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Background: ST11 is the most prevalent sequence type of clinical Klebsiella pneumoniae in
China.

Methods: We investigated the characteristics of the ST11 subclones using core genome multi-
locus sequence typing (cgMLST). Ninety-three carbapenemase-producing K. pneumoniae iso-
lates were collected at Shenzhen People’s Hospital. Then, whole-genome sequencing and
cgMLST were used to discriminate apparent subclones within the ST11 group.

Results: We analyzed the prevalence and genetic relationships of these subclones. ST11 and
K. pneumoniae carbapenemase (KPC-2) were the predominant genotype and carbapenemase,
respectively, in the clinical carbapenemase-producing K. pneumoniae strains. cgMLST
scheme genotyping divided the ST11 group into two clades across seven complex types
(CTs). CT1313 was the most prevalent subclone. The deletion of ga/F and a high frequency
of SNPs in genes associated with the stress- and SOS-responses were found in CT1291 and
CT2405 over time, respectively.

Conclusion: Our results indicated that the subclones of the ST11 group had different
patterns of prevalence. Highly discriminatory genotyping techniques, such as cgMLST
scheme, should be used in further molecular epidemiology investigations.

Keywords: Klebsiella pneumoniae, whole genome sequencing, cgMLST, STI11,

carbapenem-resistance

Introduction
Klebsiella pneumoniae is a common Gram-negative pathogen that causes opportu-
nistic hospital-acquired infections worldwide. As the multiclass antimicrobial resis-
tance (AMR) of K. pneumoniae is widespread in nosocomial settings, this pathogen
has been recognized as an urgent threat to human health.! Although carbapenem
antibiotics are often used to treat drug-resistant bacteria, K. pneumoniae has
acquired plasmid-encoded carbapenemases capable of inactivating most -lactam
antibiotics, including the carbapenems, thus conferring carbapenem-resistance.”
Carbapenemase-producing K. pneumoniae (CPKP) pose a daunting clinical chal-
lenge, as these bacteria cause invasive infections, with few therapeutic options and high
mortality. More worryingly, the genetic diversity of CPKP appears to be increasing.**
The population structure of K. pneumoniae has been studied with several different
genotyping techniques, including pulsed-field gel electrophoresis (PFGE), multi-locus
VNTR analysis (MLVA), and multi-locus sequence typing (MLST).> A standard
MLST analysis, based on polymorphisms in seven K. pneumoniae housekeeping
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genes, found that the clonal complex 258 (CC258), which
includes sequence type 258 (ST258) and its single-locus
variants ST11 and ST340, dominated in CPKP isolates
worldwide.® In Asia, the dominant clone is ST11, accounting
for up to 60% of Chinese CPKP isolates.’

Whole genome next-generation sequencing (WGS) has
supported the reconstruction of many critical events in the
evolutionary history of CPKP. Initial comparative sequen-
cing efforts, focusing on ST258, confirmed and extended
earlier observations based on capsule and standard MLST
typing; these latter analyses, because they only queried seven
genes, might underestimate clinically relevant differences in
genetic content among isolates.® Indeed, DeLeo et al demon-
strated that ST258 included at least two clades, which are
defined by differences in a 215-kb region that includes the
¢ps locus.” In addition, a PFGE analysis of 83 CPKP isolates
showed that ST11 was subdivided into two distinct sub-
lineages,'® while a phylogenetic analysis based on single-
nucleotide polymorphisms (SNPs) among CPKP genomes
partitioned 12 outbreak STII strains into three separate
clades." It is thus likely that the ST11 group includes differ-
ent sub-lineages, although the characteristics of these sub-
lineages remain unknown.

A combination of WGS and core genome multi-locus
sequence typing MLST (cgMLST) can analyze poly-
morphisms in thousands of genes in a core genome.
cgMLST schemes include fixed sets of conserved genome-
wide genes (2358 genes in the case of K. pneumoniae);
alleles are used instead of single nucleotide polymorph-
isms (SNP) or concatenated sequences to mitigate the
effects of recombination. Because this technique operates
genome-wide and types thousands of genes, cgMLST
combines the comparability of MLST and discriminatory
power of PFGE. Here, we used cgMLST to investigate the
population ecology of CPKP isolates collected over a two-
year period at a large Chinese hospital.

Materials and Methods
Bacterial Isolates and Phenotypic

Characterization

We collected consecutive non-replicate clinical isolates of
carbapenem-resistant K. pneumoniae (CRKP) isolated
between January 2016 and December 2017 from inpatients
at the Shenzhen People’s Hospital, a medical center with
2500 beds in Luohu, Shenzhen, China. Species identifica-
tion and antimicrobial susceptibility testing were per-
formed with the VITEK-2 compact system (bioMérieux,

Marcy-1’Etoile, France). Results were interpreted in accor-
dance with guidelines published by the Clinical and
Laboratory Standards Institute (CLSI; document M100-
S26).'? The species identifications of all isolates were
confirmed with matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-TOF-MS, bioMérieux,
Marcy-1’Etoile, France). We used the modified Hodge
test, performed according to CLSI 2016 recommendations,
to identify the CPKP phenotype.'?

Whole Genome Sequencing (WGS)

Genomic DNA was extracted from each isolate using the
Sodium Dodecyl Sulfate (SDS) method,"* and quantified
using a Qubit (Thermo Fisher, Waltham, MA, USA). The
DNA library was constructed using an insert size of 350 bp.
A-tailed, paired-end adapters were ligated to the DNA
fragments and sequenced on an Illumina HiSeq 2500-
PE150 platform (Illumina, San Diego, CA, USA). We
used fastp to perform quality control and the preprocessing
of fastq to remove adaptor sequences, low-quality reads
(phred quality < Q15), low-complexity reads (30%), and

% Genome assembly was performed

polyG/polyX tails.
using de novo SPAdes Genome Assembler (version
3.12.0)."° We identified the antimicrobial resistance genes
and virulence factors in the isolates by scanning the genome
contigs against the ResFinder and VFDB databases using
ABRicate (version 0.8.7). We performed capsular typing on

the assembled sequences with Kaptive (version 0.5.1).'°

Genomic Characterization

Analysis of the genome sequences for MLST, cgMLST geno-
typing and minimum spanning trees construction were per-
formed with Ridom SeqSphere+ (version 5.1.0) (Ridom
GmbH, Munster, Germany), based on the cgMLST scheme,
very closely related genomes (ie, those <15 alleles distance)
were “lumped” together as a complex type (CT).'” Core gen-
ome alignment, recombination detection/filtration, and phylo-
genetic reconstruction were performed with the Harvest suite
(version 1.2), Spine (version 0.3.2) and AGEnt (version 0.3.1)
were used to compare the genomes of isolates.'®!* We anno-
tated the results with Prokka (version 1.13.3).%°

Viability in Serum

The K. pneumoniae clinical isolates P1291-19, P1291-20,
P2405-8, and P2405-9 were used for the serum viability
experiment. Bacteria from frozen stocks were cultured in
Luria-Bertani (LB) broth overnight at 37°C with shaking
(220 rpm). Overnight cultures were diluted 1/100 and re-
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cultured until the optical density at 600 nm (ODggo) was
0.6-0.8. We adjusted the cultures with LB medium to
concentrations of 2x10° colony-forming units (CFU)/mL.
Cultures were then inoculated with 2x10° CFU in 3 mL
LB medium with or without 20% human serum (Lablead),
and re-cultured. We removed 100 pL aliquots of each
culture at 30 min, 60 min, 90 min, and 120 min after
inoculation. Aliquots were diluted and plated on LB agar.
Survival was expressed as the ratio of CFUs in the serum-
added LB to the CFUs in unsupplemented LB.

Statistical Methods

Pairs of experimental groups were compared using the
two-sample Student’s ¢ test or the Mann—Whitney U-test
if the requirements of the ¢ test were not met. We consid-
ered P < 0.05 statistically significant. All analyses were
performed using GraphPad Prism (GraphPad Software
Inc., San Diego, CA, USA).

Results
Non-repetitive CRKP isolates collected from patients with
confirmed K. pneumoniae infections were frozen and stored
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by the clinical microbiology laboratory at the Shenzhen
People’s Hospital. We confirmed CPKP in 93 of these iso-
lates. The dominant carbapenemase was KPC-2 (84 iso-
lates), followed by IMP-4 (5 isolates), NDM-1 (3 isolates),
KPC-9 (2 isolates), and OXA-23 (1 isolate) (Supplementary
Figure S1). OXA-23 carbapenemase was identified in isolate
that also carried both IMP-4 and KPC-9.

Unsurprisingly, MLST analysis showed that ST11 was
the most prevalent lineage among the CPKP strains (83
isolates), followed by ST3427 (3 isolates). The other ST
types were represented by only a single isolate each
(Figure 1A). Classical MLST analysis identified only 9
STs, while cgMLST identified 15 CTs. The most common
CTs were CT1313 (33 isolates), CT1291 (20 isolates), and
CT2410 (10 isolates), followed by CT2405 (9 isolates),
CT2445 (6 isolates), CT2418 (4 isolates), and CT2379 (3
isolates). Eight other CT types were identified in only one
isolate each (Figure 1B). Four of the identified ST types
were previously undescribed (http://bigsdb.pasteur.fr/kleb
siella/klebsiella.html), as were 14 CT types (https:/www.
cgmlst.org/ncs). Seven CT types were included in the ST11
group (Figure 1C). CT1313, the most prevalent ST11
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Figure | Distribution of genotypes among carbapenemase-producing strains of Klebsiella pneumoniae strains. Genotype distribution of isolates based on (A) multi locus
sequence typing (MLST) analysis and (B) core genome multi locus sequence typing (cgMLST) scheme. (C) Distribution of CT types within the ST11 group.

Abbreviations: ST, sequence type; CT, complex type.
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subclone, was isolated throughout the two-year study period.
The first strains of CT2405 (P2405-1), CT2410 (P2410-1),
and CT2418 (P2418-1) were isolated more than six months
after the start of the study period, while the first strain of
CT2445 (P2445-1) was isolated just two months before the
end of the study period (Figure 2A).

A previous study demonstrated that ST258 K. pneumoniae
fell into two distinct genetic clades based on a phylogenetic
analysis of the SNPs in the core genome; the genetic

A

20163 2016.9

differences between the two clades were due to divergences
in genes associated with capsule polysaccharide biosynthesis.”
To identify the relationships among the different CT groups
within ST11, we constructed minimum spanning trees for all
ST11 isolates based on the cgMLST scheme. The previous
study was consistent with the minimum spanning tree based on
the cgMLST allelic profiles of ST11 K. pneumoniae recovered
here. Two genetic clades were identified in the ST11 lineage:
CT1313, CT2410, CT2405, and CT2444 clustered together as
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Figure 2 Timelines of the CT type isolates in the STI| group, and the evolutionary relationships among these isolates. (A) Sampling dates for each isolate. Vertical lines
represent the isolates in each CT group. There are 33, 10, 9, 1, 20, 4 and 6 isolates in the CT 1313 (PI1313-1 to P1313-33), CT2410 (P2410-1 to P2410-10), CT2405 (P2405-1
to P2405-9), CT2444 (P2444), CT1291 (P1291-1 to P1291-20), CT2418 (P2418-1 to P2418-4), and CT2445 (P2445-1 to P2445-6) group, respectively. (B) Minimum spanning
tree based on cgMLST scheme analysis of the different CT types in the STI | group of carbapenemase-producing K. pneumoniae. Each circle represents the isolates belonging
to the corresponding CT type, based on the sequence analysis of 2358 cgMLST target genes. The code in each circle is the case serial number. The numbers on the branches
represent the number of alleles between each pair of genes. The cluster distance threshold is 15. The arrows indicate evolution direction.
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clade-1; CT1291, CT2418, and CT2445 clustered together as
clade-2.

As shown in minimum spanning trees, six clusters
were separated by a mean pairwise allelic distance of 15
alleles. Combining the isolation timeline (Figure 2A), the
position of CT1313 was consistent with its possible role as
a progenitor of CT2410, CT2405, and CT2444, while the
position of CT1291 was consistent with its possible role as
a progenitor of CT2418 and CT2445 (arrows in Figure
2B). All ST11 isolates in clade-1 examined here had
a K-locus (KL) of KL64. Most strains in clade-2 were
KL47, except for the first CT1291 strain P1291-1 (KL64).

All ST11 strains in clade-1 examined here had an O-locus
(OL) of O2v1. Most strains in clade-2 were OL101, except
for P1291-1 (O2vl). Changes of KL and OL type suggest
that CT1291 is a subclone expanding from CT1313.

We compared the genomes of CT1291 and CT2405
isolates, respectively, and found, intriguingly, that the strain
P1291-20 (sampling date Feb 2, 2017) was lacking galF
(Figure 3A), a gene present in the genomes of all other
strains in this CT group (P1291-1 through P1291-19). The
phylogenetic trees based on the SNPs in core genomes
showed that a zone with a high frequency of SNPs in strain
P2405-9 compared to other strains in CT2405 group. This
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Figure 3 The phylogenetic trees of CT 1291 and CT2405. Visualization of the core genomes of (A) CT1291 and (B) CT2405, as aligned with the Harvest suite. The leaves of
the reconstructed phylogenetic tree (left) are paired with the corresponding row in the multiple sequence alignment. P1291-20 and P2405-9 have been selected (left:
highlighted in aqua; right: highlighted in black). A SNP density plot (lilac line) reveals the phylogenetic signature of several clades. The light gray regions flanking the operon
indicate unaligned sequences. The blue dotted box indicates the zone with a high frequency of SNPs and the corresponding genes in P2405-9.
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Figure 4 The viability of isolates in serum. P1291-19 and P2405-1 were randomly selected, and the viability of each of these isolates in serum was compared to that of the
last isolate in each corresponding CT group (P1291-20 and P2405-9, respectively) (n=3, *P<0.05, **P<0.01, ***P<0.001).

region included the genes yciE, rrrD, smc, lexA, and dinl
(Figure 3B; Supplementary Table S1).

To determine whether the CT1291 and CT2405 strains
were associated with a less stress-resistant phenotype, we

compared the viability of these strains in human serum. The
viability of P1291-20 and P2405-9 in 20% serum was lower
than that of other isolates from the same CT groups (Figure 4).

Discussion

The increasing prevalence of CRKP is a major public
health concern. The production of carbapenemases is the
primary mechanism by which CRKP resists antibiotic
treatment. Transmission of these resistance genes can be
mediated by horizontal transfer via transposons or plas-
mids, or by clonal spread.”’ We found that ST11 was the
most common clone associated with the most common
KPC-2 carbapenemase in the largest medical center in
Shenzhen between 2016 and 2017. This was consistent
with a previous study in China and other Asian
countries.”> However, the P2445-4 strain in this study
carried both OXA-23 and KPC-2 carbapenemase, which
is uncommon in K. pneumoniae. The existence of OXA-23
among CRKP clinical isolates in Egypt was also reported
recently.”® This suggests that we should be alert to the
spread of OXA-23 in K. pneumoniae, which is only

prevalent in Acinetobacter baumannii.®> However, MLST
schemes corresponding to CPKP strains have remained

imprecisely defined.”'”

cgMLST analysis may eliminate
spurious MLST associations. Although this typing method
needs a commercial software SeqSphere+, which may
suggest less robustness, the high resolution makes it
become easier to eliminate unnecessary interference in
the complicated analysis process. Previous studies have
used cgMLST to clarify the origin and evolution of com-
munity-acquired Staphylococcus aureus and to identify
separate Acinetobacter baumannii outbreaks.>**>

A cgMLST scheme for K. pneumoniae was developed
and evaluated in 2017.2° Although cgMLST analysis sug-
gested that epidemic ST11 might have several sub-clones,
the properties of these sub-clones were unknown. Here, we
identified several different CT types within the STI11
group, and showed that the subclones of ST11 differed
with respect to prevalence.

However, even with the high resolution of cgMLST,
we still found some significant differences between the
genomes of the strains with same CT-type. The galF
gene was highlighted by comparing the genomes of iso-
lates in CT1291 group. High-pressure liquid chromatogra-
phy (HPLC) analyses indicated that the reaction catalyzed
by GalF was associated with CPS biosynthesis, and that
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GalF was responsible for CPS translocation and surface
assembly.?’ Previous studies using mutants (dwca and
Aatf) showed that silencing galF reduced or eliminated
NTUH-K2044.>72*
Genetic differences within the CT2405 group result from

CPS production compared with
a zone with a high frequency of SNPs; this zone includes
genes involved in the stress-response (yciE) and the SOS-
response (rrrD, smc, lexA and dinl). Thus, these SNPs
may have the potential to affect the prevalence of
K. pneumoniae.

Our timeline also revealed the genetic relationships
among the different CT groups, with the exception of
CT1313 and CTI1291. Based on the KL and OL type
results, we inferred that CT1291 might have emerged
from CT1313, because the isolate P1291-1 has the same
KL and OL type as CT1313 and other clade-1 isolates.
Thus, in our hospital, CT1313 was the progenitor of ST11
CPKP and the subclone expanding is ongoing.

Conclusion

In summary, we confirmed the heterogeneity of the ST11
group using cgMLST scheme genotyping. With the discri-
minatory power of this technique, we revealed the genomic
relationship of ST11 subclones, and characterized these iso-
lates with respect to prevalence. Our findings highlight the
necessity of accurately classifying subclone within ST11
type in the future molecular epidemiology investigation.
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