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A rapid method was developed to quantify toxigenic Escherichia coli, using a

membrane filter procedure. After filtration of samples, the membrane filter was
first incubated on a medium selective for E. coli (24 h, 44°C) and then transferred
to tryptic soy agar (3%; 6 h, 37°C). To assay for labile toxin-producing colonies,
the filter was then transferred to a monolayer of Y-1 cells, the E. coli colonies
were marked on the bottom of the petri dish, and the filter was removed after 15
min. The monolayer was observed for a positive rounding effect after a 15- to 24-
h incubation. The method has an upper limit of detecting 30 toxigenic colonies
per plate and can detect as few as one toxigenic colony per plate. A preliminary
screening for these enterotoxigenic strains in polluted waters and known positive
fecal samples was performed, and positive results were obtained with fecal samples
only.

Diarrheal disease is a leading cause of death
in underdeveloped countries as well as a signifi-
cant cause of morbidity in adults (8, 12). In 25%
of the cases, a known bacterial pathogen is iso-
lated (i.e., Salmonella spp., Shigella spp., Vibrio
cholerae, or Vibrio parahaemolyticus). It has
been estimated that another 25 to 50% of the
cases may be due to viral agents, leaving 25 to
50%o with no known etiological agent. Esche-
richia coli, a normal inhabitant of the human
intestinal tract, has demonstrated the abiity to
produce enterotoxins capable of causing diar-
rhea in humans and animals. There are two well-
recognized enterotoxins produced by this spe-
cies, heat stable and heat labile (LT), which are
clearly distinguishable from each other by their
physical characteristics. Epidemiological evi-
dence concerning the role of enterotoxigenic E.
coli (ETEC) as a cause of gastrointestinal illness
in the United States is conflicting and unclear.
Part of the problemshas been due to a lack of a
rapid method for quantifying ETEC when proc-
essing large numbers of clinical and environmen-
tal samples. The development of such a method
should permit clarification of epidemiological
data as well as promote genetic and mechanisms
of pathogenesis studies.
This study was designed to develop a rapid,

relatively inexpensive, and quantitative proce-
dure for determining the number of LT-produc-
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ing ETEC present in fecal or environmental
samples or both. Since membrane filtration
techniques provide a quantitative method of
isolating certain species from mixed populations
by use of selective media (6, 10), a membrane
filter technique (mTEC) specific for E. coli (4)
was used for isolating E. coli. This procedure
allows identification of E. coli colonies before
assaying for toxin production, thus eliminating
the problem of false-positives and cytopathic
effects of toxins produced by organisms other
than E. coli. This technique was combined with
the sensitive Y- 1 cell assay to permit rapid iden-
tification of LT-producing E. coli colonies.

MATERIAIS AND METHODS
Bacterial strains. E. coli toxigenic strains K344,

K325, K100, M117, and M324 were provided by R. B.
Sack (Johns Hopkins Medical Research Center, Bal-
timore, Md.). Strain 10405 was an E. coli strain main-
tained by this laboratory. All strains except 10405 were
shown to be toxigenic by the Y-1 cell assay (2).
Toxin preparations. Crude enterotoxin prepara-

tions were prepared from 18- to 24-h cultures grown
at 37°C on a shaker in 25-ml flasks containing 5 ml of
3.0%o tryptic soy broth (TSB; Difco Laboratories, De-
troit, Mich.). The cultures were then centrifuged (20
min, 1,200 x g), and the supernatant was decanted
into sterile tubes containing 0.1 ml of gentamicin (3
mg/ml).

Toxin levels in the agar under the membrane filters
were assayed by removing agar plugs (using a sterile
scalpel), and toxin was extracted from the agar in 0.5
ml of phosphate-buffered saline (PBS) (4), pH 7.2,
containing 0.3 mg of gentamicin per ml, by suspending
the agar in PBS for 24 h at 6°C.
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The agar extract (0.2 ml) and supernatant (0.2 ml)
were assayed for the presence of toxin within 24 h of
preparation, using the Y-1 procedure.

Ceil culture. Y-1 adrenal cells were provided by
the Center for Disease Control, Atlanta, Ga. They
were cultivated as monolayer cultures at 37°C in a

humidified atmosphere (95% air, 5% carbon dioxide).
Cells were grown in Ham nutrient mixture F-10 sup-

plemented with 15% horse serum and 2.5% fetal calf
serum (GIBCO Laboratories, Grand Island, N.Y.).
Logarithmic growth was maintained in stock cultures
by periodic subculture. Cell suspensions were pro-
duced either by mechanical disruption with a rubber
policeman followed by pipetting or by proteolytic dis-
aggregation of the culture with a 10-min exposure to
0.1% trypsin (Microbiological Associates, Walkersville,
Md.). To test crude toxin preparations, equal numbers
of Y-1 cells (104) were added to each well of an eight-
well plate (Lux; Microbiological Associates) and al-
lowed to grow for 2 to 3 days before use in assays. For
membrane filter assay, higher densities of cells (more
than 10' cells per ml) were distributed in 1.0-ml quan-
tities into petri dishes (60 by 15 mm, gridded; Costar,
Cambridge, Mass.) and allowed to grow for 2 days or

to confluence. The tissue culture medium was changed
before using the monolayer and replaced with F-10 (as
described above) which contained 25 gg of gentamicin
per ml.
Membrane filtration. Samples were diluted in

PBS as required to give 20 to 80 colonies per plate and
filtered through Gelman filters (GN6). Filters were
placed on mTEC agar, incubated for 2 h at 37°C, and
then placed at 440C for 18 to 24 h. To facilitate toxin
production, the membrane filters then were aseptically
transferred from the mTEC medium to 3.0% tryptic
soy agar (TSA; Difco Laboratories) and incubated at
370C for 6, 8, 10, or 12 h before assaying for toxin. Y-
1 monolayers were prepared for use by removing the
medium and washing the cells two times with PBS.
Only plates with confluent monolayers are selected for
use. The filters were placed directly on the cell mono-
layer for 15, 30, or 45 min. The bottom of each plate
was marked, detailing the location of the E. coli colo-
nies. The filters were removed aseptically, and the Y-
1 cells were washed two times with PBS; the 3 ml of
F-10 with 25 gg of gentamicin per ml was added, and
the monolayers were incubated for 15 to 24 h before
being examined for positive results (Fig. 1).
mTEC medium. mTEC medium contains the fol-

lowing: proteose peptone no. 3, 5.0 g; yeast extract, 3.0
g; lactose, 10.0 g; NaCl, 7.5 g; K2HPO4, 3.3 g; KH2PO4,
1 g; sodium lauryl sulfate, 0.2 g; sodium deoxycholate,
0.1 g; bromocresol purple, 80 mg; bromophenol red, 80
mg; agar, 15 g; and distilled water to 1 liter. The
ingredients are dissolved by stirring, sterilized by au-

toclaving at 121°C for 15 min, and poured into plates
(10 by 47 mm, 4 ml per plate). An appropriate volume
of each sample is filtered, and the filters are placed on
the medium. The plates are sealed in Whirlpak bags
and incubated at 35°C for 2 h, after which they are
immersed in water for 20 ± 2 h at 44.50C. Lactose-
positive colonies are scored, and the filters then are

placed on pads saturated with urease reagent (0.1%

DAY 1 a) FiHer sample

b) Incubate on mTEC

tilter

DAY 2 a) Count yellow colonies
b) Do ureas test and mark1 al

colonies that are not stNi yellow
(only E coHi are leti)

c) Place on TS8 medium for 6 hrs filter
d) Place fiHer on prepared Y-1 cell

plate2 for 15 min

e) Mark on bottom of cell plate location
of colonies

f) Remove filler
g) Place media on Y-I coll plate and Y-1 plate

incubate for 15 hr wHth filter

DAY 3 a) Read plate microscopically

b) Examine colony areas for toxin
reaction

Y-1 plate
1Mark by punching hole in filter.
2Plate selected for use with confluent monolayer

FIG. 1. mTECprocedure.

TABLE 1. Recovery of toxigenic strains of E. coli on
mTEC medium

Recovery (%) of strain
Trial

K325"' K344" M324« M117" K100" 10405h
1 66C 64 82 100 87 75
2 81 70 93 100 100 100

Avg 73 67 88 100 93 88

Toxigenic strain.
b Control strain (nontoxigenic isolate).C Percent recovery relative to nutrient agar spread

plates. Three replicate plates were used for each di-
lution.

urease in deionized water) and observed for 15 min.
Yellow colonies (urease negative) are E. coli.

RESULTS
Recovery of toxigenic strains. The use of

membrane filters and the effectiveness of the
mTEC medium as a recovery technique for tox-
igenic E. coli were examined. The percentage of
ETEC strains recovered on mTEC medium was
determined relative to that recovered on nutri-
ent agar spread plates (Difco Laboratories) (Ta-
ble 1). Recovery of the toxigenic strains (84 +
14%) was similar to the recovery of nontoxigenic
strains (88 ± 17%).
Toxin production and assay. Toxin pro-

duction by ETEC has been demonstrated in
several liquid media (2, 12), and results with
strain K325 in this laboratory with mTEC me-
dium without agar demonstrated that toxin was
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present in the supernatant after 18 h of incuba-
tion. However, the toxin was not detected in
mTEC agar (Table 2). Despite the presence of
toxin in the supernatant from the initial culture,
no toxin was present in the mTEC agar beneath
filters on which ETEC colonies had developed
for the preceding 24 to 48 h. In an effort to
determine whether the medium, the tempera-
ture, or some other factor was inhibiting the
production (or detectabiity) of toxin, the filter
was transferred after the 18-h incubation period
on mTEC medium to various media. By trans-
ferring the filters to TSA, toxin could be de-
tected after 6 h (Table 3). An incubation period
of less than 6 h on TSA usually resulted in a
toxic effect on the Y-1 cells, although results
were variable. This may have been due to a toxic

TABLE 2. Detection ofLT in mTEC medium
Detection

After following
Organism In supema time (h) of incuba-

tant" tion in agarh

0' 24< 48<

Toxigenic
K325 + - - -
K344 + - - -
M324 + - - -
M117 + - - -
K100 + - - -

Control (10405) - - - -

aThe supernatant from a stationary-phase TSB
culture was tested for toxin.

b An appropriate dilution of the stationary-phase
TSB culture was filtered.

'Toxin was assayed by extracting the agar with
PBS and testing the extract.

TABLE 3. Detection ofLT in TSA medium
Detection

After following time (h) ofOrganism In super- incubation on TSAb (h)

natant«
0' 6< 8< 10' 12<

Toxigenic
K325 + - + + + +
K344 + - + + + +
M324 + - + + + +
M117 + - + + + +
K100 + - + + + +

Control (10405) -

<'The supernatant from a stationary-phase TSB culture
was tested for toxin.

h Filters were placed on TSA at 37°C after 18 h of incuba-
tion on mTEC medium. There were between 10 and 30 colo-
nies on each filter.

' Toxin was assayed by extracting the agar with PBS and
testing the extract.
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component of the mTEC medium still present
in the filter. Since toxin was consistently de-
tected in TSA at 6 h, this procedure was followed
in all subsequent experiments.
The sensitivity of the Y-1 cells and the effect

of the duration of time that the filter was in
contact with the cell monolayer were examined
(Table 4). A positive response was defined as
more than 75% of the cells within a 3- to 5-mm
circle drawn on the plate immediately below the
E. coli colony exhibiting characteristic rounding
(cytotonic effect). All Y-1 monolayers were ex-
mained 15 to 24 h after exposure to the filter. It
was clear that the monolayer only required a 15-
min exposure to the filter. A longer exposure
gave no increase in the response and had no
adverse effect on the Y-1 cells. The Y-] cells
exposed to areas of the filter which were devoid
of ETEC colonies showed no morphological
changes. After a 15-min exposure of the mono-
layer to a flter on which there were 34 or more
colonies, the cytotonicity was confluent, proba-
bly the result of diffusion of the toxin. However,
a single toxigenic colony on a filter was detect-
able.

It is important to have a confluent Y-1 mono-
layer for the assay of ETEC colonies. A plate
with a low density of Y-1 cells may not have
cells under the E. coli colonies and, therefore,
give no indication of ETEC present in the sam-
ple. Another problem was the removal of Y-1
cells from the plate due to their adherence to
the flter when it was removed. This problem
was obviated by leaving a small amount of buffer
to provide an interface between the cells and the
filter. The small-volume buffer which remained
had no effect on the ability to detect toxin.

Differentiation of toxigenic strains from non-
toxigenic strains by the combination of mTEC
and Y-1 monolayer (MY-1) procedures in a
mixed population was studied by assaying mix-
tures of strain K325 and the nontoxigenic strain
10405 (Table 5). As few as 2 toxigenic colonies
in 40 nontoxigenic colonies were detected, and
30 or more toxigenic colonies on a plate gave
confluent cytotonicity.
Water samples from three sites on upper Nar-

ragansett Bay and two sites in Boston Harbor
yielded high densities of E. coli (104 and 10"/100
ml, respectively), but in more than 300 colonies
examined (Table 6), no toxigenic strains were
detected. To determine whether background
microorganisms had any effect on toxigenic
strains, a water sample was seeded with a culture
of strain K325. The fact that 100% of the K325
organisms were detected indicates that there
were few (if any) ETEC present in the original
water samples. No false-positive colonies were
noted.

Five fecal samples (courtesy of S. T. Donta,
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TABLE 4. Effect of time on detection ofLT-producing colonies on Y-i monolayers
No. of colonies at following exposure time (min) of Y-1 monolayer to filter'

Organism 15 30 45

Expected Observed' Expectedh Observed' Expectedh Observed'

Toxigenic
K325 6 6 15 15 14 14
K344 54 + d 8 8 6 6
M324 51 + 9 9 6 6
M117 34 + 58 + 4 4
K100 25 25 1 1 14 14

Control (10405) 62 0 62 O ND" ND
'All filters had been incubated on mTEC medium (18 h) and transferred to TSA (6 h) before being placed

on the Y-1 monolayer.
b Number of colonies expected on filter based on a calculation from dilutions.
' Number of cytotonic zones on Y-1 monolayer.
d +, Confluent cytotonicity.
e ND, No data.

TABLE 5. Assay of toxigenic and nontoxigenic
colonies in a mixed population

Nontoxigenic col-
Total Toxigeic colonies onies

Trial colo-
nies" Ex- Ob- Ex- Ob-

pectedh served' pected" served'

1 29 30 +e 0 0
2 68 0 0 68 68
3 65 3 3 61 62
4 49 27 + 7 0
5 40 3 2 28 38
6 31 12 10 7 21
7 63 <1 0 68 63
8 31 30 + <1 0

Number of colonies on a filter.
b Expected number of colonies based on calculations

from dilutions.
'Number of cytotonic zones.
d Number of colonies not associated with cytotonic

zones.
e +, Confluent cytotonicity.

University of Iowa, Iowa City) known to contain
ETEC were examined by the MY-1 procedure.
Three dilutions of each sample were processed.
Toxigenic zones were detected in all cases (Table
7). An accurate estimation of the number of
colonies on the filters from samples 76 and 105
was not possible, and estimates of 100 and 200
colonies per filter, respectively, were used. The
presence of three to four cytotonic zones under
the filter from sample 76 indicates that there
were, in fact, only three or four ETEC organisms
per filter. However, the presence of 27 to 29
zones under the filter from sample 105 must be
interpreted as a minimum number of ETEC
present, since more than one organism could
have been responsible for 1 zone of cytotonicity.

TABLE 6. Examination of toxigenic and
nontoxigenic colonies of E. coli in water sample

from estuaries

No. of E. coli No. of LT
Location of site' colonies ob- colonies de-

served' tected'

Narragansett Bay
1 73 0
2 138 0
3 106 0
4e 82 66f

Boston Harbor
1 112 0
2 99 0

" Both locations were known to be heavily contam-
inated with raw sewage.

b Amount is based on the mTEC procedure.
'MY-1 procedure (filter placed on Y-1 monolayer

after 6 h on TSA).
d Total number of colonies on two or three replicate

filters.
e Sample from site 3 seeded with strain K325 (toxi-

genic).
f One hundred percent recovery of strain K325.

DISCUSSION
The role of LT-producing ETEC in diarrhea,

particularly severe cholera-like diarrhea (13),
has become increasingly significant (11) espe-
cially in underdeveloped countries where ETEC
is endemic in some areas (5). Large numbers of
environmental and fecal samples must be ex-
amined for LT-producing E. coli to determine
the prevalence and source of ETEC. The MY-1
procedure is an inexpensive, rapid, and accurate
assay method of field and clinical samples for
LT-producing strains and permits the assay of
the large number of samples required for epide-
miological investigations. Cultural examination
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TABLE 7. Quantification ofETEC in fecal
specimens by the MY-1 procedure"

Sample'> No. of E. coli colo- No. of ETEC col-
nies observed' onies detected'

74 43<1 3"
75 43 24
76 200 7
104 82 5
105 400 57

MY-1 procedure (filter placed on Y-1 monolayer
after 6 h on TSA).

h Known positive ETEC fecal samples.
' mTEC medium used for initial assay.
<Total number of colonies on duplicate plates.
e Zones of cytotonicity counted.

of the isolates may then be conducted to confirm
toxin-producing abiity.
Although ETEC were not found in Narragan-

sett Bay or Boston Harbor, this was not totally
unexpected since ETEC are generally associated
with the chronic unsanitary conditions of under-
developed nations and are not believed to be
present in the United States (11), although
ETEC diarrhea is found among young farm an-
imals (2), suggesting that ETEC may be present
in the environment in small numbers. This low
incidence of ETEC in our environment, if veri-
fied, may explain the high incidence of ETEC
traveler's diarrhea in U.S. citizens visiting those
countries (1, 7, 9).
The recovery of ETEC from fecal samples

showed that the MY-1 procedure could detect
ETEC from a clinical specimen. With this pro-
cedure, it will now be possible to determine the
ratio of ETEC to nontoxigenic E. coli in a fecal
population.
The mTEC technique has recently been im-

proved (A. Dufour and E. Strickland, Abstr.
Annu. Meet. Am. Soc. Microbiol. 1979, Q61, p.
229) to increase the overall recovery, and this
improvement may also increase the recovery of
toxigenic strains. Toxigenic E. coli were not
detected on Y-1 cells, unless filters containing
colonies were transferred from mTEC medium
to TSA and incubated; hence, mTEC agar ap-
peared to inhibit the production of toxin. How-
ever, this inhibition was not permanent, and the
toxin was expressed after an additional incuba-
tion on TSA. Inhibition of toxin production by
mTEC was not investigated. This inhibition is
believed to be due to either the high temperature
of incubation (44°C) or the acid produced by E.
coli in utilizing the lactose in the medium or
both. The MY-1 procedure detects LT-produc-
ing strains in both pure and mixed cultures. This
method is therefore well adapted to field studies
where mixed populations are present.

With the MY-1 procedure, the time required
for detecting toxigenic colonies is less than that
for the conventional system. In less than 48 h,
tests of 250 colonies for LT production can be
completed. The time required for the prepara-
tion and examination of the test was approxi-
mately 4 h, much less than the time required
even by the microtiter technique (9).

Since some LT-producing strains lose the abil-
ity to produce toxin upon laboratory passage
(11), a reduction in processing and assay time
may increase the number of ETEC detected.
This rapid, simple, and quantitative method for
detecting and enumerating LT-producing E. colt
can also be applied toward studies of clinical
investigation, colonization, and genetics, partic-
ularly those that characterize plasmid(s)-me-
diating toxin production.
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