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In silico phylogenetic and virulence gene profile analyses of
avian pathogenic Escherichia coli genome sequences?
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ABSTRACT.- Rojas T.C.G., Maluta R.P, Koenigkan L.V. & Dias da Silveira W. 2014. In silico
phylogenetic and virulence gene profile analyses of avian pathogenic Escherichia coli
genome sequences. Pesquisa Veterindria Brasileira 34(2):129-133. Departamento de Gené-
tica, Evolugdo e Bioagentes, Instituto de Biologia, Universidade de Campinas, Cx. Postal 6109,
Campinas, SP 13083-970, Brazil. E-mail: wds@unicamp.br

Avian pathogenic Escherichia coli (APEC) infections are responsible for significant los-
ses in the poultry industry worldwide. A zoonotic risk has been attributed to APEC strains
because they present similarities to extraintestinal pathogenic E. coli (EXPEC) associated
with illness in humans, mainly urinary tract infections and neonatal meningitis. Here, we
present in silico analyses with pathogenic E. coli genome sequences, including recently avai-
lable APEC genomes. The phylogenetic tree, based on multi-locus sequence typing (MLST)
of seven housekeeping genes, revealed high diversity in the allelic composition. Neverthe-
less, despite this diversity, the phylogenetic tree was able to cluster the different pathotypes
together. An in silico virulence gene profile was also determined for each of these strains,
through the presence or absence of 83 well-known virulence genes/traits described in pa-
thogenic E. coli strains. The MLST phylogeny and the virulence gene profiles demonstrated a
certain genetic similarity between Brazilian APEC strains, APEC isolated in the United Sta-
tes, UPEC (uropathogenic E. coli) and diarrheagenic strains isolated from humans. This cor-
relation corroborates and reinforces the zoonotic potential hypothesis proposed to APEC.

INDEX TERMS: Avian pathogenic Escherichia coli (APEC), Multi-locus Sequence Typing (MLST),

phylogenetic tree, virulence genes.

RESUMO.- [Andlises in silico da filogenia e do perfil de
genes associados a viruléncia, dos genomas de linha-
gens de Escherichia coli de origem aviaria.] As infec-
¢Oes causadas por linhagens de Escherichia coli de origem
aviaria (APEC) sdo responsaveis por perdas significativas
na industria avicola em todo mundo. Risco zoonético tem
sido atribuido as linhagens APEC, devido as semelhancas
existentes entre elas e linhagens de E. coli patogénicas ex-
traintestinais (ExPEC) de origem humana, causadoras de
infeccbes no trato urinario e meningite neonatal. Neste
trabalho, apresentamos os resultados de analises in silico
feitas a partir dos genomas de linhagens patogénicas de
E. coli, incluindo genomas recentemente obtidos de linha-
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gens APEC. Uma arvore filogenética foi obtida, com base
na tipagem de sequéncia multilocus (MLST) de sete genes
essenciais, revelando alta diversidade na composicdo de
alelos, mas ainda assim possibilitando o agrupamento dos
diferentes patoétipos. Foi determinado também, para cada
linhagem, o perfil génico, por meio da presenca ou auséncia
de 83 genes associados a viruléncia. A arvore filogenética
e o perfil génico demonstraram que existem semelhangas
genéticas entre cepas APEC brasileiras, APEC isolada nos
Estados Unidos, UPEC (uropathogenic E. coli) e linhagens
produtoras de diarreia em humanos. Essa correlacdo cor-
robora e refor¢a a hipétese de que linhagens APEC apre-
sentam potencial risco zoonético.

TERMOS DE INDEXACAOQ: Escherichia coli de origem aviaria
(APEC), tipagem de sequéncia multilocus (MLST), arvore filoge-
nética, genes associados a viruléncia.

INTRODUCTION

Escherichia coli associated with extraintestinal diseases
(ExPEC), include avian pathogenic E. coli (APEC), neonatal
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meningitis E. coli (NMEC) and uropathogenic E. coli (UPEC)
(Dziva & Stevens 2008). APEC infections are collectively
denominated colibacillosis. The infection may be local or
systemic, and has been responsible for severe losses in the
poultry industry worldwide. Losses are due to carcass con-
demnation, mortality and decrease in egg production (Dho-
-Moulin & Fairbrother 1999, Barnes et al. 2008).

Previous studies demonstrated that APEC, NMEC and
UPEC strains share common virulence genes, overlapped
O serogroups and phylogenetic groups (Rodriguez-Siek et
al. 2005, Ewers et al. 2007, Moulin-Schouleur et al. 2007).
These characteristics were corroborated by multilocus se-
quence typing (MLST) and genome comparison data (John-
son et al. 2007, Moulin-Schouleur et al. 2007) and led to a
further hypothesis that APEC strains could act as UPEC or
NMEC and, therefore, constitute a zoonotic risk. A recent
work (Dziva et al. 2013) demonstrated that an APEC strain
was more closely related to a human ST23 ETEC (enteroto-
xigenic E. coli) than to strain APEC O1. This suggests that the
core genome of ST23 strains has the potential to generate
variants able to cause disease on avian or human, depen-
ding of the accessory genome. For urinary tract infections
and new-born meningitis, it has been hypothesized that
APEC could access and colonize the human colon via the in-
gestion of contaminated poultry and then reach the urinary
tract or the central nervous system (Rodriguez-Siek et al.
2005). Thereby, APEC could act as a cause of human ExPEC
infections or as a virulence gene reservoir for human ExPEC
strains, thus representing a possible zoonotic risk (Rodri-
guez-Siek et al. 2005, Moulin-Schouleur et al. 2007).

The availability of APEC genome sequences (Johnson et
al. 2007, Rojas et al. 2012, 2013) permits the comparison of
genome contents between APEC and human ExPEC strains,
and helps to understand the evolutionary processes invol-
ved in shaping the phenotypes of different E. coli patho-
types. The phylogeny (based on MLST) and the cluster (ba-
sed on the presence or absence of virulence genes) analyses,
may be helpful to highlight the similarities between these
different strains, and the potential nonspecific host rela-
tionships. In this work, the virulence gene profiles and the
phylogenetic relationships of APEC strains were analyzed
and compared to other previously published human patho-
genic strains, to verify possible genetic similarities and the
potential pathogenicity risk for birds and human beings.

MATERIALS AND METHODS

The MLST tree and the virulence gene profile analysis were per-
formed with 14 pathogenic Escherichia coli genome sequences.
The strains and their respective plasmids were chosen because
they are representative of the pathotypes herein studied (Table 1).

MLST analysis, conducted in silico, were performed with
all the allele sequences of the seven housekeeping genes adk
(adenylate kinase), fumC (fumarate hydratase), gyrB (DNA gyra-
se), icd (isocitrate/isopropylmalate dehydrogenase), mdh (ma-
late dehydrogenase), purA (adenylosuccinate dehydrogenase)
and recA (ATP/GTP-binding motif) downloaded from the MLST
Databases at the ERI, University College Cork (http://mlst.ucc.
ie/mlst/dbs/Ecoli/Downloads_HTML). For each gene, all alleles
were searched against the genomes sequences through BLAST
tool, on a local platform against a local database, using the softwa-
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Table 1. Escherichia coli strains and plasmids analyzed by
phylogenetic MLST tree and virulence gene profiles

GenBank
accession number

Strain / Plasmid Pathotype Reference

SEPT362 APEC* AOGL00000000.1 (Rojasetal.2013)
S17 APEC AOGN00000000.1 (Rojasetal. 2013)
008 APEC AOGM00000000.1 (Rojasetal. 2013)
SCI-07 APEC  AJFG00000000.1 (Rojasetal.2012)
APECO1 APEC NC_008563.1 (Johnson etal.2007)
pAPEC-01- APEC NC_009837.1 (Johnson etal. 2006a)

ColBM (plasmid)

PAPEC-01-R (plasmid) APEC ~ NC_009838.1 (Johnson et al. 2006b)

0157:H7 str. EDL933  EHEC® NC_002655 (Perna et al. 2001)
0157:H7 str. Sakai EHEC NC_002695.1 (Bergholz etal. 2007)
0157:H7 str. Sakai EHEC NC_002128.1 (Makino etal. 1998)
p0157 (plasmid)

0157:H7 str. Sakai EHEC NC_002127.1 (Makino etal. 1998)
pOSAK1 (plasmid)

042 EAEC* FN554766 (Chaudhurietal. 2010)
042 pAA (plasmid) EAEC FN554767 (Chaudhuri et al. 2010)
H10407 ETEC! FN649414 (Crossman etal. 2010)
H10407 p58 (plasmid) ETEC FN649416 (Crossmanetal. 2010)
H10407 p666 (plasmid) ETEC FN649417 (Crossman etal. 2010)
H10407 p948 (plasmid) ETEC FN649418 (Crossman etal. 2010)
H10407 p52 (plasmid) ETEC FN649415 (Crossman etal. 2010)
LF82 AIEC® CU651637 (Miquel et al. 2010)
0127:H6 E2348/69 EPEC! FM180568 (Iguchi et al. 2009)
0127:H6 E2348/69 EPEC FM180570 (Iguchi et al. 2009)
pE2348-2(plasmid)

0127:H6 E2348/69 EPEC FM180569 (Iguchi et al. 2009)
pMAR2 (plasmid)

CFT073 UPECe AE014075 (Welch et al. 2002)
UTI89 UPEC NC_007946.1  (Chenetal. 2006)
UTI89 pUTI89 UPEC CP000244 (Chen et al. 2006)
(plasmid)

S88 NMEC" CU928161 GeneBank
pECOS88 (plasmid) NMEC CU928146 (Peigne et al. 2009)

2Avian pathogenic E. coli (APEC), PEnterohemorragic E. coli (EHEC), “Ente-
roaggregative E. coli (EAEC), “Enterotoxigenic E. coli (ETEC),*Adherent-
-invasive E. coli (AIEC), ‘Enteropathogenic E. coli (EPEC), 8Uropathoge-
nic E. coli (UPEC), "Neonatal meningitis E. coli (NMEC).

re BLAST 2.2.26 with the application blastn. The allele with the
lowest e-value was then considered as the allele present in the
strain. For each strain, the sequences of the correspondent alleles,
for the seven housekeeping genes, were concatenated. All conca-
tenated sequences were aligned with MUSCLE (Edgar 2004). The
phylogenetic tree was constructed by the Maximum Likelihood
method using MEGA 5.10.

Comparative analysis of virulence genes for several E. coli pa-
thotypes was also performed with BLAST 2.2.26 software with
the application tblastn that was executed with default parameters
except for the e-value, which was adjusted to 1. A total of 83 pro-
teins, which are representative of virulence associated genes, were
searched against 14 chromosomal genomes and their plasmids se-
quences when available. The proteins were considered present in
a genome when the identity percentage was greater than 90.

Gene Cluster 3.0 software grouped the genomes according to the
presence or absence of all tested genes. A binary matrix was cons-
tructed to determine the distance, using Pearson correlation coeffi-
cient (centered), and clustering was performed by the single linka-
ge. The distance tree was visualized through Java TreeView 1.1.612.

RESULTS

The in silico phylogenetic analysis conducted for APEC,
human-associated ExPEC, and enteric pathogenic E. coli
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strains defined which alleles of the seven housekeeping ge-
nes (adk, fumC, gyrB, icd, mdh, purA and recA) were present
in each genome sequence. The seven MLST alleles were
concatenated and used to generate a Maximum Likelihood
tree (Fig.1).

The presence or absence of 83 well-known virulence ge-
nes/traits (Kaper et al. 2004, Johnson et al. 2008b), resul-
ted on a virulence gene profile for each strain (Fig.2). The
sequence types (ST) identified in the APEC strains recen-
tly sequenced by our research group were: ST117 (strain
SEPT362), ST363 (strain SCI-07), ST10 (strain S17) and
ST453 (strain 008). To our knowledge, ST453 (strain 008
- from an omphalitis case) was not previously detected in
other published APEC strains. In MLST database, ST453
was associated with human pathogenic E. coli strains (E.
coli 28, U2183, HMMC097 and E25). ST363 (SCI-07 - iso-
lated from a swollen head syndrome case) was detected
before in two E. coli strains, a nonpathogenic (KK9/10)
isolated from a human, and another pathogenic (IMT5119)
isolated from a chicken. ST10 (strain S17 - isolated from a
septicemia case) was detected in a large range of sources,
such as human pathogenic and non-pathogenic strains, wa-
ter, soil and animal-isolated strains (eg. camel, pig, bovine
and wild rabbit). This ST was also identified in E. coli isola-
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Fig.1. Phylogenetic Maximum Likelihood tree of the concatenated
sequences of seven housekeeping genes. The sequence type
(ST) is described beside the strain name.

ted from birds, such as chicken, wild pigeon and parrot. All
strains isolated from wild pigeon and parrot were pathoge-
nic, while there were both pathogenic and nonpathogenic
strains isolated from chickens (MLST database). The ST117
(SEPT362 - septicemic) is frequently found in APEC strains,
in fact, this ST was the most prevalent type detected in two
different studies that determined ST for E. coli isolates from
several Danish broiler breeders and layer farms (Gregersen
et al. 2010, Olsen et al. 2011) and in the MLST database.
This ST is also associated to human urinary tract infections
(UTD) (Wu etal. 2012).

In the MLST tree (Fig.1), strain 008 (ST453), together
with 042 (enteroaggregative E. coli - EAEC), 0157:H7 str.
EDL933 and 0157:H7 str. Sakai (both enterohemorragic E.
coli - EHEC), formed a clade that is a sister group to the
clade composed by all the other strains. On the other hand,
strain APEC SCI-07 (ST363) presented a closer proximity
to ST95 human EXPEC strains and APEC 01 (ST95). Accor-
ding to the phylogenetic tree, APEC S17 (ST10) presented a
closer similarity to the H10407 ETEC strain (ST48). Strain
SEPT362 (ST117) is represented in the phylogenetic tree
as an isolated branch, which is a sister clade of that one that
includes all human ExPEC strains, AIEC (adherent-invasive
E. coli), EPEC (enteropathogenic E. coli) and APEC strains
SCI-07 and APEC O1. These results demonstrate that
strains isolated from different infectious processes, with a
few exceptions, do not present 100% of identity. However,
they could share genomic similarities in the seven houseke-
eping allelic compositions.

The cluster obtained by the virulence gene profiles
(Fig.2) presented slight differences when compared to
the MLST phylogenetic tree. Cluster was able to group the
strains into two main classes: one composed only of intimin
producing enteric strains (0157:H7 str. EDL933; 0157:H7
str. Sakai and 0127:H6 E2348/69) and other composed of
all APEC (APEC 01, SCI-07, SEPT362, S17 and 008), human
ExPEC (UTI89, S88 and CFT073) and some enteric strains
(ETEC H10407, EAEC 042 and AIEC LF82). In this second
group, an EXPEC cluster formed by UTI89, S88, APEC 01
and CFT073 was well marked. A clearly defined similari-
ty between strains S17 and ETEC H10407 and between
SEPT362, SCI-07 and 008 was noticed, indicating a closer
genetic identity, considering the genes herein analyzed.
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Fig.2. Gene cluster result for 14 pathogenic Escherichia coli strains. The presence (Gray Square) and the absence (White Square)
of 83 virulence genes/traits are represented in the image. E. coli strains names are listed on the right. Gene names are listed

above the image.
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DISCUSSION

Several studies aimed to obtain virulence gene profiles in
order to define the APEC pathotype. Most of these studies
used multiplex PCR and focused on virulence genes loca-
lized mainly on the colicin V plasmid (Skyberg et al. 2003,
Ewers et al. 2005, Johnson et al. 2008a, Schouler et al.
2012). However, the high diversity encountered in E. coli
species difficult the use of a single set of virulence factors
for diagnosis (Schouler et al. 2012). For Brazilian APEC
strains, a recent study of our group, showed that the analy-
sis of several biological characteristics, such as adhesion
to eukaryotic cell cultures, pathogenicity levels according
to the lethal dose (50%) assay, phylogenetic groups and
virulence gene profiles, indicated that APEC strains could
be organized into a structured set of subgroups associated
with specific infectious syndromes (Maturana et al. 2011).
These finds demonstrated that APEC strains are very diver-
se and that the detection of specific genes is not sufficient
to define this group. Thus, a study involving MLST (Fig.1)
and analysis of a large set of virulence genes, including tho-
se found in human ExPEC and enteric strains (Fig.2) were
used to group the strains herein studied.

The phylogenetic tree, based on the seven housekeeping
genes analyzed (Fig.1), demonstrated that, although the di-
fferent E. coli pathotypes share some genomic similarities,
they are very diverse. In addition, these results show that
some strains from different origins have either identical or
similar housekeeping genes background, notwithstanding
their hosts. The virulence gene profiles (Fig.2), presented a
higher discriminatory power to differentiate the different E.
coli pathotypes than the phylogenetic tree, suggesting that
gene content appears to be more important in identifying
a determined pathotype than the evolutionary history. The
phylogenetic analysis, also demonstrated, as indicated by
the MLST study, that APEC strains are not a homogeneous
group. Thus, the phylogenetic tree and virulence gene pro-
files revealed that the strains are very diverse, corrobora-
ting previous works (Maturana et al. 2011, Schouler et al.
2012). For strain S17, a septicaemic Brazilian APEC, both
methodologies clearly showed that it has a closer genetic
similarity with strain H10407, a human ETEC strain. In
addition, Brazilian strains SEPT362 and SCI-07 shares ge-
netic similarities with human UPEC strains and a previous-
ly published APEC strain, APEC O1.

The virulence gene content analysis (Fig.2) displayed
a clear discrimination between enteric and EXPEC strains.
For ExPEC strains, several virulence factors were wides-
pread (ireA, cvaC, iucD, iss, traT, dotU and neu(), and three
genes could be found only in APEC strains (kor, mck and
tsh). Human ExPEC strains and APEC O1 were clustered
together considering both analyses, but these results were
expected since it is known that APEC 01 is indeed similar
to UPEC strains (Johnson et al. 2007). Moreover, genes pre-
sent only in enteric strains (yscN, cesD, nleH1, nleE, ssaC,
nleC, efal/lifA, nleB, nleF, yop, ler, escD and ent) may have
contributed to the formation of this EXPEC cluster.

The results demonstrated that APEC strains, with a clo-
ser genetic identity to human ExPEC strains, would repre-
sent potential zoonotic risks. Moreover, these data suggest

Pesq. Vet. Bras. 34(2):129-133, fevereiro 2014

the importance of core genomes and virulence genes analy-
ses. These virulence genes are frequently present in plas-
mids, in Pathogenic islands (PAIs) and other mobile genetic
elements. They are freely spread among bacterial genomes,
such a way that, specific genes can be preserved or not on
strains, depending on the challenges they face. These chal-
lenges include colonizing their different hosts, which may
also share similar receptors for the bacterial genes pro-
ducts. In this way, evolution would work on two different
directions: (1) favoring host-specific strains that could be
eradicated in case of a host change and (2) selecting host
unspecific strains, which would constitute reservoirs for
important virulence genes that would be preserved in the
environment. These last strains would have the potential to
represent zoonotic risks.
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