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and Marisa Haenni?
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Aliments de Maisons-Alfort, Maisons-Alfort, France®; and Unité Epidémiologie, ANSES Site de Lyon, Lyon, France®

In line with recent reports of extended-spectrum beta-lactamases (ESBLs) in Escherichia coli isolates of highly virulent sero-
types, such as 0104:H4, we investigated the distribution of phylogroups (A, B1, B2, D) and virulence factor (VF)-encoding genes
in 204 ESBL-producing E. coli isolates from diarrheic cattle. ESBL genes, VFs, and phylogroups were identified by PCR and a
commercial DNA array (Alere, France). ESBL genes belonged mostly to the CTX-M-1 (65.7%) and CTX-M-9 (27.0%) groups,
whereas those of the CTX-M-2 and TEM groups were much less represented (3.9% and 3.4%, respectively). One ESBL isolate was
stx, and eae positive and belonged to a major enterohemorrhagic E. coli (EHEC) serotype (O111:H8). Two other isolates were eae
positive but stx negative; one of these had serotype 026:H11. ESBL isolates belonged mainly to phylogroup A (55.4%) and, to
lesser extents, to phylogroups D (25.5%) and B1 (15.6%), whereas B2 strains were quasi-absent (1/204). The number of VFs was
significantly higher in phylogroup B1 than in phylogroups A (P = 0.04) and D (P = 0.02). Almost all of the VFs detected were
found in CTX-M-1 isolates, whereas only 64.3% and 33.3% of them were found in CTX-M-9 and CTX-M-2 isolates, respectively.
These results indicated that the widespread dissemination of the bla.x_y; genes within the E. coli population from cattle still
spared the subpopulation of EHEC/Shiga-toxigenic E. coli (STEC) isolates. In contrast to other reports on non-ESBL-producing
isolates from domestic animals, B1 was not the main phylogroup identified. However, B1 was found to be the most virulent phy-

logroup, suggesting host-specific distribution of virulence determinants among phylogenetic groups.

Extended—spectrum beta-lactamases (ESBLs) are a group of en-
zymes mediating resistance to most beta-lactams used in hu-
man and veterinary medicine, including expanded-spectrum
cephalosporins but excluding carbapenems and cephamycins
(14). These enzymes are now widely distributed worldwide in
Gram-negative bacteria (particularly in Enterobacteriaceae), with
a specific and still growing expansion of those of the CTX-M type
(8,25). The high prevalence and distribution of the bla-rx_,; genes
has been shown to be related to their ability to spread horizontally
among different lineages of bacteria as well as vertically in associ-
ation with successful clones (34).

The great prevalence of the blacrx_ 5 gene worldwide is a
significant example of such vertical spread, since this gene dissem-
inated successfully in humans, mostly in association with the
highly virulent O25b:H4-ST131 extraintestinal pathogenic Esche-
richia coli (ExXPEC) clone (35, 38,41). In contrast to EXPEC, where
virulence traits and ESBL genes within the same E. coli strain have
been reported regularly, the common enterohemorrhagic E. coli
(EHEC) serotypes were rarely associated with ESBLs (7, 17, 20,
40). Very recently, the E. coli O104:H4 outbreak in Europe was
also caused by a highly aggressive E. coli strain that had acquired
resistance to expanded-spectrum cephalosporins (4, 30). In this E.
coli clone, a blacrx_y.,5 gene was carried on an Incl1-type plasmid
of clonal complex 31 (CC31), an association also recently identi-
fied by our group in clinical E. coli isolates from cattle (27). This
demonstrates that the same pool of blacrx . ;5-carrying plasmids
is shared by E. coli isolates from cattle and EHEC strains that are
pathogenic to humans.

Moreover, we recently reported the first blacx_\.15 gene in a
Shiga toxin-producing E. coli (STEC) isolate of serotype O111:H8
(47), again recovered from cattle, which are also recognized as the
main EHEC reservoir (9). This prompted us to study a large col-
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lection of 204 ESBL-producing E. coli isolates from cattle in order
to investigate to what extent ESBL genes may have invaded the
subpopulation of EHEC strains potentially pathogenic to humans.
In particular, we aimed to identify the phylogroups and serotypes
of those strains and to determine the distribution of the main
virulence factors.

MATERIALS AND METHODS

Bacterial strains. A total of 204 ESBL-producing E. coli strains isolated
from 2006 to 2010 were included in this study. Each sample was nonrep-
licate, meaning that only one sample per farm was included in this study.
Isolates representing the dominant bacterial flora were recovered from
specimens of sick (diarrhea [n = 182], septicemia [n = 2], or undefined
illness [n = 4]) or dead (n = 16) calves collected from 39 different geo-
graphic areas (districts) through the RESAPATH Network, which carries
out surveillance of antimicrobial resistance in pathogens causing animal
infections in France (www.resapath.anses.fr). Isolates were identified us-
ing conventional methods, i.e., colony morphology and API 20E tests
(bioMérieux, Marcy I'Etoile, France). Susceptibility to 32 B-lactam and
non-B-lactam antimicrobials was tested by the standard disc diffusion
method according to CLSI standards (12). E. coli strain ATCC 25922 was
used for quality control. ESBL production was determined by a standard
double-disc synergy test.
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TABLE 1 Primers and probes used for detection of ESBL-producing isolates and E. coli virulence-associated genes

Size of PCR
Primer designation Primer sequence” Target product (bp) Reference
Stx1F 5'-GACTGCAAAGACGTATGTAGATTCG-3’ stx, 150 16
Stx1R 5'-ATCTATCCCTCTGACATCAACTGC-3’
SLT12 5"-ATCCTATTCCCGGGAGTTTACG-3’ Stx, 584 10
SLT13 5'-GCGTCATCGTATACACAGGAGC-3'
eae.f 5'-GAACGGCAGAGGTTAATCTG-3’ eae 203 11
eae.r 5'-CAATGAAGACGTTATAGCCC-3’
EspPF 5'-AAACAGCAGGCACTTGAACG-3’ espP 1,830 22
EspPR 5'-GGAGTCGTCAGTCAGTAGAT-3’
HIyAF 5'-GCATCATCAAGCGTACGTTCC-3’ a-hlyA 534 37
HIyAR 5'-AATGAGCCAAGCTGGTTAAGCT-3’
FSH 5'-GAGAATATCGGTACCGCCATGTTTGC-3' msbB2 715 18
R4 5'-TATTGCTGGGTGAGCTCATTATCCTG-3’
ISEcpl1L1 5'-CAGCTTTTATGACTCG-3’ CTX-M group 1 1,100 24
P2D 5'-CAGCGCTTTTGCCGTCTAAG-3’
Tem_F 5"-ATAAAATTCTTGAAGACGAAA-3' TEM 1,080 21
Tem_R 5'-GACAGTTACCAATGCTTAATC-3’
pagC.f 5'-ACCCACACTGTTTCTCCACTCA-3’ pagC’ 89 47
pagC.r 5'-GTCTGAATGACTATATCAGTTTTTATGGTTTG-3'
pagC.p 5'-FAM-AATCTCCCTTCGCTTTAGTATGAGATATCCCCA-BHQI-3’
nleB.f 5'-CCCTGCCAGTGAGAGGGATA-3' nleB® 81 47
nleB.r 5'-AAAGAGTCCTTACCTTCTGGGATATTT-3’
nleB.p 5'-HEX-TTATCTGTTAGGCTTATTAAGAGAAGAGTT-BHQ2-3’
efal.f 5'-TTCATCATACAGGTAACTGGAAATCAT-3’ efal b 82 47
efal.r 5'-TCCCGTAAGCCATTATAAACATTTG-3’
efal.p 5'-Cy5-ATTGTTACACAACGCGCTCCTTGGTCTG-BHQ2-3'

“ FAM, 6-carboxyfluorescein; BHQ, black hole quencher.
" Gene harbored on O island 122.

ESBL genes, phylogrouping, and determination of the main O:H
serotypes. DNA was extracted and purified using the DNeasy Blood and
Tissue kit (Qiagen, France). The blacx_\; genes were detected using a
CTX-M group-specific multiplex PCR (42). In order to identify possible
CTX-M-15 producers, which are often associated with pathogenicity to
humans, an additional PCR using the external primers ISEcp1L1 and P2D
(Table 1) was performed on all CTX-M group 1 isolates that were resistant
to ceftazidime by diffusion, and the amplicon was sequenced. ESBL genes
other than the blacry \, genes were checked by PCR for the blagyy,
blagx x> and blayp,, genes (31, 32).

The major phylogenetic groups (A, B1, B2, and D) were assigned as
described previously by Clermont et al. (11). Finally, the five major EHEC
serogroups that are pathogenic to humans (026, O111, 0103, 0145, and
0157) (15) were searched by PCR as described previously (33, 37), and
positive isolates were further characterized for their H flagellar antigens by
real-time PCR as described previously (28).

Virulence determinants. On all ESBL isolates, a first screening was
carried out by individual PCRs for the presence of stx,, stx,, and eae vir-
ulence genes and the plasmid-encoded espP gene, as follows. The espP, eae,
stx,, and stx, genes were detected as described previously (10, 13, 22) by
using the primers listed in Table 1. eae variants and the genomic island
OI-122 were detected by real-time PCR (29, 47). A subset of 36 E. coli
isolates from the A (13 isolates), B1 (10 isolates), and D (13 isolates)
phylogroups that were positive for the eae, stx,, and/or espP gene was
randomly sampled and was subjected to DNA microarray analysis
(Identibac EC, Alere, France) for the presence of stx,, stx,, eae, and 38
additional virulence factors (VFs) (see Table 4). PCR amplification, label-
ing, and hybridization steps were performed according to the manufac-
turers’ instructions and previously described protocols (2).

Statistical analysis. Proportions were compared by using the chi-
square test in the Epi Info software. To assess the effects of both phyloge-
netic and CTX-M groups on the number of VFs detected by DNA array,
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analyses of variance (ANOVA) were performed using R software. The
threshold for statistical significance was a P value below 0.05.

RESULTS

Determination of ESBL groups, other resistances, and phylo-
groups. Among the 204 ESBL-producing E. coli strains, 134 pro-
duced a CTX-M group 1 enzyme (65.7%), 8 produced a CTX-M
group 2 enzyme (4.0%), and 55 produced a CTX-M group 9 en-
zyme (26.9%) (Table 2). Seven (3.4%) ESBL phenotypes were due
to blarpy.s, ESBL genes. Among the 134 CTX-M-1-producing
isolates, 22 (16.4%) were resistant to ceftazidime and were con-
firmed to produce a CTX-M-15 enzyme after full sequencing of
the CTX-M group 1 amplicon.

All ESBL-producing isolates were allocated to one of the four
phylogenetic groups A, B1, B2, and D. The results showed that
55.4% (113/204) of these isolates belonged to group A, 25.5%
(52/204) to group D, and 15.6% (32/204) to group B1 (P, <0.05
for A versus B1 versus D) (Table 2). Only one strain was found in
group B2. No significant differences in the distributions of the
CTX-M-2 and CTX-M-9 groups were observed between phylo-
groups (P, >0.05 for A versus Bl versus D) (Table 2). It is note-
worthy that a very limited proportion of all ESBL-producing E.
coli isolates (5/204 [2.5%]) were resistant to beta-lactams only. In
general, elevated proportions of coresistance were observed: 180/
204 (88.2%), 183/204 (89.7%), or 141/204 (69.1%) isolates were
resistant to aminoglycosides, tetracyclines, or fluoroquinolones,
respectively (Table 3).

Virulence factors of the ESBL-producing E. coli isolates.
Among the 204 ESBL-producing E. coli strains, 3 (1.5%) isolates
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TABLE 2 Distribution of ESBL types according to phylogenetic groups

Virulence of E. coli ESBL Producers from Cattle

No. (%) of isolates” producing:

Total no.
Phylogenetic group CTX-M group 1 CTX-M group 2 CTX-M group 9 TEMggp, (% of all isolates)
A 77 (37.7) 4(2.0) 28 (13.7) 4(2.0) 113 (55.4)*
Bl 22 (10.8) 1(0.5) 7 (3.4) 2(0.9) 32 (15.6)
B2 1(0.5) 0(0) 0(0) 0(0) 1(0.5)
D 29 (14.2) 3(1.5) 19 (9.3) 1(0.5) 52 (25.5)
ND? 5(2.5) 0(0) 1(0.5) 0(0) 6 (3.0)
Total 134 (65.7) 8 (4.0) 55 (26.9) 7(3.4) 204 (100)

@ Proportions (n > 5) for different phylogroups are compared. An asterisk indicates a global P value of =0.05 by the chi-square test.

Y ND, not determined.

were eae positive (Table 4). In addition to the O111:H8 (stx,-
positive) isolate reported previously (47), only one isolate be-
longed to one of the five main EHEC serogroups (i.e., 0157, 026,
0111, 0103, and O145) that are pathogenic to humans (15). This
isolate was further identified as belonging to the O26:H11 sero-
type and the Bl phylogroup. This strain carried the blacry yo
gene and harbored the eae B1 variant and OI-122 but was stx
negative. The O26:H11 isolate was confirmed again as stx negative
by DNA array and was also found to carry the roxB gene, which
encodes an EHEC-associated adhesin. Fifty-seven of 204 strains
(28%) were espP positive.

Interestingly, among the subset of 36 isolates that were tested
by microarray, the number of VFs detected differed by phylo-
group; it was significantly higher in group B1 than in group A (P,
0.04 by ANOVA) and group D (P, 0.02 by ANOVA) (Table 4). The
same phenomenon was highlighted by using the proportion of VF
recovery in the different phylogroups (number of VFs detected in
the group among all the VFs detected in the 36 tested strains) (P,
0.03 for A versus B1 versus D) (Table 4). These VFs include the
intimin and type III secretion system (T3SS) effectors (Cif, Esp
[EspB, EspF, EspJ], Nle [NleA, NleB, NleC], Tir, TccP), adhesins
(FanA, Fim41, Efal, ToxB), hemolysin (a-HIyA), toxins (Stal),
and the plasmid-encoded catalase KatP, all of which were associ-
ated with phylogroup B1 only (Table 4). Whereas these highly
virulent genes were associated with the B1 phylogroup, others,
such as adhesins (IpfA, PrfB/PapB, Tha, F17, H), bacteriocin
(Mch), and siderophore receptors (IreA), were distributed mainly
in phylogroups A and D (Table 4). In each of phylogroups A and

TABLE 3 Resistance associated with B-lactams in E. coli isolates

Coresistance No. (%) of strains
Aminoglycosides® 180 (88.2)
Phenicols” 125 (61.3)
Tetracyclines 183 (89.7)
Quinolones® 149 (73.0)
Fluoroquinolonesd 141 (69.1)
Sulfonamides-trimethoprim® 150 (73.5)

“ Including streptomycin (175/204 isolates [85.8%]), kanamycin (144/204 [70.6%]),
tobramycin (75/204 [36.8%]), and gentamicin (71/204 [34.8%]).

b Including chloramphenicol (126/204 isolates [61.8%]) and florfenicol (64/204
[31.4%]).

¢ Nalidixic acid was tested.

@ Enrofloxacin was tested.

¢ In addition to the strains resistant to the combination, 41/204 (20.1%) strains were
resistant to sulfonamides only and 2/204 (1.0%) strains were resistant to trimethoprim
only.

July 2012 Volume 78 Number 13

D, only 1 isolate among the 13 isolates tested did not carry any
gene encoding fimbriae or other adhesins.

The adhesins PrfB and ITha, detected mostly in human com-
mensal and clinical E. coli strains (44), were more prevalent than
fimbriae and were distributed equally among phylogroups (Table
4). Interestingly, genes coding for F41 fimbriae (fim41a, fanA)
were linked to phylogroup B1, and those coding for F17 fimbriae
were found in phylogroup A only. The gene encoding long polar
fimbriae (ipfA), which characterizes a common virulence group
statistically associated with human diarrheal disease (1), was
equally distributed among phylogroups. Also, the astA gene, cod-
ing for the EAST1 toxin, found mostly in EHEC and enteroaggre-
gative E. coli (EaggEC) strains (36) but negatively associated with
severe human diarrhea (1), was significantly linked with phylo-
group A in this study.

The single isolate of the B2 phylogroup carried the iss, mchH,
and ipfA genes (data not shown), which were also found in phy-
logroups A, B1, and D. Some other VF genes specific to the en-
terotoxigenic E. coli (ETEC) pathotype, such as cfaC, fasA, IthA,
and stb, as well as cnf and sfaS, found mainly in ExXPEC (2) and in
group B2 (1), remained absent in this collection.

The proportions of recovery of the VFs in the different CTX-M
groups were significantly different (P, 0.007 for CTX-M-1 versus
CTX-M-2 versus CTX-M-9): almost all of the VFs detected
(92.9%) were found in CTX-M-1 isolates, whereas only 64.3%
and 33.3% of them were found in CTX-M-9 and CTX-M-2 iso-
lates, respectively (Table 4). However, no statistical difference be-
tween the numbers of VFs within CTX-M groups was identified.

DISCUSSION

In animals, ESBLs have become widely disseminated among E. coli
isolates. However, little is known about how ESBL genes are dis-
tributed within E. coli isolates that are pathogenic to animals ver-
sus those that are part of their commensal flora. For humans,
ESBL genes have also been widely reported in ExXPEC, in contrast
to EHEC, isolates. Interestingly, we reported the first blacryx 15
gene in a Shiga toxin-producing E. coli isolate of serotype
O111:H8 recovered from cattle (47), which are also recognized as
the main STEC/EHEC reservoir. Thus, the aim of this work was to
further estimate the proportion of STEC/EHEC strains potentially
highly pathogenic to humans in a very large collection of ESBL-
producing E. coli strains from cattle.

To the best of our knowledge, this is the largest collection of
ESBL-producing E. coli strains from cattle reported so far. We
showed that ESBLs of the CTX-M-1 group, followed by those of
the CTX-M-9 group, are predominant in diseased cattle, and par-
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TABLE 4 Distribution of virulence genes detected by microarray in ESBL-producing E. coli isolates according to phylogroups and CTX-M groups”

No. of isolates in:

Phylogroup:

CTX-M group”:
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@ A total of 41 of the 72 virulence genes and gene variants were detected in at least one ESBL-producing E. coli isolate by DNA microarray. The bfpA, cdtB, cfaC, cnf, fasA, hlyE, ipaH,
K88ab, IngA, IthA, perA, pet, senB, sfaS, stalB, stb, stx2A, virF, eaaA (eaaC), eatA, epeA, espl, etpD, rpeA, sat, sepA, sigA, stxB2, subA, tsh, and vat virulence factor genes were not
detected. The percentages of recovery, calculated as (number of different VF genes detected X 100)/(number of virulence genes detected at least in one ESBL-producing E. coli
strain), are 40.5% for phylogroup A, 90.5% for phylogroup B1, 45.2% for phylogroup D (global P value, <0.05 by the chi-square test), 92.9% for CTX-M-1, 33.3% for CTX-M-2,
and 64.3% for CTX-M-9 (global P value, <0.05 by the chi-square test). The mean numbers of VF genes detected per isolate are 7.5 for phylogroup A, 10.8 for phylogroup Bl

(P, <0.05 by ANOVA), 6.8 for phylogroup D, 8.2 for CTX-M-1, 8.3 for CTX-M-2, and 8 for CTX-M-9.

b The only blayy,; ESBL was excluded.

¢ Global P value, <0.05 by the chi-square test.

9 H flagellar antigen genes were detected by real-time PCR (28).
¢ SPATE, serine protease autotransporters of Enterobacteriaceae.

ticularly in feces from diarrheic calves (182/204 [89.2%]), for
which expanded-spectrum and “fourth-generation” cephalospo-
rins are not the first-line treatment. However, most ESBL carriers
proved to be multiresistant, suggesting that the use of antimicro-
bials other than beta-lactams, such as sulfonamides or coamoxi-
clav, may now contribute to the selection of resistance to expand-
ed-spectrum and fourth-generation cephalosporins in this animal
reservoir. A significant proportion (16.4%) of ESBLs of the CTX-
M-1 group were CTX-M-15 enzymes, and this appears as a recur-
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rent feature in this animal species (19). However, we could not
link the types of ESBLs with the geographic origin of the speci-
mens or any other epidemiological data.

Surprisingly, the ESBL-producing E. coli isolate of the
O111:H8 serotype remained the only one to carry both the stx and
eae genes. Two other isolates also carried the eae gene but did not
possess the stx gene, and only one of these two isolates was char-
acterized as belonging to a major EHEC serotype (O26:H11).
Taken together, these findings indicate that the proportion of E.
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coli ESBL carriers from cattle that are considered potential EHEC
strains is quite low. This was rather unexpected, since ESBLs have
been abundantly reported in cattle (19, 23, 26), and cattle have
been recognized as the main EHEC animal reservoir (9). This is,
however, in accordance with the very limited number of reports of
ESBL-producing EHEC strains in humans (7, 17, 20). In cattle,
however, the reasons why the subpopulation of EHEC isolates is
still being spared from the widespread movement of the blac-rx
genes within the E. coli population remain to be established.

We also showed that E. coli clinical isolates from cattle carrying
ESBLs, collected over 5 years, belonged mainly to phylogroup A
and, to a lesser extent, to phylogroups D and B1, whereas B2
strains were quasi-absent (1/204). In domestic animals, the un-
derrepresentation of B2 strains had been already reported, but B1
is usually considered the main phylogroup (43, 45). However,
none of the data published so far were gathered from a collection
of ESBL-producing E. coli isolates, suggesting that antibiotic treat-
ment may have possibly contributed to a different distribution of
the phylogenetic groups.

On the other hand, in our collection, virulence factors were
clearly associated with phylogroup B1, to a greater extent than
with phylogroup A or D. Similar conclusions had been reported
by a group from South Korea, which showed that the greatest
number of strains carrying virulence genes were phylogroup Bl
strains from beef and dairy cattle (46), although these were not
from a collection of ESBL isolates. This suggests that the move-
ment of the ESBL genes does not interfere significantly with the
distribution of virulence factors within a particular phylogroup.

In this collection, even though the intimin-encoding gene eae
was poorly represented and the virulent B1 phylogroup accounted
for only 15.6% of the isolates, some virulence factors were found
in isolates of phylogroups A and D. Considering that those isolates
were also recovered from diarrheic specimens, this finding indi-
cates that the panel of combinations of genes involved in intraint-
estinal pathogenicity in cattle still remains to be fully understood.
It could also be argued that some of these isolates were possibly
not the cause of diarrhea. If this were true, it would suggest that
ESBL genes are disseminated more efficiently within commensal
than pathogenic E. coli isolates, whether they are pathogenic to
calves or to humans.

The present study is a first contribution to the assessment of
the pathogenicity and genetic background of ESBL-producing E.
coliisolates from cattle. In contrast to previous reports for humans
(6), we could not evidence any association between certain ESBL
subgroups and specific virulence phenotypes or phylogroups (39).
Although the underrepresentation of certain ESBL groups and
virulence factors in this study is a limiting factor to this statement,
the results of this study argue for coincidental combinations of
virulence and resistance traits within E. coli isolates in cattle, which
should result from local adaptive strategies of the E. coli popula-
tion facing variable environments, in particular different antibi-
otic exposures. In certain cases, the ability of the E. coli species to
harbor new combinations of genes may lead to highly aggressive
strains from animals or the environment, as in the recent E. coli
0104:H4 outbreak (5, 30). On the other hand, in contrast to hu-
man isolates, little is known about the genetic structure of the E.
coli population in each animal species. Indeed, a follow-up study
focused on ESBL-producing E. coli isolates from healthy cattle, to
further compare how ESBL genes and virulence factors are distrib-
uted among different phylogroups and commensal or pathogenic
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backgrounds of E. coli in the absence of antibiotic exposure, would
be of great interest. The distribution of virulence genes would also
be valuably compared with the genetic backgrounds among-non-
ESBL-producing E. coli isolates.
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