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ABSTRACT Animal-derived Enterobacteriaceae bac-
teria such as Escherichia coli (E. coli), Proteus mirabilis
(P. mirabilis), and Klebsiella pneumoniae (K. pneumo-
niae) are important food-borne zoonotic bacilli that
exist widely in the broiler-breeding industry. Although
carbapenem antibiotics are considered to be the last line
of defense against multidrug-resistant bacteria, carbape-
nem-resistant Enterobacteriaceae (CRE) break through
them. In our study, we therefore, examined the preva-
lence of CRE and characteristics of antimicrobial resis-
tance in 6 conventional broiler-fattening farms in
Shandong Province, China. Our study revealed isolation
rates of 3.57% (6/168) for carbapenem-resistant E. coli,
10% (5/50) for carbapenem-resistant P. mirabilis, and
3.03% (1/33) for carbapenem-resistant K. pneumoniae.
All 12 CRE bacterial strains showed varying degrees of

resistance to 27 antibiotics in 8 classes and were multi-
drug-resistant. The rate of the strains containing blaxpwm
genes, at 91.67% (11/12), was especially high. Among
other results, the carrying rate of integrons in CRE bac-
teria was 91.67% (11/12), and 2 strains carried both
class T and class II integrons, which accelerated the lat-
eral transmission of resistant bacteria. Our first-ever
finding of the 3 CRE bacteria E. coli, P. mirabilis, and
K. pneumoniae on the same broiler farm suggests that
poultry-derived CRE strains may pose a risk to humans.
Moreover, our findings from surveillance can inform cur-
rent understandings of the prevalence and characteris-
tics of multidrug-resistant CRE in Shandong Province
and, in turn, help to curb threats to food safety and pub-
lic health and better prevent and control infectious zoo-
notic diseases.
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INTRODUCTION

Bacterial resistance caused by the overuse and abuse
of medical and veterinary antibiotics has become a
major problem the world over. As a consequence, since
the 1980s, multidrug-resistant (MDR) bacteria, includ-
ing the likes of carbapenem-resistant Enterobacteriaceae
(CRE), have continually been reported (Bi et al., 2011).
CRE are superbacteria because of their strong resistance
to frontline antibiotics, including treonam, ceftriaxone,
and piperacillin, as well as cefoxitin, ceftazidime, and
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cefepime. Given those trends, curbing bacterial resis-
tance demands sustained attention, or else antibiotics in
general will no longer be effective (Sheu et al., 2019). At
present, zoonotic Enterobacteriaceae already known to
threaten the health of humans and livestock include F.
coli, P. mirabilis, and K. pneumoniae (Liu et al., 2021a;
Wang et al., 2021b; Li et al, 2022b; Li et al., 2022a). The
emergence of such CRE means that the last line of
defense against MDR bacteria is in jeopardy, a conse-
quence of which is increasingly complicated clinical
treatment (Woodford et al., 2014).

Since a strain of carbapenemase-producing K. pneu-
moniae was first reported in the U.S. state of North Car-
olina in 2001, CRE have been reported in many
countries and regions (Yigit et al., 2001). Using data
obtained from monitoring bacterial resistance in China
in 2017, Hu et al. (2018) observed a resistance rate of
Enterobacteriaceae to carbapenems approaching 10%.
Therein, the resistance rate of E. coli to imipenem was
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1.9% and showed an upward trend compared with data
from 2016, while the resistance rate of K. pneumoniae to
carbapenems rose dramatically from 3.0% in 2005 to
20.9% in 2017. Although carbapenems have not been
approved as antibiotics in animal breeding either in
China or abroad, those circumstances have not pre-
vented the transmission of CRE from livestock to
humans (Feng et al., 2021). The trend suggests that the
route of the livestock- and poultry-infecting bacteria
may be direct contact or via the food chain from animals
to humans. In either case, it poses a serious challenge for
public health (Leverstein-van Hall et al., 2011). After
all, in hens, F. coli, responsible for salpingitis, can be
vertically transmitted to chicks and cause significant
death in the first week of life, as well as induce peritonitis
syndrome, which often leads to the acute death of poul-
try regardless of age (Landman and van Eck, 2015).
Meanwhile, in humans, P. mirabilis can cause wounds,
eye infections, and gastrointestinal and urinary tract
infections (Sanches et al., 2020), while K. pneumoniae
can cause urinary, respiratory, and blood infections
(Liu et al., 2017; Aires-de-Sousa et al., 2019). The latter
can also cause mastitis in dairy cows and respiratory
symptoms in broiler chickens (Yang et al., 2021). Species
aside, because clinical treatment for CRE infection
remains difficult, the mortality rate following infection
continues to be high (Hamza et al., 2016).

The chief drug resistance mechanism of CRE is the
production of carbapenemase, which can hydrolyze car-
bapenem antibiotics. According to the Ambler classifica-
tion, carbapenems can be divided into 3 categories: A, B,
and D. Carbapenemases in Enterobacteriaceae are pri-
marily the class A enzymes KPC, SME, IMI, NMC, and
GES; the class B enzymes IMP, VIM, and NDM; and
the class D enzyme OXA (Cherak et al., 2021). The
genes encoding carbapenemases can be captured by bac-
teria through the integron—gene cassette system, in a
process mediated by chromosomes, plasmids, or transpo-
sons. After the carbapenemases hydrolyze imipenem,
meropenem, or ertapenem, they can cause bacterial drug
resistance, promote the spread of drug resistance genes
among various bacterial genera, and ultimately increase
the prevalence of carbapenem resistance (Sun et al.,
2016; Li et al., 2019). Since the detection of blaxpy; in K.
pneumoniae isolated from a patient with urinary tract
infection in Sweden was first reported in 2008, a total of
21 NDM enzyme variants, NDM-1 to NDM-21, have
been identified globally (Tian et al., 2020). Among
them, the NDM-1-producing enzyme is the most com-
mon in CRE (Tovleva and Doi, 2017). In 2010, eight car-
bapenem-insensitive strains were found on 8 chicken
farms, on 6 duck farms, and in a pig slaughterhouse in
China. One of those strains was identified as being posi-
tive for blaxpw.1, particularly on a 270 kb plasmid
(Wang et al., 2012). Among the positive bacteria carry-
ing the blaxypm.1 gene reported in China from 2012 to
2016, most were reported in southwest China (Jia et al.,
2018). More recently, in 2021, P. mirabilis, which produ-
ces blaxpy in broiler chickens, was first reported in
Chengdu in Sichuan Province (Xie et al., 2021).

The ability to investigate and monitor drug resistance
in Enterobacteriaceae, especially carbapenem resistance,
is important for assessing the economic and public
health implications of such resistance. Given increasing
forms of clinical CRE, it has become increasingly diffi-
cult to control bacterial infections. However, because no
systematic analysis of CRE has been performed in Chi-
na’s Shandong Province, herein we report our study con-
ducted on 6 large farms in the province, namely in the
prefecture-level cities of Tai’an, Liaocheng, Weifang,
Linyi, Heze, and Binzhou. We collected 707 samples on
those farms and conducted basic studies on clinical CRE
to determine the drug susceptibility of resistant bacteria
and to characterize the drug resistance genes and drug
resistance mechanisms of resistant strains. The data pre-
sented here deepen current understandings of character-
istics of epidemics and the drug resistance of poultry-
origin CRE strains in Shandong Province. Our findings
thus provide a scientific basis for the clinical treatment
and prevention of CRE infections in poultry in the sur-
rounding region.

MATERIALS AND METHODS
Source of Strains

A total of 707 samples were collected on 6 large broiler
farms in the cities of Tai’an, Liaocheng, Weifang, Linyi,
Heze, and Binzhou in Shandong Province from May to
July 2019 (Liu et al., 2021b). The samples were taken
via anal swabs and environmental samples of broiler
chickens collected during a breeding cycle, the latter of
which came from walls, water, feces, and air. A total of
375 strains of FE. coli, 50 strains of P. mirabilis, and 33
strains of K. pneumoniae were isolated from those sam-
ples. All of the P. mirabilis and K. pneumoniae isolates
and 168 randomly selected strains, 24 to 30 per farm,
were used in subsequent testing and analysis.

Isolation and Identification of CRE

All E. coli, P. mirabilis, and K. pneumoniae isolates
were again purified and confirmed using a microbial
mass spectrometer (IVD MALDI Biotyper, Bruker, Bre-
men, Germany). In that experiment, we used imipenem
(4 ng/mL) to verify whether the strains were resistant
to carbapenems.

Drug Susceptibility Testing of CRE

For the CRE, the minimum inhibitory concentrations
(MICs) of 27 commonly used antibiotics in the follow-
ing 8 categories were tested: 1) carbapenems in a class of
antibiotics including imipenem (IPM), ertapenem
(ETP), and meropenem (MEM); 2) -lactam antibiot-
ics including amoxicillin—clavulanic acid (AMC), ampi-
cillin—sulbactam (SAM), piperacillin—tazobactam
(TZP), cefazolin (CZ), cefepime (FEP), cefoperazone
—sulbactam (SCP), ceftazidime (CAZ), ceftriaxone
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(CRO), cefuroxime (CXM), cefoxitin (FOX), and
aztreonam (ATM); 3) aminoglycoside antibiotics includ-
ing gentamicin (GM), amikacin (AN), and tobramycin
(NN); 4) tetracycline antibiotics including minocycline
(MI), tetracycline (TE), and tigecycline (TGC); 5)
quinolone antibiotics including moxifloxacin (MXF),
ciprofloxacin (CIP), levofloxacin (LVX), and norfloxa-
cin (NOR); 6) furan-class antibiotics including furan
(FM); 7) peptide antibiotics including colistin (CL);
and 8) chloramphenicol (C). The drug sensitivity results
were assessed by reference to the American Institute of
Clinical Laboratory Standardization (2022), and isolates
resistant to more than three classes of antimicrobials
were identified as MDR isolates. TGC and MXF were
interpreted according to the standards recommended by
the U.S. Food and Drug Administration (FDA).

Integron Detection in CRE

Using integrase gene-specific primers, CRE carrying
class T and class II integrons situation were detected by
PCR. The relevant detection primer sequences and PCR
conditions are shown in Table S1.

Drug Resistance Genetic Screening for CRE

The DNA template was prepared by boiling extrac-
tion (Li et al., 2020). Six classes of 24 drug resistance
genes were detected in CRE, including carbapenem
(bla'NDMv blapvip, blaxpc, blayiv, blagpy, blagy, and
blapxa) and other genes associated with resistance to
B-lactams (blargy, blasyy, and blactxm), aminoglyco-
side (aac(6’)-Ib-cr, aaC1, aaC2, and aaC3), chloram-
phenicol (e¢mlA and stcM), quinolone (gnrA, qgnrB,
gnrC, qnrS, and ogzA), and sulfonamide (sull, sul2, and
sul8) resistance genes. All primer-related information
about the resistance genes is shown in Table S2.

RESULTS
Detection and Identification of CRE

As Figure 1 shows, 12 CRE were isolated in the sam-
ples collected across Shandong Province. CRE isolates
were detected on broiler farms in 4 of the 6 cities: Tai’an,
Liaocheng, Linyi, and Heze. Isolation rates were 3.57%
(6/168) for carbapenem-resistant E. coli, 10% (5/50) for
carbapenem-resistant P. mirabilis, and 3.03% (1/33) for
carbapenem-resistant K. pneumoniae. Six strains of
CRE were isolated in Linyi—3 strains of E. coli from
feces, air, and anal swabs and 3 strains of P. mirabilis
from anal swabs—for an overall isolation rate of 15.38%.
Meanwhile, three strains of CRE were isolated in Heze—
an FE. coli strain, a P. mirabilis strain, and a K. pneumo-
niae strain—all from anal swabs, for an isolation rate of
9.68%. In Tai’an, 2 strains of CRE were isolated from
feces and air, for an isolation rate of 3.64%, and, in Liao-
cheng, a strain of CRE was isolated from an anal swab
of P. mirabilis, for an isolation rate of 2.17% (Table 1).

Drug Resistance of CRE

For the 12 strains of CRE, eight classes of 27 antibiot-
ics showed different degrees of resistance, with the rates
of imipenem (IPM), ampicillin—sulbactam (SAM), cefa-
zolin (CZ), tetracycline (TE), ceftriaxone (CRO), and
cefuroxime (CXM) being as high as 100% (Figure 2A).
The highest resistance rate was found for chlorampheni-
col (C), at 91.67%, followed by B-lactam at 85.61%,
whereas the lowest resistance, 50%, was found for furan
(FM). The drug resistance rates to most antibiotics
exceeded 50% (Table S3), and all CRE strains had a
multidrug resistance of 100% and were resistant to 15 to
25 antibiotics (Figure 2B). A heat map of the 9 CRE
drug resistance profiles monitored on the 6 chicken farms
appears in Figure 2C.

Integron Carriage of CRE

Of the 12 strains of CRE, 11 carried integrons in class
I or II, whereas one carried neither. The integron car-
riage rate in those strains was 92%, and most carried
class I integrons. All 6 strains of carbapenem-resistant
E. colicarried class I integrons, including one strain that
also carried class II integrons. Of the 5 strains of P. mir-
abilis, 3 carried class I integrons, 2 carried class II inte-
grons, and one carried both. Beyond that, a
carbapenem-resistant K. pneumoniae strain carried a
class I integron (Table 2).

Drug Resistance Genes of CRE

Six classes of 24 drug resistance genes were
detected in the CRE, and, among the CRE isolates,
the number of drug resistance genes detected varied
(Figure 3A). One E. coli strain revealed the largest
number of drug resistance genes (15), whereas one P.
mirabilis strain revealed the fewest (4). Among the
drug resistance genes, blaxpy and steM had the high-
est detection rate (91.67%), followed by blacTx.m
(75%), sull (75%), sul2 (75%). The blaxpc, blapyp,
blagtv, blaspy, blaymi, and aaC8 genes were not
detected (Table S4). Overall, 100% (12/12) of the
CRE isolates contained at least one carbapenem resis-
tance gene, 100% (12/12) contained at least one
chloramphenicol resistance gene, 91.67% (11/12) con-
tained at least one sulfonamide resistance gene,
83.33% (10/12) contained at least one aminoglycoside
resistance gene, 75% (9/12) contained at least one
B-lactam resistance gene, and 66.67% (8/12) con-
tained at least one quinolone resistance gene
(Figure 3B).

DISCUSSION

Carbapenems are S-lactam antibiotics, which are gen-
erally suitable for severe Gram-negative bacterial infec-
tions, drug-resistant bacterial infections, and mixed
infections due to their broad spectrum and strong
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Figure 1. Geographic distribution of the sampling sites and CRE isolates across different prefecture-level cities in Shandong, China. A total of
12 CRE bacteria samples were collected from 6 broiler fattening farms in the Tai’an, Linyi, Liaocheng, Weifang, Binzhou, and Heze areas. Among
them, Weifang and Binzhou have no CRE bacteria.

effects. Moreover, they are regarded as the last line of  able to resist such defenses increasingly poses a serious

defense against MDR bacterial infections (Cheng et al., threat to the health of humans as well as livestock, espe-
2019). More recently, however, the emergence of CRE  cially poulty.

Table 1. Source status and isolation rate of CRE bacteria from six broiler farms.

Area E. coli P. mirabilis K. pneumoniae Isolate rate
Feces Air Swab Walls Water Feces Air Swab  Walls Water Feces Air Swab Walls Water

Taian /7 1/1 0/19 0/3  0/0 0/0  0/11 0/10 0/1  0/0 0/0  0/0 0/1 0/0  0/2 3.64%

Heze 0/7 0/0 1/15 0/0  0/2 0/0  0/0 1/1 0/ 0/  0/0 0/0 1/3 0/0  0/3 9.68%

Linyi 110 1/1 117 0/2  0/0 0/0 0/3 3/5 0/0 0/1 0/0  0/0 0/0 0/0  0/0 15.38%

Liaocheng 0/12 0/3 1/14 0/0  0/1 0/0 0/3 0/1 0/0 0/ 0/1 0/0 0/4 0/0  0/7 2.17%

Weifang ~ 0/9  0/1 0/18 0/0  0/2 0/0 0/4 0/9 0/0  0/0 0/0  0/0 0/4 0/0  0/1 0%

Binzhou  0/5  0/4 0/15 0/0  0/0 0/0  0/1 0/0 0/0  0/0 0/0  0/0 0/7 0/0  0/0 0%
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Figure 2. Drug resistance status of CRE bacteria. (A) Resistance rate of CRE bacteria to some antimicrobial agents. (B) The multidrug resis-
tance of CRE bacteria. (C) CRE bacteria resistance spectrum, red indicates resistance, green indicates sensitivity, yellow indicates moderate sensi-
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Table 2. The integron gene detection results.

Bacterial spaces Strain number Area

Class |

Class Il
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An important factor of bacterial resistance to antibi-
otics is bacteria’s tendency to carry resistance-related
genes (Song et al., 2020; Liu et al., 2021b; Wang et al.,
2021a; Liu et al., 2023). In past studies, the blaxpy gene
has often been observed in poultry and poultry environ-
ments (Hamza et al., 2016; Zhu et al., 2021), while other
resistance-related genes, including blaxpc, blapvp, and
blaytv.o, have also appeared in carbapenem-resistant
Gram-negative bacteria (Bocharova et al., 2020;
Algammal et al., 2021; Elmonir et al., 2021). In our
study, all CRE strains carried genes encoding carbape-
nemases, and we observed detection rates of 91.7% (11/
12) for blaxpy and 58.3% (7/12) for blaoxa. However,
no other genes involved in carbapenem-resistance were
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Figure 3. Drug resistance genes of CRE. (A) The detection rates of antibiotic resistance genes in CRE isolates. (B) Detection rates of diverse

classes of ARGs in CRE isolates.

found (Table S4), which suggests that among the char-
acteristics of encoding class B and D enzymes
(Cherak et al., 2021), the presence of blaxpy and blagxa
might be the main cause of resistance to carbapenem
agents.

Most genes related to carbapenem resistance exist in
various mobile genetic structures that collectively bol-
ster the genes’ transmission (Nordmann et al., 2012).
Integrons in bacteria can take and spread resistance
genes, which is an important means for the distribution
of antibiotic resistance genes through horizontal trans-
fer. In particular, of class I and class II integrons—the 2
most common types in clinical isolates—class I integrons
play a major role in the transmission of antibiotic resis-
tance genes (Koratzanis et al., 2011; Sabbagh et al.,
2021). In our study, integrons were found in 11 CRE
strains—90.9% (10/11) carried class I integrons, while
27.3% (3/11) carried class II integrons—and thus might
be the chief factor in the risk of transmission of CRE
resistance genes. Surprisingly, the resistance of CRE
strains to chloramphenicol was as high as 91.7% (11/
12), as shown in Figure 2; however, chloramphenicol has
been banned for veterinary use for many years. Interest-
ingly, all CRE strains carried chloramphenicol resistance
genes, and cmlA was also encoded by class I integron
(Ma et al., 2019). The characteristics of integrons that
can carry multiple resistance genes (Bocharova et al.,
2020) may be responsible for the emergence of resis-
tance-related genes, thereby leading to a tolerance to
chloramphenicol in CRE isolates. Moreover, we found
that carbapenem resistance genes often appeared
together with other drug resistance genes such as sulfon-
amide, aminoglycoside, and quinolone-related resistance
genes (Figure 3B), which also indicates the possibility
that various resistance genes coexist on the same inte-
gron. Therefore, the in-depth study of mobile elements
encoding resistance genes is critical to understanding
the mechanism of antibiotic resistance and will thus be
the next focus of our research.

CRE strains present significant trouble when it comes
to treating bacterial infections. In our study, CRE

strains exhibited MDR, with resistance rates to TE,
SAM, CZ, and other drugs reaching 100% (Figure 2A).
Furthermore, the isolates’ resistance to 23 or 24 kinds of
antibiotics was most common in CRE strains
(Figure 2B), which showcases the feature of pan-resis-
tance. Meanwhile, antibiotic resistance spectrum analy-
sis revealed that none of the commonly used antibiotics
could effectively inhibit 12 CRE isolates. Frustratingly,
41.7% (5/12) and 66.7% (8/12) of CRE strains were
resistant toTGC andCL (Figures 2A and 2C), respec-
tively, which were the last lines of defense against carba-
penem-resistant  bacteria  (Chang et al., 2020;
Yaghoubi et al., 2022). ATM and AN showed partial
effects in fighting CRE in having the lowest resistance
rate of CRE strains (Figures 2A and 2C). Beyond that,
combining ATM, AN, CL, and TGC shows promise as
an antagonist for CRE isolates. Therefore, the use of car-
bapenems should be carefully to effectively prevent pub-
lic health problems.

In our study, CRE were detected on farms in Taian,
Heze, Linyi, and Liaocheng but not in Binzhou and Wei-
fang. Studies have shown that good biosafety measures
and breeding environments are essential for broiler pro-
duction (de Castro Burbarelli et al, 2017;
Van Limbergen et al., 2018). The farm in Heze, built in
2008, has old breeding equipment and thus frequently
confronts fecal accumulation that has led to the gather-
ing of drug-resistant bacteria. Meanwhile, on the farm in
Taian, built in 2010, ventilation equipment is poor, and
ammonia is heavy in the air. Both of those farms have
adopted traditional modes of raising chickens—that is,
with the poultry standing on netting such that their
feces is not cleaned up, and disinfection is not timely—
which has resulted in a high rate of drug-resistant
strains. In our study, 83.3% of CRE were isolated in
swab or fecal samples (Table 1). Because animal feces is
an important host for drug-resistant bacteria and antibi-
otic resistance genes (Furtula et al, 2010,
Chuppava et al., 2019; Luiken et al., 2019, 2020) and
because antibiotic-resistant bacteria can transmit anti-
biotic resistance to the environment through feces, the
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disposal of feces is critical to curbing the emergence of
resistant bacteria. No CRE were detected on the farms
in Binzhou and Weifang, however, primarily because
they were both built in 2019, meaning a short operation
time coupled with advanced breeding equipment. There-
fore, our experimental results also verified that the
breeding environment and duration of a farm’s opera-
tion may have a certain impact on the prevalence of
CRE (Table S5). Terrible environments and the long-
term use of antibiotics lead to the accumulation of CRE
strains, which only increases the prevalence of resistant
microorganisms on older farms. Therefore, regular envi-
ronmental disinfection and hygienic cleaning should be
performed on farms, and poultry feces should be dis-
posed of regularly to prevent the accumulation of any
resistance of CRE strains.

CONCLUSIONS

Our findings clarify the characteristics of the current
epidemic of CRE bacteria and their drug resistance char-
acteristics on poultry farms in Shandong Province,
China. The isolation rates of carbapenem-resistant FE.
coli, P. mirabilis, and K. pneumoniae were 3.57% (6/
168), 10% (5/50), and 3.03% (1/33), respectively. All 12
CRE strains had MDR, and the detection rate of the
drug resistance gene blaypy and steM were the highest
(91.67%). The carriage rate of integrons in CRE was
91.67%, and 2 strains carried both class I and class 11
integrons. We also found, for the first time ever, E. coli,
P. mirabilis, and K. pneumoniae—that is, three CRE
bacteria—on the same broiler farm. Altogether, our
results suggests that to prevent a sudden, severe epi-
demic of such resistant strains, researchers should
strengthen epidemiological investigations and research
on resistance mechanisms of resistant bacteria, as well
as actively monitor drug-resistant genes in order to bet-
ter prevent and control zoonotic diseases.
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