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Abstract: Antimicrobial resistant (AMR) Escherichia coli (E. coli) isolated from animals may
lead to antibiotic treatment failure and economic losses to farmers. The co-existence of
antimicrobial resistant genes (ARGs) in the same isolate presents a major challenge for the
prevention and control of infection in multidrug-resistant (MDR) Gram-negative organisms.
There have been a lot of studies on the antibiotic resistance of E. coli in livestock and poultry,
but few of them have focused on clinical pathogens. Objective: The aim of this study was
to explore the genetic characteristics, co-occurrence, and correlations between ARGs of
E. coli isolated from the pathological tissues of livestock and poultry in Shandong Province,
East China during 2015-2020. Methods: A total of 158 E. coli strains were collected and
subjected to antimicrobial susceptibility testing and sequencing by whole-genome Next
Generation Sequencing (NGS). Results: MDR strains accounted for 46.20% of the 158 E. coli
strains with the highest resistant rate of ciprofloxacin (71.52%). In addition, strains with
blanppr-s/mer-1.1 and mcr-1.1/mcr-3.24 were found in chickens, while three strains with
Tet(X4) were found in pigs. In addition, the most common serotypes detected were the O
serotype (76/158) and H serotype (36/158). Moreover, seventy-one STs were found and
the most common STs were ST10 (6.33%), ST155 (6.33%), and ST101 (5.69%). The genetic
environment analysis of the phylogroups revealed that E. coli belonging to phylogroup B1,
phylogroup A, and phylogroup C constituted 39.87%, 27.85%, and 15.19%, respectively.
Through the correlation analysis, mcr genes were observed to have certain relationships
with ARGS such as blargp, floR, catA/B, and oqx. Conclusions: This study demonstrates
the high prevalence and gene diversity of MDR E. coli isolated from a clinic in Shandong
Province, East China. We predicted the transmission risk of animal-borne Tet(X4)-bearing
and mcr-harboring E. coli to public health and provided insight into the relationship of
co-existence or co-transfer between mcr with ARGS. These relationships present a great
challenge for the infection control of MDR Gram-negative organisms.

Keywords: MDR E. coli; ARGs; livestock and poultry; correlation analysis

1. Introduction

Escherichia coli (E. coli) is a bacterium that naturally resides in the intestines of humans
and animals. It is also an opportunistic pathogen and a significant cause of high-cost infec-
tions in poultry [1]. Therefore, previous studies have primarily focused on the pathogenicity

Antibiotics 2025, 14, 95

https://doi.org/10.3390/antibiotics14010095


https://doi.org/10.3390/antibiotics14010095
https://doi.org/10.3390/antibiotics14010095
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antibiotics
https://www.mdpi.com
https://doi.org/10.3390/antibiotics14010095
https://www.mdpi.com/article/10.3390/antibiotics14010095?type=check_update&version=1

Antibiotics 2025, 14, 95

2 of 20

of clinical E. coli rather than on its antimicrobial resistance. However, farmers generally
use a large quantity of antibiotics in livestock and poultry breeding to prevent and con-
trol infections caused by E. coli, which leads to an increase in antibiotic resistance, which
can compromise the effectiveness of antibiotics and indirectly promote bacterial invasion.
However, people tend to pay more attention to the health threat caused by clinical antibiotic-
resistant E. coli strains in human medicine, while ignoring the public health risks associated
with animal-origin isolates. In the context of ‘One-Health’, the safety of animal production
is closely tied to human health. The transmission of antibiotic-resistant and pathogenic
E. coli between different hosts is facilitated by the chain that links animal breeding to human
dining tables. Many studies have shown significant similarities between the E. coli from
animal and human origin [2-5].

As we all know, E. coli is a reservoir that accumulates antibiotic resistance genes and
gradually develops into MDR or even pan-drug-resistant (PDR) pathogens. In recent
years, several antimicrobial resistance genes, including extended-spectrum-beta-lactamase
(ESBL) genes, carbapenemase genes (blaypy, blakpc), mer, and tet(X), which are generally
considered to be quite important, have been detected in E. coli. The previous data showed
that CTX-M is the most prevalent type in ESBL-producing E. coli [6,7]. In particular, MDR
CTX-M-15-producing ST131 E. coli clones have spread worldwide. It is reported that E. coli
is one of the major vectors of blaypys, and NDM-producing E. coli strains have become a
challenging public health threat. Faced with the pressure of treating carbapenem-resistant
Enterobacteriaceae (CRE), clinicians have to use polymyxin and tigecycline in clinical
practice to achieve successful treatment. However, frequent exposure and the increasing
use of polymyxin and tetracyclines in clinical and veterinary settings may be a driving
factor in the development of polymyxin and tigecycline resistance [7,8]. In E. coli, the
plasmid-mediated phosphoethanolamine transferase mobile colistin resistance (MCR) is
the main factor mediating resistance to polymyxin. Moreover, E. coli is one of the dominant
bacterial hosts of mcr-1. In addition, plasmid-encoded transferable resistance genes fet(X3)
and tet(X4) have been found in E. coli in recent years, confirming the high-level resistance
to tigecycline.

Shandong Province is one of the most developed provinces of livestock and poultry
breeding in China, and the safety of livestock and poultry production is closely related to
national health. Previous studies in this region mainly focused on the antibiotic resistance
of E. coli isolated from healthy livestock and poultry rather than clinical E. coli isolates [9,10].
Therefore, to explore the antibiotic resistance characteristics of clinical E. coli from livestock
and poultry in Shandong Province, we collected E. coli isolated from clinical liver or brain
samples from livestock and poultry farms in Shandong Province during 2015-2020 and
conducted a related study on the prevalence and genetic characteristics of MDR E. coli,
hoping to provide data support for monitoring the safe production of livestock and poultry.

2. Results
2.1. Prevalence and Characteristics of the Resistant Phenotype of E. coli Strains

A total of 158 non-duplicate E. coli strains were collected, which were isolated and
identified from the liver or brain of veterinary hospital cases. A total of 75 and 83 E. coli
strains were isolated from livestock farms and poultry farms, respectively.

Of the 158 strains, the resistance rates of E. coli from poultry to eight drugs were higher
than those from livestock (Figure 1). The prevalence of non-resistant (sensitive to all tested
antibiotics) strains was 10.13% (16/158); however, 47.47% (75/158) of isolates exhibited
multidrug resistance (resistance to more than three drugs) phenotypes. The resistance rates of
ciprofloxacin-, 3-lactams-, amoxicillin-clavulanate-, and ceftazidime-resistant E. coli isolates
were 71.52% (113/158), 60.76% (76/158), 48.10% (76 /158), and 34.81% (55/158), respectively.
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Figure 1. Number and rate trends of E. coli strains resistant to antibiotics from livestock and poultry
in Shandong Province, China during 2015-2020.

In general, 58 E. coli strains were isolated from 2015 to 2017 and 100 E. coli strains
were isolated from 2018 to 2020. By comparing years 2015-2017 and years 2018-2020, the
prevalence of 3-lactams-, NDM (New Delhi metallo-3-lactamase)-, colistin-, tigecycline-,
ceftazidime-, amikacin-, amoxicillin-clavulanate-, and ciprofloxacin-resistant E. coli isolates
were 60.34% (35/58) and 61.00% (61/100), 1.72% (1/58) and 4.00% (4/100), 13.79% (8/58)
and 5% (5/100), 5.17% (3/58) and 9.00% (9/100), 36.21% (21/58) and 34% (34/100), 8.62%
(5/58) and 11.00% (11/100), 41.38% (24/58) and 52.00% (52/100), and 74.14% (43/58) and
70.00% (70/100), respectively. Finally, the resistance rates of E. coli strains to meropenem,
tigecycline, amikacin, and amoxicillin-clavulanate increased during 2018-2020 compared
with 2015-2017, while resistance rates to ceftazidime and colistin decreased (Figure 2).
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Figure 2. Number and rate trends of E. coli strains resistant to antibiotics from 2015 to 2017 and
2018-2020.

2.2. Resistance Genes of E. coli Strains

A total of 158 E. coli strains were analyzed for resistant genes in the ResFinder database,
and the results are shown in Figure 3. The ratio of isolates harboring genes encoding Beta-
lactam enzymes was 91.77% (145/158), including blacrx-p (50.63%; 80/158), blatgp (69.62%;
110/158), blapxa (19.62%; 31/158), blacpy-2 (3.16%; 5/158), and single isolate-harboring
blasyy.1» and blaygp.1. blanpp.s were found in 2.53% (4/158) of strains from chickens and
co-existed with blarpps14 and blarpps1s. mer-1.1 and mcr-3.24 genes were found in 23.42%
(37/158) of strains from poultry and livestock. mcr-1.1 and mcr-3.24 genes were identified
with a prevalence of 36.20% (21/58) in years 2015-2017 and 16% (16/100) in years 2018-2020.
Among the 37 mcr-harboring E. coli strains, only 12 stains were phenotypically resistant.
Notably, tet(X) variants (Tet(X4)) were found in 1.90% (3/158) of strains from pigs in 2020;
blanpp-s and mcr-1.1 co-existed in two blatgy1p-producing E. coli strains isolated from
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chickens in 2019; and mcr-1.1 and mcr-3.24 co-existed in two E. coli strains isolated from
chickens in 2016. Overall, the proportion of mcr harboring E. coli strains decreased during
years 2018-2020 compared with years 2015-2017 (Figure 3).
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Figure 3. Distribution of the rate trends of mcr-harboring E. coli strains (n = 37) during years 2015-2017
and 2018-2020.

2.3. Serotype and Genetic Molecular ENVIRONMENT Analysis of 158 E. coli Strains

To characterize the molecular profile of these 158 clinical E. coli strains, the genome
information was analyzed to generate the serotypes, ST, and phylogroups of E. coli strains.

The genetic environment analysis of the serotypes revealed that 76 kinds of O serotypes
were found in 130 strains, while O8 (8.23%; 13/158) and O78 (5.06%; 8/158) were the most
common. Moreover, 39 kinds of H serotypes were found in 154 strains, with H4 (8.86%;
14/158), HI (8.86%; 14/158), and H21 (8.86%; 14/158) being the most common.

The CSI phylogenetic tree and heatmap analysis of 158 E. coli strains showed that
phylogroups, STs, and serotypes were related to phylogenetic clusters but resistance genes
were not (Figures 4A and 5). The genetic environment analysis of MLST revealed that
71 STs were found in 153 strains with ST10 (6.33%; 10/158), ST155 (6.33%; 10/158), and
ST101 (5.69%; 9/158) being the most common, while 5 novel STs were detected (Figure 4B).

The genetic environment analysis of the phylogroups revealed that eight phylogroup
terms (A, B1, B2, C, D, E, E U, cryptic) were found in 158 strains with phylogroup Bl
(39.87%; 63/158) and phylogroup A (27.85%; 44/158) being the most common, followed
by phylogroup C (15.19%; 24/158), phylogroup F (8.86%; 14/158), phylogroup D (2.53%;
4/158), phylogroup E (1.90%; 3/158), phylogroup B2 (1.27%; 2/158), phylogroup U (1.27%;
2/158), and phylogroup U/ cryptic (1.27%; 2/158). Five of these types were found in poultry
isolates and eight types in livestock isolates. (Figure 4C).
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Figure 4. Genetic environment analysis of 158 E. coli stains. (A) CSI Phylogenetic tree and heatmap

based on years, STs, serotypes, and resistance genes of 158 E. coli strains. (B) Phylogenetic analysis of
158 E. coli strains, inferred using the MSTree V2 algorithm based on the cgMLST V1 + Hierarchical
Clustering (HierCC) V1 scheme from EnteroBase, colored according to MLSTs, phylogroups terms
(A, B1,B2,C, D, E, E U, cryptic), and resistance genes (blapxa, blactx-pm, blanpy, mer, and tet(X)).
(C) Percentage of isolates (n = 158) based on phylogroups from livestock and poultry.
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Figure 5. GrapeTree of 42 E. coli strains with super-resistant genes (mcr, blaypy, and tetX), inferred
using the MSTree V2 algorithm based on the cgMLST V1 + Hierarchical Clustering (HierCC) V1
scheme from EnteroBase, colored according to MLST and labeled according to super-resistant genes.
scale bar = 500 pm.

2.4. Serotype and Molecular Typing Analysis of 42 E. coli Strains Carrying blanpyy, mcr, and tetX
Genes

In order to understand the diversity of the molecular types of these 42 E. coli strains
carrying NDM, mcr, and tetX genes, the serotypes and MLSTs were analyzed.

In the 37 E. coli strains carrying mcr genes, the most prevalent MLST was ST-10 (13.51%;
5/37) (Figure 5); 21 O serotypes were found in 28 E. coli strains and serotype O was not
detected in the other 9 E. coli strains (Figure 6). Notably, four phylogroup F strains were
found, two of which were mcr-1.1/mcr-3.24-coharboring strains (Figure 7).

In the four E. coli strains carrying blaypy genes, the MLSTs were ST-189 (1 strain),
ST-410 (1 strain), and ST-2973 (2 strains), respectively (Figure 5); O11:H9 was found in one
isolate with blanpys.5, and serotype O was not detected in the other three E. coli strains.
H27, H9, and H16 (2 strains) were found in the four E. coli strains (Figures 5 and 6).

In the three E. coli strains carrying tet(X4) genes, the MLSTs were ST-1720, ST-10, and
ST-2509, respectively, and the serotypes were O29:H10, O17 (77 or 73):H9, and O81:H16,
respectively, (Figures 5 and 6).

The phylogenetic analysis of GrapeTree showed that the mcr-positive strains were
divided into three clusters, blaypy-positive strains were distributed into two clusters, and
tet(X)-positive strains were divided into two clusters, which were in accordance with the
cgMLST (Figure 8).

2.5. Genetic Background Analysis of mcr-1.1/3.24-Coharboring E. coli Strains

To understand the genetic background of mcr-1.1/3.24-coharboring E. coli strains,
two E. coli strains (170-Ecoli-A1611020a and 171-Ecoli-D1611022b) coharboring mcr-1.1 and
mcr-3.24 genes were selected for long-read complete sequencing. The sequencing result of
170-Ecoli-A1611020a is the same as that of 171-Ecoli-D1611022b with ST 501; therefore, we
choose 170-Ecoli-A1611020a to illustrate the genetic background.
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By sequencing, we obtained a chromosome with a size of 4.9 Mb (Figure 9A) and
seven circular plasmids in 170-Ecoli-A1611020a (IncI2, IncHI2 /IncHI2 A, IncFII, IncFIC(FII),
IncFIA /IncFIl/IncFIB, Col440l, and p011), with sizes ranging from 3.0 kb to 260.3 kb.

M GC Skew+
M GC Skew-
M GC Content
W carD

W GC Skew+
W GC skew-
M GC Content
M CARD
Wmcos

M GC Skew+
W GC Skew-
B GC Content
M cARD
[

©

Figure 9. Chromosome and plasmid environments in the mcr-1.1/mcr-3.24-coharboring E. coli
strain (170-Ecoli-A1611020a). (A) Chromosome size was 4.9 Mb. (B) mcr-1.1 was contained in the
plasmid Incl2 (60.7 kb) without other resistant genes. (C) mcr-3.24 gene was located on plasmid
IncHI2 /IncHI2A with resistance genes tet(A), blatep-1p, aac(3)-11d, ogxB, sul3, bleO, oqxA, and mef(B)
and virulence gene terC.
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mcr-1.1 was contained in plasmid Incl2 (60.7 kb) without any other resistant genes
or IS upstream or downstream. The mcr-1.1 gene (identity 100% to accession KP347127)
was located on plasmid IncI2 (located on 17.8-19.5 kb) (Figure 9B). mcr-3.24 with upstream
and downstream ISKpn40 and sul3 with downstream 15406 were contained in plasmid
IncHI2/IncHI2A (260.3 kb). mcr-3.24 gene (identity 100% to accession NG060580) was
located on plasmid IncHI2/IncHI2A (located on 119.0-120.7 kb) with eight resistance genes
(tet(A), blatpp-1p, aac(3)-11d, ogxB, sul3, bleO, oqxA, and mef(B)) and virulence gene terC. The
tet(A) and tet(R) genes were contained alongside the Tn3 family transposase upstream and
downstream in the plasmid IncHI2/IncHI2A (Figure 9C, Supplementary Figure S1).

Eight resistance genes (APH(3')-Ia, mphA, sull, qacEA1, aadA16, dfrA27, arr-3, and tetM)
were contained in plasmid IncFII (102.3 kb) with 151595 family transposase ISSsu9, Tn3
family transposase ISKox2, and ISEc63. Eight resistance genes (tet(B), blapxa-1, aadA5, sull,
APH(3")-Ib, APH(6)-Id, mphA, and ErmB) were contained in plasmid (107.8 kb) exhibited
the IncFIA /IncFII/IncFIB compound with the IS1 family transposase IS1R, IS6 family
transposase 1526, 521 family transposase ISPkr1, and Tn3 family transposase. No resistance
and virulence genes were found in plasmids p011 (101.1 kb), IncFIC (FII) (90.1 kb), and
Col440I (3.0 kb).

2.6. Genetic Background Analysis of mcr-1.1- and blanpp.5-Coharboring E. coli Strains

To understand the genetic background of mcr-1.1- and blaypp,.5-coharboring E. coli
strains, two E. coli strains (29-Ecoli-D1903006c and 144-Ecoli-D1903012a) coharboring
the mcr-1.1 and blanpprs genes were selected for long-read complete sequencing. The
sequencing result of 29-Ecoli-D1903006c is the same as 144-Ecoli-D1903012a with ST 2973;
therefore, we choose 29-Ecoli-D1903006c¢ to illustrate the genetic background.

By sequencing, we obtained the chromosome with a size of 5,029 kb (Figure 10A)
and four circular plasmids in 29-Ecoli-D1903006¢c (IncHI2/IncHI2A /IncN, IncBOKZ,
Incl/IncFIB(AP001918), and Col440I), with sizes ranging from 2.1 kb to 257.5 kb.

The analysis of 29-Ecoli-D1903006¢ determined that the mcr-1.1 gene (identity 100% to
accession KP347127) was located in 62.1-63.7 kb on plasmid IncHI2 /IncHI2A /IncN (257.5
kb), with eleven resistance genes (blargpr1p, sul2, aph(3'')-1b, aph(6)-Id, tet(A), tet(M), mph(A),
floR, aac(3)-1V, aph(4)-1a, aph(3')-1a, 0gxA, 0gxB, and mprF) and virulence gene terC. blanpps
with downstream [S6 family transposase IS15 was contained in plasmid IncB/O/K/Z
(124.6 kb) (Figure 10B, Supplementary Figure S2). blanpps-5 gene (identity 100% to accession
JN104597) was located on plasmid IncB/O/K/Z (located on 19.6-20.4 kb) with six resistance
genes (fosA3, dfrA12, aadA2, qacEA1, sull, and mph(A)) and virulence gene traT (Figure 10C,
Supplementary Figure S2). No resistance and virulence genes were found in plasmids
Incl/IncFIB(AP001918) (162.7 kb) and Col4401 (2.1 kb).

2.7. Genetic Background Analysis of tet(X4)-Harboring E. coli Strains

To understand the genetic background of tet(X4)-carrying E. coli strains, isolate 11-
Ecoli-A2009007a with ST1720 was selected for long-read complete sequencing. By sequenc-
ing, we obtained the chromosome with a size of 4597 kb and two circular plasmids in
11-Ecoli-A2009007a (IncFIA(HI1)/IncHI1A /IncHI1B(R27) and IncX1) with sizes 190.7 kb
and 42.1 kb, respectively (Figure 11A).

The analysis of 11-Ecoli-A2009007a determined that the tef(X4) gene (identity 100%
to accession MK134376) was located on plasmid IncFIA(HI1)/IncHI1A /IncHI1B(R27)
(located on 53.3-54.5 kb) with five resistance genes (floR, qnrS1, blatppr.1p, aadA22, and
Inu(G)) (Figure 11B, Supplementary Figure S3). Six resistance genes (floR, blatppr.214, sul3,
dfrA14, qgnrS4, and tet(A)) were found in plasmid IncX1 (Figure 11C).
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Figure 10. Chromosome and plasmid environments in mcr-1.1/blanpys-coharboring E. coli strain(29-
Ecoli-D1903006c). (A) Chromosome size was 5029 kb. (B) The micr-1.1 gene was located on plasmid
IncHI2/IncHI2A /IncN (257.5 kb), with resistance genes blargpy.1g, sul2, aph(3'')-Ib, aph(6)-1d, tet(A),
tet(M), mph(A), floR, aac(3)-1V, aph(4)-1a, aph(3')-Ia, 0gxA, 0qxB, and mprF and virulence gene terC.
(C) blaypp-5 was located on plasmid IncB/O/K/Z (124.6 kb) with resistance genes fosA3, dfrA12,
aadA2, qacEA1, sull and mph(A) and virulence gene traT.
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Figure 11. Chromosome and plasmid environments in the Tet(X4)-positive E. coli strain (11-Ecoli-
A2009007a). (A) Chromosome size was 4597 kb. (B) Tet(X4) gene (identity 100% to accession
MK134376) located on plasmid IncFIA(HI1)/IncHI1A /IncHI1B(R27) (located on 53.3-54.5 kb) with
five resistance genes (floR, qnrS1, blatgp.1p, aadA22, and Inu(G)). (C) FloR, blatppr.p14, sul3, dfrAl4,
gnrS4, and tet(A) were found in plasmid IncX1.
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2.8. Statistics of Correlation Analysis Between mcr and the Related Resistance Factors

To understand the correlation between resistance genes, binary logistic regression
analysis and bivariable analysis were used to co-analyze their relationship with ARGS.
Twelve factors (blatppy, aac(3), aadA, strA/B, floR, catA/B, oqx, fosA, erm, mph, mef(B), and
years (2015-2017)) related to mcr genes were screened from thirty two factors using Fisher’s
exact test (p value < 0.05 and OR value with a 95% confidence interval >1 or < 1) (Figure 12).
And seven risk factors (blatgy, strA/B, floR, catA/B, years, mph, and aadA) were confirmed (p
< 0.05) to create the logistic model followed by binary logistic regression analysis (backward
elimination). The ROC curve for the baseline model from the study showed an overall
AUC of 0.903 (lower limit of 0.854 to an upper limit of 0.952) with a 95% confidence band
(Figure 13). ROC =2.848 x X1 +2.928 x X2 +2.030 x X3 +2.488 x X4 + 1.326 x X5 + 1.208
x X6 + 1.550 x X7 — 9.984 (X1: floR; X2: catA/B; X3: blatpp; X4: Years (2015-2017); X5:
strA/B; X6: mph; X7: aadA).

variable OR(95%CI) pvalue or_mean
blaOXA  ® 1.446(0.509~3.493) 0478 1446
plaCMY — Fe—— 525(0.843~32.706) 0084 525
blaTEM  re— 4714(1.566~14.188) 0004 4714
BIaCTX-M 1.593(0.755~3.362) 0261 1503
blasHy  # 0.992(0.976~1.008) 1 0.992
blaVEB  # 0.992(0.976~1.008) 1 0.992
blaNDM ~ t=— 3.4(0.462~25019) 0234 34
tet(x)  ® 0.975(0.948~1.003) 1 0.975
aac(3) m 245(114~5264) 0024 245
aadA i 3.044(1.101~8.414) 0035 3.044
aph n 1.132(0.525~2.441)  0.847 1.132
StrA/B - 3.021(1.277~7.143)  0.012  3.021
rmt i 3625(0.988~13.3) 0055 3625
arm [ 1.088(0.089~1.198) 0.012 1088
sul [ 0.901(0.849~0.956) 007  0.901
cmiat 8 0.53(0.213~1.315) 021 053
floR i 4.228(1.402~12751) 0006 4228
catA/B e 5211(2.203~12.325) 0 5.211
oax e 5.04(2.298~11.053) 0 5.04
QNrABISVC 8 0.407(0.157~1.056) 0064  0.407
fosA e 4511(2.031~10021) 0 4511
erm B 3.433(1.218~0.676) 0020 3433
mph — 4.381(2.017~0.514) 0 4.381
mef(B) 10.588(1.067~105.08) 004  10.588
dfrA — 3.880(0.869~17.303) 0068 3.880
aac(6)b-cr 2 506(0.937~6.702) 0.087  2.506
ARR = 1.671(0.743~3.758) 0275 1671
Inu(Fy = 0.801(0.214~3.008) 1 0.801
msr(E)  * 1.088(0.089~1.198) 0.012 1088
tetA/BM = 0.926(0.88~0.974) 0117 0926
years
20152017 = 2.08(1.398~6.35) 0006 208
2018-2020
[ T T T T1
0 25 50 75 100
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Figure 12. Forest plot of the OR characters to show the relation of the overall factors with mcr genes.
OR: odds ratio. CI: confidence interval. The square in the forest plot represents the OR value, and the
horizontal line represents the 95% CI.

Meanwhile, bivariable and cluster network analyses for the correlation between over-
all resistance genes were conducted using Euclidean and Ward.D of hcluster (Hierarchical
clustering method) methods based on Kendall (positive correlation threshold > 0.5, negative
correlation threshold < 0.5, and threshold of p value < 0.01). The results of the bivariable
analysis showed that six factors (ogx, mph, fosA, blatpp, catA/B, and strA/B) related to mcr genes
were consistent with the factors which were screened using Fisher’s exact test (Figure 14).
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Figure 13. The ROC curve for the baseline model from the study showed an overall AUC of 0.903
(lower limit of 0.854 to an upper limit of 0.952) with a 95% confidence band.
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Figure 14. Heatmap and cluster analysis for correlation between resistance gene-related factors using
the Euclidean and Ward.D of hcluster (hierarchical clustering) method based on Kendall (positive
correlation threshold > 0.5, negative correlation threshold < —0.5, and threshold of p value < 0.01)
(* p<0.05; ** p<0.01).



Antibiotics 2025, 14, 95

14 of 20

And then, eleven factors (oqx, QurA/B/S/VC, mph, fosA, cmlA1, blatpp, catA/B, blanpa,
rmt, strA/B, and Inu(F)) related to mcr genes were screened using a positive correlation
threshold > 0.58, a negative correlation threshold < —0.58, and a p value threshold of < 0.05.
The results of the correlation network showed that positive correlations existed between
mcr and oqx, for example. Additionally, apart from the correlation between mcr genes with
other factors, some other correlations were revealed. The results of the correlation network
based on the bivariable analysis showed that positive correlations existed between, for
example, ARR and blapx4, blasyy and tet(X), dfrA and tetA/B/M, sul and tetA/B/M, aadA
and drfA, arm and msr(E), etc. (Figure 15).

Correlation Network
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Figure 15. Cluster network analysis for the correlation between resistance genes. The data were
screened using a positive correlation threshold > 0.58, a negative correlation threshold < —0.58, and
a p value threshold of < 0.05. Data 1 and data 2 of the group are the resistance genes used for the
pairwise correlation analysis.

3. Materials and Methods
3.1. Isolation and Identification of E. coli Isolates

A total of 158 E. coli isolates were isolated from the livers and brains of diseased or
dead livestock and poultry received from veterinary clinics in Shandong Province during
2015-2020. These diseased or dead livestock and poultry samples were taken from different
farms. Liver and brain samples of livestock and poultry were collected aseptically to reduce
microbial contamination. After grinding the samples with PBS, the supernatant was taken
by centrifugation and cultured in Orientation Chromogenic Medium (CHROMagar™, Paris,
France) overnight at 37 °C. All of the strains were identified using 165 rRNA sequence
alignment (Novogene Co. Ltd., Tianjin, China).

3.2. Antimicrobial Susceptibility Testing

The minimum inhibitory concentrations (MICs) of ceftazidime, cefotaxime, meropenem,
colistin, tigecycline, amikacin, amoxicillin clavulanate, and ciprofloxacin were determined
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using the broth microdilution method and the results were interpreted in accordance with
the European Committee on Antimicrobial Susceptibility Testing (EUCAST) breakpoints
(Version 12.0, valid from 1 January 2022) (http:/ /www.eucast.org (accessed on 12 March
2020)). E. coli ATCC 25922 was used as a quality control strain. According to the EU-
CAST standards, we defined E. coli with different antibiotic resistance, such as ESBL-EC
(extended-spectrum beta-lactamase-producing E. coli) as non-susceptible to cefotaxime
(MIC > 1 mg/L) and susceptible to ertapenem (MIC < 0.5 mg/L); CREC (carbapenem-
resistant E. coli)s as non-susceptible to meropenem (MIC >2 mg/L); COEC (colistin-resistant
E. coli)s as non-susceptible to colistin (MIC > 2 mg/L); and TREC (tigecycline-resistant
E. coli) as non-susceptible to tigecycline (MIC > 0.5 mg/L).

3.3. Whole-Genome Sequencing on an lllumina Platform and Assembly

Genomic DNA was extracted using Roche MagNA Pure 96. All of the E. coli strains
were tested using second-generation high-throughput sequencing technology based on
the Illumina HiSeq nova 6000 platform with 150 bp paired-end reads (Novogene Co. Ltd,
Tianjin, China). The Illumina PCR adapter’s reads and the low-quality reads from the
paired end were filtered through the quality control step using our own compiling pipeline.
All good quality paired reads were assembled using SOAP denovo (https:/ /sourceforge.
net/projects/soapdenovo2/) (accessed on 16 May 2020)) [11,12], SPAdes [13] (https://
openebench.bsc.es/tool/spades (accessed on 29 May 2020)), and ABySS [14] (http:/ /www.
begsc.ca/platform /bioinfo/software/abyss (accessed on 10 July 2020)) into a number of
scaffolds. Then, the filter reads were handled by the next step of the gap-closing step.

3.4. Selected Strains for Long-Read Complete Sequencing

Isolates carrying blanpp-, mcr-, and tetX-related genes were selected to identify the
mobile genetic elements (MGE) and their relation to antimicrobial resistant genes and
virulence factors. Whole-genome annotation was performed using RAST (Rapid Anno-
tation using Subsystem Technology) (https://rast.nmpdr.org/ (accessed on 10 February
2021)). Circular plasmid maps were drawn, and plasmids were compared using Proksee
(https:/ /proksee.ca/projects (accessed on 8§ March 2021)) and BLAST Ring Image Generator
(BRIG v.0.95).

The de novo assembled contigs were MLST (7-gene Achtman ST scheme, whole-
genome MLST, core-genome MLST, and ribosomal MLST) and serotyped in silico us-
ing EnteroBase typing tools [15]. The clean data were also analyzed using the fol-
lowing CGE databases, SerotypeFinder, MLSTtyper, PlasmidFinder, ResFinder, and
VirulenceFinder [16-20], and the databases In Silico Clermont Phylotyper (https://
ezclermont.hutton.ac.uk/ (accessed on 15 May 2021)). For the genomic relatedness compar-
ison, we used different approaches based on the cgMLST of EnteroBase. Thus, a MLST tree
was inferred using the MSTree V2 algorithm and the asymmetric distance matrix based on
the cgMLST scheme from EnteroBase.

3.5. Single-Nucleotide Polymorphisms (SNPs) and Phylogeny Inference Analysis

CSI Phylogeny calls SNPs, filters the SNPs, conducts site validation, and infers phy-
logeny based on the concatenated alignment of the high-quality* SNPs. Whole-genome
SNP analysis was performed using CSI phylogeny 1.4 [21].

3.6. Statistical Analysis

Statistical analyses were conducted by Fisher’s exact test of variance, as well as using
a bivariable analysis at a significance level of p < 0.05. The correlation analysis between
ARGs, times, and mcr characteristics and the ROC curve were performed using binary
logistic regression analysis (backward elimination) by SPSS software (Version 22, IBM,


http://www.eucast.org
https://sourceforge.net/projects/soapdenovo2/
https://sourceforge.net/projects/soapdenovo2/
https://openebench.bsc.es/tool/spades
https://openebench.bsc.es/tool/spades
http://www.bcgsc.ca/platform/bioinfo/software/abyss
http://www.bcgsc.ca/platform/bioinfo/software/abyss
https://rast.nmpdr.org/
https://proksee.ca/projects
https://ezclermont.hutton.ac.uk/
https://ezclermont.hutton.ac.uk/

Antibiotics 2025, 14, 95

16 of 20

New York, USA). The heatmap and cluster analysis for the correlation of ARGs and other
factors was performed using the Euclidean and Ward.D of hcluster (hierarchical clustering)
method [22] based on Kendall (positive correlation threshold > 0.5, negative correlation
threshold < 0.5, and threshold of p value < 0.01) using R Version 3.6.3. The network analysis
was carried out using R Version 3.6.3 and igraph crack 1.2.6.

4. Discussion

The data in this study showed that the sequence type (ST) diversity and resistance rate
of poultry-derived E. coli from clinical cases was higher than that of livestock-derived ones.
Notably, the positive rates of E. coli carrying the mcr-1 in poultry sources were higher than
those in livestock sources in each year from 2015 to 2020. To some extent, these indicates
that the genetic diversity and severity of the drug resistance situation of pathogenic E. coli
prevalent in Shandong Province during period 2015-2020 was higher in poultry sources
than in livestock sources. In addition, about two-thirds of those clinical E. coli strains belong
to phylogenetic group Bl and A. Generally, the commensal E. coli strains that survive in the
intestines generally belong to groups A or Bl [23]. E. coli phylogenetic group Bl strains are
known to be environmental strains, commonly occurring in different household animal
species and freshwater beaches [24-27]. This indicates the possibility of the E. coli infection
of livestock and poultry from feces and the environment.

The Chinese government’s ban of colistin as a growth promoter is effective. From
our study, mcr-positive E. coli has displayed a positive relationship with years (2015-2017).
China’s Ministry of Agriculture has issued notice No. 2428, dictating that colistin sulfate
is no longer allowed to be added to feed as a growth promoter, as of 30 April 2017, and
the relative abundance of mcr-1 in pig and chicken farms was lower in 2018 than 2017
in China [28]. However, the co-existence and co-transfer of resistance genes in livestock
and poultry need more attention. It is common for one bacterial isolate to harbor a single
mcr determinant. However, recent studies have revealed the co-existence of the mcr-1 and
other mcr genes in E. coli, and mcr-1/mcr-3 is the most frequently detected combination
of co-existing mcr genes in different countries [29]. Recent studies have also revealed the
co-existence of mcr-1 and blanpys genes in E. coli strains taken from chickens [30], hospital
wastewater, and patient [31]. Further molecular surveillance of colistin resistance may
reveal more combinations of co-existing mcr and blanpys genes, and their influence on public
health requires further assessment. From our study, mcr-positive E. coli has demonstrated a
unique relationship with ARGS blatgy, floR, catA/B, and oqx. It has been reported that mcr-
1-positive E. coli could carry ogx with the proportion of 62.5% (10/16) in China in 2017 [32].
The co-transfer of mcr-1.1/blatgp-18 was observed to be located on different plasmids in
Thailand in 2021 [33]. The co-occurrence of mcr-1 and blapgy; was observed in Tunisia in
2020 [34]. These are consistent with our data and further indicate the potential correlation
of the co-existence of blargy, floR, ogx, and mcr. Although there is no special report on the
correlation between fIoR, catA/B, and mcr, the potential correlation between them should
not be ignored, and this highlights the impact of the overuse of both 3-lactams and colistin
in livestock and poultry production in China. It is also suggested that blarry-EC might be
more likely to recruit the mcr gene than any other non-blargy-EC.

In addition, we found all four of the phylogroup F strains in the 37 mcr-positive E. coli,
of which 2 were mcr-1.1-harboring strains with ST-354 and ST-117 from poultry and 2 were
mcr-1.1/3.24-coharboring strains with ST-501 from livestock. It has been reported that
chicken-source phylogroup F E. coli might pose a zoonotic risk and might contribute to the
spread of MDR E. coli to humans [35]. This has been revealed as a true APEC that hold
virulence [36]. As reported, phylogroup F E. coli strains from human and avian sources hold
a higher content of ExXPEC-related virulence genes and pathogenicity islands compared to
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those in the remaining new D and E groups [37]. EXPEC strains within phylogroup F, are
also highly prevalent in companion animals, swine, horses, cattle, and wild birds [38—41].
Additionally, the two strains of bacteria co-carrying mcr-1.1/3.24 isolated in this experiment
have their mcr-1.1 and mcr-3.24 located on the Incl2 replicon plasmid and IncHI2/IncHI2A
replicon plasmid, respectively. Existing reports show that, the Incl2 plasmid was prevalent
in MCRPEC isolates in some areas of China [42,43]. The IncHI2/IncHI2A plasmid could
be harboring mcr genes in MCRPEC, colistin-carbapenem-resistant K. pneumoniae, and
Salmonella Typhimurium isolates [44—46]. In addition, there are transposons both upstream
and downstream of them. Besides mcr-1.1/3.24 strains, we also found two strains of avian-
derived E. coli co-carrying mcr1.1/blanpp/fosA3 and three strains of porcine-derived E. coli
co-carrying tetx4/floR, /qnrS1. Carbapenems and tigecycline are the last-line drugs for
treating ESBL-producing E. coli. Once E. coli becomes resistant to these two drugs, livestock
and poultry will be at risk of having no drugs available for treatment. Livestock and
poultry are important food sources and important sources of the transmission of antibiotic
resistance genes for human beings. Therefore, the co-existence or co-transfer of resistance
genes in livestock and poultry renders the situation of bacterial resistance even more
serious, posing the risk of zoonosis and the transmission of super-resistant genes, and the
spread of co-carriers such as mcr-1.1/3.24, mcr1.1/blanpp/fosA3, and tetx4/floR/qnrS1.

5. Conclusions

This is the first report of E. coli strains (5T-501) from chickens coharboring a mcr-1.1-
carrying Incl2 plasmid and a mcr-3.24-carrying IncHI2 /IncHI2A plasmid, and the first
report of E. coli strains (ST-2973) coharboring a mcr-1.1-carrying IncHI2A /IncHI2 /IncN
plasmid and a NDM-5-carrying IncB/O/K/Z plasmid in China. Our study also revealed
the characterization of Tet(X4)-positive E. coli strains (ST-1720, ST-10, and ST-2509) contained
in clinical pig samples from 2020 in Shandong province East China. We assessed the risk
of animal-borne Tet(X4)-bearing E. coli to public health and the risk of zoonosis and the
transmission of mcr genes, and the risk of the mcr-1.1/3.24 co-carrier spread. The evolution
and mechanism of mcr gene co-existence need further study to assess this gene’s impact
on public health. Our data provide insight into the relationship of the co-existence and co-
transfer between mcr and ARGS. Furthermore, the co-existence of different mcr and blaypp
genes in the same isolate presents a great challenge for infection control in MDR Gram-
negative organisms. In light of reports of clone ST-501 belonging to high-virulent E. col,
programs to monitor this bacterium are urgently required to avoid its spread and zoonotic
transmission to humans [47]. Therefore, there is an urgent need for further surveillance
as well as the development of effective control measures to preserve the potency of these
essential antibiotics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics14010095/s1 Figure S1: mcr-3.24 gene was located on
plasmid IncHI2/IncHI2A; Figure S2: The mcr-1.1 gene was located on plasmid IncHI2/IncHI2A /IncN
(257.5 kb) and blanpp.5 was located on plasmid IncB/O/K/Z (124.6 kb). Figure S3: Tet(X4) gene
(identity 100% to accession MK134376) located on plasmid IncFIA(HI1)/IncHI1A /IncHI1B(R27).
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