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Introduction: Hypermucoviscous Klebsiella pneumoniae (HmKp) poses an
emerging and highly pathogenic global health threat. This study aimed to
investigate the clinical and genomic characteristics of HmKp isolates to better
understand the virulence mechanisms of the hypermucoviscous (HMV)
phenotype.

Methods: From May 2018 to August 2021, 203 non-repeat K. pneumoniae
isolates causing invasive infections were collected from a hospital in Beijing,
China. Isolates were divided into HmKp (n=90, 44.3%) and non-HmKp (n=113,
55.7%) groups according to string test results.

Results: Multivariate regression showed that diabetes mellitus (odds ratio [OR]=
2.20, 95% confidence interval (Cl): 1.20-4.05, p=0.010) and liver abscess
(OR=2.93, Cl 95%:1.29-7.03, p=0.012) were associated with HmKp infections.
K. pneumoniae was highly diverse, comprising 87 sequence types (STs) and 54
serotypes. Among HmKp isolates, ST23 was the most frequent ST (25/90,
27.8%), and the most prevalent serotypes were KL2 (31/90, 34.4%) and KL1
(27/90, 30.0%). Thirteen virulence genes were located on the capsular
polysaccharide synthesis region of KL1 strains. HmKp isolates were sensitive
to multiple antibiotics but carried more SHV-type extended spectrum
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B-lactamase (ESBL) resistance genes (p<0.05), suggesting that the emergence
of ESBL-mediated multidrug resistance in HmKp should be monitored carefully
during treatment. Phylogenetic analysis disclosed that HmKp isolates were
highly diverse. Comparative genomic analysis confirmed that the HMV
phenotype is a plasmid-encoded virulence factor. Seventeen HmKp genes
were highly associated with HmKp, and included rmpAC, 7 iron-acquisition-
related genes, and pagO, which may promote liver abscess formation.

Discussion: This investigation provides insight into the mechanisms producing
the HMV phenotype.

KEYWORDS

Klebsiella pneumonia, hypermucoviscosity, invasive infection, risk factors,

genomic analysis

Introduction

Klebsiella pneumoniae is a Gram-negative bacillus that may
subsist as a commensal bacterium of the nasopharyngeal and
intestinal tracts, but may also cause life-threatening infections. A
1986 report from Taiwan of seven patients with K. pneumoniae
pyogenic liver abscesses, bacteremia, and metastatic septic
endophthalmitis (Liu et al., 1986) suggested the emergence of
a hypervirulent pathotype. This newly-identified pathogen was
designated as hypervirulent K. pneumoniae (HvKp). In 2004,
differences in mucoviscosity were observed between strains that
caused primary liver abscess and those that did not (Fang
et al, 2004). HvKp overproduces capsular polysaccharides
which result in a hypermucoviscous (HMV) phenotype
(Shon et al.,, 2013). The HMV phenotype was defined by the
formation of viscous strings of >5mm in length when a loop was
used to stretch colonies on agar plates (Li et al., 2021a). HvKp
infections are geographically dispersed and have emerged as a
global public health concern. Throughout the past three decades,
HvKp has caused epidemics in Asia, especially in South Korea,
Japan, Singapore, and China. Meanwhile, sporadic cases have
been reported elsewhere, and incidence rates are rising. (Yang
et al., 2020; Li et al., 2021b; Wang et al,, 2021). HvKp is an
etiologic agent of severe and often multifocal infections in young
and healthy individuals (Zhu et al,, 2021).

However, diagnostic criteria of HvKp infections have still
not been formally established. The genes peg-344, iroB, iucA,
prmpA, and ,rmpA2 all have been used to identify members of
the HvKp-rich strain cohort with an accuracy of >0.95.
Molecular analyses of virulence genes may be infeasible in
most microbiology laboratories (Russo et al., 2018; Catalan-
Najera et al., 2017). In contrast, the string test is applicable in
both research and clinical settings. Recent evidence suggests that
hypervirulence and hypermucoviscosity are two complementary
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but distinct phenotypes of K. pneumoniae (Russo et al., 2018).
The hypermucoid phenotype of HvKp is presumably conferred
by the products of rmpA and rmpA2, which are typically
encoded in a large virulence plasmid. Hypermucoviscous K.
pneumoniae (HmKp) is associated with high serum resistance
and the clinical syndrome of liver abscess. Serotype KL1/KL2
isolates are generally more mucoid than those of other serotypes
(Fung et al., 2002; Fang et al., 2007; Siu et al., 2012). KL1 strains
are clustered uniformly within a monophyletic clade of clonal
group 23, while KL2 strains are more genetically diverse (Struve
et al., 2015).

Characterization of the clinical and genomic characteristics
and antibiotic resistance trends of HmKp are needed to optimize
clinical care, infection control efforts, epidemiological
surveillance, and research studies. In this study, we
investigated the clinical and genomic features of invasive
HmKp isolates and tried to elucidate the pathogenic
mechanisms of the HMV phenotype.

Method and materials

Collection of K. pneumoniae isolates and
clinical information

We performed a retrospective study by collecting non-
repeated K. pneumoniae isolates from patients with invasive
infections at a hospital specializing in liver disease (Beijing,
China) from May 2018 to August 2021. K. pneumoniae
isolates were obtained from cultures of blood, ascites, abscess
drainage, biliary tract fluid, pleural fluid, and bronchoalveolar
lavage aspirate, and identified by an automated Vitek II system
(bioMerieux, Balmes-Les-Grottes, France). Afterwards, whole
genome sequencing-based species identification with

frontiersin.org


https://doi.org/10.3389/fcimb.2022.1063406
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Jin et al.

assembled genomes was performed using Kleborate v2.2.0
(Lam et al,, 2021). Clinical information was retrieved from
electronic medical records, including basic demographic
characteristics, underlying diseases, antimicrobial agent
exposures, the site of infection, and the use of invasive devices.
Hospital-acquired infections were defined as incident infections
with an onset after 48 hours of admission.

Determination of HMV phenotype

To determine the HMV phenotype, a string test was
performed by touching a colony grown overnight on a blood
agar plate at 37°C with a loop and pulling it up. Strains
exhibiting a mucoid string with a length of =5 mm were
defined as HmKp. Otherwise, they were classified as non-
HmKp. Each string test was repeated three to five times.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed by the
VITEK 2 (bioMeérieux) with Vitek2 Gram Negative ID cards
(AST-N335; bioMerieux) (ticarcillin, piperacillin, ceftazidime,
cefoperazone, cefepime, aztreonam, imipenem, meropenem,
amikacin, tobramycin, ciprofloxacin, levofloxacin, doxycycline,
minocycline, trimethoprim) and broth dilution susceptibility
testing (ertapenem). K. pneumoniae ATCC700603 was used as
a quality control strain. Results were interpreted according to the
recommendations of the Clinical and Laboratory Standards
Institute 2020 (CLSI, 2020).

Whole genome sequencing, multilocus
sequence types and serotyping

Genomic DNA was extracted using a QlAamp DNA Mini
Kit (#51306 Qiagen) following the manufacturer’s
recommendations. The Illumina nova seq6000 and MGISEQ-
2000 platforms were used for sequencing. De novo assembly was
performed using Unicycler v0.5.0 (Wick et al., 2017). Centrifuge
v1.0.4 was used to classify contigs and remove contaminating
sequences (Kim et al., 2016).

Gene prediction and the annotation of assembled sequences
were performed via Prokka v1.12 (Seemann, 2014). STs were
determined via MLST v2.16.1 and reconfirmed using
stringMLST v0.6.3 based on reads. For any strain that did not
match an existing ST number, we uploaded the sequencing data
to the Klebsiella MLST database (https://bigsdb.pasteur.fr/
cgibin/bigsdb/bigsdb.pl?2db=pubmlst klebsiellas eqdef&page=
login) to obtain a new ST number. Capsular K serotypes were
identified by whole-genome data using Kleborate v2.2.0
(Lam et al., 2021).
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Phylogenetic analysis

The collection of Prokka-annotated sequences was analyzed
with Roary v3.13.0 (Page et al., 2015) to infer core and
pangenomes. Maximum-likelihood phylogenetic tree analyses
were generated using RAXML-NG v1.0.1 (Kozlov et al.,, 2019)
with 1000 bootstrap replicates and the specific model selected by
ModelTest-NG v0.1.7 (Darriba et al., 2020). The tree was
visualized using the Figtree v1.4.4 graphical viewer (http://tree.
bio.ed.ac.uk/software/figtree/) and iTOL (https://itol.embl.de.).

Virulence genes, antimicrobial resistance
genes, and plasmid analysis

The presence of resistance and virulence genes was predicted
using the Comprehensive Antibiotic Resistance Database (Jia
et al,, 2017) and Virulence Factor Database (Chen et al., 2016),
respectively, in the ABRicate v0.8.13 program. A heatmap was
generated using Tbtools software (Chen et al., 2020). Platon v1.6
(Schwengers et al., 2020) was used to classify plasmid contigs
and confirmed plasmids via plasmidID v1.6.5(https://github.
com/BU-ISCIII/plasmidID.wiki. git).

Comparative pangenome analysis

Pangenome analysis was performed using Roary v3.13.0
(Page et al., 2015). Rarefaction and accumulation curves were
created using R version 4.2.1. Functional annotation of genes
was done on RAST using the SEED subsystems approach. For
RAST annotation, nucleotide files were uploaded to RAST by
default features (RAST annotation scheme: RASTtk,
automatically fix errors, fix frameshifts, build metabolic model,
backfill gaps, turn on debug: yes, verbose level: 0).

Statistical analysis

All data were analyzed using R version 4.2.1. The chi-square test
or Fisher’s exact test were used to analyze categorical variables.
Continuous variables were presented as means + standard deviation
(SD) and were compared using Student’s t-test. Normally
distributed continuous variables were expressed as means + SD
and compared using Student’s t-test. Non-normally distributed
continuous variables were presented as medians with interquartile
ranges (IQR) and compared using the Mann-Whitney U test.
Univariate and multivariable logistic regressions were performed to
explore the risk factors of HmKp infection. All variables with a
value of p<0.1 within univariate analysis were included in the
following multiple logistic regression model. Stepwise regression
was used to identify statistically significant predictors. p<0.05 was
considered as statistically significant.
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Results

Clinical characteristics of HmKp and
non-HmKp isolates

A total of 203 K. pneumoniae isolates were collected; 90
(44.3%) exhibited a positive string test and were designated as
HmKp. The proportions of HmKp isolates among invasive K.
pneumoniae isolates in 2018, 2019, 2020, and 2021 were 35.3%
(12/34), 56.0% (28/50), 40.2%(27/67), and 44.2%(23/52),
respectively. The %2 test for trend indicated that the annual
proportions of HmKp isolates were similar over the four-year
timespan (Figure 1A). The four departments with the highest
prevalence of HmKp were Adolescent Hepatology (5/5,100.0%),
Emergency (3/3,100.0%), Uninfected Hepatology (3/4, 75.0%),
and Transplantation Medicine (6/8,75.0%) (Figure 1B). HmKp
was isolated most often from the bloodstream (43/90, 48%),
followed by ascites (19/90, 21%) and liver abscesses (15/90,17%).
Non-HmKp isolates were obtained most often from the
bloodstream (42/113,37%), ascites (31/113,27%), and bile (25/
113, 22%) (Figure 1C).

Demographic and clinical features of the 203 infected patients
are listed in Table 1. The prevalence of diabetes mellitus (58.9% vs
36.3%; p=0.001) and liver abscess (26.7% vs 8.8%; p=0.001) were
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significantly higher in the HmKp than in the non-HmKp group.
Solid malignancy (22.2% vs 41.5%; p=0.004) and digestive diseases
(10.0% vs 27.4%; p=0.002) were more prevalent in the non-HmKp
group. Additionally, there was a lower proportion of patients with
HmKYp infections undergoing drainage (32.2% vs 47.8%; p=0.025);
p=0.035) compared to patients with non-HmKp infections. Fever
was more common in the HmKp group than in non-HmKp group
(74.4% vs 60.2%; p=0.032). Fewer patients were treated with
penicillin in the HmKp group than in the non-HmKp group
(7.8% vs 19.5%; p=0.018).

Risk factors for invasive HmKp infections

Subsequent to the above analysis, all factors from univariate
analysis with a p<0.1 were included in the multivariate model. In
the multivariate analysis, diabetes mellitus (odds ratio [OR]
=2.20, 95% confidence interval [CI]=1.20-4.05; p=0.010) and
liver abscess (OR=2.93, 95%CI=1.29-7.03; p=0.012) were
associated with increased odds of HmKp infection. Solid
malignancy (OR=0.45, 95%CI=0.23-0.85; p=0.016) and
digestive diseases (OR=0.38,95%CI=0.15-0.86; p=0.025) were
associated with markedly decreased odds of HmKp
infection (Table 2).

HmKp
 non-HmKp

= HmKp
non-HmKp

No. of strains

Specimens

Clinical distributions of HmKp and non-HmKp isolates (A) Chronological distribution of HmKp and non-HmKp isolates.
(B) Frequency of HmKp and non-HmKp isolates in hospital departments. (C) Distribution of HmKp and non-HmKp isolates by clinical specimen.
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TABLE 1 Demographic and clinical characteristics of 203 patients with hypermucoviscous Klebsiella pneumoniae (HmKp) or non-

hypermucoviscous K. pneumoniae infection.

Characteristics HmKp (n = 90) n (%)
Age (years)* 55 (48, 63)
Male 65 (72.2)
Hospital-acquired infection 53 (58.9)
Underlying diseases
Solid malignancy 20 (22.2)
Liver cirrhosis 52 (57.8)
Digestive diseases 9 (10.0)
Diabetes mellitus 53 (58.9)
Chronic kidney disease 22 (24.4)
Hypertension 11(12.2%)
Pulmonary disease 16 (17.8)
Clinical presentation
Bacteremia 5 (5.6%)
Peritonitis 21 (23.3)
Liver abscess 24 (26.7)
Extrahepatic abscess 3(3.3)
Use of invasive devices
Drainage tube 29 (32.2)
Intravenous/Venous catheter 22 (24.4)
Urinary catheter 11 (12.2)
Gastrostomy tube 9 (10.0)
Bone marrow puncture 0 (0)
Endotracheal intubation 0 (0)
Surgical procedures 7 (7.8)
Length of hospital stay (days) 22.3 + 16.0
Symptoms/Signs
Fever 67 (74.4)
Nausea 4 (4.4)
Weakness 32 (35.6%)
Cough 8 (8.9)
Antibiotic exposures
Penicillins 7 (7.8)
Carbapenems 13 (14.4)
Cephalosporins 25 (27.8)

*Age data are presented as mean (standard deviation) or median, (interquartile range).
Bold values indicate p < 0.05.

Multilocus sequence typing
and serotyping

K. pneumoniae isolates were highly diverse, comprising 87
STs and 54 serotypes. Eight of the STs (ST6105, ST6106, ST6107,
ST6108, ST6109, ST6110, ST6111, and ST6112) were first
identified in this study. The most frequent STs in the HmKp
group were ST23(25/90, 27.8%) and ST65 (15/90, 16.7%). In the
non-HmKp group, the most frequent ST was ST11 (12/113,
10.6%) (Figure S1). The most frequent serotypes in the HmKp
group were KL2 (31/90, 34.4%) and KL1(27/90, 30.0%), which
accounted for >50% of isolates (Figure 2). Interestingly, most
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non-HmKp (n = 113) n (%) p-value

58 (49, 67) 0.159
85 (75.2) 0.629
78 (69.0) 0.134
47 (41.5) 0.004
72 (63.7) 0.389
31 (27.4) 0.002
41 (36.3) 0.001
41 (36.3) 0.070
23(20.4%) 0.123
28 (24.8) 0.229
4 (3.5%) 0.726
32 (28.3) 0.422
10 (8.8) 0.001
2(1.8) 00.796
54 (47.8) 0.025
38 (33.6) 0.154
15 (13.2) 0.824
16 (14.2) 0.370
6 (5.3) 0.072
5 (4.4) 0.118
15 (13.3) 0211
29.5 + 21.2 0.006
68 (60.2) 0.032
12 (10.6) 0.105
49 (43.4%) 0.259
5 (4.4) 0.197
22 (19.5) 0.018
25 (22.1) 0.163
28 (24.8) 0.629

KLI strains belonged to ST23 (31/35, 88.6%), and 25 of KL1-
ST23 strains were HmKp.

Profiling virulence-associated genes

A total of 126 virulence genes were recorded, with KL1
isolates having the highest repertoire (120/126, 95.2%). Thirteen
virulence genes located on the capsular polysaccharide synthesis
(cps) region were identified only in the KL1 serotype. The
prevalence of 79 genes was statistically higher in HmKp; these
included genes encoding colibactin; allantoin utilization;

frontiersin.org
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TABLE 2 Clinical risk factors for HmKp infection identified by logistic regression.

Variables

Liver abscess
Diabetes mellitus
Solid malignancy

Digestive diseases

OR, odds ratio; CI, confidence interval.

aerobactin, yersiniabactin, salmochelin, and lipopolysaccharide
(LPS) synthesis; the type VI secretion system (tssD, tssF, tss],
tssK, tssL, tssM, fyuA); and the gene cluster for capsule
production (rmpA, rmpA2, ugd, gnd, manB, manC, gmd,
weaG, weaH, weal, weal, wesS, wesT, welY, wza, wzb, wzc, wzi,
wzx, magA) (p<0.05) (Figure 2). In addition, 112 HvKp isolates
were defined by various combinations of peg-344, iroB, iucA,
prmpA, or ,rmpA2, and included 88 HmKp. In the HmKp group,
only two isolates were not HvKp.

Analysis of antibiotic resistance
phenotypes and genotypes

HmKp isolates were generally more susceptible than non-
HmKp isolates to antimicrobial agents that included
meropenem, imipenem, aztreonam, cefepime, ceftazidime,
ciprofloxacin, levofloxacin, piperacillin, tobramycin,
doxycycline, minocycline, and ticarcillin (p<0.05) (Table S2).
Only one of 14 carbapenem-resistant isolates was an HmKp
(ST11-KL64). Notably, the prevalence rates of SHV-type ESBL

OR (95%CI)

2.93 (1.29-7.03
2.20 (1.20-4.05
0.45 (0.23-0.85
0.38 (0.15-0.86

Multivariate analysis

p-value
) 0.012
) 0.010
) 0.016
)

0.025

genes (SHV-11, SHV-190, SHV-207) were higher in the HmKp
group than in the non-HmKp group (p<0.05) (Figure S2).

Phylogenetic analysis based
on core genes

The core genome-based phylogenetic tree is shown in Figure 3.
Klebsiella variicola subsp. Variicola, kv291 collected from the same
hospital during the study period was used as an outgroup to root the
tree. A cluster was defined as a large branch with the same serotype
and sequence type. Most isolates had clearly distinct phenotypes in
the cluster, such as HMV and carbapenem resistance. According to
these criteria, we identified 9 clusters. Cluster 5 was the largest, and
was comprised entirely of KLI strains. KL2 isolates clustered in
different sub-branches with different STs (Cluster 2: KL2 & ST86;
Cluster 3: KL2 & ST380; Cluster 7: KL2). HmKp strains were
scattered in different clusters whereas carbapenem-resistant (CPKP)
strains were grouped closely in Cluster 9 (ST11).

To evaluate the phylogenetic relationships of the 203 K.
pneumoniae isolates in public genomes, we selected 116 K.

Siderophores

Lipopolysaccharide

Type VI secretion system

Capsule

FIGURE 2

Distributions of siderophores, lipopolysaccharide, type VI secretion system, and capsule-related genes among serotypes. The bar graph (top)
represents the numbers of isolates by serotype. The bar graph (left) represents the numbers of virulence genes in two groups. Groups are
indicated by different colors. The numbers of virulence genes are depicted as a heatmap. The red font represents genes that were significantly

more prevalent in the HmKp group than in non-HmKp group.
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pneumoniae strains from PATRIC to construct a phylogenetic tree
together with the 203 isolates in our study using the method
described above. We downloaded complete gene sequences of 116
K. pneumoniae isolates causing invasive infections worldwide
from 2018-2021. Our 203 isolates did not cluster together but
were scattered within the clusters of public genomes. HmKp
isolates were dispersed throughout the phylogenetic tree,
consistent with our phylogenetic analysis (Figure S3).

Comparative genomic analysis

The pangenome of 203 K. pneumoniae isolates consisted of
22435 genes, of which 3652 (16.3%) belonged to the core
genome, and 18783 (83.7%) were accessory (Figure 4).
Rarefaction and accumulation curves were indicative of an
open pangenome with a well-defined core, and suggested that
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FIGURE 3

Core-gene phylogeny of 203 K. pneumoniae isolates. Isolates
are annotated with datasets of HmKp, carbapenem-resistant
isolates (CRKP), hospital-acquired infection, sequence types(ST)
and capsular locus(KL) from left to right. Different STs and
serotypes are designated by color, and the several ST clusters
are marked. The most dominant clusters of HmKp and CRKP
isolates are marked as: Cluster 1. KL63-ST111; Cluster 2: KL2-
ST86; Cluster 3: KL2-ST380; Cluster 4: KL20-ST420; Cluster 5:
KL1; Cluster 6: KL57-ST412; Cluster 7: KL2; Cluster 8: KL20-
ST893; Cluster 9: ST11
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additional genomes were unlikely to impact the size of the core
genome much further. We conducted additional analysis to
distinguish genes between the HmKp and non-HmKp groups.
We applied the accuracy rate as an indicator, and found that 17
of 22435 genes were highly associated with HmKp (Table 3).
When a particular gene was used as a biomarker for HmKp,
accuracy rate was calculated by dividing the sum of the number
of isolates carrying the gene in the HmKp group and the number
of isolates without the gene in non-HmKp group divided by the
total number of isolates (Ye et al., 2016).

The 17 predicted HmKp-associated genes were located on a
21889 bp DNA fragment carried by the pK2044 plasmid and also
detected on a 191041 bp pM186-like plasmid from kpnl9l.
Among the 17 genes, rmpA is a known HmKp associated gene,
and 7 genes (iroB, iroC, iroD, iroN, fecA, fecl, fecR) are related to
iron-acquisition. The liver abscess-causing K. pneumoniae
(LAKP)-associated gene pagO was also encoded in this fragment.

Functional Comparative Analyses
of HmKp

Classification of genes into discrete functional units provides
valuable insight into how resources are allocated to each
function. We functionally annotated the K. pneumoniae
genome using RAST, resulting in the classification of genes
into 25 subsystems. To assess HmKp related functions, median
numbers of genes of each group were compared at the RAST
subsystem level. As shown in Figure 5, sixteen categories showed
significant difference between HmKp and non-HmKp isolates.

Most notably, the number of genes in the “Iron acquisition and
metabolism” category was significantly higher in HmKp than in
non-HmKp isolates. The numbers of genes in the “Virulence,
Disease and Defense”, “Regulation and Cell signaling,” “Stress
Response,”
“Fatty Acids, Lipids, and Isoprenoids,
Amino Acids and Derivatives,” and “Phosphorus Metabolism”

Cofactors, Vitamins, Prosthetic Groups, Pigments,”

» » «

Nitrogen Metabolism,

categories were significantly greater in HmKp compared to non-
HmKp isolates. In addition, non-HmKp isolates had significantly
more members of genes in 6 other categories (“Cell Wall and
Capsule,” “Phages, Prophages, Transposable elements, Plasmids,”
“RNA Metabolism,” “Respiration,” “Miscellaneous” “Metabolism of
Aromatic Compounds,” and “Carbohydrates”) than HmKp
strains (Figure 5).

Discussion

HvKp has received increasing worldwide attention due to its
high pathogenicity (Sanchez-Lopez et al., 2019). Compared with
HvKp, HmKp is easily identified but poorly studied. We
analyzed 203 invasive K. pneumoniae isolates to reveal a few
important characteristics by dividing them into HmKp and non-
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HmKp groups. We found 17 HmKp associated genes that
provided a foundation for subsequent studies on the
mechanisms by which the HMV phenotype arises.

HmKp strains are being isolated from Chinese patients with
increasing frequency. Although HmKp prevalence did not show a
temporal trend in our study, its epidemiology and virulence warrant
further study. An association between HmKp and liver abscess was
shown as early as 2004 (Fang et al., 2004). Diabetes mellitus has

TABLE 3 Identification of 17 genes associated with hypermucoviscosity.

been considered a significant risk factor of HmKp infections. The
bactericidal capacity of diabetic neutrophil extracellular traps
against HmKp may be impaired, which partially explains the
susceptibility of patients with diabetes to HmKp infections
(Jin et al, 2020). Similarly, we found that liver abscess and
diabetes were associated with increased odds of HmKp infection.

We observed that HmKp exhibited antibiotic-susceptible
phenotypes but carried more SHV-type ESBL genes than non-

Gene/ORF The prevalence of genes in ~ The prevalence of genes in  Location of contig Putative annotation

names HmKp group non-HmKp group in kpn191

NCTC5050_00289 85/90 22/113 EOMPELDC_04883 Mobile element protein

UUU_03070 86/90 26/113 EOMPELDC_04884 Putative SAM-dependent
methyltransferases

rmpA 85/90 22/113 EOMPELDC_04885 Mucoid phenotype regulator

rmpC 85/90 24/113 EOMPELDC_04886 Mucoid phenotype regulator

pagO 85/90 24/113 EOMPELDC_04887 DMT family transporter

NCTC5046_05205 85/90 24/113 EOMPELDC_04888 Hypothetical protein

iroN 85/90 24/113 EOMPELDC_04889 Siderophore receptor

iroD 83/90 22/113 EOMPELDC_04890 Putative ferric enterochelin esterase

iroC 86/90 24/113 EOMPELDC_04891 Salmochelin/enterobactin export ABC
transporter

iroB 85/90 24/113 EOMPELDC_04892 Putative glucosyltransferase

parB 84/90 23/113 EOMPELDC_04893 N-terminal domain-containing protein

ibrA 84/90 23/113 EOMPELDC_04894 Phosphoadenosinephosphosulfate
reductase

uncharacterized 84/90 23/113 EOMPELDC_04895 Hypothetical protein

NCTC5046_05192 84/90 23/113 EOMPELDC_04896 1S3 family transposase

fecl 84/90 23/113 EOMPELDC_04897 Putative RNA polymerase sigma factor

fecR 84/90 23/113 EOMPELDC_04898 Transmembrane signal transducer for
ferric citrate transport

fecA 84/90 22/113 EOMPELDC_04899 Ferric citrate outer membrane
transporter

Identical genes were identified manually on UniProt and BLAST.
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HmKYp isolates, linking the HMV phenotype to unexpressed SHV
and TEM-type ESBLs. Therefore, monitoring of antimicrobial
resistance is required throughout an entire treatment course due
to the potential of antibiotic-induced expression of resistance genes.
Our observation is consistent with earlier associations of serum
resistance with SHV and TEM-positive strains (Hennequin and
Robin, 2016). Studies showed that serum-resistant isolates were
associated with ESBL-producing strains (SHV and TEM-types) than
non-ESBL-producing strains (Hennequin and Robin, 2016). The
property of serum resistance depends on the capsule synthesis that
protects the bacteria from phagocytosis (Sahly et al., 2004). And the
increased capsule production contributes to the mucoid phenotype.
Increased capsule production contributes to the mucoid
phenotype. KL1 and KL2 strains are frequently associated with
HmKp and are more virulent than strains of other serotypes
(Yu et al,, 2008). The number of genes in the “Virulence, Disease
and Defense” category was significantly higher in HmKp than in
non-HmKp isolates. KL1I isolates were clustered uniformly within
a monophyletic clade of clonal group 23, while KL2 strains were
more genetically diverse. Furthermore, capsular polysaccharide-
mediated virulence is related to the high resistance of K1 and K2
capsules to monocytic phagocytosis (Zhang et al,, 2016). Thirteen
virulence genes promoting capsule production are located on the
capsular polysaccharide gene cluster of KL1 strains. This may
explain the frequent HMV phenotype among KL1 strains.
However, overproduction of capsular polysaccharides was not
the only mechanism. We were surprised to find that the number of
genes in the “Cell Wall and Capsule” category was significantly higher
in non-HmKp than in HmKp isolates. The mucoid phenotype
synthesis protein rmpD is essential for the HMV phenotype but

Frontiers in Cellular and Infection Microbiology

09

does not impact the capsule (Walker et al., 2020). In addition to
overproduction of capsular polysaccharides, the HMV phenotype
may be related to many other factors. We found that HmKp isolates
carry more genes associated with colibactin, LPS, siderophores, and
allantoin utilization. LPS mutations may affect capsule retention or
biosynthesis (Dorman et al., 2018). As the outermost subunit of LPS,
the O antigen may defend against complement-mediated killing. A
reported association between the mucoid phenotype and aerobactin
production needs to be substantiated by additional studies
(Yu et al., 2007).

The analysis of the phylogenetic tree disclosed a degree of
genetic diversity among our HmKp isolates. Carbapenem-
resistant strains were primarily clustered in ST11 clones, but
HmKp isolates were phylogenetically dispersed among STs and
serotypes. This suggests that the evolutionary signal is insufficient
to explain this distribution. Alternatively, this phenomenon may
be explained by horizontal gene transfer. This assumption was
next elucidated by comparative pangenome analysis. Seventeen
HmKp-associated genes were often plasmid-encoded, suggesting
that the HMV phenotype was probably acquired by plasmid
transfer. As early as 1989, a virulence-encoding plasmid pKP200
in K. pneumoniae was demonstrated to encode the mucoid
phenotype (Nassif et al., 1989)

Among the 17 genes, rmpA, which encodes a positive
regulator of capsular polysaccharide biosynthesis, is closely
associated with the hypervirulent phenotype (Yu et al., 2006).
These results clearly demonstrate the feasibility and accuracy of
the method to predict the HmKp-associated genes. rmpC, a gene
with a predicted LuxR-type DNA binding domain, is necessary
for full manC expression. Overexpression leads to elevated
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manC expression but loss of the HMV phenotype. However,
cooperativity between rmpA, rmpC, and ,rmpAC led to
increased mucoviscosity and normal manC-gfp expression.
rmpC is not the key gene for regulating the HMV phenotype,
but co-regulates with rmpA. The protein encoded by pagO may
be similar to a product of the Yersinia virulence plasmid product
(Gunn et al,, 1998). A murine model suggests that pagO in LA-
Kp may be required for liver abscess formation (Tu et al., 2009).
Furthermore, Ye et al. (2016) identified 30 LAKP-associated
genes, of which 21 were newly-discovered. A substantial and
significant overlap was found between HmKp-associated and
LAKP-associated genes. The close relationship between HmKp
and liver abscess was also confirmed by logistic regression. Ye
et al. suggested that these gene expressions may promote both
the HMV phenotype and liver abscess formation.

The iroB, iroC, iroD and iroN genes encode the synthesis,
excretion, and uptake of salmochelin. In Escherichia coli, fecA, fecl
and fecR are ferric citrate transport genes (Enz et al.,, 2000). Iron is a
critical element required for essential metabolic processes of both
bacteria and their hosts (Shon et al,, 2013). Our functional
enrichment analysis revealed that the number of genes in the
“Iron acquisition and metabolism” category was significantly
higher in HmKp than in non-HmKp isolates. However, few
studies have investigated the regulatory mechanism of capsular
polysaccharides and iron acquisition. Lin et al. (2011) demonstrated
that Fur regulates capsular polysaccharides biosynthesis in a Fe (II)-
dependent manner. The relationship between iron acquisition and
the HMV phenotype warrants further research.

Our study has several limitations. Firstly, this study was
conducted in a single hospital. HmKp infections in other
hospitals may have different clinical characteristics and distinct
genetic structures. Secondly, genomic characteristics of invasive K.
pneumoniae isolates could not be adequately assessed due to the
limited number of cases. Thirdly, HmKp-associated genes were
predicted by only using comparative genomic analysis.
Consequently, biological studies of isogenic mutants are necessary.

In conclusion, this study showed that diabetes mellitus and
liver abscess were associated with higher risks of HmKp infection.
HmKp isolates were genetically diverse; the HMV phenotype may
be a plasmid-encoded virulence factor. Furthermore, we identified
17 genes highly related to HmKp with an accuracy of over 85%.
These genes included a mucoid phenotype regulator (rmpAC), a
liver abscess-associated gene (pagO), and iron acquisition-related
genes (iroBCDN, fecAIR). Our results may facilitate further studies
of the mechanism of HMV phenotype.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Frontiers in Cellular and Infection Microbiology

10

10.3389/fcimb.2022.1063406

Ethics statement

The procedures for obtaining the patient data were reviewed
and approved by the Ethics Committee of Fifth Medical Center
of PLA General Hospital (approval ID #KY-2021-10-19-1). The
requirement for written informed consent from the participants
was waived.

Author contributions

MJ, TJ, and XL contributed equally in this study. MJ, MY,
NZ, FL and XY isolated bacteria and performed the laboratory
measurements. YC, CW and BL made substantial contributions
to conception and design. YT, YW, JG and TJ revised the
manuscript critically for important intellectual content. XL, JC
and SQ participated in experimental design and data analysis.
MJ drafted the manuscript. All authors read and approved the
final manuscript. All authors contributed to the article and
approved the submitted version.

Funding

The work was supported by a grant from National Key
Program for Infectious Diseases of China(2018ZX10733-402),
Beijing Nova Program (Z181100006218107) and National
Natural Science Foundation of China (31900151).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fcimb.2022.1063406/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fcimb.2022.1063406/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.1063406/full#supplementary-material
https://doi.org/10.3389/fcimb.2022.1063406
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Jin et al.

References

Catalan-Najera, J. C., Garza-Ramos, U., and Barrios-Camacho, H. (2017).
Hypervirulence and hypermucoviscosity: Two different but complementary
klebsiella spp. phenotypes? Virulence 8, 1111-1123. doi: 10.1080/
21505594.2017.1317412

Chen, C,, Chen, H., Zhang, Y., Thomas, H. R,, Frank, M. H,, He, Y., et al. (2020).
TBtools: An integrative toolkit developed for interactive analyses of big biological
data. Mol. Plant 13, 1194-1202. doi: 10.1016/j.molp.2020.06.009

Chen, L,, Zheng, D., Liu, B, Yang, J., and Jin, Q. (2016). VFDB 2016: hierarchical
and refined dataset for big data analysis—10 years on. Nucleic Acids Res. 44, D694—
D697. doi: 10.1093/nar/gkv1239

Clinical Laboratory Standards Institute (CLSI) (2020). Performance standards
for antimicrobial susceptibility testing; M100, 30th Edn. Clinical and (950 West
Valley Road, Suite 2500, Wayne, Pennsylvania 19087 USA: Laboratory Standards
Institute).

Darriba, D., Posada, D., Kozlov, A. M., Stamatakis, A., Morel, B., and Flouri, T.
(2020). ModelTest-NG: A new and scalable tool for the selection of DNA and
protein evolutionary models. Mol. Biol. Evol. 37, 291-294. doi: 10.1093/molbev/
msz189

Dorman, M. J,, Feltwell, T., Goulding, D. A., Parkhill, J., and Short, F. L. (2018).
The capsule regulatory network of klebsiella pneumoniae defined by density-
TraDISort. mBio 9. doi: 10.1128/mBi0.01863-18

Enz, S., Mahren, S., Stroeher, U. H., and Braun, V. (2000). Surface signaling in
ferric citrate transport gene induction: interaction of the FecA, FecR, and Fecl
regulatory proteins. J. Bacteriol 182, 637-646. doi: 10.1128/]B.182.3.637-646.2000

Fang, C. T., Chuang, Y. P, Shun, C. T., Chang, S. C., and Wang, J. T. (2004). A
novel virulence gene in klebsiella pneumoniae strains causing primary liver abscess
and septic metastatic complications. J. Exp. Med. 199, 697-705. doi: 10.1084/
jem.20030857

Fang, C. T,, Lai, S. Y., Yi, W. C,, Hsueh, P. R, Liu, K. L., and Chang, S. C. (2007).
Klebsiella pneumoniae genotype K1: an emerging pathogen that causes septic
ocular or central nervous system complications from pyogenic liver abscess. Clin.
Infect. Dis. 45, 284-293. doi: 10.1086/519262

Fung, C. P, Chang, F. Y., Lee, S. C,, Hu, B. S., Kuo, B. I, Liu, C. Y., et al. (2002). A
global emerging disease of klebsiella pneumoniae liver abscess: is serotype K1 an
important factor for complicated endophthalmitis? Gut 50, 420-424. doi: 10.1136/
gut.50.3.420

Gunn, J. S., Belden, W. J., and Miller, S. 1. (1998). Identification of PhoP-PhoQ
activated genes within a duplicated region of the salmonella typhimurium
chromosome. Microb. Pathog. 25, 77-90. doi: 10.1006/mpat.1998.0217

Hennequin, C., and Robin, F. (2016). Correlation between antimicrobial
resistance and virulence in klebsiella pneumoniae. Eur. J. Clin. Microbiol. Infect.
Dis. 35, 333-341. doi: 10.1007/s10096-015-2559-7

Jia, B., Raphenya, A. R., Alcock, B., Waglechner, N., Guo, P., Tsang, K. K,, et al.
(2017). CARD 2017: expansion and model-centric curation of the comprehensive
antibiotic resistance database. Nucleic Acids Res. 45, D566-D573. doi: 10.1093/nar/
gkw1004

Jin, L., Liu, Y., Jing, C., Wang, R., Wang, Q., and Wang, H. (2020). Neutrophil
extracellular traps (NETs)-mediated killing of carbapenem-resistant hypervirulent
Kklebsiella pneumoniae (CR-hvKP) are impaired in patients with diabetes mellitus.
Virulence 11, 1122-1130. doi: 10.1080/21505594.2020.1809325

Kim, D., Song, L., Breitwieser, F. P., and Salzberg, S. L. (2016). Centrifuge: rapid
and sensitive classification of metagenomic sequences. Genome Res. 26, 1721-1729.
doi: 10.1101/gr.210641.116

Kozlov, A. M., Darriba, D., Flouri, T., Morel, B., and Stamatakis, A. (2019).
RAXML-NG: a fast, scalable and user-friendly tool for maximum likelihood
phylogenetic inference. Bioinformatics 35, 4453-4455. doi: 10.1093/
bioinformatics/btz305

Lam, M. M. C,, Wick, R. R,, Watts, S. C., Cerdeira, L. T., Wyres, K. L., and Holt,
K. E. (2021). A genomic surveillance framework and genotyping tool for klebsiella
pneumoniae and its related species complex. Nat. Commun. 12 (1), 4188.
doi: 10.1038/s41467-021-24448-3

Li, Y., Dong, L., Gao, W., Zhen, J., Dong, F., and Yao, K. (2021a). Hypervirulent
klebsiella pneumoniae infections in pediatric populations in Beijing, (2017-2019):
Clinical characteristics, molecular epidemiology and antimicrobial susceptibility.
Pediatr. Infect. Dis. J. 40, 1059-1063. doi: 10.1097/INF.0000000000003253

Li, Y., Li, D,, Xue, J., Ji, X, Shao, X,, and Yan, J. (2021b). The epidemiology,
virulence and antimicrobial resistance of invasive klebsiella pneumoniae at a
children’s medical center in Eastern China. Infect. Drug Resist. 14, 3737-3752.
doi: 10.2147/IDR.S323353

Lin, C. T.,, Wu, C. C,, Chen, Y. S,, Lai, Y. C,, Chi, C,, Lin, J. C,, et al. (2011). Fur
regulation of the capsular polysaccharide biosynthesis and iron-acquisition systems

Frontiers in Cellular and Infection Microbiology

11

10.3389/fcimb.2022.1063406

in klebsiella pneumoniae CG43. Microbiol. (Reading) 157, 419-429. doi: 10.1099/
mic.0.044065-0

Liu, Y. C, Cheng, D. L, and Lin, C. L. (1986). Klebsiella pneumoniae liver
abscess associated with septic endophthalmitis. Arch. Intern. Med. 146, 1913-1916.
doi: 10.1001/archinte.1986.00360220057011

Nassif, X., Fournier, J. M., Arondel, J., and Sansonetti, P. J. (1989). Mucoid
phenotype of Klebsiella pneumoniae is a plasmid-encoded virulence factor. Infect.
Immun. 57, 546-552. doi: 10.1128/iai.57.2.546-552.1989

Page, A. J., Cummins, C. A., Hunt, M., Wong, V. K,, Reuter, S., Holden, M. T.,
et al. (2015). Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics 31, 3691-3693. doi: 10.1093/bioinformatics/btv421

Russo, T. A., Olson, R, Fang, C. T., Stoesser, N., Miller, M., Macdonald, U, et al.
(2018). Identification of biomarkers for differentiation of hypervirulent klebsiella
pneumoniae from classical k. pneumoniae. J. Clin. Microbiol. 56 (9), e00776-18.
doi: 10.1128/JCM.00776-18

Sahly, H., Aucken, H., Benedi, V. J., Forestier, C., Fussing, V., Hansen, D. S., et al.
(2004). Increased serum resistance in klebsiella pneumoniae strains producing
extended-spectrum beta-lactamases. Antimicrob. Agents Chemother. 48, 3477-
3482. doi: 10.1128/AAC.48.9.3477-3482.2004

Sanchez-Lopez, J., Garcia-Caballero, A., Navarro-San Francisco, C., Quereda, C.,
Ruiz-Garbajosa, P., Navas, E., et al. (2019). Hypermucoviscous klebsiella
pneumoniae: A challenge in community acquired infection. IDCases 17, e00547.
doi: 10.1016/j.idcr.2019.e00547

Schwengers, O., Barth, P., Falgenhauer, L., Hain, T., Chakraborty, T., and
Goesmann, A. (2020). Platon: identification and characterization of bacterial
plasmid contigs in short-read draft assemblies exploiting protein sequence-based
replicon distribution scores. Microb. Genom 6 (10), mgen000398. doi: 10.1099/
mgen.0.000398

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation.
Bioinformatics 30, 2068-2069. doi: 10.1093/bioinformatics/btul53

Shon, A. S., Bajwa, R. P., and Russo, T. A. (2013). Hypervirulent
(hypermucoviscous) klebsiella pneumoniae: a new and dangerous breed.
Virulence 4, 107-118. doi: 10.4161/viru.22718

Siu, L. K, Yeh, K. M, Lin, J. C,, Fung, C. P., and Chang, F. Y (2012). Klebsiella
pneumoniae liver abscess: A new invasive syndrome. Lancet Infect Dis 12, 881-887.
doi: 10.4161/viru.22718

Struve, C., Roe, C. C,, Stegger, M., Stahlhut, S. G., Hansen, D. S., Engelthaler, D.
M., et al. (2015). Mapping the evolution of hypervirulent klebsiella pneumoniae.
mBio 6, €00630. doi: 10.1128/mBi0.00630-15

Tu, Y. C, Lu, M. C, Chiang, M. K, Huang, S. P., Peng, H. L., Chang, H. Y., et al.
(2009). Genetic requirements for klebsiella pneumoniae-induced liver abscess in an
oral infection model. Infect. Immun. 77, 2657-2671. doi: 10.1128/IAL.01523-08

Walker, K. A, Treat, L. P., Sepulveda, V. E., and Miller, V. L. (2020). The small
protein RmpD drives hypermucoviscosity in klebsiella pneumoniae. mBio 11 (5),
€01750-20. doi: 10.1128/mBi0.01750-20

Wang, T. C,, Lin, J. C,, Chang, J. C,, Hiaso, Y. W., Wang, C. H,, Chiu, S. K,, et al.
(2021). Virulence among different types of hypervirulent klebsiella pneumoniae
with multi-locus sequence type (MLST)-11, serotype K1 or K2 strains. Gut Pathog.
13, 40. doi: 10.1186/s13099-021-00439-z

Wick, R. R, Judd, L. M., Gorrie, C. L., and Holt, K. E. (2017). Unicycler:
Resolving bacterial genome assemblies from short and long sequencing reads. PloS
Comput. Biol. 13, €1005595. doi: 10.1371/journal.pcbi.1005595

Yang, Y., Liu, J. H., Hu, X. X,, Zhang, W, Nie, T. Y., Yang, X. Y,, et al. (2020).
Clinical and microbiological characteristics of hypervirulent klebsiella pneumoniae
(hvKp) in a hospital from north China. J. Infect. Dev. Ctries 14, 606-613. doi:
10.3855/jidc.12288

Ye, M., Tu, ], Jiang, J., Bi, Y., You, W.,, Zhang, Y., et al. (2016). Clinical and
genomic analysis of liver abscess-causing klebsiella pneumoniae identifies new liver
abscess-associated virulence genes. Front. Cell Infect. Microbiol. 6, 165. doi:
10.3389/fcimb.2016.00165

Yu, V. L., Hansen, D. S, Ko, W. C,, Sagnimeni, A., Klugman, K. P., Von
Gottberg, A., et al. (2007). Virulence characteristics of klebsiella and clinical
manifestations of k. pneumoniae bloodstream infections. Emerg. Infect. Dis. 13,
986-993. doi: 10.3201/eid1307.070187

Yu, W. L., Ko, W. C,, Cheng, K. C,, Lee, H. C,, Ke, D. S,, Lee, C. C,, et al. (2006).
Association between rmpA and magA genes and clinical syndromes caused by
Kklebsiella pneumoniae in Taiwan. Clin. Infect. Dis. 42, 1351-1358. doi: 10.1086/
503420

Yu, W. L., Ko, W. C, Cheng, K. C, Lee, C. C, Lai, C. C, and Chuang, Y. C.
(2008). Comparison of prevalence of virulence factors for klebsiella pneumoniae

frontiersin.org


https://doi.org/10.1080/21505594.2017.1317412
https://doi.org/10.1080/21505594.2017.1317412
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1093/molbev/msz189
https://doi.org/10.1128/mBio.01863-18
https://doi.org/10.1128/JB.182.3.637-646.2000
https://doi.org/10.1084/jem.20030857
https://doi.org/10.1084/jem.20030857
https://doi.org/10.1086/519262
https://doi.org/10.1136/gut.50.3.420
https://doi.org/10.1136/gut.50.3.420
https://doi.org/10.1006/mpat.1998.0217
https://doi.org/10.1007/s10096-015-2559-7
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1093/nar/gkw1004
https://doi.org/10.1080/21505594.2020.1809325
https://doi.org/10.1101/gr.210641.116
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1093/bioinformatics/btz305
https://doi.org/10.1038/s41467-021-24448-3
https://doi.org/10.1097/INF.0000000000003253
https://doi.org/10.2147/IDR.S323353
https://doi.org/10.1099/mic.0.044065-0
https://doi.org/10.1099/mic.0.044065-0
https://doi.org/10.1001/archinte.1986.00360220057011
https://doi.org/10.1128/iai.57.2.546-552.1989
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1128/JCM.00776-18
https://doi.org/10.1128/AAC.48.9.3477-3482.2004
https://doi.org/10.1016/j.idcr.2019.e00547
https://doi.org/10.1099/mgen.0.000398
https://doi.org/10.1099/mgen.0.000398
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.4161/viru.22718
https://doi.org/10.4161/viru.22718
https://doi.org/10.1128/mBio.00630-15
https://doi.org/10.1128/IAI.01523-08
https://doi.org/10.1128/mBio.01750-20
https://doi.org/10.1186/s13099-021-00439-z
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.3855/jidc.12288
https://doi.org/10.3389/fcimb.2016.00165
https://doi.org/10.3201/eid1307.070187
https://doi.org/10.1086/503420
https://doi.org/10.1086/503420
https://doi.org/10.3389/fcimb.2022.1063406
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Jin et al.

liver abscesses between isolates with capsular K1/K2 and non-K1/K2 serotypes.
Diagn. Microbiol. Infect. Dis. 62, 1-6. doi: 10.1016/j.diagmicrobio.2008.04.007

Zhang, Y., Zhao, C., Wang, Q., Wang, X., Chen, H., Li, H,, et al. (2016). High
prevalence of hypervirulent klebsiella pneumoniae infection in China: Geographic

Frontiers in Cellular and Infection Microbiology

12

10.3389/fcimb.2022.1063406

distribution, clinical characteristics, and antimicrobial resistance. Antimicrob.
Agents Chemother. 60, 6115-6120. doi: 10.1128/AAC.01127-16

Zhu, J., Wang, T., Chen, L., and Du, H. (2021). Virulence factors in hypervirulent
Kklebsiella pneumoniae. Front. Microbiol. 12. doi: 10.3389/fmicb.2021.642484

frontiersin.org


https://doi.org/10.1016/j.diagmicrobio.2008.04.007
https://doi.org/10.1128/AAC.01127-16
https://doi.org/10.3389/fmicb.2021.642484
https://doi.org/10.3389/fcimb.2022.1063406
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Clinical and genomic analysis of hypermucoviscous Klebsiella pneumoniae isolates: Identification of new hypermucoviscosity associated genes
	Introduction
	Method and materials
	Collection of K. pneumoniae isolates and clinical information
	Determination of HMV phenotype
	Antimicrobial susceptibility testing
	Whole genome sequencing, multilocus sequence types and serotyping
	Phylogenetic analysis
	Virulence genes, antimicrobial resistance genes, and plasmid analysis
	Comparative pangenome analysis
	Statistical analysis

	Results
	Clinical characteristics of HmKp and non-HmKp isolates
	Risk factors for invasive HmKp infections
	Multilocus sequence typing and serotyping
	Profiling virulence-associated genes
	Analysis of antibiotic resistance phenotypes and genotypes
	Phylogenetic analysis based on core genes
	Comparative genomic analysis
	Functional Comparative Analyses of HmKp

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


