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The effect of host determinants on expression of plasmid-coded heat-labile
enterotoxin (LT) was examined. A collection of LT plasmids was introduced into
isogenic strains of Escherichia coli K-12 strains containing the wild type or

hypertoxinogenic (htx-2) allele. For each plasmid tested, production of LT
increased by approximately 1.5- to 3-fold in the host containing htx-2, indicating
that the htx-2 allele affects a regulatory function for LT production that is common
to many different enterotoxin plasmids. LT plasmids from E. coli were also
introduced into strains of Shigella flexneri, Shigella sonnei, Citrobacter freundii,
Enterobacter cloacae, Klebsiella pneumoniae, and Salmonella typhimurium. The
plasmids were stably maintained and determined production of LT in those
genera, although the amounts of LT produced varied by more than 50-fold. These
observations demonstrate that host factors have an important role in determining
the level of expression of plasmid-coded LT genes and support the hypothesis that
interspecific, conjugal transfer of enterotoxin plasmids may confer enterotoxigen-
icity to a wide variety of potentially pathogenic enteric bacteria.

Recent studies have characterized the subunit
structure (10), mechanism of action (11), and
genetic organization (5, 34) of the plasmid-coded
heat-labile enterotoxin (LT) of Escherichia coli.
Although DNA-DNA hybridization studies did
not reveal significant differences between LT
genes from independently isolated, LT-produc-
ing strains of E. coli (26, 27), the LTs produced
by enterotoxigenic E. coli strains of porcine and
human origin are antigenically cross-reacting,
but not identical (9, 17; R. K. Holmes, E. M.
Twiddy, and R. J. Neill, in Y. Takeda, ed.,
Bacterial Diarrheal Disease: an International
Symposium, in press). These antigenic differ-
ences indicate some degree of divergence among
LT structural genes in E. coli. It is not known to
what extent there may also be divergence in
regulatory genes that control LT production.
The experiments reported here were performed
to investigate effects of host genetic determi-
nants on expression of plasmid-coded LT genes.
We analyzed the expression of LT genes of
several independently isolated enterotoxin plas-
mids in isogenic E. coli strains containing differ-
ent alleles that affect LT production. We also
studied expression of plasmid-coded LT genes
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in a variety of bacterial genera within the family
Enterobacteriaceae.
(A preliminary report of these findings was

presented at the Seventeenth Joint U.S.-Japan
Conference on Cholera, Baltimore, Md., 26
through 28 October 1981.)

MATERIALS AND METHODS

Media and conditions of cultivation. All cultures
were incubated at 37°C, and liquid cultures, except for
conjugal matings, were agitated on a rotary shaker. LB
broth (6) was used for liquid cultures, and meat extract
agar (28) was used for growth on solid medium unless
other media are specified. Glucose-syncase medium
was modified from syncase medium (7) and contained
glucose (2.5 mg/ml) instead of sucrose, plus trypto-
phan (40 jig/ml), adenine (40 ,ug/ml), thiamine (10
;ig/ml), and nicotinic acid (10 jig/ml). Media were
supplemented as required with tetracycline-hydro-
chloride (5 ,ug/ml), kanamycin sulfate (30 ,ug/ml), am-
picillin (100 ,ug/ml), rifampin (100 ,ug.ml), nalidixic
acid (25 p,g/ml), or streptomycin sulfate (100,.ug/ml).

Bacterial strains and plasmids. The bacterial strains
and enterotoxin plasmids used in our studies are listed
in Tables 1 and 2. EWD299 is a nonconjugative
multicopy plasmid containing the cloned LT genes
from plasmid p307. Plasmid EWD299 DNA was intro-
duced into E. coli strains KL320 and HE22 by trans-
formation (6). All of the other enterotoxin plasmids are
conjugative plasmids. Conjugal transfer of these plas-
mids was performed by using mixtures containing
equal numbers of donor and recipient bacteria either in
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TABLE 1. Bacterial strains
Strain Species Characteristicsa Source (reference)

KL320 Escherichia coli his lac met pro rpsL trp naF W. Maas (31)
LS289 E. coli his ilv pro thi trp, donor host for plasmid pCG86 W. Maas (31)
NH1 E. coli rif derivative of LS289, donor host for plasmid This study

pTD2Tc
711 E. coli his lac phe pro trp naF S. Falkow (15)
Throop D E. coli LTh, ST, tetr strr R. Finkelstein (8)
HE12 E. coli Hypertoxinogenic mutant (htx-2) of KL320(pCG86) Our laboratory (3)
HE22 E. coli Derivative of HE12 cured of pCG86 Our laboratory (3)
C600 E. coli thr lac leu thi supE, donor host for plasmid W. Maas (33)

EWD299
21R868 E. coli rpsL, donor host for plasmid TP252Km M. McConnell
14R525 E. coli naF, donor host for plasmids TP213Tc, TP235Km, M. McConnell

TP236Tc, TP237Tc
NH2 E. coli Donor host for plasmid p307Ap, derived from This study

711(p307)
NH3 Shigella flexneri rifr derivative of S. flexneri 2457 This study (21)
NH4 Shigella sonnei rif derivative of S. sonnei 53G This study (22)
NH5 Citrobacter freundii rif derivative of a clinical isolate This study
NH6 Enterobacter cloacae tets rifl derivative of E. cloacae 264 This study (25)
NH7 Klebsiella pneumoniae tets rinf derivative of K. pneumoniae 355 This study (25)
LT2 Salmonella typhimurium Prototroph B. Ames (1)

a Abbreviations: ST, production of heat-stable enterotoxin; LT, production of LT; LTp and LTh, LT encoded
by a plasmid from an E. coli strain isolated from porcine and human sources, respectively (LTp and LTh are
antigenically cross-reacting but not identical [9, 17; Holmes et al., in press]. Resistances to antibiotics or heavy
metals: ampicillin (ampr), kanamycin (kanr), mercury (mern), nalidixic acid (nai), rifampicin (rif, streptomycin
(strr and rpsL), sulfonamides (sui'), and tetracycline (tetl). Susceptibility to tetracycline (tet'). Inability to
ferment lactose (lac). Requirements for nutrients or vitamins for growth; histidine (his), isoleucine and valine
(ilv), leucine (leu), methionine (met), phenylalanine (phe), proline (pro), thiamine (thi), and tryptophan (trp).
Amber suppressor (supE).

LB broth cultures without aeration or on meat extract
agar (Ila). Transconjugants were isolated by plating
samples from the mating mixtures onto meat extract
agar containing appropriate antibiotics to select for
resistance determinants of the bacterial recipient and
the plasmid from the donor strain.
Plasmid p3O7Ap, a derivative of p307 containing the

ampicillin transposon Tn8O1, was constructed by in-
troducing the temperature-sensitive plasmid pMR5
from E. coli strain UB1636 into 711(p307) by conjuga-
tion (29, 30). The transconjugant 711(p307, pMR5) was
then treated as described previously (29) to select for
derivatives in which pMR5 was eliminated and Tn8O1
was transposed onto p307. Plasmid pTD2 is an LT
enterotoxin plasmid isolated from E. coli Throop D
(R. J. Neill and R. K. Holmes, unpublished data). The
tetracycline transposon TnJO was transposed into
pTD2 by infecting E. coli strain KL320(pTD2) with a
defective phage containing TnJO (18). The defective
phage used in this experiment, 561 (cI171::TnlO

Ab221 Oam29 Pam8O), was constructed by N.
Kleckner. A tetracycline-resistant colony was isolated
that transferred both pTD2 and TnlO simultaneously
by conjugation into strain NH1.

Assays for LTs. The antigenic variants of LT en-

coded by plasmids from E. coli strains of porcine and
human origin were designated LTp and LTh, respec-
tively. LTp was purified from E. coli HE12, and LTh
was purified from E. coli HE22(pTD2) by modifica-
tions of published methods (4, 16). Briefly, bacteria
grown to the stationary phase in glucose-syncase

medium were collected by centrifugation and disrupt-
ed by sonication. After particulate debris was removed
by centrifugation, the LTs released from the bacterial

TABLE 2. Bacterial plasmids
Plasmid Characteristicsa Source (reference)

pCG86 LTp, ST, tet', suF, W. Maas (14)
strr, merr

p307 LTp, ST S. Falkow (15)
p307Ap p307 containing ampr This study

transposon Tn801
EWD299 LTp genes from p307 W. Maas (5)

cloned into
pBR313

TP213Tc LTh, ST, tetr trans- M. McConnell (24)
poson TnlO

TP235Km LTh, kanr transposon M. McConnell (24)
TnS

TP236Tc LTh, tetf transposon M. McConnell (24)
TnlO

TP237Tc LTh, tetr transposon M. McConnell (24)
TnlO

TP252Km LTh, kanr transposon M. McConnell (24)
Tn5

pTD2 LTh plasmid from This study
strain Throop D

pTD2Tc pTD2 containing tetf This study
transposon TnlO

a See footnote a of Table 1.
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cells were adsorbed onto agarose, eluted with D-
galactose, dialyzed, and subjected to ion-exchange
chromatography on phosphocellulose. Analysis of the
purified LTp and LTh enterotoxins by polyacrylamide
gel electrophoresis in the presence of sodium dodecyl
sulfate revealed only their A and B subunits without
contaminating polypeptides (Holmes et al., in press).
Hyperimmune antiserum A45 was prepared in a rabbit
immunized with repeated doses of purified LTp in
complete Freund adjuvant. Enterotoxin antigen was
measured quantitatively by a modification (lla) of a
solid-phase radioimmunoassay reported previously
(3). Concentrations were calculated by using an LTp
standard curve for enterotoxin encoded by plasmids
from porcine strains of E. coli and an LTh standard
curve for LTs encoded by plasmids from human
isolates of E. coli. Enterotoxin activity was measured
in Y1 adrenal cell assays (23), and concentrations were
calculated by comparison with the activity of purified
LTp or LTh-
Preparation of samples for enterotoxin assays. Bacte-

ria were grown overnight to the stationary phase at
37°C with shaking in glucose-syncase medium contain-
ing an appropriate antibiotic: tetracycline-hydrochlo-
ride for strains containing pCG86, TP213Tc, TP236Tc,
or pTD2Tc; kanamycin sulfate for strains containing
TP235Km or TP252Km; and ampicillin for strains
containing EWD299 or p3O7Ap. The extracellular cul-
ture fluid was separated from bacterial cells by centrif-
ugation and then sterilized by filtration, through Millex
0.45-p.m filters (Millipore Corp., Bedford, Mass.).
Cells were washed twice with phosphate-buffered sa-
line, suspended in 1/10 of the original culture volume
in phosphate-buffered saline, and disrupted by sonica-
tion. Debris was removed from sonic extracts by
centrifugation at 27,000 x g for 30 min. The bacterial
extracts were then sterilized by filtration as described
above. Assays for extracellular LT were performed
with the culture supernatants, and assays for cell-
associated LT were performed with the bacterial ex-

tracts. Assays for protein were performed by the
method of Bradford (2).

RESULTS AND DISCUSSION
Our laboratory has previously described hy-

pertoxinogenic (htx) mutants of the E. coli K-12
strain KL320 containing plasmid pCG86 (3). The
chromosomal allele htx-2 resulted in a several-
fold increase in production of the LT encoded by
plasmid pCG86. We wished to determine wheth-
er the hypertoxinogenic phenotype was specific
for the interaction of htx-2 with pCG86 or wheth-
er it could also be expressed when other entero-
toxin plasmids were introduced into an E. coli
host containing the htx-2 allele. We prepared a
set of the isogenic E. coli strains KL320 and
HE22 that differed only at the htx-2 locus and
contained several different enterotoxin plasmids
derived from E. coli strains of porcine or human
origin from several geographic locations. Each
of these strains was assayed quantitatively for
LT antigen; representative data are shown in
Table 3. More than 97% of the LT in each strain
was cell associated. The amount of LT that was
produced varied over a range of approximately
30-fold when different enterotoxin plasmids
were present in a single bacterial host strain. For
each of the plasmids studied, however, the
amount of LT produced was approximately 1.5-
to 3-fold greater in the htx-2 host HE22 than in
the wild-type host KL320. Thus, the effect of the
htx-2 allele was not specific for pCG86. We
conclude that the htx-2 allele affects a regulatory
function for LT production that is common to
many different wild-type enterotoxin plasmids
and to the hybrid plasmid EWD299.

TABLE 3. Production of LTs encoded by various enterotoxin plasmids in isogenic strains of E. coli K-12
differing at the htx-2 locus

Cell-associated LT antigenb

Plasmida Strain KL320 (htx+) Strain HE22 (htx-2)
jg/ml of jig/mg of ,ug/ml of pLg/mg of
culture protein culture protein

pCG86 1.7 3.0 4.9 11.1
p3O7Ap 0.40 0.85 0.70 1.5
EWD299 7.0 19.4 25.0 47.2
TP213Tc 0.70 1.2 1.3 2.9
TP235Km 11.0 20.4 22.0 52.4
TP236Tc 3.2 5.2 5.6 11.7
TP237Tc 2.7 5.9 8.5 18.9
TP252Km 2.8 4.7 5.6 11.9
pTD2Tc 1.1 1.8 3.9 8.1

a Conjugal transfer of plasmids was accomplished by bacterial matings in liquid media. Plasmids TP213Tc,
TP235Km, TP236Tc, and TP237Tc were first transferred from E. coli 14R525 into strain NH1 and then from
strain NH1 into KL320 or HE22. All other conjugative plasmids were transferred directly from the donor host
indicated in Table 1 into KL320 or HE22.

b Less than 3% of the LT antigen from each strain was extracellular. The results of assays with culture
supernatants are not shown.
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LTs antigenically related to E. coli LT have
been reported in other genera of gram-negative
enteric bacteria collected from patients with
diarrhea (13, 19, 20). The production of LT was
an unstable trait that was lost during laboratory
passage of some strains (12), consistent with the
possibility that LT production was determined
by unstable plasmids. However, the role of
plasmids in determining LT production has not
been studied in detail in Enterobacteriaceae
other than E. coli.
We wished to determine whether conjugative

LT plasmids could be transferred from E. coli
into other enteric bacteria and be maintained
and expressed in them. The recipient strains
included avirulent derivatives of Shigella flex-
neri and Shigella sonnei, clinical isolates of
Citrobacter freundii, Enterobacter cloacae, and
Klebsiella pneumoniae, and a laboratory strain
of Salmonella typhimurium. We used the conju-
gative enterotoxin plasmids pCG86 and
TP237Tc with selectable antibiotic resistance
markers and tested for production of LT by
radioimmunoassays and Y1 adrenal cell assays.
These methods enabled us to isolate rare trans-
conjugants and to measure low levels of toxin
production. These sensitive techniques were not
available in an earlier study which reported the
transfer of an enterotoxin plasmid from E. coli
into Salmonella spp., but not into other genera
of Enterobacteriaceae (32).
Each plasmid was successfully transferred

into each recipient strain by conjugation on agar
plates. Plasmids pCG86 and TP237Tc were
maintained in each of the bacterial hosts during
continuous exponential growth in glucose-syn-
case medium for 40 generations at 37°C and
during weekly passage in nutrient agar slants for
1 month at 22°C. No tetracycline-susceptible

segregants were detected among 100 colonies of
each strain that were tested after passage under
these conditions in the absence of tetracycline.
The results of assays for extracellular and cell-

associated LT produced by the various bacteria
containing pCG86 or TP237Tc are presented in
Table 4. Although none of these enteric bacteria
produced LT in the absence of enterotoxin plas-
mids (data not shown), all of the plasmid-bearing
strains produced LT. Most of the LT was cell
associated in each of the strains tested. The
yields of LT measured by Y1 adrenal cell bioas-
says were comparable to the amounts of LT
antigen determined by radioimmunoassays, indi-
cating that the LT was biologically active. For
each specific bacterial host strain tested, the
amounts of LT antigen produced by derivatives
containing pCG86 or TP237Tc differed by less
than eightfold. In contrast, the amounts of LT
antigen produced by different bacterial host
strains containing the same enterotoxin plasmid
varied by more than 50-fold.
The primarily cell-associated distribution of

LT in E. coli and other genera of Enterobacteri-
aceae was in striking contrast with our recent
observation that wild-type Vibrio cholerae
strains containing pCG86 produced LT and se-
creted more than 95% of it into the culture
supernatant (27a). These observations are con-
sistent with the hypothesis that V. cholerae has
a mechanism for secretion of LT into the extra-
cellular milieu that is not present in any of the
Enterobacteriaceae tested.

In summary, we have evaluated the role of
several genetic factors on the expression of LT
genes. In isogenic E. coli strains containing a
variety of Ent plasmids, the yields of LT were
greater when the chromosomal mutation htx-2
was present than in wild type htx+ strains,

TABLE 4. Synthesis of LT by several species of Enterobacteriaceae containing plasmid pCG86 or TP237Tc
Bacterial hosta pCG86 LT (,ug/ml of culture) TP237Tc LT (,ug/ml of culture)

Cell associated Extracellular Cell associated Extracellular
Strain Species Antigen activty actiVityb Antigen Biological activitybBilgclactivityAnie activity

KL320 E. coli 0.71 0.40 0.005 1.7 4.0 0.020
NH3 S. flexneri 0.14 0.10 - 0.20 0.81 0.020
NH4 S. sonnei 0.054 0.02 0.001 0.032 0.040 0.020
NH5 C. freundii 0.014 0.010 0.001 0.11 0.32 0.001
NH6 E. cloacae 0.31 0.10 0.001 0.26 0.40 0.010
NH7 K. pneumoniae 0.10 0.023 - 0.048 0.10 0.001
LT2 S. typhimurium NTC NT NT 6.9 10.1 0.040

a Conjugal transfer of plasmids into these host strains was performed by matings on solid media. Plasmid
TP237Tc was first transferred from strain 14R525 into an riff purine auxotroph of S. typhimurium LT2 and was
subsequently transferred from that intermediate host into strain LT2.

b The amounts of extracellular enterotoxin were below the limits of detection of radioimmunoassay. -, No
detectable activity in the Y1 adrenal cell assay (<0.0005 ,ug of LT per ml of culture supernatant).

c NT, Not tested.
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suggesting that a regulatory feature common to
all the plasmids was controlled by the htx locus.
The plasmids pCG86 and TP237Tc were main-
tained in a variety of gram-negative bacteria
within the family Enterobacteriaceae. In each of
these strains, the plasmid-coded LT genes were
expressed, and most of the LT remained cell
associated. Our observations support the con-
cept that interspecific, conjugal transfer of en-
terotoxin plasmids may be an important mecha-
nism by which a wide variety of potentially
pathogenic enteric bacteria can acquire the abili-
ty to produce LT.
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