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Summary. Fecal samples from sheep and goats were screened by tissue-culture assays and PCR for the presence of necro-
toxigenic Escherichia coli (NTEC) producing cytotoxic necrotizing factors (CNFs). Of the 18 NTEC strains assayed, four
were positive for the cnfl gene while 14 strains were negative for the cnfl and cnf2 genes. All of the NTEC strains had the
eae gene and most of them also carried the ehxA gene. Moreover, all the cnfl™ cnf2- NTEC strains were negative for several
virulence markers associated with CNF1* or CNF2* strains. The cnf gene present in one of these strains was sequenced and
analysis of the gene product revealed a new type of CNF, which was named CNF3 (and the coding gene cnf3).
Oligonucleotide primers were designed to PCR-amplify a fragment of cnf3. The results showed that all strains examined in
this study, except one cnfl*strain, were cnf3*. The association of cnf3 with eae and ehxA suggests that cnf3* NTEC strains

might be pathogenic for humans. [Int Microbiol 2007; 10(1):47-55]
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Introduction

Necrotoxigenic Escherichia coli (NTEC) strains are charac-
terized by the production of two types of cytotoxic necrotiz-
ing factors, CNF1 and CNF2 [14]. Strains producing CNF1
have been incriminated in extra-intestinal infections in
humans [1,10], while those producing CNF2* have been iso-
lated from healthy and diarrheic cattle [6,22,23,25,26],
although their participation in causing diarrhea in cattle has
not been clearly established. CNFs are closely associated
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with specific virulence markers, an association that corre-
sponds to some degree with genetic linkage. Thus, CNF1 is
closely associated with o-hemolysin [4,9,10] and cytolethal
distending toxins (CDT)-I and IV [13,31], and CNF2 with
F17-b fimbriae [17,26] and CDT-I1l [13,28]. Moreover, two
atypical NTEC strains that we previously identified in diar-
rheic calves negative for the cnfl and cnf2 genes carried the
eae and ehxA genes [22] (JA Orden, unpublished data).
Although experiments have shown that CNFs produce toxic
effects in lambs [15], the role of these toxins in the pathogen-
esis of E. coli infections in small ruminants is still uncertain
due to, among several factors, the limited number of studies
carried out on NTEC strains from sheep and goats. To our
knowledge, ours has been the only group to study the occur-
rence of NTEC in diarrheic lambs and goat kids [5,11], and
no studies on the occurrence of NTEC in healthy sheep and
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goats have been published. Thus, the present study was
designed to determine the occurrence and characteristics of
NTEC strains in diarrheic and healthy small ruminants.

Materials and methods

Specimen collection and E. coli strains. Fecal samples were col-
lected from 129 diarrheic lambs during 32 outbreaks of neonatal diarrhea
and from 258 non-diarrheic sheep (116 lambs and 142 adults) on 11 farms.
Likewise, samples were also collected from 17 diarrheic goat kids during
seven outbreaks of neonatal diarrhea, and from 253 non-diarrheic goats (94
goat kids and 159 adults) on ten farms. Samples were collected directly from
the rectum in sterile plastic bottles and shipped to the laboratory by express
mail on the day of sampling. The lambs and goat kids included in this study
were up to 4 weeks of age, while adults were older than 6 months. The farms
participating in the study were located in the central region of Spain.

Fecal samples were plated on MacConkey agar. After an overnight incu-
bation, four isolates with the typical appearance of E. coli were randomly
chosen from each sample. Altogether, 2628 isolates were identified as E. coli
by biochemical tests, including hydrogen sulfide, citrate, urease, and indole.
These isolates were stored at room temperature in nutrient broth with 0.75%
agar. In this work, four eae* NTEC strains previously isolated from two diar-
rheic calves and two diarrheic goat kids [11,12,22] were included in the
study. The strains from calves (one belonging to serotype 0153:H11 and
another to serotype O111:H") were considered atypical NTEC because they
produced CNF in tissue-culture assays but were negative by PCR for both
cnfl and the cnf2 [22], while the goat kids strains (both belonging to
serotype O153:H") were considered as CNF2 producers only on the basis of
biological tests [11,12].

Conditions of the experiments. Production and detection of CNF
in Vero and HeLa cells were carried out as described previously [22].
Strain E. coli BM2-1 (CNF) was used as the positive control.

For detection of CDT, nonconfluent HeLa cells in eight-well chamber
slides were infected with bacterial cultures. At specified times, morphologi-
cal and cytoskeletal changes were evaluated by means of an immunoperox-
idase technique that allows simultaneous visualization of the cytoskeleton
and nuclei [28]. E. coli BM2-1 (CDT) was used as the positive control.

Detection of cnfl, cnf2, and ehxA by PCR was carried out as described in
earlier studies [22,29]. Strains E. coli BM2-1 (cnfl), 711* (cnf2), and F\VV900a
(ehxA) served as positive controls.

Detection of F17 fimbriae by slide agglutination was carried out as pre-
viously described [22]. Strains E. coli A,,,, and HS served as positive and
negative controls, respectively.

For detection of o-hemolysin, bacteria were grown for 20 h at 37°C on
blood agar base medium (Difco) containing 5% (v/v) washed sheep erythro-
cytes. E. coli BM2-1 (a-hemolysin) was used as the positive control.

Detection of eae and its types. All of the NTEC isolates were
analyzed by PCR for the presence of eae and determination of its types, as
described previously [7,8]. E. coli strains used as controls were: EPEC-2348
(eaecl), AEEC-1H2498a (eaeo2), EPEC-337 (eaefll), EPEC-359
(eaeR/B2B), EPEC-BL152.1 (eaed/f320), AEEC-6044/95 (eaek), STEC-
EDL933 (eaeyl), STEC-TWO07926 (eae6/12), STEC-VTB-286 (eaecl),
AEEC-1H3205a (eaevR/€2), STEC-VTO-50 (eael), AEEC-CF11201 (eaenl),
HO03/53199a (eaen2), AEEC-7476/96 (eaeil), AEEC-217-2 (eaeuR/12),
AEEC-68-4 (eael), EPEC-373 (eaeuB), AEEC-IH1229a (eaevB), STEC-B49
(eae&B), AEEC-IH2997f (eaeo), and K12-185 (negative for eae).

Serotyping. O and H antigens were identified as described by Guinée et
al. [19], employing all available O (O1 to 0185) and H (H1 to H56) antisera.

The antisera were absorbed with the corresponding cross-reacting antigens
to remove nonspecific agglutinins. O antisera were produced in the E. coli
Reference Laboratory (LREC), University of Santiago de Compostela
[Lugo, Spain, http://www.lugo.usc.es/coli], and H antisera were obtained
from the Statens Seruminstitut (Copenhagen, Denmark).

General DNA techniques and inverse PCR. Restriction enzymes
were purchased from New England BioLabs and used according to the man-
ufacturer’s instructions. Plasmid DNA was extracted using the Plasmid
Purification kit from Qiagen. Chromosomal DNA was extracted and purified
from the GFX Genomic Blood DNA Purification Kit from Amersham. PCR
was carried out using HotMaster Tag DNA Polymerase from Eppendorf. The
PCR reaction mixes contained (for a volume of 100 pul) 50 ng DNA template
(except for inverse PCR, see below), 4 pl of 10 mM dNTP mix from Applied
Biosystems, 10 pM of each oligonucleotide primer, the suitable amount of
10x Taq buffer with autoadjustable Mg?*, and 2 U of polymerase per kb. The
standard amplification programme was: 5 min at 94°C; 30 cycles of 1 min at
94°C, 30-60 s at 42-55°C, 1-3 min at 68°C; and 10 min (1 h when the prod-
uct was to be used for cloning) at 68°C. PCR products were purified with the
SpinPrep PCR Clean-up or Gel DNA kit (when agarose purification was
required), purchased from Novagen.

Genome walking was carried out by successive inverse PCRs.
Chromosomal DNA samples (10 pg) were digested in a reaction volume of
100 pl containing several restriction enzymes (BamHl, BsrGl, Acul, Bglll,
Bell, EcoRlI, Hindlll, Xbal, Sacl) at 37°C overnight and precipitated with
Colour paint coprecipitant (Novagen) according to the manufacturer’s
instructions. The precipitate was resuspended and ligated with 2000 U of T4
ligase (New England BioLabs) at 16°C overnight in a 100-ul reaction volume.
The ligation mixture was precipitated as above and resuspended in 30 pl of H,O
MilliQ. Four-ul samples were used for PCRs, which was done as described
above except that the elongation step was 3 min at 68°C. DNA was
sequenced at the Sequencing Unit of CIB-CSIC (Madrid, Spain) and SECU-
GEN SL. All sequences were determined on both strands and confirmed
using products directly obtained from three independent amplifications of
genomic DNA preparations. DNA sequences were assembled using the
Vector NTI suite 9.0.0 and homology searches were carried out with BLAST
at the National Center for Biotechnology Information, Bethesda, USA
[http:/iwww.ncbi.nlm.nih.gov/BLAST]. Multiple alignments were generated
with the CLUSTALW program.

PCR amplification of cnf3. On the basis of the nucleotide sequence
of cnf3, the specific primers CNF3-3D (5 -TAACGTAATTAGCAAAGA-
3’) and CNF3-4R (5"-GCTGGAAAAATTAGATGAG-3") were designed.
All NTEC strains identified in this study, as well as the four previously
described eae* NTEC strains obtained from diarrheic goat kids and calves
[11,12,22], were analyzed with this PCR approach and using total DNA as
template. In addition, a collection of 50 cnfl* or cnf2* NTEC strains (25 and
25, respectively) was used to validate the PCR results. These cnfl* and cnf2*
strains were eae” and were isolated from humans and cattle [1,4,22,23].

Pulsed-field gel electrophoresis. PFGE was done in a CHEF
MAPPER system (BioRad, Hemel Hempstead, United Kingdom) at 14°C in
0.5xTBE using a standard protocol [http://www.foodborne-net.de/content/
e25/e70/e580/index_ger.ntml]. The agarose-embedded DNA was cleaved
with 0.2-0.8 U Xbal/ul (Roche) according to the manufacturer’s instruc-
tions. Run times and pulse times were 2.20-54.0 s for 22 h with linear ramp-
ing. PFGE was used to establish clonal relatedness and diversity among a
group of 33 eaef1* E. coli strains: 17 cnf3* strains and 16 O177:H11/H-
cnf3” strains, of which 12 produced verotoxins (VVTs). Of the 17 cnf3* strains
studied by PFGE, 12 were detected in this study, four were described in pre-
vious work [11,12,22], and one had not been previously described (VTO-
163) [J Blanco, unpublished data]. The 16 cnf3- strains were isolated from
the Galicia (northwestern) and Murcia (southeastern) regions of Spain and
belonged to a serotype also detected among cnf3* strains. They were there-
fore included in the PFGE analysis in order to compare their genetic rela-
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tionships with the strains under study. The PFGE pulsotypes were compared
by analyzing TIFF files with BioNumerics software (Applied Maths, Sint-
Martens-Latem, Belgium). Cluster analysis of the Dice similarity indices
based on the unweighted pair group method using arithmetic averages
(UPGMA) was used to generate a dendrogram describing the relationship
among pulsotypes. A difference in the patterns of at least one restriction frag-
ment was considered the criterion for discriminating between clones.

Nucleotide sequence accession number. The cnf3 region
sequence reported here from E. coli strain C48a was deposited in GenBank
(NCBI) under accession number AM263062.

Results

Occurrence of NTEC and detection of cnf1
and cnf2 in NTEC strains. CNF was detected in 54
isolates from 18 animals. Table 1 shows the occurrence of
NTEC in the different groups of sheep and goats studied. All
NTEC isolates were investigated for the presence of cnfl,
cnf2, ehxA, and eae (and their types), production of CDT, F17
fimbriae, and a-hemolysin, and serotype. When the NTEC
isolates from an animal showed the same characteristics it
was assumed that they were the same strain. In all sheep and
goats infected with NTEC, only one strain per animal was
identified. Thus, a total of 18 NTEC strains were obtained by
tissue-culture assays (Table 2). Four (22.2%) of the NTEC
strains were positive for cnfl, as determined by PCR, while
the remaining 14 (77.8%) were negative for both cnfl and
cnf2. Moreover, PCR assays showed that the two eae* NTEC
strains isolated from diarrheic goat kids in previous works
[11,12] and considered CNF2 producers according to biolog-
ical tests were negative for cnfl and cnf2.

Association between cnf and virulence mark-
ers. None of the NTEC strains in the present study was pos-
itive for F17 antigen or CDT and only one produced o-hemo-
lysin (Table 2). In contrast, all the NTEC strains were posi-
tive for eae and, except three strains, also for ehxA. All
NTEC strains tested, except one, possessed eaef31.

Cloning and sequencing of cnf from NTEC
strain C48a (0153:H11). Since most of the NTEC
strains isolated from sheep and goats were negative for cnfl
and cnf2 as well as for some virulence markers associated
with E. coli strains producing CNF1 and CNF2, the existence
of an as-yet-unknown type of CNF was suspected. We there-
fore decided to clone and sequencing the cnf gene present in
NTEC strain C48a (O153:H11), isolated from healthy sheep.
The nucleotide sequences of E. coli cnfl and cnf2 (accession
numbers X70670 and U01097, respectively) [18,27] were
used in a multiple nucleotide sequence alignment, and

regions with high homology were selected in order to design
several primer combinations. Among those primers, only
CNF3-1Dbis (5 -ATATCTTCTTGAGTACAATGA-3") and
CNF3-1R (5-ATTACCACGATTTAATTTCTG-3") pro-
duced a positive specific, although faint, amplification of a
2,182-bp fragment in a PCR (annealing temperature of 30°C)
with total DNA from E. coli C48a. This fragment was insert-
ed into the pCR 2.1-TOPO cloning vector (Invitrogen) and
sequenced. The new sequence was extended by genome
walking using inverse PCR with total DNA from E. coli C48a
(see Materials and methods) and specific primers based on
the newly determined nucleotide sequence.

The first positive inverse PCR amplicon (910-bp) was
obtained with Bglll and the specific primers combination
CNF3-3R (5"-TCTTTGCTAATTACGTTA-3")/CNF3-4D
(5"-CTCATCTAATTTTTCCAGC-3'); the second inverse
PCR (1,744-pb) was generated with BsrGl and CNF3-2R
(5"-GCGGAACAGACACTTCCGG-3')/CNF3-4D (5°-CTC
ATCTAATTTTTCCAGC-3'); and the third inverse PCR
fragment (3,758-pb) with Hindlll and CNF3-10R (5°-
TCAACCCTACTAAACCAG-3")/CNF3-9D (5"-ATGATCG
GTATTTCTATA-3"). Overlapping the three inverse PCR
amplicons yielded a region of 4,320 bp (GenBank accession
number AM263062). Analysis of this sequence identified a
large open reading frame (ORF) of 3,042 nucleotides with a
predicted translation product of 1,013 amino acids that was
highly similar to CNF1 (70.1% identity) and CNF2 (69.9%
identity). The newly identified gene was named cnf3 and its
encoded product CNF3. The homology between CNF3,
CNF1, and CNF2 is evenly distributed throughout the entire
sequence. However, two large areas of dissimilarity, 17 and
four amino acids in length (positions 411-427 and 565-568)
are shared by the three E. coli CNFs. Furthermore, CNF3
showed four exclusive areas of dissimilarity, spanning the

Table 1. Occurrence of NTEC in the different groups of sheep and goats
studied

No. animals infected with NTEC
/No. examined (%)

Species and group of animals

Sheep
Healthy sheep 14/258 (5.4%)
Lambs 13/116 (11.2%)
Adults 1/142 (0.7%)

Diarrheic lambs 1/129 (0.8%)

Goats
Healthy goats
Goat kids
Adults

3/253 (1.2%)
3/94 (3.2%)
0/159 (0%)

Diarrheic goat kids 0/17 (0%)
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Table 2. Serotypes and virulence markers in NTEC strains

Source and serotype No. of NTEC strains  cnftype  eaetype o-hemolysin ehxA
Strains described in the present study
Healthy lambs
O4:H- 1 1 p1 + +
O4:H- 2 1,3 B1 +
O76:H- 1 3 el - +
0153:H11 5 3 B1 - +
0153:H11 1 3 B1 - -
O177:H11 1 3 B1 - +
O177:H11 1 3 p1 - -
ONT:H11" 1 3 B1 - +
Healthy adult sheep
O177:H11 1 3 B1 - +
Diarrheic lambs
026:H- 1 3 B1 - +
Healthy goat kids
04:H11 1 1,3 B1 - +
0O4:H11 1 3 p1 - +
0O4:H11 1 3 p1 -
Strains described previously
Diarrheic calves [22]
Ol111:H- 1 3 B1 - +
0153:H11 1 3 B1 - +
Diarrheic goat kids [11,12]
0O153:H- 2 3 B1 - +

“Not-typable strain.

regions 174-179, 580-587, 765-770, and 904-917 (Fig. 1).
Cysteine and histidine residues essential for the biological
activity of CNF1 and CNF2 [33] were conserved in the pre-
dicted sequence of CNF3. Computer analysis of its deduced
amino acid sequence showed a putative membrane protein
with a calculated molecular mass of 114,486 kDa, an isoelec-
tric point of 4.89, and the absence of a consensus signal
sequence in the N-terminal. In silico study of the protein in a
search for transmembrane helix domains, topology, and sub-
cellular localization (TMHMMZ2, SOSUI, TMpred) resulted
in the classification of CNF3 as an inner-membrane protein
containing two putative transmembrane domains (amino acids
352-372 and 386-406).

In silico analysis of the cnf3 DNA boundaries revealed signi-
ficant similarities to mobile genetic elements, such as transposas-
es and insertion sequences. The overall content of guanosine and
cytosine (percent G + C) in the DNA fragment sequenced in this
study was 36.3%, but there was a remarkable difference within
the gene, i.e., the percent G + C upstream of cnf3 was 37.4%
while that of the sequence comprising the 3"end was 46%.

Detection of cnf3 by PCR. Amplification products of
the expected size (1,246 bp) were detected in all NTEC
strains examined, except one cnfl® strain, as well as in the
four eae® NTEC strains previously described in diarrheic
goat kids and calves [11,12,22]. In contrast, no amplification
products were seen in a PCR with DNA obtained from the 50
cnfl® or cnf2® NTEC strains of our collection isolated from
humans and cattle [1,4,22,23]. Therefore, the specificity and
sensitivity of the pair of oligonucleotide primers designed in
this study for detecting cnf3 was 100%.

Serotyping. The cnf3* E. coli strains isolated from sheep
and goats belonged to seven different serotypes (Table 2).
The most frequent serotypes among these strains were O4:H11,
0153:H11, and O177:H11. The cnfl* cnf3~ NTEC strain
belonged to serotype O4:H".

PFGE patterns. Thirty-three strains were analyzed by
PFGE: 13 0177:H11, seven O177:H-, seven 153:H11, two
0153:H", two 0O4:H11, one O111:H-, and one ONT:H11.
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Fig. 1. Multiple amino-acid sequence alignment of the predicted amino-acid sequence from the three Escherichia coli CNF types. Identical residues are shaded
black with white letters, similar residues gray with black letters. Asterisks indicate the conserved cysteine and histidine essential for CNF activity [30]. Main
areas of dissimilarity are underlined. Multiple amino-acid sequence alignment was generated with the AlignX tool of the Vector NTI 9.0 software and dis-

played graphically using BOXSHADE 3.21.

Genomic DNA fingerprinting revealed 31 distinct Xbal
restriction patterns, based on a difference of at least one
restriction fragment in the patterns as the criterion for dis-
criminating between them. According to the dendrogram pro-
duced by the UPGMA algorithm, the strains could be classi-
fied into four groups (I1-1V) of >70% similarity according to
the Dice similarity index (Fig. 2).

Analysis of each of these four groups showed that group
I clustered all seven O177:H-vt2* cnf~ strains, and six sub-
groups with similarity >85% could be differentiated (I-A:
two strains; I-B, I-C, I-D, I-E, and I-F with one strain each).
Strains of serotype O177:H11 clearly clustered in two differ-
ent groups (Il and 1V). All five O177:H11 strains clustering
in group IV were vt1* cnf~, with similarity >85%. The eight
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Fig 2. Dendrogram generated by Bionumeric software, showing distance calculated by the Dice similarity index of

pulsed-field gel electrophoresis Xbal patterns among 33 E. coli strains from different origins (B, bovine; H, human; G,
goat; O, ovine). The degree of similarity (%) is shown.

0177:H11 strains of group Il were vt~ cnf~ or vt~ cnf3* and
consisted of three small subgroups (>85% similarity): 11-A,
with four vt~ cnf~ strains; 11-B, with three vt~ cnf3* strains;
and 11-C, with one vt~ cnf3* strain. Group Ill was the most
homogeneous, clustering all nine 0153:H11/H" vt cnf3* strains
(>85% similarity) in subgroup IlI-A, with one O111:H™ vt
cnf3* strain in subgroup I11-B.

Discussion

Cytotoxic necrotizing factors have been associated with diar-
rhea and other clinical signs in lambs [15]. However, the
number of studies carried out on NTEC strains from sheep
and goats is very limited. The study reported here describes
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the occurrence of NTEC in diarrheic and healthy lambs and
goat kids as well as in healthy adult sheep and goats. This is,
to our knowledge, the first report of the occurrence of NTEC
in these animals. Healthy lambs were more often infected
with NTEC (11.2%) than healthy adult sheep (0.7%) or diar-
rheic lambs (0.8%). Moreover, none of the healthy adult
goats or diarrheic goat kids and only three (3.2%) healthy
goat kids were infected by NTEC. The proportions of diar-
rheic lambs and goat Kkids infected with NTEC (0.8% and
0%, respectively) were slightly lower than reported previous-
ly (1.4 and 3.6%, respectively) [5,11]. Thus, our results sug-
gest that NTECs are not associated with neonatal diarrhea
in small ruminants. However, NTECs should not be over-
looked, because, as suggested by Van Bost et al. [33], they
may represent opportunistic pathogens waiting for favorable
circumstances.

Analysis of the sequence from the newly identified gene
from NTEC strain C48a identified an ORF with a predicted
translation product that was highly similar to CNF1 and
CNF2 (70.1 and 69.9% identity, respectively). This gene was
subsequently named cnf3 and its encoded product CNF3.
Cysteine and histidine residues essential for the biological
activity of CNF1 and CNF2 [30] are conserved in the predict-
ed sequence of CNF3.

In silico analysis of CNF3 showed that it is an inner-
membrane protein containing two putative transmembrane
domains. These features are shared with CNF2 [27]. Analysis
of the cnf3 boundaries revealed the presence of mobile genetic
elements, suggesting the mobility of cnf3. Moreover, it points
to the instability inherent in any evolutionarily new DNA car-
rying insertion sequences in the absence of in vivo selective
pressures for conservation. Moreover, the percent G + C in
the DNA fragment sequenced was similar to the percentages
reported for cnfl [18] and cnf2 [27] in E. coli, and cnfy in
Yersinia pseudotuberculosis [20].

On the basis of the nucleotide sequence of cnf3, oligonu-
cleotides were designed to amplify a fragment of the gene by
PCR. Our results showed that the specificity and sensitivity
of the primer pair designed in this study was 100%.
According to the results obtained with the specific PCR assay
designed for detecting cnf3, all NTEC strains isolated in this
study, except one, as well as the four eae* NTEC strains
described in previous works [11,12,22], carried the gene. The
two eae” NTEC strains isolated from diarrheic goat kids were
previously classified incorrectly as CNF2 producers because
the CNF type was identified by biological assays only [11]
and, as we described previously [22], CNF2 and CNF3 pro-
duce similar effects in rabbits and mice.

Three of the 17 (17.6%) NTEC strains isolated from the
animals studied carried cnfl and cnf3, also had eae and ehxA,

and belonged to serotypes O4:H~ (2 strains) and O4:H11.
Moreover, one of the NTEC strains carried cnfl but not cnf3.
This strain possessed eae and ehxA, produced o-hemolysin,
and belonged to serotype O4:H". CNF1 and o-hemolysin are
closely associated [1,9,10], and serogroup O4 is one of the
most prevalent among NTEC producing CNF1 [16,21].
However, to our knowledge, ours is the first description of
cnfl® NTEC strains that also have eae or ehxA. None of the
cnf3*™ cnfl~ NTEC strains produced o-hemolysin (a viru-
lence marker of CNF1* strains) [1,9,10], expressed F17 fim-
briae (a virulence marker of CNF2* strains) [17,26], or pro-
duced CDT (a virulence marker of CNF1* and CNF2*
strains) [13,28,31]. All cnf3™ cnfl- NTEC strains possessed
eae and, except in three strains, also carried ehxA. In con-
trast, CNF1* or CNF2* strains are rarely associated with eae
and ehxA [23,25]. The most frequent serotypes of the cnf3*
NTEC strains were O4:H11, O153:H11, and O177:H11,
which have not been previously identified in CNF1* and
CNF2* strains [2,3].

Since the cnf3* strains found previously [11,12,22] and in
this work were eae™, bfpA~ (data not shown), vt-, and, in addi-
tion to producing CNF, almost all had ehxA, it is possible that
these strains are atypical enteropathogenic E. coli (EPEC)
and thus potentially pathogenic for humans [32]. By analogy
with human strains, eae™ vt~ E. coli strains isolated from ani-
mals are usually referred to as EPEC, preceded by the animal
type from which the strains were isolated (i.e., ovine EPEC).

As all cnf3* strains possessed eae, we propose calling
such strains necroenteropathogenic E. coli. On the basis of
antigenic variation, PCR analysis, and sequencing, at least 21
types of eae have been identified [7]. Except one, all cnf3*
eae” strains identified thus far, including the strains described
previously [11,12,22], had eae type B1. The exception was a
strain isolated from a healthy lamb and belonging to serotype
O76:H-, which had eae type €1. Type B seems to be the most
widespread type among human and animal eae® E. coli
strains, while type ¢ is frequently found in eae* E. coli strains
from healthy sheep and goats [24].

As was the case in a previous study [8], strains of the
same serotype grouped closely in the dendrogram. The 17
cnf3* strains analyzed by PFGE comprised five clusters
(>85% similarity): 11-B (0177:H11), 1I-C (O177:H11 and
ONT:H11), II-D (04:H11), 1lI-A (0153:H11/H"), and I1I-B
(O111:H"). Strains belonging to serogroup 0153 were more
homogeneous than strains of serogroup O177. Interestingly,
0O177:H11 cnf3" eaefBl" strains clustered in groups or sub-
groups different than those of O177:H11/H cnf~ eaefl*
from enterohemorrhagic E. coli (eae* vt* E. coli strains) and
atypical EPEC (all eae™ vt~ E. coli strains analyzed by PFGE
were bfpA~) pathotypes.
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Taken together, the data on NTEC show that the charac-
teristics of cnf3* strains are generally different than those of
CNF1" and CNF2* strains: (i) most of the NTEC isolated
from sheep and goats are cnf3*, whereas NTEC from
humans, pigs, cats, and dogs are CNF1* and most NTEC
from cattle are CNF2* [2,3,16,21, this study]; (ii) all cnf3* E.
coli strains have eae and most of them also carry ehxA,
whereas CNF1* or CNF2* strains are rarely associated with
eae and ehxA [22,23,25, this study]; (iii) none of the cnf3*
NTEC strains was positive for several of the virulence mark-
ers (CDT, a-hemolysin, F17 fimbriae) classically associated
with CNF1* and CNF2* strains [22, this study]; and (iv) the
most prevalent serotypes of the cnf3* NTEC strains were
04:H11, 0153:H11, and O177:H11, which have not been
previously found in CNF1* and CNF2" strains [2,3; this
study]. Moreover, our data [11,12,22, this study] show that
the cnf3* NTEC strains can be frequently isolated from a rep-
resentative percentage of healthy lambs but only sporadical-
ly from healthy adult sheep and goat kids and from diarrheic
calves, lambs, and goat kids.

Acknowledgements. This study was supported by the Direccion Ge-
neral de Investigacion (Grant AGL2001-1476), the Universidad Compluten-
se-Comunidad de Madrid (Grant 920338), and the Instituto de Salud Carlos
Il (Grants FIS G03-025-COLIRED-0157, P1051428, and P1052023). We
thank Eric Oswald, Ghizlane Dahbi, Cecilia Lopez, Dolores Cid, and José A.
Ruiz Santa Quiteria for their collaboration in this study.

References

1. Blanco J, Blanco M, Alonso MP, Blanco JE, Gonzalez EA, Garabal JI
(1992) Characteristics of haemolytic Escherichia coli with particular
reference to production of cytotoxic necrotizing factor type 1 (CNF1).
Res Microbiol 143:869-878

2. Blanco JE, Blanco J, Blanco M, Alonso MP, Jansen WH (1994) Sero-
types of CNF1-producing Escherichia coli strains that cause extra-
intestinal infections in humans. Eur J Epidemiol 10:707-711

3. Blanco M, Blanco JE, Blanco J, Verbruggen A, Jansen WH (1994)
Serotypes of bovine Escherichia coli producing cytotoxic necrotizing
factor type 2 (CNF2). Vet Microbiol 39:83-88

4. Blanco M, Blanco JE, Blanco J, Alonso MP, Blanco J (1996) Virulence
factors and O serogroups of Escherichia coli isolates from patients with
acute pyelonephritis, cystitis and asymptomatic bacteriuria. Eur J
Epidemiol 12:191-198

5. Blanco J, Cid D, Blanco JE, Blanco M, Ruiz-Santa-Quiteria JA, De la
Fuente R (1996) Serogroups, toxins and antibiotic resistance of
Escherichia coli strains isolated from diarrhoeic lambs in Spain. Vet
Microbiol 49:209-217

6. Blanco M, Blanco JE, Mora A, Blanco J (1998) Distribution and charac-
terization of faecal necrotoxigenic Escherichia coli CNF1* and CNF2*
isolated from healthy cows and calves. Vet Microbiol 59:183-192

7. Blanco M, Blanco JE, Dhabi G, et al. (2006) Identification of two new
intimin types in atypical enteropathogenic Escherichia coli. Int Micro-
biol 9:103-110

8. Blanco M, Blanco JE, Dahbi G, et al. (2006) Typing of intimin (eae)
genes from enteropathogenic Escherichia coli (EPEC) isolated from

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

children with diarrhea in Montevideo: identification of two new
intimins variants (uB and ER/B2B). J Med Microbiol 55:1165-1174
Brauner A, Katouli M, Ostenson CG (1995) P-fimbriation and
haemolysin production are the most important virulence factors in dia-
betic patients with Escherichia coli bacteraemia: a multivariate statisti-
cal analysis of seven bacterial virulence factors. J Infect 31:27-31
Caprioli A, Falbo V, Ruggeri FM, Baldassarri L, Bisicchia R, Ippolito G,
Romoli E, Donelli G (1987) Cytotoxic necrotizing factor production by
hemolytic strains of Escherichia coli causing extraintestinal infections.
J Clin Microbiol 25:146-149

Cid D, Blanco M, Blanco JE, Ruiz-Santa-Quiteria JA, De la Fuente
R, Blanco J (1996) Serogroups, toxins and antibiotic resistance of
Escherichia coli strains isolated from diarrhoeic goat kids in Spain. Vet
Microbiol 53: 349-354

Cid D, Ruiz-Santa-Quiteria JA, Marin I, Sanz R, Orden JA, Amils R, De
la Fuente R (2001) Association between intimin (eae) and EspB gene
subtypes in attaching and effacing Escherichia coli strains isolated from
diarrhoeic lambs and goat kids. Microbiology 147:2341-2353

Clark CG, Johnson ST, Easy RH, Campbell JL, Rodgers FG (2002) PCR
for detection of cdt-111 and the relative frequencies of cytolethal distend-
ing toxin variant-producing Escherichia coli isolates from humans and
cattle. J Clin Microbiol 40:2671-2674

De Rycke J, Gonzélez EA, Blanco J, Oswald E, Blanco M, Boivin R
(1990) Evidence for two types of cytotoxic necrotizing factor in human
and animal clinical isolates of Escherichia coli. J Clin Microbiol
28:694-699

De Rycke J, Plassiart G (1990) Toxic effects for lambs of cytotoxic
necrotizing factor from Escherichia coli. Res Vet Sci 49:349-354

De Rycke J, Milon A, Oswald E (1999) Necrotoxigenic Escherichia coli
(NTEC): two emerging categories of human and animal pathogens. Vet
Res 30:221-233

El Mazouari K, Oswald E, Hernalsteens J-P, Lintermans P, De Greve
H (1994) F17-like fimbriae from an invasive Escherichia coli strain
producing cytotoxic necrotizing factor type 2 toxin. Infect Immun
62:2633-2638

Falbo V, Pace T, Picci L, Pizzi E, Caprioli A (1993) Isolation and
nucleotide sequence of the gene encoding cytotoxic necrotizing factor 1
of Escherichia coli. Infect Immun 61:4909-4914

Guinée, PAM, Jansen WH, Wadstrém T, Sellwood R (1981) Escherichia
coli associated with neonatal diarrhoea in piglets and calves. In: De
Leeww PW, Guinée PAM (eds) Laboratory diagnosis in neonatal calf
and pig diarrhoea: Current topics in veterinary and animal science, No.
13. Martinus Nijhoff, The Hague, Netherlands, pp 126-162

Lockman HA, Gillespie RA, Baker BD, Shakhnovich E (2002) Yersinia
pseudotuberculosis produces a cytotoxic necrotizing factor. Infect Immun
70:2708-2714

Mainil JG, Jacquemin E, Pohl P, Fairbrother JM, Ansuini A, Le
Bouguénec Ch, Ball HJ, De Rycke J, Oswald E (1999) Comparison of
necrotoxigenic Escherichia coli isolates from farm animals and from
humans. Vet Microbiol 70:123-135

Orden JA, Ruiz-Santa-Quiteria JA, Cid D, Garcia S, De la Fuente R
(1999) Prevalence and characteristics of necrotoxigenic Escherichia
coli (NTEC) strains isolated from diarrhoeic dairy calves. Vet Microbiol
66:265-273

Orden JA, Cid D, Ruiz-Santa-Quiteria JA, Garcia S, Martinez S, De la
Fuente R (2002) Verotoxin-producing Escherichia coli (VTEC), entero-
pathogenic E. coli (EPEC) and necrotoxigenic E. coli (NTEC) isolated
from healthy cattle in Spain. J Appl Microbiol 93:29-35

Orden JA, Yuste M, Cid D, Piacesi T, Martinez S, Ruiz-Santa-Quiteria
JA, De la Fuente R (2003) Typing of the eae and espB genes of attach-
ing and effacing Escherichia coli isolates from ruminants. Vet Microbiol
96:203-215

Osek J (2001) Characterization of necrotoxigenic Escherichia coli (NTEC)
strains isolated from healthy calves in Poland. J Vet Med B 48:641-646
Oswald E, De Rycke J, Lintermans P, Van Muylem K, Mainil J, Daube



NECROTOXIGENIC E. COLI

INT. MicrosioL. Vol.10, 2007 55

27.

28.

29.

G, Pohl P (1991) Virulence factors associated with cytotoxic necrotizing
factor type two in bovine diarrheic and septicemic strains of Escherichia
coli. J Clin Microbiol 29:2522-2527

Oswald E, Sugai M, Labigne A, Wu HC, Fiorentini C, Boquet P, O’Brien
AD (1994) Cytotoxic necrotizing factor type 2 produced by virulent Es-
cherichia coli modifies the small GTP-binding proteins Rho involved in
assembly of actin stress fibers. Proc Natl Acad Sci USA 91:3814-3818
Pérés SY, Marches O, Daigle F, Nougayréede J-P, Hérault F, Tasca C, De
Rycke J, Oswald E (1997) A new cytolethal distending toxin (CDT)
from Escherichia coli producing CNF2 blocks HeLa cell division in
G2/M phase. Mol Microbiol 24:1095-1107

Schmidt H, Beutin L, Karch H (1995) Molecular analysis of the plas-
mid-encoded hemolysin of Escherichia coli 0157:H7 strain EDL 933.
Infect Immun 63:1055-1061

30.

31

32.

33.

Schmidt G, Selzer J, Lerm M, Aktories K (1998) The Rho-deamidating
cytotoxic necrotizing factor 1 from Escherichia coli possesses transglu-
taminase activity. Cysteine 866 and histidine 881 are essential for
enzyme activity. J Biol Chem 273:13669-13674

Téth 1, Hérault F, Beutin L, Oswald E (2003) Production of cytolethal
distending toxins by pathogenic Escherichia coli strains isolated from
human and animal sources: establishment of the existence of a new cdt
variant (type V). J Clin Microbiol 41:4285-4291

Trabulsi LR, Keller R, Tardelli Gomes TA (2002) Typical and atypical
enteropathogenic Escherichia coli. Emerg Infect Dis 8:508-513

Van Bost S, Roels S, Mainil J (2001) Necrotoxigenic Escherichia coli
type-2 invade and cause diarrhoea during experimental infection in
colostrum-restricted newborn calves. Vet Microbiol 81:315-329



