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Our understanding of the composition of Escherichia coli populations in wild boars is very limited. In order
to obtain insight into the E. coli microflora of wild boars, we studied E. coli isolates from the jejunums, ileums,
and colons of 21 wild boars hunted in five geographic locations in Germany. Ten isolates per section were
subjected to clonal determination using pulsed-field gel electrophoresis. One representative isolate per clone
was further investigated for virulence traits, phylogenetic affiliation, and antimicrobial susceptibility. Macro-
restriction analysis of 620 isolates revealed a range of clone diversity among the sections and animals, with up
to 9 and 16 different clones per section and animal, respectively. Most of the clones for a given animal were
shared between two adjacent intestinal sections. The overall highest clonal diversity was observed within the
colon. While the astA gene was present in a large number of clones, other virulence genes and hemolytic ability
were detected only sporadically. Clones of all four ECOR groups dominated the intestinal sections. Phyloge-
netic analysis and the occurrence of virulence genes correlated with the isolation frequencies for clones. All E.
coli clones from wild boars were susceptible to all antimicrobial agents tested. In conclusion, though several
parameters (including an animal-specific and highly diverse E. coli clone composition, the simultaneous
occurrence of single clones in two adjacent intestinal sections of a given animal, and a higher E. coli diversity
in the large intestine than in the small intestine) of E. coli populations of wild boars were similar to those of
previously described E. coli populations of conventionally reared domestic pigs, our data also indicate possible
differences, as seen for the E. coli diversity in the large intestine, the occurrence of certain virulence genes and
phylogenetic groups, and antimicrobial susceptibilities.

Escherichia coli is a very versatile bacterium, and E. coli
strains can be grouped into nonpathogenic (commensal) and
pathogenic strains; the latter cause intestinal or extraintestinal
diseases (19, 32). Pathogenic E. coli strains which express vir-
ulence genes can colonize the gut and cause gastrointestinal
disorders as well as intoxications (19, 26). Several E. coli patho-
types, such as Shiga toxin-producing E. coli, are responsible for
major economic losses in the pig industry (41). Commensal E.
coli strains are by definition members of the gastrointestinal
autochthonous flora of most mammalian hosts (14) and are
considered to maintain the physiological milieu of the gut, to
support digestion, and to provide defense mechanisms against
enteric pathogens.

The characterization of intestinal E. coli strains with respect
to diversity, virulence trait profiles, phylogenetic affiliations,
and antibiotic resistance provides important information about
the health status of the harboring host and the risks for devel-
opment of diseases, transmission of pathogens, or resistance to
antibiotic treatment. Data from domestic pigs (Sus scrofa do-

mestica) showed that E. coli populations are highly dynamic
and individual (20, 36). In contrast to pathogenic E. coli strains,
which typically carry certain virulence gene patterns associated
with specific pathotypes (13), commensal E. coli strains rarely
contain virulence genes (6). However, in several cases com-
mensal porcine E. coli strains have also been reported to har-
bor a broad range of virulence-associated genes (35, 37, 40),
and it is not known why the strains from clinically healthy
domestic pigs possess such virulence trait genes.

Based on the E. coli reference collection (ECOR), E. coli
strains can be classified into four main phylogenetic groups,
each correlating with certain pathotypes. In studies of intesti-
nal E. coli strains, the majority of commensal E. coli strains
were shown to be members of ECOR groups A and B1,
whereas pathogenic E. coli strains belonged to ECOR groups
A and D. ECOR group B2 strains were in general very rarely
found in the porcine intestine (2, 7, 11, 44). In contrast, non-
porcine extraintestinal pathogenic E. coli (ExPEC) strains have
been shown to be predominantly ECOR group B2 (3, 12, 18).
Recently, Dixit and colleagues (11) demonstrated that specific
ECOR groups colonized specific intestinal sections of domes-
tic pigs.

The occurrence of antibiotic resistance in E. coli strains in
domestic pigs is clearly connected to the use of antibiotics in
pig production (22). Due to this application, pathogenic as well
as commensal E. coli strains developed resistance. Commensal
strains might serve as donors of antibiotic resistance genes to
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pathogenic E. coli (4, 5). This process of occurrence and trans-
mission of antimicrobial resistance is of importance for general
animal health.

In contrast to data about the E. coli microflora from con-
ventionally reared domestic pigs, data for the E. coli microflora
from wild boars (Sus scrofa) are not available. The main ob-
jectives of this study were to analyze the E. coli microflora of
wild boars with respect to their diversity and phylogenetic
affiliations, possession of selected virulence genes, and antimi-
crobial resistance. The data generated will provide basic infor-
mation about the diversity and composition of E. coli popula-
tions within the intestine of the ancestor of our domestic pigs.
Additionally, such data will help in our understanding of the
evolution of commensal E. coli strains in domestic pigs due to
conventional production practices.

MATERIALS AND METHODS

Sampling of digesta specimens from wild boars. In the fall of 2004, 2005, and
2006, five hunts for wild boars in different regions in Brandenburg and Saxony,
Germany, were attended. These regions have not been reported to suffer from
recent epidemics in wild boar populations. Additionally, epidemiological surveys
of the hunters from that region did not reveal any reports of diseased wild boars.
Immediately after killing of the animals, which did not show any suspicious
appearance or behavior before being killed, the intestine sections (jejunum,
ileum, and colon) were removed as described elsewhere (37), transported on ice,
and further processed within 3 h. The ages of the animals were estimated
according to their tooth development.

Isolation of E. coli strains from intestinal sections. Serial dilutions of digesta
specimens were plated on MacConkey agar plates (Oxoid, Hampshire, United
Kingdom) and incubated for 18 h at 37°C. Ten pink colonies per specimen (each
representing a single isolate) were randomly chosen and streaked onto Chroma-
gar orientation plates (Chromagar, Paris, France) and Gassner agar plates (Sifin,
Berlin, Germany). They were assumed to be E. coli isolates when the colonies
showed a typical pink color on Chromagar orientation and a blue/green color on
Gassner agar plates after incubation at 37°C for 24 h. After macrorestriction
analysis of the E. coli isolates, each clone was verified as E. coli using standard
methods (42). The ability to hemolyse blood was tested after inoculation of the
strains on Columbia agar plates (BD Difco, Heidelberg, Germany) containing
5% sheep erythrocytes after culture at 37°C for 24 h.

Ten pink colonies isolated from serial dilutions of individual digesta specimens
(except for one animal, where only four E. coli colonies were isolated from the
jejunum) were verified as E. coli. According to recent studies only 10 bacterial
isolates are required to determine the most common clones in fecal samples, with
a 90% chance of detection of a clone which has a frequency of at least 20% in a
sample (38). E. coli isolates were assigned to clones based on macrorestriction
analysis and preserved for further analysis. Four E. coli isolates initially derived
from one wild boar each could not be recovered after storage and had to be
removed from our study.

Assignment of individual E. coli clones and their phylogenetic affiliation. To
assign individual E. coli isolates to clones, we used pulsed-field gel electrophore-
sis (PFGE) as previously described (24). Bacteria were grown in LB medium
overnight and adjusted to an optical density at 600 nm of 1.4. Samples (1.5 ml)
were centrifuged and washed by resuspension twice in phosphate-buffered saline.
The bacterial solutions were embedded in 1.2% pulsed-field-certified agarose
(Bio-Rad, Munich, Germany) in TE buffer (10 mM Tris-HCl, 10 mM EDTA, pH
7.5). The solidified agar blocks were incubated for 24 h with proteinase K (Roth,
Karlsruhe, Germany) in ESP buffer (500 mM EDTA, 1% sarcosyl, pH 9.5) and
washed three times for 1.5 h each with TE buffer. Bacterial DNA was digested
with 20 U XbaI at 37°C overnight. The digested blocks were embedded in a 1.2%
pulsed-field-certified agarose gel, and DNA fragments were separated for 22 h at
6 V and 50 Hz and examined by ethidium bromide staining. If the XbaI digest
failed, NotI was used instead. If both digests failed, we applied randomly am-
plified polymorphic DNA PCR (RAPD-PCR) for determination of clonal diver-
sity. The primers used for RAPD-PCR were RAPD1 (5�-GGTGCGGGAA-3�),
RAPD2 (5�-GTTTCGCTCC-3�), and RAPD4 (5�-AAGAGCCCGT-3�). PCR
conditions consisted of denaturation for 5 min at 95°C followed by 45 cycles of
95°C for 1 min, 36°C for 1 min, and 72°C for 2 min and a final extension at 72°C
for 10 min. The phylogenetic affiliations of the E. coli clones with respect to the

ECOR groups (15) were determined by using a PCR technique described else-
where (9).

Virulence gene determinations using PCR. One representative isolate of each
E. coli clone was tested for the occurrence of selected virulence genes. The
selected virulence genes typical for porcine pathogenic E. coli strains were stx2e

(coding for Shiga toxin 2e); faeG, fanA, fasA, fedA, and fimF41a (coding for
fimbriae F4, F5, F6, F18, and F41, respectively); est-Ia and est-II (coding for
heat-stable enterotoxins I and II, respectively); eltB-Ip (coding for heat-labile
enterotoxin I), paa (coding for porcine adherence factor); aida-I (coding for
adhesin involved in diffuse adhesion I), astA (coding for the heat-stable cytotoxin
associated with enteroaggregative E. coli); and sepA (gene A coding for secretion
of E. coli proteins). PCR was performed as previously described (6; B. T. Bos-
worth and T. A. Casey, presented at the 97th General Meeting of the American
Society for Microbiology, Miami Beach, FL, 4 to 8 May 1997).

Antimicrobial susceptibility testing. Forty-two E. coli clones from wild boars
were tested for susceptibility to the following antimicrobial agents by the mi-
crodilution broth method as recommended by the Clinical and Laboratory Stan-
dards Institute (10, 27) (breakpoints for resistance are indicated in parentheses):
ampicillin (�32 �g/ml), amoxicillin-clavulanic acid (�32/16 �g/ml), cefquinome
(no breakpoint available), ceftiofur (no breakpoint available), cefalotin (�32
�g/ml), cefazolin (�32 �g/ml), chloramphenicol (�32 �g/ml), enrofloxacin (no
breakpoint available), gentamicin (�16 �g/ml), neomycin (�32 �g/ml) (25),
spectinomycin (no breakpoint available), streptomycin (no breakpoint available),
tetracycline (�16 �g/ml), and trimethoprim-sulfamethoxazole (�4/76 �g/ml).
Although there were no breakpoints available for spectinomycin and streptomy-
cin, for further analysis we defined E. coli as resistant to these antimicrobial
agents if the MIC of spectinomycin for the E. coli isolate was �128 �g/ml and if
that of streptomycin was �64 �g/ml. We assumed that these serum concentra-
tions cannot be clinically achieved in pigs. Despite the fact that E. coli is naturally
resistant to penicillin and spiramycin, we also included these antibiotics in our
study to detect possible differences in the MICs between E. coli isolates from
domestic and feral pigs. To perform the tests, commercially acquired microtiter
plates (Sensititre; MCS Diagnostics, United Kingdom) were used. The suscep-
tible E. coli population included all E. coli clones which had a MIC lower than
the breakpoint or were defined as nonresistant in this study (see above for the
description for spectinomycin and streptomycin). Additionally, as the tested E.
coli clones from wild boars were susceptible to the tested antimicrobial sub-
stances (except for the natural resistance to penicillin and spiramycin), we com-
pared MICs for these E. coli clones to MICs for susceptible E. coli clones isolated
from intestinal sections of healthy domestic piglets (36, 37). These domestic
piglets and their dams were not treated with antibiotics during and at least 3
months prior to the sampling period. E. coli clones from domestic piglets were
therefore defined to be commensal E. coli clones in our study; they were isolated
from weaning piglets (average age, 51 days) and comprised clones similar to the
dominant E. coli clones from wild boars as well as minor clones. As the prevailing
commensal E. coli strains of domestic pigs do carry antimicrobial resistance (up
to 97% of all strains of one pig population) (references 1, 16, and 39 and our
unpublished data) and thus it was impossible in practice to isolate comparable
numbers of E. coli clones susceptible to all antimicrobial substances from a
domestic pig population, we decided to use the following procedure. One isolate
of each of 49 intestinal E. coli clones from domestic piglets was initially tested for
antimicrobial susceptibilities, which was done in parallel to the testing of wild
boar E. coli clones. If one E. coli clone was resistant to one antimicrobial
substance, then the MIC from this clone for this substance was excluded but
MICs from this clone for all other substances were included for further statistical
analysis.

Evaluation of PFGE profiles, statistical analysis, and definitions. Interpreta-
tion of PFGE profiles regarding similarity scores was performed using Bionu-
merics software (Applied Maths, Belgium) with the unweighted-pair group
method using average linkages method, and Dice similarity indices (complete
linkage; optimization, 1%; position tolerance, 1.3%) (Applied Maths, Belgium)
were calculated. For statistical analysis of numerical parameters, nonparametric
statistical tests were applied using Statgraphics Centurion XV (Statpoint Inc.,
VA). The Kruskal-Wallis test was applied for comparison of three or more
groups and the Mann-Whitney U test for comparison of two groups. Associations
between categorical variables were tested by the application of the chi-square
test implemented in Microsoft Office Excel 2003. For all analysis, the significance
level of � � 0.05 was applied.

Each E. coli colony as detected after initial screening on MacConkey agar
plates was regarded as an individual isolate. A clone was defined as an E. coli
group of isolates with a specific macrorestriction enzyme/RAPD-PCR pattern,
whereas two clones differed by more than one band. The diversity of the coliform
bacteria was measured as explained in detail by Katouli et al. (21) with Simpson’s
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index of diversity (Di) (17, 21). This calculation enables comparison of diversities
of populations with different numbers of isolates. A dominant clone was defined
as a clone which represented �50% of typed isolates in one sample, and a minor
clone was defined as a clone which represented �10% of typed isolates in one
sample (38).

RESULTS

Wild boar sampling. Twenty-one wild boars, which were
killed between 2004 and 2006 in the states of Brandenburg and
Saxony, Germany, were the subjects of this study. All boars
were clinically healthy according to the postmortem observa-
tions, and the contents and the mucosa of their gastrointestinal
tracts did not indicate any abnormalities. The ages of the wild
boars were estimated to be 7 to 21 months.

Determination of clonal diversity. Thirty E. coli isolates
from each wild boar (10 isolates per intestinal section) were
analyzed by macrorestriction and PFGE or RAPD-PCR for
determination of clonal diversity. The total number of clones
identified from all 21 wild boars was 108. On average, 5.1 � 3.5
different E. coli clones per wild boar were detected in the
digesta specimens, with 2.2 � 1.5, 2.2 � 1.4, and 3.0 � 2.0
clones on average in the jejunum, ileum, and colon, respec-
tively. However, the differences in average clone numbers ob-
served between the different intestinal sections were not sig-
nificant. The number of total clones per animal varied from 1
(boars 9 and 10) to 16 (boar 7) (Table 1).

The diversity index describes the uniformity of distribution
of clones in one sample; e.g., if only one clone appears in an
intestinal section, the diversity index is zero. Diversity in the
jejunum (Di � 0.32 � 0.32) and in the ileum (Di � 0.34 �
0.31) was not significantly different from that in the colon
(Di � 0.44 � 0.36). Totals of 51.1% and 36.1% of the clones
isolated from the jejunum were also found in the ileum and
colon, respectively, while 52% of clones isolated from the
ileum were also found in the colon section. Together, 37% of
clones isolated from the small intestine were also found in the
large intestine (Table 1).

Virulence gene profiles and phylogenetic affiliation. Since
the ability to hemolyse erythrocytes is often linked with viru-
lence in E. coli, the hemolytic ability of the clones was tested on
Columbia agar containing sheep erythrocytes. Only one clone
isolated from the jejunum of boar 11 showed hemolytic activ-

ity. We screened the clones for virulence genes typical for
porcine pathogenic E. coli using PCR techniques. Clones were
positive for the following genes: est-II (1.0% from all clones;
one clone in one animal), eltB-Ip (2.9%; three clones in two
animals), paa (2.9%; three clones in three animals), aida-I
(4.8%; five clones in five animals), and astA (45.2%; 47 clones
in 19 animals) (Table 2; see Fig. S1 in the supplemental ma-
terial). Clones carrying either paa, aida-I, or astA could be
found in all three intestinal sections. While clones carrying
astA or aida-I were able to dominate an intestinal section,
clones harboring the est-II and eltB-Ip genes were always minor
clones. Up to seven different clones per animal were virulence
gene positive. Different combinations of the virulence genes,
i.e., astA plus eltB-Ip, astA plus aida-I, astA plus est-II plus
eltB-Ip, and eltB-Ip plus paa, were observed.

All E. coli clones were assigned to one of the four ECOR
groups using PCR, but two clones were excluded from these
studies because their PCR results gave conflicting information.
Possible correlations between ECOR groups, intestinal sec-
tions, virulence genes, and isolation frequencies were also an-
alyzed. Clones of each of the four ECOR groups were found
throughout the intestinal sections. In the jejunum 38.6% of the
clones belonged to ECOR group B2, followed by ECOR
groups A (31.8%), D (18.2%), and B1 (11.4%). This distribu-
tion was similar in the ileum (B2, 35.4%; A, 27.1%; D, 27.1%;
and B1, 10.4%). In contrast, the colon section showed a more
equal distribution of the ECOR groups (B2, 25.9%; A, 22.4%;
D, 25.9%; and B1, 25.9%). Members of a single ECOR group
were able to dominate an intestinal section (see Fig. S2 in the
supplemental material). In two animals only ECOR group A
members and in two animals only ECOR group B2 members
were detected. ECOR group B2 members carried fewer viru-
lence genes (35.7% of all clones carried at least one virulence
gene) than group B1 (52.2%), group D (54.5%), and group A
(75%) members, but such differences were again not signifi-
cant. Statistically significant differences (P � 0.05) were ob-
served for astA, for which 17.9% of ECOR group B2 members
were positive compared to 39.1% of group B1, 54.5% of group
D, and 75% of group A members. Other correlations were not
considered due to the low abundance of the investigated viru-
lence genes.

The isolation frequency was highest for ECOR group A

TABLE 1. Numbers of E. coli clones in different intestinal sections from wild boars

Intestinal section
No. of clones from wild boar no.:

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

Jejunum 2 1 1 2 2 1 3 2 1 1 6 5 1 4 2 1 3 4 1 1 2
Also in ileum only 1 0 0 0 0 1 0 1 0 0 1 1 0 0 1 0 0 1 0 1 0
Also in colon only 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
Also in ileum and

colon
0 1 1 0 0 0 0 1 1 1 1 2 1 0 1 1 0 1 1 0 1

Ileum 1 2 1 3 2 1 4 2 1 1 2 5 4 2 2 2 1 6 2 2 1
Also in colon 0 1 1 1 1 0 0 1 1 1 1 2 3 0 1 2 1 3 1 1 1

Colon 2 2 4 4 5 4 9 5 1 1 1 2 6 3 2 3 1 3 1 1 3

Total 3 2 4 7 8 5 16 6 1 1 7 7 7 9 3 3 4 8 2 3 3
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clones (an average of 7.6 isolates per clone were isolated from
one animal), followed by ECOR group B2 clones (6.3 isolates
per clone), ECOR group D clones (5.4 isolates per clone), and
ECOR group B1 clones (2.9 isolates per clone). Differences in
the isolation frequencies between ECOR groups A and B1
were significant (P � 0.05). Details for each ECOR group and
for the virulence gene astA are shown in Table 3. Irrespective
of the phylogenetic affiliation, the average number of isolates
per animal presenting a virulence gene-harboring clone was
significantly higher (mean of 7.1 � 8.0 isolates from one clone
per animal; median, 5; minimum, 1; maximum, 30) than the
number of isolates per clone without virulence genes (mean,
4.8 � 6.2; median, 2; minimum, 1; maximum, 23) (P � 0.05).

Antimicrobial susceptibilities of E. coli clones from wild
boars and comparison to susceptible E. coli clones from clin-
ically healthy domestic piglets. All E. coli clones from wild
boars were susceptible to the tested antimicrobials. We further

compared the susceptibilities of representative wild boar E.
coli clones (n � 42) and susceptible E. coli clones from healthy
domestic piglets (n � 49). The isolation strategies used for E.
coli from both groups were similar (37), and susceptibility was
tested in parallel. E. coli clones from wild boars were more
sensitive than the susceptible E. coli population from domestic
piglets for amoxicillin-clavulanic acid (P � 0.005), cefquinome
(P � 0.05), penicillin (P � 0.005), spectinomycin (P � 0.0005),
streptomycin (P � 0.05), and trimethoprim-sulfamethoxazole
(P � 0.001), and susceptibilities tended to be higher for spira-
mycin (P � 0.061) and enrofloxacin (P � 0.077). Susceptibili-
ties were not different for ampicillin (P � 0.518), cefalothin (P
� 0.559), cefazolin (P � 0.152), ceftiofur (P � 0.255), chlor-
amphenicol (P � 0.932), neomycin (P � 0.944), tetracycline (P
� 0.693), and gentamicin (P � 0.865) (Fig. 1).

PFGE patterns of wild-boar-specific E. coli clones from this
study and clones isolated from clinically healthy domestic pigs

TABLE 2. Diversity and distribution of virulence genes of E. coli colonies from wild boarsa

Wild boar
no. Intestinal section Clone/virulence

factor gene profile
No. of
isolates

Wild boar
no. Intestinal section Clone/virulence

factor gene profile
No. of
isolates

6b Jejunum astA 10
14g Jejunum astA 6

Ileum astA 10 0 1
astA 1

Colonc astA 5 astA 2
astA 2
0 1 Ileum astA 2
0 1 astA 8

Colon 0 5
7d Jejunum astA 7 astA 4

eltB-Ip, paa 1 astA 1
0 1
astA 1e

17h Jejunum astA 3
Ileum astA 1e aida-I 5

0 7 0 2
astA, est-II, eltB-Ip 1
astA 1 Ileum 0 10

Colon 0 2 Colon 0 10
0 1
0 1
0 1 18i Jejunum astA 2e

0 1 0 3e

0 1 astA 5
0 1
0 1 Ileum astA 2e

0 1 0 2e

paa 2
0 2

9f Jejunum astA 10e astA 1
astA 1

Ileum astA 10e

Colon astA 1e

Colon astA 10e paa 4
0 5

a Data from six representative animals are shown.
b Wild boar showing the highest diversity in the colon.
c One E. coli isolate initially derived from this wild boar was not recovered after storage.
d Wild boar harboring the highest diversity with respect to clone numbers isolated.
e This clone was also found in other intestinal sections of this animal.
f Wild boar harboring a single clone in all three intestinal sections.
g Wild boar harboring the largest numbers of virulence gene-positive clones.
h Wild boar showing the highest diversity in the jejunum.
i Wild boar showing the highest diversity in the ileum.
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(100 clones from other studies [36, 37]) were compared. How-
ever, this analysis did not yield separate clusters for each ani-
mal group (see Fig. S3 in the supplemental material).

DISCUSSION

The first domestication of pigs started in the Near East
about 9,000 years ago, while recent data suggest several centers
of domestication of pigs later on. Thus, the ancestor of the
European domestic pig population is the European wild boar,
and interestingly, central Europe (especially Germany) was a
center of pig domestication (23). Therefore, knowledge about
the commensal intestinal bacterial flora of wild boars might be
important for comparison with data generated from domestic
pigs for two reasons: to monitor the processes of adaptation of
intestinal bacteria to the host and its environment and to mon-
itor the flow of bacterial strains between livestock production
systems and the environment.

Parameters such as diversity, virulence gene profiles, phylo-
genetic analysis, and antimicrobial resistance provide impor-
tant information about individual intestinal E. coli populations
and possible correlations to health, diseases, and disease treat-
ment strategies. In contrast to data from the intestinal E. coli
microflora of conventionally reared domestic pigs, data from
E. coli strains of wild boars are currently not available. In this
study, we therefore characterized the intestinal E. coli micro-
flora of three different intestinal sections from 21 wild boars.
Although these data reflect only a limited number of wild

boars, we compared these data with published data from con-
ventionally reared, clinically healthy domestic pigs.

The overall E. coli microflora from wild boars was clearly
individual and diverse. A broad variety of E. coli clones were
able to simultaneously colonize a single animal, while many of
these clones could be found in at least two different intestinal
sections. The E. coli diversity in the large intestine was on
average higher than that in the small intestine, as also seen in
domestic pigs (37). However, the diversity of E. coli clones
from colonic samples was lower in samples from wild boars
than in colonic or fecal samples from domestic pigs. This ob-
servation was even more prominent when the wild boars of this
study which were estimated to be older than 7 months were
compared to adult pigs (Table 4), since E. coli diversity in adult
swine seems to be higher than diversity in young piglets (20,
36). In this context it should be mentioned that two wild boars
harbored only one dominant clone in all three intestinal sec-
tions investigated, a phenomenon which so far has not been
reported for domestic pigs. A reason for the higher E. coli
diversity in conventionally reared domestic pigs could be the
fact that in conventional pig production large numbers of an-
imals are housed together at high density, which favors the
constant exchange of intestinal bacteria within individuals of
the population. This process seems to be more likely than a
possible reduction of the diversity as a result of the extremely
controlled environment of modern pig production, with
shielded long-range animal housing and clearly defined food
and drug management leading to a tremendous restriction of
the E. coli exchange from outside and permanent selection
pressure due to constant feeding and medication.

By screening E. coli clones for virulence genes, we found
clones positive for est-II, eltB-Ip, paa, aida-I, and astA, which
was the most common virulence trait. Of these clones, several
E. coli clones harbored different virulence gene patterns, but
none resembled a typical porcine pathogenic E. coli (13). Thus,
even considering our small number of animals, virulence gene-
positive E. coli clones seem to be common in the wild boar
population. If one clone, independent of the phylogenetic or-
igin, was virulence gene positive, then this clone was detected
in more isolates than virulence gene-negative clones, indicating
the possible role of virulence genes in colonization of the
intestine or selection. Such a possible role of virulence genes in
the intestinal colonization would also explain the occurrence of
high numbers of virulence gene-positive E. coli clones in the
intestines of clinically healthy, conventionally reared pigs and
was previously also shown for ExPEC-typical virulence-associ-
ated genes of porcine E. coli clones (35–37, 40).

The occurrence of the astA gene in 45.2% of the clones from
wild boars is substantially higher than that reported in different
studies for E. coli isolates from diarrheic as well as clinical
healthy domestic pigs (2, 6, 7, 8, 44). Enteroaggregative E. coli
heat-stable enterotoxin 1 (EAST1), which is encoded by the
gene astA, was first described for enteroaggregative E. coli, an
organism associated with persistent diarrhea in children. This
gene was later found to be present in enterohemorrhagic E.
coli, enterotoxigenic E. coli, enteropathogenic E. coli, and com-
mensal E. coli (33, 34). However, the importance of the broad
distribution of astA in E. coli clones from wild boars requires
further clarification.

It has been proposed that the phylogenetic affiliation indi-

TABLE 3. Correlations between ECOR groups and virulence genes
and frequency of isolation of clones

ECOR group
and virulence

gene status
(no. of

clones)a

Isolation frequencyb

Mean SD Median Minimum Maximum

A
� (21) 9.1 10.0 5 1 30
� (7) 3.0 3.0 2 1 9
astA (21)c 9.1 10.0 5 1 30

B1
� (12) 4.2 3.4 2.5 1 10
� (11) 1.5 1.0 1 1 4
astA (9) 4.2 3.9 2 1 10

B2
� (10) 8.3 8.1 5.5 1 28
� (19) 6.6 7.7 2 1 21
astA (5) 12.2 10.1 12 2 28

D
� (12) 5.0 6.3 2 1 23
� (10) 6.4 6.9 2 1 23
astA (12)c 4.7 6.1 2 1 23

Total
� (55) 7.0 7.9 5 1 30
� (47) 4.7 6.1 2 1 23
astA (47) 7.4 8.5 4 1 30

a �, virulence gene positive; �, virulence gene negative; astA, astA positive.
b Average number of isolates found for one specific clone.
c All virulence gene-positive clones of this ECOR group were astA positive.
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cates a specific type/pathotype of E. coli (3, 12, 18, 43). In wild
boars, isolates of each of the four ECOR groups were found in
all intestinal sections. ECOR group B2 clones were most fre-
quently isolated, followed by ECOR group A, D, and B1
clones. This is in contrast to other observations which indicated
that ECOR group B2 members are very rare in the intestines
of domestic pigs and predominantly comprise ExPEC (2, 7, 11,
43). Members of each ECOR group were able to dominate an
intestinal section, and members of ECOR groups B2 and A
were able to colonize as exclusive ECOR groups in single wild
boars. Thus, we could not observe a significant correlation

between single ECOR groups and specific intestinal sections as
described for domestic pigs (11). We also calculated correla-
tions between ECOR groups and the occurrence of virulence
genes. The prevalence of the gene astA was lower in ECOR
group B2 members than in other ECOR groups. Comparable
data of ECOR group B2 members from domestic pigs are not
available due to the low abundance of members of this group
in other studies. However, recent studies of ExPEC showed as
well that the prevalence of the gene astA was lower in ECOR
group B2 members than in other ECOR groups (12). Isolates
belonging to ECOR group A clones were significantly more

FIG. 1. Antimicrobial susceptibilities of E. coli clones from wild boars and from clinically healthy piglets. Shown are the antimicrobial
susceptibilities of E. coli clones from the susceptible E. coli population. Note that relative numbers (percentage of the susceptible population) are
shown. This was chosen to avoid false representation using absolute numbers. Absolute numbers of E. coli clones from wild boars (always n � 42)
would be in general higher, since data from resistant E. coli clones from domestic pigs were excluded. Means of susceptibility of E. coli clones from
wild boars were always higher than means of susceptibility of susceptible E. coli clones from clinically healthy domestic piglets, with the exception
of chloramphenicol, gentamicin, and tetracycline. Representative data for eight antibiotics are shown. Open bars, E. coli clones from wild boars;
black bars, E. coli clones from domestic piglets; n, absolute numbers of susceptible E. coli clones from domestic pigs.
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frequent than isolates belonging to ECOR group B1 clones,
indicating that the phylogenetic origin might play a role in the
colonization of the intestine.

As expected, all clones from wild boars were susceptible to
many antimicrobial substances. However, the comparison of
the MICs for susceptible E. coli clones from both wild boars
and domestic pigs revealed that wild boars carried E. coli
clones which had significant lower MICs than susceptible E.
coli clones from domestic pigs. The higher MICs of a variety of
structurally unrelated antibiotics for E. coli clones from do-
mestic pigs might suggest that in addition to the common
occurrence of resistance genes in porcine E. coli strains (6, 16,
39), other general protective mechanisms have been selected
under conditions related to the conventional pig production
that seem to help E. coli resist antimicrobials. Such mecha-
nisms include changes in the permeability of the outer mem-
brane to antibiotics, specific drug transporters, and multidrug
transporters (29–31). Some of the efflux pumps exhibit an
extremely wide specificity covering practically all antibiotics,
chemotherapeutic agents, detergents, dyes, and other inhibi-
tors (28).

In conclusion, the E. coli microflora of wild boars is individ-
ual and diverse, and virulence genes are present. E. coli clones
from wild boars obviously differ in several parameters (diver-
sity, virulence genes, phylogenetic affiliation, and susceptibility
to antimicrobial agents) from E. coli clones from clinically
healthy conventional reared pigs, indicating that conventional
animal production seems to affect porcine intestinal E. coli
populations. However, these initial data from a limited number
of wild boars warrant a larger study and in-depth analysis to
further understand the nature of E. coli in domestic and wild
pigs.
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