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TABLE 2. Bacterial strains from species other than E. coli that were negative in the SLT PCR

Species sNo. of Species No. of
strains ~~~~~~~~~~~~~~~~~~~~strains

Aeromonas hydrophila .......................................... 1 Salmonella cholerae-suis ......................................... 1
Campylobacter fetus.......................................... 1 Serratia marcescens .......................................... 1
Campylobacterjejuni .......................................... 1 Vibrio cholerae .......................................... 1
Campylobacter intestinalis....................................... 1 Vibrio parahaemolytica .......................................... 1
Campylobacter bubolus.......................................... 1 Vibrio vulnificus .......................................... 1
Enterobacter cloacae .......................................... 1 Yersinia enterocolitica.......................................... 4
Kiebsiella pneumoniae .......................................... 1 Yersinia pseudotuberculosis ..................................... 3
Pasteurella haemolytica .......................................... 1 Listeria monocytogenes.......................................... 3
Proteus vulgaris.......................................... 1 Listeria innocua .......................................... 1
Pseudomonas aeruginosa ........................................ 2 Listeria ivanovii .......................................... 1
Pseudomonas fluorescens ........................................ 1 Micrococcus luteus.......................................... 1
Pseudomonas testosteroni........................................ 1 Staphylococcus aureus.......................................... 4
Salmonella montevideo .......................................... 1 Streptococcus agalactiae......................................... 1
Salmonella typhimurium.......................................... 4 Streptococcus faecalis.......................................... 3

bromide per ml. The DNA samples were analyzed by Initial inocula of 1.4 to 1.5 and 4.8 to 5.5 CFU/g of E. coli
agarose gel electrophoresis (60 min at 100 V), visualized by B2F1/3 (091:H21; VT2ha and VT2hb) and H30 (026:H11;
UV transillumination, and photographed. Molecular size SLTI), respectively, were detected in 6-h mTSB cultures of
markers (100-bp ladder; Pharmacia LKB Biotechnology, ground beef samples with the SLT PCR (Fig. 3).
Inc.) were included in each gel. SLTI and SLTII oligonucle- A higher level of detection of SLT-EC with the PCR was
otide primer pairs, used in combination, detected 10 pg of obtained with extracted DNA (protocols I and II) than with
purified DNA from E. coli H30 (026:H11; SLTI) and 1 pg of boiled cultures (Fig. 4). With boiled cultures, an initial
purified DNA from E. coli B2F1/3 (091:H21; SLTII variants sample inoculum of 80 to 120 CFU of E. coli 0157:H7 strain
VT2ha and VT2hb) and 319 (0157:H7; SLTI and SLTII). 319 per g could be detected by the SLT PCR after 6 h of

incubation in mTSB, compared with detection of 0.8 to 1.2
RESULTS CFUI/g for this strain with DNA extracted from the broth

culture by protocol I or II. The modified DNA extraction
Specificity of SLT primers. SLTI oligonucleotide primers procedure, protocol II, appeared to provide a sensitivity in

generated PCR products of the predicted size, ca. 600 bp, SLT-EC detection that was equivalent to that of protocol I
with DNA from SLTI-producing E. coli but not with DNA (16).
from E. coli strains that produce SLTII or variants of SLTII
(Fig. 1). Similarly, SLTII oligonucleotide primers generated DISCUSSION
PCR products of the predicted size, ca. 800 bp, with DNA
from SLTII- and SLTII variant-producing E. coli strains but In this report a rapid and sensitive method for detection of
not from those that produce SLTI. SLT primers generated SLT-EC in ground beef samples is described. The assay is
PCR products with DNA from all SLT-EC strains tested based on a short period of selective culture followed by
(Table 1); however, no PCR products were obtained with DNA extraction from bacterial growth and PCR-based am-
DNA from E. coli strains that did not produce SLT or from plification of target DNA with SLT oligonucleotide primers.
44 bacterial strains of 28 other species (Table 2). In the design of the SLT oligonucleotide primers, attempts

Detection of SLT-EC in ground beef with PCR assays. were made to identify conserved regions within SLT genes
When ground beef samples were cultured in mTSB (2 g in 18 by a comparison of the published nucleotide sequences of
ml or 25 g in 225 ml) for 4 h, an initial sample inoculum of 8 sltI (9), sltII (23), sltIIv (60), sltIlva (15), and vt2ha and vt2hb
to 12 CFU of E. coli 0157:H7 strain 319 per g was detected (21). Several base degeneracies would have had to have been
by SLT PCR with DNA extracted from broth cultures (Fig. incorporated into the sequences of the oligonucleotides to
2). After 6 and 24 h of incubation, an initial inoculum of 0.8 allow amplification of all SLT genes with one primer pair;
to 1.2 CFU of this E. coli strain per g was detected. however, degenerate SLT PCR primers such as these have

TABLE 3. Oligonucleotide primers used in the study

Ta(oC) Location Predicted size of
Primer Oligonucleotide sequence (5'-3') % G+C Tma(C) within gene amplified product (bp)

SLTI-F ACA CTG GAT GAT CTC AGT GG 50 71.2 938-957
SLTI-R CTG AAT CCC CCT CCA TTA TG 50 71.2 1539-1520 614

SLTII-F CCA TGA CAOA CGG ACA GCA GTT 54.2 73.7 624-644
SLTII-R CCT GTC AAdC TGA GCA CTT TG 50 71.2 1403-1384 779

a The predicted melting temperatures (Tm) of the oligonucleotides were calculated by using the computer program PC/GENE (release 6.5; Intelligenetics,
Mountain View, Calif.).

b The position numbers are those in the published nucleotide sequences of sitI (9) and sltIt (23).
G is in this position in sltllva (15).

d G is in this position in sltIIv, sltIIva, and sltIIvhb (15, 21, 60).
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FIG. 1. Amplification of DNA from E. coli strains with SLT
oligonucleotide primers. After DNA amplification, a 15-pl aliquot of
each 100-p1 PCR reaction mix was analyzed by agarose gel electro-
phoresis (1.0% agarose containing ethidium bromide). SLTI and
SLTII oligonucleotide primers were used in combination. Lanes: A,
molecular size markers (100-bp ladder); B through J, PCR products
obtained with DNA from E. coli strains H19 (026:H11; SLTI) (B),
H30 (026:H11; SLTI) (C), C600 (933w) (O?R:K12; SLTII) (D), 412
(0139:K82; SLTIIv) (E), H.I.8 (0128:B12; SLTIIva) (F), B2F1/3
(091:H21; SLTII variants VT2ha and VT2hb [21]) (G), E32511
(0157:H-; SLTII-c) (H), 319 (0157:H7; SLTI and SLTII) (I), and
DHSa (O?R:K12; none; negative control) (J). DNA from E. coli H30
and C600 (933w) was used as a positive control for the SLTI and
SLTII oligonucleotide primer pairs, respectively.

been used with apparent success (26). Instead, two sets of
oligonucleotide primers were used, with the first pair homol-
ogous to sltI and the second pair homologous to sltII and
sltII variants. This resulted in a one-base mismatch for each
of the two SLTII primers from some slt variants (Table 3).
This level of homology might provide high specificity and
equivalent sensitivity among SLT genes in PCR detection.
At the same time, sufficient differences exist between the

4h 6h 24h
Aifrn u I VI

FIG. 2. Comparison of the PCR products obtained from mTSB
cultures of ground beef inoculated with E. coli 0157:H7 strain 319.
Ground beef samples (2 g) were incubated for 4, 6, and 24 h with
aeration in 18 ml of mTSB at 42°C. DNA was extracted from
bacterial cultures, and PCR assays were carried out with SLTI and
SLTII primer pairs (in combination). After DNA amplification, a

15-pAl aliquot of each 100-pA PCR reaction mix was analyzed by
agarose gel electrophoresis (1.0% agarose containing ethidium bro-
mide). Lanes: A, molecular size markers (100-bp ladder); B through
E, PCR products from cultures of ground beef inoculated with 8 x
102, 80, 8, and 0 CFU, respectively, of E. coli strain 319 per g and
incubated for 4 h in mTSB; F through I and J through M, PCR
products from cultures of ground beef inoculated with 80, 8, 0.8, and
0 CFU ofE. coli 319 per g and incubated for 6 and 24 h, respectively,
in mTSB.

FIG. 3. Comparison of the PCR products obtained after amplifi-
cation of DNA extracted from cultures of ground beef inoculated
with E. coli B2F1/3 and H30. Ground beef samples (2 g) inoculated
with each strain were grown for 6 h with aeration in 18 ml of mTSB
at 42°C. After DNA extraction from bacterial cultures, DNA ampli-
fication was carried out with SLTI and SLTII oligonucleotide
primers (in combination). A 15-,ul aliquot of each 100-pl PCR
reaction mix was analyzed by agarose gel electrophoresis (1.0%
agarose with ethidium bromide). Lanes A, molecular size markers
(100-bp ladder); B through E, initial sample inocula of 5.3 x 102, 53,
and 0 CFU, respectively, of E. coli H30 per g; F through I, initial
sample inocula of 1.5 x 102, 15, 1.5, and 0 CFU, respectively, of E.
coli B2F1/3 per g; J, PCR product obtained with SLT primers and 1
ng of DNA extracted from an mTSB culture of E. coli 319 (positive
control).

SLTI and SLTII oligonucleotide primer sets to allow them to
be used individually to differentiate between sltl and genes
of the sltII family. In this respect, the oligonucleotide primer
pairs are similar to those described by Pollard et al. (46),
with the exception that variants such as sltllv are also
detected. This was felt to be desirable, since E. coli that
produce SLTIIv or SLTIIv variants may indeed be involved
in human disease; e.g., strain H.I.8 (0128:B12), which
produces SLTIIva (15), was isolated from an infant with
diarrhea (33). Although E. coli strains that produce this and
other SLT variants may be involved in a minority of clinical
cases in humans, it would seem that no satisfactory answers
can be obtained concerning their importance if methods of
analysis are designed to exclude them from detection. Al-
though the PCR is a multiplex, the primary goal is to detect
all slt genes and not to differentiate among types and
variants. Differentiation among SLT genes, after detection
with this assay, can be accomplished by several secondary
procedures. These include a multiplex PCR with specific
primer pairs that differentiate among genes of the sltII
family, restriction endonuclease digestion of sltII family
PCR products (24, 25, 59), and hybridization studies with
specific oligonucleotide probes (19).
A high sensitivity of detection was achieved by culture of

ground beef samples before the PCR. A 6-h incubation in
mTSB at 42°C with aeration allowed detection of approxi-
mately 1 CFU of the SLT-EC strains tested per g. The time
needed for detection, including sample preparation, DNA
extraction, PCR, and agarose gel electrophoresis, is approx-
imately 9 h. This method is therefore more rapid and
sensitive than VT assays (33), enzyme-linked immunosor-
bent assays (1, 3, 43), DNA hybridization (8, 19, 27, 39, 40,
52, 63), and direct-sample PCR (14) methods.
While it is possible that overnight (16- to 18-h) E. coli

cultures may contain a significant amount of DNA from
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FIG. 4. PCR products obtained after amplification with DNA
obtained by three different methods from bacterial cultures of
ground beef inoculated with E. coli 0157:H7 strain 319. Ground beef
samples (2 g) were grown for 6 h with aeration in 18 ml of mTSB at
42'C. DNA was extracted from the cultures as described in Mate-
rials and Methods. PCRs with SLT primers were performed with
DNA purified by protocol I, a modification of this procedure
(protocol II), and boiled bacterial cultures (protocol III). After DNA
amplification, a 15-,ul aliquot of each 100-p.l PCR reaction mix was
analyzed by agarose gel electrophoresis (1.0% agarose containing
ethidium bromide). Lanes: A, molecular size markers (100-bp lad-
der); B through E, F through I, and J through M, PCR products
obtained with DNA extracted from cultures of ground beef inocu-
lated with 1.2 x 103, 1.2 x 102, 1.2 x 10, and 0 CFU, respectively,
of E. coli 319 per g by methods I, II, and III (as indicated); N, PCR
product obtained with SLT primers and 1 ng ofDNA extracted from
an mTSB culture of E. coli 319 (with no ground beef).

nonviable cells, and this DNA may have been inoculated
with viable cells into the ground beef samples, the data
obtained from these experiments suggest that this did not
introduce substantial error into the estimates of the number
of SLT-EC detected in PCR assays. At least 4 to 6 h of
culture is required for optimal PCR detection of low numbers
of CFU in the initial ground beef inoculum. In addition, as
the culture proceeded, PCR product bands became stronger
and PCR products appeared in samples with low inocula.
This would suggest that live and not dead cells were respon-
sible for positive results in these SLT PCR assays.
The modified DNA extraction procedure, protocol II,

appeared to have the same level of sensitivity in SLT-EC
detection as protocol I, a DNA extraction procedure which
we have used to obtain DNA from L. monocytogenes strains
(16). This modification reduced the number of manipulations
required in DNA extraction and decreased DNA preparation
times from approximately 2 h to 1 h. The modified DNA
extraction procedure omitted treatment of bacterial suspen-
sions with lysozyme and mutanolysin, a step required in
protocol I. Both of these enzymes are thought to aid in
bacterial lysis by degradation of the peptidoglycan layer of
the cell wall. Since the peptidoglycan layer is less substantial
in gram-negative bacteria than in gram-positive bacteria, it is
possible that exclusion of these enzymes not only saves time
but also results in a lysis procedure that is somewhat
selective for gram-negative bacteria. Although boiling of
bacterial cultures provided satisfactory results with high
concentrations of SLT-EC, the boiled-sample method was
less sensitive than the modified DNA extraction procedure
for PCR detection of SLT-EC at low concentrations. Boiled

material also produced multiple bands in some PCR experi-
ments (data not shown).
One important shortfall in the procedure that we have

described is that information such as the serotype cannot be
obtained until the SLT-producing strain is isolated from the
broth culture. It is also possible that one or more types of
SLT-EC may be present in the samples. The primary use of
this procedure is therefore to identify food samples that
contain SLT-EC. Methods such as selection on MacConkey-
sorbitol agar for E. coli 0157:H7 strains, DNA hybridization
with slt probes, or enzyme-linked immunosorbent assays
may be useful in the isolation of SLT-EC in samples found
positive in this screening assay. However, we are also
exploring procedures that would allow direct characteriza-
tion of SLT-EC isolates with the PCR. One of these includes
PCR-based detection of relatively serotype-specific targets
for common SLT-producing pathogens such as E. coli 0157:
H7.
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