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A defined medium has been developed which supports synthesis of heat-stable
enterotoxin (ST) by porcine and bovine strains of enterotoxigenic (ENT*) Esche-
richia coli in levels equivalent or better than a complex Casamino Acids-salts
medium. The medium components did not support production of heat-labile
enterotoxin (LT) but were similar for ST synthesis by ENT* strains producing
only ST and those which produced ST in addition to LT. The amino acids in
Casamino Acids found to be necessary for growth and enterotoxin synthesis
were proline, serine, aspartic acid, and alanine. Maximal growth and toxin
levels were obtained after 8 h of incubation. Improved growth, but not an
increase in synthesis of ST, was observed in the presence of Mg?*, Mn?*, and
Fe?* compared with Mg?* alone. A chelator, tricine, was necessary for maximal
cell densities, probably to solubilize trace ions and make them more available to
the bacteria. Increased growth was observed upon addition of glucose to both
complex and defined media; however, glucose as well as gluconate and pyruvate
appeared to cause repression of toxin synthesis. Addition of vitamins, oleic acid,

or pL-lactic acid to the defined medium slightly increased levels of ST.

Enterotoxigenic strains of Escherichia coli
colonize the small intestine of humans and neo-
natal animals (pigs, calves, and lambs) and
elaborate two distinct extracellular products
called enterotoxins, each of which is capable of
causing a cholera-like illness (9, 16, 23, 26-28).
One enterotoxin is of high molecular weight
and heat labile, and appears to be a protein,
whereas the other is of low molecular weight
and heat stable (9, 26-28). The high-molecular-
weight enterotoxin has been partially purified
and characterized (5, 25), but purification of the
heat-stable toxin (ST) from enterotoxigenic E.
coli grown either in the complex medium of
Evans et al. (7) or Trypticase soy broth has
been difficult, partially because of the complex-
ity of the medium. Also, high-molecular-weight
medium components may associate with the
enterotoxins and complicate purification and
isolation. We wished to develop a minimal de-
fined medium with growth and toxin levels
equivalent to a complex medium containing
Casamino Acids (CAA) and yeast extract (YE)
in order to facilitate purification and studies on
the mode of action of the low-molecular-weight
ST. This report describes the development of
such a defined medium and the effect of various
nutritional parameters on enterotoxin synthe-
sis.

MATERIALS AND METHODS

Bacterial strains. The E. coli strains of porcine
and bovine origin (ENT*) used in this study were
supplied by Harley Moon of the National Animal
Disease Center, Ames, Iowa, and included five
strains that produce only heat-stable enterotoxin
(ST) and one strain that produces both heat-labile
enterotoxin (LT) and ST (Table 1). A non-entero-
toxigenic E. coli strain O111B4 was obtained from
Clarence S. Buller of this department.

Conditions for growth and enterotoxin produc-
tion. Cultures were grown aerobically in 250-ml-
capacity Erlenmeyer flasks containing 50 ml of me-
dium. The flasks were incubated at 37°C on a New
Brunswick rotary shaker (300 rpm). The starter cul-
ture was grown in M-9 minimal medium (18) for 8 h,
and each experimental flask was inoculated with
the starter culture using a volume to give an initial
absorbancy of 0.05 (620 nm). The initial pH was 7.5,
and samples were withdrawn at hourly intervals for
measurement of pH, enterotoxin, and growth. The
samples removed were small enough so that the
total volume was not decreased significantly. Cells
were removed by centrifugation in sterile centrifuge
tubes, at 23,500 x g for 30 min, and culture superna-
tants were stored at —20 or —70°C until assay. No
loss of toxin activity due to freezing was observed.

Preparation of media. The complex medium of
CAA and YE was prepared as described by Evans et
al. (7) except that the pH of the medium was ad-
justed to 7.5 with 5 N NaOH.
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TABLE 1. Escherichia coli strains used in nutrition

studies
Strain Source Toxin produced®

0111B4 0

431 Porcine ST

987 Porcine ST
1413(74-5208) Porcine ST
1261(2176E8) Porcine ST
1417(B41) Bovine ST

1362 Porcine ST-LT

“ 0, No toxin; ST, heat-stable toxin; ST-LT, heat-
stable and heat-labile toxins.

The defined medium described in Table 7 was
prepared by making a twofold stock solution of
basal salts and trace salts and a 10-fold stock solu-
tion of the amino acids so that the final concentra-
tions after dilution were those listed in Table 7. Both
solutions were adjusted to pH 7.5 before autoclav-
ing. The stock solutions were added to sterile flasks,
and sterile distilled water was added to a final vol-
ume of 50 ml. Complete medium contained all 18
amino acids at concentrations equivalent to those
present in a 2% CAA solution (19). The amino acids
for the complete medium were prepared as a 10-fold
stock solution excluding cystine, which was dis-
solved separately at a concentration of 2 mg/ml and
used at a final concentration of 100 ug/ml. Each
medium contained the trace ions, salts, and tricine
listed in Table 7 unless otherwise stated.

Toxin assay. Swiss albino mice (3 to 5 days old)
were taken from their mothers and randomly di-
vided into groups of three. Samples containing ST
were assayed by making serial twofold dilutions in
sterile phosphate-buffered saline, and 0.1 ml of un-
diluted supernatant or diluted supernatant contain-
ing Evan’s blue was injected intragastrically with
25-gauge tubing attached to a 1-ml tuberculin sy-
ringe. Intestinal fluid accumulation was measured
after 3 h of incubation at 25°C. Animals were sacri-
ficed by surgical dislocation, a midline incision was
made in the abdomen, and the intestine was re-
moved with forceps. The intestines and carcasses
from three animals were pooled, and the weight of
the intestines was compared with the remaining
body weight, hereafter referred to as the gut-to-
body-weight (G/B) ratio. The assay was reliable and
reproducible as has been found by others (8, 10). A
ratio of less than 0.065 was considered negative,
those between 0.065 and 0.09 were questionable, and
a ratio of over 0.09 was strongly positive. The maxi-
mal G/B ratio ranged between animals from 0.14 to
0.17; hence, multiple dilutions were assayed to ob-
serve the dose response for each sample. Each exper-
imental sample was assayed using three mice, and
each experiment was done in triplicate. The dilution
that gave a response greater than 0.09 was quite
reproducible and could be used to express entero-
toxin levels in different media under varying growth
conditions. Non-enterotoxigenic E. coli grown under
the same conditions as ENT* strains was used as a
negative control. Animals with no dye in the intes-
tine at autopsy were discarded.

Reagents used. All L-amino acids were dissolved
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in 0.01 N HCI and adjusted to pH 7.5 with 5 N
NaOH. 2,3-Dihydroxybenzoic acid and p-hydroxy-
benzoic acid were prepared as a 1,000-fold concen-
trated solution and incorporated into the final me-
dium at 10-® M. Stock solutions of 1 M morpholino-
propane sulfonate (MOPS) were adjusted to pH 7.5,
filter sterilized, and stored at —20°C until use. All
sugars were used as 25% stock solutions (wt/vol).
The sodium salts of fatty acids were dissolved in 4%
polyethylene (20) cetyl ether-Brij 58. All vitamins
were combined as a 100-fold working solution, steri-
lized by filtration, and used at the final concentra-
tions as follows: p-aminobenzoic acid (0.10 wg/ml),
pantothenate (0.20 pg/ml), thiamine (1.0 wg/ml),
riboflavin (0.25 ug/ml), folic acid (0.01 ug/ml), pyri-
doxine (1.0 ug/ml), niacin (0.40 ug/ml), and biotin
(0.001 pg/ml).

All media components were purchased from
Sigma Chemical Co. unless otherwise indicated.
Brij 58 was obtained from Atlas Chemical Industries
Inc., Wilmington, Del. 2,3-Dihydroxybenzoic and p-
hydroxybenzoic acids were products of Aldrich
Chemical Co., Milwaukee, Wis. CAA and YE were
obtained from Difco Laboratories.

RESULTS

Properties of strains used for nutritional
studies. The properties of the strains of E. coli
shown in Table 1 have been documented in
other laboratories and were screened using
both the suckling mouse assay to detect ST (8,
10) and the Y-1 adrenal tumor cell assay, which
is specific for LT (23). All strains except 1362
were positive only in the suckling mouse assay.
Strain 1362 was positive in both assays and
strain O11 B4 was negative in both. Aliquots of
all culture supernatants were heated at 65°C
for 30 min to confirm the presence of ST activ-
ity.

Growth and toxin synthesis in complex me-
dium. The complex media of Evans et al. (7),
containing CAA and YE, Trypticase soy, and
brain heart infusion broth, were compared in
preliminary experiments for their ability to
support growth and enterotoxin synthesis (data
not shown). The complex medium of CAA and
YE supported growth and toxin synthesis
equivalent to or better than the other complex
media and was chosen as a starting medium be-
cause each of the components could be tested for
its contribution to growth and toxin production.
All strains showed maximal cell densities by 18
h when grown in a CAA medium in the pres-
ence or absence of YE. Cell densities were
slightly less at 8 h, with optical densities (ODs)
ranging from 5.5 to 6.5 in the absence of YE and
ODs of 6.5 to 7.5 in the presence of YE (Table 2).
Maximal enterotoxin levels in supernatants of
E. coli that produced either ST or ST-LT were
observed by 8 h; consequently, all assays were
done at this time. YE did not appear to be
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required by either strain for enterotoxin syn-
thesis since the last dilution to give a positive
response was 1:9 (1362) and 1:16 (431), respec-
tively, for the supernatants of cells grown in
CAA in the presence or absence of YE. The role
of trace salts (TS) containing Mg?*, Mn?*, and
Fe?t in the complex medium was examined
(Fig. 1). Elimination of TS from the complex
medium resulted in poor growth, but addition

TaBLE 2. Heat-stable enterotoxin production by
ENT*E. coli strain 431 and strain 1362 in complex

media
Incuba- Optical Toxin
Strain Grc;v‘gln:n e tion density  activ-
time (h) (620 nm) ity
431 CAA 8 5.4 1:16
CAA 18 8.5 1:16
CAA-YE 8 7.3 1:16
CAA-YE 18 9.0 1:16
1362 CAA 8 6.5 1:8
CAA 18 7.0 1:8
CAA-YE 8 7.0 1:8
CAA-YE 18 7.5 1:8

2 Casamino Acids (CAA), 2%; yeast extract (YE),
0.6%; plus trace salts.

® Toxin activity, Twofold serially diluted superna-
tant in sterile PBS, which gave a G/B ratio = 0.090.

101
8}
8 246810
87 hours
C
(@) A
o6 —
[ ]
w
Y5 /
2
a4 ¢
@
8 3
fa1] A
<2
[ ]
1
fe—8—n
1 2 3 4 5 6 7 8
HOURS

Fic. 1. Growth and pH by ENT* E. coli strains
431 and 1362 in 2% CAA (®), CAA supplemented
with 1% glucose (A), CAA in the absence of Mg**
(m).
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of Mg?* resulted in growth equivalent to the
TS. Since divalent cations are present as con-
taminants in CAA (20), we decided to examine
the role of these ions later by using a defined
medium. The other enterotoxigenic strains in
Table 1 gave data similar to those obtained for
strains 431 and 1362. Furthermore, unless oth-
erwise stated, the data obtained with other
strains were similar to strains 431 and 1362.

Higher levels of enterotoxin might be ob-
served with increased growth; therefore, we at-
tempted to supplement CAA with growth fac-
tors present in YE. However, enterotoxin levels
were not increased by addition of vitamins,
purines, and pyrimidines. Addition of glucose
(1%) did increase growth (Fig. 1), but ST was
not detectable in the supernatant using the
suckling mouse assay (Table 3). A G/B ratio
less than 0.090 was observed for the undiluted
supernatant of strain 431 grown in CAA supple-
mented with glucose compared with the last
positive dilution of 1:16, where glucose was
omitted. The decreased toxin synthesis may be
due to repression of enterotoxin synthesis by
glucose (4) or the release of ST may be inhibited
by low pH, as has been found for Vibrio chol-
erae (3). An effective means of buffering the pH
must be found in order to distinguish between
the two possible mechanisms.

TaBLE 3. Heat-stable enterotoxin synthesis by
enterotoxigenic E. coli strain 431 in different growth

media
Optical Entero-
Medium density pH toxin
(620 nm) level®
Complex®
CAA 5.4 8.4 1:16
CAA + YE 7.3 8.4 1:16
CAA + 1% glucose 6.5 54 ND
Complete”
No additions 4.0 8.0 1:16
+ 1% Glucose 4.5 5.2 ND
+ 1% Glucose + 5.7 5.7 ND
MOPS
Defined
No additions 3.5 7.7 1:16
+ 0.25% Glucose 4.2 7.1 ND
+ 0.25% Glucose + 4.8 7.7 UND
MOPS*
+ 1% Glucose 4.8 5.2 ND

2 Defined in Table 2 with 8 h of incubation. ND,
Not detected; UND, undiluted.

® Concentrations are as in Table 2.

¢ Medium with 18 amino acids present at concen-
trations equivalent to a 2% CAA except for cystine,
which is present at 100 ug/ml.

4 Medium consisting of the four amino acids listed
in Table 7. The concentrations are equivalent to 2%
CAA.

¢ MOPS, Morpholinopropane sulfonate.
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Amino acids required for growth and toxin
synthesis. The objective was to identify those
amino acids present in CAA necessary for
growth and enterotoxin synthesis. All strains
exhibited moderate growth (OD, 3.5) in com-
plete medium containing L-amino acids at lev-
els equivalent to 2% CAA and growth could not
be increased by addition of purines, pyrimi-
dines, and vitamins. Enterotoxin levels were
similar in the supernatant of the equivalent
(complete) medium compared with superna-
tants from strain 431 grown in 2% CAA (Table
3), where a 1:16 dilution of either supernatant
gave a G/B ratio greater than or equal to 0.090.
The pH remained above 7.0 in the media where
glucose was not present (Fig. 2 and Table 3).
Addition of MOPS to control pH in the presence
of glucose did not increase enterotoxin levels.
Since interactions between amino acids may
be both stimulatory and inhibitory, the amino
acids were grouped as described by Callahan et
al. (3) to establish the amino acids required for
toxin synthesis. Only four mixtures of amino
acids (3, 4, 8, 9) supported bacterial growth at a
cell density greater than an OD of 1.0 after 18 h
of incubation (Table 4). Little growth was ob-
served at 8 h, which suggested that conditions
were not optimal in any one mixture. Although
toxin could be detected in undiluted aliquots of
mixtures 2 and 4, mixtures 8 and 9 showed
toxin levels equivalent to or slightly less than
the complete medium. The important amino
acids appeared to be in mixtures 8 and 9 since
groups 2 and 4 each had one amino acid com-
mon to mixture 8, that is, serine and aspartic
acid, respectively. Combination of mixtures 8
and 9 and withdrawing amino acids one at a
time showed that isoleucine, lysine, and argi-
nine were not required for growth and entero-
toxin synthesis and that proline, serine, aspar-
tic acid, and alanine were required. Glutamic
acid could be substituted for proline and argi-
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nine, but with decreased growth which may be
due to competition between glutamic acid and
aspartic acid for a common transport carrier.
Comparable growth was observed in 8 h in the
defined medium and the 2% CAA equivalent
medium (Fig. 2), that is, OD of 3.5 versus 4.0.
The defined medium produced ST levels by
strains 431 and 1362 to the same dilution as the
complex medium of CAA and YE and the com-
plete medium (Table 3).

Effects of glucose on ST levels. The levels of
ST for cells grown in either a complete or de-
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Fi1c. 2. Representative growth and pH of the
ENT*E. colilisted in Table 1 grown in2% CAA (@),
complete (W), and defined (0) media.

TABLE 4. Effect of various amino acid mixtures on growth and heat-stable enterotoxin synthesis by ENT* E.
coli strain 431

Amino acid mixture

Mixture (ODgy, toxin)®

1 (0.40, NDy*-® 2 (1.30, UND)y-® 3 (0.70, NDy*-* 4 (0.90, UND)y*-®
5 (0.31, ND) Histidine Glycine Cystine Methionine
6 (0.55, ND) Phenylalanine Leucine Isoleucine Valine
7 (0.80, ND) Glutamic acid Tyrosine Tryptophan Threonine
8 (2.20, 1:8) Arginine Serine Alanine Aspartic acid
9 (3.20, 1:8) Proline Lysine Alanine Isoleucine

10 (4.3, 1:16) Complete medium¢
11 (6.8, 1:16) Complex medium¢

2 Enterotoxin response determined as in Table 2.
® ND, Not detectable; UND, undiluted supernatant.

¢ Components and concentrations as described in Table 2.
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fined medium were reduced by addition of glu-
cose as a carbon source (Table 3). The low level
of ST may be a function of pH as has been
observed with V. cholerae (2) or catabolic
repression by glucose (4). MOPS, an effective
buffer (18), was added to either the complete
medium or the defined medium with glucose;
however, the pH increased only from 5.2 to 5.7
and 7.1 to 7.7, respectively. Decreasing the con-
centration of glucose resulted in less acid pro-
duction, and in the presence of MOPS the pH
was identical to the defined medium in the ab-
sence of glucose (pH 7.7). Enterotoxin was ob-
served only in the undiluted supernatant, indi-
cating a low level in the presence of glucose.
Adjustment of pH or osmotic shocking of the
bacteria by the procedure of Nossal and Heppel
(21) at different stages of growth did not result
in detectable ST levels (data not shown). Fur-
thermore, release of lipopolysaccharide (LPS)
by the procedure of Leive (14, 15) demonstrated
that ST was not associated with the outer mem-
brane of ENT* E. coli. These data seem to rule
out any pH effect on the release of ST or associ-
ation of the low-molecular-weight enterotoxin
with cellular macromolecules.

The effect of different growth factors and car-
bon sources on growth and enterotoxin synthe-
sis in the defined medium was examined. Addi-
tion of vitamins resulted in a slight increase in
toxin activity, where a 1:32 dilution of the su-
pernatant was the last dilution to give a posi-
tive response (Table 5). Even though moderate

TaBLE 5. Effect of various growth factors on the
synthesis of heat-stable enterotoxin by ENT* E. coli
strain 431

Additions to defined medium Enterotoxin level®
Carbon sources®
Glucose ND
Gluconate ND
Lactate . 132
Pyruvate 1:8
Fatty acids‘
Oleate 1:32
Palmitate 1:16
Stearate 1:16
Other growth factors?
Purines + pyrimidines 1:16
Vitamins 1:32
2 Determined as described in Table 2. ND, Not
determined.

b Carbon sources were added to a final concentra-
tion of 1.0%.

< Fatty acid concentrations were 100 pg/ml.

4 Final concentrations: adenine, guanine, thy-
mine, cytosine, and uracil were 0.2 mM. Each vi-
tamin concentration is given in Materials and Meth-
ods.
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growth was observed with M-9 minimal me-
dium buffered with MOPS, a 1:2 dilution gave
the last positive G/B ratio. Addition of pL-lactic
acid to the defined medium did slightly increase
toxin levels (1:32 versus 1:16). A slight decrease
in toxin levels was found with pyruvate, and
gluconate inhibited the synthesis of ST as did
glucose. Exogenous fatty acids could play a nu-
tritional or physical role, especially in the pres-
ence of limiting carbon source(s). Oleic acid
slightly increased ST levels when added to the
defined medium (Table 5). The same prepara-
tions of fatty acids used for the experiments
were injected into baby mice and gave negative
results.

Role of trace salts. The contribution(s) of
divalent cations to growth and enterotoxin syn-
thesis was examined to establish the role of the
ions present in the CAA and YE medium.
Growth of strain 431 depended on the presence
of Mg?* in either the CAA or defined medium
(Fig. 1). Addition of either Mn?* or Fe®* to Mg?*
did not increase growth; however, supplemen-
tation with both did lead to slightly better
growth (OD of 3.1 versus 2.5) and increased
toxin (1:16 dilution versus 1:8) (Table 6). It was
equivocal whether Fe** had any effect in ST
synthesis. Tricine increased ST levels in the
presence of TS and probably reflects improved
solubility and availability of the cations to the
bacteria. 2,3-Dihydroxybenzoic acid and p-hy-
droxybenzoic acid, precursors to natural chela-
tors in E. coli, enterochelins, had no effects on
the synthesis of ST.

Because Fe®t is an important factor in the

TABLE 6. Effects of trace ions, benzoic acids, and
tricine on heat-stable enterotoxin synthesis by ENT*
E. coli strain 431 in a defined medium®

ps Optical den- Enterotoxin
Additions sitl; (620nm)  level®

Trace salts®

No trace salts 0.30 'ND

+ MgSO, 2.5 1:8

+ MgSO, + MnCl, 2.3 1:8

+ MgSO, + FeCl, 2.6 18

+ All 3.1 1:16
Benzoic acids and tri-

cine?
+ Benzoic acids 2.7 1:16
+ Tricine 3.0 1:32

2 Components are described in Table 7.

® Determined as described in Table 2.

¢ Trace salts were prepared as described by Evans
et al. (7).

¢ 2,3-Dihydroxybenzoic acid, p-hydroxybenzoic
acid, and tricine were prepared as described in Ma-
terials and Methods and added aseptically before
addition of trace salts.
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synthesis of other bacterial exotoxins and is
difficult to remove from all reagents, we
wanted to show that iron was not required for
the synthesis of ST. Conalbumin, an iron-bind-
ing protein, was added to the defined medium
in the absence of benzoic acids and tricine and
in the presence or absence of exogenous Fe3*.
Removal of contaminating and exogenous Fe3*
from reagents by conalbumin had no effect on
enterotoxin synthesis, while slightly decreas-
ing growth as expected.

DISCUSSION

This study establishes the requirement for
certain amino acids and examines the role of
the different medium components on growth
and toxin synthesis by enterotoxigenic E. coli.
A complex medium of choice was chosen as a
starting base because the role on growth and
toxin synthesis by the different complex compo-
nents could be ascertained. Relative toxin lev-
els were monitored by doing twofold serial dilu-
tions of the supernatant as opposed to simply
assaying the supernatants for toxin presence as
has been done by previous investigators. A me-
dium was devised that incorporated the contri-
butions of each component of the complex me-
dium.

Growth in the defined medium (Table 7) is
about one-half that of a complex CAA-YE me-
dium, but gives similar levels of ST (Table 3).
Salts in the defined medium were at concen-
trations found by Neidhardt et al. (18) to
be optimal for enterobacteria. The cations Fe3*
and Mn?* increased cell density in the presence
of Mg?* but only upon addition of tricine, a
chelator that solubilizes the ions and keeps
them readily available to the bacteria. De-
creased growth by V. cholerae has been re-
ported to be caused by insoluble complexes be-

TABLE 7. Defined medium for heat-stable toxin
synthesis by enterotoxigenic Escherichia coli

Component Final concn
(x 10* M)

NaCl 40.0
K,HPO, 50.0
NH,C1 18.0
Trace salts

MgSO, 0.203

MnCl, 0.025

FeCl, 0.030
Tricine 10.0
Amino acids

Proline 12.37

Aspartic acid 6.57

Alanine 4.40

Serine 6.23

INFECT. IMMUN.

tween amino acids and divalent cations (3), and
the effect was reversed by nitrilotriacetic acid,
another metal chelator. Neidhardt et al. (18)
observed that benzoic acids, precursors to en-
terochelins, and tricine were important for good
growth of the enterobacteria; however, the ben-
zoic acids did not affect growth or toxin synthe-
sis by ENT* strains of E. coli.

The amino acid combinations used by Calla-
han et al. (3) for the determination of required
amino acids pointed to multiple requirements
when compared with the complete medium
since growth was poor at 8 h for all amino acid
mixtures. Combination of mixtures 8 and 9 re-
sulted in reasonable growth and good ST levels
by 8 h. Since combination of mixtures 8 and 9
included the amino acids common between
groups 2, 4, and 8, and since growth and toxin
levels were comparable to a medium with all of
the amino acids present in 2% CAA, it was then
possible to eliminate those amino acids that
were not required for either growth or toxin
synthesis. Arginine, lysine, and isoleucine
were found not to be required, whereas elimi-
nation of any of the remaining four amino acids
(proline, aspartic acid, serine, and alanine) re-
sulted in decreased growth. Glutamic acid
could be used to substitute for proline, but
growth was decreased. Addition of individual
amino acids or combinations of amino acids to
the four amino acids did not affect growth or
toxin synthesis, suggesting that other amino
acids were not required. The amino acids in-
cluded in the defined medium were at concen-
trations equivalent to 2% CAA. Increasing the
concentration of each amino acid while keeping
the other three at the 2% CAA equivalent con-
centrations did not increase growth or levels of
ST, however, decreasing the concentrations of
each of the four amino acids to less than a 2%
CAA equivalent concentration resulted in de-
creased growth (Fig. 2). The amino acids neces-
sary for synthesis of E. coli enterotoxin are
similar to those required for synthesis of
cholera toxin by V. cholerae, except that proline
was substituted for glutamic acid and arginine.
However, since no carbon source other than the
amino acids is provided, these data suggest
that the amino acids are the source of energy as
well as precursors of anabolic pathways.

The fact that toxin could not be detected with
addition of glucose to various media or when
glucose was used as the sole carbon source in
M-9 minimal medium suggests that glucose re-
presses the synthesis of ST. A pH effect like
that observed by Callahan and Richardson (2),
where an acid environment inhibited the re-
lease of enterotoxin but where the toxin could
be detected after adjusting the pH. was not ob-
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served with either ST- or LT-ST-producing E.
coli. ST was not detected by adjustment of pH
or osmotic shocking to remove the periplasmic
proteins. Since it has been reported that LT is
associated with LPS (5), we selectively released
LPS from the outer membrane of E. coli as de-
scribed by Leive (14, 15); however, ST activity
was not found associated with LPS (data not
shown). Gluconate also repressed toxin synthe-
sis, and pyruvate slightly decreased levels of
ST. Glucose, gluconate, and pyruvate repres-
sion have been observed for several inducible
enzymes (4, 22). ’

Supplementing the defined medium with vi-
tamins, lactate, or oleate slightly increased
toxin activity. An explanation of these results
is‘not available; however, each addition may
have increased intracellular pools and spared
the need to utilize adenosine 5’-triphosphate,
which may be limiting due to a lack of a carbon
source such as glucose.

Chemical characteristics have already been
established for the low-molecular-weight, heat-
stable, fluid-accumulating substance produced
by ENT* strains of E. coli. Smith and Halls (28)
demonstrated the heat stability of an acetone-
precipitable, fluid-accumulating material,
whereas Jacks and Wu (10) have shown the
presence of protein and carbohydrate in a toxin
preparation. Furthermore, most of the toxin
can be found in the 1,000- to 10,000-molecular-
weight range (1, 10), with some activity de-
tected in higher-molecular-weight fractions.
The defined medium described in this report
should facilitate purification attempts and sub-
sequent studies on the mode of action of ST.
The properties of ST produced in the defined
medium may be different from those deter-
mined in the presence of contaminating macro-
molecules present in complex media and con-
taminating cellular constituents due to cell
lysis during extended incubation times used by
previous investigators (7, 8, 10, 11).

Evidence exists for the synthesis of other
heat-stable, low-molecular-weight toxins by
Klebsiella pneumoniae, Enterobacter cloacae,
and Salmonella typhimurium (12, 13, 24).
However, very limited information is available
on the nutritional requirements of these and
other pathogens (17) for growth and/or toxin
synthesis. It would be interesting to know
whether synthesis of other similar enterotoxins
is inhibited by addition of glucose. Sandefur
and Peterson (24) did not detect any synthesis
by S. typhimurium of heat-stable, rapid-acting
skin permeability factor when glucose was used
to supplement various complex media. Glucose
does not repress synthesis of LT; however, the
amino acids required in the presence of glucose
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are quite different from those required for ST
synthesis (P. H. Gilligan and D. C. Robertson,
unpublished data).

It is interesting that vigorous aeration does
not decrease levels of ST produced by porcine
and bovine strains of ENT* E. coli, in contrast
to human strains (8) and other enterics that
produce ST (12, 13). The mechanism by which
aeration shuts off ST synthesis is unknown, but
it seems to be coupled to physiology and energy
metabolism, as is the repression by glucose.

A better understanding of the host-parasite
relationships between humans and neonatal
animals and diarrheagenic strains of E. coli
will be possible once factors controlling entero-
toxin synthesis are appreciated.
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