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Abstract

Whole genome sequencing is replacing traditional microbiological typing methods for 

investigation of outbreaks in clinical settings. Here, we used a clinical microbiology laboratory 

core genome multilocus sequence typing (cgMLST) workflow to analyze 40 isolates of K. 
pneumoniae which are part of the Antimicrobial Resistance Leadership Group (ARLG) isolate 

collection, alongside 10 Mayo Clinic K. pneumoniae isolates, comparing results to those of 

pulsed-field gel electrophoresis (PFGE). Additionally, we used the whole genome sequencing 

(WGS) data to predict phenotypic antimicrobial susceptibility (AST). 31/40 ARLG K. 
pneumoniae isolates belonged to the same PFGE type, all of which, alongside three isolates of 

different PFGE types, formed a large cluster by cgMLST. PFGE and cgMLST were completely 
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concordant for the 10 Mayo Clinic K. pneumoniae isolates. For AST prediction, the overall 

agreement between phenotypic AST and genotypic prediction was 95.6%.

Introduction

Klebsiella pneumoniae is a frequent pathogen in nosocomial settings, causing variety of 

infections, including hospital acquired pneumonia, bacteremia and urinary tract infection 

(1). An alarming increase in resistance to a broad array of antibiotics in this pathogen is now 

recognized, with several notable hospital-associated outbreaks reported (2–5). To 

definitively diagnose an outbreak, isolates need to be typed and shown to be genetically 

related. Various techniques are employed to type K. pneumoniae isolates to determine 

genetic relatedness. Now-unavailable methods like PCR electrospray ionization mass 

spectrometry (PCR/ESI-MS), alongside older methods such as pulsed-field gel 

electrophoresis (PFGE) and multi-locus sequence typing (MLST), are being replaced by 

whole genome sequence (WGS)-based typing methods. WGS data provides high-level 

differentiation amongst isolates of the same species and can also be used to predict 

phenotypic antimicrobial susceptibility (AST) (6, 7). WGS-based typing approaches rely on 

identification of single nucleotide polymorphisms (SNPs) across the entire genome, or 

genome-wide, gene-by-gene, allelic profiling of core genes or shared genes, known as core 

or whole genome multilocus sequence typing (cgMLST or wgMLST, respectively). 

cgMLST has been employed to differentiate outbreak and non-outbreak isolates of 

Acinetobacter baumannii, Listeria monocytogenes, Staphylococcus aureus, Legionella 
pneumophilia, Francisella tularensis, K. pneumoniae and Mycobacterium tuberculosis, 

among others (2, 8–14). Criteria for discrimination of outbreak from non-outbreak isolates 

(i.e., relatedness thresholds) are incompletely defined for SNP-based WGS analysis, 

cgMLST and wgMLST, and differ by species (8, 12, 15).

We described the use of cgMLST for clonality testing of S. aureus using an automated 

analytic system, SeqSphere+ (Ridom, Meunster, DE) (7, 16). Here, we applied the same 

computerized system to cgMLST analysis of previously characterized collections of K. 
pneumoniae, including outbreak-associated isolates, in comparison to PFGE. Additionally 

we used the WGS data to predict phenotypic resistance and susceptibility using the 

Acuitas® Whole Genome Sequence Analysis pipeline (OpGen, Inc., Gaithersburg, MD).

Materials and Methods

Bacterial isolates

Forty-two isolates from the ARLG and 10 from Mayo Clinic were studied (17). Two ARLG 

isolates were excluded; one failed to assemble after three sequencing attempts and another 

was a misidentified species - Escherichia coli - as shown by MALDI-TOF MS and 

phenotypic testing. ARLG isolates had been recovered from five institutions in the Eastern 

United States, and were previously described; they all harbored blaKPC, of one of two types, 

2 or 3 (Table 1) (17). Most of the isolates were from Mount Sinai Medical Center in New 

York (MSMCNY) (n=24) or Cleveland Clinic (CC) (n=9), with the rest being from 

University of Pittsburg Medical Center (UPMC) (n=3), University Hospitals Case Medical 
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Center (UHCMC) (n= 2) and the Louis Stokes Veterans Affairs Medical Center (LSVAMC) 

(n=2).

cgMLST

DNA was extracted and purified using the Quick-DNA™ Fungal/Bacterial Miniprep Kit 

(Zymo Research Corp.) and normalized to 0.2 ng/μL with a Quantus™ fluorometer 

(Promega, Madison, WI). Next generation sequencing libraries were prepared from 

normalized DNA with Nextera® XT (Illumina, San Diego, CA) and dual-indexed. 

Sequencing was performed on the MiSeq® platform (Illumina) using the V2 2 X 250 bp 

paired-end chemistry with a maximum pooling capacity of six libraries per flow cell, 

targeting a minimum coverage of 200X. Reads were processed for adapter and index 

cleaning utilizing the MiSeq reporter software in real-time. Adapter-clipped read files were 

imported into SeqSphere+ software version 4.1.9. Velvet de novo assembly and cgMLST 

were performed within the software suite following default settings. The SeqSphere+ 

embedded K. pneumoniae cgMLST schema was employed using K. pneumoniae genome 

NC_012731.1 as a reference genome derived from the analysis of 30 query genome 

sequences. Minimum spanning trees were generated from the final comparison data table. 

Grouping clusters obtained with cgMLST typing were compared to data generated by PFGE. 

In addition, MLST types were generated within the SeqSphere+ tool (18).

PFGE

ARLG isolates had been previously-subjected to PFGE (17). For the remaining 10 isolates, 

we performed PFGE according to the established method (19). Digestion of whole 

chromosomal DNA in agarose was performed with Xba I (Sigma-Aldrich St Louis, MO). 

The resulting restriction fragments were separated in CHEF Mapper® XA system (Bio-Rad 

Laboratories, Hercules, CA) with 1% agarose gel. The gels were then stained with ethidium 

bromide, illuminated under UV light and photographed in a Gel Doc™ XR+ Gel 

Documentation System (Bio-Rad).

Prediction of phenotypic AST

Susceptibility prediction were assessed using the 40 ARLG isolates. WGS assemblies were 

analyzed with the OpGen’s Acuitas® Whole Genome Sequence Analysis pipeline, a high-

resolution tool which identifies antibiotic resistance genotypes using OpGen’s Antibiotic 

Resistance Genes Database which consists of approximately 2,400 curated antibiotic 

resistance genes from the following databases: the Antibiotic Resistance Genes Database 

(ARDB), the Comprehensive Antibiotic Resistance Database (CARD), Resfinder and the 

Lahey Clinic (20–22). After antibiotic resistance genes were determined by querying 

assembled whole genome sequences of K. pneumoniae isolates against OpGen’s Antibiotic 

Resistance Genes Database, a subset of antibiotic resistance genes were used as input for 

OpGen’s Acuitas Lighthouse® prediction models to predict antibiotic resistance/

susceptibility phenotypes (23).

The isolates underwent phenotypic AST by agar dilution, with results interpreted according 

to CLSI guidelines (24). For the purposes of this study, isolates that tested susceptible by 

phenotypic AST were considered susceptible, as were those that were susceptible dose 
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dependent (SDD) to cefepime, and those that were either resistant or intermediate were 

considered non-susceptible.

Results

PFGE types

PFGE had previously classified the ARLG isolates into 21 unique types including A (which 

was further subgrouped into A1-A13) and non-A (B, C, D, F, G, H, which were further 

subgrouped into B1, B2, C1 and C2) groups (Table 1) (17). Among Mayo Clinic isolates, 4 

were unique, with the rest grouping into one of two groups of three indistinguishable isolates 

each (Table 2).

MLST

Forty ARLG isolates were clustered into 8 MLST types and one indeterminate type. 7 

MLST types (ST512, ST268, ST278, ST234, ST133, ST1697, ST34) were represented by 

single isolates, with the remaining 32 isolates (80%) belonging to ST258 (Table 1). Among 

Mayo Clinic isolates, 3 were ST231, 3 were ST101, 2 were ST14 and one each were ST147 

and ST307 (Table 2).

cgMLST sequence types

The 40 ARLG isolates encompassed 25 unique cgMLST types with 37 unique allelic 

profiles. Thirty-four of the ARLG K. pneumoniae isolates formed a large cluster with a 

maximum cumulative distance (calculated by adding allelic differences between individual 

isolates) of 147 allelic differences between the most distant isolates by cgMLST. Six isolates 

were different from all isolates and from each other by ≥1796 allelic differences. For the 

ARLG isolates, four allelic relatedness thresholds were evaluated, 0, ≤6, ≤15 and ≤50 allelic 

differences.One pair and one triplet of isolates were indistinguishable. Nineteen isolates 

were classified into five unique clusters based on a relatedness threshold of ≤6 allelic 

differences; 25 into 4 unique clusters based on a relatedness threshold of ≤15 allelic 

differences (with two pairs of clusters collapsing to one and one new cluster appearing 

compared to groupings with a relatedness threshold of ≤6 allelic differences); and all 44 

isolates comprising one large cluster based on a relatedness threshold of ≤50 allelic 

differences (Figure 1). 21/24 isolates from MSMCNY clustered together in the same group 

when an allelic threshold of ≤50 was used whereas with an allelic threshold of ≤15, fifteen 

isolates were grouped into three groups. Similarly all but one of the CC isolates 

(ARLG-1712) grouped together using an allelic threshold of ≤50. Even after using the allelic 

threshold of ≤15, 7/9 isolates clustered in same group, suggesting clonal relatedness.

Of the 10 isolates obtained from Mayo Clinic, 6 grouped into 2 clusters, whereas 4 did not 

group into any specific cluster and differed from each other and the clustered isolates by ≥78 

allelic differences (Supplemental Figure).

Correlation between PFGE, blaKPC-type, and cgMLST

There were four ARLG isolates with different PFGE types (D, F, G and H), that differed 

from each other and all other isolates by ≥1796 allelic differences, and had unique cgMLST 
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and MLST types. The two PFGE C type isolates (C1 and C2) differed from each other by 

3,651 allelic differences; these isolates were from different institutions and of different 

blaKPC types, suggesting that they were not related to one another. 31/40 ARLG K. 
pneumoniae isolates belonged to the same PFGE type (A with subtypes A1–13), all of 

which, alongside three isolates of different PFGE types, formed a large cluster with a 

maximum cumulative distance of 147 allelic differences (calculated by adding allelic 

differences between individual isolates) by cgMLST; this cluster (shown as Group 1 in 

Figure 1) included the four groups of isolates with ≤15 allelic differences. The three isolates 

in the large cluster of 34 isolates which were not PFGE type A included two which were 

PFGE type B (ARLG-1708, ARLG-1709) and one which was PFGE type G (ARLG-1743).

The two PFGE type B isolates differed from one another by 39 allelic differences, were from 

two institutions and of different blaKPC-types suggesting that cgMLST better differentiated 

them than did PFGE. There were 4 PFGE A9 isolates (ARLG-1170, ARLG1725, 

ARLG-1739, ARLG-1740), all from the same institution and of the same blaKPC type, of 

which three were indistinguishable by cgMLST, with the fourth having 6 allelic differences 

from the other three; the single PFGE A11 type (ARLG-1727) had only one allelic 

difference from the cluster of three PFGE A9 isolates (ARLG-1170, ARLG-1725 and 

ARLG-1739) and was from the same institution, but of a different blaKPC type. The single 

isolate of PFGE A12 (ARLG-1726) and one of the 9 PFGE A13 isolates (ARLG-1744) 

differed by a single allelic difference, and were from the same institution and of the same 

blaKPC type. The other 8 PFGE A13 isolates differed from ARLG-1744 by ≥29 allelic 

differences, and from each other by ≤10 allelic differences; all but one were from the same 

instution and were all of the same blaKPC type. The three PFGE A1 (ARLG-1168, 

ARLG-1736, ARLG- 1742) isolates were of the same blaKPC type and from the same 

instution; they differed from one another by ≤18 allelic differences. The single PFGE A10 

isolate (ARLG-1159) had 17 allelic differes from the most closely related isolate, which was 

the only PFGE A8 isolate (ARLG-1738) and was from a different institution and of the same 

blaKPC type. There was one PFGE A7 isolate (ARLG-1730), and it differed from the most 

closely related isolate (ARLG-1738) by 22 allelic differences; the two were from the same 

instution and of the same blaKPC type. There was a single PFGE A2 isolate (ARLG-1741) 

which differed by 15 alleles from the most closely related isolate, a PFGE A4 isolate 

(ARLG-1729) from the same institution and of the same blaKPC type. ARLG-1729 (PFGE 

A4) was in turn 3 allelic differences away from another PFGE A4 isolate, ARLG-1737. 

However, the three other PFGE A4 isolates, ARLG-1728, ARLG-1745 and ARLG-1735 

were more distantly separated by cgMLST; the last two differening from each other by 23 

allelic differences and ARLG-1728 differing from ARLG-1729 by 34 allelic differences. 

There were two PFGE A5 isolates (ARLG-1163 and ARLG-1731) from two medical centers 

and of different blaKPC types, that differed from one another by 48 allelic differences. 

Finally, there was one PFGE A6 isolate (ARLG-1713), which differed from the most closely 

related isolate (ARLG-1709, which was from a different institution but of the same blaKPC 

type) by 33 allelic differences.

There was 100% concordance between PFGE and cgMLST groupings for Mayo Clinic 

isolates.
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Correlation between phenotypic AST results and genetic prediction of phenotypic AST

Most isolates were resistant to multiple antibiotic classes. Susceptibility and non-

susceptibility predictions were made for ampicillin, cefazolin, ceftriaxone, ceftazidime, 

cefepime, ertapenem, meropenem, aztreonam, gentamicin, tobramycin, trimethoprim-

sulfamethoxazole (TMP-SMX), ciprofloxacin and levofloxacin. Table 3 summarizes the 

performance of WGS for prediction of phenotypic resistance in terms of the sensitivity, 

specificity, positive predictive value (PPV), negative predictive value (NPV) and agreement 

of genotypic prediction with phenotypic AST. Agreement represents the correct prediction 

of phenotypic susceptibility or non-susceptibility. Overall agreement was 95.6% (confidence 

interval, 93.4– 97.2%). All isolates were resistant to cefazolin, ampicillin, ceftriaxone, 

ceftazidime, ertapenem, meropenem and aztreonam by phenotypic and genotypic AST. All, 

except one isolate, were resistant to cefepime. This isolate was dose dependent susceptible 

however was predicted to be resistant by genotypic testing. Overall agreement of phenotypic 

AST and genotypic prediction was >87% for all antibiotics, except gentamicin. For 

gentamicin there was a high false negativity rate (n=22, Table 4) with overall agreement of 

only 45%. In contrast, overall agreement for tobramycin was 100%.

β-lactam resistance

All isolates had two or more β-lactamase genes (Table 4). Thirty-three isolates had at least 4; 

four had 3, two had 2 and one had 7 β-lactamase genes. These genes included blaKPC-2, 

blaKPC-3, blaOXA-9, blaOXA-2, blaOKP-B, blaSHV-1, blaSHV-5, blaSHV-11, blaSHV-12, blaSHV-26, 

blaSHV-75, blaSHV-167, blaTEM-1, blaTEM-1A, blaTEM-118, and blaTEM-192. All 40 isolates were 

correctly found to be blaKPC-positive, with the type correlating with what had been 

previously determined using PCR and amplified product sequencing (17).

All but five isolates (ARLG-1159, ARLG-1164, ARLG-1169, ARLG-1709 and 

ARLG-1728) harbored blaOXA-9. The most common blaSHV gene was blaSHV-11, carried by 

20 isolates, followed by blaSHV-167 and blaSHV-12 carried by 8 and 6 isolates, respectively. 

Twenty-two isolates had blaTEM-192.

ARLG-1719 and ARLG-1721, which were indistinguishable by cgMLST, had identical 

resistance gene profiles, whereas, ARLG-1725, ARLG-1739 and ARLG-1170, which were 

also indistinguishable by cgMLST, had the same β-lactamase genes with the exception of 

their blaSHV type.

Fluoroquinolone resistance

Fluoroquinolone resistance-associated efflux pumps, genes and gene mutations identified 

included oqxA and oqxB; qnrA1 and qnrB19; and gyrA (S83I, and S83F), and parC (S80I), 

respectively. All isolates harbored oqxA and oqxB with ARLG-1165 and ARLG-1163 

additionally harboring qnrA1 and qnrB19, respectively. All isolates except four 

(ARLG-1165, ARLG-1169, ARLG-1171 and ARLG-1725) harboured a gyrA S83 mutation 

with gyrA S83I found in 34 isolates and gyrA S83F in two isolates (ARLG-1164 and 

ARLG-1712). Thirty four isolates carried parC S80I mutation as well.
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All four isolates (ARLG-1165, ARLG-1169, ARLG-1171 and ARLG-1724) carrying the 

combination of oqxA, oqxB, without gyrA or parC mutations were susceptible to 

levofloxacin. All of these isolates, except ARLG-1724, were also susceptible to 

ciprofloxacin.

Aminoglycoside resistance

Aminoglycoside resitance genes detected included aac(3)-IVa, aac(6’)-33, aac(6’)-Ib, 

aacA4–8, aadA1, aadA2, aadA6, aadB, aph(3’)-Ia, and aph(4)-Ia. One isolate had six 

aminoglycoside resistance conferring elements; 9 had five, 9 had four, 7 had three, 13 had 

two and 1 had one. There was wide variation in phenotypic AST for gentamicin. Despite 

having the same resistance genes identified, phenotypic susceptibility was different for 

ARLG-1168 (gentamicin -resistant) and ARLG-1736 (gentamicin-susceptible) (Table 4). 

Both isolates were resistant and genotypically predicted to be resistant to tobramycin. All 

eight isolates (ARLG-1167, ARLG-1710, ARLG-1711, ARLG-1718, ARLG-1719, 

ARLG-1720, ARLG-1721) carrying aadA2 and aacA4–8 had non-susceptible phenotypes to 

tobramycin and gentamicin but were genotypically predicted to be susceptible to gentamicin.

Trimethoprim-sulfamethoxazole (TMP-SMX) resistance

Several TMP resitance genes were identified, including dfrA1, dfrA12, dfrA14 and dfrA18; 

the most common was dfrA12 which was present in 25 isolates, followed by dfrA14, which 

was present in 13 isolates. Three isolates had dfrA18, with one having dfrA1. All isolates 

except ARLG-1709, ARLG-1731 and ARLG-1743 carried at least one TMP resistance 

element. Five isolates had two TMP resistance-associated genes.

Sulfonamide resistance genes identified included sul1, sul2 and sul3 carried by 32, 14 and 8 

isolates, respectively. All isolates except ARLG-1169 had at least one sulfonamide 

resistance gene. Fifteen isolates had two sulfonamide resistance elements identified. All 

three isolates (ARLG-1731, ARLG-1164, ARLG-1743) that were susceptible to TMP-SMX 

carried resistance elements to either sulfonamide or trimethoprim but not both.

Discussion

Herein, we compared WGS analysis using cgMLST to PFGE for typing of K. pneumoniae 
and found a high degree of correlation between the two typing methods. Additionally, we 

used the same WGS data to predict phenotypic AST and found a high degree of 

correspondence between the two.

cgMLST can be highly discriminatory, though the ideal allelic threshold used to define 

relatedness has been incompletely defined. Our data provides information to assist in the 

interpretation of cgMLST of K. pneumoniae. For ARLG isolates, using an allelic threshold 

cutoff of ≤15 allelic differences, cgMLST identified four clusters of 2 to 15 isolates and, 15 

isolates that differed from all four groups and each other by >15 allelic differences. In 

contrast, PFGE identified 21 unique subtypes including A (which was further subgrouped 

into A1-A13 containing 1 to 9 isolates) and non-A (B, C, D, F, G, H, which were further 

subgrouped into B1, B2, C1 and C2) groups. Using a higher allelic threshold cutoff of ≤50, 

34 isolates clustered into one group. At this higher threshold cutoff, results of cgMLST 
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classification broadly matched those of MLST; all but two isolates (ARLG-1735 and 

ARLG-1745) from this large cluster grouped into MLST type ST258. ARLG-1735 grouped 

into MLST ST512 and had 23 allelic differences from the closest member of ST258 

(ARLG-1745); the MLST type for ARLG-1738 was indeterminate. ARLG-1743 grouped 

into type G by PFGE which was a non-A PFGE group; by cgMLST (using allelic threshold 

cutoff of ≤15), it clustered with other isolates of PFGE type A13. The MLST type of this 

isolate was ST258 which matched the cgMLST grouping. ARLG-1743 had 3,908 allelic 

differences from ARLG-1724 which was also grouped into G by PFGE. This discrepancy 

may be secondary to mislabeling at the Mayo Clinic, the ARLG laboratory or the origin 

laboratory.

Accurate typing is essential for outbreak investigations. Previously used typing methods for 

K. pneumoniae have included PFGE, PCR/ESI-MS, MLST, and amplified fragment-length 

polymorphism (AFLP) analysis (25–28). PFGE is one of the most common methods 

employed for typing of bacteria and is based on digestion of chromosomal DNA with 

infrequently-cutting restriction endonucleases. The resulting DNA fragments take a specific 

pattern of discrete bands on the gel. These patterns are then compared with one another to 

determine relatedness. The procedure itself is standardized; however, the interpretation is not 

always straightforward. MLST involves sequencing of a small number of housekeeping 

genes within a bacterial genome. Since it only involves a few loci, it lacks the discriminatory 

power needed to analyze outbreaks (but is useful for broadly categorizing strains across time 

and geographical distributions). To distinguish between different isolates, genome-wide 

analysis should ideally be executed. The resolution capacity of WGS-based methods such as 

cgMLST is higher than historical methods. And, once the data is generated, it can be shared 

and utilized by distant laboratories for data assessment, providing unambiguous data 

comparison. Inter-laboratory standardization of sequencing methods, coverage and typing 

schemes is evolving.

To date, several studies have investigated cgMLST or wgMLST in outbreak situations, 

including investigation of K. pneumoniae outbreaks. In a Dutch study, wgMLST was used to 

identify an outbreak of NDM-1 producing K. pneumoniae (2). A total of 162 K. pneumoniae 
isolates underwent WGS; MLST and wgMLST were then performed using the WGS data 

with SeqSphere+. In addition, resistome and plasmid analysis were performed using an 

online tool ResFinder. Twenty-six of 162 isolates clustered into one group with a maximum 

allelic difference of 5. Interestingly, the investigators compared these isolates with unrelated 

isolates originating from five other health care centers and found 7 isolates that clustered 

with the 26 outbreak isolates with a maximum allelic difference of 5. This cluster had a 

distance of 2,926 genes from its nearest neighbor. All 33 isolates belonged to same MLST 

type (ST873), carried the same plasmid and had small differences in their resistomes. In an 

outbreak of colistin-resistant K. pneumoniae carbapenemase (KPC)-producing K. 
pneumoniae in the Netherlands that involved two institutions (a hospital and a nursing 

home), wgMLST was employed (14). During this outbreak, six patients were found to be 

colonized with KPC-producing K. pneumoniae, and four enviromental samples were 

positive for KPC-producing K. pneumoniae. Isolates were typed using AFLP and MLST. 

WGS followed by MLST+ typing was performed using an in-house scheme with 3,102 K. 
pneumoniae genes as a reference in SeqSphere+. Out of the 3,102 target genes, 3,042 were 
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used in MLST+ typing as these were common to all six isolates. Three isolates of ten (6 

patient and 4 environmental isolates), including two isolates from patients and one from the 

environment, were indistinguishable. Four, two and one isolate had 1, 5 and 2 allelic 

differences respectively from the three indistinguishable isolates. The maximum allelic 

difference between any two isolates was 10. MLST+ results in this study were found to be 

concordant with those of AFLP. All of these isolates belonged to the same MLST type, 

ST258. WGS data was also used for resistome analysis without making phenotypic 

predictions. In our study, the most common sequence type of K. pneumoniae was ST258, a 

hybrid sequence type deriving most of its genome (~80%) from ST11 (29). ST258 

represents the majority of KPC-producing K. pneumoniae, has the ability to rapidly 

disseminate in healthcare settings, and is frequently associated with nosocomial outbreaks 

(30–32).

WGS can also been used for resistome analysis (2, 14, 33). To take it one step further, and 

make it clinically-useful, this data can then be utilitized to predict phenotypic AST. Thus far, 

WGS data has been used to predict phenotypic resistance for A. baumannii, E. coli, K. 
pneumoniae, S. aureus, and M. tuberculosis, among others (34–39). WGS data has 

additionally been evaluated for prediction of MIC with reported accuracy up to 92% (37). 

Overall agreement of phenotypic AST and genetic prediction was 95.6% for our isolates, 

similar to what has been described in previous studies (23, 35). For gentamicin however, the 

overall agreement was only 45%. There was a high rate of false negativity (phenotypic 

resistance, WGS-predicted susceptibility). In contrast, the overall agreement was 100% for 

tobramycin. The reason for this discrepancy is not clear. In a previous study employing the 

same platform for genetic prediction of AST for K. pneumoniae, the agreement between 

phenotypic and genotypic AST for gentamicin was 86% (23). Aminoglycoside resistance is 

mediated by several mechanisms, including drug modifying enzymes, target site mutations, 

drug efflux pumps and porin mutations (40). Drug modifying enzymes differentially modify 

diverse aminoglycosides, based on the presence of target sites on particular 

aminoglycosides. A limitation of the approach applied is incomplete knowledge of all 

resistance genes and mutations. In addition, the relationship between genotype and 

phenotype is not linear. In our study isolates carrying similar genes had different phenotypic 

resitance profiles. Multiple mutations and/or resistance genes may work in a non-additive 

manner (antagonist or synergistic) to confer resistance and one mutation may confer 

resistance to multiple antibiotics. Also, phenotypic AST, which is the current gold standard, 

is not free from errors and may be operator or instrument dependent, in addition to 

depending on breakpoints applied. All ARLG isolates were highly resistant to β-lactam 

antibiotics, an important limitation, as addressed below. A mixture of phenotypes would 

allow better evaluation of performance of genotypic susceptibiltiy prediction.

We have described cgMLST typing for K. pneumoinae isolates, and have compared this 

typing method to the traditionally used typing method of PFGE. We have also described 

relatedness with different cgMLST allelic thresholds for K. pneumoniae; however this is 

also one of the main limitations of our study as further data are needed to precisely pinpoint 

allelic threshold criteria for determining relatedness. Previous studies considered isolates 

with 5–10 allelic differences as being related (2, 14). Our report illustrates the potential of 

cgMLST as an epidemiological tool to replace PFGE and other traditional typing methods. 
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We have also used the WGS data to predict phenotypic antimicrobial susceptibility with an 

overall agreement of 95.6%, though high rates of resistance in the study isolates limited 

evaluation of specificity and negative predictive values.

In conclusion, we evaluated a discriminatory and easy-to-use cgMLST scheme for WGS-

based typing for K. pneumoniae. We have been routinely performing cgMLST analyses in 

our clinical microbiology laboratory for over two and a half years and have found it to be a 

technologist-friendly methodology. Here, we show that cgMLST correlates with PFGE for 

K. pneumoniae, appearing to be more discriminatory. cgMLST is a suitable method for 

investigating the relatedness of K. pneumoniae isolates encountered in outbreak scenarios. 

Additional benefits of cgMLST are the ability to easily compare nucleotide sequence data 

between laboratories. We also show that WGS data can predict phenotypic AST.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Minimum spanning tree showing core genome multilocus sequence type of the 40 
Antibacterial Resistance Leadership Group Klebsiella pneumoniae isolates.
Each isolate is designed with a unique number. Isolates in the same circle having no allelic 

differences between them. The lines between the circles show the numbers of allelic 

differences. Thirty-four isolates formed a large cluster (A) with a maximum cumulative 

distance of 147 allelic differences between the most distant isolates by cgMLST (colored 

gray), with the remaining isolates differing from the group and from each other by ≥1796 

allelic differences.
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CC, Cleveland Clinic; MSMCNY, Mount Sinai Medical Center in New York City; UPMC, 

University of Pittsburgh Medical Center; UHCMC, University Hospitals Case Medical 

Center; LSVAMC, Louis Stokes Veterans Affairs Medical Center
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Table 1.
Antibacterial Resistance Leadership Group (ARLG) Klebsiella pneumoniae isolates 
showing correlation between core genome multilocus sequence type (cgMLST) and 
pulsed-field gel electrophoresis type (17).

The multilocus sequence type (MLST) shown was based on whole genome sequence assemblies configured 

from SeqSphere+ independently of cgMLST prediction. A minimum spanning tree illustrating the cgMLST 

data is shown in Figure 1.

ARLG 
Isolate 

Number

Isolate 
Designation

Isolate 
Source

blaKPC 
type

PFGE 
Group

cgMLST Group (Number of allelic 
differences used to assess 

relatedness shown)
cgMLST 

Type MLST Type

0 ≤6 ≤15 ≤50

From reference (17) This study

ARLG-1168 VA-397 MSMCNY 3 A1 None D 2 A 1089 ST258

ARLG-1736 VA-402 MSMCNY 3 A1 None D 2 A 1089 ST258

ARLG-1742 VA-410 MSMCNY 3 A1 None None 2 A 1089 ST258

ARLG-1741 VA-409 MSMCNY 3 A2 None None 2 A 1089 ST258

ARLG-1746 VA-416 MSMCNY 3 A3 None None None A 1145 ST258

ARLG-1728 VA-392 MSMCNY 3 A4 None None None A 1107 ST258

ARLG-1729 VA-394 MSMCNY 3 A4 None E 2 A 1089 ST258

ARLG-1735 VA-401 MSMCNY 3 A4 None None None A 1110 ST512

ARLG-1737 VA-403 MSMCNY 3 A4 None E 2 A 1089 ST258

ARLG-1745 VA-414 MSMCNY 3 A4 None None None A 305 ST258

ARLG-1731 VA-396 MSMCNY 2 A5 None None None A 1109 ST258

ARLG-1730 VA-395 MSMCNY 2 A7 None None None A 1108 ST258

ARLG-1738 VA-404 MSMCNY 2 A8 None None 1 A 1057 Indeterminate

ARLG-1170 VA-400 MSMCNY 2 A9 B B 1 A 335 ST258

ARLG-1725 VA-389 MSMCNY 2 A9 B B 1 A 335 ST258

ARLG-1739 VA-406 MSMCNY 2 A9 B B 1 A 335 ST258

ARLG-1740 VA-408 MSMCNY 2 A9 None B 1 A 1144 ST258

ARLG-1727 VA-391 MSMCNY 3 A11 None B 1 A 335 ST258

ARLG-1726 VA-390 MSMCNY 2 A12 None C 3 A 1106 ST258

ARLG-1744 VA-413 MSMCNY 2 A13 None C 3 A 1106 ST258

ARLG-1169 VA-398 MSMCNY 3 C2 None None None None 1090 ST278

ARLG-1724 VA-388 MSMCNY 3 G None None None None 1103 ST1697

ARLG-1743 VA-412 MSMCNY 2 G None None 1 A 1057 ST258

ARLG-1171 VA-417 MSMCNY 3 H None None None None 1099 ST34

ARLG-1167 VA-384 CC 2 A13 None A 1 A 51 ST258

ARLG-1710 VA-360 CC 2 A13 None A 1 A 51 ST258

ARLG-1711 VA-361 CC 2 A13 None A 1 A 51 ST258

ARLG-1718 VA-376 CC 2 A13 None A 1 A 51 ST258

ARLG-1719 VA-378 CC 2 A13 A A 1 A 51 ST258
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ARLG 
Isolate 

Number

Isolate 
Designation

Isolate 
Source

blaKPC 
type

PFGE 
Group

cgMLST Group (Number of allelic 
differences used to assess 

relatedness shown)
cgMLST 

Type MLST Type

0 ≤6 ≤15 ≤50

From reference (17) This study

ARLG-1720 VA-380 CC 2 A13 None A 1 A 51 ST258

ARLG-1721 VA-383 CC 2 A13 A A 1 A 51 ST258

ARLG-1709 VA-357 CC 2 B2 None None 4 A 204 ST258

ARLG-1712 VA-362 CC 2 D None None None None 1101 ST234

ARLG-1723 VA-387 UHCMC 2 A13 None A 1 A 51 ST258

ARLG-1165 VA-375 UHCMC 3 F None None None None 1088 ST133

ARLG-1713 VA-364 UPMC 2 A6 None None None A 1102 ST258

ARLG-1708 VA-267 UPMC 3 B1 None None None A 1100 ST258

ARLG-1159 VA-184 UPMC 2 A10 None None None A 237 ST258

ARLG-1163 VA-367 LSVAMC 3 A5 None None 4 A 204 ST258

ARLG-1164 VA-373 LSVAMC 2 C1 None None None None 1087 ST268

MSMCNY, Mount Sinai Medical Center in New York City; UPMC, University of Pittsburgh Medical Center; UHCMC, University Hospitals Case 
Medical Center; CC, Cleveland Clinic; LSVAMC, Louis Stokes Veterans Affairs Medical Center
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Table 2.
Mayo Clinic Klebsiella pneumoniae isolates showing complete correlation between core 
genome multilocus sequence type (cgMLST) and pulsed-field gel electrophoresis type.

The multilocus sequence type (MLST) shown was based on whole genome sequence assemblies configured 

from SeqSphere+ independently of cgMLST prediction. A minimum spanning tree illustrating the cgMLST 

data is shown in the Supplemental Figure.

Isolate Number PFGE Group (indistinguishable)
cgMLST

MLST Type
Type Group (≤6 allelic differences)

BTP113 Unique 729 Unique ST14

BTP114 Unique 1288 Unique ST147

BTP115 Group 2 1289 Group 2 ST231

BTP116 Group 1 1290 Group 1 ST101

BTP117 Group 1 1290 Group 1 ST101

BTP118 Unique 1293 Unique ST307

BTP119 Group 1 1290 Group 1 ST101

BTP120 Unique 1294 Unique ST14

BTP121 Group 2 1289 Group 2 ST231

BTP122 Group 2 1289 Group 2 ST231
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Table 3:

Performance of genotypic resistance data for prediction of phenotypic antimicrobial resistance in Klebsiella 
pneumoniae.

Antibiotic Sensitivity (%) Specificity (%) % agreement (CI) PPV (100%) NPV (100%)

Ampicillin 100 N/A 100 (91.2– 100) 100 N/A

Ceftriaxone 100 N/A 100 (91.2– 100) 100 N/A

Ceftazidime 100 N/A 100 (91.2–100) 100 N/A

TMP/SMX 91.9 33.3 87.5 (73.2–95.8) 94.4 25

Ciprofloxacin 97.3 66.6 95 (83.1–99.4) 97.3 66.67

Gentamicin 24.1 100 45 (29.2–61.5) 100 33.3

Meropenem 100 N/A 100 (91.2–100) 100 N/A

Levofloxacin 100 100 100 (91.19–100) 100 100

Cefepime 100 N/A 97.5 (86.8–99.9) 97.5 N/A

Tobramycin 100 100 100 (91.2– 100) 100 100

Ertapenem 100 N/A 100 (91.2– 100) 100 N/A

Cefazolin 100 N/A 100 (91.2– 100) 100 N/A

Aztreonam 100 N/A 100 (91.2– 100) 100 N/A

Total 94.7 88 94.4 (92.0–96.2) 99.4 45.8

PPV, positive predictive value; NPV, negative predictive value; CI, confidence intervals; N/A, not available
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Table 4:
Phenotypic antimicrobial susceptibility (AST) of Klebsiella pneumoniae isolates.

Gray blocks represent interpretative disagreement between phenotypic AST and genotypic susceptibility/non-

susceptibility prediction whereas white blocks represent interpretative agreement.

ARLG 
Isolate 

Number

β-
lactamase 
resistance 

genes

AMP, 
CFZ, 
CAZ, 
CRO, 
MEM, 
ETP, 
ATM

FEP Fluoroquinolone 
efflux pump 

genes, resistance 
genes and 
mutations

CIP LVX Aminoglycoside 
resistance 

genes

GEN TOB Trimethoprim 
resistance 

genes

Sulfonamide 
resistance 

genes

SXT

ARLG-1168

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-1A

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aph(3′)-
Ia, aac(6′)-Ib, 

strA, strB

R R dfrA12, 
dfrA14

sul1, sul2 R

ARLG-1736

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-1

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aph(3′)-
Ia, aac(6′)-Ib, 

strA, strB

R R dfrA12, 
dfrA14

sul1, sul2 R

ARLG-1742

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-1

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8, 
aph(3′)-Ia, strA, 

strB

I R dfrA12, 
dfrA14

sul1, sul2 R

ARLG-1159
blaKPC-2 

blaSHV-11

R R oqxA, aadA, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib, aph(3′)-Ia

S R dfrA12 sul1, sul3 R

ARLG-1727

blaKPC3, 
blaOXA-9, 
blaSHV-1, 

blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib, aph(3′)-Ia, 

strA, strB

R R dfrA12, 
dfrA14

sul1, sul2 R

ARLG-1726

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib

S R dfrA12 sul1 R

ARLG-1167

blaKPC-2, 
blaOXA-9, 
blaSHV-1, 

blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R

ARLG-1710

blaKPC-2, 
blaOXA-9, 
blaSHV167 

blaTEM-1

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R

ARLG-1711

blaKPC-2, 
blaOXA-9, 

blaSHV-167, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R

ARLG-1718

blaKPC-2, 
blaOXA-9, 

blaSHV-167, 
blaTEM-192,

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R

ARLG-1719

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R
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ARLG 
Isolate 

Number

β-
lactamase 
resistance 

genes

AMP, 
CFZ, 
CAZ, 
CRO, 
MEM, 
ETP, 
ATM

FEP Fluoroquinolone 
efflux pump 

genes, resistance 
genes and 
mutations

CIP LVX Aminoglycoside 
resistance 

genes

GEN TOB Trimethoprim 
resistance 

genes

Sulfonamide 
resistance 

genes

SXT

ARLG-1720

blaKP-2, 
blaOXA-9, 

blaSHV-167, 
blaTEM-192,

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 R R dfrA12 sul1 R

ARLG-1721

blaKPC-2, 
blaOXA-9, 
blaSHV-12, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aacA4-8, aadA2 R R dfrA12 sul1 R

ARLG-1723

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aacA4-8 I R dfrA12 sul1 R

ARLG-1744

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib

S R dfrA12 sul1 R

ARLG-1741

blaKPC-3, 
blaSHV-11, 
blaOXA-9, 
blaTEM-1A

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadAl, aacA4-8, 
strA, strB,

I R dfrA14 sul2 R

ARLG-1746

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA1, aac(6′)-
Ib, aph(3′)-Ia, 

strA, strB

R R dfrA14 sul2 R

ARLG-1728

blaKPC-3, 
blaSHV-11, 
blaTEM-1A

R R oqxA, oqxB, 
gyrA S83I, 
parCS80I

R R aadA1, aadA2, 
aph(4)-Ia, 
aph(3′)-Ia, 
aac(3)-IVa

R R dfrA12 sul1, sul3 R

ARLG-1729

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-1A

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA1, aacA4-8, 
strB, strA

I R dfrA14 sul2 R

ARLG-1735
blaKPC-3, 
blaOXA-9, 
blaSHV-11

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aph(3′)-Ia, 
aac(6′)-Ib, 

aadA2

S R dfrA12 sul1 R

ARLG-1737

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-1A

R R oqxA, oqxB, 
gyrAS83I, parC 

S80I

R R aacA4-8, aadA1, 
strA, strB,

I R dfrA14 sul2 R

ARLG-1745

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib, aph(3′)-Ia,

S R dfrA12 sul1 R

ARLG-1163

blaKPC-3, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
qnrB19, gyrA 

S83I, parC S80I

R R aac(6′)-Ib, 
aph(3′)-Ia

S R dfrA12 sul1 R

ARLG-1731
blaKPC-2, 
blaOXA-9, 

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aph(4)-
Ia, aac(6′)-Ib, 

aac(3)-IVa

R R - sul1, sul3 S
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ARLG 
Isolate 

Number

β-
lactamase 
resistance 

genes

AMP, 
CFZ, 
CAZ, 
CRO, 
MEM, 
ETP, 
ATM

FEP Fluoroquinolone 
efflux pump 

genes, resistance 
genes and 
mutations

CIP LVX Aminoglycoside 
resistance 

genes

GEN TOB Trimethoprim 
resistance 

genes

Sulfonamide 
resistance 

genes

SXT

blaSHV-11, 
blaTEM-192

ARLG-1713

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aph(3′)-
Ia, aacA4-8

R R dfrA12 sul1 R

ARLG-1730

blaKPC-2, 
blaOXA-9, 
blaCARB-2, 
blaSHV-12,

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aacA4, aadA2, 
aadB, aph(3′)-Ia

R R dfrA12 sul1, sul2 R

ARLG-1738

blaKPC-2, 
blaSHV-11, 
blaOXA-9, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aph(3′)-
Ia, aac(6′)-Ib

R R dfrA12 sul1, sul3 R

ARLG-1170

blaKPC-2, 
blaOXA-9, 
blaSHV-11, 

blaTEM-192,

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA2, aac(6′)-
Ib, aph(3′)-Ia

S R dfrA12 sul1 R

ARLG-1725

blaKPC-2, 
blaOXA-9, 
blaSHV-12, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, 
parCS80I

R R aadA2, aph(4)-
Ia, aac(6′)-Ib, 

aph(3′)-Ia, 
aac(3)-IVa

I R dfrA12 sul1, sul3 R

ARLG-1739

blaKPC-2, 
blaOXA-9, 

blaSHV-167, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, 
parCS80I

R R aadA2, aph(4)-
Ia, aac(6′)-Ib, 

aph(3′)-Ia, 
aac(3)-IVa

I R dfrA12 sul1, sul3 R

ARLG-1740

blaKPC-2, 
blaOXA-9, 

blaSHV-167, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, 
parCS80I

R R aadA2, aph(4)-
Ia, aac(6′)-Ib, 

aph(3′)-Ia, 
aac(3)-IVa,

I R dfrA12 sul1, sul3 R

ARLG-1708

blaKPC-3, 
blaOXA-9, 
blaSHV-12, 
blaTEM-1A

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aadA1, aac(6′)-
Ib, strA, strB

R R dfrA14 sul2 R

ARLG-1709
blaKPC-2, 

blaSHV-167, 
blaTEM-118

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aac(6′)-33 
aac(6′)-Ib

I R - sul1, sul2 R

ARLG-1164
blaKPC-2, 

blaSHV-167,
R R oqxA, oqxB, 

gyrA S83F
R R aadA6, aadB S S dfrA14 - S

ARLG-1169
blaKPC-3, 
blaSHV-5, 

blaTEM-1A,

R SDD oqxA, oqxB S S aadA1 S S dfrA1 sul1 R

ARLG-1712

blaKPC-2, 
blaOXA-9, 
blaSHV-1, 

blaTEM-1A,

R R oqxA, oqxB, 
gyrA S83F

R R aadA1, aadB, 
aacA4-8

R R dfrA18 sul1 R

ARLG-1165
blaKPC-3, 
blaOXA-2, 
blaOXA-9, 

R R oqxA, oqxB, 
qnrA1

S S aadA1, aadA2, 
aacA4-8, aadB, 

strA, strB

S R dfrA14, 
dfrA18

sul1, sul2 R
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ARLG 
Isolate 

Number

β-
lactamase 
resistance 

genes

AMP, 
CFZ, 
CAZ, 
CRO, 
MEM, 
ETP, 
ATM

FEP Fluoroquinolone 
efflux pump 

genes, resistance 
genes and 
mutations

CIP LVX Aminoglycoside 
resistance 

genes

GEN TOB Trimethoprim 
resistance 

genes

Sulfonamide 
resistance 

genes

SXT

blaSHV-75, 
blaTEM-1A, 
blaCARB-2, 
blaFOX-5

ARLG-1724

blaKPC-3, 
blaOXA-9, 

blaTEM-1A, 
blaOKP-B

R R oqxA, oqxB, R S aadA1, aac(6′)-
Ib, strA, strB

S R dfrA14 sul2 R

ARLG-1743

blaKPC-2, 
blaOXA-9, 
blaSHV-12, 
blaTEM-192

R R oqxA, oqxB, 
gyrA S83I, parC 

S80I

R R aph(4)-Ia, 
aph(3′)-Ia, 
aac(6′)-Ib, 
aac(3)-IVa

R R - sul1, sul3 S

ARLG-1171

blaKPC-3, 
blaOXA-9, 
blaSHV-26, 
blaTEM-1A

R R oqxA, oqxB, S S aadA1, aacA4-8, 
strB, strA

I R dfrA14 sul2 R

AMP, Ampicillin; CFZ, Cefazolin; CAZ, Ceftazidime; CRO, Ceftriaxone; FEP, Cefepime; MEM, Meropenem; ETP, Ertapenem; ATM, Aztreonam; 
CIP, Ciprofloxacin; LVX, Levofloxacin; SXT, Trimethoprim-sulfamethoxazole; GEN, Gentamicin; TOB, Tobramycin
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