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Abstract: Consumption of retail meat contaminated with antimicrobial-resistant (AMR) bacteria
is a common route for transmitting clinically relevant resistant bacteria to humans. Here, we
investigated the genotypic and phenotypic resistance profiles of intrinsic colistin-resistant (ICR)
Enterobacterales isolated from retail meats. ICR Enterobacterales were isolated from 103 samples
of chicken, 103 samples of pork, and 104 samples of beef purchased from retail shops in Japan,
using colistin-containing media, and their antimicrobial susceptibility was examined. Serratia spp.
(440 isolates) showed resistance to cefotaxime (19 isolates, 4.3%), tetracycline (15 isolates, 3.4%), and
other antimicrobials (<1%). Hafnia spp. (136) showed resistance to cefotaxime (12 isolates, 8.6%),
ceftazidime (four isolates, 2.9%), and tetracycline (two isolates, 1.4%). Proteus spp. (39) showed
resistance to chloramphenicol (four isolates, 10.3%), sulfamethoxazole-trimethoprim (four isolates,
10.3%), cefotaxime (two isolates, 5.1%), kanamycin (two isolates, 5.1%), and gentamicin (one isolate,
2.6%). Cedecea spp. (22) were resistant to tetracycline (two isolates, 9.1%) whereas Morganella spp.
(11) were resistant to tetracycline (four isolates, 36.4%) and chloramphenicol (one isolate, 9.2%).
The resistance genes blafonA, blaACC, and blaDHA were detected in cefotaxime-resistant Serratia spp.,
Hafnia spp., and Morganella spp. isolates, respectively. This emergence of antimicrobial resistance in
ICR Enterobacterales may pose a public health risk.

Keywords: Enterobacterales; intrinsic colistin resistance; retail meat

1. Introduction

Antimicrobial resistance in bacteria is a major health concern for humans and food-
producing animals. Resistance genes encoded in the chromosomes or plasmids that mediate
antimicrobial resistance in bacteria are expressed in different forms comprising target
protection, target modification, and the inhibition of intracellular antimicrobial penetration
to ensure bacteria survival against antimicrobials [1]. In general, the chromosomally
encoded resistance genes are vertically transferred whereas the resistance genes coded on
plasmids are horizontally transferred to other bacteria, including distantly related ones [1].
An increased presence of antimicrobial-resistant (AMR) bacteria limits treatment options
and efficacy. Thus, pathogenic bacteria that acquire antimicrobial resistance pose a high
risk to human and animal health [2].

Colistin (CST), whose usage was discontinued due to risks of nephro- and neurotoxi-
city, has been reintroduced as a last resort treatment against multidrug-resistant (MDR)
gram-negative bacteria (GNB) [3]. However, some Enterobacterales, namely Serratia spp.,
Hafnia spp., Cedecea spp., Proteus spp., Morganii spp., and Providencia spp. are intrinsically
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resistant to CST [3–5]. Intrinsic resistance is a natural resistance that bacteria exhibit to
certain antimicrobial agents due to the presence of elements that occur independently
of previous antimicrobial exposure and horizontal gene transfer [6]. The mechanism of
intrinsic colistin resistance is mediated by the expression of the arnBCADTEF operon and
the eptB gene, which add 4-amino-4-deoxy-L-arabinose and phosphoethanolamine to the
lipopolysaccharides (LPS) of GNB to increase the net positive charge, thereby reducing
the binding affinity of CST to LPS [3]. This renders the use of CST against GNB to be less
effective.

The use of antimicrobials in food-producing animals has become widespread to pre-
vent, control, and treat infections and to improve growth and feed efficiency [7]. Different
antimicrobial agents belonging to various classes, such as tetracycline, cephalosporin,
quinolones, and aminoglycoside, have been extensively used in poultry, pig, and cattle
production [8]. Although most developed countries, including Japan, impose strong re-
strictions against the use of antimicrobials, the practice has contributed to the emergence
of AMR bacteria in the food-producing animal sector [9]. Animal-based food products,
especially meat, may be contaminated with AMR bacteria. The consumption of retail meat
contaminated with AMR bacteria is a possible route for transmitting clinically relevant
AMR bacteria to humans [10,11]. To control antimicrobial resistance, effective monitoring is
an important step in identifying the sources and the potential transmission route [7]. More-
over, bacteria developing resistance to potent and relatively novel antimicrobial agents
can be tracked and the underlying mechanism can be examined. Several studies have
reported that Enterobacterales isolated from retail meat products are resistant to third-
generation cephalosporins, carbapenems, and other classes of antimicrobial agents [12–15].
Enterobacterales can rapidly develop resistance via the transfer of AMR plasmids [16–18].
Intrinsic colistin-resistant (ICR) Enterobacterales [3–5] may acquire resistance to differ-
ent antimicrobial agents from other bacteria, such as Escherichia coli, via mobile genetic
elements.

Our previous study showed that retail meats (chicken, beef, and pork) purchased
in Japan were contaminated with AMR bacteria, including ICR Enterobacterales [19].
Investigating the genotypic and phenotypic resistance profiles of ICR Enterobacterales
isolated from retail meat is useful for assessing its safety for human consumption. Therefore,
in the present study, we aimed to determine the antibiogram and resistance genes of ICR
Enterobacterales.

2. Results
2.1. Isolated ICR Enterobacterales

In Table 1, we present the results of various Enterobacterales isolated from retail
chicken (n = 103), pork (n = 103), and beef (n = 104). Of all the retail meat samples
tested, 81.3% (252/310) were found positive for Serratia spp., Hafnia spp., Proteus spp.,
Cedecea spp., Providencia spp., and/or Morganella spp. The Serratia species S. liquefaciens,
S. marcescens, and S. fonticola were frequently isolated from chicken, pork, and beef. In
contrast, S. plymuthica was rarely isolated from chicken and pork. Hafnia alvei was another
notable bacterium isolated from chicken, pork, and beef. Furthermore, Proteus penneri was
isolated from chicken, pork, and beef whereas other Proteus species, P. hauseri, P. mirabilis,
and P. vulgaris, were isolated only from chicken and pork samples. Additionally, Cedecea
davisae and Morganella morganii were isolated from the chicken, pork, and beef samples,
whereas Providencia rustigianii was isolated only from chicken.
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Table 1. Distribution of intrinsic colistin-resistant Enterobacterales isolated from retail chicken, pork, and beef purchased
from shops in Japan.

Bacteria Total Pos.
Samples (%)

Total No.
of Isolates

Chicken
(n = 103)

Pork
(n = 103)

Beef
(n = 104)

Genus Species Pos.
Samples (%)

No. of
Isolates

Pos.
Samples (%)

No. of
Isolates

Pos.
Samples (%)

No. of
Isolates

Serratia liquefaciens 194 (62.6) 387 63 (61.2) 118 64 (62.1) 135 67 (64.4) 134
marcescens 25 (8.1) 29 11 (10.7) 13 6 (5.8) 7 8 (7.7) 9

fonticola 20 (6.5) 21 11 (10.7) 11 4 (3.8) 5 5 (4.8) 5
plymuthica 2 (1) 3 1 (1) 1 1 (1) 2 0 0

subtotal 202 (65.2) 440 68 (66) 143 67 (65.0) 149 67 (64.4) 148

Hafnia alvei 89 (28.7) 136 17 (16.5) 22 40 (38.8) 62 32 (30.8) 52

Proteus penneri 14 (4.5) 18 11 (10.7) 13 2 (1.9) 3 1 (1) 2
hauseri 7 (2.3) 9 4 (3.8) 4 3 (2.9) 5 0 0

mirabilis 7 (2.3) 10 6 (5.8) 9 1 (1) 1 0 0
vulgaris 2 (1) 2 1 (1) 1 1 (1) 1 0 0

subtotal 29 (9.4) 39 21 (20.4) 27 6 (5.8) 10 1 (1) 2

Cedecea davisae 14 (4.5) 22 11 (10.7) 18 1 (1) 2 2 (1.9) 2

Providencia rustigianii 12 (3.9) 12 12 (11.7) 12 0 0 0 0

Morganella morganii 10 (3.2) 11 7 (6.8) 7 2 (1.9) 2 1 (1) 2

Abbreviation: Pos., positive; No., number.

2.2. Antimicrobial Resistance Profiles of the Isolated ICR Enterobacterales

ICR Enterobacterales with additional resistance to other antimicrobial agents were
isolated from chicken, pork, and beef samples purchased from shops in Japan. In Table 2,
we present the resistance profile of the ICR Enterobacterales isolated from the chicken, pork,
and beef samples. All isolated ICR Enterobacterales strains were confirmed resistant to CST
by the susceptibility testing. In addition, all the strains were susceptible to meropenem
(MEM) and amikacin (AMK). The S. liquefaciens isolates were resistant to cefotaxime (CTX),
ceftazidime (CAZ), and chloramphenicol (CHL). S. marcescens isolates mostly showed
resistance to tetracycline (TET). However, some S. marcescens also showed resistance to
chloramphenicol (CHL), ciprofloxacin (CIP), levofloxacin (LVF), and nalidixic acid (NAL).
Additionally, S. fonticola isolates showed resistance to only CTX, though all S. plymuthica
isolates were susceptible. Within the H. alvei, resistance to CTX, CAZ, TET, and NAL was
observed and MDR H. alvei was also isolated. Proteus spp. showed resistance to different
antimicrobial agents, with some isolates having MDR phenotype (Table 2).

Not all the third generation-resistant isolates were positive for the extended spectrum
beta-lactamase (ESBL)/AmpC beta-lactamase genes tested. In contrast, the resistance gene
blafonA was detected in 10 S. fonticola isolates, blaACC was detected in 11 H. alvei isolates, and
blaDHA gene was detected in one M. morganii isolate showing resistance to CTX (Table 3).
Phylogenetic analysis showed that the blafonA detected in this study was homologous to
other previously reported genes (Figure 1). In particular, the blafonA detected in CL559 was
closely related to blafonA-5, and those detected in CL320, CL531, and CL1126 were closely
related to blafonA-3. The remaining blafonA genes (CL398, CL402, CL513, CL537, and CL586)
were closely related to other previously reported unclassified blafonA genes (Figure 1).



Antibiotics 2021, 10, 1437 4 of 9

Table 2. Antibiogram of the intrinsic colistin-resistant Enterobacterales found in the retail chicken, pork, and beef samples
tested.

Bacteria Resistance Profile
No. of Chicken
Samples (No. of

Isolates)

No. of Pork
Samples (No. of

Isolates)

No. of Beef
Samples (No. of

Isolates)

Total No. of
Samples (Total
No. of Isolates)

Serratia liquefaciens

CTX 2 (3) 1 (1) 2 (2) 5 (6)
CTX-CAZ 1 (1) 1 (1)
CTX-CHL 1 (1) 1 (1)

Susceptible 61 (115) 61 (132) 65 (132) 187 (379)
Subtotal 63 (118) 64 (135) 67 (134) 199 (387)

Serratia marcescens

CAZ-TET-CIP-LVF 1 (1) 1 (1)
CTX-NAL-CHL 1 (1) 1 (1)

TET 5 (5) 4 (4) 2 (2) 11 (11)
TET-CHL 1 (1) 1 (1)

Susceptible 4 (6) 2 (3) 5 (6) 11 (15)
Subtotal 11 (13) 6 (7) 8 (9) 25 (29)

Serratia fonticola CTX 5 (5) 2 (2) 3 (3) 10 (10)
Susceptible 6 (7) 2 (3) 2 (2) 10 (12)

Subtotal 11 (12) 4 (5) 5 (5) 19 (22)
Serratia plymuthica Susceptible 1 (1) 1 (2) 2 (3)

Hafnia alvei

CTX 1 (1) 4 (4) 1 (1) 6 (6)
CAZ 2 (2) 2 (3) 4 (5)
TET 1 (1) 1 (1)

CTX-CAZ 3 (4) 1 (1) 4 (5)
NAL 1 (1) 1 (1)

CTX-CAZ-TET 1 (1) 1 (1)
Susceptible 16 (21) 29 (50) 27 (46) 72 (117)

Subtotal 17 (22) 40 (62) 32 (52) 89 (136)

Proteus penneri
CHL 1 (1) 1 (1)
CTX 2 (2) 2 (2)

Susceptible 9 (10) 2 (3) 1 (2) 12 (15)
Subtotal 11 (13) 2 (3) 1 (2) 14 (18)

Proteus mirabilis

CHL 1 (1) 1 (1)
SXT 1 (2) 1 (2)

KAN-CHL-SXT 1 (1) 1 (1)
Susceptible 4 (6) 0 0 4 (6)

Subtotal 6 (9) 1 (1) 0 7 (10)

Proteus vulgaris
GEN-KAN-CHL-

SXT 1 (1) 1 (1)

Susceptible 1 (1) 0 1 (1)
Subtotal 1 (1) 1 (1) 2 (2)

Proteus hauseri Susceptible 4 (4) 3 (5) 7 (9)

Cedecea davisae
TET 1 (2) 1 (2)

Susceptible 10 (16) 1 (2) 2 (2) 13 (20)
Subtotal 11 (18) 1 (2) 2 (2) 14 (22)

Morganella morganii

CHL 1 (1) 1 (1)
CTX 1 (1) 1 (1)
TET 2 (2) 2 (2) 4 (4)

Susceptible 3 (3) 0 1 (2) 4 (5)
Subtotal 7 (7) 2 (2) 1 (2) 10 (11)

Providencia
rustigianii Susceptible 12 (12) 0 0 12 (12)

Total 96 (229) 89 (225) 67 (206) 252 (659)

Abbreviations: AMK, amikacin; CAZ, ceftazidime; CHL, chloramphenicol; CIP, ciprofloxacin; CTX, cefotaxime; GEN, gentamicin; KAN,
kanamycin; LVF, levofloxacin; MEM, meropenem; NAL, nalidixic acid; SXT, sulfamethoxazole-trimethoprim; TET, tetracycline.
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Table 3. Resistance profiles and associated resistance genes identified in third-generation
cephalosporin-resistant bacteria isolated from retail chicken, pork, and beef purchased in Japan.

Bacteria Strain No. Source Resistance Profile Beta-Lactamase
Gene Detected

ESBL AmpC

S. fonticola CL-320 Chicken CTX blafonA
S. fonticola CL-398 Pork CTX blafonA
S. fonticola CL-402 Pork CTX blafonA
S. fonticola CL-513 Chicken CTX blafonA
S. fonticola CL-531 Beef CTX blafonA
S. fonticola CL-537 Chicken CTX blafonA
S. fonticola CL-559 Chicken CTX blafonA
S. fonticola CL-586 Beef CTX blafonA
S. fonticola CL-663 Chicken CTX blafonA
S. fonticola CL-1126 Beef CTX blafonA

H. alvei CL-41 Beef CTX blaACC
H. alvei CL-177 Beef CTX-TET blaACC
H. alvei CL-208 Pork CTX-CAZ blaACC
H. alvei CL-209 Pork CTX-CAZ blaACC
H. alvei CL-215 Beef CTX-CAZ blaACC
H. alvei CL-284 Pork CTX blaACC
H. alvei CL-338 Chicken CTX blaACC
H. alvei CL-607 Pork CTX-CAZ blaACC
H. alvei CL-698 Pork CTX blaACC
H. alvei CL-774 Pork CTX-CAZ blaACC
H. alvei CL-954 Pork CTX blaACC

M. morganii CL-277 Chicken CTX blaDHA

Abbreviations: CAZ, ceftazidime; CTX, cefotaxime; ESBL, extended spectrum beta-lactamase; TET, tetracycline;
H. alvei, Hafnia alvei; M. morganii, Morganella morganii; S. fonticola, Serratia fonticola.
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Figure 1. Phylogenetic comparison of the deduced amino sequences of the resistance gene blafonA
identified in Serratia fonticola isolated from chicken, pork, and beef purchased in Japan in this study
with other sequences downloaded from GenBank. The relationship between blafonA and CTX-M
was also determined. The sources of the isolates identified in this study are indicated in the figure,
and the GenBank accession numbers of the reference strains used are shown in parentheses.



Antibiotics 2021, 10, 1437 6 of 9

3. Discussion

This study demonstrated the antimicrobial susceptibilities of ICR Enterobacterales
isolated from retail samples of chicken, pork, and beef meat. The isolates exhibited addi-
tional resistance to aminoglycoside (gentamicin, GEN; kanamycin, KAN); third-generation
cephalosporins (CTX, CAZ); fluoroquinolone and quinolone (CIP, LVF; NAL); phenicol
(CHL); sulfamethoxazole-trimethoprim, SXT; and TET. ICR Enterobacterales with addi-
tional resistance to other antimicrobial agents may further limit treatment options in case
of human infections.

The presence of resistance genes (blaACC, blaDHA, and blafonA) in bacteria detected in
this study further augments a rising concern in the medical community because these genes
can lead to treatment failure by conferring resistance against broad-spectrum
cephalosporins [17,20,21]. A study conducted in Paris showed that Klebsiella pneumoniae,
possessing the blaACC gene and resistant to CAZ, CTX, and ceftriaxone, was responsible
for nosocomial infections [22]. Additionally, blaDHA, first characterized in Salmonella en-
terica serovar Enteritidis isolated in Saudi Arabia from the stool of patients, hydrolyzed
broad spectrum cephalosporin (CAZ, CTX) [23]. The gene responsible for third-generation
cephalosporin resistance was found in the CTX-resistant and CAZ-resistant isolates. We
detected the blaACC gene, which confers CTX resistance, in 11 H. alvei isolates. This gene is
found in some Enterobacterales and has been detected in the plasmids of most H. alvei [20].
Although we did not investigate the localization of the blaACC gene, there is a possibility
of gene transferability via plasmids to other Enterobacterales, taking place in the gut of
humans and food-producing animals. Furthermore, the blaDHA gene was detected in CTX-
resistant M. morganii. The blaDHA, a plasmid-mediated AmpC-beta-lactamase gene, has
been previously found in Enterobacterales [17]. In the present study, the blafonA gene was
found in CTX-resistant S. fonticola isolated from retail chicken, beef, and pork. Tanimoto
et al. have also identified blafonA in S. fonticola isolated from chicken [10]. The detection
of blafonA in other meat samples, including beef and pork, in the present study indicates
the extent of its spread among bacteria in food-producing animals. The transferability of
blafonA to other bacteria requires further investigation. Resistance genes were not detected
in all the isolates showing resistance to third-generation cephalosporin agents. How-
ever, Serratia spp., Hafnia spp., Proteus spp., and Morganella spp. harbor the chromosomal
ampC gene that encodes inducible beta-lactamase, thereby conferring intrinsic resistance to
aminopenicillins and narrow-spectrum cephalosporins such as cefazolin [4,5,24,25]. The
isolates could harbor the genes encoding resistance; however, these were not detected due
to the limitation in our methodology, such as the lack of whole genome sequencing of
the isolates.

Multi-drug resistant bacteria can withstand the effects of different antimicrobial
agents [26]. In the present study, two of the S. marcescens isolates were MDR, and the
remaining isolates were resistant to TET and CHL (Table 2). In addition, H. alvei, the
second most frequently isolated species from retail meat in the present study, was resistant
to CTX, CAZ, NAL, and TET and showed one MDR isolate (Table 2). In another study,
H. alvei isolated from raw horsemeat was found resistant to fosfomycin but susceptible
to CTX, NAL CAZ, and TET [13]. The Proteus spp. isolated in the present study were
resistant to CTX, CAZ, GEN, KAN, and CHL. P. mirabilis and P. vulgaris isolates exhibited
the MDR phenotype (Table 2). A study by Kim et al. [15] reported that P. mirabilis isolated
from poultry in the USA was MDR (GEN-CHL-KAN). Notably, our results showed that
all ICR Enterobacterales were highly susceptible to MEM and AMK. This supports that
the fact that MEM- and AMK-resistant enteric bacteria are rarely detected in retail meat
products [8]. Furthermore, despite most of the ICR Enterobacterales from retail meat were
fully susceptible to the antimicrobials tested, the presence of additional resistance observed
in some isolates suggests the emergence of ICR Enterobacterales with extra antimicrobial
resistance in retail meat.

Although we used CST–deoxycholate hydrogen sulfide lactose (DHL) selective media
to culture the ICR Enterobacterales in this study, future studies investigating ICR Enter-
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obacterales should consider using a selective media supplemented with a combination
of CST and a third-generation cephalosporin as this will increase the chances of isolating
third-generation cephalosporin resistant strains.

As Enterobacterales contamination of retail meats is an indicator of hygiene and post-
processing contamination, the results of the present study highlight a possible breakdown
of hygienic handling practices at the various stages of the meat processing and distribution
chain [27]. The frequently isolated Serratia spp. has been implicated in causing urinary tract
infections and nosocomial infection in immunocompromised individuals [21,28]. H. alvei,
the next noteworthy bacteria isolated, has been implicated in extraintestinal infection [29].
Members of the Proteus spp., especially P. mirabilis, have been frequently associated with
urinary tract and wound infections [30]. Additionally, Cedecea spp., Providencia spp., and
Morganella spp. have also been known to cause infections in immunocompromised pa-
tients [31–33]. The ICR Enterobacterales implicated in some human infection further
demonstrate their clinical relevance. Thus, the present study emphasizes the importance
of hygienic meat handling and processing to ensure the safety of retail meat for consump-
tion. Furthermore, attention should be paid to ICR Enterobacterales as the emergence of
antimicrobial resistance in this group may pose critical public health concerns.

4. Materials and Methods

In our previous study [19], a total of 310 meat samples, comprising 103 chicken,
103 pork, and 104 beef samples, were purchased from retail shops in Japan between May
2017 and July 2018 and isolation of ICR Enterobacterales was performed. To briefly summa-
rize, each meat sample was gently pressed against the surface of DHL agar supplemented
with 0.1 µg/mL of CST (CST–DHL medium), using sterile forceps. The preparation was
aerobically incubated at 37 ◦C for 16–18 h. Additionally, 5 g of each meat sample was
aseptically cut and cultured in 45 mL of tryptic soy broth (enrichment medium) at 37 ◦C
overnight. The bacterial culture obtained was then streaked onto the CST–DHL medium
and aerobically incubated at 37 ◦C for 16–18 h. A maximum of three distinct bacterial
colonies were randomly chosen from each sample. A stock culture of 10% glycerol was
made and stored at −80 ◦C for further analysis.

Isolated ICR Enterobacterales were identified using a VITEK® 2 GN identification
card (Sysmex BioMérieux, Tokyo, Japan), followed by antimicrobial susceptibility testing
with the broth microdilution method using frozen plates (Eiken Chemical Co., Ltd., Tokyo,
Japan), as previously described [19]. Antimicrobial resistance breakpoints were interpreted
according to the Clinical and Laboratory Standards Institute guidelines [5]. The resistance
of ICR Enterobacterales to CST was confirmed following the European Committee on
Antimicrobial Susceptibility Testing resistance breakpoints [34]. Isolates resistant to three
or more antimicrobial classes have been identified as MDR [21].

Multiplex PCR was performed to detect beta-lactamase genes in all third-generation
cephalosporin-resistant isolates, as described previously [35]. The multiplex PCR targeted
OXA-1-like broad-spectrum beta-lactamases, ESBL including variants of CTX-M, TEM, SHV,
VEB, PER, and GES, AmpC beta-lactamases comprising ACC, ACT, FOX, MOX, DHA, LAT,
and MIR [35]. Additionally, using the primers described previously [12], we investigated
the presence of blafonA, a minor extended-spectrum beta-lactamase gene. Both strands of the
amplified DNA fragments of blafonA were sequenced at the Life Science Research Center of
Gifu University, Japan. The resulting amino acid sequences were analyzed using the Basic
Local Alignment Search Tool (National Center for Biotechnology Information, Bethesda,
MD, USA). A phylogenetic tree based on the amino acid sequence of our isolates, together
with other FONA and CTX-M sequences downloaded from GenBank (National Center
for Biotechnology Information, https://www.ncbi.nlm.nih.gov/genbank/, accessed on 5
August 2021), was generated using MEGA 10 (https://www.megasoftware.net, accessed
on 8 August 2021).

https://www.ncbi.nlm.nih.gov/genbank/
https://www.megasoftware.net
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5. Conclusions

The ICR Enterobacterales isolated from the retail meat samples tested in this study
were found to be resistant to third-generation cephalosporins and other antibiotics. Their
presence suggests that retail meat has been contaminated with AMR bacteria, which can
be transmitted to humans through its consumption. Thus, hygiene standards should be
properly enforced at all stages of retail meat processing to prevent contamination. More
attention should be paid to ICR Enterobacterales as a rise in antimicrobial resistance in
these bacteria may constitute a public health risk.

Author Contributions: Conceptualization, J.O.O. and T.A.; methodology, S.T.; validation, M.S., M.Y.,
S.T. and J.O.O.; formal analysis, J.O.O.; investigation, S.T. and M.S.; resources, T.A.; data curation,
J.O.O.; writing—original draft preparation, J.O.O.; writing—review and editing, M.Y. and T.A.;
visualization, J.O.O.; supervision, T.A.; project administration, T.A.; funding acquisition, T.A. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Food Safety Commission of Japan (grant number 1703)
and the Ministry of Health, Labour, and Welfare of Japan (grant number 21KA1004).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the study
design; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the
decision to publish the results.

References
1. Read, A.F.; Woods, R.J. Antibiotic Resistance Management. Evol. Med. Public Health 2014, 2014, 147. [CrossRef]
2. Ventola, C.L. The Antibiotic Resistance Crisis: Part 1: Causes and Threats. Pharm. Ther. 2015, 40, 277–283.
3. Aghapour, Z.; Gholizadeh, P.; Ganbarov, K.; Bialvaei, A.Z.; Mahmood, S.S.; Tanomand, A.; Yousefi, M.; Asgharzadeh, M.; Yousefi,

B.; Kafil, H.S. Molecular Mechanisms Related to Colistin Resistance in Enterobacteriaceae. Infect. Drug Resist. 2019, 12, 965–975.
[CrossRef] [PubMed]

4. Jayol, A.; Saly, M.; Nordmann, P.; Ménard, A.; Poirel, L.; Dubois, V. Hafnia, an Enterobacterial Genus Naturally Resistant to
Colistin Revealed by Three Susceptibility Testing Methods. J. Antimicrob. Chemother. 2017, 72, 2507–2511. [CrossRef] [PubMed]

5. CLSI. Performance Standards for Antimicrobial Susceptibility Testing, 29th ed.; M100; Clinical and Laboratory Standards Institute:
Wayne, PA, USA, 2019; pp. 33–40.

6. Olivares, J.; Bernardini, A.; Garcia-Leon, G.; Corona, F.; B Sanchez, M.; Martinez, J.L. The intrinsic resistome of bacterial pathogens.
Front. Microbiol. 2013, 4, 103. [CrossRef] [PubMed]

7. Economou, V.; Gousia, P. Agriculture and food animals as a source of antimicrobial-resistant bacteria. Infect. Drug Resist. 2015, 8,
49–61. [CrossRef]

8. Nippon, A.M.R. One Health Report (NAOR). 2019. Available online: https://www.mhlw.go.jp/content/10900000/000714628.pdf
(accessed on 25 December 2020).

9. Hao, H.; Cheng, G.; Iqbal, Z.; Ai, X.; Hussain, H.I.; Huang, L.; Dai, M.; Wang, Y.; Liu, Z.; Yuan, Z. Benefits and risks of antimicrobial
use in food-producing animals. Front. Microbiol. 2014, 5, 288. [CrossRef]

10. Gwida, M.; Hotzel, H.; Geue, L.; Tomaso, H. Occurrence of Enterobacteriaceae in Raw Meat and in Human Samples from
Egyptian Retail Sellers. Int. Sch. Res. Not. 2014, 2014, 565671. [CrossRef]

11. Marshall, B.M.; Levy, S.B. Food animals and antimicrobials: Impacts on human health. Clin. Microbiol. Rev. 2011, 24, 718–733.
[CrossRef]

12. Tanimoto, K.; Nomura, T.; Hashimoto, Y.; Hirakawa, H.; Watanabe, H.; Tomita, H. Isolation of Serratia fonticola Producing FONA,
a Minor Extended-Spectrum β-Lactamase (ESBL), from Imported Chicken Meat in Japan. Jpn. J. Infect. Dis. 2021, 74, 79–81.
[CrossRef]

13. Furuhata, K.; Ishizaki, N.; Sugi, Y.; Fukuyama, M. Isolation and Identification of Enterobacteriaceae from Raw Horsemeat
Intended for Human Consumption (Basashi). Biocontrol. Sci. 2014, 19, 181–188. [CrossRef]

14. Kilonzo-Nthenge, A.; Rotich, E.; Nahashon, S.N. Evaluation of Drug-Resistant Enterobacteriaceae in Retail Poultry and Beef.
Poult. Sci. 2013, 92, 1098–1107. [CrossRef] [PubMed]

15. Kim, S.H.; Wei, C.I.; An, H. Molecular Characterization of Multidrug-Resistant Proteus mirabilis Isolates from Retail Meat Products.
J. Food Prot. 2005, 68, 1408–1413. [CrossRef]

http://doi.org/10.1093/emph/eou024
http://doi.org/10.2147/IDR.S199844
http://www.ncbi.nlm.nih.gov/pubmed/31190901
http://doi.org/10.1093/jac/dkx154
http://www.ncbi.nlm.nih.gov/pubmed/28586429
http://doi.org/10.3389/fmicb.2013.00103
http://www.ncbi.nlm.nih.gov/pubmed/23641241
http://doi.org/10.2147/IDR.S55778
https://www.mhlw.go.jp/content/10900000/000714628.pdf
http://doi.org/10.3389/fmicb.2014.00288
http://doi.org/10.1155/2014/565671
http://doi.org/10.1128/CMR.00002-11
http://doi.org/10.7883/yoken.JJID.2020.114
http://doi.org/10.4265/bio.19.181
http://doi.org/10.3382/ps.2012-02581
http://www.ncbi.nlm.nih.gov/pubmed/23472034
http://doi.org/10.4315/0362-028X-68.7.1408


Antibiotics 2021, 10, 1437 9 of 9

16. Birk, T.; Fuentes, M.A.F.; Aabo, S.; Jensen, L.B. Horizontal Transmission of Antimicrobial Resistance Genes from E. coli to Serratia
spp. in Minced Meat Using a Gfp Tagged Plasmid. Res. Vet. Sci. 2020, 132, 481–484. [CrossRef]

17. Ingti, B.; Paul, D.; Maurya, A.P.; Bora, D.; Chanda, D.D.; Chakravarty, A.; Bhattacharjee, A. Occurrence of Bla DHA-1 Mediated
Cephalosporin Resistance in Escherichia coli and Their Transcriptional Response Against Cephalosporin Stress: A Report from
India. Ann. Clin. Microbiol. Antimicrob. 2017, 16, 13. [CrossRef] [PubMed]

18. Yossapol, M.; Suzuki, K.; Odoi, J.O.; Sugiyama, M.; Usui, M.; Asai, T. Persistence of Extended-Spectrum β-Lactamase Plasmids
Among Enterobacteriaceae in Commercial Broiler Farms. Microbiol. Immunol. 2020, 64, 712–718. [CrossRef] [PubMed]

19. Odoi, J.O.; Takayanagi, S.; Sugiyama, M.; Usui, M.; Tamura, Y.; Asai, T. Prevalence of Colistin-Resistant Bacteria Among Retail
Meats in Japan. Food Saf. 2021, 9, 48–56. [CrossRef] [PubMed]

20. Doloy, A.; Verdet, C.; Gautier, V.; Decré, D.; Ronco, E.; Hammami, A.; Philippon, A.; Arlet, G. Genetic Environment of Acquired
Bla(ACC-1) Beta-Lactamase Gene in Enterobacteriaceae Isolates. Antimicrob. Agents Chemother. 2006, 50, 4177–4181. [CrossRef]

21. Moradigaravand, D.; Boinett, C.J.; Martin, V.; Peacock, S.J.; Parkhill, J. Recent Independent Emergence of Multiple Multidrug-
Resistant Serratia marcescens Clones Within the United Kingdom and Ireland. Genome Res. 2016, 26, 1101–1109. [CrossRef]

22. Nadjar, D.; Rouveau, M.; Verdet, C.; Donay, L.; Herrmann, J.; Lagrange, P.H.; Philippon, A.; Arlet, G. Outbreak of Klebsiella
pneumoniae producing transferable AmpC-type beta-lactamase (ACC-1) originating from Hafnia alvei. FEMS Microbiol. Lett.
2000, 187, 35–40. [CrossRef]

23. Barnaud, G.; Arlet, G.; Verdet, C.; Gaillot, O.; Lagrange, P.H.; Philippon, A. Salmonella enteritidis: AmpC plasmid-mediated
inducible beta-lactamase (DHA-1) with an ampR gene from Morganella morganii. Antimicrob. Agents Chemother. 1998, 42,
2352–2358. [CrossRef]

24. Ruppé, É.; Woerther, P.L.; Barbier, F. Mechanisms of Antimicrobial Resistance in Gram-Negative Bacilli. Ann. Intensive Care 2015,
5, 61. [CrossRef] [PubMed]

25. Girlich, D.; Bonnin, R.A.; Dortet, L.; Naas, T. Genetics of Acquired Antibiotic Resistance Genes in Proteus spp. Front. Microbiol.
2020, 11, 256. [CrossRef] [PubMed]

26. Magiorakos, A.P.; Srinivasan, A.; Carey, R.B.; Carmeli, Y.; Falagas, M.E.; Giske, C.G.; Harbarth, S.; Hindler, J.F.; Kahlmeter, G.;
Olsson-Liljequist, B.; et al. Multidrug-Resistant, Extensively Drug-Resistant and Pan Drug-Resistant Bacteria: An International
Expert Proposal for Interim Standard Definitions for Acquired Resistance. Clin. Microbiol. Infect. 2012, 18, 268–281. [CrossRef]

27. McLellan, J.E.; Pitcher, J.I.; Ballard, S.A.; Grabsch, E.A.; Bell, J.M.; Barton, M.; Grayson, M.L. Superbugs in the Supermarket?
Assessing the Rate of Contamination with Third-Generation Cephalosporin-Resistant Gram-Negative Bacteria in Fresh Australian
Pork and Chicken. Antimicrob. Resist. Infect. Control 2018, 7, 30. [CrossRef]

28. Xu, Q.; Fu, Y.; Zhao, F.; Jiang, Y.; Yu, Y. Molecular Characterization of Carbapenem-Resistant Serratia marcescens Clinical Isolates
in a Tertiary Hospital in Hangzhou, China. Infect. Drug Resist. 2020, 13, 999–1008. [CrossRef]

29. Ramos, A.; Dámaso, D. Extraintestinal infection due to Hafnia alvei. Eur. J. Clin. Microbiol. Infect. Dis. 2000, 19, 708–710.
[CrossRef] [PubMed]

30. Schaffer, J.N.; Pearson, M.M. Proteus mirabilis and Urinary Tract Infections. Microbiol. Spectr. 2015, 3, 10. [CrossRef]
31. Ismaael, T.G.; Zamora, E.M.; Khasawneh, F.A. Cedecea davisae’s Role in a Polymicrobial Lung Infection in a Cystic Fibrosis

Patient. Case Rep. Infect. Dis. 2012, 2012, 176864. [CrossRef]
32. Wie, S.H. Clinical significance of Providencia bacteremia or bacteriuria. Korean J. Intern. Med. 2015, 30, 167–169. [CrossRef]
33. Liu, H.; Zhu, J.; Hu, Q.; Rao, X. Morganella morganii, a non-negligent opportunistic pathogen. Int. J. Infect. Dis. 2016, 50, 10–17.

[CrossRef] [PubMed]
34. EUCAST (The European Committee on Antimicrobial Susceptibility Testing). Routine and Extended Internal Quality Control for

MIC Determination and Disk Diffusion as Recommended by EUCAST. Version 7.0. 2017. Available online: http://www.eucast.org
(accessed on 15 June 2021).

35. Dallenne, C.; Da Costa, A.; Decré, D.; Favier, C.; Arlet, G. Development of a Set of Multiplex PCR Assays for the Detection
of Genes Encoding Important Beta-Lactamases in Enterobacteriaceae. J. Antimicrob. Chemother. 2010, 65, 490–495. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.rvsc.2020.07.025
http://doi.org/10.1186/s12941-017-0189-x
http://www.ncbi.nlm.nih.gov/pubmed/28320396
http://doi.org/10.1111/1348-0421.12835
http://www.ncbi.nlm.nih.gov/pubmed/32761971
http://doi.org/10.14252/foodsafetyfscj.D-21-00002
http://www.ncbi.nlm.nih.gov/pubmed/34249589
http://doi.org/10.1128/AAC.00619-06
http://doi.org/10.1101/gr.205245.116
http://doi.org/10.1111/j.1574-6968.2000.tb09133.x
http://doi.org/10.1128/AAC.42.9.2352
http://doi.org/10.1186/s13613-015-0061-0
http://www.ncbi.nlm.nih.gov/pubmed/26261001
http://doi.org/10.3389/fmicb.2020.00256
http://www.ncbi.nlm.nih.gov/pubmed/32153540
http://doi.org/10.1111/j.1469-0691.2011.03570.x
http://doi.org/10.1186/s13756-018-0322-4
http://doi.org/10.2147/IDR.S243197
http://doi.org/10.1007/s100960000356
http://www.ncbi.nlm.nih.gov/pubmed/11057506
http://doi.org/10.1128/microbiolspec.UTI-0017-2013
http://doi.org/10.1155/2012/176864
http://doi.org/10.3904/kjim.2015.30.2.167
http://doi.org/10.1016/j.ijid.2016.07.006
http://www.ncbi.nlm.nih.gov/pubmed/27421818
http://www.eucast.org
http://doi.org/10.1093/jac/dkp498
http://www.ncbi.nlm.nih.gov/pubmed/20071363

	Introduction 
	Results 
	Isolated ICR Enterobacterales 
	Antimicrobial Resistance Profiles of the Isolated ICR Enterobacterales 

	Discussion 
	Materials and Methods 
	Conclusions 
	References

