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Abstract

The aim of the study was to determine the
multilocus sequence types of Escherichia coli
from diseased farm rabbits and apparently
healthy wild lagomorphs, and the genetic relat-
edness among them. Fifty-five enteropatho-
genic E. coli from reared rabbits and 32 from
wild rabbits and hares were characterised by
multilocus sequence typing (MLST) according
to the Michigan State University EcMLST
scheme. Isolates were differentiated into 37
sequence types (STs), which were grouped
into 8 clonal complexes (CCs). The most com-
mon ST was ST140 (CC31), followed by ST238
and ST119 (CC17). MLST analysis revealed 22
novel STs. Phylogenetic analyses showed a
heterogeneous distribution of STs into 3 clus-
ters of genetically related strains. The genetic
relationship among STs of different origin and
the detection of new, as well as previously
described STs as human pathogens, indicate a
widespread distribution and adaptability of
particular lineages to different hosts. These
findings highlight the need for further
research to improve the knowledge about E.
coli populations colonising the gut of lago-
morphs and their zoonotic potential. 

Introduction

Escherichia coli are commensal bacteria
colonising the intestinal tract of a wide range
of animals and humans. However, some adapt-
ed clones are potentially pathogenic. These

clones are considered to be among the major
causes of gastrointestinal disease in humans
and are responsible for economic losses in the
animal farm industry worldwide (Dezfulian et
al., 2003; Kaper et al., 2004). 
Rabbits (Oryctolagus cuniculus) are one of

the most reared animals for meat production
in several countries; Italy is the leader country
within Europe (FAO, 2014). These animals are
highly susceptible to diseases, and enteric
infections (especially caused by E. coli) repre-
sent the most serious health problem in rabbit
farms (Blanco et al., 1996; Boullier and Milon,
2006; Agnoletti, 2012). Although E. coli natu-
rally colonises the guts of reared and wild lago-
morphs, rabbit enteropathogenic E. coli
strains (EPEC) are responsible for significant
economic losses in the rabbit meat industry,
mainly due to decreased growth, high mortality
rates and drug-related costs (Boullier and
Milon, 2006). 
Although the pathogenic strains circulating

in rabbit farms are a source of concern due to
their economic impact and their potential pub-
lic health implications, E. coli colonisation of
wild species is of interest as well. In addition to
the key ecological function affecting free-liv-
ing animals in different niches, wild rabbits
(Oryctologus cuniculus) may also play a role as
reservoirs of potentially zoonotic microorgan-
isms and therefore should be monitored
(Scaife et al., 2006; Silva et al., 2010).
European wild rabbits and hares (Lepus
europaeus europaeus) have great ecological
and economic value since they are key species
in Mediterranean ecosystems, important game
animal for sport hunting and are destined for
human consumption, despite the presence of
other free-living species (Delibes et al., 2008). 
To date, the genetic diversity of EPEC infect-

ing rabbits remains undefined. Moreover, little
is known about the genetic relationships and
host specificities among isolates from differ-
ent lagomorph populations. Specifically, it is
not clear whether particular genotypes exhibit
different abilities to colonise these animal
species. Over the last decade, the implementa-
tion of molecular biology techniques has pro-
vided useful methods, such as multilocus
sequence typing (MLST), to compare strains.
Recently, several authors have reported the
use of molecular typing methods to study E.
coli and have provided evidence for the crucial
role of some sequence types (STs) or clonal
complexes (CCs) in causing infection.
Furthermore, studies have demonstrated pos-
sible routes of transmission between animals
and humans (Bidet et al., 2007; Moura et al.,
2009; Platell et al., 2011). 
To the best of our knowledge no surveys

have been performed to determine the molec-
ular epidemiology of E. coli isolated from farm
rabbits and wild lagomorphs in Italy. Indeed,
reports characterising E. coli from these ani-
mal species are limited and usually restricted
to the analysis of sero/biotypes, antimicrobial-
resistance profiles and pathogenicity
(Agnoletti et al., 2004; Hassan and Al-Azeen,
2009; Poeta et al., 2010; Badagliacca et al.,
2012; Marinho et al., 2014). 
Based on these considerations, the aims of

the present work were: i) to determine the
multilocus sequence types of E. coli circulating
in diseased farm rabbits and apparently
healthy wild lagomorphs; and ii) to clarify the
phylogenetic relatedness among genotypes.

Materials and methods

E. coli strains analysed in this study were
isolated from the intestinal contents of reared
rabbits (O. cuniculus), wild rabbits (O. cunicu-
lus) and hares (Lepus europaeus europaeus)
monitored or hunted in northern Italy between
2006 and 2008. 
All strains were isolated using classical

microbiological standard procedures and were
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previously characterised by Dotto et al. (2014).
As shown in Table 1, further 16 E. coli strains
collected during the same period were added to
the 71 isolates previously characterised. All 55
clinical strains isolated from unrelated out-
breaks occurred in different Italian commer-
cial rabbit farms were categorised as EPEC for
the presence of the eae gene following the pro-
cedure described by Penteado et al. (2002),
whereas the 32 isolates from wild lagomorphs
were classified as commensals. All commensal
isolates were collected from apparently healthy
wild lagomorphs (15 strains from wild rabbits
and 17 from hares) hunted during the shoot-
ing season or tested during veterinary periodi-
cal monitoring programs to evaluate the clini-
cal conditions of free-living animals. 
Isolates were revitalised on nutrient agar

(OXOID, Basingstoke, UK), incubated aerobi-
cally overnight at 37°C, and processed for the
isolation of genomic DNA. Briefly, the cultures
were suspended in sterile water and boiled for
10 min. The supernatants containing DNA
were used as templates for molecular assays.
The strains were analysed by MLST as

described by the Michigan State University
EcMLST scheme
(h t tp : / /www.sh iga tox .ne t / e cmls t / cg i -
bin/index). PCR was performed using the
primers and the protocols specified on the
website. Amplicons were purified using the
PCR Cleanup Kit (Macherey-Nagel, Düren,
Germany) and both strands were sequenced
using the BigDye Terminator Cycle
Sequencing Kit v3.1 (Applied Biosystems,
Foster City, CA, USA), according to the manu-
facturer’s instructions. The reaction products
were separated and detected by capillary elec-
trophoresis using the ABI PRISM 3100 Genetic
Analyser (Applied Biosystems).
Raw nucleotide sequences were analysed

and assembled using ChromasPro v1.42
(Technelysium Pty Ltd, Tewantin, Australia).
The allelic profiles, STs and CCs were obtained
by submitting the allele sequences to the
EcMLST web site. Allele sequences and pro-
files, not previously reported, were assigned
with new allele numbers and STs by the cura-
tor of the database. Each isolate was assigned
a sequence type (ST) according to its allelic
profile.
The sequences from all 7 loci of each bacte-

rial strain were concatenated for phylogenetic
analysis. Then, the concatenated sequences
were aligned using the MAFFT algorithm of the
Guidance software (http://guidance.tau.
ac.il/ver2/). The phylogenetic trees were con-
structed using the Maximum Likelihood algo-
rithm with the RAxML 7.3.0 software, and
branch support was evaluated by performing

                                                                                   Genotyping of E.coli from lagomorphs

Figure 1. Dendrogram showing the genetic relationship among the 87 Escherichia coli
isolates and their clusters in three main groups (A, B and C). Each strain is described with
its identification number, animal source and sequence type. FR=farm rabbits; WR=wild
rabbits; H=hares. 
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1000 bootstrap replicates (Stamatakis, 2006).
To understand the epidemiological links and
the phylogenetic relationships among STs,
networks were constructed using the
goeBURST algorithm in the PHYLOVIZ soft-
ware (http://goeburst.phyloviz.net/). Strains of
different STs sharing at least 5 of the 7 alleles
were interpreted as belonging to the same
clonal complex (CC).

Results and discussion

E. coli isolates were differentiated into 37
different STs and grouped into 8 CCs (Table 1).
Out of 37 different STs (21 from farm rabbits,
8 from wild rabbits and 14 from hares), 16
were represented by more than 1 isolate,
whereas 21 were each represented by 1 strain.
Only 15 of the different profiles could be
retrieved from the MLST database, while 22
were new (ST1004 to ST1025) (Table 1).
Although most of the new STs were the result
of novel combinations of previously described
alleles, 5 (i.e. ST1018 to ST1021 and ST1025)
were new alleles differing by 1 nucleotide from
their respective counterparts in the nearest
STs. Of the 15 known STs (Table 1), ST140 was
the most commonly detected (8 from farm rab-
bits and 2 from hares), followed by ST238 (8
from farm rabbits and 1 from a wild rabbit),
ST119 (5 from farm rabbits and 3 from wild
rabbits), ST148 (3 from farm rabbits and 1
from a wild rabbit) and ST259 and ST461 with
2 strains each (ST259 from 1 farm rabbit and 1
hare; ST461 from 2 farm rabbits). The other 9
known STs were represented by 1 isolate and
were equally distributed among farm rabbits
and hares. The most common new allelic pro-
file (ST1014) was represented by 6 strains iso-
lated from wild rabbits, followed by ST1007 and
ST1006 (5 from farm rabbits and 4 and 3 from
farm rabbits, and 1 from a hare), ST1008 and
ST1019 (3 from hares and farm rabbits,
respectively) and ST1004, ST1011, ST1012,
ST1018 and ST1021 with 2 strains each, all iso-
lated from farmed rabbits. Conversely, the
remaining 12 new STs (i.e. ST1009, ST1010,
ST1013, ST1015-ST1016 and ST1022-ST1025
from wild animals and ST1005, ST1017 and
ST1020 from farm rabbits) were represented
by only 1 isolate. 
Novel STs were detected both in reared and

wild lagomorphs. Interestingly, in contrast
with the results described for the most preva-
lent profiles, most of the new STs represented
by more than 1 isolate seemed to be species-
specific (farm/wild rabbits or hares). Indeed,
except for ST1006 recognised in isolates from

both farm and wild rabbits, the other novel STs
were described in either reared or wild lago-
morphs. Therefore, novel STs may be geno-
types adapted to particular lagomorph popula-
tions. However, it cannot be excluded that the
high number of novel STs may be in part due
to the overall paucity of data available from
lagomorphs and to the collection of E. coli from
a previously unsampled geographic area.
Conversely, the predominant known STs
seemed to be associated with widely diffused
strains, especially (but not only) those isolated
from industrial farms. Therefore, the wide-
spread nature of the same STs as part of the
pathogenic and commensal population makes
difficult to determine whether there is any
association of these STs with infection in farm
rabbits or colonisation in wild lagomorphs.
Overall, the MLST analysis revealed a high

genetic heterogeneity. This diversity is indica-
tive of the complexity of the lagomorph enteric
population. These data are in accordance with
previous studies performed on isolates of
human and poultry origin, suggesting that a
broad variety of E. coli types are able to
colonise the animal gut as commensals or
cause disease in the same animal species
(Jaureguy et al., 2008; Dissanayake et al.,
2014). The high level of E. coli genetic diversi-
ty in isolates from free-living animals in com-
bination with the high ratio of novel STs may
be explained by the fact that these strains were
isolated from randomly captured animals. 

Although we observed diversity among iso-
lates, most belonged to 2 main clonal groups
(CC17 and CC31), indicating that these strains
tend to be phylogenetically related (Table 1,
Figure 1). Eight CCs were identified: CC17,
CC31, CC63, CC41 and CC 30, CC7, CC23 and
CC36. Overall, 30% of the isolates belonged to
CC17 (17/87; 19.5% from farm and wild rab-
bits) and CC31 (11/87; 12.6% from farm rabbits
and hares); however, most of the STs (26/37;
70.3%), and especially the novel profiles, were
not included into a CC. The identified CCs are
quite frequent among isolates of both animal
and human origin. Indeed, although only a few
studies are available, an analysis of the data
from strains already reported in the EcMLST
database (accessed June 2015) or included in
previous studies indicates that most of the iso-
lates belonging to CC17 and CC31 had a
human or a livestock origin (mainly cattle).
Only 2 STs (ST119 and ST238) were previously
isolated from rabbits, and most of them were
pathogens or related to clinical conditions
(Steinsland et al., 2010; Tennant et al., 2009).
Strains from other animal species were less
prevalent either in the EcMLST database and
in literature, and only few STs isolated from
diarrhoeic rabbits were described in other
studies (Moura et al., 2009; Steinsland et al.,
2010). Despite fragmentary, information from
the database suggests that most of the isolates
with previously known STs (especially those
belonging to CC17 and CC31) are globally
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Figure 2. Escherichia coli population structure. Clonal relationship among sequence types
and their animal sources. The animals from which the strains were isolated are marked
with different colours: red=farm rabbits; blue=wild rabbits; green=wild hares.
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widespread and able of colonising a wide
range of animal species, including humans. In
accordance with other studies, the identifica-
tion of closely related clones residing in differ-
ent hosts suggests that they might have no or
minimal host specificity (Moura et al., 2009;

Clermont et al., 2011). With the exception of
novel profiles, the limited data deposited in the
EcMLST database on E. coli from rabbits
makes difficult to determine the spread of
already known STs in farm rabbits or their role
as commensals in wild animals globally.

However, these findings suggest a potential
role of lagomorphs, mainly reared rabbits, as
reservoirs of zoonotic bacteria. However, fur-
ther studies should be conducted to ascertain
this hypothesis. The phylogenetic tree of the
87 E. coli isolates constructed with the con-
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Table 1. Animal species, year of isolation, geographical origin, allelic profiles, sequence types and clonal complexes of Escherichia coli
isolated from farm rabbits, wild rabbits and hares sampled in Lombardy, Veneto and Piedmont in the period between 2006-2008. 

Animal species           Year                 Origin            Number of                                                                          Allelic profile                                                       ST         CC
                                                                                      E. coli strains         aspC          clpX       fadD        icdA            lysP              mdh               uidA                                  

FR                              2006-2007                P/L                        8                        7                 5              2              2                  1                   13                     1                     140         31
FR                              2006-2007              V/L/P                       8                       66               63             2              2                  1                    2                      2                     238         17
FR                              2006-2007                V/L                        5                        4                 2              2              2                  1                    2                      2                     119         17
FR                                  2006                       L                          5                       66                2              2              2                  1                    2                      2                  1007^       na
FR                                  2007                       L                          3                        4                 5              2              4                  1                    5                      1                     148         63
FR                              2006-2007                  L                          3                        5                93             2             50                 1                    2                     81                 1006^       na
FR                              2006-2007                  L                          3                       87               87            10            74                 4          190*

G>>A(126)                    
7                  1019^       na

FR                                  2007                       L                          2                        5                 5              2             30                 1                    8                      1                     461         41
FR                                  2006                       L                          2                       39                5              2              2                  1                   13                     1                  1004^       na
FR                              2006-2007                  L                          2                       21               33           163           36                 4                   11                     7                  1011^       na
FR                                  2006                     V/L                        2                        5                 5              2              2                  1                    5                      1                  1012^       na
FR                              2006-2007                V/L                        2                       66                2              2              2                  1          189*

C>>T(512)                    
2                  1018^       na

FR                              2007-2008                V/L                        2                       66                2              2              2                  1                    2            253*
G>>A(313)              

1021^       na
FR                                  2006                       L                          1                        5                 6             13            25                 1                    8                      1                     134         30
FR                                  2006                       L                          1                       87               87            10            74                 4                   11                     7                     259         na
FR                                  2006                       V                          1                       85               33            10            74                17                  35                   115                  317         na
FR                                  2006                       L                          1                        4                58            77            38                 1                   13                    84                   855         na
FR                                  2008                       L                          1                       72              136          216           85               118                178                 234                  857         na
FR                                  2006                       L                          1                      119             132           29            77                18                   4                    102                1005^       na
FR                                  2007                       L                          1                      105               2              2             77                 2                   20                    40                 1017^       na
FR                                  2006                       L                          1                       87              87           10            74               4        190* 

G>>A(126)               
102               1020^       na

WR                                 2006                       L                          6                      119             132           29            77                51                 124                 102                1014^       na
WR                                 2006                       L                          3                        4                 2              2              2                  1                    2                      2                     119         17
WR                                 2006                       L                          1                        4                 5              2              4                  1                    5                      1                     148         63
WR                                 2006                       L                          1                       66               63             2              2                  1                    2                      2                     238         17
WR                                 2006                       L                          1                        5                93             2             50                 1                    2                     81                 1006^       na
WR                                 2006                       L                          1                        4                63            10             2                  1                    2                      2                  1013^       na
WR                                 2006                       L                          1                        4                 2              2              2                  1                  124                    2                  1015^       na
WR                                 2006                       L                          1                        4                 6              2              2                  1                   13                     1                  1016^       na
H                                    2006                       L                          3                       21               50            10           195                4                   11                    25                 1008^       na
H                                    2006                       L                          2                        7                 5              2              2                  1                   13                     1                     140         31
H                                    2006                       L                          1                        9                11            10            10                 4                   11                    10                    23           7
H                                     2006                       L                          1                        5                 5              5              2                  1                    5                      1                     144         36
H                                    2006                       L                          1                        5                 5              2              2                  1                   13                    23                   145         31
H                                    2006                       L                          1                        3                 3              1              1                  1                    1                      1                     171         23
H                                    2006                       L                          1                       87               87            10            74                 4                   11                     7                     259         na
H                                    2006                       L                          1                       25               29            55           135               39                  54                    31                   690         31
H                                    2006                       L                          1                       32                5              5              2                  1                    5                     84                 1009^       na
H                                    2006                       L                          1                        7                87             2              2                  1                   13                     1                  1010^       na
H                                    2006                       L                          1                       87               87            10            36                 4                   13                     7                  1022^        v
H                                     2006                       L                          1                       32                5              5              2                  1                    5                     23                 1023^       na
H                                    2006                       L                          1                        7                 5              2              4                  1                   13                     1                  1024^       na
H                                    2006                       L                          1                      119             132           29   198* 

C>>A (450)           
18                 124                 102                1025^       na

ST, sequence types; CC, clonal complexes; FR, farm rabbits; P, Piedmont; L, Lombardy; V, Veneto; na, not available; WR, wild rabbits; H, hares. *Description of nucleotide substitutions and their position
in the sequenced portion of the new alleles; ^STs described for the first time in this study.
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catenated sequences of the 7 conserved house-
keeping genes is shown in Figure 1. The phy-
logenetic analysis grouped the strains into 3
main clusters (A, B and C). Most of the isolates
(62/87; 71.3%) were grouped into cluster C,
whereas the remaining 25 isolates grouped
into clusters A (16/87; 18.4%) and B (9/87;
10.4%). Cluster A included strains isolated
from farm rabbits (n=9) and hares (n=7),
whereas none was from wild rabbits. The
smallest group (cluster B) comprised only 9
strains, most of which (6/9 strains) isolated
from wild rabbits (ST1014). Out of the 3
remaining strains, 2 were isolated from reared
rabbits and 1 from a hare. Forty-four EPEC iso-
lated from diseased farm rabbits were grouped
into cluster C, especially those belonging to
CC31, the closely related isolates of CC17
(ST119 and ST238) and the new ST1007.
Altogether, these strains formed the most rep-
resentative sub-group of cluster C. However,
the same cluster included also strains from
free-living animals, which shared mostly the
same STs as the reared rabbits described
above.
The heterogeneity of isolates was confirmed

by the goeBURST analysis (Figure 2), accord-
ing to the constructed phylogenetic tree. These
analyses were performed to identify CCs,
which are groups of closely related genotypes
sharing 5 loci with at least one other ST and
probably descending from a common ancestor.
As shown in Figure 2, most of the strains
belonged to 2 relevant CCs (CC17 and CC31),
including a grouping of the most common STs
(ST119, ST238, and ST140). Interestingly,
some novel STs may have a common origin
with those assigned to the prevalent CCs, as
shown by the phylogenetic tree (Figure 1). As
shown in Figures 1 and 2, some strains isolat-
ed from healthy wild animals represented the
same strains (i.e. ST119, ST140, ST148, ST238
and ST259) or revealed a close relationship
with EPEC from reared animals. Based on
these data, these strains and pathotypes may
have evolved via either the loss or acquisition
of virulence factors, but these events cannot be
detected by MLST analysis of small fragments
of conserved genes (Moura et al., 2009) and
therefore further studies are necessary. In
accordance with other studies, it is not unusu-
al to find genetic diversity within strains of a
similar ST, mainly due to rearrangements,
recombination events or point mutations
occurring along the genome and common in E.
coli (Hao et al., 2012; Croxen et al., 2013).
Indeed, it is well established that the acquisi-
tion of new genes, together with gene loss,
may favour the adaptability of pathogens in
particular hosts (Croxen et al., 2013). 

Conclusions

This is the first study reporting the multilo-
cus sequence types of E. coli isolated from
domestic and wild lagomorphs, and new host-
adapted strains together with widespread line-
ages were identified. This finding is of great
value since it confirms the high adaptability of
E. coli to various niches and its ability to cross
the host barriers. However, further studies are
needed to improve the knowledge about E. coli
populations colonising the domestic and wild
lagomorphs and their zoonotic potential. 
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