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ABSTRACT Plasmid-mediated quinolone resistance
(PMQR) genes located on conjugative plasmids can be
transferred to other bacteria in the absence of antimi-
crobial selective pressure. To elucidate the prevalence of
resistance, including PMQR in an egg-producing com-
mercial layer farm in western Japan where no antimi-
crobials were used, minimum inhibitory concentrations
(MIC) for a total of 375 Escherichia coli isolates ob-
tained from chicken houses in the farm between 2012 and
2017 were determined using the agar dilution methods.
Eighty-seven isolates resistant to oxytetracycline (OTC)
accounted for 23.0% of the tested isolates, followed by
isolates resistant to dihydrostreptomycin (DSM)
(18.4%), sulfisoxazole (18.1%), ampicillin (AMP)
(14.4%), trimethoprim (TMP) (14.4%), and nalidixic
acid (10.1%). The prevalence rate of multidrug-resistant
(MDR) isolates—which are resistant to 3 or more anti-
microbial classes, including p-lactams, aminoglycosides,
quinolones, folate pathway inhibitors, tetracyclines, and
phenicols—was inversely related to the age of chickens at
the time of bacterial examination. Probably, the

prevalence of MDR isolates in layer chickens may have
decreased with age owing to the absence of selective
pressure. Furthermore, 45 isolates exhibiting enro-
floxacin MICs of more than 0.25 pg/mL were examined
for PMQR genes. The transfer of PMQR genes was
tested by conjugation analysis. Southern blot analysis of
genomic DNA revealed that the gnrS1 (5 isolates), gnrS2
(1 isolate), and gnrS13 genes (1 isolate) were located on
plasmids with sizes ranging from approximately 60 to
120 kpb. In 1 of the 5 ¢nrSI-positive isolates and in an
isolate with gnrS138, the gnrS genes were transferred to
recipient strains. The plasmid harboring the ¢gnrS1 gene
was typed as IncF by PCR-based replicon typing. On this
plasmid, the blatgy, aadA, tetA, and dfrAl1 genes
responsible for resistance to AMP, DSM, OTC, and
TMP, respectively, were detected. The tetA gene was
detected in the plasmid harboring the ¢nrS13 gene,
which was typed as Incll. These results suggest that
despite the low prevalence of quinolone resistance in this
farm, various PMQR genes, located on diverse plasmids,
exist.
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INTRODUCTION

Plasmid-mediated quinolone resistance (PMQR) is
conferred by the genes located on plasmids and usually
causes low-level resistance to quinolones. The ¢nrS
gene was first discovered in a transferable plasmid in
Shigella flexneri 2b isolated from a human in Japan in
2003 (Hata et al., 2005). Since then, PMQR genes have
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been detected in Escherichia coli and Klebsiella oxytoca
isolates from human clinical specimens in Japan (Ode
et al., 2009). They have also been found in enterobacte-
ria from various species of animals, including dairy cows
(Asai et al., 2010), companion animals (Harada et al.,
2017), and zoo animals (Ahmed et al., 2007). Although
PMQR genes in bacterial isolates from broiler chickens
have been occasionally reported (Kawanishi et al.,
2013; Ogzaki et al., 2017; Nishikawa et al., 2019),
studies on the prevalence and characterization of
isolates with PMQR genes from layer chickens around
the world are very few (Niero et al., 2018; Seo and Lee,
2019). The PMQR genes can be located on conjugative
plasmids along with other resistance genes conferring
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extended-spectrum and plasmid-mediated AmpC
B-lactamases targeting third-generation cephalosporins
(Ozaki et al., 2017; Nishikawa et al., 2019), which are
considered to be clinically important. Therefore, these
resistance genes can potentially spread and persist in
the absence of selective pressure. This is especially
important as usually, antimicrobial agents are not used
for growth promotion and therapeutic purposes in
layer farms during egg production cycles. Thus,
monitoring of such farms in which rearing practices do
not use antimicrobials may be essential to investigate
the prevalence of antimicrobial resistance in
commensal FE. coli. Moreover, E. coli is suitable for
such long-term prevalence analyses because it is consid-
ered to be a member of the healthy intestinal flora (Van
den Bogaard et al., 2000). In the present study, antimi-
crobial susceptibilities of F. coli isolates obtained from
chicken houses in a commercial layer farm during the
5-year study were determined, and the PMQR genes
were characterized.

MATERIALS AND METHODS

Bacterial Isolates

Environmentally controlled windowless houses in a
commercial egg-producing chicken farm in western
Japan were monitored for antimicrobial resistance in
E. coli from July 2012 to June 2017. Approximately
26,000 layer hens were reared in each of the houses
that were connected with egg belts. Environmental sam-
ples were collected once a month from the 3 houses
(houses A, B, and C) except for the periods when
chickens were between production cycles. Approxi-
mately 120-day-old flocks were brought from young
chicken-rearing farms. The flocks were molted when
they were older than 450 D. After molting, the flocks
were reared for additional 200-250 D. No antimicrobials
were administered in this farm. Houses A and B were
adjacently situated, and house C was 30 m apart from
house A and B. In each of the houses, 2 swabs each
were obtained from spots on the wall, floor, egg belts,
and feed trough. A total of 1,328 swab samples were sub-
jected to bacterial examinations. Each of the swabs was
inoculated into 2 mL of nutrient broth (Nissui Pharma-
ceutical Co., Ltd., Tokyo, Japan) and incubated for 6 h.
The cultures were spread onto deoxycholate hydrogen
sulfide lactose agar plates (Nissui Pharmaceutical Co.,
Ltd., Tokyo, Japan) and incubated at 37°C for 20 h.
Two suspect colonies from each sample were picked
and identified as E. coli using API20 E (bioMérieux,
Marcy-1"Etoile, France). One isolate from each of the
sampling point was arbitrarily selected, and a total of
375 isolates were used.

Antimicrobial Susceptibility Testing

Susceptibilities to ampicillin (AMP), cefazolin (CEZ),
ceftiofur ~ (CTF), dihydrostreptomycin  (DSM),
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gentamicin (GEN), kanamycin (KAN), oxytetracycline
(OTC), chloramphenicol (CHL), nalidixic acid (NAL),
enrofloxacin (ERFX), sulfisoxazole (SUL), and trimeth-
oprim (TMP) were determined by the agar dilution
method (Clinical Laboratory Standards Institute,
2009). E. coli ATCC 25922 was used as the quality con-
trol strain. Minimum inhibitory concentrations (MIC)
were interpreted using the resistance breakpoints
defined in the previous study (Nishikawa et al., 2019).

Classification of Isolates

The antimicrobials used represented 6 antimicrobial
classes (classification was done according to the Cana-
dian Integrated Program for Antimicrobial Resistance
Surveillance) (Government of Canada, 2015). Because
CTF-resistant isolates were not obtained in this study
(see Results), it was not included in these classes. The
antimicrobial classes and the antimicrobial(s) they
comprise (in parentheses) are as follows: B-lactams
(AMP and CEZ), aminoglycosides (DSM, KAN, and
GEN), quinolones (NAL and ERFX), folate pathway
inhibitors (SUL and TMP), tetracyclines (OTC), and
phenicols (CHL). An isolate was considered to be
multidrug-resistant (MDR) if it was resistant to 3 or
more antimicrobial classes described previously
(MacKinnon et al., 2018).

Statistical Analysis

Isolates obtained during each of 4 months were group-
ed according to the age of chickens (4-23 months) at the
time of bacterial examination to include more than 50
isolates in each of the group (Table 1). Differences in
the prevalence rate of MDR isolates in E. coli obtained
between each of the periods of 4 months were evaluated
by application of a chi-square test. Differences were
considered significant at P < 0.05. Fifteen isolates ob-
tained when the chickens were 24-month old were
excluded from this analysis because it is a general
practice to remove chickens older than 700 D from the
farm.

PCR Detection of Antimicrobial Resistance
Genes and Pulsed-Field Gel
Electrophoresis

Forty-five isolates exhibiting more than 0.25 pg/mL of
ERFX MIC were screened for 8 PMQR genes (gnrA,
qnrB, qnrC, qnrD, qnrS, aac(6' )-Ib-cr, gepA, and
0gzAB) by PCR (Park et al., 2006; Robicsek et al.,
2006; Chmelnitsky et al., 2009; Ciesielczuk et al., 2013)
(Supplementary Table 1). Because the gnrS-positive iso-
lates were resistant to AMP, DSM, OTC, or TMP (see
Results and discussion section), genes responsible for
this resistance along with integrons were screened
using PCR with primer pairs described by Carlson
et al. (1999), Lévesque et al. (1995), Madsen et al.
(2000), Ng et al. (2001), and White et al. (2001)
(Supplementary Table 1). Sequencing of the whole
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Table 1. The prevalence of multidrug-resistant (MDR) isolates and distribution for E. coliisolates from layer chicken houses.

Age of chickens at the time Total number of

L . 1
Number of antimicrobial classes

Prevalence of MDR

of isolation isolates 0 1 2 3 4 5 6 isolates
4-T7 months 76 39 10 3 4 14 6 0 31.6%*
8-11 months 81 46 15 5 8 2 4 1 18.5%
12-15 months 81 49 16 5 5 /4 2 0 13.6%"
16-19 months 54 36 9 4 1 0 4 0 9.3%"
20-23 months 68 47 10 3 ) 1 2 0 11.8%"

2PValues that share no common letters differ significantly (P < 0.05).

140" signifies that isolates within this column had no resistance against any of 6 antimicrobial classes (B-lactams, aminoglycosides,
quinolones, folate pathway inhibitors, tetracyclines, and phenicols) (see Materials and Methods). “39” indicates the number of isolates that
were not resistant to the aforementioned antimicrobials. Italicized numbers below the lanes with 3 through 6 represent MDR isolates.

gnrS gene and class 1 integrons was performed with
primers described by Dolejska et al. (2011) and
Lévesque et al. (1995), respectively (Supplementary
Table 1). Isolates with PMQR, genes were subjected to
Xbal-digested pulsed-field gel electrophoresis (PFGE),
as previously described (Ozaki et al., 2011).

Transferability and Plasmid DNA Analysis

Isolates carrying the gnrS gene were resistant to the
aforementioned drugs, namely, AMP, DSM, OTC, or
TMP. These isolates were tested for their ability to
transfer resistance to recipient strains, spontaneous
rifampin-resistant mutants of FE. coli strains DH5a
and ML1410. Overnight cultures of the donor and
recipient strains were cocultured in a freshly prepared
broth and incubated at 37°C for 6 h. Transconjugants
were selected on Mueller—Hinton agar (MHA) plates
containing 0.25 pg/mL of ERFX, 50 pg/mL of AMP,
10 pg/mL of DSM, or 50 pg/mL of OTC along with
25 pg/mL of rifampin. Identity of transconjugants
was confirmed by looking for Xbal-digested PFGE pro-
files identical to those of the recipient strains. Plasmids
of the transconjugants were typed using PCR-based
replicon typing (Carattoli et al., 2005). To determine
the chromosomal or plasmid location of the gnrsS,
blargnm, and tetA genes and class 1 integron, Southern
blot analysis of the transconjugants was performed us-
ing S1 nuclease-digested genomic DNA separated by
PFGE in accordance with previously described
methods (Shahada et al, 2011). DNA from the
PFGE gel was transferred onto a Hybond-N+ mem-
brane (Amersham Biosciences UK Ltd., Little Chal-
font, UK). The PCR~amplified DNA fragments from
isolates carrying the ¢nrS, blargy, and tetA genes
and class 1 integron were labeled with digoxigenin us-
ing a DIG High Prime Labeling and Detection Starter
Kit (Roche Diagnostics Corp., Indianapolis, IN) and
used as a specific probe for these determinants. To
determine molecular weights of the Incll and IncF
plasmids, PCR-~amplified fragments from each of the
isolates positive for the Incll and IncF plasmids were
labeled with digoxigenin as described previously, and
Southern blot analysis of the transconjugants was
performed using S1 nuclease-digested genomic DNA
separated by PFGE.

RESULTS AND DISCUSSION

Prevalence of Antimicrobial Resistance in
E. coli

Eighty-seven OTC-resistant isolates accounted for
23.0% of the total of 375 E. coli isolates, followed by
DSM- (69; 18.4%), SUL- (68; 18.1%), AMP- (54;
14.4%), TMP- (54; 14.4%), NAL- (38; 10.1%), ERFX-
(26; 6.9%), GEN- (9; 2.4%), KAN- (7; 1.9%), CHL- (7;
1.9%), and CEZ- (2; 0.5%) resistant strains; 226 isolates
(60.3%) were susceptible to all the drugs tested. No iso-
lates were resistant to CTF. The prevalence of E. coli
resistant to antimicrobial drugs tested in this study
was comparable with results obtained in the Japanese
Veterinary Antimicrobial Resistance Monitoring System
(National Veterinary Assay Laboratory, 2016a, 2018), in
accordance with which resistance to tetracycline was
most frequently detected in 37.9 and 24.6% of the FE.
coli isolates obtained from the feces of layer chickens,
between the years, 2012-2013 and 2014-2015,
respectively.  Rates of resistance to  AMP,
streptomycin, NAL, and TMP were 9.5-18.4% during
the same period. The incidence of resistant strains in
layer chickens is due to the selection of resistant
bacteria within the intestinal flora of chickens during
the growth phase before being picked out for laying.
Substantial amounts of tetracyclines, penicillins, and
sulfamonomethoxine were sold for the use in layer
chickens (National Veterinary Assay Laboratory,
2016b) which may have been administered to growing
chickens. However, information about the actual
amounts of these drugs administered to young chickens
is unavailable. The results in the present study obtained
from monitoring environmental swab samples could in
actual be reflecting the fecal carriage of antimicrobial-
resistant F. coli. This consideration is also supported
by a previous study that showed that the incidence of
Salmonella in the environmental samples in layer
chicken houses increased after induced molting
(Murase et al., 2001).

The most frequently encountered phenotype among
MDR isolates was resistance to B-lactams, aminoglyco-
sides, folate pathway inhibitors, and tetracyclines (20
isolates). The second most frequent phenotype was the
resistance to f-lactams, aminoglycosides, folate pathway
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Table 2. Characteristics of the gnrS-positive E. coli isoates.

Isolate ID* Isolation date House ERFX MIC gnrsS allele Resistance phenotype”
D2195 Jul, 2012 C 2 pg/ml qnrS1 AMP, DSM, OTC, ERFX, TMP
D2365* Jul, 2013 B 2 ng/ml qnrS1 AMP, DSM, OTC, ERFX, TMP
D2368* Jul, 2013 B 2 pg/ml gnrS1 AMP, DSM, OTC, ERFX, TMP
D2445 Apr, 2014 B 2 pg/ml qnrS13 OTC, NAL, ERFX

D2640* May, 2015 A 2 ng/ml qnrS1 AMP, DSM, OTC, ERFX, TMP

'Pulsed-field gel electrophoresis (PFGE) patterns (Supplementary Figure 1) of isolates with an asterisk reveals that these were genetically related to each

other according to the established criteria for bacterial isolate typing by PFGE (Tenover et al., 1995).
2AMP, ampicillin; DSM, dihydrostreptomycin; OTC, oxytetracycline; NAL, nalidixic acid; ERFX, enrofloxacin; TMP, trimethoprim.

inhibitors, tetracyclines, and quinolones, which was
detected in 18 isolates. Twelve isolates were resistant
to aminoglycosides, folate pathway inhibitors, and tetra-
cyclines. Of the 76 isolates, which were obtained when
the chickens were 4- to 7-month-old, 24 isolates were
MDR, accounting for 31.6% (Table 1), which was signif-
icantly (P < 0.05) higher than the rates of MDR isolates
at the ages of 12-15 months (13.6%), 16-19 months
(9.3%), and 20-23 months (11.8%). The observation
that the prevalence rate of MDR isolates decreased along
with the age of the layers in this study may be partly due
to the rearing practice at this farm because antimicrobial
agents were not used during the study period. The birds
may have carried these MDR strains at the time of intro-
duction to this farm, and the prevalence may have
decreased in the absence of the selection pressure.

PMQR-Positive Isolates

The gnrS1, qnrS2, and gnrS13 genes were detected in
5, 1, and 1 isolate(s), respectively (Table 2). Southern
blot analysis revealed that the gnrS genes were located
on plasmids with sizes ranging from approximately 60
to 120 kilobase pairs (Figure 1). Five isolates harboring
the gnrS1 gene were obtained from 3 houses and had
an identical resistance phenotype. The PFGE analysis
(Supplementary Figure 1) revealed that 2 gnrS1-positive
isolates from house B in 2013 and additional 2 isolates
from house A in 2015 were genetically related to each
other according to the established criteria for bacterial
isolate typing by PFGE (Tenover et al., 1995). For
2 years, the qnrSi-positive FE. coli isolates were repeat-
edly obtained from chicken houses of proximity. Simi-
larly, samples of Salmonella with identical PFGE
patterns were isolated for more than 1 year in layer
chicken houses have been reported (Murase et al.,
2001, 2004).

Transferability and Plasmid DNA Analysis

Transconjugants were obtained when they were
selected using not only ERFX but also DSM and OTC.
Transconjugant named TC2195-DH-OTC—which was
selected with OTC—was derived from a recipient strain
DHb50 and received multidrug resistance from isolate
D2195 (Table 3). The other transconjugants were named
accordingly based on the abbreviation of the recipient
and donor strains and the antimicrobial used for

selection. The MICs of AMP, DSM, OTC, ERFX, and
TMP in transconjugants TC2195-DH-OTC and
TC2195-ML-DSM were comparable with those of the
donor strain D2195 and interpreted as resistant, except
for MICs of DSM and ERFX in TC2195-DH-OTC. Simi-
larly, TC2445-ML-ERFX exhibited increased MICs of
OTC and ERFX compared with that in the recipient
strain ML1410. The blargym, aadA, and tetA genes,
which are responsible for resistance to AMP, DSM,
and OTC, respectively, were detected in isolates D2195
or D2445 by PCR. In isolate D2195, class 1 integron
was detected, and sequencing analysis revealed the pres-
ence of the dfrA 1 gene, which confers resistance to TMP,
in the gene cassette of the class 1 integron. In addition,
PCR using the forward primer specific to the aadA
gene and the reverse primer specific to class 1 integron
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-
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Figure 1. (A) Pulsed-field gel electrophoresis patterns of S1
nuclease—digested genomic DNA of the gnrS-positive E. coli isolates,
and (B) Southern blot hybridization with a probe prepared from the
PCR amplicon using primer pairs specific for gnrS genes; the isolate
number is indicated atop each of the lanes (see Table 2); Lane M-lambda
ladder; the sizes of the markers are indicated on the left side of the panel.
The bands in (B) hybridized with probes specific for the gnrS genes are
indicated with arrows.
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Table 3. Characteristics of transconjugants and the donor and recipient strains.

MIC (pg/ml) of antimicrobial® and resistance gene®

Type of strain and name AMP CEZ CTF DSM GEN KAN oTC CHL NAL ERFX SUL T™MP
Transconjugant'
TC2195-DH-OTC 256 (blarpm) 1 <0.13 4 (GCYH <0.13 1 256 (tetA) 8 64 0.5 (¢gnrS) <32  >512 (GC)
TC2195-ML-DSM 512 (blatem) 4 0.5 32(GO) 0.5 4 256 (tetA) 4 512 8 (gnrS) <32  >512 (GO)
TC2445-ML-ERFX 2 2 0.25 4 0.5 4 128 (tetA) 4 512 8 (gnrS) 64 1
Donor
D2195 >512 (blargn) 2 0.5 32 (aadA) 0.5 8 512 (tetA) 8 16 2 (gnrS) <32 >512 (dfrAl)
D2445 2 1 0.5 8 0.5 8 256 (tetA) 8 16 2 (gnrS) 64 1
Recipient
DH5a 2 1 <0.13 2 <0.13 1 2 8 64 <0.13 <32 1
ML1410 2 1 0.25 4 0.5 4 2 4 512 0.5 <32 2

'Transconjugants were named accordingly based on the abbreviation of the recipient and donor strains, and the antimicrobial used for selection.

2AMP, ampicillin; CEZ, cephazolin; CTF, ceftiofur; DSM, dihydrostreptomycin; GEN, gentamicin; KAN, kanamycin; OTC, oxytetracycline; CHL,
chloramphenicol; NAL, nalidixic acid; ERFX, enrofloxacin; SUL, sulfisoxazole; TMP, trimethoprim.

*Resistance genes in the donor strains were detected by PCR and sequencing analysis. These genes and the gene cassette (GC) in the transconjugants
were detected by Southern blot analysis (Supplementary Figure 2) using probes specific to the blargy, tetA, and gnrS genes, and the GC described below.

1GC represents the gene cassette of the class 1 integron. PCR and sequencing analysis of isolate D2195 reveals that the aadA and dfrA1 genes were

integrated in the gene cassette.

yielded an amplicon, indicating that the aadA gene was
also integrated into the gene cassette of the integron.
Southern blot analysis revealed that the blatgy and
tetA genes and class 1 integron were located on the
same plasmids carrying the ¢gnrS genes in each of the
transconjugants (Supplementary Figure 2). Plasmids
in TC2195-DH-OTC and TC2195-ML-DSM were typed
as IncF, and that in TC2445-ML-ERFX was typed as
Incll. Probes specific to these plasmids hybridized with
the plasmids carrying the gnrS and the other resistance

genes in Southern blot analysis (Supplementary
Figure 2).
Transfer of resistance, caused by conjugation,

occurred in two of the seven PMQR-positive isolates.
As in our previous reports (Ozaki et al., 2017;
Nishikawa et al., 2019), infrequent transfer of plasmids
with PMQR genes in E. coli from broiler chickens was
observed in the present study. These results may
partly explain the low prevalence of PMQR-positive iso-
lates among chickens in Japan (Kawanishi et al., 2013;
Ozaki et al., 2017; Nishikawa et al., 2019). However,
resistance genes detected in 2 PMQR-positive isolates
were transferred to the recipient strains, and all the
genes were located on the plasmids harboring the
PMQR genes. Therefore, the plasmids found in the pre-
sent study can be selected under the usage of drugs other
than quinolones.

CONCLUSION

The prevalence of resistance in E. coli isolates from
environmental samples obtained from a commercial
layer farm in this study was comparable to the results
obtained in the Japanese Veterinary Antimicrobial
Resistance Monitoring System (National Veterinary
Assay Laboratory, 2016a, 2018). The prevalence rate
of MDR isolates decreased along with the age of the
layers, possibly due to nonusage of antimicrobial
agents during the study period. Three distinct alleles of
the ¢nrS gene were detected on the conjugative
plasmids, with 2 replicon types in seven of the 378

isolates tested. We have isolated E. coli having other
PMQR genes including oqzAB and aac(6' )-Ib-cr from
broiler chickens, although the replicon types were
unavailable (Ozaki et al., 2017; Nishikawa et al., 2019).
The present study, together with the previous ones,
suggests that in Japan, despite the low prevalence of
PMQR-positive FE. coliin poultry, various PMQR genes
have been located on diverse plasmids.
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