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We conducted a longitudinal epidemiological surveillance of hypervirulent Klebsiella
pneumoniae (hvKP) in Taiwan. Bacteremic KP isolates collected from 16 hospitals in
Taiwan between 2017 and 2019 were collected, and the virulent serotypes (K1, K2, K20,
K54, and K57), antimicrobial susceptibilities, and virulence genes of these isolates were
investigated. During the 3-year period, 1,310 bacteremic KP isolates were collected,
of which 27.5% belonged to virulent serotypes, including K1 (n = 162), K2 (n = 74),
K57 (n = 56), K54 (n = 41), and K20 (n = 27). K1 was the most prevalent capsular
serotype, with an annual prevalence of 11–15%, and was equally distributed across the
four geographic areas. The prevalence of K2 declined significantly in 2019. According
to wzi-K typing results, 87% of K1 isolates were classified as wzi-1. Among K2 isolates,
wzi-72 (55.4%) and wzi-2 (41.9%) were the most common, whereas wzi-206 was the
most prevalent (48.2%) among K57 isolates, followed by wzi-77 (25.0%). Wzi-115
accounted for 85.4% of the K54 isolates, whereas wzi-95 accounted for 92.6% of
K20 isolates. rmpA was present in 99.4% of K1, 98.6% of K2, 89.3% of K57, 78.0%
of K54, and 84.0% of K20 isolates. rmpA2 was present in 100% of K1 and 98.6%
of K2 isolates but was only present in 64.3% of K57, 58.5% of K54, and 74.1% of
K20 isolates. K1 remains the dominant hvKP serotype and is associated with most
virulence genes in Taiwan. Further studies are required to elucidate the significance of
other virulent serotypes.

Keywords: hypervirulent Klebsiella pneumonia, bacteremia, capsular serotypes, virulence genes, multicenter
surveillance, Taiwan

INTRODUCTION

Klebsiella pneumoniae is an opportunistic pathogen that can cause various infections, including
bacteremia, pneumonia, liver abscess, urinary tract infections, and other invasive infections in
immunocompromised or frequently healthcare−exposed patients (Choby et al., 2020; Kuo et al.,
2021; Zhang et al., 2021). Community-onset hypervirulent K. pneumoniae (hvKP) has been
reported for several decades, with liver abscess and central nervous system complications as
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hallmark manifestations (Liu et al., 1986; Fang et al., 2007; Tsai
et al., 2008; Russo and Marr, 2019). Capsular serotypes, mainly K1
and K2, are considered virulence markers (Lai et al., 2003; Liao
et al., 2011, 2014). However, a previous study using multilocus
sequence typing (MLST) showed that all K1 isolates were ST23
or its single locus variants as opposed to K2 isolates with more
than 10 ST types (Liao et al., 2014). Recently, several genes
in plasmids have been found to be associated with virulence,
including rmpA/rmpA2 (upregulation of capsule expression),
iro (salmochelin), iuc (aerobactin), and peg-344 (metabolite
transporter) (Wu et al., 2009; Bialek-Davenet et al., 2014; Struve
et al., 2015; Bulger et al., 2017; Lam et al., 2018a). The definition
of hvKP has gradually changed from the presence of specific
serotypes to the presence of virulence genes (Bialek-Davenet
et al., 2014; Russo and Marr, 2019). A new typing method, wzi
gene sequencing, has been proposed to determine the capsular
types of Klebsiella strains because many isolates cannot be typed
using the traditional method (Brisse et al., 2013).

There is relatively limited information regarding serotypes
other than K1 and K2 that cause invasive infections (Liao et al.,
2014; Lee et al., 2016; Turton et al., 2018; Parrott et al., 2021;
Wei et al., 2021). We previously showed that K57 is the third
most common serotype after K1 and K2, and we found that
K57/ST218 is a single locus variant of K1/ST23 and causes liver
abscess (Liao et al., 2011, 2014). K57 has also been found in
New York, Singapore, and China (Lee et al., 2016; Parrott et al.,
2021; Wei et al., 2021). A recent study of 39 K57 isolates from
China showed no significant differences in the prevalence of
rmpA and aerobactin genes between K57 and K1/K2 isolates
(Wei et al., 2021). The major ST type of K57 isolates was ST412,
followed by ST218 and ST592, and the major wzi-K types were
206 and 77. Notably, all three K57 ST types (ST412, ST218, and
ST592) could be typed as wzi-206 or wzi-77 type with wzi typing.

Longitudinal epidemiological surveillance of hvKP is sparse
in Taiwan, despite the country being the epicenter of hvKP
(Huang et al., 2020). Furthermore, information regarding
capsular serotypes and their geographic correlations is limited.
We prospectively enrolled 213 cases of monomicrobial KP
bacteremia in 2017 and compared them with our previous cohort
recruited in 2007 from the same institute. We found that the
prevalence of K1 was similar (16% in 2017 vs. 19% in 2007), but
that of K2 significantly decreased over time (7% in 2017 vs. 17%
in 2007, p = 0.001) (Huang et al., 2020). To further understand
the current epidemiology of hvKP in Taiwan.

We performed an analysis of bacteremic KP isolates collected
from 16 hospitals over 3 years (2017–2019), focusing on the
prevalence of the proposed invasive serotypes (K1, K2, K20, K54,
and K57) and the associated virulence genes.

MATERIALS AND METHODS

Collection of Isolates
From 2017 to 2019, 16 major teaching hospitals in Taiwan,
including eight, two, five, and one in the northern, central,
southern, and eastern regions, respectively, participated in
a nationwide resistance surveillance program (the SMART

program) conducted by Taiwan Centers for Disease Control
to examine clinically important pathogens (Jean et al., 2018).
Klebsiella pneumoniae is one of the pathogens collected. In this
survey, random and non-duplicate blood samples were collected
monthly. Sample collection sites included the emergency
department (ED), outpatient department (OPD), general ward,
and intensive care unit (ICU). The institutional review board
of the National Taiwan University Hospital approved this study
(201609066RINB) and waived the need for written informed
consent. Patient informed consent was waived because the
surveillance program for bacterial isolates presented minimal risk
to the subjects.

Determination of Capsular Serotypes,
Wzi-K Sequencing, Virulence Genes, and
Multilocus Sequence Typing
The genotypes of capsular polysaccharide (CPS) in K1, K2,
K20, K54, and K57 isolates were determined using polymerase
chain reaction (PCR) (Pan et al., 2008). Wzi-K sequencing was
performed according to a previously published protocol (Brisse
et al., 2013). Virulence genes, including rmpA, rmpA2, iroB, iucA,
and peg-344, were screened using previously reported primers
(Yu et al., 2015; Bulger et al., 2017). MLST was performed
according to previously described protocols. House-keeping
genes, including gapA, infB, mdh, pgi, phoE, rpoB, and tonB, were
sequenced and compared with the MLST allele profiles available
at http://www.pasteur.fr/mlst.

Antimicrobial Susceptibility Testing
The minimum inhibitory concentrations (MICs) of antimicrobial
agents used against the isolates were determined using a
commercial VITEK2 R© antimicrobial susceptibility system (AST-
NB card; bioMérieux, Marcy-l’Étoile, France), as described
previously (Jean et al., 2018). The results are presented as
resistance categories based on MIC breakpoints recommended by
the Clinical and Laboratory Standards Institute in 2020 (Clinical
and Laboratory Standards Institute [Clsi]., 2020).

Statistical Analyses
The extended Mantel–Haenszel chi-square test for linear trends
was used to analyze the annual changes in the prevalence of
K1, K2, K20, K54, K57, and other isolates. Pearson’s chi-square
2 × 2 (2-sided) test or Fisher’s exact test (2-sided) were used to
analyze the sources, geographic distributions, and antimicrobial
susceptibility rates. Data were analyzed using the SPSS software
(version 15.0; SPSS, Chicago, IL, United States).

RESULTS

Overall Virulent Capsular Serotype
Distribution, Associated Sources, and
Geographic Distribution
During the 3-year period, 1,310 bacteremic KP isolates were
collected (39 isolates were excluded because they were re-
identified as other Klebsiella species using MALDI-TOF MS).
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FIGURE 1 | Distribution of the main capsular serotypes of Klebsiella pneumonia isolated from patients with bacteremia who were treated at 16 hospitals in Taiwan
between 2017 and 2019. (A) By year, (B) according to location of blood culture collection, and (C) by different geographic regions in Taiwan. OPD, outpatient clinics;
ER, emergency departments; ICU, intensive care units.

The number 122 of isolates collected in 2017, 2018, and 2019
was 618 (ED/OPD 376, 60.8%), 335 (ED/OPD 198 59.1%), and
357 (ED/OPD 204, 57.1%), respectively. Among these, 27.5%
were identified as virulent serotypes, including K1 (n = 162),
K2 (n = 74), K57 (n = 56), K54 (n = 41), and K20 (n = 27).
The distribution of these five serotypes is shown in Figure 1A.
K1 was the most prevalent capsular serotype, with a prevalence
of approximately 11–15%. The prevalence of K2 significantly
declined in 2019 (chi-square for linear trend, p = 0.01), reaching
a level lower than that of K57. When the association between

the source of isolates and capsular serotypes was analyzed, K1
was associated with community-acquired infection compared
with serotypes other than K1, K2, K20, K54, and K57 (73.5%
of isolates from patients at OPD or ED vs. 55.3%, p < 0.001)
(Figure 1B). K2 was also associated with community-acquired
infections (68.9%, p = 0.028), but K20, K54, and K57 did not reach
statistical significance. In this 3-year surveillance study, K1 was
equally distributed across the four geographic areas of Taiwan
(Figure 1C). However, the distribution of K2 was significantly
different across the four regions (p = 0.006).
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Comparison Between Capsular
Serotyping and Wzi-K Typing
Within the K1 serotype (n = 162), wzi-K typing revealed that
87% isolates (n = 141) were wzi-1, while 2.5% (n = 4) were wzi-
2 (Table 1). Among the K2 isolates, wzi-72 (55.4%) and wzi-2
(41.9%) were the most common types, whereas wzi-206 was the
most prevalent type (48.2%) among K57 isolates, followed by
wzi-77 (25.0%). Notably, wzi-2 was found in both K1 and K2
isolates, whereas wzi-72 was found in all three CPS genotypes.
Furthermore, wzi-1, wzi-5, wzi-83, wzi- 149, and wzi-208 were
observed in both K1 and K57 isolates. In contrast to K2 and K57,
which have two major wzi-K types, K54 isolates comprised 85.4%
wzi-115 type, whereas K20 isolates comprised 92.6% wzi-95 type.

Comparison Between Capsular
Serotyping and Multilocus Sequence
Typing
The MLST of these virulent isolates showed marked variations
(Table 2). Among the K1 isolates (n = 162), ST23 was the

TABLE 1 | Wzi-K typing of K1, K2, K20, K54, and K57 serotypes of bacteremic
Klebsiella pneumoniae isolates.

Wzi-K type Serotype Total

K1 K2 K20 K54 K57

1 141 0 0 0 1 142

2 4 31 0 0 0 35

5 1 0 0 0 1 2

12 0 0 0 0 1 1

14 0 0 0 0 1 1

16 1 0 0 1 0 2

23 0 1 0 0 0 1

24 0 0 0 1 0 1

34 0 0 0 0 1 1

37 0 0 1 0 0 1

39 1 0 0 0 0 1

55 1 0 0 0 0 1

72 1 41 0 0 1 43

77 0 0 0 0 14 14

83 1 0 0 0 1 2

84 0 0 0 0 1 1

95 3 0 25 1 0 29

115 0 0 0 35 0 35

117 0 0 0 2 0 2

128 1 0 0 0 0 1

149 1 0 0 0 1 2

162 0 0 0 1 2 3

173 1 0 0 0 0 1

177 0 0 0 0 1 1

206 0 0 0 0 27 27

208 2 0 0 0 1 3

257 0 1 0 0 0 1

407 0 0 0 0 1 1

427 1 0 0 0 0 1

433 0 0 0 0 1 1

438 1 0 0 0 0 1

461 1 0 0 0 0 1

527 0 0 1 0 0 1

Total 162 74 27 41 56 360

TABLE 2 | Multi-locus sequence typing (MLST) of K1, K2, K20, K54, and K57
serotypes of bacteremic Klebsiella pneumoniae isolates (only MLST types present
in more than one isolate are included).

MLST type Serotype Total

K1 K2 K20 K54 K57

12 0 0 0 1 1 2

23 134 1 0 1 1 137

25 0 6 0 0 0 6

29 0 0 0 29 0 29

65 0 21 0 0 1 22

86 0 12 0 0 0 12

163 2 0 2 0 0 4

218 0 0 0 0 11 11

268 2 0 9 0 0 11

307 1 0 1 0 1 3

373 0 7 0 0 0 7

375 0 10 0 0 0 10

412 0 0 0 0 10 10

420 0 0 1 1 0 2

524 2 0 0 0 0 2

592 0 0 0 0 13 13

793 3 0 0 0 0 3

801 1 2 0 0 0 3

1,049 2 0 0 0 1 3

1,109 0 1 0 1 1 3

1,479 0 2 0 0 0 2

1,544 0 0 6 0 0 6

2,157 0 1 2 0 0 3

2,180 0 3 0 0 0 3

4,255 0 0 3 0 0 3

5,621 0 0 0 0 2 2

dominant type (n = 141, 87%). Among the K2 isolates (n = 74),
ST65, ST86, ST373, and ST 375 were the major types (accounting
for 67.6% of the isolates). Among the K57 isolates (n = 56), ST592
(23.2%), ST218 (19.6%), and ST412 (17.9%) were the dominant
types. ST29 accounted for 71.7% of K54 isolates (n = 41), and
ST268 (33.3%) and ST1544 (22.2%) were the dominant types
among the K20 isolates (n = 27).

Distribution of Virulence Genes Among
Capsular Serotypes
To further delineate the differences among the major capsular
serotypes, we compared the distribution of major virulence genes
(Table 3). rmpA was present in 99.4% of K1 isolates, 98.6% of
K2 isolates, 89.3% of K57 isolates (p = 0.001, compared with K1
isolates), 78.0% of K54 isolates (p < 0.001), and 81.5% of K20
isolates (p < 0.001). rmpA2 was present in 100% of K1, 98.6%
of K2, 64.3% of K57, 58.5% of K54, and 74.1% of K20 isolates.
IroB was present in 90.1% of K1, 87.8% of K2, 55.4% of K57,
58.5% of K54, and 74.1% of K20 isolates. IucA was present in
81.5, 75.7, 69.6, 58.5, and 77.8% of K1, K2, K57, K54, and K20
isolates, respectively. Overall, the differences in the distribution
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TABLE 3 | Distribution of virulence genes among capsular serotypes and major wzi types.

Serotype -rmpA -rmpA2 -iroB -iucA -peg-344

wzi + % P-value + % p-value + % p-value + % p-value + % p-value

K1R 162 161 99.4% − 162 100.0% − 146 90.1% − 132 81.5% − 143 88.3% −

1 141 87.0% 140 99.3% 141 100.0% 131 92.9% 117 83.0% 127 90.1%

2 4 2.5% 4 100.0% 4 100.0% 4 100.0% 4 100.0% 4 100.0%

K2 74 73 98.6% 0.53 73 98.6% 0.31 65 87.8% 0.65 56 75.7% 0.38 65 87.8% 1.000

2 31 41.9% 31 100.0% 31 100.0% 29 93.5% 25 80.6% 29 93.5%

72 41 55.4% 40 97.6% 40 97.6% 35 85.4% 30 73.2% 34 82.9%

K20 27 22 81.5% <0.001 20 74.1% <0.001 23 85.2% 0.50 21 77.8% 0.79 24 88.9% 1.000

95 25 92.6% 21 84.0% 19 76.0% 22 88.0% 20 80.0% 22 88.0%

527 1 3.7% 1 100.0% 1 100.0% 1 100.0% 1 100.0% 1 100.0%

K54 41 32 78.0% <0.001 24 58.5% <0.001 24 58.5% <0.001 24 58.5% 0.003 24 58.5% <0.001

115 35 85.4% 30 85.7% 23 65.7% 23 65.7% 23 65.7% 22 62.9%

117 2 2.8% 1 50% 0 0.0% 0 0.0% 0 0.0% 0 0.0%

K57 56 50 89.3%* 0.001 36 64.3%* <0.001 31 55.4%* <0.001 39 69.6% 0.09 43 76.8%* 0.05

77 14 25.0% 14 100.0% 12 85.7% 11 78.6% 13 92.9% 13 92.9%

206 27 48.2% 25 92.6% 22 81.5% 16 59.3% 22 81.5% 26 96.3%

*Using K1 as the reference serotype.

TABLE 4 | Antimicrobial susceptibility of main bacteremic Klebsiella pneumoniae serotypes.

Serotype Year Number of
isolates

Amoxicillin-
clavulanate

Ceftazidime Ciprofloxacin Ertapenem Gentamicin

S % p-value S % p-value S % p-value S % p-value S % p-value

2017 71 68 95.8* <0.001 67 94.4* <0.001 61 85.9* <0.001 69 97.2* 0.009 69 97.2* <0.001

K1 2018 51 51 100.0* <0.001 51 100.0* <0.001 50 98.0* <0.001 51 100.0* 0.011 50 98.0* <0.001

2019 40 39 97.5* 0.002 39 97.5* <0.001 38 95.0* <0.001 38 95 0.281 39 97.5* 0.002

2017 40 35 87.5* 0.007 36 90.0* 0.004 34 85.0* 0.002 39 97.5* 0.05 38 95.0* 0.003

K2 2018 26 25 96.2* 0.04 24 92.3 0.05 25 96.2* 0.003 26 100 0.05 24 92.3 0.05

2019 8 7 87.5 0.68 7 87.5 0.45 6 75 0.72 6 75 0.25 8 100 0.21

2017 18 17 94.4* 0.02 17 94.4* 0.02 17 94.4* 0.005 18 100 0.148 17 94.4 0.054

K20 2018 6 6 100 0.34 5 83.3 1 3 50 0.412 6 100 1 5 83.3 1

2019 3 3 100 1 3 100 0.56 3 100 0.555 3 100 1 3 100 1

2017 19 17 89.5* 0.04 18 94.7* 0.02 16 84.2 0.05 19 100 0.15 19 100.0* 0.006

K54 2018 11 10 90.9 0.46 10 90.9 0.3 11 100.0* 0.02 11 100 0.37 10 90.9 0.47

2019 11 9 81.8 1 9 81.8 0.73 10 90.9 0.1 11 100 0.62 10 90.9 0.47

2017 30 23 76.7 0.24 24 80 0.16 24 80.0* 0.03 27 90 0.78 26 86.7 0.14

K57 2018 12 11 91.7 0.47 11 91.7 0.3 9 75 0.76 12 100 0.37 11 91.7 0.3

2019 14 13 92.9 0.2 13 92.9 0.12 13 92.9* 0.04 14 100 0.38 13 92.9 0.2

2017 440 289 65.7 297 67.5 - 263 59.8 - 380 86.4 326 74.1

Others’∗,†” 2018 229 177 77.3 170 74.2 - 152 66.4 - 199 86.9 172 75.1

2019 281 211 75.1 200 71.2 - 179 63.7 - 248 88.3 213 75.8

S, susceptible.
*Represents p < 0.05.
†Serotypes other than K1, K2, K20, K54, and K57 as reference.

of the virulence genes in K1 and K2 isolates were not significant,
but the remaining three serotypes carried fewer virulence genes.

Comparison of Antimicrobial
Susceptibility in K1, K2, K20, K54, K57,
and Other Serotypes
Susceptibility to the five antimicrobial agents tested was
higher for the virulent capsular serotype isolates than for

the non-virulent capsular serotype isolates (Table 4). Among
these, K1 isolates were associated with significantly higher
susceptibility. Because of the small number of cases, only
some categories of the remaining virulent serotypes reached
statistical significance. No decline in annual susceptibility rates
was observed in the virulent serotype isolates within the 3- year
study period. We further compared the susceptibilities according
to the source of patients and serotypes of K. pneumoniae
(Table 5). Generally, isolates collected from OPD/ER exhibited
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TABLE 5 | Antimicrobial susceptibility according to the source of patients and bacteremic Klebsiella pneumoniae serotypes.

Serotype Source Number of
isolates

Amoxicillin-
clavulanate

Ceftazidime Ciprofloxacin Ertapenem Gentamicin

S % p-value S % p-value S % p-value S % p-value S % p-value

K1 OPD/ER 119 119 100 0.005 118 99.2 0.018 112 94.1 0.95 119 100 0.005 118 99.2 0.06

Ward/ICU 43 39 90.7 39 90.7 37 86 39 90.7 40 93

OPD/ER 51 48 94.1 0.19 48 94.1 0.19 45 88.2 0.88 50 98 0.23 49 96.1 0.58

K2 Ward/ICU 23 19 82.6 19 82.6 20 87 21 91.3 21 91.3

OPD/ER 18 17 94.4 1 17 94.4 1 15 83.3 0.7 18 100 1 17 94.4 1

K20 Ward/ICU 9 9 100 8 88.9 8 88.9 9 100 8 88.9

OPD/ER 27 25 92.6 0.31 26 96.3 0.1 24 88.9 0.68 27 100 1 26 96.3 1

K54 Ward/ICU 14 11 78.6 11 78.6 13 92.9 14 100 13 92.9

OPD/ER 38 34 89.5 0.13 35 92.1 0.1 35 92.1 0.005 38 100 0.03 37 97.4 0.02

K57 Ward/ICU 18 13 72.2 13 72.2 11 61.1 15 83.3 13 72.2

OPD/ER 525 435 82.9 <0.001 440 83.7 <0.001 388 73.9 <0.001 499 95 <0.001 447 85.1 < 0.001

Others Ward/ICU 425 242 56.9 227 53.4 206 48.5 328 77.2 264 62.1

higher susceptibility rates compared to isolates from general
wards/ICUs with both virulent serotypes and other serotypes. The
differences were significant for K1 isolates among all classes of
antibiotics except ciprofloxacin; however, the differences did not
reach statistical significance among the K2 isolates.

DISCUSSION

HvKP strains have been reported for over 30 years (Liu et al.,
1986; Choby et al., 2020). The definition of hvKP has gradually
changed, from the ability to cause liver abscess in vivo and low
LD50 for mouse lethality, to the characterized virulent serotypes,
mainly K1 or K2, and nowadays the presence of virulence genes
(Russo and Marr, 2019). However, longitudinal epidemiological
surveillance data for hvKP are limited. In this 3-year prospective,
multicenter surveillance study of bacteremic KP isolates, K1
remained the dominant hvKP serotype and was associated
with most virulence genes. The prevalence of K2 significantly
decreased in 2019, whereas that of K57 remained unchanged.

Community-onset KP bacteremia is a hallmark of hvKP.
However, infections caused by virulent serotypes have also been
observed in hospitals. Similar to our previous study, the present
study showed that K1 and K2 serotypes were strongly associated
with community-onset infections, although the prevalence of
K1 serotype found in hospital-onset bacteremia was higher
(26.5% compared with 12.2% in our previous observational
study) (Liao et al., 2011). Notably, K57 was also associated
with community-onset infection, but the difference was not
statistically significant. Although community KP bacteremia with
liver abscess has been observed across the Taiwanese island (Tsai
et al., 2008), simultaneous comparisons among hospitals from
different geographical locations are limited. We demonstrated
that K1 was prevalent across all four geographic regions (11.0–
17.6%). The prevalence of K2 was low in central Taiwan (2.5%),
but high in eastern Taiwan (11.0%). The exact reason for
this difference remains unknown. Intestinal carriage of virulent
serotypes has been reported in Taiwan, Hong Kong, Singapore,

and Korea (Siu et al., 2011; Chung et al., 2013; Huang et al.,
2018). A recent study of samples from Madagascar, Cambodia,
and Senegal showed a very different pattern of KP carriage
(Huynh et al., 2020). Although the carriage rate was high (55.9%),
the common virulent ST types, including K1/ST23, K2/ST86,
K2/ST65, K57/ST218, and K20/ST268, were not observed in that
study, which might explain the different clinical presentations.
Further research is required to determine whether these virulent
serotypes can be detected in food in Taiwan, resulting in intestinal
carriage (Davis and Price, 2016; Hartantyo et al., 2020).

In the present study, we performed wzi typing and MLST for
the five virulent serotypes. An overlap was observed between CPS
serotyping and wzi typing. Previously, most K1 isolates belonged
to ST23 (Liao et al., 2014), but wzi typing can further classify K1
isolates into more than 10 wzi-K types. In contrast, K2 isolates
were classified into more than 10 ST types in the aforementioned
report, but only four wzi types were identified in the present
study. Moreover, there was a significant overlap in wzi typing
between the K1 and K57 isolates. Interestingly, ST11 (associated
with carbapenem resistance, Lee et al., 2012), ST23 (associated
with K1), and ST65/ST86 (associated with K2, Liao et al., 2014),
were found among the K57 isolates. The complicated association
among serotypes, ST types, and wzi typing suggests that a
single typing method might be insufficient to classify virulent
strains. Furthermore, although K1 is considered a prototype
of a virulent KP strain, the exact evolution of virulent KP
remains elusive.

Information regarding K54 and K20 capsular types is limited.
A United Kingdom reference laboratory previously showed that
15 of 31 isolates of K54 isolates were clonal group 29 and
carried rmpA, rmpA2, iutA, and iroD genes on virulence plasmids
(Turton et al., 2018). Comparative chromosomal analysis showed
that K54 shared genes with K1/ST23. In this surveillance study,
K54 was found in all regions of Taiwan and was the fourth
most common virulent serotype. ST29 comprised 71.7% of K54
isolates and carried virulence genes, but its prevalence was lower
than that of K1. Wzi-K typing showed that 85.4% isolates were
wzi-115. An Iranian study identified K54 as the dominant type
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among the typeable isolates, followed by K20 (Hasani et al., 2020).
wcaG was associated with K54-positive isolates, whereas rmpA
was associated with K20 isolates. Another study from Taiwan
showed that K1 was the predominant serotype among PCR-
typeable isolates (41.3%), followed by K2, K20, K5, K54, and
K57, but it included only four K54 isolates and six K20 isolates
(Chen et al., 2020).

Several important virulence genes associated with hvKP have
been identified over the past decade, particularly in virulent
plasmids (Bialek-Davenet et al., 2014; Struve et al., 2015;
Bulger et al., 2017; Lam et al., 2018b). Performing whole-
genome sequence analysis in clinical practice is impractical;
thus, screening for important virulence genes is an alternative
approach. In a recent publication from New York, virulent gene
screening showed that hvKP is associated with hepatobiliary
disease and carries a higher mortality risk, contrary to the
findings of previous studies in hvKP-endemic areas (Parrott
et al., 2021). In the present study, we examined the presence
of rmpA, rmpA2, iroB, iucA, and peg-344 among five virulent
serotype isolates. Overall, the prevalence of virulence genes in
K1 and K2 isolates was comparable; however, K20, K54, and K57
isolates carried fewer virulence genes. The analysis of virulence
genes showed that K1 and K2 were still more virulent than
K57. The association between virulence genes and capsular
serotypes can vary significantly in different countries. The K1
and K2 serotypes isolated from non-hvKP-endemic regions
might not carry virulent plasmids. Overall, virulent serotypes
were associated with higher antimicrobial susceptibility than the
remaining isolates possibly because virulent serotypes were more
prevalent in the community setting.

This surveillance study had some limitations. First,
information regarding the focus of bacteremia was not collected.
Second, in vitro hypervirulence tests, such as LD50 for mouse
lethality or high-grade serum resistance, were not performed.

Third, we did not examine all known virulent serotypes (such
as K4 and K5) for comparison, therefore, the study could
not exclude the possibility of the absence of hypervirulence
characteristics of the isolates with virulence genes detected,
particularly for non-K1/K2 isolates. Fourth, food might play
an important role in the intestinal carriage of KP, but relevant
information in Taiwan is lacking (Davis and Price, 2016;
Hartantyo et al., 2020; Lin et al., 2021).

SUMMARY

K1 remains the dominant hvKP serotype and is associated with
the most virulence genes in Taiwan. Further research is necessary
to confirm whether the decline in K2 serotype is transient. K57 is
the third most common virulent serotype and is associated with
community-acquired infections, although it harbors significantly
fewer virulence genes.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

C-HL and Y-TH conceived and designed the experiments,
performed the experiments, analyzed the data, and wrote the
manuscript. C-HL, Y-TH, and P-RH read and approved the final
version of the manuscript. All authors contributed to the article
and approved the submitted version.

REFERENCES
Bialek-Davenet, S., Criscuolo, A., Ailloud, F., Passet, V., Jones, L., Delannoy-

Vieillard, A. S., et al. (2014). Genomic definition of hypervirulent and
multidrug-resistant Klebsiella pneumoniae clonal groups. Emerg. Infect. Dis. 20,
1812–1820. doi: 10.3201/eid2011.140206

Brisse, S., Passet, V., Haugaard, A. B., Babosan, A., Kassis-Chikhani, N., Struve, C.,
et al. (2013).wziGene sequencing, a rapid method for determination of capsular
type for Klebsiella strains. J. Clin. Microbiol. 51, 4073–4078. doi: 10.1128/JCM.
01924-13

Bulger, J., MacDonald, U., Olson, R., Beanan, J., and Russo, T. A. (2017).
∗Metabolite transporter PEG344 is required for full virulence of hypervirulent
Klebsiella pneumonia strain hvKP1 after pulmonary but not subcutaneous
challenge. Infect. Immun. 85, e93–e17. doi: 10.1128/IAI.00093-17

Chen, C. L., Hou, P. C., Wang, Y. T., Lee, H. Y., Zhou, Y. L., Wu, T. S., et al. (2020).
The high mortality and antimicrobial resistance of Klebsiella pneumoniae
bacteremia in northern Taiwan. J. Infect. Dev. Ctries. 14, 373–379.

Choby, J. E., Howard-Anderson, J., and Weiss, D. S. (2020). Hypervirulent
Klebsiella pneumoniae - clinical and molecular perspectives. J. Intern. Med. 287,
283–300.

Chung, D. R., Lee, H., Park, M. H., Jung, S. I., Chang, H. H., Kim, Y. S., et al. (2013).
Fecal carriage of serotype K1 Klebsiella pneumoniae ST23 strains closely related
to liver abscess isolates in Koreans living in Korea. Eur. J. Clin. Microbiol. Infect.
Dis. 31, 481–486. doi: 10.1007/s10096-011-1334-7

Clinical and Laboratory Standards Institute [Clsi]. (2020). ∗Performance standards
for antimicrobial susceptibility testing; M02, M07, and M11, 30th Edn. Wayne:
CLSI.

Davis, G. S., and Price, L. B. (2016). Recent research examining links among
Klebsiella pneumoniae from food, food animals, and human extraintestinal
infections. Curr. Environ. Health. Rep. 3, 128–135. doi: 10.1007/s40572-016-
0089-9

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

Hartantyo, S. H. P., Chau, M. L., Koh, T. H., Yap, M., Yi, T., Cao, D. Y. H.,
et al. (2020). Foodborne Klebsiella pneumoniae: virulence potential, antibiotic
resistance, and risks to food safety. J. Food. Prot 83, 1096–1103. doi: 10.4315/
JFP-19-520

Hasani, A., Soltani, E., Ahangarzadeh Rezaee, M., Pirzadeh, T., Ahangar Oskouee,
M., Hasani, A., et al. (2020). Serotyping of Klebsiella pneumoniae and its relation
with capsule-associated virulence genes, antimicrobial resistance pattern, and
clinical infections: a descriptive study in medical practice. Infect. Drug. Resist.
13, 1971–1980. doi: 10.2147/IDR.S243984

Huang, Y. T., Chen, C. S., Chen, H. A., Hsu, H. S., Liang, M. H., Chang, M. H.,
et al. (2020). Klebsiella pneumoniae bacteremia revisited: comparison between
2007 and 2017 prospective cohorts at a medical center in Taiwan. J. Infect. 81,
753–757. doi: 10.1016/j.jinf.2020.08.039

Frontiers in Microbiology | www.frontiersin.org 7 March 2022 | Volume 13 | Article 783523

https://doi.org/10.3201/eid2011.140206
https://doi.org/10.1128/JCM.01924-13
https://doi.org/10.1128/JCM.01924-13
https://doi.org/10.1128/IAI.00093-17
https://doi.org/10.1007/s10096-011-1334-7
https://doi.org/10.1007/s40572-016-0089-9
https://doi.org/10.1007/s40572-016-0089-9
https://doi.org/10.1086/519262
https://doi.org/10.4315/JFP-19-520
https://doi.org/10.4315/JFP-19-520
https://doi.org/10.2147/IDR.S243984
https://doi.org/10.1016/j.jinf.2020.08.039
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-783523 March 14, 2022 Time: 14:44 # 8

Liao et al. Hypervirulent Klebsiella pneumoniae in Taiwan

Huang, Y. T., Jiang, J. Y., Hsu, M. S., Hsu, H. S., Liao, C. H., and Hsueh, P. R. (2018).
The prevalence of rectal carriage of Klebsiella pneumoniae amongst diabetic
patients and their clinical relevance in Taiwan: A five-year prospective study.
J. Microbiol. Immunol. Infect. 51, 510–518. doi: 10.1016/j.jmii.2017.05.009

Huynh, B. T., Passet, V., Rakotondrasoa, A., Diallo, T., Kerleguer, A., Hennart,
M., et al. (2020). Klebsiella pneumoniae carriage in low-income countries:
antimicrobial resistance, genomic diversity and risk factors. Gut. Microbes. 11,
1287–1299. doi: 10.1080/19490976.2020.1748257

Jean, S. S., Lu, M. C., Shi, Z. Y., Tseng, S. H., Wu, T. S., Lu, P. L., et al.
(2018). In vitro activity of ceftazidime-avibactam, ceftolozane-tazobactam, and
other comparable agents against clinically important Gram-negative bacilli:
results from the 2017 Surveillance of Multicenter Antimicrobial Resistance in
Taiwan (SMART). Infect. Drug. Resist. 11, 1983–1992. doi: 10.2147/IDR.S17
5679

Kuo, G., Yen, C. L., Lu, Y. A., Chen, C. Y., Sun, M. H., Lin, Y., et al. (2021). Clinical
and visual outcomes following endogenous endophthalmitis: 175 consecutive
cases from a tertiary referral center in Taiwan. J. Microbiol. Immunol. Infect 55,
114–122. doi: 10.1016/j.jmii.2021.01.010

Lai, Y. C., Peng, H. L., and Chang, H. Y. (2003). RmpA2, an activator of capsule
biosynthesis in Klebsiella pneumoniae CG43, regulates K2 cps gene expression
at the transcriptional level. J. Bacteriol. 185, 788–800. doi: 10.1128/JB.185.3.788-
800.2003

Lam, M. M. C., Wyres, K. L., Duchene, S., Wick, R. R., Judd, L. M., Gan, Y. H.,
et al. (2018a). Population genomics of hypervirulent Klebsiella pneumoniae
clonal-group 23 reveals early emergence and rapid global dissemination. Nat.
Commun. 9, 2703. doi: 10.1038/s41467-018-05114-7

Lam, M. M. C., Wyres, K. L., Judd, L. M., Wick, R. R., Jenney, A., Brisse, S.,
et al. (2018b). Tracking key virulence loci encoding aerobactin and salmochelin
siderophore synthesis in Klebsiella pneumoniae. Genome. Med. 10, 77. doi:
10.1186/s13073-018-0587-5

Lee, C. M., Liao, C. H., Lee, W. S., Liu, Y. C., Mu, J. J., Lee, M. C.,
et al. (2012). Outbreak of Klebsiella pneumoniae carbapenemase-2-producing
K. pneumoniae sequence type 11 in Taiwan in 2011. Antimicrob. Agents.
Chemother. 56, 5016–5022. doi: 10.1128/AAC.00878-12

Lee, I. R., Molton, J. S., Wyres, K. L., Gorrie, C., Wong, J., Hoh, C. H., et al.
(2016). Differential host susceptibility and bacterial virulence factors driving
Klebsiella liver abscess in an ethnically diverse population. Sci. Rep. 6, 29316.
doi: 10.1038/srep29316

Liao, C. H., Huang, Y. T., Chang, C. Y., Hsu, H. S., and Hsueh, P. R. (2014).
Capsular serotypes and multilocus sequence types of bacteremic Klebsiella
pneumoniae isolates associated with different types of infections. Eur. J. Clin.
Microbiol. Infect. Dis. 33, 365–369. doi: 10.1007/s10096-013-1964-z

Liao, C. H., Huang, Y. T., Lai, C. C., Chang, C. Y., Chu, F. Y., Hsu, M. S.,
et al. (2011). Klebsiella pneumoniae bacteremia and capsular serotypes. Taiwan.
Emerg. Infect. Dis. 17, 1113–1115. doi: 10.3201/eid/1706.100811

Lin, T. H., Wu, C. C., Tseng, C. Y., Fang, J. H., and Lin, C. T. (2021). ∗Effects of
gallic acid on capsular polysaccharide biosynthesis in Klebsiella pneumoniae.
J. Microbiol. Immunol. Infect Online ahead of print., doi: 10.1016/j.jmii.2021.
07.002

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.

Pan, Y. J., Fang, H. C., Yang, H. C., Lin, T. L., Hsieh, P. F., Tsai, F. C., et al.
(2008). Capsular polysaccharide synthesis regions in Klebsiella pneumoniae
serotype K57 and a new capsular serotype. J. Clin. Microbiol. 46, 2231–2240.
doi: 10.1128/JCM.01716-07

Parrott, A. M., Shi, J., Aaron, J., Green, D. A., Whittier, S., and Wu, F.
(2021). Detection of multiple hypervirulent Klebsiella pneumoniae strains in a
New York City hospital through screening of virulence genes. Clin Microbiol
Infect 27, 583–589.

Russo, T. A., and Marr, C. M. (2019). Hypervirulent Klebsiella pneumoniae. Clin.
Microbiol. Rev. 32, e00001–e19.

Siu, L. K., Fung, C. P., Chang, F. Y., Lee, N., Yeh, K. M., Koh, T. H., et al. (2011).
Molecular typing and virulence analysis of serotype K1 Klebsiella pneumoniae
strains isolated from liver abscess patients and stool samples from noninfectious
subjects in Hong Kong. Singapore, and Taiwan. J. Clin. Microbiol. 49, 3761–
3765. doi: 10.1128/JCM.00977-11

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, e00630.

Tsai, F. C., Huang, Y. T., Chang, L. Y., and Wang, J. T. (2008). Pyogenic liver
abscess as endemic disease. Taiwan. Emerg. Infect. Dis. 14, 1592–1600. doi:
10.3201/eid1410.071254

Turton, J. F., Payne, Z., Micah, K., and Turton, J. A. (2018). Capsular type K54,
clonal group 29 and virulence plasmids: an analysis of K54 and non-K54 closely
related isolates of Klebsiella pneumoniae. Epidemiol. Infect. 146, 1813–1823.
doi: 10.1017/S0950268818001826

Wei, D. D., Xiong, X. S., Mei, Y. F., Du, F. L., Wan, L. G., and Liu, Y. (2021).
Microbiological and clinical characteristics of Klebsiella pneumoniae isolates of
K57 capsular serotype in China. Microb. Drug. Resist 27, 391–400. doi: 10.1089/
mdr.2018.0456

Wu, K. M., Li, L. H., Yan, J. J., Tsao, N., Liao, T. L., Tsai, H. C., et al. (2009). Genome
sequencing and comparative analysis of Klebsiella pneumoniae NTUH-K2044,
a strain causing liver abscess and meningitis. J. Bacteriol. 191, 4492–4501. doi:
10.1128/JB.00315-09

Yu, W. L., Lee, M. F., Tang, H. J., Chang, M. C., and Chuang, Y. C. (2015). Low
prevalence of rmpA and high tendency of rmpA mutation correspond to low
virulence of extended spectrum β-lactamase-producing Klebsiella pneumoniae
isolates. Virulence. 6, 162–172. doi: 10.1080/21505594.2015.1016703

Zhang, H., Zhang, G., Yang, Y., Zhang, J., Li, D., Duan, S., et al. (2021).
Antimicrobial resistance comparison of Klebsiella pneumoniae pathogens
isolated from intra-abdominal and urinary tract infections in different organs,
hospital departments and regions of China between 2014 and 2017. J. Microbiol.
Immunol. Infect. 54, 639–648. doi: 10.1016/j.jmii.2020.03.009

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.

Copyright © 2022 Liao, Huang and Hsueh. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org 8 March 2022 | Volume 13 | Article 783523

https://doi.org/10.1016/j.jmii.2017.05.009
https://doi.org/10.1080/19490976.2020.1748257
https://doi.org/10.2147/IDR.S175679
https://doi.org/10.2147/IDR.S175679
https://doi.org/10.1016/j.jmii.2021.01.010
https://doi.org/10.1128/JB.185.3.788-800.2003
https://doi.org/10.1128/JB.185.3.788-800.2003
https://doi.org/10.1038/s41467-018-05114-7
https://doi.org/10.1186/s13073-018-0587-5
https://doi.org/10.1186/s13073-018-0587-5
https://doi.org/10.1128/AAC.00878-12
https://doi.org/10.1038/srep29316
https://doi.org/10.1007/s10096-013-1964-z
https://doi.org/10.3201/eid/1706.100811
https://doi.org/10.1016/j.jmii.2021.07.002
https://doi.org/10.1016/j.jmii.2021.07.002
https://doi.org/10.1128/JCM.01716-07
https://doi.org/10.1128/JCM.00977-11
https://doi.org/10.3201/eid1410.071254
https://doi.org/10.3201/eid1410.071254
https://doi.org/10.1017/S0950268818001826
https://doi.org/10.1089/mdr.2018.0456
https://doi.org/10.1089/mdr.2018.0456
https://doi.org/10.1128/JB.00315-09
https://doi.org/10.1128/JB.00315-09
https://doi.org/10.1080/21505594.2015.1016703
https://doi.org/10.1016/j.jmii.2020.03.009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Multicenter Surveillance of Capsular Serotypes, Virulence Genes, and Antimicrobial Susceptibilities of Klebsiella pneumoniae Causing Bacteremia in Taiwan, 2017–2019
	Introduction
	Materials and Methods
	Collection of Isolates
	Determination of Capsular Serotypes, Wzi-K Sequencing, Virulence Genes, and Multilocus Sequence Typing
	Antimicrobial Susceptibility Testing
	Statistical Analyses

	Results
	Overall Virulent Capsular Serotype Distribution, Associated Sources, and Geographic Distribution
	Comparison Between Capsular Serotyping and Wzi-K Typing
	Comparison Between Capsular Serotyping and Multilocus Sequence Typing
	Distribution of Virulence Genes Among Capsular Serotypes
	Comparison of Antimicrobial Susceptibility in K1, K2, K20, K54, K57, and Other Serotypes

	Discussion
	Summary
	Data Availability Statement
	Author Contributions
	References


