
Comparative Genomic Analysis of Third-Generation-
Cephalosporin-Resistant Escherichia coli Harboring the blaCMY-2-
Positive IncI1 Group, IncB/O/K/Z, and IncC Plasmids Isolated
from Healthy Broilers in Japan

Takahiro Shirakawa,a Tsuyoshi Sekizuka,b Makoto Kuroda,b Satowa Suzuki,c Manao Ozawa,a Hitoshi Abo,a Yukari Furuya,a

Ryoko Akama,a Mari Matsuda,a Yoko Shimazaki,a Mayumi Kijima,a* Michiko Kawanishia

aAssay Division II, Safety Assay Section I, National Veterinary Assay Laboratory, Ministry of Agriculture, Forestry and Fisheries, Tokyo, Japan
bPathogen Genomics Center, National Institute of Infectious Diseases, Tokyo, Japan
cAntimicrobial Resistance Research Center, National Institute of Infectious Diseases, Tokyo, Japan

ABSTRACT The off-label use of third-generation cephalosporins (3GCs) during in
ovo vaccination or vaccination of newly hatched chicks has been a common practice
worldwide. CMY-2-producing Escherichia coli strains have been disseminated in
broiler chicken production. The objective of this study was to determine the epide-
miological linkage of blaCMY-2-positive plasmids among broilers both within and out-
side Japan, because the grandparent stock and parent stock were imported into Ja-
pan. We examined the whole-genome sequences of 132 3GC-resistant E. coli isolates
collected from healthy broilers during 2002 to 2014. The predominant 3GC resis-
tance gene was blaCMY-2, which was detected in the plasmids of 87 (65.9%) isolates.
The main plasmid replicon types were IncI1-I� (n � 21; 24.1%), IncI (n � 12; 13.8%),
IncB/O/K/Z (n � 28; 32.2%), and IncC (n � 22; 25.3%). Those plasmids were subjected
to gene clustering, network analyses, and plasmid multilocus sequence typing (pMLST).
The chromosomal DNA of isolates was subjected to MLST and single-nucleotide variant
(SNV)-based phylogenetic analysis. MLST and SNV-based phylogenetic analysis re-
vealed high diversity of E. coli isolates. The sequence type 429 (ST429) cluster har-
boring blaCMY-2-positive IncB/O/K/Z was closely related to isolates from broilers in
Germany harboring blaCMY-2-positive IncB/O/K/Z. pST55-IncI, pST12-IncI1-I�, and
pST3-IncC were prevalent in western Japan. pST12-IncI1-I� and pST3-IncC were
closely related to plasmids detected in E. coli isolates from chickens in North Amer-
ica, whereas 26 IncB/O/K/Z types were related to those in Europe. These data will be
useful to reveal the whole picture of transmission of CMY-2-producing bacteria in-
side and outside Japan.
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Third-generation cephalosporins (3GCs) are used as therapeutic agents for bacterial
infectious diseases in humans. The World Health Organization (WHO) categorizes

3GCs as critically important antibiotics (1). The emergence and proliferation of 3GC-
resistant bacteria in food-producing animals are global public health concerns (2).

The off-label use of ceftiofur (CTF) during in ovo vaccination or vaccination of newly
hatched chicks has been a common practice in the poultry industry worldwide (3–6).
Also, in Japan, the off-label use of CTF, which is not approved for broiler chicken and
human use, was adopted at some hatcheries until it was voluntarily discontinued by
farmers’ associations around March 2012 (3). The percentage of CTF-resistant Esche-
richia coli bacteria isolated from healthy broilers was around 3.0% in 2000 to 2002,
which increased to approximately 10% in 2004. Subsequently, the percentage of
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CTF-resistant E. coli increased to between 15.0% and 20.0% in 2011 (3). However, the
percentage of CTF-resistant E. coli decreased immediately after the off-label use of CTF
was discontinued in 2012 (3). Hence, the off-label use of CTF was associated with
cephalosporin resistance (7).

In E. coli, resistance to 3GC is mostly mediated by the extended-spectrum
�-lactamases (ESBLs), or AmpC �-lactamases. AmpC �-lactamase-producing E. coli has
been detected in food-producing animals, especially chickens (3, 8–11). Some research-
ers have reported that AmpC �-lactamase was found in Salmonella from chickens (12,
13). In fact, there was a report that the AmpC �-lactamase gene might be shared
between E. coli and Salmonella (14). Moreover, AmpC �-lactamase-producing E. coli
isolates were found at all levels of broiler production (15) and were isolated from
chicken meat (16). Globally, the most common plasmid-mediated AmpC �-lactamase is
CMY-2 (11). In Japan, blaCMY-2 was predominantly detected in 3GC-resistant E. coli
isolates from healthy broilers (10). CMY-2, which can hydrolyze 3GC, is a plasmid-
mediated AmpC �-lactamase belonging to class C of the Ambler classification. The
blaCMY-2 gene is usually found on the transmissible plasmids of different replicon types
(IncK, IncI1, IncA/C, IncF, IncI2, and IncL/M) (17–19).

In Japan, grandparent stocks and parent stocks have been imported from Europe
and North America. Antibiotic-resistant bacteria may enter the broiler production chain
due to transport and trade of eggs and chickens among many different countries (15).
Furthermore, CMY-2-producing isolates were also detected in humans (17, 20). How
CMY-2-producing bacteria from broilers in Japan are related to those in other countries
and those from humans is still unknown.

In this study, to investigate the distribution and molecular characteristics of blaCMY-

2-positive plasmids and to determine the global epidemiological linkage of blaCMY-2-
positive plasmids, whole-genome sequence (WGS) analysis was performed for CMY-2-
producing E. coli isolates from healthy broilers in Japan. Additionally, we compared the
blaCMY-2-positive plasmid sequences with the plasmid sequences available in the public
databases, including those of the human isolates.

RESULTS AND DISCUSSION

Pulsed-field gel electrophoresis with S1 nuclease (S1 PFGE) was performed to
separate the chromosomal and plasmid DNAs of 132 3GC-resistant E. coli isolates from
healthy broilers in Japan before the chromosomal and plasmid DNAs were individually
analyzed using whole-genome sequencing. The total contig length of each plasmid was
nearly in agreement with the estimated band size observed in the S1 PFGE, as in a
previous study (21). Draft genome sequences of each plasmid were analyzed with the
ABRicate program (see below), including the ResFinder and PlasmidFinder databases, to
identify antimicrobial resistance genes and plasmid types.

The draft genome sequences of 132 E. coli isolates revealed that 87 (65.9%) isolates
had blaCMY-2, and 28 isolates out of the 87 blaCMY-2-positive isolates carried other
�-lactamase genes simultaneously. Another 44 isolates had the following �-lactamase
genes other than blaCMY-2: blaTEM (n � 17), blaCTX-M group (blaCTX-M-1 [n � 7], blaCTX-M-2

[n � 13], blaCTX-M-9 [n � 4], and blaCTX-M-25 [n � 2]), blaSHV (n � 12), blaEC (n � 4), and
blaOXA-21 (n � 1). Among the 44 isolates, 16 isolates had multiple �-lactamase genes.
The remaining 1 isolate had no �-lactamase gene; however, we could not discover the
reason. Carbapenemase genes were not detected in this study (see Table S1 in the
supplemental material).

The blaCMY-2 gene was found in the following incompatibility groups: IncI1-I�
(n � 21; 24.1%), IncI (n � 12; 13.8%), IncB/O/K/Z (n � 28; 32.2%), IncC (n � 22; 25.3%),
IncI2 (n � 2; 2.3%), IncF (n � 1; 1.1%), p0111 (n � 1; 1.1%), and untypeable (n � 1; 1.1%).
In this study, we refer to IncI1-I� and IncI as the IncI1 group. Most of the isolates
harbored one blaCMY-2-positive plasmid, whereas two isolates (no. 23-Ec-C-50 and
24-Ec-C-171) harbored two blaCMY-2-positive IncB/O/K/Z and IncC plasmids and two
blaCMY-2-positive IncC and IncC-IncFIB-IncFIC-IncX4 fusion plasmids, respectively.

Subsequently, the chromosomal DNAs of 82 isolates that had three major
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blaCMY-2-positive (IncI1 group, IncB/O/K/Z, and IncC) plasmids were analyzed with the
multilocus sequence typing (MLST) program and compared with 131 blaCMY-2-positive
publicly available strains and with 792 publicly available E. coli strains from Gallus gallus,
chickens, or broilers within each sequence type (ST) cluster to discover the clonal
dissemination. To investigate the features of our samples and the global linkage of
blaCMY-2 plasmids, clustering analysis was performed for comparison with only our
samples, and network analysis was performed to compare our samples with publicly
available plasmids (IncI1 group, 133 plasmids; IncB/O/K/Z, 9 plasmids; IncC, 253 plas-
mids).

MLST and core genome single-nucleotide variant (SNV) phylogenetic analysis.
The STs were highly diverse among 82 E. coli isolates that had blaCMY-2-positive IncI1
group, IncB/O/K/Z, and IncC plasmids (see Table S2 in the supplemental material).
These 82 isolates were assigned to 49 different STs, with 4 isolates exhibiting novel STs
(ST9718, ST9719, ST9720, and ST9721). The STs were not dependent on the incompat-
ibility type of the plasmid, district in Japan, or isolation year. This strongly suggested
that blaCMY-2-positive plasmids are mainly transferred horizontally between E. coli
isolates rather than by clonal spread of E. coli isolates harboring blaCMY-2-positive
plasmids. These results agreed with those of earlier studies, which reported high ST
strain diversity of CMY-2-producing E. coli isolates from broiler chickens (22, 23).

Furthermore, we identified 288,621 SNVs among the 213 blaCMY-2-positive E. coli
isolates based on 60.67% of the core genome region in SNV-based phylogenetic
analysis (Fig. 1). These results revealed several differences in the SNVs with the inclusion
of various STs.

However, 20 isolates within the nine ST clusters (ST4243, ST1158, ST69, ST648,
ST117, ST429, ST131, ST746, and ST212) exhibited differences in less than 50 SNVs with
the blaCMY-2-positive strains isolated from Japan and other countries. Furthermore, the
sequences of 20 isolates within the nine ST clusters were compared, cluster by cluster,
with those of 792 publicly available E. coli isolates. A summary of the results, including
sample numbers, total numbers of SNVs, and pairwise SNV counts in the nine ST
clusters, is provided in Table S3 in the supplemental material. The SNV analysis based
on each ST cluster revealed the presence of genetically closely related strains. Some
strains in three STs out of nine revealed the differences in less than 50 SNVs between
our strains (see Fig. S2 in the supplemental material). Two isolates (no. 23-Ec-C-57 and
23-Ec-C-110) assigned to ST648 differed by 33 SNVs. These two closely related isolates
were collected from the Tohoku district, but not the same prefecture, in 2001. The
17-Ec-C-7 and 25-Ec-C-61 isolates assigned to ST117, which had differences in 50 SNVs,
were collected from the Chugoku district in 2005 and 2013, respectively. Among the
five ST746 isolates, two isolates (no. 19-Ec-C-93 and 19-Ec-C-96), which were collected
from Kyushu, Okinawa district, in 2007, had differences in 11 SNVs. These results
indicate that small-scale clonal spread also occurred in Japan.

The isolates assigned to ST429 and ST131 and the isolates from other countries
exhibited differences in less than 50 SNVs (see Fig. S2). The 22-Ec-C-121 isolate, isolated
in 2010 and assigned to ST429, was closely related to isolates collected from Germany
between 2011 (SAMEA104407523) and 2012 (SAMEA104407608 and SAMEA104407525)
(Fig. 2). Additionally, the difference between 22-Ec-C-121 and SAMEA104407523
harboring a blaCMY-2-positive IncB/O/K/Z plasmid was only 7 SNVs. This demon-
strated that a part of clone of CMY-2-producing E. coli isolates disseminated at
broiler production in Japan could exist among the broilers produced in Europe
around 2010. The 23-Ec-C-152 isolate, isolated in 2011 and assigned to ST131, and
SAMEA104407497, isolated in Germany in 2012, had 36 SNVs. However, the plasmid
types of the 23-Ec-C-152 and SAMEA104407497 isolates were different.

IncI1 group. We excluded one plasmid sample, p19C96-1, from hierarchical cluster
analysis and plasmid network analysis for the following reason. The total read of
p19C96-1 was twice as large as the band size of the plasmid, which might have been
because a few types of plasmid that had the same size were extracted simultaneously
when S1 PFGE was performed. Also, because the genome sequence of p19C96-1 was
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divided into seven contigs after de novo assembly, it was unknown which plasmid some
contigs originated from.

Fourteen out of 21 blaCMY-2-IncI1-I� plasmid samples were identified as pST12,
followed by untypeable (n � 5) and pST65 (n � 2). The majority of pST12-IncI1-I�
plasmids (n � 11/14; 78.6%) were detected in isolates from western Japan. On the other
hand, 12 samples identified as IncI showed sequence types pST55 (n � 11) and un-
typeable (n � 1). All but the pST55-IncI plasmids (n � 9/11; 81.8%) were detected in
isolates from western Japan (see Table S2).

The gene structures of blaCMY-2-IncI1-I� and IncI were obviously different in com-
parative gene-clustering analyses (Fig. 3a). Interestingly, only pST12-IncI1-I� had ccdA

FIG 1 Core genome SNV phylogenetic analysis. Eighty-two isolates were clustered with 131 publicly available blaCMY-2-positive E. coli genomes.
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and ccdB genes. The ccdA and ccdB genes encoded CcdA antitoxin and CcdB toxin,
which provided a mechanism for control of the death of cells that had lost the plasmid
carrying the genes (24). This system might contribute to the increase and persistence
of blaCMY-2-IncI1-I�, not only in Japan, but also in other countries (Fig. 3b). Although the
gene compositions of two pST65-IncI1-I� (p22C3-2 and p22C133-1) and one untype-
able IncI (p21C22-1) plasmids were similar to that of pST12-IncI1-I�, the results of
network analysis showed that pST65 plasmids were located between pST12-IncI1-I�
and pST55-IncI, which suggested that those plasmids showed intermediate levels of
evolution between IncI1-I� and IncI.

pST55-IncI and pST12-IncI1-I� plasmids clustered in community 1 and community 4,
respectively (Fig. 3c). In community 1, no publicly available sequences were detected in
chickens, which indicated that pST55-IncI might not be so common among chickens in
other countries. However, the relationship of the plasmids with those in other countries
could not be denied due to one single-locus variant of pST2 (22). In contrast, all
complete plasmids clustered in community 4 were detected in E. coli or Salmonella

FIG 2 Core genome SNV phylogenetic analysis. Two isolates assigned to ST429 and ST131 were compared with the blaCMY-2-positive or negative E. coli genomes.
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enterica isolates from humans (GenBank accession no. CP016865 and CP012929),
turkeys (GenBank accession no. CP022064 and CP012936), and chickens (GenBank
accession no. MG825376, CP016568, CP016522, CP012923, and CM004485) in America,
Canada, Brazil, and China (see Data Set S1 in the supplemental material). In Europe, the
most common plasmid ST was pST12, which was detected in E. coli isolates from
humans, chickens, and chicken meat in Germany, Denmark, and Italy (22, 23, 25). The
pST12 plasmids were associated with some serotypes of Salmonella among chickens in
America (26). Additionally, Poppe et al. demonstrated that blaCMY-2-positive plasmids
could be transferred between E. coli and Salmonella enterica serovar Newport through
conjugation in the poultry intestinal tract (27). Thus, it is possible that blaCMY-2/IncI1/
pST12 plasmids are shared between E. coli and Salmonella in different host species and
in geographically different regions.

FIG 3 Clustering analysis of the IncI1 group. (a) Thirty-two blaCMY-2-positive IncI1 group plasmids were clustered to determine the presence of 258 genes in
the plasmids. Red indicates the plasmids that had the genes, whereas black indicates plasmids that lacked the genes. The numbers in circles and the color of
the horizontal bar below the plasmid sample names represent community numbers and the color of each community in network analysis, respectively. (b and
c) Network analysis of the IncI1 group. Thirty-two blaCMY-2-positive IncI1 group plasmid sequences were compared with 133 publicly available complete plasmid
sequences. A color was given to each plasmid type (b) or community (c). The dotted circles represent each plasmid sample. Our samples are surrounded by
thick black lines. The sizes of the circles indicate the sizes of the plasmids. When the constitutions of plasmids are similar, the distance between the plasmids
is shorter.
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IncB/O/K/Z. The blaCMY-2-positive IncB/O/K/Z plasmids, except two, had similar
gene compositions in the gene-clustering analysis (Fig. 4a). In this study, although the
plasmids were isolated from 2004 to 2013 throughout Japan, their frame structures had
not changed for approximately 10 years, indicating that similar plasmids had been
disseminated in Japan by recirculating in farms and repeated transmission. It was
mentioned in other reports that blaCMY-2-positive IncK2 was highly preserved in chick-
ens; it showed high stability in the absence of selective pressure in vitro (28), however,
which seemed inconsistent with the fact that the resistance rate for 3GC in E. coli
significantly decreased after the ban of off-label use. The plasmid stability system
ParDEI provided a selection advantage for the plasmids (29). Indeed, our 26 blaCMY-2-
positive IncB/O/K/Z plasmids had parE and pndA genes. Furthermore, the psiB and ssb
genes, which are involved in conjugation, were carried by our plasmids. The results
indicated that this type of blaCMY-2-positive IncB/O/K/Z plasmid spread in Japan while
maintaining stability and that, in spite of the fact that our plasmid samples were
derived from different farms nationwide and poultry of different ages, blaCMY-2-positive
IncB/O/K/Z plasmids had a common ancestor.

On the other hand, the remaining plasmids, p22C121-2 and p23C13-2, were de-
tected from only the Kanto district, and they had tet(A), aac(3)-VIa, sul1, and aadA1
genes in addition to blaCMY-2 (see Table S2). Additionally, the plasmids carried emrE,
which encodes the multidrug transporter EmrE. Also, the tyrosine recombinase genes
xerC and xerD, which are involved in recombination (30), were carried on the plasmids.
Moreover, two plasmids did not have the psiB and ssb genes but did have the cia gene,
encoding bacteriocin, which was one of the stability mechanisms. This finding shows
that the plasmids were preserved in a limited area without being propagated while
escaping from some antimicrobials.

FIG 4 Clustering analysis of IncB/O/K/Z. (a) Twenty-eight blaCMY-2-positive IncB/O/K/Z plasmids were clustered to determine the presence of 237 genes in the
plasmids. Red indicates the plasmids that had the genes, whereas black indicates plasmids that lacked the genes. The numbers in circles and the color of the
horizontal bar below the plasmid sample names represent community numbers and the color of each community in network analysis, respectively. (b) Network
analysis of IncB/O/K/Z. Twenty-eight blaCMY-2-positive IncB/O/K/Z plasmid sequences were compared with nine publicly available complete plasmid sequences.
A color was given to each plasmid community. The dotted circles represent each plasmid sample. Our samples are surrounded by thick black lines. The sizes
of the circles indicate the sizes of the plasmids. When the constitutions of plasmids are similar, the distance between the plasmids is shorter.
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In this study, only 8.0% of publicly available IncB/O/K/Z plasmids were selected
to be compared with our samples, indicating that our samples might have origins
in Japan. However, in community 1, according to the results of network analysis,
six plasmids (GenBank accession no. CP016548, KR905384, KR905385, KR905386,
KR905387, and KR905389) had a close relationship with our samples (Fig. 4b). The
plasmids were detected in E. coli isolates from chickens, chicken meat, and humans in
the Netherlands and Switzerland. The majority of E. coli isolates from chickens harbored
blaCMY-2-positive IncK plasmids in Denmark, the Netherlands, Norway, Sweden, and
Finland (18, 22, 31–33). Furthermore, the plasmids from chickens, chicken meat, and
humans in Switzerland were identical to each other, with more than 95% identity (34).
blaCMY-2-positive IncB/O/K/Z plasmids could be an indicator of transmission between
chickens and humans.

In community 2, none of the complete plasmids were extracted from the public
database (see Data Set S2 in the supplemental material). Therefore, it was found that
two plasmids clustered in community 2 had unique structures, suggesting that they
originated in Japan.

IncC plasmid. All the IncC plasmids had multidrug resistance genes, such as genes
conferring resistance to �-lactam agents, aminoglycoside, amphenicol, quinolone,
sulfonamide, trimethoprim, or tetracycline, as previously reported (35–38). Moreover,
most of the IncC plasmids (17/23; 74%) were detected in the isolates from western
Japan, like our IncI1 group (see Table S2).

Almost all of the blaCMY-2-positive IncC plasmids (19/23; 82.6%) had both orf1832
and rhs1 genes, which type 1 IncC is known to have (39), indicating that type 1 IncC
plasmids were disseminated in Japan. Furthermore, type 1 IncC plasmids were classified
into type 1a, detected mainly in humans, and type 1b detected in humans and animals
(39); however, we could not determine two types due to lack of part of a region that
type 1a has specifically (39). Meanwhile, in spite of the fact that blaCMY-2-positive
IncC plasmids, except for the plasmid p24C171-1, were identified as pST3, the gene
structures of seven plasmids (p17C3-3, p21C66-2, p23C152-3, p25C27-2, p25C68-1,
p25C116-2, and p26C156-1) were different from those of other samples (Fig. 5a). Those
plasmids did not carry the ssb gene, and the type might differ from the genetic
organization of the IncC plasmid provided in a previous report (39), which probably
represented a new lineage originating from recombination, and further investigation of
the evolution of IncC is necessary.

In contrast, 95.5% of publicly available plasmids were selected to compare with our
samples, and almost all the plasmids were identified as pST3 or pST1 (Fig. 5c), indicating
that almost all IncA/C plasmids share a large number of gene regions (40). All publicly
available blaCMY-2-positive IncA/C plasmids belonged to the same community as our
samples, and those plasmids were detected in the following bacteria: Salmonella spp.,
Klebsiella pneumoniae, E. coli, Proteus mirabilis, Citrobacter freundii, Vibrio alginolyticus,
Vibrio cholerae, and Aeromonas salmonicida (see Data Set S3 in the supplemental
material). This was consistent with the results of earlier studies, which reported that
IncA/C plasmids had a broad host range and were found in Enterobacteriaceae, Vibrio,
and Aeromonas species (36, 37, 41, 42). This could be explained by changing the host’s
methylation (43). The broad host range of IncC might make it difficult to understand
IncC evolution, because interaction of the plasmid with various host DNAs increased
(44). Additionally, large numbers of the plasmids were detected in E. coli and S. enterica
isolates from cows, pigs, chickens, or turkeys in America and in E. coli, S. enterica, P.
mirabilis, and K. pneumoniae isolates from pigs, chickens, and humans in China but not
detected in Europe (see Data Set S3), consistent with previously published data (35).

The numbers of three major plasmid types and the 3GC resistance rate by year are
shown in Fig. S1 in the supplemental material. The number of IncC plasmids was stable,
whereas the number of IncI1 group and IncB/O/K/Z plasmids varied and was correlated
with the 3GC resistance rate. Not only low fitness cost due to fewer resistance genes
(45), but also the stability mechanism could be considered to understand why the IncI1
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group and IncB/O/K/Z were the predominant types in Japan. Furthermore, the resis-
tance rate for 3GC has been maintained at a low level since 2012 in Japan. Dame-
Korevaar et al. reported that the sharp reduction of E. coli possessing blaCMY-2-IncA/C in
a broiler parent flock occurred in the absence of antibiotics, but E. coli possessing
blaCMY-2-IncA/C remained present in the environment (46), implying that E. coli pos-
sessing blaCMY-2-IncA/C could fail to disappear from farms unless sanitation was prop-
erly managed, even if antimicrobials were not used in hatcheries and farms. In addition,
the multidrug resistance genes in the IncC plasmid might contribute to the stability of
3GC-resistant bacteria if antimicrobials were not properly used on farms.

The blaCMY-2-positive plasmids have been reported to play an important role in the
transmission of 3GC-resistant Enterobacteriaceae isolated from humans and animals (13,
25, 31). Furthermore, some studies suggested that blaCMY-2-positive plasmids could be
transmitted between food-producing animals and humans (14, 16, 17). In this study,
network analysis revealed that the blaCMY-2-positive plasmids analyzed were in the
same communities as the plasmids from human isolates abroad. Accordingly, further
studies are needed that include the strains from humans in Japan.

This study has a limitation. We could not trace the countries from which the
breeding companies imported the parent stocks and those to which the farms trans-
ported chicks. Elucidation of this epidemiological route may reveal the propagation of
blaCMY-2-positive plasmids.

In conclusion, the pST55 and pST12-IncI1 group and pST3-IncC were more prevalent
in western Japan, but we could not conclude that this was reflected in the transmission
of those plasmids from overseas to certain farms owned by breeding companies or in

FIG 5 Clustering analysis of IncC. (a) Twenty-three blaCMY-2-positive IncC plasmid sequences were clustered to determine the presence of 718 genes in the
plasmids. Red indicates the plasmids that had the genes, whereas black indicates plasmids that lacked the genes. The numbers in circles and the color of the
horizontal bar below the plasmid sample names represent community numbers and the color of each community in network analysis, respectively. (b and c)
Network analysis of IncC. Twenty-three blaCMY-2-positive IncC plasmid sequences were compared with 253 publicly available complete plasmid sequences. A
color was given to each plasmid community (b) or sequence type (c). The dotted circles represent each plasmid sample. Our samples are surrounded by thick
black lines. The sizes of the circles indicate the sizes of the plasmids. When the constitutions of plasmids are similar, the distance between the plasmids is
shorter.
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the usage environment of antimicrobials in hatcheries. However, blaCMY-2-positive
pST12-IncI1-I� and pST3-IncC plasmids were linked to those detected in E. coli and S.
enterica isolates from chickens in North America, while blaCMY-2-positive IncB/O/K/Z
plasmids were linked to chicken isolates in European countries. If transmission of the
plasmids from overseas via imported chickens actually occurred, active monitoring of
antimicrobial resistance for imported grandparent stocks and parent stocks will be
needed. Taking the fact that grandparent stocks and parent stocks have been imported
from Europe and America into consideration, our data revealed the linkage between
blaCMY-2-positive plasmids in Japan and those in other countries.

MATERIALS AND METHODS
Bacterial strains. In total, 1,756 E. coli samples were collected from fecal samples from healthy

broiler chickens housed at different farms in each prefecture between 2002 and 2014 within the
framework of the Japanese Veterinary Antimicrobial Resistance Monitoring System (JVARM) (47–50).
One fecal sample per farm was collected, and two E. coli isolates were isolated from each sample
using deoxycholate-hydrogen sulfide-lactose agar (Eiken Co., Ltd., Tokyo, Japan). The API 20E system
(bioMérieux, Marcy I’Etoile, France) was used for the identification of E. coli.

Antimicrobial susceptibility testing. The susceptibility of all E. coli isolates to ceftiofur was tested
by agar dilution (2002 to 2009). The susceptibility of the E. coli isolates to cefotaxime was tested using
a broth microdilution test (2010 to 2014) (Eiken, Japan), following the manufacturer’s instructions. The
data were interpreted according to the Clinical and Laboratory Standards Institute (CLSI) standards (2008,
2011, 2012, and 2013).

PFGE with S1 nuclease. Of the 197 3GC-resistant E. coli isolates, 132 isolates were used for WGS
analysis. This was because we selected one strain per fecal sample when two E. coli isolates were 3GC
resistant and they were isolated from the same fecal sample. The genomic DNA of all 132 3GC-resistant
E. coli isolates was subjected to PFGE with S1 nuclease (TaKaRa Bio, Japan) to separate the plasmid DNA
and chromosomal DNA according to the method described by Barton et al. (51). The plugs of genomic
DNA were incubated at 37°C for 30 min with 4.5 U of S1 nuclease. The digested DNA was electrophoresed
in 1.0% SeaKem Gold agarose (Lonza Bio Co., Japan) under running conditions (2.0 to 25.0 s, 14°C, 6 V,
and 18.5 h) generated by a CHEF-DR III. Electrophoresis was performed with 0.5� Tris-borate-EDTA (TBE)
as a buffer. When degradation of DNA was observed, HEPES buffer was used to prevent it instead of 0.5�
TBE buffer (52). The running conditions were modified by reducing the voltage to 5 V/cm when using
HEPES buffer. The gel was stained with SYBR Gold nucleic acid gel stain (Life Technologies Co., USA) and
visualized using a cyan LED transilluminator. The number and sizes of DNA bands predicted to be
plasmids were determined, with visual confirmation. Subsequently, the gel fragments of chromosomal
and plasmid DNA were excised and stored at �30°C until they were sequenced.

Whole-genome sequencing and sequence reconstruction. The stored DNA was purified using a
ZR-96 Zymoclean Gel DNA recovery kit (Zymo Research, USA). Next, the DNA samples were subjected to
a tagmentation reaction and PCR amplification using a Nextera XT DNA sample preparation kit (Illumina,
USA). The size of the prepared library was determined by electrophoresis. The samples were purified
using the Wizard SV gel and PCR clean-up system (Promega, USA) and sequenced on an Illumina Miseq
platform using a Miseq v3 reagent kit (Illumina, USA) with two 300-bp paired-end reads.

De novo assembly for each replicon separated by PFGE was performed with the A5-Miseq pipeline
(53). Contig plasmid sequences of low read depth were excluded, as the sequences were constructed
from a low-abundance DNA contamination of chromosomes and other plasmids. To confirm the exact
plasmid size, the total lengths of final plasmid contigs were compared with the S1 PFGE fragment size.
Gene prediction was performed with the Prodigal program (version 2.60) (54) and the BLASTP program
(55) using the NCBI Protein Sequence Database (nr). The antimicrobial resistance genes and plasmid Inc
types were detected with the ABRicate program (version 0.2) (https://github.com/tseemann/abricate)
using the ResFinder 4.0 (56) and bacterial antimicrobial resistance reference gene database (https://www
.ncbi.nlm.nih.gov/bioproject/PRJNA313047) and the PlasmidFinder 2.1 (57) database, respectively. MLST
of E. coli was performed with the MLST program (version 1.2) (https://github.com/tseemann/mlst/issues)
against the MLST database (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli). Plasmid multilocus sequence typ-
ing (pMLST) was performed for plasmids belonging to the typeable groups, and the sequences were
compared to the sequences deposited in the pMLST database (https://pubmlst.org/plasmid/).

Core genome SNV phylogenetic analysis. The raw sequence data and assembled genome se-
quences of E. coli isolates from chickens were retrieved from the NCBI BioSample database. In total, 1,365
sample sequences were downloaded under the following parameters: “Escherichia coli” (organism) and
“Gallus gallus” or “chicken” or “avian” (all fields). The submitted metadata (collection date and place) and
sequencing data from the sequencing platform (Illumina paired-end raw reads or assembled sequences)
were collected. Next, the low-depth data, organism prediction, and contamination check were verified.
Then, the collection date and place information were provided, the data were registered in the SRA
database and assembly database, and the data that had coverage read depths of more than 40 and the
data identified as E. coli properly without contamination were selected. Finally, 792 samples were
detected in total. The sequences of E. coli ECCWS199 (BioSample ID SAMN10023797), which had blaCMY-2

on pTB221 (GenBank accession no. NZ_CP032238), were also collected from the NCBI database as a
complete genome sequence of blaCMY-2-positive E. coli isolated from chickens. For SNV analysis of only
blaCMY-2-positive strains, the sequenced chromosomal short-read data (n � 82) and sequence data
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retrieved from the NCBI database (n � 131) were compared with the E. coli ECCWS199 complete
chromosomal sequence (GenBank accession no. CP032237) using the BWA-MEM read-mapping program
(58). All SNVs were extracted using SAMtools (59) and VarScan (v2.3.4) (60) software. The prophage SNVs
and repeat regions predicted using the PHASTER (61) and NUCmer (62) programs, respectively, were
excluded. The recombination regions were predicted using Gubbins (63). The SNVs in the recombination
regions were masked. All extracted SNVs in core genome regions were concatenated as pseudose-
quences. Phylogenetic analysis was performed using the DNA approximately maximum-likelihood
program (FastTree version2.1) (64). The SNV analysis within each ST cluster was performed not only for
blaCMY-2-positive strains, but also for blaCMY-2-negative strains, using the method described above.

Plasmid comparative analysis. A total of 14,731 complete plasmid sequences were retrieved from
the NCBI nucleotide database and RefSeq database using the search keywords “complete sequence” and
“plasmid.” The complete plasmid sequences were constructed. The sequences included 247 IncI1, 112
IncB/O/K/Z, and 265 IncA/C plasmids (September 2018). To perform the analysis under the same
conditions against our plasmid sequence data, the genes in the complete plasmid sequences were
predicted using the Prodigal program. Plasmid network analysis was performed as previously described
(65, 66). Briefly, putative protein sequences of our draft plasmids and the complete plasmids deposited
in the NCBI database were clustered using the UCLUST program (version 6.0.307). The following
parameters were evaluated after sorting based on the amino acid sequence length, following the
instructions accompanying the software: cluster_smallmem; id, 1.0; minsl, 0.9; minqt, 0.9; maxqt, 1.1;
query_cov, 0.9; and target_cov, 0.9. These parameters indicated 100% amino acid sequence identity with
at least 90% coverage and less than 10% length difference. We used the samples meeting the above
criteria in network analysis. Plasmids sharing at least 40 homologous genes were connected as a network.
A community was detected by the multilevel community method in the igraph library in R using the
default parameter settings. Cytoscape version 3.2.0 was used to draw the plasmid network graph (67).
The hierarchical cluster analysis and visualization were performed with presence and absence patterns
of clustering genes using the heatmap.2 program of the gplot R package. The Simpson similarity
coefficient and ward.D2 clustering method were used (68).

Data availability. All raw short-read sequence data were deposited in the DNA Data Bank of Japan
(BioSample IDs, SAMD00179258 to SAMD00179339; DRA accession no. DRA008702 and DRA008648). The
assembled draft sequences of plasmids were deposited in the DDBJ/EMBL/GenBank database (accession
no. LC501464 to LC501701).
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