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Abstract

Background: Infections caused by carbapenemase-producing Enterobacteriaceae (CPE) have continually grown as a
global public health threat, with significant mortality rates observed across the world. We examined the clinical data
from patients with CPE infections and their outcomes, concentrating on Klebsiella pneumoniae isolates. We analysed
the clinical information, performed antimicrobial susceptibility testing, and conducted molecular epidemiological
and genomic analyses on the isolates to identify patterns in the data.

Methods: The clinical characteristics of 33 hospitalised patients with confirmed CPE, including patient-related
factors associated with the development of CPE infections, were examined. Patients were divided according to
whether they were “colonised” or “infected” with CPE and by the timing and frequency of their rectal swab
collections, from which 45 swabs were randomly selected for analysis. CPE isolates were purified, and antimicrobial
susceptibility tests performed. Whole genome sequences of these isolates were determined and analysed to
compute bacterial multilocus sequence types and plasmid replicon types, infer phylogenetic relationships, and
identify antimicrobial resistance and virulence genes.

(Continued on next page)

* Correspondence: ab11915@ic.ac.uk; dfouts@jcvi.org

'Department of Research and Development, Faculty of Medicine, Siriraj
Hospital, Mahidol University, Bangkok, Thailand

4, Craig Venter Institute, Rockville, MD, USA

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12879-021-05790-9&domain=pdf
http://orcid.org/0000-0003-4323-7668
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:ab11915@ic.ac.uk
mailto:dfouts@jcvi.org

Boonyasiri et al. BMC Infectious Diseases (2021) 21:142

Page 2 of 11

(Continued from previous page)

for CPE infections in hospitalised patients.

genes, Patient outcomes, Virulence genes, Phylogenetics

Results: Altogether, 88.9% (40/45) of the CPE isolates were K. pneumoniae. The most abundant carbapenemase
gene family in the K pneumoniae isolates (33/39) was blaoya >3, With blaypw additionally identified in 19 of them.
All CPE isolates carrying either blaoya >3, Or blaypw. were resistant to meropenem, but only 40 from 45 were
susceptible to colistin. Among the CPE-infected patients (n = 18) and CPE-colonised patients who developed CPE
infections during the study (n = 3), all but one received standard colistin-based combination therapy. Phylogenetic
analysis revealed the polyclonal spread of carbapenemase-producing K. pneumoniae (CPKP) within the patient
population, with the following two major subclades identified: ST16 (n=15) and ST231 (n = 14). CPKP-ST231 had
the highest virulence score of 4 and was associated with primary bacteraemia. The siderophores yersiniabactin and
aerobactin, considered to be important virulence factors, were only identified in the CPKP-ST231 genomes.

Conclusions: This study has revealed the genomic features of colonising CPE isolates, focusing on antimicrobial
resistance and virulence determinants. This type of multi-layered analysis can be further exploited in Thailand and
elsewhere to modify the regimes used for empirical antibiotic treatment and improve the management strategies

Keywords: Klebsiella pneumoniae isolates, Carbapenemase-producing Enterobacteriaceae, Antimicrobial resistance

Background

Infections caused by carbapenemase-producing Entero-
bacteriaceae (CPE), which have increased worldwide in
number to become a significant clinical problem over
the last decade, are associated with high morbidity and
mortality [1]. An early longitudinal study from Asia
(2000-2012) revealed the prevalence of CPE was ex-
tremely low with average rates between 0.6-0.9% [2].
However, a survey from the National Antimicrobial
Resistance Surveillance, Thailand from 2008 to 2016 re-
vealed that carbapenemase-producing Klebsiella pneu-
moniae (CPKP) had increased in prevalence from 0.4%
in 2008 to 5.4% in 2016 [3]. A recent retrospective co-
hort study from a 1200-bed university hospital in
Bangkok reported on an increased incidence of CPE
from 3.37 per 100,000 patient-days in 2011 to 32.49 per
100,000 patient-days between 2011 and 2016 [4]. The
resistance mechanism for CPE is attributed to the
following Ambler molecular classes of carbapenem-
hydrolysing beta-lactamases: class A (KPC), class B
(IMP, NDM, VIM), and class D (OXA-48) [5]. There is
insufficient data from Thailand on the distribution of
beta-lactamase (bla) genes [6, 7]. However, a recent
study from a university hospital in Bangkok revealed that
blaxpy was the most common such gene followed by
blaoxa.as e alleles (e.g., blaoxa.as, blaoxa.1s1, and
blaoxa-232) [7]. Among all Enterobacteriaceae, CPKP is
commonly associated with numerous antimicrobial re-
sistance (AMR) genes and virulence determinants [8].
CPKP with its plasmid-encoded carbapenemases (e.g.,
blanpm and blaypc) and its multiclass antibiotic resist-
ance is associated with hospital-acquired infections and
treatment challenges [9, 10]. Hypervirulent K. pneumo-
niae (hvKP) can also cause invasive diseases such as liver
abscesses and metastatic infections [11]. In addition to

having the K1 capsular serotype, hvKP encodes other
virulence determinants (e.g., yersiniabactin, aerobactin,
and salmochelin siderophores), and rmpAl/rmpA2
genes, which upregulate capsule expression and are asso-
ciated with more invasive infections [8, 12, 13].

Although genetic diversity in carbapenemases has pre-
viously been reported in Thailand [7, 14], the epidemi-
ology and characteristics of CPKP and its virulence
determinants are not as well understood. Information is
also lacking on the role played by hypervirulent strains
of CPKP in hospital-acquired infections and how specific
virulence determinants are associated with AMR pro-
files, disease severity and outcomes among hospitalised
patients. The aim of the present study was to investigate
the molecular epidemiological features of CPKP and its
association with the clinical presentations of CPKP-
infected patients. We also aimed to identify virulence de-
terminants in the CPKP strains isolated from patients in
this study.

Methods

Patient population and specimen collection

Eligible patients included all hospitalised patients aged
>18 years who had CPE recovered from clinical speci-
mens submitted to the microbiology laboratory. The
participants were classified as CPE-colonised patients or
CPE-infected patients at enrolment. CPE-colonised pa-
tients were defined according to whether or not CPE
carriage was found, but its presence was not associated
with any symptoms or clinical disease. CPE-infected pa-
tients were defined according to whether or not CPE
isolates were found at sites of infection diagnosed as
CPE infections by clinicians. Rectal swabs were collected
from the patients within 48h of enrolment and then
once a week until the specimens were CPE-negative for
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3 consecutive weeks (at the time of study there was no
routine CPE screening procedure). One hundred and
nineteen patients met the eligibility criteria, including 69
CPE-colonised patients and 50 CPE-infected patients at
enrolment. Forty-five randomly selected and deidentified
rectal swab samples from 33 patients, who were admit-
ted for treatment between December 2015 and April
2017, were used for bacterial isolation and subsequent
whole genome sequencing. Clinical information from
each patient was collected, including information on pa-
tient demographics, clinical diagnosis, as well as their
treatment during hospitalisation and outcome. The clin-
ical outcomes of the CPE-infected patients at the end of
treatment were classified as either ‘favourable response’
(absence or improvement of all clinical signs and symp-
toms of CPE infection) or ‘unfavourable response’ (wors-
ening or persistence of clinical signs and/or symptoms
of CPE infection, superinfection, or death).

Bacterial isolates and antimicrobial susceptibility testing
Rectal swabs were inoculated onto MacConkey agar
(BD, USA) supplemented with ceftriaxone (4 mg/L) and
the plates incubated at 37 °C for 18 h. Bacterial identifi-
cation was performed using Biotyper MALDI-TOF MS
(Bruker Daltonics, Germany) according to the manufac-
turer’s protocol. Colonies identified as Enterobacteria-
ceae were tested for antimicrobial susceptibility using
standard methods and following the guidelines for the
disk-diffusion method [15]. Confirmation of suspected
carbapenemase production in Enterobacteriaceae-posi-
tive specimens was performed using a modified carba-
penem inactivation method [16]. Phenotypic screening
for the presence of carbapenemases was performed using
a double-disc synergy approach with phenylboronic acid
or ethylenediaminetetraacetic acid with meropenem as
previously described [17]. Colistin resistance was tested
using the broth microdilution method with cation-
adjusted Mueller—Hinton II broth [16]. Susceptibility to
tigecycline was not tested at Siriraj Hospital during the
study period.

Genome sequencing and analysis

DNA was extracted using the Wizard® Genomic DNA
Purification Kit (Promega, USA) and the multiplexed
[llumina NexteraXT-generated libraries prepared from it
were sequenced on the NextSeq® 500 platform (Illumina,
USA) using a 2 x 150-bp paired-end kit with an average
target coverage of 100-fold. Each read set was de novo
assembled using SPAdes [18] and annotated with NCBI's
prokaryotic genome annotation pipeline (PGAP) [19] as
described previously [20, 21]. For phylogenetic analysis,
reads were mapped to the K. pneumoniae QS17-0029
(GCA_003073235.1) reference genome, which was previ-
ously identified in Thailand and known to carry mcr-1
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[22], using Snippy v3.0 (https://github.com/tseemann/
snippy). FastTree v2.1 [23] was used to generate an ap-
proximate maximum-likelihood phylogenetic tree. Meta-
data and phylogenetic trees were visualised using iTOL
v4 [24]. To identify the bacterial sequence types, AMR
genes, virulence loci and plasmid replicon types, the as-
sembled contigs were analysed by multilocus sequence
typing (MLST)1.8 [25], ResFinder3.1.0 [26], the Compre-
hensive Antibiotic Research Database [27], Kleborate3.0
(https://github.com/katholt/Kleborate), and PlasmidFin-
der2.0 [28], respectively. Virulence loci (yersiniabactin,
ybt; colibactin, clb; salmochelin, iro; aerobactin, iuc;
hypermucoidy, rmpAl, rmpA2; Klebsiella capsule K-
locus, KL; and ICEKp-associated virulence loci in CPKP)
were identified using Kleborate v3.0 (https://github.com/
katholt/Kleborate). The virulence scores, which ranged
from 0 to 5, were calculated as follows: 0 = no virulence
loci; 1 =yersiniabactin only; 2 = yersiniabactin and coli-
bactin, or colibactin only; 3 =aerobactin and/or salmo-
chelin only (without yersiniabactin or colibactin); 4 =
aerobactin and/or salmochelin with yersiniabactin (with-
out colibactin); and 5 = yersiniabactin, colibactin and
aerobactin and/or salmochelin.

Results

Clinical characteristics of the study participants
Thirty-three patients had their CPE isolates whole gen-
ome sequenced for this study. Of these, 15 patients were
found to be colonised with CPE, while the others had a
confirmed CPE infection at the time of enrolment. Nine-
teen of the 33 patients (57.6%) were female. The mean
age of all the patients was 62.8 years (IQR, interquartile
range: 47-81 years) (Table 1). Most CPE-colonised pa-
tients (1 = 13/15) had experienced prolonged hospitalisa-
tion before CPE was detected in their rectal swabs
(median stay: 21 days, IQR 0-34 days), and 39% of them
were admitted to the intensive care unit. Thirty-two pa-
tients had underlying conditions such as diabetes melli-
tus or chronic kidney disease and had received antibiotic
treatment within the month prior to enrolment, of
which two thirds (n = 23) received carbapenems (Supple-
mentary Table 1). Among the 15 CPE-colonised pa-
tients, three (16.7%) had CPE colonisation detected prior
to developing CPE infection during their hospital stay
(median 16 days, IQR; 3-31.75days) (Supplementary
Table 1). We still included these three patients in the
CPE-colonised group. Among the CPE-infected patients,
ventilator-associated pneumonia (VAP) was the most
common consequence of CPE infection, followed by
urinary tract infection and primary bacteraemia (Supple-
mentary Table 1). Only one CPE-infected patient re-
ceived colistin monotherapy; all 17 of the other patients
received colistin-based combination therapy, with the
median duration of antibiotic treatment lasting 11 days
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(IQR: 7-14 days) (Supplementary Table 1). Colistin—fos-
fomycin was the most common antimicrobial
combination regimen (45%, n =9/20) followed by colis-
tin—piperacillin/tazobactam (15%, »n=3/20) (Table 1).
Colistin—fosfomycin was the first treatment option for
patients with carbapenem-resistant infections because
this combination has been shown to afford higher
microbiological eradication rates than colistin monother-
apy in Siriraj Hospital [29]. Regarding the local antibio-
gram, because CPE was more susceptible to
piperacillin—tazobactam than to imipenem and merope-
nem, the second most common combination regime was
colistin—piperacillin/tazobactam. Unfavourable clinical
outcomes were observed in 52.4% of all the CPE-
infected patients (#=21), including three who were
initially colonised with CPE but later developed CPE in-
fections, and seven of these patients experienced super-
infections with different bacterial species at the end of
their antibiotic regimes (Table 1). There was no
statistically significant mortality observed between the
CPE-infected patients (47.6%, n = 10/21) vs. the CPE colo-
nised ones (33.3%, n = 4/12; chi-square test; p = 0.43).

Antimicrobial susceptibility patterns detected in the CPE
isolates

We isolated 39 K. pneumoniae, four Escherichia coli, and
one isolate each of Enterobacter hormaechei subsp. stei-
gerwaltii and K. quasipneumoniae subsp. similipneumo-
niae from the 33 patients in our study (Table 1). All 45
isolates displayed meropenem resistance, only 20% of
them (n=9) were susceptible to amikacin, and 17.8%
(n = 8) were susceptible to fosfomycin (Table 1). All of
the CPE isolates were resistant to ciprofloxacin, cefoxi-
tin, ceftriaxone, ceftazidime, piperacillin—tazobactam,
ertapenem and imipenem (Table 1). Only five of the iso-
lates, all K. pneumoniae, showed resistance to colistin
with MIC values ranging between 32 and 64 mg/L
(Table 1). No significant differences between the anti-
microbial susceptibility patterns of isolates from CPE-
colonised patients and those from CPE-infected patients
were observed, indicating that colonising and disease-
causing strains show very similar AMR profiles, although
this finding may also be attributed to the relatively small
sample size available.

High diversity in AMR genes and plasmids in the CPE
isolates

Our genomic analysis showed that blaoxa.3, was the
most dominant carbapenemase gene family and was
found in 34 of 39 K. pneumoniae and two of the four E.
coli isolates we sequenced (Supplementary Table 2). The
two most common sequence types (STs) identified in K
pneumoniae were ST16 (n=15) and ST231 (n=14),
from which 12 ST16 isolates carried blaoxa_o3» and
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blanpa.1, whereas almost all of the ST231 (n =13) iso-
lates carried only blagxa 32 (Fig. 1, Supplementary
Table 2). In addition, all of the CPE isolates carrying B-
lactamase genes also carried genes encoding other AMR
genes, including aminoglycosides (aac(6)-1, aph [3]),
fluoroquinolones (gnrB, gnrS), and fosfomycins (fosA6,
UhpT) (Supplementary Table 2). None of the five
colistin-resistant isolates harboured mcr-genes, although
they were highly resistant to colistin (Table 1), We
found a pmrB (D150Y) mutation in KPCTRPRTHO2 and
KPCTRPRTHO4, mgrB disruptions were observed in
KPCTRPRTHO3 (W20*) and KPCTRPRTHO1 (Q30%). In
isolate KPCTRPRTHO5, a S60L mutation in YcaR was
also identified (Brinkac et al, manuscript in
preparation).

We identified the following range of incompatibility
(Inc) plasmid groups in the CPE isolates: FIA, FIB (pQil),
FII, HI2B, N2 and R (Fig. 1). We were particularly inter-
ested in the presence of IncFIB and the small-sized Col
plasmid group in our CPE dataset because these two
plasmid groups are reported to be most commonly
found in clinical samples and are associated with the
spread of AMR genes [30]. Interestingly, in our dataset,
all cases where ST231-CPKP was present (n=14) and
nearly half of those with ST16-CPKP (n =7) contained
an IncFIB (pQil)-like plasmid (Fig. 1). Additionally, gen-
omic analysis indicated that all blaoxa.o3>-containing
CPE isolates were predicted to contain ColKp3 plasmid
replicons (Fig. 1).

K. pneumoniae isolates carry genes associated with
hypervirulence

We searched the K. pneumoniae genomes for the viru-
lence genes previously found in hvKP strains, including
those encoding siderophores for the biosynthesis and
uptake of iron (ybt, iuc and iro) and genes for the regula-
tor of mucoid phenotype (rmpAl/rmpA2) [13]. The ybt
locus, encoding the siderophore vyersiniabactin, was
present in 38/39 of the CPKP genomes. The most com-
mon allele, ybt14 (located on ICEKp5), was identified in
19 isolates, while the second most common allele, ybt9
(located on ICEKp3), was identified in 17 isolates, and
the rest two isolates had ybt8 (located on ICEKp9) and
ybt10 (located on ICEKp4), respectively (Fig. 2). Notably,
iuc5, encoding the siderophore aerobactin, was only de-
tected in ST231 (n=14). We detected six distinct K
locus (KL) types among 39 CPKP isolates, the most fre-
quent ones being KL51 (n=28), KL2 (n=5), and KL17
(n =3) (Fig. 2). Virulence plasmid-associated loci such as
iro, encoding the siderophore salmochelin, colibactin
and rmpAl and rmpA2 were not present in the investi-
gated CPKP genomes. We also found that wzi50 was
more common in the ST16 isolates, whereas wzi104 was
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Fig. 1 A phylogenetic tree showing the relationship between all 45 carbapenemase-producing Enterobacteriaceae (CPE) genomes studied. The
panel on the right shows the number of properties of the genomes—namely (from left to right), the presence (coloured symbol) and absence
(no symbol) of the selected antimicrobial resistance genes (beta-lactamase genes: blaypm-1, bldoxa-»32; colistin-resistant mutations present in:
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0029; NCBI no.: GCA_003073235.1). Scale bar indicates the number of nucleotide substitutions per site

only found in the ST231 isolates, and capsular antigen
KL51 was found in ST16 and ST231 isolates alike.

Associations between the patients’ clinical data and the
CPE isolates
We identified nine patients who had more than one CPE
isolate isolated throughout their hospital stay (Table 1).
Six of them, despite receiving appropriate treatment, had >
2 follow-up isolates that were the same bacterial species
with the same sequence type and similar antibiogram pat-
tern (Table 1). Genomic analysis also confirmed that the
bacterial isolates from the same patient were identical with
only 0-1 single-nucleotide polymorphism (SNP) difference.
We noted that the blagxa 23> carbapenemase-encoding
ColKP3 plasmid was present in different strains of K. pneu-
moniae as well as in E. coli (Fig. 1), indicating the possibility
of horizontal interspecies spread of this plasmid and possibly
resulting in a polyclonal outbreak within our hospital. Al-
though ST231 and ST16 were the two main clones associ-
ated with invasive disease and poor outcomes in our study,
we did not identify any particular STs that were found only
in CPE-colonised patients or only in CPE-infected patients.

Discussion

To the best of our knowledge, this is the first study to
document detailed molecular bacterial isolate informa-
tion on carbapenem resistance, plasmid replicons, and
virulence determinants in relation to the clinical charac-
terisation of hospitalised patients in Thailand. Of the 25
CPE-patients with follow-up rectal swab cultures, the
mean time to culture negativity was 37.7 days in our study.
This finding is consistent with previous reports that 54% of
CPE rectal carriers remain CPE carriers for 30 to 60 days
after their initial screening, 28% remain as such after 6
months to 1 year, and 14% remain as such after 1 year [31,
32]. In our study, approximately 16.7% of the asymptomatic
rectal carriers developed a clinical infection with a median
duration of 20 days. The incidence of CPE infections in the
CPE-colonised patients in our study was as high as that
seen previously [33, 34], and there are several possible ex-
planations for this. One explanation is that we began to ob-
serve patients who already had CPE colonisation at sites
other than the gut, which might be a risk factor for them
developing clinical infections [35]. Another explanation is
that most of the patients had multiple comorbidities (e.g.,
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Fig. 2 A phylogenetic tree showing the relationship between 39 carbapenemase-producing Klebsiella pneumoniae (CPKP) isolates. The panel on
the right shows a number of properties of the genomes—namely (from left to right), the presence or absence of virulence determinants such as
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enrolment and patient number (Pstat&No). The phylogenetic tree is based on 70,571 core SNPs of the 39 CPKP isolates using a reference genome
(K- pneumoniae QS17-0029; GCA_003073235.1). Scale bar indicates the number of nucleotide substitutions per site

diabetes mellitus and renal diseases) resulting in prolonged
hospitalisation, possibly predisposing them to CPE colon-
isation and subsequent CPE infection.

Antimicrobial susceptibility testing in our study con-
firmed resistance to piperacillin/tazobactam, ciprofloxa-
cin and meropenem in all the CPE isolates. Moreover,
only 17.8% of the CPE strains isolated from the patients
were susceptible to fosfomycin. Colistin is presumably
the most active agent against up to 89% of the CPE iso-
lates from our study. The evidence from a cohort study
[26] and systematic review [13] on antibiotic therapy in
CPE infections revealed that combination therapy is
probably more effective than monotherapy. Therefore,
the antibiotic therapy recommendation for CPE infec-
tions at Siriraj Hospital is combination therapy, with co-
listin acting as the backbone of the regimen.

In our study, the mortality rate was 47.6% for CPE-
infected patients and 33.3% for patients colonised with
CPE. The difference was not statistically significant.
However, attributable mortality is difficult to assess be-
cause both groups already had high overall mortality and
the sample size was small.

Although KPC-producing Enterobacteriaceae are re-
ported to have spread rapidly over the last decade, their
prevalence in Thailand remains very low [6, 7]. Notably,
the CPE prevalence was 1.4%, and blaxpc.13 and
blapp.14 were the only carbapenemase genes detected
among the CPE isolates identified at Siriraj Hospital dur-
ing 2009 to 2011 [6]. However, the incidence of CPE
bacteraemia has significantly increased from <1% in
2011 to 3.8% in 2017 [6, 36]. The main CPE identified
herein was CPKP, which carried one carbapenemase
gene (blanpy1 or blaoxa.232) and at least one other bla
gene. blaoxa._4s-like genes were the most common car-
bapenemase genes, with blagxa.032 detected in 78% of
the isolates. We also found that 46% of the blagxa 232
isolates also carried blanpy1, @ finding consistent with
that reported previously in Thailand [7]. This highlights
that isolates with blaoxa. 4s-like genes continue to be a
problem in Thailand.

The previously reported cases of blaoxa.23» —harbour-
ing K. pneumoniae were mainly serotypes ST14 and
ST231 [37-39], while ST16 and ST231 were the domin-
ant epidemic serotypes in our study. Thus, ST231 may
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be a high-risk, carbapenem-producing K. pneumoniae
clone actively disseminating across Southeast Asia, with
related outbreaks being reported in Switzerland [40]. We
found that all 36 blaoxa.n32-harbouring isolates were
present on a small ColKP3 plasmid in our dataset of E.
coli and K. pneumoniae genomes, a finding concordant
with that from a previous report [37]. Interestingly,
IncFIB(pQil) plasmids were identified in all ST-231 K
pneumoniae isolates in our study, and both ColKP3 and
IncFIB(pQil) are known to carry blaoxa. o3> and blaten.:
[41, 42]. These findings confirm that both plasmids,
IncFIB(pQil) and ColKP3, are often found in clinical
isolates and contain multiple AMR genes, as has been
previously reported [30].

Among our CPKP isolates, we found two virulence loci
that have been previously associated with invasive dis-
eases: ybt and iuc, encoding the siderophores yersinia-
bactin and aerobactin, respectively [8, 12, 43]. Ybt was
found in almost all of our CPKP isolates (97.4%), and all
ybt loci detected in the CPKP genomes were associated
with an ICEKp structure located in a chromosomal re-
gion [12]. ICEKp, an integrative conjugative element, is
self-transmissible and occasionally contains virulence
factors such as ybt and iro [12]. Thus, ICEKp is consid-
ered to be an important mediator of pathogenicity in K.
pneumoniae [12]. VAP was the most common CPKP in-
fection, and since all isolates from patients with VAP
had ybt, these findings raise the interesting possibility
that the yersiniabactin siderophore can promote re-
spiratory tract infection as previous studies [44, 45].
This is the first identification of iuc5 in ST231-CPKP
isolates in Thailand and Southeast Asia; otherwise,
iuc5 has only been found in ST231-CPKP from India
[46]. Some KL types (e.g., KL1, KL2, KL5 and KL57)
are considered to be hypervirulent variants of K
pneumoniae and are associated with invasive diseases
[47]. Our results show that there were at least seven
distinct Klebsiella capsule genes/loci present among
the 39 isolates, from which KL51 was the most com-
mon. However, only 5 out of 39 of our isolates were
KL2 types and all of them belonged to ST14, a non-
hypervirulent clone usually encountered in hospital-
acquired infections [48]. Our results also revealed that
wzi alleles were associated with the expected MLSTs
more than with KL types.

Of note, when we integrated the clinical information
with the bacterial genomic data, we identified ST231-
CPKP as the most common pathogen in CPE-infected
patients, 6 out of 11 of which had invasive diseases such
as primary bacteraemia and pneumonia. According to
our analysis of virulence determinants, ST231-CPKP had
the highest virulence score (Fig. 2) and contained iuc5.
The iuc locus has been increasingly detected in hvKP
over the last couple of years and is considered to be one
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of the most prominent features of invasive isolates [46,
49]. Second, four out of five of the colistin-resistant
CPKP isolates belonged to ST16. ST16-CPKP with colis-
tin resistance was found in CPE-infected patients pre-
senting with VAP and three of these patients died while
in hospital. Therefore, ST16-CPKP is considered to be
one of the more clinically significant clones in our
study, as was also reported elsewhere [50]. Third, the
core SNP-based phylogenetic tree suggests the possi-
bility of a polyclonal outbreak of CPKP, predomin-
antly involving ST231 and ST16 CPKP in Sirirgj
Hospital between 2015 and 2017. We identified two
major subclades of CPKP: ST231 (n=15) and ST16
(n=14). Lastly, ST101 and ST14 were identified
among the CPE-infected patients, something previ-
ously reported in South and Southeast Asia [46, 51].

Several limitations in our study require mentioning.
First, the strains examined were all isolated from rec-
tal swabs, and CPEs that caused infections were not
characterised. However, we collected the rectal swabs
while the patients were infected with CPEs and the
antibiograms of CPE isolates at the sites of infection
were similar to the antibiograms of CPE isolates from
the rectal swabs. Next, it was not possible to identify
the risk factors potentially associated with poor out-
comes because of the small sample size that was
available in this study. We have probably overesti-
mated the true prevalence of CPE colonisation be-
cause there was a lack of routine screening for CPE
in patients on admission during the study period.
Nevertheless, our results suggest some clinical corre-
lations between the clinical outcomes of patients with
CPE infections and the genomic analysis of the organ-
isms responsible, and also provide essential epidemio-
logical data that could be used to guide empirical
treatment and infection control strategies for CPE
patients.

Conclusion

Our study represents the first report of a genomic
epidemiological investigation on CPE among hospita-
lised patients in Thailand. By analysing resistance and
virulence genes in combination with clinical patient
information and bacterial genetic diversity, our ap-
proach provides important information that can be
used to promptly track the emergence and spread of
clinically significant isolates, suggest empirical antibi-
otics, assess mechanisms of drug resistance, and guide
infection control strategies for CPE. Future larger-
scale studies are needed to determine the true preva-
lence of CPE and to identify the risk factors for CPE
acquisition and their impact on treatment outcomes
in Thailand.
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