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A B S T R A C T

The rapid spread of mobile tigecycline resistance presents a significant public health threat, particularly with
the increasing prevalence of tet(X4)‐positive Enterobacterales across various species. This study aimed to inves-
tigate the epidemic features and transmission dynamics of tet(X4)‐positive Klebsiella pneumoniae (K. pneumo-
niae) through the analysis of 206 raw meats, including pork (n = 182), beef (n = 16), duck (n = 5), and
chicken (n = 3). These samples were collected from schools, markets, and restaurants in Chengdu City,
China. A total of 25 isolates were obtained from 13 administrative regions. All isolates exhibited resistance
to tetracycline, tigecycline, ampicillin, chloramphenicol, and florfenicol. Over half of the isolates also demon-
strated resistance to streptomycin (80 %), sulfamethoxazole/trimethoprim (72 %), ciprofloxacin (64 %), and
ampicillin/sulbactam (56 %). Among these strains, 14 distinct sequence types (STs) were identified, revealing
evidence of inter‐regional clonal spread, notably among 9 K. pneumoniae ST3393. Phylogenetic analysis
revealed the presence of two K. pneumoniae ST5 closely resembling hypervirulent K. pneumoniae from
Jiangsu. Importantly, 12 isolates were capable of transferring tigecycline resistance to Escherichia coli J53.
Further plasmid analysis showed that the tet(X4)‐harboring plasmids in K. pneumoniae could be classified into
four types, primarily belonging to the IncFIA(HI1)/HI1A/HI1B hybrid plasmid (n = 16) and IncFII plasmid
(n = 7), which significantly contributed to the cross‐species dissemination of tet(X4). In summary, this study
highlights the prevalence of MDR tet(X4)‐positive K. pneumoniae in Chengdu, driven predominantly by clonal
expansion and plasmid‐mediated horizontal gene transfer. These findings emphasize the importance of contin-
uous surveillance of tet(X4)‐positive K. pneumoniae in raw meat and the implementation of effective measures
to control their spread.
© 2024 Chinese Medical Association Publishing House. Published by Elsevier BV. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, the global surge in multidrug resistance (MDR)
pathogens, coupled with limited advancements in developing effective
antibiotics, has led to a critical public health crisis. Tigecycline, the
first member of glycylcycline class antibacterial agents, is the 9‐t‐
butylglycylamido derivative of minocycline [1]. Specifically designed
to combat major tetracycline resistance mechanisms, including efflux
and ribosomal‐type resistance, tigecycline demonstrates broad‐
spectrum in vitro activity against both Gram‐positive and Gram‐
negative bacteria [2]. It is increasingly employed, particularly as the
last line of defense antibiotic, for treating MDR Gram‐negative bacte-
rial infections [3,4]. Despite the emergence of resistance, tigecycline
remains among the most effective drugs in clinical practice. According
to the China Antimicrobial Surveillance Network (CHINET) report in
2023, examining resistance rates in clinically significant bacteria from
2018 to 2022, Escherichia coli (E. coli), Staphylococcus aureus (S. aureus)
and Klebsiella pneumoniae (K. pneumoniae) exhibited resistance rates to
tigecycline at 0.1 %, 0.3 % and 4.0 %, respectively [5]. However, the
landscape may shift due to the rapid emergence and dissemination of
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HIGHLIGHTS

Scientific question

The widespread dissemination of the mobile tigecycline

resistance gene tet(X4) poses a significant threat to public

health, as it has been detected in multiple species of Enter-

obacterales across various sources, including animals, the

environment, animal-derived food, and humans. However,

the prevalence and spread of tet(X4) in the clinically impor-

tant pathogen Klebsiella pneumonia (K. pneumonia) have not

been well understood.

Evidence before this study

Previous research on tet(X4) primarily focused on its

presence in Escherichia coli, with only sporadic reports of

its detection in K. pneumoniae from different sources.

However, in our previous study, we have already

identified the presence of tet(X4) in clinical K. pneumoniae
obtained from the feces of hospitalized patients.

New findings

In this study, we have made new findings regarding tet(-
X4)-positive K. pneumoniae isolates. We discovered a rela-

tively high prevalence of multidrug-resistant tet(X4)-
positive K. pneumoniae isolates in schools and markets. In

addition, our investigation revealed that both clonal

spread, indicating transmission within specific K. pneumo-
niae, and horizontal transfer, referring to the transfer of

the tet(X4) gene between different strains, contribute to

the spread of tigecycline resistance. These findings high-

light the urgent need for appropriate surveillance and con-

trol measures to prevent further dissemination.

Significance of the study

This study underscores the importance of continuous

surveillance of tet(X4)-positive K. pneumoniae, particularly

in raw meat, as it can serve as a potential source of trans-

mission. These findings emphasize the necessity of imple-

menting effective measures to prevent the spread of

tet(X4)-positive K. pneumoniae and to address the associated

multidrug resistance.
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mobile tigecycline resistance genes among animals, animal‐derived
food, environments, and humans. Presently, several resistance mecha-
nisms, including tet(A) variants, tmexCD1‐toprJ1, and novel tet(X) vari-
ants, have been identified in conjugative plasmids [6–9]. While tet(A)
variants have been relatively infrequent, tmexCD1‐toprJ1 and tet(X)
variants are more commonly documented. However, tmexCD1‐toprJ1
exhibits specificity towards certain species, primarily K. pneumoniae
in Enterobacterales and Pseudomonas spp. [7,10].

Since 2019, a series of novel tet(X) variants have been consistently
discovered in various sources globally [11,12]. Among these variants,
tet(X4) has emerged as the most prevalent variant across multiple spe-
cies of Enterobacterales, with E. coli being particularly dominant [13].
In numerous studies, the tet(X4) gene has been consistently found on
transferable plasmids, facilitating its horizontal gene transfer between
different organisms [14]. This observation is further supported by the
diverse sequence types (STs) of tet(X4)‐positive E. coli reported in mul-
tiple studies [15,16]. However, limited research has explored the
emergence of tet(X4) in other Enterobacterales species, such as
Citrobacter freundii (C. freundii), K. pneumonia, and Salmonella enterica,
with only a limited number of strains identified [13,17].

K. pneumoniae is a prominent etiological agent for nosocomial and
community‐acquired infections, widely distributed not only in clinical
settings but also in diverse environmental niches [18–20]. Moreover, it
is frequently detected in animal‐derived foods [21]. Unlike other
opportunistic pathogens, K. pneumoniae often carries a greater number
of acquired antimicrobial resistance genes (ARGs) and plasmids, with
the identification of hundreds of ARGs within this species to date.
Many ARGs, such as blaSHV, blaTEM, and blaCMY, were first discovered
in K. pneumoniae before spreading to other pathogens [22]. Conse-
quently, K. pneumoniae is considered an “amplifier” for transmitting
environmental resistance genes to clinical pathogens. It has gained sig-
nificant attention in bacterial resistance research, as an “ESKAPE”
pathogen alongside Enterococcus faecium, S. aureus, and Acinetobacter
baumannii and Enterobacter spp. [23]. Despite being observed in meats
[24,25], vegetables [26], and inpatients [27], the spread of tet(X4)‐
positive K. pneumoniae between different sources remain unclear. This
study collected tet(X4)‐positive K. pneumoniae from raw meat in
Chengdu City, China, aiming to comprehensively investigate their epi-
demiological and genetic features, shedding light on potential hazards
from a “One Health” standpoint.
2. Materials and methods

2.1. Strain collection, isolation, and identification

From June to August 2020, a comprehensive collection of 206 raw
meat samples was conducted across various establishments in
Chengdu City. These establishments included 90 schools, 72 farmers’
markets, 33 supermarkets, and 11 restaurants, spread across 19 admin-
istrative regions. The majority of the samples consisted of pork
(n = 182), followed by beef (n = 16), duck (n = 5), and chicken
(n= 3). Immediate processing of all samples was carried out upon col-
lection, involving incubation with 100 mL of buffered peptone water
(BPW) at a temperature of 37 °C. After a duration of 6 h, the pre‐
cultures were transferred to LB broth supplemented with 30 mg/L van-
comycin and 1 mg/L tigecycline, and subsequently cultivated for a per-
iod of 12 h. Following that, the cultures were inoculated onto
CHROMagarTM Orientation (CHROMagar, France) supplemented with
4 mg/L tigecycline and incubated for a duration of 24 h. The blue colo-
nies observed on the plates were subsequently selected and subjected
to purification on LB agar, a process that was repeated three times. The
purified colonies were then subjected to identification using MALDI‐
TOF‐MS (Autof ms1000, Antu, China), with a score above 9.0 indicat-
ing a reliable outcome. To screen for tet(X4)‐positive isolates, poly-
merase chain reaction (PCR) and Sanger sequencing techniques were
employed, utilizing the previously described primer [8].

2.2. Antimicrobial susceptibility test

The broth microdilution method recommended by the European
Committee on Antimicrobial Susceptibility Testing (EUCAST) was
employed to conduct antimicrobial susceptibility testing on all K. pneu-
moniae isolates. Antimicrobial agents tested included ampicillin, ampi-
cillin/sulbactam, amikacin, aztreonam, cefotaxime, ceftazidime‐
avibactam, tetracycline, tigecycline, meropenem, colistin, strepto-
mycin, ciprofloxacin, azithromycin, chloramphenicol, florfenicol, and
sulfamethoxazole/trimethoprim. The minimum inhibitory concentra-
tion (MICs) of most antimicrobials were interpreted under the EUCAST
guidance and Clinical and Laboratory Standards Institute (CLSI) stan-
dard (M100). However, the MIC of florfenicol was interpreted in
accordance with the CLSI standard VET01S. E. coli ATCC25922 was
used to control the quality.

2.3. Conjugation assay

All K. pneumoniae isolates were utilized as donors, while E. coli J53
was employed as the recipient. The screening of the corresponding



Fig. 1. Geographical distribution of 25 tet(X4)-positive K. pneumoniae isolates. These samples were obtained from 7 markets and 15 schools located in 13
administrative regions (highlighted in green) within Chengdu, China. The highest number of tet(X4)-positive K. pneumoniae was observed in Dujiangyan. Strains
isolated from schools are denoted by red markings, while those from markets are represented by black markings. Abbreviations: K. pneumoniae, Klebsiella
pneumoniae; ST, sequence type.
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transconjugants was conducted on LB agar supplemented with
100 mg/L NaN3 and 2 mg/L tigecycline. The verification of the tet
(X4) gene in the transconjugants was accomplished through PCR and
gel electrophoresis, alongside the determination of the species charac-
ter using MALDI‐TOF‐MS. Additionally, the susceptibility of these
transconjugants to tigecycline was assessed following the aforemen-
tioned methodology.
2.4. Whole genetic sequence and bioinformatic analysis

Genomic DNA of tet(X4)‐positive K. pneumoniae isolates were
extracted by QIAcube automated nucleic acid extraction system in con-
junction with the QIAamp DNA minikit, following the instructions pro-
vided by the manufacturer (QIAGEN, Germany). Subsequently, whole‐
genome sequencing (WGS) was conducted using the Illumina NovaSeq
6000 platform (Personal Biotechnology, Shanghai, China). Following
quality control measures, the genome was assembled using SKESA
v2.4.0 [28] and annotated using the RAST server (https://rast.nm-
pdr.org/) and Prokka v.1.14.6 [29]. The plasmid replicons and ARGs
were predicted using Staramr v.0.9.1 while the insertions sequence
(IS) was identified by ISfinder (https://www-is.biotoul.fr/blast.php)
[30]. The phylogenetic tree was constructed using Parsnp v.1.7.4
and visualized by iTOL (https://itol.embl.de/itol.cgi). STs were deter-
mined through Kleborate v.2.3.1 and the minimum spanning tree of
Multilocus sequence typing (MLST) was constructed using BioNumer-
ics 7.6 (Applied Maths, Belgium). Brig v.0.95 was employed to com-
pare the differences between each tet(X4)‐harboring plasmid [31].
Online‐available datasets of tet(X4)‐positive K. pneumoniae were down-
loaded from National Center for Biotechnology Information (NCBI)
public databases (https://www.ncbi.nlm.nih.gov/, data were accessed
in December 2022).
3. Results

3.1. Prevalence and characteristics of tet(X4)-positive K. pneumoniae

A total of 25 tet(X4)‐positive K. pneumoniae isolates were obtained
from 206 raw meat samples. Of these, 24 were isolated from pork, and
one from duck meat, no strains were identified in chicken or beef sam-
ples. Geographically, these isolates were distributed across 13 out of
19 surveyed administrative regions that were surveyed. The highest
number of isolates (8) was found in Dujiangyan, including three farm-
ers’ markets, a supermarket, and a school. Qionglai followed, with 4
isolates originating from three schools and a farmers’ market. The
remaining 11 regions each had only 1–2 isolates, involving 11 schools
and 2 farmers’ markets (Fig. 1). All isolates exhibited resistance to at
least three antibiotic groups, resulting in 12 unique resistance profiles
(Table S1). The highest resistance rates were observed for tetracycline,
tigecycline, ampicillin, chloramphenicol, and florfenicol (each 100 %).
Subsequently, resistance rates were documented for streptomycin
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Fig. 2. MLST analysis of 54 tet(X4)-positive Klebsiella pneumoniae. ST3393,
exclusively reported in this study, owned the largest number of strains. Only
ST5 and ST25 were shared between this study and the NCBI database.
Abbreviations: ST, sequence type; MLST, multilocus sequence typing; NCBI,
National Center for Biotechnology Information.
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(80 %), sulfamethoxazole/trimethoprim (72 %), ciprofloxacin (64 %),
ampicillin/sulbactam (56 %), cefotaxime (24 %), and aztreonam
(4 %). All isolates remained susceptible to amikacin, azithromycin,
ceftazidime‐avibactam, meropenem, and colistin.

3.2. MLST of 25 local isolates and 29 online strains

MLST analysis of the 25 K. pneumoniae isolates revealed 13 STs,
with ST3393 being the most prevalent (n = 9), followed by ST873
(n = 3). K. pneumoniae ST3393 were widespread, spanning seven
administrative regions, including eight schools and a farmers’ market.
Three K. pneumoniae ST873 were identified in farmers’ market
(Dujiangyan, n = 2) and a school (Pujiang). Furthermore, both K.
pneumoniae ST5 and ST45 were found in farmers’ markets, with two
ST5 isolates originating from Dujiangyan and Pengzhou, and two K.
pneumoniae ST45 from Dujiangyan and Longquanyi. These findings
suggested the potential clonal spread of specific tet(X4)‐positive K.
pneumoniae isolates across Chengdu, despite ST diversity among all
isolates. In addition to our collection, we obtained 29 tet(X4)‐
positive K. pneumoniae genomes from the NCBI database (Table S2).
The majority of these strains (n = 22) originated from eight provinces
in China, namely Jiangsu, Sichuan, Guangxi, Guangdong, Shandong,
Anhui, Hebei, and Beijing. The remaining strains were obtained from
Singapore (n = 5), Australia (n = 1), and Thailand (n = 1). These
strains also exhibited a diverse range of STs, totaling 24 distinct STs.
However, our study and the NCBI database only shared two common
STs (ST5 and ST25), suggesting that the prevalence of tet(X4)‐
positive K. pneumoniae may vary across different geographical regions
(Fig. 2).

3.3. Phylogenetic analysis of 54 tet(X4)-positive K. pneumoniae

To further explore the evolutionary relationship between these iso-
lates, a core genome‐based phylogeny was conducted on the 25 local
isolates and 29 NCBI strains. The analysis revealed three species,
including 43 K. pneumoniae, 6 Klebsiella quasipneumoniae (K. quasipneu-
moniae) subsp. similipneumoniae, and 5 K. quasipneumoniae subsp.
quasipneumoniae, according to the latest K. pneumoniae taxonomy
(Fig. 3A). Notably, despite the WGS analysis confirming the affiliation
of isolate SWJC4150Bt with K. quasipneumoniae subsp. similipneumo-
niae, it exhibited a distant relationship with the three species, indicat-
ing this isolate may be a novel species of this genus. Consequently,
after the redescription of the species, three separate phylogenetic trees
were constructed. Among the 43 K. pneumoniae strains, 120,491 single
nucleotide polymorphisms (SNPs) were shared. The resulting phyloge-
netic tree exhibited two distinct clades as determined by the hierarchi-
cal Bayesian clustering (BHC) algorithm (Fig. 3B). Nine K. pneumoniae
ST3393 isolates formed a closely related independent clade, with a
genetic distance of 0 ‐ 44 SNPs. Among these, eight K. pneumoniae
ST3393 isolates from pork exhibited a closer genetic relationship (0
‐ 3 SNPs), while being relatively distant from another isolate
(SWJC3585Bt) obtained from duck meat (41 ‐ 44 SNPs). The remain-
ing 34 strains exhibited dispersed distribution in another clade, and
the clonal spread of K. pneumoniae among diverse sources was not
observed. Notably, two K. pneumoniae ST5 isolates from pork in
Sichuan Province displayed a close genetic relationship to a hypervir-
ulent K. pneumoniae ST5 strain from Jiangsu Province, suggesting a
potential inter‐provincial spread of K. pneumoniae ST5 through pork
transportation. Furthermore, analysis of two phylogenetic trees for
K. quasipneumoniae revealed significant genetic divergence among
these strains, each sharing over 20,000 SNPs (Fig. 3C&D).

3.4. Distribution of ARGs and plasmid replicons

The ARGs within 54 K. pneumoniae isolates exhibited complex
diversification. Among these isolates, we identified a total of 99
acquired ARGs conferring resistance to various antimicrobials. Apart
from tet(X4), the most prevalent ARGs was the quinolone resistance
gene oqxB (92.59 %), followed by tetracycline resistance gene tet(A)
(81.48 %). Additionally, 11 resistance genes were detected in over half
of these strains, including quinolones [oqxA (79.63 %) and qnrS1
(74.07 %)], phenicol [floR (75.93 %)], sulfonamide [sul1 (55.56 %)
and sul2 (72.22 %)], trimethoprim [dfrA12, (50.00 %)], β‐lactamase
[blaTEM‐1B (57.41 %)], aminoglycosides [aadA2 (57.41 %), aph(3″)‐Ib
(51.85 %), and aph(6)‐Id (51.85 %)] ARGs, and the disinfectant resis-
tance gene [qacE (53.70 %)] (Fig. 4). Among the 25 tet(X4)‐positive K.
pneumoniae isolates in this study, the number of resistant genes ranged
from 4 to 28, with an average of 16.28 per strain. Statistical analysis
revealed no significant difference (P > 0.05) in the number of ARGs
compared to tet(X4)‐positive K. pneumoniae isolates in the NCBI data-
base (17.24 replicons).

Plasmid replicon analysis revealed considerable diversity, with a
total of 30 known replicons identified among the 54 strains. Among
the 25 local isolates, it was observed that they carried 4 ‐ 28 replicons,
with an average of 4.88 replicons per isolate. Statistical analysis indi-
cated no significant difference (P > 0.05) between these tet(X4)‐
positive K. pneumoniae isolates and those present in the NCBI database
(4.66 replicons). However, distinctions persisted between the two
groups. The three most frequently observed replicons were IncFIA
(HI1) (n = 20), IncHI1A (n = 16), and IncHI1B(R27) (n = 16). Con-



Fig. 3. The core genome phylogeny of the tet(X)-positive K. pneumoniae strains. A) The phylogenetic tree of 54 tet(X)-positive K. pneumoniae strains, divided into
three clades. Re-constructed phylogenetic tree according to three species: K. pneumoniae (B), Klebsiella quasipneumoniae (K. quasipneumoniae) subsp.
quasipneumoniae (C), and K. quasipneumoniae subsp. similipneumoniae (D). Abbreviations: K. pneumoniae, Klebsiella pneumoniae; SNPs, single nucleotide
polymorphisms; ST, sequence type.; ID, identification numbers.
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versely, tet(X4)‐positive K. pneumoniae strains from the online database
exhibited IncFIB(K) (n = 19), IncFIA(HI1) (n = 15), and IncFII(K)
(n = 12) as the most prevalent replicons.

3.5. Plasmid classification and comparative analysis of their potential
structures

To explore the possible plasmid structure and genetic feature of
these isolates, we conducted multiple plasmid sequence alignments
using Brig software. Our results revealed that 25 local K. pneumoniae
isolates can be matched to four known incompatibility group plasmids
from other K. pneumoniae strains.

Firstly, pRDZ41 (accession: CP139495.1), obtained from a human‐
derived K. pneumoniae in the NCBI database, is a 190 kb IncFIA(HI1)/
HI1A/HI1B hybrid plasmid carrying six ARGs, including tet(X4),
aadA22, blaTEM‐1B, lnu(G), qnrS1, and floR. By comparison, 16 K. pneu-
moniae isolates in this study and 9 from the NCBI database carried sim-
ilar plasmid sequences. Of these, 17 were isolated from pork, 6 from
pigs, and the remainder from the environment (n = 1) and duck meat
(n = 1) (Fig. 5A). A conjunction experiment with 17 local strains
showed that six isolates transformed their tigecycline resistance to
the recipient strain J53, with a frequency in the range of (7.34 ± 3.
56) × 10−9 ‐ (1.59 ± 0.12) × 10−6. Subsequently, using pRDZ41
as the reference sequence for BLAST comparison revealed over 10
highly similar 190 kb plasmids (99 % coverage and 99 % similarity)
from E. coli isolated from pork, chicken, human, pets, and livestock
manure samples, such as pYPE10‐190 k‐tetX4 (accession:
CP041449.1), pT16R‐1(accession: CP046717.1), and pE‐T306‐tetX4
(accession: CP090284.1), etc. Furthermore, this type of plasmid is also
present in Morganella morganii (pXY36‐tet(X4), accession:
NZ_ON390820.1), Enterobacter cloacae (pTECL_2‐190 k‐tetX4, acces-
sion: MZ773210.1), among others (Fig. S1A). This observation sug-
gests a wide host range, indicating its ability to horizontally spread
across diverse species.

Secondly, pYZ‐58‐tetX (accession: CP109771.1) is a 79,225 bp
IncFII plasmid retrieved from the NCBI database, originating from K.
pneumoniae isolated from pork and carrying only the tet(X4) gene. In
comparison, 15 K. pneumoniae strains shared similar plasmid
sequences, with 7 from this study and 8 from the NCBI database. These
strains were sourced from pork (n = 13), pigs (n = 1), and vegetables
(n = 1) (Fig. 5B). The conjunction experiment of seven local strains
showed that four isolates transformed their tigecycline resistance to



Fig. 4. Distribution of ARGs in tet(X4)-positive Klebsiella pneumoniae. Red represents the isolates collected in this study, and blue indicates those from the NCBI
database. Abbreviations: NCBI, National Center for Biotechnology Information; ARGs, antimicrobial resistance genes.
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the recipient strain J53, with a frequency ranging from (2.15 ± 0.7
6) × 10−9 ‐ (1.25 ± 0.60) × 10−6. Subsequently, using pYZ‐58‐
tetX as the reference for BLAST comparison, two highly similar plas-
mids were identified (98 % coverage and 100 % similarity), namely
pNTT31XS‐tetX4 (accession: CP077430.1) from porcine‐derived K.
pneumoniae in Jiangsu Province and pSDP9R‐tetX4 (accession:
MW940621.1) from pork‐derived K. pneumoniae in Shandong Pro-
vince, both approximately 79 kb in length (Fig. S1B).

Thirdly, pJZ18‐tet(X4) (accession: ON390805.1) is a 57 kb IncX1
plasmid from the NCBI database, carrying six ARGs, including tet
(X4), aadA2, blaSHV‐12, lnu(F), tet(A) and floR. In comparison, this plas-
mid was identified in four strains, including one isolate SWJC4194Bt
from this study (Fig. 5C). The conjunction experiment involving
SWJC4194Bt demonstrated that this isolate could transfer its tigecy-
cline resistance to the recipient strain J53, with a frequency of (1.59
± 0.12) × 10−6. A BLAST comparison of pJZ18‐tet(X4) revealed 3
highly similar plasmids (100 % coverage, 99.9 % similarity), all
57 kb in length, obtained from E. coli and C. freundii (Fig. S1C).

Finally, p20SC1‐3AZ6BT (accession: CP139498.1) is a 229 kb
IncFIA(HI1)/C/R hybrid plasmid obtained from K. pneumoniae isolated
from pig anal swabs in Sichuan, China. This plasmid carries 17 ARGs,
including tet(X4), oqxB, tet(A), floR, aac(3)‐IId, aac(3)‐VIa, aac(60)‐Ib‐
cr, aadA16, ant(3″)‐Ia, ARR‐3, blaCMY‐2, blaTEM‐1A, dfrA27, erm(42),
qacE, sul1, and tet(D). Sequence comparison revealed a similar plasmid
structure in a local pork‐derived K. pneumoniae isolate SWJC3979Bt
from Sichuan Province in this study (Fig. 5D). The conjunction exper-
iment of SWJC3979Bt showed that this isolate also could transfer its
tigecycline resistance to the recipient strain J53. Moreover, only two
tet(X4)‐negative plasmids from Proteus vulgaris and Proteus mirabilis
in the NCBI database showed similarity to p20SC1‐3AZ6BT (80 % cov-
erage, 99.9 % similarity), namely pJZ30‐tet(X4) (accession:
ON390809.1) and pJZ49‐tet(X4) (accession: ON390810.1), both iso-
lated from pig slaughterhouses in Sichuan Province, China (Fig. S1D).

Overall, these findings indicate that the presence of the tet(X4) in K.
pneumoniae may be associated with the horizontal transform of con-
jugative tet(X4)‐harboring plasmid among Enterobacterales from mul-
tiple sources.
4. Discussion

Since the discovery of tet(X4) in 2019, numerous studies have
explored the presence of tet(X4)‐positive bacteria in animals, the envi-
ronment, food, and humans, investigating the transmission dynamics
of tigecycline resistance across various sources [16,24,32]. However,
research specifically focusing on tet(X4)‐positive K. pneumoniae has
been limited, and the relationship between tet(X4)‐positive K. pneumo-
niae from different sources remains unclear. Thus, this study aimed to



Fig. 5. Comparative sequence analysis of tet(X4)-positive Klebsiella pneumoniae genome to four online plasmids. A) IncFIA(HI1)/HI1A/HI1B hybrid plasmid; B)
IncFII plasmid; C) IncX1 plasmid; D) IncFIA(HI1)/C/R hybrid plasmid. Abbreviation: ARGs, antimicrobial resistance genes.
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investigate the prevalence of tet(X4)‐positive K. pneumoniae in schools,
supermarkets, farmers’ markets, and restaurants across multiple
administrative regions of Chengdu, to assess any potential connection
between tet(X4)‐positive K. pneumoniae strains from different sources.
In limited known studies, although tet(X4)‐positive K. pneumoniae has
been sporadically observed in meat or vegetables in certain provinces
in China, its detection in clinical K. pneumoniae highlights the potential
impact on human health [27]. Our study revealed a relatively high
prevalence of this strain from schools and farmers’ markets, with rates
of 16.7 % and 12.5 %, respectively, surpassing those in previous stud-
ies conducted in other provinces [24,25]. Moreover, these rates were
also higher than the prevalence of tmexCD1‐toprJ1‐positive Enterobac-
teriaceae (3.4 %) and tet(X4)‐positive E. coli (8.0 %) found in retail
meat samples [7,33]. These findings serve as an early warning for
the risk of food contamination associated with tet(X4)‐positive K. pneu-
moniae, posing a significant threat to human health, particularly
among students.

In previous studies, the presence of tet(X4) alongside other AGRs
has often been observed, resulting in tet(X4)‐positive strains exhibiting
resistance to multiple clinical antimicrobial agents [9,15,32]. Consis-
tent with these findings, all tet(X4)‐positive K. pneumoniae isolates in
this study were found to be MDR. In addition to exhibiting high‐
level resistance to tetracyclines, a majority of these isolates also
demonstrated resistance to ampicillin, chloramphenicol, streptomycin,
ciprofloxacin, and sulfonamides. Therefore, it is crucial to exercise
caution when administering these drugs in clinical settings in the pres-
ence of tet(X4)‐positive K. pneumoniae infections. Fortunately, all iso-
lates remained susceptible to the other two types of last‐resort
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antibiotics, including colistin and carbapenems, along with commonly
used clinical drugs such as azithromycin and amikacin, suggesting
potential treatment options. However, it is important to recognize that
resistance mechanisms to these antibiotics have been extensively
observed in K. pneumoniae strains [22], such as the plasmid‐
mediated colistin resistance gene mcr‐8 [34] and carbapenemase gene
blaNDM‐5 [35]. Given the notable capacity of K. pneumoniae to acquire
drug‐resistant genes from neighboring sources [22], ongoing surveil-
lance of MDR tet(X4)‐positive K. pneumoniae is imperative to mitigate
its impact on human health.

The sequence types of tet(X4)‐positive K. pneumoniae exhibit con-
siderable diversity, similar to tet(X4)‐positive E. coli [16,36]. In this
study, we identified 13 distinct STs, most of which have not been pre-
viously described in tet(X4)‐positive K. pneumoniae. This finding
strongly suggests that the tet(X4) gene has undergone extensive dis-
semination among various STs of K. pneumoniae. It is worth noting that
clonal spread was commonly associated with the inter‐regional trans-
mission of significant ARGs, such as blaKPC‐positive K. pneumoniae
ST11 [37] and mcr‐1‐positive E. coli ST10 [38], but has not been fre-
quently observed in tet(X4)‐positive strains previously [39]. However,
our study identified K. pneumoniae ST3393 as the predominant
sequence type, demonstrating clonal spread capabilities across various
educational institutions and a farmers’ market spanning seven admin-
istrative regions in Chengdu. This discovery raises concerns as it sug-
gests a potential association with the same distribution company,
similar to previous instances of foodborne outbreaks in schools result-
ing from a unified distribution system. For instance, a significant food-
borne outbreak in Korea involved more than a thousand students from
several schools, linked to the consumption of contaminated chocolate
cakes provided by the same company [40]. A thorough examination of
the distribution system employed by these schools is therefore crucial.
Furthermore, this study identified two tet(X4)‐positive K. pneumoniae
ST5 that exhibited a high degree of similarity to a hypervirulent K.
pneumoniae found in Jiangsu Province, further confirming the poten-
tial for inter‐regional clonal spread of tet(X4)‐positive K. pneumoniae.
Overall, the clonal spread of tet(X4)‐positive K. pneumoniae may repre-
sent an overlooked mechanism for the transmission of the tet(X4) gene.

Plasmid‐mediated horizontal gene transfer (HGT) plays a signifi-
cant role in the dissemination of various important ARGs, including
ESBLs, mcr‐1, and blaNDM [41,42]. Previous research has also demon-
strated the horizontal transfer of tet(X4) among diverse Enterobac-
terales through multiple conjugative plasmids, such as IncX1 and
IncX1‐containing hybrid plasmids [16,24,43]. In this study, nearly half
of the tet(X4)‐positive K. pneumoniae isolates transferred their tigecy-
cline resistance to E. coli J53, indicating a high likelihood of the emer-
gence of the tet(X4) gene in K. pneumoniae being associated with the
horizontal transfer of conjugative plasmids between different species.
To further support this notion, an analysis was conducted on the
potential plasmid structure in all tet(X4)‐positive K. pneumoniae, with
two plasmids being predominantly prevalent. Among these,
a ∼ 190 kb IncFIA(HI1)/HI1A/HI1B hybrid plasmid emerged as one
of the most frequently encountered tet(X4)‐harboring plasmids. This
particular plasmid, classified as a high‐risk plasmid, has been associ-
ated with the dissemination of various clinically significant ARGs,
including tet(X4), mcr, blaNDM, and blaOXA [44]. Significantly, this plas-
mid has been extensively identified in Enterobacterales derived from
both human and nonhuman sources, thereby presenting a potential
risk to public health. IncFII plasmids, the other major plasmid type dis-
covered in some provinces in China, are predominantly found in K.
pneumoniae, serving as a major vehicle for blaKPC dissemination world-
wide [45]. Although the plasmid sequence alignment could not pro-
vide complete plasmid structure, these results confirm that
transferable plasmids play an important role in the spread of tigecy-
cline resistance in tet(X4)‐positive K. pneumoniae.

Given the successful clonal spread of certain dominant STs of K.
pneumoniae and the wide horizontal transfer of MDR plasmids, it is cru-
cial to develop effective strategies to mitigate the spread of the mobile
tigecycline resistance gene tet(X4). Continued monitoring of tet(X4)‐
carrying plasmids is essential to understand their transmission dynam-
ics in both clinical and foodborne pathogens. Research on the preva-
lence and distribution of clinically‐associated clones is necessary to
elucidate the transmission routes of tet(X4)‐positive K. pneumoniae
among animals and humans. Moreover, adopting a comprehensive
“One Health” approach encompassing humans, animals, and the envi-
ronment is imperative to effectively develop infection prevention mea-
sures and antibiotic management practices tailored to the specific
needs of each sector. Implementation of these strategies will enhance
clinical prevention and control measures against antimicrobial resis-
tance, leading to a reduction in the burden caused by tet(X4)‐
positive K. pneumoniae infections.

In conclusion, this study offers valuable insights into the preva-
lence, antibiotic resistance profiles, sequence types, and potential
transmission routes of tet(X4)‐positive K. pneumoniae in schools and
other public settings in Chengdu. The high rates of tigecycline resis-
tance and MDR profiles in these isolates highlight the urgent need
for enhanced surveillance, implementation of infection control mea-
sures, and prudent use of antibiotics to mitigate the impact of tet(-
X4)‐positive K. pneumoniae on public health. Additionally, the HGT
and inter‐regional transmission of tet(X4)‐positive K. pneumoniae
strains via clonal spread emphasizes the importance of adopting
“One Health” approach to address this emerging threat. Continued
research and collaborative efforts are imperative to further elucidate
the epidemiology, mechanisms of resistance, and potential interven-
tions for tet(X4)‐positive K. pneumoniae infections.

Acknowledgements

This study was supported by the National Key Research and Devel-
opment Program of China (No. 2022YFD1800400), National Natural
Science Foundation of China (No. 81991531), and Natural Science
Foundation of Shandong Province (No. ZR2020MC188). The sequence
data of 25 K. pneumoniae isolates have been submitted to NCBI under
BioProject accession number PRJNA1011004.

Conflict of interest statement

The authors declare that there are no conflicts of interest.

Author contributions

Weishuai Zhai: Investigation, Visualization, Writing – original
draft. Yiqing Wang: Software, Validation, Writing – original draft.
Honghu Sun: Investigation. Bo Fu: Investigation, Software. Qidi
Zhang: Resources, Supervision. Congming Wu: Resources, Supervi-
sion. Jianzhong Shen: Conceptualization, Project administration,
Supervision. Dejun Liu: Funding acquisition, Project administration,
Writing – review & editing. Yang Wang: Funding acquisition, Writing
– review & editing.

Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bsheal.2024.02.004.

References

[1] G.E. Stein, T. Babinchak, Tigecycline: an update, Diagn. Microbiol. Infect. Dis. 75
(4) (2013) 331–336, https://doi.org/10.1016/j.diagmicrobio.2012.12.004.

[2] L.R. Peterson, A review of tigecycline - the first glycylcycline, Int. J. Antimicrob.
Agents 32 (Suppl 4) (2008) S215–S222, https://doi.org/10.1016/S0924-8579(09)
70005-6.

[3] G.E. Stein, W.A. Craig, Tigecycline: a critical analysis, Clin. Infect. Dis. 43 (4)
(2006) 518–524, https://doi.org/10.1086/505494.

https://doi.org/10.1016/j.bsheal.2024.02.004
https://doi.org/10.1016/j.diagmicrobio.2012.12.004
https://doi.org/10.1016/S0924-8579(09)70005-6
https://doi.org/10.1016/S0924-8579(09)70005-6
https://doi.org/10.1086/505494


W. Zhai et al. / Biosafety and Health 6 (2024) 116–124124
[4] D.M.P. De Oliveira, B.M. Forde, T.J. Kidd, P.N.A. Harris, M.A. Schembri, S.A.
Beatson, D.L. Paterson, M.J. Walker, Antimicrobial resistance in ESKAPE
pathogens, Clin. Microbiol. Rev. 33 (3) (2020) e00181–e219, https://doi.org/
10.1128/CMR.00181-19.

[5] W. Yang, L. Ding, R. Han, D. Yin, S. Wu, Y. Yang, D. Zhu, Y. Guo, F. Hu, Y. Xu,
et al., Current status and trends of antimicrobial resistance among clinical isolates
in China: a retrospective study of CHINET from 2018 to 2022, One Health Adv. 1
(1) (2023) 8, https://doi.org/10.1186/s44280-023-00009-9.

[6] H. Yao, S. Qin, S. Chen, J. Shen, X.D. Du, Emergence of carbapenem-resistant
hypervirulent Klebsiella pneumoniae, Lancet. Infect. Dis. 18 (1) (2018) 25, https://
doi.org/10.1016/S1473-3099(17)30628-X.

[7] L. Lv, M. Wan, C. Wang, X. Gao, Q. Yang, S.R. Partridge, Y. Wang, Z. Zong, Y. Doi,
J. Shen, et al., Emergence of a plasmid-encoded resistance-nodulation-division
efflux pump conferring resistance to multiple drugs, including tigecycline in
Klebsiella pneumoniae, mBio 11 (2) (2020) e02930–e3019, https://doi.org/
10.1128/mBio.02930-19.

[8] T. He, R. Wang, D. Liu, T.R. Walsh, R. Zhang, Y. Lv, Y. Ke, Q. Ji, R. Wei, Z. Liu,
et al., Emergence of plasmid-mediated high-level tigecycline resistance genes in
animals and humans, Nat. Microbiol. 4 (9) (2019) 1450–1456, https://doi.org/
10.1038/s41564-019-0445-2.

[9] J. Sun, C. Chen, C.Y. Cui, Y. Zhang, X. Liu, Z.H. Cui, X.Y. Ma, Y. Feng, L.X. Fang, X.
L. Lian, et al., Plasmid-encoded tet(X) genes that confer high-level tigecycline
resistance in Escherichia coli, Nat. Microbiol. 4 (9) (2019) 1457–1464, https://doi.
org/10.1038/s41564-019-0496-4.

[10] N. Dong, Y. Zeng, Y. Wang, C. Liu, J. Lu, C. Cai, X. Liu, Y. Chen, Y. Wu, Y. Fang,
et al., Distribution and spread of the mobilised RND efflux pump gene cluster
tmexCD-toprJ in clinical gram-negative bacteria: a molecular epidemiological
study, Lancet Microbe 3 (11) (2022) e846–e856, https://doi.org/10.1016/S2666-
5247(22)00221-X.

[11] L. Wang, D. Liu, Y. Lv, L. Cui, Y. Li, T. Li, H. Song, Y. Hao, J. Shen, Y. Wang, et al.,
Novel plasmid-mediated tet(X5) gene conferring resistance to tigecycline,
eravacycline, and omadacycline in a clinical Acinetobacter baumannii isolate,
Antimicrob. Agents Chemother. 64 (1) (2019) e01326–e10419, https://doi.org/
10.1128/AAC.01326-19.

[12] D. Liu, W. Zhai, H. Song, Y. Fu, S. Schwarz, T. He, L. Bai, Y. Wang, T.R. Walsh, J.
Shen, Identification of the novel tigecycline resistance gene tet(X6) and its variants
in Myroides, Acinetobacter and Proteus of food animal origin, J. Antimicrob.
Chemother. 75 (6) (2020) 1428–1431, https://doi.org/10.1093/jac/dkaa037.

[13] Q. Wang, C. Lei, H. Cheng, X. Yang, Z. Huang, X. Chen, Z. Ju, H. Zhang, H. Wang,
Widespread dissemination of plasmid-mediated tigecycline resistance gene tet(X4)
in Enterobacterales of porcine origin, Microbiol. Spectr. 10 (5) (2022) e0161522,
https://doi.org/10.1128/spectrum.01615-22.

[14] S. Zhang, J. Wen, Y. Wang, M. Wang, R. Jia, S. Chen, M. Liu, D. Zhu, X. Zhao, Y.
Wu, et al., Dissemination and prevalence of plasmid-mediated high-level
tigecycline resistance gene tet(X4), Front. Microbiol. 13 (2022) 969769, https://
doi.org/10.3389/fmicb.2022.969769.

[15] W. Zhai, Y. Tian, D. Shao, M. Zhang, J. Li, H. Song, C. Sun, Y. Wang, D. Liu, Y.
Zhang, Fecal carriage of Escherichia coli harboring the tet(X4)-IncX1 plasmid from a
tertiary class-A hospital in Beijing, China, Antibiotics (Basel) 11 (8) (2022) 1068,
https://doi.org/10.3390/antibiotics11081068.

[16] N. Dong, Y. Zeng, C. Cai, C. Sun, J. Lu, C. Liu, H. Zhou, Q. Sun, L. Shu, H. Wang,
et al., Prevalence, transmission, and molecular epidemiology of tet(X)-positive
bacteria among humans, animals, and environmental niches in China: an
epidemiological, and genomic-based study, Sci. Total. Environ. 818 (2021)
151767, https://doi.org/10.1016/j.scitotenv.2021.151767.

[17] Z. Zhang, X. Tian, C. Shi, Global spread of MCR-producing Salmonella enterica
isolates, Antibiotics (Basel) 11 (8) (2022) 998, https://doi.org/10.3390/
antibiotics11080998.

[18] A.I. Lev, E.I. Astashkin, A.A. Kislichkina, E.V. Solovieva, T.I. Kombarova, O.V.
Korobova, O.N. Ershova, I.A. Alexandrova, V.E. Malikov, A.G. Bogun, et al.,
Comparative analysis of Klebsiella pneumoniae strains isolated in 2012–2016 that
differ by antibiotic resistance genes and virulence genes profiles, Pathog. Glob.
Health 112 (3) (2018) 142–151, https://doi.org/10.1080/
20477724.2018.1460949.

[19] R. Podschun, U. Ullmann, Klebsiella spp. as nosocomial pathogens: epidemiology,
taxonomy, typing methods, and pathogenicity factors, Clin. Microbiol. Rev. 11 (4)
(1998) 589–603, https://doi.org/10.1128/CMR.11.4.589.

[20] G. Wareth, H. Neubauer, The animal-foods-environment interface of Klebsiella
pneumoniae in Germany: an observational study on pathogenicity, resistance
development and the current situation, Vet. Res. 52 (1) (2021) 16, https://doi.
org/10.1186/s13567-020-00875-w.

[21] Y. Guo, H. Zhou, L. Qin, Z. Pang, T. Qin, H. Ren, Z. Pan, J. Zhou, Frequency,
antimicrobial resistance and genetic diversity of Klebsiella pneumoniae in food
samples, PLoS One 11 (4) (2016) e0153561, https://doi.org/10.1371/journal.
pone.0153561.

[22] K.L. Wyres, K.E. Holt, Klebsiella pneumoniae as a key trafficker of drug resistance
genes from environmental to clinically important bacteria, Curr. Opin. Microbiol.
45 (2018) 131–139, https://doi.org/10.1016/j.mib.2018.04.004.

[23] J.N. Pendleton, S.P. Gorman, B.F. Gilmore, Clinical relevance of the ESKAPE
pathogens, Expert Rev. Anti. Infect. Ther. 11 (3) (2013) 297–308, https://doi.org/
10.1586/eri.13.12.

[24] R. Li, Y. Li, K. Peng, Y. Yin, Y. Liu, T. He, L. Bai, Z. Wang, Comprehensive genomic
investigation of tigecycline resistance gene tet(X4)-bearing strains expanding
among different settings, Microbiol. Spectr. 9 (3) (2021) e0163321, https://doi.
org/10.1128/spectrum.01633-21.
[25] Y. Li, Y. Li, K. Bu, M. Wang, Z. Wang, R. Li, Antimicrobial resistance and genomic
epidemiology of tet(X4)-bearing bacteria of pork origin in Jiangsu, China, Genes
(Basel) 14 (1) (2022) 36, https://doi.org/10.3390/genes14010036.

[26] C. Yue, X. Gao, L. Lu, Y.Y. Liu, L.C. Lv, X. He, G. Gao, Y. Jiao, H. Yue, W. Lin, et al.,
First detection of tet(X4)-positive Enterobacterales in retail vegetables and clonal
spread of Escherichia coli ST195 producing Tet(X4) in animals, foods, and humans
across China and Thailand, Int. J. Food Microbiol. 391–3 (2023) 110145, https://
doi.org/10.1016/j.ijfoodmicro.2023.110145.

[27] W. Zhai, Y. Tian, M. Lu, M. Zhang, H. Song, Y. Fu, T. Ma, C. Sun, L. Bai, Y. Wang,
et al., Presence of mobile tigecycline resistance gene tet(X4) in clinical Klebsiella
pneumoniae, Microbiol. Spectr. 10 (1) (2022) e0108121, https://doi.org/10.1128/
spectrum.01081-21.

[28] A. Souvorov, R. Agarwala, D.J. Lipman, SKESA: strategic k-mer extension for
scrupulous assemblies, Genome. Biol. 19 (1) (2018) 153, https://doi.org/
10.1186/s13059-018-1540-z.

[29] T. Seemann, Prokka: rapid prokaryotic genome annotation, Bioinformatics 30 (14)
(2014) 2068–2069, https://doi.org/10.1093/bioinformatics/btu153.

[30] A. Bharat, A. Petkau, B.P. Avery, J.C. Chen, J.P. Folster, C.A. Carson, A. Kearney, C.
Nadon, P. Mabon, J. Thiessen, et al., Correlation between phenotypic and in silico
detection of antimicrobial resistance in Salmonella enterica in Canada using
staramr, Microorganisms 10 (2) (2022) 292, https://doi.org/10.3390/
microorganisms10020292.

[31] N.F. Alikhan, N.K. Petty, N.L. Ben Zakour, S.A. Beatson, BLAST Ring Image
Generator (BRIG): simple prokaryote genome comparisons, BMC Genomics 12
(2011) 402, https://doi.org/10.1186/1471-2164-12-402.

[32] C.Y. Cui, X.J. Li, C. Chen, X.T. Wu, Q. He, Q.L. Jia, X.J. Zhang, Z.Y. Lin, C. Li, L.X.
Fang, et al., Comprehensive analysis of plasmid-mediated tet(X4)-positive
Escherichia coli isolates from clinical settings revealed a high correlation with
animals and environments-derived strains, Sci. Total Environ. 806 (Pt2) (2022)
150687, https://doi.org/10.1016/j.scitotenv.2021.150687.

[33] H. Sun, Y. Wan, P. Du, D. Liu, R. Li, P. Zhang, Y. Wu, S. Fanning, Y. Wang, L. Bai,
Investigation of tigecycline resistant Escherichia coli from raw meat reveals
potential transmission among food-producing animals, Food Control 121 (2021)
107633, https://doi.org/10.1016/j.foodcont.2020.107633.

[34] X. Wang, Y. Wang, Y. Zhou, J. Li, W. Yin, S. Wang, S. Zhang, J. Shen, Z. Shen, Y.
Wang, Emergence of a novel mobile colistin resistance gene, mcr-8, in NDM-
producing Klebsiella pneumoniae, Emerg. Microbes Infect. 7 (1) (2018) 122,
https://doi.org/10.1038/s41426-018-0124-z.

[35] B. Fu, D. Yin, C. Sun, Y. Shen, D. Liu, R. Bai, R. Zhang, J. Shen, F. Hu, Y. Wang,
Clonal and horizontal transmission of blaNDM among Klebsiella pneumoniae in
children’s intensive care units, Microbiol. Spectr. 10 (4) (2022) e0157421, https://
doi.org/10.1128/spectrum.01574-21.

[36] Y. Ding, W.Y. Saw, L.W.L. Tan, D.K.N. Moong, N. Nagarajan, Y.Y. Teo, H. Seedorf,
Emergence of tigecycline- and eravacycline-resistant tet(X4)-producing
Enterobacteriaceae in the gut microbiota of healthy Singaporeans, J.
Antimicrob. Chemother. 75 (12) (2020) 3480–3484, https://doi.org/
10.1093/jac/dkaa372.

[37] Y. Jiang, Z. Wei, Y. Wang, X. Hua, Y. Feng, Y. Yu, Tracking a hospital outbreak of
KPC-producing ST11 Klebsiella pneumoniae with whole genome sequencing, Clin.
Microbiol. Infect. 21 (11) (2015) 1001–1007, https://doi.org/10.1016/j.
cmi.2015.07.001.

[38] K.D. Liu, W.J. Jin, R.B. Li, R.M. Zhang, J. Sun, Y.H. Liu, M.G. Wang, X.P. Liao,
Prevalence and molecular characteristics of mcr-1-positive Escherichia coli isolated
from duck farms and the surrounding environments in coastal China, Microbiol.
Res. 270 (2023) 127348, https://doi.org/10.1016/j.micres.2023.127348.

[39] W.S. Zhai, T. Wang, D.W. Yang, Q.D. Zhang, X. Liang, Z.H. Liu, C.T. Sun, C.M. Wu,
D.J. Liu, Y. Wang, Clonal relationship of tet(X4)-positive Escherichia coli ST761
isolates between animals and humans, J. Antimicrob. Chemother. 77 (8) (2022)
2153–2157, https://doi.org/10.1093/jac/dkac175.

[40] Y. Eun, H. Jeong, S. Kim, W. Park, B. Ahn, D. Kim, E. Kim, E. Park, S. Park, I.
Hwang, et al., A large outbreak of Salmonella enterica serovar Thompson infections
associated with chocolate cake in Busan, Korea, Epidemiol. Health 41 (2019)
e2019002, https://doi.org/10.4178/epih.e2019002.

[41] Y.Y. Liu, Y. Wang, T.R. Walsh, L.X. Yi, R. Zhang, J. Spencer, Y. Doi, G. Tian, B.
Dong, X. Huang, et al., Emergence of plasmid-mediated colistin resistance
mechanism MCR-1 in animals and human beings in China: a microbiological
and molecular biological study, Lancet. Infect. Dis. 16 (2) (2016) 161–168,
https://doi.org/10.1016/S1473-3099(15)00424-7.

[42] J. Li, Z. Bi, S. Ma, B. Chen, C. Cai, J. He, S. Schwarz, C. Sun, Y. Zhou, J. Yin, et al.,
Inter-host transmission of carbapenemase-producing Escherichia coli among
humans and backyard animals, Environ. Health Perspect. 127 (10) (2019)
107009, https://doi.org/10.1289/EHP5251.

[43] C. Sun, M. Cui, S. Zhang, D. Liu, B. Fu, Z. Li, R. Bai, Y. Wang, H. Wang, L. Song,
et al., Genomic epidemiology of animal-derived tigecycline-resistant Escherichia
coli across China reveals recent endemic plasmid-encoded tet(X4) gene, Commun.
Biol. 3 (1) (2020) 412, https://doi.org/10.1038/s42003-020-01148-0.

[44] M. Li, H. Zhang, W. Zhang, Y. Cao, B. Sun, Q. Jiang, Y. Zhang, H. Liu, W. Guo, C.
Chang, et al., One global disseminated 193 kb high-risk hybrid plasmid harboring
tet(X4), mcr or blaNDM threatening public health, Sci. Total Environ. 876 (2023)
162807, https://doi.org/10.1016/j.scitotenv.2023.162807.

[45] C.M. Rooney, A.E. Sheppard, E. Clark, K. Davies, A.T.M. Hubbard, R. Sebra, D.W.
Crook, A.S. Walker, M.H. Wilcox, C.H. Chilton, Dissemination of multiple
carbapenem resistance genes in an in vitro gut model simulating the human
colon, J. Antimicrob. Chemother. 74 (7) (2019) 1876–1883, https://doi.org/
10.1093/jac/dkz106.

https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1128/CMR.00181-19
https://doi.org/10.1186/s44280-023-00009-9
https://doi.org/10.1016/S1473-3099(17)30628-X
https://doi.org/10.1016/S1473-3099(17)30628-X
https://doi.org/10.1128/mBio.02930-19
https://doi.org/10.1128/mBio.02930-19
https://doi.org/10.1038/s41564-019-0445-2
https://doi.org/10.1038/s41564-019-0445-2
https://doi.org/10.1038/s41564-019-0496-4
https://doi.org/10.1038/s41564-019-0496-4
https://doi.org/10.1016/S2666-5247(22)00221-X
https://doi.org/10.1016/S2666-5247(22)00221-X
https://doi.org/10.1128/AAC.01326-19
https://doi.org/10.1128/AAC.01326-19
https://doi.org/10.1093/jac/dkaa037
https://doi.org/10.1128/spectrum.01615-22
https://doi.org/10.3389/fmicb.2022.969769
https://doi.org/10.3389/fmicb.2022.969769
https://doi.org/10.3390/antibiotics11081068
https://doi.org/10.1016/j.scitotenv.2021.151767
https://doi.org/10.3390/antibiotics11080998
https://doi.org/10.3390/antibiotics11080998
https://doi.org/10.1080/20477724.2018.1460949
https://doi.org/10.1080/20477724.2018.1460949
https://doi.org/10.1128/CMR.11.4.589
https://doi.org/10.1186/s13567-020-00875-w
https://doi.org/10.1186/s13567-020-00875-w
https://doi.org/10.1371/journal.pone.0153561
https://doi.org/10.1371/journal.pone.0153561
https://doi.org/10.1016/j.mib.2018.04.004
https://doi.org/10.1586/eri.13.12
https://doi.org/10.1586/eri.13.12
https://doi.org/10.1128/spectrum.01633-21
https://doi.org/10.1128/spectrum.01633-21
https://doi.org/10.3390/genes14010036
https://doi.org/10.1016/j.ijfoodmicro.2023.110145
https://doi.org/10.1016/j.ijfoodmicro.2023.110145
https://doi.org/10.1128/spectrum.01081-21
https://doi.org/10.1128/spectrum.01081-21
https://doi.org/10.1186/s13059-018-1540-z
https://doi.org/10.1186/s13059-018-1540-z
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.3390/microorganisms10020292
https://doi.org/10.3390/microorganisms10020292
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1016/j.scitotenv.2021.150687
https://doi.org/10.1016/j.foodcont.2020.107633
https://doi.org/10.1038/s41426-018-0124-z
https://doi.org/10.1128/spectrum.01574-21
https://doi.org/10.1128/spectrum.01574-21
https://doi.org/10.1093/jac/dkaa372
https://doi.org/10.1093/jac/dkaa372
https://doi.org/10.1016/j.cmi.2015.07.001
https://doi.org/10.1016/j.cmi.2015.07.001
https://doi.org/10.1016/j.micres.2023.127348
https://doi.org/10.1093/jac/dkac175
https://doi.org/10.4178/epih.e2019002
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1289/EHP5251
https://doi.org/10.1038/s42003-020-01148-0
https://doi.org/10.1016/j.scitotenv.2023.162807
https://doi.org/10.1093/jac/dkz106
https://doi.org/10.1093/jac/dkz106

	Epidemiology and genetic characterization of tet(X4)-positive Klebsiellapneumoniae and Klebsiella quasipneumoniae isolated from raw meat inChengdu City, China
	1. Introduction
	2. Materials and methods
	3. Results
	4. Discussion
	Acknowledgements
	Conflict of interest statement
	Author contributions
	Supplementary data
	References


