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The nephropathogenic Escherichia coli strain P673 was shown to harbor two
plasmids with molecular sizes of 70 and 41 megadaltons, respectively. The 70-
megadalton plasmid, pCW1, coded for tetracycline resistance, whereas hemolysin
production was coded by the 41-megadalton plasmid, pCW2. Plasmid pCW1
proved to be self-transmissible, in contrast to pCW2. Transfer of the hemolysin
character was associated with the appearance of a 110-megadalton plasmid,
pCW3. The incompatibility of pCW3 with both native plasmids and restriction
enzyme analysis led to the conclusion that pCW3 is a cointegrate of pCW1 and
pCW2. pCW2, carrying the hemolytic determinant, is involved in the nephropath-
ogenic character of strain P673, because (i) elimination of pCW2 from P673 was
associated with a loss of virulence and (ii) the nephropathogenicity of the avirulent
mutant could be restored by reintroduction of pCW2 DNA as part of a cointegrate
structure.

Hemolysin production is a rather general phe-
nomenon of Escherichia coli strains. In some
cases, the ability to produce hemolysin has been
shown to be transmissible to nonhemolytic E.
coli strains as well as to Salmonella and Shigella
strains (5, 7, 8, 20, 21). It has been found
possible to "cure" E. coli strains for hemolysin
production (15, 21). From these results, it has
been concluded that hemolysin production in E.
coli can be mediated by plasmids. Furthermore,
chromosomal inheritance of the hemolytic phe-
notype has been observed as well (13, 16; Waal-
wijk and de Graaff, unpublished data).

Several studies have shown that hemolysin
production is more frequently found in E. coli
isolates from urinary tract infections and other
extraintestinal sources than in fecal isolates
from healthy persons (2, 14, 23). These results
indicate that hemolysin may be a virulence fac-
tor of E. coli, and various animal models have
been used to test this hypothesis.
Hemolytic strains induce experimental pyelo-

nephritis in rats without obstruction of the renal
collecting tubules, whereas nonhemolytic
strains do not (6). After intranasal instillation of
hemolytic strains, mice rapidly succumb due to
a hemorrhagic lung edema (5, 12). Furthermore,
hemolysin is produced by 85% of the extraintes-
tinal isolates that are virulent in the chicken
embryo test, whereas none of the avirulent
strains is hemolytic (13). On the other hand,
nonhemolytic mutants obtained after mutagene-

sis are no longer virulent in these animal models
(5, 6, 11).

Recently, we described a hematogenous
mouse model that differentiates E. coli strains
according to their virulence level: group I strains
are avirulent; nephropathogenic group II strains
are specifically virulent for mouse kidneys; and
group III strains exhibit a more generalized
virulence for various organs (24, 25). In both
groups of virulent strains, the frequency of he-
molytic strains is significantly higher than in the
avirulent group of strains. However, only in
nephropathogenic strains, the elimination of the
hemolytic property resulted in almost all cases
in a loss of virulence (25).

In this study, the role of hemolysin in the
virulence of a nephropathogenic strain was stud-
ied by elimination and subsequent reintroduc-
tion of the hemolytic property.

MATERIALS AND METHODS
Bacterial strains. Table 1 lists the bacterial strains

used.
Plasmid isolation. Plasmid DNA was isolated by a

modification of the methods described by Birnboim
and Doly (1) and Portnoy et al. (17). Cells were grown
into log phase in 50 ml of nutrient broth (Oxoid,
London) to 109 cells/ml, harvested, washed with 50 ml
of 50 mM Tris-hydrochloride buffer, pH 8.0, contain-
ing 10 mM EDTA (TE), and resuspended in 1 ml of
TE. Two milliliters of lysis buffer (TE plus 6% sodium
dodecyl sulfate, pH 12.45) was added, and the tubes
were mixed by rapid but gentle inversion. After 20 min
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TABLE 1. E. coli strains used

Relevant Plasmnid Viru-DeiaonSucStrain properties' size leinceb Denvation Source

P673 Tc; Hly 70; 41 II Natural isolate L. Emody (5)
P673/LI Sm; Lac-; Tc 70 I P673 (Act D)c L. Emody (5)
J53-1 Nx None I N. Datta
W1485Nx Nx None NT Phabagen

Collectiond
J53-1
(p673) Nx; Tc; Hly 110 I P673 x J53-1 L. Emody (5)
CW15 Nx; Tc; Hly 110 NT P673 x W1485Nx This study
CW16 Nx; Tc 70 NT P673 x W1485Nx This study
CW22 Hly 41 II P673 (Act D) This study
CW35 Sm; Lac-; Tc; 110 II CW22 x P673/II This study

Hly
a Tc, Sm, and Nx, resistance to tetracycline, streptomycin, and nalidixic acid, respectively; Hly, production

of hemolysin.
b Determined in mice after intravenous injection: I, avirulent; II, nephropathogenic; NT, not tested.
c Act D, cured with 40 ,ug of actinomycin D per ml.
d Phabagen Collection, Laboratory for Microbiology, Utrecht, The Netherlands.

at 37°C, the samples were neutralized, and single-
stranded DNA was precipitated by the addition of 1.5
ml of 3 M sodium acetic acid, pH 4.8. After incubation
for 16 h in an ice bath and centrifugation for 10 min at
9,000 x g, the supernatant was transferred to another
tube. The plasmid DNA was precipitated by the addi-
tion of 2.5 volumes of cold ethanol (96%) and placed at
-20°C for at least 1 h. The precipitate was collected by
centrifugation and washed once with cold ethanol
(70%). After drying under vacuum, the precipitate was
suspended in 200 pl of 10 mM Tris-hydrochloride, pH
7.5. Plasmid DNA was analyzed by electrophoresis in
Tris-borate-buffered agarose gels (17). Molecular
weights were estimated by comparing the mobilities of
the plasmids with those of plasmids of known molecu-
lar size ranging from 36 to 120 megadaltons (Md).

lasmid elimination. Curing was performed accord-
ing to the method of Mitchell and Kenworthy (15).
Strain P673 was grown in nutrient broth containing 40
p.g of actinomycin D per ml (Sigma Chemical Co.), and
after 24 or 48 h, subcultures were plated on blood agar.
Tetracycline-susceptible mutants were identified by
replica plating on nutrient agar containing 20 p,g of
tetracycline per ml.

Conjugation. Mating experiments were carried out
by mixing equal volumes of log-phase-grown cultures
ofdonor and recipient strains and overnight incubation
of the mixture at 37°C. Filter matings were performed
by filtering 2 ml of overnight cultures of both donor
and recipient cells through a membrane ifiter (0.45-rm
pore size) followed by incubation of the filter on
nutrient agar plates at 37°C for 18 h. Filters were
washed with fresh medium, and transconjugants were
selected on blood agar supplemented with either 50 pg
of nalidixic acid or 50 Kg of streptomycin per ml. After
overnight incubation at 37°C, these plates were repli-
cated on nutrient agar containing 20 pg of tetracycline
per ml. Tetracycline-resistant and hemolytic transcon-
jugants were isolated.

Digestion of plsndk DNA with restriction enzyme.
The restriction enzyme EcoRI was purchased from
Boehringer Mannheim Corp. Plasmid DNA was di-

gested for 2 h at 370C in 100 mM Tris-hydrochloride,
pH 7.5, containing 50 mM NaCl and 10 mM MgCl2.
The reaction was stopped by the addition of EDTA to
a final concentration of 20 mM. Digested DNA was
analyzed on 0.8% agarose slab gels.

Virulence test. The virulence level of the strains was
tested by determination of the number of viable bacte-
ria in mouse kidneys for 8 h after intravenous injection
of approximately 2 x 108 log-phase cells, as described
previously (23). When E. coli strains are tested in this
way, three different patterns can be observed. Aviru-
lent group I strains show a rapid initial decrease in
viable count, followed by a slower reduction. With
group II strains (nephropathogenic strains), however,
the initial decrease is followed by an increase at 3 to 4
h after injection. Finally, group HI strains have a
general virulence with high viable counts in all organs.

RESULTS
Influence of hemolysin on the virulence level.

Strain P673 was shown to be virulent in the
mouse lung test and the chicken embryo test (5)
as well as nephropathogenic in our mouse model
(25; Fig. 1). Because hemolysin production has
often been reported to be associated with viru-
lence, we tested the virlence level of nonhemo-
lytic mutants obtained after treatment with acti-
nomycin D.
Treatment of P673 with actinomycin D fre-

quently resulted in derivatives that had lost
resistance to tetracycline or the ability to pro-
duce hemolysin. With the nonhemolytic mutant
P673/I1, a virulence pattern was obtained that is
characteristic for avirulent group I strains (24;
Fig. 1). On the other hand, CW22, a mutant that
has lost tetracycline resistance, behaved similar-
ly to the parent strain P673 (Fig. 1).
These data suggest that hemolysin is essential

for the virulence of P673. We therefore deter-
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FIG. 1. Kinetics of the viable count in mouse kidney after intravenous injection of 2 x 108 bacteria. Symbols:
(0) strain P673; (*) nonhemolytic mutant P673/II; (U) tetracycline-susceptible mutant CW22; (A) hemolytic
transconjugant CW35. Using standard deviations calculated for nephropathogenic strains and avirulent strains
(24), the Student t test shows the differences between either of the hemolytic strains and the nonhemolytic strain
to be significant (P < 00.1). CFU, Colony-forming units.

mined the virulence level of a hemolytic E. coli
K-12 transconjugant obtained after mating be-
tween donor P673 and recipient J53-1. Introduc-
tion of the hemolytic property into this other-
wise avirulent strain did not result in an increase
in virulence (Table 1). Because E. coli K-12 has
been reported by others (5, 13) to be less suitable
for the in vivo expression of virulence factors,
we reintroduced the hemolytic property into the
nonhemolytic mutant P673/II. This avirulent
mutant was mated with the hemolytic donor
CW22 (Table 1). Hemolytic transconjugants
were selected on blood agar plates supplement-
ed with 50 ,ug of streptomycin and 20 ,ug of
tetracycline per ml. The resulting transconju-
gant, designated CW35, was tested in the mouse
model. The virulence level obtained after intra-
venous injection resembled the nephropatho-
genic character ofthe parent strain P673 (Fig. 1).

Plasmid analysis. Emody et al. (5) have report-
ed that the hemolysin produced by strain P673
can be transferred to E. coli K-12. We could
confirm the plasmid nature of this hemolytic
factor in mating experiments between donor
P673 and either J53-1 or W1485Nx as recipient.
From these experiments we obtained two types
of E. coli K-12 transconjugants. The first type

exhibited resistance to tetracycline. The second
type was tetracycline resistant as well as hemo-
lytic. Hemolytic transconjugants that were sus-
ceptible to tetracycline were never observed. At
least 20,000 colonies from each of 10 different
matings were examined. All hemolytic transcon-
jugants also expressed resistance to tetracy-
cline. The tetracycline resistance transferred at
a frequency of approximately 10-3, whereas
tetracycline-resistant as well as hemolytic trans-
conjugants were obtained at a frequency of
about 10-5. These results suggest that hemolysin
and tetracycline resistance are coded by differ-
ent plasmids.

Therefore, we examined the extrachromo-
somal DNA content of these strains. On agarose
gels, two different plasmids, designated pCW1
and pCW2, were detected in P673 (Fig. 2) and
had molecular sizes of about 70 and 41 Md,
respectively. By curing with actinomycin D,
either tetracycline-susceptible or nonhemolytic
variants were obtained at frequencies of about 5
x 104 and about 2 x 10-3, respectively. These
mutants were screened for plasmid content.
Most mutants still carried two plasmids with
apparently unaltered mobilities (data not
shown). However, one of the tetracycline-sus-
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FIG. 2. Electrophoresis pattem of plasmid DNA on a 0.7% agarose slab gel. (ME) E. coli K-12 strains
harboring the marker plasmids RP4 (36 Md), R702 (46 Md), RI (62 Md), RA1-1 (85 Md), and Rtsl (120 Md),
respectively; (F) strain P673; (G) P673/II; (H) CW22; (I) CW35.

ceptible mutants had lost pCW1, whereas in one
of the nonhemolytic mutants the 41-Md plasmid,
pCW2, was lost (Fig. 2).

Transconjugants of J53-1 and W1485Nx that
exhibited only resistance to tetracycline were
found to carry a plasmid that comigrated with
pCW1. However, in transconjugants that both
were resistant to tetracycline and produced he-
molysin, plasmids comigrating with pCW1 and
pCW2 were never observed. We tested 10 trans-
conjugants from 4 independent mating experi-
ments. They all carried a single plasmid species
of about 110 Md. In the nephropathogenic trans-
conjugant CW35, obtained after conjugation be-
tween donor CW22 and recipient P673/II (Table
1), a plasmid of similar size was observed (Fig.
2). The large plasmid in this strain was designat-
ed pCW3. The molecular weight of pCW3 sug-
gested that it might be a cointegrate structure of
pCW1 and pCW2. If so, one would expect
pCW3 to be incompatible with both pCW1 and
pCW2. To test this, we transferred pCW3 into
P673/II, which carries only pCWI, as well as
into a streptomycin-resistant mutant of CW22
that carries only pCW2. Hemolytic transconju-
gants, selected on blood agar plates containing
50 ,ug of streptomycin per ml, were obtained at a
frequency of about 5 x 10-4. All transconju-
gants (n = 8) from the mating between J53-1
(p673) (5) and P673/II and all transconjugants (n
= 3) from the mating between CW15 (Table 1)
and CW22 carried a 110-Md plasmid as the only
plasmid species. This indicates that pCW3 is
incompatible with both pCW1 and pCW2. Fur-

ther evidence for the presumed cointegrate
structure of pCW3 came from restriction en-
zyme analysis ofpCW1, pCW2, and pCW3. The
DNA fragment proffle generated after digestion
of pCW3 with restriction enzyme EcoRI was
almost identical to the fragment proffle obtained
after digestion with EcoRl of a mixture ofpCW1
and pCW2. Only a 4.7-Md fragment of pCW1
and a 2.0-Md fragment of pCW2 were not ob-
served, and a novel fragment of 6.7 Md was
detected (Fig. 3).

DISCUSSION
Because hemolysin is more often associated

with virulent than avirulent E. coli strains, it is
thought to be a virulence factor of pathogenic
strains. In this study, we examined the influence
of hemolysin on the virulence of the natural
isolate P673. In the hematogenous mouse model,
this strain behaved similar to nephropathogenic
strains.
Mutants that had lost the ability to produce

hemolysin were no longer virulent. These results
indicate that the hemolysin of P673 plays a
decisive role in the expression of its virulence.
We therefore studied the effect of acquisition of
this hemolysin by an otherwise avirulent E. coli
K-12 strain. Transfer of the hemolytic property
to this benign organism did not result in an
increase of virulence. This is consistent with
other studies concerning the introduction of
virulence factors into E. coli K-12 (e.g., 5, 13).
The acquisition of virulence factors seems to be
insufficient to convert E. coli K-12 into a form
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FIG. 3. Agarose (0.8%) gel electrophoresis of plas-
mid DNA digested with restriction enzyme EcoRl. (A)
Strain CW22; (B) P673/II; (C) P673; (D) CW35; (E)
DNA fragments generated after digestion of phage
lambda DNA with EcoRI (fragment sizes were taken
from Thomas and Davis [22]).

that is virulent in the various virulence assays.
We therefore examined the effect of hemoly-

sin production on virulence in isogenic strains.
The nonhemolytic mutant P673/IT was no longer
virulent for mouse kidneys, in contrast to the
hemolytic parent, P673. Such a loss of virulence
accompanying the loss of hemolysin has been
reported earlier (5, 6, 11, 24). In these studies,
like in the present one, nonhemolytic mutants
were obtained by treating the hemolytic parents
with mutagens or curing agents such as actino-
mycin D. It must be emphasized, however, that
treatment ofP673 with actinomycin D frequently
resulted in nonhemolytic mutants that carried
plasmids with apparently unaltered mobilities.
This suggests that actinomycin D can induce
mutations. The observed loss of virulence could
be caused by a mutation introduced simulta-
neously with, but independently of, the loss of
hemolysin production. To exclude the possibili-
ty that the loss of virulence in P673/II was

caused by such a mutation, rather than by the
loss of the hemolysin plasmid, we determined
the virulence level of P673/II after hemolysin
had been reintroduced. The resulting hemolytic
transconjugant, CW35, exhibited the nephro-
pathogenic character of the parent strain, P673.
From these results, it can be concluded that

hemolysin plays an important role in the viru-
lence of the nephropathogenic E. coli strain
P673. The question of whether hemolysin itself
or another product encoded by the plasmid
pCW2 is the virulence factor remains to be
solved.
Emody et al. (5) reported the transfer of

hemolysin from P673 to E. coli K-12. In our
experiments, this transfer was always accompa-
nied by transfer of tetracycline resistance. From
these results, we concluded that both properties
were plasmid mediated. On agarose gels, two
different plasmids, pCW1 (70 Md) and pCW2 (41
Md), were detected in P673. From plasmid anal-
ysis of tetracycline-susceptible mutants and
nonhemolytic mutants, it could be concluded
that pCW1 coded for tetracycline resistance,
whereas hemolysin production resided on
pCW2.
The mating between donor CW22, carrying

the hemolysin plasmid pCW2, and the recipient
P673/II, carrying the plasmid pCW1, resulted in
the transconjugant CW35. In this strain, no
plasmids could be observed that comigrated
*with pCW1 or pCW2. However, a novel plasmid
of 110 Md, designated pCW3, was detected.
The following observations suggest that

pCW3 is a cointegrate composed of the plasmids
pCW1 and pCW2: (i) pCW3 carried the tetracy-
cline resistance gene of pCW1 and the hemoly-
sin gene of pCW2; (ii) pCW3 was found to be
incompatible with both pCW1 and pCW2; (iii)
the DNA fragments of pCW3 generated after
digestion with restriction endonuclease EcoRl
were nearly all identical to the DNA restriction
fragments generated after digestion of a mixture
of pCW1 and pCW2.
pCW3 could have arisen by transfer of pCW2

from CW22 into P673/II, followed by cointegra-
tion. However, in mating experiments between
donor P673 and E. coli K-12, we never observed
transfer of the hemolytic property without si-
multaneous transfer of tetracycline resistance.
From these matings, only two types of transcon-
jugants could be obtained. In tetracycline-resis-
tant transconjugants, a plasmid that comigrated
with pCW1 was observed. We therefore con-
clude that pCW1 is a conjugative plasmid. He-
molytic transconjugants, however, always ex-
pressed resistance to tetracycline as well. These
transconjugants invariably carried a plasmid
similar in size to the cointegrate pCW3. Since
the simultaneous transfer of tetracycline resist-
ance and hemolysin occurred at a frequency of
about 10-S, transfer of pCW2, if it occurs at all,
must occur at a lower frequency. However,
lower frequencies cannot be detected for nonse-
lectable markers like hemolysin. Furthermore,
cointegration is not obligatory for the generation
of a hemolytic transconjugant.
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On the other hand, the cointegrate pCW3
could have arisen through the following se-
quence of events: (i) pCW1 is transferred from
P673/1I into CW22; (ii) in CW22, a cointegrate
between pCW1 and pCW2 is formed; and (iii)
this cointegrate is retransferred to P673/HI.

Cointegration between plasmids has been ob-
served in different species (3, 9, 10). Hooykaas
et al. (10) found that nonconjugative plasmids
could be mobilized by conjugative ones when
the latter carried transposable DNA elements
that were able to jump onto the nonconjugative
plasmid. These cointegrates could have arisen
by recombination between small homologous
regions that were present in both plasmids. On
the other hand, cointegration could be the result
of transposition. In a recently presented molecu-
lar model of transposition of translocatable
elements (19), cointegrates are obligatory inter-
mediates in the transposition process. The in-
volvement of transposable elements in the coin-
tegration process of pCW1 and pCW2 is
supported by the fact that cointegration can take
place in different ways. Occasionally, hemolytic
transconjugants were isolated that, despite the
presence of a cointegrate, did not express tetra-
cycline resistance. These results will be pub-
lished elsewhere.
The presence of a transposable DNA se-

quence in hemolysin plasmids is further suggest-
ed by the finding that hemolysin plasmids from
different incompatibility groups share a common
DNA sequence that codes for hemolysin pro-
duction (4). Furthermore, hemolysin determi-
nants are able tojump from one plasmid onto the
other (18) or even into the chromosome (16).
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