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Abstract

Background: The increasing prevalence of carbapenem-resistant Enterobacteriaceae (CRE) is a growing problem
globally, particularly in low- to middle-income countries (LMICs). Previous studies have shown high rates of CRE colo-
nisation among patients at hospitals in LMICs, with increased risk of hospital-acquired infections.

Methods: We isolated carbapenem-resistant Klebsiella pneumoniae (CRKP) from faecal samples collected in 2017
from patients at admission and discharge at a Vietnamese neonatal intensive care unit (NICU). 126 CRKP were whole-
genome sequenced. The phylogenetic relationship between the isolates and between clinical CRKP isolates collected
in 2012-2018 at the same hospital were investigated.

Results: NDM-type carbapenemase-(61%) and KPC-2-encoding genes (41%) were the most common carbapenem
resistance genes observed among the admission and discharge isolates. Most isolates (56%) belonged to three dis-
tinct clonal clusters of ST15, carrying blaypc.,, blaypu., and blaypy.a, respectively. Each cluster also comprised clinical
isolates from blood collected at the study hospital. The most dominant ST15 clone was shown to be related to isolates
collected from the same hospital as far back as in 2012.

Conclusions: Highly resistant CRKP were found colonising admission and discharge patients at a Vietnamese NICU,
emphasising the importance of continued monitoring. Whole-genome sequencing revealed a population of CRKP
consisting mostly of ST15 isolates in three clonally related clusters, each related to blood isolates collected from the
same hospital. Furthermore, clinical isolates collected from previous years (dating back to 2012) were shown to likely
be clonally descended from ST15 isolates in the largest cluster, suggesting a successful hospital strain which can
colonise inpatients.
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countries (LMICs) [1, 2]. Lower health indicators,
higher rates of infection and inability to afford adequate
treatment contribute to an elevated burden of infec-
tions caused by antibiotic-resistant bacteria in these
settings. Furthermore, emergence and dissemination
of antibiotic resistance is facilitated by unregulated
access to antibiotics and a lack of resources to under-
take extensive infection control measures [3]. Data on
the burden of carbapenem-resistant Enterobacteriaceae
(CRE) is currently scarce in LMICs, however, Steward-
son et al. [4] showed in a recent study, with data from
ten LMICs, that bloodstream infections caused by
CRE were associated with increased length of hospital
stays and mortality. In Vietnam, prevalence of hospi-
tal-acquired infections (HAIs) at intensive care units
(ICUs) has previously been reported to be high. A point
prevalence study conducted in 2012 and 2013 found a
total prevalence of 30%, with Klebsiella pneumoniae
being the most common Enterobacteriaceae to cause
HAIs, 15% of which were resistant to carbapenems [5].
Carbapenems were the third most prescribed antibiot-
ics, constituting 14% of total antibiotic prescriptions.
At the ICUs of three Vietnamese paediatric referral
hospitals during the same period, the rate of HAI was
reported to be 33% with K. pneumoniae being the most
common causative agent [6]. 55% of K. pneumoniae iso-
lates were reported to be resistant to carbapenems.
Colonisation of the intestinal tract with CRE has been
shown to increase the risk of subsequent infection with
CRE and to be associated with a higher mortality rate
[7, 8]. In a recent study, we reported that 52% of patients
admitted to 12 study hospitals in Vietnam were colonised
with CRE, most commonly of K. pneumoniae (69%) [9].
Risk factors for CRE colonisation included diagnosis
with HAI and treatment with a carbapenem. The length
of hospital stay was also found to be an independent
risk factor. The mean colonisation rate increased from
13% on admission to 89% at day 15. A sub-study at one
of the included neonatal ICUs (NICUs) showed ratios of
colonisation of 32% at admission and 87% at discharge;
a significantly higher mortality rate was observed among
patients colonised with CRE. A study among neonatal
children with HAIs caused by multidrug-resistant bac-
teria showed a significant correlation between antibiotic
resistance and mortality [10]. These findings prompted
further investigation into carriage of carbapenem-resist-
ant K. pneumoniae (CRKP) among the patients. In the
current study, whole-genome sequencing (WGS) was
used to characterise the CRKP colonising the intestinal
tract of patients at the abovementioned NICU and to
infer the phylogenetic relationships between strains colo-
nising the patients at admission contra discharge. Isolates
of CRKP from clinical samples were also characterised to
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compare the colonising bacteria to strains causing infec-
tions at the hospital.

Materials and methods

Collection of faecal samples, clinical isolates and patient
baseline data

The samples for this study were prospectively collected
from patients at a NICU at the largest paediatric hospital
in northern Vietnam. The sampling procedure and col-
lection of baseline patient data has been described else-
where [9]. In brief, between March and June 2017, faecal
samples were collected from 326 neonates at admission
to the NICU. Because the study hospital does not have
a childbirth unit, a few of the admissions are from other
wards with the majority of admissions being from other
hospitals. Faecal swabs were collected for 248 of these
patients at discharge from the NICU. The samples were
collected with rectal swabs by using ESwabs (Copan,
Brescia, Italy). All patients admitted to the NICU dur-
ing the study period were included except for patients
with anal atresia or other conditions affecting the feasi-
bility of collecting the faecal sample or for whom a care-
taker, legal guardian or relative chose to opt out of the
study. Patient data collected included sex, date of birth,
source of admission, reason for admission, diagnosis,
and patient outcome. To compare the findings of CRKP
in the faecal samples with the epidemiological situation
at the hospital, clinical isolates of CRKP identified in the
clinical routine work were retrospectively included in
the study. These were constituted of 28 isolates collected
from blood from 28 patients in 2017 and 2018, and 13
isolates collected from tracheal aspirates from 12 patients
in 2017.

Screening for CRKP and antimicrobial susceptibility testing
The ESwabs were plated on CarbalD agar (bioMérieux,
Marcy I'Etoile, France) and incubated at 35 °C for 16 to
24 h. Based on growth on the selective medium and mor-
phology, suspected CRKP were species-determined by
using a VITEK 2 (bioMérieux). Isolates determined as
CRKP were recultivated on UTI Brilliance agar (Oxoid,
Basingstoke, UK). Isolates were also cultured on COL-
APSE agar (CHROMagar, Paris, France) to screen for
colistin resistance. CRKP originating from the admission
(n=34) and discharge (n=92) faecal samples, in addi-
tion to clinical isolates, were subjected to antimicrobial
susceptibility testing to a panel of antibiotics consist-
ing of meropenem, amikacin, gentamicin, tobramycin,
cefotaxime, ciprofloxacin, fosfomycin, tigecycline, tri-
methoprim-sulfamethoxazole, chloramphenicol, tetracy-
cline, ceftazidime-avibactam and colistin. Disc diffusion
(Oxoid) on Mueller—Hinton agar plates (Oxoid) was used
to test susceptibility to all antibiotics except for colistin,



Berglund et al. Antimicrobial Resistance & Infection Control

for which broth microdilution with a cation-adjusted
Mueller—Hinton broth (BD, Franklin Lakes, NJ, USA) in
custom made plates from Sensititre (TrekDS/Thermo
Fisher Scientific, Oakwood Village, OH) was used. All
zone diameters and MICs were interpreted according
to the clinical breakpoints suggested by EUCAST [11]
except for tetracycline, for which CLSI guidelines were
used [12] and tigecycline. A wild type distribution of
tigecycline zone diameters was defined from data from
clinical isolates of extended-spectrum [-lactamase-
(ESBL)-producing K. pneumoniae from Sweden, and
isolates were considered resistant if zone diameters were
outside of this distribution (i.e, <15 mm). Multidrug
resistance (MDR) was defined as non-susceptibility to
antibiotics of three or more antimicrobial categories [13].

Whole-genome sequencing of CRKP, genome assembly
and bioinformatic analysis

Total DNA from 149 CRKP isolates from admission and
discharge faecal samples, blood and tracheal aspirates
was extracted by using the EZ1 DNA Tissue Kit and the
EZ1 Advanced XL instrument (Qiagen, Hilden, Germany)
and subsequently stored in — 80 °C. The DNA concentra-
tion was determined by using a Qubit 2.0 Fluorometer
(Thermo Fisher Scientific, Waltham, MA), and 20 ng of
DNA was used as input to construct a sequencing library
for whole-genome sequencing. The library preparation
was performed by using a QIAseq FX DNA Library Kit
(Qiagen) following the manufacturer’s instructions.
DNA quantity and quality of the sequencing library was
assessed by using a Qubit 2.0 Fluorometer and a QIAxcel
instrument (Qiagen), followed by paired-end sequenc-
ing performed on a MiSeq instrument (Illumina, San
Diego, CA). The raw reads generated were uploaded to
the Sequence Read Archive at NCBI (accession numbers:
SRR13256598-SRR13246708). An additional 18 isolates
collected from admission and discharge faecal sam-
ples previously sequenced by using the same methods
(accession numbers: SRR12149859-SRR12149874) were
also analysed. Genome assembly of the whole-genome
sequenced isolates was performed by using CLC Genom-
ics Workbench v.9.5.3 (Qiagen). Multilocus sequence
typing (MLST) and querying of antibiotic resistance
genes were performed via the databases at the Center for
Genomic Epidemiology (http://www.genomicepidemio
logy.org). Single nucleotide polymorphisms (SNPs) were
called against a reference genome (NC_022566) if ful-
filling the criteria of having a sequencing depth>10x, a
frequency of>90% and a Phred score>20. The result-
ing variants were used to construct a phylogeny of the
sequenced isolates by using CLC Genomics Workbench
V.9.5.3. To compare the genetic relatedness of the study
isolates to CRKP isolated prior to 2017 at the study
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hospital from clinical specimen, 5 isolates from 2015 pre-
viously reported on elsewhere [14], 4 isolates from 2014,
9 isolates from 2013 and 1 isolate from 2012, all belong-
ing to ST15, were included in the analysis. Isolates differ-
ing by <18 SNPs were considered to constitute a single
clone [15]. All raw reads generated and presented in this
study are available at the Sequence Read Archive at NCBI
(accession numbers: SRR13256598-SRR13246708).

Statistical analysis

The associations between patient baseline variables sex,
treatment outcome and diagnoses with carriage of CRKP
were tested with Fisher’s exact tests and x*-tests. Asso-
ciations between age at admission and length of stay
at the NICU with carriage of CRKP were tested with
Mann-Whitney U and Kruskal-Wallis one-way analysis
of variance tests. Differences in antibiotic susceptibility
were assessed with Fisher’s exact tests. To compensate for
multiple comparison errors, P <0.01 was considered sig-
nificant. Due to the low number of patients which were
positive at admission but negative at discharge (n=>5),
this cohort was excluded from the statistical analysis. All
statistical tests were performed in Prism for Windows
8.4.3 and SPSS Statistics version 26.

Results

Prevalence of CRKP at admission and discharge

and baseline patient statistics

Faecal samples were collected at admission and discharge
from a total of 326 patients at the study NICU (Table 1).
A total of 69 patients (21%) had faecal samples positive
for CRKP at admission and 184 had faecal samples posi-
tive for CRKP at discharge (74%). Only one patient which
had a faecal sample positive for CRKP at admission had
a negative faecal sample at discharge (2.0%). 137 patients
(55%) were negative for CRKP at admission but were pos-
itive at discharge (i.e., were colonized during their stay at
the NICU). A total of 59 patients (24%) had faecal sam-
ples which neither tested positive for CRKP at admission
nor at discharge.

Overall, 37% of the patients were female (n=118). The
overall median age of patients in the study was 4 days.
Patients CRKP-positive at admission were significantly
older compared to patients CRKP-negative at admission
(P<0.001) and patients both CRKP-positive at admis-
sion and discharge were significantly older (P<0.01) than
those CRKP-negative at both admission and discharge
and those positive only at discharge. The median length
of stay at the NICU overall was 5 days. Patients which
were CRKP-positive at discharge had significantly longer
NICU stays compared to patients which were CRKP-
negative at discharge (P<0.001). Furthermore, a sig-
nificant difference was observed when comparing both
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admission and discharge status (P<0.01); patients CRKP-
negative at both admission and discharge had shorter
NICU stays. Patients transferred from the NICU were
found to be significantly likelier to be admission-negative
(P<0.001) and discharge-negative (P<0.01). Regarding
diagnoses, patients with CRKP-positive faecal samples
at either admission or discharge were more likely to be
afflicted with respiratory distress syndrome (P<0.01),
and patients with congenital heart disease (CHD) were
found to be less likely to be admission-positive for CRKP
(P<0.001).

Antimicrobial susceptibility of CRKP isolates

from admission and discharge samples

Data on antimicrobial susceptibility is presented in
Table 2. Isolates from patients at admission did not sig-
nificantly differ in antibiotic susceptibility compared to
isolates from patients at discharge who were negative
at admission (data no shown). None of the admission-
or discharge-isolates were susceptible to meropenem
(which was an inclusion criterion). Cefotaxime suscepti-
bility rates were also accordingly at 0% for each included
isolate. All admission- and discharge-isolates (except
one) were MDR. The susceptibility rates for aminoglyco-
sides were low; for gentamicin, amikacin and tobramycin,
the susceptibility rates were 41%, 8.8% and 0% for admis-
sion-isolates and 36%, 4.3% and 1.1% for discharge-iso-
lates, respectively. Susceptibility ratios were also low for
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ciprofloxacin and fosfomycin; for admission-isolates, sus-
ceptibility ratios were 15% and 5.9% respectively, whereas
for discharge-isolates, the corresponding ratios were 6.5%
for each antibiotic. Ceftazidime/avibactam susceptibility
ratios were also fairly low, 35% of the admission-isolates
and 39% of the discharge-isolates were susceptible. The
highest susceptibility ratios observed were for tigecycline
and colistin. 100% and 96% of the admission- and dis-
charge-isolates were susceptible to tigecycline whereas
82% and 89% were susceptible to colistin, respectively.
Notably, for 4 colistin-susceptible admission isolates
(12%), heteroresistance was observed (i.e., the main pop-
ulation was susceptible), however, a resistant subpopu-
lation could be isolated from the COL-APSE agar. The
colistin-heteroresistant isolates were denoted as resistant
in the summary of the antimicrobial susceptibility data.

Antibiotic resistance genes among CRKP from admission
and discharge samples

Although blayp.,, which was carried by 35% and 44% of
the isolates collected at admission and discharge, respec-
tively, was the single most common carbapenemase
gene observed among the faecal isolates, genes encoding
NDM-type carbapenemases were more common taken
together (Fig. 1). For admission-isolates, blaypy.; (32%),
blaypam.a (24%) and blaypy.s (8.8%) together consti-
tuted 65% if the carbapenemase genes observed whereas
for discharge-isolates, the abovementioned NDM-type

Table 2 Antimicrobial susceptibility testing data for isolates of carbapenem-resistant Klebsiella pneumoniae originating from

admission, discharge, bloodstream and tracheal aspirate samples

Antibiotic  Admission (n=34) Discharge (n=92) Discharge (Adm-) Blood (n=28) Tracheal aspirate
(n=59) (n=13)

S R S R S R S R S R
MEM 0 21 (62%) 0 4 (91%) 0 7 (97%) 0 13 (46%) 0 0(77%)
AK 3(8.8%) 26 (77%) 4 (4.3%) 6 (83%) 1(1.7%) 0 (85%) 1 (3.6%) 16 (57%) 0 9 (69%)
CN 14 (41%) 19 (56%) 33 (36%) 7 (51%) 19 (32%) (51%) 5(18%) 22 (79%) 7 (54%) 4(31%)
TOB 0 33 (97%) 1(1.1%) 9 (97%) 0 58 (98%) 0 28 (100%) 0 13 (100%)
CTX 0 34 (100%) 0 2 (100%) 0 59 (100%) 0 28 (100%) 0 3 (100%)
cIp 5(15%) 28 (82%) 6 (6.5%) 86 (94%) 3(5.1%) 56 (95%) 3(11%) 25 (89%) 0 3 (100%)
FOS 2 (5.9%) 32 (94%) 6 (6.5%) 86 (94%) 4 (6.8%) 55 (93%) 3(11%) 25 (89%) 0 3 (100%)
TGC 34 (100%) 0 88 (96%) 4 (4.3%) 55 (93%) 4(6.8%) 28 (100%) 0 13 (100%) 0
SXT 17 (50%) 16 (47%) 53 (58%) 38 (41%) 36 (61%) 22 (37%) 17 (61%) 11 (39%) 5 (39%) 8 (62%)
CL 16 (47%) 18 (53%) 40 (44%) 52 (57%) 44%) 33 (56%) 20 (71%) 8 (29%) 4 (31%) 9 (69%)
TE 22 (65%) 12 (35%) (74%) 21 (23%) %) 9 (15%) 18 (64%) 10 (36%) 10 (77%) 3(23%)
CZA 12 (35%) 22 (65%) 6 (39%) 56 (61%) %) 33 (56%) 2(7.1%) 26 (93%) 7 (54%) 6 (46%)
cOo 28 (82%) 6 (18%) 82 (89%) 0(11%) 53 90%) 6 (10%) 26 (93%) 2(7.1%) 11 (85%) 2 (15%)

The column denoted “Discharge (Adm-)” contains isolates which are a subset of all the discharge-isolates, the isolates in this column are from patients which had
faecal samples at the admission screening which tested negative for carbapenem-resistant K. pneumoniae

MEM; meropenem, AK; amikacin, CN; gentamicin, TOB; tobramycin, CTX; cefotaxime, CIP; ciprofloxacin, FOS; fosfomycin, TGC; tigecycline, SXT; trimethoprim-
sulfamethoxazole, CL; chloramphenicol, TE; tetracycline, CZA; ceftazidime/avibactam, CO; colistin
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Admission Discharge
blakPC-2  mss—— 12 blakpC-2 40
blaNDM-1 mes— 11 blaNDM-1 e 14
blaNDM-4 messsssss——— 3 blaNDM-4 mssssssss— 37
blaNDM-5 s 3 blaNDM-5 wm 4
blaOXA-181 mm 1 blaOXA-181 mm 3
blaCMY-6 e 2 blaCMY-6 m 2
blaDHA-1 s 4 blaDHA-1 n 1
blaCTX-M-3 mm 1 blaCTX-M-3 & 1
blaCTX-M-9 m= 1 blaCTX-M-9
blaCTX-M-14 m—— 7 blaCTX-M-14 m——— 3(
blaCTX-M-15 me——— 10 blaCTX-M-15 ——— ) 7
blaCTX-M-27 e 2 blaCTX-M-27 == 3
blaSHV (non-ESBL) 15 blaSHV (non-ESBL)  messss—— 37
blaSHV (ESBL) 19 blaSHV (ESBL) 54
blaTEM  mssssssssssss— 1) blaTEM ss——— )7
blaOXA 25 blaOXA 81
blaOKP-B w5 blaOKP-B  messm 7
aac 28 aac 89
aad 30 aad 83
ant s 3 ant
aph messs—— S aph mmm 6
2ac(6')-Ib-cr  —— 7 2ac(6')-lb-cr  E— 16
armA == 1 armA 11
MiB e——— O rmiB m—— 1
rmtC  m— 3 rmtC wm 3
mcr-8 mm 1 mcr-8
fosA 29 fosA 81
mph(A) 14 mph(A)  ——— 30
mph(E) m= 1 mph(E) » 1
msr(E) mm 1 msr(E) » 1
erm(B) mm 1 erm(B) » 1
0gxAB 29 0QxAB 85
qnrB  ——— O qnrB mm 3
qnrS  e—— 1 () qnrs 46
qepA mmm ) qepA = 2
floR w1 floR wem G
cmlA = 1 cmlA
catA wemm 3 catA mm 4
catB w1 catB
arr  e————— 7 arr mm— 9
sull 15 Sull  e— 20
sul2  me———— sul2 esss—— 13
dfrA 18 dfrA 39
tet(A) m— 11 tet(A) ——— 14
tet(B) tet(B)
tet(C) wm 1 tet(C)
tet(D) mm 1 tet(D) mm 4
tet(G) wmm 2 tet(G) wm 3
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
Fig. 1 Antibiotic resistance genes detected in isolates of carbapenem-resistant Klebsiella pneumoniae originating from faeces samples from patients
at admission and discharge, and from clinical isolates from blood and tracheal aspirates. For clarity, certain gene variants (specified below) have
been aggregated into gene categories. These are, and consist of: blaSHY (non-ESBL): bldsy.»g, 01asyy.33, blashy.56, bsiy.65, DIasy .67, O1asy.73, blasky. 76,
blasty-o6 D1y 110: Dlsy111, DIGsaye133, bIsy-142 015y 1650 DlGstave170, BAs1ay1 70 15180 OISty 19, DITstye196; DIBSHV (ESBL): Ity bldsyyy.y3,
blagi 30, 0lasiy3g: 010siy-a5, bl0siy g0, bl 106 DIATEM: blarey15 Ol0tem216 RIROXA: blagya 1, blaoyao Olaoya 1o @aC: aac(3)-la, aac(3)-1d, aac(6)-1b,
aac(6)-1b3, aac(6)-b-cr; aad: aadA 1, aadA2b, aadA3, aadA16, aadAS; ant: ant(2")-la, ant(3)-VI; aph: aph(3")-1b, aph(6)-d; blaOKP: blagyp.g.5, blagke.s.,
blaokp.g.4 blaokp-g.g blaokp.g.10: blaokp.g14 f0SA: fosA, fosA3, fosAS5; oqxAB: ogxA, ogxB; anrB: gnrB1, gnrB4, qnrB6, gnrBY; catB: catB3, catB8; arr: arr-2, arr-6;
drfA: dfrAl, dffA7, dfrA12, dfrA14, dftA23, dfrA27

genes constituted 60% of all carbapenemase genes, with
blaypy, being the most common (40%), followed by
blaypy, (15.2%) and blaypy,s (4.3%). The carbapen-
emase gene blagy, 151 Was also observed among a few
of the isolates (2.9% of the admission-isolates and 3.3%
of the discharge-isolates, respectively). Plasmid-medi-
ated ampC-genes were also detected. Among admis-
sion isolates, 4 carried blap,; (12%) and 2 carried

blacyy.e (5.9%). Among discharge isolates, 1 carried
blapa., (1.1%) and 2 carried blacyy.g (2.2%) blacry s
and blacry .15 Were the most common CTX-M-genes
detected; their prevalences were, respectively, 21% and
29% among admission isolates, and 33% and 29% for dis-
charge isolates.

A wide range of genes conferring resistance to antibiot-
ics other than p-lactams were observed (Fig. 1). Notably,
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genes encoding 16S rRNA methylases, conferring high
grade aminoglycoside resistance, were carried by 38%
of admission-isolates and 20% of discharge-isolates. The
most common were rmtB, followed by rmtC and armA,
which were carried by 27%, 8.8% and 2.9% of the admis-
sion-isolates and 15%, 3.3% and 1.1% of the discharge-iso-
lates, respectively. The colistin resistance gene mcr-8 was
detected in one admission-isolate; the isolate was resist-
ant to colistin and the MIC for the isolate was 16 mg/L.

Multilocus sequence typing of CRKP isolates

from admission and discharge samples

Typing data based on MLST is presented in Table 3.
Among both admission- and discharge-isolates, ST15
was found to be the predominant ST. Among the admis-
sion-isolates, 14 isolates (41%) were found to belong
to ST15. This was followed by ST11, to which 4 isolates
(12%) belonged. From the discharge samples, 57 isolates
(62%) belonged to ST15. The second most common ST
among these isolates was ST14, to which 10 isolates
(11%) belonged. This ST was followed in prevalence by
ST11 and ST16, to which 7 (7.6%) and 4 isolates (4.3%)
belonged, respectively. When the discharge-isolates were
stratified on isolates originating from patient with nega-
tive admission samples (n=59), ST15 was found at a sig-
nificantly higher ratio of 75% (n=44) (P=0.0015). The
second most common ST among these isolates, ST16 was
found only among 5 isolates (8.5%). By comparing the
STs of isolates from admission samples to isolates from
discharge samples originating from the same patient, 19
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patients (59%) had faecal isolates belonging to the same
ST.

Characteristics of CRKP isolated from blood

The 28 bloodstream isolates, collected in 2017 and
2018, showed a predominance of NDM-type carbapen-
emase genes (Additional file 1: Fig. S1), 26 isolates (93%)
carried a blaypy-gene among which blayp,,; (43%) and
blaypa.a (43%) were the most and equally common, fol-
lowed by blaypp.s (7.1%). Only two isolates carried other
carbapenemase genes, one carried blaypc., (3.6%) and the
other carried blany, 15 (3.6%). The plasmid-mediated
ampC-gene blap;,; was detected among 21.4% of the
blood-isolates. blacrx. 15 (50%) and blacrx piia (39%)
were the most common CTX-M-genes although bla-x.
Mo (3.6%) was also detected in 1 isolate. The high-grade
aminoglycoside resistance gene rmtB was carried by 8
isolates (29%). The susceptibility testing showed that all
blood isolates were MDR (Table 2). The aminoglycoside
susceptibility among the blood isolates was very low. The
susceptibility ratio to gentamicin was 18%, which was the
highest for any aminoglycoside. The susceptibility ratio
for ceftazidime/avibactam was only 7.1%. Ciprofloxa-
cin and fosfomycin susceptibility ratios were also low,
only 3 isolates (11%) were susceptible to each antibiotic.
The susceptibility ratio was highest to tigecycline (100%)
and colistin (93%), both which were the only antibiotics
for which susceptibility ratios were over 90%. Notably,
two isolates displayed heteroresistance to colistin as dis-
covered by plating the isolates on COL-APSE agar plates.
These isolates were denoted as colistin-resistant in the

Table 3 Sequence types (STs) of isolates of carbapenem-resistant Klebsiella pneumoniae originating from admission, discharge,

bloodstream and tracheal aspirate samples

ST Admission Discharge Discharge (Adm-) Blood Tracheal aspirate
(n=34) (n=92) (n=59) (n=28) (n=13)

ST 4 (12%) 7 (7.6%) 2 (3.4%) 1 (3.6%) 0

ST14 1 (2.9%) 10 (11%) 5(8.5%) 4 (14%) 3 (23%)

ST15 14 (41%) 57 (62%) 44 (75%) 5(18%) 10 (77%)

ST16 1(2.9%) 4 (4.3%) 2 (3.4%) 1(3.6%) 0

ST17 1 (2.9%) 0 0 3 (11%) 0

ST22 2 (5.9%) 1(1.1%) 0 0 0

ST334 3 (8.8%) 3(3.2%) 0 2(7.1%) 0

ST397 0 0 0 4 (14%) 0

ST3003 2 (5.9%) 2 (2.2%) 0 0 0

Others 3(8.8%) 3(3.2%) 2 (3.4%) 7 (25%) 0

New Type 3(8.8%) 4 (4.3%) 1(1.7%) 0 0

Inconclusive 0 1(1.1%) 1(1.7%) 1 (3.6%) 0

The column denoted “Discharge (Adm-)” contains isolates which are a subset of all the discharge-isolates, the isolates in this column are from patients which had
faecal samples at the admission screening which tested negative for carbapenem-resistant K. pneumoniae. The column denoted “Others” summarizes isolates from all
unique STs to which only a single isolate was found to belong. The column denoted “Inconclusive” summarizes isolates for which the whole-genome sequencing data

obtained could not be used to conclusively determine the K. pneumoniae ST
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summary of the data. All blood isolates were susceptible
to tigecycline. The MLST analysis of the blood isolates
showed that ST15 was the most common ST, to which
5 isolates (18%). This ST was followed in prevalence by
ST14 and ST397 (14%, respectively), and ST17 (11%).

Characteristics of CRKP isolated from tracheal aspirates
Among the isolates from tracheal aspirates collected in
2017 and 2018 from the study hospital, 7 carried blaypc.,
(54%) and 6 carried NDM-type carbapenemase-encod-
ing genes (Additional file 1: Fig. S1); 3 carried blaypy,,
(23%) and 3 carried blaypy, (23%). blacry s (46%)
and blacry p.14 (23%) were the only CTX-M-genes found
among these isolates. The susceptibility testing showed
that all tracheal aspirate isolates were MDR (Table 2).
Although none of the tracheal aspirate isolates were sus-
ceptibility to amikacin and tobramycin, 54% were suscep-
tible to gentamicin. None of the isolates were susceptible
to ciprofloxacin and fosfomycin. The susceptibility ratio
was highest for tigecycline (100%) and colistin (85%). The
tracheal aspirate isolates were found to belong to either
of two STs, 10 isolates (77%) belonged to ST15 and 3 iso-
lates (23%) belonged to ST14.

Genetic relatedness of CRKP isolates

The phylogenetic tree based on the SNP analysis of the
isolates belonging to ST15 showed that most isolates
clustered in three different clusters (Fig. 2), separated by
a minimum distance of >200 SNPs. Isolates within each
cluster differed by <18 SNPs, indicating that the three
clusters comprised three different clones. The largest
cluster, consisting of 48 isolates in total, was comprised of
8 admission isolates, 33 discharge isolates, 1 blood isolate
and 6 tracheal aspirate isolates. All isolates in this cluster
carried blaygpc.,. Seven of the 8 patients from which the
admission isolates originated were also positive for CRKP
at discharge. 4 of the patients had discharge isolates
which clustered together with the admission isolates. The
discharge isolate from 1 patient was also ST15 but dif-
fered > 1,800 SNPs from the admission isolate whereas 2
patients carried isolates at discharge which had different
STs compared to the admission isolate (ST11 and a novel
ST, respectively). The clinical ST15 isolates collected
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2012, 2013, 2014 and 2015 formed clusters close to the
largest ST15 cluster. The differences between the most
closely related ST15 isolates from 2017 and 2015 were 27
SNPs, 2015 and 2014 were 2 SNPs, 2014 and 2013 were
47 SNPs, and 2013 and 2012 were 16 SNPs. The second
largest cluster was comprised of 21 isolates, all of which
carried blaypy.4 2 isolates in this cluster were recovered
from admission samples, 17 from discharge samples and
2 from blood. The third largest cluster consisting of 8
isolates in total, was comprised of 3 discharge isolates, 2
blood isolates and 3 tracheal aspirate isolates.

SNP-analyses were also carried out on isolates belong-
ing to numerous ST11, ST14, ST16 and ST334 isolates
(Additional file 2-5: Fig. S2—-S5). The ST11-isolates com-
prised two clusters (maximum distance within clusters
were 1 and 2 SNPs, respectively) separated by >4,000
SNPs. The isolates comprising the larger cluster (n=9)
all carried blaypy.. whereas the 2 isolates comprising
the smaller cluster all carried blaypy.. The ST14-isolates
(n=18) formed a single cluster with a<15 SNPs differ-
ence, all of which carried blayp,, The ST16-isolates
(n=5) clustered together with an outlier isolate differing
45 SNPs from its closest relative. Three isolates carried
both blaypc., and blaypy, whereas the outlier carried
blagy.1s1- Interestingly, 1 isolate, differing only 2 SNPs
from its closest relative, carried blaypy., and neither
blaypc.,, nor blaypy.,- The ST334-isolates (n=8) formed
a closely related cluster with isolates carrying blaypya
with an outlier isolate carrying blaypy,.; which differed
170 SNPs from its closest relative.

Discussion

In this study, faecal samples collected at admission and
discharge from patients at a NICU in a large Vietnamese
hospital were screened for CRKP and the isolates were
further characterised with WGS. The results showed a
21% prevalence of CRKP at admission and an increase
to 74% at discharge. Statistical analyses revealed several
significant associations. Admission-positive patients
were significantly older compared with admission-neg-
ative patients (P<0.001). Due to the relatively low age
of the included patients (median age of all patients was
4 days) this is likely reflecting the longer exposure time

(See figure on next page.)

Fig. 2 The genetic relatedness based on single-nucleotide polymorphisms (SNPs) of carbapenem-resistant Klebsiella pneumoniae belonging to
ST15 from the study hospital was illustrated in a phylogenetic tree. Included isolates consisted of 34 isolates from admission samples and 92 isolates
from discharge samples collected in 2017 as well as clinical isolates collected from blood, bronchoalveolar lavage, nasopharynx and tracheal

fluid from 2015 (n=5), 2014 (h=4), 2013 (h=9) and 2012 (n=1) at the same hospital. The specimen is denoted by shape and the collection

year is denoted by colour. Due to the large difference in SNPs between the clusters, three horizontal axes were truncated (denoted by double

pipe symbols). The closest distances between these clusters are denoted by the closest related inter-cluster relatives as indicated in the box. The
maximum number of SNPs denoted in the hook parentheses indicate the largest distance between two isolates in the indicated cluster. Also
denoted are the carbapenemases encoded by genes carried by the isolates within each cluster
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of older neonates to the environment. Similarly, signifi-
cantly longer stays at the NICU (P<0.001) were observed
among patients discharge-positive for CRKP, likely
reflecting an increased risk by longer exposure time in
the NICU environment. Patients transferred from the
NICU to other wards of the hospital were found to be
significantly likelier to be admission-negative (P<0.001)
and discharge-negative (P<0.01) which may reflect more
adverse conditions for patients colonized with CRKD,
requiring them to stay at the NICU. Respiratory dis-
tress syndrome was found to more likely afflict patients
who were either positive for CRKP at admission or dis-
charge or both (P<0.01), indicating a possible connec-
tion between colonisation and respiratory infection. A
significant association was also found that patients with
CHD were less likely to be negative for CRKP at admis-
sion (P<0.001). Although not significant (P=0.089),
patients with CHD tended to be older at admission
(median age=12 days) compared with children without
CHD (median age=4 days), which could explain this
association.

A total of 34 isolates from faecal samples collected at
admission and 92 collected at discharge were analysed
with whole-genome sequencing. MLST and phyloge-
netic analyses based on SNPs were used to evaluate the
phylogenetic relationships between the isolates. ST15
was the most common ST among both admission and
discharge isolates. 75% of the discharge isolates from
patients which were negative for CRKP at admission
belonged to ST15, indicating that the patients colonised
during their hospital stay were predominantly colonised
with ST15 strains. ST15 is an emerging, global high-risk
ST and strains of this ST has been reported on in hos-
pital outbreaks worldwide [16]. Clinical ST15-isolates
are often ESBL-producers but have been observed as
carbapenemase-producers in several outbreaks. Phylo-
genetic analysis of the ST15 isolated in the current study
showed that most isolates clustered in three different
clusters comprised of clones carrying blaypc o, blaypyiq
and blaypy.e respectively. To investigate whether the
admission- and discharge-isolates were genetically
related to clinical isolates, we sequenced and compared
blood and tracheal aspirates collected at the study hos-
pital in 2017 and 2018. Each of the clusters consisting
of ST15 admission- and discharge-isolates additionally
had clinical isolates which clustered together, indicating
the potential of the colonising isolates to cause infec-
tions. A previous study at the study hospital carried out
in 2015 detailed the characteristics of ST15 CRKP which
constituted the most common ST among CRKP in clini-
cal specimen [14]. The ST15 from 2015 were found to be
comprised of two clones. Representative isolates of these
two clones were in the current study shown to be closely
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related to the ST15 CRKP isolates clustered in the larg-
est cluster among the ST15 isolated in 2017 (all of which
carried blaypc.,). The closest relatives were separated by
only 27 SNPs, indicating that these isolates belong to the
same clone, although separated by differences accumu-
lated over two years. Phylogenetic analysis of sporadic
isolates of ST15 CRKP carrying blaypc., recovered in
2012, 2013 and 2014 from clinical specimen at the same
hospital further showed a general clustering of the iso-
lates on sampling year, but the close distance between the
clusters and the largest cluster of ST15 CRKP from 2017
could indicate clonal descent from the isolate collected in
2012. The two other major clusters of ST15 CRKP (carry-
ing blaypy., and blaypy,.e respectively) from the current
study were clearly separated both from each other and
the major cluster comprised of isolates carrying blaypc.,,
indicating the emergence of these two new clones at the
hospital. Notably, the phylogenetic analyses also revealed
the occurrence of mostly genetically homogenous iso-
lates of other prevalent STs, including ST11, ST14, ST16
and ST334, carrying various carbapenemase resistance
genes. These data show that the CRKP at the study hos-
pital are comprised of a diverse set of clones. The data
suggests that the ST15 clone has been established and
well-adapted to the hospital environment since at least
as early as 2015, which may explain its continued pre-
dominance in 2017. However, the influx of new clones,
including genetically divergent strains of ST15, indicate
the need for continued monitoring of potential changes
in the epidemiological situation.

All CRKP included in the study were MDR. Resist-
ance ratios to prevalently used antibiotics including ami-
noglycosides, ciprofloxacin and fosfomycin were high,
indicating the difficulty of empirical and culture-based
treatment. Notably, a considerable number of isolates
carried 16S rRNA methylase genes conferring high grade
resistance to aminoglycosides. In our earlier study on iso-
lates collected at the hospital in 2015 [14], we observed
a predominance of blayp-, with a corresponding high
ratio of susceptibility to ceftazidime/avibactam. With the
emergence of clones carrying blayny-genes, outnum-
bering blaypc ,-carrying isolates in the current data, the
susceptibility ratio to ceftazidime/avibactam was con-
siderably lower, reaching as low as 7.1% among blood
isolates (Table 2). Colistin is another drug regarded as a
last-resort antibiotic for MDR CRKP. The relatively high
susceptibility rate observed among isolates in this study
(>80%) suggests colistin’s applicability as such in the cur-
rent context. Regardless, colistin should be used carefully
to avoid selection of resistant clones. Aside from chro-
mosomally mediated colistin resistance (which was the
most common mechanism observed), one admission iso-
late carried the plasmid-mediated colistin resistance gene
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mcr-8 and isolates of CRKP with mcr-1 have previously
been reported among clinical isolates at the study hospi-
tal [17]. We have previously reported on a high colistin
resistance ratio (42%) among the major ST15 clone at the
study hospital [18], mainly due to chromosomal altera-
tions, further showing that use of colistin may result in
selection of resistant clones and subclones. Tigecycline
was the antibiotic to which the highest susceptibility ratio
was observed. However, since no clinical breakpoints are
available for tigecycline, susceptibility was defined based
on an ecological cut-off determined from a wild type
population [19]. By using appropriately determined clini-
cal breakpoints, it is possible that the susceptibility would
be considered substantially lower. Furthermore, although
tigecycline has been used as salvage therapy in critically
ill children infected by MDR bacteria, the safety of the
antibiotic has not been clearly established in the patient
group [20]. Further studies assessing the efficacy and
safety of paediatric use of tigecycline are urgently needed.

Notably, no significant difference in antibiotic sus-
ceptibility was observed among isolates from patients
at admission compared to isolates from patients at dis-
charge which were negative at admission. This likely
reflects that CRKP from the study hospital and many
CRKP from other hospitals (from which most patients
were admitted) share a high degree of genetic homoge-
neity. In a recent study conducted in four hospitals in
Hanoi, CRKP of the same lineages were isolated from
three hospitals with patient transfer [21]. However, in
the fourth hospital, which did not transfer patients with
other hospitals, CRKP were of different lineages, sup-
porting the hypothesis that patient transfer facilitates the
dissemination of CRKP strains between hospitals.

In this study, CRKP from faecal samples of patients at
admission and discharge at a large Vietnamese NICU
were analysed with whole-genome sequencing and most
isolates were shown to belong to ST15. Most of these iso-
lates clustered in three different clonal clusters, each also
consisting of blood isolates collected at the same hospi-
tal. Furthermore, clinical isolates collected from previous
years (dating back to 2012) were shown to likely be clon-
ally descended from ST15 isolates in the largest cluster,
suggesting a successful hospital strain which can colonise
inpatients. The high levels of resistance among the CRKP
isolates emphasize the importance of antimicrobial sus-
ceptibility testing of clinical isolates of K. pneumoniae to
ascertain an efficient treatment regimen, as the data does
not indicate an unequivocal empirical regimen. Aside
from prudent usage of antibiotics, infection control meas-
ures are also urgently needed to limit the number of HAIs
overall. To ensure clinical readiness, continued monitor-
ing of the epidemiological situation is required.
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Additional file 1: Fig. S1. Antibiotic resistance genes detected in isolates
of carbapenem-resistant Klebsiella pneumoniae originating from clinical
isolates collected from blood and tracheal fluid samples. For clarity,
certain gene variants (specified below) have been aggregated into gene
categories. These are, and consist of: blaSHV (non-ESBL): blasyy.»g, 0las1y.33,
blagyy s, bldsyy.gs, blasyy 67, 01asy. 73, Dlaspy.70, Dlasy o6 blasy-1100 Olasay 111,
blagyy 133, bIAsyy 140, DAy 1650 bIsky170 bIasiy 170, bIasHy 18 blasHy 104
blasi 196 DlaSHV (ESBL): b1y .15, bldsyyy. 13, blasty-30, Olsyyy-38, blstay-a
blag .00 blAg 106 DIATEM: blG1ey15, bIaTeN 216 DIROXA: Bldnya, blacya.o
blagya0r aac: aac(3)-la, aac(3)-Ild, aac(6)-1b, aac(6)-1b3, aac(6)-1b-cr;

aad: aadAl, aadA2b, aadA3, aadA 16, aadA5; ant: ant(2")-la, ant(3)-VI; aph:
aph(3")-1b, aph(6)-1d; blaOKP: blagyp.g 5, blackp.g-3, 0laokp-s.a: laokpss
blaoyp.p.10 blaokp.g-14; fOSA: fosA, fosA3, fosAS; 0axAB: ogxA, ogxB; gnrB:
qnrB1, gnrB4, gnrB6, gnrBY; catB: catB3, catB8; arr: arr-2, arr-6; drfA: dfrAl,
dfrA7, dfrA12, dfrA14, dfrA23, dfrA27.

Additional file 2: Fig. S2. The genetic relatedness based on single-
nucleotide polymorphisms (SNPs) of 11 carbapenem-resistant Klebsiella
pneumoniae (CRKP) belonging to ST11 collected from faecal samples
from patients at the study hospital was illustrated in a phylogenetic tree.
The closest distances between these clusters are denoted by the closest
related inter-cluster relatives as indicated along the horizontal line. The
maximum number of SNPs along the clusters indicate the largest distance
between two isolates in the indicated cluster.

Additional file 3: Fig. S3. The genetic relatedness based on single-
nucleotide polymorphisms (SNPs) of 18 carbapenem-resistant Klebsiella
pneumoniae (CRKP) belonging to ST14 collected from faecal samples
from patients at the study hospital was illustrated in a phylogenetic tree.
The closest distances between these clusters are denoted by the closest
related inter-cluster relatives as indicated in parenthesis. The maximum
number of SNPs along the clusters indicate the largest distance between
two isolates in the indicated cluster.

Additional file 4: Fig. S4. The genetic relatedness based on single-
nucleotide polymorphisms (SNPs) of 5 carbapenem-resistant Klebsiella
pneumoniae (CRKP) belonging to ST16 collected from faecal samples
from patients at the study hospital was illustrated in a phylogenetic tree.
The closest distances between these clusters are denoted by the closest
related inter-cluster relatives as indicated along the vertical line. The
maximum number of SNPs along the clusters indicate the largest distance
between two isolates in the indicated cluster.

Additional file 5: Fig. S5. The genetic relatedness based on single-
nucleotide polymorphisms (SNPs) of 8 carbapenem-resistant Klebsiella
pneumoniae (CRKP) belonging to ST334 collected from faecal samples
from patients at the study hospital was illustrated in a phylogenetic tree.
The closest distances between these clusters are denoted by the closest
related inter-cluster relatives as indicated along the vertical line. The
maximum number of SNPs along the clusters indicate the largest distance
between two isolates in the indicated cluster.
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