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ABSTRACT

Ceftolozane-tazobactam (C/T) is frequently used for infections caused by multidrug-resistant (MDR)-
Enterobacterales isolates. Whole-genome sequencing (WGS, Illumina-Hiseq 4000/NovaSeq 6000, OGC, UK)
was used to study the population structure, the resistome and the virulome of C/T-susceptible and -
resistant MDR Escherichia spp. (n=30) and Klebsiella spp. (n=78) isolates, recovered from lower respira-
tory, intra-abdominal and urinary tract infections of ICU patients from 11 Portuguese Hospitals (STEP
study, 2017-2018). Minimum inhibitory concentrations (MICs) were determined (ISO-broth microdilu-
tion, breakpoints EUCAST-2020). In Escherichia spp., a weak concordance between the phenotypic and
the WGS method (P=0.051) was observed in the carbapenemase detection (3/30) [blay.2 (2/3), blagpc.3
(1/3)]; VIM-2-Escherichia coli isolates were C/T-susceptible and only the KPC-3-Escherichia marmotae pro-
ducer showed C/T-resistance. Overall, CTX-M-15-E. coli-ST131-025:H4-H30-Rx (11/30) was the most fre-
quent subclone, followed by CTX-M-27-E. coli-ST131-025:H4-H30 (4/4). Moreover, a wide resistome and
virulome were detected in all E. coli isolates. Among Klebsiella spp. isolates [K. pneumoniae (67/78), K.
aerogenes (7/78), K. oxytoca (2/78), K. variicola (2/78)], concordance (P<0.001) was observed between the
phenotypic and the genomic carbapenemase detection (21/78) [blagpc.s (14/21), blaoxa-ag (3/21), blaoxa-1s1
(3/21)]. A high correlation between C/T-resistance and carbapenemase detection was established (P<0.05).
Overall, a high clonal diversity was observed, mainly in KPC-3-producing K. pneumoniae isolates. An ex-
tensive resistome was detected in Klebsiella spp. isolates, whereas virulence determinants were mostly
identified in carbapenemase producers (P<0.001). WGS is a powerful tool for typing characterization and
microbiological study of MDR-Enterobacterales pathogens. Furthermore, carbapenemase genes are associ-
ated with C/T-resistance in Klebsiella spp., but other mechanisms might also be involved.

© 2020 Elsevier Ltd and International Society of Antimicrobial Chemotherapy. All rights reserved.
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1. INTRODUCTION

Whole-genome sequencing (WGS) represents a promising ap-
proach for the characterization of nosocomial pathogens and its
implementation in clinical laboratories for antimicrobial resistance
surveillance is challenging for Public Health. The utility of genomic
tools application in typing characterization, phylogenetic analysis
and the determination of resistome/virulome in clinical isolates
has been widely reported [1-3]. WGS has also been proposed
as a powerful tool in nosocomial outbreak management, mainly
in hospital departments with an increased risk of infection with
multidrug-resistant (MDR) pathogens, such as the Intensive Care
Units (ICU) [4,5]. Moreover, several studies have been performed
to demonstrate the inference or prediction of antibiotic suscepti-
bility profiles from the genomic data obtained using sequencing
technologies and bioinformatics analysis tools [6,7].

In Portugal, as in other European countries, Klebsiella pneumo-
niae and Escherichia coli are the most common extended-spectrum
B-lactamase (ESBL)-producing Enterobacterales species detected in
both hospital and community settings [8-10]. Carbapenemase epi-
demiology in Portugal has been commonly related to the intesti-
nal carriage of Gram-negative bacteria (GNB)-producing class B
metallo-S-lactamases (MBLs), such as VIM, NDM and IMP en-
zymes [11]. Nevertheless, a recent increase of carbapenemase-
producing Enterobacterales (CPE) isolates causing infections has
been reported in Portuguese Hospitals due to KPC-3 (class A
carbapenemase)-producing K. pneumoniae isolates [12,13].

Effort has recently been focused on the development of new
B-lactam-B-lactamase inhibitor combinations, such as ceftolozane-
tazobactam (C/T), to combat more effectively infections caused
by MDR organisms. C/T shows a high antimicrobial spectrum of
activity against MDR-GNB, mostly Pseudomonas aeruginosa and
ESBL-producing Enterobacterales isolates, but has limited activity
against microorganisms producing carbapenemases and a minority
of AmpC B-lactamases [14]. Furthermore, resistance to C/T has al-
ready been described in ESBL-producing K. pneumoniae and E. coli
isolates [15-17].

During the STEP study [18], P. aeruginosa and Enterobacterales
clinical isolates were recovered from ICU patients admitted to 11
Portuguese hospitals in 2017 and 2018. During this study, sus-
ceptibility of C/T against Enterobacterales isolates was 84.0%. The
present work comprised the study of the resistance mechanisms
involved in C/T susceptibility, the population structure, the resis-
tome and the virulome of a subset of MDR-Enterobacterales (E.
coli and Klebsiella spp.) isolates from the STEP collection, with
both C/T-susceptible and -resistant phenotypes, using the WGS ap-
proach.

2. MATERIAL AND METHODS
2.1. Background and selection of isolates

A total of 426 Enterobacterales (175 E. coli, 151 Klebsiella spp.
and 100 other Enterobacterales) clinical isolates were collected
from patients admitted to ICUs of 11 Portuguese Hospitals between
June 2017 and July 2018 as part of the prospective multicenter
STEP study [18]. Isolates were recovered from urinary tract (UTI),
intra-abdominal (IAI) and lower respiratory tract (LRTI) infections
to study the in vitro activity of C/T and comparators. The Ramén
y Cajal University Hospital (Madrid, Spain) was the central labo-
ratory for the microbiological study and subsequent genome anal-
ysis. This surveillance study was approved by the ethics commit-
tees of all participating Portuguese Hospitals. Extended-spectrum
B-lactamases (ESBL) phenotype was detected in 16.6% and 28.5%
of E. coli and Klebsiella spp., respectively, whereas 1.7% (E. coli) and
17.9% (Klebsiella spp.) presented a phenotype compatible with car-
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bapenemase production. E. coli showed a high susceptibility level
to C/T (98.9%), but activity was moderate in Klebsiella spp. (66.2%)
[18].

A total of 110 Enterobacterales isolates (31 E. coli and
79 Klebsiella spp.) were selected for genome characteriza-
tion using whole-genome sequencing (WGS). Selection was
based on ceftolozane-tazobactam in vitro activity, ESBL and
carbapenemase phenotypes, following the EUCAST-2020 crite-
ria (http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/
Breakpoint_tables/v_10.0_Breakpoint_Tables.pdf). Phenotype distri-
bution of selected isolates is shown in Table 1.

2.2. DNA extraction and whole-genome sequencing

Total DNA extraction was performed from 2 mL of exponential
growth LB cultures using the Chemagic DNA Bacterial External Ly-
sis Kit (PerkinElmer, Waltham, MA, USA) and following the manu-
facturer’s instructions. Short-read sequencing was carried out using
the Illumina Hiseq4000 or the Illumina NovaSeq 6000 platforms
(OGC, Oxford, UK), with 2 x 150 pb paired-end reads.

2.3. Sequence processing and analysis

FastQC v.0.11.8 (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and Prinseq-lite-0.20.3 (http://prinseq.sourceforge.
net/) tools were used for quality control and filtering of sequences,
respectively. Preprocessing short-reads de novo assembling and
assembly evaluation were performed using SPAdes v3.11.1 and
QUAST v5.0.2 (http://quast.bioinf.sbau.ru/), respectively [19]. Bac-
terial identification was confirmed by k-mer-based classification
using Kraken v1.0 [20]. De novo-assembled contigs were annotated
by Prokka v.1.13.3 [21].

2.4. Typing characterization

MASH (v2.1) and iTOL application (Interactive Tree Of Life,
https://itol.embl.de/) were used to generate and trace a similar-
ity tree based on neighbor-joining algorithm [22]. MLST v2.16.1
(https://github.com/tseemann/mlst) was used for in silico MLST as-
signment. E. coli phylogroups, serotypes and fimH types were de-
termined using ClermonTyping [23], SerotypeFinder and FimTyper
(https://cge.cbs.dtu.dk/services/) tools, respectively. E. coli-ST131-
H30Rx sublineage was identified based on a specific SNV, the
G723A point mutation in ybbW, using Blastn (http://blast.ncbi.nlm.
nih.gov/Blast.cgi). The C1-M27 clade-specific region (prophage-like
region M27PP2+M27PP1) was also detected using Blastn and a ref-
erence sequence (GenBank accession number LC209430.1) [24]. In
Klebsiella spp. isolates, wzi gene, capsule (K) and LPS (O) serotype
prediction was performed using Kleborate software v.0.4.0-beta
[25,26].

2.5. Resistome and virulome analysis

Acquired resistance mechanisms and virulence genes were
identified using Abricate v0.8.11 and ResFinder, ARG-ANNOT and
VFDB databases (threshold, 95% identity; 90% coverage). ARIBA
tool was also used to confirm the presence/absence of car-
bapenem resistance genes [27]. Chromosomal point mutations re-
lated to antibiotic resistance in E. coli isolates were identified using
PointFinder software (https://cge.cbs.dtu.dk/services/). K. pneumo-
niae integrative conjugative element (ICEKp)-associated virulence
loci [yersiniabactin (ybt), colibactin (clb)] and virulence plasmid-
associated loci [salmochelin (iro), aerobactin (iuc), hypermucoidy
(rmpA, rmpA2)] were also detected using Kleborate [28,29].
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Table 1
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Selection of Enterobacterales isolates for whole-genome sequencing during the STEP study [18]. Phenotypes were de-
fined according to the minimum inhibitory concentration (MIC) values obtained by standard broth microdilution.

Bacterial spp. C/T phenotype' ESBL phenotype? CP phenotype? Non-ESBL-non-CP phenotype  Total

E. coli C/T susceptible 28 2 - 30
C/T resistant - 1 - 1
Total 28 3 - 31

Klebsiella spp.  C|T susceptible 23 9 7 39
C/T resistant 17 22 1 40
Total 40 31 8 79

C/T= ceftolozane-tazobactam; CP= carbapenemase; ESBL= extended-spectrum SB-lactamase

1 CJT resistance phenotype (MICs >2 mg/L).

2 ESBL phenotype (MICs >2 mg/L for cefotaxime, ceftazidime and/or cefepime).
3 CP phenotype (MICs >1 mg/L for imipenem and/or >0.12 mg/L for meropenem).

2.6. Statistical analysis

Concordance between in vitro antibiotic activity results and
genotype data based on genome sequence analysis was evaluated
using the Kappa Index (weak agreement <0.40, moderate 0.41-
0.60, accurate 0.61-0.80, very accurate >0.81). Fisher’s Exact test
was used to estimate differences in frequencies and percentages of
dichotomous variables and to calculate their odds ratio (OR) with
the 95% confidence interval (95%CI). All statistical analysis was per-
formed using R software (RStudio Team 2016 version 1.0.44, RStu-
dio, Boston, MA, USA). A P-value <0.05 was considered as statisti-
cally significant.

2.7. Sequence data

All complete Escherichia spp. and Klebsiella spp. sequences were
deposited at DDBJ/ENA/GenBank under the BioProject accession
number PRJNA602991. Genome accession numbers are shown in
Table S1.

3. RESULTS
3.1. Genome characteristics

Assembly of sequenced isolates revealed an average genome
size of approximately 5.2 Mb for Escherichia spp. and 5.5 Mb for
Klebsiella spp. isolates, with an average G+C content of 50.6% and
56.9%, respectively. Information about all Escherichia spp. and Kleb-
siella spp. genome characteristics is summarized in Table S2 and

Table S3, respectively. Two contaminated sequences were identi-
fied (1 E. coli and 1 Klebsiella spp.) and were excluded from the
subsequent analysis.

3.2. Molecular epidemiology

E. coli bacterial identification was confirmed in 29 isolates
(96.7%, 29/30); the remaining Escherichia isolate (Isolate 6-77) was
identified as Escherichia marmotae with 99.8% identity (Figure 1).
According to in silico MLST, ST131 was the most prevalent clone
among E. coli isolates, accounting for 17 (58.6%) of the 29 studied
isolates (Figure 1). A total of 94% (16/17) of the ST131-E. coli iso-
lates carried the fimH30 allele, belonged to the serotype 025:H4
and were assigned to phylogroup B2 (ST131-B2-025:H4-H30 lin-
eage). Among these isolates, ST131-H30Rx was the predominant
subclone (12/16). Moreover, the complete C1-M27 clade-specific
region (prophage-like region M27PP2+M27PP1) was identified in
three ST131-H30-non-Rx isolates and a truncated M27PP1 region
was detected in another (Isolate 8-43). A higher diversity of MLST-
clones, serotypes, phylogroups and fimH alleles were identified in
the remaining E. coli isolates of this study (Figure 1).

Among the Klebsiella spp. isolates, K. pneumoniae was the most
common species (n=67) followed by K. aerogenes (n=7), K. oxy-
toca (n=2) and K. variicola (n=2). Overall, a higher clonality than
in E. coli isolates was observed and ST307 (n=7), ST13 (n=6), ST15
(n=6), ST405 (n=5), ST17 (n=4), ST45 (n=4) and ST280 (n=4) were
the predominant K. pneumoniae clones (Figure 2). Association was

lsolates  Hospital Source BacteriallD ST  Phylogroup Serotype  FimH BYrA parC park CPgene ESBLgene C/T(MIC) IMP(MIC) MER(MIC) ERT (MIC) Resistance Profile (R}
677 6 UTI  E.marmoate STS463  CladeV  0164:HS6  H160 - 7T 1355T  KPC3 - R(16/4)  R(16)  R(16)  R(>16) AMC, PTZ, TAZ, FOT, FEP, AZT, GEN, FOS
495 4 Ut Ecoli sT3g o ol02H6  HS se3L - CeMa4 s(1/a)  s(5)  S(025)  $(<0.25) AMC, FOT, FEP, AZT, GEN, TOB, FOS.
75 7 Ut Ecoli sT69 o O15H18 W27 - S(1/4)  R(16)  R(>16)  R(>16)  AMC, PTZ, TAZ FOT, FEP, AZT, GEN, TOB, AMK, FOS
496 4 Ut Ecoli sT10 A 032H9  Hsa  SB3LDEIN S80I La16F CICM-32 S(1/4)  S(05)  S(<025)  S(<0.25) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, FOS,
147 1 a Ecoli  ST847 Bl 0108H2  H32 - - - CTXM14  S(05/4)  S(05)  S(€025)  S(<0.25) AMC, TAZ, FOT, FEP, FOS
1032 10 Ul Ecoli sT88 < H12 Ha3 - - - - S(1/4)  S(05)  5(<025)  5(<0.25) AMC, FOT, FEP, AZT, CIP, FOS.
31 3 Al E.coli sT88. c ©022H4  H39  SEILDEIN S80I saseA VM2 S(1/4)  5(<0.25) 5(<025)  5(<0.25) AMC, PTZ, FOT, FEP, CIP, FOS
— 972 ] Ul Ecoli  ST1193 82 O75H5  H1S50 S83L DTN S80I La16F - - 5(0.25/4) s 5(0.25)  5(s0.25) AMC, CIP, GEN, TOB, FOS
626 6 an Ecoli  ST681 82 08HIO  H30 - - - CTXCM-15  S(1/4)  S5(s0.25) S(<0.25)  5(<0.25) AMC, TAZ, FOT, FEP, CIP, GEN, TOB, FOS
983 ? w E.coli 5173 82 06:H1 H10 neM-1 5(0.5/4) s 5(0.25)  5(s0.25) AMC, PTZ, FOS.
74 7 Ut Ecoli STI27 82 06:H31 H2 - S(1/4)  S(05)  S(<025)  5(<0.25) AMC, TAZ, FOT, FEP, CIP, GEN, TOB, FOS
1034 10 Ut Ecoli sT12 82 oa:Hs He S(0.5/4)  s(05)  S(s0.25)  $(s0.25) AMC, FOS.
64 6 T Ecoli sT95 B2 o1H7 Ha1 s(1/2) s s [t AMC, PTZ, TAZ, FOT, FEP, AZT, FOS
416 4 RN Ecoli  STI31 B2 O62Ha W22 - - - - S(1/4)  S(05)  S(<025) $(<0.25) AMC, TAZ, FOT, FEP, AZT, CIP, FOS
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735 7 1Al Ecoli  sT131 B2 O25biH4  H30*  S83L, DB7N S80I EBAV 15291 CDCM-27  S(1/4)  S(05)  S(s0.25)  $(<0.25) AMC, TAZ, FOT, FEP, CIP
821 8 Ul Ecoli  STI31 B2 O25bH4  H30*  S83L, DE7N S80I, E84V 15291 CICM27  S(1/4)  S(05)  S(s0.25)  5(<0.25) TAZ, FOT, FEP, AZT, CIP
912 9 T Ecoli  STI31 B2  O25b:H4  H30Rx  S83L, DE7N S80I EBAV 15291 - S(05/4)  S(05)  S(s0.25)  5(s0.25) AMC, PTZ, TAZ, FOT, FEP, CIP, FOS.
355 3 Al Ecoli  ST131 B2 O25b:H4  H30RX  S83L, DE7N S80I, EBAV 15291 - CxMas s(025/4)  S(05)  S(<025)  s(05) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, TOB, AMK, FOS.
830 8 Ul Ecoli sTI31 B2 O25b:H4  H30Rx SB3L, DE7N SBOLEBAV 1529  VIM2  CIXMS  S(05/4)  S(05)  S(€0.25) S(<0.25) AMC, PTZ, TAZ, FOT, FEP, CIP, TOB, AMK, FOS.
720 7 W Ecoli  STI31 B2  O25b:H4  H30Rx  S83L DB7N SBOLEBAV 15291 - CXMA5S S(05/4)  S(05)  S(s025)  S(s0.25) AMC, TAZ, FOT, FEP, AZT, CIP, GEN, TOB, FOS
9-34 ] Ul Ecoli  STI31 B2  O25b:H4  H30Rx  S83L, DB7N S80I, E84V 15291 CTXM-15 S(0.25/4)  S(1)  S(<025)  S(<0.25) AMC, TAZ, FOT, FEP, AZT, CIP, FOS
6100 6 UTl Ecoll  STI31 B2 O25biH4  H30Rx  S83L, DB7N S80I, EB4V 15291 CIXCM-15  S(1/4)  S(05)  5(<025)  5(<0.25) AMC, PTZ, TAZ, FOT, FEP, CIP, GEN, TOB, AMK
6101 6 1Al Ecoli  ST131 B2  025bH4  H30Rx S83L DB7N S80I, E4V 15291 CICM-1S  S(1/4)  S(05)  5(<025)  5(<0.25) AMC, PTZ, TAZ, FOT, AZT, CIP, GEN, TOB, FOS
442 4 Ul Ecoli  STI3L B2  O25b:H4  H30Rx  S83L DE7N S80I, EBAV 15291 M-S 5(1/4) S(1)  S(0.25)  5(s0.25) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, GEN, TOB
459 4 UTl Ecoli  STI31 B2  025b:H4  H30Rx  S83L, DB7N SBOLEBAV 15291 M-S 5(2/4) S()  S(s0.25)  §(s0.25) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, GEN, TOB
477 4 UTl Ecoli  STI31 B2 O25b:H4  H30Rx S83L, DB7N SBOL EBAV 15291 CDCM-15  S(1/4)  S(05)  S(<025)  5(<0.25) AMC, TAZ, FOT, FEP, AZT, CIP, GEN, TOB, FOS
{ 4-54 a Ul Ecoli  STI31 B2 O25bH4  H30Rx S83L, DE7N S80I, E84V 15291 CTXCMS  S(1/4)  S(05)  S(€025)  S(€0.25)  AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, TOB, AMK, FOS
4-55 a Ul Ecoll  sTI31 B2 O25b:H4  H30Rx S83L, DE7N S80I EBAV 15291 CICMS  S(1/4)  S(05)  S(<025)  5(<0.25) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, TOB, FOS

Figure 1. Similarity tree showing the relationship among the Escherichia spp. isolates from the STEP study and the genomics data. Antimicrobial susceptibility results are
also included [18]. Branch length is indicative of the MASH-distance. Ceftolozane-tazobactam-resistant E. marmotae isolate is framed in the green box. Blue box includes
all ST131-E. coli isolates. Purple box includes the sublineage ST131-E. coli-H30-non-Rx. *CTX-M-27-producing ST131-E. coli-H30 isolates that belongs to the C1-M27 clade.
ST=Sequence type; UTI= Urinary tract infection; IAl= intra-abdominal infection; LRTI= lower respiratory tract infection; CP= carbapenemase; ESBL= extended-spectrum
B-lactamase; MIC= minimum inhibitory concentration; C/T= ceftolozane-tazobactam; IMP= imipenem; ERT= ertapenem; MER= meropenem; AMC= amoxicillin-clavulanic
acid; PTZ= piperacillin-tazobactam; TAZ= ceftazidime; FOT= cefotaxime; FEP= cefepime; AZT= aztreonam; CIP= ciprofloxacin; GEN= gentamicin; TOB= tobramycin; AMK=

amikacin; FOS= fosfomycin.
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om xm1s s(/a) s(1) s(s025)  S(£0.25) A, PTZ, TAZ, FOS
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om cxm1s s/a) s) si025)  s(0S) AMC, PTZ, TAZ, FOT, FEP, AZT, CIP, GEN, TOB, FOS, TIG
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Figure 2. Similarity tree showing the relationship among the Klebsiella spp. isolates from the STEP study and the genomics data. Antimicrobial susceptibility results are also
included [18]. Branch length is indicative of the MASH-distance. Colored box indicates the Klebsiella species different to K. pneumoniae: blue (K. oxytoca), orange (K. aerogenes)
and pink (K. variicola). ST= Sequence type; UTI= Urinary tract infection; IAl= intra-abdominal infection; LRTI= lower respiratory tract infection; CP= carbapenemase; ESBL=
extended-spectrum S-lactamase; MIC= minimum inhibitory concentration; C/T= ceftolozane-tazobactam; IMP= imipenem; ERT= ertapenem; MER= meropenem; AMC=
amoxicillin-clavulanic acid; PTZ= piperacillin-tazobactam; TAZ= ceftazidime; FOT= cefotaxime; FEP= cefepime; AZT= aztreonam; CIP= ciprofloxacin; GEN= gentamicin;
TOB= tobramycin; AMK= amikacin; COL= colistin; FOS= fosfomycin; TIG= tigecycline.

observed between the assigned ST and the wzi gene/serotype K
(Antigen K)/serotype O (Antigen O) (Figure 2).

3.3. Genomic antibiotic resistance characterization

Overall, a high content of antibiotic resistance genes was
found among the studied Escherichia spp. collection (Figure S1).
Carbapenemase genes detection was demonstrated in three Es-
cherichia spp. isolates (10%, 3/30) [blakpc.3-E. marmotae (n=1) and
blayp-o-E. coli (n=2)] and a weak concordance [Kappa Index (k)=
0.35; P=0.051] was observed in the carbapenemase detection be-
tween the phenotypic and WGS-based genotypic method. In this
collection, the two VIM-1 E. coli-producers were susceptible to
C/T (MIC¢/r= 0.5/4-1/4 mg/L) and only the KPC-3-producing E.
marmotae isolate (3.3%, 1/30) showed a C/T-resistant phenotype
(MIC¢/p= 16/4 mg/L). Correlation between the presence of car-
bapenemase genes and resistance to C/T could not be fully deter-
mined (OR= 0.0; 95%Cl= 0.0-4.3; P=0.1). All ST131-E. coli isolates
were susceptible to C/T (MICcr=0.25/4-2/4 mg/L) and were mostly
related to ESBL enzymes production (94.1%, 16/17). blactx.m-15
and blacrxv-27 genes were associated with ST131-H30Rx (11/12)
(OR=116.4; 95%CI=8.2-7760.4; P<0.001) and ST131-H30-C1-M27
(4/4) (OR=0.0; 95%CI=0.0-0.9; P<0.001) sublineages, respectively.
VIM-2 production was also detected in one ST131-H30-Rx-CTX-
M-15 isolate. Moreover, gyrA (S83L, D87N), parC (S80I, E84V) and
parE (I529L) fluoroquinolone resistance mutations in quinolone
resistance-determining region (QRDR) were only found in ST131-
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H30Rx and ST131-H30-C1-M27 isolates (OR=0.0; 95%Cl= 0.0-0.06;
P<0.001) (Figure 1).

An extensive resistome was also observed in the K. pneumoniae,
K. oxytoca and K. variicola isolates (Figure S2). Carbapenemase-
(26.9%, 21/78) and ESBL- (65.4%, 51/78) encoding genes were de-
tected, mainly in the K. pneumoniae species. Moreover, both car-
bapenemase and ESBL genes were identified in 14.1% (11/78) of
cases. Overall, the Kappa Index showed a very accurate agree-
ment (k=0.88; P<0.001) between in vitro carbapenems activity
and the WGS detection of carbapenemase-encoding genes. Based
on sequence data, blagpc.z (n=14) was the most common car-
bapenemase, followed by blagyxs.4gs (n=3) and blagxa.1g1 (n=3).
Moreover, co-production of two carbapenemases (KPC-3+VIM-
2) was also identified in one isolate. Most frequent associa-
tions between carbapenemase genes and K. pneumoniae clones
were: KPC-3-ST13 (n=5), KPC-3-ST15 (n=2), KPC-3-ST231 (n=2),
OXA-181-ST17 (n=2) and OXA-48-ST215 (n=2). The 90.5% of
the carbapenemase-Klebsiella spp. isolates (19/21) showed resis-
tance to C/T (MIC¢r=4/4->64/4 mg/L) and correlation between
C/T-resistant phenotype and carbapenemase gene detection was
demonstrated (OR=15.7; 95%CI=3.3-152.5; P<0.001). Note that all
KPC-3-Klebsiella spp. isolates were resistant to the C/T combination
(OR=0.0; 95%CI=0.0-0.2; P<0.001).

Among non-carbapenemase producers (73.1%, 57/78), blagsp
genes were identified in 70.2% (40/57) of cases and correlation
with resistance to ceftolozane-tazobactam (37.5%, 15/40) (MIC¢yr=
8/4->64/4 mg/L) was not established (OR=1.1; 95%CI=0.3-4.4;
P>0.05). Associations between particular blagsg; genes and K.
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Figure 3. Distribution of both E. coli and Klebsiella spp. isolates of the STEP study according to the different minimum inhibitory concentration (MIC) values of ceftolozane-
tazobactam (C/T) [18], the carbapenemase-encoding gene detected and the infection source (IAl, intra-abdominal infection; LRTI, lower respiratory tract infection; UTI, urinary
tract infection). Dotted line represents the ceftolozane-tazobactam EUCAST-2020 breakpoint (S<2 mg/L; R>2 mg/L). In Klebsiella spp., carbapenemase gene detection was
statistically correlated to a ceftolozane-tazobactam-resistant phenotype (P<0.001). NA= carbapenemase-encoding gene not detected.

pneumoniae clones were also detected: CTX-M-15+SHV-106-ST307
(n=5), CTX-M-15+SHV-106-ST15 (n=4), CTX-M-15+SHV-27-ST280
(n=4), CTX-M-15-ST405 (n=4), CTX-M-15-ST45 (n=3), SHV-187-
ST17 (n=2), CTX-M-15-ST3031 (n=2), CTX-M-15-ST348 (n=2) and
SHV-187-ST86 (n=2). Moreover, a total of 17 Klebsiella spp. isolates
showed a non-ESBL-non-carbapenemase genotype (21.8%, 17/78)
and six of them (35.3%, 6/17) were resistant to C/T (MIC¢/r= 4/4-
8/4 mg/L) (Figure 2). Distribution of both E. coli and Klebsiella spp.
isolates according to the C/T minimum inhibitory concentration
(MIC¢r) values, the carbapenemase-encoding gene detected and
the infection source (IAI, LRTI and UTI) is shown in Figure 3.

On the other hand, a phenotype compatible with colistin re-
sistance (MIC=4->4 mg/L) was also found in seven K. pneumo-
niae isolates (8.9%, 7/78), five of them with a carbapenemase
gene (Figure 2). However, mcr genes implicated in the colistin-
transferable resistance mechanism were not detected (Figure S2).

3.4. Virulence determinants characterization

Overall, the E. coli isolates (29/30) showed a high virulence
gene content (Figure S3). All C/T-susceptible E. coli isolates (96.7%,
29/30) presented a high number of virulence loci (n=11-26), and
these were longer in the ST131-E. coli isolates (n=16-22). In the E.
marmotae strain with a C/T-resistant phenotype (isolate 6-77), only
the iro virulence locus (iroB, iroC, iroD, iroE, iroN) was detected (Fig-
ure S3).

Virulence determinants were identified in a lower number of
Klebsiella spp. isolates (62.8%, 49/78) (47 K. pneumoniae, 1 K. aero-
genes and 1 K. oxytoca) (Figure S4). Seven distinct ICEKp lin-
eages [ICEKp3 (n=7), ICEKp4 (n=15), ICEKp5 (n=1), ICEKp10 (n=5),
ICEKp11 (n=2), ICEKp12 (n=7), ICEKp-unknown (n=9)] were as-
signed to 46 (59%, 46/78) Klebsiella spp. isolates (45 K. pneumo-
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niae and 1 K. aerogenes) in which ybt (iron-scavenging siderophore
yersiniabactin) (58.9%, 46/78) and clb (genotoxin colibactin) (7.5%,
6/78) virulence determinants were identified (Figure S4). Virulence
loci encoding aerobactin (iuc) and salmochelin (iro) siderophore
synthesis, in addition with hypermucoidy genes (rmpA, rmpA2),
were also detected in two other K. pneumoniae strains (2.5%,
2/78) (Figure S4). Moreover, ybt, clb, iuc, iro and rmpA genes were
more frequently detected in K. pneumoniae isolates that carried
carbapenemase-encoding genes (OR=4.0; 95%CI=1.1-18.5; P=0.02).
However, correlation between these virulence loci and the resis-
tance to C/T was not established (OR=2.1; 95%CI=0.8-5.9; P=0.16).

4. DISCUSSION

In this work, WGS was used to study the epidemiological
and microbiological characteristics of a representative collection of
MDR-Enterobacterales isolates recovered from ICU patients admit-
ted to Portuguese Hospitals as a part of the multicenter STEP study
[18]. Implementation of the WGS-based approach for the predic-
tion of antibiotic resistance phenotypes is challenging for clini-
cal laboratories. However, although genome sequencing may be a
rapid and cost-effective method to characterize MDR pathogens,
the effectiveness between genotype-to-phenotype relationship is
still uncertain [3]. Some studies have demonstrated a high concor-
dance between the conventional antimicrobial susceptibility meth-
ods and the in silico antimicrobial resistance phenotype predic-
tion using WGS [6,7]. In this work, a very accurate correlation was
established between both methods in Klebsiella spp., but relevant
discrepancies were observed in E. coli isolates. Moreover, in con-
cordance with other studies [30], carbapenemase-encoding genes
were not detected by the sequencing method in a low proportion
of carbapenem-resistant Enterobacterales isolates and other resis-

Downloaded for Ana Quininha (ana.quininha@chlc.min-saude.pt) at Hospital Centre of Central Lisbon from ClinicalKey.com by Elsevier on
December 07, 2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.



M. Herndndez-Garcia, S. Garcia-Ferndndez, M. Garcia-Castillo et al.

tance mechanisms, such as mutations in resistance genes affect-
ing permeability (i.e. ompK35, ompK36 and ompK37, ramR and acrR
genes), could also be involved (data not shown). In addition, re-
sistance to colistin was phenotypically detected in 9% of Klebsiella
spp. isolates, although transferable genes (i.e. mcr-1) related to this
resistance mechanism were not identified based on the genome
analysis. Resistance to colistin due to chromosomal mutations has
been largely demonstrated in Enterobacterales isolates, but acqui-
sition and dissemination of mcr-encoding genes plasmid-mediated
colistin-resistance is also increasing [31]. However, surveillance
studies performed in Denmark to detect the mcr-1 gene in ESBL-
, carbapenemase- and AmpC-producing E. coli isolates using WGS
have demonstrated that the prevalence of this gene is very low
[32].

According to our previous study, C/T exhibited a good over-
all spectrum activity against non-carbapenemase-producing En-
terobacterales isolates [18]. In the present work, correlation be-
tween carbapenemase detection using WGS and resistance to C/T
was demonstrated in Klebsiella spp. isolates, particularly in KPC-3-
producing K. pneumoniae isolates. In addition, ESBL production was
also identified (37.5%) among non-carbapenemase-producing Kleb-
siella spp. isolates with a C/T-resistant phenotype, although correla-
tion was not established. In the E. coli collection, conclusive results
were not found, probably because the STEP study did not include a
high enough number of E. coli isolates harboring a carbapenemase
gene and/or with a C/T-tazobactam-resistance phenotype.

Overall, concordant with previous data in Portugal [12,13], KPC-
3-producing K. pneumoniae isolates were the predominant MDR-
Enterobacterales pathogen in ICU patients during the STEP study.
A great diversity of K. pneumoniae high-risk clones was observed
associated with the KPC-3 carbapenemase, including some lineages
first reported in Portuguese Hospitals (ST13, ST34, ST405, ST1563,
ST4331) [13]. The most common carbapenemase-K. pneumoniae
clone in this study was ST13-KPC-3, recently detected in Argentina
associated also with KPC-3 production [33]. ST13-K. pneumoniae
lineage has also been identified associated with the OXA-48 car-
bapenemase in clinical samples in Ireland [34] and Finland [35],
and in ecological niches in Algeria [36]. The nosocomial dissemi-
nation of the ST405-K. pneumoniae clone has been widely detected
related to different carbapenemases in other South European coun-
tries, such as Spain [37,38] and Italy [39]. According to Portuguese
reports, other K. pneumoniae clones detected in the STEP study
have been previously related not only with hospital outbreaks
(ST45-KPC-3-K. pneumoniae), but also with non-hospitalized pa-
tients (ST231-KPC-3-K. pneumoniae) [12]. To the best of our knowl-
edge this is also the first description in Portugal of the ST17 and
ST215 K. pneumoniae clones producing OXA-181 and OXA-48 car-
bapenemases, respectively. Interestingly, the ST17-K. pneumoniae
clone had been previously identified in Portugal but not in asso-
ciation with carbapenemase production [12]. The ST17-0XA-181-K.
pneumoniae clone description has only been performed in hospi-
tals from Singapore [40] and as a cause of nosocomial outbreaks
in South Africa [41].

Notably in this study, carbapenemase production in Klebsiella
spp. isolates was significantly related to the detection of the viru-
lence genes, ybt, clb, iuc, iro and rmpA that have been previously as-
sociated with hypervirulent and invasive K. pneumoniae infections
[28,29]. Regarding the ESBL-K. pneumoniae isolates, a greater diver-
sity of clones was observed in the STEP collection than in other
studies performed in Portugal [9]. These findings reveal that the
global spread of both carbapenemase- and ESBL-producing K. pneu-
moniae is also happening in departments of Portuguese hospitals
with a higher risk of infection, such as the ICU.

ST131 was the most common E. coli clone detected in ICU
patients during the STEP study. In Portugal, the worldwide dis-
seminated ST131-H30 high-risk clone was previously identified
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not only in fecal carriers related to CTX-M-15 and CTX-M-27 en-
zymes [8], but also in clinical isolates producing KPC-21 [12]. The
high virulence profile of these isolates combined with the resis-
tance to fluoroquinolones and more recently to S-lactams antibi-
otics have played a critical role in the dissemination of the high-
risk clone ST131-H30 sublineage, and are currently the most com-
mon extra-intestinal pathogenic E. coli (EXPEC) clone [42]. In the
present study, ST131-H30 was the most common E. coli sublineage,
and CTX-M-15-producing ST131-H30-Rx was the predominant sub-
clone, followed by CTX-M-27-producing ST131-H30.

In conclusion, KPC-3-producing K. pneumoniae and CTX-M-
15-producing ST131-H30RX-E. coli are the most common MDR-
Enterobacterales causing infections in ICU patients from Por-
tuguese Hospitals. Moreover, carbapenemase-encoding genes are
associated with C/T resistance in Klebsiella spp., but other mecha-
nisms may also be involved in other species such as E. coli. WGS is
a powerful tool for the typing characterization and study of the re-
sistome and virulome of these nosocomial pathogens. However, the
ability to establish genotype-to-phenotype relationships in MDR-
Enterobacterales isolates may still be limited for an appropriate
genome sequencing clinical application.
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