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ABSTRACT Avian pathogenic Escherichia coli
(APEC) is closely related to extraintestinal pathogenic
E. coli, which are frequently assigned to specific phylo-
genetic groups (phylogroups). Therefore, we investi-
gated the association between phylogroups of E. coli
isolates and those recovered from commercial broiler
and layer chickens with colibacillosis. We used 104
E. coli isolates from chickens with colibacillosis (hereaf-
ter referred to as “colibacillosis-related isolates”), 56
E. coli isolates obtained from fecal samples of clinically
healthy broiler chickens, and 58 isolates obtained from
environmental samples of layer chicken housing facili-
ties where clinically healthy layer chickens were reared
(hereafter referred to as “healthy chicken-related iso-
lates”). The prevalence of phylogroup F among colibacil-
losis-related isolates was significantly (P < 0.05) higher
than that among healthy chicken-related isolates, while
phylogroups A and B1 were more frequently distributed
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in healthy chicken-related isolates. Fifty-seven (87%) of
65 colibacillosis-related isolates belonging to phy-
logroup F were defined as APEC based on the presence
of virulence-associated genes according to a previously
established criterion. In contrast, none of the healthy
chicken-related isolates were defined as APEC. As evi-
denced by the chicken embryo lethality assay, 87 of the
92 healthy chicken-related isolates tested had embryo
lethality rates of <30% and were considered avirulent,
whereas 59 of the 104 colibacillosis-related isolates were
considered virulent. Nonetheless, among isolates exhib-
iting embryo lethality rates of <30%, the mean lethality
rate of embryos inoculated with colibacillosis-related
isolates was significantly higher than that of embryos
inoculated with healthy chicken-related isolates. These
observations suggest that phylogroup F predicts coliba-
cillosis among E. coli strains with virulence-associated
genes.
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INTRODUCTION

Colibacillosis in chickens is caused by avian patho-
genic Escherichia coli (APEC), which leads to extrain-
testinal infections, including localized and systemic
diseases responsible for significant economic losses to the
poultry industry (Nolan et al., 2013). Poor environmen-
tal conditions in housing facilities, including high dust
levels or low temperature, infectious bronchitis virus,
and previous mycoplasma infections, predispose birds to
E. coli infections (Guabiraba and Schouler, 2015). In
addition, E. coli can play a role as a primary pathogen.
Isolates from cases of pericarditis and perihepatitis in
laying hens originated from an outbreak strain (Someya
et al., 2007) based on pulsed-field gel electrophoresis
(PFGE) analysis (Tenover et al., 1995). The strain was
virulent in a chicken embryo lethality assay and caused
mortality in experimentally infected 11-day-old chickens
(Ozaki et al., 2018). Additionally, E. coli isolates
obtained from colibacillosis cases in broiler chickens in 4
farms belonging to one poultry integration company had
identical PFGE patterns (Ozaki et al., 2017). However,
in this study (Ozaki et al., 2017), different combinations
of virulence-associated genes were identified among iso-
lates. Other previous studies also demonstrated the
diversity in virulence-associated genes harbored by
APEC isolates (Guabiraba and Schouler, 2015),
although detecting certain combinations of genes can
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predict APEC strains (Johnson et al., 2008; Bonnet
et al., 2009; Schouler et al., 2012; Mitchell et al., 2015;
Stromberg et al., 2017).

APEC is closely related to extraintestinal pathogenic
E. coli (ExPEC), including strains obtained from uri-
nary tract infections, neonatal meningitis, and sepsis in
humans, sharing virulence-associated and antimicrobial
resistance genes found in the ExPEC isolates. Moreover,
the phylogenetic analysis based on the original
(Clermont et al., 2000) and revised (Clermont et al.,
2013) Clermont schemes demonstrated that ExPEC
from human cases were frequently assigned to specific
phylogenetic groups (hereafter referred to as “phy-
logroups”), including B2 and D (Picard et al., 1999;
Johnson and Stell, 2000; Logue et al., 2017). APEC iso-
lates obtained from diseased poultry occasionally
belong to the phylogenetic group D in Thailand
(Thomrongsuwannakij et al., 2022) and groups A and D
in Japan (Asai et al., 2011; Ozaki et al., 2017), based on
the original Clermont scheme. Recently, several studies
focused on avian colibacillosis strains belonging to phy-
logroups B2 and F based on the revised Clermont scheme
due to their zoonotic potential as an etiologic agent of
extraintestinal infections in humans (Jeong et al., 2021;
Wang et al., 2021; Zhuge et al., 2021).

Control of avian colibacillosis and preventive meas-
ures can be achieved with early detection of APEC iso-
lates by monitoring farms using phylogenetic analyses.
In the present study, the virulence of E. coli isolates was
assessed by detecting virulence-associated genes (Bonnet
et al., 2009; Mitchell et al., 2015; Stromberg et al., 2017)
and performing an embryo lethality assay (Wooley
et al., 2000). Strains were isolated from chickens with
colibacillosis, fecal samples of healthy chickens, and
environmental samples from multiple farms. All isolates
were classified into phylogroups (Clermont et al., 2013)
to elucidate the association between colibacillosis iso-
lates and each phylogroup.
MATERIALS AND METHODS

Bacterial Isolates

A total of 104 E. coli isolates obtained from laying
chickens and broiler chickens with colibacillosis were
used. Isolates from laying chickens were obtained from a
farm (farm 1) between December 2005 and March 2006,
and in February 2009. The isolates from broiler chickens
were obtained from 6 farms (farms 2−7) between Octo-
ber 2009 and January 2011. Emaciated or unhealthy
birds were diagnosed according to the following criteria:
gross lesions typical of colibacillosis, including pericardi-
tis, perihepatitis, and salpingitis postmortem; isolation of
E. coli in pure culture from lesion samples. Some of the
above isolates were also used in our previous studies
(Someya et al., 2007; Ozaki and Murase, 2009;
Ozaki et al., 2017). Fifty-six E. coli isolates from healthy
birds were obtained from fecal samples of broiler chickens
collected between October 2007 and January 2008 from
four farms (farms 8−11) (Ozaki et al., 2011). Fifty-eight
isolates were obtained from environmental samples from
farm 1 between July 2012 and June 2017, when laying
hens were clinically healthy (Koyama et al., 2020).
Pulsed-Field Gel Electrophoresis

XbaI-digested PFGE patterns of all isolates were ana-
lyzed as previously described (Ozaki et al., 2011). Band-
ing pattern analysis was performed with GelComparII
version 6.6 (Applied Maths NV, Sint-Martens-Latem,
Belgium). Cluster analysis of the fingerprints obtained
was conducted through a similarity matrix calculation
using the Dice coefficient, followed by dendrogram con-
struction using the unweighted pair group method with
arithmetic mean (UPGMA) as the algorithm with
optimization and tolerance set at 1%. Isolates were
assigned to genetically related clusters using the 90%
strain similarity threshold and distinguished numeri-
cally.
Phylogenetic Analysis

Phylogroups of E. coli isolates were determined using
multiplex PCR targeting genes arpA, chuA, yjaA, and
trpA, and DNA fragment TspE4.C2, as previously
described (Clermont et al., 2013). PCR profiles obtained
in the present study and phylogroup assignment are
shown in Supplementary Table 1.
Detection of Virulence-Associated Genes

The presence of 10 genes (kpsMT II, iss, tsh, sfa, foc,
papA, papC, papEF, iutA, and fyuA) in E. coli isolates
was determined by PCR (Johnson and Stell, 2000;
Ewers et al., 2004). The previously published criterion
for APEC (Bonnet et al., 2009; Mitchell et al., 2015;
Stromberg et al., 2017) was the detection of 4 or more of
the following 5 genes/groups: (1) kpsMT II (conferring
group II capsule synthesis); (2) iss (complement resis-
tance); (3) tsh (hemagglutinin); (4) one of the 5 genes
sfa, foc, papA, papC, and papEF (adhesins); (5) one of
the 2 genes iutA and fyuA (siderophores).
Embryo Lethality Assay

The embryo lethality assay for all 104 isolates from
chickens with colibacillosis (hereafter referred to as “coli-
bacillosis-related isolates”) was performed as previously
described (Nolan et al., 1992), with slight modifications
(Ozaki et al., 2018). Briefly, 100 to 300 colony-forming
units (CFU) in 0.1 mL of phosphate-buffered saline
(PBS) were inoculated into the allantoic cavity of
twelve 12-day-old embryonated eggs. The eggs were can-
dled daily, and deaths were recorded for 2 d postinocula-
tion. A total of 114 isolates were obtained from healthy
chickens and environmental samples (hereafter referred
to as “healthy chicken-related isolates”). PFGE analysis
revealed 98 pulsotypes among the isolates (see Results).
Six isolates from environmental samples from layer
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housing facilities with different pulsotypes were unfortu-
nately lost during maintenance; thus, 92 pulsotypes
remained available for the embryo lethality assay. One
isolate was randomly selected from those isolates with
each of the 92 pulsotypes obtained, consisting of 46 iso-
lates from healthy broilers and 46 isolates from environ-
mental samples from layer housing facilities; these
selected isolates were used for the embryo lethality
assay. The pathogenicity was determined based on mor-
tality rates 2 d postinoculation using the criteria previ-
ously established by Wooley et al. (2000), wherein an
isolate causing a mortality rate of >30% is considered
virulent.
Statistical Analysis

Fisher’s exact test was used to compare the prevalence
of phylogenetic groups of E. coli isolates related to coli-
bacillosis versus healthy chickens and compare that in
APEC versus non-APEC isolates. Fisher’s exact test
was also used to compare the prevalence of virulence-
associated genes in virulent versus avirulent E. coli iso-
lates determined by the embryo lethality assay. Welch’s
t-test was used to compare the mean mortality rates
associated with colibacillosis-related versus healthy
chicken-related isolates with low lethality (mortality
rates of <30%). Differences were considered statistically
significant at P < 0.05.
RESULTS

PFGE and Phylogenetic Analysis

A total of 104 E. coli isolates obtained from chickens
with colibacillosis were classified into 37 pulsotypes
based on PFGE analysis of XbaI-digested chromosomal
DNA (Table 1 and Supplementary Figure 1). Several
isolates from diseased birds in the same housing facilities
had indistinguishable PFGE patterns and were assigned
to the same pulsotypes. Therefore, 48 and 56 isolates
from layer chickens and broiler chickens with colibacillo-
sis were respectively classified into 11 and 26 pulsotypes.
In contrast, most isolates from healthy chickens and
Table 1. Number of colibacillosis- and healthy chicken-related E. coli

Colibacillosis-related E. coli

Property Layer Broiler

Isolation date Dec 2005 to Mar 2006,
and Feb 2009

Oct 2009 to Jan 20

Origin Lesions Lesions
Phylogroup
Aa 0 (0)2 3 (3
B1a 2 (2) 10 (5
B2 12 (2) 0 (0
C 0 (0) 1 (1
D 1 (1) 4 (3
E 5 (1) 1 (1
Fa 28 (5) 37 (1
Total 48 (11) 56 (2

aPrevalence of pulsotypes significantly (P < 0.05) different between colibacil
1E. coli isolates were obtained from environmental samples from chicken hou
2The number of pulsotypes is indicated in parentheses.
environmental samples had different PFGE patterns,
and a total of 114 healthy chicken-related isolates were
classified into 98 pulsotypes.
The distribution of phylogroups among the E. coli iso-

lates tested is shown in Table 1. As multiple isolates
were classified into identical pulsotypes, especially for
colibacillosis-related isolates, and isolates with an identi-
cal pulsotype were assigned to a single phylogroup, the
prevalence of E. coli phylogroups was compared based
on the number of pulsotypes. The prevalence of phy-
logroup F among colibacillosis-related isolates was sig-
nificantly higher than that among healthy chicken-
related isolates (P < 0.05). In contrast, phylogroups A
and B1 were more frequently distributed in healthy
chicken-related isolates than in colibacillosis-related iso-
lates (P < 0.05). Twelve isolates with colibacillosis were
assigned to phylogroup B2, although these isolates were
classified into only 2 pulsotypes.
Detection of Virulence-Associated Genes

Forty-two isolates positive for the iss gene accounted
for 88% of the 48 E. coli isolates from laying chickens
with colibacillosis, followed by kpsMT II (37, 77%), iutA
(27, 56%), tsh (24, 50%), papC (27, 56%), and papEF
(17, 35%) (Supplementary Table 2). The iutA gene was
the most common virulence-associated gene present in
all 56 isolates from broiler chickens with colibacillosis
(100%), followed by iss (55, 98%), tsh (39, 70%), papC
(35, 63%), and papEF (30, 54%). In contrast, the kpsMT
II gene was only detected in 5 isolates (8.9%) among
those from broiler chickens with colibacillosis. In 48 E.
coli isolates from environmental samples of chicken
housing facilities where healthy laying hens were reared,
the prevalence rates of the virulence-associated gene
tested were less than 9%, with those of iutA and iss
genes being 8.6% and 6.8%, respectively. In 56 isolates
from fecal samples of healthy broiler chickens, the iss
gene was detected in 16 isolates (29%), followed by
papEF (8, 14%), papC (7, 13%), and iutA (7, 13%).
Twenty-five of the 48 isolates from laying chickens

with colibacillosis and 36 of the 56 isolates from broiler
chickens with colibacillosis were defined as APEC
isolates and pulsotypes belonging to each phylogroup.

Healthy chicken-related E. coli

Layer Broiler

11 Jul 2012 to Jun 2017 Oct 2007 to Jan 2008

Chicken houses1 Feces

) 13 (13) 27 (23)
) 34 (31) 21 (17)
) 1 (1) 0 (0)
) 6 (4) 0 (0)
) 4 (3) 1 (1)
) 0 (0) 3 (2)
3) 0 (0) 4 (3)
6) 58 (52) 56 (46)

losis- and healthy chicken-related isolates.
sing facilities, while the chickens were clinically healthy.



Figure 1. Prevalence of virulence-associated genes among E. coli isolates from layer chickens with colibacillosis (a), broiler chickens with coliba-
cillosis (b), environmental samples of layer housing facilities obtained while the layer chickens were clinically healthy (c), and healthy broiler chick-
ens (d). Numbers on the x-axis represent those detected among the following 5 genes/groups: (1) kpsMT II; (2) iss; (3) tsh; (4) one of the 5 genes sfa,
foc, papA, papC, and papEF; and (5) one of the 2 genes iutA and fyuA. Isolates defined as avian pathogenic Escherichia coli (see Materials and Meth-
ods) are indicated by horizontal lines. Phylogroup: A, red; B1, orange; B2, gray; C, yellow; D, cyan; E, green; F, dark blue.
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according to the previously described criterion
(Bonnet et al., 2009; Mitchell et al., 2015; Stromberg
et al., 2017), based on the presence of virulence-associ-
ated genes (Figure 1 and Supplementary Table 2). Fifty-
seven (87%) of 65 colibacillosis-related isolates belonging
to phylogroup F were defined as APEC. In contrast,
none of the healthy chicken-related isolates were defined
as APEC because all the isolates had 3 or fewer viru-
lence-associated genes.
Embryo Lethality Assay Results

The embryo lethality assay revealed that the E. coli
isolates tested caused mortality rates of 0% to 92% for
embryonated eggs 2 d postinoculation. Thirty-three of
the 48 E. coli isolates from layer chickens with colibacil-
losis caused a mortality rate above 30% and were consid-
ered virulent according to the criteria described by
Wooley et al. (2000) (Figure 2A). Twenty-three of the
33 virulent isolates belonged to phylogroup F, while
none of the virulent isolates belonged to phylogroups A
and B1. Of 56 isolates from broiler chickens with coliba-
cillosis, 26 were virulent, including 18 isolates from phy-
logroup F (Figure 2B). Forty-five of the 46 isolates from
environmental samples of housing facilities where
healthy laying hens were reared were not considered vir-
ulent (Figure 2C). The remaining isolate was virulent
and belonged to phylogroup B2. Forty-two of the 46 iso-
lates from healthy broiler chickens were not virulent
based on the embryo lethality assay (Figure 2D). Three
of the remaining four virulent isolates belonged to phy-
logroup A, while the other belonged to phylogroup F.
Isolates exhibiting low lethality (mortality rate of
<30%) from layer chickens and broiler chickens with col-
ibacillosis had mortality rates of 16.7 § 10.0 (%) and
15.8 § 8.6, respectively. These rates were significantly
higher than those of embryos inoculated with isolates
from environmental samples (3.7 § 6.1) or healthy
broiler fecal samples (5.4 § 8.6). In total, 63% of the
healthy chicken-related isolates did not cause mortality,
while 85% of the colibacillosis-related isolates caused
embryo lethality.
Relationship Between the Presence of
Virulence-Associated Genes and the Embryo
Lethality Assay Results

Eighty-seven (95%) of the 92 non-APEC E. coli iso-
lates from environmental samples and healthy chickens
were avirulent according to the embryo lethality assay
(Table 2). Among 43 total non-APEC isolates from
cases with colibacillosis, only 26 isolates (60%) were
avirulent. Twenty-three of 25 APEC isolates from layer
chickens with colibacillosis were virulent according to
the embryo lethality assay. In contrast, approximately
half the APEC isolates from broiler chickens with coliba-
cillosis were virulent. The same phylogroups were found
in both virulent and avirulent isolates. The prevalence
of virulence-associated genes between virulent and avir-
ulent isolates was identical (Supplementary Table 3).
DISCUSSION

The distribution of phylogroups significantly differed
between colibacillosis-related and healthy chicken-



Figure 2. Embryo lethality assay inoculated with E. coli isolates from layer chickens with colibacillosis (a), broiler chickens with colibacillosis
(b), environmental samples of layer housing facilities obtained while the layer chickens were clinically healthy (c), and healthy broiler chickens (d).
The number of dead chicken embryos 2 d postinoculation is indicated on the x-axis. Isolates considered virulent (see Materials and Methods) are
indicated by horizontal lines. Phylogroup: A, red; B1, orange; B2, gray; C, yellow; D, cyan; E, green; F, dark blue.
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related isolates. Additionally, the presence of virulence-
associated genes correlated with the phylogroups in the
present study. The prevalence rate of phylogroup F in
colibacillosis-related E. coli isolates was significantly
higher than that in healthy chicken-related isolates. Fur-
thermore, 87% of colibacillosis-related isolates within
phylogroup F were defined as APEC according to the
presence of virulence-associated genes. These observa-
tions indicate that isolates within phylogroup F are
likely to be highly virulent to chickens and may be the
primary causative agents of colibacillosis. Moreover, it is
likely that isolates with a single pulsotype caused multi-
ple infections as only 37 pulsotypes were observed for
104 E. coli isolates from chickens with colibacillosis. In
contrast, most of the healthy chicken-related isolates
were found to be distinct from each other using PFGE
analysis. Additionally, all healthy chicken-related iso-
lates were defined as non-APEC, indicating that these
isolates originated from fecal commensal E. coli. More-
over, phylogroups A and B1 were significantly associ-
ated with healthy chicken-related isolates. Among 452
isolates of E. coli recovered from the lesions of poultry
Table 2. Relation between the presence of virulence-associated genes

Colibacillosis-related E. coli

Category1 Layer Broiler

APEC
Virulent 23 (B2, 2; F, 21)2 19 (D, 1; F, 18)
Avirulent 2 (F, 2) 17 (D, 1; F, 16)

Non-APEC
Virulent 10 (B2, 6; E, 2; F, 2) 7 (B1, 4; D, 2; E, 1)
Avirulent 13 (B1, 2; B2, 4; D, 1; E, 3; F, 3) 13 (A, 3; B1, 6; C, 1; F,
1APEC and non-APEC are determined based on the presence of virulence-as

results.
2The number of isolates with each of the phylogroups is indicated in parenth
with colibacillosis in the United States, phylogroup C
was the most common (125 isolates), followed by F (87),
B1 (84), B2 (69), and A (46). Nevertheless, these isolates
originated from chickens as well as other birds, including
geese and ducks, suffering from perihepatitis and other
colibacillosis syndromes (Logue et al, 2017). Phy-
logroups A and B1 have been identified as sister groups
(Lecointre et al., 1998). Logue et al. (2017) suggested
that E. coli isolates assigned to phylogroups A and B1
from the feces of apparently healthy poultry and from
colibacillosis lesions have a low pathogenic potential
based on virulence genotyping.
All healthy chicken-related isolates were defined as

non-APEC based on the presence of virulence-associated
genes and the previously published criterion (Bonnet
et al., 2009; Mitchell et al., 2015; Stromberg et al.,
2017), highlighting the validity of the criterion. How-
ever, 43 of the 104 colibacillosis-related isolates were
also defined as non-APEC. One possible reason is that
infections with these E. coli isolates were facilitated by
damage to the respiratory mucosa due to previous viral
or mycoplasma infections and poor hygienic conditions
and the embryo lethality assay results of E. coli isolates tested.

Healthy chicken-related E. coli

Layer Broiler

0 0
0 0

1 (B2, 1) 4 (A, 3; F, 1)
3) 45 (A, 10; B1, 27; C, 3; D, 4) 42 (A, 20; B1, 17; D, 1; E, 2; F, 2)

sociated genes. Virulent and avirulent represent the embryo lethality assay

eses.
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of the housing facilities (Guabiraba and Schouler, 2015).
Another reason may be the presence of unknown coliba-
cillosis virulence traits in E. coli strains. Among the vir-
ulence-associated genes tested the kpsMT II gene
conferring group II capsule synthesis had a high preva-
lence rate (77%) in isolates from layer chickens with coli-
bacillosis despite the 8.9% rate in isolates from broiler
chickens with colibacillosis. In previous studies, the
prevalence rate of the kpsMT II gene among APEC iso-
lates varied from 23% to 86% (Johnson et al., 2008;
Bonnet et al., 2009; Mitchell et al., 2015).
Johnson et al. (2008) also demonstrated significant dif-
ferences in distribution among APEC isolates of the 3
pathotypes. Further investigation into the pathological
aspects of the APEC isolates obtained in the present
study is warranted to clarify the role of this gene.

According to the embryo lethality assay, most healthy
chicken-related isolates (non-APEC) were deemed avir-
ulent. However, correlations between the presence of vir-
ulence-associated genes and the embryo lethality assay
results were not definitive among colibacillosis-related
isolates in the present study. Fujimoto et al. (2021)
reported that several E. coli isolates from broilers with
suspected colibacillosis were considered avirulent based
on the embryo lethality assay. Our previous study
(Ozaki et al., 2018) demonstrated that an avirulent
(mortality rate of 17%) E. coli isolate from a layer
chicken with colibacillosis caused airsacculitis and peri-
carditis in experimentally-inoculated chickens. When
embryo lethality assay results in the present study were
compared among isolates exhibiting low lethality (mor-
tality rate of <30%), colibacillosis-related isolates had
higher mortality rates than healthy chicken-related iso-
lates. Chicken embryos were likely affected, to some
extent, by colibacillosis-related isolates even though the
isolates were considered avirulent.

In summary, phylogroup F and virulence-associated
genes were predominant in colibacillosis-related E. coli
isolates, while most healthy chicken-associated isolates
with a low prevalence of virulence-associated genes were
assigned to phylogroups A and B1. In the chicken embryo
lethality assay, the lethality of chicken embryos seem-
ingly correlated with the origin of the isolates; however,
we cannot rule out the possibility that a limited number
of farms and the collection time span of different samples
in the present study affected the distribution of the phy-
logroups among E. coli isolates. Nevertheless, it is note-
worthy that phylogroup F was predominant in both layer
and broiler chickens with colibacillosis. Detection of phy-
logroup F may help predict highly virulent APEC. The
zoonotic potential of phylogroup F E. coli in the present
study may be clarified through further research on multi-
locus-sequence typing (Zhuge et al., 2021) and antimicro-
bial resistance (Wang et al., 2021) of the isolates.
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