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1. Introduction

The primary determinant of human health is undoubtedly safe food. Nevertheless, un-
safe foodstuffs, containing hazardous substances, such as bacteria, chemical, and physical
contaminants, at harmful levels can lead to various acute and chronic illnesses, includ-
ing over 200 diseases ranging from diarrhea to cancers, and even permanent disabilities
or death. Alarmingly, an estimated 600 million individuals worldwide—almost one in
ten people—suffer from illnesses caused by contaminated food, resulting in a global an-
nual burden of 33 million disability-adjusted life years (DALYS) and 420,000 premature
deaths [1].

Given the significance of this issue, it is imperative to monitor potential food safety
concerns associated with global changes in food systems, as appropriate, to determine
exposure to both new and existing hazards. Food safety science and risk assessment should
be used to determine the likelihood of foodborne illnesses. In recognition of this, the World
Health Organization (WHO) has updated the Global Strategy for Food Safety, while China
has also issued the national roadmap with the One Health Approach [2,3].

The high volume of antibiotics in food-producing animals significantly contributes
to the emergence of antibiotic-resistant bacteria (ARB), particularly in scenarios of intense
animal husbandry. Notably, in some countries, the total quantity of antibiotics administered
to animals surpasses that used in humans by four times. A significant portion of antibiotic
use in animals in many countries is aimed at promoting growth and preventing disease,
rather than treating sick animals. Resilient bacteria can be transferred from animals to
humans through direct contact or via the food chain and the environment. Antimicrobial re-
sistance (AMR) infections in humans can result in prolonged illnesses, increased frequency
of hospitalization, and treatment failures that can even lead to death. Tragically, some types
of bacteria that cause severe infections in humans have already developed resistance to
most or all available therapeutics, leaving us with dwindling treatment options for certain
types of infections [4].

Food products are increasingly being recognized as important contributors to antibiotic
usage, leading to the presence of veterinary drug residues and the transmission of ARB,
AMR and their associated ARGs. These unexplained transmission mechanisms pose a
significant public health threat to the general population, highlighting the urgent need for
effective measures to address this issue.

Increasing cross-sector connectivity has fueled the global dissemination of ARGs. The
concept of ‘One Health’ represents an integrated, unifying framework aimed at harmoniz-
ing and optimizing the health of humans, animals and the environment. This approach
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necessitates collaboration among the public health, veterinary, and public health and en-
vironmental sectors. It holds particular significance in ensuring food and water safety,
controlling zoonotic diseases, managing pollution from veterinary drug residues, and com-
batting AMR. In recognition of this urgent need, the WHO initiated a Global Action Plan in
2015 [4], urging for AMR surveillance across these three sectors as well as integrating data
to gain insights into the transmission and cross-sectoral connectivity of AMR. Against this
global background, China submitted the National Action Plan in 2016–2020 and updated
it for 2022–2025, embracing the One Health Approach to tackle AMR surveillance effec-
tively [5] The National Nature Science Foundation of China has kicked off several Major
Programs (No 22193060, 32141000, 42021000, 81991535) with the One Health Approach.
These efforts are crucial in the global fight against AMR, safeguarding the health and
well-being of all. This Special Issue devotes particular attention to the interfaces among
humans, animals, plants, food, and the environment, seeking to delve into the intervention
strategies used to combat foodborne pathogens. Furthermore, it aims to characterize the
composition variations within the healthy human gut microbiome, particularly in relation
to antibiotic usage and food consumption. The focus of this Special Issue is to explore food
safety intervention strategies involving antibiotics used in animals and plants, while also
identifying ARB and ARGs. Through this comprehensive approach, we strive to gain a
deeper understanding of these complex interactions and their potential implications for
food safety and public health.

2. An Overview of Published Articles

Conventional single-level and single-perspective approaches have proven inadequate
for the effective prevention and control of AMR and antimicrobial-resistant pathogens. To
effectively address this problem, it is necessary to use multidisciplinary and multisectoral
cooperation approaches that encompass human, animal, and environmental dimensions.
The “One Health” approach offers a comprehensive and systematic framework for tackling
AMR and foodborne pathogens from a multidimensional and multifaceted perspective. In
this Special Issue of Antibiotics (Basel), a total of 16 papers were published based on the
concept and method of “One Health” to control antibiotic residues, AMR and foodborne
pathogens. The research fields of these papers cover antibiotic residue detection, AMR
generation and spreading, antibiotic pharmacodynamic evaluation and metabolism, dis-
cussing various facets of the prevention and control of threats posed by antibiotics and
AMR to food safety.

The investigation of antibiotic residue detection includes chloramphenicol, nitrofuran
and fluoroquinolone residue on plants and animals. Cao et al. reported that antimicrobials
not only affect the production and morphology of mung bean sprouts, but also produce
an antimicrobial residue. Additionally, chloramphenicol, enrofloxacin, and furazolidone
residue was also found in commercial mung bean sprouts. In a Chinese nation-wide survey,
Fei et al. found that the levels of fluoroquinolone residues in chicken were higher than
those in pork, with detection frequencies of 3.99% and 1.69%, respectively. Enrofloxacin
and its metabolite ciprofloxacin were found to be the most predominant fluoroquinolones.
Bor et al. examined pig carcasses for gross pathological lesions and collected pork sam-
ples for antibiotic residue testing. Their result showed that the prevalence of antibiotic
residues was 41.26% (95% CI, 34.53–48.45%) in Kenya, posing potential public health risks
to pork consumers.

The large-scale use of antimicrobials in farms not only increases the potential presence
of their residues in food and the environment, but also leads to a greater probability of
AMR generation and spread. A major factor in the prevalence of ARGs in the food chain
is the presence of ARB in food animals, which poses a potential risk to public health and
safety. Han et al. reported the co-occurrence of optrA and cfr(D) operons in Streptococ-
cus parasuis collected from pig farms. The presence of Tn554–optrA in Enterococcus spp.,
Staphylococcus spp., and Streptococcus spp. with various genetic and source backgrounds
demonstrated that the Tn554 element plays an important role in the dissemination of optrA.
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This study extended the current knowledge of the genetic background of optrA and cfr(D)
and indicated that Tn554 and IS1202 may play an important role in the transmission of
optrA and cfr(D) originating from pig farms. Based on whole-genome sequencing (WGS), a
novel plasmid pYhe2001 from swine-origin Klebsiella pneumoniae 200 is reported for the first
time, suggesting that the plasmids may act as reservoirs for various ARGs and transport
multiple resistance genes in K. pneumoniae of both animal and human origin.

Colistin is a last-line antibiotic against Gram-negative pathogens. However, the
emergence of colistin resistance has substantially reduced the clinical effectiveness of this
antimicrobial. In the study of Carhuaricra et al., the occurrence of mcr-1-harboring Es-
cherichia coli was determined for the first time in chicken farms and pig farms in Lima, Peru.
The genomic analysis showed diverse lineages of E. coli carrying the mcr-1 gene mobilized
by the IncI2 and IncHI1A:IncHI1B plasmids, including the presence of ISApl1 copies en-
hancing the dissemination of mcr-1. The elevated prevalence of multidrug-resistant (MDR)
strains in farms in Lima could serve as a reservoir of ARGs that can be disseminated by
farmers or food, impacting public health. A study in Kenya found that poultry meat and
pork were contaminated with high levels of bacteria with MDR, potentially spreading food-
borne illnesses. This resistance was noted for critically essential antimicrobials (according
to the WHO) such as rifampicin (96%), ampicillin (35%), cefotaxime (9%), cefepime (6%),
and ciprofloxacin (6%).

The global epidemiological investigation of the AMR of pathogenic bacteria is crucial
for clinical therapy and the mitigation of this threat. Colistin resistance in bacteria has
become a significant threat to food safety and public health, and its development was mainly
attributed to the plasmid-mediated mcr genes. Twenty mcr variants were identified from
2279 mcr-producing Salmonella genomes, and the most common ones were mcr-9.1 (65.2%)
and mcr-1.1 (24.4%). Phylogenetic results indicated that mcr-producing Salmonella fell into
nine lineages (Lineages I-IX), and Salmonella Typhimurium, 1,4,[5],12:i:- and 4,[5],12:i:-
isolates from different countries were mixed into Lineages I, II and III, suggesting that
international spread occurred in Salmonella-bearing mcr genes. Liu et al. examined the
synergy between colistin and capric acid against twenty-one Gram-negative bacterial
isolates. Checkerboard and time–kill assays showed that capric acid can enhance the
bacterial killing of colistin-resistant Gram-negative bacteria when combined with colistin.

The widespread escalation of bacterial resistance threatens the safety of the food chain.
While investigating the resistance characteristics of E. coli strains isolated from disinfected
tableware against both disinfectants and antibiotics, a recently described mobile colistin
resistance gene mcr-10 present on the novel IncFIB-type plasmid was found to be able to
successfully transform the resistance. This work warned that continuous monitoring of
ARGs in the catering industry is essential to understand and respond to the transmission
of ARGs from the environment and food to humans and clinics. Shared bikes act as a
potential vector for ARB and ARGs. Two ST167 E. coli isolated from shared bikes show high
similarities in their core genomes and plasmid profiles with strains from hospital inpatients
and farm animals. This study indicated that vectors such as shared bikes may contribute to
the dissemination of these ARB in the environment. There is a need to take measures to
assess the risk of ARB in the environment and cut off transmission.

The emergence of the mobile tigecycline-resistance gene, tet(X4), poses a significant
threat to public health. The study of Zhai investigates the prevalence and genetic charac-
teristics of the tet(X4)-positive E. coli in clinical human stool samples. The clonal spread
of tet(X4)-positive isolates indicated the risk of intra-hospital transmission of the tet(X4)
gene. Furthermore, these strains and plasmids of clinical patient origin showed a strong
genetic resemblance to some animal-origin strains, implying a potential risk of transmission
between animals and humans.

The growing concern over the emergence of AMR in animal production as a result of
extensive and inappropriate antibiotic use has prompted many swine farmers in Canada
to raise their animals without antibiotics (RWA). Alvarado et al. investigates the impact
of implementing an RWA approach in sow barns on actual on-farm antibiotic use, the

3
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emergence of AMR, and the abundance of pathogens. Metagenomic analyses demonstrated
an increased abundance of pathogenic Actinobacteria, Firmicutes, and Proteobacteria in the
nasopharynx microbiome of RWA sows relative to non-RWA sows. WGS analyses revealed
that the nasal microbiome of sows raised under RWA production exhibited a significant
increase in the frequency of resistance genes coding for β-lactams, MDR, and tetracycline.

Antibiotic usage and yogurt consumption are the major interventions for gut mi-
crobiota. Yan et al. found that antibiotic usage and yogurt consumption demonstrated
significant changes in specific bacterial groups (Streptococcaceae, Enterococcaceae and so on)
in healthy human gut microbiomes, sharing more identical changes in the healthy human
gut microbiome than disparities, especially ARG-related bacteria groups that could induce
an intensification of ARG transfer processes from commensal bacteria to pathogens in the
human gut.

Phorate is a systemic, broad-spectrum organophosphorus insecticide. Cao et al. as-
sessed the blood glucose concentrations of high-fat-diet-fed mice exposed to phorate and
the distribution characteristics of the resistance genes in the intestinal microbiota of these
mice. The result revealed that phorate can affect the abundance of the intestinal micro-
biota and therefore alter the expression of drug-resistance genes. This study indicates that
changes in the abundance of the intestinal microbiota are closely related to the presence of
ARB in the intestinal tract and the metabolic health of the host.

In the study of Mao et al., the metabolism behavior of mequindox (MEQ) in sea
cucumber in vivo was investigated using LC-HRMS. This work first reported 3-methyl-2-
quinoxalinecarboxylic acid (MQCA) as a metabolite of MEQ, and carboxylation is a major
metabolic pathway of MEQ in sea cucumber. This work revealed that the metabolism of
MEQ in marine animals is different from that in land animals. The metabolism results in
this work could facilitate the accurate risk assessment of MEQ in sea cucumber and related
marine foods.

3. Conclusions

AMR poses a significant threat to human health. This compilation of articles dedi-
cated to the field of retailing encompasses a comprehensive overview of a diverse range
of research, elucidative of the richness of the research field. The articles showcase a range
of methodologies that were adopted for the studies of occurrence and genomic charac-
terization of AMR, ranging from qualitative approaches based on in situ observations
and interviews to quantitative studies using omics and artificial intelligence (AI) tools to
trace the evolution of bacteria harboring certain emerging ARGs or/and mobile genes.
Case studies focus on specific ARGs and plasmids, such as the colistin resistance gene
mcr-X, blaNDM-5 and blaCTX-M-199, tet(X4)-IncX1, cfr(D) and optrA, providing insights into
their dissemination and health impact. Notably, many bacteria carried by animals (such as
Salmonella, Campylobacter and E. coli, and K. pneumoniae) can also cause diseases in humans.
These bacteria, often harboring ARGs, can contaminate our food supply throughout the
entire production chain, from farm to fork, during slaughtering and processing. Vegetables,
including mung bean sprouts, as described in this Special Issue, are susceptible to contami-
nation by harmful bacteria, either at the farm or subsequently through cross-contamination.
This knowledge is derived from our ability to trace the origin of ARB isolated from ill
individuals back to agricultural sources using DNA fingerprinting techniques. This under-
scores the importance of vigilant monitoring and sanitary practices throughout the entire
food production chain to ensure food safety and protect public health.

Annually, over 400,000 people die from foodborne diseases, with children under five
years old accounting for over a third of these tragic deaths. According to estimates by
the WHO, microbes, including bacteria, cause the vast majority of foodborne illnesses [1].
Alarmingly, if these bacteria develop resistance to antibiotics, effective treatments will
become limited, leading to an increase in deaths from foodborne diseases. Therefore,
optimizing the use of antibiotics in both human medicine and animal husbandry is crucial
to mitigate the emergence and spread of ARB and ARGs, thereby safeguarding public

4
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health. To address the critical public health threat, the WHO has developed several
guidelines aimed at preserving the effectiveness of antibiotics vital for human health.
Our recommendations align with the WHO’s list of critically important antimicrobials for
humans, especially critically important antibiotics, to treat multidrug-resistant infections
in humans. When considering antibiotics used in food-producing animals, it is essential
to prioritize those with the least significance for human health. This means starting with
antimicrobial classes that are not used in humans, and then proceeding with those listed on
the WHO’s list of critically important antimicrobials for human medicine, followed by those
classified as highly important. Antibiotics categorized by the WHO as critically important
for human medicine should be used in animals only when the most recent culture and
sensitivity results of bacteria known to have caused the disease indicate that this critically
important antimicrobial is the sole viable option. Competent authorities may require
a cross-disciplinary “One Health” approach when evaluating new hazards emerging at
the human–animal–environmental interface [6]. This approach can be instrumental in
minimizing the use of antibiotics in food animal production by enhancing husbandry and
management practices for disease prevention and control, as well as strengthening AMR
surveillance within the food chain. By adopting these strategies, we can work towards
mitigating the threat of AMR and safeguarding public health.

The WHO has established a “One Health Initiative” to integrate efforts in humans,
animals, and environmental health across its organization. Given the interconnectedness of
human and animal health, it is crucial to incorporate information gathered from pathogens
in animals and the food chain into AMR surveillance programs, which falls under the
umbrella of the One Health framework. The WHO is collaborating with the Food and
Agriculture Organization of the United Nations (FAO), the United Nations Environment
Program (UNEP), and the World Organization for Animal Health (WOAH) as part of a One
Health quadripartite [7]. This quadripartite promotes multi-sectoral approaches aimed at
reducing health threats at the intersection of humans, animals, and the ecosystem. The
quadripartite One Health Joint Plan of Action (OH-JPA) outlines the necessary transfor-
mations to prevent and mitigate the impact of current and future health challenges at the
global, regional, and country levels. Notably, AMR and food safety are included in this
plan. However, according to the latest global database from the Tracking AMR Country
Self-Assessment Survey (TrACSS, 2023) [8], which has been executed in 177 countries,
only 16 countries have formalized multi-sectoral coordination mechanisms with functional
working groups, and only 25 countries possess adequate technical capacity, resources, and
established systems to gather data across the “One Health” sectors. This highlights the
urgent need for further development and coordination to fully realize the potential of the
“One Health” approach in addressing AMR and other critical health challenges.

In high-income countries, trends in AMR in animals and food are monitored via sys-
tematic surveillance by organizations such as the European Food Safety Authority (EFSA)
in Europe [9], the National Antimicrobial Resistance Monitoring System for Enteric Bacteria
(NARMS) in the United States [10], or the Canadian Integrated Program for Antimicrobial
Resistance Surveillance (CIPARS) in Canada [11]. The One Health approach can also be
found in a UK report [12]. However, in low- and middle-income countries (LMICs), where
demand for meat (and antimicrobials) is rising, rapid systematic surveillance systems
remain largely absent. This Special Issue seeks to promote this approach further.
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Abstract: This study was performed to investigate the presence and characteristics of the oxazo-
lidinone resistance genes optrA and cfr(D) in Streptococcus parasuis. In total, 36 Streptococcus isolates
(30 Streptococcus suis isolates, 6 Streptococcus parasuis isolates) were collected from pig farms in China
in 2020–2021, using PCR to determine the presence of optrA and cfr. Then, 2 of the 36 Streptococcus
isolates were further processed as follows. Whole-genome sequencing and de novo assembly were
employed to analyze the genetic environment of the optrA and cfr(D) genes. Conjugation and inverse
PCR were employed to verify the transferability of optrA and cfr(D). The optrA and cfr(D) genes were
identified in two S. parasuis strains named SS17 and SS20, respectively. The optrA of the two isolates
was located on chromosomes invariably associated with the araC gene and Tn554, which carry the
resistance genes erm(A) and ant(9). The two plasmids that carry cfr(D), pSS17 (7550 bp) and pSS20-1
(7550 bp) have 100% nucleotide sequence identity. The cfr(D) was flanked by GMP synthase and
IS1202. The findings of this study extend the current knowledge of the genetic background of optrA
and cfr(D) and indicate that Tn554 and IS1202 may play an important role in the transmission of optrA
and cfr(D), respectively.

Keywords: cfr(D); optrA; oxazolidinones; resistance; Streptococcus parasuis

1. Introduction

Oxazolidinones, such as linezolid and tedizolid, are regarded as the last-resort antibac-
terial compounds used to treat serious clinical infections caused by multidrug-resistant
(MDR) Gram-positive bacteria, specifically methicillin-resistant strains of Staphylococcus
aureus (MRSA) and vancomycin-resistant Enterococci (VRE) infections [1,2]. Statistics show
that MRSA causes approximately 95,000 invasive infections and 19,000 deaths each year in
the United States, which is a higher mortality rate than human immunodeficiency virus,
viral hepatitis, tuberculosis and influenza combined [3,4]. Enterococci are of major impor-
tance in central line-associated bloodstream infections, catheter-associated urinary tract
infections, ventilator-associated pneumonia and surgical site infections [5]. The target
site of linezolid is the 50S large subunit of ribosomal proteins, especially the ribosomal
proteins L3 and L4 that are encoded by the rplC and rplD genes, respectively [6]. How-
ever, with the widespread use of oxazolidinone antibiotics in livestock and poultry, many
oxazolidinone-resistant bacteria have recently been reported [7–10]. The existence of trans-
ferable resistance genes, such as optrA, poxtA, cfr, and cfr-like genes, is considered to be one
of the causes of oxazolidinone resistance [11,12].

The transferable oxazolidinone resistance genes, optrA and cfr, have been identified
in considerable bacterial species worldwide. Since the optrA gene was first discovered
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in the Enterococcus spp. of human and animal origin in 2015 in China, numerous reports
have indicated that the optrA genes exist in Gram-positive bacteria, such as Enterococcus
faecalis and Staphylococcus sciuri [13]. The optrA gene confers transferable resistance to
oxazolidinones and phenols by encoding an ATP-binging cassette (ABC-F) protein [14]. The
cfr gene, initially isolated from S. sciuri, mainly confers multidrug resistance to lincosamides,
oxazolidinones, phenols, and pleuromutilins by mediating methylation at position 2503 of
the 23S rRNA gene [15]. The cfr and cfr-like genes (e.g., cfr(B), cfr(C) and cfr(D)) have been
discovered in various Gram-positive and Gram-negative pathogens, such as Staphylococcus,
Enterococcus, Streptococcus suis, Escherichia coli, and Micrococcus caseolyticus [16,17].

Streptococcus parasuis, once taxonomically classified as serotypes 20, 22, and 26 of
S. suis, is rarely reported in clinics compared with S. suis because of the lack of appropriate
detection methods that can be used to distinguish it from S. suis [18]. Given the lack of
clinical isolates, the significance of S. parasuis for public health is underestimated [19]. The
presence of S. parasuis has recently been reported in a few countries, such as China, Japan,
Canada, and Switzerland [20–23]. The S. parasuis strain that harbors optrA and cfr(D) genes
was first discovered in Qinghai Province, China, in 2018 [21]. Then, we accidentally isolated
two S. parasuis strains that carry a chromosomal optrA gene and a plasmid-borne cfr(D)
gene during drug-resistance monitoring on a pig farm in Guangdong Province, China, in
2021. Furthermore, the two S. parasuis isolates showed different sequence types. The strain
has spread across a large geographic area among livestock and poultry. Here, we report
two S. parasuis strains with cfr(D) and optrA from a Chinese pig farm.

2. Materials and Methods
2.1. Sample Collection and Bacterial Strains

A total of 912 samples (762 pig lung samples and 150 pig nasal swab samples) were
collected from abattoir and pig farms in three provinces of China (i.e., Guangdong, Jiangxi,
and Hunan) during 2020–2021. All samples were incubated in tryptic soy broth (TSB, 5%
fetal bovine serum) and then streaked onto tryptic soy agar (TSA) with 5% defibrinated
sheep blood. The rifampicin-resistant E. faecalis JH2-2 served as the recipient strain in the
transfer experiments.

2.2. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing for meropenem, rifampicin, linezolid, florfenicol,
tetracycline, erythromycin, clindamycin, penicillin, ceftiofur, ampicillin, amoxicillin, en-
rofloxacin, cotrimoxazole, and vancomycin was performed using the broth microdilution
method according to the guidelines of the Clinical and Laboratory Standards Institute
(VET01-S2 and M100-S26) [24,25]. Streptococcus pneumoniae ATCC 49,619 was used as a
quality control strain to determine the minimum inhibitory concentration.

2.3. PCR Analysis

The optrA and cfr genes were detected in all strains by using polymerase chain reac-
tion (PCR), as described previously [26,27]. The presence of circular intermediates was
detected by inverse PCR using the primers in-optrA-F, GGGAACAGTTGATGAGAGAA,
and in-optrA-R, CCAACACCATATTACCATCAT (annealing temperature of 51 ◦C). Sanger
sequencing was used for all PCR products.

2.4. Whole-Genome Sequencing (WGS) and Analysis

The genomic DNA of the S. parasuis strains SS17 and SS20 that carry both optrA and
cfr genes was extracted using a HiPure Bacterial DNA Kit (Magen, Shanghai, China).
The WGS was performed on an Illumina HiSeq TM2000 sequence platform (Novogene,
Beijing, China) and PacBio RS III sequencing platform (Tianjin Biochip Company, Tianjin,
China). Draft genomes of Illumina HiSeq sequences were assembled using the CLC
Genomics Workbench 10.0.1 (CLC Bio, Aarhus, Denmark) [28]. HGAP4 analysis was
used to generate assemblies de novo and data statistics for the original genome data
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that was measured using Pacbio sequel technology [29]. The Rapid Annotation using
the Subsystem Technology (RAST) (https://rast.nmpdr.org/, accessed on 7 August 2021)
server was accessed for genome annotation. Antimicrobial resistance genes, virulence
genes, and mobile genetic elements were identified using CGE ResFinder 3.2 (https://
cge.cbs.dtu.dk/services/ResFinder/, accessed on 7 August 2021), Virulence Finder 2.0
(https://cge.cbs.dtu.dk/services/VirulenceFinder/accessed on 7 August 2021), and MGE
(https://cge.cbs.dtu.dk/services/MobileElementFinder/, accessed on 7 August 2021),
respectively. The genetic environments of optrA and cfr were analyzed using the BLAST
program (http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 7 August 2021) and Easyfig
2.2.5 (developed by the Beatson Microbial Genomics Lab, Brisbane, Australia) [30].

2.5. Phylogenetic Analyses of S. parasuis Isolates

To construct the phylogeny of S. parasuis, all of the genomes of S. parasuis (n = 9,
collected from NCBI) were extracted compared with the genomes of the S. parasuis isolates
in this study. The phylogenic tree was constructed by RAxML, with the genome of SS20 used
as a reference [31]. Snippy was employed to calculate the single nucleotide polymorphism
(SNP) among the various genomes. The phylogenic tree was illustrated using iTOL [32].

2.6. Transfer Experiments

Conjugation experiments were performed by filter mating using rifampicin-resistant
E. faecalis JH2-2 as the recipient strain and the two isolates, which carried the cfr gene on the
plasmids and optrA in the chromosome, as donors [33]. Transconjugants were selected on
brain–heart infusion agar plates containing 100 mg/L rifampicin and 32 mg/L florfenicol or
10 mg/L chloramphenicol, 20 mg/L chloramphenicol, and 30 mg/L chloramphenicol [1].

2.7. Nucleotide Sequence Accession Numbers

The complete genomes of S. parasuis SS17 and SS20 have been deposited in GenBank
and assigned the nucleotide sequence accession numbers CP090522 and CP086728.

3. Results
3.1. Identification of cfr(D) and optrA in the Streptococcus Isolates

A total of 30 strains of S. suis (3.29%, 30/912) and 6 strains of S. parasuis (0.66%,
6/912) were isolated and identified from 912 samples. Among the pig lung samples,
26 S. suis isolates (3.41%, 26/762) and 4 S. parasuis isolates (0.52%, 4/762) were isolated
from 762 samples, but none of these were positive for optrA or cfr(D). From the 150 pig
nasal swab samples, 4 S. suis and 2 S. parasuis strains were isolated. The coexistence of
optrA and cfr(D) in the two S. parasuis isolates, SS17 and SS20, was detected.

3.2. Antibiotic Resistance and Resistance Determinants

The resistance rate to erythromycin and clindamycin was over 90% among 36 Strep-
tococcus strains, followed by tetracycline. Most strains remain susceptible to florfenicol,
meropenem, and enrofloxacin. Antibiotic susceptibility tests showed that S. parasuis SS17
and SS20 demonstrated a multidrug resistance profile. They were resistant to florfeni-
col, erythromycin, clindamycin, tetracycline, penicillin, ampicillin, and enrofloxacin, but
remained susceptible to meropenem, vancomycin, linezolid, amoxicillin, and ceftiofur.
Acquired drug resistance gene test results showed that S. parasuis SS17 contained ant(6)-la,
optrA, aac(6′)-aph(2′′), erm(B), tet(M), and cfr(D), while S. parasuis SS20 contained ant(6)-la,
optrA, erm(B), tet(M), msr(D), mef (A), and cfr(D) (Table 1).
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Table 1. Minimum inhibitory concentrations of 13 antimicrobial agents and ARGs among 2 Strepto-
coccus parasuis isolates carrying both optrA and a cfr(D).

Isolate Species Source MLST
MIC (mg/L)

ERY CLI MEM CEF LZD VAN TET PEN AMP ENR SXT FFC AMO Resistance Genes

SS17 S. parasuis nasal
swab NA 32 >32 ≤0.03 0.5 1 0.12 64 2 1 4 32 64 0.5

ant(6)-la,
aac(6′ )-aph(2′′ ), optrA,
erm(B), tet(M), cfr(D)

SS20 S. parasuis nasal
swab NA 32 >32 ≤0.03 0.5 1 0.12 64 2 1 4 64 >64 1 erm(B), ant(6)-la, optrA,

mef (A), tet(M), cfr(D)

MLST, multi-locus sequence type; MIC, minimum inhibitory concentration; ERY, erythromycin; CLI, clindamycin;
MEM, meropenem; CEF, ceftiofur; LZD, linezolid; VAN, vancomycin; TET, tetracycline; PEN, penicillin; AMP,
ampicillin; ENR, enrofloxacin; SXT, cotrimoxazole; FFC, florfenicol; AMO, amoxicillin; NA, not available.

3.3. WGS Analyses

The whole-genome sequence analysis showed that the chromosomes of SS17 and
SS20 were 1,959,737 bp and 2,083,983 bp in size with GC contents of 39.6% and 39.5%,
respectively. The genome of SS17 contained 2066 coding sequences and 46 RNA genes
shown by RAST, while the SS20 contained 2275 coding sequences and 46 RNA genes. S.
parasuis SS17 harbored a chromosomal optrA and a cfr(D)-carrying plasmid named pSS17.
S. parasuis SS20 contained a chromosomal optrA and two plasmids named pSS20-1 and
pSS20-2. The plasmid pSS20-1 carried a cfr(D) gene, while another plasmid, pSS20-1, was
associated with no antimicrobial resistance gene.

3.4. Characterization of Plasmids Carrying cfr(D)

The plasmids pSS17 and pSS20-1, which carry cfr(D), had a 100% nucleotide sequence
identity. They were 7550 bp in length with 37.8% GC content and have nine coding
sequences and no RNAs. Except for the four open reading frames (ORFs) that encode
hypothetical proteins, the remaining five ORF coding proteins were identified as cfr(D),
GMP synthase, replication protein, IS1202, and IS431mec (Figure 1a,b). The nucleotide
sequences of cfr(D) in pSS17 and pSS20-1 showed 100% (1074 of 1074) identity with the
corresponding cfr(D) sequence from plasmid pH35-cfrD, which was from the S. parasuis
strain H35 (GenBank accession no.CP076722.1) of porcine origin. The cfr(D) genes of pSS17
and pSS20-1 were flanked by GMP synthase, IS1202, and IS431mec. BLASTn analysis
showed that pSS17 and pSS20-1 shared 99% (5334 of 5335) nucleotide sequence identity
with the pH35-cfrD plasmid of the S. parasuis strain H35 isolated from a lung sample of a pig
in Qinghai province, China, in 2018. In addition, SS17, SS20 and H35 had 100% identity in
the cfr(D) gene sequences. This result indicated the possibility of a similar origin for pSS17,
pSS20-1, and pH35-cfrD [21]. To identify the ability of the cfr(D) plasmid to conjugate, filter
matings were performed using graded levels of chloramphenicol (10, 20, and 30 mg/L)
or 32 mg/L florfenicol with the E. faecalis JH2-2 as the recipient strain. Nevertheless, no
transconjugant was obtained in the triplicate assays.

3.5. Genetic Environment of optrA in the Chromosomal DNA

The optrA genes from SS17 and SS20 had 100% nucleotide sequence identity. Genetic
environment analysis indicated that the optrA genes of SS17 and SS20 located on the
chromosome were associated with the Tn554 and araC genes. Tn554 carried the resistance
genes erm(A) and ant(9). The araC gene was a transcriptional regulator gene, forming a core
segment of 3453 bp with optrA. However, the optrA of S. parasuis H35 was flanked by IS1216E
elements. The optrA of SS17 and SS20 had three SNPs (791, T→C; 1120, G→A; 1729, T→C)
compared with S. parasuis H35 from the same host in the same country. BLASTn analysis
revealed that the optrA-carrying fragment exhibited high similarity with the corresponding
region in the chromosomal DNA of the E. faecium strain GJA5 (GenBank accession no.
MK251151.1), Staphylococcus sp. MZ7 (GenBank accession no. CP076027.1), Staphylococcus
sp. MZ1 (GenBank accession no. CP076025.1), and the plasmid pL15 of the E. faecalis strain
L15 (GenBank accession no. CP042214.1) (Figure 1c).
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Figure 1. (a,b) are the structure and organization of the plasmids of pSS17 and pSS20-1, respectively.
The circles (from the outside to inside) indicate the predicated coding sequences, GC-skew [(G +
C)/(G + C)], GC content and scale in bp. The coding sequences with different functions are shown in
different colors. Arrows indicate the direction of transcription of the genes. (c) Genetic environment
of optrA in the chromosomal DNA of S.parasuis SS17 and SS20 compared to other plasmids and
genomes. Resistance genes are indicated with pink arrows. Transposases are shown with blue arrows
labeled by their name. Other elements are highlighted with green arrows. Shared regions with >99%
identity are denoted by nattier blue shading.

The transposon Tn554 containing erm(A) and ant(9) was detected upstream of araC–
optrA of SS17 and SS20, sharing 100% nucleotide sequence identity with the E. faecalis strain
L15 plasmid (GenBank accession no. CP042214.1), the E. faecium strain GJA5, Staphylococcus
sp. MZ7, and Staphylococcus sp. MZ1 (Figure 1c). Tn554 may play an important role in
the horizontal transmission of optrA in Gram-positive bacteria [34,35]. The araC–optrA
gene clusters in SS17 and SS20 had 100% nucleotide sequence identity with the E. faecium
strain GJA5, the E. faecalis strain L15 plasmid, and the S. parasuis strain H35 (Figure 1c).
The ability of the araC- optrA gene clusters in E. faecalis to form circular intermediates
and spread horizontally has been confirmed [1]. The ability of the gene to form a covalent
closure circle appeared to enhance its ability to excise and integrate into the chromosome
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or other mobile genetic elements, as previously characterized [36–38]. Therefore, here, we
used inverse PCR to determine the ability of optrA to form circular intermediates by using
genomes of SS17 and SS20 as templates with the primers designed at both ends of the optrA
gene. The result revealed that optrA formed a circle with its flanking 269 base pairs among
the two strains. However, no transconjugant harboring optrA was obtained in the transfer
experiments. It is still necessary to confirm the optrA’s transferability.

3.6. Phylogenetic Relatedness of Streptococcus parasuis Strains

A phylogenic tree was produced to analyze the evolution of S. parasuis. The phylogenic
tree demonstrated that all S. parasuis strains were closely related. No SNPs were identified
in SS17 and SS20. Therefore, it is clear that S. parasuis has not evolved significantly among
different hosts or geographical locations. (Figure 2). These strains carried only a few ARGs,
e.g., ant(6)-la and erm(B), and some did not contain any ARGs. At the same time, the
distribution of ARGs explained the results of the antibiotic resistance testing.
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4. Discussion

A major factor in the prevalence of antibiotic resistance genes in the food chain is the
presence of antibiotic-resistant bacteria in food animals, which poses a potential risk to
public health and safety [39]. Streptococcus suis is an important zoonotic pathogen that
can be transmitted to humans through contact with contaminated animal products or sick
animals [40]. The ST25 and ST28 strains were dominant (9/30) among the isolates in this
study. ST1 was identified as having a significantly higher virulence than ST25/28, and the
remaining strains were ST242, ST27, ST1, ST7, and so on [41]. In addition to being extremely
virulent, S. suis is recognized as a reservoir of ARGs, where transposons or integration and
binding elements play a crucial role in the propagation of the organism [42]. S. parasuis is a
close relative of S. suis, which may be an opportunistic pathogen, and it has been reported
that it infects pigs, cattle, and humans [22]. The resistance of S. parasuis should also be taken
into consideration. In this investigation, S. suis isolates only carried one to three ARGs,
primarily erm(B) and tet(O), but S. parasuis isolates carried ant(6)-la, aac(6′)-aph(2′′), mdt(A),
lsa(E), cat, tet(S) and other ARGs, which carry far more resistance genes. The detection rate
of tet(O/M), ant(6)-la, and erm(B) in S. parasuis is higher, according to NCBI public data [43].
Based on these findings, S. parasuis is a potentially opportunistic zoonotic pathogen that
may serve as a reservoir of resistance genes.

The spread of antibiotic resistance is significantly aided by both [44]. Since the optrA
gene was discovered in China in 2015, it has been widely spread and detected in bacterial
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genera with diverse origins, including Enterococcus and Staphylococcus, in many different
nations [45]. Platforms carrying the optrA gene can be categorized into three groups: those
carrying optrA on chromosomally borne integration and conjugation elements (ICE), such
as Tn6674, Tn558, and IS1216E; those on which the optrA gene is located on medium-sized
plasmids (30–60 Kb) from the RepA_N, Inc18, and Rep_3 plasmid families to form impB–
fexA–optrA; and those carrying optrA–araC on the chromosome or plasmids [46,47]. In this
study, it was found that optrA was located in chromosomally borne Tn554 carrying erm(A)
and ant(9). The cfr gene was originally discovered on the multi-resistant pSCFS1 (16.5 kb)
and pSCFS3 (35.7 kb) plasmids of Staphylococcus sciuri [48,49]. The cfr-carrying segment
(IS21-558-cfr) was reported initially, which could form in tandem [50]. Mobile elements play
an important role in the horizontal transfer of drug resistance genes. Subsequently, another
multidrug-resistant plasmid (50 kb) carrying cfr was found in Staphylococcus, and a circular
plasmid with five ORFs (rep-Deltapre/mob-cfr-pre/mob-ermC) was found in its transformants
(7057 bp) [51]. Here, we found a new plasmid carrying the cfr gene in S. parasuis, 7550 bp,
which is composed of 5 ORFs and rep-IS431mec-IS1202-cfr-GME synthase. Unfortunately,
the transformants of cfr and optrA could not be obtained, and their transferability between
different genera has yet to be confirmed. Interestingly, SS17 and SS20 remained sensitive to
linezolid despite containing two oxazolidinone resistance mechanisms, cfr(D) and optrA. A
study showed that cfr(D) did not produce any resistance when overexpressed in E. faecalis
and E. faecium, but it was responsible for the phenicol resistance phenotype of Escherichia
coli [52]. Meanwhile, the lack of cfr and cfr-like gene-mediated resistance to phenol and
oxazolidinone in E. faecalis and E. faecium has been much reported [53,54]. Perhaps this
phenomenon does not only occur in a single species. In contrast to the ubiquity of resistance
in Gram-negative bacteria, Gram-positive bacteria still seem to preserve a defense against
drug resistance genes. Since optrA was first identified, at least 69 variants have been
identified; it is inferred that there are 1 to 20 amino acid differences. The different optrA
variants may have an effect on the MIC of the oxazolidine of the corresponding isolates
that show sensitivity/resistance [7].

In conclusion, this study reported the co-occurrence of optrA and cfr(D) operons in
S.parasuis. The presence of Tn554–optrA in Enterococcus spp., Staphylococcus spp., and
Streptococcus spp. with various genetic and source backgrounds demonstrated that the
Tn554 element plays an important role in the dissemination of optrA. Attention should be
paid to the potential risks of plasmid-borne cfr(D) transference from streptococcus to other
Gram-positive bacteria. Meanwhile, the existence of additional resistance genes, erm(A)
and ant(9), and the use of various types of antibiotics may contribute to the prevalence of
optrA and cfr(D). Therefore, it is urgently necessary to continuously monitor the spread of
optrA and cfr(D) among Gram-positive bacteria, and monitor the prudent use of antibiotics
in food animals.
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Abstract: There is increasing proof of bacterial resistance to antibiotics all over the world, and this
puts the effectiveness of antimicrobials that have been essential in decreasing disease mortality and
morbidity at stake. The WHO has labeled some classes of antimicrobials as vitally important to human
health. Bacteria from animals are thought to be reservoirs of resistance genes that can be transferred to
humans through the food chain. This study aimed to identify the resistance patterns of bacteria from
pork and poultry meat samples purchased from leading retail outlets in Kenya. Of the 393 samples
collected, 98.4% of pork and 96.6% of poultry were contaminated with high levels of bacteria. Among
the 611 bacterial isolates recovered, 38.5% were multi-drug resistant. This resistance was noted for
critically essential antimicrobials (according to the WHO) such as rifampicin (96%), ampicillin (35%),
cefotaxime (9%), cefepime (6%), and ciprofloxacin (6%). Moreover, there was high resistance to
key antimicrobials for veterinary medicine such as tetracycline (39%), sulfamethoxazole (33%), and
trimethoprim (30%). It is essential to spread awareness about the judicious use of antibiotics and take
preventive measures to reduce disease burden.

Keywords: antibiotics; bacteria; isolates; antibiotic resistance; meat

1. Introduction

Antimicrobial resistance (AMR) is a major global health concern, caused by the misuse
and overuse of antimicrobials [1–4], which has led to microorganisms (including bacteria,
fungi, viruses, and parasites) becoming resistant to the effects of these medications. The
WHO defines AMR as the loss of susceptibility of these microorganisms to antimicrobials
(such as antibiotics, antifungals, antivirals, and antiprotozoals). This imprudent use of an-
timicrobials in both the human and animal sector has resulted in the selection of pathogens
resistant to multiple drugs.

It is now widely acknowledged that the rate of AMR development and spreading far
outstrips the rate at which new antimicrobial drugs are being developed [5]. For instance,
resistance to colistin, one of the last resort antibiotics used to treat multidrug-resistant
Gram-negative infections, has been reported [6]. These multidrug-resistant (MDR) bacteria
present a critical danger to public health. Such bacteria can survive the selective toxicity
of antimicrobial use, enabling them to proliferate in clinical, on-farm, and environmental
settings. For instance, patients infected with MDR bacteria tend to have a worse treatment
outcome when compared to those infected with more susceptible organisms [7,8], in
addition to being closely linked to the use of broad-spectrum antibiotics, both for empiric
and definitive treatment [9].

AMR is a global issue that affects all nations including high, middle, and low-income
countries, and it has increased the cost of health care and jeopardized gains made on goals
set for Sustainable Development by 2030. A recent world bank report suggests AMR could
cause low- and middle-income countries (LMICs) to lose more than 5% of their GDP and
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further push up to 28 million people, mostly in developing countries, into poverty by
2050 [10]. Globally, it is estimated that 1.27 million people die each year from drug resistant
infections [11], which is projected to rise to 10 million deaths annually by 2050 [4]. By
2030, shocks due to antimicrobial resistance could cost the world up to USD 3.4 trillion a
year [12], increasing to USD 100 trillion by 2050, with an overwhelming burden placed on
LMICs [3].

Several antibiotic classes are used in both humans and animals, some of which are
considered critically important to human health by the World Health Organization (WHO).
Animal sectors chiefly use antimicrobials to prevent and treat infectious diseases [13] and
promote growth in some countries [13]. Results from a recent analysis of global antibiotic
sales data indicate that human antibiotic consumption is reported to have increased by
36% globally between 2000 and 2015, with most of the increase happening in LMICs where
non-prescription use is still common [14].

In animals, antimicrobial use in animal production (especially in poultry and pigs)
remains a key contributor to AMR [15]. The use is expected to increase exponentially due
to the expansion of intensive production systems to meet the increasing demand for animal-
sourced foods (ASFs), and the surge in disease burdens [16]. Over the next 20–40 years,
the demand for ASFs will grow rapidly in Africa (meat consumption is forecast to grow
by 30% by 2030) due to growth in the human population (from the current 1.2 billion
to over 2.5 billion by 2050), increasing purchasing power and urbanization [17]. Across
Africa, the current per capita annual consumption of meat and milk is about 14 kg and
30 L, respectively, and is projected to more than double to 26 kg and 64 L, respectively,
by 2050 [18].

Of all antibiotics currently used in the world, approximately 73% are used within
livestock [17], and a significant part is used for disease prevention (prophylaxis). The con-
sumption is predicted to grow significantly by 2030 with the highest growth rates predicted
within LMICs [19] because there will likely be a shift to more industrial livestock systems.
The use of antimicrobials for growth promotion and routine disease prevention in groups
of animals, without addressing the underlying animal welfare and husbandry practices
that can prevent disease occurrences at farm levels, is contributing to the development and
spread of AMR [20]. For instance, stressors have been documented to cause proliferation
and colonization of pathogens such as E. coli O157:H7, Campylobacter and Salmonella enterica,
which lead to fecal shedding as reported in pigs [21,22]. A review by Rostagno (2009) [23]
reported how stress indirectly encourages the proliferation of enteric pathogens by sup-
pressing the immune system and by physiological changes in the gastrointestinal tract via
the action of the stress hormones.

Just like other countries, Kenya is already experiencing increasing levels of antimicro-
bial use and antimicrobial resistance. In 2013, it was estimated that 395 tons of antibiotics
were used for food animal production in Kenya, of which 43% of them are classified
as critically relevant by the WHO [16]. Notably, key antimicrobial-resistant foodborne
pathogens such as E. coli, Salmonella and Campylobacter spp. have been documented in
Kenya, with increasing frequency as causes of foodborne diseases of global public health
significance [5,24]. Antimicrobial-resistant bacteria that originate in the gastrointestinal
tract of animals can contaminate meat during animal slaughter and food processing or
contaminate the environment with animal feces, and thus be transferred to humans through
handling or consuming contaminated food or coming into contact with animal waste. This
can lead to antimicrobial-resistant intestinal infections.

Studies have supported the hypothesis of the link between antimicrobial use in agri-
cultural production systems and the emergence of AMR, especially the pronounced lack
of biosecurity measures and low animal welfare practices. Since 1986, when the use of
antimicrobials as growth promoters was banned in Sweden, the country has seen 65%
considerable decrease in the utilization of antimicrobials in food animal production [25],
resulting in a substantial reduction in the emergence and spread of AMR.
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The demand for animal-based products has caused the intensification of production
systems. As part of this intensification, antibiotics have been overused, both as growth
promoters and as preventive measures. This has caused the emergence of pathogens that
are resistant to antibiotics.

Antimicrobial-resistant bacteria have been reported in veterinary and food-related
settings [26,27]. However, very few studies have assessed AMR in Kenya’s pig and poultry
meat products. Therefore, we conducted this study to determine the presence of foodborne
bacteria in pork and chicken products and the resistance profiles of the isolates to selected
clinically relevant antimicrobials.

2. Results
2.1. Sample Distribution across the Retailing Outlets

Table 1 shows that out of the 393 pork and poultry samples, 107 (27.2%) were obtained
from an international outlet, followed by one regional outlet. The majority of the samples
(53.4%: n = 210) were taken from the fridge/freezer and fresh meat section (44.8%: n = 176),
while only seven (1.8%) samples were acquired from the supermarket shelves. Nairobi
accounted for most of the samples collected (nearly 75% of the pork and 63% of the poultry).
This is because most of the supermarkets are concentrated in Nairobi, with a few in other big
towns in Kenya. For example, at the time of sampling, the publicly available information
in their websites showed that 89% of international supermarket outlets were in Nairobi,
while 37% of the regional supermarket outlets were found in Nairobi, with the rest situated
in other big towns which include Mombasa, Kisumu, and Nakuru.

Table 1. Table showing the sample distribution across the selected retailing outlets in Kenya.

Type of
Supermarket Supermarket Name

No. of Poultry
Samples
Collected

No. of Pork
Samples
Collected

Total

International A 31 (15.0%) 76 (40.6%) 107 (27.2%)
Regional B 64 (31.1%) 33 (17.6%) 97 (24.7%)

Local C 30 (14.6%) 32 (17.1%) 62 (15.8%)
D 41 (19.9%) 15 (8.0%) 56 (14.2%)
E 25 (12.2%) 26 (13.9%) 51 (13.0%)
F 15 (7.3%) 5 (2.7%) 20 (5.1%)

Total 206 (100%) 187 (100%) 393 (100%)

The study anonymized the identities of the six retail outlets by assigning each an
alphabetic designation from A to F (Table 1). Additionally, the outlets were classified into
local, regional, or internationally based on criteria such as franchise status, ownership, and
geographic reach.

2.2. Prevalence of Isolated Bacterial Contaminants

Nearly 98.4% (184/187) of pork and 96.6% (199/206) of poultry samples tested revealed
the presence of at least one type of bacterium. In total, 611 bacterial isolates were recovered
from the analysis of the 393 pork and poultry samples, but only 551 isolates were processed
further depended on the resource availability. The majority (50.9%) of the isolates were
detected in poultry samples but the difference was not found to be statistically significant
(p = 0.157). Escherichia coli was the most common Gram-negative bacteria in both pork and
poultry samples, at 47.7% and 49.2%, respectively. Meanwhile, Staphylococcus spp. (Gram-
positive) was found in 28 (9.3%) of pork samples and 13 (4.2%) of poultry samples. However,
it was difficult to identify Staphylococcus aureus, which is known to cause staphylococcal
food poisoning, as the classical biochemical methods used were limited to identifying the
genus level. Additional isolates included Klebsiella spp. (19.1%), Salmonella spp. (17.8%),
Shigella (7.5%), and Pseudomonas spp. (0.3%), as seen in Figure 1.
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Figure 1. Figure showing the prevalence of bacterial contaminants that were isolated. The overall pro-
portions for poultry and pork isolates were determined by analyzing the 611 total isolates recovered,
which included 311 poultry and 300 pork.

2.3. The Overall Antimicrobial Resistance Profiles

Out of the 611 total isolates, 551 were chosen for analysis of antimicrobial resistance
based on the sample type, retail store, and resources availability. The results, shown
in Figure 2, revealed that rifampicin had the highest resistance rate of 96%. Ampicillin,
sulfamethoxazole, trimethoprim, and tetracycline had resistance rates of 30–39%. The
least resistance was seen with gentamicin (3%), cefepime (6%), ceftazidime (6%), and
ciprofloxacin (7%).
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Figure 2. Figure showing the overall antimicrobial resistance profiles. The profiles of resistance were
determined by examining 551 bacteria isolates taken from chicken and pork samples, comprising
both Gram-positive and Gram-negative organisms. The percentage resistance was calculated by
dividing the number of resistant isolates with the total number of test isolates.

As illustrated in Figure 3 below, isolates from chicken and pork samples exhibited the
same resistance rate of 96% toward rifampicin. However, chicken isolates demonstrated
higher resistance than those from pork against tetracycline (47% vs. 31%), sulfamethoxazole
(41% vs. 26%), and trimethoprim (37% vs. 23%). Conversely, the resistance rates of pork
isolate to ampicillin (35% vs. 34%), amoxicillin-clavulanic acid (19% vs. 12%), and cefoxitin
(26% vs. 20%) were higher compared to that of chicken isolates.
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antimicrobial sensitivity testing is hinged on 268 chicken and 283 pork isolates.

2.4. The Antimicrobial Resistance Profiles of the Recovered Isolates

The comparative analysis of antimicrobial resistance (AMR) profiles was conducted
using two Pseudomonas aeruginosa isolates, which had 100% resistance to eight antibiotics
tested. Among the Gram-negatives, Klebsiella spp. had the highest level of resistance,
particularly toward tetracycline (46%), sulfamethoxazole (43%), trimethoprim (37%), and
cefoxitin (15%). Furthermore, this isolate also exhibited moderate resistance toward ex-
panded spectrum antibiotics such as cefotaxime (5%), ceftazidime (3%), and cefepime (3%).
As for Staphylococcus spp., its resistance profiles were higher than all other isolates for all
antibiotics except rifampicin, which was higher in Klebsiella spp. (99%). Salmonella spp. was
the least resistant, ranging from 1% to 31%, with the exception of rifampicin, which was at
97%. Table 2 shows the antimicrobial resistance profiles of the isolates mentioned above,
E. coli and Shigella spp.

Table 2. Table showing the antimicrobial resistance profiles in recovered isolates.

Organism
Antibiotics

N AMP AMC CAZ CTX FEP FOX CN RD NAL CIP SMX TRIM CHL TET

E. coli 275 71 (26) 41 (15) 5 (2) 11 (4) 6 (2) 70 (25) 11 (4) 269 (98) 33 (12) 26 (9) 95 (35) 78 (28) 28 (10) 100 (36)
Klebsiella

spp. 95 53 (58) 11 (12) 3 (3) 5 (5) 3 (3) 14 (15) 1 (1) 94 (99) 9 (9) 8 (8) 41 (43) 35 (37) 8 (8) 44 (46)

P. aerugi-
nosa 2 2 (100) 2 (100) 0 2 (100) 0 2 (100) 0 2 (100) 1 (50) 0 2 (100) 2 (100) 1 (50) 2 (100)

Salmonella
spp. 101 18 (18) 7 (7) 1 (1) 4 (4) 3 (3) 15 (15) 0 98 (97) 10 (10) 5 (5) 20 (20) 24 (24) 6 (6) 31 (31)

Shigella
spp. 36 7 (20) 4 (11) 1 (3) 4 (11) 1 (3) 6 (17) 0 34 (94) 3 (8) 2 (6) 10 (28) 10 (28) 2 (6) 11 (31)

Staph
spp. 42 37 (88) 21 (50) 21 (50) 21 (50) 21 (50) 20 (48) 3 (7) 32 (76) 13 (32) 0 15 (36) 15 (36) 6 (14) 24 (57)

Out of the 551 isolates tested, 32.1% (177) were fully susceptible to the 14 antimicrobial
agents in the 6 classes. Shigella had the highest number of fully susceptible isolates at 41.7%
(15/36). The prevalence of multidrug resistance (MDR) was 16.2%, 6.9% of the isolates
were resistant to 3 classes, 4.5% to 4 classes, 3.8% to 5 classes, and 0.9% to all 6 classes.
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In addition, 100% of P. aeruginosa (2/2) isolates and 76.1% of Staphylococcus spp. (32/42)
isolates had MDR, while 15.8% of Klebsiella spp. (15/95) isolates had MDR (Table 3).

Table 3. Table showing the isolation profiles based on antibiotics resistance class. The 14 antibiotics
in this study were categorized into six classes based on CLSI 2021 guidelines. In addition, isolates
resistant to three or more classes were considered MDR on the description of an earlier study by
Basak et al. (2016) [28].

Organism
Number of Antibiotic Resistance Classes

Total
0 1 2 3 4 5 6

E. coli
Count 100 96 55 17 5 1 1 275

(36.4%) (34.9%) (20.0%) (6.2%) (1.8%) (0.4%) (0.4%) (49.9%)

Klebsiella
Count 21 39 20 8 4 2 1 95

(22.1%) (41.1%) (21.1%) (8.4%) (4.2%) (2.1%) (1.1%) (17.2%)

Pseudomonas
Count 0 0 0 1 1 0 0 2

(0.0%) (0.0% (0.0%) (50.0%) (50.0%) (0.0%) (0.0%) (0.4%)

Salmonella
Count 37 30 22 7 4 0 1 101

(36.6%) (29.7%) (21.8%) (6.9%) (4.0%) (0.0%) (1.0%) (18.3%)

Shigella Count 15 11 6 2 2 0 0 36
(41.7%) (30.6%) (16.7%) (5.6%) (5.6%) (0.0%) (0.0%) (6.5%)

Staphylococcus Count 4 2 4 3 9 18 2 42
(9.5%) (4.8%) (9.5%) (7.1%) (21.4%) (42.9%) (4.8%) (7.6%)

Count 177 178 107 38 25 21 5 551
(32.1%) (32.3%) (19.4%) (6.9%) (4.5%) (3.8%) (0.9%) (100.0%)

3. Discussion

The results of this investigation give an excellent glimpse of the levels of bacterial
carriage in chicken and poultry meat sold at major supermarkets across Kenya. This
study noted a high prevalence of bacteria often considered commensals [29], such as E. coli
(48.4%) and Klebsiella spp. (19.1%), and foodborne pathogens, such as Salmonella spp.
(17.8%) and Staphylococcus spp. (6.7%). In addition, the study isolated Shigella spp. (7.5%)
and P. aeruginosa (0.3%), bacteria associated with severe gastrointestinal infections such as
chronic diarrhea and enterocolitis [30]; [31]. A similar study by Wardhana et al. (2021) [32]
also reported a high prevalence of S. aureus (58.3%), Salmonella spp. (48.3%), and E. coli (40%)
in retail chicken samples in Indonesia. Furthermore, a prevalence of 58.1% in Salmonella
spp. [33], 18% in E. coli [34], 11.5% in P. aeruginosa [35], and 5.6% in S. aureus spp. [36] has
been reported in pork sample from retail markets.

Though there was a potential of cross contamination in the fridge/freezer shelves
through liquid drips from one food item to another, the likelihood of this happening was
reduced because the samples were found to be shrink wrapped in polymer plastic film
bags at the time of sampling. Therefore, the reported bacterial contamination of pork and
chicken meat might have its origins at the farm level during the slaughtering process or
packaging.

The extensive use of antibiotics for prevention and growth promotion in chickens and
pigs has been a major factor in the development of antimicrobial resistance in bacteria with
zoonotic potential, which is a serious public health issue [37]. For instance, according to a
recent study by Ndukui et al. (2021), oxytetracycline (85%) and Amoxil (88%) are widely
used antibiotics in commercial chicken raising in Kenya [38]. Our study findings of 39%
and 35% frequencies against tetracycline and ampicillin are possibly a reflection of the
implications of heavy antibiotics usage, as reported previously [38].

The development of antibiotic resistance to broad-spectrum medications such as
ciprofloxacin, gentamicin, and cefepime, which are all on the WHO list of critically impor-
tant antimicrobials for human medicine, is a growing concern. These medications provide
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limited alternatives, and it may be difficult to treat bacterial infections that do not respond
to them with readily available drugs. The situation is further exacerbated by the increasing
resistance to amoxiclav, ceftazidime, and gentamicin, which has risen to 16%, 6% and
3%, respectively, from levels of 2.6%, 0% and 0.6% reported in a similar study in Kenya
less than 10 years ago [39]. The resistance to sulfamethoxazole and trimethoprim, two
highly important antimicrobials used to treat bacterial and coccidial infections in humans
and animals, has risen alarmingly. Furthermore, the resistance to tetracycline, ampicillin,
amoxicillin-clavulanic, and ciprofloxacin, which are widely used to treat septicemia and
respiratory infections in livestock, has reached 39%, 35%, 16% and 6%, respectively. These
results could suggest that the bacteria in poultry and chicken farming sectors have devel-
oped resistance to antimicrobials due to heavy usage. Even though the use of rifampicin
is prohibited or limited in many countries, it still remained the most resistant in all the
isolates, which may indicate its use for prophylaxis purposes in the livestock sector. The
reported high resistance towards rifampicin is expected considering the antibiotic is not
recommended and is conventionally less active against infections caused by Gram-negative
bacteria. Nonetheless, the resistance to antibiotics in chicken and pork isolates was found to
be similarly high, which emphasizes the need for stewardship in chicken and pig farming
and proper hygienic handling to avoid microbial contamination.

Though strains of E. coli, which was the most isolated bacteria in this study, are
not harmful, some strains have acquired traits such as toxin production, making them
pathogenic [40] and capable to cause serious foodborne pathogens. Klebsiella spp. and other
known pathogens such as Salmonella and Shigella spp. were also found to be highly resistant
to antibiotics commonly used to treat foodborne illnesses, for example ciprofloxacin (5%
and 6%, respectively). Notably, Pseudomonas aeruginosa, which the WHO has identified as a
critical pathogen due to its high resistance to antimicrobials, was among the most resistant
to the antibiotics tested in chicken and pork samples.

In a similar study conducted in Kenya [41], in Vietnam, Salmonella isolates from
chicken and pork samples exhibited a lower level of resistance to ampicillin (15%), tetracy-
cline (36.7%), nalidixic acid (12.0%), and chloramphenicol (10%) than the corresponding
rates seen in E. coli (85%, 66.7%, 24.1%, and 14.8%, respectively). Additionally, the resistance
levels of ceftazidime, cefepime, ciprofloxacin, and tetracycline were reported to be 4.4%,
0.9%, 21%, and 66.4%, respectively [42]. It is alarming that 16.2% of the bacteria isolates
studied were resistant to different antibiotics, as it jeopardizes the efficacy of antibiotic
treatment for foodborne illnesses.

4. Materials and Methods
4.1. Sample Collection

For this cross-sectional study, we collected a total of uncooked 187 pork and 206
chicken samples between April and July 2020 from six leading supermarkets across five
towns (Nairobi, Kisumu, Nakuru, Nanyuki and Eldoret) in Kenya. The leading supermar-
kets in Kenya are concentrated in cities (Nairobi, Kisumu, Mombasa, and Nakuru) and
other big towns such as Eldoret and Naivasha. This is because urbanization has created
easily accessible market for them in addition to improved infrastructure that facilitates
transportation and storing of the perishable animal-sourced foods in their outlets. At
the time of conducting this study, publicly available information showed that 89% of the
international supermarket outlets and over a third of regional supermarket outlets were in
Nairobi, the capital city of Kenya, with a population of over 4 million people as reported
in 2019 [43]. All the samples were purchased either as wrapped/sealed by the supplier or
repackaged by the outlet, within their expiry date, and the product branding was covered
to blind the laboratory personnel. The samples were then transported in coolers to the
Kenya Medical Research Institute within five hours, where processing began immediately.
Moreover, data on the freshness of the sample, packaging method, storage temperature,
and the type of PPE worn by the supermarket attendant was also collected.
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4.2. Processing of the Samples in the Laboratory

Laboratory tests were carried out to detect foodborne bacteria in poultry meat and
pork samples. Enrichment strategies and media were chosen carefully to enable the growth
of non-fastidious bacteria.

To do this, 10 g of the meat sample was added into 90 mL of buffered peptone water
(BPW) contained in a sterile stomacher bag and then homogenized with a stomacher
machine (Stomacher® 400 Circulator). The resulting homogenate was transferred into as
sterile 250 mL culture media bottle, loosely capped to allow growth of facultative bacteria,
and incubated for 24 h at 37 ◦C. To grow Gram-negative (such as E. coli, Shigella and
Klebsiella spp.) and Staphylococcus spp., a loopful (10 µL) of the BPW enrichment was
streaked on MacConkey and Mannitol salt agar, respectively, and incubated overnight at
37 ◦C. Concurrently, 1 mL of the BPW pre-enrichment was added into 9 mL of Rappaport
Vassiliadis (RV) enrichment media and incubated for 24 h at 37 ◦C to enhance enrichment
of Salmonella spp. A loopful (10 µL) of RV enrichment was streaked on Xylose lysine
deoxycholate (XLD), and incubated for 24 h at 37 ◦C, for isolation of Salmonella spp. Gram
stain test was used to identify Gram-positive and negative isolates. Classical biochemistry
methods were utilized to determine the species of the isolates. To identify Gram-negative
bacteria, a pure colony was inoculated in triple sugar iron (TSI), lysin indole motility (LIM),
methyl red voges Proskauer (MRVP), urea and citrate media and incubated overnight at
37 ◦C. To identify Staphylococcus species, we used the catalase test.

Antimicrobial susceptibility was then tested by the disc diffusion method with a selec-
tion of antimicrobials in line with the World Health Organization’s recommendations for
each species. In addition to the recommended antimicrobials, we also added nalidixic acid,
chloramphenicol, and rifampicin to the antibiotics list because they are rarely tested drugs
against enteric bacteria. A fresh, pure overnight culture was used to make a 0.5-equivalent
MacFarland standard suspension in sterile normal saline. The suspension was evenly
spread on Mueller–Hinton agar plates and antimicrobial discs (Oxoid) dispensed on the sur-
face, after which the plates were incubated at 35 ◦C for 16–18 h. The Escherichia coli ATCC®

25,922 and Staphylococcus aureus ATCC® 25,923 were used for quality control. To analyze
the antimicrobial resistance profiles and multidrug resistance, WHONET 2022 software
(https://whonet.org/software.html, accessed on 2 November 2022) using the CLSI break-
points interpretation guidelines were utilized.

4.3. Statistical Data Analysis

Data were gathered quantitatively and qualitatively using Epicollect5 mobile and web
applications and were then exported to SPSS Statistics Software® (IBM Corp., Armonk, NY, USA,
v.22) for statistical analysis. The chi-square test or Fisher’s exact test was used to assess
differences, and a p-value of less than 0.05 was considered as significant.

5. Conclusions

To sum up, this research suggests a high risk of food safety concerns, with chicken
meat and pork from both local and international supermarkets in Kenya being found
contaminated with bacterial contaminants, potentially spreading foodborne illnesses. It is
essential to enforce high standards of food hygiene and sanitation throughout the supply
chain, especially at the time of slaughter and packaging, in order to prevent the introduction
of bacteria to the food and the subsequent spread of foodborne pathogens. Although we
did not establish the source of microbial contamination, it is essential for retailing outlets to
adhere to hygienic principles when handling and processing pork and chicken meat prod-
ucts to reduce the potential risk of microbial contamination. This study revealed that the
resistance to essential classes of antibiotics, such as cephalosporins, aminoglycosides, and
fluoroquinolones, is not high; however, an analysis of similar data showed that resistance
might be increasing over time. Moreover, the analysis of our data showed worrying levels
of resistance to tetracycline and penicillin, two of the most commonly used antibiotics in
animal agriculture, demonstrating the necessity of responsible antibiotic use, improved
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and humane animal production methods, and increased biosecurity levels. It is particularly
concerning that a few isolates were resistant to more than three types of antibiotics, which
could make it more difficult to treat foodborne illnesses and other diseases. With new
resistance mechanisms emerging and spreading globally, there is a need for a concerted
effort to gain insights on how to better tackle AMR as well as raise awareness.
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Abstract: The human population is growing and urbanising. These factors are driving the demand
for animal-sourced proteins. The rising demand is favouring livestock intensification, a process
that frequently relies on antibiotics for growth promotion, treatment and prevention of diseases.
Antibiotic use in livestock production requires strict adherence to the recommended withdrawal
periods. In Kenya, the risk of residues in meat is particularly high due to lack of legislation requiring
testing for antibiotic residues in meat destined for the local market. We examined pig carcasses for
gross pathological lesions and collected pork samples for antibiotic residue testing. Our aim was
to determine if a risk-based approach to residue surveillance may be adopted by looking for an
association between lesions and presence of residues. In total, 387 pork samples were tested for
antibiotic residues using the Premi®Test micro-inhibition kit. The prevalence of antibiotic residues
was 41.26% (95% CI, 34.53–48.45%). A logistic regression model found no significant associations
between gross pathological lesions and the presence of antibiotic residues. We recommend that
the regulating authorities strongly consider routine testing of carcasses for antibiotic residues to
protect meat consumers. Future studies should research on farming practices contributing to the high
prevalence of residues.

Keywords: antibiotic residues; food safety; gross pathological lesions; maximum residue limits;
public health

1. Introduction

The global human population has been steadily rising, and estimates project an in-
crease from the current 7 billion to 9.6 billion people by 2050. Most of the population
growth is expected in Africa, which has an annual growth rate of 1.2% [1]. The balloon-
ing population, urbanisation and improved incomes are likely to increase the demand
for animal-sourced protein in low-income countries [2]. To cope with this increasing de-
mand, livestock keepers are likely to use more antibiotics to prevent diseases and promote
growth [3].

Globally, it was reported in 2017 that about 73% of all antimicrobials produced are used
within food animal production [4] with pigs receiving the highest amount of antimicrobials
at 172 mg/kg produced [5]. It is predicted that antibiotic use will rise by 67% between 2010
and 2030 [5] and usage is likely to be relatively higher in sub-Saharan Africa than other
regions due to higher disease burden, limited diagnostic capacity, strained health facilities,
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limited personnel training on antibiotic use and unregulated access to antimicrobials [6].
Tetracyclines, sulphonamides, aminoglycosides and beta-lactams are the most commonly
used classes of antibiotics for treatment and prevention of infections in food animals in
Kenya with no current evidence of their use specifically for growth promotion [7].

Although antibiotics have the potential to improve production levels with regard to
producer income and food security, when used inappropriately residues can be present
in meat. These residues present public health risks such as allergenicity, toxicity, carcino-
genicity and disruption of normal gastrointestinal flora therefore becoming a One Health
issue. Residues may also promote the development of antibiotic-resistant microbes [8].
There have been concerted efforts by European Union (EU) member countries to reduce
antimicrobial use in food animals by regulating veterinary antibiotic use and medicated
feeds [9].

Failure to observe withdrawal periods has been cited as a major contributor to an-
tibiotic residues in foods of animal origin [10]. Prior research has indicated that livestock
farmers in Kenya have relatively unrestricted access to many antimicrobials without any
prescription [11] despite having limited knowledge on withdrawal periods. A study in
Busia County, Kenya, for example, showed that 12.9% of the interviewed farmers had no
knowledge on withdrawal periods while 34.3% had scanty information on withdrawal
periods, indicating a very high potential for antibiotic residues to be present in the meat
produced by this group of farmers [12].

Ideally, food meant for human consumption should be free of antibiotic residues.
Since a zero-residue level in meat may be impractical, the joint Food and Agriculture
Organization of the United Nations and World Health Organization (FAO/WHO) Codex
Alimentarius Commission has set maximum residue limits (MRL), above which meat is
considered unsafe for human consumption [13]. This recommendation has led to routine
national surveillance of antibiotic residues in meat products in most European countries.
In Denmark for example, 0.1% of slaughtered pigs are routinely sampled and tested for
antibiotic residues [14]. However, the situation is different in most African countries where
financial constraints are widespread, and weak regulatory frameworks as is the case in
Kenya [15]. As a result, national surveillance of residues remains a challenge [16].

In Switzerland, studies have established that risk-based sampling is 100% efficient
in detecting tetracycline residues in calves [17]. Another risk-based surveillance study
in Denmark found that chronic pleuritis may be used as a risk indicator for carcasses
with antibiotic residues [18]. Although these risk-based approaches to monitoring and
surveillance to antibiotic residues have the potential to be economically efficient, it is yet to
be demonstrated in the Kenyan context [19].

To date, and to our knowledge, no study has investigated the prevalence of antibiotic
residues in pork in Kenya. Therefore, this study aimed to establish the prevalence of
antibiotic residues in pigs slaughtered and consumed in Nairobi and its environs. As
a preliminary step to considering a risk-based surveillance system for Kenya, we also
investigated the association between gross lesions detectable at slaughter and antibiotic
residues in order to determine if gross lesions detectable at slaughter may be a suitable
indicator to use in such a program. We hypothesized that animals with gross pathological
lesions may have either been treated with antibiotics resulting in residues or may have
originated from farms with generally poor husbandry practices, increasing the likelihood
of both poor adherence to withdrawal times and presence of gross lesions in pigs presented
for slaughter.

2. Results

A total of three hundred and eighty seven pork samples, each from an individual
pig, were collected and tested for antibiotic residues. 126 of these 387 meat samples tested
positive for the presence of antibiotics residues above the MRL. The apparent prevalence
of antimicrobial residues above the MRL in the sampled population was 32.55% (95% CI
28.08–37.37%). Considering the reported sensitivity and specificity of the diagnostic assay,
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a true prevalence of 41.26% (95% CI 34.53–48.45%) was calculated. The prevalence of gross
lesions in the full study population has been previously described [20] and only data from
the 387 pigs with samples available for testing was analysed and reported in this paper.
Table 1 shows the univariate analysis results for association of variables with presence of
antibiotic residues at 5% significance level.

Table 1. Univariate analysis results showing the association between the presence of antibiotic
residues over the recommended MRL and different predictor variables. The level of association is
denoted by the p value in the last column.

Variables N * Variable Observation
Residue Result

p Value
Negative Positive

Pleuropneumonia 266 0.727
Absent 125 61
Present 52 28

Tail bites 364 0.107
Absent 233 116
Present 13 2

Liver milk spots 348 0.612
Absent 220 107
Present 13 8

Loin bruising 364 0.423
Absent 223 114
Present 13 4

Hind limb bursitis 364 0.111
Absent 241 112
Present 5 6

Tether lesions 364 0.868
Absent 239 115
Present 7 3

Lung abscess 266 0.480
Absent 175 87
Present 2 2

Lacerations 364 0.961
Absent 242 116
Present 4 2

Cysts in the liver 362 0.480
Absent 243 118
Present 1 0

Pleurisy 266 0.593
Absent 173 86
Present 4 3

Husbandry type 381 0.558
Housed 247 122
Outdoor 9 3

Sex 384 0.084
Female 143 58
Male 115 68

Farm size 381 0.72
<10 167 80

10 < 50 59 34
50 < 100 2 1

>100 28 10
Lung score 266 0.642

Mean (SD) 6.96 (13.40) 7.78 (14.21)
Range 0.00–55.00 0.00–48.00
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Table 1. Cont.

Variables N * Variable Observation
Residue Result

p Value
Negative Positive

Live weight 366 0.199

Mean (SD) 60.996
(28.308)

57.193
(22.257)

Range 13.0–230.0 27.0–157.0
County of origin 383 0.558

Homabay 1 0
Kajiado 6 3
Kiambu 200 103
Makueni 0 0
Murang’a 1 1
Nairobi 39 16
Nakuru 11 2

* N varies based on the data that was successfully collected. Data was unavailable on all variables due to the
rapid slaughter process and some traders being unwilling or unable to provide data, or to allow us to purchase
the biological samples for closer inspection at the post-mortem room.

On univariate analysis, no statistically significant associations were found between
gross pathological lesions and antibiotic residues in pork samples as seen in the last column
in Table 1.

Sex, liveweight, tail bite lesions and hindlimb bursitis variables had p values of <0.2
and thus were included in the logistic regression model. Variable combination with the
lowest Akaike Information Criterion (AIC) figure was picked as the best model. This model
included sex, tail bites and hindlimb bursitis variables. The variance inflation factors output
for sex, tail bites and hindlimb bursitis were 1.005, 1.008 and 1.01, respectively, indicating
that these predictor variables were unrelated. No statistically significant associations were
identified from the logistic regression model as shown in Table 2.

Table 2. Logistic regression output for the best model.

Variable Estimate Standard Error Z Value p Value

Intercept −0.9020 0.1644 −5.487 4.1 × 10−8

Sex male 0.3761 0.2276 1.652 0.0985

Presence of tail bite −1.292 0.7806 −1.655 0.0979

Presence of hindlimb bursitis 1.0651 0.6278 1.697 0.0898

3. Discussion

We identified a high prevalence of antibiotic residues above the MRL in pork consumed
in Nairobi and its environs. These findings indicate poor adherence to withdrawal periods
by farmers and potential public health hazards to pork consumers through toxicity, allergic
reactions and potential contribution to antimicrobial resistance development. Contrary to
our hypothesis, we found no statistically significant associations between gross lesions and
antibiotic residues in this population.

Due to resource limitations, we utilised Premi®Test (R-Biopharm AG, Pfungstadt,
Germany) a broad-spectrum antibiotic screening method to detect the presence of residues
above the MRL. Although the Premi®Test has been certified for use as a screening test
based upon its comparability to current reference tests [21], the sensitivity and specificity
are still suboptimal at 72.5% sensitivity and 95.3% specificity. Within statutory residue
surveillance programs, positive screening results are generally followed by a confirmatory
test to avoid false positives [22]. This indicates the potential for both false negatives and
false positives when using the Premi®Test as a sole analytical technique, as was used in
this study.
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Although we adjusted the reported prevalence to account for the reported diagnostic
performance, the sensitivity and specificity of the Premi®Test can vary among antibiotic
classes. This means that there is a possibility that certain classes of antibiotic were not
detected in this study. Sub-optimal detection of tetracyclines [23,24] and quinolones [25]
in chicken by the Premi®Test have previously been reported, indicating that a parallel
screening test sensitive for these classes of antibiotic in particular may be required to ensure
all positive samples are accurately detected.

Freezing has been demonstrated to reduce the concentration of some antibiotics in
meat [21] which may have resulted in an artificially reduced prevalence of samples with
residues above the MRL in our study. The effect does, however, appear to be time related
and we therefore expect that immediate freezing of the samples at −80 ◦C for under six
months with a single defrosting event will have reduced the impact of freezing to an
acceptable level [26]. More research is required to quantify what impact this may have
on residue collection and is highly relevant for the design of future studies or proposed
surveillance activities.

Despite the possibility that some positive samples may have been incorrectly classified
as negative through use of an imperfect screening test and freezing effects, there is a
worryingly high prevalence of residues over MRL as indicated in this study. One possible
explanation for the high prevalence of antibiotic residues in pork is that Kenyan authorities
lack laws requiring testing of antibiotic residues for locally consumed meat [15].

The lack of current legislation in this area results in no financial or legal consequences
for farmers and traders to present animals for slaughter where residues may still be present.
Lack of legislation and current paucity of data on residues in food products may also lead
to low level of awareness among farmers and consumers on the potential public health
threats of these residues perpetuating a relaxed attitude to withdrawal periods.

It has been established that 100% of veterinary shops in Nairobi sell antibiotics without
prescriptions with the buyer’s/or farmer’s preferences guiding purchasing decisions [11].
In rural areas of western Kenya, 60% of veterinary shop attendants have been reported
to sell antibiotics to farmers without asking for a prescription [12]. This suggests that
antibiotic accessibility is higher for pigs raised in urban areas than rural areas, which is
potentially due to higher demand for animal-sourced proteins among urban residents with
better incomes. Antibiotic residues have also been observed in Kenyan milk [27], indicating
that the problem of antimicrobial residues should be addressed across different sectors for
a safer food system.

The current legislative deficit can be rectified by regulatory bodies, such as the Kenya
Veterinary Board (KVB) and the Veterinary Medicine Directorate (VMD). The two bodies
should impose stricter regulations on sale of antibiotics by ensuring that antimicrobials
are only accessible to licenced animal health practitioners. This should be combined with
raising awareness among stakeholders regarding the negative health impacts of antibiotic
residues in animal-sourced proteins.

Kenya’s National Action Plan on containment of antimicrobial resistance proposes
residue testing as a strategic intervention [28]. The establishment of such a residue surveil-
lance program would require investment in diagnostic technologies (e.g., mass spectrometry
for confirmatory testing), training of staff in sample collection and testing and the creation
and management of an appropriate data management system. In addition to fixed invest-
ments, there would also be additional per-sample costs like consumables and technician
time. This would require an appropriate legislative framework and enforcement that is
currently missing. If appropriately resourced, a surveillance program such as this would
aid in generation of evidence and better adherence of withdrawal periods hence protecting
the health of pork consumers from harmful effects of antibiotic residues.

In regulating antibiotic usage, regulatory authorities should encourage farmers to en-
gage with cost-effective disease prevention alternatives. These include timely vaccinations,
emphasis on biosecurity measures at the farm and appropriate stocking density. These
alternatives will support animal health by reducing both the transmission and susceptibility
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to pathogens, thus reducing overreliance of antibiotics. These lessons should be taught
using agricultural economic models that illustrate the benefits of disease prevention over
treatment. Thereafter, legislation may be amended to require testing for residues in locally
consumed meat. Such recommendations will supplement Kenya’s National Action Plan of
containing antimicrobial resistance and maintaining the efficacy of antimicrobials.

Very few willingness-to-pay studies have been performed for animal source products
in Kenya, though one recent study indicates that antibiotic use had a negative impact
on consumers’ willingness-to-pay for chicken [29]. Similar results have been found in
many other countries indicating that it is likely that consumers, particularly more affluent
urban consumers, may be less willing to purchase meat with residues. This consumer
pressure has the potential to drive future legislative development in Kenya and should be
further explored.

At this stage, we have not identified any gross pathological lesions that may be used
as predictors for the presence of antibiotic residues that could be utilised as an indicator
in a risk-based surveillance program. Future studies should examine antimicrobial use
at the farm level and may find other relevant factors which may be useful indicators for
risk-based surveillance.

4. Materials and Methods
4.1. Ethical Approval

This study was approved by the International Livestock Research Institute, In-
stitutional Animal Care and Use Committee (ILRI IACUC Ref no. 2019-36) and the
Institutional Research Ethics Committee (ILRI-IREC 2020-14). An additional permit was
obtained from the National Commission for Science, Technology, and Innovation permit
(NACOSTI/P/20/4847). Both the national and county Directorate of Veterinary Services
granted permission to conduct the study at the local abattoir.

4.2. Study Site and Data Collection Procedure

This cross-sectional study was conducted between 5 January and 5 March 2021 in a
medium-sized, non-integrated abattoir, which slaughters an average of 215 pigs per week
for sale. Consumption occurs in Nairobi and its environs [30]. A minimum sample size for
estimation of antibiotic residue prevalence was calculated as 384 based upon a 5% level
of precision, 95% confidence interval and an assumed prevalence of 50% due to lack of
previous data in Kenya [31].

This antibiotic residue study was embedded in a larger study, researching food safety
and animal welfare themes that required 529 pigs to be sampled. The study site and
sampling strategy have previously been described in detail [20]. All pigs brought to the
abattoir were eligible for sampling. A systematic sampling method was used where the
first person presenting a pig to slaughter after 6 a.m. was the first to be recruited on
each sampling day. After that, every second pig presented to slaughter was recruited
into the study. If a presented pig had originated from the same farm as the previously
recruited pig (i.e., belonged to the same batch), this pig would be skipped and the next
pig from a separate batch would be recruited to reduce the impact of clustering on our
prevalence results.

We had a team of 7 members and for ease of data collection the abattoir was divided
into 3 stations, i.e., recruitment, evisceration area and dispatch point with each member
assigned different roles.

At the recruitment station, the person presenting the pig for slaughter was approached
and study objectives explained to him or her. If they agreed to participate, an informed
consent form would be filled in, and data collection begun. Data on the pig’s origin,
farm size, husbandry type, sex and live weights were collected and recorded. We did
not consider breed since the majority of the pigs presented to the slaughterhouse were of
‘European origin or European mix’ with previous studies on pig breeds in Kenya showing
a heterogeneous control [32]. Therefore, identifying the breed that matches the pig’s
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phenotype and genotype would have been difficult or even impossible. All recruited pigs
were stunned and exsanguinated by the slaughterhouse workers. An ear tag was applied
on each recruited pig for ease of follow-up along the slaughter line.

At the evisceration area, carcasses were visually examined for any gross pathological
lesions. Two members of the research team, both qualified veterinarians, were responsible
for inspecting the carcasses and collecting biological samples. One member examined
the carcass for external lesions including ear marks (lacerations made on the ears of pigs
with a sharp object to identify their pigs), tail bites, loin bruising, tether wounds, hindlimb
bursitis and lacerations. The presence and absence and severity of each lesion was recorded
as 1 and 0, respectively. The second team member examined thoracic and abdominal
cavities and associated visceral organs namely lungs, heart and liver for cysts, abscesses,
pleurisy, pneumonia, and milk spots in the liver. The lungs, liver and heart were collected,
labelled and put in Ziploc bags for further examination at ILRI post-mortem room for gross
pathological lesions. Finally, at the dispatch point, a 9 cm by 7 cm by 2 cm sample was
collected from the left-side of Biceps femoris muscle [20]. These samples were placed in
prelabelled Ziplock bags and kept in a cool box (at approximately 4 ◦C) for transport to
ILRI laboratories within 2 h after sampling. Meat samples were taken from every available
carcass until the sample size for the antimicrobial residue prevalence study was obtained.
In the laboratory, the samples were frozen at −80 ◦C for later testing for antibiotic residues.
The samples were stored for three months and tested between 11 June and 24 June 2021
once consumables had been delivered to Kenya.

In the post-mortem room, lungs, heart and liver samples were inspected for lesions
that may have been missed due to the rapid slaughter process at the abattoir. The 7 lung
lobes were scored according to the BPEX Pig Health Scheme [33]. The cranial and caudal
lobes on the left and right side were scored between 0 and 10 while the accessory lobe and
the two middle lobes were scored between 0–5 depending on their health condition. The
maximum score was 55 and the minimum score was 0 denoting a healthy lung [33].

All collected data were entered into an Open Data Kit (ODK) form on a mobile phone
(https://opendatakit.org/) and later uploaded to the ILRI server. Data was cleaned and
checked for consistency on a weekly basis. Each sampling day took an average of 4 h.

4.3. Antibiotic Residue Testing

Pork samples were tested for antibiotic residues using the Premi®Test kit (R-Biopharm
AG, Germany). This kit is a micro-inhibition screening test containing Bacillus stearother-
mophilus spores in an agar medium and a bromocresol purple indicator. In the absence of
inhibitory substances, antibiotics in this case, the spores germinate and multiply to form
an acid. This causes the bromocresol indicator to change colour from purple to yellow. If
antibiotics are present above the MRL, the colour of the indicator remains purple and was
recorded as a positive result [34]. Premi®Test is one of the most commonly used screening
test for β-lactams, macrolides, tetracyclines and sulphonamides in meat in the EU with
confirmatory tests generally utilised to confirm positive samples [22].

Before testing the 387 pork samples, we ran positive and negative controls. The
negative meat sample was obtained from Farmers Choice. This a model firm and food
processing plant that adheres to best farming practices, withdrawal periods and food safety
standards. Its design and operations have been certified under ISO 22000:2005 on Food
Safety Management Systems. The facility is licensed by the Director of Veterinary Services
to exports their meat products and we are confident that residues would not be present. We
bought 500 g of pork from Farmers Choice and obtained 100 µL of meat juice using a meat
juice extractor. Further, 20 µL of meat juice was added to 2 ampoules. In addition, 2 mL of
Betamox® (Norbrook, UK), which contains Penicillin as its active ingredient, was spiked
into the positive control ampoule. Nothing was added to the negative control ampoule.
The Premi®Test incubator was pre-heated to 64 ºC. The 2 control ampoules were placed
in the incubator, covered with foil, and incubated for approximately three hours. After
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this period, the negative control turned yellow while the positive control retained it purple
colour as shown in Figure 1.
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Figure 1. Images of positive and negative controls after incubation.

The frozen pork samples were defrosted on the bench, and a meat juice extractor was
used to extract 100 µL of meat juice from each of the defrosted pork sample. The juice was
vortexed to obtain a homogenous sample. Further, 20 µL of the vortexed juice was added
to a pre-labelled ampoule corresponding to the pig ID and incubated at room temperature
for 20 min. The ampoules were turned upside down to pour out meat juices and flushed
with deionised water. They were then placed on a rack in an upside down position for
5 min to allow them to dry completely.

The ampoules were then placed in the incubator that had been preheated to 64 ºC, as
seen in Figure 2. The ampoules were covered with foil and incubated for approximately
3 h until the negative control turned yellow. The resultant colour for each ampoule was
read against the provided colour chart and the result recorded in the ODK tool for later
analysis. A negative control was always included in every batch of tested samples. This
served as a guide to when to stop the incubation.

4.4. Data Analysis

All the uploaded data were downloaded as .csv files (comma-separated values files)
from the ILRI server, cleaned and loaded into R version 4.2.2 for analysis (https://www.R-
project.org/). Prevalence of antibiotic residues at 95% confidence interval was calculated
using the epi.prev function under the epiR package [35]. This package accounted for the
diagnostic performance of the test kit which has a reported 72.5% sensitivity and 95.5%
specificity [36]. Univariate analysis was performed to explore the association between
each potential predictor variable and the presence of antibiotic residues using the arsenal
package in R [37].

A logistic regression model was then built utilising the generalised linear model func-
tion in the MASS package, utilising the binomial family since the outcome was binary [38].
An initial model was built with variables demonstrating potential association in univariate
analysis with p < 0.2 as shown in Table 1. The best model was determined by looking at
the variable combinations with the lowest AIC using the dredge function from MuMin
package [38]. We tested for multicollinearity among independent variables by regressing
these variables against each other. From the R2 output, we calculated the variance inflation
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factor using the formula VIFj = 1/(1 − R2). Since they were all below 2, they were all
retained in the model.
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5. Conclusions

Close to half of the pork destined for consumption in Nairobi and its environs con-
tained antibiotic residues above the recommended maximum residue limit. This poses
potential public health risks to pork consumers. Action is urgently needed to address
the underlying antibiotic misuse that has resulted in such a high prevalence of residues
in pork. We recommend that regulating authorities strongly consider routine testing of
carcasses for antibiotic residues for the protection of public health. We acknowledge that
the establishment of a residue surveillance program would require huge investment in
diagnostic technologies, e.g., high-performance liquid chromatography mass spectrometry
for confirmatory testing, training of staff in sample collection and testing and the creation
and management of an appropriate data management system. In addition to the fixed
investments, there would be additional per-sample costs (e.g., consumables, technician
time). To reduce the cost of residue surveillance, a sampling plan would be required, which
could be based upon random or risk-based sampling.

The lack of a significant association between gross pathological lesions and the pres-
ence of antibiotic residues suggests that, for the time being, we cannot recommend a
risk-based surveillance system based on gross lesions as predictors of residues in this
population until antibiotic access enforcement is addressed. Future studies should research
farming practices and antimicrobial use contributing to the high prevalence of residues.

To ensure better practices in the sale and use of antibiotics, appropriate legislation
must be developed and enforced. There needs to be random testing of meat samples for
residues and condemning of carcasses that test positive for residues. Meanwhile, producers
should be sensitized on the judicious use of antibiotics and importance of adhering to

37



Antibiotics 2023, 12, 492

recommended withdrawal times. Antibiotic stewardship, food safety and improved health
outcomes will be ensured through this multifaceted approach.
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Abstract: Colistin is a last-line antibiotic against Gram-negative pathogens. However, the emergence
of colistin resistance has substantially reduced the clinical effectiveness of colistin. In this study,
synergy between colistin and capric acid was examined against twenty-one Gram-negative bacterial
isolates (four colistin-susceptible and seventeen colistin-resistant). Checkerboard assays showed
a synergistic effect against all colistin-resistant strains [(FICI, fractional inhibitory concentration
index) = 0.02–0.38] and two colistin-susceptible strains. Time–kill assays confirmed the combination
was synergistic. We suggest that the combination of colistin and capric acid is a promising therapeutic
strategy against Gram-negative colistin-resistant strains.

Keywords: colistin resistance; combination therapy; capric acid; synergy

Global antimicrobial resistance poses a serious threat to human health. Over the last
decade, there has been a rapid increase in the number of multidrug-resistant (MDR) and
extensively drug-resistant (XDR) Gram-negative bacteria [1,2]. Of particular concern is the
emergence of carbapenem-resistant Gram-negative pathogenic bacteria such as Acineto-
bacter baumannii, Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumoniae which
represent a special clinical challenge [3,4]. This situation has only been made worse by the
slow development of new antibiotics and the rapid spread of drug-resistant genes, which
have led to a decline in the number of effective antibiotics available to treat infections
caused by MDR bacteria. Thus, the emergence of such pathogens including carbapenemase-
producing Enterobacterales has resulted in the reintroduction of colistin as a last-resort an-
tibiotic treatment [5]. Colistin, a polymyxin antibiotic discovered in the 1950s, is a cationic
polypeptide antibiotic produced by Bacillus polymyxa which acts as a bactericidal agent
by targeting the polyanionic lipid A of lipopolysaccharide (LPS) in the outer membrane
of Gram-negative bacteria [6]. However, widespread use of this agent has given rise to a
remarkable increase in colistin-resistant strains [7]. Polymyxin resistance was previously
thought to be due solely to mutations in chromosomal genes which led to the modifica-
tion of lipid A with phosphoethanolamine (pEtN) and/or 4-amino-4-deoxy-L-arabinose
(L-Ara4N), thereby reducing the interaction of lipid A with polymyxins [7]. This paradigm
changed when we reported for the first time plasmid-mediated colistin resistance via the
mcr-1 gene in an isolate from China [8]. Subsequently, more than 60 countries and regions
have demonstrated the presence of mcr-1-harboring strains [9], with other mcr family genes
(mcr-2 to mcr-10) having since been reported worldwide [10]. The mcr genes encode a pEtN
transferase that modifies lipid A with pEtN residues [10]. These reports have led to global
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concern regarding the efficacy of colistin, raising an urgent need for the identification of
new antimicrobial compounds to address these challenges.

Synergy with colistin has been investigated for a variety of traditional antimicro-
bial agents including rifampicin, rifabutin, carbapenems, clarithromycin, novobiocin,
macrolides, minocycline, tigecycline, and glycopeptides [11]. MacNair, C. R et al., demon-
strated that when used in combination with colistin, the best synergistic killing activity
was achieved with rifampicin, novobiocin, rifabutin, minocycline, and clarithromycin [11].
Synergy with polymyxins has also been shown with several FDA-approved non-antibiotic
drugs, representing another promising alternative treatment pathway that is currently
underexplored [12–14]. Of these, particularly noteworthy are recent studies that have
described synergy against a variety of MDR Gram-negative bacteria with colistin in
combination with the signal peptidase inhibitor MD3, the antiretroviral HIV drugs zi-
dovudine and azidothymidine, as well as curcumin, netropsin, and auranofin [15–18].
For example, Martinez-Guitian et al., confirmed that not only did the combination of
MD3 and colistin increase the susceptibility of colistin-susceptible clinical isolates of
A. baumannii, but that potent synergy with this combination was also observed against
colistin-resistant strains with mutations in pmrB and phosphoethanolamine modification of
lipid A [15]. Similarly, Feng et al., reported potent synergy when colistin was combined
with auranofin against problematic colistin-resistant Gram-negative bacteria both in vitro
(K. pneumoniae, A. baumannii, E. coli and Pseudomonas aeruginosa) and in vivo (K. pneumoniae,
A. baumannii) [18]. Altogether, these results suggest that the use of colistin in combination
with such compounds has the potential to enhance bacterial killing of MDR pathogens
and prolong the utility of this increasingly important last-line antibiotic. Accordingly, the
aim of this study was to find an agent with potential synergistic activity with colistin and
assess the in vitro activity of the combination against colistin-susceptible and -resistant
Gram-negative bacterial isolates.

We initially screened over 200 compounds for antimicrobial activity against a colistin-
resistant E. coli strain, with capric acid identified as a candidate compound. Capric acid is
a saturated free fatty acid (FFA) with 10 carbon atoms in the carbon chain and a carboxyl
group (–COOH) at one end and a methyl group (–CH3) at the other [19]. FFAs are found
in marine organisms and plants and have been reported to show antimicrobial activity by
targeting the cell membrane and causing damage to cellular energy production and enzyme
activity [20,21]. Although capric acid has been shown to have killing activity against the
Gram-positive organism Cutibacterium acnes [22] and the fungus Candida albicans cells [23],
activity against Gram-negative organisms has not been investigated. We examined the
synergistic potential of capric acid in combination with colistin in vitro against 21 Gram-
negative bacterial isolates.

Four colistin-susceptible and seventeen colistin-resistant strains were tested (Table 1),
comprising K. pneumoniae (n = 7), E. coli (n = 7), Salmonella (n = 5), and Pseudomonas
aeruginosa (n = 2). Of the colistin-resistant strains, twelve carried the mcr-1 gene, three
the mcr-8 gene, while two harbored mutations in chromosomal genes associated with
colistin-resistance. The minimum inhibitory concentrations (MICs) of colistin and capric
acid determined for all strains using broth dilution as per the Clinical Laboratory Standards
Institute (CLSI) guidelines (M07-A11) are shown in Table 1. The colistin MICs of the colistin-
resistant strains were ≥4 mg/L, while the colistin MICs of susceptible strains ranged from
0.5 to 1 mg/L. The MICs of capric acid were all ≥3200 mg/L, suggesting capric acid had
no antimicrobial activity against the tested strains when used as monotherapy.

Synergy between colistin and capric acid was then evaluated by checkerboard assay
in a 96-well microtiter plate as previously described [24]. In brief, serial 2-fold dilutions
of colistin and capric acid were undertaken with the final concentrations ranging from
0.06 to 32 mg/L for colistin and from 25 to 3200 mg/L for capric acid. Each test organism
was added to a density of 5 × 106 CFU/mL, with the final volume in each well being
200 µL. The 96-well plate was then incubated at 37 ◦C for 18 h. The fractional inhibitory
concentration index (FICI) for the interaction of the combination was calculated as follows:
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FICI = FIC of drug A + FIC of drug B = [(MIC of drug A in combination/MIC of drug
A alone) + (MIC of drug B in combination/MIC of drug B alone)]. The FICI was interpreted
as follows: FICI ≤ 0.5, synergy; FICI > 0.5–4, indifference; FICI > 4, antagonism. The
antibacterial activity of colistin increased when used in combination with capric acid, with
synergy observed against 19 of the 21 strains, including against all four bacterial species
examined (FICI values ranged from 0.02 to 0.38; Table 1). Importantly, the combination
of colistin and capric acid was synergistic against all colistin-resistant strains. The only
two strains for which synergy was not observed were Salmonella SH47 (FICI, 0.51) and
P. aeruginosa 10104 (FICI, 2) (Table 1).

Table 1. FICI and MIC (mg/L) values for the strains tested in this study.

Strain Origin PCR
for mcr-1 a

MIC (mg/L)

FICI bSingle Drug Combination

Colistin Capric Acid Colistin Capric Acid

K. pneumoniae P11 Human - 1 >3200 0.13 400 0.26
K. pneumoniae P11+ pHNSHP45 Transformant + 8 >3200 0.5 200 0.13

K. pneumoniae 117 Pig + 16 >3200 2 400 0.26
K. pneumoniae 281 Pig + 16 >3200 1 200 0.13

K. pneumoniae SDQ8C53R c Chicken - >512 3200 1 50 0.02
K. pneumoniae HNJ9C285 c Chicken - >512 3200 4 200 0.07
K. pneumoniae HNJ9C245 c Chicken - >512 3200 2 100 0.04

E. coli C600 - - 0.5 >3200 0.125 200 0.26
E. coli C600 + pHNSHP45 Transformant + 8 >3200 0.5 200 0.13

E. coli 2D-8 d Pig - 8 >3200 0.5 200 0.13
E. coli SHP7 Pig + 8 >3200 2 200 0.31
E. coli SHP8 Pig + 8 >3200 1 200 0.19

E. coli SHP50 Pig + 8 >3200 0.5 200 0.13
E. coli GDF36 Fish + 8 3200 1 800 0.38

Salmonella SA316 Pig + 8 >3200 1 400 0.26
Salmonella SH271 Pig + 4 3200 1 50 0.27
Salmonella SH138 Pig + 8 >3200 1 400 0.26
Salmonella SH47 Pig - 1 >3200 0.25 800 0.51
Salmonella SH17 Pig + 4 3200 1 50 0.27

P. aeruginosa 10104 CVCC f - 1 >3200 1 >3200 2.00
P. aeruginosa 10104 (R) e Induced - 8 >3200 1 400 0.26

a + and - indicate positive and negative for mcr-1. b FICI—Fractional Inhibitory Concentration Index.
c K. pneumoniae strains harboring colistin resistance gene mcr-8. d E. coli 2D-8 harbors mutations in phoP (Y114I),
phoQ (E232D), and pmrA (L3S). e P. aeruginosa 10104 (R) harbors mutations in phoQ (K151R), parS (T222R), colR
(L1M), and cprR (T171P). f CVCC—China Veterinary Culture Collection Center.

To further examine the potential for synergy with capric acid combined with an
antibiotic, we repeated the checkerboard study above using two E. coli isolates (2D-8 and
SHP50) and ciprofloxacin, cefotaxime, neomycin, tetracycline, and ampicillin. As shown
in Table 2, synergy between capric acid and other antimicrobials was not observed (FICI
range, 1–2).

Table 2. MIC (mg/L) values of capric acid and various antibiotics and FICI values of capric acid
when combined with each antibiotic against two colistin-resistant E. coli strains.

Strain
Antibiotic

Colistin Ciprofloxacin Cefotaxime Neomycin Tetracycline Ampicillin

E. coli 2D-8
MIC a 8 0.5 0.06 256 32 128
FICI b 0.13 2 2 1 1 1

E. coli SHP50
MIC a 8 32 0.5 0.25 128 8
FICI b 0.19 1 2 1 1 1

a MIC of the single drug. b FICI—Fractional Inhibitory Concentration Index.
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Based on the checkerboard study results, the potential for enhanced bacterial killing
with the combination of colistin (0.5× MIC) and capric acid (800 mg/L) was examined
using time-kill studies against a colistin-susceptible reference strain (E. coil C600) and
mcr-1-positive colistin-resistant strain (E. coli C600 + pHNSHP45) according to a previously
reported method [25]. The starting inoculum was ~106 CFU/mL and experiments were
conducted for 36 h. Antibiotic-free Mueller-Hinton broth served as the control. Synergy
was considered to be a ≥2-log10 reduction in CFU/mL with the combination when com-
pared to the most active monotherapy at the specified time [26]. Bacterial cultures (5 mL)
were incubated with shaking (180 rpm) at 37 ◦C and samples (5 mL) collected at 0, 2, 4,
8, 24, 28, 32 and 36 h for viable counting. The results of time–kill studies are shown in
Figure 1. For both strains, no bacterial killing was observed with capric acid monotherapy
and growth mirrored that of the growth control. For the colistin-susceptible reference strain
(E. coli C600), initial bacterial killing of ~4 log10 CFU/mL with colistin monotherapy at 4 h
was followed by rapid regrowth that had returned to control values by 28 h (Figure 1A).
Amplification of colistin-resistant subpopulations in heteroresistant isolates, namely sus-
ceptible isolates based upon their MICs but which contain resistant subpopulations, is
known to contribute to regrowth following polymyxin monotherapy [27]. However, syn-
ergy was observed with combination therapy from 4 h onwards such that no viable bacteria
were observed across 4–8 h, with subsequent regrowth remaining at ~5 log10 CFU/mL
below that of the control and monotherapies. Synergistic killing was also observed from
8 h onwards with the mcr-1-positive colistin-resistant strain (E. coli C600 + pHNSHP45),
although the enhancement of bacterial killing with the combination was less than that
observed with E. coli C600 (Figure 1B). Altogether, the time-kill experiments showed good
bactericidal activity (≥3 log10 CFU/mL) and synergy with combination therapy against
both strains (Figure 1).
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Resistance genes are often associated with various mobile genetic structures, facilitat-
ing their dissemination among different Enterobacterales species. The plasmid-mediated
transmission of the colistin resistance gene mcr-1 has raised serious concerns for the efficacy
of colistin, pointing to the urgent need for new agents to effectively treat clinical infec-
tions caused by colistin-resistant isolates [8]. Here, we demonstrated synergistic bacterial
killing with the combination of colistin and capric acid against a variety of mcr-1-positive
Gram-negative bacterial strains (Table 1 and Figure 1). While the specific mechanism(s) for
the observed synergy with this combination is not yet known, one possible explanation
is that capric acid disturbs the stability and activity of the bacterial membrane, enabling
more colistin to target lipid A. Like other FFAs, capric acid can cross the cell membrane
and disrupt the electron transport chain, resulting in a reduction of ATP production [19].
It has previously been shown that capric acid has anti-adhesion activity and inhibits the
adhesion of C. albicans cells to abiotic surfaces [23]. A recent study by Jakub et al., showed
that capric acid combined with either fluconazole or amphotericin B achieved synergistic
killing of C. albicans by causing the MDR transporter Cdr1p to relocalize from the plasma
membrane to the interior of the cell, leading to reduced efflux activity of Cdr1p [28]. These
findings raise the possibility that capric acid may have an impact on the function/integrity

43



Antibiotics 2023, 12, 36

of bacterial membranes, thereby enabling more colistin to bind lipid A and thus increasing
bacterial susceptibility to colistin.

Another possible mechanism for the synergy between colistin and capric acid involves
the prevention of lipid A modifications by capric acid. The bactericidal activity of col-
istin begins when it binds to the lipid A component of LPS. The LPS structure can be
altered via two-component regulatory systems (TCSs, e.g., PmrAB, ParRS, CprRS, PhoPQ
and CrrAB) [7]. The TCSs are sensitive to environmental stimuli including exposure to
exogenous compounds or metal ions such as Mg2+ and Fe2+, which usually results in
the modification of the lipid A phosphate groups via the addition of cationic L-Ara4N
and/or pEtN moieties [7]. MCR-1 is phosphoethanolamine (pEtN) transferase that leads
to the addition of pEtN to lipid A. It is possible that exogenous capric acid prevents such
modifications of lipid A, thereby retaining sensitivity to colistin. However, further studies
specifically examining the mechanism(s) of synergy are required.

In conclusion, we have demonstrated that capric acid can enhance bacterial killing
of colistin-resistant Gram-negative bacteria when combined with colistin. Although the
underlying mechanism(s) of synergy with this combination remains to be elucidated,
our results suggest that further exploration of this combination against MDR pathogens
is warranted.
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Abstract: Antibiotic usage and yogurt consumption are the major interventions for gut microbiota,
yet their shared characteristics and disparities in healthy human gut microbiome remain unclear. This
study aimed to decipher the composition changes among healthy humans, comparing antibiotic usage
and yogurt consumption. The relative bacterial abundances of 1113 fecal samples were collected
from an ongoing, population-based longitudinal cohort study in China that covered lifestyle, diet,
disease status and physical measurements, and biological indicators of participants were obtained
by the sequencing of 16S rRNA. The samples were divided into three groups, which were antibiotic
users (122), yogurt consumers (497) and controls (494), where data visualization, alpha diversity,
beta diversity and LEfSe analysis were conducted. At the family level, the relative abundances of
Streptococcaceae, Enterobacteriaceae and Enterococcaceae families in antibiotic users increased almost
50%, 70% and 200%, respectively, while yogurt consumption also increased relative abundances of
Streptococcaceae and Enterococcaceae, but not Enterobacteriaceae. Alpha diversity analyses suggested
that the microbiome of the antibiotic usage and yogurt consumption groups exhibited an alpha
diversity lower than that of the control. LEfSe analysis showed that, at the family level, the number
of biomarkers in the yogurt consumption and antibiotic usage group were respectively 5 and 7, lower
than that of the control (13). This study demonstrated the importance in considering the potential
assistance of yogurt consumption on ARG gene transfer from commensal bacteria to pathogens in
the human gut, which may pose a risk for human health. Antibiotic usage and yogurt consumption
share more identical changes on healthy human gut flora than disparities. Therefore, in order to
understand the potential risks of antibiotic usage and yogurt consumption on antibiotic resistance
transmission in human gut microbiota, further research needs to be undertaken.

Keywords: gut microbiota; antibiotic usage; yogurt consumption; metagenomics

1. Introduction

The human gut microbiota comprises the microorganisms that live in the human gut,
including bacteria, archaea, fungi, and viruses, from which bacteria are dominant [1]. The
functions of gut microbiota are resisting pathogens, maintaining the intestinal epithelium,
metabolizing dietary and pharmaceutical compounds, controlling immune function, and
so on [2,3]. There are four dominant bacterial phyla in the composition of human gut
microbiota: Bacillota, Bacteroidota, Actinomycetota, and Pseudomonadota [4]. Bacteroides,
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Clostridium, Faecalibacterium, Eubacterium, Ruminococcus, Peptococcus, Peptostreptococcus, and
Bifidobacterium are the dominant genera that are found to inhabit the human gut [1]. The
composition of human gut microbiota responds to a variety of factors and changes all the
time [5]. It has been reported by a human-cohort-based analysis that dynamic change in the
gut ecosystem correlates strongly with complex interactions such as host lifestyle, dietary,
ecological and other factors [4,6].

Antibiotic resistance is a global concern. Some bacteria in the gut are naturally resistant
to certain antibiotics, while other commensal bacteria may acquire resistance genes from
fellow resistant bacteria through horizontal gene transfer (HGT), including conjugation,
transduction and transformation [7]. The human gut micobiota is directly affected by the
clinical use of antibiotics [8]. Antibiotic usage can disrupt the ability of gut micobiota to
inhibit pathogen growth, due to the reduction of native bacterial species, therefore causing
antibiotic diarrhea [9]. Antibiotic usage may also enhance horizontal AMR gene transfer
from commensal bacteria to pathogens in gut microbiota, through which antibiotic resistant
pathogens that are difficult to treat with common antibiotics are created [10,11]. Probiotics
are microorganisms that are beneficial to health when supplemented as part of the human
diet [12]. It has been reported that the consumption of probiotics containing Lactobacillus
species might help prevent antibiotic-associated diarrhea [13].

Diet may influence gut resistome in healthy humans. Researchers found that subjects
with a diverse, fiber-rich diet had a lower abundance of ARGs in their gut, through changing
the composition of gut microbiota to harbor more antibiotic resistance genes [14]. As a food
type in the human diet that contains probiotics Lactobacillus delbrueckii subsp. bulgaricus and
Streptococcus thermophilus bacteria, yogurt consumption is gradually increasing around the
world. However, although yogurt consumption is good for human health, as reported [15],
does the influence of the yogurt consumption on human gut microbiome also go against gut
resistome? This study therefore focuses on deciphering the composition changes among
healthy humans in comparison with antibiotic usage and yogurt consumption.

2. Results
2.1. Baseline Characteristics among Study Groups

The average age of the three groups ranged from 48.0 to 54.7 years, with a slightly
higher proportion of women than men. The yogurt group had higher levels of education
and lower rates of smoking than the other two groups. Other basic characteristics, such as
body mass index (BMI), waist circumference (WC), physical activity (PA), and total energy
were presented as means in Table 1.

Table 1. Baseline characteristics of adults in different groups.

Characteristics Control Group (n = 494) Yogurt Group (n = 497) Antibiotic Group (n = 122)

Gender (n, %)
Male 202 (40.9) 202 (40.6) 58 (47.5)
Female 292 (59.1) 295 (59.4) 64 (52.5)
Age (year) 48.5 48.0 54.7
BMI (kg/m2) 25.0 23.9 24.5
WC (cm) 86.3 83.4 85.7
Smoke (n, %)
No 372 (75.6) 402 (81.1) 87 (71.9)
Yes 120 (24.4) 94 (18.9) 34 (28.1)
PA (METs/week) 148.6 117.0 140.7
Education (n, %)
Primary and below 104 (23.5) 36 (7.7) 21 (21.6)
Junior high 175 (39.6) 136 (29.0) 42 (43.3)
Senior high and above 163 (36.9) 297 (63.3) 34 (35.1)
Total energy (kcal/d) 2000.0 2043.1 1931.9
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2.2. Composition of the Gut Microbiota in groups of Antibiotic Usage and Yogurt Consumption

In our study, bacterial 16S rRNA sequences from 1113 healthy human fecal samples
were identified. The composition of gut microbiota was shown in phylum and family levels,
respectively (Figure 1A,B). The relative abundances of the Bacteroidetes phyla in feces from
the antibiotic usage and yogurt group were both lower than those of the control group, with
the yogurt group being the lowest among them. The relative abundances of Actinobacteria
and Proteobacteria phyla showed opposite results while comparing with the control group,
with Actinobacteria higher in the yogurt group, Proteobacteria higher in the antibiotic group,
and control in the middle. At the order level, the relative abundances of Bacillales order
in the antibiotic usage group increased notably. Both antibiotic and yogurt brought about
observable increases in Lactobacillales order (Figure 1C). At the family level, the relative
abundances of Streptococcaceae, Enterobacteriaceae and Enterococcaceae families in antibiotic
users increased almost 50%, 70% and 200%, respectively, when compared with the control.
Interestingly, the yogurt consumption group was also composed of increased relative
abundances of Streptococcaceae and Enterococcaceae family, but not the Enterobacteriaceae
family, compared with control (Figure 1B).

1 
 

 
Figure 1. Composition of the Gut Microbiota of control, antibiotic usage and Yogurt consumption
groups. (A) Gut microbiome composition at the phylum level; (B) Gut microbiome composition at
the family level; (C) Heat tree demonstration of gut microbiome composition at the order level.

2.3. Alpha and Beta Diversity in the Gut Microbiome among Antibiotic Usage, Yogurt
Consumption and Control

After operational taxonomic units (OTUs) were obtained and analyzed using QIIME 2
work flow, alpha and beta diversity analyses were carried out. Chao1, Shannon, Simpson
and observed indexes were calculated to evaluate the alpha diversity in the human gut
microbiome. The microbiomes of the antibiotic usage and yogurt consumption groups
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exhibited a lower alpha diversity than that of the control (Figure 2A). There was a signif-
icant difference in the Chao1, observed OTUs, and Shannon indices (p = 1.0796 × 10−10,
p = 1.7389 × 10−12, and p = 0.0001, respectively). Principal coordinates analysis (PCoA) was
performed to visualize the beta diversity based on the PERMANOVA statistic method in
the microbial community structure, where antibiotic usage and yogurt consumption groups
were shown in the Bray–Curtis Index analysis (Figure 2B, F-value: 8.3963; R-squared:
0.014916; p-value: 0.001).
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Figure 2. Alpha and Beta Diversity of the Gut Microbiome. (A) Alpha diversity evaluation at
Chao1, Shannon, Simpson and observed indexes; (B) Beta diversity based on the PERMANOVA
statistic method.

2.4. Biomarker Differences among Antibiotic Usage, Yogurt Consumption and Control

In this study, we carried out the linear discriminant analysis (LDA) effect size (LEfSe
analysis) to investigate the differences in different taxa levels between groups using the
Microbiome Analyst online platform [16,17]. At phylum level, Proteobacteria was the
biomarker of the antibiotic usage group, and Actinobacteria the yogurt consumption group,
where they were all four times higher than those in the control group. At Order level,
Enterobacteriales, Lactobacillales, and Actinomycetales in the antibiotic usage group were three
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times higher than those in the control group. At family level, the number of biomarkers in
the yogurt consumption and antibiotic usage group were respectively 5 and 7, lower than
that of the control (13), as shown in Figure 3.
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3. Discussion

Self-use of antibiotics in healthy humans is becoming a health concern, especially
in low-income groups of people. Although clinical use of antibiotics has been proved to
reduce diversity in the gut microbiome [8], the situation for antibiotic usage in healthy
humans is unclear. As an important part of healthy human diet, how yogurt consumption
influences human gut microbiome is under researched. Therefore, in order to better
understand the effects of antibiotic usage and yogurt consumption on human gut, it is
important to understand the similarities and differences between antibiotic usage and
yogurt consumption among healthy humans.

Both the antibiotic usage and yogurt consumption groups exhibited a decrease in the
richness and evenness of diversity compared with the control group. The insignificant
result of the Simpson index showed that the dominance indices of gut flora remained stable
in a large scale of healthy human gut microbiome. Alpha analysis indicated that antibiotic
usage and yogurt consumption were making significant changes in healthy human gut
microbiome. However, the overall diversity of the microbiome among these groups was not
obvious enough, possibly due to attenuation of the potential effects on the physiology of
the host organisms. This may also possibly be due to the limitation of the sample sets, and

50



Antibiotics 2022, 11, 1827

the deviation caused by other variables such as age, smoking state, and the evolutionary
outcomes that keep getting the human gut microbiome back to a stable state should also
be considered.

Yogurt is produced by adding a combination of probiotics to ferment milk, which are
mostly Lactobacillus delbrueckii subspecies bulgaricus and Streptococcus salivarius subspecies
thermophiles, Lactobacilli or Bifidobacteria [18]. The lactic-acid-secreting bacteria that are
added to milk may modify the intestinal environment in two ways: (1) increasing tight
junctions in the gut epithelium; (2) decreasing potentially harmful enzymes produced by
the residential bacteria [19,20]. In our study, the relative abundances of the Bacteroidetes
phyla in feces from the antibiotic usage and yogurt groups were both lower than those of
the control group, with the yogurt group being the lowest among them. It is consistent
with Odamaki’s reports that the consumption of yogurt containing Bifidobacterium longum
BB536 significantly decreases enterotoxigenic Bacteroides fragilis in the gut microbiota [21].

Yogurt consumption was reported to be good for human health, and is especially
deemed beneficial to the human gut [22]. Yogurts made with Bifidobacterium lactis and
other probiotics are considered to help maintain gut flora by providing organisms that are
usually inhabited in the human gut [23]. However, we need to be careful when antimi-
crobial resistance is taken into consideration. It has been reported that antibiotic usage
would assist AMR genes’ horizontal transfer in patients [10]. However, the mechanisms
of antibiotic resistance transmission during microbiome modification remain unclear. At
the family level of the relative abundances in this study, Streptococcaceae, Enterobacteriaceae
and Enterococcaceae, which are closely correlated with AMR, increased almost 50%, 70%
and 200% in the antibiotic usage group, as expected. It has been suggested that probiotic
supplementation may decrease the total load of ARGs within the gut [24,25]. However, in
our study, interestingly, the yogurt consumption group was also composed of increased
relative abundances of Streptococcaceae and Enterococcaceae family, the same as antibiotic
usage group. Therefore, it is not negligible that we should consider the potentiality of
yogurt consumption on bacterial ecosystems that will potentially increase the stress and/or
selection pressure and, therefore, could induce an intensification of ARG gene transfer
processes from commensal bacteria to pathogens in the human gut, posing a possible risk
for human health.

Through LEfSe analysis, we can see that the number of biomarkers in the yogurt con-
sumption and antibiotic usage group was much lower than that of control. This probably
means that the yogurt consumption and antibiotic usage decreased gut micobiome diversity
in healthy human. Antibiotic usage was more influential than yogurt consumption on
healthy human gut microbiome. However, antibiotic usage and yogurt consumption do
share more identical changes in healthy human gut microbiome than disparities. Therefore,
in order to reduce the health and AMR transmitting risk, functional research based on an
in-depth study from a meta-interactomics perspective and the use of advanced comput-
ing equipment under different metabolic states needs to be carried out to decipher the
correlation between antibiotic usage and yogurt consumption on human gut microbiota.

4. Materials and Methods
4.1. Study Design and Participants

The present study was based on data from the China Health and Nutrition Sur-
vey (CHNS), an ongoing, population-based longitudinal cohort in China that covers
lifestyle, diet and disease status, physical measurements and biological indicators. A
total of 15 provinces/megacities in China participated. An overview of the CHNS study
design has been published previously [26]. During the 2015 survey, stool samples were
collected as well as dietary information. In the study, 16S rRNA analysis from stool samples
was used to construct gut microbiota profiles (n = 3248). Participants were excluded if they
had no FFQ information during 2015 (n = 9), or drank more than 150 g of yogurt more than
once a week and took antibiotics within 6 months at the same time (n = 25). Participants
were included if they drank yogurt more than once a week and consumed more than 150 g
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(n = 497, yogurt group), or had not drunk yogurt (n = 1987) in the past year, or had taken
antibiotics within 6 months (n = 122, antibiotic group). The non-yogurt-drinkers were
matched with the yogurt group 1:1 for gender and age (no more than 2 years’ difference),
and 494 people were finally matched as the control group (n = 494, control group). A
total of 1113 participants from the 2015 survey were included in the present study (age
48.9 ± 13.5 years, mean ± SD).

4.2. Sample Collection

Adult participants collected stool samples themselves after receiving adequate instruc-
tion for the collection process during a home visit prior to collection, and samples were
frozed immediately at −20 ◦C. Stool samples were transported within 48 h by cold chain to
the central laboratory and stored at −20 ◦C to ensure proper processing.

4.3. Genomic DNA Extraction

The methods for DNA extraction, amplification and sequencing have been described
previously [27]. A bead-beating procedure was used to extract bacterial DNA (TIANGEN
Biotech, Beijing, China) following the manufacturer’s instructions. For 16s ribosomal RNA
(rRNA) genes, we adjusted the DNA concentration of each sample to 50 ng/L.

4.4. PCR Amplification of the V3-V4 Region of 16S rRNA Gene

The V3-V4 region of 16s rRNA gene with a 6-bp barcode unique to each sam-
ple was amplified with primers 515F/806R (5′-GTGCCAGCMGCCGCGGTAA-3′/
5′-GGACTACHVGGGTWTCTAAT-3′) to characterize the taxonomic profile of gut mi-
crobiota. In an equimolar ratio, PCR products were combined. An Illumina HiSeq PE-250
platform was used to sequence the libraries, constructed with TruSeq DNA PCR-Free
Library Preparation Kit (Illumina, CA, USA).

4.5. Microbial Data Analyses

The comparisons between groups were analyzed using parametric (chi-square test,
analysis of variance) or non-parametric tests (Kruskal–Wallis test); a p-value was assessed
as significant when <0.05.

An analysis of the 16S rRNA gene sequences was performed using the QIIME 2
bioinformatics pipeline [28]. The filtering and normalization, visualization of the data,
alpha diversity, beta diversity, heat tree and LEfSe analysis were all produced using a
web-based platform Microbiome Analyst [16,17]. The parameters for data filtering were
minimum count = 4, prevalence in samples = 20%, percentage to remove based on inter-
quantile range = 10%, sample size = 5000.

5. Conclusions

Antibiotic usage and yogurt consumption demonstrated significant changes in spe-
cific bacterial groups (Streptococcaceae, Enterococcaceae and so on) in healthy human gut
microbiomes in this study. Antibiotic usage and yogurt consumption shared more iden-
tical changes in healthy human gut microbiome than disparities, especially ARG gene
related bacteria groups that could induce an intensification of ARG gene transfer processes
from commensal bacteria to pathogens in human gut. However, in order to understand
the potential risks of antibiotic usage and yogurt consumption on antibiotic resistance
transmission in human gut microbiota, further researches need to be carried out.
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Abstract: Resistance to colistin generated by the mcr-1 gene in Enterobacteriaceae is of great concern
due to its efficient worldwide spread. Despite the fact that the Lima region has a third of the Peruvian
population and more than half of the national pig and poultry production, there are no reports of the
occurrence of the mcr-1 gene in Escherichia coli isolated from livestock. In the present work, we studied
the occurrence of E. coli carrying the mcr-1 gene in chicken and pig farms in Lima between 2019 and
2020 and described the genomic context of the mcr-1 gene. We collected fecal samples from 15 farms
in 4 provinces of Lima including the capital Lima Metropolitana and recovered 341 E. coli isolates.
We found that 21.3% (42/197) and 12.5% (18/144) of the chicken and pig strains were mcr-1-positive
by PCR, respectively. The whole genome sequencing of 14 mcr-1-positive isolates revealed diverse
sequence types (e.g., ST48 and ST602) and the presence of other 38 genes that confer resistance to
10 different classes of antibiotics, including beta-lactamase blaCTX-M-55. The mcr-1 gene was lo-
cated on diverse plasmids belonging to the IncI2 and IncHI1A:IncHI1B replicon types. A compar-
ative analysis of the plasmids showed that they contained the mcr-1 gene within varied structures
(mikB–mcr1–pap2, ISApl1–mcr1–pap2, and Tn6330). To the best of our knowledge, this is the first
attempt to study the prevalence of the mcr-1 gene in livestock in Peru, revealing its high occurrence
in pig and chicken farms. The genetic diversity of mcr-1-positive strains suggests a complex local
epidemiology calling for a coordinated surveillance under the One-Health approach that includes an-
imals, retail meat, farmers, hospitals and the environment to effectively detect and limit the spread of
colistin-resistant bacteria.

Keywords: mcr-1 gene; colistin; chicken farm; pig farm; Escherichia coli

1. Introduction

Antimicrobial resistance (AMR) represents a growing threat to global health, prin-
cipally in developing countries, where the high population density, poor medical care
and unregulated use of antibiotics provide a favorable environment for the emergence
and dissemination of multidrug-resistant bacteria (MDR) [1]. The increased prevalence
of bacterial pathogens resistant to last-line antibiotics (carbapenems, colistin and tigecy-
cline) raises serious concerns about our ability to treat infectious diseases in humans and
animals [2]. Colistin is one of the last-resort treatments against multidrug-resistant strains
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of Enterobacterales, but its unregulated overuse as a therapeutic drug and growth promoter
in pig and poultry farming has favored the emergence of colistin-resistant strains [3,4].
Since the discovery of the plasmid-encoded colistin resistance gene named mcr-1 in China
in 2015 [5], this gene has been described in human, animal and environmental samples
around the world [6]. The rapid spread of the mcr-1 gene by efficient horizontal transfer is
driven by the IncI2, IncHI2 and IncX4 plasmids [4].

Escherichia coli is a commensal bacterium that inhabits the gastrointestinal tract of
humans and animals and represents a major reservoir of antimicrobial resistance genes
(ARGs), mostly acquired through horizontal gene transfer [7,8]. As a result of this capacity,
E. coli has been commonly used as an indicator to monitor AMR in livestock, food and
humans [9,10]. Even though they are normally commensal, certain strains of E. coli are
associated with infections. For example, pathogenic E. coli may cause neonatal and post-
weaning diarrhea and edema in swine, while it may cause infections of the respiratory tract
and soft tissues, resulting in colibacillosis, air sacculitis and cellulitis in chickens [11]. E. coli
and Klebsiella pneumoniae carrying the mcr-1 gene have recently been reported in isolates
from Peruvian hospitals [12–15], as well as in isolates from slaughtered chickens destined
for human consumption [16]. Due to the recurrent detection of resistant enterobacteria in
hospitals, the Peruvian government decreed in late 2019 the prohibition of the manufac-
ture, sale and import of veterinary products containing the active compound of colistin
(Polymyxin E).

The Lima region has a third of the Peruvian population and concentrates the largest
animal production in the country. In fact, by 2020, 53% and 43% of the national poultry
and pig production were concentrated in Lima, mainly in farms located on the outskirts
of the capital Lima Metropolitana. Reporting the growing colistin resistance and mcr-1
prevalence in poultry and pig farms in low- and middle-income countries (LMIC) could
be of high importance, but until now has been neglected in Peru [17]. Indeed, there is no
information about the occurrence of mcr genes in livestock in Peru due to the absence of
a systematic surveillance. In the present work, we investigated the occurrence of E. coli
carrying the mcr-1 gene isolated from chicken and pig farms in Lima, Peru, from 2019
to 2020 and performed a genomic analysis of the isolates carrying mcr-1 to determine
the genetic diversity and phylogenetic relationships of these isolates. Additionally, we
characterized the virulence and ARGs profiles and explored the genomic context of the
mcr-1 gene.

2. Methods
2.1. Sample Collection and Bacterial Culture

We collected 348 fecal samples from 8 chicken farms and 300 samples from 7 pig farms
in 4 provinces of Lima, including the Peruvian capital, Lima Metropolitana, between 2019
and 2020 (Supplementary Table S1). All samples were later organized in pools. One pool
was prepared for each chicken shed or pigpen combining 2 g of feces in a 50 mL tube; at
least 5 pools per farm were obtained. Each fecal pool was diluted in buffered saline solution
(0.9%) and thereafter plated onto MacConkey agar (BD Difco) and incubated overnight
at 37 ◦C. At least five suspected colonies of E. coli (lactose-fermenting colonies, convex
morphology and pinkish color appearance) were selected from each pool, inoculated on
eosin methylene blue agar (EMBA) and incubated for 24 h at 37 ◦C, observing the growth of
typical metallic green colonies. Finally, a 7-parameter biochemical test including Simmon’s
citrate agar, lysine iron agar, triple sugar iron, motility–indole–lysine medium, sulfur indole
motility medium, urea medium, red methyl and Voges Proskauer medium were used to
confirm E. coli.

2.2. mcr-1 Gene Screening by PCR

All isolates were screened for the mcr-1 gene using the procedures described by
Rebelo et al. (2018) [18]. Shortly, we used forward 5′-AGTCCGTTTGTTCTTGTGGC-3′ and
reverse 5′-AGATCCTTGGTCTCGGCTTG-3′ primers with 2 µL of 10X PCR Buffer (100 mM
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KCl, 100 mM Tris-HCl, 20 mM MgCl2), 1.6 µL of deoxynucleotide triphosphate (dNTPs)
10 mM, 0.2 µL of DreamTaq 5 U/µL (Thermo Fisher Scientific, Waltham, MA, USA) and
2 µL of DNA in a final volume of 20 µL. The following condition were used: 1 cycle of
initial denaturation at 94 ◦C for 15 min, followed by 25 cycles of denaturation at 94 ◦C for
30 s, annealing at 58 ◦C for 90 s and elongation at 72 ◦C for 60 s, with a final extension step
of 72 ◦C for 10 min. We used the mcr-1-harboring E. coli CDC-AR-0346A reference strain
(https://www.microbiologics.com/01259P) (accessed on 27 November 2022) as a positive
control for all PCR runs.

2.3. Whole-Genome Sequencing and Assembly

From all mcr-1-positive E. coli, we selected 14 isolates for whole-genome sequencing
(accession numbers and sequencing statistics are provided in Supplementary Table S2).
The DNA was extracted from pure colonies using the PureLink™ Genomic DNA Kit
(Invitrogen’, Cat. No K1820-02). DNA concentration was measured using the Qubit dsDNA
HS assay (Invitrogen, Cat. No Q33230). Then 1 ng of DNA was used for Nextera XT
library preparation and subsequent sequencing using 2 × 250 bp reads on the Illumina
Miseq platform (Illumina, San Diego, CA, USA). The quality of the fastq files was evaluated
with FastQC v0.11.9 [19], and the trimming of low-quality reads was performed with
Trimmomatic v0.39 [20]. Finally, the assembly was performed with SPAdes v3.14.1 [21],
and Prokka v1.14.6 [22] was used for genome annotation.

2.4. Sequence Analysis

We used the mlst v2.19.0 tool (https://github.com/tseemann/mlst) (accessed on
16 August 2022) and EzClermont v0.6.3 [23] to determine the multilocus sequence type
(MLST) and phylogroup type, respectively. ARGs, virulence genes and plasmid replicon
types were annotated using the Resfinder, VirulenceFinder and PlasmidFinder databases
from the Center for Genomic Epidemiology with the ABRICATE v. 1.0.1 tool (https://
github.com/tseemann/abricate) (accessed on 16 August 2022) using the following settings:
a nucleotide identity of 80% and minimum coverage of 80%.

For the phylogenetic reconstruction, we used the following pipeline: Snippy v 4.6.0
(https://github.com/tseemann/snippy) (accessed on 15 July 2022) to generate the core-
genome alignment of 14 E. coli genomes including the reference genome sequence E. coli
K-12 (Genbank accession: NC_000913.3); given that recombination is widespread in bacteria
genomes, Gubbins v3.2 [24] was used to detect and mask recombinant regions, and IQ-
TREE v2.0 [25] to construct a maximum-likelihood tree based on a general time-reversible
(GTR) nucleotide substitution model with 1000 bootstrap replicates. Tree visualization and
annotation were created using the ggtree v3.0.4 [26] package in R 4.2. The genetic context
of the mcr-1-encoding plasmid sequences was represented using Easyfig v2.2.2 [27].

We used a bioinformatics approach to identify the plasmid sequences. First, we
used plasmidSPAdes [28] for plasmid assembly from raw data. Second, after checking if
these sequences contained the mcr-1 cassette, we used plasmidfinder [29] to check if the
predicted plasmid has a replicon and then we used oriTfinder [30] to identify the origin
of the transfer site (oriT) and conjugative elements. Finally, we performed a search in the
PLSDB database [31] to identify similar plasmid sequences. Highly similar sequences were
compared with the predicted plasmids to generate a circular view using Blast Ring Image
generation (BRIG) software [32].

3. Results
3.1. Prevalence of the mcr-1 Gene in Poultry and Pig Farms

A total of 15 farms located in Lima were investigated in this study. We collected
648 fecal samples and recovered 197 E. coli isolates from 8 chicken farms and 144 E. coli
isolates from 7 pig farms. The mcr-1 gene was identified in four of eight chicken farms
in three Lima provinces, and in five of seven pig farms located in three Lima provinces
(Figure 1). The occurrence of the mcr-1 gene was variable: 81% of the isolates were mcr-1-
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positive in the AV8 farm (26/32 isolates), while 52.2% (12/23) were positive in the AV4
farm, and just 10.7% (3/28) were positive in the AV5 farm (see Supplementary Table S1).
Overall, the mcr-1-specific PCR identified the gene in 21.3% (42/197) of the isolates from
poultry and in 12.5% (18/144) of the isolates from pigs.
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3.2. Genetic Characterization of E. coli Harboring mcr-1 and Resistome

The whole genome of 14 mcr-1-positive E. coli was sequenced (7 genomes from pigs and
7 from chicken). The sequence size varied from 4.75 to 5.90 Mb. A total of 10 different MLSTs
were identified in 11 isolates, while 3 were not determined (Supplementary Table S2). Most
isolates were identified as phylogenetic groups A (n = 7) and B1 (n = 6), while one isolate
was typed as an unknown phylogroup (U). There was no differential clustering between
the isolates from poultry and porcine sources (Figure 2).

Interestingly, the genome sequence analysis showed a high number of resistance genes.
We detected 39 different genes that confer resistance to 10 different classes of antibiotics,
including mcr-1 (Table 1 and Figure 2). Five isolates contained the blaCTX-M-55 gene for resis-
tance to extended-spectrum beta-lactamase (ESBL). At least 70% of the isolates contained
a gene for resistance to ampicillin, chloramphenicol, kanamycin and trimethoprim, and
at least 90% of the isolates contained a gene for resistance to streptomycin, sulfisoxazole
and tetracycline.
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Table 1. ARGs profile of 14 E. coli genomes carrying mcr-1.

Class Antibiotics Number of mcr-1 + E. coli (%) Gene Name (n)

Aminoglycoside

gentamicin 8 (57) aac(3)-IIa (2), aac(3)-IId (4),
aac(3)-IVa (1), aac(3)-VIa (1)

hygromycin B 1 (7) aph(4)-Ia (1)

kanamycin 11 (79) aph(3’)-Ia (5), aph(3’)-IIa (4), aph(6)-Id (6)

streptomycin 13 (93) aadA2 (6), aadA5 (1), aadA15 (1), aadA17
(2), ant(3”)-Ia (8), aph(3”)-Ib (4)

Beta-lactam
ampicillin 10 (71) blaTEM-1A (1), blaTEM-1B (8),

blaTEM-141 (1)

ceftriaxone 5 (36) blaCTX-M-55 (5)

Quinolone ciprofloxacin 10 (71) qnrB19 (9), qnrD1 (1), qnrS2 (1)

Folate pathway antagonist trimethoprim 10 (71) dfrA1 (3), dfrA8 (1), dfrA12 (6),
dfrA14 (1), dfrA17 (1)

Fosfomycin fosfomycin 5 (36) fosA3 (4), fosA6 (1)

Glycylcycline
tetracycline 14 (100) tet(A) (13), tet(B) (3), tet(D) (1), tet(M) (4)

lincomycin 7 (50) Inu(F) (7)

Macrolide erythromycin 1 (7) mph(A) (1)

Phenicol chloramphenicol 11 (79) cmlA1 (6), floR (10)

Sulphonamide sulfamethoxazole 13 (93) sul1 (3), sul2 (7), sul3 (9)
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Forty-two genes encoding virulence factors were detected in all E. coli genomes using
the VirulenceFinder tool v2.0 (see Supplementary Figure S1 and Table S3), including genes
related to evasion/invasion (capU, kpsE, kpsMII_K5, gad, iss, ompT, sepA, traT), toxins (astA,
cea, cib, hlyF, stb, toxB), secretion system (cif, espABFJ, nleABC, terC, tir), adherence (eae, lpfA,
perA, tsh) and iron uptake (fyuA, ireA, irp2, iucC, iutA, sitA). The AV5P5C isolate from chicken
was classified as APEC because it presented genes encoding outer membrane protein
(ompT), hemolysin (hlyF), increased serum survival (iss), aerobactin siderophore receptor
(iutA), temperature-sensitive hemagglutinin (tsh) and siderophores (IucC, sitA) [33,34].

Additionally, 33 types of plasmid replicons were identified in the analyzed genomes;
the most overrepresented was IncFIB, followed by IncX1, ColRNAI, IncFIC(FII) and
IncFII(pHN7A8) (Supplementary Figure S1 and Table S3).

3.3. Characterization of the Genetic Context of the mcr-1 Gene

The mcr-1 sequence of all E. coli genomes was 100% identical to the mcr-1 sequence
from the Resfinder database. The exploration of the genetic context of mcr-1 allowed
us to identify three different types of mcr-1-containing cassettes suggesting a diverse
genetic context of mcr-1-harboring E. coli in the farms of Lima (Figure 3). Two different
context structures were identified in chicken farms. The ISApl1–mcr1–pap2–ISApl1 was
identified in the AV4P5C isolate, which belongs to ST48. This cassette shows a structure
called Tn6330 inserted into an IncHI1A:IncHI1B hybrid plasmid. Tn6330 is a composite
transposon that improves the transmission of the mcr-1 gene [35]. The second structure
shows the nikB–mcr1–pap2 composition that has lost ISApl1 both upstream and downstream.
This structure was found within IncI2 plasmids in the AV4P2D, AV5P5C, AV5P3A and
AV8P7A isolates (Figure 3). Interestingly, a BLASTN search of the AV5P3A plasmid carrying
mcr-1 showed a high similarity of this plasmid to the IncI2 plasmid pkpCOL17 (99% of
identity and 99.97% of coverage) identified in K. pneumoniae isolated from a patient in a
Peruvian hospital [15] (Supplementary Figure S2). In a pig isolate (C3P2A), we observed
the presence of a downstream copy of ISApl1 only. Due to short-read sequencing, we
were not able to determine the genetic context of the mcr-1 gene for six isolates because of
incomplete assembly.
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(astA, cea, cib, hlyF, stb, toxB), secretion system (cif, espABFJ, nleABC, terC, tir), adherence 
(eae, lpfA, perA, tsh) and iron uptake (fyuA, ireA, irp2, iucC, iutA, sitA). The AV5P5C isolate 
from chicken was classified as APEC because it presented genes encoding outer mem-
brane protein (ompT), hemolysin (hlyF), increased serum survival (iss), aerobactin sidero-
phore receptor (iutA), temperature-sensitive hemagglutinin (tsh) and siderophores (IucC, 
sitA) [33,34]. 

Additionally, 33 types of plasmid replicons were identified in the analyzed genomes; 
the most overrepresented was IncFIB, followed by IncX1, ColRNAI, IncFIC(FII) and 
IncFII(pHN7A8) (Supplementary Figure S1 and Table S3). 

3.3. Characterization of the Genetic Context of the mcr-1 Gene 
The mcr-1 sequence of all E. coli genomes was 100% identical to the mcr-1 sequence 

from the Resfinder database. The exploration of the genetic context of mcr-1 allowed us to 
identify three different types of mcr-1-containing cassettes suggesting a diverse genetic 
context of mcr-1-harboring E. coli in the farms of Lima (Figure 3). Two different context 
structures were identified in chicken farms. The ISApl1–mcr1–pap2–ISApl1 was identified 
in the AV4P5C isolate, which belongs to ST48. This cassette shows a structure called 
Tn6330 inserted into an IncHI1A:IncHI1B hybrid plasmid. Tn6330 is a composite trans-
poson that improves the transmission of the mcr-1 gene [35]. The second structure shows 
the nikB–mcr1–pap2 composition that has lost ISApl1 both upstream and downstream. This 
structure was found within IncI2 plasmids in the AV4P2D, AV5P5C, AV5P3A and 
AV8P7A isolates (Figure 3). Interestingly, a BLASTN search of the AV5P3A plasmid car-
rying mcr-1 showed a high similarity of this plasmid to the IncI2 plasmid pkpCOL17 (99% 
of identity and 99.97% of coverage) identified in K. pneumoniae isolated from a patient in 
a Peruvian hospital [15] (Supplementary Figure S2). In a pig isolate (C3P2A), we observed 
the presence of a downstream copy of ISApl1 only. Due to short-read sequencing, we were 
not able to determine the genetic context of the mcr-1 gene for six isolates because of in-
complete assembly. 

 

Figure 3. Genetic context of the mcr-1 gene in E. coli genomes isolated from chicken and pig farms in
Lima. Six representative sequences show the diversity of the structural context of the mcr-1 gene from
chicken and pig E. coli isolates in this study. The mcr-1 gene is marked in red. ISApl1 transposase,
pap2 and nickB genes are marked in yellow, green and yellow, respectively. Regions of homology
between sequences (>97%) are indicated by the graded shading.
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4. Discussion

We studied the occurrence of E. coli carrying the mcr-1 gene in 15 livestock farms in
Lima, Peru, from 2019 to 2020. The results of the PCR showed that E. coli was positive for
mcr-1 in 9 of the 15 farms evaluated in this study at different rates, i.e., in 21% (42/197)
of the isolates from poultry and in 12% (18/144) of the isolates from pigs. To the best of
our knowledge, this is the first study to investigate the occurrence of mcr-1-positive E. coli
isolates in farms in Peru. Previous works reported E. coli isolates carrying the mcr-1 gene
in samples of clinical and food origin in Peru [12–14,16]. In December 2019, the Ministry
of Agriculture and Irrigation of Peru (MINAGRI) published a resolution prohibiting the
use of colistin in food-producing animals [36]. The effect of the ban was not evaluated in
this study because all samples were collected before the application of the resolution in
March 2020. We expect a reduction in mcr-1 prevalence as was observed in China. After the
implementation of the colistin prohibition for veterinary use in China, the prevalence of
E. coli carrying mcr-1 decreased from 45% to 19% between 2016 and 2018 in pig farms [37].
In South America, the circulation of mcr-1-harboring Enterobacteriaceae isolates has a higher
prevalence in animals (8.7%) than in food (5.4%) or humans (2.0%), mainly in Brazil, Bolivia
and Argentina [38].

All isolates sequenced in this study belong to different sequence types, suggesting
an important diversity in mcr-1-positive E. coli. These isolates were classified as belonging
to phylogroup A or B1, with commensal E. coli usually found in humans and animal
hosts [39,40]. The clones found in our study, ST48, ST602, ST746, ST46, ST345, were
previously reported in clinical isolates from humans and other hosts; ST602 is widely
distributed internationally [41,42]. This information is concerning, since it suggests that
these strains have the ability to move and proliferate in different ecological niches, which
may facilitate the genetic exchange of the mcr-1 gene and other antibiotic resistance genes
between a wide range of bacterial species. A highly diverse resistome was revealed,
with 39 different genes conferring resistance to 15 different antibiotics including ESBL,
chloramphenicol, ciprofloxacin, tetracycline and sulfamethoxazole, indicating an extensive
circulation of E. coli carrying multiple antibiotic-resistant genes in livestock in Lima; in
fact, Peru is considered one of the countries with a high projected increase of antimicrobial
consumption by livestock [43]. We detected that mcr-1 was associated with resistance
mechanisms to beta-lactams; five mcr-1-positive E. coli also encoded blaCTX-M-55, while other
eight isolates produced the blaTEM-1B gene. The co-occurrence of mcr-1 and beta-lactam
genes was also reported previously in South America, in samples from chicken meat in
Brazil and in E. coli isolated from pig farms and companion animals in Argentina [44–46].

The composite transposon Tn6330 (ISApl1–mcr1–pap2–ISApl1) is considered the main
vehicle for mcr-1 mobilization [6,35]. Only one out of fourteen mcr-1-positive E. coli
sequenced in this work contained Tn6330 with both copies of ISApl1 within an
IncHI1A:IncHI1B plasmid, while in another isolate, we noted the presence of an upstream
copy of ISApl1. Cassettes with the Tn6330 structure are generally mobilized by IncHI2
plasmids; however, E. coli has been reported harboring mcr-1 into hybrid plasmids con-
taining the incompatible types IncHI1A and IncHI1B in Asia [47,48]. Up to now, only four
plasmids have been described to carry the mrc-1 gene in Latin America: IncX4, IncP, IncI2
and IncHI2 [49]. On other hand, some E. coli genomes from chicken and pigs presented
mcr-1 carried by the IncI2 plasmid lacking the ISApl1 copies. The plasmid IncI2 has already
been described to spread different mcr genes variants in Latin American countries such as
Argentina, Brazil and Uruguay [50]. According to global genomic studies, mcr-1 sequences
with two copies of ISApl1 are found in lesser frequency than sequences with only a single
copy of ISApl1, while the majority of positive mcr-1 isolates do not present the ISApl1
sequence [4,6]. Due to the short-read sequencing method used in this work, we were not
able to determine the genetic context of the mcr-1 gene for six mcr-1-positive genomes
because of the incomplete assembly of the (plasmid) sequences. Therefore, we cannot
exclude the presence of other plasmid types that mobilize the mcr-1 gene in our isolates.
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In conclusion, we determined the occurrence of mcr-1-harboring E. coli in chicken
farms (21.3%) and pig farms (12.5%) in Lima. The genomic analysis showed diverse lineages
of E. coli carrying the mcr-1 gene mobilized by the IncI2 and IncHI1A:IncHI1B plasmids,
including the presence of ISApl1 copies enhancing the dissemination of mcr-1. The elevated
prevalence of multidrug-resistant strains in farms in Lima could serve as a reservoir of
ARGs that can be disseminated by farmers or food, impacting public health. We need
to expand the genomic and epidemiological surveillance of colistin resistance in farmers,
livestock, the environment, wastewater and hospitals to understand the dynamic of mcr-1
transmission in Peru.
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mcr-1 gene.; Supplementary Table S1: Sampling information and mcr-1 positivity by PCR in the farms
sampled in this study.; Supplementary Table S2: Accession numbers and sequencing statistics of
14 E. coli genomes carrying the mcr-1 gene.; Supplementary Table S3: Virulence factors and plasmid
types predicted by abricate using VFDB (Virulence Factor Database) and Plasmidfinder. Values
represent the gene coverage.
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Abstract: In this work, the metabolism behavior of mequindox (MEQ) in sea cucumber in vivo was
investigated using LC-HRMS. In total, nine metabolites were detected and identified as well as the
precursor in sea cucumber tissues. The metabolic pathways of MEQ in sea cucumber mainly include
hydrogenation reduction, deoxidation, carboxylation, deacetylation, and combinations thereof. The
most predominant metabolites of MEQ in sea cucumber are 2-iso-BDMEQ and 2-iso-1-DMEQ, with
deoxidation and carbonyl reduction as major metabolic pathways. In particular, this work first
reported 3-methyl-2-quinoxalinecarboxylic acid (MQCA) as a metabolite of MEQ, and carboxylation
is a major metabolic pathway of MEQ in sea cucumber. This work revealed that the metabolism of
MEQ in marine animals is different from that in land animals. The metabolism results in this work
could facilitate the accurate risk assessment of MEQ in sea cucumber and related marine foods.

Keywords: mequindox; metabolites; metabolic pathway; sea cucumbers; deoxidation; carbonyl reduction

1. Introduction

Quinoxalines, a class of synthetic quinoxaline veterinary drugs with a Quinoxaline
1,4-di-N-oxides structure (QdNOs), were reported with broad-spectrum antimicrobial
activity [1]. QdNOs have been applied as food additives in farm animal husbandry. As a
major QdNO, Mequindox (3-methyl-2-quinoaxlinacetyl-1,4-dioxide, MEQ) was developed
in the 1980s. Due to its high antibacterial activity, MEQ was used as an additive in swine
and chicken feed [2]. Recently, QdNOs were reported with potential carcinogenicity and
mutagenicity [3,4]. In particular, carbadox (CBX) and olaquindox (OLA), two members
of QdNOs, were banned by the European Commission (EC) [5]. Deriving from the same
family of QdNOs with a corresponding basic structure, MEQ has attracted increasing
attention due to corresponding toxic risk, including induced apoptosis, carcinogenicity,
DNA damage, etc. [6,7].

It was reported that MEQ could be easily metabolized after ingestion by animals,
and some of the metabolites were detected and their structure identified in previous
metabolic investigations in chicken and swine [8,9]. N → O group reduction and car-
boxylation were the major metabolic pathways in farm animals [10]. In farm animals,
the major N→ O group reduction metabolites were 1–desoxymequindox (1–DMEQ) and
1,4–bisdesoxymequindox (BDMEQ). Moreover, carboxylation metabolites and hydroxyla-
tion metabolites were also detected and identified. However, these metabolic investigations
and the metabolites identified were mainly in land farm animal tissues and related products.
There are few reports regarding metabolism investigations of QdNOs in aquatic animals.
The analytical methods for QdNOs and metabolites detection in aquatic animals and related
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products were mainly based on metabolic results in land farm animals and the metabolites
identified in chicken and swine [11,12]. The potential metabolic enzyme between land farm
animals and aquatic animals might lead to different metabolic mechanisms [13,14]. To the
best of our knowledge, there have been no related comprehensive metabolic investigations
of MEQ in sea cucumber.

As a high-nutrition and high-value marine food, sea cucumbers have been farmed and
exploited for commercial use as food and functional food [15,16]. Recently, sea cucumbers
have been investigated and processed for different functional foods, and the sea cucumber
industry is becoming one of the most important food commodities around the globe
for health purposes [17,18]. Bioactive compounds in sea cucumbers were detected and
reported with antioxidant, antihypertensive, anti-inflammatory, anticancer, antimicrobial
activities [19]. Mequindox has been widely applied and used as a feed additive and
antibacterial medicine in the sea cucumber farming industry [20]. Considering the extensive
application of sea cucumber in food and health-care food industry, the identification of
potentially hazardous compounds in sea cucumber appears to be necessary.

In this metabolism investigation, the major metabolites and metabolic pathways of
MEQ in sea cucumber were examined. This work could provide the basis and target
compound for further control of sea-cucumber-related food safety.

2. Results and Discussion
2.1. Optimization of Sample Preparation

In order to obtain more comprehensive metabolites, the first and most important step is
target compounds and metabolites extraction. In this work, three schemes were optimized
according to the previous literature [21–23], with some modification. An experiment group
sample and bland control of 2.00 ± 0.02 g were weighed into a 50 mL polypropylene
centrifuge tube, respectively. In total, 10 compounds, including MEQ and 9 metabolites,
were evaluated in different pretreatment schemes. By comparing the extraction effects of
three different schemes, it was obvious that Scheme 1 led to the most optimized results
with the highest abundance of all target compounds (Figure 1). Additionally, Scheme 1 was
used for MEQ and metabolites pretreatment of sea cucumber.
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2.2. Identification of Metabolites in Sea Cucumber

After administration, all experimental and control group samples were simply pre-
treated according to Scheme 2 and determined by HRMS. According to the elemental
composition of MEQ and the accuracy mass difference value between the metabolites
and MEQ, the elemental composition of metabolites could be speculated. In total, nine
metabolites were detected and identified in sea cucumber in vivo. The predicted elemental
compositions ([M + H]+), mass errors, retention times (RT), fragmentation ions, and relative
percentages of peak area are presented in Table 1. The errors between the measured and
predicted masses were within less than 6 ppm, which demonstrated the high mass accuracy
of the instrument. The chromatograms of MEQ and metabolites are shown in Figure 2, and
the fragmentation ions and potential neutral losses are shown in Figure 3.

Table 1. Retention times (RT), predicted elemental compositions ([M + H]+), mass errors, major
fragmentation ions, and relative percentages of protonated MEQ and metabolites.

Compound Name RT
(min)

[M + H]+

(m/z)

Predicted
Composition

([M + H]+)
RDB Error

ppm Major Fragment Ions Relative
Percentage

MEQ, M0 4.56 219.0764 C11H11O3N2 7.5 0.143 143.0596, 185.0698, 160.0622,
177.0648, 202.0722, 132.0675 33.3%

2-iso-MEQ, M1 4.34 221.0921 C11H13O3N2 6.5 0.367 169.0760, 187.0866, 203.0815,
160.0632, 177.0659, 143.0604 1.9%

1-DMEQ, M2 5.36 203.0803 C11H11O2N2 7.5 0.817 203.0803, 186.0777, 161.0701, 144.0674 1.1%
4-DMEQ, M3 5.69 203.0804 C11H11O2N2 7.5 0.718 186.0778, 144.0674, 158.0829 3.4%

2-iso-1-DMEQ, M4 4.60 205.0960 C11H13O2N2 6.5 0.370 169.0751, 187.0855, 205.0960,
171.0900, 145.0752 17.4%

BDMEQ, M5 7.32 187.0856 C11H11ON2 7.5 −5.503 159.0909, 145.0752 5.2%
2-iso-BDMEQ, M6 6.52 189.1011 C11H13ON2 6.5 −5.762 171.0907, 143.0598 36.6%

MQCA, M7 5.51 189.0654 C10H9O2N2 7.5 −2.507 145.0752, 143.0597, 171.0901 0.4%
deacetyl-MEQ, M8 3.42 177.0651 C9H9O2N2 6.5 2.010 160.0622, 143.0606 0.5%

Deacetyl-1-DMEQ, M9 5.35 161.0706 C9H9ON2 6.5 −4.963 144.0644 0.2%
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Figure 3. Accurate MS2 spectra and major proposed neutral loss of MEQ and metabolites detected in
DDA mode. The MS2 spectra were produced by collision-induced dissociation (CID) of the selected
precursor ions with different energies (20, 40, 70).
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2.2.1. Performance of MEQ in Mass Spectrum

MEQ is eluted at a retention time of 4.56 min with protonated molecule ([M + H]+) at
m/z 219.0764. An MS/MS spectrum of MEQ is acquired under collision-induced dissociation
(CID) with fragmentation ions of m/z 143.0596, 185.0698, 160.0622, 177.0648, 202.0722, and
132.0675. The predicted elemental compositions, observed and calculated masses, and mass
errors of protonated MEQ and its fragmentation ions are presented in Figure 3.

From the figure, it can be concluded that the loss of the OH radical from MEQ led to
formation of a product ion at m/z 202.0722 and 185.0698; further loss of the C2H2O side
chain resulted in m/z 143.0596. In other words, protonated MEQ led to loss of the C2H2O
side chain to form the fragment m/z 177.0648; further loss of the OH radical led to formation
of m/z 160.0622. Subsequently, the fragment ion at m/z 160.0622 lost the CO radical to form
the product radical at m/z 132.0675.

2.2.2. Metabolite MM1

Metabolite MM1 is eluted at a retention time of 4.34 with a protonated molecule at
m/z 221.0921. In the accurate MS2 spectra of MM1, the fragment ions are at m/z 169.0760,
187.0866, 203.0815, 160.0632, 177.0659, and 143.0604. The protonated MM1 and product ion
m/z 187.0866 are 2 Da higher than MEQ and the metabolites at m/z 185.0709, suggesting
a hydrogenation reduction metabolite with two hydrogen additions. The fragment ion
at m/z 187.0866 is 34 Da lower than the protonated molecule of MM3 at m/z 221.0920,
showing that the m/z 187.0709 is formed by the loss of the 2 OH group, indicating that two
N→ O groups still exist in MM1 as MEQ. In addition, the fragment ions at m/z 169.0760
and 203.0815 are neutral losses of H2O from the fragment at m/z 187.0866 and protonated
MM1 with 18 Da mass shift, which suggests that hydrogenation takes place in the acetyl
group of a further side chain. The fragment at m/z 143.0603 is formed by losing the C2H4O
of the side chain from the fragment at m/z 187.0866 with 44 Da mass shift. The fragment at
m/z 177.0659 is formed by losing the side chain of fragment m/z 203.0815 and further loss of
the OH group to form fragment m/z 160.0632. From the mass spectra, MM1 is considered
as 2-isoethanol-mequindox (2-iso-MEQ).

2.2.3. Metabolites MM2, MM3, and MM4

Metabolites MM2 and MM3 are eluted at a retention time of 5.36 min and 5.69 min
with protonated molecules at m/z 203.0803 and 203.0804, which are 16 Da lower than MEQ.
For MM2, the MS2 spectra of fragments at 203.0803, 186.0777, 161.0701, and 144.0674 are
1 Da higher than fragments of MEQ, indicating a similar structure between MM2 and MEQ.
According to the MEQ mass spectra, the coordination bond oxygen could be eliminated by
the OH group with a neutral loss at 17 Da. For MM3, the fragment ion m/z 186.0778 is 17 Da
lower than the protonated molecule by losing the OH group. Fragment ions m/z 144.0674
and m/z 158.0829 are further eliminated from the C2H2O and CO groups, respectively. From
the mass spectra, MM2 and MM3 are identified as the N→O group reduction metabolites of
MEQ. The amount of MM3 is higher than MM2 in the chromatogram. From the structure of
MEQ, the side chain at position 2 could enhance the steric hindrance of oxygen at position 1.
The deoxidation reaction at position 4 is easier than at position 1. Therefore, MM3 is identified
as 4-desoxy-MEQ (4-DMEQ), while MM2 is identified as 1-desoxy-MEQ (1-DMEQ).

Metabolite MM4 is eluted at a retention time of 4.60 with protonated molecule at
m/z 205.0960. MM4 is 2 Da higher than m/z 203.0816, indicating a hydrogenation reduc-
tion metabolite of desoxy-MEQ. The natural loss of 17 and 18 Da might result from the
coordination bond oxygen and the hydroxyl group in the structure. Considering that the
coordination bond oxygen at position 1 is much more stable than at position 4 as MM3,
therefore, MM4 is considered as 2-isoethanol-1-desoxy-MEQ (2-iso-1-DMEQ).

2.2.4. Metabolites MM5, MM6, and MM7

Metabolite MM5 is eluted at a retention time of 7.32 with protonated molecule at
m/z 187.0856, which is 32 Da lower than MEQ. In addition, the neutral loss of 28 Da is
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detected in MS2 spectra, indicating a carbonyl group in the structure. MM5 is considered as
a bisdesoxy-MEQ metabolite (BDMEQ).

Metabolites MM6 and MM7 are eluted at a retention time of 6.52 min and 5.51 min with
protonated molecule at m/z 189.1011 and m/z 189.0654. Based on the varied m/z value, the
elemental composition of MM6 and MM7 might be different. From the Xcalibur platform,
the fragment of m/z 189.1011 (MM6) is recommended as C11H13N2O, while m/z 189.0654
(MM7) is C10H9N2O2. In the MS2 spectra of MM6, the neutral losses of 18 Da and 46 Da
in MM6 are detected by loss of the H2O and C2H6O side chain. In the MS2 spectra of
MM7, the neutral loss of 44 Da is recommended as the loss of the COO group, indicating a
carboxyl group in MM7. Therefore, MM6 is considered as 2-isoethanol bisdesoxy-MEQ
(2-iso-BDMEQ), and MM7 is considered as 3-methyl-2-quinoxalinecarboxylic acid (MQCA).

2.2.5. Metabolites MM8 and MM9

Metabolite MM8 is eluted at a retention time of 3.42 min with protonated molecule at
m/z 177.0651. MM8 is 42 Da lower than MEQ, indicating the loss of the acetyl group in the
structure. In the MS2 spectra, fragment ions m/z 160.0622 and 143.0606 are formed with
neutral losses of 17 and 34 Da, which is similar to MEQ losing two N→O groups in turn.
Therefore, MM8 is considered as deacetyl-MEQ.

Metabolite MM9 (5.35 min) with protonated molecule at m/z 161.0706 is 16 Da lower
than MM8. Different from MM8 in the MS2 spectra, only a 17 Da neutral loss is detected
without 34 Da. According to the easy deoxidation reaction at position 4, MM9 is considered
as deacetyl-1-desoxy-MEQ (Deacetyl-1-DMEQ).

2.3. Metabolic Pathway of MEQ in Sea Cucumber In Vivo

The results show that mequindox can be metabolized in sea cucumber after administra-
tion. In total, nine metabolites of MEQ are detected and identified by HRMS in sea cucumber.
The metabolic pathways of MEQ in sea cucumber mainly include hydrogenation reduction,
deoxidation, carboxylation, deacetylation, and combinations of these metabolic pathways
(Figure 4). Table 1 shows the relative percentage of metabolites as well as mequindox in sea
cucumber in vivo. The relative percentages of these targets are estimated on the basis of peak
areas in HRMS. From the table, M6 and M4 are the predominant metabolites of MEQ in sea
cucumber, accounting for 36.6% and 17.4% of all MEQ and metabolites. The percentages are:
M5 (5.2%), M3 (3.4%), M1 (1.9%), M2 (1.1%), M8 (0.5%), M7 (0.4%), and M9 (0.2%).
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In the previous literature on MEQ metabolism investigations, the predominant metabolite
of MEQ in rat is 1-DMEQ, which takes almost half of total MEQ and metabolites, followed by
BDMEQ and 3-hydroxymethyl-1-DMEQ. In chicken, the predominant metabolite is 1-DMEQ,
as in rat, followed by BDMEQ, 2-isoethanol-1-DMEQ, and 2′-hydroxyacetyl-1-DMEQ. Accord-
ing to a MEQ metabolism study in pig, the predominant metabolite is 2-isoethanol-1-DMEQ.
Additionally, 1-DMEQ, 2-isoethanol-MEQ, and BDMEQ are also reported as major metabolites.
From the literature, N→O group reduction is the most predominant metabolic pathway of
MEQ metabolism in land animals [21]. Different from land animals, in the metabolism investi-
gation of MEQ in sea cucumber, the most predominant metabolic pathways are deoxidation
and carbonyl reduction, with M6 (2-isoethanol-BDMEQ) and M4 (2-isoethanol-1-DMEQ) as
major metabolites. In particular, carboxylation is also detected as a major metabolic pathway,
with MQCA (M7) as one of the metabolites of MEQ. MQCA was reported as a residue marker
of olaquindox in land farm animals in previous literature works [24,25]. This work first
reported MQCA as one of the metabolites of MEQ in sea cucumber.

3. Materials and Methods
3.1. Chemicals and Reagents

MEQ (purity > 98%) was purchased from A Chemtek, Inc. (Woburn, MA, USA).
Sea cucumber samples were purchased from the local market. Acetonitrile, Methanol,
formic acid, and ethyl acetate (HPLC grade) were purchased from Dima Technology Inc.
(Muskegon, MI, USA). Metaphosphoric acid (analytical reagent) was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China). Hydrochloric acid (analytical
reagent) was purchased from Yantai Sanhe Chemical Reagent Co., Ltd. (Yantai, Shandong,
China). Oasis HLB cartridges (3 mL/60 mg) were purchased from Agilent Technologies
(Palo Alto, CA, USA).

3.2. Apparatus

Ultimate 3000 pumping system coupled with a quadrupole-Orbitrap UHPLC-Q/Exactive
Plus was obtained from Thermo Fisher Scientific (Bremen, Germany). A QL-901 vortex mixer
was purchased from Haimen Kylin-Bell Lab Instruments Co., Ltd. (Haimen, Jiangsu, China).
An HH-6 digital display constant temperature water bath was purchased from Changzhou
GuoHua Electric Appliance Co., Ltd. (Changzhou, Jiangsu, China). A KQ5200 ultrasonic
cleaner was purchased from Kunshan Ultrasonic Instruments Co., Ltd. (Jiangsu, China). An
H2050R centrifuge was obtained from Changsha High-tech Industrial Development Zone
Xiangyi Centrifuge Instrument Co., Ltd. (Changsha, Hunan, China). Syringe filters (0.2 µm)
were obtained from Waters (Milford, MA, USA). Air-pump nitrogen evaporator was obtained
from Hangzhou mio Co., Ltd. (Hangzhou, China).

3.3. Sample Preparation

Live sea cucumbers (150 ± 10 g, 3 years old) were obtained from local aquaculture
and raised for 7 days to ensure they were MEQ free. Sea cucumbers were divided into the
experimental group and the control group with six replicates each. Sea cucumbers in the
experimental group were raised in sea water with 4 mg/L MEQ, while the control group
were raised in sea water free of MEQ for 24 h. Afterward, sea cucumbers in the experimental
and the control group were collected. Each sea cucumber sample was homogenized with
a blender machine for further treatment. For sea cucumber preparation, 2.00 g ± 0.02 g
experiment samples and blank control samples were weighed into a 50 mL polypropylene
centrifuge tube, respectively. Detailed preparation procedures were optimized with three
different schemes based on previous literature works [21–23], and each scheme was run
in six repetitions. In Scheme 1, each sample was extracted with 5 mL of methanol by
vortexing for 5 min and supersonic extraction for 2 min. Each sample was centrifuged
at 10,000× g for 15 min at 4 ◦C in a refrigerated centrifuge, and the supernatant was
transferred into another 50 mL polypropylene centrifuge tube. The residues were re-
extracted with 5 mL of ethyl acetate containing 0.1% formic acid. The supernatant was
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combined after centrifugation and taken to dry under a stream of nitrogen at 45 ◦C. Then,
the residue was re-dissolved with 1 mL of methanol–water (50:50, v/v) and filtered through
a 0.22 µm syringe filter into auto-sampler vials for HRMS analysis. In Scheme 2, 20%
metaphosphoric acid was added to each sample and settled in a water bath at 55 ◦C for
30 min for acidolysis and extraction. After centrifugation at 10,000× g for 15 min at 4 ◦C in
a refrigerated centrifuge, the supernatants were purified with an OASIS HLB column. In
Scheme 3, 2 mol/L hydrochloride acid was added, and each sample was put in a water bath
at 55 ◦C for 30 min for acidolysis and extraction. After the water bath and centrifugation
at 10,000× g for 15 min at 4 ◦C in a refrigerated centrifuge, the supernatant was purified
with an OASIS HLB column. Each sample was filtered through a 0.22 µm syringe filter into
auto-sampler vials for HRMS analysis.

3.4. Instrumental Conditions

The HRMS analysis was operated in a positive mode. Samples were analyzed using
liquid chromatography coupled with Q/Exactive high-resolution mass spectrum (HRMS).
Samples were separated with a Hypersil GOLD C18 column (100 mm× 2.1 mm, i.e., 1.9 µm)
by a gradient elution program with water containing 0.1% formic acid as mobile phase A
and acetonitrile containing 0.1% formic acid as mobile phase B. The flow rate of the mobile
phase was 0.3 mL/min with injection volume at 5 µL. The gradient elution program was
as follows: 0–2 min 95% A, 2–3 min 95–75% A, 3–4 min 70–60% A, 4–5.5 min 60–45% A,
5.5–7.5 min 45–5% A, 7.5–9 min 5–95%, and 9–12 min 95% A.

The mass spectrum parameters for HRMS were operated in a data-dependent acquisi-
tion (DDA) mode with negative heated electrospray ionization (HESI+). The parameters
for full mass scan in DDA were settled at a resolution of 70,000 FWHM, scan range of m/z
120–900, automatic gain control (AGC) target of 3.0 × 106, and maximum ion implantation
time (Maximum IT) of 64 ms. The ddMS2 parameters in the DDA mode were settled at
a resolution of 17,500 FWHM, TOP N = 5, maximum IT 64 ms, isolation window 1.2 m/z,
and normalized collisional energy (NCE) at 20, 40, and 60 eV.

3.5. Data Processing

In this study, Thermo’s in-house software Xcalibur was used to demonstrate the high
mass accuracy of the instrument by comparing the measured and predicted masses of
targets [26]. Simultaneously, the metabolites could be detected and identified by comparing
the precursor, fragment ions, and neutral loss between the experimental and control
samples. The mass tolerance window was set to 10.0 ppm. The smoothing setting was
enabled. The smoother type Gaussian was selected with 7 smoothing points.

4. Conclusions

In general, the metabolism behavior of MEQ in sea cucumber in vivo was investigated
in the current study. The result shows that, in total, nine metabolites were detected and
identified, as well as the precursor. Different from the metabolism result in land farm
animals, the most predominant metabolites of MEQ in sea cucumbers were 2-iso-BDMEQ
and 2-iso-1-DMEQ, with deoxidation and carbonyl reduction as major metabolic pathways
in sea cucumber. In particular, this work first reported MQCA as a metabolite of MEQ, and
carboxylation is a major metabolic pathway of MEQ in sea cucumbers. This work reveals
that the metabolism of MEQ in marine animals is different from that in land animals. The
metabolism results in this work could facilitate the accurate risk assessment of MEQ in sea
cucumber and related marine foods.
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Abstract: Phorate is a systemic, broad-spectrum organophosphorus insecticide. Although it is
commonly used worldwide, phorate, like other pesticides, not only causes environmental pollution
but also poses serious threats to human and animal health. Herein, we measured the blood glucose
concentrations of high-fat-diet-fed mice exposed to various concentrations of phorate (0, 0.005,
0.05, or 0.5 mg/kg); we also assessed the blood glucose concentrations of high-fat-diet-fed mice
exposed to phorate; we also assessed the distribution characteristics of the resistance genes in the
intestinal microbiota of these mice. We found that 0.005 and 0.5 mg/kg of phorate induced obvious
hyperglycaemia in the high-fat-diet-fed mice. Exposure to phorate markedly reduced the abundance
of Akkermansia muciniphila in the mouse intestine. The resistance genes vanRG, tetW/N/W, acrD,
and evgS were significantly upregulated in the test group compared with the control group. Efflux
pumping was the primary mechanism of drug resistance in the Firmicutes, Proteobacteria, Bacteroidetes,
Verrucomicrobia, Synergistetes, Spirochaetes, and Actinobacteria found in the mouse intestine. Our
findings indicate that changes in the abundance of the intestinal microbiota are closely related to the
presence of antibiotic-resistant bacteria in the intestinal tract and the metabolic health of the host.

Keywords: phorate; hyperglycaemia; intestinal microbiota; resistance genes

1. Introduction

Organophosphorus (OP) compounds are widely used in China and abroad to protect
crops from insects [1]. OP pesticides generally work by irreversibly inhibiting the enzyme
acetylcholinesterase [2]. Phorate is a systemic, broad-spectrum OP insecticide and is
commonly used in the agricultural sector to control sucking and chewing pests, leaf
hoppers, and mites. Phorate is primarily available as a granular formulation that can be
applied by banding when planting a crop or by directly placing it in-furrow with a seed [3].
However, the use of OP pesticides leads to varying degrees of environmental pollution,
which can originate from various sources. Studies have reported that phorate is found
in vegetables (tomatoes, 2.0–98.5 µg/kg; aubergines, 1.0–20.7 µg/kg) and fruits (apples,
1.5–45.1 µg/kg; grapes, 3.4 µg/kg; pears, 1.4–26.4 µg/kg) [4]. The estimated daily intake of
phorate ranges from 0.1 to 0.47 µg/kg bw/day in the general population and from 0.18 to
43.73 µg/kg bw/day in farmers [5]. These numbers have raised concerns regarding human
exposure to phorate.

Phorate undergoes a P450-mediated desulphurisation reaction to produce oxon metabo-
lites; its primary mechanism of acute toxicity is acetylcholinesterase inhibition mediated
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mainly by the oxon metabolite phorate–oxon [6]. It remains unknown whether animals can
develop resistance after exposure to phorate. Nevertheless, the emergence of resistance is
thought to be linked to the use of antibiotics, which pose a threat to human and animal
health [7]. In humans and animals, the gut is the key reservoir of microbial communities,
comprising both commensal and pathogenic bacteria [8]. A growing number of studies
have found that because the gut microbiota is frequently exposed to exogenous antibiotics
from drugs or from the food chain, it possesses multiple drug-resistance genes [9]. More-
over, long-term exposure of humans and animals to antibiotics leads to the enrichment of
intestinal drug-resistance genes.

A recent review of comprehensive studies on intestinal microbiota and antibiotic
resistance conducted in a large human cohort in China found that the antibiotic resistance
of the intestinal microbiota is closely associated with faecal metabolites and the host’s
metabolic health [10]. Antibiotic-resistance gene diversity is associated with a higher risk of
type 2 diabetes (T2D). Moreover, a study reported that the pesticide chlorpyrifos impaired
mitochondrial function and diet-induced thermogenesis in brown adipose tissue (BAT)
and promoted increased obesity, non-alcoholic fatty liver disease (NAFLD), and insulin
resistance in high-fat-diet-fed mice [11]. However, to date, no studies have assessed the
effects of phorate on glucose metabolism.

To explore the hazards of pesticide residues with respect to host metabolic health and
the correlation between the production of resistance genes and glucose metabolism, in
this study, we measured the blood glucose concentrations and assessed the distribution
characteristics of antibiotic-resistance genes in the intestinal microbiota of HFD-fed mice
exposed to phorate.

2. Results
2.1. Phorate Exposure Elevated the Blood Glucose Concentrations in HFD-Fed Mice

To determine the effects of phorate on glucose metabolism, 7–8-week-old male HFD-
fed C57Bl/6j mice were exposed to 0, 0.005, 0.05, and 0.5 mg/kg bw/day of phorate by oral
gavage each day for 5 weeks. We then measured the blood glucose concentrations of the
mice in the natural state (Figure 1a). The blood glucose concentrations of the mice exposed
to phorate, especially the 0.005 and 0.5 mg/kg bw/day doses, were significantly higher
than those of the control group (p < 0.05).

2.2. Effects of Phorate on the Beta Diversity of the Gut Microbiota in HFD-Fed Mice

Principal component analysis was used to study the extent of intergroup similarity
or heterogeneity in terms of community structure. A shorter distance between samples
indicates a greater similarity in community structure and vice versa. The community
similarity was measured based on phylogenetic relatedness using unweighted UniFrac
in a principal component analysis plot (Figure 1b). PC1 and PC2, the first two principal
components, explain 12.78% and 9.25% of the data variation, respectively, clearly separating
each community. Samples of the same group are represented by the same colour. The A
group (control group) and the B, C, and D groups (0.005, 0.05, and 0.5 mg/kg group) are
clearly separated, indicating that the gut microbiota structure had discernibly changed
after exposure to phorate.
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Figure 1. (a) Effect of phorate on the blood glucose concentrations of mice after 35 days of exposure.
(b) PCA plots of the different genera. The abscissa is the first principal component, whereas the
ordinate is the second principal component. Both percentages represent the contribution of the
second principal component to the sample differences. Each point in the figure represents a sample,
and samples of the same colour belong to the same group. (c) Relative-abundance bar chart of the
genus-annotation results of each sample at different classification levels; the top 10 genera with the
largest relative abundances in each group are indicated, whereas the remaining genera are grouped
as ‘others’. (d) Venn diagrams showing the numbers of unique and common genes in the mouse
intestinal tract. (e) Distribution of resistance genes in the phorate-exposed groups. *: p < 0.05, as
assayed by two-tailed Student’s t-test or one-way ANOVA followed by Student-Newman-Keuls test.

2.3. Relative Abundance of the Intestinal Microbiota in Mice Exposed to Phorate

The intergroup analysis identified the enrichment of specific genera, indicated by
significant intergroup differences in abundance. Gut microbiota genera having a relative
abundance of 0.01% in at least one group were scrutinized. Genera with a relative abun-
dance of >0.01% of the intestinal microbiota genera in each group were selected. Figure 1C
shows the abundances of the top 10 bacterial genera. Akkermansia was the dominant genus
in the control group (7.43%), with the other classifications ignored. However, the abundance
of Akkermansia was decreased in the phorate-exposed groups (B: 2.54%, C: 2.76%, D: 3.82%).
The abundance of Parabacteroides (B: 7.99%, C: 2.76%, D: 2.56%) and that of Alistipes (B:
0.87%, C: 0.55%, D: 1.24%) were increased in the phorate-exposed groups compared with
the control group (Parabacteroides: 2.38%, Alistipes: 0.53%).

2.4. Effects of Phorate on Intestinal Microbiota Gene Numbers

A Venn diagram was drawn to investigate the distribution of gene numbers among the
designated groups and to analyse the common and unique information of the genes in the
different groups. Overall, 749,726 genes were shared among the four groups (Figure 1D). In
total, 42,841 genes were unique to the control group. In comparison, 11,182 unique genes
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were found in the 0.005 mg/kg group, 8092 in the 0.05 mg/kg group, and 16,468 in the
0.5 mg/kg group. Thus, significant differences were found in the microbial compositions
of the four groups. Moreover, exposure to phorate reduced the number of intestinal
microbiota genes.

2.5. Composition of Intestinal Antibiotic-Resistance Genes after Phorate Exposure

After analysing the drug-resistance genes in the intestinal microbiota in the four
groups of mice, the 30 genes with the most obvious expression differences were subjected
to further analysis (Figure 1E). The resistance genes vanRG, tetW/N/W, acrD, and evgS were
significantly upregulated in the phorate-exposed groups compared with the control group.
However, the resistance genes IrfA, CMY-98, rpoB2, LRA-2, EdeQ, AAC3-IIa, InuC, Erm31,
clbC, APH6-Ic, and cat-resistance genes were significantly downregulated regulated in the
phorate-exposed groups.

2.6. Relationship between the Resistance Gene Mechanisms and the Intestinal Microbiota Composition

Figure 2 shows that the most abundant phyla in the mouse intestinal microbiota were
Firmicutes and Proteobacteria. The abundance of Firmicutes is mainly attributable to the
following three mechanisms of drug resistance: efflux pumping, inactivation, and target
alternation. Meanwhile, efflux pumping is the main mechanism of drug resistance in
Proteobacteria. Bacteroidetes, Verrucomicrobia, Synergistetes, Spirochaetes, and Actinobacteria
were also widely distributed in the intestinal microbiota of the mice. Moreover, target
protection, replacement, and other mechanisms exhibited by the above-mentioned strains
affect the development of drug resistance by the intestinal microbiota.
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Figure 2. Circular diagram outlining the resistance mechanisms and genera. The circle is divided into
two parts, with the genus information at the gate level on the right and the resistance mechanism-
related information on the left. The different colours in the inner circle indicate the resistance
mechanisms for different genera and resistances, and the scale denotes the number of genes. The left
side indicates the sum of the number of resistance genes in the genera that contain the corresponding
resistance mechanism, and the right side denotes the sum of the number of resistance genes contained
in the genera with different resistance mechanisms. The left side of the outer circle denotes the relative
proportion of the resistance genes in each genus to the resistance genes of its resistance mechanism,
whereas the right side of the outer circle denotes the relative proportion of the resistance genes in
each resistance mechanism to the resistance genes of its genus.
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3. Discussion

Phorate is a systemic, broad-spectrum OP insecticide. In this study, for the first time,
we found that phorate has a hyperglycaemic effect on HFD-fed mice. Diabetes is reportedly
induced by environmental and genetic causes, and increasing evidence has shown that
the use of global pesticides has increased the risk of obesity and T2D [12]. A previous
study reported that the increased risk of diabetes in humans may be related to the use of
phorate [13]. The body weight changes of the four groups of mice were recorded during
the whole experiment. However, we did not find a significant difference in body weight
between the phorate groups and the control group (data not shown). We felt that there was
probably no relationship between weight and blood glucose levels in this study. Among
13,637 farmers’ wives who were exposed to phorate, 688 (5%) were found to have diabetes
over a 10-year follow-up period. This finding is consistent with our hyperglycaemia
results in mice. However, our mouse experiments clearly demonstrated a dose-dependent
relationship between phorate and hyperglycaemia. Mice exposed to 0.005 and 0.5 mg/kg
phorate had obvious hyperglycaemia. Phorate is a potential risk factor for human health,
and the acceptable daily intake recommend by the WHO is 0.0005 mg/kg bw/day [14].
Occupational exposure of farmers to phorate increases their daily intake of pesticides, with
a median exposure of 0.69 µg/kg bw/day, the equivalent of which is 0.006279 mg/kg
bw/day in mice [5]. Phorate at concentrations of 0.25–2 µg/mL can lead to the splitting
and mutation of DNA as well as DNA loss in human lymphocytes [15]. However, the
regulatory roles of phorate in glucose metabolism remain unclear.

Upon entry through oral gavage, phorate inevitably affects the intestinal microbiota
of mice. The gut microbiome is closely associated with the occurrence and development
of chronic diseases [16]. The gut microbiota engages in symbiotic relationships and reg-
ulates various metabolic functions, including intestinal barrier homeostasis and glucose
homeostasis [17,18]. Preclinical and clinical studies have shown that the abundance of
A. muciniphila is associated with the development of metabolic disorders, including obesity
and T2D [19,20]. A. muciniphila secretes a glucagon-like peptide-1-inducing protein to
improve glucose homeostasis and regulate metabolic diseases in mice [21]. Similarly, in
the present study, we found that the abundance of A. muciniphila was significantly reduced
after exposure to phorate, and this may have led to the observed increases in blood glucose
concentrations. However, the abundances of Parabacteroides and Alistipes were increased
in the phorate-exposed groups compared with those in the control group. Parabacteroides
can accelerate the development of diabetes in non-obese diabetic mice as well as increase
the macrophage, dendritic cell, and destructive CD8+ T cell levels and reduce the Treg cell
levels [22]. Feeding on HFDs increases the abundance of Alistipes [23]. The enrichment
of anti-inflammatory bacteria in Alistipes can improve its glucose tolerance and insulin
sensitivity [24]. Our results were consistent with those of previous studies and suggested
that the changes in the intestinal microbiota induced by phorate were closely associated
with glucose metabolism.

Interestingly, we found that phorate may also contribute to the development of re-
sistance genes in the intestinal microbiota as well as the development of hyperglycaemia
in mice. According to a recent study [10] that analysed the metagenomic landscape of
intestinal antibiotic-resistant microorganisms in a large multiomics human cohort (n = 1210)
study, a significant overall change was observed in the intestinal antibiotic-resistance struc-
ture of the healthy, prediabetic, and T2D groups. The study reported that the levels of
vanRG, tetW/N/W, acrD, and evgS were significantly upregulated after exposure to phor-
ate. vanX present in vancomycin-resistant genes is reportedly associated with the risk
of T2D [10]. AcrD, which is paralogous to AcrB—which belongs to the RND family of
transporters—confers resistance to tetracycline, novobiocin, nalidixic acid, norfloxacin,
sodium dodecyl sulfate, and aminoglycosides [25]. We found that hyperglycaemic mice
carried the vancomycin-resistance gene vanRG, the tetracycline-resistance gene tetW/N/W,
and the multidrug-resistance genes acrD and evgS; these genes have not been previously
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reported in mice. We believe that the increase in the abundances of these resistance genes
is attributable to the use of phorate.

For the first time, we found that phorate can lead to the production of drug-resistance
genes in the intestinal microbiota. Phorate can also lead to the corresponding drug resis-
tance in bacteria. For instance, tetracycline efflux transporters are a major facilitator of
the antibiotic efflux pumps of the aminoglycoside gene superfamily [26]. We found that
efflux pumps were the main mechanism of drug resistance in Firmicutes, Proteobacteria,
Bacteroidetes, Verrucomicrobia, Synergistetes, Spirochaetes, and Actinobacteria. Notably, Firmi-
cutes, Proteobacteria, and Bacteroidetes have been found to be dominant in the microbiota
of mice and humans [27]. Therefore, we suspect that phorate causes hyperglycaemia in
mice primarily by causing the dominant bacteria in the intestine to produce efflux pumps.
Some studies have reported that the gut antibiotic resistome may change earlier than the
gut microbiota during T2D progression and/or that changes in the gut antibiotic resistome
are more sensitive to the development of T2D [10]. Herein, we propose that phorate can
cause hyperglycaemia in mice by influencing the abundance of the intestinal microbiota
and by modulating or altering the expression of drug-resistance genes.

4. Materials and Methods
4.1. Chemicals

Phorate was obtained from Tianjin Alta Scientific Co., Ltd. (Tianjin, China) (purity
quotient of ≥99%, product no. 298-02-2). Pure corn oil was purchased from Sigma-Aldrich
(100%, product no. C116023; Sigma-Aldrich (Shanghai, China) Trading Co, Ltd, Shanghai,
China). The mice were fed with a HFD (60 kcal% fat; Cat# D12492; Research Diets Inc.,
New Brunswick, NJ, USA).

4.2. Animals and Treatments

A total of 28 male C57Bl/6j mice aged 7–8 weeks were obtained from Beijing Vital
River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were randomly
divided into four groups (control, 0.005 mg/kg, 0.05 mg/kg, and 0.5 mg/kg) and fed
an HFD. Based on their group, the mice were treated with different doses of phorate or
corn oil (control) daily for 5 weeks consecutively. Phorate dissolves well in corn oil and
was administered by gavage. All the mice were housed under a 12 h light/dark cycle
at 22–25 ◦C and were provided free access to drinking water and food, except when the
food had to be withdrawn for experimental purposes. All of the animal experiments were
performed according to the guidelines of Shenzhen TopBiotech Co., Ltd (Shenzhen, China).
(TOP-IACUC-2021-0083).

4.3. Blood Glucose Concentrations

Blood glucose concentrations were determined using a FreeStyle Optium Neo meter
(Abbott, Shanghai, China) at the fifth week of the treatment period. Blood samples were
collected from mice through a small cut made at the tip of the tail.

4.4. Metagenomic Sequencing

Using the QIAamp DNA Stool Kit (Qiagen, Gaithersburg, MD, USA), genomic DNA
was extracted from the caecum contents. A Thermo NanoDrop One (Thermo Fisher Sci-
entific Co., Ltd, Waltham, USA) was used to detect the purity and concentration of the
extracted DNA (n = 28 C57Bl/6j mice fed an HFD). We used the paired-end sequenc-
ing mode of the Illumina HiSeq sequencing platform (Novogene Company Limited Co.,
Ltd, Tianjin, China) for high-throughput sequencing of multiple samples. The raw data
obtained using this platform were pre-processed using Readfq to acquire clean data for
subsequent analyses. Bioinformatic analysis of the sequencing data was conducted us-
ing the Quantitative Insights into Microbial Ecology software. Low-quality reads, bar-
codes, and primers as well as chimera sequences were eliminated using the UCHIME
software (version 4.2, http://drive5.com/usearch/manual/uchime_algo.html) with the
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relevant algorithm, and the effective tags were obtained. Clean data were obtained after
pre-processing, and the MEGAHIT assembly software (version 1.0.4-beta) was used for
assembly analysis. After quality control of each sample, the clean data were compared
with the scaftigs after assembly of each sample using the Bowtie2 software (version 2.2.4,
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). For the scaftigs generated upon
single-sample assembly, fragments <500 bp were filtered out, and statistical analysis and
subsequent gene prediction were conducted. Starting from the scaftigs (≥500 bp) of each
sample, MetaGeneMark (version 3.05, http://topaz.gatech.edu/GeneMark/) was used
for open reading frame prediction, and hits with <100 nucleotides were filtered out based
on the prediction results. For the open reading frame prediction results of each sample
assembly, the CD-HIT software (version 4.5.8, http://www.bioinformatics.org/cd-hit/)
was used to eliminate redundancies to obtain a non-redundant initial gene catalogue. By
default, 95% identity and 90% coverage were maintained for clustering, and the longest
sequence was selected as the representative sequence. Based on the abundance information
of each gene in each sample in the gene catalogue, basic information statistics, core pan-
gene analysis, correlation analysis between samples, and gene-number Wayne diagram
analysis were conducted. The 28 gut microbial metagenome sequence data that support
the findings are available in the SRA under the NCBI BioProject ID PRJNA892724.

4.5. Annotation of Resistance Genes

Resistance gene identifier (RGI) software (version 6.0.0, https://card.mcmaster.ca/
analyze/rgi) in the Comprehensive Antibiotic Resistance Database (v2.0.1) was used to
compare unigenes with the CARD data (RGI built-in Blastp); bitcore value comparison was
performed to score the results [28]. The relative abundance of each Antibiotic Resistance
Ontology was calculated based on the comparison results.

4.6. Statistical Analysis

Based on the data distribution, significance was assessed using the unpaired two-
tailed t-test or one-way analysis of variance, as appropriate. Significant differences are
indicated in the figures with * p < 0.05. All differences are considered statistically significant
at p < 0.05, unless indicated otherwise. GraphPad Prism version 8.0 (GraphPad Software
Co., Ltd, San Diego, CA, USA) was used for graphical illustrations and statistical analyses.
The non-parametric factorial Kruskal–Wallis rank sum test was used to detect genera with
significant abundance differences between groups, and the Wilcoxon rank sum test was
then used to analyse the differences between the two groups. Finally, linear discriminant
analysis was performed to achieve dimensionality reduction and assess the impact size of
the significantly different genera.

5. Conclusions

We found that phorate can cause hyperglycaemia in mice. An in-depth analysis of
the intestinal microbiota in mice revealed that phorate can affect the abundance of the
intestinal microbiota and therefore alter the expression of drug-resistance genes. Moreover,
changes in the abundance of the intestinal microbiota are closely related to the presence of
antibiotic-resistant bacteria in the intestinal tract and the host’s metabolic health. Taken
together, our results can guide pesticide safety evaluations in future studies.
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Abstract: Antibiotics, especially fluoroquinolones, have been exhaustively used in animal husbandry.
However, very limited information on the occurrence and exposure assessment of fluoroquinolone
residues in chicken and pork in China is available to date. Thus, a total of 1754 chicken samples and
1712 pork samples were collected from 25 provinces in China and tested by ultra-high performance
liquid chromatography-tandem mass spectrometry (UPLC–MS/MS) for residual determination of
six common fluoroquinolones. The results revealed that the detection frequencies of fluoroquinolone
residues were 3.99% and 1.69% in chicken and pork samples. The overall violation frequencies were
0.68% and 0.41% for chicken and pork. Enrofloxacin and its metabolite ciprofloxacin were found to
be the most predominant fluoroquinolones. The occurrence of these antibiotics in different sampling
regions and market types was analyzed. The %ADI values of enrofloxacin and ciprofloxacin were
far less than 100, indicating the health risk associated with the exposure to these aforementioned
fluoroquinolone residues via chicken and pork for Chinese children, adolescents, and adults was
acceptable. The results provided useful references for Chinese consumers, and helped to appropriately
use these antibiotics in poultry and livestock industry.

Keywords: occurrence; risk assessment; fluoroquinolone; chicken; pork; China

1. Introduction

Chicken and pork are two of the most commonly consumed meats in China. Over
the past 30 years, the per capita consumption of meat in China has increased by 50% [1].
The growth in demand has meant that the poultry and livestock industries have shifted
from traditional family farming to intensive farming [2]. Nevertheless, as any intensive
animal production system, the risk of the emergence and spread of infectious diseases
are high [3]. Antibiotics have become an increasingly indispensable solution to protect
food-producing animals from disease endangerments, either prophylactically or therapeu-
tically, and avoid economic losses. Unfortunately, the use of huge amounts of antibiotics
can result in the presence of their residues, and adverse effects on consumers and the envi-
ronment. Antibiotic residues in the tissues of animals have raised several safety questions
regarding allergenic potential, toxic effects (neurotoxicity, hepatotoxicity, nephrotoxicity,
genotoxic effects and arthrotoxicity) and, more alarming, the development of antimicrobial
resistance [4–9]. In addition, more than 70% of the antibiotics applied are then excreted
into the environment via urine and feces [10]. The residual antibiotics in the environment
may lead to potentially negative impacts on nontarget organisms, contamination of food
and drinking water, and increase antibiotic resistance [11]. Because of long-term antibiotic
use during animal breeding, antibiotic resistance has markedly increased in recent decades,
which currently has become one of the most serious threats to human health [12–14].

Fluoroquinolones are a group of antibiotics exhaustively used in human and veterinary
medicine, and act by inhibiting bacterial DNA gyrase and/or topoisomerase IV. After
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administration, fluoroquinolones exhibit rapid absorption with wide tissue dissemination
and are excreted through urine and bile [15]. Usually, higher concentrations of drug
residues are found in the liver and kidney, considering that the hepatobiliary system
and the kidneys are the main routes by which drugs and their metabolites leave the
body [16]. Owing to fluoroquinolones’ lipophilic characteristics, they possess a long half-
life, and their metabolization is slow [17]. Fluoroquinolone residues can pose health
hazards to consumers, and cause joint injury and allergic reactions, inducing unscheduled
DNA synthesis, DNA strand breakage, and chromosome damage [15,18]. Furthermore,
fluoroquinolone-resistance bacterial strains have been widely reported [6,19]. Many studies
demonstrated that the resistant strains of Campylobacter spp., Salmonella spp., and Escherichia
coli toward fluoroquinolones have been positively correlated with their use in animal
production [20–22]. There is a high risk of transmitting these resistant strains to humans
via the food chain, which makes infections difficult to treat [5].

Enrofloxacin is one of the most commonly used fluoroquinolone drugs in food-
producing animals, and one of its major metabolites, ciprofloxacin is often found in animal
tissue [4,23]. Although enrofloxacin has not been approved for use in poultry in the United
States, it is extensively used in Latin America, Asia, and the European Union [4,6]. To
standardize the use of enrofloxacin and ensure its residual concentration in animal-derived
foods at an acceptable level, China has established a maximum residue level (MRL), which
is calculated as the sum of enrofloxacin and ciprofloxacin. In poultry and pig, the defined
MRLs are 100, 200, and 300 µg/kg for muscle, liver, and kidney tissues, respectively [24].
It is noteworthy that the withdrawal periods of 8 days for chicken and 10 days for pigs
were enough to decrease the levels of enrofloxacin and ciprofloxacin below the permitted
MRLs [25]. However, a longer time is needed from the last administration until residues are
no longer detected. Moreover, for fluoroquinolone drugs without MRLs, a zero-tolerance
principle applies. For example, norfloxacin, ofloxacin, pefloxacin, and lomefloxacin are
used in human medicine, but are not allowed as veterinary medicine in food-producing
animals in China [26].

In light of the above, monitoring and assessing dietary exposure risk to fluoro-
quinolone residues are essential to ensure the safety of the animal-based foods available
to consumers. Several studies have reported fluoroquinolone residue levels in chicken
or/and pork from other countries [4,27–34]. However, so far, limited information on the
occurrence and exposure assessment of fluoroquinolone residues in chicken and pork in
China is available.

The primary goal of the present work was to investigate the occurrence and exposure
risk of fluoroquinolone residues in chicken and pork in China. A national survey was
conducted and 1754 chicken and 1712 pork samples were collected from 25 provinces across
China. The presence and levels of six common fluoroquinolones were acquired using ultra-
high performance liquid chromatography-tandem mass spectrometry (UPLC–MS/MS).
Additionally, the residual levels acquired were further combined with food consumption
data so as to estimate the exposure of fluoroquinolone residues to the consumers in China,
and the potential health risks were conducted. To the best of our knowledge, this is the
first comprehensive study on the occurrence and risk assessment of fluoroquinolones in
chicken and pork in China.

2. Results and Discussion
2.1. Occurrence of Fluoroquinolone Residues in Chicken and Pork

The occurrence and residue levels of six fluoroquinolones in chicken and pork are
summarized in Table 1. Overall, the detection frequencies of these antibiotics were 3.99%
and 1.69% in chicken and pork samples, respectively. The overall violation frequencies of
exceeding MRLs and misusing banned antibiotics in samples were 0.68% and 0.41% for
chicken and pork. It can be easily seen that the occurrence and levels of fluoroquinolone
residues in chicken were higher than those in pork in China.
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Table 1. Occurrence and residue levels of the selected antibiotics and their MRLs.

Antibiotic

Chicken (n = 1754) Pork (n = 1712)

DF (n, %) Mean
(µg/kg)

Min
(µg/kg)

Max
(µg/kg) VF (m, %) DF (n, %) Mean

(µg/kg)
Min

(µg/kg)
Max

(µg/kg) VF (m, %)

Enrofloxacin 59, 3.36 2.07 3.05 1280 - 25, 1.46 0.74 4.81 529 -
Ciprofloxacin 20, 1.14 0.20 3.88 45.3 - 13, 0.76 0.14 3.88 89.9 -
Ciprofloxacin

+ Enrofloxacin 67, 3.82 2.26 3.05 1280 9, 0.51 26, 1.52 0.88 4.81 618.9 4, 0.23

Ofloxacin 1, 0.06 0.05 92.6 92.6 1, 0.06 5, 0.29 0.65 3.48 848 5, 0.29
Norfloxacin 0, 0.00 <LOD <LOD <LOD 0, 0.00 0, 0.00 <LOD <LOD <LOD 0, 0.00
Pefloxacin 0, 0.00 <LOD <LOD <LOD 0, 0.00 0, 0.00 <LOD <LOD <LOD 0, 0.00

Lomefloxacin 2, 0.11 0.01 10.5 10.8 2, 0.11 0, 0.00 <LOD <LOD <LOD 0, 0.00
Fluoroquinolones 70, 3.99 - - - 12, 0.68 29, 1.69 - - - 7, 0.41

Abbreviations: DF, detection frequency; VF, violation frequency; Mean, mean concentration; Min, minimum
concentration; Max, maximum concentration; ND, non-detectable, NA, not available; not calculated; LOD, limits
of detection.

It was found that the detection frequency of enrofloxacin was the highest among
all the individual fluoroquinolones, followed by ciprofloxacin, in both pork and chicken
(Table 1). In chicken, enrofloxacin occurred with a detection frequency of 3.36%, a mean
concentration of 2.07 µg/kg, and a maximum concentration of 1280 µg/kg. In contrast,
ciprofloxacin occurred with a lower detection frequency of 1.14%, a mean concentration
of 0.20 µg/kg, and a maximum concentration of 45.3 µg/kg. A sum of enrofloxacin and
ciprofloxacin residue was detected in 3.82% of chicken samples. In pork, enrofloxacin was
detected in 25 samples (1.46%) with a mean concentration of 0.74 µg/kg and a maximum
concentration of 529 µg/kg, and ciprofloxacin was found in 13 samples (0.76%), with a mean
concentration of 0.14 µg/kg and a maximum concentration of 89.9 µg/kg. Enrofloxacin
and/or ciprofloxacin were detected in 1.52% of pork samples. Moreover, 9 chicken samples
(0.51%) and 4 pork samples (0.23%) exceeded the MRL of 100 µg/kg for the sum of
enrofloxacin and ciprofloxacin (Table 1), which might result from inadequate withdrawal
periods before slaughter, and/or inappropriate dosage [35].

Because ciprofloxacin is a primary metabolite of enrofloxacin, the amount of ciprofloxacin
increases according to the dose and duration of enrofloxacin administration. In this study,
enrofloxacin and ciprofloxacin were simultaneously detected in 12 chicken and 12 pork
samples, and concentrations of the two fluoroquinolones were compared in Figure 1.
Almost all of the concentrations detected of enrofloxacin were high than ciprofloxacin
except for one sample that the detection values of enrofloxacin and ciprofloxacin were
17.1 and 19.7 µg/kg, respectively. This result was in accordance with those of studies
on pharmacokinetic in poultry and pigs, in which the concentrations of ciprofloxacin
were lower than those of the parent drug enrofloxacin in the muscle after treated with
enrofloxacin [36–39].

Meanwhile, we also detected prohibited fluoroquinolones in samples (Table 1). Ofloxacin
was detected in one chicken sample with a concentration of 92.6 µg/kg, and in five pork
samples with a maximum concentration of 848 µg/kg, respectively. Lomefloxacin was
present in two chicken samples with a maximum concentration of 10.8 µg/kg. It is note-
worthy that those prohibited fluoroquinolones were also detected in livestock and poultry
products from some provinces of China in recent years, such as Shanghai [23], Fujian [40],
and Xinjiang [41]. These results demonstrated that the illegal use of antibiotics still existed.
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Figure 1. Concentrations of enrofloxacin and ciprofloxacin in the chicken and pork samples with the
two fluoroquinolones detected simultaneously.

2.2. Occurrence of Fluoroquinolone Residues in Different Regions

The regional distribution of fluoroquinolone residues in chicken and pork can be
observed in Figure 1. The red (Figure 2A) and green (Figure 2B) coloring illustrate the
detection frequencies of fluoroquinolone residues in chicken and pork, respectively, with
darker colors representing higher detection frequency. In addition, the blanks indicate
missing data. In chicken, Yunnan (35.00%) presented the highest detection frequency of
fluoroquinolone, followed by Liaoning (10.00%), Fujian (8.33%), and Zhejiang (7.23%). The
occurrence of fluoroquinolones in pork was lower than that in chicken with the exception
of Anhui, Beijing, Guangdong, Henan, and Shaanxi. The provinces with higher detection
frequencies in pork were mainly Henan (11.11%), Tianjing (4.29%), Shaanxi (4.23%), and
Guangdong (4.05%). One should note that no antibiotics were detected in pork and
chicken in Hubei, Jilin, Jiangsu, and Jiangxi. This study indicated that the occurrence of
fluoroquinolone residues in chicken and pork varied considerably among different regions.
Chicken in Yunnan and pork in Henan should be given more attention. It is necessary to
strengthen the monitoring by expanding sample size in key provinces.
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2.3. Occurrence of Fluoroquinolone Residues in Different Sampling Site Types

Table 2 shows the difference in fluoroquinolone residue occurrence between sampling
site types. Regarding the samples from country fairs, fluoroquinolones were detected in
4.47% and 1.88% of the chicken and pork, respectively, and violation frequencies were 0.98%
and 0.22%. Concerning samples from stores, fluoroquinolones were found in 3.46% and
1.48% of chicken and pork, respectively, and violation frequencies were 0.36% and 0.62%.
Although there were higher detection frequencies in samples from country fairs, the results
of statistical analysis showed that there was no significant difference in fluoroquinolone
contaminations of chicken and pork between country fairs and stores (p > 0.05).

Table 2. Occurrence of fluoroquinolone residues in country fairs and stores.

Sampling Site Types
Chicken Pork

DF a VF b DF c VF d

Country fairs 4.47% (41/917) 0.98% (9/917) 1.88% (17/903) 0.22% (2/903)
Stores 3.46% (29/837) 0.36% (3/837) 1.48% (12/809) 0.62% (5/809)

Abbreviations: DF, detection frequency; VF, violation frequency; a Within a column, there was no significant
difference (χ2 = 1.157, p = 0.282, p > 0.05). b Within a column, there was no significant difference (χ2 = 2.500,
p = 0.114, p > 0.05). c Within a column, there was no significant difference (χ2 = 0.409, p = 0.523, p > 0.05). d Within
a column, there was no significant difference (χ2 = 0.818, p = 0.366, p > 0.05).

2.4. Comparison with Other Studies

The findings of this study were further compared to some of the data presented in
other studies regarding the measurement of quinolones or fluoroquinolones in chicken
meat. In a previous study, a total of 127 chicken meat samples were studied to detect
quinolones from Ankara, Turkey, where 45.7% of samples were positive for quinolones
and the mean level of quinolones was found to be 30.81 µg/kg [42]. In other studies,
data on the occurrence of enrofloxacin or/and ciprofloxacin in chicken were found for
Portugal [4,27], Indonesia [28], Korea [29], Lebanon [30], Sri Lanka [31], South Africa [32],
and Vietnam [33], with a detected frequency in the range of 4.2–51.9% and 5.17–67.3%,
respectively, which was higher than that observed in our study (3.36% and 1.14%). This
result indicated that these antibiotics are widely used in the world. Moreover, there is a huge
difference in the enrofloxacin and ciprofloxacin residues among different countries. For
example, enrofloxacin was detected in Sri Lanka at a higher frequency of 51.9% compared
to ciprofloxacin (7.0%) [31]. Similarly, seven (12.1%) of the chicken meat samples were
positive for enrofloxacin, but only three (5.2%) of the chicken meat samples were positive
for ciprofloxacin in Korea [29]. On the contrary, the detection frequencies of enrofloxacin
residues were found to be lower than that of ciprofloxacin in chicken samples in Indonesia
(41.8% and 67.3%), Lebanon (12.5% and 32.5%), and Portugal (51.0% and 60.4%) [4,28,30].

To our knowledge, there are only two reports on the residues of enrofloxacin and
ciprofloxacin in pork. Ciprofloxacin residues were detected at mean concentrations of
315.30 µg/kg in 28 out of 80 pork samples collected from open markets in Ibadan, Nige-
ria [34]. Another study showed that enrofloxacin and ciprofloxacin were not detected in
19 pork samples in Shanghai, China [23].

Norfloxacin was found in 11.1% of the chicken samples from school canteens in Portu-
gal, whereas it was not found in samples from supermarkets from 2013–2015 [4]. However,
also in Portugal, 16% of the supermarket samples showed contamination with norfloxacin
in 2010 [27]. The highest detection frequency for norfloxacin was observed in Nigeria,
with 55% and 30% in chicken and pork, respectively [34]. Another study showed that the
detection frequency for norfloxacin in chicken in Lebanon was 5%; furthermore, ofloxacin
and lomefloxacin were detected at a frequency of 18.75% and 7.5% [30]. These studies
reported a higher occurrence of the prohibited fluoroquinolones than that in our study.

Although there were lower occurrences and levels of fluoroquinolone residue frequen-
cies in chicken and pork meat in this study, the high frequencies of fluoroquinolone con-
taminations were found in other meat in China, such as beef, mutton, and fish. Zhang et al.
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analyzed 22 cattle muscle and 24 sheep muscle samples obtained from southern Xinjiang of
China and found fluoroquinolone residue rates up to 63.64% and 62.50% [41]. Wang et al.
reported detection frequencies of fluoroquinolones as 58.5% in fish from a total of 53 sam-
ples in Shanghai, China [23]. In addition, high detection frequencies for some prohibited
fluoroquinolones were also observed in those studies, such as norfloxacin (18.18% in cattle
muscle and 29.17% in sheep muscle) and ofloxacin (15.1% in fish). These results suggest
that a national survey of fluoroquinolone residues in other animal-derived foods should be
conducted in the future.

2.5. Risk Assessment

In general, risk assessment is the systematic characterization of potential adverse
effects caused by exposure to hazardous agents. Dietary exposure assessment study is an
important step for risk assessment procedure [43]. In our work, dietary exposure assessment
of fluoroquinolones was performed using the residue levels of the fluoroquinolones in
meat and food consumption of target specific groups of the population, including children,
adolescents and adults. As norfloxacin and pefloxacin were not detected in chicken or pork,
this study only estimated the dietary exposure to the other four fluoroquinolones.

The results are summarized In Table 3. Regarding chicken and pork, the average EDIs
of the four individual fluoroquinolones ranged from 0.003 to 0.965 ng/kg bw/day and from
0.155 to 1.328 ng/kg bw/day in all population groups, respectively. Although the residue
levels of enrofloxacin and ciprofloxacin were higher in chicken than those in pork, and the
exposure values of the two antibiotics in chicken were lower, owing to higher consumption
of pork. The average EDIs for the sum of consumption of chicken and pork ranged from
0.003 to 2.633 ng/kg bw/day, while the EDIs in the worst-case scenario ranged from 2.8
to 1707.0 ng/kg bw/day, which was an extremely conservative estimation. In addition,
we could clearly observe that the EDI values of each antibiotic in different age groups
of the population followed the order of children > adolescents > adults, and all EDIs for
children were ~70% higher than those for adults. This indicated that young consumers were
more susceptible to various residues than adults [4,44]. Therefore, systematic exposure of
antibiotics even in low concentrations, especially in early life, may have a negative impact
in human health [43].

Table 3. Estimated daily exposure and risk assessment of fluoroquinolones in chicken and pork.

Sample Antibiotic

Average Scenario Approach Worst-Case Scenario Approach

Children Adolescents Adult Children Adolescents Adult

EDI
(ng/kg

bw/day)

% ADI
(×10−2)

EDI
(ng/kg

bw/day)

% ADI
(×10−2)

EDI
(ng/kg

bw/day)

% ADI
(×10−2)

EDI
(ng/kg

bw/day)
% ADI

EDI
(ng/kg

bw/day)
% ADI

EDI
(ng/kg

bw/day)
% ADI

Chicken

Ciprofloxacin 0.965 - 0.664 - 0.538 - 596.8 - 410.8 - 332.8 -
Enrofloxacin 0.093 - 0.064 - 0.052 - 21.1 - 14.5 - 11.8 -

Ciprofloxacin +
Enrofloxacin 1.054 1.70 0.725 1.17 0.588 0.95 596.8 9.62 410.8 6.62 332.8 5.37

Lomefloxacin 0.005 - 0.003 - 0.003 - 5.0 - 3.5 - 2.8 -
Ofloxacin 0.023 - 0.016 - 0.013 - 43.2 - 29.7 - 24.1 -

Pork

Ciprofloxacin 1.328 - 0.880 - 0.819 - 949.0 - 629.1 - 585.4 -
Enrofloxacin 0.251 - 0.166 - 0.155 - 161.3 - 106.9 - 99.5 -

Ciprofloxacin +
Enrofloxacin 1.579 2.55 1.046 1.69 0.974 1.57 1110.2 17.91 736 11.87 684.9 11.05

Lomefloxacin ND - ND - ND - ND - ND - ND -
Ofloxacin 1.166 - 0.773 - 0.719 - 1521.2 - 1008.5 - 938.4 -

Chicken
+ Pork

Ciprofloxacin 2.293 - 1.544 - 1.357 - 1545.8 - 1039.9 - 918.2 -
Enrofloxacin 0.344 - 0.230 - 0.207 - 182.4 - 121.4 - 111.3 -

Ciprofloxacin +
Enrofloxacin 2.633 4.25 1.771 2.86 1.562 2.52 1707.0 27.53 1146.8 18.50 1017.7 16.41

Lomefloxacin 0.005 - 0.003 - 0.003 - 5.0 - 3.5 - 2.8 -
Ofloxacin 1.189 - 0.789 - 0.732 - 1564.4 - 1038.2 - 962.5 -

Due to the lack of health guidance value, it was not possible to undertake risk charac-
terization of ofloxacin and lomefloxacin. The acceptable daily intake (ADI) of enrofloxacin
(6.2 µg/kg bw/day) set by China [24] was used for risk characterization of enrofloxacin
and its metabolite ciprofloxacin. Considering the consumption of chicken and pork, the
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%ADI values in the average scenario were 4.25 × 10−2, 2.86 × 10−2, and 2.52 × 10−2 for
children, adolescents, and adults, respectively, which indicated a low health risk. Using
the worst-case scenario approach, the consumption of chicken and pork accounted for
16.41–27.53% of the ADI, suggesting that the exposure risk is still acceptable for different
age groups of the Chinese population.

Nevertheless, in the present study, other food items that might contain fluoroquinolones,
such as beef, fish, lamb, and eggs, were not considered. Further evaluation of dietary ex-
posure to fluoroquinolones should be conducted. Furthermore, those drug residues in
food may lead to the development of bacterial resistance to human antibiotics, even if
the contaminant concentration is low [3]. Consequently, continuous monitoring and risk
assessment for fluoroquinolones in animal food is still greatly needed.

3. Materials and Methods
3.1. Sample Collection and Preparation

A total of 1754 raw chicken samples and 1712 raw pork samples were randomly
collected from stores and country fairs located in 25 provinces (Anhui, Beijing, Fujian,
Guangdong, Guangxi, Guizhou, Hainan, Hebei, Henan, Heilongjiang, Hubei, Hunan, Jilin,
Jiangsu, Jiangxi, Liaoning, Shandong, Shanxi, Shaanxi, Shanghai, Sichuan, Tianjin, Yunnan,
Zhejiang, and Chongqing) across China in 2019. These samples were later subjected to
grinding in a laboratory blender and stored at −18 ◦C until the extraction procedure.

3.2. Chemicals and Reagents

The standards of six fluoroquinolones, enrofloxacin, ciprofloxacin, ofloxacin, nor-
floxacin, pefloxacin, and lomefloxacin were of high purity grade (>95%) and purchased
from Sigma-Aldrich (St. Louis, MO, USA) and Dr. Ehrenstorfer (Augsburg, Germany).
Methanol and acetonitrile were of HPLC grade and purchased from Thermo Fisher (Thermo
Fisher Scientific, Waltham, MA, USA) and J. T. Baker (Phillipsburg, NJ, USA). Formic acid
was of HPLC grade and citrate, sodium hydrogen phosphate, and disodium ethylenedi-
aminetetraacetate dihydrate (Na2EDTA) were all analytical grade. Ultra-pure water was
prepared using a Milli-Q system (Bedford, MA, USA).

3.3. Extraction Procedures

All samples from different regions were analyzed using a confirmatory UPLC–MS/MS
method as described by Shao et al. in local laboratories with some minor modifications [45].
Briefly, 2.0 g of the samples were separately weighed into a 50 mL polypropylene centrifuge
tube with a screw cap. Subsequently, 20 mL of EDTA-McIlvaine buffer (0.1 mol/L) was
added to the tube, followed by vortex mixing for 1 min. The sample was ultrasonically
extracted for 10 min at room temperature, and centrifuged at 10,000 rpm for 5 min. After-
ward, the supernatant was subjected to solid-phase extraction on an OASIS HLB cartridge
(200 mg, 6 mL; Waters, Milford, MA, USA). The cartridge was sequentially preconditioned
with 6 mL of methanol and 6 mL of ultrapure water. Then, the extract was applied to the car-
tridge at a flow rate of 2–3 mL/min and washed with 2 mL of a mixture of methanol/water
5/95 (v/v). The analytes were eluted with 6 mL of methanol into a new centrifuge tube.
The eluate was evaporated to dryness under a flow of nitrogen, and 1 mL of 0.1% formic
acid was added. The reconstituted solution was filtered through 0.22 µm filters for analysis.

3.4. Instrumental Analysis

Analysis was performed by UPLC–MS/MS system using an ACQUITY UPLC BEH
C18 column (100 mm × 2.1 mm, 1.7 µm, Waters, Dublin, Ireland) at a flow rate of
0.2 mL/min; the column temperature was kept at 40 ◦C. The mobile phases consisted
of 40% (v/v) methanol/acetonitrile (A) and 0.2% (v/v) formic acid solution (B). A gradient
elution program was used: It started with 10% A; increased linearly to 30% A from 0 to
6.0 min; increased linearly to 50% A from 6.0 to 9.0 min; and increased linearly to 100% A
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from 9.0 to 9.5 min; kept at 100% A for 1.0 min, returned to the initial conditions at 11 min.
The run time was 15 min for each injection.

MS/MS acquisition was performed using electrospray ionization (ESI) in positive
ion mode, and multiple reaction monitoring (MRM) mode was used to quantitatively
determine. The source temperature and desolvation temperature were 110 and 350 ◦C,
respectively. The capillary voltage was 2.0 kV. Mass parameters of six fluoroquinolones are
shown in Table 4.

Table 4. UPLC–MS/MS parameters for six fluoroquinolones.

Antibiotic Formula Parention (m/z) Daughter Ion (m/z) Cone Voltage (V) Collision Energy (eV)

Ciprofloxacin C17H18N3FO3 332.2 314.3 */288.3 36/36 19/17
Enrofloxacin C19H22FN3O3 360.3 316.4 */342.3 38/38 19/23
Lomefloxacin C17H19F2N3O3 352.3 265.2 */308.3 36/36 23/17
Norfloxacin C16H18FN3O3 320.3 302.3 */276.3 50/50 19/17
Ofloxacin C18H20FN3O4 362.2 318.3 */261.2 38/38 18/27
Pefloxacin C17H20FN3O3 334.3 290.3 */233.2 38/38 17/25

* Quantitative ion.

3.5. Quality Control and Quality Assurance

For each batch of 10~15 samples, one blank control and one matrix-spiked sample
were analyzed. The mean recovery rates for all target analytes in the sample spiked were
in the range of 75–125% with a relative standard deviation (RSD) of <20%. Linearity was
confirmed on the basis of correlation coefficients R2 > 0.990 for all analytes. The limits
of detection and quantitation (LOQ) were regarded as the concentrations that produced
a signal-to-noise (S/N) ratio of 3 and 10, respectively, which were estimated from the
matrix-spiked sample with the lowest fortification level for the individual analyte. The
LODs and LOQs of the six fluoroquinolones were 3 and 10 µg/kg, respectively.

3.6. Statistical Analysis

All statistical analysis was performed using R statistical software (Version 4.1.1, R
Core Team). The chi-square test and t-test were applied to test for differences. Results with
a p-value of <0.05 were considered significant.

3.7. Risk Assessment

To obtain comprehensive information about consumer exposure, the estimated daily
intake (EDI) of antibiotics for children, adolescents, and adults was calculated according to
the following Equation (1) [3].

EDI =
C × IR

BW × 1000
(1)

where C (µg/kg) is the content of the target fluoroquinolones in the chicken/pork samples.
The mean and maximum concentrations of antibiotics were applied to set the average and
the worst-case scenario [46], respectively. IR represents the daily consumption of meat for
the population. According to the monitoring report on the nutrition and health status of
Chinese residents from 2010 to 2013, the mean daily consumption of poultry/pork was
15.6/66.4, 17.3/64.1, and 13.8/53.1 g/day for an adult, 14–17 years for adolescents, and
7–10 years for children [47], respectively, which was used in this study. Finally, the term
BW refers to the average body weight, which was 60 kg for adults, 53.9 kg for adolescents,
and 29.6 kg for children [48,49].

The resulting dietary exposure estimate was then compared with the recommended
ADI value obtained from toxicological assessments, as shown below the Equation (2):

%ADI =
EDI
ADI

× 100 (2)
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when %ADI < 100, the risk is acceptable or low risk; otherwise, %ADI > 100 indicates an
unacceptable risk [43,48].

4. Conclusions

In this study, the occurrence and exposure risk of fluoroquinolone residues in chicken
and pork in China was investigated. On the whole, the levels of fluoroquinolone residues
in chicken were higher than those in pork, with detection frequencies of 3.99% and 1.69%,
respectively. It is clear that the detection frequencies and mean concentrations were found to
be highest for enrofloxacin, followed by ciprofloxacin, both in chicken and pork. Moreover,
we detected prohibited fluoroquinolones (ofloxacin and lomefloxacin) in samples. The
violation frequencies of fluoroquinolones in chicken and pork were found to be 0.68%
and 0.41%, respectively. Due to higher consumption of pork, the EDI of enrofloxacin and
ciprofloxacin from pork was higher than that from chicken. All EDI values of enrofloxacin
and ciprofloxacin (0.588 to 1707.0 ng/kg bw/day) were lower than the ADI. Although
the results of the dietary risk assessment indicated an acceptable risk for enrofloxacin
and ciprofloxacin from chicken and pork in the different age groups of China population,
continuous residue monitoring and risk evaluation of fluoroquinolones in animal food
should be increased.
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Abstract: Multidrug-resistant (MDR) Klebsiella pneumoniae poses a seriously threat to public health.
The aim of this study was to better understand the genetic structure of its plasmids and chromosomes.
The whole-genome sequence of K. pneumoniae 200 isolated from the liver of a swine with diarrhea in
China was determined using PacBio RS II and Illumina MiSeq sequencing. The complete sequences
of the chromosomal DNA and the plasmids were analyzed for the presence of resistance genes. The
phylogenetic trees revealed that K. pneumoniae 200 displayed the closest relationship to a human-
associated K. pneumoniae strain from Thailand. K. pneumoniae 200 contained two plasmids, pYhe2001
and pYhe2002, belonging to the incompatibility groups IncH-HI1B and IncF-FIA. The plasmid
pYhe2001 was a novel plasmid containing four types of heavy metal resistance genes and a novel
Tn6897 transposon flanked by two copies of IS26 at both ends. Mixed plasmids could be transferred
from K. pneumoniae 200 to Escherichia coli DH5α through transformation together. This study reported
the first time a novel plasmid pYhe2001 from swine origin K. pneumoniae 200, suggesting that the
plasmids may act as reservoirs for various antimicrobial resistance genes and transport multiple
resistance genes in K. pneumoniae of both animal and human origin.

Keywords: Klebsiella pneumoniae; plasmid; antibiotic resistance genes; whole genome sequencing

1. Introduction

Klebsiella pneumoniae, a gram-negative bacterium, is an opportunistic pathogen that
can not only colonize the gastrointestinal tracts of healthy humans and animals [1] but
also causes invasive diseases in swine [2]. With an increasing number of antibiotics used
in livestock farms, K. pneumoniae has shown the ability to resist multiple antibiotics, even
some last-resort ones (e.g., carbapenem and colistin) [3,4], commonly through acquiring
preexisting resistance and virulence genes via plasmids and transposable elements [5].

Spread of resistance and virulence genes in K. pneumoniae can result from the conju-
gation or mobilization functions of plasmids. For example, hypervirulent K. pneumoniae
from the sputum of an older male patient was found to harbor a blaCTX-M-24 carrying an
IncFII-type plasmid and a pK2044-like virulent plasmid isolated from blood of a patient
with liver abscess and meningitis, due to plasmid conjugation [6]. Furthermore, other
transposable elements, such as transposons, play an important role in the spread of re-
sistance genes [5]. For example, the blaKPC gene has been identified within a Tn3-family
transposon, Tn4401, in clinical K. pneumoniae [7]. Moreover, antibiotic resistance genes
could transfer between plasmids and chromosomes through transposable elements. For
example, a multidrug-resistant K. pneumoniae CN1 from a patient was found to carry both
blaCTX-M-15 and blaKPC-2 genes in the chromosome with the blaCTX-M-15 gene linked to an
insertion sequence, ISEcp1, and the blaKPC-2 gene in Tn4401a [8], while ISEcp1-blaCTX-M-15
and Tn4401a could be also found in plasmid pNY9_3 from K. pneumoniae NY9 and plasmid
pCR14_3 from K. pneumoniae CR14, respectively.
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Whole-genome sequencing (WGS) is rapidly becoming a powerful tool for identifying
pathogenic features in K. pneumoniae, particularly for understanding the relative evolution
of strains and the potential course of spread of mobile elements [9]. Through WGS, a
previous study found that the megaplasmid in the K. pneumoniae isolate was a result
of cointegration of an IncA/C2-type plasmid harboring blaOXA-427 with an IncF1b-type
plasmid [10].

So far, most studies have focused on clinical isolates by detecting emerging resistance
genes, such as carbapenemase genes or mobile colistin resistance genes in K. pneumoniae.
However, researchers have rarely aimed to identify genomic elements of isolates from
animals in plasmids or in the chromosome of nonhypervirulence K. pneumoniae. In this
study, we identified an MDR K. pneumoniae 200 isolate from swine liver with a novel
IncHI1B plasmid and an IncFIA plasmid with the blaCTX-M-27 gene, and investigated the
mobile elements of K. pneumoniae to expand the understanding of MDR K. pneumoniae.

2. Results and Discussion
2.1. Characterization of K. pneumoniae 200

K. pneumoniae 200 exhibited resistance to β-lactams, aminoglycosides, florfenicol,
streptomycin, quinolones, and sulfonamides (Table S1).The complete genome of K. pneumo-
niae 200 contained a circular 5,257,665 bp chromosome with a total of 5106 ORFs and G + C
content of 58.78% and two plasmids: pYhe2001 (213,254 bp) with a total of 290 ORFs and
GC content of 50.10% and pYhe2002 (75,320 bp) with a total of 107 ORFs and GC content of
51.65%. Multilocus sequence typing analysis showed that K. pneumoniae 200 belonged to
sequence type 37 (ST37) [11,12].

2.2. Characterization of Chromosome of K. pneumoniae 200

There were 71 resistance genes and 65 virulence genes in the chromosome. Resis-
tance genes identified in the chromosome included genes for β-lactamases, efflux pumps,
quinolone, fosfomycin, multidrug resistance genes (mdtK, tolC, and acrAB), the multiple
antibiotic resistance operon (marRA), and resistance to heavy metals (copper, silver, and
arsenic). In K. pneumoniae, the best-characterized efflux pump systems include acrAB and
mdtK complexes [13]. Furthermore, the multidrug efflux pump system (acrAB-tolC) in
K. pneumoniae isolates was related to resistance to quinolones, tetracyclines, tigecycline,
and β-lactams leading to MDR [14]. Overall, the combination of the acrAB-tolC and mdtK
genes was strongly associated with the MDR function of K. pneumoniae. The more detailed
features of the K. pneumoniae 200 genome are listed in Table S2.

Genome analyses revealed that T6SS components of K. pneumoniae 200 were highly
similar (99% nucleotide sequence identity) to that of K. pneumoniae ZYST1 [15] (accession
number CP031613): A main cluster and an auxiliary cluster were similar to those found
in K. pneumoniae HS11286 and K. pneumoniae ZYST1 (Figure S1). Compared with strains
HS11286 and ZYST1, the main T6SS cluster in K. pneumoniae 200 was conserved except for
a portion of the effector and immunity genes and the paaR region. Furthermore, IS4 was
found to be inserted upstream of the vipA gene in the main T6SS cluster. The auxiliary
T6SS cluster also showed a conserved region and variable effector and immunity genes
compared to strains HS11286 and ZYST1. BLASTN analyses revealed that there were pro-
tein homologs of the regulatory proteins TfoX and QstR as well as the competence proteins
ComEA and ComEC in K. pneumoniae 200, suggesting the potential ability of uptaking
genes and recombination consequences via the combination of natural competence and
target cell killing mediated by T6SS [15]. The phylogenetic trees of all ST37 K. pneumoniae
strains in GenBank revealed that the isolates from the same countries clustered on the same
branches and were closely related (Figure 1). K. pneumoniae 200 branched from K. pneu-
moniae F10 (AN) from China and displayed the closest relationship to human-associated
K. pneumoniae 4300STDY6470454 (UFHS01) from Thailand, suggesting that they may share
a common origin.
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Figure 1. Phylogenetic trees of all ST37 K. pneumoniae strains of released public sequences based on
cgMLST. The evolutionary distance showed that K. pneumoniae 200 was related to human-associated
K. pneumoniae 4300STDY6470454 (UFHS01) from Thailand. The numbers indicate the number of allele
differences between K. pneumoniae 200 and other isolates.

2.3. Characterization of Plasmids Carried by K. pneumoniae 200

K. pneumoniae 200 contained two plasmids, pYhe2001 and pYhe2002. The plasmid
pYhe2002 belonged to the IncF type and contained IncFIA replicon: FIA. The IncF-type
plasmids were narrow-host range plasmids that are frequently identified among Enter-
obacteriaceae strains, especially K. pneumoniae [16]. BLASTN comparison revealed that the
backbone of pYhe2002 was highly similar (99% nucleotide sequence identity with a query
coverage of 98%) to that of the plasmid p19110124-2 (accession number NZ_CP064179.1),
which originated from a K. pneumoniae strain isolated from an anal swab of swine in China.
Comparison of the plasmid sequence with the plasmid records in PLSDB [15,17,18] using
mash dist with maximal p value and distance thresholds set to 0.1, showed a result with
681 hits (Table S3). The plasmids included in the hits were mostly from K. pneumoniae
and the remaining plasmids were from other Enterobacteriaceae species (e.g., Escherichia coli,
Salmonella enterica, and Citrobacter freundii). These plasmids were in isolates from humans
(e.g., clinical patients), food (e.g., pork and milk), the environment (e.g., rivers and air),
and animals (e.g., ducks, rabbits, chickens, and swine). The plasmid pYhe2002 contained
antibiotic resistance genes tetA, floR, blaCTX-M-27, sul1, qnrB2, ∆qacE, aadA16, dfrA27, arr-6,
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and aac(6’)-Ib-cr (Figure S2). The IncF transmissible novel plasmid with blaCTX-M-27 was
identified as E. coli isolated from swine in China [19]. In a previous study, of the 24 IncF-type
plasmids analyzed, 22 blaCTX-M-27-carrying plasmids were identified in E. coli [20], suggest-
ing that the backbone of the IncF plasmid may be a major transport for dissemination of
the blaCTX-M-27 gene. The expression of CTX-M β-lactamase genes were found commonly
in K. pneumoniae strains all over the world. Many kinds of CTX-M allele were found, such
as blaCTX-M-55 [21], blaCTX-M-63 [22], and blaCTX-M-15 [23,24]. The predominant ESBL allele
blaCTX-M-15 was commonly detected in IncF plasmids from K. pneumoniae [23,24]. From the
results of PLSDB, among the 681 hits, gene blaCTX-M-27 could be found in plasmids carried
by K. pneumoniae from different sources but not liver source (Table S3). This is the first
report that an IncFIA plasmid with the blaCTX-M-27 gene from swine liver K. pneumoniae
isolate. The plasmid pYhe2002 carried a sul1-type class 1 integron that has a 5’CS and four
cassettes, aadA16-dfrA27-arr-6-aac(6’)-Ib-cr, and 3’CS. The sul1-type class 1 integron was
flanked by a gene for IS6 family transposase in the upstream and a gene encoding DUF4440
domain-containing protein, a gene encoding peptide ABC transport, and an IS91 family
transposase gene in the downstream.

The plasmid pYhe2001 belonged to the IncH type and contains IncH replicon: HI1B.
For comparison of the plasmid with plasmid records in PLSDB using mash dist with
maximal p value and distance thresholds set to 0.1, the search resulted in 915 hits (Table S4).
The plasmids included in the hits were mostly from K. pneumoniae, and the remaining
plasmids were from other Enterobacteriaceae species (e.g., Escherichia coli, Salmonella enterica,
and Citrobacter freundii). These plasmids were collected from humans (e.g., clinical patients),
food (e.g., pork and milk), the environment (e.g., rivers and air), and animals (e.g., chickens
and swine). Previous studies showed that the plasmids from K. pneumoniae shared more
than 85% query coverage with plasmid records [15,25]. Combining BLASTN comparison
with PLSDB, the backbone of these plasmids is currently lower than 80% query coverage of
pYhe2001, suggesting that pYhe2001 is a novel plasmid. Figure 2 shows the four plasmids
with the highest similarity compared with pYhe2001.
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Figure 2. Comparisons of pYhe2001 complete genome sequences with NCBI-published complete
plasmid sequences of another four K. pneumoniae strains using BRIG. The innermost circles rep-
resent the GC skew (purple/green) and GC content (black). Rings 1–5 represent K. pneumoniae
pYhe2001, K. pneumoniae pVNCKp115, K. pneumoniae pLH94-1, K. pneumoniae p201313294, K. pneumo-
niae pCriePir26, respectively.
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The plasmid pYhe2001 showed query coverage of 78% in the plasmid pVNCKp115
(accession number LC549807.1), a plasmid from a K. pneumoniae isolate in Vietnam. Com-
pared with pVNCKp115, four types of heavy metal resistance genes and a novel transposon,
Tn6897, were specific to the plasmid pYhe2001. The plasmid pYhe2001 consisted of par-
tition (parB/parA), transfer (traI) functions, a 26.5 kb MDR region as well as tellurium
resistance-associated, mercury resistance-associated, silver resistance-associated [26,27],
and copper resistance-associated genes. The MDR region comprised two modules: module
one was a novel transposon and module two comprised a Tn1696-like transposon. The
MDR region showed an organization very similar (99% nucleotide sequence identity with
a query coverage of 90%) to the plasmid pOZ181 (accession number CP016764), a plasmid
from a C. freundii B38 isolate from a hospital in 1998 in China (Figure S3).

The tellurium resistance-associated region located from 8380 bp to 23,064 bp consists of
terF-terE-terD-terC-terB-terA-terZ as well as terW-terY-terX. Seven intervening ORFs were
identified between terZ and terW. The ter cluster was highly (100%) similar to the ter cluster
in p362713-HI3 from K. pneumoniae 362713, the plasmid unnamed1 from K. pneumoniae
FDAARGOS_439, p1 from K. oxytoca pKOX3, and p1 from K. pneumoniae 20467, among
others. The mercury resistance cluster located from 35,301 bp to 39,277 bp consists of
merR-merT-merP-merC-merA-merD-merE. The mer cluster is identical (100%) to those of
p1 from K. pneumoniae BA2275, pSW37-267106 from S. Worthington OLF-FSR1, the plasmid
from E. coli S15FP06257, and pMS-37 from Enterobacter hormaechei EGYMCRVIM, among
others. The silver resistance cluster located from 155,928 bp to 165,278 bp, consisted of silE-
silS-silR-silC-silB-silA, which was identical (100%) to those of pLH94-1 from K. pneumoniae,
the plasmid unnamed1 from K. pneumoniae KSB1_7F-sc-2280268, pVNCKp115 from K.
pneumoniae VNCKp115, and pCAV2018-177 from K. pneumoniae CAV2018, among others.
The copper resistance-associated region located from 169,677 bp to 175,162 bp consisted
of copE-copA-copB-copC-copD-copR. The cop operon was highly (100%) similar to the
cop operon in plasmids unnamed1 from K. pneumoniae KSB1_7F-sc-2280268, pVNCKp115
from K. pneumoniae VNCKp115, pLH94-1 from K. pneumoniae, and the chromosome from
K. pneumoniae NCTC9180, among others. It has been reported that tellurium, mercury, and
copper heavy metal resistance genes have been identified in the IncH plasmid pH11 from
a clinical K. pneumoniae isolate [28]. A large virulence IncH plasmid, pLVPK, harboring
copper, silver, and tellurite resistance genes was previously detected in a bacteremic isolate
of K. pneumoniae CG43 [29]. To the best of our knowledge, this is the first report that the
IncH plasmid from K. pneumoniae contained these four kinds of heavy metal resistance
genes, suggesting that the IncH plasmid from K. pneumoniae may be a major reservoir
for heavy metal resistance genes. Since heavy metal resistance is not the main focus of
this study, we did not investigate the phenotype of the resistance to heavy metals of
K. pneumoniae 200.

We identified a novel transposon in module one of the MDR regions in pYhe2001,
designated Tn6897 in the Tn Number Registry (https://transposon.lstmed.ac.uk/ (accessed
on 22 June 2020). Tn6897, flanked by direct copies of intact IS26, contained four direction-
similar IS26 and one direction-reverse IS26. IS6 family elements, IS26, have played a pivotal
role in the dissemination of resistance determinants in gram-negative bacteria [5,30]. This
transposon harbored two transposons, mutated Tn4352 and Tn6020b-1 (Figure 3).
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Mutated Tn4352 was bound by an 8-bp repeat region (CATCGGCG) on the right;
however, the left target site (GATTGGG) was truncated, and the base was mutated. Mutated
Tn4352 comprised two intact IS26 sequences that flanked the kanamycin resistance gene
aph(3’)-Ia in Tn6897. Because of Tn4352, tniA∆1 was interrupted in the downstream,
leading to an 8 bp repeat region (CATCGGCG) on the left. The two IS26 flanked tniA∆1
in different directions. Tn6897 comprised a part of a class 1 integron that included the
truncated 5’-CS (including truncated intI1 gene), the gene cassette aadA2, and the qacE∆1
and sul1 genes in the 3’-CS. It has been reported that truncated class 1 integrons still
have the ability to resist to a greater number of antimicrobials in E. coli [31]; therefore, the
truncated class 1 integron in Tn6897 may confer resistance to antibiotics. The truncated
class 1 integron was between the gene for puromycin N-acetyltransferase protein and an
IS26. Further upstream included an intact reverse Tn6020b-1 transposon, which included
an intact IS26, an IS26∆1, and aminoglycoside resistance gene aphA1-1. Through BLASTN
searches, a portion of Tn6897 (97% nucleotide sequence similarity) was identified in three
different strains, including K. pneumoniae, S. enterica, and Proteus mirabilis. Although high
nucleotide sequence similarity occurred in chromosomes or plasmids of different strains, no
similar structure was found. Tn6897 had two completely similar repeats of IS26 flanked by
14-bp repeats at both ends (Figure 3), indicating mobility potential. Since Tn6897 contained
transposons and truncated class 1 integrons, it has the potential to transfer antibiotic
resistance genes in different strains.

We found that the tniA gene was interrupted by Tn4352, leading to an 8-bp repeat
region (CATCGGCG) downstream. Furthermore, tniA∆1 was inserted by IS26, leading to
a left inverted repeat (IRL) of IS26. In addition, an intact sul1-type class 1 integron was
inserted by an IS26 leading to a right inverted repeat (IRR) of IS26. Reverse Tn6020b-1
had a truncated IS26. Furthermore, we failed to observe direct repeats (DRs) flanking
IS26 as well as specific target site duplication patterns, suggesting that the Tn6897 con-
formation may have occurred by IS26-mediated homologous recombination rather than
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transposition [32]. These observations revealed that Tn6897 could be formed with the help
of IS26 and other transposons. Here, we put forward a hypothesis (Figure 4). To explain
the evolution of Tn6896, a hypothetical sequence of 4065 bp, comprising a gene encoding
N-acetyltransferase and an intact sul1-type class 1 integron, was sent to BLASTn analysis.
The analysis identified matches (100% coverage) to those in plasmids from S. Dublin CVM
22429, S. Anatum str. USDA-ARS-USMARC-1736, and S. Dublin 853. Figure 4 depicts a
reverse IS26 inserted in the 5’CS of tniA. Additionally, a Tn4352 inserted into the 3’CS of
tniA generating an 8-bp repeat region (CATCGGCG). On the other hand, a Tn6023-like
including two IS26 in reverse directions and gene aphA1-1 was inserted downstream of
the hypothetical sequence, with a reverse IS26 inserted into intI1 of the hypothetical se-
quence, and another IS26 was inserted in the upstream of the N-acetyltransferase gene. The
sequences described above have one copy of IS26 at both ends. Then, two sequences were
recombined by recombination between the copies of IS26 in the same orientation. Finally,
the sequence above is inserted by IS26 into the downstream IS26, leading to the generation
of Tn6897.
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Figure 4. Genealogy of Tn6897 in plasmid pYhe2001. Due to the lack of DRs flanking IS26 as well as
specific target site duplication patterns, the novel Tn6897 could be hypothesized to produce by IS26
recombination and other transposons.

Module two was reversed compared with the plasmid pOZ181 from a C. freundii
B38, which consists of a Tn1696-like transposon (Figure S3). The right IR was interrupted
by IS4321, and there was no left IR because of interruption of ISCR1 in the Tn1696-like
transposon. Furthermore, a sul1-type class 1 integron that had a 5’CS and four cassettes,
aadA5-gcu37-dfrA1-orf, was flanked upstream by a Tn1696-like tnpR-tnpA and down-
stream by 3’ CS and an ISCR1 transposase. In addition, other resistance genes included
the 16S rRNA methylase gene armA downstream of ISCR1. Truncated ISEc29 was located
downstream of armA; however, intact ISEc28 was located upstream of armA. Module two
showed 99% similarity to the plasmid pBSI034-MCR9 from E. cloacae BSI034, the plasmid
pOZ181 from C. freundii B38, the plasmid pSIM-1-BJ01 from K. pneumoniae 13624, and
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the plasmid pWLK-238550 from Raoultella ornithinolytica WLK218, which means that
Tn1696-like transposons can be found among different bacteria.

2.4. Transformation Experiment

Transformation of plasmids into E. coli DH5α was achieved at a frequency of 10−11

cells per recipient cell. Genes aadA5 and aac(6’)-Ib-cr were detected in transformant. The
MICs of K. pneumoniae 200, transformant and DH5α, are shown in Table 1. The MIC of
gentamicin for K. pneumoniae 200 was 256 mg/L, while the MIC of gentamicin for E. coli
DH5α was 0.125 mg/L. In particular, the MIC of gentamicin for the transformant was
higher than that of E. coli DH5α, which corresponds to a 256-fold increase in gentamicin
MIC because of the presence of plasmids.

Table 1. MICs * of K. pneumonia and transformant.

MIC (mg/L) K. pneumonia 200 Transformant DH5α

Amikacin >256 128 1
Ampicillin >256 >256 2

Ciprofloxacin >256 32 0.008
Chloramphenicol >256 32 2

Gentamicin 256 32 0.125
Kanamycin >256 128 0.75

Oxacillin >256 64 0.25
Streptomycin 64 16 1

* minimum inhibitory concentration.

3. Materials and Methods
3.1. Bacterial Strain

The MDR K. pneumoniae 200 examined in this study was originally isolated from the
liver of a swine suffering from diarrhea at a commercial swine farm in Guangzhou City,
Guangdong Province, China, in 2017. E. coli DH5α was used as the recipient strain in
transformation experiments.

3.2. Antimicrobial Susceptibility Testing

Antibiotic susceptibility was determined using the disk diffusion method [11] follow-
ing the guidelines of the Clinical Laboratory Standards Institute [33]. The disks (OXOID,
Hampshire, UK) used in the test were cefotaxime (30 µg), ceftazidime (30 µg), cefoxitin
(30 µg), oxacillin (50 µg), meropenem (10 µg), imipenem (10 µg), amikacin (30 µg), gentam-
icin (10 µg), kanamycin (30 µg), streptomycin (10 µg), ciprofloxacin (5 µg), chloramphenicol
(30 µg), erythromycin (15 µg), tetracycline(30 µg), and trimethoprim-sulfamethoxazole
(1.25/23.75 µg). E. coli ATCC 25922 was used for quality control.

3.3. Genome Sequencing, Genome Assembly and Bioinformatics

To comprehensively understand the genetic basis of the resistance of K. pneumo-
niae 200, the complete genome sequence was generated by WGS using PacBio RSII (Pa-
cific Biosciences, Menlo Park, CA, USA) and Illumina MiSeq (Illumina, San Diego, CA,
USA) platforms as previously described [34]. WGS data were assembled using SOAP-
denovo v1.05 software. Circularization was achieved by manual comparison and re-
moval of a region of overlap, and the final genome was confirmed by remapping the
sequence data. The assemblies yielded a circular chromosome and two circular plas-
mids. Gene prediction was performed using GeneMarkS, and whole-genome BLAST
searches (E-value ≤ 1 × 10−5, minimal alignment length percentage ≥ 80%) were per-
formed against 5 databases: Kyoto Encyclopedia of Genes and Genomes (KEGG), Clusters
of Orthologous Groups (COG), NCBI nonredundant protein database (NR), Swiss-Prot,
and Gene Ontology (GO). Plasmid incompatibility groups were identified using the online
database PlasmidFinder (https://cge.cbs.dtu.dk/services/PlasmidFinder/ (accessed on
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2 February 2020). Antimicrobial resistance genes were identified using the ResFinder 3.1 tool
(https://cge.cbs.dtu.dk/services/ResFinder/ (accessed on 2 February 2020) with an identity
threshold of 96%. Integrons were analyzed using the integron identification tool INTE-
GRALL (http://integrall.bio.ua.pt/ (accessed on 2 February 2020). K. pneumoniae virulence
genes were identified with the aid of the K. pneumoniae section of the Institut Pasteur MLST
and whole genome MLST databases (http://bigsdb.Pasteur.fr (accessed on 2 February 2020).
For sequence comparisons, the BLAST algorithm (www.ncbi.nlm.nih.gov/BLAST (accessed
on 2 February 2020) was used. Multilocus sequence typing (MLST) analysis of K. pneumoniae
200 and cgMLST phylogenetic relationship analyses of all public genomesequences of ST37
were performed using the BacWGSTdb server with a threshold of 1000. The DNA sequences
of chromosomes and plasmids of K. pneumoniae 200 were deposited in NCBI GenBank with
the accession numbers CP055293, CP062278, and CP063211, respectively.

3.4. Transformation Experiments

Transformation of plasmid DNA isolated from K. pneumoniae 200 into E. coli DH5α
was performed as described previously [35]. K. pneumoniae 200 and DH5α strains were
first grown in 25 mL of LB liquid medium overnight at 37 ◦C with shaking. Plasmid DNA
was extracted from K. pneumoniae 200 with a Plasmid Mini Purification Kit (Amersham
Biosciences, Uppsala, Sweden). Then, a 1-mL culture of E. coli DH5α was diluted in 100 mL
of LB liquid medium and incubated at 37 ◦C until the cells reached the early exponential
growth phase. Cells were then centrifuged twice within cooled 0.1 M CaCl2 for 10 min at
2700× g and finally resuspended in 500 µL of LB liquid medium. All centrifugation steps
were performed at room temperature (RT) at approximately 25 ◦C. Four aliquots of 100 µL
of cells were prepared, and plasmidic DNA were added and gently mixed, respectively.
The remaining 100-µL cell aliquot was used as a negative control (no DNA was added).
Samples were incubated at 37 ◦C for 1 h. After that, three aliquots were plated on LB plates
supplemented with gentamicin (32 µg/mL), while the fourth aliquot was serially diluted
and plated on LB plates without antibiotic to enumerate recipient cells. Negative control
was also plated on LB plates supplemented with gentamicin (32 µg/mL). All the plates
were incubated at 37 ◦C overnight. Transformation efficiency was calculated based on the
ratio of transformants to the total number of viable cells. Experiments were performed
with three biological replicates. To identify the aadA5 gene in transformants, primers 5′-
CGCTCAACGCAAGATTCTCT-3′ (forward), and 5′-ATGGGTGAATTTTTCCCTGCAC-3′

(reverse) for aadA5 (792 bp) were used in PCR. Furthermore, the presence of the aac(6′)-Ib-cr
gene in transformants was confirmed by PCR amplification followed by DNA sequence
analysis. Primers for aac(6′)-Ib-cr (612 bp) were 5′-AAGGGTTAGGCATCACTGCG-3′

(forward) and 5′-AGACATCATGAGCAACGCAA-3′ (reverse). The primers were designed
using NCBI Primer-BLAST. PCR conditions were: initial denaturation at 95 ◦C for 5 min,
30 cycles of amplification (30 s at 95 ◦C, 30 s at 55 ◦C, and 90 s at 72 ◦C), followed by an
extension at 72 ◦C for 10 min. PCR products were purified and sequenced by Majorbio
Company (Shanghai, China). MICs of E. coli DH5α and five transformants were determined
by Etest (Liofilchem S.R.L.) according to the manufacturer’s instructions. E. coli ATCC
25922 served as a quality control strain.

4. Conclusions

To the best of our knowledge, we described a novel plasmid pYhe2001 in a K. pneu-
moniae isolate of swine origin for the first time. A novel Tn6897 that was identified in the
plasmid pYhe2001 likely underwent a recombination event and showed a high potential
for resistance development. Heavy metal resistance genes were identified in the plasmid
pYhe2001, which expanded the spectrum of IncH plasmids. This is the first time that the
IncF plasmid carrying blaCTX-M-27 was discovered in the liver of a swine, which warrants
investigation of the prevalence of blaCTX-M-57 harboring K. pneumoniae. The results of this
study provide additional evidence of the variation in MDR K. pneumoniae that threatens the
health of humans and animals.
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Abstract: The growing concern over the emergence of antimicrobial resistance (AMR) in animal
production as a result of extensive and inappropriate antibiotic use has prompted many swine farmers
to raise their animals without antibiotics (RWA). In this study, the impact of implementing an RWA
production approach in sow barns on actual on-farm antibiotic use, the emergence of AMR, and the
abundance of pathogens was investigated. Over a 13-month period, fecal and nasopharynx samples
were collected at 3-month intervals from sows raised in RWA barns and sows in conventional barns
using antibiotics in accordance with the new regulations (non-RWA). Whole genome sequencing
(WGS) was used to determine the prevalence of AMR and the presence of pathogens in those samples.
Records of all drug use from the 13-month longitudinal study indicated a significant reduction in
antimicrobial usage in sows from RWA barns compared to conventional non-RWA barns. Antifolates
were commonly administered to non-RWA sows, whereas β-lactams were widely used to treat
sows in RWA barns. Metagenomic analyses demonstrated an increased abundance of pathogenic
Actinobacteria, Firmicutes, and Proteobacteria in the nasopharynx microbiome of RWA sows relative to
non-RWA sows. However, WGS analyses revealed that the nasal microbiome of sows raised under
RWA production exhibited a significant increase in the frequency of resistance genes coding for
β-lactams, MDR, and tetracycline.

Keywords: raised without antibiotics; WGS metagenomics; antimicrobial resistance genes; gut
microbiome; nasopharynx microbiome

1. Introduction

Antibiotic overuse and misuse in human and veterinary medicine as well as in agricul-
ture has intensified the emergence and spread of antimicrobial-resistant diseases, making it
one of the most serious risks to public health according to World Health Organization [1].
Globally, animal agriculture accounts for more than half of all antibiotic use, which was
estimated to be about 131,000 tons in 2013 and is expected to exceed 200,000 tons by 2030 [2].
In Canada, 78% of antimicrobials sold in 2019 (~1.0 million kg) were intended for use in
food-producing animals, with the majority (both in kilograms and adjusted for the number
of animals and their weights (biomass)) were distributed for use in pig production [3].
This trend has been consistent worldwide [4–9]. Tetracyclines, macrolides, and penicillins
(β-lactams) are among the top classes of antimicrobial sold to the Canadian swine sector [3].

Due to risks associated with antimicrobial resistance (AMR) as a result of increased
antibiotic use, Canada has implemented more stringent regulations on the use of antibiotics
in livestock production. Since December 2018, all medically important antimicrobials
for veterinary use must be sold by prescription only, and the use of antibiotics in animal
feed is prohibited. Additionally, a number of pig producers have shifted to raising pigs
without using any antibiotics (RWA), motivated by the premium price paid by processors
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for pigs raised completely without antibiotics. However, it has been reported that as swine
producers transitioned to antibiotic-free production, the microbial load in the production
environment gradually increased, eventually leading to the animals succumbing to the
increased microbial challenge, after which severe disease outbreaks began to occur. Thus,
the impact of RWA production on the emergence of AMR and prevalence of pathogens in
the barn was explored further in this study.

According to Statistics Canada, the Canadian hog industry had a total inventory of
around 14.11 million hogs in January 2022, including 5.17 million piglets, 7.68 million
grower–finishers, and 1.24 million sows and gilts [10]. Sows, or adult female pigs who
have given birth (farrowed) at least once, play a critical role in swine production. Sows are
among the oldest animals in a swine barn. They are first bred at the age of 24–30 weeks
and have a gestation period of about 115 days. When sows are about to farrow, they are
moved to a farrowing room where they stay for 3–4 weeks until they wean their litter, and
then they are bred again. Broad-spectrum antibiotics are usually fed or given by injection
at farrowing and for a few days afterwards, because sows are susceptible to a number of
infections during this period [11]. Given that sows stay longer in the barn, they are more
likely to have been exposed to most antibiotics as well as pathogens [12], making the sow
stage significant to investigate the impacts of RWA.

Furthermore, the Canadian Integrated Program for Antimicrobial Resistance Surveil-
lance (CIPARS), which monitors antimicrobial usage in the Canadian swine industry, is
mostly focused on grower-finisher pigs, with no data on sows available [13]. The impact
of antibiotic treatments on the prevalence of pathogens and antimicrobial-resistant genes
(ARGs) in the gut microbiome of piglets and grower-finisher pigs has previously been
examined [14–17]; however, little is known about the potential differential effects of these
treatments on the abundance of pathogens and ARGs in the gut and nasal microbiome of
sows [12]. Additionally, while the gut microbiome of pigs has been extensively studied, the
impact of antimicrobial treatment on the nasal microbiome has yet to be investigated [18,19].
There is mounting evidence that the nasal microbiota regulates local immunity and con-
tributes to swine respiratory health [19]. Hence, the main objectives of this study were to
characterize the gut and nasopharynx microbiome of sows raised under two different pro-
duction conditions (RWA vs. non-RWA), monitor their antimicrobial usage, and investigate
the impact of RWA measures on the prevalence of AMR and the occurrence of pathogens
found in the gut and nasopharynx of sows.

2. Results
2.1. Antifolates Are Largely Administered to Non-RWA Sows While β-Lactams Are Still Widely
Used for Treatment of Sows in RWA Barns

Records of all drug use for animal treatments as well the actual use of antibiotics in the
participating barns were collected regularly from November 2019 to November 2020. These
records included the type of drug, dosage, the number and age of treated animals, the cause
of treatment, location in the barn, and the date of drug administration. The information and
amounts of drugs given were cross-referenced against the Provincial Veterinary Services
and swine drug treatment databases (https://www.drugs.com/vet/swine-a.html, accessed
on 9 July 2021). The antibiotics mostly given to sows during the monitoring period belonged
to three classes: antifolates (Trimidox), β-lactams (Penicillin G, Ampicillin, Ceftiofur), and
tetracyclines (Biomycin).

Table 1 shows a list of antibiotics that were administered in RWA and non-RWA barns
along with their corresponding quantity in milligrams (mg) and DDDvetCA, which is
the Canadian defined daily dose (average labeled dose) in milligrams per kilogram pig
weight per day (mg drug/kg animal/day), in accordance with the Canadian Integrated
Program for Antimicrobial Resistance Surveillance 2016 report [20]. The data on antibiotic
type and dosages were normalized using the number of sows treated during the surveil-
lance period in order to report the values as DDDvetCA. On average, a total of 553 g of
antibiotics were administered to 78 non-RWA sows, corresponding to 1285 mg/day/kg
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cumulative DDDvetCA. However, RWA sows (n = 22) received a total of 130 g of antibiotics,
corresponding to 204 mg/day/kg cumulative DDDvetCA. The estimated total antimi-
crobial usage for sows in RWA barns was reduced by nearly 4.3-fold compared to usage
in non-RWA barns. The number of treated sows in RWA barns was 3.5-fold lower and
received 6.3-fold less cumulative DDDvetCA value than the sows in non-RWA barns. Sows
in non-RWA barns were treated with antifolates (77% of total antibiotics administered),
β-lactams (1.4%), and tetracycline (22%), which respectively corresponded to 72%, 1.3%,
and 27% of the cumulative DDDvetCA value. In contrast, RWA sows were treated with
β-lactams (82%) and tetracycline (18%), which respectively corresponded to 85% and 15%
of the cumulative DDDvetCA value (Table 1). Due to potential interpretation bias caused
by the lack of consistent criteria for the different treatment categories/reasons across partic-
ipating barns (e.g., one barn may call the reason for treatment ‘infection’, while others may
list the same symptoms as ‘limping’ or ‘respiratory’), these data were not included in the
analysis. Nevertheless, the six most prevalent reasons for treatment recorded during the
13-month monitoring period included infection, injury, limping, respiratory impairment,
and symptoms associated with gestation such as difficulty farrowing, vaginal discharge,
and mastitis.

Table 1. Quantification of antibiotics administered to sows in the participating barns.

Numbers of
Animals

Type of Antibiotics

Antibiotics Used

Absolute Quantity Relative Amount

mg Percent DDDvetCA 1 Percent

Non-RWA

Sow (n = 78)

Antifolate 425,496 77% 925 72%

B-lactam 8000 1% 13 1%

Tetracycline 119,500 22% 347 27%

Total antibiotics (mg) 552,996 1285

RWA

Sow (n = 22)
β-lactam 107,085 82% 173 85%

Tetracycline 23,250 18% 31 15%

Total antibiotics (mg) 130,335 204
1 DDDvetCA is the Canadian defined daily dose (average labeled dose) in milligrams per kilogram pig weight
per day (mg drug/kg animal/day).

2.2. RWA Sows Exhibit More Pathogenic Actinobacteria, Firmicutes, and Proteobacteria in
Nasopharynx Samples

Metagenomic taxonomy profiling was performed on samples from sow feces and nasal
swab samples collected from RWA and non-RWA barns. Bacterial sequences accounted
for nearly 99% of all sequenced reads matching the k-mer markers. Analysis through the
CosmosID bioinformatics platform resulted in the identification of 395 bacterial species
belonging to 150 genera, 24 classes, and 13 phyla (data not shown). The sows’ fecal micro-
biomes were dominated by Firmicutes (65–68%), followed by Actinobacteria (9–13%), and
Bacteriodetes (6–7%). The nasal swab samples, however, exhibited a fairly comparable relative
abundance at the phylum level, including Firmicutes (39–54%) and Proteobacteria (19–31%).

The total species/strains present in the microbiome were further analyzed to deter-
mine the prevalence of pathogens (the pathome) which is represented by the subset of
human and/or animal risk group (RG) 2 and RG3 organisms. From our analysis, 89 and
96 pathogenic strains were found in feces and nasal swabs samples, respectively (See
Supplemental Table S1). The total prevalence of pathogens (sequence frequency) in the sow
feces was comparable between the non-RWA and RWA barns with an overall reduction
in the RWA samples (Figure 1). However, at the phylum level, sow feces in RWA barns
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exhibited a significant decrease in the frequency of pathogens over time, including microor-
ganisms belonging to Firmicutes (Figure 2A, Table S1). Alternatively, the total prevalence of
pathogens in the nasal swab samples collected from sows was remarkably higher in RWA
barns compared to non-RWA (Figure 1). At the phylum level (Figure 2B), the pathogenic
Actinobacteria, Firmicutes, and Proteobacteria were significantly more frequent in the nasal
swab samples collected from RWA sows (Table S1).
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Figure 1. Metagenomic taxonomy profiling at the phylum level from sow feces and nasal swab
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2.3. RWA Practices Increased AMR in the Sow Nasopharynx but Not in the Sow Gut

To determine the effect of the RWA production approach on the prevalence of ARGs
over time in both the gut and nasopharynx microbiomes of sows, the resistome profiles from
the WGS data were compared and yielded the frequency of ARGs present in the samples
based on absolute number of reads. As shown in Figure 3, the ARGs were found to belong
to six main classes: aminoglycoside (11–32%), β-lactam (2–26%), macrolide (16–32%),
phenicol (0.04–0.88%), multi-drug resistance (MDR; 3–13%), and tetracycline (22–46%).
Over 13 months of surveillance monitoring, the ARG frequency in sow feces in RWA
barns was not significantly different (p = 0.072) from non-RWA barns (Figures 3 and 4A).
However, the ARG frequency in samples collected from sow nasopharynx was significantly
higher (p = 0.016) in RWA barns compared to non-RWA barns (Figure 3). Relative to sows
raised under non-RWA conditions, the frequency of ARGs in the nasal swab samples from
sows in RWA barns significantly increased for β-lactam (p = 0.004), MDR (p = 0.03), and
tetracycline (p < 0.002) drug classes (Figure 4B).

Figure 5 shows the frequencies of the ten most abundant ARGs in sow feces and nasal
swab samples from RWA and non-RWA barns. Through comparative gene frequency (heat
map) analysis of ARG clusters, tetracycline resistance genes tetW and tetQ were the most
frequently found in fecal samples, and the β-lactam resistance gene blaROB1 was the most
frequently found in nasal swab samples, followed by Aminoglycoside (ant9 la) and then by
MDR (lsaE) (Figure 5A). Furthermore, PCoA ordination of ARGs significantly clustered the
effect of RWA on the resistome from sow nasal swab samples (p = 0.016), but not from sow
feces (p = 0.072) (Figure 5B).
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the averaged frequency of the pathogens obtained from all bacteriome phyla by extracting the subset
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RWA) were included as biological replicates for statistical analysis. ANOVA 2-way analysis with
repeated measures comparing RWA vs. non-RWA with Bonferroni’s correction; * p < 0.05, ** p < 0.01.
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Figure 3. Metagenomic resistome showing the frequency of antibiotic resistance genes (ARGs)
clustered into six classes: tetracycline, aminoglycoside, macrolide, phenicol, β-lactam, and multi-
drug resistance (MDR) and collected from sow feces and nasal swab samples in non-RWA − (minus
sign) and RWA + (plus sign) barns. Two data sets from each type of barn (non-RWA and RWA) were
included as biological replicates for PERMANOVA analysis of the non-RWA vs. RWA resistome
profiles. The ARG frequency in sow feces in RWA barns was not significantly different (p = 0.072) from
non-RWA barns (Figures 3 and 4A). The ARG frequency in samples collected from sow nasopharynx
was significantly higher (p = 0.016) in RWA barns compared to non-RWA barns.
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Figure 4. Resistomes from sow feces (A) and sow nasopharynx (B) in RWA + (plus sign) and non-
RWA − (minus sign) barns. The frequency of antibiotic resistance genes (ARG) clustered in six clas-
ses: aminoglycoside, β-lactam, macrolide, MDR, phenicol, and tetracycline. Two data sets from each 
type of barn (non-RWA and RWA) were included as biological replicates for statistical analysis. 
ANOVA 2-way analysis with repeated measures comparing RWA vs. non-RWA with Bonferroni’s 
correction; * p < 0.05, ** p < 0.01. 

Figure 5 shows the frequencies of the ten most abundant ARGs in sow feces and nasal 
swab samples from RWA and non-RWA barns. Through comparative gene frequency 
(heat map) analysis of ARG clusters, tetracycline resistance genes tetW and tetQ were the 
most frequently found in fecal samples, and the β-lactam resistance gene blaROB1 was the 
most frequently found in nasal swab samples, followed by Aminoglycoside (ant9 la) and 
then by MDR (lsaE) (Figure 5A). Furthermore, PCoA ordination of ARGs significantly 
clustered the effect of RWA on the resistome from sow nasal swab samples (p = 0.016), but 
not from sow feces (p = 0.072) (Figure 5B). 

 

Figure 4. Resistomes from sow feces (A) and sow nasopharynx (B) in RWA + (plus sign) and non-
RWA − (minus sign) barns. The frequency of antibiotic resistance genes (ARG) clustered in six classes:
aminoglycoside, β-lactam, macrolide, MDR, phenicol, and tetracycline. Two data sets from each type
of barn (non-RWA and RWA) were included as biological replicates for statistical analysis. ANOVA
2-way analysis with repeated measures comparing RWA vs. non-RWA with Bonferroni’s correction;
* p < 0.05, ** p < 0.01.
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Figure 4. Resistomes from sow feces (A) and sow nasopharynx (B) in RWA + (plus sign) and non-

RWA − (minus sign) barns. The frequency of antibiotic resistance genes (ARG) clustered in six clas-

ses: aminoglycoside, β-lactam, macrolide, MDR, phenicol, and tetracycline. Two data sets from each 

type of barn (non-RWA and RWA) were included as biological replicates for statistical analysis. 

ANOVA 2-way analysis with repeated measures comparing RWA vs. non-RWA with Bonferroni’s 

correction; * p < 0.05, ** p < 0.01. 

Figure 5 shows the frequencies of the ten most abundant ARGs in sow feces and nasal 

swab samples from RWA and non-RWA barns. Through comparative gene frequency 

(heat map) analysis of ARG clusters, tetracycline resistance genes tetW and tetQ were the 

most frequently found in fecal samples, and the β-lactam resistance gene blaROB1 was the 

most frequently found in nasal swab samples, followed by Aminoglycoside (ant9 la) and 

then by MDR (lsaE) (Figure 5A). Furthermore, PCoA ordination of ARGs significantly 

clustered the effect of RWA on the resistome from sow nasal swab samples (p = 0.016), but 

not from sow feces (p = 0.072) (Figure 5B). 
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Figure 5. Gene frequency heat map comparative analysis of sow feces and nasal swabs from non-RWA
vs. RWA barns, showing the frequencies of the 10 most abundant ARGs (A). PCoA and ordination
PERMANOVA analysis of the RWA vs. non-RWA resistome profiles from sow feces and nasal swab
samples (B).

3. Discussion

The impact of antibiotic treatments on the prevalence of pathogens and ARGs in the
gut microbiome of piglets and grower-finisher pigs has previously been examined [14–17];
however, limited information is available on the potential differential effects of these
treatments on the abundance of pathogens and ARGs in the gut and nasal microbiome of
sows. The monitoring of antimicrobial usage in the Canadian swine industry through the
Canadian Integrated Program for Antimicrobial Resistance Surveillance (CIPARS) is mainly
focused on grower-finisher pigs, with no data on sows available [13]. Similarly, most reports
of antimicrobial usage in the United States are mostly focused on nursery and grower-
finisher pigs, and data on sows are not well-documented [21]. In Europe, a study conducted
by Echtermann et al. [22] involved the monitoring of antimicrobial usage from 71 Swiss
non-RWA farrow-to-finish farms in 2017. Based on antimicrobial data expressed in terms of
the number of defined daily doses Switzerland (nDDDch) in milligrams per kilogram pig
weight, the most prevalent treatment was penicillin (β-lactams), which accounted for 57% of
the nDDDch, while tetracyclines were minimal (2%), and antifolates were not reported [22].
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These findings contrasted with non-RWA practices in Canadian operations shown in our
study, where sows were treated with more antifolates (72% of the cumulative DDDvetCA
value) and less β-lactams (1.3%), but consistent with RWA practices (85% β-lactams and no
antifolates). These differences could be attributed to a number of factors such as geographic
location, animal management, and age of pigs, among others. In non-RWA sows, antifolates
were used to treat respiratory impairment and limping symptoms, while β-lactams were
administered to sows in participating RWA barns for symptoms related to gestation, as well
as infection and injuries (visible swellings). Antifolates are widely used in Canadian swine
production; these drugs are antibacterial, immunomodulatory, and chemotherapeutic
agents but the mechanism of resistance is poorly documented and is likely linked to
inducing efflux multidrug-resistance [23,24]. On the other hand, resistance to β-lactams
and tetracyclines have been proven to be globally ubiquitous in pig microbiomes yet still
remain in use and clinically valuable [25–27].

In order to assess the impact of the RWA approach on the prevalence of pathogens and
ARGs, fecal and nasal swab samples were collected from sows in RWA and non-RWA barns.
Analyses of the metagenomes showed increased abundance of pathogenic Actinobacteria,
Firmicutes, and Proteobacteria in the nasopharynx microbiome of sows raised under the RWA
program relative to non-RWA sows. This could be attributed to the reduced antimicrobial
usage of sows in RWA barns, which was about 4.3-fold lower than in non-RWA barns.
However, in other studies the impact of antibiotics administration on the nasal microbiota
of pigs was variable. In a study by Correa-Fiz et al. [18], the non-RWA practice at early stage
of life caused significant increase in the relative abundance of Campylobacter, but exhibited
a lower relative abundance of other potentially pathogenic bacteria in the nasal microbiota
of piglets. Similarly, the administration of antibiotics caused considerable variation in
the relative abundance of some pathogenic bacteria in the nasal microbiota of pigs; the
variation was dependent on dosing regimen [28], age of pigs [18] and type of antimicrobial
treatment [29]. In this study, the decrease in the relative abundance of Actinobacteria over
time in the nasal microbiota of sows raised under the RWA program could be associated
with the stage of growth. In a study by Slifierz et al. [30], only the relative abundance of
Actinobacteria decreased over time among the bacterial phyla in the nasal microbiota of pigs,
and the authors suggested that this temporal shift may have been caused by aging. This
decreasing trend, however, was not evident in the nasopharynx samples from non-RWA
sows because of their extensive exposure to antibiotic treatments which can disturb the
nasal microbiome of pigs [28].

On the other hand, WGS data from the sow gut demonstrated a higher prevalence of
pathogenic Firmicutes in non-RWA samples than in RWA samples. This is consistent with
the findings of Sun et al. [31], where an increase in the abundance of Firmicutes in sow fecal
samples was observed after the administration of antibiotics. Firmicutes was previously
found to be the most abundant phylum in the core and variable microbiome of acute
diarrheal patients (dysbiosis) and/or a source of ARGs in the infected gut of individuals
treated with antibiotics [32]. In addition, the relative abundance of pathogenic bacteria,
such as Clostridium and Corynebacterium, increased in the gut microbiota of finishing pigs
administered with lincomycin [15]. This increase, according to the authors, could be due to
their antibiotic-resistant properties [15].

In this study, there was no significant difference in the frequency of ARGs detected
in the sow feces from RWA and conventional (non-RWA) barns. However, the metage-
nomics results from the nasal microbiome of sows raised under RWA production exhibited
a significant increase in the frequency of resistance genes coding for β-lactams, MDR, and
tetracycline compared to non-RWA sows. This could be associated with sows being exposed
to higher concentrations of β-lactams and tetracycline in RWA barns relative to non-RWA
barns. On the other hand, the impact of the increased usage of these types of antibiotics in
RWA barns was not evident in the fecal microbiome of sows, which suggests that the ARGs
in the nasal microbiome could be more susceptible to antibiotic exposure than those in the
fecal microbiome. In the study by Holman et al. [33] on the impact of antibiotic treatments
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on the fecal and nasal microbiota of feedlot cattle, antibiotic resistance determinants in
the nasal microbiome were more significantly affected by antibiotic treatment than those
in the fecal microbiome. To date, information on the correlation between antimicrobial
usage and frequency of ARGs in the nasal microbiome of sows is very limited. However,
several studies have shown the emergence of a substantial number of antimicrobial re-
sistance determinants in the swine gut microbiome, even in the absence of antimicrobial
exposure [16,17,34–36]. For instance, in a study by Looft et al. [35], numerous tetracyclines
genes, including tetB(P) and tetQ, were frequently found in fecal samples from piglets with
no antibiotic exposure. Similarly, our present study demonstrated a higher abundance
of tetracycline resistance genes tetW and tetQ in sow fecal samples. The emergence of
antimicrobial resistance determinants in swine facilities without direct antimicrobial ex-
posure could be related to the inclusion of high doses of heavy metals such as zinc and
copper in swine diets [36–38]. Cross-resistance, as well as co-selection and co-resistance
between antimicrobial resistance determinants and heavy metal resistance genes, could
potentially explain why antimicrobial resistance genes persist in the pig gut even without
prior antimicrobial administration [39,40].

4. Materials and Methods
4.1. Experimental Design and Sample Collection

A 13-month longitudinal study of swine barns that adopted the RWA program, and
conventional barns using antibiotics in line with the new regulations (non-RWA), was
conducted by collecting fecal and nasopharynx samples from sows at 3-month intervals;
these samples were then subjected to whole genome sequencing (WGS) and compared
using bioinformatics. During the 13-month period, regular collection of metadata was also
conducted, and was comprised of all records of administered antibiotic drugs and illnesses
or treatment reasons from the two types (RWA or non-RWA) of participating barns. Table 2
summarizes the type, name, dosages, and routes of administration of antibiotics to sows
in RWA and non-RWA barns. Sows in the participating non-RWA barns were fed with
wheat/barley-based diets while those in RWA barns had wheat-based and corn-based diets.

Table 2. Type, drug name, dosages, and route of administration of antibiotics to sows in non-RWA
and RWA barns.

Barns Type of Antibiotics Drug Name Dosage Treatment Route 1

Non-RWA

Antifolate
Trimidox

(trimethoprim &
sulfadoxine)

1 mL/15 kg/day IV or IM injection

Tetracycline Biomycin
(Oxytetracycline) 1 mL/10 kg/day IM or subcutaneous

β-lactam Penicillin G 6000 IU per kg
(1 mL/50 kg) IM injection

Polyflex (ampicillin) 6 mg/kg/day IM injection

Excenel (ceftiofur) 3.0 mg/kg/day
for 3 days IM injection

RWA
β-lactam Polyflex (ampicillin) 6 mg/kg/day IM injection

Penicillin G 6000 IU per kg
(1 mL/50 kg) IM injection

Tetracycline Biomycin
(Oxytetracycline) 1 mL/10 kg/day IM or subcutaneous

1 IM is intramuscular; IV is intravenous.

A total of five regular animal sampling time points was conducted over the monitoring
period. At each time point, fresh fecal samples were collected aseptically from three third-
parity sows (approximately 18–22 months old) and stored in sterile 50 mL tubes. The nasal
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swabs were collected from the same animals by following similar procedures described
in the Swab Collection and DNA Preservation System (Norgen Biotek Corp., Thorold,
Canada). The nasal swab samples were analyzed to detect potential subsets of respiratory
viruses along with other microorganism categories, and their associated antimicrobial
resistance genes (ARGs), that may not be well represented in the fecal samples. All samples
were stored at 4 ◦C in a styrofoam container and shipped within 24 h of collection to
the laboratory for storage at −80 ◦C and subsequent analyses. The handling of samples
followed the guidelines outlined in the CDC’s Biosafety in Microbiological and Biomedical
Laboratories (BMBL) manual for Level 1 biologic materials [41].

4.2. Whole Genome Sequencing (WGS) and Sequence Analyses

The total complement of ARGs (the resistome), bacterial diversity, as well as the
prevalence of pathogens in the collected samples were identified by random shotgun
next-generation sequencing (NGS) using an Illumina HiSeq platform (Omega-Bioservices,
Norcross, GA, USA). Sample handling was performed in accordance with the sequencing
service procedures and then shipped to Omega-Bioservices for DNA extraction, data
quality determination, and NGS. A detailed workflow method of a health metadata-based
management approach to compare and quantify WGS data targeting the occurrence of
antimicrobial resistance and pathogens in Canadian swine barns was reported previously
by the team [40]. DNA extraction from 1 g of sample material, and validation of the purity
and yield of the DNA, were carried out using the Mag-Bind Universal Pathogen DNA Kit
(Omega Biotek, Inc. Norcross, GA, USA) and Quant-iT™ PicoGreen™ ds DNA System kit
(ThermoFisher Scientific, Pittsburgh, PA, USA), respectively. Shotgun NGS libraries were
made from DNA using Kapa Biosystems Prep Kit according to manufacturer’s instructions
(Roche®, KK2103 Pleasanton, CA, USA). Samples corresponding to distinct collection
points were run on one lane of a HiSeq4000/X Ten instrument (Illumina, San Diego, CA,
USA), generating a total of 100–120 GB of 150-bp paired-end data reads. Each sample
generated two FASTQ files (R1 Forward read and R2 Reverse read), producing an average
minimum of ~30 million reads (MReads) that were shared through the Illumina BaseSpace
Sequence Hub. The sequences were then subjected to quality control (denoising and
adaptor trimming) and reported using the MultiQC tool (v1.11 SciLifeLab, Stockholm,
Sweden) at https://multiqc.info/, accessed on 9 July 2021 before being uploaded to the
platform for metagenomic analysis (CosmosID Inc., Rockville, MD, USA).

4.3. Prevalence of Pathogens and Resistome

A subset of the taxonomic profiles belonging to bacterial pathogens was used to
identify the total complement of pathogens (the pathome). As described in a study by
Chekabab et al. [14], microbes were classified and identified on the species-, subspecies-,
and strain-levels. The relative abundance and frequency of the identified organisms were
quantified using GenBook comparators and the GENIUS software implemented within the
CosmosID algorithm. This taxonomic profiling included a subset of pathogenic bacteria (the
pathome), which was manually assigned to human and animal risk groups (RG2, or RG3).

The ARGs in the microbiome (resistome) were identified and quantified by compar-
ing unassembled sequence reads to CosmosID’s curated ARG database. NCBI- RefSeq,
PATRIC, M5NR, ENA, DDBJ, CARD, ResFinder, ARDB, and ARG-ANNOT were among
the inputs utilized by the ARG database in the platform. These databases contain nearly
4000 distinct ARGs based on percent gene coverage as a function of the gene-specific
read frequency in each sample. Using a classification system derived from two antimi-
crobial resistance pipelines (https://megares.meglab.org/, accessed on 9 July 2021 and
https://card.mcmaster.ca/, accessed on 9 July 2021 the resulting ARG profile table was
then clustered into 16 drug resistance classes and 7 resistance mechanisms [42].
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4.4. Statistical Analysis

Frequency tables with taxa and ARG were subjected to univariate and multivariate
analyses for diversity, ordination, and differential frequency. The species richness (Shannon
alpha diversity indices and beta diversity distance matrices) was calculated. Two data sets
from each type of farm (non-RWA and RWA) were included as biological replicates for
statistical analysis.

Principal Coordinate Analysis (PCoA) was performed to cluster the readout frequen-
cies of pathogen species and ARG class in the samples (Bray-Curtis distance matrix; com-
munity structure). PERMANOVA analysis was used to identify significantly different
readouts. Both PCoA and PERMANOVA analyses were conducted using the CosmosID
platform. Individual ARG classes of drug resistance were compared using two-way para-
metric ANOVA (GraphPad Prism v7.00, San Diego, CA, USA) with non-RWA and RWA as
barn groups, and fecal, nasal and time-point repeated measurements as sub-groups.

5. Conclusions

The adoption of RWA measures in sow barns to reduce the total on-farm usage of an-
tibiotics, and consequently to mitigate the emergence of AMR, has caused significant shifts
in the diversity and abundance of certain pathogens and ARGs in the gut and nasopharynx
microbiome of sows. During the 13-month monitoring period, whole genome sequence
analyses revealed that sows raised under the RWA program had a higher frequency of
pathogens in the nasopharynx, and a lower frequency of pathogens in the gut relative to
sows in conventional non-RWA barns. On the other hand, the reduction of antibiotic usage
in RWA barns resulted in an increased abundance of ARGs in sow nasopharynx but had no
significant impact on ARG frequency in sow feces. An expanded longitudinal monitoring
with more participating non-RWA and RWA barns over a longer timeframe is needed to
more definitively validate the correlations and trends observed in this study regarding
the impact of reduced antibiotic exposure on the frequency of ARGs and prevalence of
pathogens in the gut and nasopharynx microbiome of older animals like sows.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics11091221/s1, Table S1: Pathome-List of pathogens detected in
sows feces and nasal-swabs.
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Abstract: The emergence of the mobile tigecycline-resistance gene, tet(X4), poses a significant threat
to public health. To investigate the prevalence and genetic characteristics of the tet(X4)-positive
Escherichia coli in humans, 1101 human stool samples were collected from a tertiary class-A hospital in
Beijing, China, in 2019. Eight E. coli isolates that were positive for tet(X4) were identified from clinical
departments of oncology (n = 3), hepatology (n = 2), nephrology (n = 1), urology (n = 1), and general
surgery (n = 1). They exhibited resistance to multiple antibiotics, including tigecycline, but remained
susceptible to meropenem and polymyxin B. A phylogenetic analysis revealed that the clonal spread
of four tet(X4)-positive E. coli from different periods of time or departments existed in this hospital,
and three isolates were phylogenetically close to the tet(X4)-positive E. coli from animals and the
environment. All tet(X4)-positive E. coli isolates contained the IncX1-plasmid replicon. Three isolates
successfully transferred their tigecycline resistance to the recipient strain, C600, demonstrating that
the plasmid-mediated horizontal gene transfer constitutes another critical mechanism for transmitting
tet(X4). Notably, all tet(X4)-bearing plasmids identified in this study had a high similarity to several
plasmids recovered from animal-derived strains. Our findings revealed the importance of both the
clonal spread and horizontal gene transfer in the spread of tet(X4) within human clinics and between
different sources.

Keywords: tigecycline resistance; tet(X4); Escherichia coli; IncX1; clonal spread

1. Introduction

In recent decades, antimicrobial resistance (AMR) in clinical pathogens has become
a significant threat to human health and a major source of concern for microbiologists
and clinicians around the world. Tigecycline, the first antibiotic of the glycylcycline class,
is considered one of the last antibiotic options for treating clinical infections caused by
multi-drug resistance (MDR) Gram-negative bacteria, particularly carbapenem-resistant
Enterobacteriaceae (CRE) and carbapenem-resistant Acinetobacter baumannii (CRAB) [1].
However, the frequent use of tigecycline promotes the development of tigecycline resistance,
which can lead to a clinical treatment failure. Earlier studies found that tigecycline resistance
is typically generated by the over-expression of efflux pumps and mutations within the
drug-binding site in the ribosome [2], but there have been few reports of a horizontal gene
transfer of tigecycline resistance.

The plasmid-carried tet(A) mutations can lead to a low-level resistance to tigecycline
in Klebsiella pneumoniae [3], but it is uncommon. Tet(X), a flavin-dependent monooxygenase
that can inactivate tetracyclines, was first described in Bacteroides fragilis [4,5]. Tet(X2),
an ortholog of Tet(X), was originally isolated from the transposon CTnDOT in Bacteroides
thetaoiotaomicron [6]. Both tet(X) variants are active against the earlier classes of tetracyclines
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but show limited activity against tigecycline [7]. In 2019, two novel plasmid-encoded
mobile tigecycline-resistance genes, tet(X3) and tet(X4), were initially discovered in A.
baumannii and Enterobacteriaceae isolated from animals, humans, and the environment in
multiple provinces of China [8,9]. These two variants confer a high-level resistance to all
tetracycline antibiotics, including tigecycline as well as two FDA-approved new antibiotics,
eravacycline and omadacycline [8]. Following that discovery, several novel tet(X) variants,
tet(X5) [10], tet(X6) [11], tet(X7) to tet(X13) [12], tet(X14) [13], and tet(X15) [14], have been
identified in a variety of bacterial species from diverse sources.

Fortunately, most tet(X) variants have only been reported sporadically and cannot be
transferred by a plasmid-mediated horizontal gene transfer. However, it should be noted
that the tet(X4) gene has gradually become one of the most common plasmid-mediated
tigecycline genes in China [15] and has also been identified in more than five countries in
Europe and Asia [16,17]. The tet(X4) gene was predominantly found in pigs, pork, and
the surrounding environments of pig farms or slaughterhouses but was rare in human
health sectors. Unfortunately, the presence of tet(X4) progressively increased in clinical
cases [18,19] and in healthy humans [15]. Moreover, a greater concern is that the tet(X4)
gene has been sporadically found in coexistence with the mobile colistin gene, mcr-1, [20]
or carbapenemase-encoding gene blaNDM-5 [21], further limiting the drug options for the
treatment of infections caused by these extensively drug-resistant bacterial pathogens.
Notably, the rapid spread of the tet(X4) gene between different clinical strains was attributed
to horizontal gene transfers within hospitals [18,19], but the clonal transmission of tet(X4)
between different sources, particularly animals and humans, cannot be neglected even if it
is relatively rare.

In this study, we described the antibiotic-resistance characteristics and molecular
epidemiology of the clinical tet(X4)-positive E. coli isolates in a Chinese hospital. We further
identified that the tet(X4) gene can be transmitted via bacterial clonal spread or horizontal
genetic transfer in hospitals. These findings will help us in better understanding the
transmission of tet(X4) between animals and humans.

2. Results
2.1. Resistance Genes, Plasmid Replicons, and Virulence Factors

A total of 1101 fresh faeces were collected through a four-month surveillance pro-
gramme (from June to September) in a tertiary class-A hospital in 2019. Eight tigecycline-
resistant isolates that were positive for the tet(X4) gene were identified as Escherichia coli.
They were isolated from the fecal samples of six male and two female hospitalized patients
in June (n = 1), August (n = 5), and September (n = 2), respectively. These patients came
from five distinct clinical departments: oncology (n = 3), hepatology (n = 2), nephrology
(n = 1), urology (n = 1), and general surgery (n = 1) (Table S1).

The antimicrobial-susceptibility test revealed that eight tet(X4)-positive E. coli isolates
displayed resistance to multiple antibiotics, including ampicillin, doxycycline, tigecycline,
sulfamethoxazole-trimethoprim, and florfenicol, while still being susceptible to polymyxin
B and meropenem (Table S1). In addition, two E. coli isolates (YY176 and YY139) were
resistant to levofloxacin and ciprofloxacin, but only one isolate, YY176, was also resis-
tant to gentamicin and ceftriaxone. All of the tet(X4)-positive E. coli isolates carried the
sulphonamide (sul3), trimethoprim (dfrA), phenicol (floR), and tetracycline (tet(A) and
tet(X4)) resistance genes and at least one β-lactamase resistance gene (such as blaTEM-1A,
blaTEM-1B, blaCTX-M-14, and blaSHV-12) (Figure 1), which was basically consistent with the
presence of their resistance phenotypes.
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the phylogenetic tree, the light blue and light brown color ranges reflect the two clonal groups. The
heatmap in different colors depicts the presence or absence of the plasmid replicon types (blue),
antimicrobial-resistance (AMR) genes (red), and virulence genes (green).

The PlasmidFinder analysis of eight isolates identified ten distinct plasmid replicons:
IncFIA(HI1), IncFIB(K), IncX1, IncHI1A, IncHI1B(R27), IncQ1, IncY, IncR, IncP, and ColpVC
(Figure 1). IncX1 was identified in each of these isolates. In addition, eight virulence genes,
including gad (n = 8), terC (n = 8), iss (n = 4), traT (n = 2), astA (n = 1), usp (n = 1), lpfA (n = 1),
and ompT (n = 1), were identified. Only one E. coli YY176 isolate exhibited five virulence
genes, and the remaining seven isolates possessed two to four virulence genes (Figure 1).
Although the presence of virulence genes does not indicate pathogenicity, it still implies a
pathogenic potential, which poses a potential threat to human health.

2.2. Genomic Population Structure and the Phylogenetic Context

The MLST analysis revealed that eight tet(X4)-carrying isolates had a high degree of
genetic diversity and could be classified into six sequence types (STs), including ST8059
(n = 1), ST6466 (n = 1), ST877 (n = 1), ST761 (n = 2), ST361 (n = 2), and ST44 (n = 1)
(Figures 1 and 2). Two STs (ST877 and ST761) have already been discovered in animal-
and human-derived tet(X4)-positive E. coli [17,18,22]. The SNP analysis revealed that
these isolates shared a total of 65,529 single nucleotide polymorphisms (SNPs), with SNPs
ranging from 15 to 49,573 bp between them (Table S2). E. coli YY126 and YY245 shared
the fewest SNPs (15 SNPs), followed by E. coli YY31 and YY42 (39 SNPs), indicating that
these strains had a closer genetic relationship. Interestingly, E. coli YY126 and YY245 were
isolated concurrently, but they originated in separate sections (oncology and hepatology)
within the hospital. By contrast, E. coli YY31 and YY42 were isolated at separate times from
distinct clinical departments in the hospital. These findings suggest that a portion of the
tet(X4)-positive E. coli could be spreading clonally within this hospital.
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To further explore the potential origin of the eight clinical isolates, a phylogenetic tree
was generated using our eight and two-hundred and seventy-two online tet(X4)-positive
E. coli genomes based on a core-genome SNP analysis (Figure 2a), and a minimum spanning
tree was constructed using the MLST data (Figure 2b). There were over 70 different STs
among the 280 strains, with 8 dominant STs (more than ten strains) accounting for 55%
(95% CI, 49.1–60.9%). However, only three STs (ST761, ST877, and ST641) have great
potential in the transmission between humans and animals via clonal spread among the
eight dominant STs. Most of them were not only obtained from multiple sources but also
have a very close evolutionary distance in the individual groups (Figure 2a), especially the
previously proved E. coli ST761 [23]. In this study, two clonal groups and four non-clonal
E. coli isolates were located on six separate clades in the phylogenetic tree. Three out of
eight isolates belonging to ST761 or ST877 were phylogenetically closely related to the
strains from animals and the environment, while the remaining five isolates clustered alone.
Therefore, taken as a whole, the transmission of the tet(X4) gene in this hospital may be
associated with both the clonal spread and horizontal gene transfer.

2.3. Conjugation and the Genetic Environment

The horizontal transmissibility of the tet(X4)-bearing plasmid was determined via a
conjugation assay. Three isolates, E. coli YY42, YY168, and YY186, successfully transferred
their tigecycline resistance to the recipient strain, E. coli C600, with transfer frequencies
ranging from 2.39×10−7 to 1.32× 10−4 (Table S1 and Figure S1), whereas the remaining
five strains failed. To better understand the horizontal gene transfer of the tet(X4) gene,
a third-generation sequencing was performed on E. coli YY42, YY168, and YY186 with
their transconjugants TCYY42, TCYY168, and TCYY186. However, E. coli YY42 and its
transconjugant E. coli TCYY42 were unable to acquire the entire tet(X4)-bearing plasmid
sequence due to the multiple tandem repeats of the tet(X4)-bearing sequence. Thus, the two
genomes were reassembled based on the available long-read data to obtain the complete
plasmid sequence. In fact, such tandem repeats are common in the tet(X4)-positive strains
and frequently result in a failed assembly of the tet(X4)-bearing plasmid, as previously
described [19,24,25].

We further analysed the genetic context of the tet(X4) gene among the eight isolates to
observe the possible tandem repeats. The ISCR2 was detected on the downstream-flanking
region of tet(X4) in all isolates, but there were several cases of the upstream-flanking region
of tet(X4) (Figure S2). One such case showed that ISCR2 was absent or ISCR2 was terminated
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by other mobile elements on the upstream-flanking region of tet(X4), which does not affect
the normal assembly of the tet(X4)-bearing plasmid. Alternatively, two entire ISCR2 were
positioned on both the upstream- and downstream-flanking regions of tet(X4), which could
form numerous tandem repeats and ultimately lead to an assembly failure. In short, the
presence or absence of the ISCR2 upstream of the tet(X4) gene is a critical determinant
of the assembly of the tet(X4)-bearing plasmid. Subsequently, the plasmid analyses of
eight isolates using both the hybrid assembly and only-long-read assembly revealed that
four tet(X4)-bearing IncX1 plasmids, pYY168, pYY186, YY245, and pYY126_trycycler, with
sizes ranging from 40 to 60 kb, were identified in four E. coli isolates; three tet(X4)-bearing
IncX1/FIA(HI1)/FIB(K) hybrid plasmids, pYY31, pYY42_trycycler, and pYY176_trycycler,
with sizes ranging from 120 to 180 kb, were identified in three E. coli isolates; one 248,932 bp
tet(X4)-bearing IncX1/FIA(HI1)/HI1A/HI1B(R27) hybrid plasmid, pYY139, was identified
in one isolate.

2.4. The tet(X4)-Carrying IncX1 Plasmid

The analysis of two transferable tet(X4)-carrying IncX1 plasmids showed that pYY168
and pYY186 are composed of three components: a plasmid backbone and two variable
regions, including one multidrug-resistance determining region and one conjugative-
transfer determining region that contained a VirB family type IV secretion system (T4SS)
(Figure 3a,b). The multidrug-resistance determining region of pYY186 possessed six dis-
tinct AMR genes, including tet(X4), tet(A), floR, lnu(F), aadA2, and blaSHV-12, but pYY168
lacked blaSHV-12. Through a Blastn alignment, we determined that pYY186 shared 99.97%
sequence identity with pYY168 at 83% coverage (Figure 4). Four online IncX1 plasmids
from the NCBI database were acquired using pYY186 as a reference query (99% identity
and 100% coverage): p1916D6-2 (59,351 bp, accession no. CP046002), pYY76-1-2 (57,105 bp,
accession no. CP040929), pHNCF11W-tetX4 (57,104 bp, accession no. CP053047), and
p1916D18-1 (59,353 bp, accession no. CP045998) (Figure 4). These plasmids were recovered
from four E. coli strains isolated from cows (n = 1), chicken (n = 1), and swine (n = 2). We
also found one tet(X4)-bearing plasmid, pEC931_tetX (50,626 bp, accession no. CP049121),
from one E. coli strain from a person with a urinary tract infection that shared a 97% iden-
tity with 99.97% coverage with pYY168 and an 81% identity with 100% coverage with
pYY186. Moreover, another four NCBI-obtained tet(X4)-bearing IncX1 plasmids (accession
no. NZ_MN436006, NZ_MN436007, NZ_MT197111, and NZ_MT219821) ranging from
30 to 40 kb in length shared 57% identity and >99.97% coverage with pYY186, but these
plasmids lacked the VirB family T4SS, which may result in the functional absence of conju-
gation (Figure 4). Notably, in the current study, two tet(X4)-bearing IncX1 plasmids, pYY245
and pYY126_trycycler, lacking the conjugation capacity were also devoid of the VirB family
T4SS. They were 99.97% identical to two 44,691 bp plasmids, pCD58-3-1(accession no.
CP050037) and pCD74-2-2 (accession no. CP050046), recovered from the E. coli strains of a
broiler chicken, at 100% coverage, and carried eight AMR genes including tet(X4), tet(A),
blaTEM-1B, aph(6)-ld, floR, sul3, qnrS1, and dfrA14 (Figures 3c and S3). The high similarity of
the tet(X4)-bearing IncX1 plasmid between animals and humans indicated that the plasmid
has achieved a wide distribution among different origins and plays an important role in
the transmission of multidrug resistance, including tigecycline resistance.
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Figure 3. Schematic maps of multiple plasmids. A circular map of pYY186 (a), pYY168 (b), pYY245 (c),
pYY31 (d), pYY42-IncP (e), and pYY139 (f). The innermost circle presents the GC-Skew and the middle
circle presents the GC content. The gene functions are indicated by arrows with different colors in the
outer circle. Red, AMR gene; yellow, replication initiation protein gene; brown, conjugative transfer
gene; green, mobile element; dark grey, hypothetical protein gene; navy blue, other functional gene.
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Figure 4. Circular comparison of the tet(X4)-bearing IncX1 plasmids with other closely related
IncX1 plasmids from the NCBI database. The outermost ring represents the reference IncX1 plasmid
pYY186 with its gene positions. Different colors in the outermost ring represent distinct genes:
Red represents the resistance gene, purple represents the gene of T4SS, green represents the mobile
element, black represents the hypothetical protein, and blue represents other functional genes. The
map was constructed using BRIG software.

2.5. The tet(X4)-Carrying IncX1-Containing Hybrid Plasmid

By conducting a Blastn alignment of three IncX1/FIA(HI1)/FIB(K) hybrid plasmids,
we established that pYY31 was virtually identical to the long-read assembly plasmid,
pYY42_trycycler (>99% identity and 100% coverage) (Figures 3d and S4a), but differed from
the long-read assembly plasmid pYY176_trycycler. Using pYY31 as a reference query, more
than ten plasmids ranging from 100 to 130 kb recovered from pigs and cattle were retrieved
using BLASTn (>99% identity and 100% coverage). These shared a highly similar plasmid
backbone and nine AMR genes, including tet(X4), tet(A), tet(M), blaTEM-1B, mef (B), floR, sul3,
qnrS1, and dfrA5. Interestingly, both pYY42_trycycler and pYY31 lacked the conjugative-
elements VirB family T4SS, but pYY42_trycycler could be transformed into the recipient
strain by conjugation. A further analysis of the full genome sequences revealed the presence
of a 30,581 bp IncP plasmid, pYY42-IncP (Figure 3e and Figure S4b), in E. coli YY42 and
its transconjugants TCYY42, but not in E. coli YY31. The plasmid, pYY42-IncP, contained
the VirB family T4SS, which may aid in the co-transfer of the plasmid pYY42_trycycler
to recipient strains via conjugation. It was 100% identical to a 30,581 bp plasmid, pD72-
IncP (accession no. CP035316.1), recovered from an animal-derived mcr-1-positive E. coli
isolate D72 at 100% coverage (Figure S4b). In addition, the long-read assembly plasmid,
pYY176_trycycler, was more than 99% identical to four plasmids recovered from the E.
coli strains of pigs at >87% coverage (Figure S4c). This plasmid carried 11 AMR genes
including tet(X4), tet(A), tet(M), aadA1, aadA2, floR, erm(42), cmlA1, sul2, sul3, and dfrA12.
The IncX1/FIA(HI1)/HI1A/HI1B(R27) hybrid plasmid, pYY139 (Figure 3f), was 100%
identical to the 219,101 bp plasmid, p1919D3-1 (accession no. CP046004), recovered from
an E. coli isolate of swine feces, at 89% coverage (Figure S4d). This plasmid carried a
multidrug-resistance region that included tet(X4), tet(A), aadA1, aadA2, aadA22, blaTEM-1B,
qnrS1, floR, cmlA1, sul3, and dfrA12. Overall, these results suggested that the VirB family
T4SS played an important role in the transmission of the tet(X4)-bearing IncX1 plasmid or
IncX1-containing hybrid plasmid.
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3. Discussion

Since the plasmid-mediated tigecycline-resistance gene tet(X4) was first described in
China in 2019 [8,9], it has been widely detected in animals but sporadically reported in
humans. The earliest report revealed that the detection rate of tet(X4)-positive E. coli isolates
in humans was only 0.07% [8] (4/5485). This proportion increased to 0.73% (8/1101) among
clinical tet(X4)-positive E. coli isolates in our study. Likewise, some recent studies found
that the proportion of clinical tet(X4)-positive E. coli in humans increased modestly [15,18],
but it was unclear whether the increase was associated with the high prevalence of tet(X4)
in animals. Therefore, monitoring their reservoirs and transmission routes is essential,
particularly regarding cross-species transmission between animals and humans.

Current epidemiological evidence indicated that the tet(X4) gene was predominantly
presented in Enterobacteriaceae, particularly E. coli [8,9,15,17,18,26]. Thus, using E. coli
as a model species for investigating the transmission of tigecycline resistance between
diverse sources is preferred. According to a previous study, twelve tet(X4)-positive E.
coli isolated from the gut microbiota of healthy Singaporeans possessed nine known STs
and three untypable STs [17]. In addition, clinical isolates of tet(X4)-positive E. coli also
exhibited a significant degree of genetic diversity in certain areas of China [18]. Hence,
the rapid acquisition and dissemination of tet(X4) are commonly attributed to a horizontal
gene transfer via conjugative plasmids and the translocation of the active mobile element,
ISCR2 [26,27], rather than to clonal spread. Recently, several dominant clonal types of E.
coli (such as E. coli ST10 and ST48) carrying tet(X4) have been detected in both animals
and humans [18,22]; however, the SNP numbers often differ widely between different
sources according to the SNP analysis of this study. Notably, unlike these STs, two E. coli
ST761 isolates in this study shared a close relationship with other tet(X4)-positive E. coli
ST761 strains isolated from animal-derived samples [23]. We also discovered that one
isolate shared a significant degree of genetic similarity with a tet(X4)-positive E. coli ST877
strain isolated from pork. These findings suggest that the clonal spread of tet(X4)-positive
dominant clonal types across humans and animals poses a great threat to human health.

The IncX-group plasmids, especially IncX3 [28] and IncX4 [29], demonstrated an
important role in contributing to the spread of carbapenemase genes and colistin-resistance
genes between different strains. Currently, more than eight plasmid-replicon types were
observed in the tet(X4)-positive E. coli strains [22,24,26]. Of these, IncX1 plasmids have
been found in diverse STs of E. coli from multiple sources [8,9,15,18,22,24]. All of the
tet(X4)-bearing plasmids in this study were IncX1 plasmids or IncX1-containing hybrid
plasmids; both groups had a high similarity to several plasmids recovered from animal-
derived strains, suggesting a connection of these plasmids between the strains from humans
and animals. Notably, the IncX1 plasmid was able to form a hybrid plasmid with other
Inc plasmids (e.g., IncF plasmid), which facilitated its survival in a broad range of hosts.
Although some IncX1 plasmids have lost the capacity for self-conjugation, their conjugation
can occur through a helper plasmid carrying a VirB family T4SS, such as IncP, as observed in
this study. Therefore, we propose that IncX1 plasmids or IncX1-containing hybrid plasmids
play a significant role in the dissemination of the tet(X4) gene.

4. Materials and Methods
4.1. Sample Collection and Strain Identification

Fresh fecal samples were collected from patients for antibiotic-resistance surveillance
at a tertiary class-A hospital in Beijing, China, from June to September 2019 (Table S3). The
fresh samples were homogenized in PBS (pH = 7.2). The 100 µL sample of homogenate
was then mixed with 10 mL of LB broth (supplemented with 2 mg/L tigecycline) and
incubated for 12 h at 37 ◦C with 200 rpm shaking. Next, the enriched broth was streaked on
CHROMagarTM Orientation agar plates with tigecycline (2 mg/L) and incubated at 37 ◦C
for 24 h. Purified colonies were obtained after re-streaking three times on a MacConkey
agar plate and were then stored in a MicrobankTM (Pro-Lab Diagnostics, Toronto, ON,
Canada) at −70 ◦C. Bacterial species were identified using a MALDI-TOF/MS (Shimadzu,

127



Antibiotics 2022, 11, 1068

Kyoto, Japan) and reconfirmed by 16S rRNA gene sequencing. A colony PCR was used to
screen tet(X)-positive clones using the universal primers, tet(X)-F (5′-TGA ACC TGG TAA
GAA GAA GTG-3′) and tet(X)-R (5′-CAG ACA ATA TCA AAG CAT CCA-3′), and Sanger
sequencing was used to confirm all amplicons after PCR amplification.

4.2. Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) were determined using the broth
microdilution method following the latest guidelines of the Clinical and Laboratory Stan-
dards Institute (CLSI) and the European Committee on Antimicrobial Susceptibility Testing
(EUCAST). Briefly, all isolates were first streaked onto MHA agar and grown overnight at
37 ◦C. Then, each isolate was inoculated in 0.9% NaCl to a McFarland standard of 0.5 and
was tested for susceptibility to 12 antibiotics using custom-made Sensititre plates (Thermo
Fisher Scientific, USA), including ampicillin (AMP), amoxicillin-clavulanate (2:1) (AMC),
doxycycline (DOX), tigecycline (TGC), levofloxacin (LVX), ciprofloxacin (CIP), ceftriaxone
(CRO), gentamicin (GEN), meropenem (MEM), trimethoprim-sulfamethoxazole (SXT), flor-
fenicol (FFC), and polymyxin B (PB). Finally, all isolates were incubated for 16–20 h at 37 ◦C.
The resistance breakpoints of most antimicrobial drugs were interpreted according to the
CLSI guidelines [30], whereas tigecycline MIC was defined by the EUCAST breakpoints [31]
for E. coli. ATCC25922 was used as a reference strain (quality control).

4.3. Conjugation Assay

The transmission of the tet(X4) gene was assessed by performing the conjugation
experiment using the filter-mating method with the streptomycin-resistant E. coli C600 as
the recipient. Briefly, donor and recipient strains were grown overnight and then diluted at
1:100 in fresh LB broth. After a 6 h incubation at 37 ◦C, the donor and recipient strains were
mixed at a 1:3 ratio. The mixtures were subsequently coated on a 0.45 µM microporous
composite membrane on a solid medium and incubated at 37 ◦C for 6 h. Transconjugants
were selected on MacConkey agar plates containing 2 mg/L tigecycline with 3000 mg/L
of streptomycin and were verified by PCR to confirm the successful transfer. Transfer
frequencies were calculated as the number of transconjugants obtained per recipient, as
previously described [8].

4.4. Genome Sequencing and Bioinformatics

The whole-genome DNA of all isolates and transconjugants were extracted using a
HiPure Bacterial DNA Kit (Magen, Guangzhou, China) following the protocols described
by the manufacturer. Samples were sent to Sinobiocore (Beijing, China) for sequencing on
the Illumina HiSeq 2500 system with a read length of 150 bp, paired-end. Then, Nanopore
libraries were constructed and sequenced on the MinION long-read sequencing platform
(Oxford Nanopore Technologies, Oxford, UK). Both Illumina short reads and Oxford
Nanopore long reads of each strain were included in a hybrid assembly using a Unicycler
(Version 4.0.1, https://github.com/rrwick/Unicycler, accessed on 1 July 2022) [32]. Three
plasmids were reassembled using a Trycycler (Version 0.5.3, https://github.com/rrwick/
Trycycler, accessed on 1 July 2022) due to the failed assembly of the tet(X4)-bearing plasmids
caused by multiple tandem repeats [33]. After assembling, medaka (Version 1.4.3, https://
github.com/nanoporetech/medaka, accessed on 1 July 2022) and pilon (Version 1.2.4, https:
//github.com/broadinstitute/pilon, accessed on 1 July 2022) [34] were used to polish the
plasmid sequences. Online genomes of tet(X4)-carrying E. coli were obtained from the NCBI
database (Table S4). The AMR determinants, plasmid replicons, and sequence types were
identified using a Staramr (Version 0.5.1, https://github.com/phac-nml/staramr, accessed
on 1 July 2022) [35] against the ResFinder [36], PlasmidFinder, and MLST databases [37],
respectively. Gene prediction and automatic annotation were performed using the RAST
service [38]. Putative virulence determinants were identified using VirulenceFinder (version
2.0, https://cge.food.dtu.dk/services/VirulenceFinder, accessed on 1 July 2022) [39]. A
minimum spanning tree of all sequence types was constructed in the BioNumerics software
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(version 7.0, https://www.applied-maths.com/bionumerics, accessed on 1 July 2022)
according to correlations among alleles. Phylogenetic trees were performed using the
Parsnp (Harvest v1.1.2, https://github.com/marbl/parsnp, accessed on 1 July 2022) and
visualized using iTOL (https://itol.embl.de, accessed on 1 July 2022). Plasmid maps were
manually annotated using the DNAplotter software [40] and the comparison analysis of
multiplex plasmid sequences was performed using a BLAST Ring Image Generator (BRIG,
http://brig.sourceforge.net/, accessed on 1 July 2022) [41].

4.5. Statistical Analysis

Data were collected using Microsoft Excel files. A statistical analysis was performed
with the IBM SPSS Software, version 25 (IBM SPSS Statistics, Armonk, NY, USA). The
confidence interval (CI) reported was at 95%.

5. Conclusions

In conclusion, we characterized the epidemiological and genomic features of tet(X4)-
positive E. coli isolated from the stool of inpatients from a tertiary class-A hospital in China.
The clonal spread of the tet(X4)-positive isolates indicated the risk of intra-hospital transmis-
sion of the tet(X4) gene. In addition, although specific origins could not be accurately traced,
these strains and plasmids of clinic patient origin showed a strong genetic resemblance to
some animal-origin strains, implying a potential risk of transmission between animals and
humans. As such, since both the clonal spread and horizontal gene transfer aggravate the
spread of the tet(X4) gene, the routine surveillance of the tet(X) genes is critical for effec-
tively curbing the further transmission of tigecycline-resistance strains between animals
and humans.
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Abstract: Shared bikes as a public transport provide convenience for short-distance travel. Whilst
they also act as a potential vector for antimicrobial resistant (AR) bacteria and antimicrobial resistance
genes (ARGs). However, the understanding of the whole genome sequence of AR strains and ARGs-
carrying plasmids collected from shared bikes is still lacking. Here, we used the HiSeq platform
to sequence and analyze 24 Escherichia coli isolated from shared bikes around Metro Stations in
Beijing. The isolates from shared bikes showed 14 STs and various genotypes. Two blaNDM-5 and
blaCTX-M-199-producing ST167 E. coli have 16 resistance genes, four plasmid types and show >95%
of similarities in core genomes compared with the ST167 E. coli strains from different origins. The
blaNDM-5- or blaCTX-M-199-carrying plasmids sequencing by Nanopore were compared to plasmids
with blaNDM-5- or blaCTX-M-199 originated from humans and animals. These two ST167 E. coli show
high similarities in core genomes and the plasmid profiles with strains from hospital inpatients and
farm animals. Our study indicated that ST167 E. coli is retained in diverse environments and carried
with various plasmids. The analysis of strains such as ST167 can provide useful information for
preventing or controlling the spread of AR bacteria between animals, humans and environments.

Keywords: shared bikes; NDM-5; CTX-M-199; ST167; whole genome analysis

1. Introduction

Shared bikes as a public transport provide more choices and convenience for people’s
travel. They also act as the last-mile connection between means of transport such as light
rail stations or bus stops and people’s destinations such as home or the office. Some studies
suggest that public transportation such as buses, subways, and taxis can act as a trans-
mission media for bacteria or viruses [1,2], which could cause public health emergencies.
Meanwhile, microorganisms on the surface of public transport arouses concern due to the
severity of antimicrobial resistance worldwide [3–5]. Previous studies indicated that antimi-
crobial resistant (AR) Enterobacteriaceae, Staphylococcus spp. and Enterococcus spp. were
already isolated from shared bikes [6–9]. Additionally, various bacteria with antimicrobial
resistance genes (ARGs) were found in buses, subways, and aircrafts [1–4].

Several studies showed that both Gram-positive bacteria and Gram-negative bacteria
could be isolated from shared bikes. Among them, Staphylococci and Enterococci were
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widely distributed in shared bikes around schools, hospitals, metro stations, and from
riders, with detection rates of 2.3–12.9% and 0.08–5.5%, respectively [6]. The multiple
resistant Staphylococci showed diversity in SCCmec and sequence type (ST) [8]. Meanwhile,
the prevalence of Enterobacteriaceae in shared bikes was 19.7%, which suggested that
hospitals might increase the risk of AR Enterobacteriaceae based on the distance from
the hospital to the subway station [9]. Wu et al. reported that Bacillus was the most
abundant bacteria in the shared bicycle bacteria community, and the drug-resistant bacteria
in the shared bicycle bacterial community of metro stations, shopping malls, and hospitals
showed no significant differences [7].

In recent years, the increasing reports of carbapenem resistance genes have increased
the pressure on effective bacterial treatment. ST167 E. coli was often reported to carry
carbapenem resistance genes such as blaKPC-3, blaNDM-5, and blaNDM-1 and was found
in various species such as ducks, cattle, and mussels [10–15]. A study on hospitalized
neonatal sepsis showed that E. coli (34.01%) was one of the main pathogens of neonatal
bacteremia, and ST167 was the most prevalent ST [16]. More importantly, ST167 has been
reported to spread between companion animals and their owners [12]. The spread of
ST167 clones between countries has also been reported [17]. Although characterization
of bacteria from shared bikes has attracted widespread attention in recent years, current
studies have mainly focused on the prevalence and the phenotypes of strain descriptions in
public transportation or the features of isolates themselves. To the best of our knowledge,
the whole genome analysis with strains from different locations or biological sources and
comparisons of their plasmid profiles are still lacking. E. coli is an important representative
of Enterobacteriaceae, which can carry a variety of ARGs and has significance for public
health safety. Herein, we used the E. coli isolates from the shared bikes to investigate the
similarities and differences between strains from the shared bikes and other sources to
find the relationship of the whole genome sequencing between the E. coli isolates from
environmental and clinical samples.

2. Results and Discussion
2.1. E. coli Isolates from Shared Bikes

We identified 14 STs among all 24 E. coli isolates from shared bikes (14 from Metro Sta-
tion nearing secondary/tertiary hospitals and ten from non-hospital stations,
Supplementary material Table S1), and the ST10 clonal complex (n = 7) were the domi-
nant clonal complex (Figure 1). There is no dominant ST or clonal complex related to
hospitals, although ST10, ST48, and ST167 found in this study were the most prevalent STs
in hospitals [18–20].

The phylogenetic tree analysis showed that the 24 E. coli strains from shared bikes had
different profiles. The number of ARGs in each of the strains ranged from one to sixteen, and
plasmid types ranged from zero to five (Table S1). The resistance phenotypes showed that
some strains (such as 770, 776) which have a higher number of resistance genes exhibited
more resistance to antimicrobial agents than other strains. However, the number of strains
exhibiting resistance phenotype mismatch the number of ARGs. Some strains showed high
similarity in one small clade, for instance, 26, 25, 31 and 769, 780. Almost all AR strains
have resistance genes of aminoglycosides, quinolones, sulfonamides, tetracyclines and
beta-lactams. Despite most strains (66.7%) from hospital-related stations have resistance
gene to different kinds of antimicrobial agents, there is no significant difference between
multidrug resistance (MDR) E. coli from hospital-related stations and non-hospital stations
(p > 0.05). The two strains (770 and 776) collected, respectively, from hospital-related
stations and non-hospital stations carried the maximum number of resistance genes and
plasmid types of all strains and showed >95% similarities in core genomes with the same
sequence type ST167 (Figure 2).
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Furthermore, these two strains carried blaNDM-5 and blaCTX-M-199, and another
14 resistance genes including aminoglycoside resistance genes aadA2, aadA5, aph(3′′)-Ib,
aph(6)-Id, rmtB beta-lactam resistance genes blaEC-15 and blaTEM-1, phenicol resistance gene
floR, macrolide resistance gene mph(A), tetracycline resistance gene tet(A), sulfonamide
resistance genes sulI, sulII, trimethoprim resistant genes dfrA12 and dfrA17. In addition, the
comparison of virulence factors between hospital-related and non-hospital stations showed
no significant difference (p > 0.05). ST167 is one of the epidemic STs in E. coli that carried
ARGs, especially β-lactamase genes [21]. Previous studies indicated that ARGs-carrying
ST167 E. coli were isolated from humans, food animals, companion animals and environ-
ments [10,15,22,23]. Until now, ST167 E. coli were found in countries and districts across
five continents, such as China, Tunisia, Switzerland, Italy, Finland, Canada, Brazil, and
Tanzania [22–28]. The ST167 E. coli carrying the blaNDM gene were previously identified in
hospitals, livestock farms, poultry farms, and the environment [10,15,23,25,29]. Growing
evidence indicated that the public environment is of increasing concern as a reservoir for
the transmission of MDR bacteria and genes. However, unlike strains from farm environ-
ments, the AR bacteria strains from public transportation mean that they can be transferred
between individual populations due to personnel movement.

2.2. Comparison of Core Genome with ST167 E. coli from Different Origins

Due to the high prevalence of ST167 E. coli in the world, we would like to compare the
profiles of ST167 E. coli from shared bikes and from other origins (Supplementary material
Table S2). A total of 404 ST167 E. coli from the NCBI database were selected for comparative
analysis with two E. coli from shared bikes. These strains were collected from human
(n = 370), food animals (n = 11), companion animals (n = 15), environment (n = 8) samples
(Figure 3) from 35 countries or districts (Supplementary material Figure S1). More than
half of strains carried blaNDM (n = 288) and blaCTX-M gene (n = 272). blaNDM-5 were the
most prevalent NDM type (n = 254) but blaCTX-M-199 were found on only one strain. The
phylogenetic tree indicated that all ST167 E. coli strains exhibited various characterizations
in the core genome and have 21~11,206 single nucleotide polymorphisms (SNPs) compared
to strains from shared bikes. The two ST167 E. coli from shared bikes show high similarity
(SNPs < 50) with 33 strains (Pink color range in the Figure 3) from samples of human
(n = 18), dogs (n = 12), cats (n = 1), chicken (n = 1) as well as environment (n = 1). The
human samples were identified from Bangladesh (n = 1), the United Kingdom (n = 7),
China (n = 6), Switzerland (n = 1), Italy (n = 2) and the United States (n = 1). The dog strains
were originated from Switzerland (n = 2) and the United States (n = 10). Other strains
were collected from a cat in Italy, a chicken in China and an environmental source from
the United States. All strains were collected from 2015 to 2021, while 32 of these strains
carried blaNDM-5.
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2.3. Comparison of Plasmid Profiles with ST167 E. coli from Different Origins

Illumina and Nanopore sequencing of blaNDM-5 or blaCTX-M-199-carrying isolates in-
dicated that blaNDM-5 and blaCTX-M-199 were located on a ~98.5 kb IncFII plasmid and a
~113 kb IncFII plasmid, respectively. From the NCBI database, we downloaded nine
plasmids that have the highest coverage and identities in sequences with blaNDM-5- or
blaCTX-M-199-carrying plasmid of shared bikes (Supplementary material Table S3). Nine
blaNDM-5-carrying plasmids belong to strains from patients in China (n = 3), Japan (n = 1),
Tanzania (n = 1), Myanmar (n = 2) and Switzerland (n = 1), and from chicken meat in
Laos (n = 1). Plasmid pNDM-EC16-50 in one E. coli strain from China showed >90% cover-
age and highest identifies with the blaNDM-5-carrying plasmid of shared bikes (Figure 4a).
Nine blaCTX-M-199-carrying plasmids belong to strains from human (n = 3), chicken (n = 1),
goose (n = 1) in China, humans in the United States (n = 1), Japan (n = 1), and Lebanon
(n = 1), and water samples from India (n = 1). The nucleotide sequence of the blaCTX-M-199-
carrying plasmid of shared bikes displayed the highest similarity with E. coli strain L100
plasmid pL100-3 and E. coli plasmid J-8 plasmid pCTX from goose and chicken in China
(Figure 4b). According to the information of NCBI, we download the isolates that carried
these similar plasmids (blaNDM-5 or blaCTX-M-199) and identified the ST of these isolates
(except nine plasmids without the whole genome of isolates upload). The results showed
that three blaNDM-5 plasmids were from ST167 E. coli of human origin, the other three
plasmids were from non-ST167 E. coli, and three blaCTX-M-199 plasmids were from ST10
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E. coli of human origin, ST148, ST156 E. coli of food animal origin. The results of the plasmid
profiles comparison indicated that maybe some bacteria carrying plasmids with ARGs from
patients and farm animals are possible to persist in the environment and further plasmid
conjugative transfer to the bacteria of environments. Moreover, ST167 can acquire plasmids
easily from other STs, which makes plasmids with ARGs commonly available.
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Figure 4. The plasmid profiles of (a) blaNDM-5 and (b) blaCTX-M-199. (The reference sequences were
blaNDM-5- or blaCTX-M-199-carrying plasmid of shared bikes. The shade of circles represents the number
of identities, the blank means sequences were not consistent with the reference).
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The plasmid analysis of ST167 E. coli from shared bikes showed that ST167 might be an
important strain for plasmid-borne ARGs across different origins. Furthermore, combined
with the results of the phylogenetic tree, the strains which have good environmental
adaptability can increase the possibility of plasmid transfer between different bacteria
which enhances the dissemination of ARGs among animals, humans and the environment,
and threaten public health. Researchers are also concerned about the AR bacteria and
gene transmission via the environment [30–32]. Furthermore, these strains increased the
difficulty of AR control. However, not only can ST167 act as the vector but also some other
prevalent strains can play the same role as ST167, so the control of prevalent strains requires
substantial concern.

We found a high similarity of strains from the shared bikes and other origins, which
means that some well-adapted isolates can persist in different environments. Many studies
proved that AR bacteria isolated from the same environment are convergence in molecular
profile because the environment has prevalent AR bacteria and genes [33]. However, now
some prevalent STs such as ST131, ST167 and ST 10 E. coli which have good environmental
adaptability with ARGs can be a potential reservoir of ARGs in the environment [13]. More-
over, ST 167 E. coli carried important resistant genes, such as blaNDM, mcr-1, blaCTX-M [33],
which are stable in the environment and pose a threat to public health. The flow of popula-
tion further accelerates ARGs spread to diverse environments or different species, which
adds pressure to control antimicrobial resistance. Therefore, the dominant host of ARGs
like ST 167 in the environment should be concerned and focused on.

3. Materials and Methods
3.1. Bacterial Isolates, Whole Genome Sequencing

A total of 444 Enterobacteriaceae were isolated from shared bikes in the previous study
and E. coli was the species that exhibited more drug resistance than others [9]. Therefore,
E. coli was chosen for further analysis. A total of 28 E. coli strains were isolated from
samples in the previous study, excluding 4 from stations outside the fifth Ring Road of
Beijing; finally, 24 E. coli isolates were collected. Genomic DNA was extracted using a
HiPure Bacterial DNA Kit. DNA libraries were prepared and sequenced with HiSeq PE150.
Two blaNDM-5 and blaCTX-M-199-producing E. coli were sequenced with Nanopore to obtain
the complete plasmids. The sequences were assembled by SPAdes and Unicycler.

3.2. Assembled Data of ST167 E. coli from Different Sources

We searched all E. coli available in the NCBI database which were collected from
January 2014 to December 2021 and downloaded those. We only selected assembled data of
whole genome sequencing. Furthermore, we reorganized the detailed information related
to the assembled data we downloaded and excluded strains without information on the
host. All genomes were confirmed the ST using MLST. Additionally, only E. coli with ST167
were chosen for the following analysis.

3.3. Genomic Analysis of Sequenced and Collected E. coli Strains

ARGs and plasmid incompatibility groups were determined using the database (resfinder,
plasmidfinder) from the Center for Epidemiology (http://www.genomicepidemiology.org/,
accessed on 12 February 2022). According to the mechanism of resistance classified ARGs
in different antibiotic classes. MLST was confirmed using MLST in the Center for Epidemi-
ology and database from public databases for molecular typing and microbial genome
diversity (https://pubmlst.org/, accessed on 23 February 2022 ). The Sankey diagram of
the ST clonal complex was performed using plug-in components of Excel named EasyShu.
Virulence genes were identified using the VFDB database and virulencefinder of Center
for Epidemiology. The criteria of different groups of virulence genes in accordance with
VFDB. The tests were used for the comparison of the number of virulence factors from
hospital-related Stations and non-hospital Stations. Core genomes were extracted using
Snippy [34]. Core genome phylogenetic trees were constructed using Snippy and Fast-

138



Antibiotics 2022, 11, 1030

tree [35]. Phylogenetic tree of the core genomes with ARGs, plasmid types, stations and
phenotypes displayed with iTOL [36]. Genes in the plasmids were annotated using PATRIC
and NCBI. The comparison of plasmid profiles was performed using BLAST and BRIG.
The reference plasmid was annotated using the DNAplotter.

4. Conclusions

ST167 E. coli found on shared bikes showed high similarities with strains from patients
and food-producing animals, and the plasmids also showed high identities with those from
humans and animals in this study. These AR bacteria may originate from hospitals or farms.
Vectors such as shared bikes may contribute to the dissemination of these AR bacteria in
the environment. Furthermore, the persistence of these AR bacteria in the environment
challenges the control of AR bacteria and ARGs. In the future, we need to take measures to
assess the risk of AR bacteria in the environment and cut off transmission.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/antibiotics11081030/s1, Figure S1. Number of ST 167 E. coli from different
countries or districts. Table S1. The information of E. coli collected from shared bikes. Table S2. The
information of ST167 E. coli of NCBI database. Table S3. The information of plasmids compared with
blaNDM-5 and blaCTX-M-199-carrying plasmids from shared bikes.
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Abstract: Colistin resistance in bacteria has become a significant threat to food safety and public
health, and its development was mainly attributed to the plasmid-mediated mcr genes. This study
aimed to determine the global prevalence and molecular characteristics of mcr-producing Salmonella
enterica isolates. A total of 2279 mcr-producing Salmonella genomes were obtained from the public
database, which were disseminated in 37 countries from five continents worldwide, including Asia,
Europe, America, Australia, and Africa. Human samples (39.5%; 900/2279) were the predominant
sources of mcr-producing Salmonella isolates, followed by foods (32.6%), animals (13.7%), and en-
vironment (4.4%). Furthermore, 80 Salmonella serotypes were identified, and Typhimurium and
1,4,[5],12:i:- were the predominant serotypes, accounting for 18.3% and 18.7%, respectively. Twenty
mcr variants were identified, and the most common ones were mcr-9.1 (65.2%) and mcr-1.1 (24.4%).
Carbapenems-resistance gene blaNDM-1 and tigecycline-resistance gene tet(X4) were identified in one
isolate, respectively. Phylogenetic results indicated that mcr-producing Salmonella fell into nine lin-
eages (Lineages I-IX), and Salmonella Typhimurium, 1,4,[5],12:i:- and 4,[5],12:i:- isolates from different
countries were mixed in Lineages I, II and III, suggesting that international spread occurred. These
findings underline further challenges for the spread of Salmonella-bearing mcr genes.

Keywords: Salmonella; mcr genes; phylogenetic analysis

1. Introduction

Colistin was considered the last resort drug in the treatment for multidrug-resistant
(MDR) and even carbapenem-resistant Gram-negative bacteria. Colistin-resistant bacteria
have spread across Asia, Africa, Europe, North America, South America, and Oceania [1–3].
The colistin resistance in bacteria was previously reported to result from mutations in
chromosomes [4]. Until 2015, the novel plasmid-borne colistin resistance gene mcr-1 was
firstly reported in an Escherichia coli isolate [5]. MCR-1 is a phosphoethanolamine (pEtN)
transferase that is able to modify the phosphate groups in lipid A [5], the catalysis of which
could be offered mainly by mcr-1 from plasmids but also encoded by chromosome in the
Enterobacteriaceae family [6].

Among countries with mcr-producing Salmonella enterica isolates, China was the most
frequent one, and countries in Europe harbored a wide diversity of mcr variants [1]. The mcr
gene was frequently identified in animal- and human-borne Salmonella enterica isolates [1].
Among more than 2600 Salmonella serotypes, Salmonella Typhimurium was the top serovar
to carry the mcr genes [1]. Besides Salmonella, Escherichia coli, Klebsiella Pneumoniae, Klebsiella
oxytoca, Cronobacter sakazakii, Kluyvera ascorbata, Shigella sonnei, Citrobacter freundii, Citrobacter
braakii, Raoultella ornithinolytica, Proteus mirabilis, Aeromonas, Moraxella, and Enterobacter
species were also found to be mcr-producing Gram-negative bacteria [3]. Furthermore, the
mcr genes were widely distributed in various sample sources, including humans, animals,
animal-origin foods, and environment [3].

Currently, a variety of mcr genes, including mcr-1 to -10, have been reported in bac-
teria [6]. Furthermore, mcr genes were also found to co-exist with carbapenem resistance
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genes such as blaVIM-1, blaNDM-5, and blaNDM-9 [7–9]. Hence, the quick spread of plasmid-
mediated mcr genes poses a significant threat to public health, requiring global surveillance.

Here, we characterized the global distribution of mcr-positive Salmonella using a data
set of 2279 Salmonella genomes from humans, foods, animals, and environment. Salmonella
serotypes, mcr variants, and phylogenomic characteristics were further analyzed.

2. Results
2.1. Widely Spread of mcr-Producing Salmonella Enterica in the Global and Sources Analysis

Currently, a total of 2279 mcr-producing Salmonella genomes are available in the
NCBI database. It was found that these mcr-producing Salmonella isolates had spread in
37 countries on five continents, including Asia, Europe, America, Australia, and Africa
(Figure 1A). The top six countries are the United States (n = 1187), China (n = 256), United
Kingdom (n = 211), Germany (n = 184), Australia (n = 79), and Canada (n = 28) (Figure 1A).
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In this study, human samples (39.5%; 900/2279) were the predominant sources of
mcr-producing Salmonella isolates (Figure 1B). It was further demonstrated that human
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samples were mainly composed of feces (n = 188), stool (n = 100), blood (n = 10), and urine
(n = 8). A total of 744 (32.6%) isolates were recovered from foods. Turkey meats (n = 360)
accounted for the largest portion, and then chicken meat (n = 136), pork (n = 97), beef
(n = 11), and frozen foods (n = 7) (Figure 1B), which suggested that turkey meats were the
main dissemination vehicle of mcr-producing Salmonella isolates. A total of 312 (13.7%)
isolates were recovered from animals. Turkey (n = 97) accounted for the largest portion,
and then swine (n = 85), cattle (n = 10), chicken (n = 5), and caballus (n = 5). In addition, 100
(4.4%) isolates were recovered from the environment, such as swine feces (n = 22), chicken
feces (n = 10), caballus feces (n = 9), water (n = 5), and cattle feces (n = 4).

2.2. Typhimurium and 1,4,[5],12:i:- Were the Main Serotypes Carrying mcr Genes in Salmonella

We collected and analyzed Salmonella serotypes in these 2279 isolates, and the missing
serotypes information in some isolates was compensated by the predicted results from
SeqSero 1.2 software (UGA College of Agricultural and Environmental Sciences food sci-
ence, Athens, GA, USA). A total of 80 Salmonella serotypes were identified among these
Salmonella isolates. Typhimurium and 1,4,[5],12:i:- were the predominant serotypes, account-
ing for 18.3% and 18.7%, respectively (Figure 2A). Other serotypes were Saintpaul (12.4%),
Heidelberg (9.1%), 4,[5],12:i:- (5.5%), Agona (4.1%), Paratyphi B var. d-tartrate+ (3.9%),
Schwarzengrund (2.0%), Senftenberg (1.7%), Enteritidis (1.5%), Montevideo (1.5%), Mban-
daka (1.4%), Cubana (1.2%), Ouakam (1.0%), Infantis (1.0%), Kentucky (0.9%), Thompson
(0.9%), Anatum (0.9%), and Java (0.9%) (Figure 2A).
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It was found that the prevalent mcr-producing Salmonella serotypes varied in different
countries (Figure 3A). In the United States, the most common Salmonella serotype was
Saintpaul (21.4%), followed by Heidelberg (14.2%), 1,4,[5],12:i:- (12.7%), 4,[5],12:i:- (8.3%),
Agona (5.9%), Schwarzengrund (3.0%), and Typhimurium (2.7%) (Figure 3A). In China,
the most frequently identified Salmonella serotype was 1,4,[5],12:i:- (45.7%), followed by
Typhimurium (38.7%), Anatum (3.5%), Thompson (2.0%), Goldcoast (2.0%), Indiana (1.2%),
and Albany (1.2%). In the United Kingdom, the most common Salmonella serotype was
Typhimurium (40.8%), followed by 1,4,[5],12:i:- (20.9%), Java (8.1%), Mbandaka (3.8%),
Enteritidis (2.8%), Bovismorbificans (1.9%), and Choleraesuis (1.9%). In the Germany, the
most frequently identified Salmonella serotype was Paratyphi B var. d-tartrate+ (45.7%),
followed by Typhimurium (11.4%), 1,4,[5],12:i:- (10.9%), Paratyphi B (7.1%), Infantis (4.9%),
Saintpaul (3.3%), and Ohio (3.3%). In Australia, the most common Salmonella serotype was
Typhimurium (59.5%), followed by 1,4,[5],12:i:- (29.1%), Enteritidis (5.1%), Senftenberg
(3.8%), and Havana (1.3%). In Canada, the most frequently identified Salmonella serotype
was Heidelberg (50.0%), followed by 4,[5],12:i:- (14.3%), 1,4,[5],12:i:- (10.7%), Albany (7.1%),
Typhimurium (7.1%), and Agona (3.6%).
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2.3. mcr-9.1 and mcr-1.1 Were the Dominant Variants in Salmonella

We identified the mcr variants from genomes through ResFinder 4.1 (Lyngby, Denmark).
A total of 20 mcr variants were identified, and the most common variant was mcr-9.1, account-
ing for 65.2% (Figure 2B). Other mcr variants were mcr-1.1 (24.4%), mcr-3.1 (3.7%), mcr-9 (1.7%),
mcr-5.1 (1.2%), mcr-3.2 (0.6%), mcr-4.6 (0.4%), mcr-4.2 (0.3%), mcr-3.20 (0.2%), mcr-9.2 (0.2%),
mcr-3.24 (0.2%), mcr-3 (0.2%), mcr-3.21 (0.1%), mcr-1.19 (0.1%), mcr-1.2 (0.1%), and mcr-3.40
(0.1%). The difference of mcr variant sequences could be found in Supplementary Materials.
The partial or incomplete mcr genes could not be confirmed to a specific subtype, which were
defined as not determined (ND) in Figure 2B, accounting for 1.2%.

Then, we analyzed the prevalence of mcr variants in the top seven Salmonella
serotypes (1,4,[5],12:i:-, Typhimurium, Saintpaul, Heidelberg, 4,[5],12:i:-, Agona, and
Paratyphi B var. d-tartrate+). It was found that mcr-9.1 was the most common variant
in these serotypes except for 1,4,[5],12:i:- (Figure 3B). Gene mcr-1.1 (43.4%) was the
most frequently identified variant in Salmonella 1,4,[5],12:i:-, followed by mcr-9.1 (41.4%),
and mcr-3.1 (10.2%). Gene mcr-9.1 (48.5%) was the most common variant in Salmonella
Typhimurium, followed by mcr-1.1 (37.8%), and mcr-3.1 (6.6%). Gene mcr-9.1 (94.4%)
was the most frequently identified variant in Salmonella Saintpaul, and then mcr-1.1
(4.1%). Gene mcr-9.1 (95.9%) was the most common variant in Salmonella Heidelberg,
and then mcr-1.1 (1.5%). Gene mcr-9.1 (83.8%) was the most frequently identified variant
in Salmonella 4,[5],12:i:-, followed by mcr-3.1 (7.7%), and mcr-1.1 (4.3%). Gene mcr-9.1
(93.3%) was the most common variant in Salmonella Agona, and then mcr-1.1 (6.7%).
Gene mcr-1.1 (81.0%) was the most frequently identified variant in Salmonella Paratyphi
B var. d-tartrate+, and then mcr-5.1 (19.0%).

2.4. Antimicrobial Resistance (AMR) Genotypes in mcr-Producing Salmonella Isolates

A total of 68 acquired AMR genes were found in these mcr-producing Salmonella isolates
(Table 1). Carbapenems-resistance gene blaNDM-1 was identified in one isolate. It was noted
that a tigecycline-resistance gene tet(X4) was identified in one isolate. Furthermore, a total of
8 blaCTX-M variants were identified, blaCTX-M-14 (6.0%) of which were the most common one,
followed by blaCTX-M-9 (4.8%), blaCTX-M-55 (3.9%), blaCTX-M-15 (0.8%), blaCTX-M-65 (0.6%), blaCTX-M-3
(0.6%), blaCTX-M-2 (0.2%), and blaCTX-M-130 (0.1%). Gene mph(A) (5.0%) was the most common
macrolides-resistance gene, then erm(B) (0.4%), mef (B) (0.3%), and erm(42) (0.2%). Fosfomycin-
resistance gene fosA7 and fosA3 accounted for 14.3% and 6.0%, respectively. Gene qnrB2 (9.4%)
was the most common plasmid-mediated quinolones-resistance (PMQR) gene, followed by
oqxAB (7.9%), qnrS1 (7.0%), qnrB19 (2.6%), qnrB4 (1.4%), and qnrS2 (0.4%). Tetracycline-resistance
genes tet(B) (48.2%), tet(A) (25.4%), tet(D) (16.1%), tet(M) (3.1%), and tet(C) (1.5%) were identified.
Mutations in genes associated with AMR from genomes were also identified. It was found that
gyrA_D87G (5.6%) was the most common mutation, followed by gyrA_D87N (4.3%), gyrA_S83Y
(2.5%), gyrA_S83F (2.5%), parC_S80I (0.5%), and parC_S80R (0.2%). In addition, gyrA_G81C and
parE_S458P were identified in one isolate, respectively.

Table 1. AMR genotypes in mcr-producing Salmonella isolates.

Antibiotic Resistance Determinants Numbers Ratio/%

Carbapenems blaNDM-1 1 0.0
Tigecycline tet(X4) 1 0.0

Aminoglycosides dfrA12 232 10.2
- dfrA14 42 1.8
- dfrA17 21 0.9
- dfrA16 59 2.6
- dfrA19 382 16.8
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Table 1. Cont.

Antibiotic Resistance Determinants Numbers Ratio/%

- dfrA23 19 0.8
- dfrA5 35 1.5
- dfrA1 212 9.3
- aph(6)-Id 1023 44.9
- aph(3”)-Ib 1143 50.2
- aph(3′)-Ia 685 30.1
- aph(4)-Ia 246 10.8
- aadA2 931 40.9
- aadA1 1063 46.6
- aadA22 15 0.7
- aadA5 35 1.5
- aac(6′)-IIc 357 15.7
- aac(6′)-Ib-cr5 85 3.7
- aac(3)-IId 129 5.7
- aac(3)-IVa 212 9.3
- aac(3)-IIe 12 0.5
- aac(3)-IIg 160 7.0

β-Lactamase blaCTX-M-14 136 6.0
- blaCTX-M-55 90 3.9
- blaCTX-M-65 14 0.6
- blaCTX-M-15 19 0.8
- blaCTX-M-3 13 0.6
- blaCTX-M-9 109 4.8
- blaCTX-M-130 3 0.1
- blaCTX-M-2 4 0.2
- blaCMY-2 46 2.0
- blaCMY-16 1 0.0
- blaTEM 1315 57.7
- blaSHV-12 307 13.5
- blaDHA-1 33 1.4
- blaOXA-1 115 5.0
- blaOXA-10 3 0.1

Rifampicin arr-3 86 3.8
Chloramphenicol cmlA1 292 12.8

- catB3 76 3.3
- catA2 296 13.0

Macrolides mph(A) 113 5.0
- mef (B) 7 0.3
- erm(B) 10 0.4
- erm(42) 5 0.2

Fosfomycin fosA7 326 14.3
- fosA3 137 6.0
- fosA4 1 0.0

Florfenicol floR 480 21.1
Lincomycin lnu(F) 64 2.8

- lnu(G) 8 0.4
Sulfonamide sul3 334 14.7

- sul2 1220 53.5
- sul1 1184 52.0

Tetracyclines tet(A) 578 25.4
- tet(M) 71 3.1
- tet(B) 1099 48.2
- tet(C) 34 1.5
- tet(D) 368 16.1
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Table 1. Cont.

Antibiotic Resistance Determinants Numbers Ratio/%

Quinolones qnrS1 160 7.0
- oqxA 180 7.9
- oqxB 181 7.9
- qnrS2 10 0.4
- qnrB4 32 1.4
- qnrB19 60 2.6
- qnrB2 214 9.4

AMR mutations gyrA_D87G 128 5.6
- gyrA_S83Y 58 2.5
- gyrA_D87N 98 4.3
- gyrA_G81C 1 0.0
- gyrA_S83F 57 2.5
- parC_S80I 12 0.5
- parC_S80R 5 0.2
- parE_S458P 1 0.0

2.5. Phylogenomic Analysis of mcr-Producing Salmonella

To provide the evolutional characteristics of mcr-producing Salmonella, we compared
2145 genomes of different Salmonella serotypes from different countries. A total of
25,735 core SNPs were identified to construct a maximum likelihood tree (Figure 4).
The evolutional strategy was based on serotypes. Currently, among 2145 isolates, the
gene mcr (mcr-5.1) could be traced back to a Salmonella Typhimurium isolate in 1985,
which was recovered from Bos taurus in Japan. It was found that Typhimurium and
1,4,[5],12:i:- as well as the close serotypes such as Saintpaul, Heidelberg and 4,[5],12:i:-
were the main serotypes carrying mcr genes in Salmonella (Figure 4). The Salmonella
Typhimurium, 1,4,[5],12:i:- and 4,[5],12:i:- isolates were distributed in Lineages I, II, and
III. The phylogenetic tree showed that Lineages I and II were mixed clusters, suggesting
their close genetic relationship. Lineage I was mainly composed of Salmonella 4,[5],12:i:-
and 1,4,[5],12:i:- isolates. Lineage II was mainly composed of Salmonella 1,4,[5],12:i:-
as well as some Salmonella 4,[5],12:i:- and Salmonella Typhimurium isolates. Lineage
III was almost composed of Salmonella Typhimurium isolates. Furthermore, Salmonella
Typhimurium isolates from the United Kingdom and Australia in Lineage III were
divided into two sub-clades, respectively. It was found that most isolates of Lineage
II were from China, but the base isolates were recovered from Germany, suggesting
that mcr-producing Salmonella 1,4,[5],12:i:- isolates might be introduced into China from
Germany. Similar results were also found in Lineage IV. Lineage IV was composed
of Salmonella Saintpaul isolates from the USA, and their evolutionary path implied
that a major introduction might occur in the USA from Germany and then nationwide
spread. Indeed, the predominant serotype carrying mcr genes in Germany was Salmonella
Paratyphi B var. d-tartrate+, which could be found in Lineage VI. We also found that
isolates from Lineages I, II, V, VII, VIII, and IX were mostly isolated after 2013, but those
from Lineages IV and VI were mainly isolated from 2002 to 2013. In addition, isolates
from different sources shared a close genetic relationship, which suggested that clonal
spread occurred. For example, most isolates of Lineage II were recovered from humans
but also clustered with some isolates from animals. Similar results were also found in
isolates of Lineages I and III.
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3. Discussion

Colistin had been considered a therapeutic drug and feed additive for animals since the
early 1980s and was approved for clinical treatment of human beings in 2017 in China [10,11].
In a previous study, mcr-1-producing E. coli isolates were able to transfer from animals to
humans through the chicken production chain [12]. E. coli, E. cloacae, Salmonella spp., and K.
pneumonia were reported to be the dominant mcr-1-producing bacteria members [1,5,11,13].
China’s government has banned colistin as a feed additive to prevent colistin resistance
in clinics, and then the drug production decreased markedly from 27,170 tons in 2015 to
2,497 tons in 2018, and the corresponding sale also decreased from USD 71.5 million in 2015 to
USD 8.0 million in 2018 in China [14]. Furthermore, the median relative abundance of mcr-1
per 16S RNA in E. coli from animals and humans decreased significantly from 0.0009 in 2017
to 0.0002 in 2018 [14]. Therefore, the ban on colistin in animal farming causes a significant
decrease in mcr-1 of E. coli isolates from animals and humans.

The emergence of plasmid-borne mcr genes has attracted significant attention world-
wide [3,5]. In a previous study about the prevalence of mcr-producing bacterial isolates,
it was found that a significant increase occurred in 2009 [3]. The chicken-borne mcr-1-
producing E. coli isolates increased from 5.2% in 2009 to 30.0% in 2014 [15]. In a retrospec-
tive survey from China, the earliest chicken-borne mcr-1-producing E. coli isolate was found
in the 1980s, which corresponded to the start use of colistin in animal husbandry as a feed
additive [15]. In this study, the earliest emergence of mcr was identified from a Salmonella
Typhimurium isolate from Bos taurus in 1985 (Japan, mcr-5.1), and the earliest mcr gene
from humans was identified in a Salmonella 1,4,[5],12:i:- isolate in 2001 (the USA, mcr-9.1).
Up to 1 January 2022, a total of 2279 mcr-positive Salmonella genomes were available from
the NCBI database and were widely spread in 37 countries. Therefore, it was necessary to
monitor the prevalence of mcr-1 in Salmonella to evaluate its burden on human health.

In this study, 80 Salmonella serotypes were identified to be carrying mcr genes, among
which Typhimurium (18.3%) and 1,4,[5],12:i:- (18.7%) were the predominant ones. S.
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Typhimurium and 1,4,[5],12:i:- generally exhibited high-level prevalence and strong MDR
features and spread worldwide [16]. Furthermore, the top three mcr variants in both
Typhimurium and 1,4,[5],12:i:- were mcr-1.1, mcr-9.1, and mcr-3.1. Typhimurium and
1,4,[5],12:i:- were the predominant serotypes carrying mcr genes in China, the UK, and
Australia. Furthermore, the phylogenetic relationship of S. Typhimurium and 1,4,[5],12:i:-
isolates from these three countries was close, suggesting the possibility of the international
spread among them. Unlike China, 1,4,[5],12:i:- (12.7%) was the third serotype carrying
mcr genes in the USA, lower than Saintpaul (21.4%) and Heidelberg (14.2%). In Germany,
Paratyphi B var. d-tartrate+ was the predominant serotype carrying mcr genes, and the top
2 mcr variants were mcr-1.1 and mcr-5.1. Therefore, the prevalence of Salmonella serotypes
and their mcr variants showed a wide variety in different geographical regions.

Here are some limitations of this study. First, the numerous genomes used in this study
were associated with the development of sequencing technology. The genome information
used was hard to represent the real prevalence of mcr-producing isolates. Second, the
majority of the mcr-producing Salmonella genomes originated from the United States, China,
the United Kingdom, and Germany, but data were limited from other countries. Therefore,
the above limitations would bias the deduced results.

In conclusion, our study highlighted that mcr-producing Salmonella isolates have spread
in five continents (Asia, Europe, America, Australia, and Africa) globally. Typhimurium and
1,4,[5],12:i:- were the predominant serotypes carrying mcr genes in Salmonella, and mcr-9.1 and
mcr-1.1 were the predominant variants. The spread of such various mcr variants is of great
concern for food safety and public health, and it is urgent to enhance surveillance and control
the spread of mcr genes among Salmonella.

4. Materials and Methods
4.1. Salmonella Genomes Collected

We searched two important words, “mcr” and “Salmonella”, in the public NCBI
database on 1 January 2022. A total of 2279 Salmonella isolates were positive for mcr genes,
and the detailed information of isolates, including years, countries, host, and serotypes,
were then downloaded. However, 2145 out of 2279 genomes were available because the
rest had not been released. These genomes were used for phylogenetic analysis to explore
the implied spread of MCR-producing Salmonella worldwide.

4.2. The Identification of mcr Variants and Serotypes

The genomes used were further to identify the variant types of mcr genes through Res-
Finder (https://cge.cbs.dtu.dk/services/ResFinder/, accessed on 1 June 2022). Salmonella
serotypes were available from the uploaded information, and the serotypes that were not
submitted by the uploader were predicted by SeqSero 1.2 (https://cge.cbs.dtu.dk/services/
SeqSero/, accessed on 1 June 2022).

4.3. Phylogenetic Analysis

A total of 2145 Salmonella genomes from different countries were used for phylo-
genetic analysis. Single-nucleotide polymorphisms (SNPs) were extracted using Snippy
(https://github.com/tseemann/snippy, accessed on 1 June 2022) to generate core genomic
alignment. Gubbins [17] was then used to identify and remove recombination regions using
an algorithm that iteratively identifies loci containing elevated densities of base substitu-
tions, and then resulting pairwise SNP differences were calculated. The core SNP alignment
was used to generate a maximum-likelihood phylogeny using RAxML v8.1.23 (Karlsruhe,
Germany) [18] with the GTR nucleotide substitution model. The display, annotation, and
management of phylogenetic trees were performed by the ITOL tool [19]. The antibiotic
resistance genes in all genomes were identified by ResFinder 4.1 (Lyngby, Denmark) [20].
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4.4. Data Analysis

The bar and circle charts used to analyze the prevalence of mcr serotypes were gen-
erated with GraphPad Prism 7 software (San Diego, California, CA, USA). The world
map marked with the distribution of mcr-positive Salmonella was drawn by Inkscape 0.92
(New York, NY, USA).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics11080998/s1, Comparison of mcr variant sequences
from Salmonella (.fas profile).
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Abstract: The widespread escalation of bacterial resistance threatens the safety of the food chain.
To investigate the resistance characteristics of E. coli strains isolated from disinfected tableware
against both disinfectants and antibiotics, 311 disinfected tableware samples, including 54 chop-
sticks, 32 dinner plates, 61 bowls, 11 cups, and three spoons were collected in Chengdu, Sichuan
Province, China to screen for disinfectant- (benzalkonium chloride and cetylpyridinium chloride)
and tigecycline-resistant isolates, which were then subjected to antimicrobial susceptibility testing
and whole genome sequencing (WGS). The coliform-positive detection rate was 51.8% (161/311) and
among 161 coliform-positive samples, eight E. coli strains were multidrug-resistant to benzalkonium
chloride, cetylpyridinium chloride, ampicillin, and tigecycline. Notably, a recently described mobile
colistin resistance gene mcr-10 present on the novel IncFIB-type plasmid of E. coli EC2641 screened
was able to successfully transform the resistance. Global phylogenetic analysis revealed E. coli
EC2641 clustered together with two clinically disinfectant- and colistin-multidrug-resistant E. coli
strains from the US. This is the first report of mcr-10-bearing E. coli detected in disinfected tableware,
suggesting that continuous monitoring of resistance genes in the catering industry is essential to
understand and respond to the transmission of antibiotic resistance genes from the environment and
food to humans and clinics.

Keywords: disinfectant resistance; colistin; multidrug resistance; mcr-10; plasmid; E. coli

1. Introduction

The development of antimicrobial resistance (AMR) has led to difficulties in the
clinical treatment of serious bacterial infections. In response to global efforts to reduce
AMR by minimizing antibiotic use, biocides (e.g., disinfectant and preservative) have
increasingly been used as an important component of infection control [1], especially
during the COVID-19 pandemic [2]. These biocides, including quaternary ammonium
disinfectant, aldehydes, alcohols, phenols, bisphenols, and halogenic compounds, are
currently considered the first line of defense against foodborne pathogens in hospitals
or food processing facilities due to the versatility and efficiency of their chemical active
ingredients [3]. Among them, quaternary ammonium disinfectant is non-corrosive and
non-irritating, with low toxicity and high antimicrobial efficacy over a wide pH range,
making them a widely used surface disinfectant and cleaning agent in food processing and
production environments [4]. Benzalkonium chloride (BAC) and cetylpyridinium chloride
(CPC), the most commonly used members of quaternary ammonium disinfectant, have
broad-spectrum (i.e., bacteria, algae, fungi, and viruses) antimicrobial activity [5]. As a
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result, they are widely used as a surface disinfectant in food processing lines (e.g., poultry
facilities, cleaning, and sanitizing facilities), dairy/agricultural environments, health care
facilities, and home oral care [6,7].

However, this raises questions about the possible role of quaternary ammonium disin-
fectants in promoting the development of antimicrobial resistance, particularly multidrug
resistance to antimicrobials. The epidemiological relationship between antibiotic resistance
and higher MIC values of quaternary ammonium disinfectant in clinical E. coli isolates has
been confirmed [8]. Recent studies have shown that BAC exposure can induce antibiotic
resistance through multiple genetic mechanisms, including the coexistence of BAC and an-
tibiotic resistance genes on the same mobile DNA molecule, mutations in the pmrB (colistin
resistance) gene, and the overexpression of efflux pump genes [9]. Russell et al. mentioned
that the frequent use of CPC could likewise result in bacterial resistance [10]. The use of
quaternary ammonium disinfectant in food production and processing environments may
not be as effective as expected, which provides selection pressure for strains with acquired
resistance to other antimicrobial agents [11].

Resistance to most antimicrobials and a lack of novel antimicrobials against Gram-
negative bacteria can lead to the reuse of older antibiotics. For example, colistin (polymyxin E),
a cationic polypeptide antibiotic, was one of the first antibiotics to have a significant effect
against Gram-negative bacteria [12]. It binds to the negatively charged lipopolysaccharide
(LPS) of the outer membrane of Gram-negative bacteria, leading to membrane rupture
and ultimately to cell death. Colistin and tigecycline are considered to be the remedy and
last line of defense for serious bacterial infections [13,14]. Unfortunately, mobile colistin
resistance genes (mcr-1 to mcr-10) and tigecycline resistance genes (tetX to tetX6) carried by
plasmids have recently been found to be horizontally transmitted with plasmids; the emer-
gence of these genes accelerates the fall of the last line of defense against antibiotics [15,16].
Of the ten mcr gene variants, mcr-1 is common in more than forty countries on six conti-
nents [17]. mcr-10 is a novel allele, first isolated in ascites from a patient in China in 2020,
and has been identified in animals, humans, and the environment [16,18,19]. However,
little attention has been paid to mcr-10 resistant isolates from disinfected tableware environ-
ments. Potentially, this is an important route of mcr-10 transmission from the environment
and food to healthy humans.

Previous studies on the multidrug resistance of bacterial disinfectants and antibi-
otics have mainly focused on hospital clinical infectious bacteria and rarely on multidrug
resistance of foodborne bacteria to disinfectant and antibiotic. Additionally, studies on
foodborne bacteria in tableware have mostly focused on the evaluation of disinfection ef-
fects, and few studies have been conducted on disinfectant- and antibiotic-resistant strains.
Meanwhile, E. coli, as an important opportunistic pathogen among foodborne bacteria, is
one of the common outbreak factors of foodborne diseases in China. Therefore, monitoring
multidrug resistance to disinfectant and antibiotic in E. coli from disinfected tableware in
the catering industry is important to understand the spread of resistance genes in food-
borne bacteria and to regulate sanitization practices. This study aimed to monitor resistant
E. coli to commonly used disinfectants and the last antibiotic in disinfected tableware to
understand their resistance characteristics.

2. Results
2.1. Strain Identification and Antimicrobial Susceptibility

In our study, a total of 161 coliform-positive disinfected tableware samples were
detected from 311 tableware samples, with a detection rate of 51.8%. From the 161 coliform-
positive disinfected tableware samples, eight isolates of quaternary ammonium disinfectant
and tigecycline resistance were detected. They were identified as E. coli by API-20E bio-
chemical identification and whole genome sequencing. For all eight isolates, resistance
to tigecycline, benzalkonium chloride, and cetylpyridinium chloride was detected, with
the MIC values recorded of 2, 16, and 8 µg/mL, respectively. The majority (6/8) exhibited
resistance to multiple antimicrobial agents other than meropenem (Table 1). Ampicillin
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resistance (n = 8) and tetracycline resistance (n = 6) were commonly detected in 6/8 quater-
nary ammonium disinfectant resistant isolates, followed by cefoxitin (n = 2), ceftriaxone
sodium (n = 2), and chloramphenicol (n = 2). In addition, resistance phenotypes to colistin
and polymyxin B were observed in isolates EC2639 and EC2641. All eight E. coli strains
exhibited multidrug resistance characteristics, with TGC-AMP-TET-BAC-CPC being the
most frequently observed resistance profile. Multilocus sequence typing (MLST) showed
that eight strains were identified in seven ST types: ST2795, ST1571, ST4537, ST218, ST3907,
ST3076, and ST5783.

Table 1. MIC profile of multidrug-resistant E. coli isolates.

Isolate ID
MIC (µg/mL)

TGC MEM AMP CST PME FOX CRO CHL TET BAC CPC

EC740 2 0.06 ≥256 1 1 2 <0.6 16 8 16 8
EC799 2 0.03 32 2 1 2 <0.6 32 32 16 8
EC875 2 0.03 128 1 1 8 <0.6 256 256 16 8

EC2299 2 0.06 ≥256 1 0.5 4 ≥32 8 128 16 8
EC2639 2 0.03 256 8 4 4 <0.6 8 16 16 8
EC2641 2 0.12 32 4 4 4 <0.6 16 16 16 8
EC2783 2 0.06 ≥256 0.5 0.5 4 ≥32 16 128 16 8
SY3705 2 0.03 32 2 2 16 <0.6 8 4 16 8

Abbreviation: CRO, ceftriaxone; MEM, meropenem; AMP, ampicillin; FOX, cefoxitin; CHL, chloramphenicol;
PMB, polymyxin B; CST, colistin; TGC, tigecycline; TET, tetracycline; BAC, benzalkonium chloride; CPC, cetylpyri-
dinium chloride. The data in bold represent resistance.

2.2. ARG Characterization of Multidrug-Resistant Positive E. coli

In silico analysis showed that all strains contained the mdf (A) gene, a multidrug
efflux pump gene with broad spectrum specificity that mediates antibiotic resistance to
erythromycin, tetracycline, rifampin, kanamycin, chloramphenicol and ciprofloxacin, in
addition to resistance to quaternary ammonium disinfectants [20]. Additionally, most (7/8)
isolates carried formA, a gene resistant to formaldehyde (preservative) (Table 2) [21]. The
quinolone resistance gene qnrS1, β-lactam resistance-associated genes blaTEM-1A, blaZEG-1,
blaOXA-10, and blaMIR-2, third-generation cephalosporins resistance-related gene blaCTX-M-55,
aminoglycoside resistance-related genes strB and aadA1, tetracycline resistance gene tet (A),
trimethoprim resistance-related gene dfrA14 and sulfonamide resistance-related gene sul2
were detected in 2 (25.0%), 8 (100.0%), 1 (12.5%), 2 (25.0%), 2 (25.0%), 2 (25.0%), and
1 (12.5%) of these isolates, respectively. It was worth noting that the recently described
mobile colistin resistance gene mcr-10 was identified in the isolate EC2641. No mobile
tigecycline resistance genes (tet variants) were found. The plasmid replicon results showed
that all strains had 1–5 plasmid replicon types, with IncFIB-type plasmids being the most
common type, followed by IncY, IncFIA, and Col440I.

Table 2. Characteristics of quaternary ammonium disinfectant and antibiotic multidrug-resistant
E. coli isolated from disinfected tableware samples.

Isolate Plasmid Replicons Serotype STs Antimicrobial Resistance Profile Resistance Determinants Identified
Based on WGS

EC740 Col156 O104: H27 ST2795 TGC-AMP-BAC-CPC mdf (A), blaZEG-1, formA
EC799 Col440I, IncFIA (HI1), IncFIB (K), IncY O81: H9 ST1571 TGC-AMP-CHL-TET-BAC-CPC mdf (A), blaZEG-1, formA

EC875 IncFIB (K) OND: H16 ST4537 TGC-AMP-CHL-TET-BAC-CPC
aadA1, mdf (A), blaOXA-10, qnrS1,

dfrA14, cmlA1, floR, ARR-2, tet (A),
formA, blaMIR-2

EC2299 IncY O159: H34 ST218 TGC-AMP-CRO-TET-BAC-CPC mdf (A), blaZEG-1, formA
EC2639 Col440I, Col156, IncR O155: H27 ST2795 TGC-AMP-CST-PME-TET-BAC-CPC mdf (A), blaZEG-1, formA

EC2641 Col440I, FIA (pBK30683), IncFIB (K),
IncHI1A, IncHI1B (R27) O112ab: H9 ST3907 TGC-AMP-CST-PME-TET-BAC-CPC mdf (A), mcr-10, blaZEG-1, formA

EC2783 IncFIA, IncFIB (AP001918), IncFIC (FII),
IncI1-I (Alpha), IncX9 O128ac: H34 ST3076 TGC-AMP-CST-PME-TET-BAC-CPC blaCTX-M-55, blaTEM-1B, qnrS1, tet (A),

sitABCD, strB, dfrA14, mdf (A), sul2
SY3705 IncFIB (K), IncFII, IncY O83: H19 ST5783 TGC-AMP-BAC-CPC mdf (A), blaZEG-1, formA

Abbreviation: CRO, ceftriaxone; AMP, ampicillin; CHL, chloramphenicol; PMB, polymyxin B; CST, colistin; TGC,
tigecycline; TET, tetracycline; BAC, benzalkonium chloride; CPC, cetylpyridinium chloride. OND, O-antigen not detected.
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2.3. Genetic Characterization of Colistin-Resistant E. coli EC2641

Long-read whole genome sequencing of E. coli EC2641 yielded 1.93 clean gigabytes,
second generation short read length whole genome sequencing yielded 1.204 GB of clean
sequence, mixed assembly of second- and third-generation sequencing data, screening to
one complete chromosome sequence and two complete plasmid sequences. The sizes were
4.74 Mb, 129.9 kb, and 198.3 kb, with G + C contents of 50.9, 51, and 48.55%, respectively.
Among them, the mobile colistin resistance gene mcr-10 was located on the lncFIB (K)-type
plasmid of size 123.9 kb and no other resistance genes were found on this plasmid. In
addition, the acquired resistance gene mdf (A), blaZEG-1, and formA were found in the
chromosomal DNA of this strain. The MLST typing database and serotype database were
queried and the strain EC2641 was identified as ST3907 and O112ab:H9. Virulence factor
predictions indicated that the isolate encodes a uropathogenic specific protein USP and is
an E. coli causing urinary tract infections.

2.4. Conjugation of mcr-10 among E. coli Isolate EC2641 under Laboratory Conditions

Conjugation experiments showed that the colistin resistance gene mcr-10 was able to
transfer into the recipient bacterium J53 with a conjugation frequency of 5.03 × 10−4. The
mcr-10 gene could be detected by PCR (Figure S1) in both the parental strains and their
transconjugants. In the case of the transconjugants, colistin MIC values were re-evaluated
and found to be a 4-fold (0.5 µg/mL to 2 µg/mL) increase compared to the recipient
bacterium J53.

To understand the origin of the plasmid carrying mcr-10 in E. coli EC2641, a sequence
comparison of plasmid pMCR_10_2641 was performed on NCBI. The results of the five
plasmids with the highest similarity were characterized (Table S1). The most closely related
plasmid to pMCR_10_2641 was the unnamed plasmid from E. coli strain A1_180 (GenBank
Accession Number NZ_CP040383.1), with 45.34% coverage and up to 99.99% nucleotide
identity. E. coli strain A1_180 was isolated from seagull feces from mudflats in Anchorage,
the USA in 2016. A comparison of the pMCR_10_2641 plasmid sequence with the top
five plasmid sequences of similarity revealed that the xerC-mcr-10 structure is unique
to pMCR_10_2641 (Figure 1). A genomic island (GI) of 8.7 kb in size was identified at
4.5 kb upstream of mcr-10, which had eight open reading frames (ORF) encoding the type 3
fimbriae of bacterium.
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the origin of the transfer sites (oriT) structure. The red font indicates the conserved nick region; The
purple arrow is a pair of inverted repeats (IRs).

No genes associated with the bacterial type IV secretion system (T4SS) and relaxase
gene mediating conjugative transfer were identified in the plasmid pMCR_10_2641. How-
ever, the plasmid had two 285 bp origin of transfer sites (oriT). Another plasmid with a size
198.3 Kb in this strain, p2641_2, was found to carry a locus encoding a protein related to
the bacterial type IV secretion system. Combined with the results of the conjugative experi-
ments (Figure S1), plasmid pMCR_10_2641 was shown to be a novel non-self-transmissible
mobile plasmid that may mediate the mobilization of the colistin resistance gene mcr-10 by
the helper plasmid p2641_2.

2.5. Genetic Characterization of mcr-10 Carrying Plasmids

To understand the horizontal transfer mechanism of mcr-10, the genetic environment
of mcr-10 was characterized by local covariance analysis (Figure 2). The six mcr-10-bearing
plasmid sequences, including pMCR_10_2641, were isolated in this study and the remaining
five plasmids were from animals (n = 1), hospital wastewater (n = 2), and clinical samples
(n = 2). Among them, pMCR10_090065 is the first isolated and reported to harbor mcr-10
gene. Compared to the recently described genetic environment of mcr-10, our mcr-10 was
linked to the upstream xerC gene, except that ISEc36 was interrupted by the insertion
sequence ISkos1∆ in plasmid pMCR10_090065, and the downstream formed a conserved
xerC-mcr-10-ISEc36 structure with the insertion sequence ISEc36.

To further understand the origin of mcr-10 in E. coli non-self-mobilizable plasmids,
a comparative analysis of plasmid sequences carrying mcr-10 reported by NCBI and ar-
ticles was performed (Figure 3). A total of 20 complete plasmids sequences carrying
mcr-10 were retrieved on NCBI (Table S2), including Enterobacter roggenkampii (30%, 6/20),
Raoultella ornithinolytica (10%, 2/20), Enterobacter cloacae (15%,3/20), Cronobacter sakazakii
(5%, 1/20), Citrobacter freundii (5%, 1/20), Enterobacter hormaechei (5%, 1/20), Enterobacter
kobei (5%, 1/20), Enterobacter asburiae (5%, 1/20), Enterobacter sp. (10%, 2/20), and Klebsiella
quasipneumoniae (10%, 2/20), which demonstrated its wide host range. Typing of these plas-
mids revealed a smaller range of host plasmids for mcr-10, concentrated in three plasmid
replicon types, lncFIB (n = 12), lncFIA (n = 2), and lncFII (n = 4). Structural comparisons of
plasmids carrying mcr-10 revealed the insertion sequence IS903 upstream of xerC-mcr-10,
which is immediately downstream of the mobile element ISEc36 (except for individual
plasmids where this position is interrupted).
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Figure 2. Comparison with the recently reported genetic environment of mcr-10. pMCR_10_2641 is
the plasmid isolated for this study, pMCR_10_090065 the first plasmid identified and reported for
mcr-10 [18], pMCR_10_145005 plasmid was obtained from the stool samples of healthy volunteers in
Chengdu [22], pYK-mcr-10 is the most recent plasmid isolated from animal sources [23], pECL981-1
and pEr983-1 are the most recent plasmids isolated from hospital wastewater [19]. Orange arrows
represent the drug resistance gene mcr-10, dark cyan arrows indicate site-specific recombinase-
encoding genes (integrons), black arrows indicate other functional genes, and the remaining colored
arrows represent the corresponding insertion sequences or mobile progenitors. The graph was
generated by easyfig v2.2.5.
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Figure 3. DNA alignment of mcr-10-containing plasmids. The out-layer (red color) represents
the plasmid pMCR_10_2641 in this study, which was used as the reference plasmid for sequence
comparison. Green arrows in the outer circle indicate integrons, blue arrows indicate various insertion
sequences, and purple arrows indicate complete virulence islands. Colistin resistance gene mcr-10 is
highlighted by the olive. The arrow direction indicates the direction of transcription. The graph was
generated by BRIG v0.95.
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2.6. Upregulation of mcr-10 Expression at Subinhibitory Concentrations of Colistin

To understand whether mcr-10 expression is inducible in the original strain, four drug
stresses were selected to investigate the expression characteristics of mcr-10 (Figure S2). The
relative expression of this gene was significantly upregulated 2-fold in 2 µg/mL (1/2 MIC)
colistin (p < 0.001), and no significant changes were observed after the disinfectants benza-
lkonium chloride (1/2 MIC, 8 µg/mL) and cetylpyridinium chloride (1/2 MIC, 4 µg/mL)
disinfectant stresses. mcr-10 was upregulated 1.5-fold after IPTG induction. Two disinfec-
tants, benzalkonium chloride and cetylpyridinium chloride, did not affect the expression of
the mobile colistin resistance gene mcr-10. The results of the induction assay showed that
the mcr-10 gene could be specifically induced by colistin in E. coli EC2641. It was shown
that the original host of mcr-10, E. coli EC2641 can adapt rapidly under colistin stress.

2.7. Global Phylogenetic Analysis of E. coli Carrying the mcr Variant

Core SNP-based phylogenetic analysis was performed to determine the epidemio-
logical relevance of the isolate EC2641 to publicly available E. coli isolates (n = 208) that
have the mcr gene in the NCBI database (Table S3). Isolate EC2641 was clustered with
two clinical isolates (ST32) from the United States carrying the disinfectant resistance gene
qacE. Our isolate EC2641 was clustered into a large evolutionary branch including humans
(clinical), animals, the environment, and food (n = 141) from various countries (USA, Ger-
many, Czech Republic, Egypt, Canada, Australia, Vietnam, and China) that exhibit global
epidemiological characteristics (Figure 4).
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Figure 4. Global phylogenetic analysis of E. coli carrying the mcr variant. The isolate sequences were
compared to the E. coli reference genome ATCC25922 by snippy and core SNP comparisons were
generated. Maximum likelihood phylogenetic trees were constructed using RAxML-NG. The size
of the blue triangle represents the size of the bootstrap value (ranging from 0–100). The label color
indicates the source of isolation of the strain; the first circle from the inside is the country information
of the isolate, and the second circle is the information of the number abundance of ARGs.

3. Discussion

We used the resistance profile of E. coli to quaternary ammonium disinfectants and
the last antibiotic to indirectly assess the risk of potential resistance transmission of col-
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iform bacteria in disinfected tableware. Our data suggest that the detection of coliform
in disinfected tableware is of concern, which may involve the latent presence of multiple
pathogenic bacteria. Consistent with previous studies on disinfectant-resistant E. coli iso-
lated from hospitals [8], the E. coli we isolated also exhibited multidrug resistance. The
identification of multidrug-resistant E. coli to tigecycline and colistin in our study suggests
that this may pose risks and challenges for our last resort antibiotics. Although no mobile
tigecycline resistance genes (tet variants) were found in our study, these eight E. coli strains
still exhibited tigecycline resistance, which poses a concern for last resort antibiotic therapy.
Bacterial efflux pumps were the main mechanism of tigecycline resistance before it was
found that mobile tigecycline resistance genes were located in plasmid-mediated bacterial
resistance. For example, previous studies have shown that mutations in the adeS gene
can lead to the overexpression of the AdeABC efflux pump, resulting in the decreased
susceptibility of A. baumannii to tigecycline [24–26]. Antibiotics and disinfectants have
different bactericidal effects on bacteria and are used in different settings, but bacteria
have a similar response strategy to disinfectants and antibiotics, namely the bacterial efflux
pump mechanism [10]. Additionally, the mechanism of tigecycline resistance in E. coli
isolated in this study requires further experimental confirmation.

Most disinfectant resistance genes are carried by chromosomes that are usually part
of the bacterial efflux pump system, including the resistance-nodulation-division (RND)
superfamily, the main promoter superfamily (MFS), the multidrug and toxic compound
extrusion (MATE) family, small multidrug resistance (SMR) family, and the ATP binding
cassette (ABC) super family [27]. A previous study on disinfectant resistance in E. coli
isolated from retail meat in Sichuan, China, found that the most frequent disinfectant resis-
tance genes were ydgE/ydgF, mdf (A), and sugE located on chromosomes [11]. Zhou et al.
identified the chromosomally encoded quaternary ammonium disinfectant resistance gene
mdf (A) exhibiting the highest prevalence in E. coli isolated from retail meat in the United
States [28]. Few disinfectant resistance genes located in mobile elements were found. This
is consistent with the detection of the quaternary ammonium disinfectant resistance gene
mdf (A) in our E. coli (100%, 8/8). Multilocus sequence typing (MLST) showed that mdf (A)
was identified in seven STs, suggesting that its presence in E. coli is widespread and may
provide a genetic advantage for the spread of AMR bacteria.

Since the first report of the colistin resistance gene mcr-1 in 2015 [29], mcr variants
have been widely identified in various species of different origins worldwide. Nine mcr
homologs (mcr-2 to mcr-10) have been identified [18]. Plasmid-mediated mcr genes have
spread worldwide and pose a high threat to public health networks. Currently, the novel
colistin resistance gene variant mcr-10 gene has been recently monitored in animals, healthy
humans (clinical), hospital wastewater, and raw milk [16,19,22,23]. Genetic structural
characterization of the antimicrobial resistance plasmid pMCR_10_2641 indicated that
the plasmid we identified carrying the antimicrobial resistance gene mcr-10 is a probable
novel plasmid. The resistance gene mcr-10 is adjacent to a virulence island carrying locus
encoding the type 3 fimbriae system of Klebsiella pneumoniae (mrkABCDFJ), allowing the host
to attach to surfaces and form biofilms to resist the action of disinfectants and antibiotics,
which are associated with virulence in Enterobacteriaceae [30,31]. Importantly, we report for
the first time that a strain of E. coli carrying mrc-10 is multidrug-resistant to disinfectants
and antibiotics isolated from disinfected tableware in Chengdu, China, which not only
expands the source range of mcr-10 but also suggests that the spread of the novel colistin
resistance gene mcr-10 is implicated in humans.

It is generally believed that nonconjugative plasmids cannot be transferred horizon-
tally to the recipient bacterium, yet this ignores the role of other plasmids carrying binding
modules generated in the original strain. Xu et al. demonstrated that Klebsiella pneumoniae
can transfer nonconjugative virulence plasmids (containing oriT sites) and conjugative
plasmids under conditions that reduce extracellular polysaccharides or use E. coli as an
intermediate strain [32]. Consistent with previous studies, the mcr-10-bearing plasmid we
identified lacked a binding module and is not self-transmissible, but our experimental
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results suggest that mcr-10 may be transferred horizontally into the recipient bacteria via
a type IV secretion system carried by the helper plasmid. This helper plasmid employs
the oriT of the mobilized plasmid to accomplish mobilization, which is consistent with a
previous study [33].

Unlike the plasmid preference of mcr-1 (IncI2, IncX4) [34], mcr-10 prefers lncFIB-type
plasmids. The mcr-10-bearing IncFIB-type plasmid pMCR_10_2641 is an antimicrobial
resistant and virulence co-existing plasmid, which may have important implications for
clinical treatment. In fact, IncFIB-type plasmids usually carry multiple resistance genes,
and a recent study reported a novel resistance gene cluster tnfxB1-tmexCD1-toprJ1 located
in an IncFIB-type plasmid carrying multiple resistance genes (strAB, armA, aph(3’)- ia, qnrB4,
sul1, mphA, mphE, msrE, and bladha1) [35]. Despite the structural diversity of mcr-10-bearing
plasmids, the genetic environment of mcr-10 is generally the same, mostly composed of
elements such as xerC, IS26, IS903, and ISEc36. Unusually, the plasmid pMCR_10_2641 in
this study is inserted immediately after the sequence ISEc36 with a serine site-specific
recombinase encoding gene pinR. xerC and pinR are tyrosine site-specific recombinant
genes and serine site-specific recombinant genes, respectively, both of which are integrons.
xerC-type tyrosine recombinase can mediate the transfer of its surrounding carbapenem
resistance gene blaNMC through site-specific recombination [36], but it is unclear whether the
integrin pinR has a mobilizing effect on mcr-10. The covariance results suggest that mcr-10
is in the midst of a complex insertion sequence with mobile elements and that the xerC-mcr-
10-IS Ec36 structure may be an important structure leading to the horizontal transfer of
mcr-10. The genetic environment of mcr-10 in all six plasmids highlights the importance
of the insertion element ISEc36 in this genetic structure, and the results combined with
plasmid comparisons suggest that the insertion sequences IS903 and ISEc36 may be closely
associated with xerC-mediated specific recombination. The conserved genetic environment
and transferability between different bacterial hosts may lead to the widespread availability
of mcr-10 containing colistin-resistant isolates from different sources.

In fact, little is known about whether the transcription of resistance genes can be af-
fected by disinfectant exposure and thus lead to antibiotic resistance [37,38]. In the present
study, we confirmed no significant change in mcr-10 expression under disinfectant stress,
suggesting that mcr-10 transcription may not be affected under disinfectant stress. Further-
more, induction with IPTG did not result in significant changes in mcr-10 expression, which
is consistent with previous studies in which the MIC of colistin remained unchanged [18].
The expression of mcr-10 was significantly upregulated 2-fold in E. coli EC2641 under
colistin stress, which was similar to the observations of Xu et al. in E. roggenkampii [19], and
also indicates that mcr-10 is functional for the host to cope with the selective pressure of
colistin. Disinfectant exposure plays an important role in promoting the development of
antibiotic resistance. It has been shown that bactericides used for disinfection can enhance
antibiotic resistance in Gram-negative bacteria; for example, Burkholderia lata developed
resistance to ceftazidime, imipenem, and ciprofloxacin after exposure to low concentrations
of benzalkonium chloride and was found to be associated with significant upregulation
of outer membrane proteins and ABC transporter proteins [39]. In cells adapted to benza-
lkonium chloride, new resistance was most frequently found to ampicillin (eight species),
cefotaxime (six species), and sulfamethoxazole (three species), some of them with relevance
for healthcare-associated infections such as Enterobacter cloacae or E. coli [40]. In A. baumannii
ATCC17978, BAC increased the MIC of several aminoglycoside antibiotics (kanamycin,
tobramycin, streptomycin, gentamicin, and amikacin) [41].

Global phylogenetic analysis showed that mcr-bearing E. coli exhibited a global epi-
demic profile (USA, Germany, Czech Republic, Egypt, Canada, Australia, Egypt, Vietnam,
and China, etc.) and our isolate EC2641 was clustered with 141 E. coli from different sources
including humans, the environmental, food and animals, supporting the direct/indirect
transmission between humans and animals and the environment, which is consistent
with the recent global concept of spreading mobilized colistin resistance genes from the
environment to humans [16,42,43]. It is worth noting that E. coli EC2641 showed a close
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evolutionary relationship with two E. coli (ST 32) strains from the USA clinically carrying
the mcr-9 and quaternary ammonium disinfectant resistance gene qacE. In early studies,
E. coli ST32 was isolated from the feces and hides of cattle in the United States [44], indi-
cating that ST32 is not host-specific and is readily transmitted from animals to humans.
We reasonably speculate that disinfectant-resistant bacteria may be important vectors of
globally important antimicrobial resistance gene mobilization. The use of disinfectants in
environmental disinfection has exploded since the COVID-19 epidemic, and monitoring
of the multidrug resistance of such disinfectants with other antibiotics (e.g., tigecycline,
colistin, imipenem, and meropenem) warrants further study. We emphasize the importance
of disinfectants in the development and spread of bacterial antibiotic resistance.

4. Materials and Methods
4.1. Bacterial Isolation and Species Identification

This study was carried out during the period between June 2019 and December 2020.
A total of 311 disinfected tableware samples were collected from 119 restaurants (using
chemical disinfectant) in Chengdu, China. The fast test paper for coliform of tableware
(NANJING SAN-AI, Nanjing, China) wet with sterile phosphate-buffered saline were used
to sample the collected tableware samples, following the sampling principle of tableware
surface in oral and food contact. Coliform detection sheets were placed in a 37 ◦C incubator
for overnight culture. When the paper turned yellow or showed red spots on a yellow
background, it was judged to be positive for coliform. Coliform were collected from positive
paper with wet sterile cotton swabs for further analysis.

The wet swabs of coliform-positive samples were enriched in 30 mL of buffered
peptone water (BPW, Oxoid, Hampshire, UK) and incubated overnight at 37 ◦C. Benza-
lkonium chloride, cetylpyridinium chloride, and tigecycline were used for the isolation of
antibiotic and disinfectant resistant bacteria. Briefly, the overnight incubated culture was
treated with benzalkonium chloride and cetylpyridinium chloride at a final concentration
of 2000 µg/mL for 30 min at room temperature, and then screened for tigecycline resistant
E. coli on the CHROMagarTM Orientation plate (CHROMagarTM, Paris, France) containing
2 µg/mL tigecycline. Further strain identification was determined by API-20E biochemical
testing and whole genome sequencing.

4.2. In Vitro Antimicrobial Susceptibility Testing

The broth dilution method was used for determining the minimum inhibitory concen-
tration (MIC) of polymyxin B, colistin, tigecycline, ceftazidime, ceftriaxone, meropenem,
ampicillin, chloramphenicol, cetylpyridinium chloride, and benzalkonium chloride. Re-
sistance to polymyxin B, colistin, and tigecycline was determined according to the Eu-
ropean Committee on Antimicrobial Resistance Testing (EUCAST). Clinical breakpoints
(https://eucast.org/clinical_breakpoints/, accessed on 5 October 2021) and minimum
inhibitory concentrations (MICs) for benzalkonium chloride and cetylpyridinium chloride
MICs higher than those of standard strain E. coli ATCC 25922 were considered as resistant.
Resistance to the other antibiotics was interpreted according to the CLSI instructions [45],
with E. coli ATCC 25922 used as quality control strains.

4.3. Transconjugation Assay

Transconjugation assay was performed according to a previously described method [15].
The transferability of mcr-10 in E. coli EC2641 was determined by the filtration membrane
method. Briefly, E. coli J53 (resistant to sodium azide) was the recipient strain, and strain
EC2641 (carrying mcr-10) was the donor strain in this study. Firstly, the donor and recipient
were cultured in LB medium to logarithmic phase, and then the donor and recipient were
mixed and inoculated on 0.22 filter membrane in the ratio of 1:3 and cultured overnight at
37 ◦C. Putative transconjugants were screened in LB agar medium containing 150 µg/mL
sodium azide and 2 µg/mL colistin, and the successful transconjugants were identified by
PCR amplification of the target gene (mcr-10) [18].
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4.4. Induced Expression, RNA Extraction, Real-Time Reverse Transcription PCR (RT–PCR)

For induction assays, isolate EC2641 was grown in LB without antibiotic until OD600 = 0.5.
Overnight culture of the bacteria was diluted in fresh LB broth (1:100, v/v) with final
colistin concentration of 2 µg/mL, benzalkonium chloride concentration of 4 µg/mL,
cetylpyridine chloride concentration of 4 µg/mL, and IPTG concentration of 1 mmol/L [18].
The antibiotic-free medium was used as the control. The culture was incubated at 37 ◦C
for 10–12 h and harvested by centrifugation at 4 ◦C. RNA was extracted using a small
amount of the total RNA extraction kit (TIANMO BIO, Beijing, China) according to the
manufacturer’s instructions, followed by genomic DNA elimination and cDNA synthesis
using the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara Bio USA, San Jose, CA,
USA). gDNA removal was confirmed using PCR. RNA size, integrity and total amount
were determined using a BioDrop µLite+ (Biochrom, Cambridge, UK).

The primers used for RT-qPCR were designed using Primer Premier 6.0 (Table S4). The
amplification efficiency of all primer pairs was tested using standard dilution procedures.
RT-qPCR analysis was conducted on a QuantStudio™ 3 Real-Time system with SYBR
green fluorescence dye. The 16s gene was used as a reference control for normalization.
The relative differences in gene expression were calculated as a fold change using the
formula 2−∆∆CT [19].

4.5. DNA Extraction, Whole-Genome Sequencing

A single colony of E. coli isolates was selected and cultured in LB medium at 37 ◦C.
Genomic DNA was extracted using a Gentra Puregene Yeat/Bact.Kit (Qiagen, Chatsworth,
CA, USA). The harvested DNA was detected by the agarose gel electrophoresis and quanti-
fied by a Qubit® 2.0 Fluorometer (Thermo Scientific, Waltham, MA, USA). According to
the manufacturer’s instructions, the harvested DNA was subjected to WGS on the Illumina
NovaSeq 6000 system (Illumina, San Diego, CA, USA), which generated 150-bp paired-end
reads from a library with an average insert size of 350 bp. The E. coli EC2641 was further
sequenced by a Nanopore PromethION platform (Nanopore, Oxford, UK) following a
10-Kbp library protocol.

4.6. Sequence Assembly, Annotation and Bioinformatic Analysis

For each isolate, >550 Mbp high-quality clean paired-end reads were obtained and de
novo assembled using SPAdes v.3.9.0 [46]. In addition, the E. coli EC2641 hybrid assembly of
short Illumina reads and long PromethION reads was performed using Unicycler v0.4.8 [47].
Then, we compared the reads to the assembled sequence, counted the distribution of
sequencing depth, distinguished whether the assembled sequence was a chromosomal
sequence or a plasmid sequence according to sequence length and alignment, and checked
whether it is a circular genome.

The prokka version 1.14.6 with default parameters was used to call the blast+ to search
for a small core set of well-characterized proteins and the Hidden Markov Model (HMM) to
identify coding regions to accomplish rapid annotation of bacterial genomes and plasmid
sequences [48]. Serotypes, sequence types, virulence genes, and antimicrobial resistance
genes were identified using SerotypeFinder version 2.0.1, Multi-Locus Sequence Typing
(MLST) version 2.0.4, VirulenceFinder version 2.0.3, and ResFinder version 4.0.1 from the
Center for Genomic Epidemiology (CGE) [49]. Genes with 80% identity and greater than
90% coverage were considered present, and genes with coverage between 40% and 90%
were considered present but partial genes. The IslandPath-DIOMB version 0.2 was used to
predict GIs based on both the detection of dinucleotide bias in eight genes or more and the
identification of a mobility gene in the same region [50].

The annotated GBK files were uploaded to the online tool oriTfinder to identify
the classification of plasmids (conjugated, mobilizable, and non-mobilizable) by using
the integration of the profile HMM-based relaxase gene search module with a BLAST-
based oriT sequence search module [51]. The plasmid replicon genotype and insertion
sequence (IS) elements of the plasmid were identified using PlasmidFinder version 2.0.1 and
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ISfinder [52,53], replicons and IS with 80% identity and greater than 90% coverage were
considered present, and replicons with coverage between 40% and 90% were considered
present but partial replicons. All plasmid sequences carrying mcr-10 were searched on
NCBI. BLAST Ring Image Generator (BRIG) and Easyfig v2.2.5 were used for comparative
analysis of plasmids and generation of physical maps [54,55]. The above bioinformatics
analysis tools used default parameters if not otherwise specified.

4.7. Phylogenetic Analysis

Phylogenetic analysis based on single nucleotide polymorphisms (SNPs) was per-
formed for the E. coli isolate EC2641 carrying mcr-10 gene. Our isolate EC2641 was
compared to the publicly available genomes of E. coli in the NCBI database, updated
on January 14th, 2022, that carried a variant of the mcr gene (n = 208). Isolates were
mapped to the reference E. coli complete genome ATCC25922 (CP032085.1) for all the
collected mcr-carrying isolates. Metadata for the selected E. coli sequences from NCBI
were collected (Table S2). SNPs variant calling were determined using Snippy v4.6.0
(https://github.com/tseemann/snippy, accessed on 15 January 2022) and the output files
were combined into a core SNPs alignment using Snippy core. Maximum likelihood phylo-
genetic trees were then generated from SNPs alignment using RAxML-NG [56] and the
trees were visualized with iTOL [57].

4.8. Accession Numbers

WGS data of all eight isolates, including two complete plasmid sequences of E. coli
EC2641, were deposited in GenBank database (accession no. PRJNA818460).

4.9. Statistical Analysis

Statistical analysis was performed by the modular Student t-test using Prism 9 software
(GraphPad Software, San Diego, CA, USA). Results are shown as the mean ± SD of the
three individual test results. p-values < 0.05 were considered statistically significant.

5. Conclusions

In summary, we recovered eight strains of quaternary ammonium disinfectant- and
antibiotic-resistant E. coli in disinfected tableware and characterized their resistance profile
and the prevalence of the recently identified colistin resistance gene mcr-10 in E. coli isolates.
The non-self-transmissible novel plasmid carrying mcr-10 identified in this study was
mobilized by a helper plasmid, highlighting the potential widespread ability of mcr-10
to the environment and humans. To achieve the “One Health” strategy for humans, the
characterization and spread of bacterial resistance in the sanitized environment associated
with the food industry should be continuously monitored. Therefore, monitoring the
multidrug resistance profile of disinfectants and antibiotics in tableware can be an important
reference for preventing and controlling the spread of resistance genes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/antibiotics11070883/s1, Table S1: Information of plas-
mids with the five highest matched plasmids to pMCR_10_2641 in NCBI. Table S2: Plasmids carrying
mcr-10 gene on NCBI. Table S3: Details of Global 208 strains of mcr-bearing E. coli. Table S4: The
PT-qPCR oligonucleotide primer sequences used in this study. Figure S1: Agarose gel electrophoresis
of the mcr-10 PCR product from DNA extracts of the transconjugants. Figure S2: Relative expression
of the resistance gene mcr-10 in E. coli EC2641 (the original host of mcr-10 gene) under colistin,
benzalkonium chloride, Cetylpyridinium Chloride, and IPTG stress.
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Abstract: Antimicrobials may be used to inhibit the growth of micro-organisms in the cultivation of
mung bean sprouts, but the effects on mung bean sprouts are unclear. In the present study, the growth
performance, morphology, antimicrobial effect and antimicrobial residues of mung bean sprouts
cultivated in typical antimicrobial solutions were investigated. A screening of antimicrobial residues
in thick-bud and rootless mung bean sprouts from local markets showed that the positive ratios of
chloramphenicol, enrofloxacin, and furazolidone were 2.78%, 22.22%, and 13.89%, respectively. The
cultivating experiment indicated that the production of mung bean sprouts in antimicrobial groups
was significantly reduced over 96 h (p < 0.05). The bud and root length of mung bean sprouts in
enrofloxacin, olaquindox, doxycycline and furazolidone groups were significantly shortened (p < 0.05),
which cultivated thick-bud and rootless mung bean sprouts similar to the 6-benzyl-adenine group.
Furthermore, linear regression analysis showed average optical density of 450 nm in circulating water
and average production had no obvious correlation in mung bean sprouts (p > 0.05). Antimicrobial
residues were found in both mung bean sprouts and circulating water. These novel findings reveal
that the antimicrobials could cultivate thick-bud and rootless mung bean sprouts due to their toxicity.
This study also proposed a new question regarding the abuse of antimicrobials in fast-growing
vegetables, which could be a potential food safety issue.

Keywords: Vigna radiata; mung bean sprouts; antimicrobials; production; morphology; residues

1. Introduction

As a common food in China for more than 2000 years, mung bean (Vigna radiata),
containing protein and dietary fiber, is known for alleviating heatstroke and reducing
swelling in summer [1]. During the germination process of mung beans, biochemical
reactions not only produce active compounds including polyphenols, saponins and vitamin
C [2], but also decrease phytate content, which can form harmful phytate–protein and
phytate–mineral–protein complexes that decrease the bio-availability of essential miner-
als and affect the use of proteins [3]. Mung bean sprouts also have better nutrition and
function than mung beans, e.g., the content and bio-availability of zinc and iron [3]. Pre-
vious studies have shown that mung bean sprouts are proven to prevent the increase of
total cholesterol, low-density lipoprotein and triglyceride, and to transform inorganic Se
compounds into organic Se compounds through bio-transformation, which can improve
bio-availability [4]. Moreover, the sprouting of mung beans facilitates the generation of
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total phenolic compounds to improve anti-oxidant capacity [5,6]. Both the antibacterial
activity for meat bacteria and the antiviral activity for the respiratory syncytial and herpes
simplex viruses were found in extracts from mung beans and its sprouts [7]. Due to the
germination process, mung bean sprouts have high bio-availability, anti-oxidant capacity
and antiviral activity. Therefore, mung bean sprouts rich in bioactive compounds can be
consumed as functional food.

Although there are many nutritional and functional merits for humans, food safety
issues often occur in the cultivating process of mung bean sprouts. The existing evi-
dence demonstrates that mung bean sprouts might be contaminated by Escherichia coli
and Salmonella. For example, the occurrence of Salmonella in bean sprouts was reported
in Germany and the Netherlands in October and November in 2011 [8], and in England
and Northern Ireland from January to March in 2011 [9]. Basically, mung bean sprouts
are a suitable medium for food-borne pathogens due to their frequent exposure to “water
baths” [10]. Food-borne microbial contamination is likely to occur during the production
process, which is likely to result in damage to human health. European regulations stipulate
that sprout manufacturers are obliged to detect sprout samples for pathogenic bacteria [11].
In addition to the government’s regulatory requirements, consumers also pay attention
to the safety of edible mung bean sprouts. As a common method to remove microbials in
the cooking process, washing treatments are proven to be incompletely effective [12]. The
growth of micro-organisms may not only cause food hygiene problems, but also impair the
production of mung bean sprouts. Therefore, it is important for food safety practices to con-
trol the growth of pathogenic bacteria and to supervise food-borne microbial contamination
in mung bean sprouts.

A variety of methods have been applied to regulate the quality of mung bean sprouts
due to microbial contamination. For example, physical treatments including hot water
and ethanol vapors have been evaluated for the quality and storage life of sprouts [13].
Chemical treatment such as biocontrol with endophytic Bacillus subtilis [14] has also gained
increasing attention in microbial contamination. Combination treatments have good appli-
cation prospects regarding microbial quality including ultrasound and aqueous chlorine
dioxide [15], and plasma-activated water [16], which have an additional effect on seed ger-
mination and the seedling growth of mung bean [17]. Although the methods of controlling
microbial contamination in mung bean sprouts are becoming more diverse, antimicrobials
that inhibit the growth of micro-organisms are still the common antibacterial method in the
mung bean sprout industry due to low cost and simple operation. Therefore, antimicrobials
are often used to protect the growth of mung bean sprouts in agriculture [18]. In addition,
plant growth regulators (PGRs) have been widely used to accelerate plant growth, which
can cause food safety risks [19]. For example, two sample surveys showed that the positive
rates of 6-benzyl adenine (6-BA) were 1.1% and 2.4% in Gwangju in South Korea. The
concentration was 0.01–0.02 mg/kg [20,21]. Similarly, although 6-BA is banned in China,
it was still detected in some mung bean sprout samples, which contained 0.11 mg/kg
of 6-BA [19]. Even though antimicrobials and PGRs are potentially harmful to human
health, they may be still used to enhance the growth performance of mung bean sprouts.
Consequently, the contamination of antimicrobials and PGRs has become a problem that
needs to be solved.

According to existing research, antimicrobial contamination in mung bean sprouts
poses a potential risk to food safety. However, the existing information mainly focuses
on the methods for detecting antimicrobials in mung bean sprouts. Few studies have
been conducted to research the specific effect of antimicrobials in the cultivation of mung
bean sprouts. This study aimed to investigate the role of antimicrobials in the growth
of mung bean sprouts, and to clarify antimicrobial residues in the cultivation of mung
bean sprouts. First, commercial mung bean sprout samples were collected from local
markets and screened by antimicrobial residues. Second, mung beans were cultivated in
typical antimicrobial solutions for 96 h using automatic bean sprout machines. Through
the experimental cultivation of mung bean sprouts, the effects of typical antimicrobials
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on production, growth performance and morphology during the growth of mung bean
sprouts are explored and the antimicrobial residues in mung bean sprouts are measured.

2. Methods
2.1. Materials and Reagents

Newly harvested mung bean seeds (Vigna radiata) were purchased from a local su-
permarket in Shenzhen (Guangdong, China). In the market sample survey, a total of
36 samples of short-rooted mung bean sprouts were randomly purchased from local shop-
ping malls, supermarkets, or farmers’ markets in Shenzhen (Guangdong, China). Four
samples each were taken from nine districts, namely Futian, Nanshan, Luohu, Baoan,
Yantian, Guangming, Longhua, Pingshan, and Dapeng in Shenzhen.

Chloramphenicol, enrofloxacin, olaquindox, doxycycline, furazolidone and 6-BA,
formic acid, sodium chloride, ethylenediaminetetraacetic acid (EDTA) and EDTA disodium
salt were purchased from Aladdin Industrial Co. Ltd. (Shanghai, China). Chromatographic-
grade acetonitrile was obtained from Merck & Co. Inc. (Darmstadt, Germany). All
antimicrobial standards were purchased from Sigma–Aldrich (St. Louis, MO, USA).
MAS-QuEChERS extraction package was bought from Angela Technologies Co. Ltd.
(Tianjin, China).

2.2. Germination and Cultivation of Mung Bean Sprouts

Tap water, distilled water, 5 mg/L 6-BA solution, 100 mg/L chloramphenicol solution,
100 mg/L enrofloxacin solution, 50 mg/L olaquindox solution, 50 mg/L doxycycline solu-
tion and 500 mg/L furazolidone solution were added into automatic bean sprout machines
(Bear Electric Appliance Co. Ltd., Foshan, China). These antimicrobial solutions were
prepared with tap water to simulate the actual situation. After the 24 h of germination-
accelerating operation, eight portions of 200 g mung bean seeds were placed into individual
automatic bean sprout machines. The setting temperature was 30 ◦C in the dark environ-
ment. The sprout period was 96 h, and all experiments were repeated five times. Each bean
sprout machine was fixed in the same treatment to avoid cross-contamination.

2.3. Growth Performance Measurement

The sprouts were weighed in dark conditions with closed doors and windows after
24 h, 48 h, 72 h and 96 h, respectively. Total length, bud length and root length were
measured after 24 h, 48 h, 72 h and 96 h, respectively. The sprouts were photographed
using an iPhone 6 (Apple Inc., Cupertino, CA, USA) with black laboratory benches as the
background and a ruler as the standard.

2.4. Microbial Reproduction Measurement in Circulating Water

An optical density of 450 nm (OD450) was used to represent the turbidity of circulating
water so that it can infer the microbial concentration in the circulating water [22]. During the
growth of the mung bean sprouts, 1 mL of the circulating solution was taken every 24 h and
was taken to the spectrophotometer to measure the OD450 value of the circulating water.

2.5. Sample Collection

At the end of experiment, sprouts were collected and were crushed using a grinder
(Bear Electric Appliance Co. Ltd., Foshan, China). The grinder was cleaned completely to
avoid cross-contamination. Crushed sprout samples and 10 mL of circulating water were
collected with sealed bags and EP tubes, respectively. All samples were stored at −80 ◦C
for inspection.

2.6. Sample Extraction and Purification

Sprout samples (5 ± 0.01 g) were weighed into 50 mL centrifuge tubes with a stopper.
A total of 9 mL acetonitrile and 1 mL EDTA solution were added into tubes. First, samples
were vortexed for 30 s using a vortex mixer (IKA Works GmbH & Co, Germany). Second,
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the products were put into the ultrasonic cleaner for 15 s and were centrifuged at 8000 rpm
for 5 min. Third, 5 mL of supernatant was taken and added into the MAS-QuEChERS
extraction package with shaking for 1 min. After centrifugation at 8000 rpm for 5 min, 4 mL
of supernatant was taken and was blown to nearly dry with nitrogen using N-EVAP-24
temovap sample concentrator (Organomaition Associates Inc., Berlin, NH, USA). Finally,
the above products were diluted to 1 mL with 30% acetonitrile solution and were filtered
with a 0.22 µm polyether sulfone filter membrane. In addition, 10 µL circulating water
samples were diluted to 10 mL with 30% acetonitrile solution and 1 mL was taken to be
filtered with a 0.22 µm polyether sulfone filter membrane. The antimicrobial residues
in sprout and circulating water samples were detected using high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS).

2.7. Screening of Antimicrobial Residues in Commercial Mung Bean Sprouts

In the market sample survey, antimicrobial residues were screened by a HPLC-Triple
QuadTM 4500 mass spectrometer (AB Sciex, Framingham, MA, USA) with an electrospray
ionization (ESI) probe. An analytical column (Phenomenex C18, 50 × 3.0 mm, 2.6 µm
particle size) was employed. Mobile phases were water containing 0.1% formic acid
(phase A) and acetonitrile containing 0.1% formic acid (phase B). The flow rate of the
mobile phase was 0.4 mL/min, 0.3 mL/min and 0.5 mL/min, which represented the
flow rates of positive ion gradient A, positive ion gradient B and negative ion gradient
A, respectively. The column temperature was 25 ◦C and the injection volume was 5 µL.
Detailed conditions are listed in Tables S1–S3. Multiple reaction monitoring mode was
used to detect antimicrobials in the positive and negative electrospray ionization mode.
Nitrogen was employed as a nebulizer and drying gas at 50 psi and 600 ◦C. The ion spray
voltage was set to 5500 V and −4500 V in the positive and negative modes, respectively.
Detailed conditions are listed in Table S4. Concentrations of the antimicrobial residues in
commercial mung bean sprouts were calculated.

2.8. Detection of Antimicrobial Residues in Sprouts and Circulating Water

The corresponding antimicrobial residues in sprout and circulating water samples
collected from chloramphenicol, enrofloxacin, olaquindox, doxycycline and furazolidone
groups were determined using an HPLC-Triple QuadTM 4500 mass spectrometer (AB Sciex,
Framingham, MA, USA), respectively. The HPLC and MS conditions were as referred to in
the method described in the previous section. The concentrations of the antimicrobials and
relevant metabolite were calculated.

2.9. Statistical Analysis

Data were expressed as mean ± standard deviation (SD). Statistical significance
was determined by Student’s t-test using the SPSS 23 software (IBM SPSS Statistics,
Chicago, IL, USA). The correlation analysis between OD450 values and production was
analyzed by Pearson linear regression. A difference where p < 0.05 was considered to be
statistically significant.

3. Results and Discussion
3.1. Antimicrobial Screening of Commercial Mung Bean Sprouts

To investigate the status of antimicrobial residues in mung bean sprouts sold in local
shopping malls, supermarkets, or farmers’ markets, randomly purchased commercial mung
bean sprouts were prospected for antimicrobial residues. Twenty-eight antimicrobials,
including chloramphenicol, nitrofuran and quinolones from the sampled bean sprouts, were
screened by HPLC-MS [22]. As shown in Table 1, the positive ratios of chloramphenicol,
enrofloxacin, and furazolidone were 2.78%, 22.22%, and 13.89% in all samples, respectively.
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Table 1. Concentration (µg/kg) of antimicrobial and metabolite residues in mung bean sprouts from
market survey (n = 36, mean ± standard deviation).

Residues Positive Samples Positive Ratio Concentration

Chloramphenicol 1 2.78% 9.31
Enrofloxacin 8 22.22% 193.23 ± 98.42

AOZ 5 13.89% 2.88 ± 1.93

The occurrence of antimicrobials in commercial mung bean sprouts might be associated
with the addition of antimicrobials by manufacturers. It is similar to the antibacterial effect
of fungicides in mung bean sprouts. Previous studies have reported that adding fungicides
during cultivation can cause harmful residues in the edible parts of plants, which can
adversely affect food and the environment [20]. Salmonella, E. coli and other anaerobic
bacteria were the common contaminations affecting the growth of mung bean sprouts.
The use of chloramphenicol, enrofloxacin and furazolidone in the cultivation of mung
bean sprouts is due to their strong antibacterial properties, which can effectively inhibit
the reproduction of bacteria [23,24]. It can greatly increase the economic value of mung
bean sprouts. Moreover, antimicrobial pollution of the water used to cultivate mung bean
sprouts might be another cause of antimicrobial residue. To save costs, manufacturers use
surface water or reclaimed water instead of tap water or purified water in the cultivation
process. Surface water for planting might be contaminated by antimicrobials when flowing
through soil during agricultural production. After the sewage treatment system, there are
still antimicrobial residues in reclaimed water [25]. This can cause plants to be exposed to
antimicrobials at a concentration of up to 1 mg/L [26]. Furthermore, the increased bacterial
resistance to antimicrobials might lead to an increase in the amount of antimicrobials
added during the cultivation process, which can have a harmful impact on food safety [27].
Therefore, antimicrobial abuse and pollution might be the main reasons for antimicrobial
residues in commercial mung bean sprouts, which poses a great potential risk to human
health. However, the actual effect of antimicrobials on mung bean sprouts is unclear. It is
crucial that the cultivated experiments on mung bean sprouts be conducted to clarify the
role and residue of antimicrobials in the growth of mung bean sprouts.

3.2. Microbial Content in Circulating Water

The inhibitory effects of antimicrobials on micro-organisms were investigated using
OD450 values of circulating water. According to Figure 1, the largest OD450 value was
found in the tap water group, which was related to the largest turbidity. Turbidity and
OD value proved that growth and reproduction of micro-organisms existed in circulating
water [28]. OD450 values of circulating water after 96 h in chloramphenicol, enrofloxacin,
olaquindox, doxycycline and furazolidone groups were significantly lower than those
of tap water, distilled water and 6-BA groups after 96 h (p < 0.05). It is suggested that
antimicrobials have significant inhibitory effects on the growth of micro-organisms. In
agriculture, antimicrobials are used to inhibit the growth of micro-organisms due to the
antibacterial effect [18]. In terms of PGRs, the OD450 value of the 6-BA group was not
significantly different to that in the tap water group (p > 0.05), which indicates that 6-BA
had no obvious inhibitory effect on micro-organisms. As mentioned above, microbial
growth existed in the cultivation of mung bean sprouts. The growth of micro-organisms is
significantly inhibited by the addition of antimicrobials.
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Figure 1. OD450 value of circulating water across 96 h.

3.3. Effects of Typical Antimicrobials on Production of Mung Bean Sprouts

The production of mung bean sprouts grown in typical antimicrobial solutions across
96 h is shown in Table 2. The production of mung bean sprouts in all groups increased with
growth time across 96 h. Production in the tap water group was the highest at 1012.1 g and
production in the furazolidone group was the lowest, at 563.4 g after 96 h. There was no
significant difference in the productions of tap water, distilled water and chloramphenicol
groups after 96 h (p > 0.05). Productions in the 6-BA, enrofloxacin, olaquindox, doxycycline
and furazolidone groups were significantly lower than those in the tap water group after
96 h (p < 0.05).

Table 2. Growth performance of mung bean sprouts within 96 h (n = 5, mean ± standard deviation).

Groups
Growth Time

24 h 48 h 72 h 96 h

Production (g)
Tap water 382.9 ± 9.2 a 585.2 ± 10.3 a 858.1 ± 60.1 a 1012.1 ± 95.6 a

Distilled water 379.8 ± 16.0 a 567.6 ± 21.7 ab 763.4 ± 115.4 abc 873.9 ± 162.2 abcd

6-Benzyl adenine 371.7 ± 18.9 a 494.9 ± 42.0 cde 629.8 ± 65.3 def 786.5 ± 98.0 cde

Chloramphenicol 381.9 ± 9.4 a 569.4 ± 10.7 ab 811.4 ± 89.5 ab 971.2 ± 142.0 abc

Enrofloxacin 375.0 ± 8.6 a 528.4 ± 19.6 bcd 697.1 ± 77.0 bcd 806.3 ± 143.6 bcd

Olaquindox 348.7 ± 37.0 b 484.1 ± 92.4 def 643.9 ± 199.1 cde 761.9 ± 266.8 de

Doxycycline 360.5 ± 11.6 ab 451.4 ± 20.9 ef 538.9 ± 53.2 ef 595.3 ± 87.4 ef

Furazolidone 359.3 ± 6.9 ab 436.7 ± 24.6 f 512.0 ± 69.1 f 563.4 ± 108.3 f

Total length (cm)
Tap water 2.83 ± 1.10 9.12 ± 2.23 a 17.94 ± 3.85 a 23.73 ± 1.89 a

Distilled water 2.97 ± 0.28 8.49 ± 1.74 a 17.30 ± 1.39 a 22.21 ± 2.12 a

6-Benzyl adenine 2.41 ± 0.43 3.49 ± 0.68 d 4.66 ± 1.16 c 6.47 ± 1.27 c

Chloramphenicol 2.91 ± 0.54 7.34 ± 1.39 ab 16.88 ± 2.21 a 22.41 ± 1.94 a

Enrofloxacin 2.57 ± 0.35 5.95 ± 0.52 bc 10.40 ± 3.63 b 13.59 ± 5.26 b

Olaquindox 2.34 ± 0.24 4.87 ± 1.13 cd 8.70 ± 5.06 bc 12.72 ± 6.83 b

Doxycycline 2.39 ± 0.18 4.11 ± 1.05 cd 6.29 ± 1.41 bc 8.61 ± 1.94 bc

Furazolidone 2.27 ± 0.52 3.18 ± 0.79 d 4.45 ± 1.81 c 5.77 ± 2.88 c

Bud length (cm)
Tap water 0.97 ± 0.15 de 3.77 ± 0.21 ab 11.33 ± 0.32 a 17.17 ± 0.95 b

Distilled water 1.67 ± 0.12 a 3.53 ± 0.64 b 10.67 ± 0.45 a 15.10 ± 0.40 a

6-Benzyl adenine 1.10 ± 0.10 cd 2.10 ± 0.10 de 3.80 ± 0.44 d 4.47 ± 0.55 e

Chloramphenicol 1.53 ± 0.15 ab 4.33 ± 0.29 a 10.97 ± 0.32 a 15.63 ± 1.40 ab

Enrofloxacin 1.17 ± 0.15 cd 3.50 ± 0.36 bc 7.33 ± 0.21 b 12.50 ± 0.53 c
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Table 2. Cont.

Groups
Growth Time

24 h 48 h 72 h 96 h

Olaquindox 1.30 ± 0.10 bc 2.47 ± 0.25 d 5.00 ± 0.44 c 8.60 ± 0.82 d

Doxycycline 1.03 ± 0.21 cd 2.80 ± 0.44 cd 5.57 ± 0.76 c 8.53 ± 0.21 d

Furazolidone 0.70 ± 0.10 e 1.63 ± 0.32 e 3.53 ± 0.30 d 4.47 ± 0.93 e

Root length (cm)
Tap water 1.20 ± 0.10 ab 6.67 ± 0.65 a 11.03 ± 0.68 a 9.83 ± 0.55 a

Distilled water 1.40 ± 0.36 ab 5.97 ± 0.50 a 8.80 ± 0.70 b 9.50 ± 2.86 a

6-Benzyl adenine 0.97 ± 0.06 bc 2.07 ± 0.25 de 2.67 ± 0.21 d 2.83 ± 0.25 bc

Chloramphenicol 1.43 ± 0.15 a 4.70 ± 0.78 b 8.13 ± 0.85 b 9.33 ± 0.67 a

Enrofloxacin 1.10 ± 0.10 abc 3.20 ± 0.66 c 3.97 ± 0.67 c 4.17 ± 0.95 b

Olaquindox 1.17 ± 0.38 ab 2.50 ± 0.20 cd 2.83 ± 0.35 d 2.87 ± 0.29 bc

Doxycycline 0.97 ± 0.25 bc 1.60 ± 0.36 de 2.17 ± 0.40 d 2.20 ± 0.36 bc

Furazolidone 0.67 ± 0.12 c 1.17 ± 0.21 e 0.73 ± 0.06 e 1.10 ± 0.20 c

Values with different letters within a column are significantly different (p < 0.05).

Production in the tap water group was higher than that in the distilled water group,
which was associated with the presence of Na+, Cl−, K− and Mg2+ in tap water. A previous
study proved that Na+ and K− facilitated plant growth in agricultural production by
participating in the cellular mechanisms [29]. In the antimicrobial groups, the production
in the chloramphenicol group was the largest, which might be ascribed to the fact that
Cl- could regulate osmotic pressure in plants and cause the guard cells to swell [30].
Production in the furazolidone group was the smallest, which might relate to the toxicity of
furazolidone. It was proved that furazolidone affected the absorption of water and soluble
nutrients in mung bean sprouts [31].

Interestingly, treatments of antimicrobials showed no improvement on the production
of mung bean sprouts compared with tap water. The previous study showed that furazoli-
done and nifuroxazide containing derivatives of 5-nitrofurfural prevented a fresh matter
of oats and radishes from weight gain [32], which was similar to the present experiment.
It was suggested that this side effect of antimicrobials might inhibit the proliferation and
growth of cells, which reduces the production of mung bean sprouts. Moreover, linear
regression results of correlation analysis showed that there is no distinct correlation be-
tween average OD450 values and average production across 96 h (p > 0.05) (Figure S1). It
demonstrates that the concentration of micro-organisms in the circulating water has no
obvious relationship with production of mung bean sprouts. These new findings indicate
that the use of antimicrobials has no improvement on the production of mung bean sprouts.
This might be attributed to the effect of antimicrobials on the types of micro-organisms
in circulating water, resulting in reduced production. Previous studies have proved that
the bio-diversity of key flora in the soil determines crop production [33]. The influence
of specific micro-organisms in circulating water on the production of mung bean sprouts
might be cause for further research.

3.4. Effects of Antimicrobials on Morphology of Mung Bean Sprouts

The morphology of mung bean sprouts is shown in Figure 2. Long and fine roots
are seen on mung bean sprouts in the distilled water and tap water groups from 48 h
to 96 h. Extremely short roots or rootless specimens can be seen on mung bean sprouts
in the 6-BA group from 48 h to 96 h. Mung bean sprouts in the chloramphenicol and
enrofloxacin groups had long roots similar to those of the tap water and distilled water
groups. Interestingly, extremely short roots or rootless specimens were also observed on
mung bean sprouts in the olaquindox, doxycycline and furazolidone groups, which were
similar to rootless mung bean sprouts of the 6-BA group. In addition, thicker and shorter
buds were seen on mung bean sprouts in the furazolidone group from 48 h to 96 h, which
was similar to those in the 6-BA group from a morphological aspect.
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Figure 2. Morphological changes in mung bean sprouts in tap water (a), distilled water (b), 5 mg/L 6-
benzyl adenine (c), 100 mg/L chloramphenicol (d), 100 mg/L enrofloxacin (e), 50 mg/L olaquindox (f),
50 mg/L doxycycline (g) and 500 mg/L furazolidone (h) groups across 96 h. (Group 24, 48, 72 and
96 were the morphologies of mung bean sprouts at 24, 48, 72 and 96 h, respectively. Group (a–h)
represent different antibacterial groups, respectively).

The total lengths, bud lengths and root lengths of the mung bean sprouts are shown
in Table 2 and Figure 3. The total length, bud length and root length of mung bean
sprouts in the tap water group were the longest of all groups. The total length, bud length
and root length of the distilled water and chloramphenicol groups were not significantly
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different from those of the tap water group (p > 0.05). However, the bud lengths of the
6-BA, enrofloxacin, olaquindox, doxycycline and furazolidone groups were significantly
shortened (p < 0.05). Compared with the tap water group, the root lengths of mung
bean sprouts in the enrofloxacin, olaquindox, doxycycline and furazolidone groups were
significantly decreased after 96 h (p < 0.05). The root lengths of mung bean sprouts in
the enrofloxacin, olaquindox, doxycycline and furazolidone groups were not significantly
different to the 6-BA group (p > 0.05).

Figure 3. Total length (A), bud length (B) and root length (C) of mung bean sprouts within 96 h.
Values with different letters within a column are significantly different (p < 0.05).
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It is suggested that the use of antimicrobials affects root length and the morphology
of mung bean sprouts. Commercially, a longer root affects appearance and reduces the
retail price of mung bean sprouts. Since buds are the edible part of mung bean sprouts,
short-rooted or rootless mung bean sprouts are more attractive to consumers. The economic
benefit of rootless mung bean sprouts might motivate illegal businesses to abuse 6-BA
in China. As a PGR, 6-BA is commonly used to cultivate rootless mung bean sprouts in
some countries. However, 6-BA has been banned by the State Administration for Market
Regulation of China since 2015 due to its irritation of the esophagus and gastric mucosa [34].
In the present study, 6-BA and furazolidone induced a similar appearance of mung bean
sprouts as rootless and thick-bud, which would attract consumers and be sold at a higher
price. It is suggested that the reason for the abuse of antimicrobials might be to produce
rootless and thick mung bean sprouts to increase illegal profit. Therefore, these new
findings demonstrate that antimicrobials might be used by illegal manufacturers to replace
6-BA to cultivate rootless mung bean sprouts.

The significant difference between the chloramphenicol group and the other antimi-
crobial groups might be due to the presence of Cl−. Cl− is an indispensable micro-nutrient
for plant growth, which can facilitate elongation growth [35]. Therefore, it might reduce
the shortening effect of antimicrobials on the lengths of mung bean sprouts. The lengths of
mung bean sprouts in the furazolidone group were the smallest, which might be associated
with the toxicity of furazolidone in mung bean sprouts [31]. The bud and root lengths of
mung bean sprouts in the enrofloxacin, olaquindox, doxycycline and furazolidone groups
were obviously shortened, similar to those in the 6-BA group. This suggests that these
antimicrobials exhibit harmful effects on plant growth, which inhibit germ and radicle
growth, and shorten the length of bud and root. In addition, the degree of root length
shortening in mung bean sprouts in antimicrobial groups was greater than that of bud
length shortening. This might be related to the stronger sensitivity of roots to the toxicity
of antimicrobials compared to buds during plant growth [36]. These results indicate that
antimicrobials can shorten the root and bud length of mung bean sprouts. Significant
shortening of root length can bring greater benefits to manufacturers. However, it might
also lead to the abuse of antimicrobials and potential food safety risks.

3.5. Antimicrobial Residues in Mung Bean Sprouts

Antimicrobial residue in mung bean sprouts and circulating water of antimicrobial
groups after 96 h were determined and shown in Table 3. Antimicrobial residues existed
in both mung bean sprouts and circulating water in the chloramphenicol, enrofloxacin,
olaquindox, doxycycline and furazolidone groups. In addition, a metabolite of furazolidone
called 3-amino-2-oxazolidinone (AOZ) was detected in mung bean sprouts and circulating
water in the furazolidone group.

Table 3. Concentration (µg/kg) of antimicrobial and metabolite residues in mung bean sprouts and
circulating water from cultivating experiment (n = 5, mean ± standard deviation).

Groups Antimicrobial
Residues Mung Bean Sprouts Circulating Water

Chloramphenicol Chloramphenicol 45.6 ± 4.8 82.9 ± 6.9
Enrofloxacin Enrofloxacin 93.1 ± 2.8 84.2 ± 2.9
Olaquindox Olaquindox 17.6 ± 4.9 41.6 ± 2.9
Doxycycline Doxycycline 37.7 ± 2.0 44.1 ± 3.0
Furazolidone Furazolidone 388.6 ± 18.1 458.9 ± 29.9

AOZ 24.1 ± 3.6 19.3 ± 3.7

Residues of antimicrobial prototypes and metabolite in mung bean sprouts indicate
that antimicrobials can be absorbed and metabolized by mung bean sprouts. However,
residues of antimicrobial prototypes in circulating water show that antimicrobials cannot be
completely absorbed by mung bean sprouts, and a considerable amount of antimicrobials
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remains in circulating water, causing pollution. The overuse of antimicrobials has caused
the occurrence of antimicrobial residue and pollution in plants and soil. Previous studies
have shown that furazolidone and nitrofurantoin are efficiently metabolized and produce
highly persistent metabolites in plants [37]. Ciprofloxacin and oxytetracycline used in
planting vegetables also remain in the soil and the residence time is related to half-life [38].
In addition, AOZ residue in circulating water demonstrates that antimicrobials can be
excreted into circulating water after being metabolized by micro-organisms or mung bean
sprouts. The metabolic pathway of furazolidone was mainly a reduction of the nitro group
in organisms, which might contribute to the generation of reactive metabolites and cause
adverse effects [39]. AOZ had a higher stability and longer residence time [40]. Thus,
residues of antimicrobials and their metabolites in mung bean sprouts and circulating
water might not only cause food safety issues but also induce longer-lasting pollution in
surface water and soil.

4. Conclusions

Results of this study indicated that antimicrobials not only affect the production and
morphology of mung bean sprouts, but also bring on antimicrobial residue. A novel and
unexpected observation is that antimicrobials cultivated thick-bud and rootless mung bean
sprouts and decreased production, which is a similar effect to 6-BA. Despite the growth
inhibition of micro-organisms, antimicrobials cannot increase the production of mung bean
sprouts. Additionally, the cultivation study reveals that antimicrobial residues exist in
mung bean sprouts and circulating water. Chloramphenicol, enrofloxacin, and furazolidone
residue was also found in commercial mung bean sprouts. These findings indicate that the
abuse of antimicrobials might increase potential food safety risks in fast-growing vegetables,
and the monitoring of antimicrobial residues might be necessary to guarantee food safety.
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