns of gyrA mutations determine the
resistance difference to ciprofloxacin and levofloxacin in Klebsiella pneu-
moniae and Escherichia coli. BMC Infect Dis 13:8. https://doi.org/10.1186/
1471-2334-13-8.

Poirel L, Naas T, Nordmann P. 2010. Diversity, epidemiology, and genet-
ics of class D beta-lactamases. Antimicrob Agents Chemother 54:24-38.
https://doi.org/10.1128/AAC.01512-08.

aacasm.org 12


https://doi.org/10.1093/jac/dkt180
https://doi.org/10.1093/cid/cix182
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1128/AAC.02534-16
https://doi.org/10.1128/CMR.00040-09
https://doi.org/10.1016/j.gpb.2016.05.004
https://doi.org/10.1038/nbt.4060
https://doi.org/10.1038/nmeth.3444
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Consultation/2016/EUCAST_WGS_report_consultation_20160511.pdf
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Consultation/2016/EUCAST_WGS_report_consultation_20160511.pdf
http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Consultation/2016/EUCAST_WGS_report_consultation_20160511.pdf
https://doi.org/10.1016/j.cmi.2017.11.020
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1101/gr.215087.116
https://github.com/gpertea/pwasm
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1371/journal.pone.0112963
https://doi.org/10.1128/AAC.01009-09
https://doi.org/10.1128/AAC.01009-09
https://doi.org/10.1128/AAC.39.6.1211
https://doi.org/10.1128/AAC.39.6.1211
https://doi.org/10.1128/CMR.00036-08
https://doi.org/10.1111/j.1469-0691.2007.01861.x
https://doi.org/10.1111/j.1469-0691.2007.01861.x
https://doi.org/10.1128/CMR.00117-13
https://doi.org/10.1128/AAC.02045-12
https://doi.org/10.1089/107662903322286472
https://doi.org/10.1089/107662903322286472
https://doi.org/10.1074/jbc.M111.226936
https://doi.org/10.1074/jbc.M111.226936
https://doi.org/10.1128/AAC.01574-08
https://doi.org/10.1128/AAC.01574-08
https://doi.org/10.1016/j.drup.2010.08.003
https://doi.org/10.1016/j.drup.2010.08.003
https://doi.org/10.1128/AAC.00660-12
https://doi.org/10.1128/AAC.00660-12
https://doi.org/10.3389/fmicb.2016.01374
https://doi.org/10.1016/j.mcp.2009.01.005
https://doi.org/10.1016/j.mcp.2009.01.005
https://doi.org/10.1128/AAC.48.1.1-14.2004
https://doi.org/10.1128/AAC.48.1.1-14.2004
https://doi.org/10.1016/j.femsle.2005.02.034
https://doi.org/10.1016/j.femsle.2005.02.034
https://doi.org/10.1128/AAC.49.12.5149-5152.2005
https://doi.org/10.1186/1471-2334-13-8
https://doi.org/10.1186/1471-2334-13-8
https://doi.org/10.1128/AAC.01512-08
https://aac.asm.org

	RESULTS
	Percent agreement of WGS in predicting AST results. 
	Time to resistance determination. 
	-Lactam resistance. 
	Fluoroquinolone resistance. 
	Aminoglycoside resistance. 
	Colistin resistance. 
	Tetracycline resistance. 
	Trimethoprim-sulfamethoxazole resistance. 
	Time to detection. 
	DISCUSSION

	MATERIALS AND METHODS
	Study cohort. 
	Species and antimicrobial susceptibility testing. 
	Whole-genome sequencing and antimicrobial resistance gene detection. 
	Predicted correlations between resistance genes/mutations and AST results. 
	Clinical data. 
	Statistical analysis. 
	Accession number(s). 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

