Emerging Microbes & Infections Ve I
2024, VOL. 13, 2337678 (12 pages) Q’) E M ] Taylor & Francis
https://doi.org/10.1080/22221751.2024.2337678 O Taylor & Francis Group

8 OPEN ACCESS

Transmission of blaypy in Enterobacteriaceae among animals, food and
human

Bo Fu®*, Jian XuP*, Dandan Yin“®*, Chengtao Sun?, Dejun Liu?, Weishuai Zhai®, Rina Bai®, Yue Cao®?,
Qin Zhang®, Shizhen Ma?, Timothy R. Walsh®¢, Fupin Hu“®, Yang Wang?, Congming Wu? and
Jianzhong Shen®

National Key Laboratory of Veterinary Public Health and Safety, College of Veterinary Medicine, China Agricultural University, Beijing,
People’s Republic of China; bChengdu Women's and Children’s Central Hospital, School of Medicine, University of Electronic Science and
Technology of China, Chengdu, People’s Republic of China; “Institute of Antibiotics, Huashan Hospital, Fudan University, Shanghai,
People’s Republic of China; “Key Laboratory of Clinical Pharmacology of Antibiotics (MoH), Shanghai, People’s Republic of China;
“Department of Zoology, Ineos-Oxford Institute of Antimicrobial Research, University of Oxford, Oxford, UK

ABSTRACT

Despite carbapenems not being used in animals, carbapenem-resistant Enterobacterales (CRE), particularly New Delhi
metallo-B-lactamase-producing CRE (NDM-CRE), are prevalent in livestock. Concurrently, the incidence of human
infections caused by NDM-CRE is rising, particularly in children. Although a positive association between livestock
production and human NDM-CRE infections at the national level was identified, the evidence of direct transmission
of NDM originating from livestock to humans remains largely unknown. Here, we conducted a cross-sectional study
in Chengdu, Sichuan Province, to examine the prevalence of NDM-CRE in chickens and pigs along the breeding-
slaughtering-retail chains, in pork in cafeterias of schools, and in colonizations and infections from children’s hospital
and examined the correlation of NDM-CRE among animals, foods and humans. Overall, the blaypym increases
gradually along the chicken and pig breeding (4.70%/2.0%) -slaughtering (7.60%/22.40%) -retail (65.56%/34.26%)
chains. The slaughterhouse has become a hotspot for cross-contamination and amplifier of blaypm. Notably, 63.11%
of pork from the school cafeteria was positive for blaypw. The prevalence of blaypy in intestinal and infection
samples from children’s hospitals was 21.68% and 19.80%, respectively. whole genome sequencing (WGS) analysis
revealed the sporadic, not large-scale, clonal spread of NDM-CRE along the chicken and pig breeding-slaughtering-
retail chain, with further spreading via IncX3-blaypm plasmid within each stage of whole chains. Clonal transmission
of NDM-CRE is predominant in children’s hospitals. The IncX3-blaypm plasmid was highly prevalent among animals
and humans and accounted for 57.7% of Escherichia coli and 91.3% of Klebsiella pneumoniae. Attention should be
directed towards the IncX3 plasmid to control the transmission of blaypm between animals and humans.
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Introduction human populations through the food chain and
understand its transmission dynamics as the risk of
antimicrobial-resistant bacteria and genes spreading
among animals and human populations has been
demonstrated previously [8].

Human infections caused by pathogens with antimi-
crobial-resistant genes (ARGs) originating from food-
producing animals involve the transmission of ARGs
or ARGs-carrying bacteria among multiple stages,
including breeding, slaughtering, retail, intestinal colo-
nization and ascending infection [9,10]. NDM-CRE has
been reported to be detected at various stages, and its
prevalence has remained high in certain stages, such
as chicken farms, retail meat and healthcare settings
[11-13]. Despite the acknowledged positive correlation
between livestock production and NDM-CRE

Carbapenems are among the most effective antimicro-
bial agents for treating human infections caused by
extensively drug-resistant Enterobacterales, mainly
E. coli and K. pneumoniae [1]. However, the intensive
use of carbapenems in clinical settings has led to a gra-
dual increase in carbapenem-resistant Enterobacter-
ales (CRE), posing a significant threat to anti-
infective treatment, especially among children [2,3].
Notably, carbapenems are not yet approved for use
in the livestock industry; however, CRE was prevalent
in these sectors [4]. Specifically, the New Delhi
metallo-p-lactamase-producing (NDM)CRE has been
found to be widely disseminated throughout the live-
stock industry chain [5-7]. Therefore, it is important
to determine whether blaypy can disseminate to
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infections in humans at the national level [14], the
majority of studies have primarily focused on fragmen-
ted surveillance and have not conducted overall corre-
lation studies throughout the entire food production
chain. Therefore, we selected and conducted a cross-
sectional study in Chengdu, the provincial capital of
Sichuan, one of the largest Chinese provinces for live-
stock production, with the high prevalence of NDM-
CRE separately reported in animals (6.75%, [15]),
foods (6.9%, [16]) and humans (4.5%, [17]). Herein,
we aimed to explore the presence of NDM-CRE in
the production, slaughter, sale of livestock as well as
human carriages and infections and to assess the poten-
tial connections between these sectors. To do so, we
examined the breeding-slaughtering—marketing chains
of chickens and pigs as well as nurseries, primary and
secondary schools, and a children’s hospital within
the designated area. We further analysedthe patterns
of NDM-CRE transmission between animal and
human populations at both bacterial and gene levels.

Methods
Study setting and design

We conducted a cross-sectional study from August
2020 to March 2021 to investigate the prevalence of
NDM-CRE isolates from livestock, poultry, animal-
derived food products and humans in Chengdu,
Sichuan Province, China. The sampling design was
based on the potential transmission modes of antimi-
crobial-resistant bacteria/genes, covering the entire
chain from livestock (breeding-slaughtering-retail)
to humans (gut colonization-ascending infection)
(Figure 1). The pork and chicken industry chains
were selected from local enterprises in Chengdu,
including two pork industry chains and two chicken
industry chains. Within each industrial chain, the
farms and slaughterhouses belonged to the same ver-
tically integrated production system. The slaughtered
pork and chicken were then transported to markets
in Chengdu for sale. The study encompassed five
large-scale pig farms, six large-scale broiler farms,
two pig slaughterhouses, and two broiler slaughter-
houses. For the sales procedure, we selected 179 mar-
kets in five major urban areas and surrounding regions
of Chengdu. Additionally, we included 87 canteens of
schools and nurseries in Chengdu and surrounding
areas as well as one children’s hospital in Chengdu.
The geographic information, recorded using the global
positioning system (GPS), was documented for all the
aforementioned sample collection sites.

Sample collection and strain isolation

A total of 2470 non-duplicate samples were collected
from the entire chain, including samples related to

the pig industry chain (n=1023), chicken industry
chain (n=959), and child-related samples (n = 488)
(Table S1). The sampling of animals was conducted
in accordance with the principles of the Beijing Muni-
cipality Review of Welfare and Ethics of Laboratory
Animals (BAOLA 2005). The collection and use of
faeces and infection samples from children were ethi-
cally approved by the Sichuan Provincial Maternity
and Child Health Hospital.

The isolation and identification of all NDM-CRE
from the samples followed a three-step process.
Firstly, the samples were added to brain heart infusion
(BHI) medium containing 0.5 ug/mL of meropenem
(MEN) and 30 pug/mL of vancomycin and incubated
in a 37°C constant temperature shaker for 24 h to
complete the initial pre-growth step. For swab
samples, 100 puL of the transfer liquid was drawn
into 5 mL of BHI. For sewage samples, soil, bedding,
feed, intestinal contents, and stool samples, 0.25 g to
5mL of BHI were collected using an inoculation
loop. For meat samples (50 g), they were macerated
in 10 mL of BHI broth for 5 min in aseptic sampling
bags (Hope Biol-Technology Co). The enrichments
were then inoculated onto MacConkey agar (MIAC,
Lugiao) plates containing 0.5 ug/mL of MEN, and
red colonies were selected for further pure culture.
Secondly, 100 pL of the enrichments was absorbed
into 1 mL of BHI containing 0.5 ug/mL of MEN and
30 pg/mL of carbenicillin and incubated in a 37°C
constant temperature shaker for 24 h to complete
the second pre-growth step. The enrichments were
then inoculated onto MIAC agar plates containing
0.5 ug/mL MEN, and pink colonies were selected for
further pure culture. Thirdly, colonies on the agar
were confirmed for the blaxpy gene by PCR, and
the species were identified by matrix-assisted laser
desorption/ionization time-of-flight mass spec-
trometry (Bruker Daltonik).

Data collection and whole-genome sequencing

A total of 279 blaypy-positive Escherichia coli (NDM-
EC) and 197 blaxpy-positive Klebsiella pneumoniae
(NDM-KP) isolates were selected for whole genome
sequencing, including all NDM-CRE isolated from
chicken and pig breeding, slaughtering, and children’s
hospital and some isolated from sales procedure (mar-
ket and school). The selection criteria for isolates in
the sales procedure is to select one NDM-EC and
one NDM-KP according to the different animal
species sources of each blaypy-positive sampling
site. The number of selected isolates in each procedure
is shown in Table S2. Furthermore, 66 blaypy-nega-
tive E. coli (NDM-NEC) and 48 blanpy-negative
K. pneumoniae (NDM-NKP) isolated from livestock
were selected for whole genome sequencing. In
addition, whole genome sequencing data of 374
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Figure 1. Schematic diagram of the research workflow.

NDM-KP isolates from China were collected from the
laboratory and NCBI database, including 76 isolates
collected from livestock, 111 isolates collected from a
children’s hospital and 187 isolates collected from a
general hospital.

Total DNA was extracted using a Magen Genomic
DNA Purification Kit (Magen, Guangzhou, China) as
per the manufacturer’s instructions. Indexed DNA

libraries were prepared using a KAPA Hyper Prep
Kit and sequenced on the Illumina HiSeq X Ten plat-
form (Annoroad, Beijing, China). Genome assembly
was conducted with SPAdes, version 3.9.0 [18].
Oxford nanopore MinION sequencing was conducted
to obtain the complete genome sequences of isolates
carrying the blaypy gene, using the SQK-RBK004
sequencing kit and flowcell R9.5. A hybrid assembly
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of Illumina and nanopore sequencing reads was con-
structed using Unicycler v 0.3.0 [19]. All raw data in
this study were deposited in GenBank under Biopro-
ject accession no. PRINA1037737.

Antimicrobial susceptibility testing

Minimum inhibitory concentration (MIC) of NDM-
positive isolates against 15 commonly used antimicro-
bials (meropenem, imipenem, ertapenem, cefmetazole,
ceftazidime, cefotaxime, piperacillin/tazobactam, cefo-
perazone/sulbactam, ceftazidime/avibactam, cefepime,
colistin, tigecycline, ciprofloxacin, amikacin, and
aztreonam) were determined by the microdilution
broth method (Zhuhai DL Biotech). Results of MIC
were interpreted according to the Clinical and Labora-
tory Standards Institute document M100-ED3015 [20]
and the European Committee on Antimicrobial Sus-
ceptibility Testing [21]. Reference strain E. coli
ATCC25922 served as a quality control.

Bioinformatics and statistical analysis

The geographical distribution of all 282 sampling sites
was visualized using QGIS 3.16 based on GPS infor-
mation. The multilocus sequence typing (MLST) of
the isolates was determined using the SRST2 v0.2.0
calling function [22], and minimum-spanning trees
were generated in BioNumerics v7.6 for all blaypy-
positive isolates. Prokka v1.5 [23] was utilized to anno-
tate the de novo assemblies with predicted genes. The
annotated assemblies were then input into Panaroo
[24] for pan-genome analysis, using the default par-
ameters and running the Panaroo pipeline in strict
mode, with paralogs being split. Phylogenetic analysis
of the core genome was conducted using Snippy
(https://github.com/tseemann/snippy)  based  on
single-nucleotide polymorphism (SNP) variants.
Recombined regions were identified and excluded
from the pseudo-genome alignment using Gubbins
v1.4.10 [25]. The resulting alignment was used to con-
struct a phylogenetic tree using FastTree v2.1.10 [26],
with the tree being rooted at the midpoint and sub-
sequently annotated in interactive tree of life (ITOL)
[27]. Bayesian model-based population structures
were determined using HierBAPS62 v6.0. discrimi-
nant analysis of principal components (DAPC) [28]
was performed using the Adegenet R package,
employing SNP variants of the core genome. The
results were visualized using the ggplot R package.
To investigate the possibility of accessory genome
transfer between NDM-KP from different sources,
AccNET [29] was used to construct a bipartite net-
work connecting the genomic units and the PCs
(protein clusters). The visual location of isolates in
the network was determined using ForceAtlas2 [30]
as a layout algorithm, which arranged the NDM-KP

according to the set of shared proteins. Broad-range
and narrow-range proteins tend to lie in the centre
and outside of the network, respectively. Gephi [31]
software was used for network visualization and
manipulation. The assembled data were screened
against the ARGannot database, PlasmidFinder data-
base, and ISFinder database using abricate to detect
acquired ARGs, plasmid replicons, and ISs in each
genome. The results were transformed into a binary
table in R v3.6.0 to analyse the presence/absence of
acquired ARGs alleles and the prevalence of each
gene in different isolates. Contigs lacking plasmid
replicon markers were analysed using Bandage version
0.8.1 [32] to identify potential plasmid types. The
prevalence rates of plasmids and ISs in NDM-KP iso-
lates from human and animal sources were analysed
using the Spearman rank-order correlation coefficient.

Results
NDM-CRE are widespread in Chengdu

A total of 2470 samples from animal (n = 889), food (n
=905), human (n =488) and environment (n = 188)
were collected from 406 sites of farms, slaughter-
houses, markets, schools and hospital across Chengdu
(Figures 1 and 2(a)). The prevalence of blanypm
increases gradually along the livestock breeding-
slaughtering-retail chains (Figure 2(b), Table SI).
The prevalence of blaxpy-positive samples in chicken
and pig farms was 4.70% (22/468) and 2.0% (7/349),
respectively, with three chicken farms and four pig
farms negative for blanpy. The proportion of blanpy
-positive sample in slaughterhouses for chicken and
pig was 7.60% (19/250) and 22.40% (22/250), respect-
ively. The proportion of blanpm-positive samples in
chicken and pork from the market was 65.56% (158/
241) and 34.26% (76/321), respectively, and in pork
from school was 63.11% (65/103). In children’s hospi-
tal, the prevalence of blaypy-positive samples was
21.68% (62/286) in intestinal samples and 19.80%
(40/202) in infection samples. Among these blanp-
positive samples (471/2470), 366 NDM-EC and 222
NDM-KP were identified. NDM-KP was rarely
found in the breeding and slaughtering stages of live-
stock, in which the NDM-EC was predominantly
detected. A significant proportion of NDM-KP was
observed in the retail stage. Conversely, NDM-KP
was dominant in children’s hospitals, while NDM-
EC was infrequent.

Comparative analysis of antimicrobial
resistance rates and resistance genes in NDM-
CRE

Along the livestock breeding-slaughtering-retail
chains, NDM-EC displayed a declining trend in
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Figure 2. (a) Geographical distribution of farms, slaughterhouses, market, school and hospital collecting sample during from
August 2020 to March 2021 in Chengdu, China. (b) Number of NDM-KP and NDM-EC isolates (left) and separation rate of blaNDM
positive samples (right) in different procedures of food chain and children’s hospital.

resistance rates to cefmetazole [farm:58% (MICqg/50 =
128/64 ug/mL), slaughterhouse:47% (MICqg/50= 128/
32 pg/mL), market:38% (MICqg/50=128/32 pug/mL)
and school:27% (MICgq50=64/32 pg/mL)], tigecy-
cline [8% (<0.25/<0.25 pg/mL), 3% (<0.25/<0.25 pg/
mL), 1% (0.5/<0.25pg/mL) and 0% (<0.25/
<0.25 pg/mL)] and aztreonam [35% (32/8 pug/mL),
24% (64/<4 pg/mL), 27% (64/<4 pg/mL), and 0%
(<4/<4 pg/mL)] (Figure 3(a)). In contrast, resistance
rates to other P-lactams and P-lactamase inhibitors
(meropenem, ertapenem, ceftazidime, cefotaxime,
piperacillin/tazobactam, and cefoperazone/sulbactam)
remained relatively stable (Figure SI1, Table S3).
NDM-EC from chicken and pig exhibited similar
resistance rates to all tested antimicrobials (Figure 3

(b) and Table S4), except for ciprofloxacin (88% in
chicken vs. 60% in pig, p < 0.0001), aztreonam (40%
vs. 11%, p<0.0001) and amikacin (7% vs. 1%, p <
0.01). Given the limited number of chicken NDM-
KP isolates, the resistance rates of NDM-KP isolates
from livestock were compared with those from chil-
dren (Figure 3(c), Table S3). Significant variations in
resistance rates were observed in NDM-KP collected
between livestock and children concerning cefmeta-
zole (40% vs. 100%), aztreonam (22% vs. 100%), tige-
cycline (7% vs. 0%), ciprofloxacin (55% vs. 0%) and
amikacin (12% vs. 0%).

The correlation analysis of all ARGs in NDM-CRE
from livestock production chain was conducted by
statistical analysis. Correlation was observed among
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Figure 3. (a) Comparison of antimicrobial resistance rates for NDM-EC along the livestock breeding-slaughtering-retail chains. (b)
Comparison of antimicrobial resistance rates for NDM-EC in pigs and chickens. (c) Comparison of antimicrobial resistance rates for
NDM-KP in livestock and children. (d) Coexistence network of ARGs in NDM-EC from livestock. (e) Coexistence network of ARGs in

NDM-KP from livestock.

several ARGs in NDM-EC, such as the coexistence of
B-lactam resistance gene blagxa.;, chloramphenicol
resistance gene catB and aminoglycoside resistance
gene aac(6’)-Ib-cr (Figure 3(d), Figure Sla). A more
frequency of ARGs coexistence was identified in
NDM-KP (Figure 3(e), Figure S1b). For instance, a
complex association network existed among amino-
glycoside resistance genes aph(3’)-Ia and aph(6’)-1d,
macrolide resistance genes mph(A) and mph(E), Plas-
mid-mediated quinolone resistance (PMQR) gene
qnrB and extended-spectrum beta-lactamase (ESBL)
gene blacrx m.es. We found that the edge count in
ARGs-associated network was 62 and 20 for NDM-
KP and NDM-EC, respectively, indicating NDM-KP

E. coli

: School
K. pneumoniae 2

Hospital

in livestock presented a greater potential to become
multidrug-resistant bacteria than NDM-EC.

Epidemiological characteristics of blaypy-
positive plasmids

Among 476 sequenced CRE isolates, we determined
15 Inc-plasmid types associated with blaypy in 463
isolates, except for 13 Inc-untypable isolates. The
highest prevalent type is IncX3 plasmid (71.6%, n =
341, Figure 4), followed by IncHI2 (n = 39), IncB/O/
K/Z (n=34), Incll (n=10), IncFIB (n=28), IncFII
(n=8), IncN2 (n=6), IncFI (n=4), IncX1 (n=4),
IncN1 (n=3), IncY (n=2), and one for each of

B incB/O/K/Z

blanDM-5

— blanpMm-9
——————— blaNnDM-4
— blanpm-7

blanDM-1

Figure 4. The distribution and linkages among isolate species, isolate sources, blaNDM-carrying plasmid types and NDM protein

subtypes.



IncA/C2, IncQl, IncR, and IncY1l. We identified 13
and 6 types of blaypm-carrying plasmids in NDM-
EC (n=267) and NDM-KP (n =196), respectively.
Among them, blaypy-IncX3 is the most prevalent
plasmid accounted for 57.7% (n=161) in NDM-EC
and 91.3% (n=180) in NDM-KP, exhibiting an
increasing proportion of all blaypy-Inc plasmids
along the chain: 22.20% in farm, 68.90% in slaughter-
house, 60.40% in market, 83.10% in school and 100%
in hospital. blaxpy.s gene was exclusively carried by
IncX3 plasmid (n=309), whilst blaypy.; was har-
boured by IncX3 (n=32), IncN2 (n=6), IncFIB (n
=5), IncY (n=2), IncA/C2 (n=1), IncFII (n=1),
IncHI2 (n=1) and IncR (n = 1) plasmids.

blaypy can spread through cloning and
horizontal transfer along the food chain

The MLST analysis revealed 73 known sequence types
(ST) in 279 sequenced NDM-EC isolates from the live-
stock production chain. Among them, ST218 (n = 24,
8.6%), ST48 (n=18, 6.5%), ST10 (n=16, 5.7%) and
ST5529 (n =16, 5.7%) were the most prevalent (Figure
5(a)). Certain NDM-EC isolates with high genetic simi-
larity were present throughout each stage (breeding,
slaughtering and retail) of the chicken and pig pro-
duction chains, as evidenced by the presence of ST10,
ST457, ST48 and ST155 (Figure 5(b)). In the slaughter
stage, some ST2161 and ST48 NDM-EC isolates from
anal of slaughtered pigs and pork of processed pigs
exhibited high genetic similarity, suggesting that pork
in slaughterhouse was commonly contaminated by
NDM-positive pigs from different farms. Moreover,
some ST5529, ST101, and ST359 isolates from pork
in markets and school cafeterias exhibited high genetic
similarity, suggesting that NDM-EC could disseminate
from markets to school cafeterias. However, NDM-EC
isolates obtained from pork and chicken within the
same market showed limited genetic relatedness, indi-
cating that NDM-EC in markets had limited cross-con-
tamination between different types of meat. In
addition, we collected 66 NDM-NEC isolates from
the livestock production chain (Figure 5(b)) and
observed a high genetic similarity between certain
NDM-NEC and NDM-EC isolates from the same pro-
cedure (e.g. ST410 acquired blanpy.s-IncX3 in mar-
ket), suggesting that NDM-NEC may convert to
NDM-EC through the acquisition of blaxpy carrying
plasmids. All these results revealed that NDM-EC
could be presented and transmited through the live-
stock production chain.

Ninety-six sequenced NDM-KP isolates obtained
from livestock exhibited 36 STs. Among these, ST883
(n=13, 13.3%) and ST199 (n =10, 10.2%) were the
most prevalent ST in livestock production chain
(Figure 6(a)). Certain NDM-KP isolates with high gen-
etic similarity presented at the stages of retail and
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school in chicken and pig production chains, as evi-
denced by ST883, ST199 and ST188 (Figure 6(b)).
Meanwhile, ST789 (n =99, 98.0%) is the predominant
ST among 101 sequenced NDM-KP isolates from chil-
dren carriage (n =61) and infection (n = 40), showing
genetic uniformity with SNPs ranging from 0 to 98,
suggesting the potential intestinal colonization and clo-
nal transmission of ST789 within the children hospital.
No apparent association at the ST level was observed
between NDM-KP from livestock and humans. In
addition, we collected 48 NDM-NKP isolates from
the livestock production chain (Figure 6(b)) and
observed a high genetic similarity between certain
NDM-NKP and NDM-KP isolates from the same pro-
cedure (e.g. ST15 acquired blanypm.5-IncX3 in the mar-
ket), suggesting that NDM-NKP may convert to NDM-
KP through the acquisition of blaypy carrying
plasmids.

Genomic association among NDM-KP between
animals and humans

To better understand the association of NDM-KP
derived from animals and humans, we collected 373
NDM-KP isolates (75 from animals, 111 from children
and 187 from adults) across China and in combination
with 197 NDM-KP isolates in this study. Genomic
analysis of 570 NDM-KP isolates revealed a total of
18,521 genes, comprising 3920 core genes and
14,601 accessory genes (Figure S2). The MLST results
revealed a total of 83 STs, with 19 STs (22.9%) being
shared between livestock and human sources (Figure
7(a)): ST37 (human: n =18, animal: n =39), ST11 (n
=20:9), ST789 (n=130:1), ST1 (n=38:1), ST13 (n=
1:2), ST15 (n=7:2), ST17 (n=8:1), ST25 (n=7:1),
ST43 (n=1:1), ST76 (n=9:2), ST147 (n=1:4),
ST273 (n=1:1), ST340 (n=1:4), ST395 (n=1:2),
ST437 (n=1:5), ST485 (n=1:1), ST551 (n=1:3),
ST656 (n=1:1) and ST726 (n=1:4). However,
NDM-KP from humans and animals with the same
STs (e.g. ST11 and ST37) exhibited differences in
core genome (Figure 7(b)). The DAPC results (Figure
S3) based on core genome SNPs revealed that NDM-
KP from adults, children and animals formed three
distinct clusters, with the overlapped clusters from
children and adult NDM-KP, which differed from
that from animals. To further investigate the potential
association of accessory genomes between NDM-KP
isolates from different sources, we constructed a bipar-
tite network connecting accessory genome-encoded
homologous protein clusters (HPCs) with all NDM-
KP. This network arranged the isolates according to
the shared set of HPCs (Figure S4). Isolates from
adult, child and animals showed an even distribution,
with no host specific cluster among the bipartite net-
work, indicating a similar accessory genome of isolates
from humans and animals. Consequently, we
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identified mobile genetic elements associated with
ARGs transfer in accessory genomes and found 53
plasmid types and 44 IS types (Figure S5). Spearman
correlation analysis revealed a strong correlation in
the separation rates of plasmids carried by NDM-KP
from humans and animals (R*=0.7308, P < 0.0001).
The blanpym.s-IncX3 was identified in 467 isolates

NDM-positive
Pig

Chicken

Farm
Slaughterhouse
Market

School

-/

Figure 5. (a) MLST of NDM-CRE from livestock sources. (b) Phylogenic tree of E. coli from livestock based on core-genome SNPs.

and preformed as the most prevalent plasmid in
China. Additionally, a correlation was observed in
the separation rates of IS elements carried by NDM-
KP from humans and animals (R*=0.3563, P<
0.0001), with IS26 frequently located in IncX3 plasmid
being the most common and observed in 278 NDM-
KP isolates.
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Figure 6. (a) MLST of NDM-KP from livestock sources. (b) Phylogenic tree of K. pneumoniae from livestock based on core-genome

SNPs.

Discussion

NDM-CRE continues to be highly prevalent in the
livestock production chain (production -slaughter -
retail) as well as in hospitalized children (intestinal
tract — infection). Compared to previous studies con-
ducted in Sichuan [16,17], we observed higher

detection rates of NDM-CRE in retail meat (34.26-
65.56% vs. 6.9%) and humans (19.80-20.68% vs.
4.5%). This can be attributed to the use of two selective
pre-augmentation steps during our isolation process,
also suggesting that the prevalence of blanpy from
both livestock and humans might be underestimated.
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Figure 7. (a) MLST of NDM-KP from livestock, child and adult sources. (b) Phylogenic tree of NDM-KP ST11 and ST37 based on

core-genome SNPs.

NDM-CRE exhibited a significant increase in detec-
tion rate within the livestock production chain, in
which the slaughterhouses are the hotspots for cross-
contamination of NDM-CRE. Slaughterhouse was
proved to play a significant role in the contamination
and dissemination of various pathogens including Sal-
monella [33], Listeria monocytogenes [34] and particu-
larly the antimicrobial resistance (AMR) strains [35].
Here, in this study, although NDM-negative isolates
presented in NDM-free chicken and pig farms, the
livestock from these NDM-free farms are transported
to the slaughterhouses, where the livestock from
NDM-positive farms entered and slaughtered as
well, cross-contaminated with NDM-CRE in meat
processing. Furthermore, the transportation of
NDM-CRE-carrying processed meat from slaughter-
houses to markets across different regions in Chengdu
has contributed to the widespread of NDM-CRE in
retail meat. These results indicated that the slaughter-
ing and processing procedures may act as an
“amplifier” for NDM-CRE, and solely blocking of
NDM-CRE on livestock farms was insufficient.
Although we missed the children-derived isolates
collected from communities and schools in the entire

food chain, and despite the limited clinical data, and
might overlook potential cross-contamination during
the strain collection process and additional data on
factors influencing antimicrobial resistance develop-
ment and spread (e.g. antimicrobial usage practices,
biosecurity measures and meat consumptions pat-
terns), we demonstrated the significant role of plas-
mids, not clonal strains, in the transmission of
blaypy across the chain with following reasons.
First, both NDM-EC and NDM-KP in the chain exhi-
bit significant strain diversity (73 STs for NDM-EC
and 36 ST's for NDM-KP), lacking apparent dominant
clones, even the relatively common NDM-EC ST48
and ST10 have been extensively documented as carry-
ing various resistance genes such as mcr-1, tet(X),
ESBL, and PMQR [36-41]. Second, clonal trans-
mission is often restricted to specific sectors of the
entire chain from livestock to human, including hospi-
tals and slaughterhouses, rarely forming a continuous
transmission pattern across different sectors of the
chain. Third, the clonal isolates either positive or
negative for blaypm.s-IncX3 and the robust stability
of IncX3 plasmid in E. coli [42] support the trans-
mission of blaypy.s via horizontal plasmid transfer.



Fourth, the blanpm s-IncX3 plasmid was frequently
identified from NDM-KP and NDM-EC in the same
retail meat from various markets. The ability of
IncX3 plasmid to cross different bacterial species,
genus and phyla [42-44] facilitated the transmission
of the blaypm gene across species. Fifth, nearly all
blaypm variants resided on transferable Inc plasmids,
both IncX3 and IncHI2 plasmids, were identified
throughout the entire chain. Lastly, NDM-KP from
animals and humans exhibited distinctions at the
core genome level but showed similarity within the
accessory genome level. The IncX3 plasmid in the
accessory genome emerged as the most critical mobile
element for the blaypy gene to overcome barriers
between animals and humans.

To address the transmission of NDM-CRE between
animals and humans from the “One Health” perspec-
tive, the following measures should be taken into
account: (1) The food chain plays a pivotal role in the
transmission of AMR. Comprehensive monitoring
across the entire chain, involving animals, animal-
derived food, environment of animal farming and
food processing and humans, is essential for under-
standing the key aspects of NDM-CRE transmission.
(2) Slaughterhouses, acting as hub centres for livestock,
played a significant role in the transmission of NDM-
CRE. Efficient cleaning and disinfection protocols
(e.g. optimizing slaughter processes and disinfection
procedures, as well as standardizing personnel oper-
ations) need to be established in slaughterhouses to
minimize NDM-CRE contamination in meat products
in markets and schools. (3) Screening for compounds
or materials that can inhibit IncX3 conjugative transfer
[45] and promote plasmid elimination would be an
effective strategy to limit the spread of NDM-CRE.

Conclusion

We revealed the high prevalence of blaypy genes in
the entire food chain, encompassing animals, food
and humans, and the predominant transmission
route via IncX3 plasmids. It also emphasized the criti-
cal role of slaughterhouses in the contamination and
dissemination of blanpy. Our research highlights the
imperative need for comprehensive surveillance to
kerb the spread of NDM-CRE. The surveillance
should cover not just identifying the positive strain
but also thoroughly examining the transmission
dynamics of blaypy-carrying plasmids. Special atten-
tion should be directed towards the IncX3-type plas-
mids to control the transmission of blaypy from
animals to human populations.
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