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ABSTRACT The global rise of antimicrobial resistance (AMR), driven by antibiotic use in 
healthcare and agriculture, poses a major public health threat. While AMR in clinical 
settings is well studied, there is a gap in understanding the resistance profiles of 
Escherichia coli from diseased livestock, particularly regarding zoonotic transmission. 
This study analyzes 114 E. coli isolates from diseased swine over 12 years, revealing that 
99.12% were multidrug-resistant. Resistance was highest for ampicillin and amoxicil­
lin/clavulanic acid (100%), followed by ciprofloxacin (96.49%) and tetracycline (94.74%). 
Furthermore, 21.05% of isolates were resistant to colistin, and 1.75% to tigecycline. A 
total of 76 antimicrobial resistance genes (ARGs) were identified, with mcr-1 found in 
18.42%, mcr-3 in 4.39%, and tet(X4) in 1.75%. Significant co-occurrence of ARGs and 
plasmids suggests potential for co-selective dissemination. This study is the first to report 
enterotoxigenic E. coli (ETEC) strains carrying both mcr-1 and mcr-3 genes. After the 
2017 colistin ban in China, mcr-1 detection rates significantly decreased, while florfenicol 
resistance rates increased in 2018–2021 (94.29%) compared to 2010–2017 (79.55%). This 
work provides valuable insights into the AMR profiles of E. coli from diseased swine and 
highlights trends that can inform strategies for monitoring and controlling public health 
risks associated with zoonotic E. coli transmission.

IMPORTANCE This study highlights the critical role of diseased and deceased swine in 
the spread of antimicrobial resistance (AMR), providing new insights into the transmis­
sion of resistance genes in zoonotic contexts. By analyzing E. coli from diseased swine, 
we identify key resistance genes such as mcr-1, mcr-3, and tet(X4), which pose significant 
public health risks, especially regarding last-resort antibiotics like colistin. Moreover, the 
study identifies novel transmission patterns of mcr genes, including ETEC strains carrying 
the mcr-3 gene and strains harboring both mcr-1 and mcr-3 genes. The role of plasmids in 
horizontal gene transfer is also revealed, facilitating rapid AMR spread across species. The 
long-term persistence of resistant strains highlights the challenges in controlling AMR 
in livestock. These findings underscore the need for enhanced surveillance and a One 
Health approach to mitigate AMR risks across animal, human, and environmental health.
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T he utilization of antimicrobial agents, primarily used for prophylaxis and growth 
promotion in livestock farming as well as for treating infections in clinical settings, 

has significantly contributed to human civilization in recent decades (1). However, the 
inappropriate use during this period has driven the emergence and global dissemination 
of antimicrobial-resistant pathogens carrying antibiotic resistance genes (ARGs) (2). This 
evolutionary pressure has triggered a concerning trajectory where some antimicrobial 
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agents have seen marked reductions in efficacy, with several becoming obsolete due 
to resistant strains (3). Particularly alarming is the emergence of critical acquired 
ARGs, including the carbapenemase gene blaNDM (4), extended-spectrum β-lactamase 
gene blaKPC (5), colistin resistance gene mcr-1 (6), and tigecycline resistance gene 
tet(X4/X5) (7, 8), which confer resistance to last-resort antimicrobials. These develop­
ments render clinically available treatments potentially ineffective against associated 
infections. Compounding this crisis, the dearth of novel antibiotics in development 
pipelines suggests that the threat posed by pan-resistant pathogens will persist 
indefinitely (9).

Escherichia coli is a zoonotic opportunistic pathogen of global concern, capable of 
bidirectional transmission between humans and animals (2). While many E. coli strains 
are commensal, pathogenic variants can induce clinical manifestations ranging from 
self-limiting diarrhea to life-threatening hemorrhagic colitis and systemic infections (10). 
Of particular concern is its role as a mobile genetic reservoir, persistently acquiring 
and disseminating antimicrobial resistance determinants across ecological boundaries 
(11). This dual threat is amplified by the species’ genomic plasticity, enabling simulta­
neous carriage of virulence factors and resistance cassettes on integrative conjugative 
elements (12). As a pivotal ARG disseminator, E. coli carries high-risk resistance loci such 
as blaNDM-5, mcr-1, and tet(X4/X5), serving as critical vectors for intersectoral ARG flux 
at the human-animal-environment interface (13). The convergence of hypervirulence 
and multidrug resistance in E. coli lineages elevate zoonotic risks, threatening agricul­
tural productivity through livestock pandemics while complicating clinical infection 
management (14).

The emergence of whole-genome sequencing (WGS) technology has facilitated the 
identification of comprehensive genetic determinants that underlie major mechanisms 
of antimicrobial resistance (AMR) and virulence with ease (15). Such information can 
be exchanged among nations for comparative analysis, thus strengthening global 
control measures against infectious diseases. WGS plays a pivotal role in characterizing 
antibiotic-resistant pathogens as well as detecting their associated ARGs (16).

Previous research has identified certain characteristics of E. coli as a vector for 
AMR dissemination under non-selective conditions (6). However, there is a scarcity 
of studies focusing on the AMR of E. coli strains isolated from diseased or dead ani­
mals. These strains may exhibit higher pathogenicity and present a greater potential 
threat to livestock, poultry, and human health. In this study, we conducted a compre­
hensive analysis of E. coli strains from diseased swine or dead swine over a 12-year 
period to elucidate their epidemic characteristics. These isolates were then subjected 
to genomic analysis using WGS technology, providing a systematic interpretation of 
genomic information on AMR and virulence traits, with the hope of conveying essential 
insights for preventing and treating animal and clinical diseases associated with E. coli.

RESULTS

The prevalence of E. coli in this study

Between July 2010 and October 2021, a total of 114 E. coli strains isolated from swine that 
suffered from or died of diarrhea, splenomegaly, hepatomegaly, or other diseases were 
collected from 82 farms across 11 cities (Huzhou, Ningbo, Jiaxing, Quzhou, Hangzhou, 
Shaoxing, Taizhou, Jinhua, Lishui, Wenzhou, and Zhoushan) in Zhejiang Province (Fig. 1A; 
Table S1).

As shown in Fig. 1B and C; Table S1, a total of 39 different ST patterns (including two 
new STs) were identified among 114 E. coli isolates, ST88 was the most commonly 
represented by 18 (15.79%, 18/114) isolates, followed by ST100 (12.28%, 14/114) and 
ST4214 (9.65%, 11/114). There were at least two ST patterns in each city, mostly found in 
Shaoxing (14 ST patterns), followed by Hangzhou (13 ST patterns).

Based on the ST patterns and isolation times of E. coli isolates analyzed in this study, 
we investigated the potential relationship between these two factors. The results of the 
comparative analysis revealed that multiple ST patterns typically coexist within a single 
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FIG 1 The prevalence characteristic of 114 E. coli isolates. (A) Geographical distribution of the sampling areas in Zhejiang 

Province, China. The isolation time of samples in each city was marked in blue. (B) Sankey diagram combining the cities, STs, 

years, and high-risk ARGs based on 114 E. coli isolates. The diameter of the line is proportional to the number of isolates. 

(C) A minimum spanning tree of E. coli isolates based on MLST. Each node represents a single ST. The size of the nodes is 

proportional to the number of isolates. The length of branches between each node is proportional to the number of different 

alleles that differ between two linked nodes.
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year. This finding suggests that the sources and transmission routes of E. coli infections 
are likely diverse, rather than stemming from a single source or clonal group. Conse­
quently, it is improbable that these infections result from a centralized outbreak driven 
by a single transmission chain (Fig. 1B). Interestingly, it was also observed that some ST 
patterns were only found in 2010–2017 such as ST117 and ST93, while some ST patterns 
were only found in 2018–2021 such as ST48 and ST10 (Fig. 1C). At the same time, some 
mostly identified ST patterns showed long-time prevalence. For example, ST88 was 
identified in 9 years (2010, 2012, 2014, 2015, 2016, 2017, 2018, 2020, and 2021) (Fig. 1B).

All isolates were detected as E. coli using average nucleotide identity (ANI) (ANI > 
94.00%) (Fig. 2), which was consistent with the above-identified results using MALDI-TOF 
MS. In addition, there was a close phylogenetic relationship among 114 isolates based 
on SNP analysis (Fig. S1). In terms of time dimension, the number of SNPs between two 
isolates found in different years could be less than 20, such as EC693A1 and EC434A2 
(Number of SNP = 17). In terms of space dimension, the number of SNPs between two 
isolates found in different separation sites could also be less than 20, such as EC441B1 
from Jinhua and EC618A1 from Quzhou (Number of SNP = 5). To sum up, it was deduced 
that there might be cross-time and cross-regional transmissions of E. coli among pig 
farms.

FIG 2 The ANIs among 114 E. coli isolates. The name of E. coli strains that were isolated in 2010–2017 was marked in blue, and the name of E. coli strains that

were isolated in 2018–2021 was marked in pink.
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The antimicrobial resistance of 114 E. coli isolates

Among 114 E. coli isolates, the highest level of resistance was observed for AMP and 
AMC, with 100.00% isolates, followed by CIP (96.49%), TET (94.74%), and T/S (92.11%) 
(Fig. 3A; Fig. S2; Table S2). 21.05% of isolates were resistant to CS, 1.75% of isolates were 
resistant to TIG, and none of the E. coli isolates showed resistance to MEM. A total of 
113 E. coli isolates (99.12%) were resistant to at least three classes of antimicrobial agents 
(regarded as multidrug resistant), while 71 isolates (62.28%) showed resistance to seven 
or more classes of antimicrobial agents (Fig. 3B).

The AMR rates of 44 E. coli isolates found in 2010–2017 and 70 E. coli isolates found 
in 2018–2021 were compared. As shown in Fig. 3C, the resistance rate to CS of E. coli 
isolates found in 2018–2021 (15.71%) decreased considerably compared to E. coli isolates 
found in 2010–2017 (29.55%). The resistance rate to FFC of E. coli isolates found in 2018–
2021 (94.29%) was significantly higher (P < 0.05) than E. coli isolates found in 2010–2017 
(79.55%). While the AMR rates of other antimicrobial agents such as CEF, CIP, and TET 
showed no significant difference. In particular, the AMR rates of AMP, AMC, MEM, and TIG 
were not applicable to this analysis.

FIG 3 The antimicrobial resistance of 114 E. coli isolates. (A) The AMR rates of 114 E. coli isolates to 13 antimicrobial agents. (B) The distribution of multidrug-

resistant strains. (C) The AMR rates of 44 E. coli isolates in 2010–2017 and 70 E. coli isolates in 2018–2021 to 13 antibiotics. The Chi-square test was used to analyze 

the AMR rates in 2010–2017 and 2018–2021.
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Characterization of the AMR-related genome features of E. coli isolates

There were 32 different plasmid replicons predicted across all 114 isolates, with an 
average of 4.9 plasmid replicons in each isolate (Fig. S3). The IncFIB(AP001918) plasmid 
was predicted in 89 of the 114 isolates (78.07%) and was the most prevalent plasmid 
type, followed by IncFIC(FII) (44.74%, 51/114) and IncHI2 (36.84%, 42/114).

There were 76 ARGs detected in all E. coli isolates (Fig. 4), which mainly leads
to some resistance phenotypes, including aminoglycoside, amphenicol, beta-lactam, 
folate pathway antagonist, fosfomycin, lincosamide, macrolide, polymyxin, quinolone, 
rifamycin, streptogramin A, streptogramin B, and tetracycline. All E. coli isolates harbored 
at least two kinds of ARGs, and 80.70% (92/114) of isolates harbored at least 10 kinds 
of ARGs. In particular, EC780A1, EC780A2, and EC549A1 isolates were found to harbor 
27 kinds of ARGs, which showed serious potential for multidrug resistance. Among all 
ARGs, the mdf(A) gene was mostly detected in 85.09% (97/114) isolates, followed by 
tet(A) (82.46%, 94/114), floR (76.32%, 87/114), and sul2 (75.32%, 87/114). Moreover, there 
were significant correlations (P < 0.05) found for the co-occurrence of several ARGs (Fig. 
5), such as blaOXA-1 with catB3, ARR-3, or aac(6′)-Ib-cr.

Plasmid was usually regarded as the important carrier of ARGs. The physical relation­
ship between plasmid replicons and ARGs was not well detected in the WGS assembly 
because of the restricted sequencing depth. However, there were significant correlations 
(P < 0.05) found for the co-occurrence of ARGs and plasmid replicons (Fig. 5). For 
example, the IncHI2 replicon and IncHI2A replicon were strongly correlated with aadA2b, 
aadA1, sul3, and tet(A), and the IncI2 replicon was strongly correlated with mcr-1. 
Genomic analysis of E. coli strains EC536A1, EC813A1, EC204A1, and EC602A1 revealed 
that the mcr-1 resistance gene was predicted to reside within the IncI2 replicon. Subse­
quent BLAST analysis against the NCBI database confirmed that the mcr-1-containing 
fragments in 12 additional strains were all mapped to IncI2-type plasmids. Notably, 
strains EC204A1 and EC602A1 were found to co-harbor both mcr-1 and mcr-3 genes, 
suggesting a potential risk for co-evolution of multidrug resistance. To investigate the 
horizontal transfer capacity of IncI2 plasmids, conjugation assays were performed on 
mcr-1-bearing IncI2 plasmids. Results demonstrated that 11 out of the tested mcr-1-IncI2 
plasmids were successfully transferred to the recipient strain E. coli strain J53, with 
conjugation frequencies ranging from 10−5 to 10−2 (Fig. S4). PCR validation of the 
transconjugants confirmed the presence of the uidA gene, mcr-1 gene, and IncI2 plasmid 
replicon sequences (Fig. S4). These findings provide direct experimental evidence that 
IncI2-type plasmids act as efficient vectors facilitating the horizontal dissemination of the 
mcr-1 gene across bacterial strains.

Among the 114 isolates, the mcr-1 gene was identified in 21 isolates (18.42%, 21/114), 
while the mcr-3 gene was found in five isolates (4.39%, 5/114). The designations of these 
strains were entirely consistent with those of previously reported colistin-resistant 
strains, and the reverse also held true (Fig. 1B and 4; Table S2). In particular, EC204A1 and 
EC602A1 isolates harbored both mcr-1 and mcr-3. The detection rate of mcr-1 in 2018–
2021 was significantly lower than in 2010–2017 (Fig. S5), which was consistent with the 
above comparison analysis results about CS resistance rates in different years. In 
addition, the PmrB:p.V161G mutation (leading to polymyxin resistance) was detected in 
9.65% (11/114) of E. coli isolates (data not shown). These 11 isolates included one mcr-
negative isolate (EC727A), six mcr-1-positive isolates (EC307A2, EC308A2, EC311A1, 
EC549A1, EC637A2, and EC649A1), three mcr-3-positive isolates (EC627A1, EC793A1, and 
EC793A2) and one mcr-1-mcr-3-positive isolate (EC602A1). As another notorious ARG, the 
tet(X4) gene was successfully detected in two isolates (EC626A1 and EC802A1). Further­
more, both strains exhibited TIG-resistant phenotypes that were consistent with their 
corresponding genotypes (Fig. 1B and 4; Table S2).
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Characterization of the virulence-related genome features of E. coli isolates

There were 80 virulence genes detected in all 114 isolates (Fig. 6), which mainly lead to 
some virulence phenotypes including adherence, invasion, iron uptake, secretion system, 
and toxin. All E. coli isolates harbored at least one kind of virulence gene, and 77.19% 
(88/114) of isolates harbored at least 10 kinds of virulence genes. In particular, EC770A2 
and EC780A1 isolates were found to harbor 29 kinds of virulence genes, which showed 

FIG 4 The prediction results of acquired ARGs in 114 E. coli isolates.
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serious potential for pathogenicity. The terC gene was mostly detected in 99.12% 
(113/114) isolates, followed by traT (81.58%, 93/114). In particular, stb, sta1, stx2A, stx2B, 
and astA were considered key virulence genes in E. coli, and it was observed that 30 
(26.32%, 30/114) isolates carried stb, 33 (28.95%, 33/114) isolates carried sta1, 28 (24.56%, 
28/114) isolates carried stx2A, 28 (24.56%, 28/114) isolates carried stx2B, and 42 (36.84%, 
42/114) isolates carried astA. A further comparative analysis of the relationship between 
ST patterns and the above virulence genes (stb, sta1, stx2A, stx2B, and astA) was per­
formed. As shown in Fig. S6, ST501 was found to have a significant correlation with stb 
and sta1, ST100 had a significant correlation with astA and stb, and both ST88 and 
ST4214 had significant correlations with stb, sta1, stx2A, and stx2B. In addition, the 
positive correlations for the co-occurrence of astA and stb, and the co-occurrence of stb, 
sta1, stx2A, and stx2B were also found (Fig. S6).

A total of 28 isolates were identified as stx-positive and regarded as STEC; a total of 
43 isolates were identified as elt and/or estA1-positive and regarded as ETEC; EC748A1 
was identified as eae-positive and regarded as EPEC (Table S1). In addition, as serious 

FIG 5 Correlation coefficients for ARGs and plasmid replicons present in 114 E. coli isolates. The boxes labeled by “*” indicate a positive correlation with 

significance calculated at P < 0.05. The strength of the blue color in boxes corresponds to the numerical value of the correlation coefficient.
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AMR-E. coli isolates, a total of 14 mcr-1-positive E. coli isolates, two mcr-3-positive E. coli
isolates (including EC627A1 and EC793A2) and one mcr-1-mcr-3-co-positive E. coli isolate 
(EC602A1) were identified as ETEC (Table S1). A total of 2 mcr-1-positive E. coli isolates 
(including EC307A2 and EC727A2) and one mcr-3-positive E. coli isolate (EC793A1) were 

FIG 6 The prediction results of virulence genes in 114 E. coli isolates. The red-marked grids represent the well-known high-risk 

virulence genes of E. coli, whereas the pink-marked grids indicate the general virulence genes.
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identified as STEC (Table S1). Two tet(X4)-positive E. coli isolates in this study were not 
successfully classified.

Characterization of the genome features of mcr-1-harboring and mcr-3-har­
boring plasmids

Based on the above results, 2 E. coli isolates (EC204A1 and EC602A1) co-harboring mcr-1 
and mcr-3 were further chosen to perform complete genome sequencing. Subsequently, 
mcr-1-harboring plasmids were identified in the 2 E. coli isolates above, including 
p204A1-63K-mcr1 (accession no. CP100031) in strain EC204A1, and p602A1-65K-mcr1 
(accession no. CP100017) in strain EC602A1 (Fig. 7A). The plasmid p204A1-63K-mcr1, 
which is an IncI2-type plasmid, was determined to be 63,555 bp in length and have an 
average GC content of 42.96%. The plasmid p602A1-65K-mcr1, which is also an IncI2-
type plasmid, was determined to be 65,277 bp in length and have an average GC content 
of 44.08%. In particular, both p204A1-63K-mcr1 and p602A1-65K-mcr1 only harbored the 
mcr-1 gene. The mcr-3-harboring plasmids were also identified in the 2 E. coli isolates 
above, including p204A1-223K-mcr3 (accession no. CP100026) in strain EC204A1, and 
p602A1-220K-mcr3 (accession no. CP100014) in strain EC602A1 (Fig. 7B). The plasmid 
p204A1-223K-mcr3, which is a combination of IncHI2- and IncHI2A-type plasmid, was 
determined to be 223,975 bp in length and have an average GC content of 46.55%. 
Except for the mcr-3 gene, 13 ARGs, such as blaOXA-1, floR and ARR-3, were also harbored 
by p204A1-223K-mcr3. The plasmid p602A1-220K-mcr3, which is an IncHI2-type plasmid, 
was determined to be 220,774 bp in length and have an average GC content of 47.23%. 
Except for the mcr-3 gene, 5 ARGs, including aph(3')-Ia, tet(M), sul2, oqxA, and oqxB, were 
also harbored by p602A1-220K-mcr3.

The p204A1-63K-mcr1 and p602A1-65K-mcr1 plasmids shared a similar backbone 
with other mcr-1-IncI2 plasmids, such as pHNSHP45, pSLy21, and pMCR-M19242. These 
plasmids were detected in different kinds of strains and different hosts, suggesting a 
high prevalence (Fig. 7A). The p204A1-223K-mcr3 and p602A1-220K-mcr3 plasmids were 
found to have a typical IncHI2 plasmid backbone (Fig. 7B). However, when compared 
with other mcr-3-IncHI2 plasmids (pWJ1, p17S-208, pK18EC051, and pNCYU-25–
82-1_MCR3), there were some differences found, mainly including insertion sequences, 
ARGs, and type IV secretion system (T4SS), which demonstrated a diverse and complex 
feature of mcr-3-IncHI2 plasmids.

The genome sequences of plasmids p204A1-63K-mcr1 and p602A1-65K-mcr1 were 
also used to perform a comparative analysis using Easyfig. As shown in Fig. 8B, plasmid 
p602A1-65K-mcr1 had a typical structure of mcr-1-pap2, which showed a high similarity 
with the plasmids pSLy21 and pMCR-M19441 and lacked an ISApl1 upstream of mcr-1 
compared with plasmids pHNSHP45 and pWF-5–19C_mcr-1. Interestingly, it was found 
that the relaxase upstream of mcr-1 was inserted with two IS1 in the plasmid 
p204A1-63K-mcr1, and the structure Δrelaxase-IS1-Δrelaxase-IS1-mcr-1-pap2 was 
obtained, which was a novel genetic feature of the surrounding environment of the 
mcr-1 element.

To uncover the genetic context of mcr-3 in different plasmids in this study, a compara­
tive analysis was performed. As shown in Fig. 8A, some other mcr-3-IncHI2 plasmids, such 
as pK18EC051, pNCYU-25–82-1_MCR3, and pWJ1, had a typical structure of dgkA-mcr-3-
nimA-transposase. However, a different structure of dgkA-mcr-3-transposase was found in 
p204A1-223K-mcr3 and p602A1-220K-mcr3 plasmids in this study, which lacked a nimA 
gene downstream of mcr-3. A further study demonstrated that this dgkA-mcr-3-transpo­
sase structure could be found in other Inc-type plasmids harboring mcr-3 variants, such 
as IncFIA-plasmid pCP53-mcr harboring mcr-3.19 and IncP1-plasmid pGDZJ004 harbor­
ing mcr-3.4. To our knowledge, this was the first report of the dgkA-mcr-3-transposase 
structure found in mcr-3-IncHI2 plasmid.
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Characterization of the genome features of tet(X4)-harboring plasmids

Two tet(X4)-harboring plasmids were successfully identified in the two TIG-resistant E. coli 
isolates above, including p626A1-38K-tetX4 (accession no. CP101799) in strain EC626A, 
and p802A1-191K-tetX4 (accession no. CP101801) in strain EC802A1 (Fig. 7C and D). 
The plasmid p626A1-38K-tetX4, which is an IncX1-type plasmid, was determined to be 

FIG 7 Comparative analysis of mcr-harboring and tet(X4)-harboring plasmids with reported plasmids based on the BLAST Ring Image Generator tool. The 

genes are color-coded according to functional annotations. (A) Comparative analysis of p204A1-63K-mcr1 and p602A1-65K-mcr1 with reported mcr-1-harbor­

ing IncI2 plasmids. (B) Comparative analysis of p204A1-223K-mcr3 and p602A1-220K-mcr3 with reported mcr-3-harboring IncHI2 plasmids. (C) Comparative 

analysis of p626A1-38K-tetX4 with reported tet(X4)-harboring IncX1 plasmids. (D) Comparative analysis of p802A1-191K-tetX4 with reported tet(X4)-harboring 

IncFIA-IncHI1A-IncHI1B plasmids.
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38,924 bp in length and have an average GC content of 44.70% (Fig. 7C). Except for the 
tet(X4) gene, floR was also harbored by p626A1-38K-tetX4. The plasmid p802A1-191K-
tetX4, which is a combination of IncFIA-, IncHI1A- and IncHI1B-type plasmid, was 
determined to be 191,488 bp in length and have an average GC content of 46.35% 
(Fig. 7D). Except for the tet(X4) gene, five ARGs (blaTEM-1, floR, qnrS1, aadA22 and lnu(G)) 
were also harbored by p802A1-191K-tetX4.

The p626A1-38K-tetX4 shared a similar backbone with other tet(X4)-IncX1 plasmids, 
such as pFF2-1h-tetX4 and pHS10-1-tetX4, which suggested that IncX-type plasmid 
could be an important carrier of tet(X4) and these plasmids had a highly prevalent 
presence (Fig. 7C). The p802A1-191K-tetX4 also showed a potential prevalence and 
shared similar backbone with some other tet(X4)-harboring IncFIA-IncHI1A-IncHI1B 
plasmids. Furthermore, a region including a variety of ARGs and insertion sequences 

FIG 8 Analysis of the genetic environment of the mcr gene. (A) Genetic environment of mcr-3 in the plasmids p204A1-223K-mcr3 and p602A1-220K-mcr3. (B) 

Genetic environment of mcr-1 in the plasmids p204A1-63K-mcr1 and p602A1-65K-mcr1.
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around tet(X4) was identified and showed potential for horizontal gene transfer 
behaviors, which suggested that a long-time gradual evolution of this region might be 
performed (Fig. 7D).

DISCUSSION

Swine are recognized as significant hosts of E. coli, with pathogenic E. coli posing 
substantial risks to swine health and the productivity of the swine industry (17). Within 
the “One Health” framework, swine-derived pathogenic E. coli is also identified as a 
major source of clinically relevant E. coli infections (18). Identifying the prevalence and 
characteristics of swine-derived pathogenic E. coli is therefore essential not only for 
advancing the swine industry but also for providing critical data for early warnings 
of clinical infection risks and public health monitoring (18). In addition, swine-derived 
pathogenic E. coli is considered a potential reservoir and vector for the dissemination of 
ARGs (18). A thorough understanding of the AMR profiles of swine-derived pathogenic 
E. coli is vital for controlling the evolution and spread of ARGs within the swine-related 
value chain. In this study, we analyzed 114 E. coli isolates from diseased or deceased 
swine in Zhejiang Province over a 12-year period. Using genomic methods, we investi­
gated the temporal and spatial epidemiological patterns and antimicrobial resistance 
dynamics of these isolates. These findings provide valuable insights for monitoring E. 
coli-related pig diseases and mitigating public health risks associated with E. coli.

In most cases, most E. coli could be symbiotic bacteria in swine without causing 
diseases. Only some hypervirulent clones could result in serious diseases, even death in 
swine especially piglets (19). Hence, the investigation targeting diseased swine-source E. 
coli could offer some more precise information on E. coli that challenges swine health 
compared with the investigation targeting healthy swine-source E. coli. This study is 
the first to employ genomics to analyze the antimicrobial resistance features of E. 
coli associated with diseased or deceased swine over a large geographic area and an 
extended time span. The results showed that 99.12% (113/114) of swine disease-related 
E. coli isolates were identified as multidrug-resistant, exceeding the previously repor­
ted multidrug resistance rate of 88.68% (1302/1468) for E. coli from food animals in 
developed regions of Eastern China (20) and the 90.54% (1694/1871) rate for E. coli 
from pig farms in mainland China (21). This finding highlights a significant disparity in 
AMR patterns between E. coli isolates from swine clinical cases and those from healthy 
pigs. Notably, resistance to colistin is particularly alarming, with 21.05% (24/114) of 
swine disease-related E. coli isolates carrying mcr genes, in stark contrast to 1.36% 
(20/1468) and 3.79% (71/1871) reported in the aforementioned surveillance studies (20, 
21). To the best of our knowledge, this study is the first to demonstrate that E. coli
from sick and deceased pigs exhibits significantly more severe AMR than those from 
healthy food animals. This phenomenon may be attributed to the following factors: E. 
coli associated with host infections and diseases may be influenced by host-specific 
conditions, displaying an enhanced ability to acquire ARGs, thereby increasing its AMR 
(22). Furthermore, although the global ban on the use of antibiotics as feed additives has 
effectively reduced environmental selection pressure, the clinical misuse of antibiotics 
in veterinary medicine remains prevalent (23, 24). In conclusion, AMR in pathogens 
linked to zoonotic diseases represents a significant and pressing public health threat. 
Addressing this issue necessitates comprehensive and rigorous investigations to identify 
the underlying causes and assess the potential risks associated with high resistance rates. 
Furthermore, implementing solutions informed by the “One Health” approach is essential 
to mitigate these challenges effectively.

Previous studies on E. coli from sick and deceased pigs have primarily focused on 
short-term prevalence patterns of individual strains, lacking comprehensive longitudinal 
epidemiological perspectives. In this study, we examined 12 years of E. coli isolates 
collected from clinical swine in Zhejiang Province. By integrating ST and SNP analyses, 
we mapped the spatiotemporal transmission patterns and phylogenetic relationships of 
these strains, creating the first detailed epidemiological framework for swine-associated 
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clinical E. coli. The ST distribution demonstrated significant genetic diversity, with 
dynamic temporal and geographical variations. SNP-based clustering revealed multiple 
potential clonal transmission events spanning decades and regions, indicating the 
persistent circulation of high-risk lineages. These findings provide novel insights into 
the complex dissemination mechanisms driving swine-derived E. coli outbreaks and 
highlight the challenges in controlling their spread. Notably, several dominant STs—
including ST38 (25) and ST131 (26)—were identical to pandemic lineages associated 
with human extraintestinal infections, emphasizing their zoonotic risk. Collectively, this 
evidence underscores the critical role of clinical swine-derived E. coli as One Health 
hazard and calls for strengthened genomic surveillance systems to mitigate cross-species 
transmission risks.

This study identified a total of 76 ARGs, highlighting that E. coli from diseased pigs 
could serve as a significant reservoir of ARGs, consistent with the severe multidrug 
resistance observed earlier. In addition, significant correlations were found among 
different ARGs and between certain ARGs and plasmids of specific replicon types, 
suggesting the potential for co-transmission of ARGs via plasmid conjugation. Plasmids 
are recognized as critical mediators in the dissemination and spread of ARGs (27). The 
findings further indicate that the high plasticity of plasmid genomic sequences during 
the long-term evolution of ARGs may promote the frequent coexistence of multiple ARGs 
on a single plasmid, thereby facilitating their co-transmission (27). This phenomenon 
could present a substantial challenge to controlling ARG spread in the era of “restric­
ted antibiotic use.” Consequently, effective control of ARG dissemination may require 
comprehensive monitoring and prevention strategies on a larger and broader scale to 
mitigate transmission risks and safeguard public health.

Colistin, a peptide antibiotic, was one of the antibiotics of last resort for the treatment 
of multidrug-resistant Gram-negative pathogen infections (28). Historically, there has 
been an increasing trend of colistin-resistant Enterobacteriaceae caused by mcr-1 and 
its variants, which poses a serious risk to patient health (29). Based on this severe 
fact, colistin has been banned as a growth-promoting agent in livestock and poultry 
breeding in China since 2017 (30). Fortunately, both the resistance rates of colistin and 
the detection rates of mcr-1 reduced after 2017 in this study, which was consistent 
with some previous reports (31). This reduction may have been mainly mediated by the 
following (32): (i) mcr-1 expression could impose a huge fitness cost for E. coli and (ii) 
the reducing usage of colistin posed a reducing selection pressure for the emergence 
and development of mcr-1. Based on the above results, it was indicated that limiting the 
usage of colistin was a useful measure to control the development of colistin resistance, 
which also enlightened us on the control of the resistance of some other antimicrobial 
agents. This study revealed a significant increase (P < 0.01) in the resistance rate of 
FFC following the implementation of the colistin ban in China in 2017. This trend is 
likely associated with the substantial rise in FFC usage as a replacement for colistin. The 
quantity of FFC in China was reported to have significantly increased, reaching 1460.8 
tons between 2018 and 2020 (33), potentially driving the enrichment of resistance genes 
such as floR through selection pressure. Co-selection pressure is notably another critical 
mechanism contributing to the persistent increase in FFC resistance, which is associated 
with the coexistence of multiple ARGs on a single plasmid, as previously mentioned.

At the same time, serious multidrug resistance (including some highly concerned 
resistance phenotypes such as CS resistance) in ETEC or STEC was observed. On the 
one hand, this phenomenon suggested that the AMR of hypervirulent E. coli underwent 
significant development and evolution due to antibiotic selection pressure over a long 
time, which posed a serious threat to public health. On the other hand, the co-evolution 
of AMR and hypervirulence in E. coli may result in synergistic pathogenesis, where AMR 
not only facilitates survival during early antibiotic interventions but also prolongs the 
therapeutic window, allowing hypervirulent clones to establish lethal infections. This 
serious phenomenon suggested that diseased swine might be a high-risk source of AMR 
hypervirulent E. coli, which posed a serious risk to public health and should be focused 
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on in the daily public health monitoring. Notably, this study presents the first identifica-
tion of ETEC strains harboring the mcr-3 gene in China, with some strains simultaneously 
carrying both the mcr-1 and mcr-3 genes. This discovery broadens the understanding of 
ARG profiles in ETEC. As ETEC is a pathogenic bacterium responsible for severe diar­
rheal outbreaks in humans and neonatal livestock (34), the combination of its intrinsic 
virulence factors (e.g., heat-labile and heat-stable enterotoxins) and colistin resistance 
could render colistin ineffective in managing severe ETEC infections. These findings 
highlight the significant public health risks posed by colistin-resistant ETEC. Furthermore, 
the novel detection of ETEC strains carrying mcr-3, along with the co-occurrence of mcr-1 
and mcr-3, suggests that the dissemination and evolution of mcr genes within ETEC are 
advancing, potentially accelerating the emergence of pan-drug resistance.

In this study, mcr-1, mcr-3, and tet(X4) genes were successfully detected, which 
indicated that diseased swine-source E. coli was an important reservoir of these serious 
ARGs. In addition, the plasmids harboring mcr-1 or tet(X4) showed a high prevalence, and 
those similar plasmids were prevalent in different AMR pathogens from different hosts 
and regions, suggesting that diseased swine-source E. coli could be the host of plasmids 
carrying notorious genes and mediate the development of antibiotic resistance. By 
contrast, the mcr-3-harboring IncHI2 plasmids in this study showed some differences 
with some other previously reported mcr-3-harboring IncHI2 plasmids, which suggested 
the mcr-3-harboring IncHI2 plasmids were undergoing continuous development and 
evolution. The p204A1-223K-mcr3 plasmid isolated from 2013 in this study emerged 
earlier than pWJ1, which was first reported as an mcr-3-harboring plasmid (35), which 
suggested that the mcr-3 gene was prevalent for a longer time than our previous 
understanding. In addition, when compared with pWJ1, p204A1-223K-mcr3 lacked a 
series of type IV secretion systems for conjugation transfer, which suggested that 
improving the ability for conjugation and transfer might be an important development 
direction of mcr-3-harboring IncHI2 plasmids, and long-term monitoring is necessary.

Our study reveals that diseased and deceased swine serve as critical vectors for the 
dissemination of AMR through high-risk E. coli strains over a 12-year period. We identified 
key resistance determinants—mcr-1, mcr-3, and tet(X4)—that compromise the efficacy of 
last-resort antibiotics such as colistin. Notably, we report novel transmission patterns, 
including ETEC strains carrying mcr-3 and strains harboring both mcr-1 and mcr-3, 
findings not previously documented. Plasmid-mediated horizontal gene transfer further 
accelerates AMR spread across species. These results emphasize the urgent need for 
enhanced surveillance and a comprehensive One Health approach to mitigate escalating 
AMR risks. Collectively, our findings call for targeted interventions in the swine industry 
to prevent spillover into human populations. Ultimately, these data provide a critical 
framework for future AMR control strategies.

MATERIALS AND METHODS

Identification of E. coli isolates

E. coli strains were isolated and identified using the following methods (36): First, the 
lesions of swine (primarily the spleen, joints, gut, and liver) were suspended in 250 mL 
of buffered peptone water (BPW, Landbridge, Beijing, China) and incubated at 37°C 
for 12–18 h. After pre-enrichment, homogenates were streaked onto eosin-methylene 
blue (EMB) agar plates (Landbridge, Beijing, China) and incubated under identical 
conditions. A single typical colony from each plate was re-streaked onto fresh EMB agar 
for purification. Presumptive E. coli isolates were confirmed using matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS; Bruker MALDI 
Biotyper System, Germany) (37). This method involves irradiating bacterial isolates with a 
laser to generate protein ion mass spectra, which were compared against the reference 
database. Identification was validated by high match scores (>2.0) and confidence levels, 
with E. coli ATCC 25922 serving as the quality control strain to ensure procedural accuracy 
throughout the analysis.
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Antimicrobial susceptibility tests

AMR profiles of recovered E. coli isolates were determined by the broth microdilution 
method (Bio Fosun, Fosun Diagnostics, Shanghai, China) (38). The antibiotic concen­
tration range (μg/mL) of 13 antimicrobial agents used in this assay were as follows: 
ampicillin (AMP): 2- > 128, amoxicillin and clavulanic acid (AMC): 4/2- > 128/64, 
cefotaxime (CTX): 0.06- > 8, meropenem (MEM): 0.5- > 16, amikacin (AMK): 2- > 64, 
gentamicin (GEN): 0.25- > 32, colistin (CS): 0.125- > 8, cephalothin (CEF): 0.25- > 32, 
ciprofloxacin (CIP): 0.06- > 8, trimethoprim/sulfamethoxazole (T/S): 0.5/9.5- > 16/304, 
tetracycline (TET): 0.25- > 64, tigecycline (TIG): 0.25- > 32, and florfenicol (FFC): 2- > 
128. The breakpoints for each antimicrobial agent were set by the Clinical and Labora­
tory Standards Institute (CLSI M100-ED31:2021 Performance Standards for Antimicrobial 
Susceptibility Testing, 31st Edition) (Table S3). E. coli ATCC 25922 served as a control strain 
in all assays.

Whole-genome sequencing and bioinformatics analysis

Genomic DNA extraction was performed from overnight cultures of isolates grown in 
Luria-Bertani broth (LB, Landbridge, Beijing, China) at 37°C under 180 rpm shaking 
conditions using a Bacterial DNA Extraction Kit (Generay Biotech, Shanghai, China) as 
per the manufacturer’s instructions. Then, the extracted DNA was quantified using the 
Qubit 2.0 Fluorometer (Invitrogen, USA). All Illumina sequencing libraries were generated 
using a NEXTflex DNA sequencing kit (Bioo Scientific, USA). The paired-end reads (2 × 150 
bp) were checked for quality and trimmed with Trimmomatic v0.36 (39). All low-quality 
(quality score <20) data were filtered out. All isolates were subjected to WGS using the 
HiSeq platform (Illumina, USA). The raw sequence reads underwent quality check and 
were assembled with SPAdes v3.12.0 using “the careful option” (as “—careful” is one of 
SPAdes’ command line options) (40). QUAST 5.0.2 tool was used to evaluate the quality of 
the assembled genomes (41). Gene prediction and genome annotation were performed 
using the NCBI Prokaryotic Genome Annotation Pipeline (42).

Two typical E. coli isolates co-harboring mcr-1 and mcr-3 and two typical E. coli 
isolates harboring tet(X4) in this study were used to perform third-generation WGS 
using the Nanopore GridlON platform. Genomic DNA was extracted following the 
previously described method, and libraries were prepared using the SQK-LSK109 kit 
(Oxford Nanopore Technologies, UK). Base calling and adapter sequence removal were 
performed using Guppy v3.2.4. Hybrid de novo assembly of both short and long reads 
was conducted using the Unicycler v0.4.4 pipeline (43). Gene prediction and genome 
annotation were carried out with the NCBI Prokaryotic Genome Annotation Pipeline (42).

The virulence genes and ARGs were predicted by the Abricate 1.0.1 tool, which
combines data sets from ResFinder 4.6 (http://genepi.food.dtu.dk/resfinder) with a 
similarity cut-off of (90% nucleotide identity and 90% minimum coverage), and VFDB 
database with 70% minimum coverage and 50% nucleotide identity (44, 45). The 
chromosomal mutations were predicted using PointFinder (44). In addition, plasmid 
types were detected using the PlasmidFinder 2.1 database (https://cge.food.dtu.dk/
services/PlasmidFinder/) with a similarity cut-off of (90% nucleotide identity and 90% 
minimum coverage) (46). Multilocus sequence typing (MLST) was performed using 
MLST 2.0 (https://cge.food.dtu.dk/services/MLST/) (47). A minimum spanning tree was 
generated using GrapeTree software to analyze the distribution of STs of E. coli isolates 
(48). Easyfig (maximum e-value of 0.001 and the identity threshold = 98%) and BRIG 
(the identity threshold = 50%) were used for comparative analysis of the plasmids (49, 
50). The ANI among E. coli isolates in this study was analyzed by the software Jspecies, 
using ncbi-blast-2.2.30 + search under the Java Runtime Environment version 8 (51). 
For phylogenetic analysis based on the maximum-likelihood (ML) method, the KSNP3 
software was utilized (52). Finally, the composition of the phylogenetic tree was refined 
using MEGA X and iTOL (53, 54).

The identification of extraintestinal pathogenic E. coli (ExPEC) and diarrheagenic E. 
coli was performed using ncbi-blast-2.2.30 + search under the Java Runtime Environment 
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version 8. The targets selected for each category were papA, papC, sfa/foc, afa/dra, kpsMT 
II, and iutA for ExPEC (55), eae for enteropathogenic E. coli (EPEC) (56), stx for Shiga 
toxin-producing E. coli (STEC) (56), elt, estA1, and estA2-4 for enterotoxigenic E. coli (ETEC) 
(57), ipaH for enteroinvasive E. coli (EIEC) (58), and aggR and aat2 for enteroaggregative E. 
coli (EAEC) (58).

Conjugation assay

Plasmid conjugation experiments were performed on the mcr-1-IncI2-harboring E. coli 
strains as described previously (6). A sodium azide-resistant E. coli strain J53 was used 
as the recipient. The uidA-specific primers uidA-F (5′-CGACGGCCTGTGGGCATTCA-3′) and 
uidA-R (5′-GATCCTCCCTGCTGCGGTTT-3′) for identifying E. coli, the mcr-1-specific primers 
mcr-1-F (5′-TGCGCCGATTGGGCTTGATCGTGGC-3′) and mcr-1-R (5′-ATCATAGGCATTGCTGT
GCGTCTGC-3′) for detecting the presence of mcr-1, the IncI2 plasmid replicon sequence-
specific primers IncI2-F (5′-TTGATCGATTGCGCCCATGC-3′) and IncI2-R (5′-TCACAGCAAGC
TGCACTTAG-3′) for detecting the presence of IncI2 plasmid, were used to confirm the 
transconjugants.

Statistical analysis

The Chi-square test was used to analyze the AMR rates. The heatmaps of the clustering 
of plasmid replicons, ARGs, and virulence genes were performed by TBtools (59). In this 
analysis, the presence of the above genes received a score of 1, and the absence received 
a score of 0. Pearson correlation analysis in GraphPad 8 was used to determine the 
correlations between STs and virulence genes, and plasmid replicons and ARGs.

ACKNOWLEDGMENTS

This work was supported by the "Leading Goose" R&D Program of Zhejiang Prov­
ince (2023C03045), the Zhejiang Provincial Natural Science Foundation of China 
(LY23C180001), and the State Key Laboratory for Managing Biotic and Chemical Threats 
to the Quality and Safety of Argo-products (2010DS700124-ZZ2102), the Research Funds 
of Hangzhou Institute for Advanced Study, UCAS (2023HIAS-Y031).

AUTHOR AFFILIATIONS

1Institute of Animal Husbandry and Veterinary Science, Zhejiang Academy of Agricultural 
Sciences, Hangzhou, Zhejiang, China
2Key Laboratory of Systems Health Science of Zhejiang Province, School of Life Science, 
Hangzhou Institute for Advanced Study, University of the Chinese Academy of Sciences, 
Hangzhou, Zhejiang, China
3State Key Laboratory for Managing Biotic and Chemical Threats to the Quality and Safety 
of Agro-Products, Institute of Agro-product Safety and Nutrition, Zhejiang Academy of 
Agricultural Sciences, Hangzhou, Zhejiang, China
4Xianghu Laboratory, Hangzhou, Zhejiang, China
5Zhejiang Provincial Center for Animal Disease Prevention and Control, Hangzhou, China
6National Genomics Data Center & Bio-Med Big Data Center, CAS Key Laboratory of 
Computational Biology, Shanghai Institute of Nutrition and Health, Chinese Academy of 
Sciences, Shanghai, China

AUTHOR ORCIDs

Guoping Zhao  http://orcid.org/0000-0002-7621-6620
Biao Tang  http://orcid.org/0000-0002-3605-4022

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00651-2517

http://orcid.org/0000-0002-7621-6620
http://orcid.org/0000-0002-3605-4022
https://doi.org/10.1128/mbio.00651-25


FUNDING

Funder Grant(s) Author(s)

"Leading Goose" R&D Program of Zhejiang Province 2023C03045 Guoping Zhao

Natural Science Foundation of Zhejiang Province LY23C180001 Biao Tang

AUTHOR CONTRIBUTIONS

Junxing Li, Formal analysis, Investigation, Resources, Writing – original draft | Jiang 
Chang, Formal analysis, Methodology, Software, Visualization, Writing – original draft | 
Jiangang Ma, Formal analysis, Software | Wei Zhou, Investigation, Resources | Yue Yang, 
Methodology, Software | Jing Wu, Formal analysis, Investigation | Chunjiu Guan, Formal 
analysis, Methodology | Xiufang Yuan, Resources | Lihua Xu, Resources | Bin Yu, Resources 
| Fei Su, Resources | Shiyi Ye, Resources | Yijie Chen, Resources | Guoping Zhao, Conceptu­
alization, Funding acquisition, Project administration, Supervision, Writing – review and 
editing | Biao Tang, Funding acquisition, Supervision, Validation, Writing – review and 
editing

DIRECT CONTRIBUTION

This article is a direct contribution from Guo-Ping Zhao, a Fellow of the American 
Academy of Microbiology, who arranged for and secured reviews by Zhi Ruan, Zhejiang 
University School of Medicine Sir Run Run Shaw Hospital, and Qiang Tang, University of 
Science and Technology of China.

DATA AVAILABILITY

All assembled sequence data in this study are available from BioProject ID: PRJNA827955.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Supplemental material (mBio00651-25-s0001.docx). Fig. S1-S6; Tables S1-S3.

REFERENCES

1. Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP, 
Teillant A, Laxminarayan R. 2015. Global trends in antimicrobial use in 
food animals. Proc Natl Acad Sci U S A 112:5649–5654. https://doi.org/10
.1073/pnas.1503141112

2. Antimicrobial Resistance Collaborators. 2022. Global burden of bacterial 
antimicrobial resistance in 2019: a systematic analysis. Lancet 399:629–
655. https://doi.org/10.1016/S0140-6736(21)02724-0

3. Pal C, Bengtsson-Palme J, Kristiansson E, Larsson DGJ. 2016. The 
structure and diversity of human, animal and environmental resistomes. 
Microbiome 4:54. https://doi.org/10.1186/s40168-016-0199-5

4. Kumarasamy KK, Toleman MA, Walsh TR, Bagaria J, Butt F, Balakrishnan 
R, Chaudhary U, Doumith M, Giske CG, Irfan S, et al. 2010. Emergence of 
a new antibiotic resistance mechanism in India, Pakistan, and the UK: a 
molecular, biological, and epidemiological study. Lancet Infect Dis 
10:597–602. https://doi.org/10.1016/S1473-3099(10)70143-2

5. Yigit H, Queenan AM, Anderson GJ, Domenech-Sanchez A, Biddle JW, 
Steward CD, Alberti S, Bush K, Tenover FC. 2001. Novel carbapenem-
hydrolyzing β-lactamase, KPC-1, from a carbapenem-resistant strain of 
Klebsiella pneumoniae. Antimicrob Agents Chemother 45:1151–1161. htt
ps://doi.org/10.1128/AAC.45.4.1151-1161.2001

6. Liu Y-Y, Wang Y, Walsh TR, Yi L-X, Zhang R, Spencer J, Doi Y, Tian G, Dong 
B, Huang X, Yu L-F, Gu D, Ren H, Chen X, Lv L, He D, Zhou H, Liang Z, Liu 
J-H, Shen J. 2016. Emergence of plasmid-mediated colistin resistance 

mechanism MCR-1 in animals and human beings in China: a microbio­
logical and molecular biological study. Lancet Infect Dis 16:161–168. htt
ps://doi.org/10.1016/S1473-3099(15)00424-7

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

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

9. Abbott A. 2014. Fetal-cell revival for Parkinson’s. Nature 510:195–196. htt
ps://doi.org/10.1038/510195a

10. Johnson JR, Russo TA. 2002. Extraintestinal pathogenic Escherichia coli : 
“the other bad E coli ”. J Lab Clinical Med 139:155–162. https://doi.org/10.
1067/mlc.2002.121550

11. Carattoli A. 2013. Plasmids and the spread of resistance. Int J Med 
Microbiol 303:298–304. https://doi.org/10.1016/j.ijmm.2013.02.001

12. Frost LS, Leplae R, Summers AO, Toussaint A. 2005. Mobile genetic 
elements: the agents of open source evolution. Nat Rev Microbiol 3:722–
732. https://doi.org/10.1038/nrmicro1235

13. Wang R, van Dorp L, Shaw LP, Bradley P, Wang Q, Wang X, Jin L, Zhang Q, 
Liu Y, Rieux A, Dorai-Schneiders T, Weinert LA, Iqbal Z, Didelot X, Wang 
H, Balloux F. 2018. The global distribution and spread of the mobilized 

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00651-2518

http://dx.doi.org/10.13039/501100004731
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA827955/
https://doi.org/10.1128/mbio.00651-25
https://doi.org/10.1073/pnas.1503141112
https://doi.org/10.1016/S0140-6736(21)02724-0
https://doi.org/10.1186/s40168-016-0199-5
https://doi.org/10.1016/S1473-3099(10)70143-2
https://doi.org/10.1128/AAC.45.4.1151-1161.2001
https://doi.org/10.1016/S1473-3099(15)00424-7
https://doi.org/10.1038/s41564-019-0445-2
https://doi.org/10.1128/AAC.01326-19
https://doi.org/10.1038/510195a
https://doi.org/10.1067/mlc.2002.121550
https://doi.org/10.1016/j.ijmm.2013.02.001
https://doi.org/10.1038/nrmicro1235
https://doi.org/10.1128/mbio.00651-25


colistin resistance gene mcr-1. Nat Commun 9:1179. https://doi.org/10.1
038/s41467-018-03205-z

14. Ba X, Guo Y, Moran RA, Doughty EL, Liu B, Yao L, Li J, He N, Shen S, Li Y, 
van Schaik W, McNally A, Holmes MA, Zhuo C. 2024. Global emergence 
of a hypervirulent carbapenem-resistant Escherichia coli ST410 clone. 
Nat Commun 15:494. https://doi.org/10.1038/s41467-023-43854-3

15. Avershina E, Khezri A, Ahmad R. 2023. Clinical diagnostics of bacterial 
infections and their resistance to antibiotics-current state and whole 
genome sequencing implementation perspectives. Antibiotics (Basel) 
12:781. https://doi.org/10.3390/antibiotics12040781

16. Wareth G, Linde J, Hammer P, Pletz MW, Neubauer H, Sprague LD. 2022. 
WGS-based phenotyping and molecular characterization of the 
resistome, virulome and plasmid replicons in Klebsiella pneumoniae 
isolates from powdered milk produced in Germany. Microorganisms 
10:564. https://doi.org/10.3390/microorganisms10030564

17. Kusumoto M, Tamamura-Andoh Y, Hikoda-Kogiku Y, Magome A, 
Okuhama E, Sato K, Mizuno Y, Arai N, Watanabe-Yanai A, Iwata T, Ogura 
Y, Gotoh Y, Nakamura K, Hayashi T, Akiba M. 2023. Nationwide analysis 
of antimicrobial resistance in pathogenic Escherichia coli strains isolated 
from diseased swine over 29 years in Japan. Front Microbiol 14:1107566. 
https://doi.org/10.3389/fmicb.2023.1107566

18. Li X, Hu H, Zhu Y, Wang T, Lu Y, Wang X, Peng Z, Sun M, Chen H, Zheng J, 
Tan C. 2024. Population structure and antibiotic resistance of swine 
extraintestinal pathogenic Escherichia coli from China. Nat Commun 
15:5811. https://doi.org/10.1038/s41467-024-50268-2

19. Gebreyes WA, Jackwood D, de Oliveira CJB, Lee C-W, Hoet AE, Thakur S. 
2020. Molecular epidemiology of infectious zoonotic and livestock 
diseases. Microbiol Spectr 8. https://doi.org/10.1128/microbiolspec.ame-
0011-2019

20. Ma J, Zhou W, Wu J, Liu X, Lin J, Ji X, Lin H, Wang J, Jiang H, Zhou Q, Zhao 
G, Yang H, Tang B. 2022. Large-scale studies on antimicrobial resistance 
and molecular characterization of Escherichia coli from food animals in 
developed areas of eastern China. Microbiol Spectr 10:e0201522. https://
doi.org/10.1128/spectrum.02015-22

21. Peng Z, Hu Z, Li Z, Zhang X, Jia C, Li T, Dai M, Tan C, Xu Z, Wu B, Chen H, 
Wang X. 2022. Antimicrobial resistance and population genomics of 
multidrug-resistant Escherichia coli in pig farms in mainland China. Nat 
Commun 13:1116. https://doi.org/10.1038/s41467-022-28750-6

22. Stecher B, Denzler R, Maier L, Bernet F, Sanders MJ, Pickard DJ, Barthel M, 
Westendorf AM, Krogfelt KA, Walker AW, Ackermann M, Dobrindt U, 
Thomson NR, Hardt W-D. 2012. Gut inflammation can boost horizontal 
gene transfer between pathogenic and commensal Enterobacteriaceae. 
Proc Natl Acad Sci U S A 109:1269–1274. https://doi.org/10.1073/pnas.11
13246109

23. Sarker MS, Nath SC, Ahmed I, Siddiky NA, Islam S, Kabir ME, Bupasha ZB. 
2024. Knowledge, attitude and practice towards antibiotic use and 
resistance among the veterinarians in Bangladesh. PLoS ONE 
19:e0308324. https://doi.org/10.1371/journal.pone.0308324

24. De Briyne N, Atkinson J, Pokludová L, Borriello SP, Price S. 2013. Factors 
influencing antibiotic prescribing habits and use of sensitivity testing 
amongst veterinarians in Europe. Vet Rec 173:475–475. https://doi.org/1
0.1136/vr.101454

25. Lindemann PC, Pedersen T, Oma DH, Janice J, Grøvan F, Chedid GM, 
Hafne LJ, Josefsen EH, Kacelnik O, Sundsfjord A, Samuelsen Ø. 2023. 
Intraregional hospital outbreak of OXA-244-producing Escherichia coli 
ST38 in Norway, 2020. Euro Surveill 28:2200773. https://doi.org/10.2807/
1560-7917.ES.2023.28.27.2200773

26. Mills EG, Martin MJ, Luo TL, Ong AC, Maybank R, Corey BW, Harless C, 
Preston LN, Rosado-Mendez JA, Preston SB, Kwak YI, Backlund MG, 
Bennett JW, Mc Gann PT, Lebreton F. 2022. A one-year genomic 
investigation of Escherichia coli epidemiology and nosocomial spread at 
a large US healthcare network. Genome Med 14:147. https://doi.org/10.1
186/s13073-022-01150-7

27. Castañeda-Barba S, Top EM, Stalder T. 2024. Plasmids, a molecular 
cornerstone of antimicrobial resistance in the one health era. Nat Rev 
Microbiol 22:18–32. https://doi.org/10.1038/s41579-023-00926-x

28. Giamarellou H, Poulakou G. 2009. Multidrug-resistant gram-negative 
infections. Drugs (Abingdon Engl) 69:1879–1901. https://doi.org/10.216
5/11315690-000000000-00000

29. Sun J, Zhang H, Liu Y-H, Feng Y. 2018. Towards understanding MCR-like 
colistin resistance. Trends Microbiol 26:794–808. https://doi.org/10.1016
/j.tim.2018.02.006

30. Walsh TR, Wu Y. 2016. China bans colistin as a feed additive for animals. 
Lancet Infect Dis 16:1102–1103. https://doi.org/10.1016/S1473-3099(16
)30329-2

31. Wang Y, Xu C, Zhang R, Chen Y, Shen Y, Hu F, Liu D, Lu J, Guo Y, Xia X, 
et al. 2020. Changes in colistin resistance and mcr-1 abundance in 
Escherichia coli of animal and human origins following the ban of 
colistin-positive additives in China: an epidemiological comparative 
study. Lancet Infect Dis 20:1161–1171. https://doi.org/10.1016/S1473-30
99(20)30149-3

32. Yang Q, Li M, Spiller OB, Andrey DO, Hinchliffe P, Li H, MacLean C, 
Niumsup P, Powell L, Pritchard M, Papkou A, Shen Y, Portal E, Sands K, 
Spencer J, Tansawai U, Thomas D, Wang S, Wang Y, Shen J, Walsh T. 
2017. Balancing mcr-1 expression and bacterial survival is a delicate 
equilibrium between essential cellular defence mechanisms. Nat 
Commun 8:2054. https://doi.org/10.1038/s41467-017-02149-0

33. Zhao Q, Jiang Z, Li T, Cheng M, Sun H, Cui M, Zhang C, Xu S, Wang H, Wu 
C. 2023. Current status and trends in antimicrobial use in food animals in 
China, 2018–2020. One Health Adv 1:29. https://doi.org/10.1186/s44280-
023-00029-5

34. Khalil I, Walker R, Porter CK, Muhib F, Chilengi R, Cravioto A, Guerrant R, 
Svennerholm A-M, Qadri F, Baqar S, Kosek M, Kang G, Lanata C, Armah G, 
Wierzba T, Hasso-Agopsowicz M, Giersing B, Louis Bourgeois A. 2021. 
Enterotoxigenic Escherichia coli (ETEC) vaccines: priority activities to 
enable product development, licensure, and global access. Vaccine 
(Auckl) 39:4266–4277. https://doi.org/10.1016/j.vaccine.2021.04.018

35. Xu Y, Zhong L-L, Srinivas S, Sun J, Huang M, Paterson DL, Lei S, Lin J, Li X, 
Tang Z, Feng S, Shen C, Tian G-B, Feng Y. 2018. Spread of MCR-3 colistin 
resistance in China: an epidemiological, genomic and mechanistic study. 
EBioMedicine 34:139–157. https://doi.org/10.1016/j.ebiom.2018.07.027

36. Tang B, Chang J, Luo Y, Jiang H, Liu C, Xiao X, Ji X, Yang H. 2022. 
Prevalence and characteristics of the mcr-1 gene in retail meat samples 
in Zhejiang Province, China. J Microbiol 60:610–619. https://doi.org/10.1
007/s12275-022-1597-y

37. Seng P, Drancourt M, Gouriet F, La Scola B, Fournier P-E, Rolain JM, 
Raoult D. 2009. Ongoing revolution in bacteriology: routine identifica-
tion of bacteria by matrix-assisted laser desorption ionization time-of-
flight mass spectrometry. Clin Infect Dis 49:543–551. https://doi.org/10.1
086/600885

38. Chang J, Tang B, Chen Y, Xia X, Qian M, Yang H. 2020. Two IncHI2 
plasmid-mediated colistin-resistant Escherichia coli strains from the 
broiler chicken supply chain in Zhejiang Province, China. J Food Prot 
83:1402–1410. https://doi.org/10.4315/JFP-20-041

39. Bolger AM, Lohse M, Usadel B. 2014. Trimmomatic: a flexible trimmer for 
Illumina sequence data. Bioinformatics 30:2114–2120. https://doi.org/10
.1093/bioinformatics/btu170

40. Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M, Kulikov AS, 
Lesin VM, Nikolenko SI, Pham S, Prjibelski AD, Pyshkin AV, Sirotkin AV, 
Vyahhi N, Tesler G, Alekseyev MA, Pevzner PA. 2012. SPAdes: a new 
genome assembly algorithm and its applications to single-cell 
sequencing. J Comput Biol 19:455–477. https://doi.org/10.1089/cmb.201
2.0021

41. Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality 
assessment tool for genome assemblies. Bioinformatics 29:1072–1075. h
ttps://doi.org/10.1093/bioinformatics/btt086

42. Tatusova T, DiCuccio M, Badretdin A, Chetvernin V, Nawrocki EP, 
Zaslavsky L, Lomsadze A, Pruitt KD, Borodovsky M, Ostell J. 2016. NCBI 
prokaryotic genome annotation pipeline. Nucleic Acids Res 44:6614–
6624. https://doi.org/10.1093/nar/gkw569

43. Wick RR, Judd LM, Gorrie CL, Holt KE. 2017. Unicycler: resolving bacterial 
genome assemblies from short and long sequencing reads. PLOS 
Comput Biol 13:e1005595. https://doi.org/10.1371/journal.pcbi.1005595

44. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S, Lund O, 
Aarestrup FM, Larsen MV. 2012. Identification of acquired antimicrobial 
resistance genes. J Antimicrob Chemother 67:2640–2644. https://doi.org
/10.1093/jac/dks261

45. Chen L, Zheng D, Liu B, Yang J, Jin Q. 2016. VFDB 2016: hierarchical and 
refined dataset for big data analysis—10 years on. Nucleic Acids Res 
44:D694–D697. https://doi.org/10.1093/nar/gkv1239

46. Carattoli A, Zankari E, García-Fernández A, Voldby Larsen M, Lund O, Villa 
L, Møller Aarestrup F, Hasman H. 2014. In silico detection and typing of 
plasmids using PlasmidFinder and plasmid multilocus sequence typing. 
Antimicrob Agents Chemother 58:3895–3903. https://doi.org/10.1128/A
AC.02412-14

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00651-2519

https://doi.org/10.1038/s41467-018-03205-z
https://doi.org/10.1038/s41467-023-43854-3
https://doi.org/10.3390/antibiotics12040781
https://doi.org/10.3390/microorganisms10030564
https://doi.org/10.3389/fmicb.2023.1107566
https://doi.org/10.1038/s41467-024-50268-2
https://doi.org/10.1128/microbiolspec.ame-0011-2019
https://doi.org/10.1128/spectrum.02015-22
https://doi.org/10.1038/s41467-022-28750-6
https://doi.org/10.1073/pnas.1113246109
https://doi.org/10.1371/journal.pone.0308324
https://doi.org/10.1136/vr.101454
https://doi.org/10.2807/1560-7917.ES.2023.28.27.2200773
https://doi.org/10.1186/s13073-022-01150-7
https://doi.org/10.1038/s41579-023-00926-x
https://doi.org/10.2165/11315690-000000000-00000
https://doi.org/10.1016/j.tim.2018.02.006
https://doi.org/10.1016/S1473-3099(16)30329-2
https://doi.org/10.1016/S1473-3099(20)30149-3
https://doi.org/10.1038/s41467-017-02149-0
https://doi.org/10.1186/s44280-023-00029-5
https://doi.org/10.1016/j.vaccine.2021.04.018
https://doi.org/10.1016/j.ebiom.2018.07.027
https://doi.org/10.1007/s12275-022-1597-y
https://doi.org/10.1086/600885
https://doi.org/10.4315/JFP-20-041
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1089/cmb.2012.0021
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1093/nar/gkw569
https://doi.org/10.1371/journal.pcbi.1005595
https://doi.org/10.1093/jac/dks261
https://doi.org/10.1093/nar/gkv1239
https://doi.org/10.1128/AAC.02412-14
https://doi.org/10.1128/mbio.00651-25


47. Larsen MV, Cosentino S, Rasmussen S, Friis C, Hasman H, Marvig RL, 
Jelsbak L, Sicheritz-Pontén T, Ussery DW, Aarestrup FM, Lund O. 2012. 
Multilocus sequence typing of total-genome-sequenced bacteria. J Clin 
Microbiol 50:1355–1361. https://doi.org/10.1128/JCM.06094-11

48. Zhou Z, Alikhan N-F, Sergeant MJ, Luhmann N, Vaz C, Francisco AP, 
Carriço JA, Achtman M. 2018. GrapeTree: visualization of core genomic 
relationships among 100,000 bacterial pathogens. Genome Res 
28:1395–1404. https://doi.org/10.1101/gr.232397.117

49. Sullivan MJ, Petty NK, Beatson SA. 2011. Easyfig: a genome comparison 
visualizer. Bioinformatics 27:1009–1010. https://doi.org/10.1093/bioinfor
matics/btr039

50. Alikhan N-F, Petty NK, Ben Zakour NL, Beatson SA. 2011. BLAST ring 
image generator (BRIG): simple prokaryote genome comparisons. BMC 
Genomics 12:402. https://doi.org/10.1186/1471-2164-12-402

51. Richter M, Rosselló-Móra R. 2009. Shifting the genomic gold standard for 
the prokaryotic species definition. Proc Natl Acad Sci U S A 106:19126–
19131. https://doi.org/10.1073/pnas.0906412106

52. Gardner SN, Slezak T, Hall BG. 2015. kSNP3.0: SNP detection and 
phylogenetic analysis of genomes without genome alignment or 
reference genome. Bioinformatics 31:2877–2878. https://doi.org/10.109
3/bioinformatics/btv271

53. Kumar S, Stecher G, Li M, Knyaz C, Tamura K. 2018. MEGA X: molecular 
evolutionary genetics analysis across computing platforms. Mol Biol Evol 
35:1547–1549. https://doi.org/10.1093/molbev/msy096

54. Letunic I, Bork P. 2021. Interactive Tree Of Life (iTOL) v5: an online tool 
for phylogenetic tree display and annotation. Nucleic Acids Res 
49:W293–W296. https://doi.org/10.1093/nar/gkab301

55. Johnson JR, Stell AL. 2000. Extended virulence genotypes of Escherichia 
coli strains from patients with urosepsis in relation to phylogeny and 
host compromise. J Infect Dis 181:261–272. https://doi.org/10.1086/315
217

56. Kaper JB, Nataro JP, Mobley HLT. 2004. Pathogenic Escherichia coli. Nat 
Rev Microbiol 2:123–140. https://doi.org/10.1038/nrmicro818

57. Qadri F, Svennerholm A-M, Faruque ASG, Sack RB. 2005. Enterotoxigenic 
Escherichia coli in developing countries: epidemiology, microbiology, 
clinical features, treatment, and prevention. Clin Microbiol Rev 18:465–
483. https://doi.org/10.1128/CMR.18.3.465-483.2005

58. Nataro James P, Kaper James B. 1998. Diarrheagenic Escherichia coli. Clin 
Microbiol Rev 11:142–201. https://doi.org/10.1128/CMR.11.1.142

59. Chen C, Chen H, Zhang Y, Thomas HR, Frank MH, He Y, Xia R. 2020. 
TBtools: an integrative toolkit developed for interactive analyses of big 
biological data. Mol Plant 13:1194–1202. https://doi.org/10.1016/j.molp.
2020.06.009

Research Article mBio

May 2025  Volume 16  Issue 5 10.1128/mbio.00651-2520

https://doi.org/10.1128/JCM.06094-11
https://doi.org/10.1101/gr.232397.117
https://doi.org/10.1093/bioinformatics/btr039
https://doi.org/10.1186/1471-2164-12-402
https://doi.org/10.1073/pnas.0906412106
https://doi.org/10.1093/bioinformatics/btv271
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1086/315217
https://doi.org/10.1038/nrmicro818
https://doi.org/10.1128/CMR.18.3.465-483.2005
https://doi.org/10.1128/CMR.11.1.142
https://doi.org/10.1016/j.molp.2020.06.009
https://doi.org/10.1128/mbio.00651-25

	Genome-based assessment of antimicrobial resistance of Escherichia coli recovered from diseased swine in eastern China for a 12-year period
	RESULTS
	The prevalence of E. coli in this study
	The antimicrobial resistance of 114 E. coli isolates
	Characterization of the AMR-related genome features of E. coli isolates
	Characterization of the virulence-related genome features of E. coli isolates
	Characterization of the genome features of mcr-1-harboring and mcr-3-harboring plasmids
	Characterization of the genome features of tet(X4)-harboring plasmids

	DISCUSSION
	MATERIALS AND METHODS
	Identification of E. coli isolates
	Antimicrobial susceptibility tests
	Whole-genome sequencing and bioinformatics analysis
	Conjugation assay
	Statistical analysis



