Infection and Drug Resistance Dove

ORIGINAL RESEARCH

Clinical Characteristics and Molecular
Epidemiology of ST23 Klebsiella pneumoniae in
China

Yanjun Liu@®', Zijuan Jian', Zhigian Wang', Awen Yang', Peilin Liu', Bin Tang®', Jiahui Wang'??,
Qun Yan', Wenen Liu'?

'Department of Clinical Laboratory, Xiangya Hospital, Central South University, Changsha, Hunan, People’s Republic of China; 2National Clinical
Research Center for Geriatric Disorders, Xiangya Hospital, Changsha, Hunan, People’s Republic of China

Correspondence: Wenen Liu, Department of Clinical Laboratory, Xiangya Hospital, Central South University, Changsha, Hunan, 410000, People’s
Republic of China, Tel +86 13973128689, Email wenenliu@ |63.com

Purpose: In clinical settings, CG23 Klebsiella pneumoniae (Kp) is the most virulent clonal group of Kp. Continuous fusions of
hypervirulent (Hv) and highly resistant strains have been reported; however, few studies have analysed the molecular epidemiology
and clinical characteristics of CG23 strains, especially MDR-sequence type ST23 strains. In this study, we investigated the molecular
characteristics of ST23 Kp and analysed the clinical characteristics of ST23 Kp infections in a large teaching hospital of the third class
in China.

Methods: ST23 Kp isolates were screened using whole-genome sequencing data from a large single centre. We compared the clinical
characteristics of ST23 strains isolated from community-acquired infections (CAI) and hospital acquired infection (HAI). In addition,
the infection characteristics of MDR and poor-prognosis isolates were investigated. We analysed genetic characteristics of ST23 Kp
and further investigated the evolutionary relationship based on single-nucleotide polymorphism phylogenetic trees.

Results: We detected 184 ST23 strains between 2013 and July of 2018. There were no significant differences between the isolation
rates of pulmonary, bloodstream, urinary tract, and cutaneous soft tissue infections in the community and hospitals, except for abscess
infections. MDR strains primarily cause pulmonary infections and abscesses; infections with a poor prognosis are typically blood-
stream and pulmonary infections. Fourteen MDR strains producing extended-spectrum or class C beta-lactamases, resulting in
resistance to third-generation cephalosporins. In 3.8% of ST23 Kp strains, the c¢/b locus was absent. The phylogenetic tree revealed
that the isolates were primarily divided into three clades, and based on clinical data, it is inferred that three clonal transmission events
have occurred, mainly in ICU causing lung infection.

Conclusion: This study demonstrates that virulence and drug-resistance fusion events of ST23 strains occur gradually, and that the
hypervirulent clones facilitate the widespread dissemination of CAI and HAI, particularly pulmonary. Monitoring genomics and
developing antivirulence strategies are essential.
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Introduction
Klebsiella pneumoniae (KP), a member of the Enterobacteriaceae family, inhabits aquatic environments and can colonise
respiratory and gastrointestinal tracts in humans, making it a significant opportunistic pathogen. It may result in
pneumonia, meningitis, urinary tract infections, and bloodstream infections. Hypervirulent Kp (HvKp) is believed to
cause severe community-acquired invasive infections and is susceptible to most antimicrobials, whereas classic Kp is
linked to HAI and is frequently multidrug-resistant (MDR)."

Recent research has uncovered a fusion event between hypervirulent and highly resistant strains. Several prevalent
virulence clonal groups (CG), such as CG23, CG65, and CG86 were identified. Most contained prevalent Klebsiella spp
capsule genotypes K1, K2, K5, K20, and K57.? Two mechanisms were primarily responsible for the formation of MDR-
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Hv Klebsiella spp: mutation and horizontal gene transfer.” Mutations in the quinolone resistance-determining region
(QRDR mutations in gyrd and parC), membrane porin gene mutations (ompK36), and mutations that lead to over-
expression of efflux pumps (acrdB, ogxxA, ramA, and rarA) were typically observed. As the most clinically virulent
CG,* CG23 fusion events continue to be reported, and their clinical impact demands immediate attention.

CG@G23 has been reported primarily in Asia, including Taiwan, Singapore, and Mainland China, where it is dominated
by sequence type (ST) 23, along with ST26, ST57, and ST1633.° The virulence plasmid (KPVP-1) is typically present in
CG23 Kp, and the capsular serotype behaves as KLL1. KPVP-1 is closely related to the capsule production regulatory
genes rmpA/rmpA2 and the acquired siderophore genes iuc and iro.*’

The majority lineage of the CG23Kp population is CG23-1, which was first detected in the 20th century and rapidly
spread across five continents with population growth.® ICEKp is an integrative conjugative element that aids in the
propagation of the ybt locus encoding yersiniabactin. In contrast to the strain (Taiwan’s NTUH-K2044 reference strain)
containing ICEKp] encoding ybt-2, CG23-I contains ICEKp10 encoding ybt lineage 1 (vbt-1) and clb lineage 2.” CG23-I
contains the clb gene encoding the genotoxin colibactin, which increases bacterial pathogenicity.'’

The current understanding of the drug resistance of ST23 Kp and infections caused by ST23 strains, particularly MDR
strains, is insufficient. In this investigation, we sought to determine the molecular characteristics of ST23 Kp strains
directly from second-generation-sequenced samples. We focused on the distribution of antibiotic resistance genes and
virulence genes, as well as their evolution and dissemination, providing clinical characteristics of infection with the
largest ST23 strain isolated from a single centre in China. Our findings may considerably expand our knowledge of Kp
and provide insight for future HvKp research.

Materials and Methods
Klebsiella pneumoniae Strains Utilised in This Study

The results of whole-genome sequencing on 2193 Kp genomes were downloaded from China National GeneBank
DataBase (accession number CNP0001198) (https://db.cngb.org/search/project/CNP0001198). The sequencing isolates
were non-repetitive bacteria isolated between January 2013 and July 2018 from a teaching hospital in central China. We

screened 202 ST23 Kp isolates out of 2193 Kp genomes, excluding lost or reactivated isolates, resulting in the inclusion
of 184 ST23 isolates in the study. We utilised a software (https://cge.cbs.dtu.dk/servicessMLST) to detect bacterial
multilocus sequence typing (MLST).’

Antimicrobial Susceptibility Test, Clinical Collecting Information

The susceptibility to antimicrobials was determined using a VITEK-2 compact system (bioMérieux). The results were interpreted
according to Clinical and Laboratory Standards Institute (CLSI) guidelines.'' According to the European Committee on
Antimicrobial Susceptibility Testing (EUCAST) guidelines (accessible at http://www.eucast.org/clinical-breakpoints/), tigecy-

cline and colistin drug susceptibility tests were detected using the microbroth dilution technique. MDR strains are resistant to
three or more classes of antimicrobial drugs.'? These genotypes primarily confer resistance to third-generation cephalosporins.
All sequenced isolates represented distinct patient infection episodes. According to the corresponding diagnostic criteria, an
infection was diagnosed.'* HAI was defined as an infection occurring at least 48 hours after hospitalisation.'* CAI was defined as
an infection that occurred within 48 hours of admission.'> The clinical outcomes of patients were divided into an improved group
(patients, getting better and alive when being discharged) and a poor prognosis group (patients, death or terminal discharge).'®

Detection of Drug Resistance Determinants, Virulence Determinants, and Plasmid

Replicons

AMR genes, virulence genes, and plasmid replicon types were identified using ResFinder (https://cge.cbs.dtu.dk/services/
ResFinder),'” Virulence Factor Database (VFDB; http://www.mgc.ac.cn/VFs), and the PlasmidFinder version 2.1 database,
respectively.'® To identify AMR and virulence genes, the DNA sequence identity threshold and minimum length coverage were

set to 90% and 80%, respectively.'® Through Kleborate (https://github.com/katholt/Kleborate), taxonomic assignment, capsule

synthesis locus, lipopolysaccharide (O) locus, virulence locus genotypes, and ompK35 and ompK36 mutations were analysed.”’

7598 " Infection and Drug Resistance 2023:16

Dove!


https://db.cngb.org/search/project/CNP0001198
https://cge.cbs.dtu.dk/services/MLST
http://www.eucast.org/clinical-breakpoints/
https://cge.cbs.dtu.dk/services/ResFinder
https://cge.cbs.dtu.dk/services/ResFinder
http://www.mgc.ac.cn/VFs
https://github.com/katholt/Kleborate
https://www.dovepress.com
https://www.dovepress.com

Dove Liu et al

Phylogenetic Analysis

Core genes were identified in 184 isolates using Roary v3.13.0,?' and single-nucleotide polymorphisms (SNPs) were
extracted from core genes for comparison. Snippy v4.6.0 was used to execute reference-based mapping and identify
SNPs,'* with SGH10 Kp (CP025080) as the reference sequence.® Fasttree 2.1.11 was used to construct a maximum
likelihood tree,** and iTOL version 3 was used to display and annotate the tree.> KP isolates with fewer than 25 cgSNPs
(core genome SNPs) were defined as belonging to the same clone.'

Statistical Analysis

Data analysis was performed using SPSS software (version 23.0). The y° test or Fisher’s exact test were used to analyse
categorical variables, and the student’s #-test or Mann—Whitney U-test were used to compare continuous variables. All
tests were two-tailed. Statistical significance was set at P < 0.05.

Ethical Approval

The Ethics Committee of Xiangya Hospital of Central South University authorised the collection of Klebsiella
pneumoniae strains and clinical data from patients (anonymously). The inability to acquire the patient’s informed consent
due to the retrospective nature of the study qualifies it for an informed consent exemption (ID 202212295, Changsha,
Hunan Province, People’s Republic of China).

Results

Clinical Distribution and Antimicrobial Susceptibility of 184 ST23 Kp Isolates

We analysed 184 ST23 isolates from a large teaching hospital between January 2013 and July 2018 (Supplemental
Table 1). According to their clinical characteristics, all 184 ST23 Kp strains were diagnosed as infections, with 17, 24,
50, 34, 40, and 19 strains detected annually from 2013 to the first half of 2018 (Figure 1A). The majority of these 184
strains were isolated from internal medicine wards and intensive care units (ICUs), surgical wards, outpatient and

emergency departments, with similar isolation rates. Figure 1B depicts that most of the samples were respiratory
secretions, followed by drainage and puncture fluid, blood, abscess, urine, and wound secretions. Kp isolates were
highly susceptible to a majority of antibiotics. Fourteen isolates were resistant to three or more antibiotic classes,
including 7.6% (n = 14) that were resistant to ceftriaxone, 1.1% (n = 2) that were resistant to piperacillin/tazobactam, and
3.3% (n = 6) that were resistant to ciprofloxacin. One of the genotypes exhibited tigecycline resistance. Strains resistant
to polymyxin B or carbapenems were not detected (Figure 1C). The rates of MDR sequentially from 2013 to 2018 were
5.8% (1/17), 8.3% (2/24), 6% (3/50), 5.8% (2/34), 10% (4/40), and 10.5% (2/19) (Figure 1A).

Clinical Characteristics of Community-Acquired and Nosocomial Infections of ST23

Kp lIsolates

We collected and analysed the clinical data of 184 ST23 Kp strains. Patients with ST23 Kp infection were predominantly of
male sex (n = 135, 73.4%), with a median age of 55 years (interquartile range [IQR], 40-71 years). Of these infected
patients, 27.2% (50/184) were elderly and 3.3% (6/184) were children. Infections were primarily found in internal medicine
and ICU settings and were mainly CAI (65.2%). The most common manifestations were pneumonia (58.7%), followed by
abscesses (19.57%), and bacteraemia (10.87%). In addition to common pyogenic liver abscesses, there were 27.8% (10/36)
non-hepatic abscesses, including neck, brain, and skin abscesses (Supplemental Table 2). The most frequent comorbid

conditions diagnosed were cerebral vascular disease (n =35, 19.0%), malignant tumour (n =29, 15.8%), pulmonary disease
(n =28, 15.2%), diabetes mellitus (n =25, 13.5%), and trauma (n = 18, 9.8%). These results are shown in Table 1. Twelve
patients had sepsis or septic shock, and seven patients had a poor prognosis (Supplemental Table 2). Our results showed

a high incidence of abscesses in CAI (P<0.001), but primary bacteraemia and respiratory, urethral, skin, and soft tissue
infections were not significantly associated with CAI (P = 0.98, 0.09, 0.72, and 0.72, respectively). Patients with comorbid
diabetes had higher rates of CAI (P<0.001), patients with comorbid trauma had higher rates of HAI (P<0.001) (Table 1).
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Figure | Clinical distribution and antimicrobial susceptibility of 184 ST23 Kp isolates.
Notes: (A) Temporal distribution of ST23 Klebsiella pneumoniae and MDR ST23 Kp strains. (B) The number of ST 23 isolates from different specimen sources. (C) The

resistance rate of 184 ST23 KP strains.

Clinical Features of MDR and Non-MDR Strain Infections

This study compared the infection characteristics of MDR and non-MDR isolates and found no statistically significant
differences (Supplementary Table 3-1). 50% (7/14) of the 14 MDR strain infections were respiratory tract infections,

Table | Clinical Characteristics of 184 Strains in Community Acquired Infection and Nosocomial Infections

Characteristics Total CAl HAI P value
(N=184) (N=120) (N=64)
Resistance 1.00
MDR 14 (7.61%) 9 (7.50%) 5 (7.81%)
Non-MDR 170 (92.39%) 111 (92.50%) 59 (92.19%)
Sex 0.99
Male 135 (73.37%) 88 (73.33%) 47 (73.44%)
Female 49 (26.63%) 32 (26.67%) 17 (26.56%)
(Continued)
7600

Dove!

Infection and Drug Resistance 2023:16


https://www.dovepress.com/get_supplementary_file.php?f=428067.docx
https://www.dovepress.com
https://www.dovepress.com

Dove:

Dove Liu et al
Table | (Continued).
Characteristics Total CAI HAI P value
(N=184) (N=120) (N=64)

Age 55.38 (15.79) 55.00 [48.00;65.00] 59.50 [49.00;66.25] 0.18

Location at time of culture
Internal medicine 78 (42.39%) 54 (45.00%) 24 (37.50%) 0.33
Surgical department 46 (25.00%) 29 (24.17%) 17 (26.56%) 0.72
ICU 40 (21.74%) 17 (14.17%) 23 (35.94%) <0.001
Outpatient and emergency department 20 (10.87%) 20 (16.67%) 0 (0.00%) <0.001

Infection source
Primary_bacteraemia 20 (10.87%) 13 (10.83%) 7 (10.94%) 0.98
Respiratory_tract 108 (58.70%) 65 (54.17%) 43 (67.19%) 0.09
Abscess 36 (19.57%) 33 (27.50%) 3 (4.69%) <0.001
Urinary_tract 6 (3.26%) 4 (3.33%) 2 (3.12%) 0.72
Skin_and_soft_tissue 6 (3.26%) 3 (2.50%) 3 (4.69%) 0.72
Other_source 8 (4.35%) 2 (1.67%) 6 (9.38%) 0.04

Comorbidity
Surgery within 2 weeks 14(7.60%) 6(5.00%) 8(12.50%) 0.12
Diabetes_mellitus 25(13.50%) 24(20.00%) 1(1.56%) <0.001
Trauma 18(9.78%) 6(5.00%) 12(18.75%) <0.001
Hypertension 2(1.09%) 2(1.67%) 0(0.00%) 0.50
Chronic liver disease 8(4.35%) 7(5.83%) 1(1.56%) 0.33
Malignant tumour 29(15.76%) 15(12.50%) 14(21.88%) 0.10
Coronary heart disease 7(3.80%) 2(1.67%) 5(7.81%) 0.09
Cerebral vascular disease 35(19.02%) 20(16.67%) 15(23.44%) 0.27
Pulmonary disease 28(15.22%) 22(18.33%) 6(9.38%) 0.11
Other diseases 7(3.80%) 6(5.00%) 1(1.56%) 0.45
Immunosuppressive diseases 4(2.17%) 4(3.335) 0(0.00%) 0.34
No underlying disease 7(3.80%) 6(5.00%) 1(1.56%) 0.45

Sepsis or septic shock 0.30
No 172 (93.47%) 110 (91.66%) 62 (96.88%)
Yes 12 (6.52%) 10 (8.34%) 2 (3.12%)

Clinical outcomes 0.99
Improvement 174 (94.57%) 113 (94.17%) 61 (95.31%)
Poor prognosis 10 (5.43%) 7 (5.83%) 3 (4.69%)

Abbreviations: CAl, community-acquired infections; HAI, hospital acquired infection; ICU, intensive care unit.
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28.6% (4/14) were abscess infections, 85.75% (12/14) were in males, and 64.3% (9/14) were CAIL. Except for one strain,
the preponderance of respiratory specimens were acquired in the community. It is noteworthy that in 2014, community-
acquired MDR ST23 Kp caused severe pneumonia in an emergency department patient, which may have contributed to
the patient’s mortality. The results are shown in Table 2.

Clinical Outcomes of Infections Caused by ST23 Strains

We also analyzed the clinical outcomes of patients, and found that 174 patients with infection improved, and 10 patients
with infection had poor prognosis. There was no significant difference in sex, age, acquired infection, location at time of
culture, comorbidity, or resistance between two groups. The results showed primary bloodstream infection or sepsis has
a stronger correlation with poor prognosis (P<0.001) (Table 3). Ten isolates resulted in infections with poor prognosis,
one of which was MDR. Additionally, 50% percent of the specimens were from blood, 40% (4/10) from the respiratory
tract, and 10% (1/10) from cerebrospinal fluid. All pulmonary infections and 70% of infections were CAI, 60% of
bloodstream infections were community-based, 40% occurred in-hospital, and the only intracranial infection was
nosocomial. A total of 40% of infections occurred in the ICU. Ninety percent of these patients had fever, and
inflammatory marker testing revealed variably elevated white blood cell and procalcitonin levels in a large proportion
of patients; all had elevated neutrophil percentage values. The results are presented in (Supplemental Table 3-2).

Table 2 Clinical Characteristics of 14 MDR ST23 Strains

MDR Infection Age | Gender | Year | CAl Location at Time of Clinical Diagnosis Clinical

Strains Source Culture Outcome

KP0045 Respiratory 58 M 2013 Y ICU Diffuse axonal injury Improved
tract

KPO159 Respiratory 87 M 2014 Y Emergency department Postoperative hydrocephalus, pulmonary Worsened and
tract infection death

KP0263 Abscess 62 M 2014 Y ICU Colon cancer Improved

KP0461 Other 71 M 2015 N Surgical ward 20-29% burn on body surface Improved

KP0777 Respiratory 56 M 2015 Y Emergency department Cirrhosis Improved
tract

KP088I Respiratory 42 M 2015 Y ICU Severe craniocerebral trauma Improved
tract

KP1023 Abscess 64 M 2016 N Surgical ward Multiple recurrent hepatolithiasis with severe Improved

cholangitis
KP1056 Other 49 F 2016 N Surgical ward Reexamination of acute pancreatitis, after Improved

cholecystectomy

KP1875 Respiratory 38 M 2017 Y Emergency department Trauma Improved
tract

KP1917 Other 49 M 2017 Y Surgical ward Bronchobiliary fistula Improved

KP2064 Respiratory 84 M 2017 N Medical ward Parkinson’s disease; pulmonary infection Improved
tract

KP2516 Abscess 72 F 2017 Y Medical ward Type 2 diabetes Improved

KP2550 Abscess 60 M 2018 N Surgical ward Rectal cancer (after radiotherapy and Improved

chemotherapy)
KP2628 Respiratory 66 M 2018 Y Medical ward Diabetes (not classified) Improved

tract

Abbreviations: Y, yes; N, no; ICU, intensive care unit.
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Table 3 Comparison of Clinical Infection Characteristics Caused by ST23 Kp Between the Improvement Group
and the Poor Prognosis Group

Characteristics Total Improvement Poor Prognosis P value

(N=184) (N=174) (N=10)

Sex 1.00
Male 135(73.4%) 127(72.99%) 8(80.00%)

Female 49(26.6%) 47(27.01%) 2(20.00%)

Age 55.68+15.29 55.62£15.26 56.8+16.47 0.8l

Acquired_infection 1.00
Community-acquired infection 120(65.22%) 113(64.94%) 7(70.00%)

Nosocomial infection 64(34.78%) 61(35.06%) 3(30.00%)

Location at time of culture 0.53
Medical ward 78(42.39%) 75(43.1%) 3(30.00%)

Surgical ward 46(25%) 44(25.29%) 2(20.00%)
ICU 40(21.74%) 36(20.69%) 4(40.00%)
Outpatient and emergency department 20(10.87%) 19(10.92%) 1(10.00%)

Infection_source 0.0l
Primary bacteraemia 20(10.87%) 15(8.62%) 5(50.00%) <0.001
Respiratory tract 108(58.7%) 104(59.77%) 4(40.00%) 0.37
Abscess 36(19.57%) 36(20.69%) 0 (0.00%) 0.27
Urinary tract 6(3.26%) 6(3.45%) 0 (0.00%) 1.00
Skin and soft tissue 6(3.26%) 6(3.45%) 0 (0.00%) 1.00
Other source 8(4.35%) 7(4.02%) 1(10.00%) 0.37

Comorbidity 0.30
Surgery within 2 weeks 14(7.61%) 11(6.32%) 3(30.00%)

Diabetes mellitus 25(13.59%) 25(14.37%) 0 (0.00%)
Trauma 18(9.78%) 17(9.77%) 1(10.00%)
Hypertension 2(1.09%) 2(1.15%) 0 (0.00%)
Chronic liver disease 8(4.35%) 8(4.60%) 0 (0.00%)
Malignant tumour 29(15.76%) 27(15.52%) 2(2.000%)
Coronary heart disease 7(3.8%) 7 (4.02%) 0 (0.00%)
Cerebral vascular disease 35(19.02%) 34 (19.54%) 1 (10.00%)
Pulmonary disease 28(15.22%) 26 (14.94%) 2 (20.00%)
Other diseases 7(3.80%) 7 (4.02%) 0 (0.00%)
Immunosuppressive diseases 4(2.17%) 3 (1.72%) 1(10.00%)
No underlying disease 7(3.80%) 7 (4.02%) 0 (0.00%)
(Continued)
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Table 3 (Continued).

Characteristics Total Improvement Poor Prognosis P value
(N=184) (N=174) (N=10)

Sepsis or septic shock <0.001
No 172 (93.47%) 169 (97.13%) 3 (30.00%)
Yes 12 (6.53%) 5 (2.87%) 7 (70.00%)

Resistance 0.56
MDR 14(7.61%) 13(7.47%) 1(10%)
Non-MDR 170(92.39%) 161(92.53%) 9(90%)

Abbreviation: ICU, intensive care unit.

Antimicrobial Resistance Genes in ST23 Kp Isolates
All ST23 isolates were Kpl (Kp, n = 184; Supplemental Table 4). We analysed the resistance genes of all ST23 strains and did not

identify any genes encoding carbapenemases such as blaKPC-2 or blaNDM. The vast majority of strains were positive for
blaSHV-190, fosA, ogxA, and ogxB. In addition, CTX-M beta-lactamases, which are among the most important extended-spectrum
lactamases, were identified in 13 isolates. These were blaCTX-M-3 (n=5, 2.7%), blaCTX-M-14 (n =4, 2.2%), blaCTX-M-15 (n=
2,1.1%), and blaCTX-M-55 (n=3, 1.6%), with one strain containing both blaCTX-M-3 and blaCTX-M-14. Two (or 1.1%) of these
strains contained the blaDHA-1 gene. Notably, we did not identify any isolates carrying the ompK35 or ompK36 mutations
(Supplementary Table 4). Among 184 ST23 strains, resistance to aminoglycoside antibiotics was mediated by aminoglycoside
transferases, including adenylyl-transferase aadA6 (n = 5, 2.7%), aadAl (n = 2, 1.1%), and aadA5 (n = 1, 0.5%), phospho-
transferases aph(3°)-1b (n=5, 2.7%), and aph(6)-1d (n=5, 2.7%), and acetyltransferases aac(3)-Ild (n=4,2.2%), aac(6’)-1b-cr (n=
6,3.3%), and aac(6°)-1b3 (n=1,0.5%). In 2.7% (5/184) of isolates, we also identified mutations in the QRDR of the gyr4 gene. In
3.8% (7/184), 1.1% (2/184), and 0.5% (1/184) of the isolates, the plasmid-mediated quinolone resistance-related gnrS1, gnrB4,
and gnrB6 genes were detected, respectively. In addition, we identified genes associated with tetracycline resistance in 3.3% of

isolates (tet(A)), trimethoprim resistance in 6.0% of isolates (dfi'4), and sulphonamide resistance mediated by su/l (4.9%) and sul2
(2%). We did not detect fef(X) and mcr genes linked to tigecycline and polymyxin resistance. Figure 2A demonstrates the results.

Virulence Determinants in ST23 Kp Isolates
In addition to antimicrobial resistance, we investigated the genetic diversity of Kp isolates’ virulence determinants. All isolates
carried the capsule synthesis locus KL1 and the O locus O1/02v2 (Supplementary Table 4). We investigated the relationship

between the capsular regulatory genes rmpA and rmpA2 and the hypermucoid phenotype in ST23 Kp isolates. The rmpA locus
was present in 99.5% (n = 183) of isolates, whereas the rmpA42 locus was absent in two strains. Additionally, we analysed the
siderophore genes encoding aerobactin, salmochelin, and yersiniabactin, which are acquired siderophore systems capable of
enhancing bacterial iron uptake. The genotoxicity-related c/b gene was also identified. Figure 2A depicts the detection rates of the
iuc gene, iro gene, ybt, and clb genes as 99.5%, 98.4%, 98.4%, and 96.2%, respectively. Further examination of the virulence locus
genotypes revealed that ICEKp10 with ybtl was the most prevalent subtype of ICEKp (Figure 3A). ICEKp1 with ybt-2 was
detected in three digestive system and respiratory secretion isolates. One abscess isolate contained /CEKp3, encoding ybt-9
(Supplementary Table 4). Intriguingly, the two isolates that carried ICEKp1 and ybt-2 were MDR strains. The absence of the iuc/
gene was most prevalent in MDR strains (Figure 3B).

Plasmid Replicons in ST23 Kp Isolates

We analysed 17 plasmid replicon types, including ColRNAI, IncFII, IncFIB, IncFIA, IncP, and IncR, to determine the
significance of plasmid-borne elements in ST23 Kp (Figure 2B). We detected 16 plasmid replicon types in MDR strains
and 14 replicon types in non-MDR strains. Nearly every strain contained two plasmid replicons, IncFIBK (n=184) and
IncHIIB (n=182). The majority of MDR strains had an IncFII replicon (Figure 2C).
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Figure 2 Molecular characteristics of 184 ST23 Klebsiella pneumoniae strains.
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replicons, and vivid colors represent the presence of genes or plasmid replicons. The bottom rose color represents the MDR strain (C).

Phylogenetic Analysis of ST23 Kp Isolates

The phylogenetic tree analysis revealed that 184 ST23 Kp strains were primarily divided into three clades, with clade
A containing 19 isolates, clade B containing 33 isolates, and clade C containing the maximum number of isolates (124). The
remaining eight isolates did not form a cluster with them. CG23-1 (178/184) was the most prevalent sublineage
(Supplementary Table 4), while the remaining six non-CG23-1 strains formed a minor branch within clade C. In terms
of hospital-acquired infections, clade A had an isolation rate 0f 42.1% (8/19), clade B had an isolation rate of 42.4% (14/33),
and clade C had an isolation rate of 29.8% (37/124). In the three evolutionary branches, the isolation rates of MDR strains
were 5.3% (1/19) for clade A, 6% (2/33) for clade B, and 8.9% (11/124) for clade C. The paired SNP matrix heatmap and
hospitalisation data indicated the occurrence of three clonal dissemination events, including Kp788 (HAI, August 29, 2015)
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Figure 3 Virulence genes and subtypes among the 184 ST23 strains.

Notes: The sequence gene clusters encoding aerobactin, colibactin, salmochelin, and yersiniabactin, and the corresponding subtypes of the genes, including iuc, clb, iro, and
ybt locus. (A) 184 ST23 isolates. (B) 14 MDR ST23 isolates.

to Kp939 (HAI, November 14, 2015), Kp832 (HAI, September 16, 2015) to Kp836 (HAIL, September 17, 2015), and Kp975
(HAI, December 11, 2015) to Kp977 (HAI, December 13, 2015) (Supplementary Figure 1). The range of SNP differences
was between 0 and 4. The first clone diffusion occurred in clade B, and the subsequent two occurred in clade C. These six
strains originated in the respiratory system and caused pulmonary infections in their hosts. One strain was detected in the
department of internal medicine, and five strains were isolated in the intensive care unit (Supplemental Table 2). The results
are presented in Figure 4.
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Trends of ST23 Infections from 2013-2018

This study examined the fluctuating trend of ST23 Kp infections over the past five years. Figure 5 is a Sankey diagram
illustrating the gradual increase in the detection rate of MDR strains from 5.8% in 2013 to 10.0% in 2018. Despite the
prevalence of CAI (65.2%), nosocomial infections continue to occur. Although the predominant lineage CG23-1 was

internal medicine

] [

ce231
surgical department
Icu

Outpatient |:|

non-c6231 ] emergency treatment [ ]

Figure 5 Trend diagram of infection characteristics of ST23 KP strains between 2013-2018.
Notes: Strains were divided into MDR and non-MDR, CG23-1 lineages and non-CG23-| lineages. From the clinical perspective, community-acquired and nosocomial
infections, as well as infection and department sources were included.

Infection and Drug Resistance 2023:16 hetps://doiorg/|02147/IDR 5428067 J L QT
DovePress


https://www.dovepress.com
https://www.dovepress.com

Liu et al Dove

responsible for a wide variety of infections, it was found that other lineages also caused pulmonary, systemic, and abscess
infections in multiple hospital departments. Figure 5 demonstrates the results.

Discussion

HvKp strains frequently cause life-threatening CAls in young, healthy hosts, but are typically susceptible to antibiotics.
CG23 Kp is one of the most prevalent Kp varieties in clinical settings and is typically associated with hypervirulence. We
analysed the clinical characteristics and molecular genetic characteristics of 184 ST23 isolates from the last five years,
which may provide a solid foundation for clinicians to diagnose and treat infectious diseases.

We compared CAI and HAI infections caused by ST23 strains. Our investigation revealed that ST23 Kp genotypes
were widely responsible for clinical infections. MDR and non-MDR strains of CAI and HAI did not exhibit significant
differences. Notably, the rate of abscess was consistent with previous findings from Taiwan,”* and there was no
significant nosocomial dissemination (P<0.001). Pulmonary, bloodstream, urinary tract, and cutaneous soft tissue
infections (CAI vs HAI, P=0.98, 0.09, 0.72, and 0.72, respectively) exhibited obvious community-to-hospital transmis-
sion. This implies that strains that were formerly believed to be primarily responsible for CAI have been linked to other
types of infections in hospitals.

We further analysed the origin of the abscesses: 72.2% (26/36) were from pyogenic liver abscesses, and 27.6% were
from areas such as the abdominal cavity, neck, and pelvic cavity. We speculated that abscesses are more likely to be
diagnosed early by clinicians and that early use of antibiotics and effective drainage make abscesses less prone to
nosocomial dissemination. Several studies®**> have reported that HvKp strains can colonise the gut and cause liver
abscesses, but HvKp can also colonise the nasopharynx or skin surface.” We speculated that the damage to the skin
barrier caused by an invasive operation (use of ventilator, catheter, or intravenous catheter) may contribute to hospital
infection by HvKp. Therefore, any reduction in invasive operations may reduce the occurrence of HvKp in hospitals.

Compared to the 17-25% of ST23 Kp-caused infections occurring at other sites than abscesses reported in a previous
study,” in which pulmonary infections accounted for 58.7%; our study revealed that more than 80% of ST23 Kp-caused
infections were found at sites in addition to abscesses. Kp is a significant cause of community-acquired pneumonia
(CAP) in Asia, is associated with high mortality in this region, and is also a primary cause of nosocomial pneumonia in
the United States.”® Our previous study”’ demonstrated that 28.6% of ventilator-associated pneumonia was caused by
HvKp; however, this proportion increased to 44.6% in the study of Liu et al,® with ST23 strains predominating. Our
results confirmed that ST23 Kp has caused a substantial number of pneumonia cases in clinical practice, and in
nosocomial acquired infections ST23 Kp occurrence reached 39.8% (43/108).

In addition, the characteristics of MDR and poor-prognosis strains were investigated. The 14 MDR strains were
primarily isolated from the respiratory tract and abscesses, and only the KP159 strain was associated with a poor
prognosis in pulmonary infections. Only one of the ten genotypes associated with a poor prognosis was resistant to third-
generation cephalosporins. Ninety percent of infections were pulmonary and bloodstream, with all CAI presenting as
pulmonary infections. This result prompted us to consider not only infections caused by influenza A virus, adenovirus,
and Chlamydia psittaci, but also infections caused by ST23 Kp in clinical settings involving patients with community-
derived refractory fever. Our study also suggests that CAP and bloodstream infections can be fatal even when there is an
abundance of sensitive antibiotics; therefore, the development of new antivirulence therapies (eg, siderophore inhibitors,
quorum-sensing system inhibitors, and phage therapy) or other novel anti-infection strategies may already be warranted
in the face of HvKp infections.

In terms of antibiotic resistance and mobile components related to drug resistance, this study revealed that 7.6% of
the 184 ST23 Kp isolates belonged to MDR strains, which is slightly less than the 10.4% found in a previous study.?
All fourteen of these isolates were resistant to third-generation cephalosporins. Previous research?® demonstrates that
IncFII plasmids and/or IS26 contribute to the acquisition of AMR genes in ST23 Kp. In our study, MDR strains had
a higher incidence of IncFII plasmids than non-MDR strains. We did not identify any ST23 carbapenem-resistant
HvKp (CR-HvKp) strains. Currently, the majority of CR-HvKp infections reported worldwide originate in China,
primarily as a result of ST11-KPC HvKp,*® whereas ST23 only accounts for a minor proportion. In a multicentre
investigation in China, only 11 strains of ST23 CR-HvKp were collected.®’ This strain has also been reported
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sporadically in other countries, such as Poland®* and Switzerland.*> Previous studies® have speculated that the
physical barrier or CRISPR/CAS system may have affected the acquisition of drug-resistant plasmids by bacteria.
Dong et al** revealed that the acquisition of resistance plasmids by ST23 may generate a limited fitness cost in
virulence and drug resistance; however, the acquisition of virulence plasmids by ST11-CRKP without the development
of adaptive changes may be one cause of the clinical dissemination of ST11-HvKp. Overall, during the five years of
the study, ST23 Kp was relatively restrained in its acquisition of drug resistance, but it still requires vigilance and
attention.

The virulence factors of ST23 Kp, which are prevalent in almost all ST23 isolates, were examined in greater detail. In
addition to fimbriae and lipopolysaccharide, it is known that the enhancement of bacterial virulence depends on
siderophores or capsular regulatory genes.> Among them, the iro and iuc genes are highly specific siderophore genes
that can assist microbes in acquiring iron from the environment, thereby enhancing their ability to survive.” In this study,
the rates of carrying the iuc gene, the iro gene, the ybt gene, and the c/b gene in ST23 Kp strains were all greater than
96%. MDR strains lacked the irol gene, consistent with Peng et al’s study.”’ However, further investigation into the
cause of this absence is required. Previous research has demonstrated a correlation between the classification of CG23
sublineages and the acquisition of /ICEKp, with CG23-1 being the most prevalent and rapidly disseminating sublineage in
the human population. Six additional sublines devoid of yersiniabactin and/or colibactin were found to cause clinical
infection rather than asymptomatic transmission.® Moreover, it was demonstrated that no specific virulence factor is
required for CG23 Kp to cause its invasive infection.

Finally, we analysed the evolutionary relationships and clonal dissemination events among the 184 ST23 strains.
We discovered that the SNP phylogenetic tree separated 184 into three main clades, with clade C having the largest
branch. Clade A (42.1%, 8/19) and clade B (42.4%, 14/33) exhibited a higher prevalence of nosocomial infections
compared to clade C (29.8%, 37/124), which displayed greater genetic divergence. In addition, this study identified
three transmission events that led to pulmonary infections in 2015, all of which were nosocomial infections. All six
strains primarily caused pulmonary infections in the ICU, where they were found in abundance. We hypothesised
that the use of ventilators or tracheal catheters facilitated the spread of clones, necessitating vigilance on the part of
the clinician. Notably, sample collection and hospitalisation data indicate that clone transmissions peaked in the
latter half of 2015 (August to December). Combined with the isolation rate of ST23, this indicates that 2015 was
the year with the highest detection of ST23 as well as the year with the highest prevalence of clone transmission.
However, we have not discovered any reports of global epidemics around the year 2015, so it is possible that the
localised outbreak was only temporary. Clonal dissemination was both vertical and horizontal.>> Previous research
has demonstrated that the c/b colibactin synthesis locus plays a significant role in the spread of CG23, which
promotes bacterial colonisation and metastatic infection.>® This study suggests that the evolutionary spread of ST23
Kp has facilitated a change in the mode of infection, such that the categories of infections have become more
diverse. The systematic evolution and transmission events further confirmed the previously hypothesised expansion
of ST23 infections from the community to hospitals in clinical practice. Our Sankey diagram also made this flow
direction more evident.

Limitation of Study

Several limitations exist in our investigation. First, the current study examined the virulence of the bacteria at the
molecular level and did not conduct in vitro-in vivo experiments, such as serum resistance and the Galleria mellonella
model, or mouse infection models. Secondly, this was a retrospective study as well. Several clinical examinations and
a portion of the strains have been lost. Thirdly, it is difficult to establish statistically significant differences between MDR
and non-MDR isolates due to the low number of MDR isolates. We will expand the sample size in the follow-up study
and pay attention to the risk factors of poor prognosis.

Conclusion
In conclusion, this single-centre study describes the current status of the most virulent CG from a multidimensional
perspective of clinical characteristics, drug resistance, virulence, and evolutionary relationship, and serves as an excellent
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resource for clinicians and infection control specialists. This study revealed that the ability of ST23 strains to acquire
drug resistance has gradually increased, primarily among strains resistant to three generations of cephalosporins, but not
among strains resistant to carbapenems. Nevertheless, the infection has spread extensively in clinical practice and is
dominated by CG23-1 lineages, with both community and hospital-based expansion. Consequently, the invention of new
antivirulence pharmaceuticals and other anti-infection strategies is required. We will continue to monitor these data to
observe the evolution of this crucial clinical pathogen.
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