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Editorial on the Research Topic
Antimicrobial resistance in zoonotic bacteria

Antimicrobial resistance (AMR) is a global issue caused by excessive use of
antimicrobial agents in clinical, agricultural, and veterinary settings. This has led to
the emergence of resistant microorganisms, threatening public health and food safety.
The situation is complicated by a variety of mechanisms in resistance gene transfer
and emerging evolution in the genetic makeup of resistant bacteria. Monitoring AMR
in wild, companion and farm animals can help combat AMR and limit the spread of
antimicrobial resistance genes (ARGs). While several studies have focused on common
foodborne pathogens like Salmonella and Campylobacter, attention must also be given
to the role of other zoonotic pathogens in spreading AMR. Effective intervention
strategies must be developed to reduce the transmission of ARGs to foodborne and other
pathogenic microorganisms.

An understanding of the genetic variation and the transmission mechanisms of
important ARGs helps control the propagation of AMR. Moraxella spp. cause various
diseases in humans and animals and are resistant to many antibiotics, including quinolone,
ampicillin, tetracycline, penicillin, and, most importantly, colistin. Che et al. discovered
two novel variants of colistin resistance mcr-1 genes, mcr-1.35 and mcr-1.36, present
in Moraxella spp. from infected pigs in China. Using a functional cloning assay, they
also showed that these genes could transfer resistance from Moraxella to Escherichia coli
DH5a and JM109. In addition to the existence of the mcr-1 gene, Karim et al. detected
the colistin-resistance mcr-5 gene in Enterobacteriaceae from chicken meat and poultry
samples in Malaysia. The mcr-1 was prevalent in E. coli from litter and cloacal swab
samples, while Salmonella spp. from chicken meat was positive for the mcr-5. However,
Klebsiella pneumoniae isolates were found negative for any mcr genes, suggesting further
studies on mcr-5 and its plasmids. The drug-resistance gene cfr(C) is known to confer
resistance to several critically essential antimicrobials, like streptogramin A, lincosamide,
and pleuromutilin, by inducing A2503 methylation in bacterial 23S rRNA. An et al. focused
on elucidating the intricate cross-resistance mechanisms of ¢fr(C) in Campylobacter coli
isolates of swine origin and from the nine cfr(C)-positive strains, they identified three
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novel single nucleotide polymorphism (SNP) sites (674C > A,
19delA, and 890 T > C) for this gene. Five cassettes were present
on the chromosome of these six SNP sites, and the remaining
one was found on a plasmid-like element. The resistance cluster
for aminoglycoside-streptothricin resistance cluster “aphA3-sat4-
aadE” was associated with three of the six ¢fr(C) SNP variants, while
one gene cassette having pcp gene (GC-1, GC-4, and GC-5) formed
a novel circular intermediate “pcp-hp-cfr(C)-aphA3”.

Cross-species transfer of AMR in zoonotic pathogens
may cause severe public health risks. Guan et al. studied
Wohlfahrtiimonas chitiniclastica and isolated a novel strain
(BM-Y) harboring a blaygg_1-gene-carrying plasmid for the first
time from a deceased zebra in China. The authors reported that
the dissemination of blaygg—; harboring plasmid could enhance
resistance, resulting in infections that are difficult to treat. After
genomic sequencing, they found three novel insertion sequences
(IS), namely ISWochl, ISWoch2, and ISWoch3, among which
ISWochl carried the transcription site of blaygg—; and proved to
be an essential promoter for this gene. Card et al. focused on the
prevalence of multidrug-resistant (MDR) and clinically significant
non-typhoidal Salmonella in cloacal samples from migratory birds
in Bangladesh. They identified six different serovars of Salmonella
and an overall prevalence of 13.5%. All strains (MDR) were
among these six serovars except the S. Perth and S. Weltevreden.
The authors found that the resistance phenotype was strongly
correlated with resistance genes that mainly resided on the
Salmonella Genomic Islands. Ciprofloxacin-resistant Salmonella
was associated with mutations in gyrB and parC genes present on
chromosomes, and the S. Kentucky belonged to ST198, which is
present in both animals and humans, hence a severe public health
risk. Abdelhamid and Yousef unveiled the genetic similarities
between eggs and poultry-associated Salmonella enterica serovar
Enteritidis (SE) and indicated that eggs-related SE strains could
potentially cause human infections. Comparative genomic analysis
of 1,002 SE genomes revealed that SE strains from eggs and
poultry have similar genetic lineage but differ from beef-associated
SE strains. The aac(6’)-Iaa and mdsAB genes were found to be
responsible for prevalent drug resistance, and genetic analyses
showed a comparable or similar number of virulence factors in
both humans and eggs-associated SE strains.

Zhang et al. suggested the reasonable use of antibiotics
according to the drug-resistance genes in clinical settings for
patient safety and antibiotic efficacy. They reported that most
carbapenem-resistant Pseudomonas aeruginosa (CRPA) isolates
originated from intensive care unit (ICU) wards and sputum
samples. The serious concern was the high-level coexistence of
various resistance genes (cephalosporin enzyme, aminoglycoside-
modifying enzyme, extended-spectrum PB-lactamase, and genes
involved in biofilms, membrane channel proteins, I integrons,
systems)
(exoS, exoU, exoY, and exoT) in CRPA. The European Union

and efflux and hypervirulence associated genes
Reference Laboratory for Antimicrobial Resistance (EURL-AR)
recommended two reliable methods to separate E. coli that produce
AmpC, ESBL, and CP enzymes. Hendriksen et al. tested multiple
surveillance protocols and found that the Buffered Peptone
Water pre-enrichment method was the best, showing the highest
sensitivity and specificity for testing minced meat and caecal
content samples. Moreover, they described two protocols for
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isolating and monitoring ESBL- and AmpC-producing E. coli and
carbapenemase-producing E. coli from meat and caecal samples.

Using diet as an intervention to combat AMR has attracted
the attention of scientists due to the role of various diets and
antibiotics in modulating the composition and diversity of gut and
fecal microbiomes. Jinno et al. demonstrated an increase in the
relative abundance of beneficial bacteria like Bifidobacteriaceae and
Lactobacillaceae in the intestines of enterotoxigenic E. coli-infected
weaned pigs after supplementation of Bacillus subtilis in their diet.
Their results also showed that the intestinal microbiome is greatly
influenced by diet and other factors, including stress, bacterial
infection, and the age of pigs. Similarly, the indispensable role of
alkaline arginine in combating the drug-resistant Salmonella was
studied by Zhu et al. Arginine was found to be an effective adjuvant
for aminoglycosides due to its bactericidal effects through increased
proton motive force (PMF) and drug uptake by the bacterial cells.
During their in vitro study, Yang et al. showed that L-leucine
can be used as a potential fluoroquinolone adjuvant for fighting
clinically resistant Salmonella spp. by enhancing the bactericidal
effect of sarafloxacin, a unique fluoroquinolone used in veterinary
practice. The underpinning mechanisms involved reprogramming
resistant bacteria, enhancing metabolism, and increasing ATP,
NADH, and reactive oxygen species (ROS) levels inside cells,
ultimately promoting antibiotic efficacy.

We need more research on how AMR develops and spreads at
the molecular level to understand the mechanisms of AMR and
control AMR in zoonotic bacteria from farm and wild animals.
We also need enhanced monitoring and improved strategies to
fight against AMR and protect public health. This Research Topic
presented papers that showed important information and new
directions for AMR research.
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Dietary supplementation of
Bacillus subtilis or antibiotics
modified intestinal microbiome
of weaned pigs under
enterotoxigenic Escherichia coli
infection

Cynthia Jinno?, Xunde Li%? and Yanhong Liu*

'Department of Animal Science, University of California, Davis, Davis, CA, United States,
2Department of Population Health and Reproduction, School of Veterinary Medicine, University of
California, Davis, Davis, CA, United States

Our previous research reported that supplementation of Bacillus subtilis
DSM 25841 promoted growth and disease resistance of weaned pigs under
enterotoxigenic Escherichia coli (ETEC) challenge and its efficacy is comparable
to carbadox. This follow-up study aimed to characterize the effects of ETEC
infection, supplementing B. subtilis DSM 25841 or carbadox on intestinal
microbiota of pigs. Forty-eight weaned pigs (6.17 + 0.36 kg BW) were randomly
allotted to one of four treatments: negative control (NC), positive control (PC),
antibiotics (AGP, 50 mg/kg of carbadox), and direct fed microbials (DFM, 2.56 x 10°
CFU/kg of B. subtilis). The experiment lasted 28 days with 7 days before and
21 days after first E. coli inoculation (day 0). Pigs in the PC, AGP, and DFM groups
were orally inoculated with F18 ETEC for 3 consecutive days with 10'° CFU per
dose per day. Fecal samples were collected on day —7, and day 7 and day 21 post
inoculation, digesta samples were collected from jejunum, ileum, and distal colon
on day 21 post inoculation to perform 16S rRNA sequencing. Sampling days and
locations influenced (p < 0.05) Chaol index and beta-diversity. Age increased
(p < 0.05) the relative abundance of Firmicutes but decreased (p < 0.05) the
relative abundance of Bacteroidetes in feces. ETEC infection increased (p < 0.05)
the relative abundance of Proteobacteria in feces on day 7 post inoculation.
AGP reduced (p < 0.05) relative abundance of Firmicutes and Lactobacillaceae
in feces compared with PC and DFM. AGP reduced (p < 0.05) relative abundance
of Bifidobacteriaceae in jejunum and ileum, while DFM reduced (p < 0.05)
relative abundance of Actinomycetaceae in jejunum and Lachnospiraceae
in ileum, compared with PC. Pigs fed with DFM had greater (p < 0.05) relative
abundance of Ruminococcaceae, Veillonellaceae, Bifidobacteriaceae in jejunum,
Lactobacillaceae in ileum and colon, and Bifidobacteriaceae in colon than pigs in
AGP. Current results indicate that carbadox or B. subtilis had stronger influences
on microbial diversity and composition in ileum than other intestinal segments
and feces. Supplementation of B. subtilis could increase or maintain the relative
abundance of beneficial bacteria in ileum compared with carbadox.

antibiotics, Bacillus subtilis, Escherichia coli challenge, microbiome, weaned pigs
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Introduction

Transitioning from farrowing to nursery stage is known to
aggravate the stress of pigs raised for pork production. Newly
weaned pigs can experience extreme discomfort when separated
from their sows, as they are accompanied by a sudden change in
diet, environment, and social life conditions (Campbell et al.,
2013). Prolonged exposure to stress has shown to adversely impact
the health and performance of pigs, resulting in huge economical
losses. Stress can also induce microbial imbalance in the gut and
increase vulnerability to pathogens (Madison and Kiecolt-Glaser,
2019). Enterotoxigenic Escherichia coli (ETEC) is an intestinal
pathogenic strain that is commonly known to induce secretory
diarrhea and intestinal inflammation in pigs under post-weaning
stress (Lallés et al., 2004; Fairbrother et al., 2006). In-feed
antibiotics, commonly known as antibiotics growth promoters
(AGP), were used to apply into nursery diet to alleviate post-
weaning diarrhea and to promote growth in weaned pigs (USDA,
2007). On globally estimation, pigs on average consumed
approximately 172 mg of antimicrobials per kilogram body weight
globally, which was greater than the amounts that cattle and
chicken consumed (Boeckel et al., 2015). The global antimicrobial
consumption is estimated to increase by 67% between 2010 and
2030 (Boeckel et al., 2015). The extensive use of AGP, however,
may increase the chance of dispersing antimicrobial residues and
the development of antimicrobial resistance in bacteria (Menkem
etal, 2019; Ma et al,, 2021). In addition, AGP can modify the gut
microbiota and essentially kill beneficial bacteria, thus, may
increase the susceptibility to other infections in weaned pigs
(Looft et al., 2014). The heightening concerns toward antibiotics
and AGP uses have led to the prohibited use of AGP
(FDA-2011-D-0889) in livestock for growth-promoting purposes
(FDA, 2013). Thus, alternatives to in-feed antibiotics are to
be sought immediately.

The importance of gut microbiome in human and animal
health, particularly in gut health has been largely reviewed
(Kamada et al., 2013; Fouhse et al., 2016; Ke et al., 2019). During
weaning, pigs were reported to have temporary loss of microbial
diversity in their intestinal tracts, including a decrease in
Lactobacillus spp. and an increase in a family of pathogenic
bacteria such as Enterobacteriaceae (Cao et al., 2016; Gresse et al.,
2017; Tian et al., 2017). The disturbance of gut microbiome, in
combination with immature intestinal immunity, can lead to the
expansion of enteric pathogens, such as ETEC infection.
Direct-fed microbials (DFM) have been applied to nursery diets
to enhance intestinal health, disease resistance, and performance
(Liao and Nyachoti, 2017). DEM are categorized into three main
groups, including lactic acid-producing bacteria, yeast, and
Bacillus spp. Compared with other categories, Bacillus-based
DFMs are spore-forming and thermostable, thus, easy to handle
for feed storage and processing. Dietary supplementation of
Bacillus subtilis was reported to enhance growth performance and
diarrhea in nursery pigs by modulating the intestinal immunity
and microbiota (Hu et al., 2014; Luise et al., 2019). In our previous
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studies, we observed that supplementing B. subtilis DSM 25841
reduced diarrhea and enhanced growth performance by
enhancing intestinal barrier function of weaned pigs
experimentally infected with ETEC F18 (Kim et al., 2019; He et al.,
2020). However, the impacts of this Bacillus strain on gut
microbiota of weaned pigs under post-weaning diarrhea has yet
to be addressed. Thus, the major objectives of the present study
included: (1) to determine the impacts of ETEC infection on fecal
and intestinal microbiome of weaned pigs; and (2) to investigate
the effects of supplementing B. subtilis DSM 25841 on gut
microbiome of ETEC infected pigs, in comparison to antibiotics,
carbadox.

Materials and methods
Animals and study design

Animal procedures were reviewed and approved by the
Institutional Animal Care and Use Committee (IACUC #19322)
at the University of California, Davis (UC Davis). A total of 48
weaned pigs (21 day (d) old; 6.17 +0.36 kg) with equal number of
barrows and gilts were obtained from the Swine Teaching and
Research Center and the experiment was conducted at Cole
facility at UC Davis. All pigs and their sows did not receive E. coli
vaccines, antibiotic injections, or antibiotics in feed prior to the
experiment. After weaning, pigs were individually housed (pen
size: 0.61 m x 1.22m) and assigned into one of 4 treatment groups
using a randomized complete block design with sex normalized
by body weight and litter as blocks and pig as experimental unit.
Four treatments were: (1) negative control (NC): control diet and
without E. coli challenge, (2) positive control (PC): control diet
and with ETEC challenge, (3) AGP: inclusion of 50mg/kg
carbadox and with ETEC challenge, (4) DFM: inclusion of 500 mg/
kg B. subtilis DSM 25841 (2.56 x 10° CFU/kg) and with ETEC
challenge. There were 12 replicate pigs per treatment. The
experiment lasted 28 days with first 2 weeks as phase 1 and last
2 weeks as phase 2. Therefore, 6 diets were prepared and all diets
met the current estimates for nutrient requirements for nursery
pigs (NRC, 2012; Table 1).

The experiment included a 7-day habituation period and
21days after the first ETEC F18 inoculation (day 0). Pigs in the
ETEC challenge groups received 3 oral doses of ETEC F18 at
10" CFU per dose per day, while pigs in NC group were orally
inoculated with 3ml phosphate-buffered saline per day. The
ETEC F18 were cultured in Dr. Xunde Li’s lab at Western
institute for Food Safety & Security at UC Davis. The bacterial
strain was originally isolated from a field disease outbreak by the
University of Illinois Veterinary Diagnostic Lab (isolate number:
U.IL-VDL # 05-27,242) and the strain expresses heat-labile
toxin, heat-stable toxin b, and Shiga-like toxins. Our previous
published research confirmed the current ETEC challenge
dosage induced mild diarrhea in weaned pigs (Liu et al., 2013;
Kim et al., 2019). The detailed animal study procedures and data
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TABLE 1 Ingredient compositions of experimental diets®.

Ingredient, % Control, Control,
phase | phase Il
Corn 44.41 57.27
Dried whey 15.00 10.00
Soybean meal 18.00 22.00
Fish meal 10.00 7.00
Lactose 6.00 -
Soy protein concentrate 3.00 -
Soybean oil 2.00 2.00
Limestone 0.56 0.70
L-Lysine-HCl 0.21 0.23
DL-Methionine 0.08 0.05
L-Threonine 0.04 0.05
Salt 0.40 0.40
Vit-mineral, Sow 6 0.30 0.30
Total 100.00 100.00
Calculated energy and
nutrient
Metabolizable energy, 3,463 3,429
kcal/kg
Net energy, kcal/kg 2,601 2,575
Crude protein, % 22.27 20.80
Arg,* % 1.23 1.15
His,* % 0.49 0.47
Ile,* % 0.83 0.76
Leu,® % 1.62 1.55
Lys, % 1.35 1.23
Met,’ % 0.45 0.39
Thr,*% 0.79 0.73
Trp,’ % 023 021
Val,’ % 0.91 0.84
Met + Cys,’ % 0.74 0.68
Phe + Tye,” % 1.45 1.38
Ca, % 0.80 0.70
Total P, % 0.68 0.59
Digestible P, % 0.47 0.37
Analyzed nutrient, as-is
Dry matter, % 90.70 89.90
Crude protein, % 23.13 21.30
ADEF, % 7.26 9.35
NDE % 2.54 3.60
Ca, % 0.96 0.88
P % 0.71 0.59
(Continued)
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TABLE 1 (Continued)

'In each phase, two additional diets were formulated by adding probiotics or Carbadox
to the control diet, respectively. The dose for probiotics was 500 mg/kg, which was equal
to 2.56 x 10° CFU Bacillus subtilis/kg diet. The dose for carbadox was 50 mg/kg diet.

*Provided the following quantities of vitamins and micro minerals per kilogram of
complete diet: Vitamin A as retinyl acetate, 11,136 IU; vitamin D3 as cholecalciferol,
2,208 1U; vitamin E as DL-alpha tocopheryl acetate, 66 IU; vitamin K as menadione
dimethylprimidinol bisulfite, 1.42 mg; thiamin as thiamine mononitrate, 0.24 mg;
riboflavin, 6.59 mg; pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B12,
0.03 mg; D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin, 44.1 mg; folic
acid, 1.59 mg; biotin, 0.44 mg; Cu, 20 mg as copper sulfate and copper chloride; Fe,

126 mg as ferrous sulfate; I, 1.26 mg as ethylenediamine dihydriodide; Mn, 60.2mg as
manganese sulfate; Se, 0.3 mg as sodium selenite and selenium yeast; and Zn, 125.1 mg
as zinc sulfate.

*Amino acids were indicated as standardized ileal digestible AA.

for growth performance and diarrhea were reported in He
et al. (2020).

Sample collection

Prior to weaning, tail samples were collected from all piglets
to assess their susceptibility to ETEC F18 using the genotyping
analysis described in Kreuzer et al. (2013). All pigs used in the
present study were susceptible to ETEC F18. Fresh fecal samples
were collected from 7 pigs per treatment at the beginning of the
experiment (day—7), and from all pigs on day 0 before ETEC
inoculation, and day 7 and day 21 post-inoculation (PI). Samples
were immediately stored at —80°C until further analysis. At the
termination of the experiment (day 21 PI), all pigs were
euthanized. For euthanasia, pigs were anesthetized by
intramuscularly injecting 1ml mixture of telazol (100mg)
ketamine (50 mg), and xylazine (50 mg) prior to an intracardiac
injection of 78mg sodium pentobarbital (Vortech
Pharmaceuticals, Ltd., Dearborn, MI) per 1kg of body weight.
Digesta was collected from the middle of jejunum (approximately
equal length from pylorus to ileocecal junction), ileum (close to
the ileocecal junction), and distal colon (prior to the rectum) and
was immediately frozen into liquid nitrogen and stored at —80°C
until further analysis. A total of 6 pigs were removed from the
whole data set due to health issues after E. coli infection or as
outliers, including 3 pigs from the PC group and 3 pigs from the
AGP group (He et al., 2020).

Library preparation

Bacterial DNA was extracted from 154 fecal samples and 126
intestinal digesta using the Quick-DNA Fecal/Soil Microbe Kit
(Zymo Research, Irvine, CA, United States) according to the
manufacturer’s instructions. DNA samples was amplified by PCR
at the V4 region of the 16S rRNA gene using primers 515F
(5"-XXXXXXXXGTGTGCCAGCMGCCGCGGTAA-3"), which
included an 8-nt poly-X sequence indicating a barcode unique to
each sample followed by an 2-nt Illumina adapter (bold), and
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806R (5-GGACTACHVGGGTWTCTAAT-3") (Caporaso et al.,
2012). Samples were prepared for PCR amplification in duplicates,
and each PCR reaction was comprised of 2 pl template DNA,
9.5 pl nuclease free water, 12.5 pl GoTaq 2x Master Mix (Promega,
Madison, W1, United States), 0.5 ul V4 reverse primer (10 uM),
and 0.5 pl barcoded forward primer (10 pM). Amplification was
performed in a thermocycler with the following setting: 94°C for
3 min for initializing denaturation; followed by 35 cycles of 94°C
for 455, 50°C for 1 min, and 72°C for 1.5min; and 72°C for
10 min for final elongation. Agarose gel electrophoresis was used
to verify the amplicon size for each sample and band brightness
was observed to subjectively quantify the amount of sample to
be added when pooling DNA amplication products. Pooled
sample was then purified using the QIAquick PCR Purification
Kit (Qiagen, Hilden, Germany) and submitted to the UC Davis
Genome Center DNA Technologies Core for 250 bp paired-end
sequencing on the Illumina MiSeq platform (Illumina, Inc., San
Diego, CA, United States).

Microbiota analysis

Raw fastq files were first demultiplexed and barcode sequences
were removed using the software saber' and demultiplexed
sequences were then imported into Quantitative Insights into
Microbial Ecology 2 (QIIMEZ2; version 2019.4; Bolyen et al., 2019,
2). Using the DADA?2 plugin, primers and lower quality reads
were removed and the paired end reads were denoised and merged
(Callahan et al., 2016, p. 2). Chimeras were removed after merging
and amplicon sequence variants (ASVs) were constructed as well.
Representative sequences for each ASV were aligned using
MAFFT and masked alignments were used to generate
phylogenetic trees using FastTree2 (Price et al., 2010; Katoh and
Standley, 2013). Python library scikit-learn was used to assign
taxonomy based on representative sequences against Silva (version
138), which was pre-trained in QIIME2 and clipped to only the
V4 hypervariable region and clustered at 99% sequence identity
(Pedregosa et al., 2011; Quast et al., 2012; Bokulich et al., 2018).

Shannon and Chaol indices were measured for alpha diversity
by using the estimate_richness function in phyloseq (McMurdie
and Holmes, 2013). To compare community composition among
treatments and day or intestinal site, Bray-Curtis matrix was
measured to calculate beta diversity. Relative abundance of each
taxon in each sample was calculated by dividing the taxa count by
total number of filtered reads within each sample.

Statistical analyzes

Files were exported from QIIME2 and imported into the R
4.1.0 for data visualization and statistical analysis (Team, 2021).
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All microbiota analyzes was performed using the phyloseq
package and data were visualized using the ggplot2 package
(Wickham, 2011). Normality and homoscedasticity were tested
using the Shapiro Wilks test and Bartlett test, respectively. Linear
mixed-effect model was fitted using the Ime4 package with
treatment and site or day and interaction as fixed effects while pig
as random effect (Bates et al.,, 2014, p. 4). Significance of each term
in the model was determined using the F-test as type 3 analysis of
variance using the Anova function in the car package, followed by
group comparison using the cld function in the emmeans package
(Fox and Weisberg, 2018; Lenth, 2021). When normality or
homoscedasticity was not observed, non-parametric test was
performed using the Kruskal-Wallis sum-rank test using the
agricolae package (de Mendiburu and de Mendiburu, 2019).
Bray-Curtis dissimilarity was first tested for homoskedasticity
using the betadisper function and the statistical significance was
tested using PERMANOVA and the vegan package (Oksanen
et al,, 2013). Statistical significance was assessed at ®=0.05 and
statistical tendency at «=0.10, and p-values were adjusted for
multiple comparisons using false discovery rate (FDR).

Results
Shifts in fecal microbiota with age

After quality filtering in QIIME2, a total of 3,908,518 filtered
sequences were obtained from 273 samples. The median reads per
sample was 14,338 and the total number of taxa discovered was
3,430. No significant difference in Shannon index was observed
among treatments throughout the experiment (Figure 1A).
Sampling days influenced (p <0.05) Chaol index and an increase
(p<0.05) in Chaol index was observed in all treatments on day 0
than day —7 (Figure 1B). Feces collected from pigs in the PC and
DFM groups had decreased (p <0.05) Chaol index on day 7 PI,
compared with feces collected on day 0. The principal coordinate
analysis (PCoA) plot visualized dissimilarities between samples
employing Bray-Curtis distance matrix. The samples grouped
according to sampling days, as indicated by the statistical
difference using adonis2 (R*=0.20; p<0.05) (Figure 2A). No
distinctive clusters were observed among treatments on day —7.
However, a separated cluster among treatments was observed on
day 0 (R*=0.15; p<0.05), day 7 PI (R*=0.10; p<0.05) and day 21
PI (R*=0.14; p<0.05; Figure 2B).

Relative abundances of various phyla and families are
presented in Table 2. Firmicutes and Bacteroidetes were the two
most abundant phyla in feces throughout the experiment,
accounting for more than 75% in relative abundance per treatment
group on each sampling day. No difference was observed in the
relative abundance of top 6 phyla in feces among all treatments on
day—7. The relative abundance of Firmicutes was increased
(p<0.05), while the relative abundance of Bacteroidetes was
decreased (p<0.05) in NC as the pig age was increased. No
difference was observed in the relative abundance of Spirochaetes,
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FIGURE 1
Alpha diversity as indicated by Shannon (A) and Chaol (B) indices in feces collected from enterotoxigenic Escherichia coli challenged pigs fed
diets supplemented with antibiotics (AGP) or Bacillus subtilis (DFM) at the beginning of the experiment, on day 0 before inoculation (day—7), on
day 7 and 21 post-inoculation. No difference was observed in Shannon (A). NC=negative control, PC=positive control, AGP=antibiotics, DFM=B.
subtilis. Violin plots are colored by diet. Data are expressed as mean (diamond)+SEM. ®9Means without a common superscript are different
(p<0.05). Each mean represents 7 observations on day —7 and each mean represents 9-12 observations on day 0 and day 7 and 21 post-
inoculation.

Actinobacteria, and Euryarchaeota among treatments and
sampling days. On day 0 and day 7 PI, pigs in NC and DFM had
greater (p<0.05) relative abundance of Firmicutes in feces than
pigs in PC and AGP. At the concluding day of the experiment (day
21 PI), pigs in the AGP group had lower (77.22% vs. 82.36%,
p<0.05) relative abundance of Firmicutes in feces than pigs in
NC. No difference was observed in the relative abundance of
Bacteroidetes between NC and PC on any sampling date. The
relative abundance of Bacteroidetes was lower (10.03% vs. 18.31%,
p<0.05) in feces of pigs fed with DFM than pigs supplemented
with AGP on day 7 PI Pigs in PC had greater (p <0.05) relative
abundance of Proteobacteria in feces than pigs in NC on day 7
PI. No difference was observed in the relative abundance of
Proteobacteria between AGP and DFM throughout
the experiment.

Within Firmicutes phylum, the relative abundance of
Bacillaceae was the greatest (p <0.05) in DFM among all treatment

on day 0, 7, and 21 PIL The relative abundance of Lactobacillaceae
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in NC was increased (p<0.05) in feces on day 0 but decreased
(p<0.05) on day 21 PI, compared with feces collected on day —7
(Table 2). In addition, pigs supplemented with AGP had reduced
(p<0.05) relative abundance of Lactobacillaceae in feces on day 0
and day 21 PI. The relative abundance of Lactobacillaceae was
lower (p<0.05) in feces of pigs fed with AGP than that in DFM
(4.44% vs. 23.98%) on day 21 PI Pigs in PC, AGP, and DFM had
increased (p <0.05) relative abundance of Lachnospiraceae from
day—7 to 0. Bacteroidaceae was the most abundant family in
Bacteroidetes phylum on day—7, while Prevotellaceae was the
most abundant one on day 0, 7, and day 21 PI (Table 2). Pigs in
AGP had greater (p<0.05) relative abundance of Bacteroidaceae
in feces than pigs in NC and DFM on day 7 and day 21 PI. Within
the of
Enterobacteriaceae was decreased (p<0.05) but the relative

Proteobacteria  phylum, relative  abundance
abundance of Succinivibrionaceae was increased (p <0.05), as pig
age was increased (Table 2). Pigs in PC and AGP had greater

(p<0.05) relative abundance of Enterobacteriaceae than NC on
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FIGURE 2
Beta diversity of fecal microbiota in enterotoxigenic E. coli F18 challenged pigs at the beginning of the experiment, on day 0 before inoculation, on
day 7 and 21 post-inoculation by day (A) and treatment (B). Data were analyzed by principal coordinate analysis (PCoA) based on the Bray—Curtis
dissimilarity. NC=negative control, PC=positive control, AGP=antibiotics, DFM=B. subtilis. Each mean represents 7 observations on day —7 and
each mean represents 9-12 observations on day 0 and day 7 and 21 post-inoculation.

day 7 PI. However, no difference was observed in the relative
abundance of Enterobacteriaceae among other treatments on day
7 PI and other sampling dates. The relative abundance of
Succinivibrionaceae was higher (p <0.05) in PC and AGP than pigs
in NC on day 21 PIL.

The top 11 abundant genera in feces are presented in Figure 3.
From day — 7 to day 21 PI, all treatments had increased (p < 0.05)
relative abundance of Blautia and reduced (p<0.05) relative
abundance of Bacteroides and Escherichia-Shigella. All treatments,
except AGP, had reduced (p<0.05) relative abundance of
Megasphaera from day —7 to day 21 PI. The most abundant genus
was Lactobacillus. In NC pigs, the relative abundance of
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Lactobacillus was increased (p <0.05) from day —7 to 0, and then
decreased (p<0.05) by day 21 PI. Pigs in AGP had the lowest
abundance (p <0.05) of Lactobacillus on day 0 and pigs in DFM
had the greatest abundance (p <0.05) of Lactobacillus on day 21
PI among treatments. In addition, the relative abundance of
Lactobacillus was greater in DFM (27.91% vs. 20.73%, p <0.05)
than in AGP on day 7 PI. The relative abundance of Blautia was
greater (p <0.05) in feces collected on day 0, 7 PI, and day 21 PI
than in feces collected on day —7. The relative abundance of
Bacteroides was greater (p <0.05) in AGP than in PC on day 0 and
was greater (p<0.05) in AGP than in DFM on day 7 and
day 21 PI.
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TABLE 2 Relative abundance (%) of Firmicutes, Bacteroidetes, and Proteobacteria and their top families in feces of enterotoxigenic Escherichia coli challenged pigs fed diets supplemented with antibiotics (AGP)
or Bacillus subtilis (DFM).

Day 7 Day O Day 7 post-inoculation Day 21 post-inoculation

Negative Positive DFM  Negative Positive DFM  Negative Positive AGP Negative Positive AGP DFM

control  control control  control control  control control = control
Firmicutes 55.00¢ 54.71¢ 61.76% | 56.61¢ 77.84%<d 72,200 64.34% | 75,930 79.17%¢ 71114 65.40% | 80.11% 82.36" 76.09% | 71.99% | 772w
Bacillaceae 0.00 0.00% 0.00 0.00 0.00 0.00% 0.00 0.03* 0.00% 0.00% 0.00% 0.01° 0.00 0.00% 0.00° 0.05
Christensenellaceae 0.38" 1.53® 2.15% 4.18 1.27% 1.73® 3.09% 1.72% 1.23% 0.90® 1.14% | 228 0.71° 0.95% 0.76" 0.48"°
Clostridiaceael 2.53%¢ 3.68" 4,01 6.74* 0.24¢ 0.49% 2.73%¢ 1.04%¢ 1.69% 1.14% 429" | 3.55%¢ 6.73% 1.93%¢ 1247 | 2.22%
Lachnospiraceae 16.59b<d 10.26% 11.94 6.58¢ 17.98b<d 26.26" 26.87 23.64" 27.21° 23.07° 20.04%¢ | 23.88% 21.83® 21.32%¢ 18.69%¢ | 20.06%
Lactobacillaceae 11.55% 16,920 | 21,544 | 15930 39.56" 24.55%¢ 6.42% | 27.09%¢ 23.10%¢ 28.21% 20.73% | 27.91% 14.63%% 14.24% 4.44¢ 23.98"
Peptostreptococcaceae 1.46%< 2.29% 0.93% | 1.92% 0.16° 0.12¢ 0.14¢ 0.38% 0.65"4 0.53< 3.33% | 1.69%¢ 3.81° 1.10%< 6.91° 12104
Ruminococcaceae 14.27 12.96 12.58 10.48 11.23 12.55 17.97 13.88 18.63 10.89 11.30 12.94 15.07 16.62 15.29 14.57
Streptococcaceae 0.64" 111 0.39°¢  0.61% 0.05¢ 0.08 0.02¢ 0.2¢¢ 0.18 1.05b 0.38"¢ | 2,97 10.44° 6.27% 0.10 1.90
Veillonellaceae 2,324t 0.67" 1.22¢ 1.21¢ 4.08°f 3.41% 2.64%f 3.46"% 3.77%4 2.38%f 1.87%0 | 2.56% 6.69* 10.93 9.11% 9.99%
Bacteroidetes 29.43% 31.97° 21,97 | 20.62¢ 11,12 14,20 17.96%¢ | 16,04 12.27% 12.65%% 18.31%  10.03¢ 9.70¢ 10.25% 15.85%d | 13,73
Bacteroidaceae 18.07° 15.14% 8.57" | 6.87% 0.65% 0.51¢ 1.00°¢ 0.68 0.11%" 0.85% 2.2¢4 0.28% 0.01" 0.22¢" 0.16%% 0.01"
Muribaculaceae 0.50 1.83 0.79 0.79 2.13 3.75 4.20 3.63 2.50 1.83 2.36 1.24 2.40 1.64 3.05 2.52
Prevotellaceae 6.19 5.87 4.91 5.34 6.38 6.99 8.07 8.32 7.87 8.02 11.54 7.36 6.54 7.62 10.00 10.15
Rikenellaceae 3.51% 5.88° 5.36% 5.39% 1,120 2.08%¢ 3.92% 2.80%¢ 1.310e 1.49b<de 1.63%e | 0.87% 0.61° 0.65¢ 227097
Tannerellaceae 0.41 1.88° 1.36° 117 0.32% 0.315 0.26"4 0.47% 0.13< 0.03¢ 0.120 1 0.11%¢ 0.044% 0.05% 0.22% 0.03%
Proteobacteria 8.21%¢ 6.72% 3.78% | 592 1.52%¢ 1.86%¢ 2.82%¢ 2.72%¢ 1.18¢ 7.38 8.88% | 2.45%¢ 2.25% 6.60 5.26% 2.46%
Desulfovibrionaceae 0.60% 1.14° 1.46° 1.09% 0.34%< 0.3204 0.33%% | .38 0.17%F 0.30%4 0.24¢% 0,220 0.16¢ 0.14¢ 0.16%" 0.13
Enterobacteriaceae 6.07"¢ 4.23%¢ 1.97% | 3.60% 0.49% 0.79< 0.60°¢ 1.75%¢ 0.69 6.49° 8.35% | 1.94%¢ 0.10% 0.03¢ 0.01¢ 0.01¢
Pasteurellaceae 0.22% 1.27%d 0.09%¢ 0.19* 0 0 0 04 04 0.01%¢ o 0 0 0.015 0 0
Succinivibrionaceae 0.58 0f 0.01° 0.87 0.65% 0.5204 1.76% 0.540<d 0.28%f 0.50% 0.17%0 | 0.20% 1.56 6.12¢ 5.07% 2.30%¢

“tMeans without a common superscript are different (p <0.05). Each mean represents 7 observations on day —7 and each mean represents 9-12 observations on day 0 and day 7 and 21 post-inoculation.
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Terrisporobacter- | 0.37% | 0.64% | 0.15% | 05% 0.02% | 0.02% | 0.03% | 0.09% 0.03% | 0.1% | 2.97% | 1.08% 3.48% | 0.67% | 5.55% | 0.63%
Succinivibrio{| 0.58% | 0% | 0.01% | 0.87% | | 0.64% | 0.52% | 1.76% | 0.54% 0.28% | 0.5% | 0.47% | 0.2% 1.56% | 6.42% | 5.07% | 2.3%
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FIGURE 3
Relative abundance of genus that were most abundant in fecal microbiota of piglets visualized in bar plot (A) and heatmap (B). Each mean
represents 7 observations on day —7 and each mean represents 9-12 observations on day 0 and day 7 and 21 post-inoculation.

Shifts in gut microbiota within different
intestinal sites

The microbial composition in the digesta of jejunum, ileum,
and colon was also investigated at the conclusion of this
experiment (day 21 PI). Significant interaction between treatment
and intestinal site was observed (p <0.001) in both Shannon and
Chaol diversities (Figure 4). Shannon and Chaol indices in colon
digesta were greater (p <0.05) than in jejunal and ileal digesta. No
difference was observed in Shannon and Chaol indices between
NC and PC in any of intestinal sites. Pigs supplemented with AGP
had greater (p <0.05) Shannon index than other treatments in the
ileum (Figure 4A) and had greater (p<0.05) Chaol index in the
jejunum than NC (Figure 4B). Supplementation of DFM reduced
(p<0.05) Chao 1 index in ileal digesta when compared with NC.

The adonis2 test demonstrated significance in treatment
(R*=0.10, p<0.05), intestinal site (R*=0.18, p<0.05), and
treatment and intestinal site interaction (R*=0.05, p<0.05). In
Figure 5A, all colon samples were clustered together and were
separated from jejunal and ileal samples, whereas clusters for
ileum and jejunum were indistinguishable from each other. No
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clear separation was observed among treatments in jejunum,
while the AGP cluster was distinct from DFM cluster in ileum
(Figure 5B). Within colon samples, AGP cluster partially
overlapped with DFM cluster, while NC and PC clusters were
overlapping with each other.

The relative abundance of phyla, families, and genera are
presented in Table 3. Firmicutes, Bacteroidetes, Actinobacteria, and
Proteobacteria were the top four abundant phyla in the intestinal
tract of weaned pigs. Firmicutes was the most abundant phylum in
jejunum, ileum, and colon in all pigs. Unlike fecal samples,
Bacteroidetes was second most abundant phylum in colon,
Actinobacteria was the second most abundant phylum in jejunum,
and Proteobacteria was the second most abundant phylum in ileum.
No difference was observed in the relative abundance of phyla
between NC and PC in all intestinal sites. The relative abundance of
Bacteroidetes in ileal digesta was greater (p<0.05) in AGP than
DEFM. The relative abundance of Actinobacteria in ileal digesta was
greater (p<0.05) in PC than AGP. Pigs in AGP had the greatest
(p<0.05) relative abundance of Proteobacteria in jejunal digesta
among all treatments and had greater (p <0.05) relative abundance
of Proteobacteria in ileal digesta than pigs in DFM (4.12% vs. 0.22%).
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Under family level, jejunal digesta contained highest
(p<0.05) of
Actinomycetaceae, and Micrococcaceae among three intestinal

relative abundance Lactobacillaceae,
sites. Ileal digesta had more (p<0.05) relative abundance of
Clostridiaceael and Enterobacteriaceae than jejunal and colon
Colon  digesta (p<0.05)

Veillonellaceae,

digesta. contained more

Lachnospiraceae, Ruminococcaceae,
Coriobacteriaceae, Succinivibrionaceae, and top 4 families under
Bacteroidetes than jejunal and ileal digesta. The relative
abundance of Lactobacillaceae was greater (p <0.05) in DFM
than NC and AGP in ileal digesta and was greater (p <0.05) in
DFM than AGP in colon digesta. ETEC F18 challenge increased
(p<0.05) the relative abundance of Actinomycetaceae and
Micrococcaceae in jejunal and ileal digesta, Lachnospiraceae in
ileal digesta and Succinivibrionaceae in colon digesta, but
reduced (p <0.05) Streptococcaceae in colon digesta. Compared
with PC, supplementation of AGP enhanced (p<0.05) the
relative abundance of Peptostreptococcaceae and Pasteurellaceae
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in jejunal digesta, Muribacelaceae in ileal digesta, and
Bacteroidaceae and Rikenellaceae in colon digesta. In addition,
inclusion of AGP reduced (p <0.05) the relative abundance of
Veillonellaceae, Atopobiaceae,
Bifidobacteriaceae, Eggerthellaceae digesta,

Lachnospiraceae, Actinomycetaceae, Bifidobacteriaceae in ileal

Actinomycetaceae,

in jejunal
digesta, and Veillonellaceae and Coriobacteriaceae in colon
digesta. In comparison to PC, supplementation of DFM reduced
(p <0.05) the relative abundance of Actinomycetaceae in jejunal
digesta and Lachnospiraceae in ileal digesta. Pigs fed with DFM
had greater (p < 0.05) the relative abundance of Ruminococcaceae,
Veillonellaceae,  Bifidobacteriaceae in jejunal digesta,
Lactobacillaceae in both ileum and colon, and Bifidobacteriaceae
in colon when compared with pigs in AGP. However, pigs fed
with DFM had reduced (p<0.05) the relative abundance of
Pasteurellaceae in jejunum, Ruminococcaceae, Rikenellaceae,
Pasteurellaceae, Succinivibrionaceae in ileum, and Bacteroidaceae

in colon, compared with pigs fed with AGP. In all intestinal
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Beta diversity of intestinal digesta microbiota in pigs challenged with enterotoxigenic E. coli by intestinal site (A) and treatment (B). Data were
analyzed by principal coordinate analysis (PCoA) based on Bray—Curtis dissimilarity. NC=negative control, PC=positive control, AGP=antibiotics,
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sites, pigs in DFM had the highest (p <0.05) relative abundance
of Bacillaceae among all treatments.

The relative abundances of top abundant genera are presented
in Figure 6. Relative abundance of Lactobacillus was greater
(p<0.05) but the relative abundance of Clostridium sensu stricto 1
was less (p <0.05) in ileal and colon digesta of pigs fed with DFM
than in AGP. ETEC infection reduced the relative abundance of
Streptococcus in ileum and colon, however, pigs supplemented
with AGP had more (p <0.05) Streptococcus in jejunum but lower
(p<0.05) Streptococcus in ileum and colon when compared
with NC.

Discussion

Our previous studies reported that dietary supplementation
of B. subtilis DSM 25841 promoted growth performance, reduced
diarrhea, and enhanced intestinal immunity in weaned piglets
under ETEC challenge (Kim et al., 2019; He et al., 2020). However,
the potential mechanisms of the beneficial effects of B. subtilis on
swine health and the impacts of this B. subtilis strain on intestinal
microbiota remain unclear. In the present study, we characterized
the impacts of ETEC F18 infection, B. subtilis DSM 25841, and
carbadox on the dynamics of microbial composition in feces
during the weaning transition period. The microbiota composition
in different segments of the intestine were also investigated as
ETEC F18 mainly target the small intestine of weaned pigs.
Identifying shifts in microbial communities in the intestines could
facilitate the development of nutritional interventions to control
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post-weaning diarrhea when the use of AGP is restricted, and to
understand the impacts of currently available DFM on
swine health.

Fecal microbiota

Temporal analysis in fecal microbiota was performed using
fecal samples collected throughout the experiment. Richness in
microbial population was measured in Chaol and richness and
evenness were measured in Shannon index (Shannon, 1948;
Chao, 1984, p. 1). Lack of significant treatment effect was
observed in the Shannon diversity metric in fecal samples of
pigs throughout the experiment. Microbial richness was
increased during the habituation period (from day — 7 to day 0)
but decreased from day 0 to day 7 PI in feces collected from pigs
in the positive control, which indicate that ETEC F18 challenge
reduced microbial richness in feces. Beta diversity measures the
variability in microbial community composition among
samples. Samples collected at the beginning of the experiment
(day —7) separately clustered from samples collected from other
time points, suggesting weaning significantly shifted microbial
community composition. Distinctive clusters were also
observed between samples on day 0 and day 7 PI. However,
feces collected from positive control were not fully separated
from samples collected from negative control, which suggests
the impacts of ETEC F18 on fecal microbial community
composition might be limited. Results of alpha and beta
diversities also suggest that dietary supplementation of
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TABLE 3 Relative abundance (%) of Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria and their top families in intestinal digesta of enterotoxigenic E. coli challenged pigs fed diets supplemented

with antibiotics (AGP) or B. subtilis (DFM).

Jejunal digesta

Ileal digesta

Colon digesta

Negative Positive AGP DFM Negative Positive AGP DFM Negative Positive AGP
control control control control control control

Firmicutes 93.20 84.11b< 89.517 91.85% 93.28" 92.77%¢ 86.08<¢ 95.67° 85.64 80.75% 74.89¢ 81.23%
Bacillaceae 0.03¢ 0.07< 0.27° 0.64* 0.00¢ 0.06% 0.02¢ 0.18® 0.00¢ 0.00°¢ 0.00% 0.02¢
Clostridiaceael 2.89 1.78° 4,91 3.59% 11.89" 11.96 22.22° 2.88% 7.22% 1.46% 13.56" 2.35%
Lachnospiraceae 0.46" 1.52° 0.43 2.55% 0.13¢ 0.42" 2.04< 0.09° 23.19° 23.15° 21.93 24.36°
Lactobacillaceae 76.09* 60.26" 59.44% 70.54* 47.48" 56.22% 22.98¢ 77.12¢ 15.09« 14.42¢ 4.11¢ 21.20°
Peptostreptococcaceae 3.82 0.06¢ 3.50 2.14% 9.59 5.24% 15.18 3.82% 3.96° 0.86" 7.48° 1.42%
Ruminococcaceae 0.06° 0.44% 0.13 1.55¢ 0.01°% 0.04¢% 2.590 0.01° 15.52° 18.15 1524 1575
Streptococcaceae 4.93%¢ 9.61® 18.40° 5.69%¢ 19.42° 12.98%¢ 11.01%¢ 8.94%¢ 10.78* 6.60" 0.09¢ 3.21¢
Veillonellaceae 4.40¢ 6.30¢ 0.09¢ 3.85%% 1.38°% 1.98% 1.21% 0.93 6.63 12.32 8.09%¢ 9.81%
Bacteroidetes 0.03% 0.02° 0.01% 1.08% 0 0.03% 4.16" 0° 7.25° 7.35° 12.41° 9.96"
Bacteroidaceae o° o° o° o o° o° 0.06° o° 0.01° 0.11° 0.16* 0.01°
Muribaculaceae 0° 0.01¢ 0.01° 0.11% 0° 0° 0.49° 0° 2.22° 1.74* 1.94° 2.09°
Prevotellaceae 0.03" 0.01° 0° 0.94 0° 0.03" 2.98 0 4.64' 5.09" 8.93 7.23°
Rikenellaceae (3 0 o 0.03¢ o 0.01¢ 0.54¢ o 0.28% 0.35 117 0.57%
Actinobacteria 4.76 9.43° 1.79%¢ 437 2,93 4.38° 0.36° 3.35%¢ 2.26% 2.99%¢ 0.5% 2.48°
Actinomycetaceae 0.01" 0.14° 0.07° 0.05" 0° 0.06" 0 0.01" 0 0 0 0°

Atopobiaceae 0.43® 0.54° 0° 0.32% 0.13*® 0.17% 0.07% 0.09 0.36" 1.45% 0.28® Lor®
Bifidobacteriaceae 4.22 8.21° 0.04° 3.81° 2.76° 3.94° 0.11° 3.20° 1.67* 110" 0.01° 122
Coriobacteriaceae 0° 0 0° 0.02¢ 0° 0° 0.05¢ 0° 0.21% 0.38" 0.20° 0.22%
Eggerthellaceae 0.06" 0.21° 0° 0.05® 0.03® 0.05® 0° 0.02% 0.02 0.05® 0.01® 0.03®
Micrococcaceae 0.04¢ 0.32% 1.51° 0.11 0.01¢ 0.15" 0.12 0.03¢ o o 0 0

Proteobacteria 1.89° 0.4° 4.12° 0.22° 3.77% 2.21% 7.61* 0.92° 1.69 4.84° 4.6 2.08°
Burkholderiaceae 0 0 0.04* 0 0° 0 0.41° 0 0 0.01° 0 0

Desulfovibrionaceae 0° 0° o° 0.01° o° 0° 0.04° 0° 0.07* 0.1* 0.14°* 0.11°
Enterobacteriaceae 0.17¢ 0.02% 0.04%¢ 0.01¢ 3.56° 0.64% 0.71% 0.04 0.07%¢ 0.01¢ 0.01¢ 0.01¢
Pasteurellaceae 1.7% 0.29¢ 3.75 0.02¢ 0.21>¢ 1.54% 4.85 0.87" 0 0.01%¢ 0 o

Succinivibrionaceae 04 0.01¢¢ 0.09 0.15¢ o¢ 0t 1.5 o¢ 1.41° 4.71° 4.45° 1.94°

“tMeans without a common superscript are different (p <0.05). Each mean represents 7 observations on day —7 and each mean represents 9-12 observations on day 0 and day 7 and 21 post-inoculation.
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FIGURE 6
Relative abundance of top 8 genus in intestinal microbiota of piglets visualized in bar plot (A) and heatmap (B). Each mean represents 9-12
observations.

antibiotics or B. subtilis have limited impacts on the microbial
diversity in fecal samples.

In consistent with other published research (Frese et al., 2015;
Li et al., 2020), Firmicutes and Bacteroidetes were the top two
most abundant phyla in fecal samples of weaned pigs. As the age
of pigs was increased, the relative abundance of Firmicutes were
increased but the relative abundance of Bacteroidetes were
decreased (Mach et al., 2015; Chen et al., 2017), indicating that the
fecal microbiota has greatly shifted during post-weaning period.
The likely reason was the sudden change in diet from sow milk to
solid and plant-based ingredients and the changes in environment
after weaning. Weaning and dietary change shift the swine core
gut microbiome, including Clostridiaceael, Peptostreptococcaceae,
Streptococcaceae,  Bacteroidaceae, —Enterobacteriaceae, and
Lactobacillaceae in feces (Mach et al., 2015; Chen et al., 2017; Luise
et al,, 2021). The increased Lactobacillaceae is highly correlated
with enriched plant-derived mono- and di-saccharides (Frese
et al,, 2015). At the end of this experiment, most of pigs were
recovered from weaning stress and ETEC infection as indicated
by the absence of ETEC F18 in feces and normal diarrhea scores
(He et al., 2020). The relative abundance of the core gut microbiota
listed above was reversed in feces, suggesting that the impacts of
weaning stress on gut microbiota are significant but temporary.
When pigs adapt to their new diets and environment, diet
becomes the main driver of regulating gut microbial composition.

Post-weaning ETEC infection can reduce pig appetite, disrupt
intestinal barrier, and induce intestinal inflammation, all of which
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may contribute to the imbalance of the microbiota (Pollock et al.,
2019). ETEC is categorized under the family of Enterobacteriaceae,
which is likely the reason for the increased relative abundance of
Proteobacteria and Enterobacteriaceae was observed in the current
study. Similar results were also reported in mice inoculated with
ETEC (Wang et al., 2018). Growing evidence suggests that an
increased abundance of Proteobacteria might be associated with
dysbiosis (Shin et al., 2015). ETEC infected pigs in the present
study were fully recovered on day 21 PI, as reported no diarrhea
was observed and no B-hemolytic coliforms were present in feces
(He et al., 2020). Thus, the impacts of ETEC infection on fecal
microbiome were also gradually reduced on day 21 PI.

The use of carbadox in feed also induced changes in the fecal
microbiota. Carbadox is an oxidative DNA-damaging agent that
mainly target gram-positive bacteria (Breijyeh et al., 2020). During
habituation period, supplementation of carbadox reduced relative
abundance of Firmicutes and Lactobacillaceae in feces. Although
ETEC infection temporarily increased the relative abundance of
Lactobacillaceae in feces of pigs in the antibiotics group, the
abundance of Lactobacillaceae was sharply reduced when pigs
were recovered from ETEC infection. The relative abundance of
Bacteroidetes was also numerically higher in carbadox group than
pigs in control. These observations indicate the impacts of in-feed
antibiotics on gut microbiome were immediate (Lourenco et al.,
2021). The reduced Lactobacillaceae in feces is consistent with
2018), suggesting that
supplementation of carbadox modified the intestinal environment

previous research (Gao et al,
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which may be not supportive to maintain the growth of some
favorable bacteria in the intestines.

Compared with carbadox, the influences of B. subtilis on fecal
microbiome of weaned pigs were limited throughout the
experiment. The relative abundance of Bacillaceae was the greatest
in feces fed with B. subtilis among all treatments on day 0 before
ETEC infection and day 21 PI, which is likely due to B. subtilis is
categorized under the family Bacillaceae. Supplementation of
B. subtilis significantly enhanced the relative abundance of
Firmicutes, but numerically reduced Proteobacteria and
Enterobacteriaceae in feces at the peak of ETEC infection. This
observation is also consistent with the published fecal culture
results, in which pigs fed with B. subtilis had lower percentage of
B-hemolytic coliforms in feces on day 7 PI (He et al., 2020). Our
previous research revealed that both carbadox and B. subtilis
supplementation were effective in enhancing growth performance
and reducing diarrhea of weaned pigs challenged with ETEC F18
(He etal., 2020). However, results in fecal microbiome suggest that
the impacts of dietary supplementation of B. subtilis and
antibiotics on fecal microbiome were different in weaned pigs. The
major highlights are the modulation of Firmicutes phylum.
Overall, pigs fed with B. subtilis contained relative higher
Lactobacillaceae but lower Bacteroidaceae than pigs fed with
antibiotics throughout the experiment, although ETEC infection
temporarily reduced this difference on day 7 PL Although
carbadox mainly targets gram-positive bacteria, it can also disturb
bacterial DNA synthesis and induce the breakdown of
chromosome in many gram-negative bacteria, including ETEC
(Suter et al.,, 1978; Cheng et al.,, 2015). However, B. subtilis as a
probiotic strain must colonize into the intestines of pigs in order
to perform beneficial effects on gut ecosystem. Thus, it is not
supersizing to observe the different impacts of these two
supplements on fecal microbiome due to their different modes
of action.

Intestinal microbiota

In the current study, the intestinal microbiota changes were also
analyzed in intestinal content collected at the end of experiment
when pigs were fully recovered from ETEC infection. Similar to the
results shown in Crespo-Piazuelo et al. (2018), Shannon and Chaol
index values in distal colon were higher than in jejunum and ileum.
Consistently, beta diversity results showed clear separation between
colon content vs. jejunal and ileal digesta, indicating the spatial
heterogeneity of bacteria colonization across different intestinal
sites (Mu et al., 2017). Supplementation of carbadox or B. subtilis
had stronger influences on microbial diversity and composition in
the ileum than in the jejunum and distal colon.

Ileal and jejunal digesta had greater relative abundance of
Firmicutes and lowest relative abundance of Bacteroidetes than
colon content, suggesting the luminal environment remarkably
modulates digesta microbiome (Gao et al., 2018; Pollock et al.,
2019). The relatively acidic environment and high oxygen level
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prevent the colonization of anaerobes in the small intestine
(Donaldson et al., 2016). In addition, the small intestinal digesta
contains more simple carbohydrates that could be utilized by the
host and the microbiota, while the large intestine lumen comprises
more complex carbohydrates for microbial fermentation
(Zoetendal et al, 2012). The enriched Lachnospiraceae,
Ruminococcaceae, and Prevotellaceae enable the large intestine’s
capacity to degrade complex carbohydrates (Duncan et al., 2007;
Arumugam et al., 2011; Zhang et al., 2018). The ileum is a major
intestinal site where ETEC colonizes, which is probably the major
reason that more abundant Enterobacteriaceae were observed in
ileal digesta than jejunum and colon (Nagy et al., 1992). However,
there were limited changes in the microbial composition in
different intestinal segments when comparing positive control vs.
negative control pigs on day 21 PI, which was likely due to the
recovery of weaned pigs from ETEC F18 infection (He et al.,
2020). The relative abundance of Micrococcaceae was proliferated
in jejunal and ileal digesta of pigs infected with
ETEC. Micrococcaceae are relatively abundant in newborn pigs,
but are gradually reduced during pre-weaning period (Pena
Cortes et al., 2018). The increased abundance of Micrococcaceae
were also observed in diarrheal fecal samples in a human study
(De et al., 2020). However, the reason for this change is not clear
and needs to be further investigated.

the

supplementation had more influences on the intestinal microbiota

In comparison to positive  control, carbadox
than B. subtilis. In addition, carbadox supplementation altered
jejunal and ileal microbiota more than colon microbiota in weaned
pigs, which is in close agreement with a previous study using a
mixed antibiotics supplementation (Mu et al, 2017). This
observation also indicates that antibiotics treatment may mainly
target the microbiota in the small intestine. At the taxonomic level,
pigs fed with carbadox had greater relative abundance of gram-
negative bacteria, including Succinivibrionaceae and Pasteurellaceae
in jejunum and Muribaculaceae in ileum, but lower relative
abundance of Lactobacillaceae and Bifidobacteriaceae in ileum. This
observation suggest that gram-negative bacteria may be more
tolerant to carbadox due to their complicated outer membrane
structure, containing lipopolysaccharides and peptidoglycans that
can reduce the chance of carbadox penetrating into the bacterial
membranes (Breijyeh et al., 2020). Gram-negative bacteria are more
resistant to commonly used antibiotics by developing antibiotics
resisting enzymes and undergoing mutations to increase resistance
against antibiotics (Miller, 2016; Sumi et al., 2019). Therefore, the
accumulation of gram-negative bacteria in the small intestine when
carbadox is applied may increase the risk of developing antimicrobial
resistance. However, in the production side, supplementation of
carbadox was reported to effectively enhance growth performance
and reduce intestinal inflammation of weaned pigs (Roof and
Mahan, 1982; Stahly et al., 1997; He et al., 2020). The potential
reason might include that carbadox can increase the population of
short-chain fatty acid producing microbiota (i.e., Ruminococcaceae)
in the small intestine, which may benefit to intestinal health and
energy utilization in pigs (Bedford and Gong, 2018).
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Pigs supplemented with B. subtilis had increased the relative
abundance of gram-positive bacteria than pigs supplemented
with carbadox, including Lactobacillaceae, Bacillaceae, and
Bifidobacteriaceae in ileal digesta. The increased abundance of
Bacillaceae was likely due to the colonization of B. subtilis in the
intestinal tract (Pollock et al., 2019), which needs to be further
confirmed in the future study. The more enriched Lactobacillaceae
and Bifidobacteriaceae suggest that supplementing B. subtilis may
help to maintain the desirable bacteria in the small intestine of
weaned pigs, which may contribute to the concomitant decrease
in enteric bacterial infection. Previous research also reported that
B. subtilis supplementation can also decrease luminal pH and
oxidation potential of the gut matrix, which may provide a
favorable condition for Lactobacillaceae to thrive but inhibit the
growth of the pathogenic bacteria (Yang et al., 2015). Therefore,
results from the current study indicate that the modulation of gut
microbiome by B. subtilis supplementation also contributes to the
reduced diarrhea and enhanced intestinal health of ETEC
infected pigs (He et al., 2020).

Conclusion

Our previous study reported that supplementation of B. subtilis
DSM 25841 improved growth performance and disease resistance of
weaned pigs under ETEC challenge (He et al,, 2020). The current study
characterized the microbial diversity and composition of fecal samples
and intestinal contents collected from He et al. (2020). The present
results indicate that weaning stress, age of pigs, ETEC infection, and
dietary supplements all contributed to the fecal and intestinal
microbiome changes in weaned pigs. Supplementation of carbadox
and B. subtilis differently modified fecal and intestinal microbiota. Pigs
supplemented with B. subtilis had higher abundance of Bacillaceae
than pigs supplemented with carbadox in fecal and intestinal content.
Supplementation of carbadox increased the relative abundance of
gram-negative bacteria including Bacteroidetes and Proteobacteria
which may impose risk of increasing antibiotics resistance.
Supplementation of B. subtilis was associated with an increase or
maintenance of the relative abundance of beneficial bacteria including
Lactobacillaceae and Bifidobacteriaceae in the ileum and colon. Future
research is needed to quantify B. subtilis colonization in the
gastrointestinal tract and to investigate the interactions of B. subtilis
with other bacteria, especially ETEC. In addition, the limits of 16S
rRNA sequencing has been recognized, thus, the analysis of gut
bacterial biomass and the functional genomes from the gut microbiota
should be considered in the future research as well.
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Introduction: The overuse of antibiotics has made public health and safety face a
serious cisis. It is urgent to develop new clinical treatment methods to combat drug
resistant bacteria to alleviate the health crisis. The efficiency of antibiotics is closely
related to the metabolic state of bacteria. However, studies on fluoroquinolone
resistant Salmonella are relatively rare.

Methods: CICC21484 were passaged in medium with and without sarafloxacin and
obtain sarafloxacin- susceptible Salmonella Typhimurium (SAR-S) and sarafloxacin
resistant Salmonella Typhimurium (SAR-R), respectively. Non-targeted metabolomics
was used to analyze the metabolic difference between SAR-S and SAR-R. Then we
verified that exogenous L-leucine promoted the killing effect of sarafloxacin in vitro,
and measured the intracellular ATP, NADH and reactive oxygen species levels of
bacteria. Gene expression was determined using Real Time quantitative PCR.

Results: We confirmed that exogenous L-leucine increased the killing effect of
sarafloxacin on SAR-R and other clinically resistant Salmonella serotypes. Exogenous
L-leucine stimulated the metabolic state of bacteria, especially the TCA cycle, which
increased the working efficiency of the electron transfer chain and increased the
intracellular NADH, ATP concentration, and reactive oxygen species level. Our results
suggest that when the metabolism of drug-resistant bacteria is reprogrammed, the
bactericidal effect of antibiotics improves.

Discussion: This study further enhances research in the anti-drug resistance field at
the metabolic level and provides theoretical support for solving the current problem of
sarafloxacin drug resistance, a unique fluoroquinolone drug for animals and indicating
the potential of L-leucine as a new antibiotic adjuvant.

L-leucine, sarafloxacin, salmonella, metabolism, reactive oxygen species

1. Introduction

Salmonella is a zoonotic pathogen that can cross-spread among humans, animals, and the
environment. It has important biological significance in gastrointestinal diseases (Ao et al., 2015;
Gut et al., 2018). There are more than 900,000 cases of Salmonella infection worldwide each year,
with 15,500 deaths, which has caused a massive burden on public health and safety (Majowicz
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etal, 2010; Feasey et al.,, 2012; Kirk et al., 2015). After infection, the
main symptoms are vomiting, fever, and diarrhea. Infection in infants
with low immunity and the elderly may further lead to more severe
bacteremia and endanger life safety, and a few may even experience
meningitis (Yang et al., 2012). Livestock and poultry infected with
Salmonella will spread the pathogen to humans through food,
environmental pollution, or other ways. Salmonella in animals can
also reduce the rate of weight gain, resulting in reduced production
performance and increased feed conversion rate, causing economic
losses (Farzan and Friendship, 2010). At present, more than 2,500
Salmonella serotypes that have been identified (Hendriksen et al.,
2011), of which Salmonella Typhimurium is one of the typical
representatives and the primary serotype in the detection of
non-human Salmonella (Galanis et al., 2006). In Thailand and
Vietnam, the detection rate of Salmonella Typhimurium is 34 and
37.5%, respectively, the most prevalent serotype (Phu Huong Lan
etal, 2016; Sinwat et al., 2016). In sub-Saharan Africa, Typhimurium
accounts for two-thirds of all serotypes (Reddy et al., 2010). In China,
the prevalence of Salmonella Typhimurium has also attracted people’s
attention to pig breeding (Tian et al., 2021).

Sarafloxacin is the third generation of fluoroquinolones. The
most common preparation is sarafloxacin hydrochloride, which can
kill both Gram-negative and Gram-positive bacteria (Hooper, 1998;
Oliphant and Green, 2002). After entering the cell, sarafloxacin can
combine with DNA cyclooxygenase and topoisomerase IV to form a
“drug-enzyme-DNA” ternary complex, thus preventing bacterial
DNA replication and killing bacteria (Correia et al., 2017). In 1995,
the U.S. Food and Drug Administration approved sarafloxacin as a
special quinolone antibiotic for animals, which has a good curative
effect on clinical respiratory tract infections, urinary system
infections, skin tissue infections, and intra-abdominal infections
(Kim and Hooper, 2014). Unfortunately, the overuse of antibiotics
during bacterial infection in aquaculture, directly or indirectly, has
led to the emergence and prevalence of drug-resistant Salmonella.
The detection rate of fluoroquinolone-resistant Salmonella has also
gradually increased (Fang, 2015). In 2019, drug-resistant Salmonella
serotype Typhi was defined as a serious threat (CDC, 2019). The
common resistance mechanism of fluoroquinolones includes: (i) the
target mutation of DNA gyrase and topoisomerase IV, which leads to
a decreased affinity between drugs and enzymes (Aldred et al., 2014);
(ii) the modification of cell membrane protein and drug efflux pumps
OgxAB, QepA, and AcrAB-TolC, which reduces intracellular drug
concentrations (Redgrave et al., 2014); and (iii) plasmid-mediated
acquired drug resistance (qnrA, qnrB, qnrS, qnrC, and gnrD; Aldred
et al.,, 2014). However, with the development and application of
metabolomics, researchers can directly observe the metabolic state
changes of cells caused by various mechanisms (Schrimpe-Rutledge
et al,, 2016), and the analysis of drug resistance from a metabolic
perspective has gradually become a research hotspot.

The effect of antibiotics on bacteria is closely related to metabolic
status (Stokes et al., 2019; Lopatkin et al., 2021). The metabolomic
results of cefoperazone/sulbactam-resistant Pseudomonas aeruginosa
have shown the inhibition of the central carbon and riboflavin
metabolism, while the related glucose metabolism and the electric
transport chain also decreased (Chen et al., 2022). The decompressed
central carbon and energy metabolism led to levofloxacin resistance
in Vibrio algenolyticus, and the biosynthesis of fatty acids was also
affected (Cheng et al, 2018). These studies have proved that
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biochemical metabolism plays a key role in the drug-resistant
characteristics of bacteria. Consistently reprogramming metabolism
by exogenous addition of certain substances can also reverse the drug-
resistant characteristics of bacteria. Exogenous D-ribose activates
glycolysis, the pentose phosphate pathway, and the TCA cycle, and
increases NADH production and proton motive force (PMF) and,
thus, increases drug uptake and promotes the killing effect of
gentamicin against drug-resistant Salmonella. Exogenous citrulline
similarly promotes the germicidal effect of apramycin (Yong et al.,
2021; Zhou et al., 2022). The abundance of glutamine in the
metabolomics results decreased. After supplementation, exogenous
glutamine promotes the killing effect of f-lactams, aminoglycosides,
quinolones and tetracyclines on pathogenic E. coli in the urinary tract
through various metabolic pathways, and delay the development of
ampicillin resistance (Zhao et al., 2021).

One of the common characteristics of bactericidal antibiotics is that
reactive oxygen species (ROS) will be produced after targeting bacteria
(Kohanski et al., 2007). ROS is an inevitable by-product of cellular
aerobic respiration. These molecules are produced due to excessive
activation of the electron transfer chain and leakage of electrons to the
oxygen molecule to generate superoxide (O,7) (Oy+e =057 ).
Superoxide dismutases can catalyze superoxide generation to hydrogen
peroxide and oxygen (2H " +20; = 0, + Hy0; ). Superoxide can
destroy the iron-sulfur cluster in protein, thus producing unstable
ferrous ions (Fe?*). One of the products of the reaction of Fe** and
hydrogen  peroxide is the lethal  hydroxyl radical
(Fe*™ Hy0, = Fe* + OH™ + HO" ). Hydroxyl radicals can destroy
cell DNA, lipids, and proteins, resulting in death (Belenky et al., 2015).
At the same time, it will also destroy the iron sulfide cluster protein,
regenerate free iron ions, and generate more hydroxyl radicals through
the Fenton reaction to accelerate bacterial death (Van Acker and
Coenye, 2017). Some studies have confirmed that the overactivated
electron transfer chain is related to central carbon metabolism, as the
production of NADH mainly comes from the TCA cycle (Kohanski
etal., 2007). Exogenous thymine can up regulate the bacterial metabolic
state, activate the TCA cycle, accelerate respiration, promote the
production of ATP and ROS, and promote the killing effect of
ciprofloxacin on some Gram-negative bacteria (Liu et al., 2021). The
addition of exogenous serine has been shown to promote the TCA cycle
of E. coli, increase the production of NADH and the ratio of NAD*/
NADH, activate the electron transfer chain, and increase the production
of endogenous ROS, making the killing effect of ofloxacin or
moxifloxacin on E.coli stronger (Duan et al., 2016). Alanine can also
promote kanamycin killing of antibiotic resistant bacteria by promoting
ROS production (Ye et al., 2018). Therefore, linking the metabolic state
of bacteria to the production of ROS and the increase of intracellular
ROS levels after the drug has targeted drug-resistant bacteria by
stimulating metabolism has great research potential.

In this study, non-targeted metabolomics was used to analyze the
metabolic characteristics of SAR-R and SAR-S. We found that carbon
metabolism and other related pathways, such as the TCA cycle,
decreased in SAR-R. The addition of exogenous L-leucine promoted
the killing effect of sarafloxacin against multidrug-resistant Salmonella.
The specific mechanism included activating the TCA cycle and the
electron transfer chain, thus cooperating with antibiotics to produce
more ROS, which accelerated the death of bacteria. Our results
provide theoretical support for alleviating the clinical drug resistance
of fluoroquinolones, especially the special animal drug sarafloxacin.
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2. Materials and methods

2.1. Chemicals

Sarafloxacin hydrochloride was purchased from the China Institute
of Veterinary Drug Control (Beijing, China). L-leucine and thiourea
were purchased from Shanghai Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China). Mueller Hinton (MH) broth, tryptic soy agar
(TSA), Luria-Bertani (LB) broth, MacConkey agar, and MH agar were
purchased from Guangdong Huankai Microbial Sci & Tech Co., Ltd.
(Guangdong, China). M9 Minimal medium was purchased from
Shanghai ELITE Biotech Co., Ltd. (Shanghai, China). Methanol and
acetonitrile (high-performance liquid chromatography grade) were
purchased from Thermo Fisher Scientific (Waltham, MA, United States).

2.2. Bacterial strains

Standard strains of E. coli (ATCC25922) were purchased from the
American Type Culture Collection (Manassas, VA, United States).
Standard strains of Salmonella Typhimurium (CICC21484) were
purchased from the China Center of Industrial Culture Collection
(Beijing, China). Clinically resistant Salmonella strains (Typhimurium
B2, Derby A2, London El) were donated by the Guangdong
Dahuanong Animal Health Products Co., Ltd. (Guangdong, China).
Cells were cultured in LB medium at 37°C shaking at 200 rpm unless
specified otherwise.

2.3. Minimum inhibitory concentration and
induction of bacterial antibiotic resistance

The MICs of sarafloxacin against different Salmonella strains were
determined using the microdilution method (Wiegand et al., 2008).
All MICs were tested in duplicate at least twice. The increasing
concentration method was used to induce drug-resistant strains.
Salmonella strain CICC21484 was inoculated into the LB medium,
and sarafloxacin was added at half of the MIC concentration. The MIC
of the bacteria was rechecked every 3 days. Then, a new half MIC
concentration was added to the medium until the MIC reached the
breakpoint, and we obtained SAR-R. Concurrently Salmonella
Typhimurium was obtained without adding drugs but undergoing the
same continuous reproductive process as SAR-S.

2.4. Non-targeted metabolomic
determination and analysis

SAR-S and SAR-R were used for metabolomic determination. Two
strains were cultured in LB medium until the exponential stage. The
bacterial suspension (10mL) was then centrifuged at 4°C and 12,000 g
for 10min, and the precipitate was washed twice with PBS. The two
collected bacterial strains quickly quenched in liquid nitrogen to stop
their metabolism. Then, precooled methanol/acetonitrile/water solution
(2:2:1, v/v) was added, mixed by vortexing, and subjected to
low-temperature ultrasound for 30 min. The sample rested at 20°C for
10 min, followed by centrifugation at 14000g and 4°C for 20 min. The
supernatant was collected for vacuum drying, and 100 pL acetonitrile
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aqueous solution (acetonitrile: water=1:1, v/v) was added for mass
spectrometry and to redissolve the pellet. The contents were centrifuged
at 4°C for 15 min, and the supernatant was collected for further analysis.
The samples were separated by an Agilent 1,290 Infinity LC ultrahigh
performance liquid chromatography (UHPLC) HILIC column.
Specifications were: column temperature 25°C; flow rate 0.5 mL/min;
injection volume 2 puL; mobile phase composition A: water +25mM
ammonium acetate +25mM ammonia water; B: acetonitrile. The
gradient elution procedure was as follows: 0-0.5 min, 95% B; 0.5-7 min,
B changed linearly from 95 to 65%; 7-8 min, B changed linearly from
65 to 40%; 8-9min, B was maintained at 40%; 9-9.1 min, B changed
linearly from 40 to 95%; 9.1-12min, B was maintained at 95%. The
sample was placed in the 4°C automatic sampler during the analysis
process. In order to avoid the impact caused by the fluctuation of the
instrument detection signal, continuous analysis of samples was
performed in random order. Quality control (QC) samples were
inserted into the sample queue to monitor and evaluate the stability of
the system and the reliability of the experimental data. The Electron
Spray Ionization source conditions after HILIC chromatographic
separation were as follows: ion source gas 1 (gas 1): 60; ion source gas 2
(gas 2): 60; curtain gas (CUR): 30; source temperature: 600°C, ionSapary
voltage floating +5,500V (positive and negative modes); TOF MS scan
m/z range: 60-1,000 Da; product ion scan m/z range: 25-1,000 Da; TOF
MS scan accumulation time: 0.20s/spectra; and product ion scan
accumulation time: 0.05s/spectra. The secondary mass spectrometry
was obtained by information-dependent acquisition (IDA) and high
sensitivity mode with a clustering potential of +60V (positive and
negative modes) and collision energy at 35+ 15¢eV. The IDA settings
were as follows: exclude isotopes within 4 Da; and candidate ions to
monitor per cycle: 10.

The XCMS software was used for peak alignment, retention time
correction, and peak area extraction. For the data extracted with the
software, we first identified the metabolite structure, pretreated the data,
and then evaluated the quality of the experimental data and analysis. All
metabolites identified (metabolites identified by combining positive and
negative ions) were then classified and counted according to chemical
taxonomy attribution information. The data were analyzed using
principal component analysis (PCA), partial least squares discriminant
analysis (PLS-DA), orthogonal partial least squares discriminant
analysis (OPLS-DA), multivariate analysis, and the Student’s ¢-test to
study the intra- and inter-group differences between samples and to
identify the different metabolites. The variable importance for the
projection (VIP) obtained from the OPLS-DA model was used to
measure the influence intensity and interpretation ability of each
metabolite’s expression pattern on the classification and discrimination
of each sample group in order to mine the different metabolic molecules
with biological significance. We used OPLS-DA VIP>1 and p value
<0.05 as the screening criteria for significantly different metabolites for
subsequent pathway analysis. The MetaboAnalyst and Heatmapper
online website (https://www.metaboanalyst.ca/MetaboAnalyst/ and
http://www.heatmapper.ca/) online tools were used for hierarchical
clustering of differential metabolites.

2.5. Antibiotic survival assay

To assess the effect of L-leucine on the bactericidal activity of
sarafloxacin against SAR-R and the other three clinical strains, The
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cells were first cultured in LB to reach the exponential phase,
centrifuged at 12,000 g for 5min, and washed twice with sterile PBS
buffer. Cells were then resuspended to M9 at an initial concentration
of 1 x10° colony-forming units (CFU)/mL. Experimental strains were
treated with sarafloxacin (1-fold MIC: 16 pg/mL for SAR-R, 4pg/mL
for Typhimurium B2, 8 pg/mL for Derby A2, and 2 pg/mL for London
E1), and with or without L-leucine (20 mM or other concentrations)
for 8h in M9 Minimal medium. In the ROS quenching experiment,
60mM thiourea was added to the medium and incubated for 2h at
37°C. After incubation, 100 uL of the sample was used in a dilution
series, and 20 pL of each dilution was spread onto TSA agar plates.
CFUs were counted after overnight (16h) incubation. Percentage
survival was determined by the ratio of CFU obtained from the test
and control samples.

2.6. NADH measurements

The NADH measurement assay was performed as described
previously (Yong et al., 2021). NADH production was determined
using an NAD*/NADH Assay Kit (BioAssay Systems, Hayward, CA,
United States). In brief, after culturing bacteria and L-leucine in M9
Minimal medium for 4h, 1 mL of culture was centrifuged for 5 min at
13,000g. The supernatant was discarded, and the pellet was washed
and precipitated with PBS 3 times. Approximately 100 uL of NADH
extraction buffer was added to the washed bacterial pellet and
incubated at 60°C for 5min. Then, 20 pL of the assay buffer and 100 pL
of NAD extraction buffer were added. After centrifugation, the
concentration of NADH was measured with a multi-function
e-microplate reader.

2.7. ATP measurements

The ATP concentration was determined using an ATP Assay Kit
(Beyotime, China). In brief, after co-culturing bacteria (1 x 10° CFU/
mL) and L-leucine for 4h, 1mL of the bacterial solution was
centrifuged at 4°C and 12,000g for 5min. The supernatant was
discarded, and the bacterial pellet was washed twice and resuspended
in PBS. Because ATP is relatively stable at low temperatures, the
following operations were performed in an ice bath. Approximately
200 pL of the cracking solution was added to the bacterial suspension
and incubated for 15 min, with shaking during the incubation period
to crack fully. The sample was then centrifuged at 4°C and 12,000 g for
5min, and the supernatant was collected for subsequent detection. A
luminometer was used to detect the ATP concentration.

2.8. ROS measurements

The ROS Assay Kit was used to measure the intracellular ROS
level (Beyotime, China). In brief, 1 mL of bacterial solution in the
exponential phase cells was loaded with a 10 uL fluorescent probe
DCFH-DA. Samples were incubated in the dark for 20 min with gentle
shaking to ensure loading efficiency. After incubation, the samples
were centrifuged at 4°C and 12,000 g for 5min. The supernatant was
discarded, and the pellet was washed twice with PBS to ensure the
probe was cleared. The washed bacteria were resuspended in M9
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Minimal medium, the initial concentration was adjusted to
1x10°CFU/mL, and cultured in sarafloxacin with or without
L-leucine. The ROS level was measured at 488nm excitation
wavelength and 525 nm emission wavelength at 2h. The ROS relative
level is expressed by the ratio of the experimental group sample to the
control sample.

2.9. Real time quantitative PCR

After co-culturing the bacteria and L-leucine for 6h, 5mL of the
bacterial solution was collected by centrifugation and precipitated for
subsequent experiments. The RNAiso Plus Kit (Takara Japan) was
used to extract the total RNA according to the manufacturer’s
instructions. The Hifair® II 1st Strand cDNA Synthesis Kit (Yeasen,
Shanghai, China) and 2000 ng total RNA were used for RT-qPCR
according to the manufacturer’s instructions. The RT-qPCR reaction
setup included 5puL SYBR Green Master Mix (Yeasen, Shanghai,
China), forward primer (2puM), reverse primer (2pM), and 2puL
cDNA added to RNase-free water to a total volume of 10 uL. The
reaction tube was briefly centrifuged to ensure all the reaction liquid
was collected at the bottom. The cycle parameters were as follows:
initial denaturation at 95°C for 5min; and 40 cycles of denaturation
at 95°C for 10s, and annealing and extension at 60°C for 30s. The
heating rate was 0.05°C/s for 60-95°C, in which a melting curve was
obtained. The 16S rRNA gene was used as an internal reference.
The experiment was performed with 3 biological replicates. The
specific primers are listed in the Supplementary material
(Supplementary Table 1).

3. Results

3.1. Induction and growth characteristics of
drug-resistant Salmonella

After standard strains of Salmonella Typhimurium (CICC21484)
were continuously sub-cultured in vitro with half the MIC
concentration of sarafloxacin, we obtained drug-resistant strain
SAR-R. The MIC measurement for strain SAR-R was 16 pg/mL,
indicating that the resistant bacteria were successfully induced. The
MIC test results of the three clinically isolated Salmonella strains with
different serotypes of drug resistance are shown in Table 1.

3.2. Metabolomic analysis

We used UHPLC-Q-TOF MS to perform non-targeted
metabolomic analysis of SAR-S, SAR-R, and 6 biological repeats in each
group to observe the metabolic changes caused by drug resistance. A
total of 453 metabolites were identified, including carbohydrates, amino
acids, lipids, nucleotides, etc. (Supplementary Table 2). In order to show
the metabolic differences more clearly, Principal component analysis
(PCA) was used to score the two strains. The results showed that the
repeated experimental samples in each group had good aggregation,
and the two groups were separated by the main component, indicating
that the metabolic components of the two sample groups were
significantly different. QC samples were also closely clustered
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TABLE 1 MIC value of different antimicrobials against Salmonella (1g/mL).

10.3389/fmicb.2023.1186841

SAR-S SAR-R Typhimurium B2 Derby A2 Londom E1
Sarafloxacin 0.03 16 4 8 2
Ciprofloxacin 0.015 4 2 1 1
Enrofloxacin 0.03 8 8 4 4
Danooxacin 0.03 4 4 4 2
Gentamicin 0.25 0.25 64 16 64
Apramycin 2 2 128 128 64
Tobramycin 0.25 0.25 64 32 32
Ampicillin 2 2 128 256 64
Tetracycline 1 1 64 32 64

(Figures 1A,B). To obtain more reliable and significantly different
metabolites, we adopted OPLS-DA analysis, with VIP score>1 and p
value <0.05 as the screening criteria for significantly different
metabolites. A total of 62 metabolites were selected for subsequent
bioinformatics analysis (Supplementary Table 3), where the first four
metabolites with the highest content were amino acids and peptides
(38%), fatty acids and conjugates (10%), pyrimidines (9%), and TCA
acids (7%; Figure 1C). To demonstrate the different metabolites more
clearly, the hierarchical clustering of differential metabolites is plotted
(Figure 1D). When we further analyzed these differential metabolites,
it was found that there were some metabolites with reduced abundance,
such as acetyl coenzyme A, succinate, citrate, L-glutamate, nicotinamide

<

adenine dinucleotide, adenosine 5 ‘- diphosphate, hypoxantine,
adenosine monophosphate, thymine, uridine 5 - monophosphate,
which belong to the following metabolic pathways: TCA cycle,
glycolysis/gluconogenesis, alanine, aspartate and glutamate metabolism,
oxidative phosphorylation, purine/pyrimidine metabolism. Therefore,
we speculate that these metabolic pathways are affected during the
evolution of cell resistance and should be responsible for the
development of drug resistance. Among these, the TCA cycle is crucial
to the biochemical metabolic system as the central link of bacterial
metabolism. It can receive pyruvate produced by the glycolysis pathway
to promote the absorption and metabolism of carbohydrates and the
production of ATP. Furthermore, the intermediate products NADH and
FADH are also important components of oxidative physiology and
provide raw materials for the synthesis of alanine, aspartate, and
glutamate (pyruvate, oxaloacetate, and 2-oxoglutarate) to ensure the raw
materials (amino acid) for protein synthesis are sufficient. Aspartate and
glutamine provide synthetic raw materials for nucleotides, and oxidative
phosphorylation provides energy; however, these are all based on the
normal operation of the TCA cycle. Therefore, we speculate that the
weakening of the TCA cycle affects other biochemical metabolic
processes, which delay the global metabolism of drug-resistant bacteria.
The bacteria enter hibernation, thus resisting the pressure of antibiotics
and producing a drug-resistant phenotype.

3.3. L-leucine specifically increased the
susceptibility of drug-resistant Salmonella
to sarafloxacin

The metabolic state of bacteria is crucial to the killing effect of
antibiotics (Stokes et al., 2019). Many studies have shown that
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exogenous amino acids such as alanine, citrulline, and serine can
modify the inhibited metabolic state, thereby promoting the killing
effect of antibiotics on drug-resistant bacteria (Duan et al., 2016; Ye
etal, 2018; Yong et al., 2021). Therefore, we speculate that a certain
amino acid will modify the metabolic state of drug-resistant
Salmonella, thereby synergizing the bactericidal effect of sarafloxacin.
Then, we conducted a screening test on 20 protein amino acids.
Among them, L-leucine proved to have the efficacy of synergizing
with sarafloxacin in killing drug-resistant Salmonella. Furthermore,
SAR-R, Typhimurium B2, Derby A2, and London E1 were incubated
with sarafloxacin in M9 media with or without L-leucine for 8h. The
results showed that from the killing curve at each time point, the
percent survival rate of the combination group (L-leucine plus
sarafloxacin) was significantly lower than that of the sarafloxacin
monotherapy group (Figure 2A). However, each strains most
significant synergy time differed, which may be due to the different
absorption and utilization efficiency of L-leucine. At a similar
antibiotic concentration (1MIC), L-leucine with different
concentrations (0, 5, 10, and 20 mM) showed dose-dependent manner
synergistic effects (Figure 2B). Interestingly, when we increased the
dose of L-leucine to 40 mM, the potential of L-leucine on sarafloxacin
did not increase further, which may be due to the limited utilization
of L-leucine by bacteria. Nevertheless, L-leucine, as an amino acid, can
provide nutrients for the growth of bacteria, which may promote
growth in a nutrient-poor medium and indirectly synergize the killing
effect of bactericidal antibiotics. Therefore, to eliminate the role of
L-leucine as a nutrient, we used glucose (the representative of
nutrients) in combination with sarafloxacin to observe whether the
same synergistic effect exists. The results indicate that the addition of
glucose promoted the growth of bacteria but did not promote the
bactericidal effect of sarafloxacin (Figures 2C,D). These results show
that L-leucine specifically promoted the killing effect of sarafloxacin
in drug-resistant Salmonella.

3.4. L-leucine increased intracellular NADH
concentration

We speculated that exogenous L-leucine affects the TCA cycle and
can stimulate drug-resistant bacteria since all carbon and nitrogen
sources are ultimately metabolized in the TCA cycle. As a key
intermediate, the increase in NADH concentration can indicate, to
some extent, the activation of the TCA cycle. Therefore, we added
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L-leucine into the culture medium and measured the intracellular
NADH concentration of bacteria after 4h of cultivation. As shown in
Figure 3, the NADH concentration of all drug-resistant bacteria
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increased after adding L-leucine compared with the control group.
This indicates that L-leucine entered the TCA cycle and increased the

NADH level.
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3.5. L-leucine enhanced intracellular ATP
concentration and activated the oxidative
phosphorylation pathway

The electron transport chain is an important pathway for cells to
generate energy. When the electron transfer chain pumps electrons
across the membrane to form a potential difference, ATP is synthesized
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by ATP synthase to fuel life activities. As the substrate of the electron
transfer chain, NADH is also affected by L-leucine, which may
increase the intracellular ATP concentration. Therefore, we added
L-leucine into the culture medium and measured the intracellular
ATP concentration at 4h. As shown in Figure 4A, the intracellular
ATP concentration increased significantly after adding L-leucine
compared with the control group. This shows that the increased
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abundance of NADH entered the electron transfer chain and produced
ATP, which improved the metabolic activity of the drug-resistant
bacteria. To further verify the influence of the electron transfer chain,
RT-qPCR was used to determine the expression level of key genes. As
shown in Figure 4B, the expression of key genes nuol, ndh, cyoB, atpC,
atpD, atpG, and atpH all increased after L-leucine addition. These
results showed that after L-leucine treatment, the oxidative
phosphorylation pathway was activated, and the intracellular ATP
concentration increased, indicating that the energy metabolism of
drug-resistant bacteria was reprogrammed.

3.6. L-leucine stimulates the TCA cycle

To confirm that the increased NADH and ATP levels were
related to the TCA cycle, we measured the gene expression of key
enzymes in the TCA cycle, pyruvate dehydrogenase (aceE, aceF),
(gltA), (icdA),
2-oxoglutarate dehydrogenase E1 component (sucA), succinyl-CoA

citrate synthase isocitrate  dehydrogenase
synthetase (sucC), dihydrolipoyl dehydrogenase (IpdA), succinate
dehydrogenase (sdhA, sdhC), fumarate reductase (frdA, frdB, frdC),
fumarate hydratase (fumA, fumC), and malate dehydrogenase
(mdh). The expression level of these 15 genes is shown in Figure 5.
After co-culturing bacteria with L-leucine for 6h, the expression
level of most genes increased significantly, suggesting that exogenous
L-leucine promoted the function of the TCA cycle and that the
increased NADH and ATP concentration was attributed to the

activation of this cycle.
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3.7. L-leucine increase the ROS level upon
treatment with sarafloxacin

Three types of bactericidal antibiotics, f-lactamides, aminoglycosides,
and fluoroquinolones, promote the production of harmful hydroxyl
radicals in bacterial cells destroying DNA, lipids, and proteins in cells,
thus causing cell death (Kohanski et al., 2007). Quinolones combine
with DNA gyrase and DNA topoisomerase IV to form a ternary
complex during DNA replication. When DNA is degraded, superoxide
is first generated, then peroxide through a disproportionation
reaction, and finally, harmful hydroxy radicals through the Fenton
reaction. Some studies have shown that electrons leak during the
transmission of the respiratory chain and form superoxide (Kohanski
et al,, 2007). In this study, the activation of NADH and the electron
transfer chain was confirmed. In order to explore whether L-leucine
enhanced the killing effect of sarafloxacin by increasing endogenous
ROS, we used a DCFH-DA fluorescence probe to detect ROS levels
with or without L-leucine (Figure 6A). Compared with the sarafloxacin
group alone, the ROS levels significantly increased. Consistently, when
thiourea, a ROS eliminator, was added to the combined treatment
group, the content of ROS content decreased significantly (Figure 7A).
the enhanced bactericidal effect of L-leucine disappeared (Figure 7B).
These results suggest that ROS plays an important role in the process
of collaborative killing.

4. Discussion

Due to the overuse of clinical antibiotics, the prevalence of
multidrug-resistant bacteria poses a huge threat to public health
safety. Combining adjuvants and antibiotics may be safer and more
effective than developing new antibiotics (Pieren and Tigges, 2012;
Worthington and Melander, 2013). In this study, we first used half of
the MIC concentration to obtained SAR-R and SAR-S. UHPLC-
Q-TOF MS was used for the non-targeted metabolomic detection of
SAR-S and SAR-R. The results showed significant metabolic
differences caused by drug resistance. A total of 62 different
metabolites were identified in the positive and negative ion modes.
Then we found that some differential metabolites with reduced
abundance were involved in the central carbon metabolism related
metabolic pathway led by TCA. However, the abundance of
phosphoenolpyruvate involved in the glycolysis process showed an
increase, which may be due to the disorder of central carbon
metabolism leading to the accumulation of intermediate products,
further inhibiting the normal operation of the TCA cycle.

Various of studies have demonstrate improved killing by
antibiotics following the reprogramming of deranged metabolism.
Multiple amino acids have been confirmed to potentially modify
metabolisms, such as, serine, citrulline, and alanine (Duan et al., 2016;
Ye et al., 2018; Yong et al., 2021). We also tested a variety of amino
acids in our experiments, but these above were not effectively repeated,
which may be due to differences in experimental drugs, different
experimental strains. In this study, we have measured the combined
bactericidal efficacy of all 20 protein amino acids with sarafloxacin,
including the above amino acids that have been proven to have
synergistic effects. However, in all experiments, only the synergistic
effect of L-leucine was confirmed. This may be due to the different
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absorption and utilization effects of various amino acids by different
bacteria. We speculate that different drugs act differently on various
bacteria, although most bacteria adjust their metabolic situation to
lower their metabolism to evade the killing effect of antibiotics.
However these alterations are special and we can only summarize
several features in common, such as the attenuation of the central
carbon metabolism. Specific alterations were unique in each sample.
It is also interesting to note that several studies have demonstrated that
sugars (glucose, fructose, D-ribose) can function as an antibiotic
adjuvant (Peng et al., 2015; Su et al., 2015; Zhou et al., 2022), However,
in this experiment glucose only promoted bacterial growth, and
deficiency did not play a role in promoting killing, supporting the
view that “every metabolic change that develops as a result of drug
resistance is unique.” In summary, L-leucine was specifically selected
during our experiments and targeted in our study targeted in
our study.

Furthermore, we found that L-leucine promoted the killing effect of
sarafloxacin against SAR-R and other clinically resistant Salmonella
Typhimurium B2, Derby A2, and London E1 with different serotypes.
However, each bacterium’s most effective synergistic killing time differed,
which may be due to the different biochemical characteristics of each
strain and the difference in the absorption rate and utilization efficiency
of L-leucine. In order to exclude the role of L-leucine as a nutrient, we also
used glucose as a control. The results were similar to those we predicted.
Glucose did not show a synergistic effect, which also signifies the special
role of L-leucine. We performed the same experiment on other
fluoroquinolones (such as danooxacin). Interestingly, the results showed
that only some strains had a synergistic killing effect, which may
be attributed to the specific synergistic effect caused by different drug
structures or the resistance of different strains to various fluoroquinolones,
which needs further study.

In order to explore the specific mechanism of L-leucine in the
cell, we measured the NADH and ATP concentrations and ROS levels
of bacteria after cultivation with L-leucine. Overall, NADH, ATP, and
ROS levels increased with L-leucine. To further confirm these results,
we used RT-qPCR to determine the expression of each gene in the
TCA cycle and electron transfer chain. The results showed that the
expression level of most genes increased. Therefore, we concluded
that exogenous L-leucine activated the TCA cycle after entering the
cell membrane; thus, the abundance of NADH, the intermediate
product of the TCA cycle, increased. When NADH entered the
electron transfer chain as a substrate, it accelerated the electron
transfer, increasing the ATP concentration from the product and
correcting the inhibited carbon metabolism. Simultaneously, the
function of the electron transfer chain accelerated, increasing the
leakage of electrons, and the oxygen molecules received electrons and
produced more ROS through the Fenton reaction, which promoted
the death of bacteria (Figure 6). This was also confirmed by the ROS
elimination agent, thiourea. When exogenous thiourea was added to
the culture medium, the intracellular ROS level decreased rapidly,
and the synergistic effect of L-leucine disappeared.

In addition to interacting with the target, bactericidal
antibiotics will cause bacteria to produce ROS and destroy the cell
structure (Kohanski et al., 2007). Many studies have also begun to
look for antibiotic adjuvants at the metabolic level. Fructose,
D-ribose, serine, alanine, thymine, citrulline, and glutamine as
metabolites have been proven to reprogram the metabolic state of
bacteria to improve the bactericidal effect of various antibiotics
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FIGURE 6

The mechanism of L-leucine promoting the killing effect of
sarafloxacin on drug-resistant Salmonella. After L-leucine enters the
cell, it stimulates TCA cycle and increases NADH content. NADH
enters the electron transfer chain to accelerate electron transfer and
ATP synthesis. The excessively activated electron transfer chain leads
to electron leakage, and O, receives e- to become superoxide,
which then generates hydrogen peroxide under the catalysis of
superoxide dismutases. Meanwhile, superoxide dismutases can
disrupt the Fe-S cluster and produce free Fe?". Fe?*and hydrogen
peroxide produce a Fenton reaction, generating deadly hydroxyl
radical to kill cells, while the oxidation product Fe**continues to
synthesize Fe-S cluster.

(Duan et al., 2016; Ye et al., 2018; Liu et al., 2021; Yong et al., 2021;
Zhao etal., 2021; Zhou et al., 2022). However, most of these studies
are aimed at aminoglycoside drugs, such as citrulline, glutamine
and apramycin, D-ribose and gentamicin, alanine and kanamycin.
This is due to the unique absorption mechanism of aminoglycoside
drugs which is related to PMF. The generation of PMF is also
associated with the electron transfer chain, as it is responsible for
generating the potential difference in cell membranes. Ultimately,
they are closely related to the TCA cycle because the substrate
NADH of the electron transfer chain comes from the reaction
catalyzed by isocitrate dehydrogenase and malate dehydrogenase
in the TCA cycle. Fluoroquinolones are widely used in clinical
antibacterial treatment, but the current drug resistance caused by
overuse and misuse also encourages us to speed up the search for
antibiotic adjuvants. Animals, especially edible livestock and
poultry, are closely related to humans, and even some drug-
resistant plasmids can be transmitted to humans to cause health
and safety crises (Katale et al., 2020). As a special fluoroquinolone
drug for animals, sarafloxacin is significant in finding an antibiotic
adjuvant to relieve the pressure of clinical drug resistance, whether
for aquaculture or public health safety.

In summary, non-targeted metabolomics was performed to
determine the differential metabolites caused by drug resistance, and
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Intracellular ROS level of SAR-R and clinical drug-resistant Salmonella. (A) Combination of L-leucine and sarafloxacin enhanced ROS production.
(B) Percent survival curve of 1 MIC and 20mML-leucine and 60mM thiourea action on SAR-R and clinical drug-resistant Salmonella in M9 Minimal
medium. Results are displayed as the mean+SEM and three biological repeats are carried out. Significant differences are identified (**p<0.01,
****p<0.0001), determined by unpaired t-test.

we further speculate that central carbon metabolism plays a crucial ~ concentration and ROS level of bacteria. This makes L-leucine specific

role in the evolution of drug resistance. It was also proved that  in promoting the killing effect of sarafloxacin against drug-resistant

L-leucine could increase the intracellular NADH and ATP  Salmonella. Our results provide a theoretical basis for alleviating
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clinical drug resistance. It also provides evidence that L-leucine can
be used as a potential adjuvant to enhance the efficacy
of fluoroquinolones.
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Non-typhoidal Salmonella provides an exemplar for the One Health approach
as it encompasses public and animal health, food safety, and environmental
considerations. The contribution of environmental aspects is currently less well-
defined. The purpose of this study was to determine the carriage occurrence
of non-typhoidal Salmonella in migratory birds in Bangladesh and assess the
potential significance to public and animal health. Cloacal swabs (N=453) were
collected in the years 2018-2020 from Tanguar and Hakaluki Haors, important
wetland ecosystems in Northeastern Bangladesh. The prevalence of Salmonella
was 13.5% (61 positive swabs). Classical serotyping identified six serovars:
Salmonella enterica subsp. enterica serovars Perth, Kentucky, Albany, Infantis,
Weltevreden, and Brancaster. Resistance towards 14 antimicrobials was assessed
by broth microdilution minimum inhibitory concentration determination and
the antimicrobial resistance (AMR) genotype established by whole-genome
sequencing. S. Perth and S. Weltevreden isolates were susceptible and
harbored no acquired AMR genes. Isolates from the remaining serovars were
multidrug resistant, commonly possessing resistance to tetracycline, ampicillin,
chloramphenicol, sulfamethoxazole, trimethoprim, and ciprofloxacin. Salmonella
resistant to ciprofloxacin meets WHO criteria for priority pathogens. There was
excellent concordance between resistance phenotype and the presence of
corresponding AMR genes, many of which reside on Salmonella Genomic Islands.
High-level ciprofloxacin resistance correlated with the presence of mutations
in the chromosomal gyrB and/or parC genes. The S. Kentucky isolates were
ST198, a widely distributed multidrug-resistant lineage reported in humans and
animals, and constituting an ongoing risk to public health worldwide. We have
demonstrated that multidrug-resistant non-typhoidal Salmonella of public health
significance can be recovered from migratory birds. A potential for risk can
manifest through direct interaction, transmission to food-producing livestock
on farms, and dissemination via the long range migratory movements of birds.
Risks can be mitigated by measures including continued surveillance and
implementation of good farm biosecurity practices.

Salmonella, migratory birds, multidrug resistance, antimicrobial resistance, Bangladesh
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Introduction

Salmonella enterica is a zoonotic pathogen of significant public
and animal health concern worldwide (Majowicz et al., 2010). The
species is highly diverse, having over 2,600 serovars (Grimont and
Weill, 2007), which have been divided into typhoidal and
non-typhoidal Salmonella (NTS) serovars. Non-typhoidal Salmonella
(NTS) can cause gastroenteritis that is generally self-limiting in
humans, but can lead to an invasive infection that presents a greater
risk to health and may require antimicrobial treatment (Acheson and
Hohmann, 2001). The number of foodborne illnesses and deaths
caused by NTS globally in 2010 has been estimated at over 78 million
and >59,000, respectively, (Havelaar et al., 2015). The prevalence of
NTS serovars differs, but in any given country, most human isolates
(>90%) will be from about 30 serovars (Grimont and Weill, 2007).
Poultry and poultry products are a common source of human
infection by NTS, and important Salmonella enterica subsp. enterica
serovars include S. Typhimurium, S. Enteritidis, S. Kentucky, and
S. Infantis, among others (Koutsoumanis et al., 2019).

Antimicrobial resistance (AMR) in Salmonella is of considerable
concern as it limits therapeutic options and increases the risk of
treatment failure. Furthermore, multidrug resistance (resistance to >3
antimicrobial classes) has been associated with more serious disease
in people (Parisi et al., 2018). Traditional first-line antibiotics include
ampicillin, chloramphenicol, and trimethoprim/sulfamethoxazole
(Crump et al,, 2015). The high prevalence of resistance in Salmonella
to these antimicrobials has led to increased use of critically important
antimicrobials such as ciprofloxacin (fluoroquinolone), ceftriaxone
(third-generation cephalosporin), and alternatively azithromycin
(macrolide; Crump et al., 2015). Salmonella with resistance to
fluoroquinolones, carbapenems, or third generation cephalosporins
have been listed as high-priority pathogens by the World Health
Organization (Tacconelli et al., 2018).

Salmonella has been found in resident and migratory free-living
birds in many countries (Tizard, 2004; Beleza et al., 2020). Wild birds
can act as vectors that introduce pathogens including Salmonella onto
farms, necessitating the need for appropriate biosecurity (De Lucia
et al,, 2018; Koutsoumanis et al., 2019). The role of resident and
migratory birds as a reservoir and disseminator of Salmonella (Tizard,
2004; De Lucia et al., 2018; Beleza et al., 2020; Lin et al., 2020), AMR
(Lin et al., 2020; Islam et al., 2021, 2022), and viruses (Gilbert et al.,
20105 Bi et al,, 2015) is widely recognized. The aggregation of large
mixed species groups of wild birds can facilitate the spread of
Salmonella, AMR, and other pathogens. The long-range migratory
movements of birds frequently span countries and continents,
providing significant potential for the dispersal to other areas of
Salmonella and AMR harbored therein.

Bangladesh lies in the path of two migratory flyways, the East
Asian—Australasian Flyway and the Central Asian Flyway. Birds
migrate between breeding grounds in Northern regions and their
overwintering quarters in the South. Migratory birds either overwinter
in Bangladesh or pass through as part of their annual migration.
Haors, diverse wetland ecosystems in Northeastern Bangladesh,
provide important habitats for resident and migratory birds. Two
important Haors are Tanguar Haor and Hakaluki Haor located in the
sub-districts of Tahirpur and Fenchuganj under the districts of
Sunamganj and Sylhet, respectively. Tanguar Haor is a wetland of
international importance listed as a Ramsar site Under the Convention
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on Wetlands' and was declared an Ecologically Critical Area in 1999
by the Bangladesh government. Tanguar Haor provides a habitat for
98 migratory bird species and up to ~40,000 migratory waterfowl
converge on the area in the northern winter months.” The Haor also
supports the livelihoods of many people, potentially bringing them
into contact with wildlife, and is an important inland fisheries system
with rich breeding grounds for freshwater fish. Studies of rivers and
surface water in Bangladesh have shown the presence of Salmonella
(Faridullah et al., 2022; Yasmin et al., 2023).

The occurrence of Salmonella in poultry and poultry products in
Bangladesh has been well documented and includes serovars of public
health significance, such as S. Typhimurium, S. Enteritidis, and
S. Kentucky (Barua et al,, 2012, 2013; Makendi et al., 2016). The
poultry-adapted serovars S. Gallinarum and S. Gallinarum biovar
Pullorum, which cause fowl typhoid and Pullorum disease,
respectively, have also been reported in Bangladesh (Parvej et al.,
2016). Salmonella has also been detected in shrimp and on shrimp
farms in Bangladesh (Hossain et al., 2013; Faridullah et al., 2016).
Furthermore, Salmonella has been described in migratory (Islam et al.,
2021) and resident (Faruq et al., 2016) wild birds in Bangladesh. Both
studies reported multidrug-resistant Salmonella, but neither described
the serovar or the AMR genotype. Determination of serovar,
occurrence of AMR, and genotype can allow the assessment of the
significance of isolates to public and animal health. The importance of
a One Health approach to tackling AMR and food-borne zoonoses
such as Salmonella in a manner that encompasses wildlife has been
highlighted in a systematic review from the Bangladesh perspective
(Khan et al., 2020).

The prevalence and diversity in migratory birds of Salmonella and
its AMR in Bangladesh remain poorly defined. To address this
evidence gap, we undertook a study to assess the occurrence of
Salmonella and AMR in migratory wild birds at Haors in Bangladesh
over 3years. To help assess potential for risk to livestock and people,
we determined the serovar and antimicrobial susceptibilities of
isolates obtained and used whole-genome sequencing (WGS) to
define resistance gene carriage.

Materials and methods
Study design and location

During three consecutive years from 2018 to 2020, cloacal samples
of different migratory birds were collected from Tanguar Haor and
Hakaluki Haor in Bangladesh (Figure 1). Hakaluki and Tanguar Haors
are in Northeastern Bangladesh and were chosen as the study sites as
every year these wetlands intake thousands of migratory birds (Hassan
etal., 2020). The birds were captured alive by expert trappers using the
nets during the winter period of Bangladesh (November-December
and January-February). No anesthesia, euthanasia, or animal sacrifice
was conducted in this study, and precautionary measures were taken
to avoid any potential harm to the birds. Out of 453 samples, 109 were
collected in 2018, 133 in 2019, and 211 in 2020. Most samples (419)

1 http://www.ramsar.org/about-the-ramsar-convention

2 https://rsis.ramsar.org/ris/1031
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FIGURE 1
Sampling area of Tanguar Haor and Hakaluki Haor in Bangladesh.

were collected from Tanguar Haor during three consecutive years, and
34 samples were collected from Hakaluki Haor in 2018. The number
of migratory birds sampled varied depending on availability and
capability to capture by expert trappers in different years and locations.
During 2018, there was access to both Tanguar Haor and Hakaluki
Haor, but from 2019 onwards, access to Hakaluki Haor was restricted
by the local authority for conservation purposes. The samples were
collected from 10 species of migratory birds, those locally called Thila
(Mareca strepera), Peri (Aythya ferina), Lenja Has (Bucephala
clangula), Bali Has (Branta canadensis), Oikko (Unknown), Kalo Kura/
Ramer Kura (Fulica atra), Boral (Aythya nyroca), Moulovi (Netta
rufina), Matarangi (Mareca penelope), Oda (Unknown), and Khaium
(Unknown). The details of the sampling pattern are shown in Table 1.

Ethical approval

The ethical approval was received from the Ethical Committee of
the Animal Health Research Division at the Bangladesh Livestock
Research Institute, Dhaka, Bangladesh (ARAC: 10/1/2018:01).

Isolation and identification of Salmonella
species

Isolation and identification of Salmonella were carried out
according to the ISO guidelines as follows: cloacal swabs were
pre-enriched in buffered peptone water (BPW; Oxoid, UK) with a
dilution rate of 1:10 then incubated aerobically at 37°C for 18-24h.
After enrichment, 0.1 ml of sample was then inoculated at three
different locations on Modified Semisolid Rappaport Vassiliadis
(MSRV; Oxoid, UK) agar medium and incubated at 41.5°C for
20-24h. Furthermore, MSRV was plated onto xylose lysine
deoxycholate (XLD; Oxoid, UK) and MacConkey agar plate and
incubated overnight at 37°C (ISO, 6579: 2002; Foley et al., 2008).
Characteristic black-centered colonies with reddish zones on the XLD
and non-lactose-fermenting colonies on the MacConkey were selected
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and sub-cultured on nutrient agar medium and performed
biochemical testing [triple sugar iron (TSI), motile indole urea
(MIU)], catalase, and oxidase. Final confirmation was performed with
a Vitek-2 compact analyzer (bioMérieux, Marcyl’Etoile, France),
followed by the polymerase chain reaction. The antigenic formula of
each strain was determined using standardized methods (Shipp and
Rowe, 1980), and serovar was assigned according to the White—
Kauffmann-Le Minor scheme (Grimont and Weill, 2007). The
proportion of positive samples by year and serovar (see results) and
the 95% confidence interval of the proportions were calculated with
GraphPad’® using the modified Wald method for confidence intervals.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed by broth
(MIC)
determination using commercial plates (Sensititre™ EU Surveillance
Salmonella/Escherichia coli EUVSEC plate, Thermo Fisher Scientific,
Basingstoke, UK), according to the manufacturer’s instructions.

microdilution minimum inhibitory  concentration

Briefly, a suspension of each isolate was prepared to a density of 0.5
McFarland in 5ml of demineralized water and 10 pl transferred to
11 ml of Mueller Hinton broth to obtain a target inoculum density of
between 1x10° and 1x 10°CFU/ml. Fifty microlitres were dispensed
into each well of the microtitre plate and incubated at 35-37°C for 18
to 24h. Fourteen antimicrobials were tested in this manner
(sulfamethoxazole, trimethoprim, ciprofloxacin, tetracycline,
tigecycline, azithromycin, nalidixic acid, ampicillin, cefotaxime,
ceftazidime, meropenem, chloramphenicol, colistin, and gentamicin),
and the MICs were recorded as the lowest concentration preventing
visible growth. Escherichia coli NCTC 12241 (ATCC 25922) was used
as the control strain. Susceptibility was assessed using epidemiological

cutoff (ECOFF) values (EUCAST, 2020), except for azithromycin,

3 https://www.graphpad.com/quickcalcs/confintervall/
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colistin, and tigecycline for which the human clinical breakpoints
proposed by EFSA were employed (ECDC, 2016; as ECOFF values

R O et

DR were not available). Isolates with non-wild type susceptibilities have
been termed “microbiologically resistant,” although it is recognized
this is not necessarily synonymous with clinical resistance. Isolates
were defined as multidrug resistant when non-wild type for three or

o o o = more classes of antimicrobial (Schwarz et al., 2010).

(Unknown)*

Whole-genome sequencing

Deoxyribonucleic acid (DNA) extracts were prepared from
overnight Mueller Hinton broth cultures and extracted with the
MagMAX™ CORE extraction kit (Thermo Fisher Scientific,
Basingstoke, UK) using the semi-automated KingFisher Flex system

(Unknown)*

(Thermo Fisher Scientific, Basingstoke, UK) according to the
oo~ ® manufacturer’s instructions. Extracted DNA was processed for whole-

Mareca
penelope

genome sequencing using the lllumina HiSeq platform. The resulting
raw sequences were analyzed using the Nullarbor 2 pipeline,* using as
reference the published genome S. Kentucky strain 201001922
® o & o [accession number CP028357; (Hawkey et al., 2019)], Spades for
genome assembly [version 3.14.1; (Bankevich et al, 2012)], and

Netta
rufina

Prokka for annotation [version 1.14.6; (Seemann, 2014)]. The presence
of genes and point mutations conferring AMR was assessed using
AMREFinderPlus (Feldgarden et al., 2019). The sequence type (ST) was
determined with MLST (version 2.19.0; https://github.com/tseemann/
mlst) using the PubMLST database (Jolley et al., 2018). Virulence gene
presence was assessed using Abricate’ and the virulence factor

Aythya
nyroca

atra
15
5
38
47

Fulica

database (Chen et al., 2016) in Nullarbor. The presence of heavy metal

resistance genes was assessed using AMRFinderPlus.
The relatedness of the S. Perth isolates (see results) was assessed

Oikko
(Unknown)*

using Snippy (version 4.6.0) and SNPdist (version 0.8.2), with the
reference genome S. Perth strain FDA363901 (Accession
GCA_006407535.1) obtained from a Bangladesh Pabda fish. Two
additional S. Perth isolates from Bangladesh Pabda fish and three
human isolates from the UK were included in this comparison
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oo« o (Supplementary Table S2). These isolates represented all publicly

Branta
canadensis

available S. Perth genomes in EnteroBase (accessed 21 June 2022;
Zhou et al., 2020). The relatedness of the S. Kentucky isolates (see
results) was assessed in the same manner, using S. Kentucky strain

201001922 as a reference genome (accession number
GCA_003030965.1). This analysis included the two published
genomes from Bangladesh isolates (poultry strain K_50, accession

Bucephala
clangula
10
6
14
34

number SRS3092506, and a human strain deposited in EnteroBase as
SAL_LB9505AA) and 115 additional isolates from Asia and the
Middle East (Supplementary Table S3), to enable an assessment of

Aythya
ferina

relatedness towards S. Kentucky from Bangladesh and other countries.

Phylogenetic trees were produced using the core genome single-
nucleotide polymorphism (SNP) alignments using default settings,

15
6
11
22

and maximum-likelihood trees were bootstrapped 200 times using
RAXML-NG (version 1.1.0; Kozlov et al., 2019). Trees were viewed and
annotated in Interactive Tree Of Life (version 6.6; Letunic and
Bork, 2016).

Mareca
strepera

¥ 2 5 %

= = =] =

oo = =Ts) o0

5§ = 5§ 5

E L E &
z Z 8 4 https://github.com/tseemann/nullarbor
N N (]

Bird species with an asterisk (*) were identified by the local Bangladeshi common name only.

TABLE 1 Geographic and demographic information of samples.

5 https://github.com/tseemann/abricate
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The whole-genome sequences were deposited in the National
Center for Biotechnology Information (NCBI) National Library of
Medicine under BioProject accession number PRINA933150.

Results
Prevalence of Salmonella in migratory birds

To assess the carriage of Salmonella in migratory birds, 453 cloacal
samples were analyzed and 61 cloacal samples were found to
be positive for Salmonella species, giving an overall prevalence of
13.5% (Table 2). The prevalence was 33.02, 14.28, and 2.84% in the
years 2018, 2019, and 2020, respectively. In 2018, sampling was
undertaken at Tanguar and Hakaluki Haors, and Salmonella
prevalence was 41% (31/75) and 16% (5/34), respectively.

Six Salmonella serovars were identified in the 61 isolates (Table 3;
Supplementary Table S1). The most common was S. Perth, which
comprised 62% (38/61) of all isolates and was detected in each of the
three study years. S. Infantis was the only other serovar detected in
more than 1year, in 2018 and 2020, with an overall prevalence of 7%
(4/61). The remaining four serovars were detected in 1year only,
including 12 S. Kentucky in 2018 (Table 3). In 2018, three serovars
were detected at both Haors: S. Perth, S. Kentucky, and S. Albany
(Supplementary Table S1).

Eight species of migratory birds were positive for Salmonella, with
the majority (49/61; 80%) from four migratory species that overwinter
in Bangladesh: Aythya farina (n=10), A. nyroca (n=12), Fulica atra
(n=12), and Mareca strepera (n=15; Supplementary Table S1). There
was no apparent association between bird species and the presence of
Salmonella. Low numbers of birds were affected by some serovars, and
the most prevalent serovar affected the highest number of different
bird species. S. Perth was isolated from eight bird species, S. Kentucky
from four bird species, S. Infantis was isolated from three species, and
S. Albany was isolated from two species (Supplementary Table SI).
Three positive samples were obtained from birds for which only the
common name was known.

Antimicrobial resistance and carriage of
AMR genes

Antimicrobial resistance was assessed using phenotypic (broth
microdilution) and genotypic (WGS) approaches, and there was
excellent correspondence between resistances and the presence of
AMR determinants (Supplementary Table S1). No isolates were

TABLE 2 Prevalence of Salmonella by year.

Year 2018 2019 2020 Total
Field samples 109 133 211 453
tested

Positive samples 36 19 6 61
Prevalence 33.0% 14.3% 2.8% 13.5%
Confidence 25.0-42.3% 9.3-21.3 1.2-6.2% 10.6-16.9%

interval (95%
CI)
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resistant to azithromycin, colistin, cefotaxime, ceftazidime, or
meropenem. Indeed, the S. Perth (n=38) and S. Weltevreden (n=1)
isolates were fully susceptible to all 14 antimicrobials tested. No AMR
genes were detected in S. Weltevreden, whereas the S. Perth isolates
harbored the chromosomally encoded fosfomycin resistance gene
fosA7.7 (susceptibility towards this antimicrobial was not tested). The
five S. Albany isolates harbored the SGI-1 associated genes blacagg 2
floR, sull, tet(G), and dfrAl, and were correspondingly resistant to
ampicillin,  phenicols, sulfamethoxazole, tetracycline, and
trimethoprim. Additionally, Albany isolates were resistant to the
quinolone antimicrobials ciprofloxacin and nalidixic acid, and carried
a mutation in the gyrA gene giving the D87N substitution in the
amino acid sequence associated with quinolone resistance. The
S. Brancaster isolate was also multidrug resistant, with non-wild type

(floR),
ciprofloxacin (gnrS), tetracycline (tet(A)), and trimethoprim (dfrA14);

susceptibilities for ampicillin  (blargy.7), phenicols
it also harbored the resistance gene aph(3’)-Ia (susceptibility towards
this antimicrobial was not tested). The S. Kentucky isolates harbored
blaren 1, aac(3)-1d, sull, and tet(A) and were resistant to ampicillin,
gentamicin, sulfamethoxazole, and tetracycline. They were also
resistant to ciprofloxacin and nalidixic acid and harbored mutations
gyrA (S83F), gyrA (D87Y), and parC (S80I) associated with resistance
to quinolones. Additionally, the streptomycin resistance gene aadA7
was in all isolates and the kanamycin resistance gene aph(3’)-Ia was
present in two isolates (susceptibility towards these two antimicrobials
was not tested). All four S. Infantis isolates were resistant to
sulfamethoxazole (sull), trimethoprim (dfrA14), ciprofloxacin, and
nalidixic acid (gyrA (D87Y)). Three S. Infantis isolates, all from 2020,
were additionally resistant to ampicillin (blargy.,), chloramphenicol
(cmlA5), gentamicin [ant(2”)-1a], and tetracycline [tet(A)].

Sequence type

Isolate serovar was closely associated with sequence type (ST):
S. Albany (ST292), S. Brancaster (ST2133), S. Infantis (ST32),
S. Kentucky (ST198), S. Perth (ST2245), and S. Weltevreden (ST365;
Supplementary Table S1).

Given the high prevalence of S. Perth, its persistence across
3years, detection at two Haors, and conserved ST, we further
examined the genomic diversity of these isolates by comparison to a
reference genome. The phylogenetic tree demonstrates that all S. Perth
were closely related, except one isolate from a human in the UK
(Figure 2). Indeed, in the core genome spanning 4,706,256 bp, only
2,282 were variable single-nucleotide polymorphisms (SNPs). The
migratory bird isolates had a 0-7 SNPs difference from each other,
compared to 15-19 SNPs difference with the reference isolate, which
was obtained from a Bangladesh fish (Supplementary Table S2). There
was also high sequence identity with a second isolate from a
Bangladesh fish (12-18 SNPs difference) and with two UK human
isolates (21-26 SNPs difference); there was considerably greater SNPs
difference in comparison to the third UK human isolate (2,188-2,275
SNPs; Supplementary Table S2).

Another of the serovars further examined was S. Kentucky, which
was identified from isolates from 2018 and detected in two Haors.
We compared the genomic diversity of these isolates to the reference
genome S. Kentucky strain 201001922 (accession number
CP028357.1), alongside 117 S. Kentucky strains isolated from across

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1162657
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Card et al.

TABLE 3 Distribution of different Salmonella serovars by year.

10.3389/fmicb.2023.1162657

Serovar 2019 Total Overall Confidence
prevalence interval (95% Cl)
Perth 18 19 1 38 62.3% 49.7-73.4%
Kentucky 12 0 0 12 19.7% 11.5-31.5%
Albany 5 0 0 5 8.2% 3.8-18.2%
Infantis 1 0 3 4 6.6% 2.1-16.1%
Weltevreden 0 0 1 1 1.6% <0.1-9.6%
Brancaster 0 0 1 1 1.6% <0.1-9.6%
Q
Tree scale: 0.0001 +————————————— 5 & -?
d § 5 &
o o o 2
< [ o X
MBO121 Wild bird Bangladesh 2019
MB0054 Wild bird Bangladesh 2018
MB0001 Wild bird Bangladesh 2018
MBO0113 Wild bird Bangladesh 2019
MB0150 Wild bird Bangladesh 2019
MB0188 Wild bird Bangladesh 2019
MB0172 Wild bird Bangladesh 2019
MB0059 Wild bird Bangladesh 2018
MB0164 Wild bird Bangladesh 2019
MB0258 Wild bird Bangladesh 2020
MB0124 Wild bird Bangladesh 2019
MBO0061 Wild bird Bangladesh 2018
MB0156 Wild bird Bangladesh 2019
MB0122 Wild bird Bangladesh 2019
MB0072 Wild bird Bangladesh 2018
MB0166 Wild bird Bangladesh 2019
MB0053 Wild bird Bangladesh 2018
MB0093 Wild bird Bangladesh 2018
MB0094 Wild bird Bangladesh 2018
MB0126 Wild bird Bangladesh 2019
MB0088 Wild bird Bangladesh 2018
MB0127 Wild bird Bangladesh 2019
MB0125 Wild bird Bangladesh 2019
MB0139 Wild bird Bangladesh
MB0115 Wild bird Bangladesh 2019
21822 Human United Kingdom n/a
218329 Human United Kingdom 2014
[ 748872 Human United Kingdom 2019
MB0077 Wild bird Bangladesh 2018
MB0123 Wild bird Bangladesh 2019
MBO111 Wild bird Bangladesh 2019
MB0128 Wild bird Bangladesh 2019
MB0110 Wild bird Bangladesh 2019
MB0083 Wild bird Bangladesh 2018
MBO0095 Wild bird Bangladesh 2018
MB0030 Wild bird Bangladesh 2018
MB0023 Wild bird Bangladesh 2018
MB0025 Wild bird Bangladesh 2018
MBO0035 Wild bird Bangladesh 2018
MB0018 Wild bird Bangladesh 2018
MB0017 Wild bird Bangladesh 2018
FIGURE 2
Maximume-likelihood phylogenetic tree generated from core genome single-nucleotide polymorphisms of S. Perth isolates. Blue highlight indicates
published genomes from Bangladesh fish, and yellow highlight indicates published genomes from UK humans. Country, source, and year are given for
each isolate. Reference was S. Perth strain FDA363901.

Asia. The migratory bird isolates clustered in a single sub-clade, which
included isolates from humans (India and South Korea), poultry
(India), or environmental samples (China; Figure 3). The two
previously published S. Kentucky genomes from Bangladesh did not
reside in this sub-clade (Figure 3). The core genome spanned
4,858,671 bp of which 292 were SNPs (Supplementary Table S3). The
migratory bird isolates from this study had 4-46 SNPs difference from
each other, compared to 222-262 SNPs difference with the reference
isolate. The migratory bird isolates from this study had 125-169 SNPs
differences from the two S. Kentucky strains previously isolated from
Bangladesh, one from poultry and one from a human isolate
(Supplementary Table S3).
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Virulence and heavy metal tolerance genes

A total of 115 virulence factors were identified in the 61 Salmonella
isolates (Supplementary Table S4), and the majority were shared by
most serovars, including fimbriae (fim genes), adhesins (misL), invasins
(invA), effectors (avrA), secretion systems (prgf), and a macrophage
inducible gene (mig-14). We also investigated the presence of heavy
metal resistance genes (Supplementary Table S4). Heavy metal
resistance genes from the pco (copper) and sil (copper/silver) operons
were present in the S. Brancaster isolate. The S. Kentucky and Infantis
isolates carried genes from the mer (mercury) operon; Infantis isolates
additionally harbored arsR (arsenic resistance).
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FIGURE 3

Maximume-likelihood phylogenetic tree generated from core genome single-nucleotide polymorphisms of S. Kentucky isolates. Migratory bird isolates
indicate in green and previously published genomes from Bangladesh are shown in orange. Country, source, and year are given for each isolate.

Tree scale: 0.0001 —M—————

E

Reference was S. Kentucky strain 201001922 (indicated by arrow).
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Discussion

In this study, the overall prevalence of Salmonella in migratory
birds in Bangladesh was 13.5%. This is similar to the prevalence of
21.2% reported in Bangladesh by a previous study (Saiful Islam et al.,
2021); however, this earlier study was limited by a low sample size
(n=66) and tested freshly deposited fecal material without correlation
to bird species. Another study of Bangladesh wild birds reported a
Salmonella prevalence of 65% in Corvus splendens (house crow) and
67% in Gracupica contra (Asian pied starling), although neither bird
is migratory (Faruq et al, 2016). We observed a reduction in
Salmonella prevalence between 2018 and 2020, from 33.0 to 2.8%,
despite increased sampling efforts over this period. This may reflect
fluctuations in prevalence and changes in the Salmonella population
resident in migratory birds over time. Changes in Salmonella
prevalence over time in wild bird populations are currently poorly
defined. Studies in other countries have sampled across multiple years
but reported Salmonella prevalence in the aggregate, such as South
Korea (0.93%), Singapore (0.99%), Uganda (4.3%), and Poland (6.4%;
Krawiec et al., 2015; Afema and Sischo, 2016; Aung et al., 2019; Wei
et al., 2020).

We identified six different Salmonella serovars in the birds, of
which S. Albany, S. Kentucky, and S. Infantis have been described in
wild birds previously (Beleza et al., 2020). Unexpectantly, the most
common serovar was S. Perth. This serovar has been rarely reported,
with only six genomes available in EnteroBase (accessed 21 June 2022;
Zhou et al.,, 2020), including three UK human isolates and three
isolates from Bangladesh freshwater fish. The high sequence identity
observed within our wild bird isolates (0-7 SNPs in the core genome)
meets the proposed relatedness threshold criteria (Schurch et al.,
2018) to indicate that these isolates are likely to be representatives of
a single clone, which had therefore been isolated from multiple birds
in different years and at different Haors. Indeed, this was the only
serovar detected every year, and may indicate a potential for a
persistent environmental presence by this clone. The isolates also had
high sequence identity to two S. Perth isolates from Bangladesh fish
and two UK human isolates; however, the number of SNPs difference
marginally exceeded the relatedness threshold to be classified as a
clone. Nevertheless, the potential for an association of this rare serovar
between migratory birds and freshwater fish in Bangladesh is
noteworthy. Indeed, many of the bird species from which S. Perth was
isolated are omnivorous and include small fish in their diet (Birdlife,
2023). Furthermore, Salmonella have been detected in rivers and
surface water in Bangladesh, although serovars were not reported
(Faridullah et al., 2022; Yasmin et al., 2023). This may suggest an
ecological aspect in which fish and piscivorous birds share the same
Salmonella; however, investigation of fish and other environmental
reservoirs such as water and soil was beyond the scope of this study.
This possibility of an ecological aspect may warrant further
investigation in future as it could indicate a source and potential route
for the infection of humans through the consumption of food.
Importantly, the S. Perth isolates from wild birds harbored no
acquired AMR genes.

In contrast, 12 S. Kentucky isolates were multidrug-resistant
and harbored genes conferring resistance to antimicrobials,
disinfectants, and heavy metals; these genes have previously been
reported to reside on SGI-1 in this serovar (Hawkey et al., 2019).
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All isolates were ST198, a globally distributed multidrug-resistant
lineage reported in humans and animals, constituting an ongoing
risk to public health worldwide (Hawkey et al., 2019; Mahindroo
etal, 2019; Lei et al., 2020). We believe this is the first report of
the S. Kentucky ST198 lineage in migratory birds, although
(Afema and Sischo, 2016) described multidrug-resistant
S. Kentucky isolates from wild birds in Uganda but did not report
the ST. The isolates were not closely related to the two published
Bangladesh genomes from humans and poultry but did reside in
a sub-clade that included isolates from China, India, and South
Korea. Migratory bird isolates MB0002 and MB0024 met the
proposed relatedness threshold criteria of <=5 SNPs in the core
genome to be considered clones; both samples were collected at
Tanguar Haor, MB0002 in January 2018 and MB0024 in
December 2018. Poultry and poultry products are considered a
major route for infection of people by this lineage, and
S. Kentucky has been reported in poultry in Bangladesh (Barua
et al.,, 2012, 2013; Hawkey et al., 2019). ST198 has also been
reported in poultry from India (Mahindroo et al., 2019) and
China (Lei et al., 2020), both countries on migratory flyways
which pass through Bangladesh.

We detected S. Infantis ST32 in 2018 and 2020 and noted different
resistance phenotypes and AMR gene carriage between the 2 years.
S. Infantis is of global public health importance as it frequently causes
foodborne illness in people and is a commonly isolated serovar from
poultry (Koutsoumanis et al., 2019). Importantly, these isolates did
not carry the extended-spectrum f-lactamase gene blacrxies
associated with pESI-like plasmids (Alba et al., 2020), which has been
detected in S. Infantis in many countries, including in wild owls from
Chile (Fuentes-Castillo et al., 2019).

S. Albany has been emerging as a commonly isolated multidrug-
resistant serovar from poultry, slaughterhouses, and human cases in
several Asian countries (Hong et al., 2021; Wei et al., 2021). Here
we describe multidrug-resistant S. Albany in Bangladesh migratory
birds, harboring the same resistance phenotype and AMR determinants
as reported in these countries, including the SGI-F associated genes
blacars» fIOR, sull, tet(G), and dfrA1. The emergence of S. Albany in
poultry in South Korea has been hypothesized to have resulted from
international travel or imported meat (Wei et al., 2021), but migratory
birds may have a role in the dissemination of this serovar to poultry and
between countries as Bangladesh and South Korea both lie on the East
Asian-Australasian Flyway.

Similarly, S. Weltevreden has emerged as an important foodborne
pathogen causing gastroenteritis, particularly in South-East Asian
countries, and has been found in Bangladesh poultry (Barua et al.,
2013; Makendi et al.,, 2016). Antimicrobial susceptibility and the
carriage of AMR genes are generally rare in this serovar (Aarestrup
et al., 2003), and the single isolate we obtained from migratory birds
harbored no AMR genes and was fully susceptible to the 14
antimicrobials tested.

A single S. Brancaster isolate was obtained from migratory birds.
This serovar has been associated with human infection in Nigeria
(Ifeanyi et al., 2014) and Senegal (Cardinale et al., 2005), and detected
in poultry meat in Singapore, Malaysia, and Taiwan (Chin et al., 2017;
Zwe et al,, 2020; Chang et al., 2022). Multidrug resistance is common
and associated with a core set of AMR genes, which were present in
the wild bird isolates, comprising floR (phenicol), gnrS (quinolone),
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blargy 176 (ampicillin), tet(A; tetracycline), dfrA14 (trimethoprim), and
aph(3’)-Ia (aminoglycosides; Chin et al., 2017, Zwe et al., 2020).

Noteworthily, we did not detect S. Typhimurium or S. Enteritidis,
major serovars associated with human infection. S. Gallinarum and
S. Gallinarum biovar Pullorum, which cause fowl typhoid and
Pullorum disease were outside the scope of this study and not detected,
as MRSV is unsuitable for the detection of non-motile Salmonella
bacteria (Poppe et al., 2004). These serovars have been described in
Bangladesh poultry (Barua et al., 2013; Parvej et al., 2016; Siddiky et al.,
2021) and wild birds in other countries (Beleza et al., 2020).

In conclusion, we have shown that a diversity of Salmonella
serovars can be recovered from migratory birds in Bangladesh that
can pose a threat to public health. Salmonella was detected every year
for 3years in a proportion of migratory birds. Many serovars were
resistant to ampicillin, chloramphenicol, and trimethoprim/
sulfamethoxazole and were multidrug resistant, which has been
associated with more serious diseases in people (Parisi et al., 2018).
Four of six serovars were resistant to the fluoroquinolone ciprofloxacin,
meeting WHO criteria for classification as a priority pathogen
(Tacconelli et al., 2018). However, all isolates in this study were
susceptible to the critically important antimicrobials azithromycin,
cefotaxime, ceftazidime, and meropenem (Anonymous, 2019).
Exposure to Salmonella via wild birds can present a route to human
infection, which may be an important consideration for those living
and working in the Haors. Infected wild birds can present a risk of
Salmonella infection to food-producing animals through interaction
with the livestock and farm premises. Similarly, interaction with
livestock and farm premises provides opportunities for exposure of
wild birds to Salmonella. Inadequate farm biosecurity and
inappropriate antimicrobial use, as has been reported for poultry
farms in Bangladesh (Imam et al., 2021; Siddiky et al., 2022), heightens
the risk of multidrug-resistant Salmonella becoming introduced and
established on farms. A further concern is that the long migratory
routes of the birds present a risk for the dissemination of Salmonella
between countries, as has been observed for highly pathogenic avian
influenza (Gilbert et al., 2010; Bi et al., 2015). Migratory birds could,
therefore, play a role in the spreading of Salmonella serovars that
subsequently emerge at high prevalence in livestock. The risk wild
birds can present to livestock and people, therefore, requires ongoing
assessment and further definition, such as greater insight into the
persistence of Salmonella infection in wild birds and the routes by
which they are exposed. The implementation of good farm biosecurity
will help reduce this risk by minimizing opportunities for contact
between wild birds and livestock such as poultry.
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This study aimed to characterize two novel mcr-1 variants, mcr-1.35 and mcr-
1.36, which originated from Moraxella spp. that were isolated from diseased
pigs in China. The Moraxella spp. carrying novel mcr-1 variants were subjected
to whole-genome sequencing (WGS) and phylogenetic analysis based on the
16S rRNA gene. The mcr-1 variants mcr-1.35 and mcr-1.36 were characterized
using phylogenetic analysis, a comparison of genetic environments, and protein
structure prediction. The WGS indicated that two novel mcr-1 variants were
located in the chromosomes of three Moraxella spp. with a genetic environment
of mcr-1-pap2. In addition to the novel colistin resistance genes mcr-1.35 and
mcr-1.36, the three Moraxella spp. contained other antimicrobial resistance
genes, including aac(3)-1ld, tet(O), sul2, floR, and blagress. A functional cloning
assay indicated that either the mcr-1.35 or mcr-1.36 gene could confer resistance
to colistin in Escherichia coli DH5a and JM109. The nucleotide sequences of
mcr-1.35 and mcr-1.36 presented 95.33 and 95.33% identities, respectively, to
mcr-1.1. The phylogenetic analysis showed that mcr-1.35 and mcr-1.36 were
derived from Moraxella spp. that belonged to subclades that were different from
those of the mcr-1 variants (mcr-1.1 to mcr-1.34 except mcr-1.10) originating
from Enterobacteriaceae. The deduced amino acid sequences of MCR-1.35
(MCR-1.36) showed 96.67% (96.49%), 82.59% (82.04%), 84.07% (83.52%), 55.52%
(55.17%), 59.75% (59.57%), and 61.88% (61.69%) identity to MCR-1.10, MCR-2.2,
MCR-6.1, MCR-LIN, MCR-OSL, and MCR-POR, respectively, that originated from
Moraxella sp. Notably, protein structure alignment showed only a few changes in
amino acid residues between MCR-1.1 and MCR-1.35, as well as between MCR-
1.1 and MCR-1.36. In conclusion, this study identified Moraxella spp. carrying two
novel mcr-1 variants, mcr-1.35 and mcr-1.36, conferring resistance to colistin,
which were isolated from pig farms in China. In addition, mcr-like variants were
observed to be located in the chromosomes of some species of Moraxella isolated
from pig samples.

pig, Moraxella, mcr-1 variant, colistin, resistance, mcr-1.35, mcr-1.36
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Introduction

The overuse and misuse of antibiotics have resulted in the
emergence of multidrug-resistant bacteria that pose a serious threat
to people worldwide (Boucher et al., 2009; Nordmann and Poirel,
2016; Pham Thanh et al., 2016). Colistin is one of the last-line
treatment options against infection by multidrug-resistant and
carbapenem-resistant Gram-negative bacteria (Liu et al., 2016).
However, the emergence of mobile colistin-resistant mcr-1 genes
threatens the clinical efficacy of colistin. Epidemiological studies have
found the mcr-like genes in Enterobacteriaceae, Moraxellaceae,
Vibrionaceae, and Pseudomonadaceae (Ling et al., 2017; Caselli et al.,
2018; Ling et al., 2020). To date, variants from mcr-1.1 to mcr-1.34 and
from mcr-2 to mcr-10 have been discovered in over 40 countries across
five continents (Wang et al., 2018; Ling et al., 2020; Wang et al., 2020).
With the exception of mcr-1.10, which was found in Moraxella spp.,
variants from mcr-1.1 to mcr-1.34 have been identified in various
Enterobacteriaceae of different origins (AbuOun et al., 2017; Ling
et al.,, 2020; Wang et al., 2020). Other mcr genes, including mcr-5,
mcr-8, mcr-9, and mcr-10, have also been described in
Enterobacteriaceae. Moreover, mcr-3 and mcr-7 were reported in
Aeromonas spp. (Ling et al, 2020), and mcr-4 was found in
Pseudomonas spp. (Ling et al., 2020). Additionally, a genetic and
bioinformatics analysis suggested that Moraxella spp. could
be considered a potential source of MCR-1/2-like determinants
(Kieffer et al., 2017). Moreover, several variants of the mcr-like genes,
including mcr-1.10, mcr-2.2, and mcr-6.1, were first found in Moraxella
sp. (AbuOun et al., 2017).

In addition to colistin resistance genes, Moraxella spp. are also
known to contain ampicillin, penicillin, quinolone, macrolide, and
tetracycline resistance genes, among others (Flamm et al., 2012;
AbuOun et al., 2017; Krol-Turminska et al., 2020; Raveendran et al.,
2020; Zhang et al., 2022). Bacteria of the genus Moraxella are aerobic,
rod-shaped, opportunistic Gram-negative pathogens (Vela et al., 2010;
Embers et al, 2011). The genus contains 18 species, including
pathogens that cause infection in humans and animals (Woodbury
et al., 2009; Kubota et al., 2012). For instance, Moraxella lacunata can
cause infections in the eye and the upper respiratory tract (Woodbury
et al., 2009; Mehmeti et al., 2021), while Moraxella osloensis and
Moraxella catarrhalis, which are usually isolated from the human
respiratory tract, can cause meningitis and pneumonia (Murphy and
Parameswaran, 2009; Lee et al., 2017). Overall, Moraxella spp. pose a
serious threat to human and animal health.

In the present study, we characterized two novel mcr-1 variants,
mcr-1.35 and mcr-1.36, which originated from Moraxella spp. isolated
from pigs with respiratory tract disease in swine farms in China.

Materials and methods

Isolation, purification, and identification of
Moraxella sp.

A total of 312 nasal swabs were collected from pigs with a
respiratory disease from 15 swine farms in Fujian Province, China
(Supplementary Table S1). Subsequently, the samples were transferred
into tryptic soy broth (TSB) (OXOID Ltd., UK). These TSB samples
were then vortexed and plated onto tryptic soy agar (TSA) (OXOID
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Ltd., UK) supplemented with 5% defibrillated sheep blood
(Zhengzhou Jiulong Biotechnology Co., Ltd., China) and 5% bovine
serum (Zhejiang Tianhang Biotechnology Co., Ltd., China). A single
colony was purified, after which PCR was performed to identify the
16S rRNA gene homology of the isolates using the primers 27F/1492R
(Supplementary Table S2). Subsequently, the isolates identified as
Moraxella spp. were further studied.

PCR screening of mcr-1 in Moraxella spp.
and antimicrobial susceptibility testing of
mcr-1-positive Moraxella sp. isolates

PCR was performed to detect the presence of mcr-1 in Moraxella
sp. isolates using the primer mcr-1-F/R (Supplementary Table S2). The
minimum inhibitory concentrations (MICs) of mcr-I-positive
Moraxella sp. against 12 antibiotics were determined using the
microbroth dilution method according to the Clinical and Laboratory
Standards Institute (Wayne, 2020). The Escherichia coli ATCC 25922
strain was used for quality control.

Phylogenetic analysis of amino acid
sequences of the mcr-like variants and the
16S rRNA gene sequences from Moraxella

Spp.

The phylogenetic analysis of the deduced amino acid sequences of
the mcr-like variants and the 16S rRNA gene from Moraxella spp. was
performed using MEGA 11.0 software (Tamura et al., 2021). The mcr-
like variants included mcr-1.35, mcr-1.36, mcr-1.10, mcr-2.2, and mcr-
6.1 polymyxin resistance genes identified in Moraxella spp. and those
identified in M. osloensis, Moraxella lincolnii, and Moraxella porci
(mcros, meryy, and mcrpop, respectively) (Kieffer et al,, 2017). In
addition to the 16S rRNA genes of mcr-1-positive Moraxella spp.
isolated in this study, other 16S rRNA genes from different Moraxella
species were obtained from the NCBI database.

Phylogenetic analysis of all mcr-1 gene
variants

The phylogenetic analysis of the complete sequences of mcr-1.35
and mcr-1.36 found in Moraxella spp., as well as the complete
sequences of mcr-1.1 to mcr-1.34 registered in GenBank, were
performed using MEGA 11.0 software (Supplementary Table S3;
Tamura et al., 2021).

Whole-genome sequencing analysis

The DNA of three Moraxella spp. was extracted using a bacterial
DNA extraction kit (OMEGA, USA). The whole genomes of these
Moraxella sp. were sequenced using the Illumina Hiseq and Oxford
Nanopore Minlon platforms, and complete sequences were obtained
by hybrid assembly using Unicycler version 0.5.0 (Wick et al., 2017).
Functional element prediction was conducted using Prokka
(Seemann, 2014). The sequences were annotated by comparing the
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predicted gene sequences with functional databases such as RefSeq
(O'Leary et al,, 2016) and CARD (Alcock et al., 2020) with BLAST+.
The genetic context of mcr-1 was analyzed using Easyfig (Sullivan
etal., 2011).

Functional cloning of novel mcr-1 variants

A 1,623-bp DNA fragment of mcr-1.35 and mcr-1.36 was
amplified from Moraxella spp. FZFQ2102, FZL]J2107, and FZLJ2109
using the primer mcrl1L-F/R (Supplementary Table S2) and then
cloned into pUC19 to obtain pUC19-mcr-1.35 and pUC19-mcr-1.36.
The vector was transformed into E. coli DH5x and E. coli JM109. The
MIC:s of polymyxin B against DH5a and JM109 harboring pUC19-
mecr-1.35, pUC19-mcr-1.36, and pUC19 were determined by the
microbroth dilution method.

Protein structure analysis of MCR-1
variants from Moraxella sp.

The structure of lipooligosaccharide phosphoethanolamine
transferase A (EptA) (PDB accession number 5FGN) was obtained
from the Protein Data Bank.! The structures of MCR-1 variants were
generated according to their amino acid sequences using the
comparative protein-modeling SWISS-MODEL server (Waterhouse
etal, 2018). These structures were then analyzed and visualized using
PyMOL software.

Nucleotide sequence accession numbers

The complete nucleotide sequences of Moraxella spp. FZFQ2102,
FZLJ2107, and FZLJ2109 were deposited in GenBank under the
accession numbers CP099960, CP101111, and CP101112, respectively.

Results

Identification of mcr-1-positive Moraxella
sp.

In total, 58 isolates that belonged to Moraxellae were isolated and
identified from the 312 samples obtained from 15 swine farms in
Fujian Province, China (Supplementary Table S1). Of these 58 isolates,
three were identified as positive for mcr-1 and were named FZFQ2102,
FZ1J2107, and FZLJ2109, respectively (Table 1).

Due to FZFQ2102, FZLJ2107, and FZLJ2109 being identified as
Moraxella sp. by PCR, the phylogenetic analysis was performed using
the 16S rRNA genes of the Moraxella sp. obtained in this study and
those in the NCBI database. According to 16S rRNA sequence identity,
the phylogenetic tree of Moraxella sp. was divided into four groups:
M1, M2, M3, and M4. The Moraxella sp. FZFQ2102 shared a close
phylogenetic relationship with Moraxella nonliquefaciens and

1 http://www.rcsb.org/pdb/
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Moraxella nasovis. Moreover, the Moraxella spp. FZLJ2107 and
FZ1J2109 shared a close phylogenetic relationship with M. porci and
Moraxella pluranimalium (Figure 1).

Two novel colistin resistance gene mcr-1
variants in Moraxella sp.

Between 2015 and 2022, an increasing number of mcr-like
variants were found in Moraxella sp. (AbuOun et al., 2017; Kieffer
et al,, 2017). The three mcr-1-positive Moraxella sp. isolated in this
study demonstrated multidrug resistance, including resistance to
polymyxin B (MIC=8pg/mL) (Table 1). Sequence analysis indicated
that the three Moraxella sp. carried two mcr-1 variants. BLASTn
results showed that the nucleotide sequence homology of the two
mcr-1 variants with mcr-1 was 95.33% (Table 2). Furthermore, the
phylogenetic analysis suggested that the nucleotide sequence identities
of the two mcr-1 variants from Moraxella sp. FZFQ2102, FZL]J2107,
and FZLJ2109 were distinct from those of mcr-1.1-mcr-1.34
(Figure 2). Therefore, the two novel mcr-1 variants were named micr-
1.35 and mcr-1.36.

Characterization of the three mcr-1-
positive Moraxella sp.

Whole-genome sequencing (WGS) suggested that the three
Moraxella sp., FZFQ2102, FZLJ2107, and FZLJ2109, have
2,336,058-bp, 2,422,986-bp, and 2,424,775-bp chromosomes,
respectively, and no plasmids (Table 1). WGS also showed that the
three Moraxella sp. possessed multiple drug-resistance genes. The
Moraxella sp. FZFQ2102 contained the colistin resistance gene
mcr-1.35; the aminoglycoside resistance genes aac(3)-I1d,
aac(3)-1V, aph(2”)-1f, aph(3’)-Ia, aph(3”)-1b, and aph(6)-1d; the
macrolide resistance gene ermT; the tetracycline resistance genes
tet(H) and tet(O); the sulfonamide resistance gene sul2; the
phenicol resistance gene floR; and the B-lactamase resistance genes
blagop ; and blagog . Moreover, the Moraxella sp. FZL]2107 and
FZLJ2109 contained the colistin resistance gene mcr-1.36; the
aminoglycoside resistance genes aadA8b, aph(2”)-1f, aph(3’)-Ia,
aph(3”)-1b, and aph(6)-1d; the tetracycline resistance genes tet(H)
and tet(O); the sulfonamide resistance gene sul2; the phenicol
resistance gene floR; and the B-lactamase resistance genes blapog o
and blacrgp.so (Table 1).

The analysis of the context of the mcr-1 variants suggested that
their flanking regions were highly similar among the Moraxella sp.
The mcr genes in the Moraxella sp. were downstream of a site-specific
recombinase gene (ssr) and upstream of the pap-2 gene. However, the
genetic environment of mcr-1 variants in other mcr-1-carrying
bacteria differed from that of the Moraxella sp. Interestingly, mcr-1
variants had a common genetic unit: mcr-1-pap2 (Figure 3).

Functional confirmation of mcr-1.35 and
mcr-1.36

BLASTn analysis confirmed that two 1,623-bp open reading
frames (ORFs) encoded the putative phosphoethanolamine
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TABLE 1 Characterization of the mcr-1-carrying Moraxella spp. FZFQ2102, FZLJ2107, and FZLJ2109.

Isolates MICs of polymyxin = Other resistance Chromosome Resistance genes mcr-1 genetic
B (pg/mL) phenotypes size (bp) environment
FZFQ2102 8 CHL, FFC, GEN DOX, 2,336,058 aac(3)-I1d, aac(3)-1V, aph(2’)-If, aph(3)-la, | ™Mer-1-pap-2
CTX, CIP, SMZ, AZM, aph(3”)-Ib, aph(6)-1d, erm(T), floR,mcr-1.35,
PEN blagep.s, blagop.o, sul2, tet(H), tet(O)
FZLJ2107 8 CHL, FEC, GEN, DOX, 2,422,986 aadA8b, aph(2”)-If, aph(3')-Ia, aph(3")-Ib, mer-1-pap-2
CTX, CIP, SMZ, PEN aph(6)-1d, blacaws s floR,mer-1.36, blagoy
sul2, tet(H), tet(O)
FZ1J2109 8 CHL, FEC, GEN DOX, 2,424,775 aadA8b, aph(2”)-If, aph(3')-Ia, aph(3")-Ib, mer-1-pap-2
CTX, CIP, SMZ, PEN aph(6)-Id, blacawg s0» floR,mer-1.36, blagoy s
sul2, tet(H), tet(O)

respresents the colistin resistance gene.

CHL, chloramphenicol; FFC, florfenicol; GEN, gentamicin; DOX, doxycycline; SMZ, sulfamethoxazole; CTX, cefotaxime; CIP, ciprofloxacin; AZM, azithromycin; PEN, penicillin. Bold

100

58

574|i Moraxella boevrei(DQ156147)

Moraxella atlantae(AB680638)

loensis(CP024443)

Moraxella nasovis(CP089976) M 1

Moraxella nonliquefaciens(CP065728)
Moraxella sp. FZFQ2102(this study)

lii ii(FR822735)

73]

Moraxella bolonga(AB681778)
51— Moraxella catarrhalis(CP002005)

Moraxella caviae(AF005187)

71

Moraxella canis(AJ269511)

M T ol PO

71

P ium(AM884564)

M2

99)

90|

M lla porci(FM872292)
Moraxella porci MSG13 C03(PRJEB15347)
Moraxella sp. FZLJ2107(this study)

Moraxella sp. FZLJ2109(this study)

FIGURE 1

(light orange area).

39 Moraxella bovoculi(CP011381)
50)
100

Phylogenetic tree of different Moraxella species based on 16S rRNA. The 16S rRNA genes of the three mcr-1-positive Moraxella spp. isolated in this
study were compared with those of Moraxella spp. from the NCBI database. The neighbor-joining phylogeny was constructed using MEGA 11.0 with
the 16S rRNA gene sequence of Moraxella spp. with the mcr gene (in red) and without the mcr gene (in black). Branch labels correspond to bootstrap
support percentages out of 1,000 replicates. The tree is divided into four groups: M1 (light blue area), M2 (pink area), M3 (light yellow area), and M4

M3

Moraxella bovis(CP030241)
Moraxella ovis(CP011158)
Moraxella equi(AF005184) M4
Moraxella lacunata(AB681721)

transferase, which showed high nucleotide sequence identity to
the original mcr-1.1 gene. The amino acid sequences of MCR-1.35
and MCR-1.36 showed 97.23 and 96.67% identity, respectively, to
that of MCR-1.1 (Table 2). To confirm the function of the putative
phosphoethanolamine transferase, the recombinant vectors
pUC19-mcr-1.35 and pUC19-mcr-1.36 were constructed and
subsequently transformed into E. coli DH5a and JM109.
Compared with E. coli DH5a and JM109 carrying pUCI9 alone,
the expression of these ORFs in E. coli DH5a and JM109 led to
4-fold increases in the MIC of polymyxin B, which further
identified the function of the mcr-1.35 and mcr-1.36 genes
(Table 3).
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Analysis of mcr-like variants from
Moraxella sp.

BLASTn results showed that mcr-1.35 and mcr-1.36 exhibited
more than 95% nucleotide sequence identity to mcr-1.10, indicating
a close phylogenetic relationship. Mcr-1.35 and mcr-1.36 also
exhibited 78.62 and 78.13% nucleotide sequence identity to mcr-2.2
and 80.18 and 79.69% nucleotide sequence identity to mcr-6.1,
respectively. Furthermore, mcr-1.35 (mcr-1.36) showed 57.88%
(58.11%), 62.68% (62.74%), and 63.14% (63.50%) nucleotide
sequence identity to the mcryy, mcros, and mcrpor genes found in
M. osloensis, M. porci, and M. lincolnii, respectively. Additionally,
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TABLE 2 Pairwise comparisons of mcr-1.1 and mcr-like variants in Moraxella sp. based on nucleotide and amino acid sequence identity (%).

mcr-1.1 mcr-1.10 mcr-1.35 mcr-1.36 mcr-2.2 mcr-6.1 mcry

100

mcr-1.10

mcr-1.36

Green and blue shading represent comparisons of nucleotide and amino acid sequence identity, respectively.
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FIGURE 2

Comparison between mcr-1.35 and mcr-1.36 and all previously described mcr-1 subtypes, based on nucleotide sequences. The neighbor-joining
phylogeny was constructed using MEGA 11.0 with the nucleotide sequences of the novel colistin-resistance genes mcr-1.35 and mcr-1.36 (in red) and
all previously described the mcr-1 gene subtypes (mcr-1.1 to mcr-1.34 [in black and pink]). Branch labels correspond to bootstrap support percentages
out of 1,000 replicates. The tree is divided into three groups: C1, which contains the mcr-1 gene subtypes from other bacterial species (light blue area),
C2, which contains the mcr-1.10 gene from Moraxella spp. (light yellow area), and C3, which contains the mcr-1.35 and mcr-1.36 genes from
Moraxella spp. (green area).

mcr-1.35 exhibited 98.27% nucleotide sequence identity to mcr-1.36  amino acid identity to MCR-6.1, found in Moraxella
in this study (Table 2). pluranimalium isolated from pigs in Europe, respectively. In

Compared with other phosphoethanolamine transferases in  addition, MCR-1.35 (MCR-1.36) showed 55.52% (55.17%),
Moraxella sp., MCR-1.35, and MCR-1.36 aligned closely with an ~ 59.75% (59.57%), and 61.88% (61.69%) amino acid sequence
MCR-1.10 found in M. porci isolated from a pig in Great Britain  identity to the MCR-OSL, MCR-POR, and MCR-LIN proteins
(> 96%). MCR-1.35 and MCR-1.36 also exhibited 82.59 and  found in M. osloensis, M. porci, and M. lincolnii, respectively
82.04% amino acid identity to MCR-2.2 and 84.07 and 83.52%  (Table 2; Figure 4).
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Comparison between the genetic context of the mcr-1 subtypes from Moraxella spp. and those from other bacterial species. The extents and
directions of genes are shown by arrows labeled with gene names, with the mcr-1 subtypes represented by red arrows and the pap2 gene represented
by a light blue arrow. Other flanking genes have been annotated. The shadow parallelograms between each sequence denote sequence identity.

Structure prediction and amino acid
sequence analysis of MCR-1 variants from
Moraxella sp.

MCR-1 variants from Moraxella sp. were aligned using BioEdit
(Figure 5A). When aligned with MCR-1.1, MCR-1.10 presented six
amino acid mutations at residues R11C, A23S, M155V, M234T,
A354T, and A443T. Four residues, S, V'*°, T4 and T*3, were
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located in the a-helix of the secondary structure, while residues C'
and T?* were located in the random coil. However, compared with
those of MCR-1.1, the amino acid sequences of MCR-1.35 exhibited
changes at residues Q¥77, T, T, A%, §998, N9, N°00, §%01, §502, 503
deletion, F?*, T°%, S°% and A°'!. Three residues, T>** T°%, and S°%,
were located in the a-helix on the secondary structure, while all
other residues were located in the random coil. In addition, amino
acid sequences of MCR-1.36 presented changes at residues S$*, Q*”7,
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T354’ T381, M451’ A491, S498’ N499’ NSOO’ 8501’ 8502’ 503 deletion, F503’ TSOG,
S$°% and A°'. In addition, the four residues $?*, T**, T°%, and S$°%
were located in the a-helix on the secondary structure, with all other
residues located in the random coil (Figures 5C, D). Notably, protein
structure alignment revealed only a few differences between
MCR-1.1 and MCR-1.10, MCR-1.1 and MCR-1.35, and MCR-1.1
and MCR-1.36 (Figure 5D).

Discussion

Moraxella spp. have been identified as potential sources of
MCR-like polymyxin resistance determinants (Kieffer et al., 2017;
Poirel et al., 2017). One study identified the mcr-like genes, including
mer-1.10 (M. porci), mcr-2.2 (M. pluranimalium), and mcr-6.1
(M. pluranimalium), in Moraxella spp. isolated from the cecal
contents of healthy pigs on farms in Great Britain (AbuOun et al,,
2017). Furthermore, the proteins MCR-POR (M. porci), MCR-OSL
(M. osloensis), and MCR-LIN (M. lincolnii) in Moraxella spp. shared

TABLE 3 MICs of polymyxin B for the constructed strains.

Species

MICs (ug/mL)

Polymyxin B

10.3389/fmicb.2023.1153740

high amino acid identities with MCR-1/2-like (Kieffer et al., 2017). In
the present study, the novel mcr-1 variants mcr-1.35 and mcr-1.36 were
identified in Moraxella spp. recovered from the nasal swabs of pigs
with respiratory diseases in farms in China. Notably, the emergence
of different mcr-like variants in various Moraxella spp. indicates that
the mcr-like variants were stored in the chromosomes of some
Moraxella species.

Three Moraxella spp. containing novel mcr-1 variants showed
resistance to polymyxin (Table 1). Additionally, the MIC of colistin
for Moraxella spp. containing mcr-1.10, mcr-2.2, and mcr-6.1 ranged
from 1 to 2 pg/mL (AbuOun et al.,, 2017), while the MIC of colistin
for EptA-containing Moraxella spp. ranged from 2 to 64pg/mL
(AbuOun et al., 2017; Kieffer et al., 2017). Moreover, mcr-1.35, mcr-
1.36, mcr-2.2, mcryg, mcry, and mcr,,, conferred resistance to
polymyxin in E. coli (Kieffer et al., 2017; Poirel et al., 2017). In
addition to colistin resistance genes (mcr-1.10, mcr-1.35, mcr-1.36,
mcr-2.2, and mcr-6.1), Moraxella spp. also carried genes for f-lactam
resistance (blagro, and blago,) aminoglycoside resistance
(aac(3)-11d, aac(3)-1V, aph(2”)-1f, aph(3’)-la, aph(3”)-Ib, and
aph(6)-1d); tetracycline resistance [tet(B), tet(D), tet(L), and tet(O)];
chloramphenicol resistance (floR), sulfonamide resistance (sul2),
and macrolide resistance (ermT) (Flamm et al., 2012; AbuOun et al.,
2017; Krol-Turminska et al., 2020; Raveendran et al., 2020; Zhang
et al,, 2022). In recent studies, Moraxella spp. from human samples

E. coli DH50 + pUC19-mcr-1.35 2 have proven to be mainly resistant to p-lactam, tetracycline, and
; macrolide (Flamm et al., 2012; Krol-Turminska et al., 2020;
E. coli DH5 + pUC19-mcr-1.36 2
Raveendran et al.,, 2020; Zhang et al., 2022). The three Moraxella spp.
E. coli DH5a+pUCI9 05 from animal samples collected in this study showed multidrug
E. coli JM109 +pUC19-mcr-1.35 2 resistance, indicating that Moraxella spp. pose potential threats to
E. coli JM109+pUC19-mcr-1.36 2 human and animal health.
E. coli IM109 + pUCI 05 The phylogenetic analysis showed that the mcr-1 variants (mcr-
1.10, mcr-1.35, and mcr-1.36) that originated from Moraxella spp.
E. coli 25,922 0.25 C e
ot belonged to subclades (C2 and C3 group) distinct from that of the
accession NO. host AA  source location isolate time
MCR1.35 this study Moraxella sp. 540 ' porcine China 2021.02
9
100 ~MCR-1.36 this study Moraxella sp. 540  porcine China 2021.07
0 MCR-1.10 MF176238.1 Moraxella porci 541 porcine  United Kingdom 2014.05
MCR-22 MF176239.1  Moraxella pluranimalium 538 | porcine Spain 2009
o]
MCR-6.1 MF176240.1  Moraxella pluranimalium 538 ~ porcine  United Kingdom 2015.05
MCR-OSL ~ MF432698.1 Moraxella osloensis 563 unknown  Switzerland prior to 2017
2|
MCR-POR = MF432696.1 Moraxella porci 540 unknown  Switzerland prior to 2017
MCR-LIN ~ MF432697.1 Moraxella lincolnii 578 "unknown  Switzerland prior to 2017
0.2‘50 0.2’00 0.;50 0.100 01;50 Ovl‘}OU
FIGURE 4
Phylogeny of MCR-like variants from Moraxella spp. determined based on amino acid sequences using MEGA 11.0. MCR-OSL, MCR-POR, and MCR-LIN
are polymyxin resistance determinants that were identified in M. osloensis, M. porci and M. lincolnii, respectively. Some parameters relevant to the MCR
proteins are presented, including bacterial host, the number of amino acids, isolate source, isolate location, and isolate time.

Frontiers in Microbiology

53

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1153740
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Cheetal. 10.3389/fmicb.2023.1153740

mer-1.1 (rwass0s9)

mer-1.36 (vnis studay)

mer-1.1 irwa95059)
mer-1.10 viE176238)

mer-1.35 (this scudy)
mer-1.36 (this study)

mer-1.1 Qwassoso)
mer-1.10 (var176238)

mer-2.35 (ehis svudy)
mer-1.36 (this swudy)

mer-1.1 Grwassoss)

mer-1.36 (this study)

mer-1.1 Grwassoss)
mer-2.10 (vE176238)

mer-1.35 (this swudy)
mer-1.36 (this study)

mer-1.1 (wass0s9)
mer-1.10 (vE176238)

mer-2.35 (this study)
mer-1.36 (tnis stuay)

mer-1.1 (was5059)
mer-1.10 vr176238)

mer-1.35 (this scudy)
mer-1.36 (this study)

mer-1.4 (wass0s9)

)

A511
Q277 ‘(» > K
- A2

FIGURE 5

Structures of MCR-1 variants (MCR-1.1, MCR-1.10, MCR-1.35, and MCR-1.36) (A) Amino acid sequences of MCR-1.10, MCR-1.35, and MCR-1.36
compared with MCR-1.1. Amino acid residues are depicted in black, and the same amino acids are represented by dots in the alignment. (B) Structural
models comparison of the MCR-1.1 protein (B-1) and MCR-1.10 (B-2) from Moraxella spp. based on lipooligosaccharide phosphoethanolamine
transferase EptA. (C) Structural models comparison of the MCR-1.1 protein (C-1), and MCR-1.35 (C-2), MCR-1.36 (C-3) from Moraxella spp. based on
lipooligosaccharide phosphoethanolamine transferase EptA. Models were constructed using the SWISS-MODEL server, and structures were viewed
and edited using PyMOL2.54. Mutated amino acids are shown in the structural model. (D) Comparison between the structure of MCR-1.1 (in green)
and that of MCR-1.10 (D-1), MCR-1.35 (D-2) and MCR-1.36 (D-3) (in pink).
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mcr-1 variants originating from Enterobacteriaceae (Cl group)
(Figure 2). The phylogenetic relationships between mcr-1.35, mcr-1.36,
and mcr-1.1 differed, but the products of these genes are known to
be responsible for polymyxin resistance (Liu et al, 2016). The
comparisons of the nucleotide sequences showed that the context of
the mcr-1 variants was similar among Moraxella spp. but differed from
the genetic environment of the mcr-1 variants in other bacteria. These
results indicate that mcr-1-pap2 acts as the genetic unit of the mcr-1
variants in Moraxella spp. (AbuOun et al., 2017; Poirel et al., 2017).

Compared with that of MCR-1.1, the amino acid sequences of
MCR-1.35 and MCR-1.36 exhibited mutations located at the a-helix
and random coil on the secondary structure. Previous research has
suggested that the eight active sites (E246, T285, K333, H395, D465,
H466, E468, and H478) located on the p-sheet of the protein’s
secondary structure are essential for the activity of MCR-1 (Hu
et al,, 2016; Ma et al., 2016; Stojanoski et al., 2016; Hinchliffe et al.,
2017). Notably, these p-sheet mutations were highly conserved in
MCR-1.35 and MCR-1.36 ORFs (Carroll et al., 2019; Wang et al.,
2020), indicating that the mutations of MCR-1.35 and MCR-1.36
have no influence on their polymyxin resistance activity.
Furthermore, protein structure alignment indicated that the
structures of MCR-1.35, MCR-1.36, and MCR-1.1 did not
differ significantly.

In conclusion, this study identified the Moraxella spp. carrying
two novel mcr-1 variants, mcr-1.35 and mcr-1.36, conferring
resistance to colistin, which were isolated from pig farms in China.
Moraxella spp. were considered potential sources of MCR-like
determinants, and the mcr-like variants were observed to be located
in the chromosomes of some Moraxella species isolated from pig
samples. Therefore, further research on the mcr-like genes in
Moraxella spp. may help us understand the evolution and spread of
the mcr-like genes.
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The advent of antimicrobials-resistant (AMR), including colistin-resistant bacteria,
poses a significant challenge to animal and human health, food safety, socio-
economic growth, and the global environment. This study aimed to ascertain the
colistin resistance prevalence and molecular mechanisms of colistin resistance
in Enterobacteriaceae. The colistin resistance was determined using broth
microdilution assay, PCR; and Sanger sequencing of mcr genes responsible for
colistin resistance in Enterobacteriaceae (n=627), including Escherichia coli
(436), Salmonella spp. (n=140), and Klebsiella pneumoniae (n=>51), obtained
from chicken and chicken meats. Out of 627 Enterobacteriaceae, 8.6% of isolates
exhibited colistin resistance phenotypically. Among these colistin resistant
isolates, 9.3% (n=237) were isolated from chicken meat, 7.2% (n=11) from the
cloacal swab of chicken and 7.9% (n = 6) from the litter samples. Overall, 12.96%
of colistin-resistant isolates were positive with mcr genes, in which mcr-1 and
mcr-5 genes were determined in 11.11% and 1.85% of colistin-resistant isolates,
respectively. The E. coli isolates obtained from chicken meats, cloacal swabs and
litter samples were found positive for mcr-1, and Salmonella spp. originated from
the chicken meat sample was observed with mcr-5, whereas no mcr genes were
observed in K. pneumoniae strains isolated from any of the collected samples.
The other colistin resistance genes, including mcr-2, mcr-3, mcr-4, mcr-6, mcr-
7, mcr-8, mcr-9, and mcr-10 were not detected in the studied samples. The mcr-
1 and mcr-5 genes were sequenced and found to be 100% identical to the mcr-1
and mcr-5 gene sequences available in the NCBI database. This is the first report
of colistin resistance mcr-5 gene in Malaysia which could portend the emergence
of mcr-5 harboring bacterial strains for infection. Further studies are needed
to characterize the mr-5 harbouring bacteria for the determination of plasmid
associated with mcr-5 gene.
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Introduction

Antimicrobial agents are essential medicines in animals and
humans to curb infections. Owing to the overuse and abuse of
antimicrobial agents, the globe is being faced with the rapid
proliferation of resistant microbes. Currently, the advent of
antimicrobial-resistant (AMR) bacteria poses a significant challenge
to animal and human health, food safety, socio-economic growth, and
the global environment (Theuretzbacher, 2017). The proliferation of
Gram-negative bacterial strains which are resistant to multiple drugs,
and the absence of new drugs to combat such microbes, reintroduced
colistin as a last-line therapy (Ezadi et al., 2019).

The resistance to colistin is a crucial problem to be tackled today.
Numerous studies have demonstrated that this colistin resistance was
present in various bacterial strains around the world. The plasmid-
mediated mcr genes are accountable for exceptional colistin resistance, as
it is a conduit that spreads via horizontal transmission from one bacterial
strain to another and through food chain or direct contact to humans,
animals, and the environments (Gharaibeh and Shatnawi, 2019). Before
2015, all documented colistin-resistance was chromosomally regulated,
involving modification of a two-component regulatory structure, phoPQ
and pmrAB with the negative regulator, mgrB gene alteration (Cannatelli
et al,, 2013; Liu et al,, 2016). In 2016, the Escherichia coli strains isolated
from humans, retail chicken meat and pork, and Klebsiella pneumoniae
strains isolated from humans were reported with the plasmid-encoded
mcr-1 gene in China (Liu et al., 2016). The plasmid-mediated new mcr
genes have rapidly emerged. The therapeutic effectiveness of colistin has
been compromised by the advent of the plasmid-encoded mcr genes,
including mcr-1 to mcr-10, which were reported during the last four years
(Ling et al., 2020). The E. coli isolates recovered from chicken liver, and
chicken feed in the trough (Yu et al., 2016), and poultry meat in Malaysia
were found positive for mcr-1 gene (Aklilu and Raman, 2020).

Poultry meat is an important source of protein for humans, it could
also be a significant conduit for spreading multidrug-resistant bacterial
species from food-producing animals to humans. Previous study has
shown that retail chicken meat plays a role in disseminating multiple
antibiotic-resistant strains among humans and their environment, posing
a severe threat to environmental health and food safety (Aidara-Kane
etal,, 2013). The colistin resistance-producing gene, mcr-1, was present
in 52.1 percent of the E. coli isolates from raw chicken meat (Aklilu and
Raman, 2020). Colistin resistance was found in more in 36.4% of bacteria
from poultry chicken and 20% of strains isolated from native chicken in
Bangladesh (Islam et al., 2020). In Nepal, it was reported that 27 (22.8%)
of colistin-resistant E. coli in broiler farms carried the mcr-1 gene (Joshi
etal, 2019). Aside from that, the horizontal transmission is thought to
be the main mechanism for the spread of colistin resistance micr genes in
Enterobacteriaceae worldwide (Gharaibeh and Shatnawi, 2019).

With potent in vitro transfer rates and frequently harboured
alongside other resistance determinants like p -lactamases, mcr genes
have been identified on a variety of conjugative plasmids (Incl2,
IncHI2, IncX4, and pHNSHP45) (EMA (European Medicine
Agencey), 2016). As the mobilized colistin resistance (mcr) genes
driven by plasmids are quickly emerging, appropriate information on
colistin resistance, including the incidence and epidemiological
studies of mcr-positive cases, is required to apply steps to prevent and
manage its dissemination. Therefore, the aim of the study was to
determine the prevalence and molecular determinants underlying
colistin resistance in Enterobacteriaceae (E. coli, Salmonella spp., and
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Klebsiella pneumoniae) isolates recovered from poultry and poultry
meats in Malaysia.

Materials and methods
Ethics approval

The ethical board of Universiti Putra Malaysia (UPM),
Institutional Animal Care and Use Committee (IACUC) approved the
research study protocol for collecting cloacal swabs from live poultry
(UPM/IACUC/AUP-R091/2019).

Study design and samples

The research study was performed in which chicken meat
samples from supermarkets and cloacal swabs, and litter samples
from chicken farms within Selangor, Malaysia (Figure 1) were
collected from July 2019 to February 2021. Selangor is the densely
populated area in Malaysia and most of the poultry farms are located
in this state. Sterile plastic bags were used to collect the meat samples.
The cloacal swab samples were collected aseptically from the healthy
chicken and kept in sterile transport media, Stuart media. Litter
samples were collected from the farms’ floors using a sterile spoon,
and placed in a sterile plastic bag. In total, 543 samples, including 350
chicken meats, 144 cloacal swabs, and 49 litter samples (Table 1),
were collected from supermarkets and poultry farms in different
areas of Selangor in Malaysia (Figure 1). All collected samples were
immediately transported in a sealed icebox to the Bacteriology
Laboratory, Faculty of Veterinary Medicine at Universiti Putra
Malaysia (UPM), Serdang, Selangor, Malaysia.

Isolation and identification of bacterial
strains

In the Enterobacteriaceae family, Salmonella spp., E. coli, and
K. pneumoniae have public health importance and are more prevalent
with colistin resistance mcr genes (Elbediwi et al., 2019). For this
reason, Salmonella spp., E. coli, and K. pneumoniae, were isolated and
identified phenotypically using the standard protocol of traditional
cultural and biochemical tests (Ghafur et al., 2019; Sharma et al., 2019).
In the pre-enrichment step, the samples were cultured in buffered
peptone water (BPW, Oxoid, United Kingdom), including 25 g of meat
in 225mL, 10g litter in 90mL, and cloacal swabs in 10mL BPW
medium, samples were incubated at 37°C for 24 h. The meat samples
with BPW were homogenized for 2min in a stomacher. For Salmonella
spp. isolation, 100 pL of homogenized BPW was mixed with 10mL of
Rappaport-Vassiliadis (RVS; Oxoid, United Kingdom). Then the RVS
mixtures were incubated at 42°C for 24 h. One loop-full RVS of each
sample was sub-cultured onto Xylose Lysine Deoxycholate agar (XLD;
Oxoid, United Kingdom) and kept at 37°C for 24 h for incubation. On
XLD, typically, Salmonella colonies were red with a black centre. One
pure colony from XLD was cultured onto nutrient agar (NA, Oxoid,
United Kingdom). For presumptive identification, biochemical tests
(TSI, Urease, Citrate, and SIM) were performed with pure cultures
grown onto NA. Serological confirmation of Salmonella spp. was
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FIGURE 1

Map showing the sampling areas of Selangor, Malaysia. Star (*) and triangle (A) marks indicating supermarkets and poultry farms, respectively. The
geographic information software, ArcGIS v.10.4.1 for Windows was used to generate the sampling spot on the map.

TABLE 1 List of the primers and sequences for the confirmation of E. coli, Salmonella spp., and Klebsiella pneumoniae.

Organisms Gene Primers Primer sequence Size (bp) References

E. coli 165 rRNA ECO-1 GACCTCGGTTTAGTTCACAGA 585 Moawad et al. (2018)
ECO-2 CACACGCTGACGCTGACCA

Salmonella spp. invA 139-F GTGAAATTATCGCCACGTTCGGGCAA 284 Rahn et al. (1992)
141-R TCATCGCACCGTCAAAGGAACC

Kilebsiella pneumoniae mdh Pf ATTTGAAGAGGTTGCAAACGAT 130 Ranjbar et al. (2016)
Prl TTCACTCTGAAGTTTTCTTGTGTTC

performed using a slide agglutination test using Poly ‘O’ and ‘H’ antisera
(Remel, United Kingdom). For E. coli and K. pneumoniae isolation, a
loopful of suspension of BPW was inoculated onto MacConkey (Oxoid,
United Kingdom). One presumptive colony of E. coli and K. pneumoniae
were then sub-cultured onto NA and subjected to a standard
biochemical test for their presumptive confirmation.

Molecular confirmation of Escherichia coli,
Salmonella spp., and Klebsiella pneumoniae

The genomic DNA was extracted from the pure culture of the
isolates cultured on nutrient agar using the boiling and snap chill
method (Pui et al, 2011). The phenotypically positive E. coli,
Salmonella spp., and Klebsiella pneumoniae species were then
confirmed with conventional PCR with species-specific gene primers
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(Table 1), in which positive controls included E. coli ATCC 25922,
Salmonella ATCC 14028 and Klebsiella pneumoniae ATCC 700603
(Rahn et al., 1992; Ranjbar et al., 2016; Moawad et al., 2018).

Colistin-susceptibility and minimum
inhibitory concentration (MIC) assessment

Colistin-susceptibility and MIC in isolates were assessed by the
ISO-20776 standard broth microdilution technique (BMD) jointly
recommended by the EUCAST (2016a) with few modifications. In brief,
a two-fold dilution (0.125-128 pg/mL) of the colistin sulfate salt (Sigma-
Aldrich) was prepared on a 96 well microtitre plate. The bacterial
inoculum was inoculated in each well with a final concentration of 5 x
10°CFU/mL. Then the microtitre plate was incubated at 37°C for
16-20h. After the incubation period, 30 pL of 0.015% resazurin solution
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was added to each well of the microtitre plate and incubated again at 37C
for 1h, during which the plate was routinely checked every 15min. The
colistin MICs were interpreted with the naked eye and recorded by
observing the color change of resazurin (discoloration from blue to pink
or purple indicates colistin resistance, while susceptibility is deduced
when no color change- blue color). The test was performed in triplicates.
During  colistin-susceptibility testing, colistin-susceptible E. coli
ATCC25922 and colistin-resistant (ColR) E. coli NCTC 13846 were
utilized as negative and positive controls, respectively.

Detection of the colistin resistance
determinants, mcr genes

Colistin-resistant Enterobacteriaceae isolates were identified with
MIC values greater than 2pg/mL colistin (EUCAST, 2016b). The
genomic DNA of the colistin-resistant (col-R) isolates was assessed
with conventional PCR to detect colistin resistance (1cr) gene variants
(mcr-1 to mcr-10). According to previous studies, the detection of
mcr-1 to mcr-5 (Rebelo et al.,, 2018) and mcr-6 to mcr-9 (Borowiak
etal., 2020) was performed with multiplex PCR. The uniplex PCR was
performed for mcr-10 (Xu et al., 2021) by the previously designed
oligonucleotide primers and the protocol (Table 2).

PCR results analysis

Amplified PCR products were examined on 1.5% agarose (Conda,
Madrid, Spain) prepared in 100 mL of 0.5 x TBE Buffer stained with

10.3389/fmicb.2023.1208314

4 pL of Nucleic Acid stain (ETB “out” Nucleic Acid, Cat. No. FYD007-
200P, Yestern Biotech Co. Itd, Taiwan) for mcr gene. The expected
bands for mcr-1 to mer-10 (Table 2) were visualized and photographed
under UV light using Alphalmager 2,200 (Alphalmager,
United States).

Confirmation of mcr (mcr-1 and mcr-5)
gene by sequencing

The amplified PCR products for the mcr-1 gene of E. coli strains,
E. coli E172, and mcr-5 gene from one Salmonella spp. strain S283
were sent to commercial company for DNA sequencing with the same
primers for Sanger sequencing (Table 2) and compared to previously
reported mcr-1 and mcr-5 sequences in the NCBI database. The
consensus sequences of mcr-1 and mcr-5 were obtained based on the
alignment of the forward and reverse sequences using BioEdit v. 7.2
program (Hall, 1999).

Phylogenetic analysis

The mcr gene sequences were used in the phylogenetic tree
construction, and analysis was carried out according to Li et al. (2019).
The sequences from this study and those from GenBank for the mcr-1
and mcr-5 were aligned separately using the MEGA X software
(Kumar et al., 2018) to compare their similarities. There are four
different types of mcr-5 gene variants such as mcr-5.1, mcr-5.2, mcr-5.3
and mcr-5.4 has been identified in the world. We have selected partial

TABLE 2 List of the primers and sequences for the confirmation of mcr genes.

Set Primers Primer sequences Size (bp) References
Set-1 mer-1F AGTCCGTTTGTTCTTGTGGC 320 Rebelo et al. (2018)
mer-1R AGATCCTTGGTCTCGGCTTG
mer-2F CAAGTGTGTTGGTCGCAGTT 715
mcr-2R TCTAGCCCGACAAGCATACC
mer-3F AAATAAAAATTGTTCCGCTTATG 929
mer-3R AATGGAGATCCCCGTTTTT
mer-4F TCACTTTCATCACTGCGTTG 1,116
mer-4R TTGGTCCATGACTACCAATG
mer-5F ATGCGGTTGTCTGCATTTATC 1,644
mer-5R TCATTGTGGTTGTCCTTTTCTG
Set-2 mcr-6F-mp AGCTATGTCAATCCCGTGAT 252 Borowiak et al. (2020)
mer-6R-mp ATTGGCTAGGTTGTCAATC
mcr-7F-mp GCCCTTCTTTTCGTTGTT 551
mcr-7R-mp GGTTGGTCTCTTTCTCGT
mcr-8F-mp TCAACAATTCTACAAAGCGTG 856
mcr-8R-mp AATGCTGCGCGAATGAAG
mer9-F-mp TTCCCTTTGTTCTGGTTG 1,011
mer9-R-mp GCAGGTAATAAGTCGGTC
Set-3 mer-10-F AGCCGTCTTGAACATGTGAG 744 Xu et al. (2021)
mer-10-R CATACAGGGCACCGAGACTG
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sequences of these four mcr-5 variants from GenBank in the NCBI
database and analysed with our mcr-5 sequence data. The phylogenetic
tree for mcr-1 and mcr-5 was constructed with aligned sequences by
the neighbor-joining method using the Kimura 2-parameter model,
and Bootstrap values were calculated using 500 replicates.

Statistical analysis

Microsoft Excel sheets (MS-2019) were used to input data, which
were then uploaded into the SPSS program v. 25.0 (IBM, Armonk, NY,
United States). Descriptive analysis was used to quantify the
prevalence, in which level of significance was assessed using the y* test.
For statistical significance, p- values less than 0.05 (p <0.05) was taken
into consideration.

Results
Frequency of Enterobacteriaceae isolates

In total, 627 Enterobacteriaceae (E. coli, Salmonella spp., and
K. pneumoniae) isolates, including 398 isolates from meat samples
from supermarkets, 153 isolates from cloacal swabs, and 76 isolates
from litter samples from poultry farms, were isolated and identified
(Table 3). The 398 isolates from meat samples from supermarkets were
classified as E. coli (n=258, 73.7%%), Salmonella spp. (n=122, 34.9%)
and K. pneumoniae (n=18, 5.1%). The poultry cloacal swabs from
poultry farms yielded E. coli (n=134, 93.1%), Salmonella spp. (n=4,
2.8%) and K. pneumoniae (n=15, 10.4%), and litter samples from
poultry farms generated E. coli (n=44, 89.8%), Salmonella spp. (n=14,
28.6%) and K. pneumoniae (n=18, 36.7%). Salmonella spp. was highly
prevalent in collected chicken meat samples (p=0.000), E. coli in
cloacal swab (p=0.000), and K. pneumoniae was in litter samples
(p=0.000) (Table 3). E. coli, Salmonella spp., and K. pneumoniae
isolates were confirmed by PCR showing a band size of 585 bp, 284 bp,
and 130bp, respectively.

Determination of phenotypic colistin
susceptibility

Out of 627 Enterobacteriaceae isolates, 8.6% (n=>54) of isolates
exhibited colistin resistance using the broth microdilution assay.
Among these, 9.3% (n=37) were isolated from chicken meat, 7.2%
(n=11) from the cloacal swab of chicken and 7.9% (n=6) from the
litter samples (Table 4). Overall, the phenotypic colistin resistance of
the isolates from chicken meat, cloacal swabs, and litter samples was
indifferent (Tables 4, p=0.712). On the other hand, 54

TABLE 3 Prevalence of Enterobacteriaceae isolated from different sources.

Sources (Samples)

Supermarkets (n=350)

Types (Isolates)

Chicken meat (n =398)

| ele]l]

258 (73.7%)

Poultry farms (n=144)
(n=49)

Cloacal swab (n =153)

134 (93.1%)

Litter (n =76)

44 (89.8%)

p-value

0.000

10.3389/fmicb.2023.1208314

colistin-resistant Enterobacteriaceae isolates were comprised of E. coli
(n=32, 7.34%), Salmonella spp. (n=16, 11.4%), and K. pneumoniae
(n=6,11.76%) (Figure 2).

Detection of colistin resistance
determinants, mcr gene variants

All 54 isolated colistin-resistant (Col-R) Enterobacteriaceae were
analyzed to observe the presence of mcr-1 to mcr-10. Overall, 12.96%
(n=7) of colistin-resistant Enterobacteriaceae isolates were found
possessing colistin resistance mcr genes comprising 8.1% (n=3), 27.3%
(n=3), and 16.67% (n=1) of Col-R isolates from the chicken meat,
chicken and litter samples, respectively. Variations of colistin resistance
from different sources were not statistically significant (value of
p>0.05)as shown in Table 4. Out of seven mcr harboring Col-R
isolates, 11.11% (n=6) and 1.85% (n=1) were found with mcr-1 and
mcr-5, respectively. The E. coli isolates obtained from chicken meats,
cloacal swabs and litter samples were found positive for mcr-1, and
Salmonella spp. originated from the chicken meat sample was observed
with mcr-5, whereas no mcr genes were observed in K. pneumoniae
strains isolated from any of the collected samples (Figure 3). The other
colistin resistance genes, including mcr-2, mcr-3, mcr-4, mcr-6, mcr-7,
mcr-8, mcr-9, and mcr-10 were not detected in the studied samples.

Confirmation of mcr gene variants

In BLAST analysis, our studied —ncr-1 sequence was found to
be 100% identical to the mcr-1 sequence (Genbank: NG_050417.1) in
the NCBI database with 99% query coverage. On the other hand, our
studied —mcr-5 sequence was found to be 100% identical to the mcr-5
sequence (Genbank: NG_055658) in the NCBI database with 98%
query coverage.

Minimum inhibitory concentration
determination

The broth microdilution test was conducted to assess the MIC
value of all isolates following EUCAST guidelines, with the
epidemiological cutoff value >2pg/mL for colistin resistance.
Control strains, colistin-resistant isolates Escherichia coli NTCC
13846 and susceptible isolate Escherichia coli ATCC 25922, showed
growth up to 4pg/mL and 0.5pg/mL colistin concentration,
respectively. The MIC value of isolated colistin-resistant bacteria
exhibited 4 to 128 pg/mL of colistin. The mcr-carrying isolates were
observed with MIC values of 4 and 8 pg/mL colistin (Figure 4). In
contrast, mcr negative colistin-resistant isolates had extremely high

Salmonella spp. p-value K. pneumoniae p-value

122 (34.9%) 0.000 18 (5.1%) 0.000

4(2.8%)

14 (28.6%) 18 (36.7%)

Total (n=543)

Total (n =627)

436

140 51

15 (10.4%) ‘
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TABLE 4 Phenotypic colistin resistance and mechanism of colistin resistance with mcr genes in isolates from chicken meat, chicken and litter.

Source (isolates

number)

Sensitive Resistance

Phenotypic colistin susceptibility, (%)

mcr gene in colistin-resistant isolates, (%)

p value Present Absent p-value

Chicken meat (n=398) 90.7% 9.3% 0.712 8.1% 91.9% 0.241
Chicken (n=153) 92.8% 7.2% 27.3% 72.7%
Litter (n=76) 92.1% 7.9% 16.7% 83.3%
Total (n=627) 91.4% 8.6% 12.96% 87%
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FIGURE 2
The rate trend and number of phenotypically colistin-resistant Enterobacteriaceae isolates, E. coli, Salmonella spp., and K. pneumoniae. The blue
column = rate trend and red line = number of isolates, left y axis = % of colR isolates, right y axis = number of colR isolates.

MIC levels, 128 pg/mL colistin (Figure 4). Most of the Col-R isolates
from three sources exhibited MIC values from 4 to 8 ug/mL of
colistin (Supplementary Figure S1).

Phylogenetic comparison

In the phylogeny analysis, it is observed that mcr-1 genes in the
obtained isolates were divided into two clades, named clade A,
including subclade I and subclade II, and clade B. The colistin
resistance mcr-1 gene sequence from E. coli strains E48, E13, E278,
E297, E331 recovered from cloacal swabs and chicken meat samples
were clustered in subclade I. These isolates were closely related to
subclade II, grouped with E. coli and Salmonella spp. strains
recovered from humans and animals obtained from the NCBI
GenBank database. The nucleotide sequence of the mcr-1 gene of
E. coli E172 obtained from chicken litter samples was very close to
the previously identified isolate in Malaysia and human isolate in
China. On the other hand, mcr-1 sequences of E. coli isolates
recovered from chicken meats, and chicken cloacal swab samples
were grouped in one cluster and were found close to isolates from
China and Brazil (Figure 5).

In the phylogeny analysis of the mcr-5 gene, it was revealed
that the nucleotide sequence of the mcr-5 gene of Salmonella spp.
obtained from chicken meat has a close relation to the mcr-5.3
gene in the E. coli isolate obtained from the horse in Brazil
(Figure 6).
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Discussion

The most common bacteria associated with bacterial infections in
chickens are E. coli, Salmonella spp., and K. pneumoniae. These
microorganisms are known to cause serious health issues, which can
result in increased mortality, decreased productivity, and higher costs
for both disease prevention and treatment (Ibrahim et al., 2021).
Escherichia coli isolates were the most prevalent in the collected
samples, followed by Salmonella spp. and K. pneumoniae isolates.
Escherichia coli isolates were high prevalence in chicken cloacal swabs
(93.1%), Salmonella spp. were in chicken meats (34.9%), and
K. pneumoniae isolates were in litter samples (36.7%). Previous studies
have also reported 83 and 53.04% of cloacal swabs were found positive
for E. coli in Malaysia and China, respectively (Suryadevara et al.,
2020; Li et al., 2022). In Indonesia, 13.75% of cloacal swabs obtained
from broiler chicken farms were found positive for K. pneumoniae
(Permatasari et al., 2020). Another study in Malaysia showed that the
prevalence of Salmonella spp. and E. coli from cloacal swabs obtained
from broilers were 6.5 and 51.8%, respectively (Ibrahim et al., 2021).
Backyard chickens in Malaysia were documented with 2.5% of
Salmonella spp. (Jajere et al., 2019). In contrast, a much higher
prevalence of Salmonella spp. (48%) in chicken meat samples was
observed in Bangladesh (Islam et al.,, 2016). In Nepal, 33.33% of
chicken meat samples were positive for E. coli (Joshi et al., 2019) which
is lower than our findings, indicating that the frequency of E. coli in
chicken meat might vary widely. Different levels of hygienic practices
in various geographic regions and environmental factors, such as
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exposure to poor sanitation, could be the source of the variations in
prevalence (Dawadi et al., 2021).

Colistin is being prescribed for the therapeutic purposes of
bacterial infection in humans that are resistant to multiple drugs
despite its side effects. The introduction of the colistin resistance
(mcr) gene in bacterial strains that are already resistant to many
antibiotics, creates the ineffectiveness of colistin, the last resort drug.
In this study, the Enterobacteriaceae isolates recovered from various
sources, comprising chicken meat from supermarkets and cloacal
swabs and litter samples from poultry farms, were prevalent with
colistin resistance and mcr genes. The MIC value of colistin-resistant
isolates ranged from 4 pg/mL to 128 pg/mL of colistin, however, low
MIC values were found in mcr positive isolates. In previous studies,
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the mcr-1 had been documented from Klebsiella pneumoniae, and
E. coli isolates in Malaysia (Yu et al., 2016; Mobasseri et al., 2019;
Alklilu and Raman, 2020). The colistin resistance mcr-1 gene is also
observed in E. coli isolates from poultry in many countries in Asia
(Trung et al., 2017; Joshi et al., 2019; Amin et al., 2020). A greater
percentage of mcr-1 (>94%) was depicted in bacterial strains from
turkey and broiler feces in Germany (Irrgang et al., 2016). The colistin
resistance gene (mcr-1) was found in 25.8% of poultry (turkey and
chicken) meats from Italy (5 samples) and Germany (28 samples) but
not in any samples (turkey and chicken meats) from Switzerland,
Denmark, Austria, or Hungary, according to a Swiss study (Zurfluh
etal., 2016). In Brazil, 19.5% of chicken meat and liver samples were
positive for E. coli harboring mcr-1 (Monte et al., 2017). All the
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colistin-resistant E. coli obtained from raw beef and beef products in
Egypt were found positive for mcr-1 (Sabala et al, 2021). In
comparison with previous studies, a low prevalence of mcr-1 gene in
colistin-resistant isolates was found in the current research. The
explanation for the low incidence in Malaysia isolates is unknown,
although other resistance mechanisms, such as chromosomal
alteration and modulation in the mgrB gene, could be involved (Chen
etal., 2017).

The colistin resistance gene, mcr-5 was detected in Salmonella
spp. for the first time in Malaysia. There were no reports about
this gene in any bacterial strains from animals or humans in
Malaysia to the best of our knowledge. In this study, the mcr-5
gene in Salmonella spp. was found at a very low rate. This finding
is consistent with a previous report in which 2.5% (8/315) of
colistin-resistant Salmonella spp. originated from pigs and meats
(pork) in Germany (Borowiak et al., 2019), and 0.7% of human

Frontiers in Microbiology

vaginal swab samples in Yangzhou in China (Zhang et al., 2018)
were found to be positive for the mcr-5 gene. The mcr-5 gene was
also observed in colistin-resistant E. coli strains obtained from
cloacal swabs of poultry in Nigeria (Ngbede et al., 2020), veal in
Belgium (Timmermans et al., 2021), pork samples in Cambodia
(Pungpian et al., 2021) and poultry and pigs samples in Spain and
China (Garcia-Menifo et al., 2019). The situation is concerning
because these resistant pathogens could be spread to humans
through the food chain or close contact with animals (Dawadi
et al., 2021).

The mcr-1 gene was found among the isolates showing MIC values
of 4pg/mL and 8 pg/mL of colistin in this study which is consistent
with the previous studies in Bangladesh and China, which showed that
colistin-resistant isolates with mcr-1 had a MIC value of 4 pg/mL, and
8 to 16 pg/mL of colistin, respectively (Islam et al., 2017; Amin
et al., 2020).
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In nucleotide BLAST, the sequences of the mcr-1 gene isolated from
E. coli and the mcr-5 gene obtained from Salmonella spp. were found to
be 100% identical to previously reported mcr-1 and mcr-5 gene sequences
in the NCBI database. In the phylogenetic analysis, mcr-1 gene sequences
were closely related to previous reports, mcr-1 gene sequence of E. coli
isolates recovered from chicken in Malaysia (Yu et al., 2016) and E. coli
strain isolated from human in China (Genbank MZ450868). This
suggests that mcr-1 gene in E. coli has been circulating in Malaysia, which
is a threat to animals and public health. The colistin resistance mcr-5 gene
was detected in Salmonella spp. isolate for the first time in Malaysia. The
various types of mcr-5 gene variants, including mcr-5.1 to mcr-5.4, were
identified in the world (Fleres et al., 2019; Ling et al., 2020). In the
phylogeny, the mcr-5 gene sequence of the current study was closely
related to mcr-5.3 gene recovered from E. coli isolates obtained from the
horse in Brazil (GenBank database, NG_061405).

Conclusion

The introduction and dissemination of colistin resistance with mcr
genes in Enterobacteriaceae is a major worldwide issue. Colistin-
resistant Enterobacteriaceae were observed in poultry meats and
poultry farms in the present study. The mcr-1 and mcr-5 genes were
found in colistin-resistant E. coli and Salmonella spp., respectively. The
mcr-5 has been identified in Malaysia for the first time, which could
signal the advent of mcr-5 harboring bacterial strains for infection.
The existence of mcr-positive Enterobacteriaceae in poultry and
poultry meat in Malaysia emphasizes the importance of proper
poultry waste disposal and good hygiene practices among people who
are exposed to poultry and poultry meats.
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Introduction: Extended-spectrum B-lactamase- (ESBL) and AmpC- B-lactamase-
producing Enterobacterales are widely distributed and emerging in both human
and animal reservoirs worldwide. A growing concern has emerged in Europe
following the appearance of carbapenemase-producing Escherichia coli (E. coli)
in the primary production of food animals. In 2013, the European Commission
(EC) issued the Implementing Decision on the monitoring and reporting of
antimicrobial resistance in zoonotic and commensal bacteria. The European
Union Reference Laboratory for Antimicrobial Resistance (EURL-AR) was tasked
with providing two laboratory protocols for samples derived from meat and caecal
content, respectively, for the isolation of ESBL- and AmpC-producing E. coli (part
1) and carbapenemase-producing (CP) E. coli (part 2). In this study, we describe
the current protocols, including the preparatory work for the development.

Methods: Up to nine laboratory procedures were tested using minced meat as the
matrix from beef, pork, and chicken as well as six procedures for the caecal content
of cattle, pigs, and chicken. Variables included sample volume, pre-enrichment
volume, pre-enrichment broth with and without antimicrobial supplementation,
and incubation time/temperature. The procedures were evaluated against up to
nine E. coli strains harboring different AMR genes and belonging to the three
B-lactamase groups.

Results and discussion: The laboratory procedures tested revealed that the
most sensitive and specific methodologies were based on a Buffered Peptone
Water pre-enrichment of 225ml to 25g or 9ml to 1g for minced meat
and caecal content, respectively, incubated at 37°C overnight, followed by
inoculation onto MacConkey agar supplemented with 1 mg/L cefotaxime
for detecting ESBL- and AmpC-producing E. coli and Chrom ID SMART
(Chrom ID CARBA and OXA) for CP E. coli, incubated overnight at 37 and
44°C, respectively. We provided two isolation protocols for the EU-specific
monitoring of ESBL- and AmpC- producing E. coli (part 1) and CP E. coli
(part 2) from fresh meat (protocol 1) and caecal (protocol 2) samples, which

67 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1229542
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1229542&domain=pdf&date_stamp=2023-08-09
mailto:rshe@food.dtu.dk
https://doi.org/10.3389/fmicb.2023.1229542
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1229542/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hendriksen et al.

10.3389/fmicb.2023.1229542

have been successfully implemented by all EU Member States for the monitoring
period 2014-2027 (EU 2020/1729).

KEYWORDS

extended-spectrum beta-lactamase, carbapenemase, isolation method, Escherichia coli,
protocol, surveillance, European Union

Introduction

Extended-spectrum f-lactamase- (ESBL) and AmpC-f-
lactamase-producing Enterobacterales are widely distributed and
emerging in both human and animal reservoirs worldwide (Madec
et al., 2017; Mughini-Gras et al., 2019; Dantas and Ferreira, 2020;
Aworh et al., 2022). During the last decade, a growing concern has
emerged in Europe following the appearance of carbapenemase-
producing (CP) Escherichia coli (E. coli) and Salmonella infantis,
harboring the blayiv—1 gene isolated from German pigs and
chickens in 2011 (Fischer et al., 2012, 2013, 2017; Guerra et al,,
2014; Borowiak et al., 2017; Irrgang et al., 2017, 2019; Madec et al.,
2017). Since then, several other examples of CP Enterobacterales
(CPE) have emerged in primary production in Europe, exemplified
by E. coli isolated in 2015 from meat products at retail in Belgium
harboring blayiv—1 (Garcia-Graells et al., 2020), E. coli isolated
from poultry and poultry meat in Romania in 2016 harboring
blaoxa—ag-like (blaoxa—162) (Bortolaia et al., 2021), E. coli in Ttaly
in 2019 harboring blanpm—4 (Diaconu et al., 2020), E. coli in pigs
in Germany in 2019 harboring blapgxa—4s and blaggs—s (Irrgang
et al., 2020b), and E. coli in broilers in Austria in 2020 harboring
blayim—1 (European Food Safety Authority European Centre for
Disease Prevention Control, 2023). More recent examples include
E. coli isolated from fattening pigs harboring blapxa—4s and from
a veal calf and fattening pigs in Italy in 2021 harboring blagxa—1s1
(Carfora et al., 2022; European Food Safety Authority European
Centre for Disease Prevention Control, 2023), as well as E. coli
from fattening pigs in Czechia and E. coli from fattening pigs and
calves in Hungary harboring blanpm—s (European Food Safety
Authority European Centre for Disease Prevention Control, 2023).
Similar findings have also been reported to be emerging outside
Europe, in China (Li et al., 2019; Shi et al.,, 2021), Egypt (Hamza
etal, 2016), Australia, and India (Kock et al., 2018).

One of the many drivers behind the emergence of ESBL, AmpC-
B-lactamase, and CPE is the likely transmission by horizontal
gene transfer, which persists among humans and in the primary
production of animals, such as broilers, in the EU (Carattoli, 2008;
Mughini-Gras et al., 2019).

The World Health Organization (WHO), the World
Organization for Animal Health (WOAH), and the European
Medicine Agency (EMA) have, thus, all
critically important

issued lists of

antimicrobial agents for human and
veterinary medicine (https://www.ema.curopa.cu/en/documents/
report/categorisation-antibiotics-european-union-answer-request-
Both

define 3rd and 4th generation cephalosporins, as well as

european-commission-updating-scientific_en.pdf). lists
carbapenems, as critically important antimicrobials. Hence,
the surveillance of antimicrobial resistance
outside the

against these

antimicrobials in sources human reservoir,
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food
systems to enable control and prevent further spread to
the public.

Striving toward a harmonized and standardized monitoring

eg, in the chain, is crucial in early warning

of antimicrobial resistance among food and food-producing
animals in the EU, the European Commission (EC) on 12
November 2013 issued the Implementing Decision on the
monitoring and reporting of antimicrobial resistance in zoonotic
and commensal bacteria (European Union, 2013), which was
repealed in 2021 by the Implementing Decision (EU) 2020/1729
of 17 November 2020 (European Union, 2020). These regulations
laid down rules on the specific monitoring of ESBL-, AmpC-
, and CP E. coli from meat and caecal samples originating
from cattle, pigs, and poultry, stipulating that all member states
were obliged to follow the protocol of the European Union
Reference Laboratory for Antimicrobial Resistance (EURL-AR).
Thus, the EURL-AR was tasked with providing a laboratory
protocol for the isolation of ESBL-, AmpC-, and CP E. coli
from meat and caecal samples (https://www.eurl-ar.eu/protocols.
aspx).

In this study, we describe the two European Union
Reference Laboratory for Antimicrobial Resistance (EURL-
AR) protocols, including parts 1 and 2, used in the monitoring
and reporting of antimicrobial resistance in zoonotic and
commensal bacteria according to the Implementing Decisions
2013/652/EU and 2020/1729, including the preparatory work for
the development.

Methods

Sample description

All samples of minced beef, pork, and chicken meat originated
from Denmark and were purchased as fresh meat directly from
retail supermarkets and transported to the National Food Institute,
Technical University of Denmark (DTU Food) in Denmark in
polystyrene boxes to maintain the cold chain. Subsequently,
the minced meat was stored at 4°C in refrigerators before
further processing.

Caecal samples (chicken) and caecal content (pig and cattle)
were obtained from Danish slaughterhouses taking part in the
EU monitoring. The caecal samples were collected directly from
the slaughterhouses and transported to DTU Food in polystyrene
boxes to maintain the cold chain. The caecal samples and content
were stored at 4°C in refrigerators before further processing,
including extracting the caecal content from chickens and pooling
five per batch.
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Test isolates

When developing the protocols of meat (protocol 1) and
caecal content (protocol 2) samples to detect ESBL- and AmpC-
producing E. coli (part 1) and CP E. coli (part 2), the following
resistance genes were included in the test panel. E. coli isolates
harboring relevant and common genes conferring resistance
to 3rd generation cephalosporins and carbapenems were used
in validation experiments as positive controls: blacTx—m—1
(0412004714_F1), blasy_12 (0412055161 F131), blarpm_s2
(7633094_7), and blacmy—» (0412056488 _F191), all part of
DANMAP 2012 (DANMAP, 2012). To detect CP E. coli,
representative strains carrying blaypv—1 (R178) (Fischer et al,
2012), blanpm—1 (#271) (Poirel et al., 2011), blapxa—4g (KMU
AUH), and blagpc—» (17/11 RKI) were also included in the test
panel (Table 1). The E. coli ATCC 25922 was used as the susceptible
quality control (QC) strain.

Validation experiments for detecting
specific ESBL- and AmpC-producing E. coli
(part 1) — Rationale for the initial set of
validation experiments

The final protocols should detect bacteria with reduced
susceptibility to 3rd generation cephalosporins (part 1) present in
meat and caecal samples. Therefore, a broad selection of E. coli
isolates carrying various genes related to this reduced susceptibility
(including carbapenemases) was included in the first part of the
validation experiments.

Spiking procedures of the minced meat
samples

From nine batches of 1,500 g retailed minced meat, one batch
per nine E. coli isolates was divided into six portions of 190 g and
six portions of 10 g. The different portions were labeled with the
isolate number and with one of the following concentrations: 0,
0.1, 1, 10, 100, and 1,000 CFU/g. One 10 g sample labeled 0 CFU/g
for each of the nine 1,500 g retailed minced meat samples was
selected as the negative control to ensure that the meat was not
already contaminated with an ESBL-producing, AmpC-producing,
and CP organism (CPO). The remaining five 10 g samples of each
of the nine 1,500¢g retailed minced meat samples were spiked
individually with one of the nine E. coli test strains. The samples
were spiked with 0.9% NaCl suspensions containing each of the
nine individual E. coli test strains to contain 0.1, 1, 10, 100, and
1,000 CFU/g per final weight of 200g. The lowest dilution step
of 0.1 CFU/g was included to ensure an extra dilution in case the
experiment did not provide a precise CFU count. In brief, the
spiking was prepared as follows: individual E. coli test strains were
cultured overnight (o/n) at 37°C in 10 ml Luria-Bertani (LB) broth
(Sigma-Aldrich) supplemented with 1 mg/L cefotaxime, except
for the susceptible control strain (E. coli ATCC 25922) and the
blapxa—ag strain. The o/n cultures were cooled on ice for 30 min
before centrifugation (8,000g, 10 min) in 10ml cold 0.9% NaCl.
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Subsequently, the optical density (OD) was adjusted to OD600
= 0.25 by using 1-4ml of saline as a starting point (dilution
0). Further serial 10-fold dilutions (1072 to 10~°) were prepared
from the stock by transferring 1 ml into 9 ml cold 0.9% NaCl and
thoroughly mixing it for 20 s between each dilution. After preparing
the dilutions, the CFU was assessed in dilutions of 10~%, 107>, and
107 in triplicates. Briefly, 100 1 of each dilution was plated onto
LB agar plates (nine plates in total) and incubated at 37°C o/n.
Subsequently, the CFUs were enumerated and recorded.

The previously prepared suspensions were used for spiking
by mixing 2mL of different dilutions of pre-adjusted bacterial
suspensions (final dilutions between 1072 and 10~/ containing
between 20 and 2 x 10° bacteria per 2 mL) in 200 g of meat samples
to obtain meat samples with the intended CFU count per gram.

The 10 g spiked minced meat samples were homogenized using
a stomacher with the corresponding 190 g minced meat samples to
make up the final weight of 200 g.

Minced beef

Initially, a full study design was prepared using minced beef
as the matrix, which included six laboratory procedures (MM-1 to
MM-6) evaluated against all nine E. coli strains producing various
types of 3rd-generation cephalosporinases or carbapenemases. The
initial design was based on the reccommendation from the European
Food Safety Authority’s (EFSA) Scientific Opinion “on the public
health risks of bacterial strains producing extended-spectrum {-
lactamases and/or AmpC f-lactamases in food and food-producing
animals” (EFSA Panel on Biological Hazards, 2011). In this study,
the initial six laboratory procedures (MM-1 to MM-6) were
conducted in duplicates and varied in terms of (1) pre-enrichment
broths and associated incubation temperatures, (2) selective/non-
selective antimicrobial supplements, and (3) selective agar plates
in the assessment of sensitivity (growth) and specificity (gene
detected) of the different strains (Table 2; Figure 1).

The pre-enrichment assessment included the following
variations: 25g of spiked minced beef in 225ml of Buffered
Peptone Water (BPW) recommended for the food analysis of
Salmonella spp. (Danish Standard Associaation, 2017) vs. 5g of
spiked minced beef in 45ml of MacConkey broth (MB) [Purple,
Oxoid CM0505 (CM5a)] aligned with the procedure for isolating
E. coli in the Danish national surveillance program, DANMAP
(Bager et al., 2015) (Table 2; Figure 1).

The pre-enrichment broths were with or without a supplement
of third-generation cephalosporins (cefotaxime vs. ceftriaxone of
1 mg/L) and incubated for 18-24h at either 37 or 44°C, the
latter temperature was included to test the ability to inhibit
the growth of background flora with reduced susceptibility to
third-generation cephalosporins (Table 1; Figure 1). Plating was
conducted by applying three continuous streaks onto MacConkey
agar (MA) (BD Difco Ref 212123) (supplemented with 1 mg/L of
either cefotaxime or ceftriaxone and incubated for 18-24h at 44°C
(Table 2; Figure 1).

The sensitivity of the six laboratory procedures was evaluated
and categorized based on a semi-quantitative measure according
to the load of bacterial growth on the MacConkey plates (0:

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1229542
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hendriksen et al. 10.3389/fmicb.2023.1229542

TABLE 1 MIC (mg/L) determination and antimicrobial resistance genes of the test strains used for the spiking experiments.
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TABLE 2 Laboratory procedures testing methodologies for the detection of ESBL- and AmpC-producing E. coli in minced meat from cattle, pigs, and
chickens.
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MM-1 Beef 25 BPW 225 37 CRO and CTX 44
Pork
Chicken meat
MM-2 Beef 25 BPW CRO 225 37 CRO 44
MM-3 Beef 25 BPW CTX 225 37 CTX 44
MM-4 Beef 5 MB 45 44 CRO and CTX 44
Pork
MM-5 Beef 5 MB CRO 45 44 CRO 44
Pork
MM-6 Beef 5 MB CTX 45 44 CTX 44
MM-7 Beef 25 BPW 225 37 X X X 37
Pork
Chicken meat
MM-8 Beef 5 MB 45 44 X X X 37
Pork
MM-9 Pork 5 MB CRO 45 44 X X X 37

MM, minced meat procedure; AB, antimicrobials; BPW, buffered peptone water; MB, MacConkey broth; MacC, MacConkey; CRO, ceftriaxone; CTX, cefotaxime.
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FIGURE 1

Validation scheme for the comparison of the different detection methods on minced meat content. CFU/g, colony-forming unit per Gram; g, Gram;
C, Celsius; h, hour; ml, milliliter; BPW, Buffered Peptone Water; CAR, ChromID CARBA medium; OXA, ChromID OXA media; MacConkey, MacConkey
broth or agar; CTX, cefotaxime; CRO, ceftriaxone; PCR, Polymerase chain reaction.

No growth, 1: bacterial growth in the first streak of plating, 2
bacterial growth in the first and second streaks of plating, and 3:
bacterial growth in the first, second, and third streaks of plating).
For each of the six laboratory procedures, 24 bacterial colonies
were selected from the selective semi-quantitative MacConkey agar
plates to confirm the presence of the spiked strains by identifying
the respective antimicrobial resistance genes by PCR using the
primers and Polymerase chain reaction design available from the
EURL-AR website (www.eurl-ar.eu). For each of the nine bacterial
strains, we evaluated the performance of the laboratory methods
against sensitivity by assessing the lowest detection limit (0.1, I,
10, 100, and 1,000 CFU/g) combined with the highest bacterial
growth (0-3), as well as the specificity by assessing the recovery
of the spiked E. coli isolates harboring the following antimicrobial
resistance genes: blactx—m—1, blasuv—12, blatem—s2, blacmy—2,
bluVIMfl, bluNDMfl, blaOXA,48, and blaKPC*Z (Table 1).

Minced pork

Based on the results obtained from the initial study on minced
beef, the study design for minced pork was reduced to include only
three laboratory procedures, MM-1, MM-4, and MM-5 (Table 2;
Figure 1), the two most commonly detected third-generation
cephalosporinases in food animals (blactx—m—1 and blacmy—2)
and three carbapenemases (blayiv—1, blaoxa—as, and blagpc—2).

In brief, the reduced assessment included the following
variations: 25 g of spiked minced pork in 225 ml of BPW without
antimicrobial supplementation and incubated for 18-24h at
37°C (MM-1) vs. 5g of spiked minced pork in 45ml of MB
without antimicrobial supplementation (MM-4), as well as with the
supplementation of 1 mg/L of ceftriaxone (MM-5) incubated for
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18-24h at 44°C for both methods (Table 2; Figure 1). Plating was
conducted using MacConkey agar supplemented with 1 mg/L of
cefotaxime and/or ceftriaxone and incubated for 18-24h at 44°C
(Table 2; Figure 1). The sensitivity was evaluated and categorized
based on a semi-quantitative measurement according to the load of
bacterial growth. Bacterial colonies were selected from the selective
semi-quantitative MacConkey agar plates to confirm the presence
of the spiked strains by PCR.

The reduced procedure was tested on five E. coli test strains,
blacrx—m—1 (0412004714 F1), blacyy—» (0412056488 F191),
blayv—1 (R178) (Fischer et al,, 2012), blapxa—4s (KMU AUH),
and blaxpc_, (17/11 RKI) (Table 1). The E. coli ATCC 25922
was used as the susceptible QC strain. The reason for the
reduction was the highly similar results obtained previously for
the tested methodologies on minced beef samples; another reason
was to reduce the workload. In addition, the number of CFU
concentrations tested was reduced to include the following five
concentrations: 0, 1, 10, 100, and 1,000 CFU/g, since the dilution
step of 1 CFU/g was sufficient to provide a precise CFU count.

All other procedures followed the procedure described above
for the minced beef experiments.

Spiking procedures of the caecal content
samples

From five batches of caecal content, one batch per five E.
coli isolates (blactx_m—1, blacmy—2, blayviv—1, blapxa—48 and one
susceptible control E. coli ATCC 25922) (Table 1) were divided into
five smaller portions of 1 g. The different portions were labeled with
the isolate number and with one of the following concentrations:
0, 1, 10, 100, and 1,000 CFU/g. One of the 1g samples labeled 0

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1229542
http://www.eurl-ar.eu
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hendriksen et al.

CFU/g for each of the five portions of caecal content was selected
as the negative control to ensure that the caecal content was
not already contaminated with an ESBL-producing organism, an
AmpC-producing organism, and CPO.

The remaining four portions of 1g each of caecal content
were spiked individually with 0.010 mL of a 0.9% NaCl suspension
containing each of the five individual E. coli test strains to contain a
final concentration of 1, 10, 100, and 1,000 CFU/g per final weight
of 1g following the above procedure (Figure 2). Subsequently,
the 1g spiked caecal content samples were homogenized using a
sterile spatula.

Caecal samples from pigs and cattle

Based on the results obtained from the minced pork
experiment, the study design for caecal samples from pigs and
cattle focused solely on the concept of the three laboratory
procedures, MM-1, MM-4, and MM-5, testing the five E. coli
isolates (blacrx—m—1, blacmy—2, blayiv—1, blaoxa—as, and one
susceptible control E. coli ATCC 25922) (Tables 1, 2; Figure 1).

In brief, the procedure included testing of 1 g of spiked caecal
content from pigs and cattle in 9 ml of BPW without antimicrobial
supplementation and incubating for 18-24h at 37°C (C-1) vs.
1g of spiked caecal content from cattle alone in 9ml of MB
without antimicrobial supplementation (C-2), as well as with the
supplementation of 1 mg/L of ceftriaxone (C-3) incubated for
18-24h at 44°C for both methods (Table 3; Figure 2). Plating
was conducted using MacConkey agar supplemented with 1 mg/L
of cefotaxime or ceftriaxone and incubated for 18-24h at 44°C
(Table 3; Figure 2). Sensitivity was evaluated and categorized based
on a semi-quantitative measure according to the load of bacterial
growth, as previously explained. Bacterial colonies were selected
from the selective semi-quantitative MacConkey agar plates to
confirm the presence of the spiked strains by PCR.

All other procedures followed the procedure described in the
minced beef experiment above.

Chicken meat and caecal samples

Based on the results obtained from the minced beef and pork
as well as caecal samples originating from cattle and pigs, one
laboratory procedure was tested for minced poultry meat (MM-
1) and caecal samples from chickens (C-1), respectively (Tables 2,
3; Figures 1, 2). The laboratory procedure used for both spiking
and validation was identical to the point of the minced pork and
caecal sample study designs testing five E. coli isolates (blacTx—m—1,
blacmy—2, blayiv—1, blaoxa—as, and one susceptible control E. coli
ATCC 25922) (Table 1) with a few exceptions.

In brief, 25 g of spiked minced chicken meat and 1 g of spiked
caecal content were transferred to 225 and 9 ml of BPW without
antimicrobial supplementation, respectively, and incubated for 18—
24h at 37°C (Tables 2, 3; Figures 1, 2). Plating was conducted
using MacConkey agar supplemented with 1 mg/L of cefotaxime
and incubated for 18-24h at 44°C (Tables 2, 3; Figures I, 2).
The sensitivity was evaluated and categorized based on a semi-
quantitative measure according to the load of bacterial growth.
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Bacterial colonies were selected from the selective semi-quantitative
MacConkey agar plates to confirm the presence of the spiked strains
by PCR.

Validation experiments for detecting
specific carbapenemase E. coli (part 2) —
Rationale for the initial set of validation
experiments

The final protocols should specifically detect bacteria with
reduced susceptibility to carbapenems that are present in meat
and caecal samples. Therefore, a selection of E. coli isolates
producing various carbapenemases (including OXA-48, which is
not a cephalosporinase) was included in the second part of the

validation experiments.

Spiking procedures of the minced beef,
pork, and chicken meat, as well as the
bovine, porcine, and chicken caecal
content samples

The spiking procedures of the minced beef, pork, and chicken
meat, as well as the bovine, porcine, and chicken caecal content,
were performed similarly to the procedures previously described
for the section on ESBL- and AmpC-producing E. coli.

A full study design was prepared using minced beef, pork,
and chicken meat as well as bovine, porcine, and chicken caecal
content as matrices, which included two laboratory procedures and
an evaluation against four and five E. coli strains for minced meat
and caecal samples, respectively.

Minced beef and bovine caecal content
samples

The design was based on the recommendation from the
EFSA Scientific Opinion “on carbapenem resistance in food
animal ecosystems” (EFSA BIOHAZ Panel, 2013) and on previous
experience gained from a validation pilot study performed at the
Federal Institute for Risk Assessment within the RESET project
(http://www.reset-verbund.de/), in which different combinations
of pre-enrichment (selective and non-selective), selective media
(MacConkey agar supplemented with 0.125 and 0.5 mg/L of
meropenem and commercial CP-selective plates), incubation
conditions (37 vs. 44°C), and E. coli and Salmonella isolated
from livestock used as test strains were tested as described by
San José et al. (2014) and Hasman et al. (2015). From these
studies, the best results (detection limit 1 CFU/g) were obtained
using a non-supplemented BPW incubated at 37°C, followed
by inoculation on a ChromID CARBA medium (bioMérieux),
while selective pre-enrichment by MEM 0.125 mg/L was not
recommended. Thus, in this present study, two laboratory
procedures were conducted in duplicates and varied in terms
of testing (1) different pre-enrichment broths, (2) selective/non-
selective antimicrobial supplements, (3) incubation temperatures
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FIGURE 2

Validation scheme for the comparison of the different detection methods on caecal content. CFU/g, colony-forming unit per Gram; g, Gram; C,
Celsius; h, hour; ml, milliliter; BPW, Buffered Peptone Water; CAR, ChromID CARBA medium; OXA, ChromID OXA media; MacConkey, MacConkey
broth or agar; CTX, cefotaxime; CRO, ceftriaxone; PCR, Polymerase chain reaction.

L)

of 37 and 44°C, and (4) selective agar plates in the assessment
of sensitivity (growth) and specificity (gene detected) of the
different strains.

The two laboratory procedures included pre-enrichment with
the following variations: 25g of spiked minced beef in 225ml
of BPW (MM-7) vs. 5g of spiked minced beef in 45ml of MB
without AB selection (MM-8), as well as 1g of spiked bovine
caecal content in 9ml of BPW (C-4) vs. 1g of spiked caecal
content in 9ml of MB without AB selection (C-5) (Tables 2, 3;
Figures 1, 2). The pre-enrichment broths were incubated for 18-
24 h at either 37°C (MM-7 and C-4) or 44°C [MM-8, C-5, and C-6
(C-6 was supplemented with 1 mg/L of ceftriaxone)], and the latter
temperature was included to test the ability to inhibit the growth
of background flora with reduced susceptibility to third-generation
cephalosporins (Tables 1, 2; Figures 1, 2). Plating was conducted by
applying three continuous streaks onto ChromID SMART, CARBA
agar, and ChromID OXA (bioMérieux) incubated for 18-24h at
37°C (Tables 2, 3; Figures 1, 2).

The sensitivity of the two laboratory procedures was evaluated
and categorized based on the semi-quantitative measure according
to the load of bacterial growth, similarly to the previous description
for the section on ESBL- and AmpC-producing E. coli in meat
and caecal samples. For both laboratory procedures, 24 bacterial
colonies were selected from the selective semi-quantitative MC agar
plates to confirm the presence of the spiked strains by identifying
the respective antimicrobial resistance genes by PCR. For each of
the bacterial strains, the performance of the laboratory methods
was evaluated against sensitivity by assessing the lowest detection
limit (1, 10, 100, and 1,000 CFU/g) combined with the highest
bacterial growth (0-3), as well as the specificity by assessing
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the recovery of the spiked E. coli isolates harboring blayim—1,
blanpm—1, blagxpc—2, and blapxa—4g (Table 1).

Minced pork and caecal content samples

The procedure was similar to the minced beef and bovine
caecal content samples, except for a few changes. In addition to the
methods MM-7, MM-8, C-4, C-5, and C-6, 5g of spiked minced
pork was also mixed in 45 ml of MB supplemented with 1 mg/L
of ceftriaxone (MM-9) (Table 2; Figure 1). The pre-enrichment
broth (MM-9) was incubated for 18-24 h at 37°C. The plating was
similar to the minced beef and bovine caecal content samples where
three continuous streaks were applied solely onto the commercial
selective plates ChromID CARBA agar, ChromID OXA agar, and
ChromID SMART agar (bioMérieux). All plates were incubated for
18-24h at 37°C (Table 2; Figure 1).

Minced chicken meat and caecal content
samples

Considering the results of the experiments using minced beef
and pork and caecal content as matrices, the study design for
minced chicken meat and caecal content samples was prepared
as a continuation of these. Thus, the study design was set up
to solely confirm if the selected MM-7 indicated using 25g of
spiked minced chicken meat in 225 ml of BPW had the expected
sensitivity and specificity when using the commercial selective
plates ChromID CARBA agar, ChromID OXA agar, and ChromID
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TABLE 3 Laboratory procedures testing methodologies for the detection of ESBL- and AmpC-producing E. coli from the caecal content of cattle, pigs,
and chickens.
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C-1 Cattle 1 BPW 9 37 CTX 44
Pig
Chicken
C-2 Cattle 1 MB 9 44 CTX 44
Pig
C-3 Cattle 1 MB CRO 9 44 CRO 44
Pig
C-4 Cattle 1 BPW 9 37 X X 37
Pig X X X
Chicken X X
C-5 Cattle 1 MB 9 44 X X 37
Pig X
Chicken
C-6 Cattle 1 MB CRO 9 44 X X 37
Pig X X

C, caecal content procedure; AB, antimicrobials; BPW, buffered peptone water; MB, MacConkey broth; MacC, MacConkey; CRO, ceftriaxone; CTX, cefotaxime; MEM, meropenem.

SMART agar (bioMérieux). No experiments were conducted for the
caecal content (Table 2; Figure 1).

Results

ESBL-producing E. coli, AmpC-producing
E. coli, and CP E. coli in minced beef

Assessing the ability of methods MM-1 to MM-3 (see Table 2;
Figure 1 for details regarding all the methods) to isolate ESBL-
producing E. coli, AmpC-producing E. coli, and CP E. coli
in minced beef samples by evaluating the detection limits of
the methods as well as the semi-quantitative measurements, we
found no differences between using a supplemented or non-
supplemented antimicrobial pre-enrichment broth; we also found
no difference upon using different third-generation cephalosporins
in the selective agar plates (Table 4). However, the detection limits
differed slightly depending on the antimicrobial resistance gene
tested with blasyv—_12, blatem—s2, and npm—1 having a detection
limit (1 CFU/g) that was one dilution step higher than blactx—Mm-1,
blacmy—2, blayiv—1, and blagpc—», all of which had a detection
limit of 0.1 CFU/g (Table 4). Due to the selective principles, no
growth was detected when blapxa—4s and the susceptible E. coli
ATCC 25922 strain were tested (Table 4).
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The ability of methods MM-4 to MM-6 to isolate ESBL-
producing E. coli, AmpC-producing E. coli, and CP E. coli in
minced beef samples was further assessed by applying the same
evaluation criteria. This assessment also showed no differences
between using a supplemented or non-supplemented antimicrobial
pre-enrichment broth; it also showed no difference when using
different third-generation cephalosporins in the selective agar
plates. The detection limits also differed, as observed in MM-1
to MM-3, slightly depending on the antimicrobial resistance gene
tested with either the same detection limit as in MM-1 to MM-3
or one level higher for blacmy—2 and blayiv—1, having an overall
detection limit at 1 CFU/g for MM-4 to MM-6 (Table 4). Thus,
the laboratory procedure MM-1 described by a sample size of 25 g
minced beef in 225 ml of BPW without supplemented antimicrobial
pre-enrichment broth was selected for the protocol.

ESBL-producing E. coli, AmpC-producing
E. coli, and CP E. coli in minced pork

Due to the results of the minced beef experiments, minced
pork was assessed based on methods MM-1, MM-4, and MM-
5 alone. The ability of all three methods to isolate ESBL- and
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TABLE 4 Detection and bacterial growth of ESBL- and AmpC-producing E. coli in minced meat from cattle, pigs, and chickens.

Antimicrobial classes ESBLs CPE
Sample origin Agar type CTX-M-1 SHV-12 TEM-52 VIM-1 BDM-1 KPC-2
MM-1 Beef MacConkey-+CRO 0.1(2) 1(2) 1(1) 0.1(2) 0.1(2) 1(1) 0.1 (3) BD BD
Pork MacConkey-+CTX 1(2) 1(3) 1(2) BD BD
Chicken meat 0.1(1) 0.1(2) 0.1(2) BD BD
MM-2 Beef 0.1(3) 1(2) 1(1) 0.1(2) 0.1(2) 1(3) 0.1(3) BD BD
MM-3 Beef 0.1 (3) 1(2) 0.1(2) 0.1(2) 0.1(2) 1(2) 0.1(2) BD BD
Pork MacConkey-+CTX 0.1(1) 1(2) 1(2) 1(1) 1(1) 1(1) 0.1(3)
1(3) 1(2) 1(1) BD BD
MM-5 Beef 0.1(3) 1(2) 1(1) 1(1) 1(1) 1(1) 0.1(2) BD BD
Pork 1(2) 1(1) 10 (1) BD BD
MM-6 Beef 0.1(3) 1(1) 1(1) 1(1) 1(1) 1(1) 0.1(3) BD BD

Chicken meat

MM-7 Beef CHROM ID OXA agar BD 1(1)
CHROM ID CARBA BD 0.1(1)
agar
Pork CHROM ID OXA agar BD BD 1(1) BD
CHROM ID CARBA BD 1(1) BD BD
agar
Chicken meat CHROM ID OXA agar BD BD BD 10 (1) BD
CHROM ID CARBA BD BD BD BD BD
agar
MM-8 Beef CHROM ID OXA agar BD BD
CHROM ID CARBA BD 1(1)
agar
Pork CHROM ID OXA agar BD BD 1(1) BD
CHROM ID CARBA BD 1(1) BD BD
agar
MM-9 Pork CHROM ID OXA agar BD BD BD BD
CHROM ID CARBA BD 1(1) BD BD
agar

The detection limit of bacteria is presented as the minimum concentration (CFU/g) in which bacteria were identified from both double-tested cultures. Bacterial growth presented in brackets is semi-quantified as growth in the first (1), second (2), or third (3) strike
on the agar plate. BD, Below detection limit.
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AmpC-producing E. coli in minced pork samples showed similar
detection limits.

Overall, the detection limit of MM-1, MM-4, and MM-5
showed a detection limit at 1 CFU/g testing blactx—m—1, blacmy—2,
and blayim—1, except for MM-5 testing blayiv—; and having
a detection limit of 10 CFU/g (Table 4). Thus, the laboratory
procedure MM-1 described by a sample size of 25g minced
beef in 225 ml of BPW without supplemented antimicrobial pre-
enrichment broth was selected for the protocol.

ESBL-, AmpC-, and CP E. coli from caecal
samples from pig and cattle

Assessing the ability of methods C-1 to C-3 to isolate ESBL-
and AmpC-producing E. coli from caecal samples of cattle by
evaluating the detection limits of the methods as well as the
semi-quantitative measurements, we found no differences between
using a supplemented or non-supplemented antimicrobial pre-
enrichment broth; we also found no difference when using
different third-generation cephalosporins in the selective agar
plates (Table 5). However, the detection limits differed slightly
depending on the antimicrobial resistance gene tested with
blacrx—m—1having a detection limit of 10 CFU/g (C-1 to C-3),
blacyy—» having a detection limit of 10 CFU/g for C-1 to C-2 and
1 CFU/g for C-3, and blayy—; having a detection limit of 1 CFU/g
(C-1 to C-3) (Table 5). The ability of method C-1 to isolate ESBL-
producing E. coli, AmpC-producing E. coli, and CP E. coli from
caecal samples of pigs showed identical results to the C-1 method
applied to the caecal samples obtained from cattle (Table 5). Due
to the selective principles, no growth was detected when blagxa—4s
and the ATCC strain were tested for both sample types (Table 5).
Thus, the laboratory procedure C-1 described by a sample size of
1 g of caecal content from pigs and cattle in 9 ml of BPW without
antimicrobial supplementation and incubated for 18-24h at 37°C
was selected for the protocol.

ESBL-producing E. coli, AmpC- producing
E. coli, and CP E. coli in minced chicken
meat and caecal content

Minced chicken meat and caecal content were solely assessed
based on methods MM-1 and C-1 due to the results of the
previously conducted experiments. The results for the ability of
method MM-1 to isolate ESBL- and AmpC-producing E. coli in
minced chicken meat showed similar detection limits to those
for the minced beef samples with 0.1 CFU/g for blactx—m—1,
blacmy—2,and blayiy—; (Table 4). In contrast, the ability of method
C-1 to isolate ESBL- and AmpC-producing E. coli from caecal
content showed a 1- to 2-fold difference in the detection limit (100
CFU/g for blactx—m—1, blacmy—2, and blayiv—1) compared to the
detection limits in the caecal content originating from cattle and
pigs beef samples (Table 5).

Thus, the laboratory procedures MM-1 and C-1 described by
a sample size of 25g minced chicken meat in 225ml of BPW
and 1g of caecal content in 9ml of BPW without antimicrobial
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supplementation and incubated for 18-24h at 37°C was selected
for the protocol.

Overall, despite the minute difference in the detection
limit of MM-1 to MM-3 as well as C-1 to C-3, testing
the minced meat and caecal content, MM-1 and C-1 were
selected for the protocol. This did not include a supplemented
antimicrobial pre-enrichment broth, allowing the users to
further use the pre-enrichment broth, BPW, for other parts
of the AMR monitoring than the specific monitoring of
ESBL-producing E.
CP E. coli from meat and caecal samples originating from

coli, AmpC- producing E. coli, and
cattle, pigs, and poultry, specifically, e.g., commensal E. coli

and Salmonella.

CP E. coli in minced beef

Assessing the ability of methods MM-7 and MM-8 to
isolate CP E. coli in minced beef samples by evaluating the
detection limits of the methods as well as the semi-quantitative
measurements, we found one dilution step difference between
using 25g of minced beef in 225 ml of BPW (MM-7) and using
5g of minced beef in 45ml of MB (MM-8) (Table4). Thus,
the detection limit for MM-8 was one dilution step higher
than that for MM-7 with a detection limit of 0.1 CFU/g for
blaxpc—», whereas blagxa—4s was observed to grow (detection limit
of 1 CFU/g) only when method MM-7 was applied compared
to MM-8 (Table 5). Due to the selective principles, no growth
was detected testing blactx—m—1 and the E. coli ATCC 25922
strain (Table 5). Thus, procedure MM-7 starting with a sample
of 25¢g of minced beef in 225 ml of BPW without antimicrobial
supplementation and incubated for 18-24h at 37°C was selected
for the protocol.

CP E. coli in minced pork

The minced pork was assessed based on methods MM-
7, MM-8, and MM-9 and showed the ability of all three
methods to isolate CP E.
1 CFU/g for blayiv—1 and blapxa—sg (no growth in MM-

coli with a detection limit of

9, expected considering its phenotype) (Table5). Thus, the
detection limit for MM-8 was one dilution step higher than
that for MM-7. Due to the selective principles, no growth
was detected when blactx—m—1 and the susceptible E. coli
ATCC 25922 strain were tested (Table5). Thus, similar to
beef, the laboratory procedure MM-7, starting with a sample
of 25g minced pork in 225ml of BPW without supplemented
antimicrobial pre-enrichment broth, was selected to be included in
the protocol.

CP E. coli from the caecal samples of pig
and cattle

When assessing the ability of methods C-4 to C-6 to isolate
CP E. coli from the caecal samples of pig and cattle by evaluating
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TABLE 5 Detection and bacterial growth of ESBL- and AmpC-producing E. coli from the caecal content of cattle, pigs, and chickens.

Antimicrobial classes AmpC
Method Sample Agar type CMY-2
[elg[e]lg}
C-1 Cattle 10 (2) 10 (2) 1(1) BD BD
Pig 10 (1) 10 (1) 1(1) BD BD
Chicken 100 (1) 100 (1) 100 (1) BD BD
C-2 Cattle 10 (1) 10 (1) 1(1) BD BD
Pig BD BD BD BD BD
C-3 Cattle 10 (3) 1(2) 1(2) BD BD
Pig BD BD BD BD BD
Cattle CHROM ID OXA agar BD BD BD 1(1)
CHROM ID CARBA agar BD BD 1(1) BD
Pig CHROM ID OXA agar BD BD BD 100 (1)
CHROM ID CARBA agar BD BD 10 (1) BD
Chicken CHROM ID OXA agar
C-5 CHROM ID SMART agar
CHROM ID CARBA agar BD BD 1(1) BD
CHROM ID SMART agar BD/BD BD/BD
CHROM ID CARBA agar BD BD BD BD
CHROM ID SMART agar
CHROM ID CARBA agar
C-6 CHROM ID SMART agar
CHROM ID CARBA agar BD BD 1(1) BD
CHROM ID SMART agar BD/BD BD/BDg
CHROM ID CARBA agar BD BD BD BD
CHROM ID SMART agar
CHROM ID CARBA agar

The detection limit of bacteria is presented as the minimum concentration (CFU/g) in which bacteria were identified from both double-tested cultures. Bacterial growth presented in brackets
is semi-quantified as growth in the first (1), second (2), or third (3) strike on the agar plate. BD, below detection limits. An underline values are indicate the CFU/g.

the detection limits of the methods as well as the semi-quantitative
measurements, no growth was obtained with either method
C5 (unexpected) or C-6 (expected considering the resistance
phenotype of the isolate). Similarly, no growth was observed
when assessing the ability of methods C-5 and C-6 by testing
blayim—1 for the caecal samples of pigs; the detection limit for
caecal samples obtained from cattle was 1 CFU/g (Table 5). C-4
was assessed to have the ability to isolate CP E. coli from caecal
samples with a detection limit of 1 CFU/g for both blayiyv—; and
blaoxa—4g obtained from cattle, as opposed to a detection limit
of 10 CFU/g (blayim—1) and 100 CFU/g (blapxa—4g) from pigs
(Table 5). Due to the selective principles, no growth was detected
when blactx—Mm—1, blacmy—2, and the susceptible E. coli ATCC
25922 strain were tested (Table 4). Thus, laboratory procedure C-
4 described by a sample size of 1 g caecal content in 9 ml of BPW
without supplemented antimicrobial pre-enrichment broth was
selected for the protocol.

Frontiersin Microbiology

CP E. coli in minced chicken meat

The minced chicken meat was assessed for the ability to detect
CP E. coli using method MM-7 due to the results of the previously
conducted experiments. The ability of method MM-7 to isolate CP
E. coli in minced chicken meat showed no growth for blayiv—;
(See Discussion section), whereas it showed a detection limit one
dilution step higher than that for minced beef and pork with 10
CFU/g for blapxa—as (Table 4).

Thus, the laboratory procedure MM-7, which started with a
sample of 25g minced chicken meat in 225ml of BPW without
antimicrobial supplementation that was incubated for 18-24h at
37°C was selected for the protocol.

Overall, after testing the minced meat and caecal content, MM-
7 and C-4 were selected for the protocol. This did not include
a supplemented antimicrobial pre-enrichment broth, allowing the
users to further use the pre-enrichment broth and BPW for other
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parts of the monitoring than the specific monitoring of ESBL-
producing E. coli, AmpC-producing E. coli, and CP E. coli from
meat and caecal samples originating from cattle, pigs, and poultry,
specifically, e.g., commensal E. coli and Salmonella.

Discussion

To ensure a harmonized approach to monitoring, standardized
laboratory protocols are essential. When considering which
laboratory protocol is to be used for monitoring a specific
pathogen, the advantages and disadvantages of the protocol must be
accounted for, such as test sensitivity and specificity. Additionally,
laboratory and infrastructure practicalities as well as any economic
aspects must also be considered. For example, whether or not a
pre-enrichment broth for a given laboratory procedure targeting a
specific phenotype and species will also be useful for other species
must be considered. In general, a selective pre-enrichment step
increases sensitivity whenever an antimicrobial-resistant bacteria
of concern is present in extremely low numbers. The inclusion of
a selective pre-enrichment step, however, may facilitate horizontal
gene transfer and may limit the use of the broth for detecting other
bacteria under surveillance, even though this principle has been
challenged recently (Lopatkin et al., 2016).

The preparatory work when developing the two EURL-AR
protocols for meat (protocol 1) and caecal (protocol 2) samples,
respectively, of the specific monitoring of ESBL- and AmpC-
producing E. coli (part 1) and CP E. coli (part 2) originating
from cattle, pigs, and poultry in the EU used in the Implementing
Decision on the monitoring and reporting of antimicrobial
resistance in zoonotic and commensal bacteria (2013/652/EU)
(European Union, 2013), which was repealed in 2021 by the
Implementing Decision (EU) 2020/1729 of 17 November 2020
(European Union 2020), showed that method MM-1 (protocol 1)
and C-1 (protocol 2) were the most optimal protocols among the
tested approaches for minced meat and caecal content sample, with
a detection limit ranging from 0.1 to 100 CFU/g, depending on the
matrix and test strains. Of note, the detection limits are presented
in the most conservative way to include the minimum value for
both double-tested samples. Hence, if the detection limit for one
sample is 10 CFU/g and the other is 1 CFU/g, only the highest
concentration (10 CFU/g) is presented.

Both MM-1 and C-1 included a non-selective pre-enrichment
broth based on BPW and subsequent plating on selective agar
plates, MacConkey agar supplemented with 1 mg/L cefotaxime for
the detection of ESBL- and AmpC-producing E. coli and Chrom ID
SMART (Chrom ID CARBA and OXA) for CP E. coli. ChromID
CARBA (bioMérieux) is known to have the highest specificity
(76%) and sensitivity (96%), and in our experience, this medium
performs better as single plates rather than in combined half-
plates with Chrom ID OXA in the Chrom ID SMART plates.
An in-house media (e.g., MacConkey agar) supplemented with a
carbapenem or a chromogenic medium could also be applied as a
selective agar for isolating CP E. coli. These chromogenic media,
however, generally show difficulties when detecting blaoxa—4s
producers due to the low carbapenem MICs. Therefore, ChromID
OXA (bioM¢érieux) was developed for the specific detection of
blapxa—4g producers as it prohibits the growth of class A and
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B carbapenemases. However, it should be used in combination
with another selective medium (EFSA BIOHAZ Panel, 2013), e.g.,
ChromID SMART (bioMérieux).

Recently, a similar protocol, the Tricycle Protocol (Jacob
et al., 2020; World Health Organization, 2021), was published as
a screening tool in the global surveillance of ESBL-producing E.
coli; it is based on the principle of MacConkey agar with higher
selection pressure (cefotaxime 4 mg/L). In our experience, a
cefotaxime concentration at 4 mg/L is too high to detect some
enzymes, such as blatgpm—20, blatgm—52, and blacyy—2; thus, as of
this study, we would propose the use of a concentration of 1 mg/L
cefotaxime as screening cut-off, as also recommended by EUCAST
to detect ESBL- and AmpC-producing E. coli (https://www.
eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_
mechanisms/EUCAST detection_of resistance_mechanisms_
170711.pdf). The Tricycle Protocol further addressed the need
for a standardized MacConkey recipe, as MacConkey agar varies
substantially between manufacturers, which may influence the
growth of E. coli (Jacob et al., 2020).

It would be of utmost importance to perform follow-
up research based on the results of the current study, with
further investigation on the test sensitivity and specificity of
the two suggested laboratory protocols concerning media and
selection pressure.

In developing this protocol, the laboratory testing of the
different methodologies was designed as a “cascade assessment,”
where the testing and variables were reduced for the next
experiment based on the results of the preceding experiment,
e.g., the minced pork experiment was reduced based on the
outcome of the minced beef experiment. This was implemented
due to the lack of time, enabling the publication of the protocols
before the legislation came into force. Nonetheless, we observed
during the experiment that most methods detected the spiked
test strain, with the exception of where growth should not be
expected, e.g., genes conferring resistance to third-generation
cephalosporins should not grow on media containing carbapenems
Chrom ID agar, and strains containing blapxa—4s should not
grow on Chrom ID CARBA as opposed to Chrom ID OXA
and vice versa for strains harboring blayiy—;, for example. In
a single case in the method for detecting CP E. coli, one of
the test strains (blayiv—1 producing E. coli strain R178) did not
grow. This might be related to the specific strain harboring the
blaymv—1, which had an extremely low MIC for carbapenems,
e.g., in this study, ertapenem MIC = 0.06, imipenem MIC =
0.5, and meropenem MIC = 0.12 or the strain harboring the
blaymv—1, which originated from a different animal species than the
matrix to which the spiked strain belonged. Multiple times, when
preparing reference material for the EURL-AR iterations of the
External Quality Assessment schemes on the selective isolation of
presumptive ESBL-producing E. coli, AmpC- producing E. coli, and
CP E. coli from meat and caecal samples (Matrix EQAS) (https://
www.eurl-ar.eu/reports.aspx), we made similar observations. In
this study, we observed thatblayiv—;, e.g., present in a strain
originating from a chicken sample did not survive well the spiking
into a matrix of pig caeca. Based on this, we speculated whether
the caeca in these examples contained some sort of inhibitor
responsible for killing the strain isolated from the caecum of a
different animal species (no data available). Thus, we decided to

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1229542
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eurl-ar.eu/reports.aspx
https://www.eurl-ar.eu/reports.aspx
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Hendriksen et al.

still recommend the C-1 procedure despite the lack of growth by
the blayiyv—; strain based on the results obtained by a previous
study conducted within the RESET Project (San José et al,
2014).

During the experiments, we also observed that, for the meat
samples, the BPW methods tended to generate more background
growth of accompanying flora than the MacConkey methods. This
was opposed to the MacConkey methods showing no growth
in all of the pig caecal samples when pre-incubating in MB.
This interesting and limiting observation was perhaps due to the
presence of bile salts in the caecal samples from pigs combined
with the bile salts in the MB, which could have killed the bacteria.
Nonetheless, this observation was considered and judged to be a
greater limitation than background growth with the application of
the BPW. It is noteworthy that another issue that could contribute
to the increased psychotropic background flora could be related to
the time in which the samples were maintained in the refrigerator
before analysis. In our experience (data not shown), those samples
spiked after a couple of days and presented higher background flora
mainly the previous study conducted within the RESET Project
(San José etal., 2014), which must be considered when investigating
the samples during the monitoring program.

An advantage of selecting a method based on BPW (MM-
1 and C-1) was the opportunity taken by many NRLs to use
the BPW for other parts of the Implementing Decision (EU)
2020/1729 of 17 November 2020 (European Union, 2020). A recent
questionnaire survey with participation from 34 European National
Reference Laboratories and affiliated laboratories, representing 32
countries, investigated the extent to which the pre-enrichment
broth for ESBL was re-used in the surveillance of other pathogens.
The survey results showed that the pre-enrichment broth for
caecal content was used to identify Salmonella, commensal E.
coli, and enterococci by 66, 32, and 50%, respectively, of the
laboratories. Similarly, the pre-enrichment broth from meat
samples was used to identify Salmonella, commensal E. coli,
and enterococci by 71, 58%, and 50%, respectively, of the
laboratories (https://www.eurl-ar.eu/CustomerData/Files/Folders/
25-resourcer/593_survey-eurl-ar-esblprotocol.pdf). The numbers
for enterococci, however, represent relatively few laboratories
testing for enterococci regularly for both caecal contents (10
laboratories) and meat samples (six laboratories).

Several considerations and limitations were introduced
while developing the protocols, which may have affected the
outcome. A cephalosporin, such as cefotaxime or ceftriaxone,
could be added to the pre-enrichment buffer to potentially
enrich ESBL/AmpC producers before plating. This selective
pre-enrichment could, however, exclude some blagxa—4s-group
producers, if a cephalosporinase-encoding gene is not harbored
simultaneously. Furthermore, the inclusion of a cephalosporin
or carbapenem in the media could trigger horizontal gene
transfer during pre-enrichment (Liu et al, 2019). Similarly, a
low concentration of a carbapenem could have been used as a
supplement to the pre-enrichment broth; however, this might
have resulted in the growth of a substantial part of background
flora, such as Pseudomonas spp., with intrinsic resistance to certain
carbapenems, thereby making the isolation and detection of CPEs
challenging. For the detection of CPE in extremely low numbers for
control efforts, a selective pre-enrichment including a carbapenem
in low concentration (e.g., meropenem 0.125 mg/L) may be
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required. This approach could potentially increase sensitivity while
excluding any presence of OXA-48 and similar producers, as well
as other isolates expressing low resistance to carbapenems close to
the screening cut-off/ECOFFs, as the blayry— isolate used in this
study (Fischer et al., 2012).

Considering that the presence of CP E. coli is still rare in food-
producing animals and the meat thereof and that the methodology
proposed could have a low detection limit for some types of
carbapenemases, for almost a decade, after the implementation in
2014, the isolation protocol has facilitated the detection of CP E.
coli from meat and caecal samples in a few EU MSs (Borowiak et al.,
2017; Irrgang et al., 2017, 2020a,b; Madec et al., 2017; Diaconu et al.,
2020; Garcia-Graells et al., 2020; Bortolaia et al., 2021; Carfora et al.,
2022; European Food Safety Authority European Centre for Disease
Prevention Control, 2023). Thus, the EURL-AR protocols have
been proven to fulfill the purpose of facilitating the monitoring and
reporting of antimicrobial resistance in zoonotic and commensal
bacteria according to the Implementing Decisions 2013/652/EU
and 2020/1729, for the specific isolation of ESBL-producing E. coli,
AmpC-producing E. coli, and CP E. coli from meat and caecal
samples. The protocols are contributing to the detection of this slow
but emerging threat in the food chain in a harmonized way.

Conclusion

We evaluated and validated several laboratory procedures
based on EFSA recommendations to provide two isolation
protocols for fresh meat and caecal samples, respectively, used
for the EU-specific monitoring of ESBL-producing E. coli, AmpC-
producing E. coli, and CP E. coli.

The laboratory procedures tested revealed that the most
sensitive and specific methodology was a procedure based on
a BPW pre-enrichment step, followed by inoculation onto
MacConkey agar supplemented with cefotaxime for detecting
ESBL- and AmpC-producing E. coli and Chrom ID for detecting
CP E. coli. The protocol also allows for the BPW pre-enrichment
to be used for other parts of the EU monitoring due to non-
supplementation with antimicrobials. For specific field and control
studies for the detection of CP E. coli, the sensitivity and specificity
might be enhanced by supplementing the pre-enrichment with
carbapenem, although this will not be proficient for detecting
blaoxa—4s-like enzymes. The protocol continues to be used by all
EU MSs for the present monitoring period (2021-2027).
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Introduction: Antimicrobial resistance, especially the development of multidrug-
resistant strains, is an urgent public health threat. Antibiotic adjuvants have been
shown to improve the treatment of resistant bacterial infections.

Methods: We verified that exogenous L-arginine promoted the killing effect of
gentamicin against Salmonella in vitro and in vivo, and measured intracellular ATP,
NADH, and PMF of bacteria. Gene expression was determined using real-time
quantitative PCR.

Results: This study found that alkaline arginine significantly increased gentamicin,
tobramycin, kanamycin, and apramycin-mediated killing of drug-resistant
Salmonella, including multidrug-resistant strains. Mechanistic studies showed
that exogenous arginine was shown to increase the proton motive force,
increasing the uptake of gentamicin and ultimately inducing bacterial cell death.
Furthermore, in mouse infection model, arginine effectively improved gentamicin
activity against Salmonella typhimurium.

Discussion: These findings confirm that arginine is a highly effective and
harmless aminoglycoside adjuvant and provide important evidence for its use in
combination with antimicrobial agents to treat drug-resistant bacterial infections.

KEYWORDS

Salmonella, arginine, gentamicin, resistance, proton motive force

1. Introduction

Infections with drug-resistant bacteria, including multidrug-resistant (MDR) strains, are
becoming a greater threat to human health and the farming industry. The emergence of a
few superbugs has cost most extant antimicrobials to lose their efficacy (Ciorba et al., 2015).
Salmonella spp. is a common and widely distributed zoonotic pathogen that can cause severe
disease in both humans and animals. The more recent spread of MDR Salmonella spp. has
made it more difficult to contain these infections (Hogberg et al., 2010). Thus, there is an
urgent need to develop measures to contain the occurrence and spread of drug-resistant
bacteria.

Antibiotic adjuvants, substances that do not have their own antibacterial effects but can
increase the potency of antibiotics, are shown to be effective against drug-resistant microbes
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(Liu et al,, 2019a). Clavulanate and sulbactam are prominent
adjuvants that increase the effect of penicillin by inhibiting p-
lactamase. Given that the metabolic status of bacteria impacts
antimicrobial efficacy, metabolic regulators (Stokes et al., 2019),
a class of antibiotic adjuvants, used in combination with
antimicrobial agents, is considered a potential strategy for treating
MDR bacteria (Liu et al., 2019b).

Metabolic regulators were first used to treat Escherichia
coli and Staphylococcus aureus persisters (Allison et al., 2011).
Specifically, glucose, fructose, mannitol, or pyruvate were used
to fuel bacterial glycolysis, promote NADH generation, activate
the electron transport chain (ETC), and increase the cell
membrane proton motive force (PMF), facilitating the uptake of
gentamicin and ultimately leading to bacterial cell death. Peng
et al. (2015) demonstrated that alanine, glucose, or fructose
promote kanamycin activity using a similar mechanism against
drug-resistant Edwardsiella tarda (Su et al, 2015). Several
metabolic regulators are also shown that enhance the activity
of beta-lactam, fluoroquinolones, and aminoglycosides against
E. coli, Pseudomonas aeruginosa, Klebsiella pneumoniae, and Vibrio
alginolyticus (Meylan et al., 2017; Liu et al., 20215 Zhao et al., 2021).
To date, however, few studies have identified metabolic regulators
that synergize with antimicrobial agents used to treat Salmonella
spp., including persisters and drug-resistant cells.

Aminoglycosides are highly potent and broad-spectrum
antimicrobials that are used to treat a wide range of pathogens
(Poulikakos and Falagas, 2013). However, the PMF of bacterial
cell membranes is needed to aid the internalization of these drugs
(Taber et al., 1987). Our previous study found that some amino
acids and sugars can regulate the metabolic state of bacteria and
promote PME eventually increasing the uptake of aminoglycosides
(Yong et al, 2021; Zhou et al, 2022). Alkalinized media can
also provide bacterial cells with a transmembrane pH difference
(ApH) and increase PMF (Sabath and Toftegaard, 1974; Letoffe
et al., 2014). For example, lysine, a basic amino acid that can
confer the transmembrane difference in H + concentration to
bacteria, is shown to increase aminoglycoside-mediated killing
of MDR Acinetobacter baumannii, Escherichia coli, and Klebsiella
pneumoniae (Deng et al, 2020). Similarly, alkaline arginine
promotes the activity of gentamicin against Staphylococcus aureus,
E. coli, and Pseudomonas aeruginosa persisters both in vitro and
in vivo. The existence of pH-independent factors that promote
arginine-mediated antimicrobial activity has also been proposed
(Lebeaux et al., 2014). Further studies are needed to identify the
mechanism by which arginine synergizes with antibiotics.

Our previous study confirmed that arginine biosynthesis
and metabolism are disrupted in gentamicin-resistant Salmonella,
and arginine levels are reduced in resistant cells. D-ribose,
which facilitates gentamicin-mediated killing of drug-resistant
Salmonella, was similarly suppressed in resistant bacteria (Zhou
et al., 2022). Thus, we speculated that arginine could promote
gentamicin activity against drug-resistant Salmonella.

The current study confirmed that the basic amino acid,
arginine, can promote the activity of aminoglycosides against
drug-resistant Salmonella spp. including clinically isolated MDR
strains. Arginine was able to enhance aminoglycoside function by
affecting the electrical potential across the membrane (A1) and
the transmembrane difference in H + concentration (ApH). The
findings confirm that arginine is a highly effective and harmless
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aminoglycoside adjuvant and further previous findings of arginine-
mediated antimicrobial potentiation. Overall, this study provides
important evidence for the use of arginine in combination with
antimicrobial agents to combat drug-resistant bacteria.

2. Materials and methods

2.1. Chemicals

All antibiotics were purchased from Shanghai Macklin
Biochemical Technology Co., Ltd (Shanghai, China). Mueller
Hinton (MH) Agar, MH Broth, Tryptic Soy Agar (TSA), Luria-
Bertani (LB) broth, and MacConkey Agar were purchased from
Guangdong Huankai Microbial Sci & Tech. Co., Ltd. (Guangdong,
China). Arginine purchased from Beijing Solarbio Science &
Technology Co., Ltd. (Beijing, China). Mouse serum were
purchased from Guangzhou Ruite Biotechnology Co., Ltd.

2.2. Bacterial strains and growth
conditions

Escherichia coli (ATCC25922) Standard strain was purchased
from American Type Culture Collection (Manassas, VA,
United States). Salmonella typhimurium (CICC 21484) Standard
strain was purchased from China Center of Industrial Culture
Collection (Beijing, China). The standard S. typhimurium (CICC
21484) strain was sequentially propagated with or without
gentamicin and drug-resistant bacteria were selected (STM-R). The
clinical strains, SR-1 (S. Derby), SR-2 (S. 1, 4, [5], 12: i:-), SR-7 (S.
typhimurium), and SR-8 (London) were isolated from swine farms
in South China (Guangdong Province, China). These strains confer
resistance to most clinical antimicrobials, including B-lactams,
aminoglycosides, tetracyclines, and sulfonamides (Table 1).

2.3. Antibiotic bactericidal assays

The antibacterial assay was carried out as described previously
(Allison et al., 2011). In brief, bacterial cells were cultured in LB
broth for 8 h. After centrifugation at 13,000 x g for 5 min at
4°C, the precipitate was washed twice with sterile PBS buffer and
resuspended to 1 x 10° colony-forming units (CFU)/mL in M9
minimal media. Gentamicin-resistant Salmonella was inoculated
into 3 mL of M9 broth containing gentamicin, gentamicin plus
arginine, respectively. For all CCCP experiments, the cells were
preincubated with 20 pM CCCP for 5 min before the addition
of metabolites or antibiotics. The remaining inhibitors, malonate,
and rotenone were added at the same time as the metabolites
or antibiotics. The bacteria were counted at 0, 2, 4, 6, and 8 h,
and bacterial survival curves were drawn. Percentage survival was
determined by the ratio of CFU obtained from the test and control
samples. To investigate the effect of arginine on the bactericidal
activity of Gentamicin against Salmonella in mouse serum culture
medium. The experimental strains (STM-R, SR-1, SR-2, SR-7, and
SR-8) were treated with Gentamicin (1 MIC), and with or without
arginine (10 mM) for 8 h in mouse serum medium.
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TABLE 1 MIC value of different antimicrobials against Salmonella (. g/mL).

10.3389/fmicb.2023.1237825

0.25 32 32 64 32 64

Gentamicin

Tobramycin 0.5 8 32 64 32 32
Kanamycin 1 4 512 256 512 32
Apramycin 2 8 128 128 128 128
Ampicillin 2 2 128 512 512 64
Colistin 0.5 0.5 1 0.5 1 1
Sulfisoxazole 2 2 512 512 512 512
Tetracycline 0.5 0.5 32 128 32 64
Florfenicol 1 1 256 256 128 256
Sulfamethoxazole/trimethoprim 0.5/9.5 0.5/9.5 4/76 4/76 4/76 4/76
Cefotaxifur 0.25 0.25 1 0.5 0.5 1
Ciprofloxacin 0.05 0.05 8 0.5 8 0.5
Enrofloxacin 0.03 0.03 4 1 4 0.5
Amoxicillin/clavulanic acid 2/1 2/1 32/16 16/8 16/8 32/16
Meropenem 0.05 0.05 0.03 0.03 0.03 0.03
Ceftazidime 0.5 0.5 1 0.5 0.5 0.25

2.4. Synergistic antibacterial effect in a
mouse infection model

The mouse infection model was established according to
previously described methods (Yong et al, 2021). The 6-
week-old female KM mice (body weight b.w., 18-22 g) were
intraperitoneally injected with Salmonella typhimurium STM-R
and SR-7 (107 CFU/mL for both), mice were divided into 4 groups,
6 mice in each group. Investigate the therapeutic effect of arginine
combined with gentamicin on a mouse infection model. Investigate
treatment with 0.9% saline (control, 0.1 mL), arginine (100 mg/kg
b.w.), gentamicin (10 mg/kg b.w.), and arginine plus gentamicin
(100 mg/kg plus10 mg/kg b.w.), administered the same dose
12 h after the first administration. Twelve hours after the second
administration, six mice were randomly selected and sacrificed by
cervical dislocation. The blood, liver, kidney and spleen samples
of mice were collected for bacterial count, and the bacterial load
of each organ was counted to investigate the therapeutic effect
of arginine combined with gentamicin on mice. Ethics Statement:
This study was approved by the Animal Ethics Committee of South
China Agricultural University (application NO:2023b020) and was
carried out in accordance with the ARRIVE guidelines.

2.5. Measurement of NADH and ATP

The intracellular NADH concentration of Salmonella was
detected as previously described (Peng et al, 2015). NADH
concentration was detected using an NAD + /NADH assay kit
(BioAssay Systems, Hayward, CA, United States). The bacteria were
cultured in M9 medium with or without a final concentration of
10 mM arginine for 8 h. After that, 1 mL of the bacterial solution
was collected and centrifuged at 13,000 x g for 5 min at 4°C
to collect the precipitate. The supernatant was discarded, and the
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pellet was washed three times with PBS. NADH extraction buffer
(100 wL) was added, the extract was heated at 60°C for 5 min,
and 20 pL assay buffer and 100 pL NAD + extraction buffer
were added to neutralize the extract. After centrifugation, NADH
was measured in the supernatant according to the manufacturer’s
instructions. ATP concentration was measured using an ATP assay
kit (Beyotime, China) as described previously (Liu et al., 2021).
After co-culturing the bacteria (1 X 10° CFU/mL) and 10 mM
arginine for 4 h, the bacterial solution was centrifuged at 4°C and
12,000 x g for 5 min. The supernatant was discarded, and the
pellet is carefully resuspended in PBS and washed twice. ATP levels
were determined using a commercially available kit following the
manufacturer’s instructions.

2.6. Measurement of membrane
potential

Arginine was added into the M9 medium of Gentamicin-
resistant Salmonella. The mixture was then incubated at 37°C
for 8 h. After incubation, 1 mL of bacterial solution was
removed and centrifuge at 20,000 x g for 5 min at —10°C. The
supernatant was discarded. The precipitate was washed twice with
PBS and then diluted to approximately 1 x 10° CFU/mL with
PBS. The membrane potential was examined using a BacLight
Bacterial Membrane Potential Kit (Life Technologies, Carlsbad,
CA, United States) as previously described (Zhou et al., 2022).

2.7. Measurement of intracellular
gentamicin

Intracellular gentamicin levels were determined as previously
described (Zhou et al., 2022). In brief, bacterial cells were cultured
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in LB broth until the late exponential phase. After centrifugation,
the precipitates were collected and resuspended in 10 mL of M9
minimal media to 1 x 10° CFU/mL with or without antibiotics
and arginine. The reaction samples were incubated at 37°C for
6 h, and the precipitates were harvested by centrifugation, washed
twice with PBS, and resuspended in 1 mL of PBS. The solution was
sonicated for 10 min and the insoluble substances were removed by
centrifugation. Gentamicin was quantified in the supernatant using
a gentamicin ELISA kit (Shanghai Enzymelinked Biotechnology
Co., Ltd., Shanghai, China).

2.8. Quantitative RT-PCR analysis

Bacteria were cultured in 50 mL M9 medium with or without
10 mM arginine for 8 h. The bacteria cells were collected
following centrifugation at 8,000 rpm for 10 min (4°C, discard the
supernatant). The pellet washed three times with sterile PBS buffer.
The bacterial samples were snap frozen by liquid nitrogen and
stored at —80°C until analysis. RT-qPCR assay was in agreement
with the previous method (Wang et al., 2023). The specific primers
are listed in the (Supplementary Table 1).

2.9. Statistical analysis

Results are presented as means + SD. The statistical analysis
was performed using SPSS Statistics 26.0 software (IBM Corp.,
Armonk, NY, United States). Statistical significance was set as
*p < 0.05, **p < 0.01 (use the t-test or one-way ANOVA). Three
biological repeats were carried out.

3. Results

3.1. Exogenous arginine promotes
aminoglycoside activity against
drug-resistant Salmonella

Exogenous arginine promotes the gentamicin-mediated killing
of E. coli and Staphylococcus aureus persister cells both in vitro
and in vivo. We speculated that arginine can also promote
gentamicin-mediated killing of drug-resistant Salmonella. Four
clinical Salmonella isolates with different serotypes, including
Salmonella typhimurium, London, Derby, and 1, 4, 5], 12: i: -,
which are resistant to almost all common antibiotics, were used to
test this hypothesis. Arginine was shown to significantly increase
the killing of gentamicin-resistant Salmonella in a dose-dependent
manner. Specifically, STM-R cell viability was reduced 3.48-, 17.85-
, and 1327.29-fold when treated with 2.5, 5, and 10 mM arginine
plus 1 MIC gentamicin, respectively. When the fixed arginine
concentration at 10 mM, the survival rate of STM-R decreases
with the increase of Gentamicin concentration. In addition, STM-
R cell viability was reduced by increasing doses of gentamicin
with or without 10 mM arginine (Figures 1A-C). Arginine also
enhanced gentamicin activity against clinically isolated MDR .
Derby (SR-1), S. 1, 4, [5], 12: i:=(SR-2), S. typhimurium (SR-7)
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and S. London (SR-8) (Figures 1D-G), and increased tobramycin-,
kanamycin-, and apramycin-mediated killing of MDR Salmonella
(Supplementary Figures 1-3). Furthermore, the efficacy of the
treatment was also observed in mouse serum. Mouse serum showed
little or no clearance of the different Salmonella strains (compared
with M9 medium). When no substance was added, the number
of bacteria in the two media (M9 and serum) was increased to
the power of 108 CFU/mL after 8 h, although the serum group
showed a small inhibitory effect. The statistical analysis did not
constitute a significant difference (T-test). When treated with
a combination of 10 mM arginine and 1 MIC gentamicin, the
viability of Salmonella of different serotypes decreased significantly.
The survival rates of STM-R, SR-1, SR-2, SR-7, and SR-8
decreased by 1584.42-, 1126.98-, 72.49-, 761.90-, and 1027.03-fold,
respectively (Supplementary Figure 4). The arginine-potentiated
aminoglycoside-mediated killing of drug-resistant Salmonella was
both dose and incubation period-dependent. These findings show
that arginine could effectively enhance aminoglycoside activity
against MDR Salmonella.

3.2. Synergistic antibacterial effectin a
mouse infection model

Mice
typhimurium STM-R and SR-7 to establish a mouse model of

were injected intraperitoneally with Salmonella
drug-resistant bacterial infection. To investigate the potential
synergistic effect of gentamicin and arginine in eliminating
Salmonella typhimurium in mice. The bacterial loads were
monitored, respectively, in the liver, spleen, kidney and blood.
In a mouse model of infection with STM-R, the results show
that the arginine plus gentamicin (test group) were significantly
lower than in those treated with gentamicin alone. Compared with
gentamicin alone, the bacterial load of blood, spleen, liver and
kidney was reduced by 14.5, 18.2, 28.8, and 13.5-fold, respectively.
At SR-7 mouse infection model, the test group had similar results
(Figures 2A-H). These results indicate that arginine promotes
gentamicin against drug-resistant Salmonella in vivo, including
lab-evolved and clinically isolated multidrug-resistant Salmonella.

3.3. Arginine-induced PMF enhances
gentamicin uptake

Exogenous metabolites promote the uptake of aminoglycosides
by increasing the bacterial cell membrane PMF and causing cell
death. Thus, several assays were performed to confirm whether
arginine could increase the PMF of drug-resistant Salmonella.
Drug-resistant cells were cultured in M9 minimal media with or
without arginine for 8 h and the PMF was assessed using the
BacLight bacterial membrane potential lit. The PMF of STM-R
increased by 9.17, 9.4, and 12.93% in response to 2.5, 5, and
10 mM arginine, respectively. In contrast, PMF decreased by 15.49,
12.43, 11.53, and 9.14% in response to 20 pM CCCP and 2.5, 5,
or 10 mM arginine, respectively (Figure 3A). CCCP is a proton
ionophore that inhibits PMF. Similar results were obtained when
clinical MDR Salmonella cells were incubated with various doses
of exogenous arginine (Supplementary Figure 5). These results
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indicated that arginine was able to enhance the PMF of drug-
resistant Salmonella. To confirm that arginine-potentiated PMF
facilitated drug uptake by bacterial cells, intracellular drug levels
were measured using a gentamicin ELISA kit. The intracellular
concentration of gentamicin in STM-R and MDR isolates increased
significantly in the presence of 10 mM arginine (Figures 3B,
C). The gentamicin-mediated killing was abolished by CCCP in
the presence and absence of arginine (Figure 3D). These results
indicated that arginine-potentiated PMF facilitated drug uptake by
bacterial cells and induced cell death.

3.4. pH-dependent increase in PMF
causes bacterial cell death

The PMF is composed of both the electrical potential across
the membrane (AYy) and the transmembrane difference in
H + concentration (ApH). The basic amino acids arginine and
lysine can increase the PMF of bacterial cells depending on the
ApH. Thus, it is probable that arginine can alkalinize media,
inducing PMF and leading to cell death. To test this, drug-resistant
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Salmonella cells were incubated for 8 h in alkalinized medium with
AMPSO buffer adjusted to a pH of ~7.21 (a pH value equivalent
to 10 mM arginine) (Figure 4A). Cell viability was significantly
reduced in the alkalinized media containing gentamicin, suggesting
that the increased pH promoted the gentamicin-mediated killing of
drug-resistant Salmonella. However, the pH-mediated potentiation
of gentamicin was weaker than the arginine-mediated potentiation
even when the pH value was the same. On the other hand, buffered
arginine (pH = 7.0) was able to enhance gentamicin-mediated
killing (Figure 4B). These findings suggest that basic arginine may
provide the ApH to enhance the PMF of the cell membrane and
that some pH-independent factors may also be involved in this
process.

3.5. The activated electron transport
chain is responsible for increasing the
PMF

This study confirmed that pH-independent factors are involved
in promoting the gentamicin-mediated killing of drug-resistant
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pH-induced elevated PMF promotes gentamicin-mediated killing. (A) pH value of M9 media with different dose arginine. (B) Percent survival of
Salmonella in M9 media with buffered arginine and alkalized. Results are displayed as the mean + SD and three biological repeats are carried out.
Significant differences are identified [*p < 0.05 and **p < 0.01 as determined by one way-ANOVA, (B)].

Salmonella. Several studies have shown that amino acids and
sugars can elevate intracellular NADH, which activates the ETC
and elevates the PMF. To test this in drug-resistant Salmonella,
intracellular NADH levels were measured and shown to increase
in response to arginine in a dose-dependent manner. While
intracellular NADH levels increased markedly in response to 5
and 10 mM arginine, the increase was less apparent in response
to 2.5 mM arginine (Figure 5A). This finding indicated that
the arginine-mediated increase in NADH involved a threshold
arginine dose. In addition, the ETC inhibitor, rotenone, partially
abolished the arginine-potentiated gentamicin-mediated killing
of drug-resistant Salmonella (Figure 5B). When the electron
transport chain pumps electrons across the membrane to form
a potential difference, ATP provides energy as the end product
of the electron transport chain life activity. NADH as a substrate
in the electron transport chain, is also affected by arginine,
which may increase the intracellular ATP concentration. The
intracellular ATP concentration was measured, as shown in the
Supplementary Figure 6, the intracellular ATP concentration was
significantly increased after arginine addition compared to the
control group. These results suggested that exogenous arginine
can elevate intracellular NADH, it promotes ATP production and
enhances bacterial metabolic activity, which activates the ETC and
ultimately elevates the PMF.
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3.6. Arginine fuels the TCA cycle and
drives aminoglycoside-mediated killing

NADH
reactions in central carbon metabolism (the TCA cycle,

Intracellular is generated through partial
glycolysis/gluconeogenesis, pentose phosphate pathway) and
ultimately undergoes redox reactions to activate the ETC,
facilitating the PMF of the cell membrane. Thus, it was assumed
that arginine activates central carbon metabolism to promote the
generation of NADH. To test this, QqRT-PCR was used to examine
genes involved in central carbon metabolism (17 associated with
the TCA cycle, 7 associated with glycolysis/gluconeogenesis, and
8 involved in the pentose phosphate pathway). Genes involved in
glycolysis/gluconeogenesis and the pentose phosphate pathway
remained unchanged, while nine genes involved in the TCA cycle,
mdh, acnB, icdA, sucA, sucC, sdhA, sdhC, frdC, and frdB were
upregulated in the presence of 10 mM arginine (Figure 6A).
Of these, mdh, icdA, and sucA encoded malate dehydrogenase,
isocitrate dehydrogenase, and o-ketoglutarate dehydrogenase,
respectively, which are involved in NADH generation during the
TCA cycle. The enzymes encoded by sdhA, sdhC, frdB, and frdC are
involved in the ETC and are important for maintaining membrane

potential. QRT-PCR results showed that arginine is involved in
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Arginine activates the ETC. (A) The intracellular NADH concentration of Salmonella by different arginine dose and 1 MIC gentamicin. (B) Percent
survival of Salmonella by rotenone dose and 1 MIC gentamicin plus 10 mM arginine. Results are displayed as the mean + SD and three biological
repeats are carried out. Significant differences are identified (*p < 0.05 and **p < 0.01 as determined by t-test).

activating the TCA cycle but not the glycolysis/gluconeogenesis
and pentose phosphate pathways. We also assessed the enzymatic
activity of intracellular isocitrate dehydrogenase (IDH) and o-
ketoglutarate dehydrogenase (KGDH) and found that the activity
of both enzymes in drug-resistant Salmonella was elevated in the
presence of 10 mM arginine (Figures 6B, C).

The TCA cycle inhibitor, malonate, which competitively
inhibits succinate dehydrogenase, was used to further verify the
impact of the TCA cycle on arginine-mediated potentiation. Drug-
resistant Salmonella was incubated for 8 h in M9 media with
10 mM arginine plus malonate. As expected, arginine induced the
PME and NADH was inhibited by malonate in a dose-dependent
manner. The arginine-mediated potentiation of gentamicin was
similarly inhibited by malonate. Malonate increased drug-resistant
Salmonella cell viability in a dose-dependent manner even in the
presence of arginine and gentamicin (Figures 6D-F).

These findings suggested that in addition to providing ApH
to increase the PME, arginine affects the Salmonella TCA cycle,
inducing NADH and polarizing the ETC (Figure 7). This increases
the PMF and promotes drug uptake and cell death.
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4. Discussion

There is a critical need for the development of effective
strategies to cope with worsening antimicrobial resistance. The
use of antibiotic adjuvants may be a better alternative to the
development of new antimicrobial agents for the treatment of drug-
resistant bacterial infections. This study found that basic arginine
significantly increased the gentamicin-, tobramycin-, kanamycin-,
and apramycin-mediated killing of drug-resistant Salmonella,
including MDR strains. The findings provide evidence for the use
of arginine as a harmless and highly effective antibiotic adjuvant.
Interestingly, arginine also exhibits a positive synergistic effect in
mice. However, the metabolic mechanism of arginine in vivo is still
unclear, which is a topic worth further research.

At first, we tried to explore the mechanism of synergistic effect
of arginine and gentamicin by inhibiting arginine decomposition.
We conducted experiments using two inhibitors, L- NMMA and
BEC. However, the results obtained from these experiments
did not provide an explanation for the mechanism under
study (Supplementary Figure 7). So, we selected the succinate
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Effect of exogenous arginine on central carbon metabolism. (A) QRT-PCR for expression of key central carbon metabolism genes in the presence of
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carried out. Significant differences are identified (*p < 0.05 and **p < 0.01 as determined by t-test).

dehydrogenase inhibitors (malonate), ETC inhibitors (rotenone)
and PMF uncoupler (CCCP) for verification selected by many
studies. These reagents have been proven to be reliable through
several studies, with the relevant literature being referenced in
the article. We used three inhibitors to elucidate our mechanism,
suggesting that the synergistic effect of arginine is closely related
to PMF. Bacterial cell membrane proton motive force (PMEF),
which is composed of ApH (the transmembrane pH difference)
and A (the electrical potential across the membrane), is required
for the internalization of aminoglycosides (Taber et al., 1987;
Sun et al, 2011). Thus, a rise in PMF that occurs due to
changes in the ApH and/or A{s can promote the antibacterial
effects of aminoglycosides. This is illustrated by the increased
susceptibility of bacteria to aminoglycosides in alkaline media and
their decreased susceptibility to aminoglycosides in acidic media
(Sabath and Toftegaard, 1974; Letoffe et al., 2014). Interestingly,
while a dose-dependent effect of arginine was observed in vitro, a
dose-dependent effect of PMF was not evident. These interesting
results may prompt us that PMF is not the only mechanism
by which arginine promotes killing effects. However, it is worth
noting that the addition of arginine did lead to an increase in
PME indicating that arginine does plays a significant role in
elevating PMF. Indeed, Lebeaux et al. (2014) reported that basic
arginine can alkalinize media and increase gentamicin-mediated
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killing of E. coli persisters and S. aureus biofilms both in vitro and
in vivo. Alkaline lysine is also shown to assist aminoglycosides in
eliminating drug-resistant Acinetobacter baumannii, E. coli, and
Klebsiella pneumoniae (Deng et al., 2020). These studies indicate
that arginine and lysine can increase aminoglycoside potentiation
depending on the ApH. The current study similarly found that
basic arginine could alkalize media, and promote gentamicin,
tobramycin, kanamycin, and apramycin activity against drug-
resistant Salmonella. These findings suggest that the use of basic
substances such as arginine or lysine, to alkalize media, is an
effective strategy to improve the activity of aminoglycosides.
Distinct from the ApH-induced PMF increase, the A-
dependent increase results from a series of biochemical reactions
in bacterial cells (Gao et al, 2019). The A, a part of the
PME improves aminoglycoside activity. Many metabolites also
increase the efficacy of aminoglycosides against persisters or
drug-resistant bacteria, including glucose, fructose, alanine, and
glutamic acid (Allison et al., 2011; Peng et al., 2015). Metabolite-
mediated potentiation works by promoting cells to generate
more NADH, activating ETC and providing the Ay needed to
elevate the PMF. While Lebeaux et al. (2014) attributed basic
arginine-mediated enhancement to the ApH, buffered arginine
was also found to partially increase gentamicin-mediated killing.
The current study found that buffered arginine also promoted the
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FIGURE 7
Mechanism of exogenous alkaline arginine promotes gentamicin treatment of drug-resistant Salmonella.

activity of gentamicin against Salmonella, suggesting that there is
a pH-independent mechanism for arginine-mediated fortification.
Interestingly, the ETC inhibitor, rotenone, partially saved the
Salmonella cells, highlighting the direct effect of membrane
potential on aminoglycoside activity. These results suggest that in
addition to pH, Ay can aid arginine-mediated aminoglycoside
function.

Central carbon metabolism, which includes glycolysis, the
pentose phosphate pathway (PPP), and the TCA cycle, is required
for the generation of intracellular NADH (Baughn and Rhee,
2014; Dolan et al,, 2020). Glucose, fructose, and pyruvate entering
glycolysis can promote intracellular NADH production in E. coli,
activate ETC, and induce the PMF. However, the entry of D-ribose
into the PPP does not have a similar effect (Allison et al,
2011). Interestingly, our previous study found that D-ribose
provides NADH to drug-resistant Salmonella through feeding
the PPP, and then activates and finally promotes gentamicin
activity (Zhou et al,, 2022). Peng et al. (2015) demonstrated that
metabolites such as alanine, glutamate, fructose, and glucose were
able to stimulate the TCA cycle in drug-resistant Edwardsiella
tarda, promote NADH production, and induce higher PMF to
facilitate the uptake of kanamycin (Su et al., 2015). These studies
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suggested that central carbon metabolism is an important target
for metabolite-mediated antimicrobial potentiation. To determine
whether arginine influence central carbon metabolism in drug-
resistant Salmonella, QPCR was performed for genes associated
with this pathway in the presence or absence of arginine. Arginine
was shown to fuel the TCA cycle but not glycolysis and PPP.
Thus, we hypothesized that alkaline arginine provides both ApH
and activates ETC through the TCA cycle for resistant cells,
increasing the PMF of resistant bacteria using both the ApH and
A, promoting the uptake of gentamicin, and ultimately causing
bacterial death.

In summary, arginine is a crucial amino acid that plays
an indispensable role in promoting growth and development.
The research has indicated that arginine exhibits superior
immunomodulatory and anti-inflammatory properties (Kuo et al.,
2018; Chen et al.,, 2022). We developed a strategy for eradicating
drug-resistant Salmonella and provided evidence to support its
use. Arginine was shown to serve as an effective aminoglycoside
adjuvant, increasing the PMF of drug-resistant bacteria by
modulating both the transmembrane chemical gradient and the
electrical potential across the membrane. This increased drug
uptake and led to Salmonella cell death.
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among children in an area of
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Introduction: Carbapenem-resistant Pseudomonas aeruginosa (CRPA) is a
growing threat. It is urgent to investigate the multidrug resistance and high
virulence of CRPA to provide a basis for infection control and rational use of
antibiotics.

Methods: A retrospective study of 56 nonduplicated CRPA isolates was conducted.

Results: CRPA mainly came from the intensive care unit (ICU) and was mostly
isolated from sputum samples. The carbapenem resistance rates of P. aeruginosa
were 21.37% (2016), 10.62, 5.88, 10 and 13.87% from 2016 to 2020, respectively.
Carbapenem-resistant enzymes and aminoglycoside-modifying enzyme-
encoding genes were detected in allisolates, and extended-spectrum p-lactamase
and cephalosporin enzyme-encoding genes were present in 96.43 and 80.38% of
isolates, respectively. The detection rate of OprM showed a statistically significant
difference (p < 0.05) between the ICU and other wards. Genes related to biofilms,
membrane channel proteins, | integrons and efflux systems were detected in all
isolates, with detection rates greater than 90%. CRPA was strongly virulent, and
over 80% of isolates carried hypervirulence-associated genes (exoU, exoS, exoT,
and exoY). The drug resistance rates of cefepime and piperacillin/tazobactam
showed a statistically significant difference (p <0.05) between strains with exoU
(+) and exoU (-) (p<0.05). Notably, out of the 7 individuals who died, 4 had
extensively drug-resistant P aeruginosa (57.14%).

Discussion: The detection rates of various resistance and virulence genes
were high, and the coexistence phenomenon was serious. In clinical practice,
antibiotics should be used reasonably based on different drug resistance genes to
ensure the rationality and safety of patient medication.

KEYWORDS

Pseudomonas aeruginosa, children, carbapenem resistance, hypervirulence, gene, type
11l secretion system, epidemiology
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1. Introduction

Pseudomonas aeruginosa (P aeruginosa) is a common
opportunistic pathogen in hospital-acquired infections. In 2017, the
World Health Organization listed P. aeruginosa as a top priority
pathogen. Many previous studies of P. aeruginosa infections have
focused on adult patients. To date, there is less information about
P aeruginosa infections in children than in adults. P aeruginosa
infection usually has serious consequences for children, especially for
those admitted to the intensive care unit (ICU). P. aeruginosa can
be transmitted through multiple routes, causing infections in multiple
parts of the human body, including the respiratory tract, circulatory
system, urinary tract and wound surfaces (Hall et al., 2022). Antibiotic
treatment is an effective method for treating P. aeruginosa infection.
The introduction of antibiotics at the beginning of the 20th century
revolutionized medicine, greatly reducing the incidence rate and
mortality of bacterial infections. However, the increase in drug-
resistant strains is occurring much more rapidly than the development
of effective antibiotics. Due to the overuse of antibiotics, studies in
various regions have shown an increase in drug resistance rates
(Walkty et al., 2017; Sader et al., 2018; Lyu et al., 2023). Bacteria have
been found to have severe resistance and are often multidrug resistant
(MDR). At present, carbapenems are often the preferred antibiotics
for terminal treatment of P. aeruginosa infections in clinical practice
due to their broad antibacterial spectrum, strong antibacterial activity,
and rapid action. However, the presence of carbapenem-resistant
Pseudomonas aeruginosa (CRPA) isolates increases the incidence and
mortality rates, length of hospital stay and treatment costs (Ponce de
Leon et al., 2020). According to reports, the resistance of P. aeruginosa
to carbapenems in other developing countries is approximately 50%
(Sharifi et al., 2019). The latest data released by the National Drug
Resistance Monitoring Network' show that in the isolation rate of
Gram-negative bacteria in hospitals in 2021, P. aeruginosa still ranked
third, accounting for 11.8%. In terms of drug resistance, the national
average resistance rate of P. aeruginosa to carbapenems is 17.7%, and
the drug resistance rate in Jiangsu Province is higher than the national
average level (24.3%). According to the CDC’s 2019 Antibiotic
Resistance Threats Report, CRPA is listed as an urgent threat (CDC,
2019). According to the survey results of the Chinese Children’s
Bacterial Resistance Monitoring Group, the resistance rate of
P, aeruginosa to carbapenem antibiotics is rising rapidly, and it also has
high resistance to other common antibiotics (Pan et al., 2021). With
the widespread use of antibiotics, the numbers of multidrug-resistant
P, aeruginosa (MDR-PA) and extensively drug-resistant P. aeruginosa
(XDR-PA) strains are constantly increasing. However, very few
antibiotics can effectively treat infections caused by MDR-PA and
XDR-PA (Tamma et al., 2022). Therefore, it is of great importance to
analyze the clinical distribution and drug resistance of P. aeruginosa
for early antibiotic treatment.

At present, there are very limited effective antibiotics for CRPA,
and a deep understanding of the resistance mechanism of CRPA is
important for conducting new drug research and the rational clinical
use of antibiotics. P aeruginosa has both natural and acquired
multidrug resistance, and its complex resistance mechanisms mainly

1 http://www.carss.cn/
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include loss of outer membrane barrier pore protein (OprD,),
overexpression of the efflux system, and production of p-lactam
enzymes (BLEs) and aminoglycoside-modifying enzymes (AMEs).
OprD, is the only pore protein found in P. aeruginosa that is conducive
to the passage of antibiotics (Chevalier et al, 2017). The
downregulation of OprD, usually leads to resistance to common
carbapenem antibiotics (such as imipenem and meropenem).
Therefore, the deletion or mutation of the gene encoding OprD, can
reduce drug uptake by P. aeruginosa. The efflux pumps are formed by
a combination of OprM, which is found in the outer membrane, with
MexA and MexB to form a stable complex at the inner membrane
(Coseriu et al,, 2023). The most common efflux pump family in
Pseudomonas is the resistance nodulation-division. MexAB-OprM
plays an important role in the inherent resistance of P. aeruginosa (Ma
etal., 2021). By overexpressing the MexAB-OprM complex, bacteria
can acquire resistance to cephalosporins, penicillin, carbapenems,
phenols, and most fluoroquinolones (Zahedi Bialvaei et al., 2021). The
MexR gene is a regulator of the efflux pump MexAB-OprM. MexA and
MexB are regulated by MexR on the operator of the efflux system. The
production of BLEs is an important drug resistance mechanism of
P, aeruginosa. BLEs include extended-spectrum p-lactamases (ESBLs),
carbapenemases (MBLs), and cephalosporin enzymes (AmpC). ESBL
production is an important mechanism of resistance of drug-resistant
bacteria to penicillins, cephalosporins and aztreonam. MBLs are the
most important drug resistance mechanism of CRPA (Elshafiee et al.,
2019). Resistance to carbapenem antibiotics is mainly caused by Class
B enzymes (Kim et al., 2016), and their resistance can be horizontally
transmitted to other species. The genes encoding MBLs are usually
part of the class I integron structure and are transmitted by mobile
genetic elements (Palzkill, 2013). Integrins are a genetic structure that
exists on bacterial plasmids, chromosomes, or transposons. They can
capture drug resistance genes and make bacteria exhibit multiple-
antibiotic resistance, which is also an important reason for the rapid
development of bacterial multidrug resistance. Class I integrons
represented by intI-1 and qacE/\1-sull are the most common in
clinical isolates. Whether P. aeruginosa can cause infection upon
entering the body depends on two factors: one is the body’s defense
ability, and the other is the pathogenic ability of the bacteria. Domestic
and foreign studies have shown that the main pathogenesis of
P, aeruginosa is closely related to its encoded polymorphic secretion
system (Golovkine et al., 2018). The exoenzymes produced through
the type III secretion system (T3SS) are an important virulence system
for the pathogenicity of P. aeruginosa, which can lead to apoptosis of
alveolar epithelial cells, macrophages, and fibroblasts, exacerbate
inflammatory reactions, and increase the mortality rate of infection
(Horna and Ruiz, 2021). Most P. aeruginosa have a functional T3SS,
which contains virulence genes such as exoS, exoT, exoU, and exoY,
which secrete effector proteins such as ExoS, ExoT, ExoU, and ExoY,
respectively. Recently, a study showed that the detection rates of exoA,
exoS, and exoU in P, aeruginosa were relatively high (Zarei et al., 2020),
which poses great challenges to clinical treatment due to the
widespread resistance of P. aeruginosa. The identification of virulence
gene profiles is crucial for developing effective anti-P. aeruginosa
infection strategies.

Due to the existence of multiple drug resistance mechanisms, the
drug resistance rate of P. aeruginosa remains high, and it can secrete a
large number of virulence factors, leading to a substantial increase in
the incidence rate and mortality (Ponce de Leon et al., 2020).
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Exploring the coexistence of drug resistance genes and virulence genes
is of great importance for the treatment of patients. Although there is
currently information on the resistance and virulence genes of
P, aeruginosa, the characteristics of various strains vary due to factors
such as different targets of action, different sample sources, and
different regions (Takata et al., 2018; de Sousa et al., 2023; Poursina
et al., 2023). There are still few research papers and reviews on the
correlation between CRPA infection in children in the Suzhou area.
Therefore, we conducted a 5-year retrospective study to evaluate the
epidemiological characteristics, resistance genes (VIM, GIM, IMP,
BIC, AIM, SPM, NDM, OXA, OXA-2, OXA-10, KPC, PER, VEB, SHYV,
TEM, CIT-1, MOX-1, EBC-1, ant(2”)-1, ant(2”)-Ia, ant(3”)-1, aac(3)-1I,
aac(3)-Ilc, ant(4’)-1a, aac(6’)-1, aac(6’)-1b, aac(6’)-11, OprM, MexB,
mucB, intl-1, qacEAl—sul] , OprD,) and hypervirulence-associated
genes (exoU, exoS, exoT and exoY) of P. aeruginosa infection in
children in the Suzhou area to explore the reasons for the resistance
and high virulence of CRPA at the molecular level and promote the
rational use of antibiotics in clinical practice based on the detected
virulence and resistance gene carriers.

2. Materials and methods

2.1. Study site

This study was conducted at the Children’s Hospital of Soochow
University (CHSU), which is a children’s medical center in East China
and the only provincial tertiary childrens hospital in Jiangsu Province.
CHSU has 1,500 beds and serves >70,000 inpatients and > 2 million
outpatients annually.

2.2. General information

From January 2016 to December 2020, a total of 82 CRPA strains
were isolated, of which 56 nonduplicated CRPA strains were selected
as the research subjects. P. aeruginosa isolates were confirmed by mass
spectrometry (Microflex LT/SH, Germany). An automatic bacterial
detection and analysis system (VITEK®2 Compact, France) and
Kirby-Bauer (KB) method were used for the drug sensitivity test. The
results were analyzed according to the guidelines of the Clinical and
Laboratory Standards Institute. The quality control strains were
P, aeruginosa (ATCC 27853) which were purchased from the clinical
testing center of the National Health Commission. This study was
approved by the ethics committee of CHSU (No. 2021CS158).

2.3. Determination of drug-resistant
Pseudomonas aeruginosa

The judgment criteria of CRPA were P. aeruginosa resistant to
imipenem and one of the following eight categories of antibiotics,
including cephalosporin (such as ceftazidime and cefepime),
quinolones (such as levofloxacin and ciprofloxacin), carbapenem
(such as imipenem and meropenem), f-lactam enzyme inhibitors
(such as piperacillin/tazobactam and cefoperazone/sulbactam),
aminoglycosides (such as gentamicin, tobramycin, and amikacin),
monobactams (aztreonam), phosphates (fosfomycin), and polymyxin
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(polymyxin B). Resistant to 3 and more than three antibiotics are
considered MDR, resistant to 6 and more than six are considered
XDR, and strains showing resistance to all the tested drugs are
considered pan-drug resistant (Magiorakos et al., 2012).

2.4. Detection of virulence and resistance
genes

Focusing on the analysis of the resistance and virulence genes,
specific gene sequences can be found in Supplementary Table S1.
Bacterial DNA was extracted by the boiling method, as described in
the literature (Wei et al., 2007). The specific steps were as follows: a
ring of colonies was picked from the inoculation ring, placed in an EP
tube containing 1 mL of sterile water, shaken and mixed evenly. Then,
the colonies were boiled in a 100°C metal bath for 30 min and cooled
in a —20°C refrigerator for 30 min to lyse the cells, completely thawed
at room temperature, and centrifuged at 15000 rpm for 5min. The
supernatant was collected and stored. After measuring its
concentration and purity by UV spectrophotometry, it was placed in
a refrigerator at —20°C as a template for storage.

2.5. Data analysis

SPSS 20.0 and WHONET v5.6 software (WHO Collaborating
Centre for Surveillance of Antimicrobial Resistance, Boston, MA,
USA) were used to analyze the data. The counting data were expressed
as the number of cases (n) and rate (%). The y* test was used in
univariate analysis. The comparison between groups was carried out
by the 5 test, with p < 0.05 indicating a statistically significant difference.

3. Results

3.1. Clinical information analysis of 56
CRPA strains

A total of 56 CRPA isolates were collected. Among them, 33
strains were isolated from the ICU, 39 isolates were isolated from
sputum, and 7 strains were isolated from deceased patients. The
source of the specimen showed a statistically significant difference
(p<0.05) between the ICU and other wards. The probability of
patients admitted to the ICU being infected with other pathogens was
significantly higher than that of patients in other wards (Table 1).

3.2. The detection and
carbapenem-resistance rate of
Pseudomonas aeruginosa

In this study, the detection of P. aeruginosa fluctuated between
2016 and 2020, with the lowest amount of CRPA isolates detected in
2018 (Figure 1A). The carbapenem resistance rates of P. aeruginosa
were 21.37, 10.62, 5.88, 10 and 13.87% from 2016 to 2020, respectively.
The carbapenem resistance rate in the local children’s medical center
was significantly lower than that in Jiangsu Province and the whole
country of China (Figure 1B).
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TABLE 1 Epidemiology in this study [n (%)].

Classification ICU (n=33) Other wards*
(n=23)
Specimen Sputum (n =39) 27 (69.23) 12 (30.77) 5.634 0.018
Blood (n =4) 1(25) 3(75) 2.049 0.152
Alveolarlavage fluid (n =5) 4 (80) 1(20) 1.007 0.316
Urine (n=4) 0(0) 4 (100) 6.181 0.013
Others specimen* (n =4) 1(25) 3(75) 2.049 0.152
Age 0~<3Y (n=39) 24 (61.54) 15 (38.46) 0.362 0.548
3~<14Y (n =16) 9 (56.25) 7 (43.75) 0.066 0.797
14~<18Y (n=1) 0(0) 1(100) 1.461 0.227
Survival state Survival (n =49) 27 (55.10) 22 (44.90)
2372 0.124
Death (n=7) 6 (85.71) 1(14.29)
Gender Male (n =36) 20 (55.56) 16 (44.44)
0.474 0.491
Female (n =20) 13 (65) 7 (35)
Length of hospitalization 0~<15d (n=8) 4 (50) 4 (50) 0.307 0.579
15~<30d (n=11) 4(36.36) 7 (63.64) 2.880 0.090
30~<60d (n=25) 17 (68) 8(32) 1.536 0.215
>=60d (n=12) 8 (66.67) 4(33.33) 0.378 0.539
Basic disease Pneumonia (n =20) 11 (55) 9 (45) 0.198 0.656
Hematological system diseases 7 (50) 7 (50) 0.615 0.433
(n=14)
Heart disease (n =12) 10 (83.33) 2(16.67) 3.758 0.053
Other infections* (n =5) 2 (40) 3 (60) 0.813 0.367
Other diseases™ (n =5) 3 (60) 2 (40) 0.003 0.959
Any combined infection with other | Gram-positive bacteria (n =7) 4(57.14) 3 (42.86) 0.011 0.918
pathogenic bacteria Gram-negative bacteria (n =25) 12 (48) 13 (52) 2229 0.135
Mixed infection of Gram-negative/
positive bacteria or fungi (n =11) 11 (100) 0O 9541 0:002
No combined infection (n =13) 6 (46.15) 7 (53.85) 1.142 0.285

Bold values highlight meaningful results. *Other specimens included pharyngeal swabs and pus. Other infections included encephalitis, laryngitis, urinary tract infection, and lymphadenitis.
Other diseases included epilepsy, genetic metabolic disease, foreign body inhalation asphyxia, and neonatal respiratory distress syndrome. Other wards included the departments of
hematology, neonatology, and respiratory care. d, days; Y, years.
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FIGURE 1

(A) Detection of pathogenic bacteria. (B) Carbapenem resistance rate of P. aeruginosa from 2016 to 2020. * The carbapenem resistance rate of P
aeruginosa in the whole country came from the National Drug Resistance Monitoring Network. The member units that report the data are mainly
tertiary hospitals, which report the monitoring data from October of the current year to September of the next year every year. The principle of
retaining the first strain of the same bacteria from the same patient is to eliminate duplicate strains.
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TABLE 2 Analysis of the drug resistance of 56 CRPA isolates.

10.3389/fmicb.2023.1280012

Antibiotic Number of drug- Percentage (%)
resistant bacteria
Carbapenems Imipenem 56 100
Monobactams Aztreonam 28 50
Extended-spectrum cephalosporin Cefotetan 56 100
Ceftazidime 18 32.14
Ceftriaxone 56 100
Cefepime 9 16.07
Penicillins Ampicillin 56 100
Piperacillin 20 35.71
Ticarcillin 40 71.43
Enzyme inhibitor complexes Ampicillin/sulbactam 56 100
Piperacillin/tazobactam 17 30.36
Cefoperazone/sulbactam 18 32.14
Aminoglycosides Gentamicin 0 0
Amikacin 0 0
Tobramycin 0 0
Sulfonamides Compoundsulfamethoxazole 56 100
Fluoroquinolones Ciprofloxacin 4 7.14
Levofloxacin 4 7.14

3.3. Analysis of antimicrobial susceptibility

A total of 56 CRPA isolates exhibited a higher drug resistance rate
to various antibiotics but fluoroquinolone antibiotics, as shown in
Table 2. They showed a 100% resistance rate to carbapenems
(cefotetan,
ceftriaxone), enzyme inhibitor complexes (ampicillin/sulbactam),

(imipenem), extended-spectrum  cephalosporins

penicillins  (ampicillin), and  sulfonamides  (compound

sulfamethoxazole). The resistance rate to fluoroquinolones

(ciprofloxacin and levofloxacin) was only 7.14%.

3.4. Detection of BLEs genes in 56 CRPA
isolates

BLEs genes include carbapenem resistance genes, ESBLs genes
and AmpC genes. In Table 3, the detection rates of VIM, OXA, GIM,
BIC and IMP were 98.21, 57.14, 55.36, 30.36, and 17.86%, respectively.
NDM, AIM, SPM, KPC, OXA-2 and OXA-10 were not detected. See
Supplementary Table S2 for the details of resistance genes carried by
the 56 isolates.

3.5. Detection of other main genes of the
56 CRPA isolates

AME:s genes and other resistance genes were analyzed. As seen in
Table 4, ant(2”)-1, mucB, OprD,, intl-1, qacEA]—sull, and MexB were
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detected in all isolates. See Supplementary Table S2 for the details of
resistance genes carried by the 56 isolates.

3.6. Detection of hypervirulence-associated
genes of 56 CRPA isolates

In Tables 4, 5 hypervirulence-associated genes were analyzed. exoS,
exoT, and exoY were present in 100% of the isolates. In addition,
83.93% of the strains carried exoU. See Supplementary Table S3 for the
details of hypervirulence-associated genes carried by the 56 isolates.

3.7. The correlation between carrying exoU
and antibiotic resistance of 56 CRPA
isolates

As shown in Table 6, there were differences in cefepime and
piperacillin/tazobactam resistance among strains carrying exoU, while
there was no difference in other antibiotics.

3.8. Differential analysis between the
survival group and death groups

Comparison of data between the survival and death groups showed

that there was no statistically significant difference in the detection
rates of major drug resistance genes or hypervirulence-associated genes
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TABLE 3 The results of BLEs gene detection in 56 CRPA isolates [n (%)].

Number of isolates with detected genes

Total ICU (n=33) Other wards*
(n=23)

Carbapenem-resistant genes VIM 55(98.21) 32(57.14) 23 (41.07) 0.71 0.4
OXA 32(57.14) 18 (32.14) 14 (25) 0.221 0.638
GIM 31 (55.36) 17 (30.36) 14 (25) 0.48 0.488
BIC 17 (30.36) 10 (17.86) 7 (12.5) 0 0.992
IMP 16 (17.86) 10 (17.86) 6(10.71) 0.118 0.731
AIM 0 0 0 - _
SPM 0 0 0 - -
NDM 0 0 0 - -
KPC 0 0 0 - -
OXA-2 0 0 0 - -
OXA-10 0 0 0 - -

ESBLs genes SHV 54 (96.43) 31 (55.36) 23 (41.07) 1.446 0.229
VEB 0 0 0 - -
PER 0 0 0 - -
TEM 0 0 0 - -

AmpC genes EBC-1 43 (76.79) 25 (44.65) 18 (32.14) 0.048 0.827
CIT-1 32(57.14) 22(39.29) 10 (17.86) 2.976 0.085
MOX-1 0 0 0 - -

*Other wards included the departments of hematology, neonatology, and respiratory care.

(Table 7). Notably, out of the 7 individuals who died, 4 had XDR
bacteria detected.

4. Discussion

Pseudomonas aeruginosa can rapidly mutate and acquire
resistance to adapt to the environment, making it one of the main
pathogens causing hospital infections. Carbapenem antibiotics are
currently the “ace killer” of Gram-negative bacteria due to their strong
selectivity and low toxicity to host cells. However, with the widespread
use of antibiotics, the detection rate of P. aeruginosa resistant to
multiple antibiotics is increasing yearly (Litwin et al., 2020). The
emergence of CRPA has made hospital infection control increasingly
difficult. CRPA has a high mortality rate, is prone to cross-infection,
and is extremely difficult to treat. Its drug resistance genes are easily
transmitted between strains, leading to the production of drug-
resistant bacteria and thus affecting treatment effectiveness. In
addition, very few antibiotics can effectively treat infections caused by
multidrug-resistant P. aeruginosa (Wanging et al, 2022). The
emergence, prevention, and treatment of hospital infections and new
drug-resistant bacteria are extremely important.

In the present work, 56 CRPA strains mainly came from three key
departments: the ICU, neonatal pediatrics, and hematology. The
proportion of CRPA originating from the ICU exceeded 50%, which
may be related to the rapid spread of CRPA among ICU patients. This
result is consistent with a recent survey on CRPA infections in
critically ill children in a large tertiary pediatric hospital in China
(Huang et al., 2023). The incidence of infection among ICU patients
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was 5-7-fold higher than that among general inpatients, contributing
to 20-25% of all nosocomial infections in hospitals (Alfouzan et al.,
2021). Subsequently, statistical analysis was conducted on the types of
specimens, and it was found that most CRPA isolates were detected in
sputum specimens, accounting for 69.64%, which is consistent with
reports that CRPA is mainly isolated from sputum (Gill et al., 2022).
There was a statistically significant difference in the detection of CRPA
detected in sputum and urine between the ICU and other wards. From
an age group perspective, detection was mainly concentrated among
children aged 0~ <3years. The proportion of CRPA isolated from
males was slightly higher than that isolated from females. Patients who
had been hospitalized for more than 30 days had a higher proportion
of CRPA detection (66.07%). Analysis of 7 CRPA strains isolated from
deceased children found that 6 strains originated from sputum and 1
strain from blood. The mortality rate in the sputum sample group was
15.38% (6/39), while in the blood group, the mortality rate was 25%
(1/4). The mortality rate of bloodstream infections caused by CRPA is
high. Special attention should be given to CRPA detected in the blood
circulation system (Recio et al., 2020). Among the clinical cases
corresponding to the 56 CRPA strains, pneumonia, hematological
system diseases, and heart disease accounted for the highest
proportion of diseases. Children admitted to the ICU were more likely
to develop mixed infections (p=0.002). In response to the upstream
situation, clinical practitioners should pay attention to high-risk
factors, take timely response measures, isolate and protect, and
perform early prevention, detection, and treatment.

To further explore the detection of P. aeruginosa and the discovery
of carbapenem antibiotic resistance, from 2016 to 2020, the
carbapenem resistance rate of P, aeruginosa showed a downward and
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TABLE 4 The results of other main gene detection in 56 CRPA isolates [n (%)].

Number of isolates with detected genes

Total ICU (n=33) Other wards*
(n=23)
AME:s genes ant(2”)-1 56 (100) 33(58.93) 23 (41.07) - -
aac(6)-11 48 (85.71) 27 (48.21) 21 (37.5) 0.996 0.318
aac(3)-Ilc 35(62.5) 21(37.5) 14 (25) 0.044 0.833
ant(2")-Ia 30 (53.57) 18 (32.14) 12 (21.43) 0.031 0.861
aac(6)-Ib 28 (50) 20 (35.71) 8 (14.29) 3.615 0.057
aac(6)-1 6(10.71) 4(7.14) 2(3.57) 0.166 0.683
ant(4')-Ia 0 0 0 - -
ant(3”)-1 0 0 0 - _
aac(3)-11 0 0 0 - -
Biofilm-related genes mucB 56 (100) 33(58.93) 23 (41.07) - -
Membrane channel
proteinelated genes OprD, 56 (100) 33 (58.93) 23 (41.07) - -
Tintegron intl-1 56 (100) 33(58.93) 23 (41.07) - -
qacEAl—Sull 56 (100) 33(58.93) 23 (41.07) - -
Genes related to the efflux = MexB 56 (100) 33 (58.93) 23 (41.07) - -
system OprM 52 (92.86) 33 (58.93) 19 (33.93) 6.181 0.013

Bold values highlight meaningful results. *Other wards included the departments of hematology, neonatology, and respiratory care.

TABLE 5 The results of virulence gene detection in 56 CRPA isolates [n (%)].

Hypervirulence-associated genes

Number of isolates with detected genes

Total ICU (n=33) Other wards*
(n=23)
exoU 47 (83.93) 26 (55.32) 21 (44.68) 1.574 0210
exoS 56 (100) 33 (58.93) 23 (41.07) - -
exoT 56 (100) 33 (58.93) 23 (41.07) - -
exoY 56 (100) 33 (58.93) 23 (41.07) - -

*Qther wards included the departments of hematology, neonatology, and respiratory care.

then upward trend, which was consistent with a previous report (Feng
et al, 2021) and far lower than the drug resistance rate shown in
another study (Sharifi et al.,, 2019). However, the drug resistance rate
continued to increase from 2018 to 2020, which was inconsistent with
the downward trend reported by the National Drug Resistance
Monitoring Network (CHINET) (see text footnote 1) (Hu et al., 2021).
The resistance of P. aeruginosa to imipenem is primarily caused by the
production of metalloenzymes and efflux pumps and the lack of
OprD, (Memar et al.,, 2021), which may be related to the widespread
use of imipenem in clinical practice in recent years, and resistance is
gradually increasing. According to feedback from the Chinese
Children’s Bacterial Resistance Monitoring Group, the detection rate
of CRPA in 2020 was 9.5% (Leiyan et al., 2021), lower than the 13.87%
in this study and the national rate (18.3%). This indicates that the drug
resistance rate of P. aeruginosa in children’s hospitals is still relatively
high. If hypervirulence-associated genes are combined, it will
be tremendously difficult to make diagnoses and provide treatment.
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Therefore, special attention needs to be paid to the infection situation
of CRPA in children.

Exploring the drug resistance mechanism of CRPA and analyzing
its high toxicity and pathogenicity need to be performed. Subsequently,
the related resistance genes (including production of BLEs and AMEs,
loss of OprD, and overexpression of the efflux system) and
hypervirulence-associated genes were analyzed. The PCR results
indicated that among 56 CRPA isolates, the proportion of
BLE-producing strains was quite high. Carbapenem resistance genes
were detected in 56 strains. The most prevalent gene detected in this
study was VIM, in agreement with other study (Gill et al., 2022). There
is evidence that the rapid dissemination of MBL-producing
P aeruginosa is mainly due to VIM and NDM (Urbanowicz et al.,
2019). Very few studies have reported on the coexistence of VIM and
NDM in the same bacterium (Jaggi et al., 2012). Regarding differences
in drug resistance genes detected in different regions, different types
of carbapenem resistance (IMB NDM, DIM and so on) among
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TABLE 6 Correlation analysis between the resistance rate and exoU [n (%)].

Antibiotics
exoU (+)* (n=47)

10.3389/fmicb.2023.1280012

Number of drug resistant bacteria

exoU (=) (n=9)

Imipenem 47 (83.93) 9 (16.07) - -
Aztreonam 25 (44.64) 3(5.36) 1.191 0.275
Cefotetan 47 (83.93) 9(16.07) - -
Ceftazidime 17 (30.36) 1(1.78) 2.175 0.140
Ceftriaxone 47 (83.93) 9 (16.07) - -
Cefepime 9(16.07) 0 8.640 0.003
Ampicillin 47 (83.93) 9(16.07) - -
Piperacillin 18 (32.14) 2(3.57) 0.850 0.356
Ticarcillin 35 (62.5) 5(8.93) 1.324 0.250
Ampicillin/sulbactam 47 (83.93) 9 (16.07) - -
Piperacillin/tazobactam 17 (30.36) 0 4.674 0.031
Cefoperazone/sulbactam 16 (28.57) 2(3.57) 0.484 0.487
Gentamicin 0 0 - -
Amikacin 0 0 - -
Tobramycin 0 0 - -
Compoundsulfamethoxazole 47 (83.93) 9 (16.07) - -
Ciprofloxacin 4(7.14) 0 0.825 0.364
Levofloxacin 4(7.14) 0 0.825 0.364

Bold values highlight meaningful results. *exoU (+) represents the detection of this gene.

P, aeruginosa strains have been detected in Europe (Paul et al., 2016).
ESBLs genes were detected in 54 strains, and AmpC genes were
detected in 45 strains. ESBL-producing Gram-negative pathogens are
a major cause of resistance to ESBL antibiotics. In the past, TEM and
SHV-type ESBLs were the predominant families of ESBLs. In this
work, SHV was the only main ESBL gene, accounting for 96.43%.
VEB, PER and TEM were not detected. Currently, CTX-M-type
enzymes are the most commonly found ESBLs type (Castanheira
etal, 2021). AmpC enzyme is a type of f-lactam enzyme mediated by
chromosomes or plasmids, including ACC, DHA, CIT, EBC, FOX and
MOX. As shown in Table 2, the detection rates of EBC-1, CIT-1 and
MOX-1 were 76.79, 57.14% and 0, respectively. This is somewhat
different from the results reported in other studies (Miao et al., 2019),
indicating that CRPA from different regions and sample sources may
have different drug resistance rates and drug resistance gene carriers.

Pseudomonas aeruginosa forms drug resistance by producing
AMEs. Reportedly, aac(6')-1, aac(6’)-1I, ant(2”)-I and aph(3’) are the
most common AMEs genes in P. aeruginosa (Asghar and Ahmed,
2018). According to the report by Cabrera, the aac(3)-Ia, aac(3)-Ic,
aac(6”)-1b and ant(2”)-Ia genes were associated with aminoglycoside-
resistant strains (Cabrera et al., 2022). The results showed that
aac(6’)-Ib was the most commonly (26/43, 60.4%) identified
AME-encoding gene (Ahmadian et al., 2021). A total of 11 AMEs
genes were analyzed in 56 isolates of CRPA. ant(2”)-I plays an
important role in aminoglycoside-resistant antibiotics. The PCR
results showed that MexB was present in 100% of the 56 isolates.
Comparative analysis of OprM gene detection between the ICU and
other departments found that the gene was detected in all 33 CRPA
strains isolated from the ICU, while only 19 CRPA strains from other
departments had the gene, with a statistically significant difference
(p=0.013). The MexAB-OprM efflux pump system can transport
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B-lactams, quinolones and macrolides, causing P. aeruginosa to have
a wide range of drug resistance (Henrichfreise et al., 2007). There is a
need for vigilance of the spread of drug-resistant bacteria in ICU
wards. Other resistance genes (mucB, OprD,, intl-1, qacEAl—sul] )
were present in 100% of the 56 CRPA isolates. These above results
indicate that the resistance of 56 strains of CRPA was closely related
to the formation of efflux pump systems and biofilms, suggesting the
development of corresponding technologies or drugs from these
aspects to improve the effectiveness of clinical treatment of CRPA.
In addition to the existence of multiple drug resistance genes, a
large number of virulence factors also significantly increase the
invasion and pathogenicity of the bacterium, leading to an increase in
the incidence rate and mortality (Takata et al., 2018). A report by Omid
et al. showed that the detection rate of hypervirulence-associated genes
in P aeruginosa isolates is high, and multidrug-resistant and highly
virulent P. aeruginosa poses great challenges to clinical treatment
(Zarei et al.,, 2020). The identification of virulence gene profiles is
crucial for developing effective anti-P. aeruginosa infection strategies.
The exozymes produced by the type III secretion system (T3SS) are
important virulence systems for the pathogenicity of P. aeruginosa.
Therefore, analyzing whether patients carry corresponding virulence
genes will help clinicians focus on the patient’s condition and prevent
serious clinical symptoms leading to death. Some studies have shown
that exoU gene-positive P. aeruginosa shows higher multidrug
resistance and more significant mortality than other T3SS gene-
expressing P. aeruginosa (Takata et al., 2018; Khodayary et al., 2019).
The results showed that exoS, exoT and exoY were present in all isolates,
except for exoU (83.93%). Further analysis of exoU toxicity showed that
a total of 12 children had CRPA detected in at least two specimens, of
which 11 children had CRPA carrying exoU, accounting for 91.67%
(11/12). This indicates that strains carrying exoU have strong virulence
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TABLE 7 Related comparative analysis of the survival group and death group [n (%)].

Classification

Survival group

Death group

(n = 49) (n=7)

Carbapenem-resistant genes VIM (n =55) 48 (87.27) 7 (12.73) 0.145 0.703
OXA (n=32) 27 (84.38) 5(15.62) 0.667 0.414
GIM (n=31) 27 (87.1) 4(12.9) 0.01 0.919
BIC (n=17) 16 (94.12) 1(5.88) 0.977 0.323
IMP (n=16) 12 (75) 4(25) 3.200 0.074
ESBLs genes SHV (n =54) 47 (87.04) 7 (12.96) 0.296 0.586
AmpC genes EBC-1(n=43) 37 (86.05) 6 (13.95) 0.358 0.550
CIT-1 (n=32) 27 (84.38) 5(15.62) 0.667 0.414
AMEs genes aac(6')-1I (n =48) 42 (87.5) 6(12.5) 0 1
aac(3)-1lc (n =35) 30 (85.71) 5(14.29) 0.27 0.602
ant(2”)-Ia (n = 30) 26 (86.67) 4(13.33) 0.041 0.839
aac(6)-Ib (n =28) 23 (82.14) 5(17.86) 1.469 0.225
aac(6)-I (n =6) 5(83.33) 1(16.67) 0.107 0.744
Genes related to the efflux system OprM (n=52) 45 (86.54) 7 (13.46) 0.615 0.433
Hypervirulence-associated genes exoU (+) (n=47) 41 (87.23) 6(12.77) 0.019 0.891
Any combined infection with other Gram-positive bacteria (n =7) 7 (100) 0(0) 1.143 0.285
pathogenic bacteria Gram-negative bacteria (1 =25) 23 (92) 2(8) 0.836 0361
Mixed infection of Gram-
negative/positive bacteria or 8(72.73) 3(27.27) 2.731 0.098
fungi (n =11)
No combined infection (1 =13) 11 (84.62) 2(15.38) 0.129 0.720
Basic disease Pneumonia (n =20) 19 (95) 1(5) 1.600 0.206
Hematological system diseases
(n=14) 10 (71.43) 4(28.57) 4.408 0.036
Heart disease (n =12) 11 (91.67) 1(8.33) 0.242 0.622
Other infections* (n =5) 5(100) 0(0) 0.784 0.376
Other diseases* (n =5) 4 (80) 1(20) 0.282 0.595

Bold values highlight meaningful results. *exoU (+) represents the detection of this gene. Other infections included encephalitis, laryngitis, urinary tract infection, and lymphadenitis. Other
diseases included epilepsy, genetic metabolic disease, foreign body inhalation asphyxia, and neonatal respiratory distress syndrome.

and are prone to penetrating cells and invading other parts, leading to
infection. The coexistence of resistance and high virulence factors in
CRPA is an alarming threat. This finding underlines the importance of
monitoring multidrug resistance to determine optimal therapeutic
options against such infections.

The correlation between the drug resistance rate of 56 CRPA
strains and the exoU gene was further analyzed. The results of the drug
sensitivity test showed that the 56 CRPA isolates exhibited a higher
drug resistance rate to various antibiotics, but it was lower than that
in a recent study that analyzed CRPA isolated from children (Huang
et al., 2023). The drug resistance rates of cefepime and piperacillin/
tazobactam were related to whether they carried exoU, and the
difference was statistically significant (p<0.05). P. aeruginosa has
natural resistance to many kinds of antibiotics and easily develops
acquired resistance in the course of treatment, so a combination of
drugs is the first choice for the clinical treatment of P. aeruginosa. In
addition, this study found that the resistance rate of 56 CRPA strains
to fluoroquinolones (ciprofloxacin and levofloxacin) was only 7.14%,
and the resistance rate to aminoglycoside antibiotics, such as amikacin,
tobramycin, and gentamicin, was 0. The abovementioned drugs have
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a relatively high degree of harm to children and are less commonly
used in clinical practice (Lin et al., 2016), resulting in a lower
resistance rate, which is consistent with the expected results. AMEs
genes are associated with resistance to multiple antibiotics (Atassi
etal., 2023). Combined with the analysis of genetic testing results, the
detection rate of AMEs genes and MexB was high, while the resistance
rate of corresponding aminoglycoside antibiotics was 0, which
suggests that there may be potential resistance factors, and the
relationship between resistance genes and antibiotics needs to
be further explored. In view of this, carbapenem drugs or combination
drugs should be used reasonably in the treatment of CRPA infections,
such as p-lactam in combination with aminoglycosides or p-lactam
combined with fluoroquinolones, but the dosage should be reasonably
controlled. The drug sensitivity results suggest that it is necessary to
strengthen the monitoring of bacterial resistance in clinical practice
and actively promote and guide the rational use of antibiotics.

To determine the risk factors for CRPA infection in children, a
retrospective case—control study was conducted that included 56
patients with CRPA infection. This study consisted of 56 MDR-PA
strains and 31 XDR-PA strains. The clinical outcome of children
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infected with CRPA was poor, with a mortality rate of 12.5%, which is
lower than the mortality rate reported by Lodise et al. (2022)
(20.0% ~ 30.8%). Comparison of data between the survival and death
groups showed that there was no statistically significant difference in
the detection rates of major drug resistance genes or hypervirulence-
associated genes. Strains carrying the exoU are more virulent, as they
can encode and produce a strong toxin protein, which can lead to cell
necrosis and apoptosis (Zhu et al., 2023). There was no statistically
significant difference in the detection of an exoU gene between the
survival group and the death group. Patients with hematological
system diseases are themselves a high-risk population infected with
carbapenem-resistant Gram-negative bacteria (Zhao et al., 2020).
Among the 7 deceased children, 4 children suffered from
hematological diseases. Comparing the data on hematological diseases
between the survival group and the death group, the difference was
statistically significant (p=0.036). An interesting finding of this study
is that out of the 7 deceased children, 4 children had isolated XDR-PA,
accounting for 57.14% (4/7). Special attention needs to be paid to the
detection of MDR-PA and XDR-PA and timely control of infection to
avoid exacerbating the condition of children.

In summary, CRPA, as an important nosocomial infectious
pathogen, was mainly isolated from sputum and ICU patients. CRPA
has gradually increased in drug resistance and virulence, making
treatment more difficult. The coexistence of resistance and high
virulence factors in CRPA is an alarming threat. Analyzing the
multiple drug resistance- and hypervirulence-associated genes carried
by CRPA can help clinicians gain a deeper understanding of the
coexistence mechanism of drug resistance and virulence genes.
However, there are some limitations in this study. Due to limited
testing conditions, only representative resistance- and hypervirulence-
associated genes were selected, resulting in limited clinical value. In
future research, it is necessary to collect more strains and expand the
scope of gene analysis, conduct in-depth research on the resistance
mechanism and virulence of CRPA, and understand the correlation
between multidrug resistance and high virulence.
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Background: Wohlfahrtiimonas chitiniclastica is an emerging fly-borne zoonotic
pathogen, which causes infections in immunocompromised patients and some
animals. Herein, we reported a W. chitiniclastica BM-Y from a dead zebra in China.

Methods: The complete genome sequencing of BM-Y showed that this isolate
carried one chromosome and one novel type of blaygg_1-carrying plasmid.
Detailed genetic dissection was applied to this plasmid to display the genetic
environment of blaygg_1.

Results: Three novel insertion sequence (IS) elements, namely ISWoch1, ISWoch2,
and ISWoch3, were found in this plasmid. aadB, aacAl, and gcuG were located
downstream of blaygg_1, composing a gene cassette array blaygg_1—aadB—-
aacAl—-gcuG bracketed by an intact ISWochl and a truncated one, which
was named the blaygg_1 region. The 5-RACE experiments revealed that the
transcription start site of the blayegg_1 region was located in the intact ISWochl
and this IS provided a strong promoter for the blaygg_1 region.

Conclusion: The spread of the blaygg_1-carrying plasmid might enhance the
ability of W. chitiniclastica to survive under drug selection pressure and aggravate
the difficulty in treating infections caused by blaygg_1-carrying W. chitiniclastica.
To the best of our knowledge, this is the first report of the genetic characterization
of a novel blaygg_1-carrying plasmid with new ISs from W. chitiniclastica.

KEYWORDS

Wohlfahrtiimonas chitiniclastica, blaygg_1, plasmid, drug resistance, zoonotic bacteria,
mobile genetic element

Abbreviations: VEB, Vietnamese extended-spectrum p-lactamase; OD, optical density; MIC, minimum
inhibitory concentration; ANI, average nucleotide identity; ORF, open reading frame; RACE, rapid
amplification of cDNA end; GSP, gene-specific primer; rep, replication; par, partition; IS, insertion
sequence; GCA, gene cassette array; CS, conserved segment; DR, direct repeat; rlx, relaxase; oriT,
origin of conjugative replication; pri, primase; cpl, coupling protein; T4SS, type IV secretion system; TU,
translocatable unit.
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1. Introduction

Wohlfahrtiimonas chitiniclastica is an emerging fly-borne
pathogen that causes bacteremia (Rebaudet et al., 2009), sepsis
(Almuzara et al,, 2011), cellulitis (de Dios et al., 2015), osteomyelitis
(Suryalatha et al., 2015), wound infections (Nogi et al., 2016),
and soft tissue and bone infections (Koljalg et al., 2015) in
humans and bacteremia (Thaiwong et al., 2014), endocarditis
(Josue et al., 2015), and hoof fetlow (Qi et al., 2016) in animals.
It was first identified from both the homogenate of the third-
stage larvae of the parasitic fly Wohlfahrtia magnifica and the
foregut of a third-stage maggot of W. magnifica collected from
an infested vulval wound of a Romney sheep in Hungary in
2008 (Toth et al, 2008). Since then, W. chitiniclastica has
been associated with several obligate parasitic flies, including
W. magnifica (Toth et al., 2008), Chrysomya megacephala (Cao
etal., 2013), Lucilia sericata (Campisi et al., 2015), Musca domestica
(Gupta et al,, 2012), and Lucilia illustris (Iancu et al., 2020).
These flies can transmit W. chitiniclastica to humans and animals,
which causes local or systemic infections originating from wounds
infested with fly larvae. Diverse risk factors have been identified
among infected patients and animals, including homelessness,
alcoholism, tobacco abuse, poor hygiene, chronic open wounds,
proximity to livestock, increasing age, low socioeconomic status,
immunocompromised patients, chronic cardiovascular/circulatory
disease, and neurological disease (Schrottner et al., 2017). To date,
W. chitiniclastica has been identified in 10 countries in Europe
(Téth et al., 2008; Rebaudet et al., 2009; Campisi et al., 2015; Koljalg
etal,, 2015; Schréttner et al., 2017; Pablo-Marcos et al., 2019; Dovjak
et al., 2021; Hladik et al., 2021; De Smet et al., 2022; Karaca et al.,
2022), four in Asia (Suryalatha et al., 2015; Zhou et al., 2016; Suraiya
etal., 2017; Katanami et al., 2018), two in South America (Almuzara
et al, 2011; Matos et al., 2016), one in North America (Thaiwong
et al, 2014), one in Oceania (Connelly et al., 2019), and one in
Africa (Hoffman et al,, 2016).

It is speculated that W. chitiniclastica is intrinsically resistant to
fosfomycin due to the fosfomycin efflux proteins, the gene homolog
encoding for transferases, and the gene homologous to mdtG that
related to fosfomycin resistance (Kopf et al., 2021). In addition,
research has revealed that W. chitiniclastica shows resistance to
amikacin (Kopf et al., 2021), tetracycline (Snyder et al., 2020), and
tobramycin (Kopf et al., 2021), and it is intermediate to ampicillin
(Qi et al,, 2016). However, W. chitiniclastica is susceptible to the
majority of the known antibiotics including $-lactams, quinolones,
and trimethoprim/sulfamethoxazole (Kopf et al., 2022). Therefore,
these three categories of antimicrobials may be the best options for
treating W. chitiniclastica infections (Schrottner et al., 2017).

blaygg—1 was initially identified from a clinical Escherichia
coli isolated from Vietnam, and it encodes Vietnamese extended-
spectrum f-lactamase (VEB-1) that displays high-level resistance
to amoxicillin, piperacillin, cefotaxime, ceftazidime, and aztreonam
(Poirel et al., 1999). Since then, blaygg_ 1 has been found in IncA/C
(Papagiannitsis et al., 2012), IncF (Paul et al.,, 2017), IncK (Paul
etal., 2017), and IncP plasmids (Siebor et al., 2021) and in plasmids
with undetermined Inc type from various Gram-negative species,
including Enterobacteriaceae (Poirel et al., 1999), Morganellaceae
(Oikonomou et al, 2016), Acinetobacter (e.g., Acinetobacter
baumannii with the accession number LC107425), Aeromonas
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(e.g., Aeromonas caviae with the accession number KU886278),
Shewanella (e.g., Shewanella algae with the accession number
CP033574), Vibrio alginolyticus (Ye et al., 2016), Pseudomonas
aeruginosa (Naas et al., 1999), Achromobacter xylosoxidans (with
the accession number DQ393569), and Pasteurella multocida (with
the accession number CP014157), but not in W. chitiniclastica.
Generally, blaygp_1 is carried by integrons, and aadB encoding
an aminoglycoside adenyltransferase is located downstream of
blaygg—1 (Naas et al., 1999, 2000).

This study showed the complete genome sequences of a
W. chitiniclastica from the pancreas of a dead zebra in China,
which carried one chromosome and one novel type of blaygp—1-
carrying plasmid. Detailed genetic dissection was applied to this
plasmid to display the genetic environment of blaygg—;. The
transcription start site and the promoter of the blaygp—; region
were identified. The data presented here provided a deeper
genomics and bioinformatics understanding of W. chitiniclastica
for clinical treatment and pathogenesis research. To the best of our
knowledge, this is the first report of the genetic characterization of
a novel blaygg—-carrying plasmid from W. chitiniclastica.

2. Materials and methods

2.1. Bacterial isolation

The blood, heart, liver, spleen, lung, kidney, and pancreas
specimens from a dead zebra were collected from Shenzhen Safari
Park in 2013 and transferred to our laboratory in Changchun under
sterile conditions for bacterial isolation. For each specimen, the
tissue was plated onto brain heart infusion agar medium, 5% sheep
blood agar medium, and MacConkey agar medium. The sample was
then incubated at 37°C for 18 h under aerobic conditions.

The W. chitiniclastica strain DSM 18708 (Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures
GmbH, Germany), isolated from artificial culture of W. magnifica
in Hungary, was used as the reference strain in this study (Koljalg
etal., 2015).

2.2. Bacterial identification and
phenotypic characteristics

Gram staining, BD Phoenix™-100 Automated Microbiology
System (Becton, Dickinson and Company, USA) detection, PCR
amplification of the 16S rRNA, rpoB, and gyrB genes followed by
sequencing, and matrix-assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS, Bruker Daltonics,
USA) were conducted for bacterial identification.

A transmission electron microscopy investigation was carried
out. The motility of the bacteria was tested on motility agar (Tittsler
and Sandholzer, 1936). To determine the bacterial growth curves,
the optical density at 600 nm (ODggg) was monitored for each
culture with a 1-h interval during the first 12 h and a 2-h interval
during the last 12 h using the NanoPhotometer N60 (Implen,

Germany).
The minimum inhibitory concentrations (MICs) of
piperacillin-tazobactam, ceftazidime, cefotaxime, cefepime,
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aztreonam, imipenem, meropenem, amikacin, gentamicin,
ciprofloxacin, levofloxacin, tetracycline, chloramphenicol, and
trimethoprim-sulfamethoxazole were determined using the BD
Phoenix™-100 Automated Microbiology System. The E. coli
ATCC 25922 was used as an internal quality control.

The biochemical characteristics were tested using the BD
Phoenix™-100 Automated Microbiology System, and the cellular
fatty acid composition was detected using gas chromatography
(Hewlett Packard 6890, USA) and identified using the Sherlock

Microbial Identification System (MIDI, USA).

2.3. Sequencing and sequence assembly

The bacterial genomic DNA was isolated using the UltraClean
microbial kit (Qiagen, Germany) and sequenced with a PacBio RS
II sequencer (Pacific Biosciences, USA) (Fu et al., 2022; Li et al,,
2022). The reads were assembled de novo using SMARTdenovo.!

2.4. Bacterial precise species
identification

Bacterial precise species identification was conducted using
pairwise average nucleotide identity (ANI) analysis between the
bacterial genomic DNA sequenced in this study and the reference
genome.? A cutoff of > 95% ANI was used to define a bacterial
species (Richter and Rossello-Méra, 2009).

2.5. Phylogenetic analysis

The core genes and specific genes of the bacterial genomes were
analyzed using the CD-HIT rapid clustering of similar proteins
software with a threshold of 50% pairwise identity and 0.7 length
difference cutoff in amino acid (Li et al, 2001, 2002; Li and
Godzik, 2006). The core amino acid sequences were extracted
and aligned using MUSCLE (Edgar, 2004). Based on the core
amino acid sequences, a maximum-likelihood phylogenetic tree
was constructed using TreeBeST® with a bootstrap iteration of
1,000.

2.6. Sequence annotation

RAST 2.0 (Brettin et al., 2015), blastp/blastn (Boratyn et al.,
2013), and DANMEL (Wang et al., 2022) searches were used to
predict open reading frames (ORFs). The online databases CARD
(Jia et al., 2017), ResFinder (Zankari et al., 2012), ISfinder (Siguier
et al., 2006), and INTEGRALL (Moura et al., 2009) were used to
find resistance genes and mobile elements. Inkscape 1.0 was used
to draw gene organization diagrams.*

1 http://github.com/ruanjue/smartdenovo

2 http://www.ezbiocloud.net/tools/ani

3 http://treesoft.sourceforge.net/treebest.shtml
4 http://inkscape.org/en/
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2.7. ldentification of the transcription
start site and the promoter of the
blaygg_1 region

The total RNA of the bacterial isolates was extracted using the
RNeasy maxi kit (Qiagen, Germany). Rapid amplification of cDNA
ends (RACE) was performed using 5'-RACE system version 2.0
(Invitrogen, USA) according to the manufacturer’s instructions.
Three gene-specific primers GSP1 (5-ATCCTTCTCATTGCTG-
3’), GSP2 (5-CTCCTATTCTGGCATTTTTTG-3'), and GSP3
primer (5-AAGTTGTCAGTTTGAGCATTT-3') were used. The
final PCR products were cloned into the pMD18-T vector, and then,
the positive clones were identified and sequenced. The 5-RACE
experiment was repeated three times. Five clones were selected
randomly and sequenced each time. The transcription start site
was determined according to the sequence comparison between
the positive clones and the blaygg—; region. The online database
BPROM (Cassiano and Silva-Rocha, 2020) was used for promoter
prediction.

2.8. Conjugation and electroporation
experiments

Conjugal transfer and electroporation were performed as
described previously (Liang et al., 2018; Guan et al., 2022).

2.9. Data availability statement

The complete sequences of the chromosome of BM-Y and the
plasmid pBM-Y were submitted to GenBank under the accession
numbers CP115969 and CP115970, respectively.

3. Results

3.1. Identification of W. chitiniclastica
BM-Y and its phenotypic characteristics

BM-Y was isolated from the pancreas specimens of a dead
zebra. According to Gram staining and the sequences of the
amplicon of the 16S rRNA, rpoB, and gyrB genes, BM-Y
was identified as the Gram-negative bacteria W. chitiniclastica.
The MALDI-TOF MS score of BM-Y was 2.418, confirming
W. chitiniclastica. Scores above 2.300 represent a highly probable
species identification. No other bacterial isolates were discovered
in this study. BM-Y has a 97.19% ANI value with the reference
genome DSM 18708 (accession number AQXD01000000). BM-Y
contained one chromosome (2.0 Mb in length) and one plasmid
pBM-Y (42.3 Kb in length), and they were fully sequenced herein.
The chromosome carried no resistance genes. The plasmid pBM-Y
harbored blaygg_1, aadB, aacAl, and tetA(H).

Colonies of BM-Y were small (colony diameter 0.8-1.0 mm),
entire, convex, smooth, and glistening and were composed of short,
straight, and non-motile rods (0.1-0.2 x 1.0-1.5 pm, Figure 1),
which did not produce hemolysin on 5% sheep blood agar medium.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1276314
http://github.com/ruanjue/smartdenovo
http://www.ezbiocloud.net/tools/ani
http://treesoft.sourceforge.net/treebest.shtml
http://inkscape.org/en/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/

Guan et al. 10.3389/fmicb.2023.1276314

it '

FIGURE 1

Transmission electron micrographs of Wohlfahrtiimonas chitiniclastica BM-Y. BM-Y was incubated on a brain heart infusion agar medium at 37°C for
18 h.

Both BM-Y and DSM 18708 reached the middle logarithmic The MICs of ceftazidime, cefotaxime, cefepime, aztreonam,
phase (ODggo value of about 1.0) and the stationary stage at the  gentamicin, and tetracycline of BM-Y were higher than that of DSM
fifth hour and the 12th hour, respectively ( ). 18708. The MICs of 14 antimicrobial drugs are shown in
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FIGURE 2
Bacterial growth curves of W. chitiniclastica BM-Y and DSM 18708.

TABLE 1 Minimum inhibitory concentrations of 14 antimicrobial drugs.

Antibiotics

Minimum inhib
concentration (MIC

Piperacillin-tazobactam < 4/4 > 64/4 < 4/4
Ceftazidime > 16 16 <1
Cefotaxime 8 <1 <1
Cefepime > 16 8 <2
Aztreonam > 16 8 <2
Imipenem <1 <1 <1
Meropenem <1 <1 <1
Amikacin 16 16 <8
Gentamicin 8 4 <2
Ciprofloxacin <0.5 <0.5 <0.5
Levofloxacin <1 <1 <1
Tetracycline > 8 <2 <2
Chloramphenicol <4 <4 > 16
Trimethoprim/ <0.5/9.5 <0.5/9.5 <0.5/9.5
sulfamethoxazole

The biochemical test results of BM-Y and DSM 18708 are
shown in Table 2. A varied reaction between these two strains
was observed for acetate, polymyxin B, and glycine. The cellular
fatty acid profile (Table 3) of BM-Y revealed a proportionally high
level of Cig:.1w7¢, Ci4:0, and Cyg:9, which was consistent with DSM
18708.

3.2. Phylogenetic analysis

Based on the bacterial core/pan-genome analysis, we conducted
the phylogenetic analysis of 27 sequenced W. chitiniclastica
isolates (Supplementary Table 1), including one complete genome
sequence from this study and 26 draft genome sequences from
GenBank (last accessed March 17, 2023). Construction of a
phylogenetic tree (Figure 3) based on core genes (1602/3597,
44.53%) of 27 W. chitiniclastica genomes revealed that all strains
clustered in one subclade with the reference genome DSM
18708, and BM-Y shared the closest genetic relationship with
MUWRP0946 from Uganda. This result indicated a surprisingly
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TABLE 2 Biochemical characteristics of BM-Y and DSM 18708.

Substrates

Arginine

|

BM-Y ] DSM 18708

Glutaryl-glycine-arginine

L-leucine

L-pyroglutamic acid

Acetate

Colistin

Malonate

4MU-N-acetyl-BD-glucosaminide

PNP-BD-glucoside

f-gentiobiose

D-galactose

Sorbitol

L-arabinose

Maltulose

Ornithine

Glycine-proline

L-arginine

L-phenylalanine

L-tryptophan

Adonitol

D-mannitol

Polymyxin B

y-glutamyl-NA

Bis (PNP) phosphate

Dextrose

D-gluconic acid

Sucrose

L-rhamnose

N-acetyl-galactosamine

Urea

Glycine

L-glutamic acid

L-proline

Lysine-alanine

Citrate

a-ketoglutaric acid

Tiglic acid

L-proline-NA

B-allose

D-fructose

D-melibiose

Galacturonic acid

Methyl-B-glucoside

N-acetyl-glucosamine

Esculin

+, positive; —, negative.
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TABLE 3 Cellular fatty acid profiles of BM-Y and DSM 18708.

Fatty acids BM-Y DSM
(%) 18708 (%)

Saturated acids Ci2:0 5.68 5.10
Cis:0 17.70 14.40

Cis:0 6.57 15.60
Cis:0 tr 1.30

Unsaturated Cl8:1w7c 50.03 47.30
Branched acids Ci2:0 3-OH 3.23 1.00
cyclo-Cig.ow8¢ 5.68 7.60
Summed features Summed feature 1 3.08 1.33
Summed feature 2 5.64 2.86

tr, trace amount (< 0.5%). Summed features represent two or three fatty acids that could
not be separated by the Microbial Identification System. Summed feature 1 comprises Cy4.9
3-OH/is0-Cje:1. Summed feature 2 comprises Cig:1 07¢/iso-Cy5 2-OH.

conserved core/pan genome without clear host or geographical
clustering, suggesting a potential spread and transmission. This is
in line with Kopf’s report (Kopf et al., 2022).

3.3. Organization of the
blaygg_1-carrying plasmid pBM-Y

The modular structure of pBM-Y (Figure 4) was separated into
the backbone and the accessory modules. The backbone contained
three different rep (replication) with no similar DNA sequences
(nucleotide identity < 95%) in GenBank, two parA (partition)
with different sequences, three groups of relBE (a toxin-antitoxin
system) with low nucleotide identities, one group of yefM/yoeB
(a toxin-antitoxin system), and one group of hsdMSR (a type I
restriction-modification system). No conjugal transfer genes were
identified in the backbone. The accessory modules were composed
of a blaygg— region, a tetA(H) region, and intact or truncated
insertion sequences (ISs) ISWoch2 and ISWoch3.

blaygp—1 was originally found in Tn2000 in the plasmid pNLT1
from E. coli MG-1 (Poirel et al., 1999; Naas et al., 2001). Tn2000 was
an 1S26-composite transposon composed of AIn53 and was used
as a reference herein. A detailed sequence comparison (Figure 5)
was applied to the blaygs—i-carrying AIn53 from Tn2000 and
the blaygp—1 region from pBM-Y. Both AIn53 and the blaygp—
region harbored the blaygp— cassette (with a 133-bp attachment
site of the cassette, attC), the aadB cassette (with a 60-bp attC), and
the aacAl/gcuG fusion gene cassette (with a 118-bp attC) (Naas
et al, 2001), but they showed three major modular variations: (i)
an intact attC_aacAl/gcuG in AlIn53, while an interrupted one in
the blaygp—; region; (ii) a gene cassette array (GCA) gacL-aadB-
aacAl-gcuG-blaygp—1-aadB-arr-2-cmlA5-blagxa—10-aadAl in
AlIn53, while a GCA blaygp—1-aadB-aacAl-gcuG in the blaygp—
region; and (iii) a truncated 5'-conserved segment (5'-CS) and a
3’-CS were upstream and downstream, respectively, of the GCA
in AIn53, while a novel IS element ISWochl and a truncated one
were upstream and downstream, respectively, of the GCA in the
blaygp— region. No direct repeats (DRs) were identified at the ends
of the blaygp—1 region from pBM-Y.
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ISWochl, ISWoch2, and ISWoch3 were named based on
the first four letters of the species in which they were first
discovered (Wohlfahrtiimonas chitiniclastica) and had IR of 37,
45, and 21 bp, respectively (Figure 4). ISWochl and ISWoch2
encoded two transposases, while ISWoch3 carried a single one.
No DNA sequences similar (nucleotide identity < 95%) to these
transposases were found using blastn analysis. The promoter of
ISWochl was determined using 5'-RACE experiments. Fourteen
of 15 positive clones were successfully sequenced. GACCT
(Figure 6), the transcription start site of the blaygg_; region,
was identified through multiple sequence alignments. This site
was found in ISWochl and located 173 bp upstream of the
initiation codon of blaygp—1. A promoter with the —10/—35 region
(TATAAT/TTAGCA) was located upstream of this site (Figure 5).
The spacing between the —10/—35 region was 18 bp. Based
on the results of the promoter prediction, ISWoch2 contained a
—10/—35 region (TATCAT/ATACCA, with a 21-bp spacer), and
ISWoch3 carried a —10/—35 region (TAAAAT/TTATCA, with a
19-bp spacer). ISWochI-blaygg—1-aadB-aacAl-gcuG-AISWochl
was composed of the blaygg—; region (Figure 5). ISWoch2 was
located upstream of the truncated ISWoch3 and downstream of the
repA. Three intact ISWoch3 and three truncated ones were found
in pBM-Y. ISWoch3-o0rf405-tetR(H)-tetA(H)-orf423 formed the
tetA(H) region.

3.4. Conjugation and electroporation
experiments

The blaygp—1-carrying transconjugants could not be obtained,
regardless of the number of times the conjugation experiments were
performed. This result might be due to the absence of the essential
conjugal transfer genes, including rlx (relaxase), oriT (origin of
conjugative replication), pri (DNA primase), and cpl (coupling
protein), and the type IV secretion system (T4SS) in pBM-Y.

The blaygp—i-carrying electroporants were not obtained, no
matter how many times the electroporation experiments were
conducted. Because we failed to extract the plasmid pBM-Y from
strain BM-Y.

4. Discussion

Wohlfahrtiimonas chitiniclastica is an emerging fly-borne
zoonotic pathogen, which is often carried by different species of
flies, and it causes infections in immunocompromised patients and
some animals (Almuzara etal., 2011; Thaiwong et al., 2014), leading
to bacteremia, sepsis, and other infections. B-lactams, quinolones,
and trimethoprim/sulfamethoxazole are used to treat patients and
animals infected by W. chitiniclastica (Schréttner et al., 2017).

Herein, BM-Y was isolated from the pancreas of a dead zebra
in Shenzhen Safari Park in China in 2013. We speculated that
W. chitiniclastica was possibly transferred to this park through
either or both internal and international transport routes. Notably,
W. chitiniclastica was first isolated and identified in China from
C. megacephala captured from the Pudong International Airport in
2011 (Cao et al., 2013). This fly is one of the most common species
found in South China (Liu et al., 2009), and it may have become
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FIGURE 3

Maximum-likelihood phylogenetic tree of 27 W. chitiniclastica isolates. The numbers above branches indicate bootstrap values of 1,000 times. The

bar corresponds to a scale of sequence divergence.

the depositor of W. chitiniclastica in China. However, BM-Y shares
the closest genetic relationship with MUWRP0946 from Uganda.
W. chitiniclastica is more likely to be transferred from other
countries to this park through international food (animal- and
plant-based) trade or travel. We failed to isolate W. chitiniclastica
from the flies collected in Shenzhen Safari Park, although we made
several attempts.

We are not sure whether BM-Y was associated with the death
of the zebra because we failed to find the maggots from the zebra.
Generally, flies transmit W. chitiniclastica to the host by laying
eggs that subsequently hatch into larvae inside an open wound
(Schrottner et al., 2017). In this study, neither an open wound nor a
maggot was found, but the flies might have carried W. chitiniclastica
to deposit the eggs on the mucosal surfaces of the zebra (Schrottner
et al,, 2017). It is necessary to continuously monitor the spread
of W. chitiniclastica, especially the ones that carry antimicrobial
resistance genes, in the future.
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pBM-Y is a very specific plasmid. It carries three different
and novel rep genes. Currently, no other similar genes can be
found in GenBank. pBM-Y encodes two toxin-antitoxin systems:
RelBE and YefM/YoeB, which have been shown to increase plasmid
maintenance (Gotfredsen and Gerdes, 1998). The HsdMSR type
I restriction-modification system is also identified in pBM-Y.
This system can stabilize plasmids by degrading the unmethylated
incoming DNA (Oliveira et al., 2014). It is speculated herein that
the loss of the toxin-antitoxin or restriction-modification system
might lead to the instability of pPBM-Y. No conjugative genes were
identified; so, pBM-Y is putatively mobilized by the conjugative
plasmids (Xu et al., 2021).

The MICs of ceftazidime, cefotaxime, cefepime, aztreonam,
gentamicin, and tetracycline of BM-Y were higher than that of DSM
18708, which was related to the resistance genes blaygg_1, aadB,
aacAl, and tetA(H). These genes were identified in pBM-Y using
the CARD and ResFinder online databases. This indicates that these
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FIGURE 4
Organization of the plasmid pBM-Y. (A) Schematic map of pBM-Y. Genes are denoted by arrows, and the backbone and accessory module regions
are highlighted in black and color, respectively. The innermost circle presents the GC-skew [(G-C)/(G+C)], with a window size of 500 bp and a step

size of 20 bp. The next-to-innermost circle presents the GC content. (B) Linear structure of pBM-Y. Genes are denoted by arrows. The genes,
accessory genetic elements (AGEs), and other features are colored based on their functional classification. The numbers in brackets indicate

nucleotide positions within pBM-Y

In this study, they formed a GCA (blaygp—-aadB-aacAl-gcuG)
different from that (qacL-aadB-aacA1-gcuG-blaygp—1-aadB-arr-
2-cmlA5-blagxa—_10-aadAl) in AIn53 from Tn2000 (Naas et al.,
2001). This demonstrates that these gene cassettes might undergo

genes can express effectively and are involved in the increase in
MICs. The blaygg—1 gene cassette, the aadB gene cassette, and
the aacAl/gcuG fusion cassette are individual mobile units and
are usually found inserted into an integron (Partridge et al., 2018).
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FIGURE 5

Comparison of the blaygg_1 region from pBM-Y and
blaygg_1-carrying Tn2000. Genes are denoted by arrows. The
genes, AGEs, and other features are colored based on their
functional classification. The shading in light blue denotes regions
of homology (nucleotide identity > 95%). The 3’ fragment of
attC_aacAl/gcuG is upstream of blaygg_1, while the 5’ fragment is
downstream of gcuG. The numbers in the brackets indicate the
nucleotide positions within pBM-Y. Tn2000 (Naas et al.,, 2001)
(accession number AF205943) was used as a reference.

reassembly via homologous recombination. An intact and a
truncated ISWochlI were at the 5" and 3’ ends of blaygp—-aadB-
aacAl-gcuG in pBM-Y, respectively, which indicated that this GCA
might be captured by ISWochl to form a translocatable unit (TU,
one copy of ISWochl and an adjacent region) (Partridge et al.,
2018). Then, this TU inserts into a recipient that lacks ISWochl
(intermolecular replicative transposition) or targets an existing
copy of ISWochl (intermolecular conservative transposition)
(Partridge et al., 2018). However, one copy of ISWochI has been
truncated during transposition.

Two copies of ISWochl participated in the movement of
blaygp—1-aadB-aacAl-gcuG. A single IS can also move an
adjacent region that includes one or more resistance genes by
forming a TU (Partridge et al, 2018). Herein, ISWoch3 was

10.3389/fmicb.2023.1276314

located upstream of orf405-tetR(H)-tetA(H)-orf423, indicating
that it might be involved in the mobilization of tetA(H), and
this tetA(H) region might preferentially insert next to an existing
copy of ISWoch3 in the recipient molecule, generating a structure
of ISWoch3-orf405-tetR(H)-tetA(H)-orf423-1SWoch3 (Partridge
et al., 2018). It should also be noted that six intact or truncated
copies of ISWoch3 were presented in pBM-Y, demonstrating that
they participated in complex homologous recombination events
and promoted the assembly of complex structures as observed
in pBM-Y. A promoter was found or predicted in each of
ISWoch1, ISWoch2, and ISWoch3, meaning these three ISs might
provide a promoter for captured genes. Taken together, ISWoch1,
ISWoch2, and ISWoch3 might promote the dissemination of drug
resistance genes and affect the expression of these genes to regulate
antimicrobial resistance (Noel et al., 2022). Surveillance studies for
these three ISs are necessary.

The promoter region (containing the —10 and —35 elements)
of the blaygg—1 region was located in ISWochl. The optimal
spacing between the —10 and 35 elements is 16-18 bp (Aoyama
1983), and in this study, it was 18 bp. This indicates
that ISWochl provides a strong promoter for the blaygg—;

et al.,

region. Therefore, BM-Y can express P-lactamase and show
resistance to ceftazidime, cefepime, and aztreonam. This means
that some p-lactams are not suitable for treating infections caused
by blaygp—1-carrying W. chitiniclastica, while quinolones and
trimethoprim/sulfamethoxazole can still be the first choices.

To the best of our knowledge, this is the first report of
the genetic characterization of a novel blaygg—1-carrying plasmid
with three new ISs from W. chitiniclastica. The acquisition of
this plasmid can give bacteria the fitness advantage for adapting
to mammals and enable bacteria to acquire new antimicrobial
resistance genes. The resistance of W. chitiniclastica to ceftazidime,
cefepime, aztreonam, and tetracycline might enhance its ability to
survive under drug selection pressure and aggravate the difficulty
in treating infections caused by W. chitiniclastica. It is necessary
to continuously monitor the spread of the blaygp_;-carrying
W. chitiniclastica and the possibility of acquiring other drug
resistance genes in W. chitiniclastica.

LA N N N N N N N N N RN N NN NN

10 20 30
1 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGGGTC
2 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGG
3 GGCCACGCGTCGACTAGTACGGGGGGGGGGG
4 GGCCACGCGTGGACTAGTACGGGGGGGGGGGE
5 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGE
6 GGCCACGCGTCGACTAGTACGGGGGGGGGGGCGCCTCG
7 GGCCACGCGTCGACTAGTACGGGGGGGGGGG
8 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGTCGGE
9 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGE
10 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGG
11 GGCCACGCGTCGACTAGTACGGGGGGGGGGG
12 GGCCACGCGTCGACTAGTACGGGGGGGGGGGG
13 GGCCACGCGTCGACTAGTACGGGGGGGGGGGGGGTC
14 GGCCACGCGTCGACTAGTACGGGGGGGGGAGGGGGGGG
Partial pBM-Y
FIGURE 6

Identification of the transcription start site of the blaygg—_1 region. Multiple sequence alignments of 14 positive clones and partial pBM-Y.

40 S0 (] 70 80
Ca GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC

CTCAATGGTTATGGTCTTATAATAACGAACGACCTCATTC

GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCCGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
GACCTCATTCTGGTATTGGGCGTGTTGCACC
TGGTATTGGGCGTGTTGCACC
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Salmonella enterica serovar Enteritidis (SE) remains a frequent cause of foodborne
illnesses associated with the consumption of contaminated hen eggs. Such a
food—pathogen association has been demonstrated epidemiologically, but the
molecular basis for this association has not been explored. Comparative genomic
analysis was implemented to decipher the phylogenomic characteristics,
antimicrobial resistance, and virulence potential of eggs-associated SE. Analyzing
1,002 genomes belonging to 841 sequence types of food-isolated SE strains
suggests a high genomic similarity within the egg-related lineage, which is
phylogenetically close to SE strainsisolated from poultry but is different from those
isolated from beef. Core genome- and single nucleotide polymorphism (SNP)-
based phylogeny of 74 SE strains of egg origin showcased two distinct sublineages.
Time-scaled phylogeny supported the possibility of a common ancestor of egg-
related SE lineages. Additionally, genome mining revealed frequent antibiotic
resistance due to the presence of aac(6’)-laa and mdsAB encoded on the genomes
of egg-associated SE strains. For virulence gene profiling, 103-113 virulence
determinants were identified in the egg-associated SE, which were comparable
to 112 determinants found in human-associated SE, emphasizing the capacity of
egg-associated strains to infect humans and cause diseases. The findings of this
study proved the genomic similarity of egg-associated SE strains, and these were
closely related to poultry strains. The egg-associated strains also harbor virulence
genes equivalent to those found in human-associated SE strains. The analysis
provided critical insights into the genetic structure, phylogenomics, dynamics of
virulence, and antibiotic resistance of Salmonella Enteritidis, circulating in eggs
and emphasizing the necessity of implementing anti-Salmonella intervention
strategies, starting at the production stage of the poultry supply chain.

KEYWORDS

whole genome sequencing, Salmonella Enteritidis, salmonellosis, foodborne disease
outbreaks, eggs, egg safety, comparative genomics
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1. Introduction

Non-typhoidal Salmonella enterica is estimated to cause
153 million illnesses and 57,000 deaths annually worldwide (Healy
and Bruce, 2019). According to the European Food Safety Authority
(EFSA) and European Center for Disease Prevention and Control
(ECDQ), Salmonella was involved in 30.7% of foodborne disease
outbreaks in 2018, and salmonellosis is the second most reported
disease and the second cause of death due to the consumption of
contaminated food (EFSA and ECDC, 2019). In the United States, it
was estimated that 1million cases of non-typhoidal salmonellosis
occurred in 2013; this infection level accounted for 24% of the
economic burden of all foodborne diseases (USDA, 2019). Certain
foods are disproportionately linked to salmonellosis outbreaks. Eggs
and egg products accounted for 45.6% of salmonellosis outbreaks in
the European Union (EFSA and ECDC, 2019). In a recent report by
EFSA and ECDC, salmonellosis was the second most reported
zoonoses in humans, Salmonella Enteritidis remained the most
frequent causative agent of foodborne outbreaks, and Salmonella
serovars in eggs and egg products were of the most concern (EFSA
and ECDC, 2022). Similarly, the Salmonella-egg combination caused
most of the salmonellosis outbreaks in the United States (Dewey-
Mattia et al., 2018). In fact, Salmonella Enteritidis has been the main
serovar associated with human salmonellosis (Ferrari et al., 2019),
including those associated with eggs, and the serovar has been
associated with disease outbreaks in several countries (Cardoso et al.,
2021). The terms “egg” or “eggs,” used in the current study, refer to hen
whole shell eggs, egg components such as white and yolk, or raw
whole liquid egg.

Despite the obvious Salmonella Enteritidis-egg epidemiological
association, there is a knowledge gap about the genetic basis for the
colonization and survival of Salmonella Enteritidis in eggs. Several
researchers attempted to determine the underlying genetic mechanisms
governing the ability of this serovar to colonize internal egg contents.
Previous research showed that non-motile mutants (AfliC, AfljB, and
AfliH), compared with the wild-type strain, were impaired in the
survival of egg albumin (Cogan et al., 2004; Shah et al,, 2012). In
addition to motility, genes involved in curli fimbriae production (agfA),
DNA replication, repair, and recombination (e.g., yafD) were
significantly important for the survival of the pathogen in egg albumin
(Luetal,, 2003; Cogan et al., 2004). In a previous study (Clavijo et al.,
2006), screening 2,850 libraries of Salmonella Enteritidis mutants
revealed the importance of 32 genes, broadly involved in cell wall
structure and nucleic acid and amino acid metabolism, for survivability
of the serovar in egg albumin. Adaptation of Salmonella Enteritidis to
egg yolk has been investigated. Passage of Salmonella Enteritidis in egg
yolk increased intestinal colonization in a colitis mouse model, but the
infection dose of the pathogen and the mode of action were not
reported in the study (Moreau et al., 2016). In a recent research, the
growth of Salmonella Enteritidis in egg yolk, in comparison with
growth in a synthetic microbiological medium, increased virulence of
the pathogen in mice, and a dose of only 280 CFU in yolk was sufficient
to kill 50% of the mice (Xu et al., 2022). However, it is still unknown
whether Salmonella Enteritidis strains isolated from eggs share
genomic similarities or can be phylogenomically distinguishable from
those isolated from other sources. It is not known whether
egg-associated Salmonella Enteritidis strains possess important genetic
traits (e.g., virulence and antimicrobial resistance) in a similar manner
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to strains associated with human illnesses. To reduce this knowledge
gap, the current study was conducted to provide insight into
phylogenetic characteristics, antimicrobial resistance, virulence, and
genetic signatures of Salmonella Enteritidis associated with eggs.

2. Materials and methods
2.1. Selection of Salmonella strains

To evaluate the distinct global genomic characteristics of
Salmonella Enteritidis, compared with other serovars isolated from
food sources, a dataset consisting of 10,869 strains characterized by
9,235 core-genome multilocus sequence types was extracted from the
EnteroBase database. This dataset was subsequently utilized to
construct a phylogenetic tree using the rapid neighbor-joining model
integrated in EnteroBase, thereby elucidating potential genetic
distinctions. Additionally, to further underscore the genetic
distinctiveness of Salmonella Enteritidis strains originated from eggs
compared with those from other food sources, a subset of 1,002 strains
represented by 841 core-genome multilocus sequence types was
extracted from the EnteroBase database. A minimum spanning tree
model, integrated in EnteroBase, was then employed to construct a
phylogenetic tree.

For a focused assessment of the phylogenetic attributes,
antimicrobial resistance genetic determinants, and virulence traits of
Salmonella Enteritidis strains associated with eggs, we selected strains
from the National Center for Biotechnology Information (NCBI) due
to their adequate metadata and the comprehensive genomic sequence
information. The selection of Salmonella Enteritidis strains was based
on a defined set of criteria, ensuring that the strains are representative
and suitable for analysis. A total of 94 Salmonella Enteritidis strains
submitted to NCBI between 2015 and 2021 were used to represent the
following two groups, egg-related and non-related groups. The quality
of the selected genomes was also performed by assessing the N, and
coverage values of the genomes. The ranges of coverage and Ny, for the
selected genomes were 29-301x and 32kb-4.7Mb, respectively
(Supplementary File 1). The egg-related group included 74 strains
isolated from 23 whole raw liquid egg samples, 20 shell eggs, and 31
raw egg yolk samples. These were all the strains that met the selection
criteria below and retrieved from the NCBI pathogen isolates
database.! The isolates, which were (a) associated with “egg” in their
“isolation source;” (b) originated from different single nucleotide
polymorphism (SNP) clusters, and (c) not belonging to the same
outbreak, were retrieved from NCBI in November 2022. Among the
selected egg-related strains, three shell egg isolates (Salmonella
Enteritidis PT8, PT13, and ODA 99-30581-13) were sequenced in our
laboratory at The Ohio State University, Columbus, United States, as
described in a previous study (Xu et al., 2021). The second group was
a control group (non-egg-related) integrated into the analysis to
provide a comparative baseline against egg-related strains. The control
group consisted of 19 clinical strains originating from human feces
and one strain originating from a farm environment. These strains
were selected from geographical regions that were different from those

1 https://www.ncbi.nlm.nih.gov/pathogens/isolates/
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of the egg-related group, and their isolation source metadata explicitly
indicated no association with eggs. Detailed information about the
investigated strains is presented in Supplementary File 1.

2.2. Reference-based single nucleotide
polymorphism calling and phylogeny

For SNP calling, genomes of the 94 Salmonella Enteritidis strains
were uploaded as Fasta files into CSI Phylogeny 4.1.0 tool (available at
the Center for Genomic Epidemiology; https://cge.cbs.dtu.dk/
services/CSIPhylogeny/; Kaas et al., 2014) and mapped against a
reference genome of Salmonella Enteritidis strain P125109 (accession
number GCA_015240635.1). SNPs were called at default settings
(minimum SNP quality of 30, and minimum map quality of 25). CSI
phylogeny yields a Newick maximum likelihood phylogenetic tree
inferred by FastTree 2.1.7, and the tree was visualized using the
interactive Tree Of Life tool (iTOL; https://itol.embl.de/; Letunic and
Bork, 2019).

2.3. Core-genome-based phylogeny

Pangenomic analysis was performed utilizing the 94 Salmonella
Enteritidis strains in addition to the reference genome of the P125109
strain using the Roary pipeline (Page et al., 2015). The whole genomes
of all strains were annotated using Prokka program, version 1.13
(Seemann, 2014), which yields annotated genomes in the GFF3
format; these genomes were used as an input for Roary that created a
multi-FASTA alignment of the core genes with MAFFT (version
7.477; Katoh et al,, 2002) at a minimum BLAST percentage identity of
95. The alignment was used to infer a maximum likelihood phylogeny
using IQ-TREE (version 1.5.4; Nguyen et al, 2015), and the
phylogenetic tree was visualized and annotated with iTOL.

2.4. Time-scaled phylogeny

The SNP-based maximum likelihood phylogenetic tree produced
by CSI phylogeny tool was time-scaled and rooted by LSD2 (version
1.4.2.2.; To et al., 2016), as described previously (Carroll et al., 2021)
using the default settings with modifications as follows: (i) a substation
rate of 2.79 x 1077 substitutions/site/year, a rate that corresponds to the
estimate determined for Salmonella Typhimurium DT104 in a
previous study (Leekitcharoenphon et al, 2016); (i) tip dates
corresponding to the collection year for each strain; (iii) genome
sequence length of the reference strain Salmonella Enteritidis P125109
(4,685,848bp); and (iv) variances of input branch lengths. The
resulting time-scaled phylogenetic tree was visualized and annotated
using iTOL.

2.5. ldentifying antimicrobial resistance
and virulence determinants
For AMR determinants, two different genome-mining analyses

were applied to Salmonella Enteritidis genomes. First, ABRicate
(version 1.0.1) in GalaxyTrakr pipeline (Gangiredla et al., 2021) was
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used to identify the AMR determinants in the 94 Salmonella
Enteritidis genomes, in addition to the reference genome, Salmonella
Enteritidis P125109, using the Resfinder database with 80% minimum
DNA identity and coverage for each gene. Second, AMRFinderplus
(version 3.8.28; Feldgarden et al., 2019) was used to detect AMR and
stress response genes using the following settings: AMRFinderplus
database (version 2020-09-30.1), Salmonella organism option,
minimum coverage percentage of 50, and minimum identity threshold
of 75. In addition, plasmid replicons, in Salmonella Enteritidis
genomes, were screened using ABRicate (version 1.0.1) and
PlasmidFinder databases with an identity and coverage percentage of
80. For virulence factor determination in the Salmonella Enteritidis
genomes, ABRicate (version 1.0.1) was implemented against the
Virulence Factor Database (VFDB) with a minimum coverage and
identity percentage of 80. The presence or absence of AMR and
virulence genes were represented as heatmaps using GraphPad Prism
software (version 9.4.1; GraphPad Software, San Diego, CA,
United States).

3. Results

3.1. Global genomic diversity of Salmonella
enterica isolated from food

To gain a global overview of the genetic diversity of S. enterica
isolated from food, we investigated the population structure and
genomic diversity of non-typhoidal S. enterica isolated from “food” as
a “source niche” according to the EnteroBase database. A neighbor-
joining phylogenetic tree (Figure 1) was constructed based on
cgMLST and allelic differences; this tree comprised 10,869 strains
belonging to 9,235 sequence types (STs) of more than 30 Salmonella
serovars. The S. enterica strains, included in this analysis, were
geographically dispersed and originated from more than 30 countries
located in Europe, North America, South America, Asia, Africa, and
Oceania. Food-associated S. enterica strains formed separate clusters
when based on the serovar. It was obvious that “Enteritidis,”
“Heidelberg,” and “Typhimurium” were the most common serovars in
food, each of which formed a distinct lineage in this cgMLST-based
phylogenetic tree (Figure 1). The emphasis in this manuscript will
be on serovar “Enteritidis” strains from food. By analyzing 1,002
Salmonella Enteritidis strains belonging to 841 STs and isolated from
more than 20 food sources, the strains were grouped into different
lineages (Figure 2), among which one single lineage contained all
strains isolated from eggs or egg products (Figure 2, red-colored
clusters). This observation indicates relatively small genomic diversity
within the egg-related strains. Nevertheless, the egg-related group
clustered closely with the poultry-associated strains and distantly from
the beef-associated strains (Figure 2).

3.2. Phylogenetic relationships within
egg-associated Salmonella Enteritidis

A maximum likelihood phylogenetic tree (Figure 3) was
constructed based on 2,164 SNPs detected in the core genome regions
of 94 Salmonella Enteritidis strains (74 from eggs, 19 from human
feces, and one from farm environment for comparison) against
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FIGURE 1
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Genomic diversity of Salmonella enterica isolated from food worldwide, as determined by a neighbor-joining tree of 10,869 strains of 9,235 core-
genome multilocus sequence types, according to EnteroBase. Each node represents a unique sequence type, and the size of each node corresponds
to the number of strains within that node. Salmonella strains are color-coded by serovar, and the number of isolates is presented between brackets.
The scale bar indicates 400 core-genome multilocus sequence-type alleles.

FIGURE 2
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Genomic diversity of Salmonella Enteritidis isolated from food, according to the EnteroBase database, and determined by the minimum spanning tree
of 1,002 strains of 841 core-genome multilocus sequence types. Each node represents a unique sequence type, and the node size corresponds to the
number of Salmonella Enteritidis strains within that node. Salmonella strains are color-coded by EnteroBase-defined isolation source details (the
number of isolates is presented between brackets), and the scale bar indicates 1,000 core-genome multilocus sequence type alleles. Reference to
“food” in the legend indicates that the food types were not specified in the EnteroBase.
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FIGURE 3

inferred using FastTree v.2.1.7. The scale bar denotes substitutions per site.

Maximum likelihood phylogeny constructed based on core single nucleotide polymorphism (SNPs; n = 2,164) among 94 Salmonella Enteritidis
genomes. The strains were color-shaded according to their source as follows: eggs (blue), pink (human feces), green (farm environment), and yellow
(reference genome of Salmonella Enteritidis P125109). Core SNPs were determined by CSI Phylogeny v.4.1.0, whereas the phylogenetic tree was

Salmonella Enteritidis P125109 reference strain. Pairwise comparisons
between strains showed a range of SNPs varying from 2 to 542. The
SNP-based phylogeny demonstrated that most of the egg-associated
strains formed a distinct sublineage from the human-associated
strains (Figure 3). These findings were confirmed by constructing a
phylogeny (Figure 4A), based on the core genome sequences, in all 94
Enteritidis strains, in addition to the reference P125109 strain. The
phylogenetic tree comprised two major clades, and the egg-associated
strains formed unique sublineages separated from the human and
farm-associated strains (Figure 4A).

A time-scaled phylogeny was built to infer the possible timing of
the emergence of the egg-associated Salmonella Enteritidis
(Figure 4B). The SNP-based time-scaled phylogenetic tree
demonstrated the presence of two major clades containing the
egg-related strains. A small clade “Clade I” contained a sublineage of
seven egg-associated strains that shared a common most recent
ancestor dated to approximately 1,920 as determined by the LSD
v.2.0.0 tool. The large clade “Clade II” encompassed most
egg-associated strains, which formed a distinct sublineage that shared
a common most recent ancestor dated approximately to 1,516.
Additionally, these findings illustrate the genetic distinctiveness of
egg-associated Salmonella Enteritidis since most of these strains were
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clustered in Clade II. Genetic distinction of egg-associated Salmonella
Enteritidis would become more apparent when more genome
sequences from eggs become available in public databases.

3.3. Antibiotic resistance and virulence
determinants in Salmonella Enteritidis from

eggs

Two genome mining approaches, Resfinder and
AMREFinderplus, identified AMR determinants in the genomes of
egg-associated Salmonella Enteritidis while selected human-
associated strains (n =19) were used for comparison. AMR results
from Resfinder showed that egg-associated Salmonella Enteritidis
showcased two AMR genes, aac(6’)-Iaa and mdsAB (Figure 5A),
which confer resistance to aminoglycosides and other antibiotics
(e.g., chloramphenicol, cephalosporin, and monobactam). These
AMR genes were also conserved in the investigated human-related
strains. Exceptionally, the egg isolate Salmonella Enteritidis PT13
(GCA_014518265.1) harbored genes conferring resistance to
aminoglycosides (aph(3”)-Ib and aph(6)-1d), beta lactams
(blaTEM-1b), sulfonamide (sul2), and tetracycline (tetA). With
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Clade |

Clade 1l

FIGURE 4

Core-genome and time-scaled phylogeny of Salmonella Enteritidis from eggs. (A) Maximum likelihood phylogeny of 94 Salmonella Enteritidis strains,
constructed using the core-genes sequence alignment determined by the Roary pipeline and inferred by IQ-TREE v.1.5.4; (B) Time-scaled maximum
likelihood phylogeny constructed using core SNPs identified among the 94 Salmonella Enteritidis strains; the phylogeny was rooted and scaled using
LSD2 with scale bar reported in years. The strains were color-shaded according to their source as follows: eggs (blue), pink (human feces), green (farm
environment), and yellow (reference genome of Salmonella Enteritidis P125109).
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AMRFinderplus analysis, the results (Figure 5B) revealed the
presence of a colonization factor (sinH), and some stress response
genes (golS and golT) that confer resistance to metal ions (i.e., gold
and copper). These genes were similarly found in egg- and human-
related strains. Moreover, two gyrA mutations (D87Y and S83F)
were found in a few Salmonella Enteritidis strains isolated from eggs
and human feces, and these gene mutations mediate
quinolone resistance.

Genomic screening was conducted for plasmid replicons known
to harbor antibiotic-resistant genes in Salmonella genomes. Out of
eight different plasmid replicons identified in Salmonella Enteritidis
genomes, IncFIB(S)_1 and IncFII(S)_1 were detected in 86 genomes
(Supplementary File 2). The plasmid replicons IncN_1, Col156_1,

ColRNAI_1, and ColpVC_1 were detected in 2-3 genomes while

Frontiers in Microbiology

IncX1_1 and IncX4_2 were found in 10-11 genomes. Most of the
egg-associated Salmonella Enteritidis genomes harbored IncFIB(S)_1
and IncFII(S)_1, and 9-10 of the genomes harbored IncX1_1 and
IncX4_2 plasmid replicons (Supplementary File 2). The presence of
such plasmid replicons indicates a potential antibiotic resistance
capability of egg-associated Salmonella Enteritidis.

Profiling of virulence genes using the ABRicate tool against the
virulence factor database revealed that the egg-associated Salmonella
Enteritidis possessed 103-113 virulence factors in their genomes,
mainly encoded on the Salmonella pathogenicity islands (SPIs), such
as SPI-1, SPI-2, SPI-3, SPI-4, and SPI-5; these SPIs are indispensable
for disease onset in the host. Comparably, the human-associated
strains harbored 112 virulence genes (Figure 6). These results augment
the notion that egg-associated Salmonella Enteritidis strains possess
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FIGURE 5

genomes were colored “"yellow” in the heatmap illustrations

Antimicrobial resistance (AMR) determinants identified in 94 Salmonella Enteritidis strains including the 74 strains from eggs. AMR determinants were
identified as “present” using ABRicate with the Resfinder database (A) at a minimum 80% identity and coverage, or (B) AMRFinderplus v.3.8.28 with the
AMRFinderplus database at a minimum threshold of 50 and 75% for coverage and identity, respectively. Genes present in Salmonella Enteritidis
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putative AMR determinants and the essential virulence factors
required for causing human diseases.

3.4. Pangenomic analysis highlighted
genetic features in Salmonella Enteritidis
from eggs

The annotated genomes obtained with the Prokka tool were used
as an input for the Roary pipeline to infer the pangenome, which is the
entire set of genes within the investigated Salmonella Enteritidis
strains. The pangenome results produced a gene presence/absence
matrix by comparing the presence of 6,148 genes with the 94
Salmonella Enteritidis genomes (74 for the egg-, 19 for the human-,
and one for the farm-associated strains), in addition to the reference
Salmonella Enteritidis P125109 genome. Our findings (Table 1)
showed that two genes (0adA2 and 0adB2), involved in sodium ion
transport and anaerobic growth, were identified in 30 genomes of the
egg-associated strains but were absent in the human-associated group.
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Additional genes (Table 1) involved in cellular processes, such as
DNA-dependent transcription, DNA repair, and conjugal transfer,
were identified only in 12-13 of the egg-associated Salmonella
Enteritidis group but were absent in the human-associated group.

4. Discussion

Salmonella Enteritidis is the main S. enterica serovar that causes
frequent disease outbreaks linked to food, particularly eggs and other
poultry products (Rodrigue et al., 1990). The historical dilemma of
Salmonella Enteritidis—egg association remains unresolved, and
understanding the biological mechanisms behind the serovar fitness
in such a food matrix is still insufficiently explored. It is unknown
whether Salmonella Enteritidis strains associated with eggs are
genetically identical. Analysis of the global lineages of non-typhoidal
Salmonella isolated from food (Figure 1) suggests that Salmonella
Enteritidis is genetically different from the rest of the serovars, and the
genomes of the serovar formed a unique cluster. The analysis also
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FIGURE 6
Virulence gene profiling in 94 Salmonella Enteritidis strains including the 74 strains from eggs. Up to 113 virulence determinants were identified as
“present” using ABRicate with the Virulence Factor database at a minimum of 80% identity and coverage. Virulence genes reported as “present” were
colored "yellow" in the heatmap illustration.

showed that Salmonella Enteritidis strains from eggs and poultry are
closely related genomically (Figure 2), and both are relatively different
from the beef-related strains of that serovar. This obvious genetic
relatedness emphasizes the importance of the Salmonella Enteritidis
vertical transmission route, i.e., from breeding chicken to hatching
eggs (Gantois et al., 2009). According to a recent study, poultry
breeding stocks drove the dispersal of Salmonella Enteritidis globally,
and that hatching eggs were the key driver for the global spread of this
pathogen (Li et al., 2021). The latter study provided evidence that the
intercontinental spread of Salmonella Enteritidis arose from
centralized origins because the global lineages of this pathogen were
similar to the strains that were isolated originally from poultry
products in the United States and Europe, where the first industrialized
poultry production appeared. Moreover, surveys conducted in the
United States in 1991 highlighted the presence of Salmonella on
1991). Together, these
findings explain the genomic similarity between Salmonella Enteritidis

eggshells from breeder hatcheries (Cox et al.,

strains from eggs and poultry sources. Intriguingly, Salmonella
Enteritidis strains from eggs were genetically distinct from those
isolated from beef, indicating that beef is an unlikely transmission
vehicle of this serovar to eggs.
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In the current study, the egg-associated Salmonella Enteritidis
strains found in the NCBI database (as of November 2022) were
included in our analyses. Most of these strains were isolated in the
United States; this coincides with the fact that the United States was
one of the earliest exporters of chicken breeding stocks to the world
(Li et al,
demonstrated that Salmonella Enteritidis strains from eggs displayed
limited intra-genomic diversity, and these strains were closely related

2021). Our SNP- and core-genome-based phylogeny

phylogenetically, indicating that they may have a common ancestor.
The time-scaled phylogeny constructed in the current study (Figure 4)
suggests that the egg-related strains may have naturally evolved from
a common ancestor. Comparably, a recent study found that Salmonella
Enteritidis ST11 lineage from Africa shared a common ancestor dated
to 1,551-1,801 (Carroll et al., 2021).

Our findings showcased Salmonella Enteritidis strains from eggs
to be a reservoir of antibiotic resistance genes, mainly aac(6’)-Iaa
and mdsAB, which encode aminoglycoside acetyl transferase and
efflux pump complex, respectively; these genetic traits confer
resistance to aminoglycosides and other antibiotics (Alcaine et al.,
2007; Song et al., 2014; Nair et al., 2018). The identification of such
antibiotic-resistant determinants (Figure 5), in addition to several
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TABLE 1 Proteins and corresponding genes uniquely found in genomes of Salmonella enterica serovar Enteritidis from eggs.

Protein (corresponding gene)

Number of genomes** of

Biological process

eggs-associated strains

Oxaloacetate decarboxylase alpha chain (0adA2)* 30 Sodium transport/Biotin binding (Translocase)

Oxaloacetate decarboxylase beta chain (oadB2)* 30 Sodium transport (Translocase)

Hypothetical proteins 12-14 Unknown

Heme exporter protein C (ccmC) 13 Cytochrome complex assembly

Tyrosine recombinase XerC (xerC) 13 Cell cycle, cell division, DNA integration, and DNA recombination

Putative transposon Tn552 DNA-invertase bin3 (bin3) 12 DNA integration, DNA Recombination

mRNA interferase toxin RelE (relE) 12 Toxin-antitoxin system

Transcription antitermination protein RfaH (rfaH) 12 Transcription/Transcription regulation

Type IV secretion system protein VirB4 (virB4) 12 Conjugal transfer ATPase

Type IV secretion system protein VirB9 (virB9) 12 Conjugative transfer

Protein VirD4 (virD4) 12 Conjugal transfer

Type IV secretion system protein VirB11 (virB11) 12 Conjugal transfer

mRNA interferase HigB (higB) 12 Regulation of DNA-dependent transcription, and regulation mRNA
stability

Antitoxin HigA (higA) 12 Regulation of DNA-dependent transcription

Protein TraL (traL) 12 Pilus assembly

Cytochrome c-type biogenesis protein CcmE (ccmE) 12 Cytochrome complex assembly

Elongation factor Tu 1 (tufl) 12 Translational elongation, response to antibiotics

DNA topoisomerase 3 (topB2) 12 DNA topological change

*Anaerobic growth; *#Data represent the number of eggs-associated Salmonella Enteritidis genomes positive for a given protein that was absent in human-associated strains of the serovar. The

term “genome” refers to chromosomal DNA and does not include plasmid DNA.

plasmid replicons (Supplementary File 2), including IncFIB(S)_1,
IncFII(S)_1, IncX1_1, and IncX4_1, which have been associated
with harboring antibiotic resistance genes (van den Berg et al., 2019;
Hull et al., 2022), suggests that the egg-associated Salmonella
Enteritidis could harbor and possibly disseminate antibiotic
resistance genes via plasmid-mediated gene transfer. Antibiotic
resistance among Salmonella Enteritidis strains from eggs can
be explained by the intense use of antibiotics during poultry
production (Sapkota et al., 2014). This is consistent with a previous
study, which concluded that the prevalence of antibiotic-resistant
Salmonella was reduced when a conventional farm was converted to
organic farming (Sapkota et al, 2014). In addition to that
assumption, antibiotic resistance genes can spread among Salmonella
Enteritidis strains via horizontal transfer of antibiotic-resistant
plasmids or chromosomal acquisition of transposons that carry
antibiotic-resistant genes (Domingues et al., 2012). The prevalence
of golS and golT in Salmonella Enteritidis genomes from eggs
highlights the strains’ ability to confer metal ion resistance; the two
genes were also implicated in regulating antibiotic resistance efflux
pumps (Pontel et al., 2007). These findings alert the egg industry
sector to revise the egg/poultry production regimes to reduce the
spread of antibiotic resistance among associated pathogens such as
Salmonella Enteritidis. Our genome (Chromosomal DNA) mining
analysis also uncovered a comprehensive virulence machinery in
Salmonella Enteritidis strains from eggs, which implies the capability
of these strains to infect humans and cause diseases.

From a pathogen-food adaptive perspective, the pangenome
analysis revealed the abundance of oadA and oadB and other genes
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(e.g., xerC and higB; Table 1) in egg-associated Salmonella Enteritidis.
These genes enhance the capacity of Salmonella to grow anaerobically
(similar to the eggshell environment) and in assisting nucleic acid-
related processes such as DNA repair in response to damage
encountered in environments such as egg white (Woehlke and
Dimroth, 1994; Huang et al., 2019). These hypotheses have been
overlooked and are now worth further investigation.

5. Conclusion

Salmonella Enteritidis is a predominant causative agent of
egg-associated foodborne disease outbreaks and leads to a multitude
of human illnesses and economic losses. This study utilized
comparative genomic analysis for an understanding of the
phylogenomic links, genomically encoded virulence and antimicrobial
resistance traits, and genomic landscape of Salmonella Enteritidis
strains that were historically associated with disease outbreaks in eggs
or egg products. The genetic homology within the egg-associated
Salmonella Enteritidis indicates a possible common ancestry origin for
the circulating strains in egg products, presumably due to the trading
of poultry breeding stocks. A whole genome-based comparison gave
a glimpse of the virulence aspect of Salmonella Enteritidis associated
with poultry eggs, and such assessment confirmed the need for
advancing the anti-Salmonella intervention strategies, starting at the
poultry production chain. Further investigations utilizing genome-
wide association studies could underpin specific genetic targets
characteristics of Salmonella Enteritidis associated with eggs.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278821
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Abdelhamid and Yousef

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary material.

Author contributions

AA: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing — original draft, Writing - review
& editing. AY: Conceptualization, Funding acquisition, Project
administration, Supervision, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This study is
supported by the USDA National Institute of Food and Agriculture,
AFRI project 2020-67017-30794.

References

Alcaine, S. D., Warnick, L. D., and Wiedmann, M. (2007). Antimicrobial resistance in
nontyphoidal Salmonella. J. Food Prot. 70, 780-790. doi: 10.4315/0362-028X-70.3.780

Cardoso, M. J., Nicolau, A. I, Borda, D., Nielsen, L., Maia, R. L., Moretrg, T., et al.
(2021). Salmonella in eggs: from shopping to consumption—a review providing an
evidence-based analysis of risk factors. Compr. Rev. Food Sci. Food Saf. 20, 2716-2741.
doi: 10.1111/1541-4337.12753

Carroll, L. M., Pierneef, R., Mathole, M., and Matle, 1. (2021). Genomic
characterization of endemic and ecdemic non-typhoidal Salmonella enterica lineages
circulating among animals and animal products in South Africa. Front. Microbiol.
12:748611. doi: 10.3389/fmicb.2021.748611

Clavijo, R. I, Loui, C., Andersen, G. L., Riley, L. W,, and Lu, S. (2006). Identification
of genes associated with survival of Salmonella enterica Serovar Enteritidis in chicken
egg albumen. Appl. Environ. Microbiol. 72, 1055-1064. doi: 10.1128/
AEM.72.2.1055-1064.2006

Cogan, T. A, Jorgensen, E, Lappin-Scott, H. M., Benson, C. E., Woodward, M. J., and
Humpbhrey, T. J. (2004). Flagella and curli fimbriae are important for the growth of
Salmonella enterica serovars in hen eggs. Microbiology 150, 1063-1071. doi: 10.1099/
MIC.0.26791-0

Cox, N. A, Bailey, J. S., Mauldin, J. M., Blankenship, L. C., and Wilson, J. L. (1991).
Extent of salmonellae contamination in breeder hatcheries. Poult. Sci. 70, 416-418. doi:
10.3382/PS.0700416

Dewey-Mattia, D., Manikonda, K., Hall, A. J., Wise, M. E., and Crowe, S. J. (2018).
Surveillance for foodborne disease outbreaks—United States, 2009-2015. MMWR
Surveill. Summ. 67, 1-11. doi: 10.15585/mmwr.ss6710al

Domingues, S., da Silva, G. J., and Nielsen, K. M. (2012). Integrons: vehicles and
pathways for horizontal dissemination in bacteria. Mob. Genet. Elem. 2, 211-223. doi:
10.4161/MGE.22967

EFSA and ECDC (2019). The European Union one health 2018 zoonoses report. EFSA
J. 17:€05926. doi: 10.2903/j.efsa.2019.5926

EFSA and ECDC (2022). The European Union one health 2021 zoonoses report. EFSA
J. 20:¢07666. doi: 10.2903/j.efsa.2022.7666

Feldgarden, M., Brover, V., Haft, D. H., Prasad, A. B,, Slotta, D. J., Tolstoy, L, et al.
(2019). Validating the AMRFINder tool and resistance gene database by using
antimicrobial resistance genotype-phenotype correlations in a collection of isolates.
Antimicrob. Agents Chemother. 63, €00483-19. doi: 10.1128/AAC.00483-19/SUPPL_
FILE/AAC.00483-19-S0004.XLSX

Ferrari, R. G., Rosario, D. K. A, Cunha-Neto, A., Mano, S. B., Figueiredo, E.E.S., and
Conte-Juniora, C. A. (2019). Worldwide epidemiology of Salmonella serovars in animal-
based foods: a meta-analysis. Appl. Environ. Microbiol. 85:¢00591. doi: 10.1128/
AEM.00591-19

Gangiredla, J., Rand, H., Benisatto, D., Payne, J., Strittmatter, C., Sanders, J., et al.
(2021). GalaxyTrakr: a distributed analysis tool for public health whole genome

Frontiers in Microbiology

10.3389/fmicb.2023.1278821

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278821/
full#supplementary-material

sequence data accessible to non-bioinformaticians. BMC Genomics 22, 1-11. doi:
10.1186/S12864-021-07405-8/ TABLES/2

Gantois, I, Ducatelle, R., Pasmans, F, Haesebrouck, F, Gast, R., Humphrey, T. ], et al.
(2009). Mechanisms of egg contamination by Salmonella Enteritidis. FEMS Microbiol.
Rev. 33, 718-738. doi: 10.1111/j.1574-6976.2008.00161.x

Healy, J., and Bruce, B. (2019). “Salmonellosis (Nontyphoidal)” in Chapter 4—CDC
yellow book travel health 2019. Available at https://wwwnc.cde.gov/travel/
yellowbook/2020/travel-related-infectious-diseases/salmonellosis-nontyphoidal
(Accessed November 9, 2022).

Huang, X., Zhou, X, Jia, B., Li, N,, Jia, J., He, M., et al. (2019). Transcriptional
sequencing uncovers survival mechanisms of Salmonella enterica serovar
Enteritidis in antibacterial egg white. mSphere 4, €00700-¢00718. doi: 10.1128/
mSphere.00700-18

Hull, D. M., Harrell, E., Harden, L., and Thakur, S. (2022). Multidrug resistance and
virulence genes carried by mobile genomic elements in Salmonella enterica isolated from
live food animals, processed, and retail meat in North Carolina, 2018-2019. Int. J. Food
Microbiol. 378:109821. doi: 10.1016/j.ijfoodmicro.2022.109821

Kaas, R. S., Leekitcharoenphon, P, Aarestrup, F. M., and Lund, O. (2014). Solving the
problem of comparing whole bacterial genomes across different sequencing platforms.
PLoS One 9:¢104984. doi: 10.1371/JOURNAL.PONE.0104984

Katoh, K., Misawa, K., Kuma, K. I, and Miyata, T. (2002). MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier transform. Nucleic Acids
Res. 30, 3059-3066. doi: 10.1093/NAR/GKF436

Leekitcharoenphon, P, Hendriksen, R. S., Le Hello, S., Weill, F. X., Baggesen, D. L.,
Jun, S. R, et al. (2016). Global genomic epidemiology of Salmonella enterica serovar
typhimurium DT104. Appl. Environ. Microbiol. 82, 2516-2526. doi: 10.1128/
AEM.03821-15

Letunic, I, and Bork, P. (2019). Interactive tree of life (iTOL) v4: recent updates and
new developments. Nucleic Acids Res. 47, W256-W259. doi: 10.1093/NAR/GKZ239

Li, S., He, Y,, Mann, D. A, and Deng, X. (2021). Global spread of Salmonella Enteritidis
via centralized sourcing and international trade of poultry breeding stocks. Nat.
Commun. 12:5109. doi: 10.1038/s41467-021-25319-7

Lu, S., Killoran, P. B., and Riley, L. W. (2003). Association of Salmonella enterica
Serovar Enteritidis YafD with resistance to chicken egg albumen. Infect. Immun. 71,
6734-6741. doi: 10.1128/IA1.71.12.6734-6741.2003

Moreau, M. R., Wijetunge, D. S. S., Bailey, M. L., Gongati, S. R., Goodfield, L. L.,
Hewage, E. M. K. K,, et al. (2016). Growth in egg yolk enhances Salmonella Enteritidis
colonization and virulence in a mouse model of human colitis. PLoS One 11:e0150258.
doi: 10.1371/journal.pone.0150258

Nair, D. V. T,, Venkitanarayanan, K., and Johny, A. K. (2018). Antibiotic-resistant
Salmonella in the food supply and the potential role of antibiotic alternatives for control.
Foods 7:167. doi: 10.3390/FOODS7100167

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278821
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278821/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1278821/full#supplementary-material
https://doi.org/10.4315/0362-028X-70.3.780
https://doi.org/10.1111/1541-4337.12753
https://doi.org/10.3389/fmicb.2021.748611
https://doi.org/10.1128/AEM.72.2.1055-1064.2006
https://doi.org/10.1128/AEM.72.2.1055-1064.2006
https://doi.org/10.1099/MIC.0.26791-0
https://doi.org/10.1099/MIC.0.26791-0
https://doi.org/10.3382/PS.0700416
https://doi.org/10.15585/mmwr.ss6710a1
https://doi.org/10.4161/MGE.22967
https://doi.org/10.2903/j.efsa.2019.5926
https://doi.org/10.2903/j.efsa.2022.7666
https://doi.org/10.1128/AAC.00483-19/SUPPL_FILE/AAC.00483-19-S0004.XLSX
https://doi.org/10.1128/AAC.00483-19/SUPPL_FILE/AAC.00483-19-S0004.XLSX
https://doi.org/10.1128/AEM.00591-19
https://doi.org/10.1128/AEM.00591-19
https://doi.org/10.1186/S12864-021-07405-8/TABLES/2
https://doi.org/10.1111/j.1574-6976.2008.00161.x
https://wwwnc.cdc.gov/travel/yellowbook/2020/travel-related-infectious-diseases/salmonellosis-nontyphoidal
https://wwwnc.cdc.gov/travel/yellowbook/2020/travel-related-infectious-diseases/salmonellosis-nontyphoidal
https://doi.org/10.1128/mSphere.00700-18
https://doi.org/10.1128/mSphere.00700-18
https://doi.org/10.1016/j.ijfoodmicro.2022.109821
https://doi.org/10.1371/JOURNAL.PONE.0104984
https://doi.org/10.1093/NAR/GKF436
https://doi.org/10.1128/AEM.03821-15
https://doi.org/10.1128/AEM.03821-15
https://doi.org/10.1093/NAR/GKZ239
https://doi.org/10.1038/s41467-021-25319-7
https://doi.org/10.1128/IAI.71.12.6734-6741.2003
https://doi.org/10.1371/journal.pone.0150258
https://doi.org/10.3390/FOODS7100167

Abdelhamid and Yousef

Nguyen, L. T., Schmidt, H. A., Von Haeseler, A., and Minh, B. Q. (2015). IQ-TREE: a
fast and effective stochastic algorithm for estimating maximum-likelihood phylogenies.
Mol. Biol. Evol. 32, 268-274. doi: 10.1093/MOLBEV/MSU300

Page, A. ]., Cummins, C. A., Hunt, M., Wong, V. K, Reuter, S., Holden, M. T. G., et al.
(2015). Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics 31,
3691-3693. doi: 10.1093/BIOINFORMATICS/BTV421

Pontel, L. B., Audero, M. E. P, Espariz, M., Checa, S. K., and Soncini, E C. (2007). GolS
controls the response to gold by the hierarchical induction of Salmonella-specific genes
that include a CBA efflux-coding operon. Mol. Microbiol. 66, 814-825. doi:
10.1111/].1365-2958.2007.05963.X

Rodrigue, D. C., Tauxe, R. V., and Rowe, B. (1990). International increase in Salmonella
Enteritidis: a new pandemic? Epidemiol. Infect. 105, 21-27. doi: 10.1017/
50950268800047609

Sapkota, A. R, Kinney, E. L., George, A., Hulet, R. M., Cruz-Cano, R., Schwab, K. J.,
et al. (2014). Lower prevalence of antibiotic-resistant Salmonella on large-scale U.S.
conventional poultry farms that transitioned to organic practices. Sci. Total Environ.
476-477, 387-392. doi: 10.1016/].SCITOTENV.2013.12.005

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics 30,
2068-2069. doi: 10.1093/BIOINFORMATICS/BTU153

Shah, D. H., Zhou, X., Kim, H. Y,, Call, D. R,, and Guard, J. (2012). Transposon
mutagenesis of Salmonella enterica serovar Enteritidis identifies genes that contribute to
invasiveness in human and chicken cells and survival in egg albumen. Infect. Immun. 80,
4203-4215. doi: 10.1128/IA1.00790-12

Frontiers in Microbiology

128

10.3389/fmicb.2023.1278821

Song, S., Hwang, S., Lee, S., Ha, N. C., and Lee, K. (2014). Interaction mediated by the
putative tip regions of Mdsa and Mdsc in the formation of a Salmonella-specific tripartite
efflux pump. PLoS One 9:¢100881. doi: 10.1371/JOURNAL.PONE.0100881

To, T. H., Jung, M., Lycett, S., and Gascuel, O. (2016). Fast dating using least-squares
criteria and algorithms. Syst. Biol. 65, 82-97. doi: 10.1093/SYSBIO/SYV068

USDA (2019). Cost estimates of foodborne illnesses. Avialable at: https://www.ers.
usda.gov/data-products/cost-estimates-of-foodborne-illnesses/cost-estimates-of-
foodborne-illnesses/#Pathogen (Accessed November 9, 2022).

van den Berg, R. R,, Dissel, S., Rapallini, M. L., van Der Weijden, C. C., Wit, B., and
Heymans, R. (2019). Characterization and whole genome sequencing of closely related
multidrug-resistant Salmonella enterica serovar Heidelberg isolates from imported poultry
meat in the Netherlands. PLoS One 14:¢0219795. doi: 10.1371/journal.pone.0219795

Woehlke, G., and Dimroth, P. (1994). Anaerobic growth of Salmonella Typhimurium
on 1 L(+)- and D(—)-tartrate involves an oxaloacetate decarboxylase Na* pump. Arch.
Microbiol. 162, 233-237. doi: 10.1007/BF00301843

Xu, Y., Abdelhamid, A. G., Sabag-Daigle, A., Sovic, M. G., Ahmer, B. M. M., and
Yousef, A. E. (2022). The role of egg yolk in modulating the virulence of Salmonella
enterica serovar Enteritidis. Front. Cell. Infect. Microbiol. 12:572. doi: 10.3389/
fcimb.2022.903979

Xu, Y., Abdelhamid, A. G., and Yousef, A. E. (2021). Draft genome sequence of
Salmonella enterica subsp. enterica serovar Enteritidis ODA 99-30581-13, a heat-
resistant strain isolated from shell eggs. Microbiol. Resour. Announc. 10, €01461-20. doi:
10.1128/MRA.01461-20

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1278821
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1093/MOLBEV/MSU300
https://doi.org/10.1093/BIOINFORMATICS/BTV421
https://doi.org/10.1111/J.1365-2958.2007.05963.X
https://doi.org/10.1017/S0950268800047609
https://doi.org/10.1017/S0950268800047609
https://doi.org/10.1016/J.SCITOTENV.2013.12.005
https://doi.org/10.1093/BIOINFORMATICS/BTU153
https://doi.org/10.1128/IAI.00790-12
https://doi.org/10.1371/JOURNAL.PONE.0100881
https://doi.org/10.1093/SYSBIO/SYV068
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne-illnesses/cost-estimates-of-foodborne-illnesses/#Pathogen
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne-illnesses/cost-estimates-of-foodborne-illnesses/#Pathogen
https://www.ers.usda.gov/data-products/cost-estimates-of-foodborne-illnesses/cost-estimates-of-foodborne-illnesses/#Pathogen
https://doi.org/10.1371/journal.pone.0219795
https://doi.org/10.1007/BF00301843
https://doi.org/10.3389/fcimb.2022.903979
https://doi.org/10.3389/fcimb.2022.903979
https://doi.org/10.1128/MRA.01461-20

& frontiers

@ Check for updates

OPEN ACCESS

EDITED BY
Xunde Li,
University of California, Davis, United States

REVIEWED BY
Ben Pascoe,

University of Oxford, United Kingdom

Monica Oleastro,

National Health Institute Doutor Ricardo Jorge
(INSA), Portugal

*CORRESPONDENCE
Seongbeom Cho
chose@snu.ac.kr

RECEIVED 08 August 2023
ACCEPTED 05 December 2023
PUBLISHED 22 December 2023

CITATION
An J-U, Lee S, Guk J-H, Woo J, Song H and
Cho S (2023) Circular intermediate-mediated
horizontal transfer of the chromosome-
encoded cfr(C) gene in multi-drug resistant
Campylobacter coli from swine sources.
Front. Microbiol. 14:1274245.

doi: 10.3389/fmicb.2023.1274245

COPYRIGHT

© 2023 An, Lee, Guk, Woo, Song and Cho. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiers in Microbiology

Frontiers in Microbiology

TYPE Original Research
PUBLISHED 22 December 2023
pol 10.3389/fmicb.2023.1274245

Circular intermediate-mediated
horizontal transfer of the
chromosome-encoded cfr(C)
gene in multi-drug resistant
Campylobacter coli from swine
sources

Jae-Uk An, Soomin Lee, Jae-Ho Guk, Jungha Woo,
Hyokeun Song and Seongbeom Cho*

College of Veterinary Medicine and Research Institute for Veterinary Science, Seoul National University,
Seoul, Republic of Korea

Campylobacter is a major zoonotic pathogen that causes gastrointestinal and,
rarely, immune diseases in humans. The antimicrobial-resistance gene cfr(C)
carried by Campylobacter and is a cfr-like gene that targets bacterial 23S rRNA
through A2503 methylation. cfr(C) confers cross-resistance to five antimicrobial
classes (PhLOPS,), including lincosamide, streptogramin A, and pleuromutilin,
which are classified as critically important antimicrobials to human by the World
Health Organization. To elucidate the genetic variation and horizontal transfer
mechanism of cfr(C), we analyzed the genetic background and horizontal
transfer unit of Campylobacter-derived cfr(C) through comparative genomic
analysis. We identified nine cfr(C)-positive C. coli strains of 157 strains isolated
from swine sources. Three novel cfr(C) gene single nucleotide polymorphism
(SNP) sites (19delA, 674C>A, and 890T>C) were identified from nine cfr(C)-
positive strains. Among six identified cfr(C) SNP variant types (SNP-I to -VI), five
types of randomly inserted cfr(C)-cassettes on chromosome and one type of
plasmid-like element were identified, their gene cassette composition differing
depending on the cfr(C) variants. Three of six cfr(C) cassette types contained
aminoglycoside-streptothricin  resistance cluster ‘“aphA3-sat4-aadE.” The
cfr(C) gene cassette with pcp gene (GC-1, GC-4, and GC-5) formed a pcp-
mediated circular intermediate “pcp-hp-cfr(C)-aphA3,” which has not been
previously reported. Other two cfr(C) cassette-types with ISChh1 formed circular
intermediate "ISChhl-aphA3-cfr(C)-lnu (G)-pnp-antl-hp-ATPase” and “ISChhl-
aphA3-cfr(C)-hp.” In conjugation assay, the pcp-mediated circular intermediate
was naturally transferred to the plasmid of recipient C. coli wild-type strain from
swine source, and comparative genomic analysis revealed that cfr(C) encoded
in pcp-mediated circular intermediate was inserted into the plasmid of recipient
by homologous recombination with pcp and aphA3. This study revealed that
novel multidrug resistance gene cfr(C) carried by C. coli from swine sources
can be highly genetically diverse and transferable. Moreover, we suggest that
the transferability of chromosomal cfr(C) may contribute to the global spread of
multidrug resistance against clinically important antimicrobials.

KEYWORDS

Campylobacter coli, chromosome-encoded, circular intermediate, horizontal transfer,
whole genome sequencing
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1 Introduction

Campylobacter species, particularly C. jejuni and C. coli, are
leading zoonotic foodborne pathogen that can cause gastrointestinal
infections (such as diarrhea) and immune diseases (such as Guillain-
Barré syndrome) in humans (Silva et al., 2011). Unlike in humans,
Campylobacter causes mostly asymptomatic infections in food-
animals, including poultry, cattle, and pigs, and is considered a
commensal bacterium (Burnham and Hendrixson, 2018). According
to the World Health Organization (WHO), the major route of human
campylobacteriosis is via the food-chain of animal products (such as
meat and milk) which are contaminated with Campylobacter, present
in animal feces, during the slaughter process (Jaakkonen et al., 2020).

Since 2013, the US Centers for Disease Control and Prevention
has classified drug-resistant Campylobacter as a serious antibiotic
resistance threat (CDC, 2013). In recent years, Campylobacter has
become increasingly resistant to clinically important antimicrobials
and has developed multiple mechanisms of antimicrobial resistance.
These include mutations in target genes, such as 23S rRNA mutations
that confer resistance to macrolides and, gyrA mutations associated
with fluoroquinolone resistance; multidrug efflux pump CmeABC/
RE-CmeABC extruding structurally diverse compounds and
antimicrobials; and horizontally acquired antimicrobial resistance
genes, such as tet(O), erm(B), fexA, and fosXCC (Aarestrup et al.,
2008). Among the two major species of Campylobacter, C. jejuni and
C. coli, which are mainly responsible for human infection, C. coli is
known to be more resistant to antimicrobials (Liu et al., 2019b).

The cfr gene, which encodes 23S rRNA methyltransferase,
confers resistance to five antimicrobial classes, namely phenicols,
lincosamides, oxazolidionones, pleuromutilins, and streptogramin A,
known as PhLOPS, phenotype (Schwarz et al., 2000; Long et al.,
2006). 'WHO
streptogramin A as “critically important antimicrobials: highly

classified lincosamides, pleuromutilins, and
important” and warned that resistance to these antimicrobial agents
would make it difficult to treat bacterial infection (WHO, 2019). Since
the first report of cfr gene in Staphylococcus sciuri in 2006, five types
of the ¢fr gene family have been reported: cfr, cfr(B), cfr(C), cfr(D), and
¢fr(E) (Schwarz et al., 2000; Deshpande et al., 2015; Hansen and Vester,
2015; Candela et al., 2017; Tang et al., 2017; Sassi et al., 2019; Stojkovi¢
etal, 2019). Tang et al. (2017) first identified plasmid-mediated multi-
drug resistance gene cfr(C) in C. coli isolates of feedlot cattle origin
(Tang et al., 2017). Since the first report of ¢fr(C) in Campylobacter,
three additional studies reported the presence of c¢fr(C) in
Campylobacter species (Zhao et al., 2019; Liu et al., 2019a; Tang et al.,
2020). However, the horizontal transferability of Campylobacter-
derived ¢fr(C) has been reported in only one study (Tang et al., 2017),
and the transfer mechanism of ¢fr(C) is still unclear and requires
further research.

An understanding of genetic variation of ¢fr(C) and their
transmission mechanisms can help control the propagation of
antimicrobial multi-resistance, a serious problem when it is

Abbreviations: BLAST, Basic Local Alignment Search Tool; IS, insertion sequence;
MIC, minimum inhibitory concentration; NCBI, National Center for Biotechnology
Information; Ns, non-synonymous; PCR, polymerase chain reaction; SNP, single
nucleotide polymorphism; WGS, whole genome sequencing; WHO, World Health

Organization.
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transferred to humans. Thus, in this study we analyzed genetic
background and horizontal transfer unit of ¢fr(C) in C. coli strains
through comparative genomic analysis to elucidate the genetic
variation and horizontal transfer mechanism of the Campylobacter-
derived cfr(C) gene from swine sources.

2 Materials and methods

2.1 ldentification of cfr(C)-positive
Campylobacter coli strains

A total of 157 swine-derived C. coli strains were used to screen
cfr(C) presence. Of these, 130 C. coli strains were isolated from six
swine farms in South Korea in our previous study (Guk et al.,, 2021).
In addition, 15 C. coli strains were collected from 30 swine fecal
samples from one slaughterhouse in South Korea in November 2017
and 12 C. coli strains from 30 fecal samples from one swine farm in
South Korea in April 2018. Confirmation of ¢fr(C) was conducted
using polymerase chain reaction (PCR). The primer used and
annealing temperature are presented in Supplementary Table 1.

2.2 Antimicrobial susceptibility testing

Minimum inhibitory concentration (MIC) tests were conducted
using Sensititre CAMPY2 plates (ThermoFisher Scientific, USA)
following the manufacturer’s instructions for the following eight
antimicrobial agents: azithromycin, ciprofloxacin, erythromycin,
gentamicin, tetracycline, florfenicol, nalidixic acid, and clindamycin.
The MIC value of each antimicrobial agent was interpreted according
to the criteria of the National Antimicrobial Resistance Monitoring
System for enteric bacteria.! C. jejuni ATCC 33560 was used as the
quality control strain for the MIC test.

2.3 Whole genome sequencing (WGS)

Total genomic DNA was extracted using NucleoSpin Microbial
DNA kit (Macherey-Nagel, Germany) following the manufacturer’s
instructions. Total genomic DNA was sequenced via a combination of
NextSeq® 500 technology (Illumina, Inc., USA) and MinION
platforms (Oxford Nanopore Technologies, UK). Raw short-read and
long-read data were assembled using hybrid-assembly strategy in
Unicycler (v0.5.0) (Wick et al., 2017) and annotated using prokka
(v1.14.5) (Seemann, 2014).

2.4 ldentification of novel cfr(C) variants via
single nucleotide polymorphism (SNP)
analysis

To identify cfr(C) variant types, the nucleotide sequences of ¢fr(C)
of nine isolated C. coli strains were aligned with that of the reference

1 https://www.cdc.gov/narms/antibiotics-tested.html
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strain, C. coli Tx40 (National Center for Biotechnology Information
[NCBI] accession number: NG_060579). Thereafter, we conducted
cfr(C) gene SNP-based comparative genomic analysis by comparing
the ¢fr(C) sequences of nine strains with that of 28 C. coli strains, the
WGS of which were deposited in the NCBI database. In addition,
SNP-based phylogenetic analysis was performed for ¢fr(C) of nine
cfr(C)-positive strains together with that of other strains published in
NCBI database. Phylogenetic tree was constructed with MEGAX
software by using UPGMA method (Kumar et al., 2018). Bootstrap
values were calculated with 1,000 replications. The accession numbers
of nucleotide sequences are listed in Supplementary Table 2.

2.5 Functional confirmation of cfr(C)
variants through cloning experiments

To determine the role of ¢fr(C) in conferring florfenicol resistance,
a 1,425bp DNA fragment was amplified from eight C. coli strains
(CCO021, 027, 032, 041, 042, 046, 135, and 159) through PCR. This
fragment included the coding sequence of ¢fr(C) (1,140bp) as well as
63bp upstream and 163 bp downstream sequences of the gene. For
C. coli strain CC024, a 1,327 bp DNA fragment was amplified through
PCR. This fragment included the coding sequence of cfr(C) as well as
the 122bp upstream and 163 bp downstream sequences of the gene.
The amplicon was ligated with an E. coli/C. jejuni shuttle plasmid
pUCI19 (Yanisch-Perron et al., 1985) to construct plasmid pUC19-
cfr(C). The pUC19-cfr(C) plasmid was then transformed into E. coli
DH5a competent cells by heat shock transformation. The E. coli
transformants were selected from Luria-Bertani agar (Sigma-Aldrich,
USA) plates containing 50 mg/L ampicillin and 50 mg/L kanamycin.
The confirmation for carrying plasmid pUC19-cfr(C) was performed
thorough PCR using the cfr(C)-specific primers. MIC tests were also
conducted for E. coli transformants to evaluate the antimicrobial
resistance. Used primer and annealing temperature used in the
experiments are listed in Supplementary Table 2.

2.6 Analysis of cfr(C)-carrying gene
cassettes and circular intermediates

The cfr(C)-carrying gene cassettes of nine C. coli strains were
aligned against the corresponding region of reference strain C. coli
Tx40 ([NCBI] accession number: NG_060579) and C. coli SHP40
([NCBI] accession number: MF037584). Additionally, the inserted
positions of cfr(C)-carrying gene cassette in nine C. coli strains were
identified by alignment and comparison with C. coli strain
ATCC33559. The comparative genomic visualization was performed
using “Easyfig (v2.2.3)” (Sullivan et al, 2011). The circular
intermediate form of ¢fr(C)-carrying gene cassette was investigated by
using inverse PCR and Sanger sequencing. Amplicon sequences were
aligned and compared with sequences submitted in the NCBI
GenBank database using the Basic Local Alignment Search Tool
program (BLAST).? The primers and annealing temperature used in
the experiments are listed in Supplementary Table 2.

2 https://blast.ncbi.nlm.nih.gov/Blast.cgi
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2.7 Conjugation assay

To evaluate the horizontal transferability of cfr(C)-carrying gene
cassette, we conducted conjugation assay following the previously
described methods with slight modification (Davis et al., 2008). The
conjugation assay was performed with a gentamicin-resistant wild-
type C. coli as the recipient and eight ¢fr(C)-positive C. coli strains as
the donors: CC021, CC027, CC032, CC041, CC042, CC046, CC135,
and CC159. Among nine cfr(C)-positive strains included in this study,
CC024 was excluded from the conjugation assay with the gentamicin-
resistant recipient strain, since it carried resistance to gentamicin. To
select the transconjugants, Mueller-Hinton agar (Sigma Aldrich)
plates containing 1 mg/L gentamicin and 4 mg/L florfenicol were used.
The presence of ¢fr(C) gene and circular intermediate form in
transconjugants were confirmed using PCR. The antimicrobial
resistance was evaluated for transconjugants though MIC tests.

3 Results
3.1 Novel cfr(C) SNP variants

Among the 157 swine-derived C. coli strains, nine cfr(C)-positive
strains were identified (Table 1). A total of six SNP variant types were
identified in SNP-based comparative genomic analysis: SNP-I
(CC021), SNP-II (CC024), SNP-IIT (CC027 and CC032), SNP-IV
(CC041, CC042, and CC046), SNP-V (CC135), and SNP-VI (CC159)
(Figure 1 and Supplementary Figure 1). SNP-I carried six SNPs,
including a nonsense SNP (19delA, M7fs), which caused frameshift
mutation of ¢fr(C) in strain CC021. SNP-II carried two SNPs, 281A>C
(E94A) and 952A > G (I318V), and this type was truncated at the 3
end (1,101bp). SNP-III carried three SNPs, 281A>C, 532A>C
(K178Q), and 952A>G. The SNP-IV type carried three SNPs,
including the novel SNP 674C> A (T225K), which was not identified
in previously reported strains uploaded in the NCBI database. The
SNP-V type carried six SNPs, including the novel SNP 890T >C
(sSNP), which was not identified in previously reported strains
uploaded in the NCBI database. The SNP-VI type carried seven SNPs,
including 533A > G (K178R) and the novel SNP 890T > C.

In the SNP-based phylogenetic tree, the cfr(C) nucleotide
sequences of the nine strains were genetically similar to those of
swine- and human-derived C. coli strains isolated from China rather
than that of cattle, chicken, and human-derived C. coli strains isolated
from USA (Supplementary Figure 2). In addition, the ¢fr(C) genes
reported from the USA were genetically homogeneous regardless of
region and year of isolation, whereas the cfr(C) genes reported from
China showed high genetic variations.

3.2 Antimicrobial resistance of nine cfr(C)-
positive Campylobacter coli strains and
transformants

Two SNP types showed susceptibility to florfenicol: SNP-I
(CC021) and SNP-III (CC027 and 032), with MIC values of 2 and
4mg/L, respectively (Supplementary Table 3). The other types showed
resistance to florfenicol (MIC: 8 mg/L). Resistance to clindamycin was
identified in three SNP types: SNP-II, -III, and -V. Regardless of the
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TABLE 1 Descriptive information of C. coli strains used in this study.

Farm Stage MLST (ST) SNP profile type FFN CLI Gene cassette Circular intermediate = Conjugation

19delA*7, 532A>C,
533A>G,

719G > A, 893C>G,
952A>G

CCo021 A Growing 887 SNP-I S R GC-1 CIR-1 Conjugated

CC024 B Weaning 1,142 SNP-IT R R GC-2 - - 281A>C, 952A>G

281A>C, 532A>C,

CCo027 B Growing 2,699 SNP-III S R GC-3 CIR-2 Not conjugated
952A>G

281A>C, 532A>C,

CCo032 B Finishing 2,699 SNP-IIT S R GC-3 CIR-2 Not conjugated
952A>G

674C> A%,

CCo041 C Growing 830 SNP-IV R R GC-4 CIR-1 Conjugated
893C>G, 952A>G

674C> A%,

CCo042 C Growing 830 SNP-IV R R GC-4 CIR-1 Conjugated
893C>G, 952A>G

674C> A%,

CCo046 [} Growing 830 SNP-IV R R GC-4 CIR-1 Conjugated
893C>G, 952A>G

267C>T, 281A>C,
532A>C,
890T>C*,
893C>G, 952A>G

CC135 D Diseased 1,096 SNP-V R R GC-5 CIR-1 Conjugated

267C>T, 281A>C,

532A>C,533A>G,
890T>C*,

893C>G, 952A>G

CC159 S Pork 1,556 SNP-VI R S GC-6 CIR-3 Not conjugated

*Novel SNP sites identified in this study.
"The SNP site in ¢fr(C) leading to premature stop codon.
MLST, Multi-locus sequence typing; SNP, single nucleotide polymorphism; FFN, florfenicol; CLI, clindamycin; S, susceptible; R, resistant; GC, gene cassette type; CIR, circular intermediate type.
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Strain

NG_060579.1 [Ref]

46-47dupGC

43Cc>A

245G>A
249C>T
267C>T
281A>C
293C>T

422G>A

635C>T
674C>A
720G>A
738-756del
GTTTTTGGCA
TACATCATG
861-862delCA
887T>A
890T>C

H| 893C>G

cco21

H| 19dela

H| 533A>G
H| 719G>A

CC024_truncated

CCo27

CC032

H|E| || 532A>C

CcCo41

CCo42

CCo046

This study

CC135

CC159

GCA_023633665.

GCA_023633425.

GCA_023632765.

GCA _023632685.

H |H| NN NNNNNNN 9522>G

GCA_023632425.
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GCA_010205765.

GCA_008955795.

GCA_008392565.

GCA_007917965.

GCA_005349115.

GCA_005303585.

GCA_005301045.

NCBI database

GCA_005300865.

GCA _005267855.

GCA_005157845.

GCA_005099145.

GCA_005092425.

GCA_004929815.

GCA_004900755.

GCA_004897815.

GCA_004881865.
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FIGURE 1

frameshift mutation.
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Single nucleotide polymorphic (SNP) sites of cfr(C) in 37 strains, including nine strains identified in this study and 28 strains obtained from NCBI
database. Nucleotide sequence of cfr(C) (1,140 bp) of C. coli Tx40 strain (NG_060579.1) was used as reference. SNP sites shown in red font represent
the novel SNP sites identified in this study. nsSNP, non-synonymous SNP; sSNP, synonymous SNP; Non, non-sense nsSNP; Miss, Miss-sense nsSNP; fs,
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32.4%
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SNP variants, strains CC024, CC027, CC032 and CC135 exhibited
resistance to the macrolide class, namely azithromycin (MIC:
>64mg/L) and erythromycin (MIC: >64mg/L). Except for the CC024
strain, all other types showed susceptibility to gentamicin (MIC:
<4mg/L). All strains except for CC159 strain showed resistance to the
quinolone class, including ciprofloxacin (MIC: >1mg/L) and nalidixic
acid (MIC: >32mg/L).

All six SNP types of ¢fr(C) were transformed into E. coli DH5«
competent cells. The transformant of SNP-I type (CC021) exhibited
susceptibility to florfenicol (MIC: 2mg/L). The other SNP types (SNPs
II-VI) exhibited resistance to florfenicol (MICs: 4-8 mg/L). For the
clindamycin-resistant phenotype, MICs increased at least two-fold
compared to that of E. coli DH50 competent cells (increase to
>32mg/L from 16 mg/L).

3.3 Gene-cassette carrying cfr(C)
A total of six ¢fr(C)-carrying gene cassette types (GC-1-6) were

identified, differing based on SNP-types (Figure 2 and Table 1). Except
for the gene cassette of strain CC024, all five gene cassettes carrying
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¢fr(C) were identified to be encoded on the chromosome. Of the 6 GC
types, three types (GC-1, —4, and —5) were flanked by the pcp gene in
the upstream of cfr(C). Two types (GC-3 and -6) were bracketed by
two copies of the 1S607 family member ISChhl upstream and
downstream of ¢fr(C). GC-5 was bracketed by one ISChh1 upstream
of ¢fr(C) and downstream of pcp. In all six GC types, aphA3 was
encoded downstream of ¢fr(C). The aminoglycoside-streptothricin
resistance cluster “aphA3-sat4-AaadE” was identified from 3 GC types
(GC-1, -2, and -4). The GC-1 type (CC021) was “Apcp-hp-cfr(C)-
aphA3-sat4-AaadE-pcp,” in which the ppo gene was deleted compared
to corresponding region of the reference C. coli SHP40 strain. The
GC-4 type (CC041, 042, and 046) was “Apcp-hp-hp-cfr(C)-aphA3-
sat4-AaadE; with pcp deleted upstream of AaadE. The GC-2 type
(CC024) was “hp-Acfr(C)-aphA3-sat4- AaadE-hp,” with pcp and hp.
deleted in the gene cassette compared to the corresponding region of
the GC-1 type. The GC-5 type (CC135) was “Apcp-hp-cfr(C)-aphA3-
ISChh1” The GC-6 type (CC159) was “ISChhl-cfr(C)-aphA3-
ISChh1” The gene cassette of the SNP-III type (GC-3) consisted of
“AISChh1-ATPase-hp-antl-pnp (deoD)-Inu  (G)-cfr(C)-aphA3-
ISChh1” and contained the insert ATPase-hp-antl-pnp-Inu(G)
compared with the corresponding region of GC-6.

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1274245
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Anetal.

10.3389/fmicb.2023.1274245

C. coli Tx40 (ref.)

S
C. coli SHP40 (ref.)

¢

& o

O &\0
GC-1 type

(CCo21)

\Z

. o
& oo & @

GC-4 type .

(CC041, 042, and 046)

FIGURE 2

cassettes were aligned and compared by using Easyfig (v2.2.3).

O PF ¥

(‘Qb cfS‘\ N & Ry
o P:" Y §' P:\ O \0

& & e S

¢ ® P
& & & ¢ i@ W &S o VQ*QQ*& W i

> \Z
P‘s“‘b‘ v& w"@ oQ\J’

W % &
@ Q e .
GC-2 type e e @
(CCo24) . . i
S \ S
F& 0 & 3 O & o e
O S T S DS
GC-5 e v ¢ _’.“ 1Kbp
(CC135) —
\Y 3 )
3 o O W o WY | e o
& ¥ & & ¥ 3
GC-6 type C— ) emp ) |7
(CC159) Insertion sequence
- Antimicrobial resistance
GC-3 type < - — | Coling sequence
(CC027 and 032) X .
& > WS & O O X ¢
o W o Wt & OBy Ay
e 9‘5@ P’o‘q ¢ & & \%c' &

Six types of gene cassettes carrying cfr(C) identified in comparative genomic analysis of nine strains. The nucleotide sequences of cfr(C)-carrying gene

.
&

N\ A\
Lt &

N\
&

cc1so

4854 bp Insertion sequence

4mm Antimicrobial resistance
€mm Coding sequence

FIGURE 3

recipient strain C. coli CC166 plasmid and insertion site of CIR-1.

A
Circularized Linearized
CIR-1 CIR-1
Inu(G)
cfi(C) <fr(©) aphA3
4 hp cfry
p 3000 CIR-1 CIR-2 aphA3 —_— pep
CCO021, 041, 042, 046, 135 27, 032 pcp
3678 bp pnp ;i‘:,; th aphA3
pep antl
A3 ISChhl
api tetO .
ATPase irB?
fHO) repA CC166_plasmid ssb
70287 b
o= ) p .
virB4
4= pcp

cfr(C)-carrying circular intermediates identified by inverse PCR and amplicon sequencing. Three types of circular intermediates were identified from
cfr(C)-carrying C. coli, except for strain CC024. (A) Three types of circular intermediates formed by eight C. coli strains, (B) the genetic environment of

traC

3.4 Circular intermediate form of cfr(C)-
carrying gene cassettes and horizontal
transferability

Of the six GC types identified in this study, five formed circular
intermediates of the cfr(C)-cassette. In total, three types of circular
intermediates (CIR-1, CIR-2, and CIR-3) were identified (Figure 3A).
The CIR-1 type, which was 3,678-bp long and consisted of
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“pep-hp-cfr(C)-aphA3; was identified from three GC types, GC-1, -4,
and -5. The CIR-2 type, which was 7,833-bp long and consisted of
“AISChh1-aphA3-cfr(C)-lnu(G)-pnp-ant1-hp-ATPase,” was identified
from GC-3. CIR-3, which was 4,854-bp long and consisted of
“ISChh1-aphA3-cfr(C)-hp,” was identified from GC-6. The circular
intermediate form of GC-2 was not identified.

In the conjugation assay, CIR-1 was confirmed to be horizontally
transferred to recipient strain. The horizontal transferability of other
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two types, CIR-2 and CIR-3, was not identified. The transconjugants
of CIR-1 exhibited acquired resistance to florfenicol (MIC: 8 mg/L)
and clindamycin (MIC: 8 mg/L). In WGS analysis, the “pcp-hp-
aphA3” region encoded on the plasmid of wild-type strain CC166 was
replaced into “pcp-hp-cfr(C)-aphA3” after conjugation with a CIR-1
type strain (Figure 3B). As a result, the size of the plasmid increased
from 70,287 to 71,195 bp.

3.5 Favored insertion site of cfr(C)-carrying
gene cassette

The genomic island of the GC-1 type was composed of AtetO-
aadE-aad9-pnp- Apcp-hp-cfr(C)-aphA3-satA-AaadE- Apcp-hph-hp

10.3389/fmicb.2023.1274245

(2)-traC-hp (6)-tetO, which was inserted into the pxpC gene of the
pxpABC complex at positions 249,516-268,882bp (19,367 bp), based
on the location of the dnaA gene that encodes the chromosomal
replication protein (Figure 4 and Supplementary Figure 3). GC-4,
which was part of a genomic island composed of AISChhl-hp
(3)-tetO-aphA-hp-aad9-hp-sat4-aphA3-cfr(C)-hp (2)-Apcp-hp-ubiE
(14,424bp), was inserted at positions 1,184,369-1,198,793bp
encoding IptD-pnp-hp upstream and hp (2)-sbnD downstream. For
GC-5, the ¢fr(C)-carrying genomic island (11,787bp), which was
composed of ISChh1-aphA3-cfr(C)-hp (2)-tam-aadK-hp (2)-tetO,
was inserted at positions 165,574-177,361 bp on the gene encoding
bacteriohemerythrin. As a result of this insertion, both sides of the
GC-5 genomic island’s insertion site encoded a truncated
bacteriohemerythrin gene. The GC-6 genomic island consisted of
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ISChh1-aphA3-cfr(C)-ISChhl and was found to be inserted at
positions 227,744-234,515bp, flanked by “purE-dapB-AAA
ATPase-hp (3)” and “yfhM-mtgA-hp” on each side. The GC-3 type was
composed of AISChh1-ATPase-hp-antI-pnp-Inu(G)-cfr(C)-aphA3-
ISChh1, inserted at positions 1,261,026-1,270,356 bp and flanked by
“uxaA-dapA-kdgR” and “rpoBC-rpIL” on each side. Lastly, GC-2 of
strain CC024 was identified within a circular genetic element with a
size of 119,851 bp. The genomic island containing GC-2 was inserted
into the traG gene.

4 Discussion

The rRNA methyltransferase N, encoded by cfr gene, causes m®-
modification of A2503 of 23S rRNA, which is known to confer
resistance to two antimicrobial agents, florfenicol and clindamycin
(Long et al., 2006). Even though ¢fr(C) is known to induce antimicrobial
resistance to critically important antimicrobials to humans, its transfer
mechanism is still unclear and requires further research. In this study,
nine novel ¢fr(C)-positive C. coli strains were isolated from swine
sources (swine farms and slaughterhouses). To elucidate the horizontal
transfer mechanism of the Campylobacter-derived cfr(C) gene,
we analyzed the genetic background and horizontal transfer unit of
¢fr(C) in C. coli strains through comparative genomic analysis.

Compared to the previously reported sequences of cfr(C), two
strains (CC021 and CC024) carried incomplete amino acid coding
sequences of the ¢fr(C) gene. Insertion or deletion of one or two
adenines at the polyadenine site, such as 19delA (amino acid: M7fs)
identified in CC021, generates premature stop codons by downstream
frameshifting, leading to premature chain termination (Park et al.,
2000). Tang et al. (2020) reported loss of resistance to florfenicol and
clindamycin of ¢fr(C) due to other nucleotide deletion mutations in
the C. coli JP10 strain, in which a frameshift mutation occurred due
to nucleotide deletion at position 738-756 of ¢fr(C). The cfr(C) amino
acid sequence of CC024 (366 amino acids) exhibited 95.51% identity
to that of C. coli Tx40 (379 amino acids). Notably, the original CC024
strain, as well as its transformant strain, showed resistance to
florfenicol. According to a study of cfr protein structure and function,
the function of the cfr protein analog was ensured by a highly
conserved amino acid sequence around the C-terminus
(G.DIdAACGAQL) (Atkinson et al., 2013). In this study, although the
amino acid sequence of the ¢fr(C) gene was truncated in the CC024
strain, the conserved C-terminal region of ¢fr(C) was preserved, which
may ensure the function of ¢fr(C).

Remarkably, the transformants of CC027 and CC032 with three
missense non-synonymous (ns) SNPs (281A>C, 532A>C, and
952A > G) showed weak resistance to florfenicol (4-8 mg/L). These
three missense nsSNPs were also identified in the florfenicol resistant
cfr(C)-positive strains, CC135 and CC159. The amino acid
substitutions (E94A, K178Q, and 1318V), due to three SNP sites, have
also been identified in the florfenicol and clindamycin-resistant C. coli
JZ_1_79 and SH96 strains reported by Tang et al. (2020). The ¢fr(C)-
encoded rRNA methyltransferase has functional amino acid sites
including three substrate entrance sites and eight substrate modulation
sites (Atkinson et al., 2013). Considering that the mutation sites of
CC027 and CC032 do not overlap with the mutation sites of the
previous report, it can be inferred that the three SNPs of these two
strains are not associated with the phenotype for florfenicol resistance.
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Therefore, in relation to decreased resistance to phenicols found in
strains CC027 and CCO032, further research on the genetic background
and expression of ¢fr(C) is needed.

Except for CC159, all eight cfr(C)-positive C. coli strains showed
resistance to clindamycin, although the resistance level was different
between strains depending on the carriage of 23S rRNA A2075G
substitution: four strains with 23S rRNA A2075G substitutions
showed high-level clindamycin resistance, whereas strains without the
23S rRNA A2075G substitution showed low-level resistance. The 23S
rRNA A2075G substitution is known to be the most common
mechanism underlying high-level resistance to the macrolide and
lincosamide classes of antimicrobial agents in Campylobacter (Perez-
Boto et al., 2010). Considering that the resistance of bacteria to
lincosamide is generally mediated by the combination of three
mechanisms (ribosomal target methylation or mutation, efflux of
antimicrobials, and drug inactivation) (Leclercq, 2002), strains with
simultaneous ¢fr(C)-induced A2503 methylation and A2075G
substitution could exhibit high resistance to the lincosamide class. Our
result suggests that cfr(C)-induced A2503 methylation may lead to
low-level resistance to clindamycin, which could be enhanced by the
acquisition of A2075G substitution.

cfr(C) is encoded on transferable plasmids (Tang et al., 2017;Liu
etal., 2019a; Tang et al., 2020) or the chromosome of ¢fr(C)-positive
C. coli strains (Liu et al., 2019a; Tang et al., 2020). In this study, the
cfr(C) gene was encoded on the bacterial chromosome in the form
of gene cassettes in eight c¢fr(C)-positive C. coli strains, except the
gene cassette of strain CC024, and a total of six different gene
cassettes were identified. Consistent with previous studies, all six
cfr(C) gene cassettes carried the aminoglycoside resistance gene,
aphA3, which was encoded upstream of ¢fr(C) in the same direction
(Tang et al., 2017; Zhao et al., 2019; Liu et al., 2019a; Tang et al.,
2020). Three cassette types, namely GC-1 (CC021), GC-2 (CC041,
042, and 046), and GC-5 (CC024), carried the aminoglycoside-
streptothricin resistance gene cluster “aphA3-sat4-aadE” in the
upstream of the ¢fr(C)-cassette gene. The “aphA3-sat4-aadE” cluster
was also reported to be encoded in the upstream of the cfr(C)-
cassette in the C. coli SHP40 strain, where the ¢fr(C) gene was first
reported on the chromosome (Liu et al., 2019a). In contrast, the
aminoglycoside resistance gene cluster “aphA3-aadE” without
“sat4” was encoded in the upstream of the cfr(C)-cassette in the
plasmids of 2 C. coli strains, Tx40 and N61925F (Tang et al., 2017;
Zhao etal., 2019). The aphA3 gene is an aminoglycoside-resistance
determinant, encoding aminoglycoside 3’-phosphotransferase, and
the sat4 gene is a streptothricin-resistance determinant, encoding
streptothricin N-acetyltransferase (Lysnyansky and Borovok,
2021b). The “aphA3-sat4-aadE” cluster is one of the highly
transmissible and disseminated clusters, mainly found in the
plasmids of gram-positive (Staphylococcus and Enterococcus) and
gram-negative bacteria (Campylobacter) (Boerlin et al., 2001;
Lysnyansky and Borovok, 2021a; Guirado et al., 2022). The aphA3-
sat4-aadE cluster is transmitted with various antimicrobial-
resistance genes, such as ermB, optrA, and tet (O) (Werner et al.,
2001, 2003; Palmieri et al., 2012). Although the aphA3-sat4-aadE
cluster has been reported to be mediated by mobile genetic
elements, such as Tn5405 (Werner et al., 2001), recent studies have
also shown that in Campylobacter spp., this resistance gene cluster
may be mediated by a process of homologous recombination (Qin
et al., 2012). Homologous recombination may enable horizontal
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transfer and chromosomal integration of gene clusters without
mobile genetic elements (de Vries and Wackernagel, 2002). In the
case of GC-4, another resistance gene cluster, “ant1-pnp-Inu(G),
was encoded in the upstream of the cfr(C)-cassette. The lincosamide
resistance gene, Inu (E), is encoded in the upstream of the ISEnfa5-
flanked cfr gene cassette in the Streptococcus suis RN4220 strain
(Zhao et al., 2014).

The random insertion of a gene cassette into ¢fr(C) has the
potential to significantly affect the fitness and survival of
Campylobacter, as the insertion of the ¢fr(C) gene cluster may interfere
with crucial cellular processes of the bacterium. The insertion sites of
GC-1 and -5, harboring genomic islands, were different from those of
the potD gene reported by Tang et al. (2020). GC-1 was inserted into
the pxpC gene, which encodes 5-oxoprolinase. 5-Oxoproline, a
metabolite from the breakdown of glutamine, has been reported to
inhibit bacterial growth when it accumulates without proper disposal
(Niehausetal.,, 2017). GC-5 was inserted into the bacteriohemerythrin-
encoding gene. Hemerythrin helps maintain bacterial homeostasis
through intracellular oxygen- and redox-sensing functions. Cells
cannot rapidly adapt to environmental changes without hemerythrin
(Kitanishi, 2022). Our results suggest that the cleavage of these two
genes, caused by the insertion of ¢fr(C)-carrying GCs, could have
detrimental effects on the survivability of C. coli strains. The GC-3, -4,
and -6 types were inserted between genes without gene cleavage. The
insertion site of GC-3 downstream of the rpoBC gene has been
previously reported (Tang et al., 2020). However, the other two types
of insertion sites, pnp to sbnD and ATPase-encoding gene to yfhM, are
novel positions. In contrast, GC-2 (CC024) was inserted into a circular
genetic element without a self-replication module, such as the
replication initiation protein gene repA. This genetic element of
CC024 was similar in genetic composition to the previously reported
plasmids of C. jejuni and C. coli. In addition, differences in GC
contents between insertion sites and other coding regions indicated
that the ¢fr(C)-carrying cluster was not included in ancestral genetic
elements. TraG, truncated by GC-2, plays major roles in conjugation,
and is associated with the invasion of C. jejuni into epithelial cells
(Poly et al., 2005). Thus, truncation of the traG gene could attenuate
the pathogenicity and survivability of Campylobacter.

Of the six types of gene cassette, GC-1, -4, and -5 formed
circular intermediates and were horizontally transferred to recipient
C. coli strains. The transferred circular intermediate form was
3,678 bp in length and consisted of the four coding sequences “pcp-
hp-cfr(C)-aphA3.” Although the present study found differences in
the length and composition of cfr(C)-positive strains, the pcp gene-
mediated circular intermediate “pcp-hp-ppo-cfr(C)-aphA3-sat4-
aadE” has also been reported in the C. coli SHP40 strain (Liu et al.,
2019a). Similar to our study, the cfr(C)-cassette was also encoded in
the bacterial chromosome of the C. coli SHP40 strain. The pcp gene
encodes an enzyme that is conserved in a variety of organisms, from
prokaryotes (archaea and bacteria) to eukaryotes (Barrett et al.,
2012). The pcp gene is found to be inserted at multiple sites in the
bacterial genome, including chromosomes and plasmids, and this
multiple insertion of pcp could mediate the intermolecular transfer
of gene clusters by forming the circular intermediate: the circular
intermediates released from chromosome/plasmids could
be integrated into other chromosome/plasmids containing a
homologous sequence, such as the pcp gene (Liu et al., 2019a). These
characteristics of the pcp gene can facilitate the transmission of
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cfr(C), which forms a cluster with pcp. Similarly, tetO-mediated
circular intermediates of ermB, escaping from original plasmids/
chromosome, could be integrated into other bacterial genomes by
targeting the multiple inserted tetO homologous sequence (Liu
et al., 2019b). In particular, the CC041, CC042, and CC046 strains
that form GC-4 have been reported as hyper-aerotolerant strains,
along with ST830, which is related to clinical isolates, according to
our previous study (Guk et al., 2021). Since these strains not only
transfer c¢fr(C) to other strains but also have a higher probability for
transmission to humans than other C. coli strains, hyper-aerotolerant
cfr(C)-positive C. coli potentially carry higher risk than other cfr(C)-
positive C. coli strains.

In GC-3, 4, 5, and 6, ¢fr(C) was flanked by the IS607 family
member ISChhl. The IS607 family is one of the major insertion
sequences (ISs) that mediate transfer of antimicrobial resistance in
Campylobacter spp. (Chen et al., 2018). For example, IS607 has been
reported to mediate the transfer of the optrA gene, which induces
resistance to oxazolidinones and phenicols, as well as of fexA, a
florfenicol-chloramphenicol resistance gene (Tang et al., 2021). The
IS607 family encoded in the upstream of the ¢fr(C)-gene cassette was
also identified in the plasmids of the JZ_1_79, SH89, and JZ_1_74
strains reported by Tang et al. (2020). Among the three cfr(C)-cassette
types flanked by I1S607, GC-3 and GC-6 were bracketed by two copies
of ISChh1 in the same orientation at both sides of the gene cassette
and formed the ISChh1-mediated circular intermediates “ISChh1-
aphA3-cfr(C)-Inu(G)-pnp-antl1-hp-ATPase” and “ISChhl-aphA3-
cfr(C)-hp,” respectively. Even though the circular intermediates of
GC-3 and -6, namely CIR-2 and -3, were not horizontally transferred
in our study, two copies of IS elements in the same orientation can
form a circular intermediate and can be transferred using the
mechanism “copy-out-paste-in;” since the 1S607 family is a highly
active IS element (He et al,, 2019). Tang et al. (2020) confirmed the
existence of IS607 only upstream of the cfr(C)-cassette but could not
confirm the formation of circular intermediates by the IS607 family.
GC-4 and -5, bracketed by the ISChh1 segment and pcp, formed a
circular intermediate mediated by pcp regardless of the position of the
ISChh1 segment. These results suggest that two copies of IS607 in the
same orientation play an important role in the formation of a circular
intermediate form of gene cassettes.

The CIR-1s of five strains (CC021, 041, 042, 046, and 135) were
horizontally transferred from the chromosomes into the plasmid of
the recipient strain CC166 in the conjugation assay. For all five strains,
the pcp and aphA3 genes were present at the insertion sites, suggesting
that insertion of CIR-1 may have been mediated by homologous
recombination with pcp and aphA3. The conjugation of gene cassettes
targeting homologous gene regions has been reported in several
studies. Qin et al. (2012) suggested that the aminoglycoside resistance
gene island of C. coli strain SX81 may be acquired from the C. coli
strain RM2228 and mediated by homologous recombination of the
cadF and CCO1582 genes (Qin et al., 2012). Taken together with our
results, this suggests that the use of pcp, which is a commonly encoded
gene in Campylobacter, as a vector in the horizontal transfer of ¢fr(C)-
carrying gene cassettes may be a possible reason for the global success
of ¢fr(C) propagation.

This is the first study to elucidate the horizontal transferability
of ¢fr(C) and random insertion site of the chromosome-encoded
cfr(C) cassette in Campylobacter spp. The results reveal novel cfr(C)
variants along with their associated genetic environments in C. coli
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isolates and indicate the flexibility of C. coli in acquiring new
antimicrobial resistance genes. The transferability of chromosomal
¢fr(C) to humans may be attributed to the global spread of multidrug
resistance against clinically important antimicrobials. Thus,
enhanced surveillance is needed to monitor the emergence and
spread of ¢fr(C) in Campylobacter from swine sources as well as
other pathogens.
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