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TABLE 1. Strains of E. coli used to test STH and STP probes

Presence of:
E. coli strain Reference

STH STP

H10407 + + 25, 30
C600(pBR322) - - 4
B41 - + 24
M406C1 - + 22
M427C1 + - 22
M443C1 - + 22
153937-2 + - 22
154122-2 -a - 22
154165-2 + - 22

a Although the original isolate was positive, the clone was negative,
presumably because of plasmid loss.

glucose, 10 mM trans-1,2-diaminocyclohexane-N,N,N',N'-
tetraacetic acid, and 25 mM Tris hydrochloride (pH 8.0).
After 45 min on ice, 16 ml of freshly prepared 0.2 N
NaOH-1% sodium dodecyl sulfate was added and gently
mixed. After 5 min on ice, 12 ml of 3 M sodium acetate (pH
4.8) was added. The extract was centrifuged at 5°C for 20
min at 15,000 x g. The supernatant volume was measured,
and 0.6 volume of isopropanol at -20°C was added. After at
least 1 h at -20°C, the preparation was centrifuged at - 15°C
for 20 min at 10,000 x g. The isopropanol was decanted, and
the pellet was briefly washed in 70% ethanol at -20°C.
Excess ethanol was removed with a swab, and the pellet was
dissolved in 8 ml of 150 mM NaCl-50 mM Tris (pH 8.0).
After the addition of 2.5 volumes of 95% ethanol at -70°C,
the extract was chilled at -70°C for 10 min, centrifuged at
- 15°C for 20 min at 10,000 x g, and decanted; the pellet was
then washed with 70% ethanol at -20°C. The pellet was

allowed to dry under vacuum at room temperature for 15 to
25 min; it was then dissolved in 8 ml of 10 mM Tris
hydrochloride (pH 8.0)-i mM EDTA. Plasmid DNA was

purified by CsCI-ethidium bromide density gradient centrif-
ugation as described previously (13), except that the plasmid
DNA was rebanded overnight at 44,000 rpm in the VTi65
rotor. The DNA concentration of each plasmid preparation
was measured by integrating densitometry of photographs
made from agarose gels, with known amounts of bacterio-
phage lambda DNA serving as standards. Various amounts
of purified plasmid DNAs were spotted onto paper filters and
denatured by alkali and steaming (18). The number of gene

copies of the target DNA could be calculated because the
size of each plasmid is known. As controls, dilutions of
synthetic oligonucleotide probe DNAs, both labeled and
unlabeled, were spotted on filters and subjected to various
treatments, enabling us to determine how much DNA was

lost during filter preparation and how much signal was

obtained from various amounts of target and labeled probe
DNAs.

Preparation of DNA colony hybridization filters. Bacterial
strains were cultured overnight in brain heart infusion broth
(Difco Laboratories, Detroit, Mich.) at 37°C. Portions (100
pul) were dispensed into a microtiter plate. Plate cournt agar

(Difco) was inoculated with a replicator consisting of stain-
less steel rods (diameter, 1.6 mm) sterilized by immersion in
ethanol followed by flaming. After incubation overnight at
37°C, colony patterns were replicated onto Whatman no. 541
paper circles and then lysed by the procedure of Maas (18).

In experiments with mixed cultures, the strains were

grown separately as described above, and the number of
CFU per milliliter was determined on plate count agar after

dilution in Butterfield buffer (43 mg of KH2PO4 per liter [pH
7.2]). A constant number (between 100 and 200) of E. coli
H10407 cells was mixed with various numbers of E. coli
C600(pBR322) cells and spread onto plate count agar. After
overnight incubation, Whatman no. 541 paper filter repli-
cates were made, even though cell growth was often
confluent. The procedure for lysing the cells on filters and
denaturing the DNA was as described by Maas (18) with
modifications. Papers in glass petri dishes were soaked with
a solution of 0.5 N NaOH-1.5 M NaCl. Filters were placed
on these wetted papers and steamed for 5 min, after which
they were placed for 5 to 10 min onto paper soaked with a
solution of 1.0 M Tris (pH 7.0-2.0 M NaCl. After the filters
were air dried, they were stored in a vacuum desiccator at
room temperature for as long as 6 months.

Labeling of synthetic probes. Oligodeoxyribonucleotides
were labeled at the 5' end by the enzymatically catalyzed
transfer of 32P from [Iy-32P]ATP (crude preparation, 7,000
Ci/mmol; ICN Pharmaceuticals Inc., Irvine, Calif.) with T4
polynucleotide kinase (Bethesda Research Laboratories,
Gaithersburg, Md.). The procedure used was that of
Maniatis et al. (19). For each reaction, 50 pmol of 5' ends
was used. After labeling, unincorporated nucleotides were
removed by binding the DNA to an NACS-52 PREPAC
column (Bethesda Research Laboratories) with 0.25 M am-
monium acetate as loading and washing buffer and 4.0 M
ammonium acetate for elution, as specified by the manufac-
turer. Usually, specific activities of 6 x 108 to 8 x 108
cpm/,ug of probe were obtained.
DNA colony hybridization. Conditions for the hybridiza-

tion were based on the procedure of Wallace et al. (29) with
modifications. For each filter, 106 cpm of oligonucleotide
probe was added to 5 ml of hybridization mix, containing 6x
SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium citrate),
Sx Denhardt solution (9), 1 mM EDTA (pH 8.0), and 200 jg
of boiled, sonicated calf thymus DNA per ml; preincubation
was not necessary. It was determined empirically that an
incubation temperature of 40°C gave a generally good signal,
with occasional false-negative results. When 45 to 50°C was
used for washing the filters (twice for 1 h in 6x SSC),
false-positive results were eliminated. Autoradiograms were
exposed and developed as described previously (12).

RESULTS
Sensitivity of hybridization with oligomer probes. To deter-

mine the number of target sequence copies that could be
detected under our hybridization conditions, we spotted
known amounts of target DNAs, both synthetic and cloned,
on paper filters. Simply spotting unlabeled synthetic oligo-
nucleotide DNAs on paper filters and then following the
colony hybridization protocol resulted in no spots on auto-
radiograms. Target DNAs of this size apparently do not bind
well to paper filters under these conditions. To estimate how
much DNA was lost during treatment with alkali and steam-
ing followed by neutralization, we spotted 2-,ul portions of
end-labeled STH and STP oligodeoxyribonucleotide probes
(about 150,000 cpm) onto paper filters and subjected them to
various treatments (Table 2). Samples that were applied in
0.4 N NaOH, dried, and neutralized showed the highest
retention; these conditions were tised in subsequent experi-
ments with purified DNAs.
Under the autoradiographic conditions used here (XAR

film, regular intensifying screens, -70°C) the lower limit of
detection is a spot containing approximately 800 to 1,000
cpm after 18 h of exposure (data not shown). When exposure
time is shortened to 4 h, spots must contain about 4,000 to
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6,000 cpm to be considered clearly visible. Since the specific
activity of the synthetic probes is about 5 x 106 cpm/pmol,
1,000 cpm represents approximately 105 molecules.
Known amounts of the DNA of plasmids pBR322 (ST-),

pSLM004 (STH+), and pRIT10036 (STP+) were cleaved
with restriction endonuclease E(coRI to render them linear to
prevent rapid renaturation and then spotted onto paper
filters in 0.4 N NaOH, briefly air dried, neutralized, and used
for DNA colony hybridization. Under these conditions the
limit of detection is about 108 molecules after 18 h of film
exposure; however, this number may be deceptively low
because of loss of target sequence copies during hybridiza-
tion and washing (Table 2).

Identification of STH and STP strains. Pure cultures of the
E. c(oli strains listed in Table 1 were tested by DNA colony
hybridization to determine whether they harbored the STH
or STP genes. Autoradiogram results (Fig. 1) obtained with
cloned ST probes (21) agreed with the classification (Table
1), except for strain 154122-2. Although positive when orig-
inally tested, this strain had lost the enterotoxin gene by the
time of the current testing.

Use of probes in a mixed culture. Because unprocessed
foods generally harbor more than one species of bacteria and
the particular strain being sought may be present in low
numbers, we ascertained the limit of detection of enterotox-
igenic bacteria among an excess of nontoxigenic cells. About
100 cells of enterotoxigenic E. c(oli H10407 were mixed with
various numbers of cells of nontoxigenic E. (0oli
C600(pBR322). These mixtures were spread on plate count
agar and permitted to grow overnight at 37°C. Paper filter
replicates were made, cells were lysed, and the DNA was
hybridized with the synthetic oligonucleotide probes for
STH or STP end labeled with 32P. The autoradiogram
produced after the STP probe was used is shown in Fig. 2,
and the quantitative results are presented in Fig. 3. Approx-
imately 80% of input cells can be detected when <10,000-
fold of excess cells are not enterotoxigenic. When the
toxigenic strain is present at a ratio of <1:10,000, only 3 to
6% of these added cells can be detected on autoradiograms.
The difference between the two probes is not considered
significant.

DISCUSSION
DNA colony hybridization has been used to detect enter-

otoxigenic E. coli strains in clinical samples (20) and foods
(12). A collaborative study (13) uncovered two problems in
the procedure: purification of probe DNA fragments and use

TABLE 2. Retention of end-labeled synthetic
oligodeoxyribonucleotide probes on paper filters after various

treatments

Counts r-emaining (%) for:
Treatment"

STH STP

A 100 10(
B 37 49
C 32 38
D 5 7
E 3 3

Each set of filters was subljected to additional steps in the colony
hybridization procedure (18): A. samples were spotted and dried, and radio-
activity was determined by cutting out spots on filter and using a scintillation
counter: B. treatment A was followed by steaming: C. treatment B was
followed by neutrailization: D. treatment C was followed by hybridization
overnight at 40°C; E, treatment D wsas followed by two 1-h washes at 50'C.

STH

@40

STP

0*

FIG. 1. Colony pattern of E. coli isolates. Paper filter replicates
of E. coli colonies grown on plate cotunt agar were made, lysed. and
hybridized with either the STH or STP synthetic oligodeoxy-
ribonucleotide probes. The pattern was the same on both filters: -.
negative control: +. positive for both toxins: H. STH only: P. STP
only: B, blank.

of nitrocellulose filters. The in vitro synthesis of oligo-
deoxyribonucleotides and the availability of nucleotide se-
quences for pathogenic determinants lessened the difficulty
of obtaining large quantities of DNA for probes. The use of
paper filters (18) has proven to be faster, less expensive, and
more sensitive for DNA colony hybridization than the use of
nitrocellulose filters.

Oligodeoxyribonucleotide probes for STP and STH were
synthesized and successfully used to detect strains of E. (/oli
with the genetic potential for producing either or both of
these toxins (Table 1; Fig. 1). To determine the sensitivity of
this method in terms of the number of DNA molecules that
can be detected. we spotted both natural (cloned) and
synthetic DNAs onto Whatman no. 541 paper filters. These
experiments, however, were not entirely successful. Most of
the synthetic DNAs (up to 97%) could not be fixed firmly to
the filters, even when applied in alkali and then steamed
(Table 2). Plasmid DNAs were also lost, as evidenced by the
failure to observe spots on autoradiograms after hybridiza-
tion with synthetic probes (data not shown). It is suspected
that cellular debris from lysed cells substantially increases
the binding of DNA to paper filters; however, no reconstruc-
tion experiments have been attempted. When nitrocellulose
filters were used. about 108 cells could be observed and 108
molecules of target DNA cloned into plasmids could be
detected after hybridization and overnight exposure of auto-
radiograms. Although this estimate does not take into ac-
count the loss of target seqLuences during filter preparation.
hybridization, and washing. the data in Table 2 suggest that
such losses with paper filters may be as much as 97%.
Procedures involving the use of whole cells on nitrocellulose
filters yield a limit of detection of about 3 x 106 cells. Once
again, losses of target DNA during filter preparation and
hybridization can be considerable.
These probes also revealed the presence of most (80 to

90%) enterotoxigenic E. (oli cells that had been mixed with
a 1,000-fold excess of cells from a nonenterotoxigenic strain
of E. c oli (Fig. 2 and 3). (Because bacterial strains often lose
plasmids in unselective conditions, cultures seldom consist
totally of enterotoxigenic cells.) Even when the toxin-
producing strain was present at a frequency of only 1 in 105,
about 3 to 6% of the cells could be detected. This limit of
sensitivity is most likely to be a function of the total number
of cells spread onto a plate. With about 100 cells of E. (oli
H10407 present on each plate, the samples with an
enterotoxigenic/nonenterotoxigenic ratio of 1:105 contained
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FIG. 2. Autoradiogram of mixture of toxigenic and nontoxigenic E. coli cells. About 100 cells of E. coli H10407 were mixed with various
numbers of cells of strain C600(pBR322) and spread onto plate count agar. After overnight growth, paper filter replicates were made, lysed,
and hybridized with the STH or STP probe (latter is shown). Filters 1 through 6 contain 10-fold decreasing ratios of strain C600(pBR322) to
strain H10407. Data are shown in Fig. 3.

about 107 E. coli C600(pBR322) cells. At this cell density,
only a few of the target cells could divide sufficiently to
produce enough copies of the enterotoxin gene for detection
by this method. The use of selective media may greatly
increase the sensitivity of this assay for examining food
samples that contain a number of species.
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FIG. 3. Plot of autoradiographic data from Fig. 2. The percent-

age of added E. coli H10407 cells detected was plotted against the
ratio of various E. coli C600(pBR322) cell numbers. Symbols: 0,
STH; 0, STP.

The method has the considerable advantages that readily
available DNA probes and inexpensive and sensitive filters
are used, and it enables one to work with a specific and
well-defined piece of DNA. This piece usually consists of a
genetic segment from within the structural gene of the
virulence determinant in question. Because probe DNA is
relatively plentiful, concentrations can be increased in hy-
bridization reactions, decreasing the time required to com-
plete the reaction. There is no problem with the probe's
reannealing, because all the molecules are identical instead
of complementary.
There are, however, three disadvantages to this system.

First, the nucleotide sequence or the amino acid sequence of
the protein product of the region being studied must be
known. The latter circumstance may require synthesis of a
pool of mixed-sequence oligonucleotides to identify and
clone a region for eventual sequencing or use as a probe.
This cloning may not be allowed for potent toxins under
existing National Institutes of Health guidelines. Second,
such probes may be sensitive to single-base-pair mutations,
which may not change the protein function but would reduce
homology to the oligonucleotide probe so that the target
sequence in the strains being tested would no longer be
recognized. This problem might be overcome by simulta-
neously using two probes from nonoverlapping regions of
the same structural gene. It is unlikely that a single gene
would undergo two such "silent" mutations. Finally, these
short oligonucleotide probes are not easily labeled by nick
translation; however, recent advances have been made in
the labeling of synthetic DNA with biotin by using enzymatic
and solid-phase techniques (7, 16, 23). At present, the
sensitivity of the biotin labeling systems is at least 10-fold
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and often as much as 100-fold less than procedures that
involve the use of radioactively labeled probes. The combi-
nation of synthetic probes and enzyme-linked immunosor-
bent assay-based detection systems is commercially valu-
able, and a satisfactory method may soon be developed.
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