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Abstract: In this study, we investigated the characteristics of KPC-2-producing Klebsiella pneumoniae
(KP-Kp) isolates from a hospital in South Korea. Among the 37 KP-Kp isolates, two main clones
were identified—ST11 and ST307. ST11 isolates showed higher minimum inhibitory concentra-
tions for carbapenems than ST307 isolates. All ST307 isolates were resistant to gentamicin and
trimethoprim–sulfamethoxazole, but ST11 isolates were not. However, most tigecycline-resistant
or colistin-resistant isolates belonged to ST11. The two KP-Kp clones showed different combina-
tions of wzi and K serotypes. Plasmids from ST11 KP-Kp isolates exhibited diverse incompatibility
types. Serum resistance and macrophage infection assays indicated that ST11 may be more virulent
than ST307. The changes in the main clones of KP-Kp isolates over time as well as the different
characteristics of these clones, including virulence, suggest the need for their continuous monitoring.

Keywords: carbapenemase; KPC; Klebsiella pneumoniae

1. Introduction

The emergence of carbapenemase-producing Gram-negative bacteria, including
Klebsiella pneumoniae, has caused serious therapeutic challenges. In particular, K. pneumoniae
carbapenemase (KPC) is one of the most threatening carbapenem resistance determinants
in clinical settings. Since it was first reported in 2010 in South Korea [1], reports of KPC
have been steadily increasing [2,3]. KPC-producing K. pneumoniae is difficult to control
and often requires a centrally coordinated intervention to combat outbreaks if it is not
controlled soon after its emergence [4]. Although more than one hundred different STs
have been reported to have the blaKPC [5], the increase in KPC producers is associated
with the spread of the K. pneumoniae ST258 clone in many countries [6,7]. However, other
high-risk clones of K. pneumoniae have recently been reported to produce KPC, for example,
ST11 and ST307 [8,9].

In South Korea, most KPC-producing K. pneumoniae isolates belonged to ST11, a single
locus variant of ST258 [4]. However, the K. pneumoniae clone ST307 has been recently
identified as a main KPC producer [2,10]. Although it was reported that K. pneumoniae
ST307 rarely include virulence factors [11], its virulence was not fully elucidated.

In this study, we identified two main clones of KPC-2-producing K. pneumoniae
(KP-Kp) isolates from South Korea. We compared the characteristics of the two KP-Kp
clones, with respect to antimicrobial resistance, plasmids, serotypes, and virulence.

2. Results

During the period of study, we collected 37 KP-Kp isolates. Most KP-Kp isolates were
found to belong to ST307 (18 isolates, 48.6%) or ST11 (15 isolates, 40.5%) (Table 1). Two
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ST789 KP-Kp isolates were also identified. Each isolate showed ST4681 and a single-locus
variant of ST11, termed ST11-slv.

Among these, 24 isolates (64.9%) co-produced CTX-M-15 (Table 1). All ST307 KP-Kp
isolates produced CTX-M-15, whereas only three ST11 KP-Kp isolates did (p < 0.0001). All
KP-Kp isolates were resistant to ampicillin, cefepime, ciprofloxacin, aztreonam, piperacillin-
tazobactam, and carbapenems (imipenem and meropenem) (Table 1). All ST307 isolates
were resistant to gentamicin and trimethoprim–sulfamethoxazole, but only two (p < 0.0001)
and six (p = 0.0001) ST11 isolates were resistant to them, respectively. Four colistin-resistant
KP-Kp isolates were identified; three belonged to ST11 and one to ST4681. Among the
eight tigecycline-resistant KP-Kp isolates, six belonged to ST307. No ST11 isolates were
resistant to tigecycline (p = 0.0065).

The distribution of carbapenem MICs was compared between the two main clones—ST11
and ST307 (Figure 1). For both imipenem and meropenem, MICs were higher for ST11
KP-Kp isolates than for ST307 KP-Kp isolates. In particular, KP-Kp isolates with MICs of
64 mg/L for imipenem or >64 mg/L for meropenem were identified only in ST11, except
one. Two ST11 isolates exhibited MICs of 64 mg/L or higher for both imipenem and
meropenem. They were also resistant to colistin.
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Figure 1. Distribution of the minimum inhibitory concentrations (MICs) of carbapenem antibiotics
(imipenem and meropenem) for the two main clones of KP-Kp isolates—ST11 and ST307. The number
of dots indicates the number of isolates with the corresponding MIC.

Most KP-Kp isolates, except two, possessed plasmids of the FII-incompatibility type
(Table 1). However, the subtypes were variable. The plasmids in ST307 isolates showed
only three incompatibility types (including IncN6), whereas nine plasmid incompatibility
types were identified among the ST11 isolates. All ST307 isolates showed the same wzi type
and K-serotype (i.e., wzi173-KL102), which was also identified in ST4681 isolates (Table 1).
ST11 isolates showed two combinations of the wzi type and the K-serotype—wzi14-K14
and wzi50-K51; wzi2-K2 and wzi18-K18 were identified in the ST11slv and ST789 isolates,
respectively. All isolates tested negative in the string test.

The survival rates against human serum were evaluated for each of the two ST11 and
ST307 isolates, along with a reference K. pneumoniae strain ATCC 43816 (Figure 2A). The
survival rate of ST11 isolate 756 was higher than that of ST11 isolate 297 and two ST307
isolates (p = 0.001231 to 0.003317).
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Table 1. Genotype, antimicrobial resistance, plasmid incompatibility group, wzi type, and K-serotype of carbapenemase-producing K. pneumoniae isolates investigated in this study.

Genotype
Number of Resistant Isolates (%) a CTX-M-15 Plasmid wzi Type K-Serotype

IMI MER COL AMP CPM CIP GEN AZT SXT P/T TIG

ST307 (18) 18 (100) 18 (100) 0 18 (100) 18 (100) 18 (100) 18(100) 18 (100) 18(100) 18 (100) 6 (33.3) 18 (100)
FIIK7 (13)
FIIK21 (5)
IncN6 (1)

173 (18) KL102 (18)

ST11 (15) 15 (100) 15 (100) 3 (20.0) 15 (100) 15 (100) 15 (100) 2 (13.3) 15 (100) 6 (40.0) 15 (100) 0 3 (20.0)

FIIK1 (1)
FIIK2 (1)
FIIK5 (2)
FIIK6 (1)
FIIK7 (3)
FIIK15 (2)
FIIK21 (3)
FIIK23 (1)
FIIY6 (1)

14 (8)
50 (7)

K14 (8)
K51 (7)

ST789 (2) 2 (100) 2 (100) 0 2 (100) 2 (100) 2 (100) 0 2 (100) 2 (100) 2 (100) 0 2 (100) FIIK2 (2) 18 (2) K18 (2)

ST4681 (1) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) 1 (100) FIIK7 (1) 173 (1) KL102 (1)

ST11slv (1) 1 (100) 1 (100) 0 1 (100) 1 (100) 1 (100) 0 1 (100) 0 1 (100) 0 0 ND b 2 (1) K2 (1)

Total (37) 37
(100)

37
(100)

4
(10.8)

37
(100)

37
(100)

37
(100)

21
(56.9)

37
(100)

27
(73.0)

37
(100)

8
(21.6)

24
(64.9)

a IMI, imipenem; MER, meropenem; COL, colistin; AMP, ampicillin; CPM, cefepime; CIP, ciprofloxacin; GEN, gentamicin; AZT, aztreonam; SXT, trimethoprim–sulfamethoxazole; P/T, piperacillin–tazobactam;
TIG, tigecycline. b ND, not determined.
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Figure 2. Virulence of the isolates of the two main clones of KP-Kp—ST11 and ST307. (A) The result
of the serum resistance assay. The survival rate of K. pneumoniae isolates was determined after 3 h
of incubation with human serum. Heat-inactivated serum was used as a negative control. (B) The
result of the macrophage infection assay. The number of internalized bacteria recovered from J774A.1
cells was enumerated. ** p < 0.001; *** p < 0.0001.

We compared the internalization of the bacterial cells by macrophage-like cells be-
tween the two main genotypes—ST11 and ST307—of KP-Kp isolates (Figure 2B). The
number of intracellular bacteria recovered from the J774A.1 cells reflects the internalization
efficiency. The internalization efficiency was similar among the isolates of the same geno-
type. ST307 KP-Kp isolates showed a significantly higher internalization efficiency than
ST11 KP-Kp isolates (p = 0.000019).

3. Discussion

The first KPC-producing K. pneumoniae isolate from South Korea was identified in
2010 [1]. Since then, KPC-2-producing K. pneumoniae isolates have been frequently found
in South Korea [2,3]. As reported previously [2,8–10], our study also showed that KPC was
mostly associated with the two K. pneumoniae clones ST11 and ST307 in South Korea. We
compared the characteristics of these two dominant KP-Kp clones.

ST11 KP-Kp isolates showed higher carbapenem resistance than ST307 KP-Kp isolates.
Despite having the same gene (blaKPC-2), the underlying cause of the difference in car-
bapenem resistance between the two isolates remains unknown. Nonetheless, it might be
caused by the physiological differences in bacterial hosts or the constitution of the plasmids
harboring the carbapenemase gene. In addition, loss of porin, such as OmpK35, may be a
cause for the difference in carbapenem resistance [12].

In addition to the difference in carbapenem MICs, the two KP-Kp clones showed
differences in resistance to some other antibiotics as well. All ST307 KP-Kp isolates were
resistant to all antibiotics tested, except for colistin and tigecycline. In contrast, many ST11
KP-Kp isolates were susceptible to gentamicin and trimethoprim–sulfamethoxazole, and
the susceptibility was statistically significant. Although blaCTX-M-15 was identified in all
ST307 isolates, only three ST11 isolates possessed it. The plasmid incompatibility types
of most ST307 isolates were FIIK7 or FIIK21, but the plasmids of ST11 isolates showed
diverse FIIK incompatibility types. However, the plasmids of the blaCTX-M-15-positive
ST11 isolates were of the FIIK7- or FIIK21-incompatibility types. Because two gentamicin-
resistant ST11 isolates were positive for blaCTX-M-15 and possessed FIIK7- or FIIK21-type
plasmids, it is plausible that gentamicin resistance genes are carried on the FIIK7- or
FIIK21-type plasmids with blaCTX-M-15. The gentamicin-resistant ST11 KP-Kp isolates
might carry the same plasmid as the ST307 KP-Kp isolates. However, direct horizontal
transfer of blaKPC-2-bearing plasmids might not occur frequently between the two clones,
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because gentamicin-susceptible ST11 KP-Kp isolates possessed plasmid incompatibility
types different from those of ST307 isolates.

Notably, although colistin-resistant isolates were identified only in ST11, tigecycline-
resistant isolates were found only in ST307. The primary mechanisms underlying colistin
and tigecycline resistance, involving modification of lipid A in lipopolysaccharides and
overexpression of efflux pump, respectively [13], may not be associated with plasmids.
Although plasmid-carried mcr-associated with colistin resistance has been identified [14],
mcr was not identified in the colistin-resistant K. pneumoniae isolates in this study. High
colistin resistance in a particular clone has been reported in P. aeruginosa [15]. However,
colistin or tigecycline resistance has not been associated with specific K. pneumoniae clones to
date. Because colistin and tigecycline are regarded as last-resort antibiotics for the treatment
of carbapenem-resistant Gram-negative bacterial infections, it is necessary to investigate
whether resistance to them might be better developed in some clones than others.

Virulence assessed by the method of serum resistance and internalization by macrophage-
like cells was different between the two main clones of KP-Kp isolates. Although serum
resistance was different between the two ST11 isolates, one of the ST11 isolates showed
a significantly higher survival rate against human serum than the ST307 isolates. The
internalization by macrophage-like cells was lower in the case of the two ST11 isolates than
in the case of the two ST307 isolates. Entry of K. pneumoniae into macrophage-like cells
represents a host defense mechanism and not a bacterial virulence mechanism [16]. Thus,
ST11 isolates showing lower internalization rates than ST307 isolates were more virulent.
Previously, it was reported that ST307 clones rarely possess virulence factors [11]. Because
all KP-Kp isolates included in this study showed negative results in the string test, the high
virulence in ST11 may not be due to the hypermucoviscosity or the presence of a capsule.
In addition to the capsule, lipopolysaccharide, siderophores, and fimbriae have also been
identified as virulence factors in K. pneumoniae [17]. Hence, the reason for the difference in
virulence between the two clones needs to be explored further.

In this study, we investigated the KP-Kp isolates from South Korea. Although our
study has limits in that only a small number of isolates from one hospital were included,
we found that there were two main clones that showed different characteristics including
antibiotic resistance, plasmids harboring carbapenemase genes, and virulence. Because
changes in the prevalent clone of carbapenemase-producing Gram-negative pathogens on a
local or nationwide scale may affect the response at the public level, continuous monitoring
and analysis of the features of these bacterial strains are required.

4. Materials and Methods
4.1. Bacterial Isolates

All carbapenemase-producing K. pneumoniae isolates included in this study were
collected from adult patients at the diverse wards of Samsung Changwon Hospital in
South Korea from 2018 to 2019; 13 isolates from sputum, 8 from blood, 7 from rectal swab,
4 from urine, 3 from peritoneal fluid, and 3 from stool. The other six isolates were obtained
from bile, genital tract, pus, and wound. The origins of three isolates were unknown.
For preliminary species identification, VITEK-2 (bioMérieux) was used, and the results
were verified by 16S rRNA gene sequencing. The carbapenemase genes blaKPC, blaIMP,
blaVIM, blaNDM, blaSPM, and blaSIM and an extended spectrum β-lactamase gene blaCTX-M
were detected by PCR amplification and Sanger sequencing using previously described
primers [18–20]. The presence of mcr, a plasmid-borne colistin resistance gene, was also
determined by PCR [21].

4.2. Antibiotic Susceptibility Testing

Antibiotic susceptibility was evaluated using the broth microdilution method, following
the Clinical and Laboratory Standards Institute guidelines [22]. The minimum inhibitory
concentrations (MICs) of 11 antibiotics, including imipenem, meropenem, ampicillin, ce-
fepime, ciprofloxacin, aztreonam, gentamicin, tigecycline, trimethoprim–sulfamethoxazole,
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piperacillin–tazobactam, and colistin were determined. All antibiotics were purchased from
Sigma–Aldrich (St. Louis, MO, USA) except imipenem and meropenem, which were obtained
from the manufacturer. CLSI susceptibility breakpoints were employed for all antimicrobial
agents except tigecycline. For tigecycline, FDA breakpoints for susceptible (MIC, ≤2 mg/L),
intermediate (MIC, 4 mg/L), and resistant (MIC, ≥8 mg/L) were used. All tests were per-
formed in duplicates, and Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC
27853 were used as controls.

4.3. Genotyping and Plasmid Incompatibility Typing

Genotypes of KP-Kp isolates were determined using the multilocus sequence typing
(MLST) method, as described previously [23]. Capsular polysaccharide types have pre-
viously been identified using wzi sequencing [24]. The plasmid incompatibility types of
the isolates were identified using the PCR-based replicon-typing method as previously de-
scribed in the PubMLST website (https://pubmlst.org/organisms/plasmid-mlst/schemes,
accessed on 12 April 2021) [25].

4.4. String Test

The hypermucoviscosity phenotypes of KP-Kp isolates were determined using the
string test [26]. For the test, overcultured bacterial colonies were stretched on blood agar
plates using an inoculation loop. Isolates that stretched viscous strings >5 mm were
considered hypermucoviscosity-positive isolates [26].

4.5. Serum Resistance Assay

For each of the two ST11 and ST307 KP-Kp isolates, the serum resistance assay was
performed, as described previously [27,28], with some modifications. Normal human
serum (NHS; Innovative Research, Novi, MI, USA) was used to treat mid-log phase
bacterial cultures. Heat-inactivated human serum (HIS) was used as control to determine
the bactericidal effect of NHS. After 3 h of incubation at 37 ◦C with shaking, the mixtures
were serially diluted and plated on blood agar. The number of colony-forming units (CFUs)
that survived after treatment with NHS was compared with the number of CFUs that
survived after treatment with HIS. All assays were performed in triplicates, and the results
were represented as survival percentages.

4.6. Macrophage Infection Assay

The tendency of bacteria to internalize in mammalian cells was determined using the
macrophage-like cell line J774A.1, employing a previously described method with slight
modifications [29]. The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Welgene, Gyeongsan, Korea) supplemented with 10% (v/v) fetal bovine serum (FBS; Gibco;
Dublin, Ireland) and 1% (v/v) antibiotic–antimycotic solution (Thermo, Waltham, MA,
USA). For the gentamicin protection assay, J774A.1 cells (2.5 × 105 cells) were seeded
in a 24-well tissue culture plate (CytoOne 24-well TC plate, USA Scientific, Ocala, FL,
USA) the day before bacterial infection. Before infection, the cells were washed three
times with Dulbecco’s phosphate buffered saline (DPBS; Welgene, Gyeongsan, Korea)
and incubated in DMEM supplemented with FBS for 1 h. Bacterial isolates cultured
overnight were inoculated at a ratio of 40 bacteria per macrophage (MOI 40) and incubated
for 30 min. Bacterial diluents were enumerated for confirmation. Next, J774A.1 cells
were washed three times with DPBS, followed by the addition of DMEM-conditioned
medium containing 150 mg/L gentamicin. Subsequently, the cells were incubated for 1 h
to eliminate extracellular bacteria. After incubation, the cells were washed three times
with DPBS and lysed with 1% Triton X-100. Lysates were sufficiently diluted, and 10 µL
of each diluent was dropped onto Luria-Bertani (LB) agar plates for the enumeration
of internalized bacterial cells. Internalized bacteria were enumerated by dividing the
number of inoculated CFUs by that of cell lysate CFUs. All experiments were performed in
triplicates and repeated three times independently.

https://pubmlst.org/organisms/plasmid-mlst/schemes
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4.7. Statistical Analyses

Statistical analyses were performed using Prism version 8.00 for Windows (GraphPad
Software, San Diego, CA, USA). Chi-square tests were used to evaluate the differences
in MIC profiles and CTX-M presence between two main clones. The Student’s t-test was
used to evaluate survival rates among isolates. Statistical significance was set at p < 0.05
(*** p < 0.0001).

5. Conclusions

We identified two main clones of KPC-2-producing K. pneumoniae isolates in South
Korea, ST11 and ST307. Two main clones showed different characteristics including car-
bapenem resistance level, wzi type and K serotype, plasmid incompatibility, and virulence.

Author Contributions: Conceptualization, Y.M.W. and K.S.K.; methodology, J.Y.C. and K.S.K.; soft-
ware, K.S.K.; validation, J.H.K., Y.Y.C., J.Y.C. and Y.M.W.; formal analysis, J.H.K. and Y.Y.C.; investiga-
tion, J.H.K. and Y.Y.C.; resources, Y.M.W. and K.S.K.; data curation, J.H.K., Y.Y.C., J.Y.C. and K.S.K.;
writing—original draft preparation, J.H.K., Y.Y.C. and K.S.K.; writing—review and editing, J.H.K.,
Y.Y.C., J.Y.C., Y.M.W. and K.S.K.; visualization, J.H.K., Y.Y.C. and K.S.K.; supervision, K.S.K.; project
administration, K.S.K.; funding acquisition, K.S.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the Na-
tional Research Foundation of Korea (NRF), funded by the Ministry of Science and ICT (grant No.:
2019R1A2C2004879).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data would be available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rhee, J.Y.; Park, Y.K.; Shin, J.Y.; Choi, J.Y.; Lee, M.Y.; Peck, K.R.; Song, J.H.; Ko, K.S. KPC-producing extreme drug-resistant

Klebsiella pneumoniae isolate from a patient with diabetes mellitus and chronic renal failure on hemodialysis in South Korea.
Antimicrob. Agents Chemother. 2010, 54, 2278–2279. [CrossRef]

2. Yoon, E.J.; Yang, J.W.; Kim, J.O.; Lee, H.; Lee, K.J.; Jeong, S.H. Carbapenemase-producing Enterobacteriaceae in South Korea: A
report from the National Laboratory Surveillance System. Future Microbiol. 2018, 13, 771–783. [CrossRef] [PubMed]

3. Park, J.J.; Seo, Y.B.; Lee, J.; Eom, J.S.; Song, W.; Choi, Y.K.; Kim, S.R.; Son, H.J.; Cho, N.H. Positivity of Carbapenemase-producing
Enterobacteriaceae in Patients Following Exposure within Long-term Care Facilities in Seoul, Korea. J. Korean Med. Sci. 2020,
35, e303. [CrossRef]

4. Schwaber, M.J.; Lev, B.; Israeli, A.; Solter, E.; Smollan, G.; Rubinovitch, B.; Shalit, I.; Carmeli, Y. Containment of a Country-wide
Outbreak of Carbapenem-Resistant Klebsiella pneumoniae in Israeli Hospitals via a Nationally Implemented Intervention. Clin.
Infect. Dis. 2011, 52, 848–855. [CrossRef] [PubMed]

5. Chen, L.; Mathema, B.; Chavda, K.D.; DeLeo, F.R.; Bonomo, R.A.; Kreiswirth, B.N. Carbapenemase-producing Klebsiella
pneumoniae: Molecular and genetic decoding. Trends Microbiol. 2014, 22, 686–696. [CrossRef]

6. Mathers, A.J.; Peirano, G.; Pitout, J.D.D. The role of epidemic resistance plasmids and international high-risk clones in the spread
of multidrug-resistant Enterobacteriaceae. Clin. Microbiol. Rev. 2015, 28, 565–591. [CrossRef]

7. Aslam, B.; Chaudhry, T.H.; Arshad, M.I.; Alvi, R.F.; Shahzad, N.; Yasmeen, N.; Idris, A.; Rasool, M.H.; Khurshid, M.; Ma, Z.; et al.
The First blaKPC Harboring Klebsiella pneumoniae ST258 Strain Isolated in Pakistan. Microb. Drug Resist. 2020, 26, 783–786.
[CrossRef] [PubMed]

8. Magi, G.; Tontarelli, F.; Caucci, S.; Sante, L.D.; Brenciani, A.; Morroni, G.; Giovanetti, E.; Menzo, S.; Mingoia, M. High prevalence
of carbapenem-resistant Klebsiella pneumoniae ST307 recovered from fecal samples in an Italian hospital. Future Microbiol. 2021, 16,
703–711. [CrossRef]

9. Yang, Y.; Yang, Y.; Chen, G.; Lin, M.; Chen, Y.; He, R.; Galvão, K.N.; El-Gawad El-Sayed Ahmed, M.A.; Roberts, A.P.; Wu, Y.; et al.
Molecular characterization of carbapenem-resistant and virulent plasmids in Klebsiella pneumoniae from patients with bloodstream
infections in China. Emerg. Microbes. Infect. 2021, 10, 700–709. [CrossRef]

10. Yoon, E.J.; Kim, J.O.; Kim, D.; Lee, H.; Yang, J.W.; Lee, K.J.; Jeong, S.H. Klebsiella pneumoniae Carbapenemase Producers in South
Korea between 2013 and 2015. Front. Microbiol. 2018, 9, 56. [CrossRef]

http://doi.org/10.1128/AAC.00011-10
http://doi.org/10.2217/fmb-2018-0022
http://www.ncbi.nlm.nih.gov/pubmed/29478336
http://doi.org/10.3346/jkms.2020.35.e303
http://doi.org/10.1093/cid/cir025
http://www.ncbi.nlm.nih.gov/pubmed/21317398
http://doi.org/10.1016/j.tim.2014.09.003
http://doi.org/10.1128/CMR.00116-14
http://doi.org/10.1089/mdr.2019.0420
http://www.ncbi.nlm.nih.gov/pubmed/32109182
http://doi.org/10.2217/fmb-2020-0246
http://doi.org/10.1080/22221751.2021.1906163
http://doi.org/10.3389/fmicb.2018.00056


Antibiotics 2021, 10, 911 8 of 8

11. Kim, D.; Park, B.Y.; Choi, M.H.; Yoon, E.J.; Lee, H.; Lee, K.J.; Park, Y.S.; Shin, J.H.; Un, Y.; Shin, K.S.; et al. Antimicrobial resistance
and virulence factors of Klebsiella pneumoniae affecting 30 day mortality in patients with bloodstream infection. J. Antimicrob.
Chemother. 2019, 74, 190–199. [CrossRef]

12. García-Fernández, A.; Miriagou, V.; Papagiannitsis, C.C.; Giordano, A.; Venditti, M.; Mancini, C.; Carattoli, A. An ertapenem-
resistant extended-spectrum-beta-lactamase-producing Klebsiella pneumoniae clone carries a novel OmpK36 porin variant. Antimi-
crob. Agents Chemother. 2010, 54, 4178–4184. [CrossRef]

13. Paczosa, M.K.; Mecsas, J. Klebsiella pneumoniae: Going on the offense with a strong defense. Microbiol. Mol. Biol. Rev. 2016, 80,
629–661. [CrossRef]

14. Liu, Y.Y.; Wang, Y.; TWalsh, T.R.; Yi, L.X.; Zhang, R.; Spencer, J.; Doi, Y.; Tian, G.; Dong, B.; Hunag, X.; et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular
biological study. Lancet Infect. Dis. 2016, 16, 161–168. [CrossRef]

15. Wi, Y.M.; Choi, J.Y.; Lee, J.Y.; Kang, C.I.; Chung, D.R.; Peck, K.R.; Song, J.H.; Ko, K.S. Emergence of colistin resistance in
Pseudomonas aeruginosa ST235 clone in South Korea. Int. J. Antimicrob. Chemother. 2017, 49, 767–769. [CrossRef]

16. Cortés, G.; Álvarez, D.; Saus, C.; Albertí, S. Role of lung epithelial cells in defense against Klebsiella pneumoniae pneumonia. Infect.
Immun. 2002, 70, 1075–1080. [CrossRef]

17. Ko, K.S. The contribution of capsule polysaccharide genes to virulence of Klebsiella pneumoniae. Virulence 2017, 8, 485–486.
[CrossRef]

18. Kim, S.Y.; Shin, J.; Shin, S.Y.; Ko, K.S. Characteristics of carbapenem-resistant Enterobacteriaceae isolates from Korea. Diagn.
Microbiol. Infect. Dis. 2013, 76, 486–490. [CrossRef] [PubMed]

19. Findlay, J.; Hamouda, A.; Dancer, S.J.; Amyes, S.G.B. Rapid acquisition of decreased carbapenem susceptibility in a strain of
Klebsiella pneumoniae arising during meropenem therapy. Clin. Microbiol. Infect. 2012, 18, 140–146. [CrossRef]

20. Pérez-Pérez, F.J.; Hanson, N.D. Detection of plasmid-mediated AmpC β-lactamase genes in clinical isolates by using multiplex
PCR. J. Clin. Microbiol. 2002, 40, 2153–2162. [CrossRef]

21. Hong, Y.K.; Lee, J.Y.; Ko, K.S. Colistin resistance in Enterobacter spp. isolates in Korea. J. Microbiol. 2018, 56, 435–440. [CrossRef]
22. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for Antimicrobial Susceptibility Testing; 31st Informational

Supplement. Document M100-S31; CLSI: Wayne, PA, USA, 2021.
23. Diancourt, L.; Passet, V.; Verhoef, J.; Grimont, P.A.; Brisse, S. Multilocus sequence typing of Klebsiella pneumoniae nosocomial

isolates. J. Clin. Microbiol. 2005, 43, 4178–4182. [CrossRef] [PubMed]
24. Brisse, S.; Passet, V.; Haugaard, A.B.; Babosan, A.; Kassis-Chikhani, N.; Struve, C.; Decré, D. wzi gene sequencing, a rapid method

for determination of capsular type for Klebsiella strains. J. Clin. Microbiol. 2013, 51, 4073–4078. [CrossRef] [PubMed]
25. Carattoli, A.; Bertini, A.; Villa, L.; Falbo, V.; Hopkins, K.L.; Threlfall, E.J. Identification of plasmids by PCR-based replicon typing.

J. Microbiol. Methods 2005, 63, 219–228. [CrossRef]
26. Shon, A.S.; Bajwa, R.P.S.; Russo, T.A. Hypervirulent (hypermucoviscous) Klebsiella pneumoniae: A new and dangerous breed.

Virulence 2013, 4, 107–118. [CrossRef]
27. Podschun, R.; Sievers, D.; Fischer, A.; Serotypes, U.U. hemagglutinins, siderophore synthesis, and serum resistance of Klebsiella

isolates causing human urinary tract infections. J. Infect. Dis. 1993, 168, 1415–1421. [CrossRef]
28. Lee, H.; Baek, J.Y.; Kim, S.Y.; Jo, H.; Kang, K.; Ko, J.H.; Cho, S.Y.; Chung, D.R.; Peck, K.R.; Song, J.H.; et al. Comparison of

virulence between matt and mucoid colonies of Klebsiella pneumoniae coproducing NDM-1 and OXA-232 isolated from a single
patient. J. Microbiol. 2018, 56, 665–672. [CrossRef]

29. Park, S.; Lee, H.; Shin, D.; Ko, K.S. Change of hypermucoviscosity in the development of tigecycline resistance in hypervirulent
Klebsiella pneumoniae Sequence Type 23 strains. Microorganisms 2020, 8, 1562. [CrossRef]

http://doi.org/10.1093/jac/dky397
http://doi.org/10.1128/AAC.01301-09
http://doi.org/10.1128/MMBR.00078-15
http://doi.org/10.1016/S1473-3099(15)00424-7
http://doi.org/10.1016/j.ijantimicag.2017.01.023
http://doi.org/10.1128/IAI.70.3.1075-1080.2002
http://doi.org/10.1080/21505594.2016.1240862
http://doi.org/10.1016/j.diagmicrobio.2013.04.006
http://www.ncbi.nlm.nih.gov/pubmed/23688521
http://doi.org/10.1111/j.1469-0691.2011.03515.x
http://doi.org/10.1128/JCM.40.6.2153-2162.2002
http://doi.org/10.1007/s12275-018-7449-0
http://doi.org/10.1128/JCM.43.8.4178-4182.2005
http://www.ncbi.nlm.nih.gov/pubmed/16081970
http://doi.org/10.1128/JCM.01924-13
http://www.ncbi.nlm.nih.gov/pubmed/24088853
http://doi.org/10.1016/j.mimet.2005.03.018
http://doi.org/10.4161/viru.22718
http://doi.org/10.1093/infdis/168.6.1415
http://doi.org/10.1007/s12275-018-8130-3
http://doi.org/10.3390/microorganisms8101562

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Bacterial Isolates 
	Antibiotic Susceptibility Testing 
	Genotyping and Plasmid Incompatibility Typing 
	String Test 
	Serum Resistance Assay 
	Macrophage Infection Assay 
	Statistical Analyses 

	Conclusions 
	References

