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A B S T R A C T   

The emergence of hypervirulent Klebsiella pneumoniae (hvKp) poses a great threat to human health, while 
tigecycline provides an important guarantee for the treatment of MDR-hvKp infections. Currently, prevalence of 
tet(X4)-positive hvKp in animal origin remains unknown. Six tet(X4)-positive K. pneumoniae isolates were isolated 
from pork samples in China. Notably, one of them was identified as a hvKp isolate. This isolate has a hyper-
mucoviscous and a hypervirulent phenotype according to string test and mouse infection model. The tet(X4) gene 
in six K. pneumoniae isolates was located on an IncFII(pCRY) plasmid. Interestingly, the backbone structure of 
IncFII(pCRY) tet(X4)-positive plasmid was similar to that of blaKPC-2-positive plasmid in hvKp. Besides, this IncFII 
(pCRY) plasmid can be transferred into E. coli and ST11 hvKp, and does not incur a significant fitness cost, and is 
able to persist stably. A novel tet(X4) core genetic environment (abh-tet(X4)-IS102-1-ISCR2) was found on the 
plasmid. To the best of our knowledge, this is the first report of tet(X4)-positive hvKp in animals. Our findings 
highlight the urgent need for further global surveillance of tet(X4)-positive hvKp in clinical and animal farming 
settings with the One Health approach.   

1. Introduction 

Klebsiella pneumoniae is an opportunistic pathogen capable of 
infecting humans and animals, and can lead to bloodstream infections, 
sepsis and pneumonia in severe cases (Dong, Yang, Chan, Zhang, & 
Chen, 2022). The K. pneumoniae strains are often capable of causing 
infections in immunodeficient patients, and are able to acquire foreign 
antibiotic resistance genes and virulence factors, which have now 
become a significant global public health concern (Villa et al., 2017). 
The two clinically harmful K. pneumoniae are multidrug-resistant car-
bapenem-resistant K. pneumoniae (CRKP) and hvKp (Chen & Kreiswirth, 
2018). The hvKp was first identified in an abscess patient in the 1980s 
and is often linked to high morbidity and mortality rate (Shon, Bajwa, & 
Russo, 2013). hvKp is an evolved K. pneumoniae that is highly virulent 

and can be widespread in many parts of the world, mainly causing 
community infections (Russo & Marr, 2019). The hvKp is prevalent 
mainly in communities and is generally not considered to be associated 
with K. pneumoniae of animal origin, which has led to a lack of knowl-
edge of hvKp of animal origin. 

MDR-hvKp is a novel type of K. pneumoniae that evolved in recent 
years, which can carry resistance genes conferring resistance to a variety 
of clinically important antibiotics while showing hypervirulent, greatly 
limiting the choice of clinical medication (Marr & Russo, 2019). Among 
MDR-hvKp, carbapenem-resistant hypervirulent K. pneumoniae 
(CR-hvKp) poses the greatest threat to clinical treatment. 
Carbapenem-resistant and hypervirulence-associated phenotypes usu-
ally do not emerge in the same K. pneumoniae. In recent years, CR-hvKp 
isolates have increasingly emerged in the clinic, causing bacteremia and 

* Corresponding author. Institute of Comparative Medicine, College of Veterinary Medicine, Yangzhou University, China. 
E-mail address: rchl88@yzu.edu.cn (R. Li).   

1 These two authors contributed to this work equally. 

Contents lists available at ScienceDirect 

LWT 

journal homepage: www.elsevier.com/locate/lwt 

https://doi.org/10.1016/j.lwt.2022.114280 
Received 29 October 2022; Received in revised form 5 December 2022; Accepted 6 December 2022   

mailto:rchl88@yzu.edu.cn
www.sciencedirect.com/science/journal/00236438
https://www.elsevier.com/locate/lwt
https://doi.org/10.1016/j.lwt.2022.114280
https://doi.org/10.1016/j.lwt.2022.114280
https://doi.org/10.1016/j.lwt.2022.114280
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lwt.2022.114280&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


LWT 173 (2023) 114280

2

even death in patients. ST11 CR-hvKp is the most prevalent CR-hvKp in 
Asia (Gu et al., 2018). CR-hvKp is detected at a high rate in China, while 
ST11 is considered to be the most transmissible clone leading to the 
increasing prevalence of carbapenem-resistant K. pneumoniae in China. 

Tigecycline, as a clinically important antibiotic, provides a strong 
line of defense against infections caused by hvKp (Sun et al., 2020). 
However, in 2019, Chinese scientists discovered the plasmid-mediated 
tigecycline resistance genes tet(X3) and tet(X4) in humans as well as 
animals, which are able to mediate the high-level tigecycline resistance 
phenotype in pathogens (He et al., 2019; Sun et al., 2019). Subsequently, 
multiple tet(X) variants have been reported successively in humans and 
animals (Chen et al., 2020; Cheng, Chen, et al., 2020; Li et al., 2022; Zhai 
et al., 2022). Among which, tet(X4) is the most prevalent variant. 
Currently, the tet(X4) gene has been isolated from human, animal, pork, 
chicken, environmental, migratory bird and vegetable samples (Kurekci 
et al., 2022; Li, Li, et al., 2021; Li, Wang, et al., 2021; Mohsin et al., 
2021; Zhai et al., 2022). Although tigecycline resistant K. pneumoniae 
has been reported, most of them are due to mutations in genes such as 
tmexCD1-toprJ1, ramR, soxR, oqxR, rpsJ and tet(A) (Chiu et al., 2017; 
Peng et al., 2021). Among them, the plasmid-borne RND family multi-
drug efflux pump gene cluster tmexCD1-toprJ1 is the main cause of high 
resistance of K. pneumoniae to tigecycline. However, the recent discov-
ery of K. pneumoniae carrying tet(X4) in human and animal-derived food 
samples has raised concerns (Li, Li et al., 2021; Zhai et al., 2022). 
Currently, there are no reports on tet(X4)-positive hvKp globally. In the 
present study, we performed molecular and genomics studies on a tet 
(X4)-positive hvKp strain from pork for the first time, highlighting the 
emerging public health concern caused by such novel pathogens. 

2. Methods 

2.1. Bacterial isolates 

In 2020, a total of 64 pork samples were collected from multiple 
markets in Jiangsu Province, China. We transported the pork samples in 
ice boxes for further processing. Then the samples were cultured in LB 
broth containing tigecycline (4 mg/L) for 6 h at 37 ◦C. Tigecycline 
resistant isolates were then selected on MacConkey agar plates con-
taining 4 mg/L tigecycline. Bacterial species identifications of purified 
isolates were performed using the 16S rRNA gene sequencing. The tet 
(X4) gene was determined by PCR with reported primers (He et al., 
2019). The tet(X4)-positive K. pneumoniae were stored in LB broth con-
taining 20% glycerol at − 80 ◦C for investigation. 

2.2. Antimicrobial susceptibility testing 

The minimum inhibitory concentrations (MICs) of all tet(X4)-positive 
K. pneumoniae isolates were determined by broth microdilution and 
E. coli ATCC 25922 was used as the quality control. A total of 12 anti-
biotics were tested including tigecycline, meropenem, streptomycin, 
colistin, tetracycline, chloramphenicol, ciprofloxacin, aureomycin, 
florfenicol, ceftiofur, minocycline and aztreonam. For tigecycline, the 
resistance breakpoint was interpreted according to EUCAST criteria 
(>0.5 mg/L, EUCAST V12.0) and for the remaining antibiotics accord-
ing to CLSI guidelines (CLSI, 2018). 

2.3. Conjugation experiments 

In order to investigate whether the tet(X4)-positive plasmids can 
spread in clinical hvKp and E. coli, we conducted conjugation experi-
ments. In conjugation assays, the transferability of the tet(X4) gene in 
K. pneumoniae isolates was tested using E. coli C600 (rifampicin-resis-
tant, RifR) and ST11 CR-hvKp KP267 (meropenem-resistant) as the 
recipient strain (Riste, Hobden, Pollard, & Scriven, 2018). Trans-
conjugants were selected on MacConkey agar plates supplemented with 
4 mg/L tigecycline and 300 mg/L rifampin, or 4 mg/L tigecycline and 2 

mg/L meropenem. For the subsequent confirmation of tet(X4) in trans-
conjugants, PCR was performed. For tet(X4)-positive plasmids carried in 
the isolates that could not be transferred by conjugation experiment, 
electroporation experiments were performed. Electroporation condi-
tions were set to 200 Ω, 1.8 kV, and 25 μF. The transformants were 
selected on LB agar plates containing 2 mg/L tigecycline. 

2.4. Whole genome sequencing 

The WGS was performed on all K. pneumoniae isolates that carried tet 
(X4). Briefly, the genomes were extracted using the FastPure bacterial 
DNA isolation mini kit (catalog no. DC103; Vazyme) and electro-
phoresed using 1% (wt/vol) agarose gels. Then the DNA samples were 
quantified using the Qubit 4 Fluorometer and Nanodrop. The Illumina 
Hiseq2500 platform was utilized to generate short-read sequencing data 
with the 2 × 150bp strategy. SPAdes version 3.13.0 was used to 
construct the draft genomes (Bankevich et al., 2012). Representative 
isolates were sequenced using QitanTech Nanopore long-read 
sequencing (Peng et al., 2022), and Unicycler version 0.4.8 (Wick, 
Judd, Gorrie, & Holt, 2017) was used to generate complete genomes and 
determine the genetic environment and location of tet(X4) by bioinfor-
matics analysis. 

2.5. Bioinformatics analysis 

The genome sequences were annotated by using RAST (Overbeek 
et al., 2014). PlasmidFinder, ResFinder, and ISfinder were utilized to 
analyze plasmid replicon types, antibiotic resistance genes, and inser-
tion sequences (Bortolaia et al., 2020; Carattoli et al., 2014; Siguier, 
Perochon, Lestrade, Mahillon, & Chandler, 2006). Virulence genes were 
determined using the Kleborate (https://github.com/katholt/Klebo 
rate). For the remaining tet(X4)-positive isolates with only Illumina 
sequencing data, we mapped the draft genome assemblies against the 
reference complete circular plasmids obtained by Nanopore sequencing 
to infer their plasmid types and structures unequivocally. Easyfig and 
BRIG were used to display plasmid comparison maps (Alikhan, Petty, 
Ben Zakour, & Beatson, 2011; Sullivan, Petty, & Beatson, 2011). To 
determine whether ISCR2 on both sides of tet(X4) can form circular in-
termediate, inverse PCR assays were conducted using outward-facing 
primers X–F 5ʹ-TGTTTCACTCGGTTTATTCTC-3ʹ and X-R 5ʹ-GATTGG-
GACGAACGCTAC-3ʹ for the circular intermediate harboring tet(X4), 
then confirmed by Sanger sequencing. Multilocus sequence typing 
(MLST) of tet(X4)-positive K. pneumoniae isolates were determined using 
the mlst tool (Carattoli & Hasman, 2020). To explore the evolutionary 
relationship of tet(X4)-positive K. pneumoniae between this study and 
other isolates collected from NCBI database, all the tet(X4)-positive 
K. pneumonia isolates were retrieved and downloaded from the NCBI 
Pathogen detection database. The isolates were retrieved with the 
search criteria ‘AMR_genotypes: tetX*’ and ‘Organism_group: Klebsiella 
pneumoniae’ as of April 2022. Roary and FastTree were used to construct 
a phylogenetic tree based on the single nucleotide polymorphisms 
(SNPs) in core genomes of K. pneumoniae (Page et al., 2015; Price, Dehal, 
& Arkin, 2009). The phylogenetic tree was visualized using iTOL 
(Letunic & Bork, 2021). 

2.6. Growth curves of tet(X4)-positive isolates 

To investigate the fitness cost of tet(X4)-positive plasmid, growth 
curves for the C600, KP267, transformant KP267-tetX and trans-
conjugant CYZ-58 were measured in 96-well flat-bottom plates. 200 mL 
of each culture were then added in triplicate to 96-well flat-bottom 
plates to incubate and measure OD600 every 1 h. The assay was per-
formed in triplicate and repeated three times independently. 
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2.7. Competition test of tet(X4)-positive transconjugant and transformant 

Overnight cultures of C600, KP267, KP267-tetX and CYZ-58 were 
diluted 1:1000 in LB broth and mixed at 1:1 ratio. This mixture was then 
incubated at 37 ◦C for 3 days and diluted 1:100 in new LB broth every 
24 h. The mixed cultures were applied to blank LB agar and LB agar 
containing 4 g/L tigecycline to count the colony numbers. Each exper-
iment was set in three parallel. The formula Wt = ln (Nf, R/Ni,R)/ln (Nf,S/ 
Ni,S) was used to calculate the relative fitness (DelaFuente, 
Rodriguez-Beltran, & San Millan, 2020). 

2.8. Stability of tet(X4) and tet(X4)-positive plasmid in transconjugant 
and transformant 

To evaluate the stability of tet(X4) and tet(X4)-positive plasmid in 
transconjugant and transformant, serial passages of CYZ-58 and KP267- 
tetX were performed as follows: Strain CYZ-58 and KP267-tetX were 
grown on LB agar overnight, then single clones were randomly selected 
to passage for 15 days in LB broth medium without antibiotic pressure. 
Passages were performed every 12 h. 48 clones of 30th passages were 
recovered separately, and the presence of plasmid replicon and tet(X4) 
among them was validated by PCR. 

2.9. String test 

According to the results of WGS, isolate YZ-58 carried the rmpA gene 
was cultured on agar plates supplemented with 5% sheep blood and 
incubated at 37 ◦C overnight. The string test was defined as positive 
when the viscous string was greater than 5 mm in length formed by 
stretching a single colony using disposable inoculation loops. Each 
experiment was repeated in triplicate to assess the consistency of the 
data. 

2.10. Mouse infection model 

The murine lethality assay served to evaluate the virulence of rmpA- 
positive strain YZ-58. A ST11 CR-hvKp strain KP267 (hypervirulence 
control) and a ST1 K. pneumoniae strain KP18-208 (low virulence con-
trol) were used as control strains (Qin et al., 2020; Yao, Qin, Chen, Shen, 
& Du, 2018). These BALB/c mice (average approximately 20 g, 5 weeks) 
in each group were infected intravenously with inocula of 5 × 105 and 5 
× 106 CFU of YZ-58 tested in 0.1 mL 1 × PBS, as previously described 
(Yang, Wai-Chi Chan, Zhang, & Chen, 2019). Survival of the mice was 
recorded daily for five days and survival curves were plotted using the 
Kaplan-Meier method. All animal experiments were approved by the 
Animal Ethics Committee of Key Laboratory of Advanced Drug Prepa-
ration Technologies (Ministry of Education). 

2.11. Statistical analysis 

GraphPad Prism version 8.3.0 statistics software was used for sta-
tistical analysis. Results were considered significant with p < 0.05. 

3. Results 

3.1. Emergence of the tet(X4)-positive K. pneumoniae of food origin 

In total, 103 tet(X4)-positive isolates were isolated from 62 pork 
samples, including 95 E. coli, 6 K. pneumoniae and 2 Citrobacter freundii. 
The result of MICs showed that these K. pneumoniae isolates were all 
resistant to tigecycline and other tetracyclines (tetracycline and aureo-
mycin) (Table S1). Besides, the isolates also showed resistance to flor-
fenicol and chloramphenicol. However, they were all susceptible to 
colistin and meropenem. According to WGS analysis, the tet(X4)-positive 
K. pneumoniae isolates contained multiple antibiotic resistance genes 
(11–20). Apart from tet(X4), other important genes that confer 

resistance to β-lactam (blaTEM-1, 3/6), phenicols (floR, 6/6), sulfon-
amides (sul2, 5/6) and tetracyclines [tet(A), 6/6] were also found in 
K. pneumoniae isolates. 

3.2. Phylogenetic analysis 

In order to better understand the evolutionary relationship of these 
tet(X)-positive K. pneumonia isolates, we built a phylogenetic tree of the 
eighteen tet(X)-positive K. pneumonia isolates (six isolates in this study 
and another twelve K. pneumoniae isolates in the NCBI database) and 
five ST5 tet(X)-negative K. pneumoniae isolates (Table S2). According to 
the phylogenetic analysis (Fig. 1), the 23 K. pneumoniae isolates from 
different hosts (human, pork and swine) were mainly grouped into two 
clusters. Among the tet(X)-positive K. pneumoniae, the majority was 
distributed in pig source samples (11/18), and seven tet(X)-positive 
K. pneumoniae were distributed in human samples. The STs distribution 
were more diverse and there was no obvious dominant ST. In addition, 
we noted that although tet(X)-positive K. pneumoniae was found in four 
countries, more than half (11/18) were located in China. Notably, the tet 
(X)-positive isolate YZ-58 in this study shares high similarity (19–76 
SNPs) with tet(X)-negative ST5 K. pneumoniae isolated from multiple 
countries, including China, and there is a possibility of clonal 
transmission. 

3.3. Virulence phenotype and genotype 

Virulence analysis showed that only the isolate YZ-58 carried a va-
riety of important virulence genes considered to be hvKp biomarkers, 
including rmpA (regulates the production of mucoid phenotype), iuc 
(aerobactin production) and iro (salmochelin biosynthesis). Besides, 
genome alignment indicated that the virulence gene iroBCDN and rmpA 
were located in ICEkp1 of ~76 kb in size. Further analysis showed that 
ICEkp1 carrying the virulence genes was inserted into the chromosome 
and resulted in the formation of an incomplete direct repeat of 21 bp on 
each side of the insertion site (Fig. 2A). It has previously been shown 
that ICEkp1 carrying virulence factors is able to form a circular structure 
and integrate into the chromosomes of other isolates (Lin, Lee, Hsieh, 
Tsai, & Wang, 2008). This result suggests that the formation of this tet 
(X4)-positive hvKp may be due to the acquisition of ICEkp1 carrying 
virulence factors and IncFII(pCRY) type plasmids carrying tet(X4) by 
cKp. 

Isolate YZ-58 produced a >5 mm viscous string according to the 
string test, indicated that it has a hypermucoviscous phenotype (Fig. S1). 
To further assess the virulence level of YZ-58, a mouse virulence infec-
tion model was established for virulence evaluation (Fig. 2B). Infections 
of mice with 5 × 105 CFU of isolates KP267 and YZ-58 led to 100 and 
80% mortality at 12 and 36 h, respectively, whereas 0% mortality was 
recorded for the cKp strain KP18-208. On being infected at an inoculum 
of 5 × 106 CFU, survival of mice was 0% at 12 and 36 h for the hvKp 
strain KP267 and YZ-58 respectively. 100% survival was recorded for 
the low virulence control strain KP18-208. 

3.4. Location and genetic contexts of tet(X4) 

Long-read sequencing data showed that the tet(X4) gene of YZ-58 
was located on the IncFII(pCRY) plasmid pYZ-58-tetX (Fig. 3A). 
Plasmid pYZ-58-tetX was 79 kb in size with an average GC content of 
52.9%. Online BLASTn analysis showed that plasmid pYZ-58-tetX was 
most similar (100% nucleotide identity at 98% coverage) to the online 
plasmids pNTT31XS-tetX4 (CP077430) found in K. aerogenes. In addi-
tion to plasmid pNTT31XS-tetX4, we found that pYZ-58-tetX shares high 
similarity (99.99% nucleotide identity at 86% coverage) with the 
backbone structure of KPC-positive plasmid pS234-2 (CP102188) found 
in K. pneumoniae. In addition, the plasmid contains a type IV secretion 
system gene cluster containing different tra genes. Except for isolate YZ- 
58, the tet(X4) gene in other K. pneumoniae in this study were all located 
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on IncFII(pCRY) plasmids. The plasmid backbone structure carrying tet 
(X4) in these isolates showed high similarity to pYZ-58-tetX (Fig. S2). 
These IncFII(pCRY) plasmids can be transferred into E. coli C600 and 
ST11 CR-hvKp KP267. The results of passage test showed that tet(X4) 
and tet(X4)-positive plasmid could be stable in CYZ-58 (48/48) and 
KP267-tetX (48/48) even in the absence of external tigecycline pressure. 

The core genetic environments of tet(X4) can be mainly divided into 
two categories (Fig. 3B). In addition to isolate KP-58, the genetic envi-
ronment of tet(X4) in other K. pneumoniae in this study was abh-tet(X4)- 
ISCR2. Notably, unlike previous reports, the tet(X4) gene on plasmid 
pKP-58-tetX has a new core genetic environment of abh-tet(X4)-IS102-1- 
ISCR2. The structure can form the circular intermediate (abh-tet(X4)- 

Fig. 1. Phylogenetic tree of 18 tet(X)-positive K. pneumoniae isolates and 5 ST5 K. pneumoniae isolates. 18 tet(X)-positive K. pneumoniae including the 6 tet(X)- 
positive K. pneumoniae isolates collected in this study together with 12 publicly available draft genomes of tet(X)-positive K. pneumoniae from different hosts and 
countries. All the ST5 K. pneumoniae isolates in NCBI database were downloaded for phylogenetic analysis. Resistance genes and virulence genes are represented by 
squares, with solid squares indicate presence, hollow squares indicate absence. 

Fig. 2. Genomic anlaysis of virulence-encoding region and in vivo virulence analysis of tet(X4)-positive Klebsiella pneumoniae YZ-58. (A) Alignment of 
virulence-encoding region carried by YZ-58, ICEkp1 (AB298504) and Klebsiella pneumonia WP2–W18-ESBL-06 (AP021929). (B) Survival of outbred BALB/c mice 
were infected intravenously with 5.0 × 105 CFU and 5.0 × 106 CFU of YZ-58. 
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Fig. 3. Circular comparison of plasmids and genetic environments of tet(X4). (A) Circular comparison of tet(X4)-bearing pYZ-58-tetX with similar plasmid 
backbone structures in online database. The tet(X4)-bearing IncFII(pCRY) type plasmid pYZ-58-tetX was used as the reference in the outermost ring. (B) Different 
types of genetic environments of the tet(X4) gene observed in this study. The genetic structure (abh-tet(X4)-IS102-1-ISCR2) could form a circular intermediate. 

Fig. 4. Fitness cost of plasmid pYZ-58-tetX to C600 and KP267. (A) Growth kinetics of transconjugant CYZ-28 harboring pYZ-58-tetX and C600. (B) Growth 
kinetics of transconjugant CYZ-28 harboring pYZ-58-tetX and KP267. (C) Relative fitness of transconjugant CYZ-58 with E. coli C600. (D) Relative fitness of 
transconjugant KP267-tetX with CR-hvKp KP267. 
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IS102-1-ISCR2). 

3.5. Analysis of the fitness cost of plasmid pYZ-58-tetX to C600 and 
KP267 

NCBI BLASTn analysis showed that most of these IncFII(pCRY) 
plasmids were located in K. pneumoniae, while conjugative transfer re-
sults showed that the plasmids could be successfully transferred into 
E. coli and hvKp. We then investigated the effect of this type plasmid on 
E. coli and hvKp growth. The growth curve indicated that the growth 
rate of the transconjugant was not significantly different compared with 
that of C600 and KP267 (p > 0.05) (Fig. 4). This result suggests that the 
acquisition of the tet(X4)-positive IncFII(pCRY) plasmid has not signif-
icantly inhibit the growth of C600 and KP267. In addition, we also 
assessed the fitness cost of pYZ-58-tetX in C600 or KP267 using the most 
direct fitness evaluation method of in vitro competition assays (Dela-
Fuente et al., 2020). Competition assays showed that even if C600 and 
KP267 acquired plasmid pYZ-58-tetX, it has no significant fitness cost on 
the host strain (p > 0.05). 

4. Discussion 

In this study, we isolated tigecycline-resistant isolates in pork sam-
ples and performed a comprehensive analysis of the distribution and 
genomic characteristics of the tet(X4)-positive K. pneumoniae from this 
study and online databases. Although tet(X4)-positive K. pneumoniae has 
been reported in pork and human samples in China (Li, Li, et al., 2021; 
Zhai et al., 2022), the current worldwide prevalence of tet(X)-positive 
K. pneumoniae remains low. A total of six tet(X4)-positive K. pneumoniae 
isolates were isolated from pork in this study. Their STs are varied, and 
tet(X4) is located on the same plasmid, indicating that heritable mobile 
elements such as plasmids and insertion sequences played a critical role 
in mediating tet(X4) transmission in K. pneumoniae. It is worrying that 
the tet(X4)-positive hvKp YZ-58, isolated from the pork sample, has high 
similarity (19–76 SNPs) to K. pneumoniae of the same ST in multiple 
countries and there is a possibility of clonal transmission. To the best of 
our knowledge, this is the first identication of tet(X4)-positive hvKp 
globally. In addition, we observed that most of the ST5 isolates isolated 
from human sources also carried potential biomarkers of hypervirulence 
such as rmpA, iuc, and iro virulence factors (Russo et al., 2018), sug-
gesting that they may also have a hypervirulent phenotype. The tet(X4) 
gene carried by YZ-58 is located on the plasmid, and when these ST5 
K. pneumoniae and ST11 K. pneumoniae acquire the plasmid carrying tet 
(X4) from the outside world, it will bring great difficulties to clinical 
treatment and greatly delay the treatment process. Furthermore, emer-
gence of tet(X4)-positive hvKp in animal-derived food constitute a great 
public health concern. 

Interestingly, most of the IncFII(pCRY) type plasmid is distributed in 
K. pneumoniae and is not found in E. coli according to NCBI BLASTn 
analysis. However, according to the results of the conjugation experi-
ment, the IncFII(pCRY) tet(X4)-positive plasmid has the potential to 
spread to E. coli and ST11 hvKp, causing antibiotic resistance genes 
contamination between different bacterial genera. Besides, this IncFII 
(pCRY) plasmid was also found in K. aerogenes. These results suggest that 
this IncFII(pCRY) plasmid act as an important vector for the tet(X4) gene 
and can be transmitted to other bacteria species, rendering tigecycline 
ineffective. The widespread spread of ST11 KPC-2-producing hvKp in 
China has aroused attention (Xie et al., 2021; Xu et al., 2019). Previous 
studies have shown that the IncFII(pCRY) plasmids play an important 
role in mediating the epidemic spread of blaKPC-2 in ST11 K. pneumonia 
(Fu et al., 2019). The possibility of emergence of high-level tigecycline 
resistant tet(X4)-positive ST11 CR-hvKp should be monitored continu-
ously. Our results showed that the backbone structure of IncFII(pCRY) 
tet(X4)-positive plasmid was similar to that of blaKPC-2-positive plasmid 
located in hvKp. Besides, the tet(X4) gene can form a circular interme-
diate mediated by the insertion sequence ISCR2, which has the potential 

to integrate into IncFII(pCRY) type blaKPC-2-positive plasmid. This evi-
denced the possibility of covergence of both tet(X4) and blaKPC-2, which 
should be monitored continuously. 

Notably, the introduction of IncFII(pCRY) tet(X4)-positive plasmid 
had no significant fitness cost to E. coli or ST11 hvKp. In recent years, 
CRKP, especially CR-hvKp, has been widely spread in multi-countries, 
greatly increasing the mortality of patients (Shankar et al., 2016; 
Zhang et al., 2016). At present, most CR-hvKp are susceptible to tige-
cycline (Cheng et al., 2020; Yang et al., 2022), which remains an 
effective drug for the treatment of infections caused by CR-hvKp. Tige-
cycline, due to its good antibacterial activity and wide antibacterial 
spectrum, is the last line of defense for the treatment of clinical CRKP 
infections, especially CR-hvKp infections. However, our findings indi-
cate that the introduction of transferable IncFII(pCRY) tet(X4)-positive 
plasmid has no significant fitness cost to ST11 hvKp strain and is able to 
exist stably. The emergence of ST11 tet(X4)-positive CR-hvKp will seri-
ously threaten clinical anti-infective treatment, making clinical treat-
ment face the dilemma of no active antimicrobial available. 

Although this study identified the emergence of tet(X4)-positive 
hvKp in animals and proved that clinical hvKp could be the next bacteria 
host of tet(X4) by conjugation of plasmids adapted to K. pneumoniae, few 
limitations existed. Only one tet(X4)-positive hvKp of pork origin in local 
regions was characterized, and the prevalence of hvKp in farming ani-
mals was not investigated. Furthermore, the convergence of tet(X4) and 
blaKPC-2 in prevalent IncFII(pCRY) among clinical hvKp strains should be 
investigated by in vivo assay to evaluate the potential risk caused by 
combination of resistance and virulence genes among pathogens. 

5. Conclusion 

In summary, we performed molecular and genomics analysis on tet 
(X4)-positive K. pneumoniae isolates in this study and online database, 
and identified the emergence of tet(X4)-positive hvKp in animal-derived 
food sample. Plasmids play an important role in tet(X4) transmission in 
K. pneumoniae and can be transmitted to C600 and ST11 CR-hvKp. 
Worryingly, the tet(X4)-positive IncFII(pCRY) plasmid is similar to the 
backbone structure of blaKPC-positive plasmids, and incur low fitness 
costs on ST11 CR-hvKp. Even worse, for the first time, we found a tet 
(X4)-positive hvKp strain from the food chain that carries a variety of 
important virulence factors and may infect humans, thus further 
threatening human health. The emergence of tet(X4)-positive hvKp in 
animals may transfer to humans and limit the choice of clinical medi-
cation and elevate the mortality of infected patients. Therefore, our data 
highlight the urgent need for global epidemiological surveillance 
investigation of tet(X4)-positive K. pneumoniae, particularly tet(X4)- 
positive hvKp, of clinical, food and animal origins. 
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