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A B S T R A C T

Objectives: Hypermucoviscous Klebsiella pneumoniae is an emerging cause of community-acquired liver
abscess. The aim of this study was to investigate whether hypermucoviscous strains could be shared
among households.
Methods: The clinical K. pneumoniae isolates from a cohort of 24 patients with Klebsiella liver abscess
were genotyped, and the stool metagenomes of the index patients and their cohabiting domestic
partners were analyzed.
Results: K. pneumoniae was identified in 33% of index patient stools, and one index patient’s clinical isolate
was identified in their domestic partner’s stool.
Conclusions: This could represent a transmission event or could represent exposure to a common
environmental source.
© 2021 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

Introduction

HypermucoviscousKlebsiella pneumoniae is an emerging cause of
community-acquired liver abscess in Asian populations worldwide,
affecting predominantly diabetic individuals with a normal biliary
system and occasionally resulting in metastatic spread of infection
(Siu et al., 2012). Virulence is partly due to the hypermucoviscous
phenotype, which is mediated by the K1 and K2 capsule serotypes.
In Singapore, Klebsiella liver abscess (KLA) has become the most
common cause of liver abscess (Chan et al., 2013). The carriage rate
of K1/K2 capsule types in the general population in several Asian
countries, including Singapore, is 9.8% (Lin et al., 2012).

While the source of the hypermucoviscous K. pneumoniae
causing liver abscess is unknown, the gastrointestinal tract appears

to be the dominant site of colonization. A study in Taiwan showed
that K. pneumoniae isolated from patient liver aspirates had an
identical pulsed-field gel electrophoresis (PFGE) profile to that of
the stool isolate from the same patient, suggesting that the KLA
infections originated from the intestinal flora (Fung et al., 2012).
Several groups of these liver aspirate K. pneumoniae isolates
exhibited identical PFGE patterns and possessed similar virulence-
associated genes as stool K. pneumoniae isolates from healthy
individuals, suggesting that healthy people may carry virulent K.
pneumoniae in their gastrointestinal tract (Fung et al., 2012). In
animal models, the strains causing KLA were found to cross the
intestinal barrier and pass via the portal vein to the liver (Tu et al.,
2009). Gut colonization may result from fecal–oral transmission or
environmental exposure (Siu et al., 2012). Clustering of K.
pneumoniae sequence type (ST) 23 has been identified among
three members of a family, resulting in liver abscess in two (Harada
et al., 2011). A number of research groups have identified similar
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owever, a prospective comparison of K. pneumoniae strains in
ndividuals with liver abscess to those colonizing their domestic
artners has not yet been performed.
The aim of this study was to genotype the clinical K. pneumoniae

solates in a cohort of patients with KLA and to analyze the stool
etagenomes of these patients and their corresponding domestic
artners living in the same household. The purpose was to identify
hether the KLA-causing strains were present in the stools of the
atients and/or their domestic partners, which may provide
vidence that virulent strains could be shared within a household.

ethods

opulation and samples

The study recruited eligible adult participants (age �21 years)
ho were divided into two groups. The first group, KLA index
atients (IPs), were identified from the inpatient wards of three
ospitals in Singapore. Inclusion criteria were abdominal imaging
uggestive of liver abscess, plus K. pneumoniae isolated from
bscess fluid or blood collected within the preceding 14 days.
atients were excluded if additional organisms were isolated
unless deemed to be contaminants). The second group were
ohabiting domestic partners (DPs) of KLA index patients. Enrolled
Ps were requested to approach one DP who was invited to join the
tudy. The National Healthcare Group Domain Specific Review
oard approved the study, and written informed consent was
btained from all participants.
The IPs underwent a first study visit within 14 days of positive

ulture for K. pneumoniae. The first study visit for DPs was
onducted within 14 days of their linked IP’s first visit. Clinical and
emographic data were collected in both groups, and a stool
ample was collected within 7 days of the study visit. In the IP
roup, existing isolates from blood and/or abscess fluid cultures
ere sent by the respective clinical microbiology laboratories to
he research laboratory. The IP group underwent a second study
isit on day 28 (�7 days) involving additional clinical data and
tool sample collection.
The sample size of 24 participants per group was chosen based

n pragmatic considerations of feasibility (recruitment and work
f analysis) and available funding, and was considered adequate to
ulfill the descriptive objectives of the study.

ample DNA extraction and sequencing

DNA was extracted directly from stool samples. The majority of
he stool samples (except those from the first few participants
ecruited) were diluted in phosphate buffered saline (PBS) and
lated onto HiChrome Klebsiella selective agar (Sigma-Aldrich)
efore DNA extraction. However, some of these Klebsiella selective
gar plates did not grow colonies, presumably because the
ntibiotics consumed by some of these patients had eradicated
he gut Klebsiella. For total microbial DNA extraction directly from
tool samples, the PowerSoil DNA isolation kit (MoBio Laborato-
ies) was used according to the manufacturer’s instructions, with
inor modifications (see Supplementary Material). To extract
NA from enriched Enterobacteriaceae (Klebsiella) colonies on the
iChrome Klebsiella selective agar, the GenElute bacterial genomic
NA kit (Sigma-Aldrich) was used according to the manufacturer’s
nstructions. Illumina sequencing libraries were prepared using

protocol as above, with DNA extracted using the GenElute bacterial
genomic DNA kit (Sigma-Aldrich) according to the manufacturer’s
instructions.

Isolate genome assembly and annotation

Isolate genomes were assembled using the Velvet assembler
(version 1.2.10) with parameters optimized by Velvet Optimiser
(Zerbino and Birney, 2008), scaffolded with Opera (version 1.4.1)
(Gao et al., 2016), and gap-filled with FinIS (version 0.3) (Gao et al.,
2012). The strain genome annotation was performed by mapping
the virulence factor gene from the PATRIC database (v3.5.43)
(Wattam et al., 2017) against the assemblies (diamond blastx
v0.9.24, default parameters) and using the software Kleborate
(v0.3.0) (Lam et al., 2018; Wyres et al., 2016).

Taxonomic analysis and identification of isolate strains in the gut
metagenome

Taxonomic abundance profiles were generated from shotgun
metagenomic data using metaphlan2 v2.6.0 (Truong et al., 2015);
species with abundance <0.1% were filtered out. To identify the
isolate in gut metagenomes, it was required that the majority of the
isolate genome sequence was present in the metagenome (95% of
1-kbp windows; see Supplementary Material) and sequences
had to show a high level of similarity relative to other isolates in
this study (see Supplementary Material).

Results

Twenty-four IPs with KLA and 24 DPs were recruited between
August 22, 2016 and October 24, 2017. IPs had a median age of 65
years (range 44–93 years); 14/24 (58.3%) were male and the ethnic
distribution was 22/24 (91.7%) Chinese and 2/24 (8.3%) Malay.
Eight (33.3%) had K. pneumoniae isolated from blood, 10/24 (41.7%)
had K. pneumoniae isolated from abscess fluid, and six had K.
pneumoniae isolated from both blood and abscess fluid. All clinical
isolates were sensitive to ceftriaxone and ciprofloxacin. IPs were
exposed to a median of three different antibiotics (range 1–7
antibiotics) in the 30 days prior to recruitment (see Supplemen-
tary MaterialTable). DPs had a median age of 56 years (range 41–
87 years); 18/24 (75%) were female and the ethnic distribution was
21/24 (87.5%) Chinese, 1/24 (4.2%) Malay, 1/24 (4.2%) Filipino, and
1/24 (4.2%) Eurasian. No DPs had received antibiotics in the
preceding 30 days prior to recruitment.

Clinical isolate genome analysis

Of the 24 clinical isolates collected, 22 were analyzed (see
Table 1). The majority (68.2%, 15/22) belonged to capsule type K1, a
genetically homogeneous group comprising 14 ST23 isolates and
one ST2044 isolate. The non-K1 group was genetically heteroge-
neous, comprising three K2 isolates (two ST2039 and one ST86),
two K5 (both ST60), one K20 (ST268), and one K57 (ST161).
Virulence and resistance scores were derived from Kleborate
(Kleborate). Among the K1 isolates, 12 were assigned a maximum
virulence score of 5 (carried yersiniabactin, colibactin, aerobactin,
and/or salmochelin) and three had a score of 3 (carried aerobactin
and/or salmochelin only without yersiniabactin or colibactin).
Among the non-K1, four isolates (two K2, one K20, and one K57)
tandard protocols (see Supplementary Material), following
hich the enriched libraries were pooled in equimolar ratios
nd sequenced on an Illumina HiSeq sequencing instrument at the
enome Institute of Singapore (2 � 101 bp reads, 41 � 106 on
verage per library). Library preparation and sequencing of K.
neumoniae clinical isolates was performed following the same
2
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were assigned a virulence score of 5, one K2 isolate had a score of 4
(carried aerobactin and/or salmochelin with yersiniabactin with-
out colibactin), and both K5 isolates had a score of 1 (carried
yersiniabactin only). Two isolates (one K20 and one K57) were
assigned an antimicrobial resistance score of 1 (extended-
spectrum beta-lactamase (ESBL), no carbapenemase regardless
cal University from ClinicalKey.com by Elsevier on December 
ission. Copyright ©2021. Elsevier Inc. All rights reserved.



J.S. Molton, I.R. Lee, D. Bertrand et al. International Journal of Infectious Diseases 107 (2021) 1–4
of colistin resistance) from a maximum score of 3 (carbapenemase
with colistin resistance regardless of ESBL), while the remaining 20
isolates had a score of 0 (no ESBL or carbapenemase regardless of
colistin resistance).

Stool metagenome K. pneumoniae strain analysis

KLA index patient group
All 24 IPs provided a stool specimen on day 1, while 23 provided

a stool specimen on day 28. Stool microbiome analysis with
shotgun metagenomics revealed that K. pneumoniae was present in
8/24 (33.3%) samples on day 1 and 10/23 (43.5%) samples on day 28
(median abundance 0.3% and 0.15%). As expected, post antibiotic
treatment, no complete genome (>95% coverage) of a correspond-
ing clinical strain could be identified in any patient at either time
point based on genomic analysis of the K. pneumoniae strains in the
stool. Importantly, the 5–15% of the clinical strain’s genome that
could not be detected included regions encoding virulence factors
such as salmochelin, aerobactin, and yersiniabactin. This suggests
that the strains in the stool lacked the same virulence potential as
the strains in the liver abscess/blood.

Domestic partner group
All 24 DPs provided a stool specimen. We identified reads

mapping to >95% of genomic windows (1-kbp) corresponding to
the IP’s clinical strain in the gut metagenomes of six DPs, and
identified a complete genome of a corresponding IP’s clinical strain
in one DP’s gut metagenome (99% of the isolate genome detected,
with a low average number of single nucleotide variants (SNVs) (23
SNVs), average nucleotide identity (ANI) >99.999, P < 0.2 � 10�8,
Wilcoxon rank sum test). Analysis of the genome coverage of this
IP’s clinical strain in their DP’s stool microbiome indicated that
multiple K. pneumoniae strains were present and that the IP’s
clinical strain represented only 5% of the total K. pneumoniae reads
present (see Figure 1). While this strain was identified in the IP’s
clinical sample and the stool sample of their DP, it was not isolated
in the IP’s own stool.

Discussion

The aim of this study was to genotype the clinical K. pneumoniae
isolates in a cohort of patients with KLA and analyze the stool
metagenomes of these patients and their corresponding domestic
partners. An IP’s clinical strain was identified in their DP’s stool,
despite that strain not being detected in the IP’s own stool
(possibly due to antibiotic exposure). The identification of the
same strain in an IP and their DP could possibly represent a
transmission event between the two individuals (in either
direction), or could alternatively represent exposure to a common
environmental source. K. pneumoniae has been recovered in 21% of
raw and ready-to-eat retail food samples screened in Singapore,
and 8% of these carried genetic elements (wcaG and capsule types
K1, K2, and K54) associated with increased virulence (Hartantyo
et al., 2020). However, no isolates carried the rmpA gene linked to
community-acquired KLA, so a dietary source has not yet been
proven. Fecal–oral transmission of K. pneumoniae was observed in
a mouse model (Young et al., 2020). Such transmission may also
occur in humans within a household.

K. pneumoniae was identified in only 33% of IP stool samples,qu
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and in those, 5–15% of the genome of the clinical strain was not
detected. The strains identified in the IPs’ stool often lacked the
virulence factors seen in the clinical strain. One potential reason for
the unexpectedly low proportion of K. pneumoniae in IP stool
samples could be that all patients were exposed to antibiotics prior
to the day 1 stool collection. This was inevitable because all
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atients were diagnosed with KLA and appropriately treated with
ntibiotics.
The clinical isolate detected in the DP stool co-existed with

ther Klebsiella strains. This suggests that there may be no inherent
tness advantage in the gut for hypermucoviscous K. pneumoniae.
he co-existence of different K. pneumoniae strains also opens up
he possibility that plasmids encoding virulence or antibiotic
esistance could be exchanged between these strains (Chen et al.,
020). It is unclear whether colonization by the clinical isolate in
P is transient, and this can only be resolved with repeated
ampling of DP stools. Although attempts to decolonize ESBL have
een unsuccessful, the use of antibiotics or fecal microbiota
ransplants may be worth investigating for the decolonization of
his antibiotic-sensitive, community-acquired K. pneumoniae, so
hat it does not become a potential reservoir for transmission.

In summary, the same hypermucoviscous K. pneumoniae isolate
n the liver abscess of a patient was identified in their domestic
artner’s stool, suggesting that either both partners were exposed
o a common environmental source or a transmission event
ccurred between the partners. Further work to explore the source,
ransmissibility, and duration of carriage of hypermucoviscous K.
neumoniae is necessary to determine approaches to primary and
econdary prevention of the growing global problem of KLA.
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