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Abstract
Background: Antimicrobial resistance (AMR) is one of the greatest threats to animal and public health. Here, we
conducted a dynamic surveillance of Escherichia coli on Chongming Island in Shanghai during 2009–2021 to identify
the characteristics and trends of Chongming’s AMR pandemic.
Methods: Rectal (cloaca) swabs from four poultry and nine swine farms (Chongming Island, 2009–2021) were collected for E. coli strains acquisition. The micro-broth dilution method was used to test antimicrobial susceptibility of
E. coli isolates against 10 antimicrobial classes including 15 antimicrobials. Utilizing generalized linear mixed models
(GLMMs) and co-occurrence analyses, we further explored the multiple-drug-resistance (MDR) combinations and
dynamic patterns of E. coli over 10 years in two food animals.
Results: Total of 863 MDR isolates were found among 945 collected E. coli isolates, 337 from poultry and 608 from
swine. Both isolates exhibited high resistant rates (> 70%) to tetracyclines, phenicols, sulfonamides, penicillins, and
aminoglycosides (only in swine). The resistant rates of swine isolates to penicillins, aminoglycosides, tetracyclines,
phenicols, and polymyxins were significantly higher than those of poultry isolates, whereas resistance to fluoroquinolones was reversed. Resistance to polymyxins decreased similarly in swine (42.4% in 2009 to 0.0% in 2021) and
poultry isolates (from 16.5% to 0.0%). However, resistance to other seven antimicrobial classes (excluding carbapenems and penicillins) declined dramatically in swine isolates, particularly fluoroquinolones (from 80.5% to 14.4%), and
tendencies of resistance to the seven classes showed markedly divergent patterns in poultry isolates. Using Poisson
GLMMs, the AMR carriage since 2016 was significantly lower than that of 2009 (odds ratio < 1), indicating a decline in
the risk of MDR emergence. Furthermore, despite the highly diverse MDR profiles, co-occurrence analysis identified

†

Chao Lv, Jun Shang and Wengang Zhang contributed equally to this work

*Correspondence: xkguo@shsmu.edu.cn; huangshx1968@sina.cn;
yzhzhu@sjtu.edu.cn; yzhzhu@hotmail.com
1
Department of Animal Health and Food Safety, School of Global Health,
Chinese Center for Tropical Diseases Research, Shanghai Jiao Tong University
School of Medicine, Shanghai, China
3
Shanghai Center for Animal Disease Prevention and Control, Shanghai
Institute for Veterinary Drugs and Feeds Control, Shanghai 201103, China
Full list of author information is available at the end of the article

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Lv et al. Infectious Diseases of Poverty

(2022) 11:98

Page 2 of 13

two prominent MDR clusters of penicillins-phenicols-fluoroquinolones in poultry and aminoglycosides-tetracyclinessulfonamides-phenicols in swine.
Conclusions: Our study uncovered vastly distinct AMR patterns and dynamic tendencies of poultry and swine E. coli
isolates from Chongming. Meanwhile, Chongming’s AMR status has ameliorated, as indicated by the decline in antimicrobials prevalence (particularly in swine), lower likelihood of MDR emergence and low carbapenem-, cephalosporin-,
and polymyxin resistance. Importantly, this surveillance results are the vital basis for future policy development in
Chongming and Shanghai.
Keywords: Antimicrobial resistance, Escherichia coli, Food animal, Longitudinal trend analysis, Chongming Island,
Shanghai

Background
Alexander Fleming, inventor of penicillin and pioneer
of the era of antimicrobials, once warned that overuse
of penicillin would cause resistant bacteria to emerge,
leaving this life-saving medication ineffective [1]. Antimicrobial resistance (AMR) has, as expected, become a
global concern [2–4]. In the past decades, the emergence
of bacteria with multiple-drug-resistance (MDR), extensively-drug-resistance (XDR) and even pan-drug-resistance (PDR) has made the selection of antimicrobials in
clinical settings more problematic. Even more concerning is the fact that a rising number of bacteria are resistant to last-resort antimicrobials, such as carbapenems,
tigecycline, and colistin [5–8]. AMR is responsible for an
estimated death of 700,000 people worldwide annually;
this figure will have reached 10 million by 2050 [9]. Apart
from the ongoing spread of AMR, the previously robust
antimicrobial development pipeline has dwindled to a
trickle of promising drugs [10, 11]. Dr. Tedros Adhanom
Ghebreyesus, the director-general of the World Health
Organization (WHO), stated at the 2019 World Health
Assembly: “Together with our partners, we are intensifying the battle against antimicrobial resistance, one of the
most critical health concerns of our time” [12]. Undoubtedly, China is also affected by the crisis, which is not surprising given that China is the world’s largest producer
and consumer of antimicrobials [13, 14].
Antimicrobials usage is primary driver of the emergence of antimicrobial-resistant bacteria; the rate of
AMR increases with the use of antimicrobial drugs [15].
Approximately 73% of all antimicrobials sold worldwide
are used on food animals, particularly poultry and swine
produced in intensive animal production systems [16,
17]. Food animals receive low (sub-therapeutic) amounts
of antimicrobials in their feed to promote growth and
prevent mass infections. Despite the widespread acceptance of antimicrobials in animal husbandry in more than
half of the world’s countries, this low-dose, prolonged
antimicrobial use exacerbates the onset and spread of
AMR [18–20]. Therefore, food animals are potential reservoirs of AMR [21]. It has been proven that China and

India have the highest levels of AMR in their animal populations [22]. Importantly, antimicrobial-resistant bacteria in food animals might be transmitted directly to farm
workers, and indirectly to a larger population through
contaminated food, water, and soil, posing a threat to
public health [23, 24].
Among the various microorganisms, Escherichia coli is
particularly notable due to its ability to serve as a commensal in the digestive tract of humans and animals, but
also to cause serious infections which may result in lifethreatening or economic losses [25]. In a 2019 comprehensive study of global antimicrobial-resistant bacterial
burden, E. coli was identified as one of the major pathogens accounting for 929,000 deaths attributable to AMR
and 3.57 million deaths associated with AMR [26]. In
particular, the ability of extended-spectrum β-lactamase
(ESBL)-producing E. coli to hydrolyze third-generation
cephalosporins poses a significant threat to global health
[27]. E. coli is also the pathogen with the highest rate
of clinical isolates in China [28]. Moreover, E. coli possesses relatively open pan-genomes, a high capacity to
acquire antimicrobial resistance genes (ARGs) via horizontal gene transfer, and the ability to act as both a donor
and a recipient in ARGs transmission [29]. In general, E.
coli has been utilized as a biomarker to detect AMR in
numerous medical or environmental situations, including
food animal farms, hospitals, and the wildlife-livestockhuman interfaces [30, 31]. In the meantime, antimicrobial-resistant E. coli occurred in both human and animal
populations could be transmitted to a vast number of
species via environmental pathways. In the context of
One Health, it is also a perfect biological platform for
multisector and interdisciplinary AMR disposal [29].
The majority of high-income nations have implemented
AMR surveillance in animals for more than a decade;
however, monitoring data on AMR are scarce in low- and
middle-income countries (LMICs) [32]. Due to the high
AMR burden in LMICs, robust surveillance measures are
crucial, with data collection being the first vital step [26].
Shanghai, as a representative of China’s megacities, was
one of the first provincial-level administrative divisions
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to conduct AMR surveillance on animals in 2008, with
the surveillance area covering Chongming Island in 2009
[33]. Compared with other districts in Shanghai, Chongming Island is a relatively isolated region making it an
ideal site to conduct long-term surveillance of AMR and
evaluate the efficacy of different intervention measures.
Concurrently, as one of Shanghai’s major meat, egg, and
milk suppliers, Chongming Island has a direct impact on
the city’s food security [34]. Furthermore, food security,
human health, and environmental health related to AMR
are crucial for achieving Chongming’s global ecological
island goal [35, 36]. Recently, the One Health concept
was adopted by the Chongming government to handle
the whole island’s health issues including AMR, aimed at
building an institutional basis for One Health and guaranteeing the ambitious goal of a global ecological island.
In this study, we investigate the surveillance data of AMR
in poultry and swine since 2009 to determine the present
profiles and trends of antimicrobial-resistant E. coli in
Chongming Island’s food animals. Prior to initiating the
One Health project to reduce the prevalence of AMR on
Chongming Island, this study will provide a comprehensive understanding of AMR in food animals and serve as
a reference for baseline data. This is, to the best of our
knowledge, the first regional longitudinal investigation of
AMR in food animals over a 10-year period, particularly
in LMICs.

samples, e.g. the growth stages (weaned, growing) of
swine and production function (layer, breeding) of
poultry is obtained. All samples were collected from
four poultry and nine swine farms, with poultry farm
P4 being the only sampling farm since 2014 and one
swine farm (S5) with a 5-year sampling period. Table 1
depicted the distribution of sampling farms over time.
Individual samples were collected following the routine protocols outlined below. Briefly, a sterilized cotton
swab was inserted into the swine anus or poultry cloaca
for 1.5–2.0 cm and rotated 2–3 times. After adding 10 ml
of sterile transport medium, the feces-stained swab was
stored at enclosed and homoiothermic (0–4 °C) units for
shipment within 24 h. Then, plenty of transport mediums were evenly inoculated on E. coli coliform chromogenic media (Hopebio biotech company, Qingdao, China),
and incubated at 36 °C for 18–24 h. One small, purified
blue/purple spherical colony was chosen from each plate
and sub-cultured for an additional 18–24 h on chromogenic media. The pure colony was then identified as E.
coli using a microbial biochemical identification system
(VITEK 2 Compact, Biomerieux, France). The confirmed
isolates were stored at − 80 °C using commercial magnetic bead strain preservation tubes (Pro-Lab Microbank, Canada).

Methods

A total of 15 antimicrobials belonging to 10 classes,
namely penicillins (ampicillin), β-lactam combination agents (β-lactamCA, amoxicillin-clavulanic acid),
cephems (subclass of cephalosporins III, ceftiofur and
ceftazidime), penems (subclass of carbapenems, meropenem), aminoglycosides (spectinomycin and gentamicin),
tetracyclines (doxycycline and tetracycline), phenicols
(florfenicol), folate pathway antagonists (subclass of sulfonamides, sulfaisoxazole and sulfamethoxazole), fluoroquinolones (enrofloxacin and ofloxacin), and lipopeptides
(subclass of polymyxins, colistin), were included in the
antimicrobial susceptibility testing (AST). Ceftiofur, florfenicol, and enrofloxacin were only used on livestock and
poultry; the use of ofloxacin and colistin on food animals
has been prohibited in China since 2016; and meropenem has never been used for the treatment and prevention of disease in food animals. The minimum inhibitory
concentration (MIC) values of 15 antimicrobials were
determined using the microbroth dilution protocol (CLSI
M100, ED32) recommended by the Clinical & Laboratory Standards Institute (CLSI) [37], and the results were
interpreted using the CLSI recommend breakpoint for
each antimicrobial. Three antimicrobials namely ceftazidime (2016), spectinomycin (2012) and meropenem
(2016) were added to the surveillance program, and

Sample collection and identification of E. coli isolates

Chongming Island, located near the estuary of the
Yangtze River, was selected as the sampling sites for
targeted poultry and swine farms. The sampling period
began in 2009 and lasted until 2021. No isolates were
collected in 2010 and 2011, and there were only swine
isolates collected in 2012. At least one poultry or swine
farm was chosen annually based on the following criteria: (1) Large-scale breeding farms rather than scatterfeed mode; (2) No disease outbreak in pre-selection
farms; (3) The farm participated in the surveillance
program voluntarily. Once a farm was selected, the
sampling work is generally completed within one
month in the first half of the year, and the sampling
period may vary during different surveillance years. In
accordance with the annual national monitoring plan
for animal-derived antimicrobial resistant bacteria, at
least thirty swabs of fresh feces (the sampler observed
that it had just been discharged by animals) or rectal
(cloaca) swabs from healthy swine and poultry were
collected from each farm. For each farm, sampling
must be performed within one day or within one week
if the number of samples exceeds the estimated sample
size. If possible, more detailed information of collected

Testing for antimicrobial susceptibility
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Table 1 Location of sampling farms in Chongming Island and
the number of E. coli isolates collected from 2009 to 2021
Year

Farm code

Species

Geolocation
(longitude/latitude,
E/N)

Number
of
isolates

2009

P1

Poultry

121.6146/31.5463

47

P2

Poultry

121.3796/31.6928

56

S1

Swine

121.5032/31.6646

60

S2

Swine

121.6584/31.6287

58

S3

Swine

121.3900/31.7755

P3

Poultry

121.2269/31.7687

38

S4

Swine

121.2341/31.7779

39

P4

Poultry

121.2342/31.8189

34

S5

Swine

121.2967/31.8462

41

P4

Poultry

121.2342/31.8189

20

S5

Swine

121.2967/31.8462

40

Subtotal
2012

221

Subtotal
2013

46

Subtotal
2014

77

Subtotal
2015

75

Subtotal
2016

60
P4

Poultry

121.2342/31.8189

18

S5

Swine

121.2967/31.8462

29

P4

Poultry

121.2342/31.8189

40

S5

Swine

121.2967/31.8462

39

P4

Poultry

121.2342/31.8189

34

S5

Swine

121.2967/31.8462

39

P4

Poultry

121.2342/31.8189

10

S6

Swine

121.6017/31.6822

40

S7

Swine

121.3499/31.8111

10

P4

Poultry

121.2342/31.8189

20

S6

Swine

121.6017/31.6822

18

S7

Swine

121.3499/31.8111

20

S8

Swine

121.5439/31.6791

18

Subtotal
2017

47

Subtotal
2018

79

Subtotal
2019

73

Subtotal
2020

60

Subtotal
2021

46

76
P4

Poultry

121.2342/31.8189

20

S6

Swine

121.6017/31.6822

20

S8

Swine

121.5439/31.6791

47

S9

Swine

121.5016/31.7132

44

Subtotal

131

Total

945

doxycycline was employed only during 2012–2017. E. coli
ATCC25922 was selected as a quality control strain for
all AST.

Statistical analysis

The differences of phenotypic resistant rates and prevalence of resistance to antimicrobials between the hosts
of poultry and swine were determined using Chi-square
analysis, with a significance level of 0.05. The Chi-square
tests were conducted using IBM SPSS Statistics 22 (IBM,
Armonk, USA) and the graphics were created using
GraphPad Prism 9 (GraphPad, San Diego, USA) and Origin 2021 (OriginLab, Northampton, USA). GraphPad
Prism 9 was used to present the dynamic trends of phenotypic resistant rates and the resistance prevalence of
antimicrobials.
The antibiogram length (also called “AMR carriage”)
was defined as the total number of antimicrobial classes
to which an isolate was phenotypically resistant [30].
Subsequently, the antibiogram length was chosen as
dependent variable to test whether it differed between
the two hosts and the different years by utilizing generalized linear mixed models (GLMMs), and the analysis was implemented in the “lme4” package of R 4.2.0
(Lucent Technologies, Jasmine Mountain, USA). In the
meantime, the antibiogram length profiles from three
to eight of poultry and swine were visualized as stacked
histogram generated by GraphPad Prism 9, and two new
definitions of dominant profile (the profile that emerged
nearly every year and comprised the majority of isolates)
and profile diversity (the number of unique profiles in a
given year) were introduced. To investigate the co-occurrence of AMR phenotypes, a pairwise co-occurrence
matrix of the 9 classes (excluded class of carbapenems) of
antimicrobial resistance phenotypes (absence and presence) was constructed. The “polycor” package in R was
adopted, and the “corrplot” package was utilized to visualize the matrix. To detect a correlation between the two
phenotypes, a P-value of 0.05 was chosen as statistically
significant.

Results
Sampling information of E. coli isolates

Over a sampling period of more than a decade (2009 to
2021, excluding 2010 and 2011) on Chongming Island,
a total of 945 E. coli isolates were collected, comprising
337 poultry isolates and 608 swine isolates from four
poultry farms (Coded P1–P4) and nine swine farms
(S1–S9). Annually, the number of obtained isolates varied. The greatest number of collected isolates was 103
poultry isolates and 118 swine isolates in 2009, while the
lowest number collected was 10 poultry isolates in 2019
and 29 swine isolates in 2016. Among all poultry isolates,
243 breeding-hen isolates (P1, P4) and 94 layer-hen isolates (P2 and P3) were identified. In swine, 168 isolates
were collected from weaned pigs, and 440 isolates were
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collected from growing pigs. The distribution of farms,
the sampling period, and the quantity of E. coli isolates
collected are depicted in Table 1 and Additional file 2:
Table S1.
The status of AMR in poultry and swine E. coli isolates

The AST results revealed that more than 70% of isolates
from both poultry and swine were resistant to phenicols,
tetracyclines, sulfonamides, and penicillins, with the
highest resistant rate of 86.4% to tetracyclines in poultry and 92.6% to phenicols in swine. The resistant rate
of aminoglycosides in swine isolates was also more than
70%. In 2019, only one swine isolate exhibited carbapenems resistance. The resistant rates of swine isolates for
penicillins (P < 0.001), aminoglycosides (P < 0.001), tetracyclines (P = 0.008), phenicols (P < 0.001) and polymyxins
(P < 0.001) were significantly higher than those of poultry
isolates, whereas the resistant rates of poultry isolates for
fluoroquinolones (P = 0.006) were significantly higher
than those of swine isolates. There were no differences in
resistant rates of β-lactamCA, sulfonamides and cephalosporins between the two hosts (Fig. 1A, Table 2). In
addition, the resistant rates of breeding-hens, layer-hens,
weaned pigs and growing pigs were shown in Additional
file 1: Fig S1 and Additional file 2: Table S2.
Among all isolates from both hosts, the prevalence of
resistance to ampicillin, doxycycline, tetracycline, florfenicol, sulfaisoxazole and sulfamethoxazole were more
than 70%, while resistance to ceftazidime and meropenem were less than 10%. In swine isolates, the highest
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resistance prevalence was 92.6% for florfenicol, which
was the most used phenicols class in breeding food animals. Tetracycline, another of the most extensively used
antimicrobials in animal husbandry, exhibited the highest resistance prevalence among poultry isolates at 86.1%.
There is no difference between the prevalence of resistance to amoxicillin/clavulanic acid, ceftiofur, meropenem, sulfaisoxazole, and sulfamethoxazole between the
two hosts. While resistance to three antimicrobials (ceftazidime, enrofloxacin, and ofloxacin) was more prevalent in poultry isolates than swine isolates, the opposite
was true for the remaining seven antimicrobials (Fig. 1B,
Table 2). In addition, the resistance prevalence for antimicrobials of breeding-hens, layer-hens, weaned pigs and
growing pigs are shown in Additional file 1: Fig S1(C, D)
and Additional file 2: Table S2.
Trends variation of resistant rates and prevalence

Three antimicrobial classes of β-lactamCA, polymyxins
and carbapenems, exhibited similar trends of resistance
rate between poultry and swine isolates. Since its addition to the monitoring plan in 2016, the rate of carbapenem resistance has remained almost unchanged at 0%.
In contrast, downward tendencies of resistant rate were
observed in the classes of β-lactamCA and polymyxins.
Both poultry (from 96.1% in 2009 to 15.0% in 2021) and
swine (from 98.3% in 2009 to 10.8% in 2021) isolates
exhibited a considerable decline in β-lactamCA resistant rates. In addition, the resistance of poultry isolates
to polymyxins decreased from 16.5% in 2009 to 0.0% in

Fig. 1 Radar charts showing percentages of E. coli isolates resistant to ten antimicrobial classes and fifteen antimicrobials. Asterisks indicate
statistically significant variations in the resistance phenotype or prevalence of specific antimicrobials between swine and poultry, *P < 0.05,
**P < 0.01. β-lactamCA β-lactam combination agents. AMP ampicillin, AMC amoxicillin/clavulanic acid, TIO ceftiofur, CAZ ceftazidime,
MEM meropenem, SPT spectinomycin, GEN gentamicin, DOX doxycycline, TCY tetracycline, FLR florfenicol, SUL sulfaisoxazole, SXT sulfamethoxazole,
ENR enrofloxacin, OFX ofloxacin, COL colistin
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Table 2 Resistant rates for various antibiotic classes and the resistance prevalence of antimicrobials in E. coli isolates, categorized by
host
Antimicrobials classes

Poultry (%)
(n = 337)

Swine (%)
(n = 608)

P-value

Antimicrobial agents

Poultry (%)
(n = 337)

Swine (%)
(n = 608)

P-value

Penicillins

75.3

85.9

< 0.001

Ampicillin

75.3

85.9

< 0.001

β-lactam combination agents

48.7

42.3

NS

Amoxicillin/clavulanic acid

48.7

42.3

NS

Cephalosporins

23.1

22.5

NS

Ceftiofur

23.1

22.5

NS

6.3

1.9

0.012

Ceftazidime
Carbapenems

0.0

0.3

NS

Meropenem

Aminoglycosides

46.3

70.4

< 0.001

Spectinomycin
Gentamicin

19.2

37.2

< 0.001

Tetracyclines

86.4

91.8

0.008

Doxycycline

71.3

85.9

< 0.001

Tetracycline

86.1

91.6

0.007

Phenicols

76.6

92.6

< 0.001

Florfenicol

76.6

92.6

< 0.001

Sulfonamides

85.2

87.2

NS

Fluoroquinolones
Polymyxins

52.5
7.7

43.3
21.9

0.006
< 0.001

0.0

0. 3

NS

46.6

65.7

< 0.001

Sulfaisoxazole

82.8

85.4

NS

Sulfamethoxazole

71.5

75.2

NS

Enrofloxacin

49.8

41.3

0.027

Ofloxacin

46.3

39

0.029

21.9

< 0.001

Colistin

7.7

NS not significant

2021, and the resistance of swine isolates to polymyxins
decreased from 42.4% in 2009 to 0.0% in 2021. For the
other seven classes, the resistance trends in poultry and
swine isolates exhibited unique patterns. Apart from penicillins, the resistant rates of the other six classes in swine
fell significantly, with the resistant rate of fluoroquinolones exhibiting the greatest decline from 80.5% in 2009 to
14.4% in 2021. Moreover, the decrease ranges for cephalosporins and aminoglycosides in swine were also larger
(cephalosporins: from 53.4% in 2009 to 12.6% in 2021;
aminoglycosides: from 73.7% in 2009 to 52.3% in 2021).
Despite the decreasing trends of tetracyclines, phenicols
and sulfonamides in swine isolates, the resistant rates of

these three classes in 2021 were still more than 65.0%,
and the decline of these three classes became apparent
after 2018. For poultry isolates, only fluoroquinolones
showed a decline trend (from 68.0% in 2009 to 50.0% in
2021), meaning that the other six classes of antimicrobials had no decline trends. In 2021, resistant rates of aminoglycosides, tetracyclines, phenicols, sulfonamides, and
penicillins were all more than 70% in poultry (Fig. 2).
The prevalence of ceftazidime resistance was low
in both poultry and swine isolates, and no discernible trends were observed. Resistance to gentamicin and
doxycycline in isolates from poultry and swine exhibits a similar pattern of decreasing prevalence. However,

Fig. 2 Trends in the proportion of E. coli isolates resistant to various antimicrobial classes from 2009 to 2021. Only one antimicrobial agent was
selected for each of the classes of phenicols, polymyxins and carbapenems. β-lactamCA β-lactam combination agents
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resistance to the remaining eight antimicrobials (ampicillin, ceftiofur, spectinomycin, tetracycline, enrofloxacin,
ofloxacin, sulfaisoxazole, and sulamethoxazole) varied
greatly between poultry and swine isolates. Other than
ampicillin, seven of the other antimicrobials showed
declining trends of resistance in swine, with the most
notable declines in ceftiofur (from 53.6% to 12.4%), spectinomycin (from 91.3% to 50.5%), enrofloxacin (from
76.3% to 14.4%), ofloxacin (from 78.8% to 11.7%), and
sulfamethoxazole (from 98.3% to 57.7%). Comparatively,
antimicrobial resistant patterns in poultry were complex,
with an upward trend for tetracycline, an initially rising
and then declining trend for sulfaisoxazole, a falling and
rising trend for ampicillin, a slight decline trend for enrofloxacin and ofloxacin, and no discernible trends for ceftazidime, spectinomycin, or sulfamethoxazole (Fig. 3).
MDR status and dynamics in poultry and swine isolates

Of the 945 isolates from poultry and swine tested, only
five (four in 2018 and one in 2020) were susceptible to all
15 antimicrobials. None of the isolates were resistant to
all antimicrobial classes. There were 863 (91.3%) multidrug-resistant isolates (the isolate is resistant to three or
more antimicrobial classes) [38], with most being resistant to four to eight antimicrobial classes (13.4% in 4
classes, 19.7% in 5 classes, 20.2% in 6 classes, 13.0% in 7
classes and 10.9% in 8 classes; Fig. 4A). MDR distribution
patterns usually fluctuated annually. While non-MDR
poultry isolates peaked in 2018, non-MDR swine isolates
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peaked in 2020. In poultry, the isolates collected in 2013
and 2021 were all MDR, while all swine isolates collected
prior to 2017 were MDRs (Fig. 4B).
The Poisson GLMMs were used to investigate the probability of AMR carriage (also called antibiogram lengths)
for the hosts and the sampling years. The antibiogram
length of swine was significantly longer than that of
poultry [odds ratio (OR) = 1.19, 95% confidence interval
(CI): 1.12–1.27, P < 0.001]. Based on all isolates of poultry and swine, antibiogram lengths from 2012 to 2015
did not present significant differences from those in 2009
(P = 0.871 in 2012, P = 0.811 in 2013, P = 0.130 in 2014,
P = 0.404 in 2015), while antibiogram lengths in all years
after 2016 were significantly shorter than that of 2009
(OR < 1, P = 0.015 in 2016, P < 0.001 from 2017 to 2021,
Table 3).
All poultry and swine E. coli isolates had a total of
107 unique antimicrobial resistance profiles with antibiogram lengths ranging from 1 to 9, including 37 profiles in poultry, 33 profiles in swine, and 37 profiles
shared by both species (Additional file 2: Table S2).
Then, we evaluated the variations and tendencies of
antibiogram length profiles ranging from three to eight
(Fig. 5, Additional file 2: Table S2). The two definitions
of dominant profile and profile diversity described in
the method section were adopted to summarize the
observed phenomena. Overall, we identified the evident dominant profiles in antibiogram length of four
(penicillins-tetracyclines-phenicols-sulfonamides

Fig. 3 Trends in the prevalence of antimicrobial-resistant E. coli isolates from 2009 to 2021. AMP ampicillin, AMC amoxicillin/clavulanic acid,
TIO ceftiofur, CAZ ceftazidime, MEM meropenem, SPT spectinomycin, GEN gentamicin, DOX doxycycline, TCY tetracycline, FLR florfenicol,
SUL sulfaisoxazole, SXT sulfamethoxazole, ENR enrofloxacin, OFX ofloxacin, COL colistin
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Fig. 4 Number of antimicrobial classes (A) and percentage of antimicrobial classes annually (B)

Table 3 Results of a Poisson generalized linear mixed model
examining the likelihood of antibiogram length within the two
hosts and different years
No. isolates

Estimate

SE

Z score

P-value

Hosts
Poultry

337

Reference

Swine

608

0.175

0.033

5.39

< 0.001

Year
2009

221

Reference

2012

46

0.011

0.067

0.163

0.871

2013

77

0.013

0.055

0.239

0.811

2014

75

2015

60

2016

47

2017

79

2018

73

2019

60

2020

76

2021

131

− 0.088

− 0.052

− 0.175

− 0.211

− 0.302

− 0.265

− 0.450

− 0.390

0.058
0.062
0.072
0.060
0.064
0.067
0.066
0.053

− 1.515

− 0.834

− 2.421

− 3.530

− 4.731

− 3.926

− 6.804

− 7.381

0.130
0.404
0.015
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001

and
aminoglycosides-tetracyclines-phenicols-sulfonamides in swine), antibiogram length of five
(penicillins-tetracyclines-phenicols-sulfonamides-fluoroquinolones in poultry and penicillins-aminoglycosides-tetracyclines-phenicols-sulfonamides in swine),
antibiogram length of six (penicillins-β-lactamCAaminoglycosides-tetracyclines-phenicols-sulfonamides
and penicillins-aminoglycosides-tetracyclines-phenicolssulfonamides-fluoroquinolones in swine), antibiogram
length of seven (penicillins-β-lactamCA-cephalospori
ns-aminoglycosides-tetracyclines-phenicols-sulfonami
des in poultry and penicillins-β-lactamCA-aminoglyco
sides-tetracyclines-phenicols-sulfonamides-fluoroquin

olones in swine), as well as antibiogram length of eight
(penicillins-β-lactamCA-cephalosporins-aminoglycosi
des-tetracyclines-phenicols-sulfonamides-fluoroquino
lones in poultry and swine). None of dominant profiles
were detected in antibiogram length of three (Fig. 5).
The highest diversity in poultry occurred in 2009 with
31 distinct profiles and the lowest occurred in 2019 with
seven profiles, whereas the highest diversity in swine
occurred in 2021 with 33 profiles and the lowest in 2018
with eight profiles (Additional file 2: Table S2). When
analyzed by antibiogram lengths, the highest diversity
in poultry mainly centralized in the first few years of
surveillance, for instance, the highest diversity of antibiogram length of three occurred in 2014 with 6 distinct
profiles. Conversely, the greatest diversity of antibiogram length profiles in swine was primarily dispersed in
2021 (except for antibiogram lengths of seven and eight
in 2009 or 2012). Furthermore, the number of isolates in
each profile was not uniform; poultry and swine isolates
were most abundant in one or two profiles every year
(Fig. 5).
Co-occurrence analysis revealed two obvious clusters
for penicillins-phenicols-fluoroquinolones in poultry and
aminoglycosides-tetracyclines-sulfonamides-phenicols
in swine (P < 0.05, correlation coefficient > 0.5). The correction coefficient of three pairs of resistant phenotypes,
penicillins-cephalosporins, aminoglycosides-polymyxins
and penicillins-β-lactamCA, had correction coefficients
of more than 0.5 in poultry, indicating a greater likelihood of co-occurrence. Two pairs of phenotypes (tetracyclines-polymyxins and cephalosporins-tetracyclines)
exhibited a negative connection; nevertheless, the correlation is weak (r < 0.5, Fig. 6A). Furthermore, swine
isolates had a higher number of co-occurrence pairs (13
pairs) with correlation coefficients above 0.5, of which the
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Fig. 5 Variations and trends in antibiogram length from three and eight. pen β-lactam, cep cephalosporins, car carbapenems, ami aminoglycosides,
tet tetracyclines, phe phenicols, sul sulfonamides, flu fluoroquinolones, pol polymyxins. Antimicrobial classes are not ranked in any particular order
across all profiles

highest pair being sulfamides-polymyxins (0.88, P < 0.01).
It was also interesting to discover that fluoroquinolones
had a higher likelihood of co-occurrence with polymyxins (0.66, P < 0.01), while polymyxin resistance was not
the predominant resistance trait in swine (Fig. 6B).

Discussion
In this study, a systematic surveillance of antimicrobialresistant E. coli isolates in Chongming Island’s food animals was conducted. This was a longitudinal study with a
sample period of more than ten years, as opposed to the

cross-sectional studies previously undertaken on food
animal farms in various regions of China. We believe, this
work complements shorter-term dynamic surveillance
studies.
The prevalence of antimicrobial-resistant E. coli isolates in Chongming Island’s food animals is alarming.
Both poultry and swine E. coli isolates are highly resistant
to tetracyclines, phenicols, sulfamates, penicillins, and
aminoglycosides. Given that the aforementioned antimicrobial classes were utilized extensively in the breeding of food animals, the high resistance among them is

Lv et al. Infectious Diseases of Poverty

(2022) 11:98

Page 10 of 13

Fig. 6 Correlations between antimicrobial resistance characteristics in E. coli isolates from poultry (A) and swine (B). The numbers within the boxes
reflect values for the correction coefficient (r). The legends beneath the two heat maps indicate whether the link between resistant phenotypes
is positive (closer to 1; darker blue) or negative (less than 1; lighter blue) (closer to − 1, dark red). *P < 0.05, **P < 0.01. β-lactamCA β-lactam
combination agents

not surprising [16, 39, 40]. Antimicrobial resistant rates
(especially resistance to penicillins, aminoglycosides, tetracyclines, and phenicols) were higher in swine isolates
than in poultry isolates result from significantly higher
antimicrobials consumption in swine than in poultry in
China [41] Furthermore, the longer feeding time in swine
than in poultry may also contribute to the emergence of
the high resistance phenotypes.
Since 2013, the Chinese government has issued a series
of policies to regulate, restrict, and prohibit antimicrobial
use in food animal breeding [33, 42, 43]. Although we do
not know the variation of antimicrobial use in food animals, our surveillance results strongly support the efficacy of these measures, as AMR showed declining trends
in six of nine antimicrobial classes and twelve of fifteen
antimicrobials in swine isolates. In fact, there is insufficient data to explain the fluctuation of AMR in poultry
isolates. In addition, the reduction in antibiogram length
or AMR carriage is a further advantage of implementing
these policies. Antibiogram lengths of all isolates from
2016 to 2021 were considerably shorter than those from
2009 (OR < 1, P = 0.015 in 2016, P < 0.001 from 2017 to
2021).
In 2015 and 2016, the Chinese government prohibited the use of ofloxacin as an antibacterial agent in food
animals and the use of colistin as an animal growth-promoting feed ingredient [44, 45]. The rate of resistance to
polymyxins and fluoroquinolones subsequently declined

in poultry and swine isolates as a result of decreasing
consumption of colistin and ofloxacin [46]. Interestingly,
the prevalence of resistance to colistin has decreased to
0% in 2017 (0% in 2016 for poultry), but the incidence of
resistance to ofloxacin is still over 10% (an upward trend
in poultry from 2019). The discrepant mechanisms of
drug resistance emergence and transmission, the difficulties of regulating farm rather than feed enterprises, and
enrofloxacin’s synergistic effect in AMR (r = 0.88 in poultry and r = 0.90 in swine; data not shown) all contribute
to the higher prevalence of resistant to ofloxacin.
In 2017, a list of antimicrobial-resistant bacteria that
pose the greatest threat to human health was issued by
WHO, including the carbapenems-resistant Enterobacteriaceae (CRE) [47]. Nowadays, CRE represents a worsening global threat that ignores national borders with its
rapid spread [48]. In China, the class of carbapenems are
not used in animal breeding, and this may be the primary
reason why carbapenems-resistant E. coli isolates are
uncommon in poultry and swine. Here, the source of the
single carbapenem-resistant isolate in swine is unclear
based on the available data. However, we assume that the
emergence of the carbapenem-resistant isolate might be
sporadic because it was not discovered during the subsequent 2 years.
Whole-genome sequence undertaken on 31 Swiss
farms revealed that clonal transmission from animal to
animal or via contaminated stable surfaces, rather than
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the introduction of new strains, was the predominant
mode of transmission [49]. Several dominant profiles
(which appear in multiple years and have a preponderance of isolates number) were identified in our study, and
we infer that they may persist in the farm in the absence
of all-in and all-out management and good hygiene. In
addition, some resistant phenotypes in poultry or swine
may be synergistic [30]. As demonstrated by this study,
penicillins-phenicols-fluoroquinolones in poultry and
aminoglycosides-tetracyclines-sulfonamides-phenicols
in swine are evident co-occurrence phenotype clusters
(r > 0.5, P < 0.01), indicating potential circulating conjugative MDR plasmids within the E. coli population of
the two hosts, particularly the cluster of aminoglycosides-tetracyclines-sulfonamides. This is because ARGs
conferring resistance phenotypes to tetracyclines and
sulfonamides are typically attributed to mobile genetic
elements [50, 51].
One of the five objectives of the Global Action Plan
on Antimicrobial Resistance issued by WHO, Food and
Agriculture Organization, and World Organization for
Animal Health, is to strengthen the knowledge and evidence basis through surveillance [52]. AMR surveillance in animals is inadequately documented in LMICs,
particularly data on continuous, systematic longitudinal
surveillance [32]. Local prevalence surveys are imperfect
substitutes for surveillance networks and may not reflect
the dynamics of AMR within farms, even in the regions,
or national level. Several investigations on the dynamics of extended-spectrum cephalosporin-resistant E. coli
(ESC-R-Ec) in European pig farms concluded that longitudinal surveillance is necessary since the presence of
ESC-R-Ec fluctuates throughout a pig’s lifetime [53, 54].
Meanwhile, as the world’s largest producer of poultry and
swine as well as the greatest producer and consumer of
antimicrobials, understanding the current status of AMR
in food animals in China is crucial for worldwide AMR
surveillance [16, 32]. According to Daniel et al. systematic review, eastern China and India will benefit the most
from future surveillance initiatives [55]. Consequently,
this 10-year longitudinal surveillance of AMR in food
animals on Chongming Island is part of China’s animal
AMR surveillance network and a supplement to the
absence of animal AMR surveillance in LMICs.
Chongming Island is a suitable site for AMR surveillance due to its geographical location and thriving
animal husbandry. In the process of constructing the
global ecological island, the potential threat to environmental health, food security, and public health posed by
AMR generated from food animals must be addressed.
Nowadays, One Health is regarded as the most effective
strategy to combat health risks, such as zoonosis, AMR,
food security, and so on [56–58]. Chongming Island
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will be regarded as the ideal region for implementing
One Health to combat AMR. In addition, our research
demonstrates that swine can serve as an animal model
for evaluating anti-AMR strategies. Moreover, there are
two major limitations to our research. The lack of critical data from animal farms, such as the number of animals present, antimicrobials used, and disease reports, as
well as the low number of animal samples, is the primary
limitation of our study. Secondly, the study lacks genomic
sequence data. Combining genomic ARGs and mobile
genetic elements with phenotypic data will offer more
convincing information on how to combat AMR.

Conclusions
Our study focused on Chongming Island’s antimicrobial-resistant E. coli isolates from food animals during
2009–2021 revealed an alarming scenario with > 90%
MDR phenotypes and high resistance to phenicols, tetracycline, sulfonamides, penicillins, aminoglycosides,
and fluoroquinolones. The AMR trend patterns of poultry and swine isolates are distinct: the resistance phenotypes to the majority of antimicrobial classes and the
prevalence of resistance to the majority of antimicrobials
decreased in swine isolates, while poultry isolates exhibited less pronounced downward trends. AMR carriage
in swine isolates was much higher than in poultry, and
distinct MDR clusters were discovered, as determined
by GLMMs and co-occurrence analyses. Considering
food animals are the primary source of animal protein
for humans, the One Health approach should be implemented to coordinate the public health and veterinary
sectors in order to combat the AMR threat. In addition,
this surveillance study on food animals is an important
contribution to the food animal surveillance network in
LMICs.
Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40249-022-01025-4.
Additional file 1: Figure S1. Radar charts showing percentages of E. coli
isolates of breeding-hens, layer-hens, growing pigs, and weaned-pigs
origin resistant to ten antimicrobial classes (A, B) and fifteen antimicrobials
(C, D). Asterisks indicate statistically significant variations in the resistance
phenotype or prevalence of specific antimicrobials between swine and
poultry, * P < 0.05, ** P < 0.01. β-lactamCA β-lactam combination agents,
AMP ampicillin, AMC amoxicillin/clavulanic acid, TIO ceftiofur, CAZ ceftazidime, MEM meropenem, SPT spectinomycin, GEN gentamicin, DOX doxycycline, TCY tetracycline, FLR florfenicol, SUL sulfaisoxazole, SXT sulfamethoxazole, ENR enrofloxacin, OFX ofloxacin, COL colistin.
Additional file 2: Table S1. The quantity of E. coli isolates from the
involved farm in Chongming Island from 2009 to 2021. Table S2. Resistant
rates for various antimicrobial classes and the resistance prevalence of
antimicrobials in E. coli isolates, categorized by host of different production functions. Table S3. Profile composition and number of E. coli isolates
from human and animal in Chongming Island, Shanghai.

Lv et al. Infectious Diseases of Poverty

(2022) 11:98

Acknowledgements
The authors would like to thank all participants for participating in this study.
Author contributions
YZZ and SXH conceived and designed experiments. CL, JS, and WGZ performed the whole data integration and analysis, ML, CYG and NZ collected
all the AMR datasets from multiple databases. CL and YZZ wrote the first
draft of the manuscript. XKG and SXH improved this research and edited the
manuscript. All authors approved the submitted version. All authors read and
approved the final manuscript.
Funding
This study was supported by the National Natural Science Foundation of
China (Grant No. 32170141), China Medical Board (No. 20-365) and Shanghai
Jiao Tong University Integrated Innovation Fund (no. 2020-01).
Availability of data and materials
Not applicable.

Declarations
Consent for publication
Not applicable.
Competing interests
The authors declare that there are no competing interests.
Author details
1
Department of Animal Health and Food Safety, School of Global Health,
Chinese Center for Tropical Diseases Research, Shanghai Jiao Tong University
School of Medicine, Shanghai, China. 2 One Health Center, Shanghai Jiao Tong
University-The University of Edinburgh, Shanghai 200025, China. 3 Shanghai
Center for Animal Disease Prevention and Control, Shanghai Institute for Veterinary Drugs and Feeds Control, Shanghai 201103, China.
Received: 11 June 2022 Accepted: 6 September 2022

References
1. Fleming A. Penicillin. https://www.nobelprize.org/uploads/2018/06/flemi
ng-lecture.pdf. 1945.
2. Ferri M, Ranucci E, Romagnoli P, Giaccone V. Antimicrobial resistance: A
global emerging threat to public health systems. Crit Rev Food Sci Nutr.
2017;57(13):2857–76.
3. Lancet T. The antimicrobial crisis: enough advocacy, more action. Lancet.
2020;395(10220):247.
4. Laxminarayan R, Sridhar D, Blaser M, Wang M, Woolhouse M. Achieving
global targets for antimicrobial resistance. Science. 2016;353(6302):874–5.
5. Dong N, Zeng Y, Cai C, Sun C, Lu J, Liu C, 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. 2022;818: 151767.
6. Yao X, Doi Y, Zeng L, Lv L, Liu JH. Carbapenem-resistant and colistinresistant Escherichia coli co-producing NDM-9 and MCR-1. Lancet Infect
Dis. 2016;16(3):288–9.
7. He T, Wang R, Liu D, Walsh TR, Zhang R, Lv Y, et al. Emergence of plasmidmediated high-level tigecycline resistance genes in animals and humans.
Nat Microbiol. 2019;4(9):1450–6.
8. Liu YY, Wang Y, Walsh TR, Yi LX, Zhang R, Spencer J, 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. 2016;16(2):161–8.
9. de Kraker ME, Stewardson AJ, Harbarth S. Will 10 million people die a
year due to antimicrobial resistance by 2050? PLoS Med. 2016;13(11):
e1002184.
10. Fernandes P, Martens E. Antibiotics in late clinical development. Biochem
Pharmacol. 2017;133:152–63.

Page 12 of 13

11. Singh SB, Young K, Silver LL. What is an “ideal” antibiotic? Discovery
challenges and path forward. Biochem Pharmacol. 2017;133:63–73.
12. World Health Organization. World Health Assembly. https://www.
whoint/director-general/speeches/detail/world-health-assembly, 2019.
13. Hao R, Zhao R, Qiu S, Wang L, Song H. Antibiotics crisis in China. Science. 2015;348(6239):1100–1.
14. Qiao M, Ying GG, Singer AC, Zhu YG. Review of antibiotic resistance in
China and its environment. Environ Int. 2018;110:160–72.
15. Price LB, Koch BJ, Hungate BA. Ominous projections for global
antibiotic use in food-animal production. Proc Natl Acad Sci U S A.
2015;112(18):5554–5.
16. Van Boeckel TP, Brower C, Gilbert M, Grenfell BT, Levin SA, Robinson TP,
et al. Global trends in antimicrobial use in food animals. Proc Natl Acad
Sci U S A. 2015;112(18):5649–54.
17. Tiseo K, Huber L, Gilbert M, Robinson TP, van Boeckel TP. Global trends
in antimicrobial use in food animals from 2017 to 2030. Antibiotics
(Basel). 2020;9(12):918.
18. Tang KL, Caffrey NP, Nóbrega DB, Cork SC, Ronksley PE, Barkema HW,
et al. Restricting the use of antibiotics in food-producing animals and
its associations with antibiotic resistance in food-producing animals
and human beings: a systematic review and meta-analysis. Lancet
Planet Health. 2017;1(8):e316–27.
19. Ter Kuile BH, Kraupner N, Brul S. The risk of low concentrations of
antibiotics in agriculture for resistance in human health care. FEMS
Microbiol Lett. 2016;363(19):fnw210.
20. Yang H, Paruch L, Chen X, van Eerde A, Skomedal H, Wang Y, et al. Antibiotic application and resistance in swine production in China: current
situation and future perspectives. Front Vet Sci. 2019;6:136.
21. Aarestrup FM. The livestock reservoir for antimicrobial resistance:
a personal view on changing patterns of risks, effects of interventions and the way forward. Philos Trans R Soc Lond B Biol Sci.
2015;370(1670):20140085.
22. Van Boeckel TP, Glennon EE, Chen D, Gilbert M, Robinson TP, Grenfell
BT, et al. Reducing antimicrobial use in food animals. Science.
2017;357(6358):1350–2.
23. Dohmen W, Bonten MJ, Bos ME, van Marm S, Scharringa J, Wagenaar
JA, et al. Carriage of extended-spectrum beta-lactamases in pig
farmers is associated with occurrence in pigs. Clin Microbiol Infect.
2015;21(10):917–23.
24. Price LB, Johnson E, Vailes R, Silbergeld E. Fluoroquinolone-resistant
campylobacter isolates from conventional and antibiotic-free chicken
products. Environ Health Perspect. 2005;113(5):557–60.
25. Allocati N, Masulli M, Alexeyev MF, Di Ilio C. Escherichia coli in Europe:
an overview. Int J Environ Res Public Health. 2013;10(12):6235–54.
26. Antimicrobial Resistance Collaborators. Global burden of bacterial antimicrobial resistance in 2019: a systematic analysis. Lancet.
2022;399(10325):629–55.
27. CDC. Antibiotic resistance threats in the United States, 2019. https://
www.stackscdcgov/view/cdc/82532, 2019.
28. CARSS: National monitoring report on bacterial antimicrobial resistance in 2020. http://www.carsscn/Report/Details?aId=808, 2020.
29. Poirel L, Madec JY, Lupo A, Schink AK, Kieffer N, Nordmann P, et al. Antimicrobial resistance in Escherichia coli. Microbiol Spectr. 2018;6(4):1–27.
30. Muloi D, Kiiru J, Ward MJ, Hassell JM, Bettridge JM, Robinson TP, et al.
Epidemiology of antimicrobial-resistant Escherichia coli carriage in
sympatric humans and livestock in a rapidly urbanizing city. Int J Antimicrob Agents. 2019;54(5):531–7.
31. Brisola MC, Crecencio RB, Bitner DS, Frigo A, Rampazzo L, Stefani LM,
et al. Escherichia coli used as a biomarker of antimicrobial resistance in
pig farms of Southern Brazil. Sci Total Environ. 2019;647:362–8.
32. Van Boeckel TP, Pires J, Silvester R, Zhao C, Song J, Criscuolo NG,
et al. Global trends in antimicrobial resistance in animals in low- and
middle-income countries. Science. 2019;365(6459):eaaw1944.
33. Guo KX, Wang XR, Zhao Y, Peng Z, Cui LQ, Feng JW, et al. Progress in the
research of drug-resistance monitoring and early warning system of
animal-derived bacteria in China. Chin J Vet Drug. 2021;55(04):79–85
(In Chinese).
34. Luo F, Lu GX, Shen XA, Lin YX. Countermeasures and measures for
developing ecological animal husbandry in Chongming Island. Shanghai J Anim Husbandry Vet Med. 2013;06:52–3 (In Chinese).

Lv et al. Infectious Diseases of Poverty

(2022) 11:98

35. Liu SL, Wang XJ, Su XJ. Study on the construction of Chongming Ecological Island in Shanghai. Chin Nation Conditions Strength. 2020;09:56–9 (In
Chinese).
36. Cao MD. Legal experience and Enlightenment of world-class ecological island construction. J Peking University (Philos Social Sci).
2019;56(05):149–60.
37. CLSI. M100-ED32:2022 Performance Standards for Antimicrobial Susceptibility Testing, 32nd Edition http://em100.edaptivedocs.net/GetDoc.aspx?
doc=CLSI%20M100%20ED32:2022&scope=user. 2022.
38. Magiorakos AP, Srinivasan A, Carey RB, Carey RB, Carmeli Y, Falagas ME,
et al. Multidrug-resistant, extensively drug-resistant and pandrug-resistant bacteria: an international expert proposal for interim standard definitions for acquired resistance. Clin Microbiol Infect. 2012;18(3):268–81.
39. Liu X, Steele JC, Meng XZ. Usage, residue, and human health risk of antibiotics in Chinese aquaculture: a review. Environ Pollut. 2017;223:161–9.
40. Wang YY, Sun SF, Pang SF, Song JD, Jiang W, Wei R, et al. Global usage
of veterinary antimicrobial agents. Chin Anim Health Inspection.
2018;35(04):62–5 (In Chinese).
41. Zhang QQ, Ying GG, Pan CG, Liu YS, Zhao JL. Comprehensive evaluation
of antibiotics emission and fate in the river basins of China: source analysis, multimedia modeling, and linkage to bacterial resistance. Environ Sci
Technol. 2015;49(11):6772–82.
42. Sun KT, Zhang JM, Jiang DW, Wang XL, Ge YQ, Deng XM. Progress and
countermeasures of antimicrobial resistance of animal origin bacterial
pathogens in China. J Agr Sci Tech. 2020;22(05):1–5 (In Chinese).
43. Li J. Current status and prospects for in-feed antibiotics in the different stages of pork production—a review. Asian-Australas J Anim Sci.
2017;30(12):1667–73.
44. Ministry of Agriculture and Rural Affairs, PRC. Announcement No. 2428.
http://www.moagovcn/gk/tzgg_1/gg/201608/t20160801_5224428htm?
keywords=+2428%E5%8F%B7, 2016.
45. Ministry of Agriculture and Rural Affairs, PRC. Announcement No. 2292.
http://www.moagovcn/gk/tzgg_1/gg/201509/t20150907_4819267htm?
keywords=+2292%E5%8F%B7, 2015.
46. Wang Y, Xu C, Zhang R, Chen Y, Shen Y, Hu F, Shen J, et al. 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.
2020;20(10):1161–71.
47. Willyard C. The drug-resistant bacteria that pose the greatest health
threats. Nature. 2017;543(7643):15.
48. Potter RF, D’Souza AW, Dantas G. The rapid spread of carbapenem-resistant Enterobacteriaceae. Drug Resist Updat. 2016;29:30–46.
49. Moor J, Aebi S, Rickli S, Mostacci N, Overesch G, Oppliger A, et al. Dynamics of extended-spectrum cephalosporin-resistant Escherichia coli in pig
farms: a longitudinal study. Int J Antimicrob Agents. 2021;58(3): 106382.
50. Fang LX, Chen C, Cui CY, Li XP, Zhang Y, Liao XP, et al. Emerging high-level
tigecycline resistance: novel tetracycline destructases spread via the
mobile Tet(X). BioEssays. 2020;42(8): e2000014.
51. Xu Y, Guo C, Lv J, Hou S, Luo Y, Zhang Y, et al. Spatiotemporal profile of
tetracycline and sulfonamide and their resistance on a catchment scale.
Environ Pollut. 2018;241:1098–105.
52. World Health Organization. Global action plan on antimicrobial resistance. https://www.whoint/publications/i/item/9789241509763, 2016.
53. Hansen KH, Damborg P, Andreasen M, Nielsen SS, Guardabassi L. Carriage
and fecal counts of cefotaxime M-producing Escherichia coli in pigs: a
longitudinal study. Appl Environ Microbiol. 2013;79(3):794–8.
54. Mughini-Gras L, Dorado-García A, van Duijkeren E, van den Bunt G,
Dierikx CM, Bonten MJM, ESBL Attribution Consortium, et al. Attributable
sources of community-acquired carriage of Escherichia coli containing
beta-lactam antibiotic resistance genes: a population-based modelling
study. Lancet Planet Health. 2019;3(8):e357–69.
55. Schar D, Zhao C, Wang Y, Larsson DGJ, Gilbert M, Van Boeckel TP. Twentyyear trends in antimicrobial resistance from aquaculture and fisheries in
Asia. Nat Commun. 2021;12(1):5384.
56. Bird BH, Mazet JAK. Detection of emerging zoonotic pathogens: an
integrated One Health approach. Annu Rev Anim Biosci. 2018;6:121–39.
57. Hernando-Amado S, Coque TM, Baquero F, Martínez JL. Defining and
combating antibiotic resistance from One Health and Global Health
perspectives. Nat Microbiol. 2019;4(9):1432–42.

Page 13 of 13

58. Lammie SL, Hughes JM. Antimicrobial resistance, food safety, and
One Health: the need for convergence. Annu Rev Food Sci Technol.
2016;7:287–312.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

