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We describe a rational approach to simultaneously test Escherichia coli strains for the presence of known
virulence genes in a reverse dot blot procedure. Specific segments of virulence genes of E. coli designed to have
similar hybridization parameters were subcloned on plasmids and subsequently amplified by PCR as unlabeled
probes in amounts sufficient to be bound to nylon membranes. Various pathogenic isolates and laboratory
strains of E. coli were probed for the presence of virulence genes by labeling the genomic DNA of these strains
with digoxigenin and then hybridizing them to the prepared nylon membranes. These hybridization results
demonstrated that besides the E. coli K-12 safety strain derivatives, E. coli B and C strains are also devoid of
genes encoding any of the investigated virulence factors. In contrast, pathogenic E. coli control strains, used to
evaluate the method, showed typical hybridization patterns. The described probes and their easy application
on a single filter were shown to provide a useful tool for the safety assessment of E. coli strains to be used as
hosts in biotechnological processes. This approach might also be used for the identification and character-
ization of clinically significant E. coli isolates from human and animal species.

The species Escherichia coli includes a broad variety of dif-
ferent types, ranging from highly pathogenic strains causing
widespread outbreaks of severe disease (4) to avirulent isolates
which belong to the normal intestinal flora or which are well-
known and safe laboratory strains (28, 29). The pathogenicity
of a given strain is determined by specific virulence factors
which include adhesins, invasins, toxins, capsule, and others.
As in the case of the E. coli alpha-hemolysin (5), they are often
organized in large genetic blocks, called pathogenicity islands
(6, 27), which are either located on the chromosome or large
plasmids or are transmitted by bacteriophages. Genes encod-
ing virulence factors are vigorously regulated by a variety of
factors (11), and their expression is often repressed under
laboratory conditions. This makes phenotypic characterization
of virulence often difficult and unreliable for the determination
of the virulence pattern needed for safety assessment (31).
Virulence assessment with gene probes which is independent
of gene expression has therefore become the method of choice
for strain characterization for both biotechnological and med-
ical applications. Gene probes specific for E. coli virulence
factors showed the absence of virulence genes in nonpatho-
genic E. coli strains (29). This has been demonstrated in par-
ticular for the genetically well determined derivatives of E. coli
K-12 which have been known to be devoid of any known E. coli
virulence genes (2, 28, 29). K-12 derivatives are therefore con-
sidered to be biological containment strains in all major inter-
national regulations and are recommended as safe hosts for
propagation and expression of cloned genes (31). However, the
knowledge about virulence factors of many E. coli strains,
including B and C strains, which possess a high potential for
biotechnological applications, is not well documented. Such
strains therefore do not fulfill the criteria for biological con-
tainment and are consequently classified in higher risk classes

than E. coli in many guidelines (31). This necessitates high
security precautions, which makes them unattractive for many
practical applications, especially large-scale fermentations in
industrial productions.
Hence, an easy applicable tool is needed to characterize

such E. coli strains that have the potential to be used in bio-
technological applications. For this purpose, we have devel-
oped a system which allows the screening for E. coli-specific
virulence genes in a single working process by using a reverse
dot blot approach.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The following laboratory E. coli
strains were used in this study: XL1-Blue {K-12 derivative; recA1 endA1 gyrA96
thi-1 hsdR17 supE44 relA1 lac [F9 proAB lacIqZDM15 Tn10(Tetr)]; Stratagene, La
Jolla, Calif.}, C600 [K-12 derivative; e14-(mcrA) supE44 thi-1 thr-1 leuB6 lacY1
rfbD1 tonA21 F2], BL21 (B strain; ompT rB2mB2 F2 [45]), JF1504 (B strain;
LC46, prototroph, T6r), JF1506 (B/R strain; LC122, prototroph), JF1508 [C
strain; LC430, arg his trpAM suIII (Strr)], JF1509 (C strain; LC431, prototroph),
TOPP2 (rif [F9 proAB lacIqZDM15 Tn10(Tetr)]; Stratagene). The following clin-
ical isolates were used: uropathogenic E. coli (UPEC) J96 (O4:K6; fhuA1 cnf11

F1C1 fim1 pap1 hly1), 536 (O6:K15:H31; fhuA1 fim1 pap1 sfa1 hly1), and
RZ475 (O6:K5; fhuA1 cnf11 F1C1 fim1 iucC1 K51 pap1 hly1), isolated from
patients with urinary tract infections and suffering from pyelonephritis; E. coli
IHE3034 (O18:K1; fhuA1 fim1 K11 sfa1 hly1), causing newborn meningitis
(NBM); E. coli IMI100 (eltI1 fhuA1 cfa/I1 fim1 ST1); the enteropathogenic
E. coli (EPEC) strain NZ1743-95 (fhuA1 bfp1 eae1 fim1); the enterotoxigenic
E. coli (ETEC) strains NZ3211-94 (eltI1 fhuA1 cfa/II1 ST1), isolated from a
2-year-old girl hospitalized for dehydrating diarrhea, 34344f (O6:K15:H2; eltI1

fhuA1 cfa/II1 fim1 ST1), and C9221a (O6:K15:H16; fhuA1 cfa/II1); the entero-
hemorrhagic E. coli (EHEC) strain NZ4253-92 (O157:H7; SLT1 fhuA1 eae1

fim1 ely1), isolated from stools of a 6-year-old boy with bloody diarrhea; the
enteroinvasive Shigella flexneri NZ1679-94 (fhuA1 fim1 ipa1 iucC1); and the
enteroaggregative E. coli (EAggEC) strain NZ1470-95 (reference strain O44,
kindly provided by H. Karch; aaf/I1 fhuA1). For subsequent DNA isolation, all
strains were grown on Luria-Bertani agar.
Preparation of genomic DNA and cloning procedures. Genomic DNA was

prepared by the method of Pitcher et al. (36) or with the QIAamp tissue kit
(QIAGEN, Hilden, Germany).
Clones containing parts of characterized virulence genes were produced by

PCR on either plasmid or genomic DNA harboring corresponding genes. Details
concerning primers and their locations as well as fragment lengths are given
below and in Table 1. Restriction sites were included in the primers to allow easy
cloning and subsequent precise excision of cloned fragments, so that no plasmid
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sequences remained. Wherever possible, EcoRI was included as a restriction site
to generalize the procedure. PCR fragments were purified with a QIAquick PCR
purification kit (QIAGEN, Basel, Switzerland). Plasmid pBluescriptII-SK2

(Stratagene) and purified PCR fragments were digested with the corresponding
restriction enzyme(s) (Boehringer GmbH, Mannheim, Germany), subjected to
agarose gel electrophoresis (Sigma, Buchs, Switzerland), purified by Jet-Sorb
(Genomed, Bad Oeynhausen, Germany), and ligated for 2 h at room tempera-
ture before transformation of DH5-a by the calcium chloride method (38). All
clones obtained were analyzed by sequencing.
Sequencing. Sequencing was done with the AmpliTaq FS dye terminator cycle

sequencing kit (Perkin-Elmer, Norwalk, Conn.) as described in the manufactur-
er’s recommendations with the vectors T3 and T7 matching primers flanking the
cloned inserts in pBluescriptII-SK2, and the sequencing reactions were run on
an ABI PRISM 310 genetic analyzer.
Probe preparation. To get pure, plasmid contaminant-free probes, cloned

fragments were excised with the appropriate restriction enzyme(s) as described
in the supplier’s recommendations, purified twice over agarose gels with the
Jet-Sorb kit (Genomed), and then used as a template for PCR with internal
primers. This yielded enough pure template to be used for the dot blot assay.
PCR conditions. PCR was performed with either a model PE9600 or PE2400

automated thermocycler with MicroAm tubes (Perkin-Elmer Cetus, Norwalk,
Conn.). The reaction was carried out in a 50-ml volume containing 5 ml of 103

buffer (supplied with Taq), 20 pmol of primer (each), 1 mM deoxynucleoside
triphosphate, 2.5 U of Taq DNA polymerase (Boehringer), and 1 ml of bacterial
lysate or 100 ng of genomic DNA. About 1 to 10 ng of plasmid DNA or insert
DNA was used. PCR conditions were as follows: 35 cycles at 948C for 30 s, 528C
for 30 s, and 728C for 1 min. A final extension step for 7 min at 728C was included.
Blotting and hybridization. Dot blot hybridizations were performed in a re-

verse mode with unlabeled specific PCR fragments on the filter, which was
hybridized with labeled total genomic DNA of various E. coli strains. Briefly, dot
blots were carried out with a Bio-dot apparatus (Bio-Rad Laboratories,
Herkules, Calif.) on positively charged nylon membranes (Boehringer). Approx-
imately 200 or 20 ng of PCR product was solubilized in 100 ml of TE (10 mM
Tris, 1 mM EDTA [pH 8.0]), denatured by adding 50 ml of 1 M NaOH for 20 min
at room temperature, and neutralized by adding 50 ml of 1 M HCl. Blotting was
then performed as described in the manufacturer’s instructions with 100 ml of
DNA solution per well. Alternatively, 1 ml of PCR product was directly spotted
on nylon membranes and, after drying, denatured for 5 min in 1.5 M NaCl–0.5
M NaOH and neutralized for 5 min in 1.5 M NaCl–0.5 M Tris (pH 8.0). After
blotting, the filters were baked at 808C under vacuum for 30 min. After at least
1 h of prehybridization, hybridization was carried out in a mixture of 53 SSC, 2%
blocking reagent (Boehringer), 0.1% N-lauroylsarcosine–Na salt, and 0.02%
sodium dodecyl sulfate (SDS) at 688C in rotating glass tubes overnight (13 SSC
is 0.15 M NaCl plus 0.015 M sodium citrate). Total genomic DNA labeled by

TABLE 1. Plasmids and primer pairs generated in this study and used for probe preparation by PCR

Plasmid Gene(s) Position on sequence
of accession no. Primers Sequence Length

(nucleotides) Reference

pJFFEC1 sltI 278–801 on L04539 EC1/2-L 59 GCTCTAGATTGAACGAAATAATTTATATG39 530 34
EC1-R 59 GCTCTAGATGATGATGACAATTCAGTAT39

pJDFFEC2 sltII 278–795 on M12534 EC2-R 59 GCGGATCCATGATGGCAATTCAGTAT39 520 48
EC1/2-L 59 GCTCTAGATTGAACGAAATAATTTATATG39

pJFFEC3 eltIA 70–750 on V00275 EC3-L 59 ACGGATCCTACCGTGCTGACTCTAGACC39 680 44
ETEC-LT-R 59 TTCATCCCGAATTCTGTTAT 39

pJFFEC4 eltIIA 48–711 on M17894 EC4-L 59 TCGAATTCAGCAAACGATTTCTTTAGAG39 665 35
EC4-R 59 AAGGTACCCCTGCGTTTTAAGAGTTTTT39

pJFFECAAF aaf/I 53–644 on X81423 ECAAF-L 59 TCTGAATTCGACACAGACTCTGGCGAAAG39 730 40
ECAAF-R 59 TGTGAATTCTGGGATTGCACTCTCAGGA39

pJFFECAER fhuA 1039–2036 on M12486 ECAER-L 59 ATGGAATTCCCGGTTTCCGTGCTTTA39 1,000 12
ECAER-R 59 CGGGAATTCCGGCAACGCGGTTAA39

pJFFECBFP bfpA 32–599 on Z12295 ECBFP-L 59 CCTGAATTCACGGGGGTTTTATAAGGAAA39 570 14
ECBFP-R 59 TCAGAATTCTTACATGCAGTTGCCGCTTC39

pJFFECCFA cfa/I 9–661 on M55661 ECCFA-L 59 AATATCGATGATAACTGTGTAAAAA39 650 20
ECCFA-R 59 GTTTCCTGCAGTTGGGGCGGTAC39

pJFFECCNF cnf-1 1321–2229 on X70670 ECCNF-L 59 TTTAAGCTTTTACTAAAAAATTATTA39 910 15
ECCNF2-R 59 ACTAAGCTTTACAATATTGACATG39

pJFFECCS3 cfa/II 11–556 on M35657 ECCS3-L 59 GTAGAATTCCAGGTACGTATACTGTTGG39 540 8
ECCS3-R 59 TATGAATTCACGGTAATTACCTGAAACT39

pJFFECEAE eae 2565–3241 on M58154 ECEAE-L 59 GGCGAATTCCGCATGAGCGGCTG39 680 19
ECEAE-R 59 ATTGAATTCATAGGCGCGAGCCGTCAC39

pJFFECF1C F1C gene 185–704 on M13053 ECF1C-L 59 GCGAATTCATCTCCATGGCTGTA39 520 46
ECF1C-R 59 GCGAATTCACTTTAAAGGTGGCGTCG39

pJFFECFIM fimA 625–1132 on X00981 ECFIM-L 59 GGCGAATTCTGTTCTGTCGGCTCTGTC39 510 21
ECFIM-R 59 TTGGAATTCAACCTTGAAGGTCGCATC39

pJFFECIPA ipaH 991–1676 on M76445 ECIPA-L 59 TCCGAATTCCTTGACCGCCTTT39 690 17
ECIPA-R 59 TTCGAATTCACGCATCACCTGTGCA39

pJFFECIUC iucC 2829–3635 on X76100 ECIUC-L 59 GCGAATTCGGCGATGACCGCTACTG39 810 26
ECIUC-5 59 GCGAATTCCAGCGTGAAGCCAGTG39

pJFFECK1 neuA, neuC From 786 on J05023
to 499 on M84026

ECK1B-L 59 GCGGAATTCATTGGACACTCGCTGTTTG39 840 50
ECK1B-R 59 GCGGAATTCGCATTGATGCTGCGATAG39 49

pJJECK5 kfiB 5120–5719 on X77617 ECK5-L 59 TCTGAATTCGACTACCTCCCATAATG39 600 Unpublished data
ECK5-R 59 CGCGAATTCCGGGTGGGCAGATCCATCT39

pJFFECPAP papA 1775–2300 on X61239 ECPAP-L 59 ATTGAATTCGTTATTGCCGGTGCGGTA39 530 25
ECPAP-R 59 TCAGAATTCAATTCGCAACTGCTGAGA39

pJFFECSFS sfaS 626–1195 on X16664 ECSFS-L 59 GCGAATTCTTATATTGGCCACCGGTC39 570 42
ECSFS-R 59 GCGAATTCAACAATGCAAACGATGGC39

pFFECST stIA or stIB Part of pKAD008 ECST-L 59 ATCTCTAGAGATCGAATTCCCG39 620 1
ECST-R 59 ATGTCTAGACCCAGAATCTGAGCACA39

pJFFECSFA sfaA 176–705 on X17420 ECSFA-L 59 TTAGAATTCATCTCCATGGCTGTA39 530 41
ECSFA-R 59 TGAGAATTCTGGTACTGAACTTTAAAGGT39

pJFFRTX6II hylA 3420–3696 on M14107 RTX6II-L 59 TATGAATTCACTCATATCAATGG39 680 18
RTX6II-R 59 TCTGAATTCTGATTAGAGATATCACCTGACTC39

pJFFRTX7 elyA 2140–2922 on X79839 RTX7-L 59 GATGAATTCAAAGGCGGTAA39 780 39
RTX7-R 59 TAAGAATTCATCACCTGAATCGAAC39
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random priming with the digoxigenin (DIG)-High Prime DNA labeling kit
(Boehringer) was included in the hybridization solution. The washing of filters
was performed as follows: two times, 5 min each, with 50 ml of 23 SSC–0.1%
SDS per 100 cm2 at room temperature, followed by two times, 15 min each, with
50 ml of 0.23 SSC–0.1% SDS per 100 cm2 at room temperature. The filter was
then processed with phosphatase-labeled anti-DIG antibody as described in the
producer’s protocol. Signals were produced with the chemiluminescent substrate
CDP-Star (Boehringer). Signal detection was done on X-ray films.

RESULTS

Construction of probes. In an attempt to establish a method
which allows the simultaneous screening of E. coli strains for
the presence of known major virulence factors, we constructed
several gene probes, all of which hybridize with comparable
melting temperatures and washing conditions. Moreover, it was
necessary to be able to produce substantial amounts of these
probes at a high purity. We therefore cloned specific segments
500 to 1,000 bp in length from the different described virulence
genes which served as templates in PCR for their amplification
and subsequent cloning as summarized in Table 1.
In detail, two clones were constructed for the detection of

Shiga-like toxins found in EHEC strains. Plasmid pJFFEC1,
which contains the probe based on the sltIA gene, detects the
genes encoding Shiga-like toxin I as well as Shiga toxin and was
constructed by PCR with pJN37-19 (32) as a template and the
primers EC1/2-L and EC1-R. The resulting PCR product was
digested with XbaI and ligated into the corresponding site of
pBluescript. For gene probe preparation, the 530-bp insert of
pJFFEC1 was cut with XbaI and a second PCR amplification
was done with the purified insert as a template and the same
primers, EC1/2-L and EC1-R. Plasmid pJFFEC2, which is
based on the sltIIA gene, is able to detect genes encoding either
Shiga-like toxin II or its variants and was constructed with
pNN111-19 (32) as a template and the primers EC1/2-L and
EC2-R for PCR amplification. The PCR product was double
digested with BamHI-XbaI and subsequently ligated into
pBluescript digested with the same enzymes. The 520-bp gene
probe was amplified with the purified insert of pJFFEC2,
which had been excised with BamHI-XbaI, as a template and
the primers EC1/2-L and EC2-R by PCR.
The heat-labile enterotoxins LT-I and LT-IIa are found in

ETEC strains from humans or cattle, respectively. Two clones
were generated for the corresponding virulence genes. Plasmid
pJFFEC3, based on eltIA, was constructed with pEWD299 (13)
as a template and the primers EC3-L and ETEC-LT-R by PCR
amplification. The resulting 680-bp fragment was then simul-
taneously digested with BamHI and EcoRI and ligated into the
matching sites of pBluescript. Afterwards, the gene probe was
amplified with the same primers, EC3-L and ETEC-LT-R, and
the purified BamHI-EcoRI insert of pJFFEC3 as a template.
Plasmid pJFFEC4, containing part of eltIIA, was constructed
by PCR amplification with pTC200 (10) as a template and the
primers EC4-L and EC4-R. The PCR product was digested
with EcoRI-KpnI and subsequently ligated into the equivalent
sites of pBluescript. For gene probe production, the 665-bp
insert was excised with EcoRI and KpnI, and a second PCR was
performed on the purified insert with the same primer pair,
EC4-L–EC4-R.
Plasmids harboring parts of the hemolysin gene clusters

found in hemolytic UPEC and of the enterohemolysin gene of
EHEC strains were also constructed. pJFFRTX6II was assem-
bled by using pHLY152 (33) as a template and the primers
RTX6II-L and RTX6II-R for PCR amplification. The result-
ing hlyA-specific fragment was digested with EcoRI and cloned
into the corresponding site of vector pBluescript. The 680-bp
fragment was afterwards excised with EcoRI, purified, and

applied as a template in a second PCR with the same primer
pair, RTX6II-L–RTX6II-R. Plasmid pRTX7 was created with
pCVD419 (24) as a template and the primers RTX7-L and
RTX7-R by PCR amplification, subsequent digestion of the
product with EcoRI, and cloning into the same site of pBlue-
script. Preparation of this elyA-specific 780-bp gene probe was
done by using the purified insert excised with EcoRI as a
template and the primer pair RTX7-L and RTX7-R for PCR
amplification.
pJFFECAAF is the plasmid specific for the aaf/I gene found

in EAggEC and was constructed by PCR amplification with
pCVD432 (3) as a template and the primers ECAAF-L and
ECAAF-R. The 730-bp product was digested with EcoRI and
cloned into the matching site of pBluescript. The gene probe
was then synthesized by PCR with the purified EcoRI fragment
from pJFFECAAF as a template and the primers ECAAF-L
and ECAAF-R.
pJFFECBFP was constructed by PCR amplification with

pJN16 (30) as a template and the primer pair ECBFP-L–
ECBFP-R. The resulting fragment was restricted with EcoRI
and cloned accordingly into pBluescript. The gene probe was
produced by PCR with the purified EcoRI fragment from
pJFFECBFP as a template and the primer pair ECBFP-L–
ECBFP-R, resulting in a 570-bp probe specific for bfpA of
invasive EPEC.
Clones containing gene fragments of colonization factor an-

tigens found in ETEC were based on the cfa/I gene and the
gene encoding CS3 (cfa/II). Plasmid pJFFECCFA specific for
cfa/I was produced with pTZCFAI (20) as a template and the
primers ECCFA-L and ECCFA-R by PCR amplification. Di-
gestion of the 650-bp PCR product with EcoRI and its cloning
into the corresponding site in pBluescript resulted in plasmid
pJFFECCFA. The PCR probe was generated by using the
purified EcoRI insert of pJFFECCFA as a template and the
primers ECCFA-L and ECCFA-R. Plasmid pJFFECCS3 was
generated by performing PCR on pCS100 (7) with the primers
ECCS3-L and ECCS3-R. The resulting 540-bp fragment was
then cloned analogously to pJFFECCFA. The CS3-specific
gene probe was amplified with the purified EcoRI insert of
pJFFECCS3 as a template and the primer pair ECCS3-L–
ECCS3-R.
A 910-bp HindIII fragment from plasmid pUC8G (15) was

cloned into the matching site of pBluescript, resulting in plas-
mid pJFFECCNF. It covers part of the chromosomally located
cnf-1 gene found in UPEC strains. The probe was prepared by
using the purified HindIII insert of pJFFECCNF as a template
and the primers ECCNF-L and ECCNF-R for PCR amplifi-
cation.
The pJFFECEAE plasmid was generated by amplifying a

680-bp fragment from pCVD434 (19) with the primers
ECEAE-L and ECEAE-R. Digestion of the PCR fragment
with EcoRI and subsequent cloning into pBluescript resulted
in a plasmid containing part of the eae gene, which is specific
for the locus of enterocyte effacement present in some EPEC
and EHEC strains. The gene probe was then amplified from
the purified EcoRI insert of pJFFECEAE by using the primers
ECEAE-L and ECEAE-R.
Plasmid pJFFECSFA, used for detection of the S-fimbrial

gene (sfa), was generated by PCR amplification of a part of the
sfaA (41) gene from DNA of UPEC 536 with the primers
ECSFA-L and ECSFA-R. The 530-bp PCR product was di-
gested with EcoRI and cloned into pBluescript accordingly.
The gene probe was created by PCR of the purified EcoRI
insert of pJFFECSFA again by use of the primer pair ECSFA-
L–ECSFA-R. Since the sfaA gene may vary in different strains,
the sfaS (42)-specific construct pJFFECSFS was developed in

VOL. 63, 1997 DETECTION SYSTEM FOR E. COLI-SPECIFIC VIRULENCE GENES 705



addition by performing PCR with DNA of strain 536 by use
of the primer set ECSFS-L–ECSFS-R. The PCR fragment was
cloned analogously to pJFFECSFA. The 570-bp sfaS-specific
gene probe was then amplified from the EcoRI insert of
pJFFECSFS with the primers ECSFS-L and ECSFS-R.
An amplification product of genomic DNA from UPEC J96

is pJFFECF1C, which resulted from a PCR with primers
ECF1C-L and ECF1C-R. The PCR fragment was digested
with EcoRI and cloned into the matching site in pBluescript. It
covers part of the F1C fimbrial subunit gene (46) which shows
some similarity to sfaA (41) but was included as a separate
probe for the reasons mentioned above. The 520-bp probe was
produced by use of the purified insert of pJFFECF1C and the
primers ECF1C-L and ECF1C-R.
Plasmid pJFFECPAP, which specifically detects P-fimbrial

genes, was produced by amplification of a 530-bp fragment
from the UPEC strain-specific papA gene from E. coli J96, with
primers ECPAP-L and ECPAP-R, and subsequent cloning of
the fragment into the EcoRI site of pBluescript. The gene
probe was then amplified with the purified EcoRI insert of
pJFFECPAP as a template and the primers ECPAP-L and
ECPAP-R.
Plasmid pJFFECIPA was developed for the detection of the

so-called invasion plasmid which is found in enteroinvasive E.
coli. It was cloned by EcoRI digestion of the 690-bp fragment
resulting from PCR amplification of plasmid pWR393 (47)
with the primers ECIPA-L and ECIPA-R and cloning into the
corresponding site in pBluescript. pJJFECIPA is based on the
ipaH gene since it is the most stable ipa gene and might also
integrate into the chromosome (17).
Another virulence factor which is frequently found in septi-

cemic E. coli and UPEC strains is the iron uptake system
named aerobactin. One of the genes of the aerobactin cluster
is the so-called iucC gene (26). pJFFECIUC contains part of
the iucC gene amplified from plasmid pRG12 (16) with the
primers ECIUC-L and ECIUC-R and cloned into the EcoRI
site of pBluescript. The 810-bp probe was generated by PCR
with the purified EcoRI insert pJFFECIUC as a template and
the primers ECIUC-L and ECIUC-R.
Moreover, plasmids specific for the two capsule antigens K1

(pJFFECK1) and K5 (pJFFECK5), frequently found in iso-
lates from patients suffering from urinary tract infection and
NBM, were constructed. For pJFFECK1, an 840-bp part of
region 2 (overlapping parts of neuA and neuC genes) (49, 50)
contained in plasmid pKT274 (37) was amplified with the
primers ECK1-L and ECK1B-R and subsequently cloned into
the EcoRI site of pBluescript. For pJFFECK5, a 600-bp part
from region 2 contained in plasmid pGB110 (37) was amplified
with primers ECK5-L and ECK5-R and cloned analogously to
pJFFECK1. The gene probes were then produced by PCR
from purified EcoRI inserts of pJFFECK1 and pJFFECK5
with the primer pairs ECK1-L–ECK1B-R and ECK5-L–
ECK5-R, respectively.
A plasmid containing specific parts of the genes for the

heat-stable enterotoxins was constructed from pKAD008 (1)
with the primers ECST-L and ECST-R in a PCR amplification
and by cloning into the XbaI site of pBluescript, thereby ob-
taining the divalent plasmid pJFFECST. This plasmid contains
parts of the stIA and stIB genes but not the LT-I-specific part
also present in pKAD008. The 620-bp gene probe was gener-
ated by amplification of the purified XbaI insert with the prim-
ers ECST-L and ECST-R.
We included three positive control gene probes in our probe

set. One was pJFFECFIM, based on the fimA gene (21), of
which a 510-bp fragment was amplified out of genomic DNA
from strain J96 with primers ECFIM-L and ECFIM-R and

cloned into the EcoRI site of pBluescript. The specific probe
was generated by PCR amplification with the purified EcoRI
insert of pJFFECFIM as a template and the primers ECFIM-L
and ECFIM-R. Since only about 70% of E. coli strains elabo-
rate type I fimbriae, we included another widespread gene,
the gene for ferrichrome-iron receptor (fhuA), contained in
pJFFECAER (12). This plasmid was created by amplification
of a part of pRG12 (16) with the primers ECAER-L and
ECAER-R and cloning the fragment into the EcoRI site of
pBluescript. As a control, plasmid pBluescript, used for clon-
ing, was included in the hybridization experiments. Due to
common sequences it hybridized with all E. coli strains tested.
Table 1 summarizes all plasmids and primers generated in this
study.
Hybridization with specific strains. For probe preparation,

the inserts were first excised from plasmids with the appropri-
ate restriction enzyme(s) and the fragment was then purified
twice over agarose gels prior to PCR. This purification step is

FIG. 1. Dot blot hybridizations of filters covered with unlabeled PCR probes
and hybridized with labeled genomic bacterial DNA. About 100- and 10-ng
amounts of PCR product amplified with internal primers from twice-purified
fragments were bound to nylon membranes. Hybridization was then carried out
with total genomic DNA labeled with DIG by random priming. The strains used
as representatives of the different E. coli, indicated at the bottom of the blots, are
as follows: UPEC, J96; ETEC, NZ3211-94; EHEC, NZ4253-92; K-12, XL1-Blue.
The probes used were as follows: A1, ECFIM; A2, ECPAP; A3, ECSFA; A4,
ECK1; A5, ECK5; A6, ECCS3; A7, ECBFP; A8, ECEAE; B1, ECIPA; B2,
ECAAF; B3, ECCFA; B4, ECST; B5, EC1; B6, EC2; B7, EC3; B8, EC4; C1,
ECCNF; C2, RTX6II; C3, RTX7; C4, ECAER; C5, ECIUC; C6, ECSFS; C7,
ECF1C; C8, pBluescript KS.
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most important because plasmid sequences, which are unspe-
cifically coamplified if contained in the template, hybridize
with E. coli (Fig. 1). Approximately 100 and 10 ng of PCR
product were then bound to nylon membranes with a dot blot
apparatus and afterwards hybridized with labeled bacterial
DNA. Since the applied probe fragments all have about the
same lengths and melting temperatures, the same stringency
conditions could be used for the whole filter. The new ap-
proach was tested with known pathogens to validate the tech-
nique and all the probes. It was then applied to well-known and
recently developed laboratory strains. Figure 1 shows the re-
sults of four such dot blot experiments in which three patho-
genic E. coli strains as well as the safety strain E. coli K-12 were
included. The latter reacted only with the positive controls,
whereas the pathogenic strains hybridized to several probes
depending on the type of strain. Tables 2 and 3 list the strains
and results obtained by this kind of hybridization experiment.

DISCUSSION

E. coli has a long-standing tradition to be used as a target
organism of basic research and for gene cloning and expres-
sion. Whereas K-12 derivatives are declared safety strains and
are easily discernible from different E. coli strains by a specific
PCR (22), very little is known about other and newly devel-
oped E. coli hosts which might be of great value for research
and industrial applications. However, due to the lack of knowl-
edge on potential virulence, they are normally classified at
higher security levels (31). The work presented here provides a
tool for the genetic characterization of E. coli strains with
regard to their harboring of potential virulence factor genes.
The detection of genes encoding virulence factors is a straight-
forward means of differentiating between a nonpathogenic iso-

late and a potentially pathogenic strain, provided that accurate
gene probes for their detection are available. All the virulence
genes which lay the basis for the development of specific gene
probes are well characterized. The probes include all known
genes for major virulence factors which have recently been
reviewed (23, 43) and are summarized in Table 1.
To simultaneously probe for all virulence genes, it was nec-

essary to subclone parts of these plasmids or genes to obtain
specific probes of approximately equal lengths to be used with
the same hybridization conditions. To simplify the whole pro-
cedure of probe preparation, the same restriction sites were
used to extract the fragments serving as probes, and the same
annealing temperatures of primers to amplify probes were
applied. For processing of the plasmids containing E. coli-
specific virulence gene probes, we used E. coli itself. Even
though E. coli K-12 is considered a biological containment for
many foreign genes, it presents some biological hazard if pa-
rental virulence genes are introduced into it. Therefore, due to
biosafety reasons, we decided to choose the primers in a way
that only incomplete gene parts were amplified to avoid the
generation of strains harboring functional virulence genes. The
system is based on individual probes, thus allowing the addi-
tion of new virulence genes that might still be detected.
The main problem in using our approach was to produce

sufficiently pure templates for the PCR amplification. When
the whole plasmids containing the probes were used as PCR
templates, minute amounts of plasmid sequences were unspe-
cifically amplified and caused a high background reaction. This
was shown in the control experiments using the empty cloning
vector pBluescript, which hybridized to all strains tested (Fig.
1 and Table 2). Most likely, this is due to the presence of
common sequences such as parts of the lac operon on this
vector. This problem was resolved by subcloning and subse-

TABLE 2. Hybridization results of probes with labeled genomic DNA from pathogenic E. coli strains used as positive controls

Probe Gene

Hybridization with strain

UPEC E. coli
IHE3034a

EAggEC
NZ1470-95

Enteroinvasive
NZ1679-94b

EPEC
NZ1743-95

E. coli
IMI100

ETEC EHEC
NZ4253-92536 J96 RZ475 34344f C9221a NZ3211-94

EC1 sltIA 2 2 2 2 2 2 2 2 2 2 2 1
EC2 sltIIA 2 2 2 2 2 2 2 2 2 2 2 1
EC3 eltIA 2 2 2 2 2 2 2 1 1 2 1 2
EC4 eltIIA 2 2 2 2 2 2 2 2 2 2 2 2
ECAAF aaf/I 2 2 2 2 1 2 2 2 2 2 2 2
ECAER fhuA 1 1 1 1 1 1 1 1 1 1 1 1
ECBFP bfpA 2 2 2 2 2 2 1 2 2 2 2 2
ECCFA cfa/I 2 2 2 2 2 2 2 1 2 2 2 2
ECCNF cnfI 2 1 1 2 2 2 2 2 2 2 2 2
ECCS3 cfa/II 2 2 2 2 2 2 2 2 1 1 1 2
ECEAE eae 2 2 2 2 2 2 1 2 2 2 2 1
ECF1C F1C gene 1 1 1 1 2 2 2 2 2 2 2 2
ECFIM fimA 1 1 1 1 2 1 1 1 1 2 2 1
ECIPA ipaH 2 2 2 2 2 1 2 2 2 2 2 2
ECIUC iucC 2 2 1 2 2 1 2 2 2 2 2 2
ECK1 neuAC 2 2 2 1 2 2 2 2 2 2 2 2
ECK5 kfiB 2 2 1 2 2 2 2 2 2 2 2 2
ECPAP papA 1 1 1 2 2 2 2 2 2 2 2 2
ECSFS sfaS 1 1 1 1 2 2 2 2 2 2 2 2
ECST stIA or

-B
2 2 2 2 2 2 2 1 1 2 1 2

EXSFA sfaA 1 1 1 1 2 2 2 2 2 2 2 2
RTX6II hylA 1 1 1 2 2 2 2 2 2 2 2 2
RTX7 elyA 2 2 2 2 2 2 2 2 2 2 2 1
pBluescript 1 1 1 1 1 1 1 1 1 1 1 1

a The strain causing NBM.
b S. flexneri.
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quent purification of inserts containing the specific probes
prior to PCR amplification. In addition, a negative control
strain (i.e., E. coli K-12) was included in the investigation to
verify the quality of the probe preparations and to evaluate the
hybridization signal intensities (Table 3 and Fig. 1). To assess
the specificity of our test, we hybridized various characterized
pathogenic E. coli strains as well as nonpathogenic E. coli K-12
strains. It became obvious that the probes specifically detected
the virulence-associated gene(s) in genomic DNA of the cor-
responding pathogenic strains. The discrepancy between the
genotypes of UPEC strains 536, IHE3034, J96, and RZ475 and
the hybridization results is due to high similarity between sfa
and foc genes. Cross-hybridization as observed in this case is an
advantage for biosafety assessment of a certain strain, since it
shows that not only homologous but also similar genes can be
detected, which broadens the range of the detection system.
The signal intensities of the probes varied, as can be seen in
Fig. 1, but the hybridization signals were clearly positive and
distinguished from the negative control strain K-12. The hy-
bridization patterns of the pathogenic strains corresponded
with the virulence factors expected from the particular clinical
isolates. This suggests that the technique is also valuable for
precise characterization of the virulence gene pattern of any
clinical E. coli isolate, thereby providing a useful additional
diagnostic tool for the characterization and epidemiology of
clinically significant E. coli isolates.
To provide a safety assessment of E. coli strains with useful

features for gene expression and protein secretion, we inves-
tigated a few strains currently utilized in many research and
biotechnology laboratories. The results in Table 3 present
strong evidence for the absence of virulence genes in the
strains investigated. The three B strains showed a hybridization
pattern identical to that of K-12 derivatives, reacting with all
three positive probes but with none of the probes for specific
virulence factors, although B strains are distinct from K-12
derivatives. The same results were found for the commercial

strain E. coli TOPP, which belongs neither to E. coli K-12 nor
to E. coli type B or C. The two C strains differed from K-12
only by not reacting with the probe specific for type 1 fimbriae
which are present in both nonpathogenic and pathogenic E.
coli strains, about 70% of which express this kind of fimbriae
(21). The results of our hybridization experiments with E. coli
strains of types B, C, and TOPP indicate that these strains do
not have any of the known major virulence genes and therefore
can be considered, like K-12 derivatives, nonpathogenic. This
supports the findings of Claassen (9), who reported that B and
C strains are rough, do not contain plasmids, are very sensitive
to complement, are supposed to contain no colonization fac-
tors, and hence are assumed to be nonpathogenic.
The oligonucleotide primers described in Table 1 can also be

used for a direct amplification of the corresponding virulence
gene fragments from lysates or genomic DNA of E. coli iso-
lates, thereby providing a rapid PCR-based detection method.
For a safety assessment of a given strain, however, the de-
scribed hybridization method is of broader value, since it al-
lows the detection of genetic variants of the different virulence
genes which might remain undiscovered in PCR. The hybrid-
ization method, which is designed for the simultaneous analysis
of known virulence factors of E. coli, also bears the potential
for automation, thus allowing the screening of a large number
of strains.
Our finding that E. coli B and C strains as well as the

commercial strain TOPP are devoid of E. coli virulence genes
indicates that these strains can be considered nonpathogenic.
The data might also serve as a basis for the classification of
these strains in safety classes which allow rational and eco-
nomic work in research and production.
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TABLE 3. Hybridization results of E. coli probes with labeled genomic DNA from laboratory and production strains

Probe Gene

Hybridization with strain

Type B
TOPP JF1500

Type C K-12

JF1504 JF1506 BL21 JF1508 JF1509 C600 XL1-Blue

EC1 sltIA 2 2 2 2 2 2 2 2
EC2 sltIIA 2 2 2 2 2 2 2 2
EC3 eltIA 2 2 2 2 2 2 2 2
EC4 eltIIA 2 2 2 2 2 2 2 2
ECAAF aaf/I 2 2 2 2 2 2 2 2
ECAER fhuA 1 1 1 1 1 1 1 1
ECBFP bfpA 2 2 2 2 2 2 2 2
ECCFA cfa/I 2 2 2 2 2 2 2 2
ECCNF cnf1 2 2 2 2 2 2 2 2
ECCS3 cfa/II 2 2 2 2 2 2 2 2
ECEAE eae 2 2 2 2 2 2 2 2
ECF1C F1C 2 2 2 2 2 2 2 2
ECFIM fimA 1 1 1 1 2 2 1 1
ECIPA ipaH 2 2 2 2 2 2 2 2
ECIUC iucC 2 2 2 2 2 2 2 2
ECK1 neuAC 2 2 2 2 2 2 2 2
ECK5 kfiB 2 2 2 2 2 2 2 2
ECPAP papA 2 2 2 2 2 2 2 2
ECSFS sfaS 2 2 2 2 2 2 2 2
ECST stla or -b 2 2 2 2 2 2 2 2
EXSFA sfaA 2 2 2 2 2 2 2 2
RTX6II hlyA 2 2 2 2 2 2 2 2
RTX7 elyA 2 2 2 2 2 2 2 2
pBluescript 1 1 1 1 1 1 1 1
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