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ABSTRACT Hypervirulent Klebsiella pneumoniae (hvKp) is a hypermucoviscous phe-
notype of classical Klebsiella pneumoniae (cKp) that causes serious infections in the
community. The recent emergence of multidrug-resistant hvKp isolates (producing
extended-spectrum beta-lactamases and carbapenemases) along with other virulence
factors in health care settings has become a clinical crisis. Here, we aimed to com-
pare the distribution of virulence determinants and antimicrobial resistance (AMR)
genes in relation to various sequence types (STs) among the clinical hvKp isolates
from both settings, to reinforce our understanding of their epidemiology and patho-
genic potential. A total of 120 K. pneumoniae isolates confirmed by matrix-assisted
laser desorption ionization-time of flight mass spectrometry were selected. hvKp
was phenotypically identified by string test and genotypically confirmed by the pres-
ence of the jucA gene using PCR. Molecular characterization of hvKp isolates was
done by whole-genome sequencing (WGS). Of the K. pneumoniae isolates, 11.6%
(14/120) isolates were confirmed as hvKp by PCR (9.1% [11/120] string positive and
3.3% [4/120] positive by both methods); these were predominantly isolated from
bloodstream infection (50%, 7/14), urinary tract infection (29%, 4/14), and respiratory
tract infection (21%, 3/14). For all 14 hvKp infections, for 14.2% the source was in
the community and for 85.7% the source was a health care setting. Two virulent
plasmids were identified by WGS among the hvKp isolates from both settings. K64
was found to be the commonest capsular serotype (28.5%, 4/14), and ST2096 was
the most common ST (28.5%, 4/14) by WGS. Two new STs were revealed: ST231
(reported to cause outbreaks) and ST43. The genome of one isolate was determined
to be carrying AMR genes (blacry-1s: blanomr: 0lanoms: blaoxais, bldoxaasa €tC) in
addition to virulence genes, highlighting the clonal spread of hvKp in both commu-
nity and health care settings.

IMPORTANCE To date, studies comparing the genomic characteristics of hospital- and
community-acquired hvKp were very few in India. In this study, we analyzed the clinical
and genomic characteristics of hvKp isolates from hospital and community settings. ST2096
was found as the most common ST along with novel STs ST231 and ST43. Our study also
revealed the genome is simultaneously carrying AMR as well as virulence genes in isolates
from both settings, highlighting the emergence of MDR hvKp STs integrated with virulence
genes in both community and health care settings. Thus, hvKp may present a serious
global threat, and essential steps are needed to prevent its further dissemination.

KEYWORDS hypervirulent Klebsiella pneumoniae (hvKp), health care settings,
community settings, whole-genome sequencing (WGS), antimicrobial resistance (AMR),
virulence genes
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Characterization of Hypervirulent K. pneumoniae

lebsiella pneumoniae is a Gram-negative, capsulated, facultative anaerobe belong-

ing to the family Enterobacterales. It is one of the clinically significant Gram-negative
bacilli that causes a wide range of nosocomial and community-acquired infections.
Recently, it gained more attention due to its higher propensity for the acquisition of anti-
microbial resistance (AMR) genes, especially those for carbapenemases (1, 2). Hyper-
virulent K. pneumoniae (hvKp) is another hypermucoviscous pathophenotype of classical
K. pneumoniae (cKp) that emerged recently owing to its high morbidity and mortality (1,
2). It originated from community settings, causing serious infections in the immunocom-
petent population due to the acquisition of virulence genes during its evolution (1).
Recent reports have shown the emergence of hospital-acquired hvKp infections in differ-
ent clinical settings (3, 4). The spectrum of infections may vary from self-limiting to disse-
minated life-threatening invasive infections (5). The common infections reported in the
community setting are pyogenic liver abscess with metastatic complications, bacteremia,
and pneumonia, and the common health care-associated infections are ventilator-associ-
ated pneumonia, central line-associated bloodstream infections, catheter-associated uri-
nary tract infection, and surgical site infections (SSIs) (5). Apart from its infective role, hvKp
has also been observed to persist asymptomatically as a colonizer and to be disseminated
in the community (6). Initial cases of hvKp infections were documented in the Asian
Pacific Rim, and later cases were reported from all over the world, including Australia,
America, Europe, and Africa (1). A large virulence plasmid of K. pneumoniae (pLVPK-like)
encoding several virulence genes, including genes for capsular polysaccharide synthesis
regulators (rmpA and rmpA2), iron acquisition systems (iucA and iutA), and siderophores,
has been detected in most hvKp isolates (1). Among these genes, siderophores, entero-
bactin, and yersiniabactin are produced by all K. pneumoniae strains, whereas aerobactin
and salmochelin are mostly harbored by hvKp strains (7). Invasive hvKp isolates are pre-
dominantly found to harbor K1 and K2 capsular types with clonal group 23 (CG23) and
ST23, ST26, ST57, and ST1633 (8).

A string test can be used for the phenotypic identification of hvKp isolates, with
sensitivity ranges from 51% to 98% (9). Molecular identification of hvKp strains is done
by the detection of virulence genes, i.e., iucA, rmpA, rmpA2, and magA (9). iucA, encod-
ing aerobactin, is considered one of the most accurate virulence markers for the identi-
fication of hvKp isolates (accuracy of 0.96, sensitivity of 0.99, specificity of 0.94) (9).

Currently, convergent hvKp strains carrying both virulence and AMR genes are being
reported from health care settings, and these present an alarming threat to clinicians. In con-
trast to the earlier susceptible strains, these hvKp isolates are more drug resistant, possibly
due to the horizontal transfer of genes among hvKp and cKp isolates (10). Epidemiological
research on recent clinical isolates from Southeast Asian countries indicated a high probability
of spread of resistant hvKp strains globally in the near future (11). Hence, early recognition of
this hypervirulent strain, including its resistance determinants, is a priority concern globally.
There have been very few reports in the literature comparing the molecular characteristics of
hvKp isolates from hospitals and community settings (12). To address this knowledge gap, the
present study aimed to find out the current occurrence of hvKp in a tertiary care health center
in India. We also analyzed the clinical outcomes with the genomic characterizations and
delineated different serotypes, virulence-associated markers, and antimicrobial drug resistance
genes among the hvKp isolates from both hospital and community settings by using whole-
genome sequencing (WGS).

RESULTS

Demographic profile and clinical characteristics. A total of 120 patients with cul-
ture-positive results for K. pneumoniae from different clinical specimens over a period
of 2 years were included in the present study. The demographic and clinical character-
istic details could only be collected for 108 patients of the total 120. Fourteen of 120
the K. pneumoniae isolates (11.6%) were confirmed as hvKp. Among these, two isolates
(S59 and S61) were from the community and 12 (the rest of the 14 isolates) were from
the hospital setting. Demographic details of patients are shown in Table 1. In the
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TABLE 1 Demographic data of patients infected with hvKp and cKp

% (no.) of patients infected with:

hvKp (n = 14) cKp (n =94)

Demographic group CA(n=2) HA (n=12) CA (n=28) HA (n = 66)
Age (yrs)

0-5 0 8% (1) 10.7% (3) 19.6% (13)

6-18 0 8% (1) 21.4% (6) 4.5% (3)

19-30 50% (1) 33.3% (4) 14.2% (4) 12% (8)

31-55 50% (1) 33.3% (4) 35.75% (10) 34.8% (23)

>55 0 16.6% (2) 17.8% (5) 28.7% (19)
Sex

M:F 1:1 3:1 1:1 1.2:1

Male 50% (1) 75% (9) 50% (14) 56% (37)

Female 50% (1) 25% (3) 50% (14) 44% (29)
Sample

Urine 0 33.3% (4) 53.5% (15) 30.3% (20)

Blood 0 58.3% (7) 25% (7) 28.7% (19)

Respiratory 100% (2) 8.3% (1) 3.5% (1) 24% (16)

Pus and tissue 0 0 17.8% (5) 16.6% (11)
Underlying condition

Diabetes 0 16.6% (2) 35.7% (10) 19.6% (13)

CKD 0 8% (1) 10.7% (3) 12% (8)

Solid organ malignancy® 50% (1)* 33.3% (4)* 7% (2) 15% (10)

Blood malignancy 0 8%(1) 7% (2) 10.6% (7)

Hepatobiliary disease 0 0 17.8 (5) 9% (6)
Outcome

Death 0 33.3% (4) 17.8% (5) 37% (25)

Discharge 100% (2) 66.6% (8) 82% (23) 62% (41)

aAsterisks indicate a significant association between solid organ malignancy and hvKp infection (P < 0.05).

current study, the cKp- and hvKp-positive cases were predominantly males. Compared
to cKp, hvKp patients predominantly belonged to age groups 19 to 30 years and 31 to
55 years. Prevalence of hvKp in extreme age groups was observed less frequently in
our study. When we compared both groups, cKp infection was more often associated
with blood malignancy, diabetes mellitus, and chronic kidney disease (CKD) than other
underlying conditions, whereas patients with hvKp infection were observed to have
more solid organ malignancy (35.7% versus 11.3%), and the association was statistically
significant (P = 0.014). None of the patients infected with hvKp from either the hospital
or community was found to have any preexisting hepatobiliary disease in the current
study.

Approximately 7 of 14 hvKp isolates were recovered from blood, 4 were recovered from
urine, and 3 were from respiratory specimens. In contrast, the majority of cKp isolates were
isolated from urine (37%), followed by blood (31%), pus (16%), and respiratory specimens
(16%). Seven patients with hvKp infection had bacteremia, and four were receiving immuno-
suppression due to underlying conditions of malignancy (Table 2). Ten patients had external
devices, e.g., a central line catheter, urinary catheter, and/or mechanical ventilator. Four
patients (28%) expired during their hospital stay (3 of the 7 patients with bacteremia and 1
of the 3 patients with respiratory infection). The death rate was approximately the same in
both the hvKp and cKp groups (4/14 [28.5%)] versus 30/106 [28%], respectively), with a
higher incidence (50%) among the adult patients with hvKp infection. All four patients who
expired due to hvKp infection had acquired the infection in the health care facility and were
observed to have CKD, diabetes, or blood malignancy as an underlying condition (Table 2).

Identification of hvKp by string test and PCR for the iucA gene. Of the total 120
K. pneumoniae isolates, 11 were positive for the string test and 14 for jucA using PCR.
Four of 14 (28.5%) hvKp isolates were string test positive, with string lengths ranging
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TABLE 2 Clinical characteristics of patients infected with hvKp

Microbiology Spectrum

Sample no. String test iucA Sample Device(s)? Diabetes Immunosuppression Source? Outcome
1 Neg + Blood CcL Yes HA Expired

2 Neg + Urine uc HA Improved
3 Pos + Urine VL, UC HA Improved
4 Pos + Blood VL, CL HA Improved
5 Neg + Urine uc HA Improved
6 Pos + Respiratory Yes CA Improved
7 Neg + Respiratory Yes CA Improved
8 Neg + Urine VL Yes HA Improved
9 Neg + Blood UC, CL HA Expired

10 Pos + Blood HA Expired

1 Neg + Blood CL HA Improved
12 Neg + Respiratory VL Yes Yes HA Expired

13 Neg + Blood CcL HA Improved
14 Neg + Blood Yes HA Improved

aCL, central line; VL, ventilator; UC, urinary catheter; HA, healthcare associated; CA, community acquired.

from 5 to 10 mm, whereas 7 of 106 (6.6%) cKp isolates were positive for the string test,
with a string length of more than 15 mm in one of them. Considering PCR as the gold
standard, the sensitivity and specificity of the string test in the present study were
28.7% and 93.4%, respectively. The association of the hypermucoviscous phenotype
with hvKp was statistically significant (P = 0.024).

Antimicrobial resistance among hvKp and cKp isolates. The AMR rate was observed
more frequently among the hvKp isolates than among cKp isolates, with resistance rates
in hvKp versus cKp isolates, respectively, observed against third-generation cephalosporins
(92% versus 83%), fluoroquinolones (92% versus 75%), carbapenems (78% versus 63%),
and colistin (12.5% versus 2.7%). Nitrofurantoin was tested only for urinary isolates.
Seventy-five percent (3/4) of the hvKp isolates from urine were resistant to nitrofurantoin,
in comparison to 59% of the cKp isolates.

cKp isolates from the community (community-acquired cKp [CA-cKpl) were
more resistant to fluoroquinolones and third-generation cephalosporins than were
hvKp isolates from the community (CA-hvKp); however, the total number of CA-
hvKp isolates was much smaller in the present study. The rate of resistance was in a
similar range for both the hospital-acquired hvKp (HA-hvKp) and HA-cKp isolates,
except for colistin, for which higher resistance was observed among the HA-hvKp
isolates (Table 3).

Result of WGS analysis. (i) Qualitative assessment results for the assembled
genomes. The whole-genome assemblies were evaluated based on the N, Lgo, NUM-
ber of contigs, and genome completeness. All the isolates except one (S62) showed
>96% genome completion. Three references selected were used to evaluate the qual-
ity of the draft genomes using QUAST. The assemblies with the highest genome frac-
tion, high Ny, and fewer contigs are reported. The mean Ns, value for all the isolates
was x246,926. The genome size of the references was ~5.4 to 5.5 Mb. The size of the
genomes ranged from 5.3 Mb to 7.4 Mb, with the largest contig length ranging from
71 kb to 1 Mb.

(ii) Plasmid identification. Two hypervirulent plasmids, namely, pVir-CR-HVKP267
(NCBI accession number MG053312) and pJX6-1 (NCBI accession number NZ_CP064230)
were identified in isolates S67, S66, S44, and S59 and in S67, S63, S62, and S59, respectively
(Fig. 1). The full lengths of the plasmids pVir-CR-HVKP267 and pJX6-1 were ~233 kbp and
~2228 kbp, respectively.

Plasmid sequences of pVir-CR-HvKP267 contained iucB, iucC, iucD, iutA, rmpA2,
and terA genes in all of the isolates, whereas iroN, iroD, iroC, and iroB were found in
S44 and S67 isolates only. No AMR genes were detected in the plasmids. The pVir-
CR-HVKP267 plasmid sequence was highly similar to that of the virulence plasmid
pLVKP (large virulence plasmid of K. pneumoniae; accession number AY378100)
reported earlier from Singapore in a patient with liver abscess (13). pLVKP has also
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TABLE 3 Comparative analysis of antimicrobial resistance patterns of hvKp and cKp isolates causing community-acquired or health care-

associated infections

No. (%) of infections

Community-acquired infection

Healthcare-associated infections

(n=30) (n=78)
Antimicrobial agent(s) hvKp (n =2) cKp (n =28) hvKp (n=12) cKp (n = 66)
Aminoglycosides 1 (50%) 13 (46.4%) 11 (91.6%) 51 (77%)
Beta-lactam and beta-lactamase inhibitors 1 (50%) 11 (39%) 11 (91.6%) 51 (77%)
3rd-generation cephalosporins 1 (50%) 21 (75%) 12 (100%) 58 (87%)
Fluoroquinolones 1 (50%) 18 (64%) 12 (100%) 54 (81%)
Nitrofurantoin 0 6/13 (46%) 3/4 (75%) 16/19 (84%)
Carbapenem 0 10 (35.7%) 9 (75%) 47 (71%)
Colistin 0 0 1 (8%) 1(1.5%)

been reported from China, emphasizing the emergence of drug resistance genes in
K. pneumoniae isolates. Moreover, the pLVKP plasmid in our study was present in
the hvKp isolates from both hospital and community settings.

(iii) O-antigen genotyping, capsular genotyping, and sequence types of the
isolates. Both lipopolysaccharide O-antigen and capsular polysaccharide K-antigen
types play a crucial role in the virulence of Klebsiella pneumoniae with important clini-
cal and epidemiological significance (14, 15). In the current study, the O1 locus was
found in 12 isolates, of which 9 had the O1v1 locus and 2 had the O1v2 locus. The 02
(O2v1) locus was found in one isolate, while the O3 (03/03a) locus was found in two
more hvKp isolates.

Capsular genotyping of the 14 hvKp isolates predicted the different K types. K64 and K2
were observed in four hvKp isolates and were the most common capsular types. Other less
common capsular types were K1, K51, K10, and K30. The sequence types were predicted
based on 7 housekeeping genes, namely, gapA, infB, mdh, pgi, phoE, rpoB, and tonB.
Kleborate and MLST 2.0 indicated the novel allele phoE for isolate S67, with 99.8% identity.
Most of the hvKp strains belonged to ST2096 (4/14), and one isolate was found to have
ST23. The most common ST and K type combination observed in the current study was
ST2096-K64 (n = 4), and the remaining combinations were ST23-K1, ST15-K2, ST147-K10,
ST336-K64, ST2857-K1, ST231-K51, ST86-K2, and ST43-K30.

(iv) Virulence genes. WGS revealed the presence of various virulence genes in the
isolates, including genes for allantoin metabolism (allA, allB, allC, alID, allE, allR, and
allS), iron uptake (kfuA, kfuB, kfuC, and fyuC), and siderophores such as aerobactin
(iucA, iucB, iucC, iucD, and iutA), salmochelin (iroB, iroC, iroD, iroE, and iroN), enterobac-
tin (entA, entB, entC, entD, entE, entF, entH, and entS), and yersiniabactin (ybtA, ybtE,
ybtP, ybtQ, ybtS, ybtT, ybtU, ybtX, and irp), along with different AMR genes, such as
blacrx s blanow-1 blanpw.s, blaoxasr, and bldoxa sz

All hvKp isolates (100%) in this study were found to carry the iutA gene, and
92.8% (13/14) carried the iucA, iucB, and iucC genes. The gene encoding salmochelin
was detected in 5 hvKp isolates. Approximately 78.5% (11/14) of the total hvKp iso-
lates carried the rpmA gene, which is responsible for the hypermucoviscous pheno-
type, and 93% (13/14) carried rmpA2. In addition, genes encoding enterobactin, such
as entA, entB, entC, entD, entF, entH, and entS, were detected in all isolates. The entB
gene was present as a variant entB1 and entB2 in one isolate, entC as entC1 and entC2
in one isolate, and entD as entD1 and entD2 in two isolates. Genes for iron uptake,
such as kfuA and kfuB, were detected in 10 (71.4%) isolates. Genes encoding fimbriae,
such as the mrkA, mrkB, mrkC, and mrkD genes, were detected in 10 (71.4%) hvKp
isolates.

Variant analysis. Classically, gene variants are of six types: deletion, insertion, splice
region and stop retained, stop gained, upstream gene variant, and frameshift variant. The
total number of variants with a high putative effect of deleteriousness found in isolates
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FIG 1 Sequence alignment of hvKp reference plasmids and the putative assembled plasmids. (A) The purple ring represents the reference hvKp plasmid
pVir-CR-HVKP267 (accession number MG053312). The blastn comparison was done between the putative assembled plasmids and the complete sequence
of the reference plasmid. The red, blue, green, and brown rings represent the samples S67, S66, S44, and S59, respectively. The outer ring with the red and
blue arcs signifies the annotation of pVir-CR-HvKP267 and represents the genes present in the plasmid sequences. (B) Comparison between the hvKp
plasmid pJX6-1 and the assembled plasmids, done using blastn with pJX6-1 as the reference. The yellow, blue, green, and red rings denote the samples
S67, S63, S62, and S59, respectively. The red and blue arcs represent the genes in the reference plasmid.

were frameshifts (4,995), start-lost (132), and stop-gained (478). The variants with moderate
deleteriousness were a conservative in-frame deletion (227), conservative in-frame insertion
(302), disruptive in-frame deletion (378), and disruptive in-frame insertion (328). The top 10
highly mutated genes were KP1_0403, KP1_4102, fimD, mobB, wzi, wzc, KP1_0410, ardC,
wza, and KP1_4970. In the present study, most of these types of variations were found in
ent genes (entA, entD, and entC) (Fig. 2). The rmpA gene was found mutated in most of the
isolates carrying a conservative in-frame insertion or deletion (except for S56, S58, and S60)
and a frameshift variation in all the isolates. Frameshift mutation was also discovered in
wcal in all isolates except S58. See Table S3 in the supplemental material for a summary of
functions of the genes listed above.

The ClusterMap showing evolutionary distance based on mutations was built using
CSI phylogeny (Fig. 3). According to the ClusterMap, S56 was at a greater evolutionary
distance from most of the isolates (563, S54, S58, S57, S67, S66, S65, S59, S60, and S65).
Similarly, S57 and S58 had higher single-nucleotide polymorphism (SNP) divergence
with S63, S54, S62, and S56.
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Antimicrobial resistance gene identification and analysis. The distribution of dif-
ferent AMR genes, including those for extended-spectrum beta-lactamases (ESBLs) and
carbapenemases, among the hvKp isolates is shown in Fig. 4. All of the hvKp isolates car-
ried at least one AMR gene, with 85.7% of isolates being multidrug resistant (MDR). The
blacrymqs gene (ESBL type) was the most common beta-lactamase gene (n = 11/14,
78.5%), followed by bla,,, (ESBL type; n = 10/14, 71.4%). Three patients of the 11 harbor-
ing blacry s expired during the course of the disease. The variants detected for blag,,
were blagyy.r, blasyye blasyyr1, blasyya2, blasy2 blasiyas, blasyya0s, and blagyy.105. AMoOng
the carbapenemases, blagy, was the dominant genotype (n = 10/14, 71.4%), followed by
blaypoy (n = 5/14, 35.7%). Five of 14 hvKp isolates were positive for blayyy,, of which three
were blaypy.s and two were bldypy,.,. The variants found for blagy, were blagys ., blaoya.s:s
and blagya.»s,- Thus, 35.7% (5/14) of hvKp isolates cocarried blacry.q1s, blsyy, blagys and
blaypy and were found as the predominant MDR hvKp genotype. One of the CA-hvKp iso-
lates carried blag,yy, blacryaqs blarenm.r, blagya, and blagy, »3, in combination. All the hvKp
isolates carried fosfomycin resistance genes (for FosA6 or FosA5). Resistance to aminogly-
cosides was also detected by the presence of the genes aac(6’)-Ib and aadA2. At least two
virulence genes were detected in all the resistant hvKp isolates, whereas the susceptible
CA-hvKp isolates carried the majority of virulence genes, including iucA, rmpA, and rmpA2.

Phylogenetic analysis and comparison of virulence and AMR genes. Based on
the multilocus sequence typing (MLST) of 14 hvKp isolates and alignment of the core ge-
nome, a phylogenetic tree was constructed (Fig. 4). The isolate-ST combinations S54-ST23,
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FIG 2 Types of variants present in the hvKp isolates. The colored block represents the presence of the genetic variants in the corresponding isolates.

S61-ST3857, S58-5T231, and S57-ST43 formed a single clade. Another clade was formed by
isolates having ST15 (567 and S66), ST2096 (S59, S65, S60, and S55), and ST336 (S63).
Isolate S59, which came from a community setting, was seen in a close phylogenetic rela-
tionship with S65, S60, and S55. Another community isolate, S61, formed a subclade with
isolates S58 and S57 depicting close evolutionary ties. ST2096, the most common ST
(28.5%), was detected in both HA-hvKp and CA-hvKp isolates (559, S65, S60, and S55).

1.0
0.8
-0.6

L[] ﬁvm

S66 S65 S59 S60 S55

S62 S56 S67

S44 S58 S57

S63 S54

S58 S44  S54

S65 S59 S55 S60 S66 S67 S56 S62 S57 S63
FIG 3 ClusterMap showing pairwise SNP distances and divergence between all the hvKp isolates
except for one (S61). The color range from dark blue to dark red indicates the least SNP divergence
to higher SNP divergence, respectively. The scale bar represents the percentage of SNP divergence

with the color range.
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FIG 4 Phylogenetic tree based on MLST and core genome alignment. The community-acquired hvKp isolates are S59 and S61 whereas rest are hospital-

acquired hvKp isolates. The bootstraps are shown as blue circles on the branches.

DISCUSSION

hvKp is an emerging pathophenotype reported in the community setting and has
recently caused infections in health care settings, with higher virulence and mortality
rates (3, 16). In this study, we analyzed the clinical and molecular characteristics of
hvKp isolates from both community and hospital settings to get an idea about their
commonality and the emergence of new threats.

In our study, 14 hvKp were identified out of 120 (11.6%) K. pneumoniae isolates, of
which 14.2% (2/14) were from the community and 85.3% (12/14) were from the hospi-
tal. Approximately half (7/14) of the hvKp-infected patients had bloodstream infec-
tions, four had urinary tract infections, and three had respiratory tract infections. Earlier
studies reported that most of the hvKp isolates from patients with liver abscesses
caused high mortality (1). In contrast, none of the hvKp isolates in the current study
was associated with hepatobiliary disease, and both patients with community-acquired
respiratory infection survived. Moreover, the clonal relatedness of the strains between
the hospital and community settings depicted possible ongoing transmission, which
would lead to high heterogeneity (12).

Recent studies have shown an increased incidence of hvKp infections in health care set-
tings, with incidence rates ranging from 37.8% to 46.6% (3, 16). Convergence of both viru-
lence and resistance genes among the hvKp isolates will pose a threat to the population.
One study found that 46% of the total SSIs were caused by hvKp, of which 15% were ESBL
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producers and 7% were resistant to carbapenem (4). Moreover, the emergence of MDR
hvKp isolates has been reported, including resistance to colistin, which is used as one of
the last-line antibiotics during Gram-negative bacterial infection management (17). In con-
trast, a few studies have shown less uptake of resistance genes by hvKp isolates due to the
presence of an increased number of capsular genes (18). A study by Shankar et al. from
India compared health care-associated and community-acquired hvKp isolates and showed
more susceptibility against all beta-lactam antibiotics and absence of most of the AMR
genes (12). In contrast, the current study showed a very high rate of resistance in both HA-
hvKp and CA-hvKp isolates, although the total number of isolates in both groups was
lower. The rate of MDR hvKp isolates in our study was 85.7%, and 75% of the total HA-
hvKp isolates showed resistance against carbapenem. Moreover, the presence of blacryp.1s,
blag,, blagy,, and blayp,, was found simultaneously in 35.7% of total hvKp isolates, includ-
ing one isolate from the community. Phenotypically, no resistance was observed against
carbapenem, nitrofurantoin, or colistin in any of the CA-hvKp isolates in our study.
Sanikhani et al. showed a high percentage of MDR hvKp (76.6%), with the presence of
blacrymqs (76.5%), blag,, (80.4%), blagyass (53.9%), and blayow., (32.3%) (18). Our study
results are consistent with those findings. Moreover, the presence of blacrys blGremts
blagyaq, and blaoya.»s, in the CA-hvKp isolates highlights the emerging resistance in the
community settings along with the virulence. However, more studies with higher numbers
of hvKp isolates from both settings in different geographical areas are required to estimate
the actual burden of this problem.

It was observed that there was the existence of both resistance genes and virulence
genes in three of the HA-hvKp isolates. blayoy along with other blagy, 5, carbapenemase
genes were present in the high-risk clones. The high-risk clones of ST15 and ST36 (isolates
S67 and S63, respectively) carried blayom 1, bldoyans, and rmpA2/rmpA, and ST43 (isolate
S57) carried blaypy.s and rmpA2. The patients infected with high-risk clones ST15 and ST43
expired. This convergence of AMR genes by the horizontal acquisition of mobile genetic
elements and virulence-associated plasmids (pLVPK, pVir-CR-HvVKP267, and pJX6-1) leads to
the emergence of highly resistant hvKp with high pathogenicity. This poses a serious pub-
lic health threat in both communities and hospitals.

Two hypervirulent plasmids, namely, pVir-CR-HvKP267 (NCBI accession number
MGO053312) and pJX6-1 (NCBI accession number NZ_CP064230), were identified in both
CA-hvKp and HA-hvKp isolates. These plasmids were found to carry most of the virulence
genes encoding aerobactin (iucABCD and iutA) salmochelin (iroBCDN), and regulator of
mucoid phenotype (rmpA and rmpA2). Siderophore systems are important for bacterial
pathogenicity, as they help bacteria to scavenge iron from host transport proteins, allowing
them to survive and proliferate in the host (19). Aerobactin plays an important role in both
in vivo and ex vivo survival of hvKp compared to other siderophores (1). Aerobactin has
been identified as the most prevalent siderophore in hvKp (1, 9). Our study showed the
presence of iutA universally among all the isolates, whereas 92.8% of isolates harbored jucA,
iucB, and iucC. The copresence of iutA, iucA, rmpA, and rmpA2 was observed in most of the
hvKp isolates in our study. Although the iucA gene was present in all the isolates by PCR, it
was observed to be absent in S58 by WGS analysis. It was also observed that many other
virulence genes were absent in this isolate, which could be possibly due to either sequenc-
ing error or the presence of partial gene fragments. Nearly 71.4% of the hvKp isolates were
found to contain mrkA for fimbriae, mrkB and mrkC for assembly of fimbriae, and mrkD for
adhesion, and these were mostly observed in patients with invasive medical devices.

ST2096 was the most common ST observed in our study, harboring iucA, rmpA, and
rmpA2 with MDR genes (bldoxa.232 blaoxa.1, bldcrymas, and blas,,) and found in both
hospital and community hvKp isolates. The clonal group CG23, which comprises the
sequence types ST23, ST26, ST57, and ST163, was mostly responsible for the hyperviru-
lent phenotypes (8). These nosocomial clones have rapidly acquired a virulence plas-
mid in recent years, indicating that they are now primed for nosocomial and health
care-related epidemics. This highlights the convergence of AMR genes and virulence
genes among hospital and community hvKp isolates. Previous studies showed ST23
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and ST11 as the predominant STs associated with hvKp infection and the evolution of
MDR strains (20). However, in the present study, only one isolate was ST23, with the
iucA, rmpA, and rmpA2 genes without any carbapenem resistance genes. In addition,
one of the hvKp isolates in the current study was found to have ST231, which contains
blaypm.s and iutA and is known to have caused an outbreak in a hospital (21). To the
best of our knowledge, this is the first study to report the presence of ST231 and ST43
in hvKp isolates. Therefore, strict monitoring and surveillance of hvKp infection is
highly essential to restrict this convergence, by prompt identification and strictly
implementing infection control measures.

Limitations. This study has certain limitations. First, it is a single-center study. The
clinical affection might be different in different geographical regions. However, the
majority of clinical characteristics reported in our study are consistent with those of
earlier published studies. Second, we only targeted the jucA gene for the confirmation
of hvKp isolates in this study. Other studies have used virulence marker genes jutA and
rmpA2 for detection of hvKp, which might be helpful to identify more hvKp isolates.
Third, the number of isolates from community settings was lower in this study, and
this might have been due to the ongoing pandemic. Genomic study with more isolates
from different geographical areas might be helpful to understand disease pathogene-
sis and phylogenetic relationships.

Conclusion. Here, we have reported the whole-genome sequencing results of 14
hvKp isolates from both community and hospital settings and compared their molecular
characteristics. ST2096 was found to be the most common serotype associated with hvKp
isolates from both hospital and community settings, along with the new ST ST231 and
high-risk clones ST15, ST36, and ST43. Our study highlights the emergence of drug-resist-
ant hvKp sequence types carrying various virulence genes in both the community as well
as hospital setting, which may lead to fatal outcomes in both settings. Therefore, there is
an urgent need to identify hvKp infections, establish the biomarkers for its accurate and
prompt identification, and implement strict infection prevention protocols to restrict its
dissemination.

MATERIALS AND METHODS

Study design, ethics, and consent. This was a prospective, cross-sectional study conducted in the
Department of Microbiology, from August 2019 to June 2021. Ethical permission for the study was
obtained from the institutional ethical committee (approval number IECPG-441/27.06.2019). Informed
consent was obtained from all the patients who participated in this study. Biological specimens, i.e.,
blood, urine, respiratory specimens (bronchoalveolar lavage fluid, endotracheal aspirate, and sputum),
pus, and tissue biopsy specimens of the patients attended to at the hospital with a clinical diagnosis
were included in this study and processed as per the standard operative protocol (SOP) of the bacteriol-
ogy laboratory. All patients with a definite clinical diagnosis where K. pneumoniae was isolated from the
clinical specimens using the SOP were included in the study, and patients in which K. pneumoniae iso-
lates were identified as colonizers were excluded from the study.

Microbiological identification and antimicrobial susceptibility testing of K. pneumoniae iso-
lates. An infection of the patient that occurred after 48 h of hospital admission was considered hospital
acquired, and an infection identified within 48 h of admission was considered community acquired. All
the clinical isolates recovered after the bacteriological processing were identified using matrix-assisted
laser desorption ionization-time of flight mass spectrometry (bioMérieux, Germany), and antimicrobial
susceptibility testing (AST) was performed by Kirby-Bauer disc diffusion test. The antibiotic discs tested
were amikacin, ceftazidime, ciprofloxacin, cefotaxime, netilmicin, nitrofurantoin, piperacillin-tazobactam,
imipenem, and meropenem. Susceptibility testing for colistin was performed using the broth microdilu-
tion method. The AST results were interpreted as per CLSI 2019 guidelines. All the K. pneumoniae isolates
were tested in the string test and archived in glycerol stock vials at —80°C for molecular characterization.
The patients were followed up for their demographic profile (age, sex), underlying conditions (diabetes
mellitus, solid organ malignancy, blood malignancy immunosuppression, or CKD), presence of any exter-
nal devices (ventilator, central line, or urinary catheter), and outcome (death and discharge) during the
hospital stay. All the archived isolates were checked for the presence of the jucA (aerobactin) gene using
PCR. The string test was considered positive if the string length from the bacterial colony could be
stretched to more than 5 mm using a bacteriological inoculation loop (22). hvKp isolates were pheno-
typically identified by a positive string test and genotypically confirmed by PCR targeting the iucA gene
using published primers (47).

DNA extraction and PCR for iucA. The glycerol stock vials containing K. pneumoniae isolates were
taken from —80°C storage and kept at room temperature for 30 min. Subculture was done on 5% sheep
blood agar and incubation at 37°C for 18 to 24 h. DNA was extracted from the cultures using the
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QlAamp DNA Mini extraction kit. PCR for iucA was performed for all K. pneumoniae isolates. Primers used for
iucA PCR were the following: forward, 5-ATAAGGCAGGCAATCCAG-3’; reverse, 5-TAACGGCGATAAACCTCG-3
(Pengwen et al., unpublished). The total volume (25 L) of the reaction mixture was prepared by adding
2.5 wl of buffer, 0.5 uL of deoxynucleoside triphosphate, 1-uL volumes of forward and reverse primers,
0.3 ulL of Tag polymerase, 3 ulL of extracted DNA, and 16.7 uL of DNase-free water. The PCR conditions
were as follows: initial denaturation at 94°C for 10 min, followed by 94°C for 1 min, annealing at 62°C for
1 min, and extension at 72°C for 1 min for a total of 35 cycles. PCR conditions were standardized in the labo-
ratory by pooling all the string-positive K. pneumoniae isolates. The PCR products were visualized using 1%
agarose gel electrophoresis along with a ladder, positive control (2,927 bp), and negative control.

DNA preparation, whole-genome sequencing, and annotation. Fourteen iucA-positive K. pneumo-
niae isolates were confirmed as hvKp and subjected to WGS. DNA was extracted using a Qiagen kit as
per the manufacturer’s instructions. Extracted DNA was quantified using a Nanoquant Infinite M200 Pro
by Tecan, Austria. The WGS was performed with the lllumina platform on the S4 flow cell of a NovaSeq
6000 using 150-bp paired-end chemistry.

NGS read quality control. The raw sequencing data of 14 hvKp isolates were evaluated using
FastQC v0.11.5 (23), MultiQC (24), and Trimmomatic v0.39 (25). Adaptors and low-quality reads were dis-
carded. The trimmed reads were processed for detecting host and microbial contamination using
Kraken2 (26). Subsequently, reads identified to be contaminants were excluded.

Genome assembly. High-quality reads were used for draft genome assembly using SPAdes
v3.15.2 assembler (27). The scaffolds generated for each sample were optimized in SSPACE v2.0 (28).
Subsequently, potential misassemblies, gaps, small indels, and single-base differences were cor-
rected with Pilon v1.24 (29). Quality evaluations for the assembled draft genome were performed
based on Ny, and L., as well as genome fraction coverage using BUSCO v5.1.2 (30) and QUAST
v5.0.2 (31). Genome fraction coverage was calculated based on three reference genomes of K. pneu-
moniae available from the National Center for Biotechnology Information (accession numbers
CP012043, FO834906, and AP006725). The scaffolds were ordered using ABACAS v1.03 (32) and
annotated in Prokka v1.14.6 (33).

WGS analysis methods. The assembled contigs were used for the prediction of AMR genes, plas-
mids, and sequence types. The prediction of AMR genes was performed using two commonly used
tools, CARD v5.2.1 (34) and ResFinder 4.0 (35). Only high-confidence AMR genes observed in CARD
(only strict hits) and ResFinder (identity of =90%) were included in our study. Furthermore, the viru-
lence genes were also screened with the Big Pasteur database (https://bigsdb.pasteur.fr/klebsiella/)
with default settings. STs of the 14 draft genomes were determined using MLST 2.0 (36) of the Center
for Genetic Epidemiology. The Kleborate tool (37) was used to determine the K- and O-antigen sero-
types in the hvKp isolates. The clustering of 14 hvKp draft genomes based on MLST was also evaluated
using core genome-based alignment with the Parsnp tool (38). Phylogenetic relatedness of the 14 iso-
lates was also studied using CSI Phylogeny (39).

All the hvKp isolates were further analyzed for the presence of plasmid sequences by using Plasmid
SPAdes (40). A homology search for the assembled plasmid sequences was carried out against the
hypervirulent plasmids of K. pneumoniae. The circular ring diagram displaying hvKp plasmid compari-
sons was plotted using the BLAST Ring Image Generator (41), which uses BLAST to perform genome
comparisons and CGView to generate circular genome images (Fig. 1). Seaborn is the powerful python
library used for data visualization. The divergence matrix from CSIPhylogeny was used to generate the
cluster map with Seaborn (Fig. 3). The phylogenetic tree based on core genome alignment was built
using Parsnp and Gingr (38). The Interactive Tree of Life (42) was used to generate the annotated den-
drogram (Fig. 4).

Read mapping and variant calling. One reference genome of K. pneumoniae was retrieved from
the NCBI GenBank database (NCBI accession number AP006725). The sequences were indexed, and
the quality-passed reads of each sample were mapped to the reference genomes by using the
Burrows-Wheeler aligner (43). The alignment quality was evaluated through sequencing depth and
genome coverage using deepTools (44). The binary sequence alignment maps were processed to
mark duplicate reads, and variant calling was performed using GATK HaplotypeCaller in haploid
mode (45). The variants were filtered using GATK hard-filter parameters to retain variants most
likely to be true positive and not sequencing artifacts (45). In addition, all variants were annotated
using snpsift (46).

Statistical analysis. Statistical analysis was done using SPSS version 26. Descriptive analysis of the
entire data was prepared. Statistical analysis was performed by using the chi-square test or Fisher's
exact test for categorical variables. Categorical data were represented as frequencies and percentages.
A P value of <0.05 was considered statistically significant.

Data availability. The raw sequencing data reported in this study have been deposited in the Sequence
Read Archive (SRA; https://www.ncbi.nlm.nih.gov/sra) under NCBI BioProject accession PRINA797874. The
genome sequenced files have been submitted to the NCBI SRA under accession numbers SRR17640814,
SRR17640813, SRR17640812, SRR17640811, SRR17640810, SRR17640809, SRR17640808, SRR17640807,
SRR17640806, SRR17640805, SRR17640804, SRR17640803, SRR17640802, and SRR17640801.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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