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Enteropathogenic serotypes of Escherichia coli which have been incriminated

by epidemiological evidence as responsible for epidemics of acute diarrhea in
infants are often found to be nontoxigenic when tested by conventional systems
such as Yl-adrenal, Chinese hamster ovary, and suckling mouse assays. Twelve
such strains, representing four different enteropathogenic serotypes, were exam-
ined for their capacity to elaborate toxic materials which alter water transport.
Ultrafiltration fractions prepared to contain either a high-molecular-weight, heat-
labile or a low-molecular-weight, heat-stable form of toxin from each strain were
perfused through rat jejuna in graded concentrations ranging from 100 ug to 0.1
ng/ml. Ten of the twelve enteropathogenic strains produced one or both toxin
forms that induced water secretion at concentrations of 1 to 10 ng/ml. Values in
this range are considered indicative of clinically significant enterotoxigenicity in
this assay system, and toxins from well-documented toxigenic strains examined in
this study were active at these same concentrations. Similar preparations from
ten control strains from healthy persons were either inactive or evoked water
secretion only at concentrations of 10 to 100 ug/ml. These observations suggest
that enteropathogenic serotypes of E. coli isolated from epidemics of infantile
diarrhea produce diarrhea by elaborating potent heat-labile and heat-stable toxin
forms which alter water transport but which are inactive in conventional assay
systems. The manner in which these toxins differ either quantitatively or quali-
tatively from those which stimulate the conventional test systems is unknown.

The relationship between intestinal contami-
nation by serotypes of Escherichia coli desig-
nated as enteropathogenic and nursery epidem-
ics of acute diarrhea has been firmly established
by epidemiological as well as other forms of
evidence accrued during the past quarter cen-
tury (36). More recently, two separate patho-
genic mechanisms have been elucidated by
means of which E. coli can produce diarrheal
disease: (i) mucosal invasion and (ii) intralumi-
nal production of enterotoxins (7). Enterotoxi-
genic strains which produce a high-molecular-
weight, heat-labile (LT) and/or a low-molecular-
weight, heat-stable (ST) form of toxin are ca-
pable of causing diarrhea (32, 41, 44). The enter-
otoxigenicity of these strains is evaluated under
usual circumstances by in vitro tissue culture
systems such as the Y1-adrenal cell and Chinese
hamster ovary assays for LT and the suckling
mouse assay for ST (34). The application of
these tests to strains of enteropathogenic sero-
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types isolated from infants in nursery epidemics
(20, 45) or from sporadic cases collected over a
period of time (10, 17, 18, 22) or to those obtained
during surveys of diarrheal subjects among spe-
cific groups (5, 43, 47) has shown that these
strains only rarely elaborate enterotoxins. Con-
versely, many strains not included among the
enteropathogenic serotypes which have been
isolated from persons with acute diarrhea have
been shown to be toxigenic by these assay tech-
niques (44).

These observations have generated debate as
to the value of serotyping strains of E. coli
isolated either from victims of epidemic out-
breaks or individuals with acute diarrhea (11,
40, 45, 46). Furthermore, the mechanism by
which apparently nontoxigenic strains of enter-
opathogenic serotypes produce diarrhea remains
obscure. The same also holds true for those
strains of non-enteropathogenic serotypes iso-
lated from persons with acute diarrhea that has
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no other apparent cause, which have also been
found to be inactive in the conventional tests for
invasive and enterotoxigenic properties (4, 8, 35,
47, 48). It has been suggested that such strains
may produce enterotoxins which differ qualita-
tively from those detected by the usual assay
systems (39) or, alternatively, that other as yet
unidentified mechanisms may exist by means of
which E. coli induces diarrhea in humans, such
as has recently been described in the case of
rabbits (3).

In vivo perfusion of either the viable orga-
nisms or crude enterotoxins of toxigenic strains
of E. coli evokes water secretion in the small
intestine of experimental animals (21, 38). We
have recently reported that when this procedure
is used to determine the effect of semipurified
ultrafiltration fractions of E. coli LT and ST on
water transport it provides an assay system with
a millionfold range of sensitivity for both of
these toxin forms (29, 31). By using this tech-
nique, we have been able to show that strains of
several species of coliform bacteria that are iso-
lated from persons with acute diarrhea consist-
ently elaborate highly potent toxins, whereas
those cultured from healthy individuals or other
sources are either inactive or produce only
weakly active toxins (29). In the present study,
we applied this assay technique to strains of four
different enteropathogenic serotypes, each of
which was isolated from victims of a separate
epidemic of diarrhea, and compared the results
with those obtained for ten control strains of
non-enteropathogenic serotypes which were iso-
lated from healthy individuals. The strains of
enteropathogenic serotypes had been identified
as the etiological agents responsible for nursery
epidemics occurring in Great Britain; all were
previously tested by conventional assay tech-
niques and found to be nontoxigenic (20).

MATERIALS AND METHODS

Strains examined. Clinical, epidemiological, and
bacteriological investigations conducted during the
four outbreaks described above have been reported in
detail (20, 27, 33, 49). The strains isolated during these
epidemics were studied by using full serotyping tech-
niques and, in each instance, the particular serotype
was clearly implicated as the epidemic strain. The
nursery epidemics that occurred at Glasgow (0142:
H6), Manchester (0114:H2), and Teeside (0128:H2)
are described clinically as severe in view of the attend-
ant high mortality rate; such was not the case in the
epidemic, described as mild, which occurred among
infants at Taunton (O127:H6). All of the strains of
enteropathogenic serotypes have been previously
shown to be inactive for toxin production when tested
by the Y1-adrenal, Chinese hamster ovary, and suck-
ling mouse assays (20). Representative strains of three
serotypes were also assayed by the lysis inhibition and
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passive immune hemolysis assay systems, which are
based on the reaction of polymyxin-released E. coli
LT to antiserum to LT or cholera toxin, as measured
by complement-mediated hemolysis (or inhibition) of
enterotoxin-sensitized sheep erythrocytes (13, 14). Po-
lymyxin extracts from either the growth media that
were used to prepare toxin fractions in the present
study (Trypticase soy broth) or the Casamino Acids-
based medium (CYE) used by Evans and Evans (13,
14) yielded a positive response in both of these assay
systems in the case of a positive toxigenic control
strain of E. coli (H-10407) and a negative response in
both assays for enteropathogenic serotype 0142:H6
strain E 2772/170, serotype O114:H2 strain E 380/69,
and serotype 0128:H2 strain E 63/68.

Positive toxigenic controls consisted of two E. coli
strains, 334 (015:H11) and H-10407 (O78:H11), both
of which were isolated from persons with acute diar-
rhea and are well recognized as enterotoxin producers
as determined by conventional assay techniques (10,
13, 17). The ten nontoxigenic strains used as controls
were cultured from healthy individuals; all of these
strains were negative in the Y1-adrenal, Chinese ham-
ster ovary, and suckling mouse assay systems.

Assay technique. The procedures used for the
culture and preparation of ultrafiltration retentates
containing enterotoxin fractions and for the assay of
this material by in vivo marker perfusion in rat jejuna
have been described in detail previously (29-31).
Briefly, preparations referred to as LT consisted of the
retentate after passage through a PM-30 ultrafiltration
membrane (Amicon Corp., Lexington, Mass.) of whole
cell lysates derived by sonic oscillation (Branson Sonic
Power Co., Plainview, N.Y.) of harvested confluent
surface growth on Trypticase soy agar. The fractions
referred to as ST were obtained from the UM-05
retentate after previous passage through a UM-10
membrane of the acetone precipitate of an aerobic
culture in Trypticase soy broth.

Serial 10-fold dilutions of these toxin preparations
in isosmolar-balanced electrolyte solution (30) were
perfused at a constant rate with a model 1201 Harvard
peristaltic pump (Harvard Apparatus Co., Millis,
Mass.) through the jejuna of anesthetized, tracheoto-
mized Sprague-Dawley rats (150 to 200 g each). Os-
molalities were determined by measuring the freezing
point depression with an Advanced DigiMatic osmo-
meter (Advanced Instruments, Newton Heights,
Mass.). All solutions containing toxin fractions were
isosmotic with rat plasma at 317 mosmol/kg (30).

The net transport of water, expressed in microliters
per centimeter per 30 min, was calculated from
changes in the concentration of polyethylene glycol
4000 by the usual marker technique formula (30).
Absorption, or net lumen-to-blood transport, is signi-
fied by a plus sign, whereas a minus sign indicates
secretion. For reasons related to the different time of
onset of action of LT versus that of ST toxins, which
we have discussed previously (29, 31), the values re-
ported are for that 30-min perfusion period during
which there was maximal secretion or minimal absorp-
tion. A positive enterotoxin effect is defined as the
presence of water secretion, and the minimal effective
concentration (MEC) is that concentration of toxin (in
dry weight per milliliter) which induces secretion.
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Perfusion of 10 rats with the electrolyte solution alone
yielded absorption with a range of +12 to +66 and a
mean + standard error of the mean of +38 + 5 ul per
cm per 30 min.

RESULTS

Nontoxigenic control strains. The ultrafil-
tration preparations of two of the ten strains did
not evoke fluid secretion even at the highest
concentration perfused and were regarded as
inactive (Table 1). One or both of the ultrafil-
trate fractions of the eight other strains con-
tained material which induced water secretion
but only at the highest concentrations used
(either 100 or 10 ug per ml). In four of these
strains, there was activity only in the case of the
high-molecular-weight fractions referred to as
LT; in two, only the low-molecular-weight frac-
tions referred to as ST were active; and in two
strains, both fractions induced water secretion
(Fig. 1).

Toxigenic control strains. Ultrafiltrate
preparations of both strains contained both LT
and ST toxins which induced water secretion at
an MEC of 10 ng or less per ml (Table 2). We
regard values in this range as indicative of clin-

TABLE 1. Effect of ultrafiltrates of control strains
on water transport in rat jéjuna

ENTEROTOXIGENICITY OF ENTEROPATHOGENIC E. COLI

Water transport at toxin
. concn in perfusate (per ml)
. Toxin a
t] :
Serotype | Strain form of:
100pug | 10pug | lug
022:H1 E3285/1 LT -17 -4 | +28
ST -8 +20
081:H27 | E2708/0 LT +4 +17
ST +19
099:H4 E2939/3 LT +17
ST +6 +34
071:H48 | E2698/1 LT +3 +23
ST -16 +23
040:H3 E2722/1 LT -9 +7 +17
ST +21
O113:H21 | E2698/2 LT -23 -8 | +20
ST +9 +31
09:H4 E2744/4 LT -22 -13 +25
ST +6 +20
0?”:H14 10405 LT -12 +23
ST +42
07:H14 C1-3 LT +24 +26
ST =27 +17
O18:H7 C7-2 LT -39 +26
ST -10 +20

? Values indicate microliters per centimeter per 30 min. +,
Net absorption; —, secretion.
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ically significant toxigenicity based on the fact
that those strains of E. coli isolated from persons
with acute diarrhea which we have studied to
date have consistently yielded one or both toxin
fractions with an MEC in this range, whereas
such has never been the case for strains obtained
from healthy individuals (27).

Enteropathogenic serotypes. All 12 strains
examined elaborated both LT and ST toxin frac-
tions that yielded water secretion (Table 2). Ten
strains produced one or both toxin fractions for
which the MEC was 10 ng/ml or less (Fig. 1).
All nine of the strains isolated from the three
epidemics that were characterized clinically as
severe produced at least one or, in seven in-
stances, both toxin forms with this degree of
activity. In contrast, of the three strains tested
that were isolated from persons in the Taunton
epidemic which was characterized as mild, two
did not produce either toxin with this degree of
potency.

Characterization of the toxin material.
Exposure to 100°C for 30 min abolished the
secretory activity of each of the preparations
considered to have LT from the toxigenic and
enteropathogenic strains as well as the weakly
active material produced by some of the nontox-
igenic control strains (Table 3). In all but one
instance, the heated material yielded values for
absorption that were within the same range as
that for the balanced electrolyte solution alone.

To compare further the active toxin fractions
derived from the various strains, cell-free fil-
trates of the whole-cell lysates of a positive
toxigenic control strain (334), an enteropatho-
genic strain (Teeside E/63), and a nontoxigenic
control strain (E 3285/1) were passed sequen-
tially through a series of ultrafiltration mem-
branes, and the activity of the retentates of the
different membranes, which contained fractions
of various molecular weights, was assessed (Ta-
ble 4). All of the ultrafiltration fractions from
the control nontoxigenic strain were inactive.
Both the toxigenic control strain and the enter-
opathogenic strain yielded two potent toxin frac-
tions: (i) a heat-labile toxin in the PM-30 reten-
tate (molecular weight between 30,000 and
100,000) and (ii) a heat-stable toxin in the UM-
05 retentate (molecular weight between 500 and
30,000). Both of these strains also produced
weakly active, heat-stable material with a high
molecular weight which was 100,000 or more in
the case of strain E/63 and greater than 300,000
in the case of strain 334.

DISCUSSION

Although epidemiological evidence has clearly
incriminated the strains of enteropathogenic se-
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Fi16. 1. MECs for toxins produced by enteropath-
ogenic strains (identified by the site of the epidemic:
- Glas., Glasgow; Man., Manchester; Tee., Teesdale;
Taun., Taunton) and nontoxigenic control strains
isolated from healthy individuals. The stippled area
indicates the range of activity of toxins produced by
documented enterotoxigenic strains. Values in this
range are considered indicative of clinically signifi-
cant enterotoxigenicity in this assay system.

rotypes evaluated in this study as the causal
agents of acute epidemics of diarrhea, none of
these strains has been found to be enterotoxi-
genic when subjected to assay by conventional
laboratory techniques, including the Y1-adrenal
cell, Chinese hamster ovary, and suckling mouse
assays. The results of the present study indicate
that some of these enteropathogenic strains
share with those strains whose toxigenicity is
documented by the conventional assays the ca-
pacity to elaborate one or several forms of en-
terotoxin which induce water secretion (the
basic pathophysiological abnormality by which
enterotoxigenic bacteria produce diarrhea). Ten
of the 12 enteropathogenic strains examined
elaborated a high-molecular-weight, heat-labile
and/or a low-molecular-weight, heat-stable form
of toxin which induced water secretion at an
MEC of 10 ng or less per ml. We regard potency
of this degree as indicative of clinically signifi-
cant enterotoxigenicity in the rat perfusion assay
employed. This is based on our findings both in
the present and previous studies (29) that strains
of E. coli which have been isolated from persons
with acute diarrhea and shown to be toxigenic
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by conventional assay systems consistently pro-
duce toxins which are active at these concentra-
tions, whereas similarly produced materials
elaborated by strains obtained from healthy in-
dividuals are either inactive or evoke secretion
only at concentrations which are anywhere from
a thousand- to a millionfold greater.

The in vivo marker perfusion assay system
employed in the present study appears to be
capable of detecting potent materials responsi-
ble for causing water secretion that are elabo-
rated by strains of E. coli isolated from persons
with acute diarrhea, which can be characterized
either as toxigenic or nontoxigenic on the basis
of response in conventional assay systems. We
have referred to the substances produced by the
enteropathogenic strains as toxins since the ma-
terials elaborated by both types of strain share
the physiological property upon which entero-
toxins are defined—the ability of a cell-free
growth filtrate to induce net water secretion into
the intestinal lumen. We also refer to the toxins
elaborated by the enteropathogenic strains as
LT and ST since these fractions were prepared
by techniques which have been used by other
laboratories to make these specific toxins (2, 24),
and they share the same apparent molecular
weight and heat-lability characteristics as the
LT and ST toxin forms produced by toxigenic
strains (6, 26). Nevertheless, it is quite obvious
that some quantitative or qualitative difference
exists between the toxins elaborated by those
strains which are active in conventional assays
and those which are not. Our preliminary obser-
vations with several strains by using the passive
immune hemolysis technique also suggest that
there may be an immunological dissimilarity
between the toxins produced by toxigenic and
enteropathogenic strains. The nature of this dif-
ference is unknown. Separation of the toxin frac-
tions on the basis of molecular weight by se-
quential passage through graded polymeric
membranes in the present study failed to show
any difference between toxins produced by tox-
igenic and enteropathogenic strains.

The nature of the weakly active material elab-
orated by some strains of E. coli isolated from
healthy individuals and the relationship of this
material to the much more potent fractions de-
rived by the same preparatory techniques from
well-documented enterotoxigenic strains and
from some of the enteropathogenic strains is
uncertain. Separation on the basis of molecular
weight by sequential ultrafiltration of the cell-
free whole cell lysate of a nontoxigenic control
strain failed to reveal any evidence of activity in
any of the fractions so obtained. This observa-
tion raises the question as to whether the active
materials produced by these strains, which we
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TABLE 2. Effect of ultrafiltrates of enteropathogenic and enterotoxigenic strains on water transport

Water transport at toxin concn in perfusate (per ml) of:*

Outbl;'eyz;)ké sero- Strain 'If‘:rxllr:l
1ug 100 ng 10 ng 1ng 100 pg 10 pg
Glasgow E2772/70 LT -19 +9
0142:H6 ST -34 -7 +26
E2831/70 LT —-23 -7 +21
ST -10 +6 +14
E851/71 LT -13 +3 +8 +13
ST —-22 -5 +7 +23
Manchester E380/69 LT -21 +19
0114:H2 ST -28 +21
E554/69 LT -10 -17 +11
ST -17 +18
E508/69 LT -50 -14 +26
ST -16 +15
Teeside E63/68 LT -39 +6 +18
0128:H2 ST -35 +6 +12
E74/68 LT -17 +35
ST -13 +12
E79/68 LT -17 +14
ST -25 +8 +7
Taunton E2347/69 LT -21 +8 +9
0127:H6 ST -8 +4 +19
E2348/69 LT -12 +3 +22
ST -27 -8 +17
E2349/69 LT —-24 +13
ST -17 +3 +18
Toxigenic 334 LT —42 -18 +6
015:H11 ST -37 -35 -23 +11
Toxigenic H-10407 LT -24 +2 +18
078:H11 ST -15 +11

2 Values indicate microliters per centimeter per 30 min. +, Net absorption; —, secretion. No water transport

was recorded at a toxin concentration of 100 or 10 ug/ml.

have referred to in the past as enterotoxins (27),
are identical to those present in the much more
potent fractions produced by strains isolated
from persons with acute diarrhea.

Variations in the potency of toxins elaborated
by toxigenic strains of E. coli have been detected
when these have been assayed by means of
stimulation of adenyl cyclase in intestinal tissue
(28) and of cyclic AMP in Chinese hamster ovary
cells (9) or by distention of rabbit ligated intes-
tinal loops (9, 12). These previous studies have
suggested that a correlation exists between the
degree of enterotoxigenic potency and the sever-
ity of diarrhea. Although the small number of
strains examined in the present study precludes
any definite conclusion, it is of interest that all
of the enteropathogenic strains isolated from
persons in epidemics that were characterized
clinically as severe produced highly potent tox-
ins, whereas such was the case in only one of
three strains tested that had been isolated from

individuals in an epidemic characterized as mild.

The precise significance and role of entero-
pathogenic or other specific serotypes of E. coli
in the pathogenesis of acute diarrhea remain to
be defined. The property of enterotoxigenicity is
clearly not restricted to enteropathogenic sero-
types; both enteropathogenic and non-entero-
pathogenic serotypes have been shown to be
toxigenic as determined by both conventional
assay systems and by the in vivo perfusion assay
employed in the present study. The common
denominator of the toxigenic strains, as defined
either by conventional or in vivo perfusion as-
says, appears to be that all are isolated from
persons with acute diarrhea. The classic anti-
genic determinants of enteropathogenic sero-
types are chromosomally mediated, whereas
both enterotoxin production and the presence of
surface antigens which promote adhesion to the
mucosal surface are plasmid mediated (16, 23).
The association of those factors which confer
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virulence with transmissible plasmids implies
that they are independent of serotype; neverthe-
less, certain evidence suggests that in some in-
stances serotype is significant. First, specific se-
rotypes which are found to be toxigenic by con-
ventional assay techniques have been shown to

TABLE 3. Effect of heat on the secretory activity of

the LT toxin preparations
Water transport®
Serotype Strain | perore | After
heating® | heating®
Toxigenic®
015:H11 334 —42 +17
078:H11 H-10407 —24 +23
Enteropathogenic®
0142:H6 E2772/70 -19 +33
0O114:H2 E508/69 -50 +15
0128:H2 E79/68 -17 +16
0127:Hé6 E2349/69 | —24 +13
Nontoxigenic con-
trols®
022:H1 E3285/1 -17 +8
040:H3 E2722/1 -9 +20
0113:H21 E2698/2 -23 +14
09:H4 E2744/4 —-22 +17
0?.H14 10405 -12 +40

? Values indicate microliters per centimeter per 30
min. +, Net absorption; —, secretion.

b Exposure to 100°C for 30 min.

“ Toxigenic control and enteropathogenic strains
were perfused at a concentration of 10 ng/ml; nontox-
igenic control strains were perfused at 100 pg/ml.
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be responsible for outbreaks of epidemics of
diarrhea in nurseries and in confined adult
groups (1, 19, 25, 41). Second, enteropathogenic
serotypes which have been clearly incriminated
by epidemiological evidence as the causative
factor responsible for nursery epidemics, but
which were negative on routine testing for en-
terotoxigenicity, have been shown in the present
study to produce toxins or related toxic sub-
stances that induce water secretion.

Finally, it has recently been recognized that a
relatively small number of serotypes are com-
monly included among toxigenic strains isolated
from persons with acute diarrhea in scattered
parts of the world (15, 41, 42). In reviewing
toxigenic strains isolated from different locations
that were collected at the World Health Orga-
nization Collaborative Centre, @rskov and his
colleagues noted that certain serotypes which
have not been classified as enteropathogenic in
the past are found present with an unusually
high frequency and have questioned whether
these are special serotypes which have been
selected to carry the plasmids necessary to in-
voke diarrhea (37). Evans and his associates
have carried the matter one step further by
demonstrating an apparent relationship among
serotype, stability of enterotoxin production,
particularly that of LT, and isolation from indi-
viduals with acute diarrhea as opposed to
healthy controls (15). This observation has led
them to suggest that these serotypes may serve
as a reservoir of toxin-inducing plasmids in na-
ture, which in turn transmit the plasmids to
strains of E. coli of other serotypes.

TABLE 4. Effect of whole-cell lysate fractions separated by sequential ultrafiltration on water transport

Water transport at concn in perfusate (per ml) of:*

UF mer Siin
100 ug 10 ug 1pg 100 ng 10 ng 1ng 100 pg
XM-300 334 —16 (-19) -13 +6 +13
>300,000 Teeside E/63 +7 +28
Control E3285/1 +33
XM-100A 334 +10 +16
>100,000 Teeside E/63 -17 (-12) +3 +13
Control E3285/1 +36
PM-30 334 —45 (+7) -5 +13
>30,000 Teeside E/63 —13 (+5) +7 +29
Control E3285/1 +29
UM-05 334 —16 (—14) -3 +11
>500 Teeside E/63 —21 (—23) +6 +21
Control E3285/1 +36

2 UF, Ultrafiltration. Values indicate molecular weight of material retained by given membrane.
® Values indicate microliters per centimeter per 30 min. Values in parentheses are for the same preparation
after exposure to 100°C for 30 min. +, Net absorption; —, secretion.
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