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ARTICLE INFO ABSTRACT
Keywords: Antimicrobial resistance (AMR) is a significant concern within the One Health framework due to its ability to
Multidrug resistance spread across multiple interfaces. Phenotypic data remains the primary type for AMR surveillance, but exploring
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Food animals

association across multiple interfaces poses certain challenges. In this study, AMR phenotypic data of clinical and
food animal E. coli and S. aureus from Chongming Island over the past five years were analyzed to determine key
characteristics of AMR and explore its association at the human-animal interface.

The clinical E. coli isolates showed significant resistance to penicillins (83.92 %), cephems (63.05 %), fluo-
roquinolones (62.21 %), and tetracyclines (57.77 %), while S. aureus exhibited high resistance to penicillinase-
labile penicillins (90.89 %), macrolides (51.51 %), penicillinase-stable penicillins (43.96 %), and lincosamides
(43.55 %). Extended-spectrum p-lactamase (ESBL)-producing E. coli isolates accounted for 53.26 % (1398/2526),
while methicillin-resistant Staphylococcus aureus (MRSA) prevalence was 43.81 % (435/993). Notably, there has
been an increase in the proportion of E. coli isolates resistant to 8 to 12 antimicrobial classes, and in the pro-
portion of S. aureus isolates resistant to 5 to 9 classes. Certain multi-drug resistance (MDR) phenotypes were first
identified in food animal isolates and later emerged in clinical settings. Meanwhile, several MDR phenotypes
were shared between the two interfaces, with 44 identified in E. coli and 12 in S. aureus. Further co-occurrence
analysis in E. coli and S. aureus identified several co-occurrence phenotypic pairs or clusters, potentially mediated
by a single plasmid or multiple plasmids within a bacterium, indicating potential associations at the human-
animal interface.

To summarize, a heightened prevalence of MDR in clinical E. coli and S. aureus has been observed, with some
MDR profiles appearing in food animals before emerging in clinical settings. The co-occurrence of phenotypic
pairs or clusters underscores the potential for AMR association and transmission between humans and food
animals. Within the One Health framework, integrating genomic data into AMR monitoring is a crucial next step.
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C. Lvetal

1. Introduction

Antimicrobial resistance (AMR) is a critical global public health
issue, leading to increased illness, mortality, and significant economic
burdens worldwide [1-3]. According to the Global Research on Anti-
microbial Resistance (GRAM) Project, there were approximately 4.95
million bacterial drug-resistant infections worldwide in 2019, resulting
in 1.27 million deaths directly attributed to AMR [4]. Even worse, the
COVID-19 pandemic has further exacerbated this burden [1]. As the
world’s largest producer and consumer of antimicrobials, China faces an
even more severe AMR crisis [5,6]. Recent studies also predicted an
increasing trend in antimicrobial use over the next decade, particularly
in food animals and in Asia [7,8], highlighting that the Asian continent
is the main battlefront in addressing AMR.

Escherichia coli (E. coli) and Staphylococcus aureus (S. aureus) are
widely recognized as representative Gram-negative (G-) and Gram-
positive (G+) bacterial pathogens, respectively. E. coli plays a dual
role in the gastrointestinal tracts of humans and animals, typically
existing as a harmless commensal organism but capable of causing se-
vere, life-threatening infections [9]. S. aureus is not only a pathogen that
can cause infections in hospital and community settings [10], but it is
also a leading cause of bovine mastitis, resulting in substantial economic
losses in the agricultural sector [11]. In recent years, the spread of
extended-spectrum  f-lactamase (ESBL)-producing E. coli and
methicillin-resistant Staphylococcus aureus (MRSA) has raised increasing
global concern [12-15]. Notably, ESBL-producing E. coli and MRSA
often exhibit resistant to multiple classes of antimicrobial drugs [16,17].
Specific resistance phenotypes or genes, such as the streptothricin-
resistant phenotype [18], the methicillin-resistant phenotype [14], the
blaVIM-1 gene (found in porcine E. coli) [19], and the plasmid-mediated
mcr-1 gene [20], were initially discovered in these two pathogens.
Consequently, E. coli and S. aureus are frequently used as bioindicators in
AMR surveillance programs.

AMR is a One Health issue as microbiota (mainly bacteria) play a
vital role in linking various interfaces [21,22]. Antimicrobial-resistant
bacteria (ARB) can spread to humans through various direct and indi-
rect pathways, including the food supply, direct contact, and contami-
nated waterways and soils. Conversely, human waste containing ARBs
from homes, hospitals, and factories contaminates rivers, waterways,
and soils, turning these environmental carriers into “hot spots” for ARBs
[23]. Vectors like rodents, insects, and birds can also contribute to the
spread of ARBs [24]. Moreover, the movement of humans and animals
between farms, as well as the transfer of patients carrying ARBs between
community and hospital settings, further contributes to the spread
[24,25]. Plasmids play a key role in this process, serving as vectors that
facilitate the transfer of antimicrobial resistance genes (ARGs) among
bacteria within and across different microbiomes, even among geneti-
cally diverse species or genera [26].

Chongming Island is unique among the districts of Shanghai due to
its distinct separation, making it an ideal location for conducting One
Health research and activities. Despite ongoing urbanization, the island
has preserved much of its original ecological system [27]. The avail-
ability of medical facilities, especially larger hospitals, is relatively
limited compared to the Shanghai metropolitan area. At the same time,
Chongming Island plays a crucial role in Shanghai’s breeding and
agricultural industries, supplying a significant portion of the city’s food
[28]. This combination of factors makes Chongming Island particularly
suitable for investigating the potential relationship between human and
animal interfaces based on AMR phenotypic data. In this study, we
explored the characteristics of clinical interfaces using phenotypic data
from two bacterial species, E. coli and S. aureus, obtained from a
prominent hospital on Chongming Island. We then examined the asso-
ciation of AMR at the human-animal interface by incorporating
phenotypic data from food animal isolates. Our goal is to provide
additional recommendations for AMR control and contribute to estab-
lishing a One Health surveillance network for AMR on Chongming
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Island.
2. Materials and methods
2.1. Study design

A dataset comprising phenotypic data of E. coli and S. aureus isolates
from a nosodochium on Chongming Island, spanning 2018 to 2022, was
used to explore the clinical AMR characteristics. The study also aimed to
identify potential associations between AMR in clinical isolates and
those from food animals on nearby farms. This effort seeks to establish a
One Health surveillance framework for AMR, providing valuable in-
sights for its control.

2.2. Sample collection and identification

Clinical samples were collected from a prominent nosodochium on
Chongming Island and subjected to bacterial culture and isolation. The
dataset recorded only the bacterial isolates with unique codes, without
any additional patient information. Sample collection and culture
adhered to standard hospital protocols. Briefly, patient swabs were
placed in Luria Bertani (LB) broth (ThermoFisher, Waltham, USA) and
incubated overnight at 37 °C and 200 rpm. The swab cultures were then
streaked onto E. coli coliform chromogenic media or Staphylococcus
chromogenic prepared plate medium (Hopebio Biotech, Qingdao,
China) and incubated at 37 °C for 16 h. Colonies exhibiting similar
morphological characteristics were selected and verified using the Auto
ms1000, an automated microbial mass spectrometry detection system
based on matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (Autobio Company, Zhengzhou, China).
The confirmed isolates were preserved at —80 °C using commercial
magnetic bead strain preservation tubes (Pro-Lab Microbank, Canada).

The collection and identification of food animal-derived isolates
followed a procedure similar to the one described above, with a few
notable distinctions: (1) Samples for E. coli was collected from the
rectum or cloaca of asymptomatic animals, while samples for S. aureus
were isolated from raw milk. (2) After initial culturing in colorimetric
medium, a second culture was performed using nutrient agar medium.
(3) Pure colonies were identified as E. coli or S. aureus using a microbial
biochemical identification system (VITEK 2 Compact, Biomerieux,
France).

2.3. Testing for antimicrobial susceptibility

The antimicrobial susceptibility test (AST) for all isolates was con-
ducted by determining the minimum inhibitory concentration (MIC)
values of various antimicrobials, following the microbroth dilution
protocol recommended by the Clinical & Laboratory Standards Institute
(CLSI M100, 32nd Edition, United States). The AST for clinical E. coli
included 29 antimicrobial agents from 13 distinct classes, while the AST
for clinical S. aureus included 16 agents from 12 classes. Supplementary
material: Appendix A: Additional Tables: Table A.1. In 2020, cefoxitin
and aztreonam were added to the clinical E. coli AST panel. In 2021,
additional agents including amoxicillin/clavulanic acid, ceftriaxone,
ertapenem, tobramycin, tetracycline, moxifloxacin, chloramphenicol,
nitrofurantoin, and colistin were incorporated. The clinical S. aureus
AST panel was also updated in 2021 with the inclusion of tigecycline,
ciprofloxacin, moxifloxacin, and chloramphenicol. Quality control was
ensured using E. coli ATCC 25922 and S. aureus ATCC 25904 strains.
Additionally, the AST for food animal E. coli isolates included 14 agents
from 10 antimicrobial classes, and the AST for food animal S. aureus
isolates comprised 18 agents from 14 antimicrobial classes. Supple-
mentary material: Appendix A: Additional Tables: Table A.2.

The results were interpreted using the breakpoints recommended by
CLSI for the antimicrobial agents. In cases where CLSI breakpoints were
unavailable, alternative breakpoints from the European Committee on
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Antimicrobial Susceptibility Testing (EUCAST), or the Shanghai Local
Standard of Technical Specification for Antimicrobial Resistance Sur-
veillance in Livestock and Poultry Breeding (DB31/T 1160-2019) were
used. Based on these breakpoints, isolates were classified as either sus-
ceptible or non-susceptible (including both intermediate and resistant
categories).

2.4. The characteristics of the resistance of clinical E. coli and S. aureus
isolates

The resistance rates of all antimicrobial classes, resistance preva-
lence of all agents, and rates of multidrug resistance (MDR) were
calculated using the “dplyr” and “comparegroups” packages in R 4.3.2
(Lucent Technologies, Jasmine Mountain, USA). Then, the Mann-
Kendall trend tests were performed to test the linear trend over time
using the “trend” package in R 4.3.2. The resistance profiles for each
E. coli and S. aureus isolate were analyzed to explore their
characteristics.

The AMR carriage, also referred to as antibiogram length, was
defined as the total number of antimicrobial classes to which an isolate
was phenotypically resistant. This metric was then used to evaluate
MDR dynamics changes over the five-year period, employing general-
ized linear mixed models (GLMMs) implemented with the “Ime4”
package in R 4.3.2.

2.5. The association at the human-animal interface in Chongming Island

To explore the association at the human-animal interface, the cor-
relation coefficient of the resistance rates for each antimicrobial classes
and MDR rates between the clinical and food animal isolates were
calculated using the “psych” package and the results were visualized by
heatmap using “pheatmap” package in R 4.3.2. The Venn Diagram was
employed to display the shared resistance profiles between the clinical
and food animal isolates. To further investigate the potential associa-
tion, this study employed pairwise co-occurrence analysis to infer
whether two or more AMR phenotypes are mediated by the same
plasmid or by multiple plasmids within a single bacterium [29,30]. The
threshold values for the correlation coefficient and P-value were set at
0.5 and 0.05, respectively. Subsequently, the co-occurring phenotypes
were analyzed to explore their distribution across clinical and food an-
imal interfaces, thereby indicating potential associations between the
two interfaces. The co-occurrence analysis was performed using the
“polycor” package and visualized with the “corrplot” package in R 4.3.2.

2.6. Statistical analysis

The bar charts, pie charts, scatter plot, and heatmaps in this study
were generated by package of “ggplot2” and “ggprism.” in R 4.3.2. The
data distribution test of resistance rates of clinical and food animal
isolates was conducted before the calculation of correlation coefficient.
The distribution of AMR carriage was also tested to determine whether it
followed a Poisson distribution. The categorical data analysis was con-
ducted using the chi-square test or Fisher exact test using the built-in
function of R 4.3.2. The P-value of 0.05 was chosen as statistically
significant.

3. Results
3.1. The status of AMR in clinic E. coli and S. aureus isolates

During the sampling period from 2018 to 2022, a total of 2625
clinical isolates of E. coli and 994 clinical isolates of S. aureus were
collected. The annual sampling numbers for both species were presented
in Supplementary material: Appendix A: Additional Tables: Table A.3.

The AST results revealed that a significant proportion of clinical
E. coli isolates were resistant to penicillins (83.92 %), cephems (63.05
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%), fluoroquinolones (62.21 %), and tetracyclines (57.77 %). However,
resistance to nitrofurans (6.73 %), fosfomycins (6.40 %), carbapenems
(3.73 %), and polymyxins (0.74 %) was observed in a relatively small
proportion of isolates (Fig. 1A). Among the six antimicrobial classes that
included multiple agents, the resistance prevalence varied significantly
within the same class, except for the carbapenems and fluoroquinolones
(Fig. 1C). Within the tetracycline class, tigecycline exhibited an almost
negligible resistance prevalence (0.34 %), while tetracycline showed
resistance in more than half of the isolates (57.77 %). Additionally,
among the seven agents classified as cephems, the highest resistance
prevalence was observed with the first-generation agent cefazolin
(61.95 %), followed by second-generation agents (excluding cefoxitin
[17.27 %], cefuroxime [55.09 %]), and third-generation agents such as
cefotaxime (53.26 %), ceftazidime (34.90 %), and ceftriaxone (52.07
%). The lowest resistance prevalence was found with the fourth-
generation agent cefepime (25.71 %).

The clinical isolates of S. aureus isolates demonstrated high resis-
tance to penicillinase-labile penicillins (90.89 %), macrolides (51.51 %),
penicillinase-stable penicillins (43.96 %), lincosamides (43.55 %).
Notably, all S. aureus isolates were susceptible to glycopeptides and
oxazolidinones (Fig. 1B). Additionally, the isolates exhibited low resis-
tance to folate pathway antagonists (5.84 %) and ansamycins (2.72 %).
Among the tetracyclines and fluoroquinolones, which each contain three
agents in the clinical S. aureus AST, resistance rates varied except for
ciprofloxacin and moxifloxacin (Fig. 1D). Furthermore, the resistance
prevalence for tigecycline (3.57 %) and minocycline (7.35 %), both
tetracyclines, was below 10 %.

The AMR traits within the hospital were further elaborated. In
summary, there were no significant differences in resistance rates of
both E. coli and S. aureus to most antimicrobial classes between male and
female patients or between outpatients and inpatients. Supplementary
material: Appendix A: Additional Tables: Table A.4-A.5. Notably, iso-
lates from neonates and the neonatology department exhibited the
lowest resistance rates across nearly all antimicrobial classes. Addi-
tionally, resistance rates were higher in isolates obtained from sputum,
throat swabs, and urine compared to those from other sampling sites.
Supplementary material: Appendix B: Additional Figures: Fig. B.1-B.5.

3.2. Trends in variation of resistance rates and prevalence

The clinical E. coli AMR dataset comprised 8 classes of continuous
data spanning from 2018 to 2022. The linear trend test (2018-2022)
over this period revealed that resistance rates for six classes—f-Lactam
combination agents, cephems, carbapenems, fluoroquinolones, folate
pathway antagonists, and fosfomycin—displayed significant trends. Of
these, five classes showed an upward trend (R > 0, P < 0.05), while
resistance to folate pathway antagonists exhibited a downward trend (R
= -0.072, P < 0.001, Fig. 2A). Notably, the change in resistance rates
were relatively minor in magnitude (R < 0.2). Furthermore, no
discernible patterns in resistance prevalence were observed for the 15
agents with continuous data. Supplementary material: Appendix B:
Additional Figures: Fig. B.6.

Linear trend tests were performed on resistance rates to 11 antimi-
crobial classes using 5-year continuous data from clinical S. aureus iso-
lates. A slight downward trend was observed in resistance rates to
penicillinase-labile penicillins, penicillinase-stable penicillins, fluo-
roquinolones, lincosamides, and aminoglycosides, with the most sig-
nificant decrease noted in fluoroquinolone resistance (R = —0.177, P <
0.001, Fig. 2B). Conversely, resistance rates to folate pathway antago-
nists and tetracyclines exhibited a slight upward trend (R = 0.215 and
0.281, P < 0.001). No linear trends were detected in resistance rates to
macrolides and ansamycins (P = 0.213 and 0.606). Among the tetra-
cyclines and fluoroquinolones, which each included three agents,
tetracycline, minocycline, and levofloxacin showed no significant
changes in resistance over time. Supplementary material: Appendix B:
Additional Figures: Fig. B.7.
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3.3. The status of extended-spectrum beta-lactamases (ESBL) positive
E. coli and methicillin-resistant S. aureus (MRSA)

The ESBL-positive isolates account for 53.26 % of all tested clinical
E. coli isolates (Fig. 3A). The linear trend test indicated no significant
change in prevalence over the five years (P = 0.136, Fig. 3B). The
prevalence of MRSA was 43.81 % (Fig. 3C), with a slight downward
trend observed in the linear trend test (R = —0.106, P < 0.001, Fig. 3D).

The characteristics of ESBL-positive E. coli and MRSA were further
analyzed in relation to gender, age, hospitalization status, and hospital
department. There was a significant difference in the prevalence of
ESBL-positive E. coli between male and female patients (61.02 %/48.13
%, X2 = 41.91, P < 0.001), while there was no difference for MRSA
(44.35 %/42.97 %, x2 = 0.185, P = 0.667). The prevalence of ESBL-
positive E. coli (53.77 %/48.39 %, x2 = 2.609, P = 0.106) and MRSA
(44.02 %/28.57 %, x> = 1.339, P = 0.247) did not differ significantly
between inpatients and outpatients. Among the four age groups, geri-
atric patients had the highest prevalence of both ESBL-positive E. coli
(56.14 %) and MRSA (51.17 %), whereas neonates had the lowest
prevalence (21.62 %/13.64 %). Supplementary material: Appendix B:
Additional Figures: Fig. B.8. Similarly, the Department of Neonatology
had the lowest prevalence of ESBL-positive E. coli (20.59 %) and MRSA
(14.29 %).

3.4. The status and dynamics of MDR in clinical E. coli and S. aureus
isolates

Of the 2625 clinical E. coli isolates tested, 1877 (71.50 %) were MDR
isolates, showing resistance to three or more antimicrobial classes
(Fig. 4A). None of the isolates were resistant to all 13 antimicrobial
classes, and only one isolate was resistant to 12 classes. An upward trend
in the proportion of MDR isolates was observed from 2018 to 2022,
particularly among those resistant to 9 to 12 classes (Fig. 4B-C). Notably,
a significant number of isolates resistant to 8 and 9 classes have been
detected since 2021, with the emergence of isolates resistant to 10 and
11 classes beginning that same year. Additionally, isolates resistant to 12
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Fig. 3. The prevalence and trends of clinical ESBL-positive E. coli and MRSA
from 2018 to 2022. (A) the prevalence of ESBL-positive E. coli; (B) the preva-
lence trends of ESBL-positive E. coli from 2018 to 2022. The trends of resistance
rates were fitted by linear models in R. The gray shadow represents the 95 %
confidence interval; (C) the prevalence of MRSA; (D) the prevalence trends of
ESBL-E. coli from 2018 to 2022. The trends of resistance rates were fitted by
linear models in R. The gray shadow represents the 95 % confidence interval.
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classes were first detected in 2022.

The proportion of MDR S. aureus isolates was 50.80 % (505/994),
with none showing resistance to all 12 antimicrobial classes (Fig. 4D).
There was no significant trend in the proportion of MDR S. aureus over
the past five years (P = 0.885), the highest proportion of MDR isolates
was recorded in 2022 (61.69 %, Fig. 4E-F). Additionally, isolates resis-
tant to 8 and 9 antimicrobial classes were exclusively identified in 2021
and 2022.

A significant difference was observed in the proportion of MDR E. coli
isolates between male and female patients (75.29 % vs. 68.94 %, X2 =
12.409, P < 0.001), while no significant difference was found in MDR
S. aureus isolates between genders (50.50 % vs. 51.28 %, 2 = 0.057, P =
0.811). For isolates from inpatients and outpatients, the proportion of
MDR S. aureus was significantly higher in inpatients compared to out-
patients (51.22 % vs. 21.43 %, x2 = 4,903, P = 0.027), whereas the
proportion in E. coli isolates showed no significant difference (71.48 %
vs. 71.37 %, P = 0.972). Among the four age groups, neonates had the
lowest MDR rates, while geriatric patients had the highest for both E. coli
and S. aureus. Across hospital departments, the MDR rate of E. coli was
particularly concerning, with rates exceeding 60 % in all departments
except Neonatology. Similarly, in the MDR rate of S. aureus, the
Neonatology department had the lowest rate among the eight de-
partments analyzed. Supplementary material: Appendix B: Additional
Figures: Fig. B.9.

The Poisson GLMMs were used to investigate the variation of AMR
carriage (the total number of antimicrobial classes to which an isolate
was phenotypically resistant) over the five years. The AMR carriages of
E. coli in 2020, 2021, and 2022 were found to be higher compared to
2018 (odds ratio [OR] = 1.09, 1.31, and 1.59, P < 0.05), suggesting a
deteriorating trend of E. coli MDR (Table 1). In contrast, the AMR car-
riages in S. aureus isolates in 2019, 2020, and 2021 were lower than that
of 2018 (OR = 0.83, 0.91, 0.78, P = 0.003, 0.147, 0.001), suggesting a
decline in the MDR situation of S. aureus. However, the slight increase in
AMR carriage observed in 2022 (OR = 1.06, P = 0.354) indicates that
the issue of MDR should not be overlooked.

3.5. The characteristic of AMR profile identified from E. coli and
S. aureus

A total of 294 AMR profiles were identified among the clinical E. coli
isolates. The profiles with six antimicrobial classes (antibiogram lengths
6) had the highest number of unique profiles (51 types), followed by
antibiogram lengths 5 (47 types) and antibiogram lengths 4 (43 types,
Fig. 5A). Notably, there was a significant increase in the diversity of
AMR profiles, with profiles of antibiogram lengths ranging from 7 to 12
appearing predominantly in 2020, 2021, and 2022 (Fig. 5B). Interest-
ingly, each antibiogram length had at least one dominant AMR profile as
the most common phenotype, simultaneously providing the focus on
AMR monitoring and control (Table 2). Supplementary material: Ap-
pendix A: Additional Tables: Table A.6.

Among the 119 AMR profiles of clinical S. aureus isolates, both
antibiogram length 3 and 4 exhibited 22 different profiles, followed by
antibiogram length 6 with 19 types and length 5 with 18 types (Fig. 5C).
The AMR profiles in 2022 (68 types) and 2021 (54 types) were signifi-
cantly higher compared to those in 2018 (33 types), 2019 (27 types),
and 2020 (29 types) (Fig. 5D). Additionally, there was an increase in the
proportion of antibiogram length exceeding 3 in 2021 (68.52 %, 37/54)
and 2022 (83.83 %, 57/68). Each antibiogram length of S. aureus also
had a dominant AMR profile (Table 2). Supplementary material: Ap-
pendix A: Additional Tables: Table A.7.

3.6. The AMR association between clinical and food animal isolates
A total of 44 E. coli AMR profiles were shared between clinical and

food animal sources (Fig. 6A). Among these shared profiles, 7 were
found in clinical isolates during 2018, 2019, and 2020, comprising four
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Table 1
Results of a Poisson generalized linear mixed model examining the likelihood of antibiogram length within different years.
Year No. Isolates Estimate OR SE 95 % CI Z score P-value
E. coli
2018 590 Reference
2019 578 —0.08987 0.91 0.03596 0.85, 0.98 —2.499 0.0124
2020 516 0.08735 1.09 0.0359 1.02,1.17 2.433 0.015
2021 555 0.27393 1.32 0.034 1.23,1.41 8.058 <0.001
2022 386 0.46518 1.59 0.0359 1.48,1.70 12.958 <0.001
S. aureus
2018 251 Reference
2019 198 —0.18199 0.83 0.06277 0.74, 0.94 —2.899 0.003739
2020 174 —0.09362 0.91 0.06452 0.80, 1.03 —1.451 0.146799
2021 217 —0.24664 0.78 0.06183 0.69, 0.88 —3.989 <0.001
2022 154 0.05942 1.06 0.0641 0.94, 1.20 0.927 0.353978

Variable of estimate was the main output of GLMM analysis, the OR value was calculated from estimate. OR > 1 indicates the antibiogram length was higher than
reference, OR < 1 indicate the antibiogram length was lower than reference. P-value <0.05 indicates that the comparison among sampling years has statistical

significance.

profiles with an antibiogram length of 1, two with a length of 2, and one
with a length of 3. In 2021, 24 new AMR profiles emerged in clinical
isolates, with an additional 13 profiles observed in 2022. In contrast,
E. coli AMR profiles from food animals were more frequently detected in
the first three years (30/44), with 17 profiles in 2018, 6 in 2019, and 7 in
2020, suggest that specific AMR profiles, particularly those with an
antibiogram length of three or more (MDR isolates), may have appeared
earlier in E. coli from food animals. Supplementary material: Appendix
A: Additional Tables: Table A.8.

For S. aureus isolates, 12 shared profiles by both interfaces were
identified (Fig. 6B), consisting of 3 profiles with antibiogram length 3
and 1 profiles with length 4. Appendix A: Additional Tables: Table A.9.

Interestingly, the four profiles also emerged in clinical profiles in 2021
or 2022 and were observed during the initial three years in food animal
isolate profiles. This observation aligned with that of E. coli, which could
potentially strengthen the validity of our conclusion.

The phenotypic data of E. coli and S. aureus isolates from food ani-
mals were integrated into the dataset to explore AMR associations be-
tween clinical and food animal sources. Resistance rates and the
proportion of MDR isolates were calculated. Supplementary material:
Appendix A: Additional Tables: Table A.10-A.11. The correlation coef-
ficient of resistance rates was then computed to evaluate the AMR as-
sociation between the clinical and food animal interfaces. The
correlation coefficient heatmap for E. coli revealed a strong negative
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correlation in the resistance rate of cephems between the clinical and
food animal isolates (r= —1.000, P < 0.001, Fig. 6C). No significant one-
to-one correlations were found between other phenotypic resistance
rates, including MDR rates. Similarly, the analysis of phenotype corre-
lations between clinical S. aureus resistance rates and those from food
animal isolates showed the same results (Fig. 6D), indicating that
establishing connections at the human-animal interface based on a sin-
gle AMR phenotype is highly challenging.

Co-occurrence analysis identified a distinct cluster in the clinical
phenotype dataset of E. coli, specifically penicillins-B-lactam combina-
tion agents-cephems-monobactams (Pen-pLac-Cep-Mon) (P < 0.01,
correlation coefficient > 0.5, Fig. 6E). Additionally, 13 pairs of co-
occurring phenotypes were found in clinical E. coli isolates. To further
explore these co-occurrences, the phenotypes were examined across
both human and animal interfaces. Since the monobactams class was not
included in the food animal E. coli AST, an alternative cluster, Pen-fLac-
Cep, was analyzed. This cluster was detected in 125 AMR profiles of
clinical isolates, eight profiles of food animal isolates, and six profiles
shared by both interfaces. Moreover, 11 of the 13 co-occurring pheno-
typic pairs were identified in both human and food animal interfaces
(Table 3).

A cluster of aminoglycosides-tetracyclines-folate pathway antago-
nists (Ami-Tet-Fpa) was identified in the food animal interface and
further analyzed across both human and animal datasets. Supplemen-
tary material: Appendix B: Additional Figures: Fig. B.10. This cluster was
found in 10 profiles of food animal isolates, 11 profiles of clinical iso-
lates, and four profiles shared by both interfaces. Additionally, six co-
occurrence pairs (three of which were identical to those in clinical iso-
lates) were identified in food animal isolates. Most of these pairs, except
for Cep-Fos and Fos-Phe, were detected in both human and food animal

interfaces (Table 3). These findings suggest a potential association be-
tween human and food animal interfaces, possibly mediated by MDR
phenotypes or inferred plasmid which mediated multidrug resistance.

Co-occurrence analysis of the clinical S. aureus phenotypic dataset
identified three distinct clusters: Ami-Mac-Lin (correlation coefficient >
0.75), Ami-Mac-Flu-Lin, and PSPen-Ami-Flu-Lin (correlation coefficient
> 0.5, Fig. 6F). All three clusters were present in both clinical and food
animal AMR profiles (24.37 %/0.29 %, 9.24 %/0.29 %, 5.04 %/0.57 %,
Table 2). Additionally, three pairs of co-occurring AMR phenotypes
were identified in clinical S. aureus isolates, with the PLPen-PSPen pair
found in both clinical (34.35 %) and food animal (0.86 %) interfaces
(Table 3).

The AST for S. aureus from food animals included three additional
classes: f-lactam combination agents, cephems, and diterpenes. Conse-
quently, although three clusters—PSPen-fLac-Cep, PSPen-pLac-Cep-
Mac, and PSPen-fLac-Cep-Flu-Lin-Dit—were identified in the pheno-
typic dataset of S. aureus isolates from food animals, only PSPen-Mac
(adjusted from PSPen-fLac-Cep-Mac, 31.09 %/0.29 %) and PSPen-Flu-
Lin (adjusted from PSPen-pLac-Cep-Flu-Lin-Dit, 10.08 %/0.57 %) were
used to assess their presence across both human and animal interfaces
(Table 3). Additionally, eight co-occurrence phenotype pairs were
identified in the food animal phenotypic dataset, six of which were also
observed in both clinical and food animal interfaces. Supplementary
material: Appendix B: Additional Figures: Fig. B.10. These findings from
S. aureus further highlight the potential of using MDR as a tool for
assessing cross-interface associations in G+ bacteria.

4. Discussion

AMR has emerged as a critical challenge to global public health and
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Table 2
The proportion of predominant AMR profiles with different antibiogram length
in clinical E. coli and S. aureus.

AMR profiles with different antibiogram length Proportion of AMR profiles (%)

E. coli
Flu 28.63 (65/227)
Pen 47.58 (108/227)
Pen-Cep 20.14 (59/293)
Pen-Flu 21.50 (63/293)
Pen-Fpa 26.62 (78/293)
Pen-Cep-Flu 19.39 (70/361)

16.82 (75/446)
18.16 (81/446)
16.98 (63/371)
15.09 (56/371)
31.53 (105/333)
23.53 (40/170)
28.16 (29/103)
43.75 (28/64)
50.00 (10/20)

Pen-Cep-Flu-Fpa

Pen-pLac-Cep-Flu

Pen-Cep-Ami-Flu-Fpa

Pen-pLac-Cep-Flu-Fpa
Pen-pLac-Cep-Ami-Flu-Fpa
Pen-pLac-Cep-Ami-Flu-Fpa-Mon
Pen-pLac-Cep-Ami-Tet-Flu-Fpa-Mon
Pen-pLac-Cep-Ami-Tet-Flu-Fpa-Mon-Phe
Pen-pLac-Cep-Ami-Tet-Flu-Fpa-Fos-Mon-Phe
Pen-pLac-Cep-Ami-Tet-Flu-Fpa-Fos-Mon-Phe-

Nit 50.00 (4/8)
S. aureus
PLPen 89.66 (208/232)

PLPen-PSPen

PLPen-Mac-Lin
PLPen-PSPen-Mac-Lin
PLPen-PSPen-Mac-Flu-Lin
PLPen-PSPen-Mac-Tet-Lin
PLPen-PSPen-Ami-Mac-Flu-Lin
PLPen-PSPen-Ami-Mac-Tet-Flu-Lin

48.53 (99/204)
55.81 (72/129)
59.59 (87/146)
24.14 (14/58)
18.97 (11/58)
62.63 (62/99)
73.91 (51/69)

Pen Penicillins, pLac p-Lactam combination agents, Cep Cephems, Ami Amino-
glycosides, Tet Tetracyclines, Flu Fluoroquinolones, Fpa Folate pathway anta-
gomists, Fos Fosfomycins, Mon Monobactams, Phe PheniPols, Nit Nitrofuran,
PLPen Penicillinase-labicle Penicillins, PSPen Penicillinase-stable Penicillins,
Mac Macrolides, Lin Lincosamides.

clinical treatment, affecting countries or regions at all economic levels
[1-3]. AMR is a One Health issue that involves interactions between
humans, animals, and the environment [21,22,31]. Understanding the
associations between these interfaces, especially though the analysis
common phenotypic data, is crucial and demands immediate attention.
In this study, we described the AMR characteristics of clinical E. coli and
S. aureus isolates and explore the association between the clinical and
food animal interfaces using the phenotypic data combined with co-
occurrence analysis. Certain co-occurrence phenotypic pairs and clus-
ters may serve as indicators for measuring association across various
interfaces. This study represents a pioneering effort to investigate cross-
interface associations using AMR phenotypic data without relying on
genomic data. In addition, compared to other large-scale AMR moni-
toring efforts and surveys, this study specifically focuses on a small is-
land, offering detailed descriptions of AMR characteristics and insights
into AMR associations and transmission across various interfaces within
the One Health framework.

The study revealed that E. coli isolates exhibited significant resis-
tance rates (over 50 %) to penicillins, cephems, fluoroquinolones, and
tetracyclines, while S. aureus isolates showed notable resistance rates
(over 40 %) to penicillins, macrolides, and lincosamides. These findings
align with resistance patterns observed in Shanghai and other provinces
across China [32]. The persistently high resistance rates are largely
attributed to the widespread use of specific antimicrobials like penicil-
lins and cephalosporins, commonly prescribed in China’s public
healthcare institutions [33]. Recent reports have highlighted the emer-
gence of carbapenem, colistin, and tigecycline resistance among Gram-
negative bacteria [20,34,35], and varying levels of vancomycin and
linezolid resistance in clinical S. aureus isolates [36,37]. In our study,
clinical E. coli and S. aureus isolates showed low resistance or remained
susceptible to these drugs, indicating these drugs continued efficacy on
Chongming Island. The zero-resistance rate to linezolid in S. aureus
aligns with previous findings on other regions [38]. However, ongoing
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surveillance is crucial, given the potential AMR association and trans-
mission across the One Health interfaces highlighted by our findings.

ESBL-producing bacteria emerged in the 1980s, and the high prev-
alence of ESBL-producing E. coli in the community has contributed to
their spread in hospitals [39]. Recent global surveillance data showed
that the prevalence of ESBL-producing E. coli in China remains alarm-
ingly high at 60-70 %, significantly higher than in Europe (15 %), North
America (10 %), and Southeast and East Asia (20-40 %) [40,41]. Our
study also found a high prevalence of ESBL-producing E. coli isolates
(53.26 %) on Chongming Island. Both our findings and previous
research confirm that the global spread of ESBL-producing E. coli con-
tinues unabated.

MRSA has been a prevalent global resistant phenotype since its
emergence in 1961 [14,42]. In 2022, the prevalence in Chongming was
consistent with that in Shanghai at 43.8 % [32], significantly higher
than the national average of 28.9 % and that of some developed coun-
tries like Germany (7.6 %), Australia (17.65 %), and Japan (35.85 %)
[43]. However, it was lower than in some African countries, like Egypt
(63 %) [44] and Nigeria (46 %) [45]. Although monitoring data showed
a downward trend, reducing the prevalence of MRSA remains a key
focus for Shanghai in its future efforts.

The high proportion of MDR E. coli and S. aureus in Chongming Is-
land, consistents with findings from several studies in other regions
[46,47]. Over the five-year period, the MDR rate of E. coli exhibited an
increasing trend, whereas that of S. aureus showed no clear pattern of
change. Generalized linear mixed models were employed to evaluate the
MDR changes in these two bacterial species, further supporting our
conclusions. A detailed analysis on the AMR profiles indicated that
profiles with an antibiogram length exceeding three became more
prevalent after 2020, particularly those with an antibiogram length
exceeding six. This gradual accumulation of AMR and the increased
diversity of AMR profiles in these bacterial species heightens the risk of
transitioning to extensive-drug resistance and pan-drug resistance. A
previously reported co-occurrence analysis [29,30] identified several
co-occurrence phenotypic pairs and clusters in E. coli and S. aureus,
suggesting potential transmission mediated by a plasmid with multiple
resistance genes or by multiple plasmids within a single bacterium. To
definitively validate these findings, it is crucial to employ genome
sequence analysis into AMR surveillance.

Our results highlight the complexity of AMR dynamics and associa-
tion across multiple interfaces [48]. Notably, certain AMR profiles
emerged in food animal isolates before being detected in clinical set-
tings, suggesting possible transmission routes from animals to humans.
However, determining AMR association and transmission across multi-
ple interfaces remains challenging with the current dataset. This em-
phasizes the urgent need to integrate whole genome sequencing (WGS)
into AMR surveillance, a call also echoed by the WHO [49,50].
Currently, only a few countries have incorporated bacterial genome data
into routine AMR surveillance. The United States pioneered this effort in
2014 through the National Antimicrobial Resistance Monitoring System
(NARMS), which operates as a multi-sectoral, multidisciplinary, and
multi-scenario framework within the One Health approach. [51-53]. As
WGS becomes more affordable, more countries are expected to adopt
this method for AMR monitoring [54].

In conclusion, our study provides a usable methodological frame-
work for investigating associations across various interfaces using
phenotypic data. We also identified several high likelihoods of co-
occurrence phenotypic pairs and clusters that can serve as indicators
for measuring associations at human-animal interface. However, it is
imperative to rapidly integrate genomic data into AMR surveillance to
fully address the monitoring requirements of the One Health framework.

Our research has several limitations: (1) Although the farms are
located near the medical institutions, they operate independently and
use different types of antibacterial drugs, making it challenging to
establish a direct association between the two interfaces; (2) The hos-
pital samples are collected from patients, whereas the samples from food
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Table 3
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The proportion of the co-occurrence cluster and pairwise phenotypes at the human-animal interface.

Co-occurrence E. coli

AMR phenot;
phenotypes Proportion in

clinical profiles
(%)

Proportion in food
animal profiles (%)

Proportion in
shared profiles
(%)

Co-occurrence S. aureus

AMR phenotypes

Proportion in food
animal profiles (%)

Proportion in
clinical profiles
(%)

Proportion in
shared profiles
(%)

Clinical isolates

Pen-Flu 52.72 (155/294) 19.33 (23/119) 45.45 (20/44)
Pen-fLac” 52.38 (154/294) 18.49 (22/119) 34.09 (15/44)
Pen-Phe 32.31 (95/294) 29.41 (35/119) 50.00 (22/44)
Pen-Fpa® 44.90 (132/294) 25.21 (30/119) 47.73 (21/44)
pLac-Flu 34.69 (102/294) 7.56 (9/119) 20.45 (9/44)
pLac-Fpa® 29.25 (86/294) 10.92 (13/119) 25.00 (11/44)
Ami-Flu 30.27 (89/294) 13.45 (16/119) 25.00 (11/44)
Flu-Col 2.38 (7/294) 0.84 (1/119) 0.00 (0/44)
Cep-Fos 23.47 (69/294) - -
Fos-Phe 9.52 (28/294) - -
Tet-Phe 24.15 (71/294) 27.73 (33/119) 45.45 (20/44)
Ami-Fpa 26.19 (77/294) 21.01 (25/119) 27.27 (12/44)
Tet-Fpa 26.19 (77/294) 25.21 (30/119) 43.18 (19/44)
Pen-pLac-Cep-
Mon” 42.52 (125/294) 6.72 (8/119) 13.64 (6/44)
Food animal isolates
Flu-Phe 24.49 (72/294) 18.49 (22/119) 38.64 (17/44)
Pen-Cep 65.65 (193/294) 14.29 (17/119) 27.27 (12/44)
pLac-Ami 27.21 (80/294) 12.61 (15/119) 20.45 (9/44)

Clinical isolates

Ami-Tet 17.65 (21/119) 0.00 (0/34) 0.00 (0/12)
PLPen-PSPen 34.45 (41/119) 0.86 (3/34) 0.00 (0/12)
PLPen-Ans 17.65 (21/119) - -
Ami-Mac-Lin 24.37 (29/119) 0.29 (1/34) 0.00 (0/12)
Ami-Mac-Flu-

Lin 9.24 (11/119) 0.29 (1/34) 0.00 (0/12)
PSPen-Ami-Flu-

Lin 5.04 (6/119) 0.57 (2/34) 0.00 (0/12)

Food animal

isolates 0.00 (/34)
PSPen-Ami 15.13 (18/119) 0.57 (2/34) 0.00 (0/12)
PLPen-Mac 55.46 (66/119) 3.74 (13/34) 25.00 (3/12)
Ami-Lin 24.37 (29/119) 0.57 (2/34) 0.00 (0/12)
Flu-Lin 18.49 (22/119) 0.86 (3/34) 0.00 (0/12)
Ami-Dit - 0.57 (2/34) -
Lin-Dit - 0.86 (3/34) -
Mac-Flu 28.57 (34/119) 1.44 (5/34) 0.00 (0/12)
Mac-Lin 51.26 (61/119) 0.57 (2/34) 0.00 (0/12)
PSPen-pLac-Cep  — 0.86 (3/34) -
PSPen-fLac-

Cep-Mac® 31.09 (37/119) 0.29 (1/34) -
PSPen-fLac-

Cep—Flu—Lin-Ditd 10.08 (12/119) 0.57 (2/34) -

# The profiles shared by human and food animal isolates.

b the proportion of the profile was obtained by the adjusted profile of Pen-pLac-Cep.

¢ the adjusted profile of PSPen-Mac obtained the proportion of the profile.

4 the proportion of the profile was obtained by the adjusted profile of PSPen-Flu-Lin. Pen Penicillins, fLac p-Lactam combination agents, Cep Cephems, Ami Ami-
noglycosides, Tet Tetracyclines, Flu Fluoroquinolones, Fpa Folate pathway antagonists, Fos Fosfomycins, Mon Monobactams, Phe PheniPols, Nit Nitrofuran, PLPen

Penicillinase-labile Penicillins , PSPen Penicillinase-stable Penicillins ,

Oxazolidinines.

animals are taken from healthy animals, which may lead to bias in the
drug resistance rates; (3) The number of isolates from food animals is
significantly lower than that from human clinical samples, which could
result in less accurate results and potentially unreliable conclusions; (4)
The inference methods used in this study do not equate to empirical
research, and the conclusions drawn here need further validation
through genomic data.

5. Conclusion

Phenotypic data continues to be the primary form of AMR surveil-
lance. In our study, phenotypic data of clinical E. coli and S. aureus were
utilized to explore the AMR characteristics and trends on Chongming
Island. Subsequently, the potential association of AMR at the human-
animal interface were investigated by incorporating phenotypic data
from food animals into the pooled dataset. The findings revealed a
worsening situation of MDR among G+ and G- bacteria in Chongming
Island’s clinical scenario, characterized by an increase in the diversity of
AMR profiles and longer antibiogram lengths. Some MDR profiles
manifest in food animal interface before clinical settings, highlighting
the potential for AMR association and transmission between humans
and food animals. Meanwhile, several co-occurrence phenotypes that
could serve as indicators for AMR association were identified in both
human and food animal interfaces. Our findings indicate the pressing
need for incorporating genomic data into AMR monitoring.
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