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Abstract 

Background The convergence of resistance and hypervirulence in Klebsiella pneumoniae represents a significant 
public health threat, driven by the horizontal transfer of plasmids. Understanding factors affecting plasmid transfer 
efficiency is essential to elucidate mechanisms behind emergence of these formidable pathogens.

Methods Hypermucoviscous K. pneumoniae strains were serially passaged in LB medium to investigate capsule-defi-
cient phenotypes. Capsule-deficient mutants were analyzed using genetic sequencing to identify the types and inser-
tion sites of insertion sequences (IS). Bioinformatics and statistical analyses based on the NCBI and National Microbi-
ology Data Center (NMDC) database were used to map the origins and locations of IS elements. Conjugation assays 
were performed to assess plasmid transfer efficiency between encapsulated and capsule-deficient strains. A murine 
intestinal colonization model was employed to evaluate virulence levels and IS excision-mediated capsule restoration.

Results Our research revealed that a hypervirulent K. pneumoniae (hvKP) strain acquired a blaNDM-1-bearing IncX3 
plasmid with IS5 and ISKox3 elements. These IS elements are capable of inserting into capsular polysaccharide 
synthesis genes, causing a notably high frequency of capsule loss in vitro. The IS-mediated capsular phase variation, 
whether occurring in the donor or recipient strain, significantly increased the conjugation frequency of both the 
resistance plasmid and the virulence plasmid. Additionally, capsular phase variation enhanced bacterial adaptability 
in vitro. Experiments in mouse models demonstrated that capsule-deficient mutants exhibited reduced virulence 
and colonization capacity. However, during long-term intestinal colonization, IS element excision restored capsule 
expression, leading to the recovery of hypervirulence and enhanced colonization efficiency.

Conclusions Our findings reveal that IS elements mediate capsular phase variation by toggling gene activity, acceler-
ating the genomic convergence of multidrug resistance and hypervirulence in K. pneumoniae, as well as facilitating 
adaptive transitions in different environments.

Keywords Carbapenem-resistant hypervirulent Klebsiella pneumoniae, Insertion sequence, Capsular phase variation, 
Genomic convergence

*Correspondence:
Jie Feng
fengj@im.ac.cn
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13073-025-01474-0&domain=pdf
http://orcid.org/0000-0001-5172-6643


Page 2 of 13Wei et al. Genome Medicine           (2025) 17:45 

Background
Klebsiella pneumoniae is a major clinical pathogen 
known for causing severe organ infections. Its ability 
to acquire new genetic material facilitates the develop-
ment of multidrug resistance (MDR) and hyperviru-
lence, each posing unique challenges for clinicians [1]. 
Multidrug-resistant strains, particularly carbapenem-
resistant K. pneumoniae (CRKP), represent a critical 
public health threat [2]. This concern is underscored 
by their inclusion on the World Health Organization’s 
(WHO) list of priority antimicrobial-resistant patho-
gens needing new control strategies [3]. Hypervirulent 
K. pneumoniae (hvKP) is notable for causing infections 
in healthy individuals of all ages, often presenting as 
hepatic abscesses without biliary tract disease [4]. Ini-
tially, hvKP isolates were sensitive to antimicrobials. 
However, nearly 40 years after its first description, anti-
biotic-resistant hvKP strains, particularly carbapenem-
resistant hypervirulent K. pneumoniae (CR-hvKP), have 
emerged, posing significant clinical challenges [5, 6]. A 
2016 study in China revealed that 20 out of 35 (57%) 
hvKP bloodstream infection isolates produced carbap-
enemase, highlighting the severity of the issue [7]. Two 
types of convergence patterns have been identified: 
CRKP strains acquiring virulence plasmids and hvKP 
strains obtaining plasmids carrying carbapenem-resist-
ant genes [5, 6, 8, 9]. This convergence of virulence and 
antibiotic resistance is primarily driven by horizontal 
gene transfer mediated by plasmids [10]. Understand-
ing the factors influencing plasmid transfer efficiency 
is crucial to developing strategies for mitigating the 
spread of these formidable pathogens.

The capsule of K. pneumoniae is the initial cellular 
structure that interacts with the environment. It is pri-
marily studied for its critical role as a virulence factor, as 
it conceals surface antigens and mitigates the immune 
response [11]. Recent studies have demonstrated that 
inactivating genes responsible for capsule synthesis 
results in a high conjugation frequency of plasmids [10, 
12]. Insertion sequence (IS) elements were found to inte-
grate into the capsule gene wcaJ in clinical isolates of 
hvKP, leading to a significant reduction in capsular poly-
saccharides and an increased conjugation frequency of 
the blaKPC-2 plasmid [12]. As small transposons encod-
ing transposase enzymes that catalyze the “hopping” 
event, IS elements induce alterations in the host genome 
throughout bacterial evolution [13]. While it is well 
known that IS elements play a crucial role in the dissemi-
nation of antibiotic resistance, their impact on the capsu-
lar polysaccharide (CPS) synthesis and plasmid transfer 
efficiency remains largely unexplored. Gaining a deeper 
understanding of this role is essential for addressing the 
evolution and spread of these formidable pathogens.

Our findings demonstrate the significant role of inser-
tion sequence (IS) elements in shaping the genome and 
environmental adaptation of a carbapenem-resistant 
plasmid acquired by the hypervirulent K. pneumoniae 
strain NK01067. The IS elements on the plasmid can 
insert into CPS synthesis genes, leading to a markedly 
high frequency of capsule loss in  vitro. The CPS-defi-
cient strain exhibits advantages in growth and biofilm 
formation. Furthermore, IS-mediated capsule inactiva-
tion significantly increases the conjugation frequency of 
the plasmid—by up to 7.61  log2-fold higher in capsule-
deficient strains. This consequently facilitates the rapid 
spread of resistance and virulence plasmids, resulting 
in the genomic convergence of resistance and virulence 
traits. Surprisingly, in a mouse model, capsule-deficient 
mutants can restore CPS through the loss of IS ele-
ments in capsule loci, thereby regaining hypervirulence 
and achieving better colonization in the gut. Our study 
underscores the dynamic interplay between capsule loss 
and restoration mediated by IS elements both in  vivo 
and in vitro. It highlights the critical role of IS elements 
in accelerating the genomic convergence of multid-
rug resistance and hypervirulence in K. pneumoniae by 
switching genes on and off.

Methods
Bacterial strains, culture, and antibiotics
The main bacterial strains and plasmids used for exper-
imental and genetic manipulations in this study are 
listed in Additional file  1: Table  S1. Additionally, Addi-
tional file  1: Table  S2 provides detailed information on 
the hypermucoviscous K. pneumoniae clinical isolates, 
including sequence type (ST), capsule locus (KL) type, 
O-antigen serotypes, antimicrobial resistance genes, 
virulence factors, insertion sequence elements, isolation 
sources, and relevant references. All K. pneumoniae and 
Escherichia coli strains were cultured in Luria–Bertani 
(LB) broth or on LB agar plates at 37 °C with shaking at 
220 rpm. Antibiotics were supplemented at the following 
final concentrations: meropenem, 1 mg/L; chlorampheni-
col, 20 mg/L; kanamycin, 50 mg/L; rifampicin, 100 mg/L; 
trimethoprim, 50 mg/L; and hygromycin, 100 mg/L.

Serialin vitropassages and insertion analysis
Each of the three single colonies of hvKP with KL1 or 
KL2 capsule types was grown overnight in 2 ml of LB 
medium (marked as 0 h). The cultures were then diluted 
1/200 in fresh media every 24 h and incubated at 37 °C. 
Cultures at 0, 24, 48, and 72 h were serially diluted and 
colony forming units (c.f.u.) were counted. The ratio of 
observed non-mucoid translucent (NM-T) colonies to 
the total number of colonies on the plates was calculated. 
For strain NK01067 or NK10012, 23 NM-T colonies were 
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selected and streaked on LB agar. PCR verification was 
performed using primers for wcaJ, wza, wzb, and wzc 
(Additional file 1: Table S3). IS insertion mutations were 
determined based on the changed band sizes observed on 
agarose gel electrophoresis and the subsequent Sanger 
sequencing.

In situ wcaJ gene complementation
To establish the wcaJ::IS5 complementation strains 
in  situ, a suicide plasmid pDM4-wcaJ was constructed 
as previously described [14]. WcaJ was amplified from 
the wild-type strain NK01067 using the primer pairs 
listed in Additional file  1: Table  S3 and cloned into the 
pDM4 vector by Gibson assembly, resulting in the plas-
mid pDM4-wcaJ. This plasmid was then transferred into 
strain wcaJ::IS5 via E. coli S17 - 1 (λ pir)-mediated conju-
gation to facilitate a single crossover event. Transconju-
gants were plated on LB agar supplemented with 20 mg/L 
chloramphenicol and 2 mg/L meropenem. Counter selec-
tion for markerless in-frame deletion was performed on 
LB agar plates with 15% sucrose.

Plasmid extraction and electroporation 
of pNK01067‑NDM‑ 1
Strain NK01067 was grown overnight at 37 °C with shak-
ing at 200 rpm. Five milliliters of cultures was sedimented 
at 12,000 rpm for 1 min to extract the pNK01067-NDM- 
1 plasmid using the HiPure BAC Mini Kit (Magen 
Biotechnology, Guangzhou). K. pneumoniae electro-
competent cells were prepared with slight modifications 
to the previously described method [15]. An overnight 
culture was diluted 1/100 in fresh LB broth and shaken 
at 37 °C until  OD600 nm = 0.5. After 20 min on ice, cells 
were harvested at 10,000 rpm for 10 min at 4 °C, washed 
three times with ice-cold sterile double-distilled water, 
and resuspended in 10% glycerol. Five microliters of 
pNK01067-NDM- 1 plasmid was added to 50 μl of elec-
trocompetent cells, and electroporation was performed 
using the following parameters: 2500 V, 200 Ω, 25 μF. The 
electroporated cells were recovered in 1 ml of fresh LB 
broth for 1 h and plated on LB agar containing 4 μg/ml 
meropenem, and incubated at 37 °C overnight.

Whole‑genome sequencing and bioinformatics analysis
Whole-genome sequencing (WGS) was conducted on 
DNA extracts from relevant cultures using Illumina 
NovaSeq 6000 platform. The platform generated high-
quality 2 × 150-bp paired-end reads for each sample. 
SPAdes v3.13.0 was employed for de novo assembly from 
Illumina data to obtain draft genomes [16]. Mutations in 
capsule cluster genes were analyzed through sequence 
alignment. The annotations IS and plasmids were per-
formed using the ISfinder database (https:// isfin der. bioto 

ul. fr/ about. php) and the plasmidfinder database (https:// 
cge. food. dtu. dk/ servi ces/ Plasm idFin der/), respectively 
[17, 18]. Plasmid circular maps were created using the 
online software Proksee (https:// proks ee. ca/) [19]. Sche-
matic maps for linear comparisons were generated using 
EasyFig (v2.2.2) [20]. Images were adjusted or modi-
fied by using Inkscape (v0.92) [21]. For the analysis of 
IS5 origin, we firstly downloaded 1791 K. pneumoniae 
complete genomes from the NCBI database. BLASTn 
was conducted to screen the genomes containing IS5, 
and the information for the location of IS5 (on chromo-
some or plasmid) was further extracted based on the 
annotation files for each genome [22]. Then, multi-locus 
sequence typing (MLST) analysis was performed for the 
IS5-carrying genomes to determine their STs [23]. The 
co-existence of blaNDM, ISKox3, and IS5 was detected by 
the annotations of corresponding genes. For the tracing 
of IS5 and ISKox3 source and flow, we further collected 
285,417 bacterial genomes of 471 pathogenic species 
from the gcPathogen database. We then performed IS5 
and ISKox3 annotations for each genome. The gcPatho-
gen database is a comprehensive genomic resource for 
human pathogens, curated within the NMDC platform 
(https:// nmdc. cn/ gcpat hogen/ patho gens? other Type= 
taxa& type= bacte ria) [24].

Plasmid conjugation assay
For all conjugation experiments, the procedure was 
as described with slight modifications [10]. First, both 
donor and recipient strains were cultured overnight in 
LB broth supplemented with the appropriate antibiotics. 
A 1/100 dilution was then transferred to fresh antibiotic-
containing medium and grown to an approximate  OD600 

nm of 0.6. The cultures were centrifuged, washed twice 
with 10 mM  MgSO4 to remove residual antibiotics, and 
the cells were adjusted to an  OD600 nm of 0.2. One mil-
liliter of each cell suspension was mixed, centrifuged, and 
the supernatant discarded. The pellet was resuspended 
in 20 μl of 10 mM  MgSO4 and inoculated onto LB agar 
plates. After 24 h of incubation at 37 °C, the bacteria were 
resuspended and serially diluted in PBS, followed by plat-
ing on antibiotic-containing LB agar plates for transcon-
jugant selection. Transconjugants were then confirmed 
by PCR and sequence analysis. Conjugation frequency 
was calculated as the ratio of transconjugants to recipi-
ents based on c.f.u. counts on serial dilution plates con-
taining the appropriate antibiotics. Each experiment was 
performed in six independent replicates.

Mucoviscosity assay and uronic acid quantitation
Mucoviscosity was determined by a modified sedimenta-
tion assay [9]. Overnight LB broth cultures were normal-
ized to  OD600 nm = 1.0 and 1 ml was sedimented at 1000 

https://isfinder.biotoul.fr/about.php
https://isfinder.biotoul.fr/about.php
https://cge.food.dtu.dk/services/PlasmidFinder/
https://cge.food.dtu.dk/services/PlasmidFinder/
https://proksee.ca/
https://nmdc.cn/gcpathogen/pathogens?otherType=taxa&type=bacteria
https://nmdc.cn/gcpathogen/pathogens?otherType=taxa&type=bacteria
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× g for 5 min. Two hundred microliters of the superna-
tant was transferred to 96-well plates for  OD600 nm meas-
urement. Wells containing 200 μl LB broth were used as 
negative controls. Uronic acid extraction and quantifica-
tion followed modified protocols [2]. Overnight LB broth 
cultures  (OD600 nm = 1.0) were mixed with 100 μl of 1% 
Zwittergent- 100 in 100 mM citric acid and incubated at 
50 °C for 20 min. After centrifuging at 13,000 rpm for 5 
min, 300 μl of the supernatant was mixed with 1.2 ml of 
ethanol, incubated at 4 °C for 20 min, and centrifuged 
again. The pellet was resuspended in 200 μl of water, 
mixed with 1.2 ml of 12.5 mM sodium tetraborate in sul-
furic acid, incubated at 100 °C for 5 min, and cooled on 
ice. Absorbance at 520 nm was measured after adding 20 
μl of 0.15% 3-phenylphenol in 0.5% NaOH. Glucuronic 
acid content was determined using a standard curve and 
expressed as micrograms per OD unit.

Biofilm analysis
The biofilm formation assay followed modified proto-
cols [2]. Overnight LB broth cultures were grown at 37 
°C with shaking at 200 rpm, then diluted 1:1000 in LB 
broth. One hundred fifty microliters of each culture was 
inoculated into 6 wells of a 96-well plate and incubated 
stationarily at 30 °C for 24 h. After incubation, 100 μl was 
removed for  OD600 nm measurement to assess cell growth. 
Each well was then stained with 200 μl of 1% crystal vio-
let for 30 min, rinsed five times with deionized water, 
and solubilized with 250 μl of 80% ethanol. Two hundred 
microliters of the solution was transferred to a new plate 
for  OD590 nm measurement.

Growth curves
Overnight cultures were diluted 1:1000, and 200 μl of 
each diluted culture was transferred to a 96-well micro-
plate. The  OD600 nm of the cell cultures was measured 
every 20 min for 24 h using a BioTek Synergy H4 Hybrid 
multimode microplate reader. Absorbance values from 
four technical replicates were averaged and used as data 
points for statistical analysis. Growth rate results were 
analyzed using paired, two-tailed Student’s t-tests in 
GraphPad Prism version 8.

Animal experiments
All animal experiments were approved by the Eth-
ics Committee of the Institute of Microbiology, 
Chinese Academy of Sciences (Approval No. APIM-
CAS2023077). Six-week-old male specific pathogen-
free (SPF) BALB/c mice were procured from Charles 
River Laboratories Co., Ltd. in Beijing, China. Fol-
lowing a 1-week acclimatization period in a Biosafety 
Level 2 facility, all experiments were initiated. Mice 
were housed in individually ventilated cages (IVCs) 

with a maximum of five animals per cage under stand-
ardized conditions: a 12-h light/dark cycle, ambi-
ent temperature maintained at 22–25 °C, and relative 
humidity of 45–55%. Animals had ad  libitum access 
to autoclaved rodent chow and purified water. All 
cages were equipped with sterilized bedding, and ani-
mal husbandry was performed by trained personnel in 
accordance with established protocols to ensure animal 
welfare. Mice were monitored daily for general health 
and signs of distress. Animals exhibiting weight loss 
greater than 20% of baseline were humanely euthanized 
by carbon dioxide inhalation.

Long‑term intestinal colonization model
The overnight cultures of NM-T strain wcaJ::IS5 were 
inoculated to fresh medium and cultivated to an  OD600 

nm of 0.8. After centrifugation at 5000 rpm for 3 min, 
the cultures were washed twice with PBS and resus-
pended in PBS to an  OD600 nm of 1.0. A volume of 100 
μl of the suspension was administered to mice by oral 
gavage at a dose of 1 ×  108 c.f.u.. Mouse body weights 
were recorded on days 2, 6, 13, and 28, and fecal sam-
ples were collected. For fecal sampling, 2–3 pellets 
from each mouse were pooled and weighed, thoroughly 
resuspended in PBS, serially diluted, and plated on Sim-
mons’ citrate agar with 1% inositol (SCAI). After incu-
bation at 37 °C for 24 h, K. pneumoniae colonies were 
counted and standardized to determine c.f.u. per gram 
of feces, with a detection limit of 5000 c.f.u./g. While 
only one technical replicate was performed for each 
sample, strict measures were taken to ensure data accu-
racy. After performing all dilution and plating steps, 
any evident dilution inconsistencies were addressed 
by re-diluting the samples to ensure proper dilution 
and reliable counting. For samples below the detection 
limit, triplicate counts were performed to confirm relia-
bility. The phenotype of the colonies was also recorded.

Virulence evaluation in gut infection models
The culture of approximate 5 ×  107 c.f.u. was used for 
intestinal infection in the survival experiments. Over-
night bacterial cultures were subcultured in LB and 
grown with shaking at 37 °C to an  OD600 nm of ~ 0.8. The 
cultures were then washed with PBS and resuspended 
in PBS to an  OD600 nm of 0.5. A volume of 100 μl of 
the NK01067, wcaJ::IS5, wcaJ::IS5/wcaJ, and revertant 
strains was administered orally by gavage. Mouse body 
weights and mortality rates were recorded. Any ani-
mal that lost more than 20% of its original body weight 
was euthanized by  CO2 inhalation to prevent further 
suffering.
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Results
A CR‑hvKP strain exhibits a markedly increased frequency 
of capsular phase variationin vitro
HvKP typically develop overproduction of the capsule, 
resulting in colonies with a hypermucoid appearance 
characterized by a raised center, clean margins, and a 
smooth, wet surface [25]. In this study, we identified ten 
hvKP strains originating from diverse clinical sources 
based on their capsule serotypes (KL1/KL2), the pres-
ence of rmpA (a regulatory gene that enhances capsule 
production), and a hyperviscosity phenotype (Additional 
file  1: Table  S2). When plated on LB agar, some strains 
exhibited two distinct colony types: mucoid opaque 
(M–O) and non-mucoid translucent (NM-T) (Fig.  1a). 
To investigate the phase variation pattern, we conducted 
serial in  vitro passages of these ten hvKP strains ini-
tially identified as M–O and tracked the proportion of 
emerging NM-T colonies at 24, 48, and 72 h. The results 
showed an increasing trend in the proportion of NM-T 
colonies with successive passages except for strains KP8 
- 4, NK10223, and NK01109 which maintained the M–O 
phenotype through consecutive subcultures (Fig.  1b). 
This phenomenon may be attributed to passage in LB 
medium reducing selection pressure, thereby leading to 
the loss of high-cost traits such as capsule production 
[2, 11, 26]. The frequencies of such switch vary greatly 
among seven strains with phenotypic heterogeneity. 
NK01067 (ST23, KL1, O1), isolated from a patient’s spu-
tum, displayed a significantly high rate of phenotypic 
switching, with the NM-T colonies reaching an average 
proportion of 63% at 72 h (Fig. 1b). This strain exhibited 
high-level carbapenem resistance (meropenem MIC: 64 

mg/ml). Subsequent whole-genome analysis identified 
an IncX3-type resistance plasmid, a major vector for the 
carbapenem resistance gene blaNDM, in the isolate [27]. 
The blaNDM-1 gene was located on a Tn3000 composite 
transposon derivative with an IS5 insertion upstream of 
blaNDM-1 (Additional file 2: Fig. S1). This genetic config-
uration has been frequently reported in Escherichia coli 
strains from East Asia [28, 29].

IS element‑mediated inactivation of capsular 
polysaccharide synthesis genes results in high frequency 
capsule loss
The transition between M–O and NM-T colonies is asso-
ciated with mutations in the capsular polysaccharide 
synthesis genes within the CPS loci [2, 11, 30]. Among 
these, mutations in the wcaJ gene, which encodes a gly-
cosyltransferase, were the most common cause of CPS 
loss [11, 31, 32]. Additionally, the wzc gene, encoding 
tyrosine autokinase, and the wza and wzb genes, encod-
ing polysaccharide export protein and protein tyrosine 
phosphatase, are also hotspots for capsule inactivation 
mutations [31, 32]. To understand the mechanism under-
lying the high rate of CPS loss in strain NK01067, we 
amplified fragments of wcaJ, wza, wzb, and wzc from 23 
NM-T colonies of NK01067 after 72 h of culture. Aga-
rose gel electrophoresis revealed that 87.0% (20/23) of 
the colonies displayed increased band sizes at the wcaJ, 
wza, and wzc loci, indicative of IS insertions leading to 
gene inactivation (Fig.  2a). Sequencing results showed 
that IS5 had inserted into wcaJ in 17 colonies, into wza in 
1 colony, and ISKox3 had inserted into wzc in 2 colonies 
(Fig. 2a–d and Additional file 1: Table S4). We analyzed 

Fig. 1 CR-hvKP strain NK01067 exhibits a markedly increased frequency of capsular phase variation in vitro. a Mucoid opaque (M–O) 
and non-mucoid translucent (NM-T) colony phenotypes on LB agar. b The proportion of NM-T colonies of various clinical hvKP strains after serial 
passages on LB agar, measured at 0, 24, 48, and 72 h. The experiment was conducted in triplicate independently
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20 M–O colonies using PCR and did not observe any IS 
insertions in the CPS locus. To further verify these inser-
tion patterns, we randomly selected three mutants with 
wcaJ::IS5, wza::ISKox3, and wzc::IS5 for whole-genome 
sequencing analysis (Additional file  1: Table  S4). Con-
sistent with the PCR results, only IS5 or ISKox3 were 
identified in the corresponding genes of the CPS locus, 
flanked by direct repeats (DRs) (TTAG for IS5, ATT TGT 
AA or ATG CGA AAG for ISKox3) (Fig. 2b–d). No other 
IS or mutations were found in the CPS locus of the three 
sequenced strains, and no IS insertions were detected 
outside of the CPS locus when compared to the wild-type 
strain. Furthermore, we conducted a genomic analysis 
of the other strains that did not exhibit differing colony 
phenotypes (Additional file  1: Table  S2). Notably, these 
strains lack IS5 and ISKox3, which highlights the poten-
tial role of these elements in capsular phase variation.

To confirm that the insertion of IS5 into wcaJ leads to 
NM-T colony formation, we restored the wild-type wcaJ 
gene in the wcaJ::IS5 mutant and observed the reap-
pearance of M–O colonies in the complemented strain. 
Additionally, we investigated the cause of CPS loss in 
the low-frequency CPS loss strain NK10012. PCR and 
sequencing results identified frameshift mutations in the 

wcaJ gene in 14 of the 23 NM-T colonies, and the inser-
tion of IS102 in wcaJ was found in one colony (Addi-
tional file 1: Table S5). These results indicate that IS5 and 
ISKox3-mediated inactivation of CPS synthesis genes 
leads to a high frequency of CPS loss.

IS elements in the carbapenem resistance plasmid driving 
genomic evolution
To elucidate the source of the IS5 and ISKox3 elements 
responsible for capsule inactivation in NK01067, we con-
ducted a tracing analysis. We discovered that the IncX3-
type plasmid, designated pNK01067-NDM- 1, which 
carries the blaNDM-1 gene, also harbors both IS5 and 
ISKox3 (Additional file 2: Fig. S1). Additionally, IS5 was 
identified downstream of the proteasome-type protease 
gene on the chromosome. We analyzed 1791 complete 
genomes of K. pneumoniae and found that IS5 was not 
detected downstream of the proteasome-type protease 
gene in any of these genomes, suggesting that the chro-
mosomal IS5 in strain NK01067 likely originates from the 
plasmid. Among these genomes, 196 strains (11%) har-
bored IS5 (Additional file 1: Table S6). Of these, 71 strains 
had IS5 located on the chromosome, while 167 strains 
carried it on plasmids, with 42 strains containing IS5 

Fig. 2 IS-mediated high-frequency inactivation of the CPS locus in NK01067 strain. a Proportion of NM-T colonies resulting from the inactivation 
of three genes—wcaJ, wza, and wzc—mediated by IS5 and ISKox3 elements. Sequence alignment of the K-loci between the wild type and mutants: 
b wcaJ::IS5, c wza::ISKox3, d wzc::IS5. IS elements are depicted in red. Direct repeats flanking IS elements are shown: 4 bp for IS5 and 8 bp for ISKox3 
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on both plasmids and chromosomes. Among the plas-
mid-associated strains, 95 (48.5%) had IS5 on blaNDM-
carrying plasmids, and 75.8% (72/95) of these plasmids 
co-harbored ISKox3. The majority of the blaNDM-carrying 
plasmids were of the IncX3 type, accounting for 65.3% 
(62/95). Additionally, we identified IS5 insertions within 
the capsule loci in 6 strains (3.1%) (Additional file  1: 
Table S6).

Furthermore, we analyzed the distribution of IS5 and 
ISKox3 across 285,417 bacterial genomes from 471 
pathogenic species available in public databases (Global 
Catalogue of Microorganisms). IS5 was identified in 
8204 genomes from 49 pathogenic species, with E. coli 
accounting for the majority at 60.2% (4938/8204) and 
K. pneumoniae as the second most prevalent at 13.4% 
(1100/8204). The earliest identification of IS5 in E. coli 
dates back to 1922 (with strains isolated from 1884 to 
2022), and in K. pneumoniae to 2000 (with strains iso-
lated from 1900 to 2022) (Additional file  2: Fig. S2a 
and Additional file  1: Table  S7). ISKox3 was identified 
in 3867 genomes from 29 species, with E. coli account-
ing for 46.5% (1796/3867) and K. pneumoniae for 14.3% 
(553/3867). The earliest identification of ISKox3 in Enter-
obacter hormaechei dates back to 1929 (strains isolated 
from 1929 to 2023), and in K. pneumoniae to 2001 (Addi-
tional file  2: Fig. S2b and Additional file  1: Table  S8). 
These data suggest that the IS5 and ISKox3 elements 
found in K. pneumoniae over the last 20 years may have 
originated from E. coli and Enterobacter hormaechei, 
likely via plasmid transfer, and have subsequently dissem-
inated rapidly within K. pneumoniae populations.

To further validate that IS elements mediated by the 
blaNDM-carrying plasmid can promote capsular phase 

variation, we selected the K. pneumoniae strain NK01144 
(ST86, KL2, O1) for further study, which did not con-
tain IS5 and ISKox3 and demonstrated low frequency 
(0.2%) of capsule loss in vitro passages for 72 h (Fig.  3a 
and Additional file 1: Table S2). The plasmid pNK01067-
NDM- 1 was introduced into the NK01144 strain via 
electroporation, and transformants were selected using 
4 mg/L meropenem. This procedure resulted in the 
NK01144 (pNK01067-NDM- 1) strain. After 72 h of 
serial passaging in  vitro, the NM-T phenotype in the 
NK01144 (pNK01067-NDM- 1) strain occupied 20.0% of 
total colonies (Fig.  3a). Thirty randomly selected NM-T 
colonies were subjected to PCR and sequencing analysis, 
revealing that 93.3% (28/30) of these colonies contained 
IS insertions in the wzy gene (encoding polysaccharide 
polymerase) [33] (Fig. 3b). Specifically, 26 colonies exhib-
ited ISKox3 insertions flanked by DR sequences ATA 
CAT AT or TTA TAA TT, while 2 colonies exhibited IS5 
insertions flanked by DR sequence TTAG (Fig. 3b). The 
blaNDM-carrying resistance plasmid not only significantly 
contributes to the dissemination of antibiotic resist-
ance but also introduces novel elements such as IS5 and 
ISKox3. These insertion sequences play a critical role in 
the inactivation of capsular polysaccharide synthesis 
genes in K. pneumoniae strains like NK01067, thereby 
driving genomic dynamics and potentially facilitating 
bacterial adaptive evolution.

IS‑mediated capsular phase variation leads to a significant 
increase in gene transfer frequencyin vitro
We hypothesize that IS-mediated capsule loss may facili-
tate plasmid transfer between strains and accelerate 
the genomic convergence of multidrug resistance and 

Fig. 3 The acquisition of plasmid pNK01067-NDM- 1 in NK01144 results in an increased frequency of IS-mediated inactivation of the CPS locus. 
a The percentage of M–O and NM-T colonies present. b Sequence alignment of the K-loci between the wild type and mutants: among the 30 
detected colonies, two were wzy::IS5 and 26 were wzy::ISKox3. IS elements are depicted in red. Direct repeats (DR) flanking IS elements are shown: 4 
bp for IS5 and 8 bp for ISKox3 
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hypervirulence in K. pneumoniae. To test this hypoth-
esis, we used wild-type (NK01067  cap+) and wcaJ::IS5 
mutant (NK01067  cap−) strains as recipients, with E. coli 
UC1937 and E. coli S17 - 1 as plasmid donors. UC1937 
harbors the conjugative plasmid R388, carrying a tri-
methoprim resistance gene, and S17 - 1 harbors the con-
jugative plasmid pK18 mobsacB, carrying a kanamycin 
resistance gene.

In conjugation experiments, the plasmid R388 was 
transferred into the wcaJ::IS5 mutant (NK01067  cap−) 
from E. coli UC1937 at an average frequency of (2.04 
± 0.37) ×  10−1, which is about 7.67  log2-fold higher than 
the transfer frequency from UC1937 to NK01067  cap+ 
(Fig. 4a). Meanwhile, the conjugation frequency of pK18 
mobsacB from E. coli S17 - 1 to NK01067  cap− was 2.49 
 log2-fold higher than to NK01067  cap+ (Fig.  4a). To 
assess the ability of K. pneumoniae to donate plasmids, 
we used wild-type and wcaJ::IS5 mutant strains carrying 
the conjugative plasmid pNK01067-NDM- 1 as donors, 
with E. coli C600 (EC600) as the recipient. The average 
conjugal transfer frequency of pNK01067-NDM- 1 from 
the wcaJ::IS5 mutant to EC600 was (1.48 ± 0.39) ×  10−1, 
which is 7.61  log2-fold higher than from the wild-type 
strain to EC600 (Fig.  4b). This indicates that IS-medi-
ated capsule locus deficiencies significantly increase 
conjugation efficiency. To further confirm the spread 
of pNK01067-NDM- 1 between hvKP strains, we used 
another hvKP strain, RJF293H  cap+, and its capsule-inac-
tivated mutant RJF293H  cap− (obtained via serial pas-
saging in LB medium), as recipients. RJF293H (ST374, 
KL2, O1) does not carry resistance plasmids but harbors 
a non-conjugative pLVPK-like plasmid (pRJF293H) car-
rying canonical virulence determinants, including rmpA, 
iro, and iuc [10]. Using NK01067  cap+ and wcaJ::IS5 
mutant (NK01067  cap−) strains as donors, we found that 
the conjugal transfer of pNK01067-NDM- 1 occurred 
only when both the donor (NK01067  cap−) and the recip-
ient (RJF293H  cap−) lacked capsules, albeit with a low 
average conjugation frequency of (4.17 ± 3.62) ×  10−8. 
Conjugation failed if either strain retained its capsule 
(Fig. 4b). These results are consistent with a recent study, 
which suggests that capsule type and volume account for 
most of the variation in the conjugation efficiency of K. 
pneumoniae [34].

To investigate whether pNK01067-NDM- 1 could 
facilitate the transfer of the virulence plasmid pRJF293H, 
we used the Km-marked virulence plasmid host strain 
RJF293HK  cap− with or without pNK01067-NDM- 1 as 
donors, with EC600 as the recipient strain. The virulence 
plasmid was detected in the conjugates when RJF293HK 
 cap− carrying pNK01067-NDM- 1 was used as the donor, 
albeit at a low average frequency of (2.32 ± 1.17) ×  10−7 
(Fig.  4c). Transfer of the virulence plasmid was always 

accompanied by co-conjugation of pNK01067-NDM- 
1. Conversely, no transfer of the virulence plasmid was 
observed when RJF293HK  cap− without pNK01067-
NDM- 1 was used as the donor (Fig. 4c).

In addition to increased conjugation frequency, the 
IS-mediated capsule inactivation mutant exhibited 
enhanced fitness, with better growth and increased 
biofilm production in  vitro compared to the wild-type 
parent (Additional file  2: Fig. S3a–b). This aligns with 
previous reports of non-capsulated clones having sig-
nificant fitness advantages in well-mixed, nutrient-rich 
environments [11, 35]. IS derived from the pNK01067-
NDM- 1 plasmid appears to promote capsule loss, thus 
enhancing fitness and competitiveness in vitro.

Restoration of hypervirulence through loss of IS in capsule 
lociin vivo
Our previous study demonstrated that K. pneumoniae 
can persistently colonize the human intestine [36], while 
other studies suggest that capsule loss impairs gut colo-
nization [37, 38]. IS elements encode transposases that 
excise them from the genome by cleaving DNA at their 
junctions. This raises the question of what happens 
when capsule-deficient mutants, resulting from IS inser-
tion, colonize the gut. Specifically, could the IS5 element 
excise itself from the capsule gene and restore capsule 
production, thereby enhancing colonization?

To explore this, we constructed a long-term intesti-
nal colonization model using nine 6–8-week-old SPF 
BALB/c mice, inoculated intragastrically with a dose of 
1 ×  108 c.f.u. of the NK01067 wcaJ::IS5 mutant strain. The 
body weight of these mice showed an increasing trend 
consistent with the uninfected group (Fig. 5a). Fecal sam-
ples were collected at various time points (2, 6, 13, and 
28 days post-infection) to detect intestinal colonization 
loads of K. pneumoniae. NM-T colonies were found in all 
samples on 2, 6, and 13 days post-infection (dpi). At 28 
dpi, the colony phenotype changed, and M–O colonies 
were detected in samples from three mice (Fig. 5b). DNA 
sequencing of M–O colonies from these three mice dem-
onstrated the excision of the IS5 element from the wcaJ 
gene, resulting in the complete reversion to the wild-
type coding sequence in a scarless manner. Using the 
wcaJ::IS5 genome as a reference, SNP analysis identified 
three revertants with a limited number of SNPs (11, 19, 
and 11 SNPs). These SNPs were localized to two regions: 
(1) 11 SNPs located within 25 bp downstream of the 
tRNA-Tyr gene and (2) 8 SNPs in the terminal region of 
the lamB gene (Additional file 1: Table S9). This suggests 
that these colonies are indeed derived from the wcaJ::IS5 
strain. Furthermore, among the nine mice colonized with 
the wcaJ::IS5 mutant, the intestinal colonization loads of 
K. pneumoniae in the three mice that isolated revertants 
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Fig. 4 Conjugation frequency of plasmids. a Conjugation frequencies of plasmids pK18 mobsacB and R388 using NK01067 wild type (WT) 
and NK01067 wcaJ::IS5 mutant as recipients, with S17 - 1 and UB1637 as donors. b Conjugation frequencies of plasmid pNK01067-NDM- 1 with WT 
and wcaJ::IS5 mutant as donors, and EC600, RJF293H  cap+ (WT), and RJF293H  cap− (transparent strain after passage in LB medium) as recipients. 
c Conjugation frequencies of the virulence plasmid pRJF293H with kanamycin resistance gene: RJF293HK  cap− (pRJF293H-KmR) and RJF293H 
 cap− (pRJF293H-KmR, pNK01067-NDM- 1) as donors, with EC600 as the recipient. Each experiment was performed with at least five independent 
biological replicates. ***, p < 0.001; ****, p < 0.0001; ND, not detected
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ranged from 3.0 ×  106 to 8.5 ×  106 c.f.u.. In contrast, 
among the six mice that did not isolate revertants, two 
had NK01067 wcaJ::IS5 loads below the detection limit, 
while the remaining four exhibited loads ranging from 
1.0 ×  104 to 2.0 ×  105 c.f.u. (Fig.  5c). This suggests that 
the loss of IS and subsequent restoration of the capsule 
benefits gut colonization. A long-term experiment with 
wild-type NK01067 in the mouse gut also demonstrated 
that no capsule loss strains were detected over 20 days, 
further supporting the role of the capsule in intestinal 
colonization (Additional file 2: Fig. S4a–c).

Consistent with this, the wcaJ::IS5 revertant restored 
to wild-type levels of mucoid phenotype, capsule pro-
duction, growth, and biofilm production (Additional 
file 2: Fig. S3a–d). To examine the virulence of the rever-
tant, an intragastric infection model was established, 
challenging mice with a dose of 5 ×  107 c.f.u. wide-type 
strain, the complementation strain (wcaJ::IS5/wcaJ), the 
wcaJ::IS5 revertant, and wcaJ::IS5 mutant strains were 
inoculated into mice separately. Additionally, K. pneu-
moniae ATCC 43816, which has been used extensively 
to model the K. pneumoniae-associated disease state in 

Fig. 5 Restoration of hypervirulence through loss of IS in capsule loci in vivo. a Body weight change in mice infected with the wcaJ::IS5 mutant 
(n = 9 mice, individual measurements taken at different time points). b Colony phenotypes of NK01067 wild type, wcaJ::IS5 mutant, and in vivo 
capsule-reverted strain (revertant) on Simmons citrate agar with 1% inositol (SCAI). c Fecal loads in 9 mice infected with the wcaJ::IS5 mutant. 
Colonization levels in 3 mice with detectable revertant colonies (red) were compared to those in 6 mice without detectable revertant colonies 
(blue). For each mouse, 2–3 pellets were collected each time, and each sample underwent a single effective dilution and colony count. For samples 
below the detection limit, triplicate counts were conducted to ensure accuracy. The dashed line represents the detection limit (5 ×  103 c.f.u./g). 
d Survival curve for mice infected with NK01067 wild type, wcaJ::IS5 mutant, wcaJ::IS5 in situ complemented strain (wcaJ::IS5/wcaJ), revertant, 
and ATCC43816. Each experimental group consisted of 6 mice. Error bars represent the standard error of the mean. **, p < 0.01; ns, not significant
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mice, was included as a control [37, 39]. The wild-type 
strain, complementation strain, and wcaJ::IS5 revertant 
each caused ≥ 50% mortality within 12 dpi, while ATCC 
43816 resulted in approximately 33% mortality within the 
same period (Fig.  5d). In contrast, the wcaJ::IS5 mutant 
exhibited significantly reduced virulence, with no mor-
tality observed within 12 dpi. These results indicate that 
the excision of IS5 from the capsule loci can restore cap-
sule production in vivo, thereby enhancing the gut colo-
nization and virulence of K. pneumoniae. IS elements 
confer remarkable flexibility in the dynamic relationship 
between capsule loss and restoration, which may signifi-
cantly enhance the adaptability of K. pneumoniae across 
diverse host environments.

Discussion
IS elements have long been considered selfish mobile 
genetic elements that primarily encode transposase for 
their own proliferation [40, 41]. Recent studies, however, 
have uncovered novel roles for IS elements as mecha-
nisms to cope with external stress, which can trigger 
their transposition, leading to adaptive mutations and 
shaping bacterial evolution [42]. In this study, we dem-
onstrated that IS elements mediate the ecological adap-
tive evolution (Fig. 6). Specifically, we show that IS5 and 
ISKox3 elements, likely originating from Escherichia coli 
and Enterobacter hormaechei, are transferred into K. 
pneumoniae via blaNDM-1 plasmids and frequently insert 
into the CPS loci under LB culture conditions. In these 
nutrient-rich conditions, the loss of capsule production 

confers a significant fitness advantage by reducing the 
metabolic burden associated with capsule biosynthesis, 
consistent with previous studies [11, 26]. Importantly, 
the reversible nature of IS insertion and excision enables 
a “bet-hedging” strategy, wherein K. pneumoniae can 
alternate between two phenotypic states: (1) capsule-on 
states for immune evasion in host environments and (2) 
capsule-off states that optimize conjugation efficiency, 
horizontal gene transfer, and biofilm formation. This 
capacity for dynamic adaptation allows K. pneumoniae to 
balance competing demands for virulence maintenance, 
resistance acquisition, and environmental fitness across 
diverse ecological niches. The capsule, while essential for 
overcoming host immunity and microbial competition 
in vivo [37, 38], may be suppressed in specific niches such 
as the urinary tract, where biofilm formation becomes a 
priority for persistent colonization [2]. However, further 
research is needed to investigate the precise spatiotem-
poral regulation of capsule phase variation during infec-
tion, which could reveal additional layers of complexity in 
the pathogen’s adaptation.

Since the first report of hypervirulent carbapenem-
resistant K. pneumoniae (hv-CRKP) in 2018, there has 
been a growing body of literature documenting the con-
vergence of virulence and resistance in K. pneumoniae, 
including hypervirulent strains acquiring resistance 
plasmids and drug-resistant clones obtaining virulence 
plasmids [2, 9, 43]. Our study provides critical mechanis-
tic insights into the genomic convergence of multidrug 
resistance and hypervirulence in these pathogens. We 

Fig. 6 Overview of ISs accelerate genomic convergence of multidrug resistance and hypervirulence in K. pneumoniae. IS elements carried 
by carbapenem-resistant plasmids accelerate capsule inactivation, thereby enhancing plasmid exchange capabilities and promoting the prevalence 
of hypervirulence and multidrug-resistant K. pneumoniae. Through reciprocal plasmid exchange, IS elements rapidly spread and accumulate 
within the strain. Additionally, IS elements can self-excise in vivo, restoring CPS synthesis, and enhancing adaptability and virulence within the host
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demonstrate that IS element-mediated capsule inactiva-
tion significantly enhances interbacterial plasmid trans-
fer by removing the physical barrier to conjugation [34], 
thereby facilitating the horizontal dissemination of resist-
ance and virulence determinants. While previous stud-
ies established that IncF plasmids can mediate virulence 
plasmid co-transfer through a piggyback mechanism, our 
work reveals that IncX3-type plasmids similarly promote 
this process [10]. These findings point to IS-mediated 
capsular phase variation as a potential mechanism pro-
moting the genomic convergence of multidrug resistance 
and hypervirulence in K. pneumoniae.

Conclusions
Our study demonstrates that plasmid-derived IS mediate 
dynamic capsule phase variation in CR-hvKP, acting as a 
genetic switch between (i) an encapsulated, virulent state 
that facilitates immune evasion and (ii) a non-encapsu-
lated state that enhances horizontal plasmid transfer and 
biofilm formation. This bistable regulatory mechanism 
provides a plausible explanation for the rapid genomic 
convergence of virulence and resistance traits in CR-
hvKP, an emerging and urgent public health threat.
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