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The expression of alpha-hemolysin is a property frequently associated with
Escherichia coli extraintestinal infections. We have examined the genetic basis for
hemolysin expression by an E. coli strain isolated from a human urinary tract
infection. The genes necessary for hemolysin synthesis were found to be
chromosomal and to map near the ilv gene cluster. Isogenic hly+ and hly
derivatives were also prepared and tested for virulence in the chicken embryo
model system. Hemolysin was found to be necessary but not in itself sufficient for
E. coli virulence in this in vitro model.

Hemolysins are bacterial products which me-
diate the lysis of erythrocytes. Expression of a
diffusible (alpha) hemolysin by Escherichia coli
was first described by Lovell and Rees (20);
Smith (33) later confirmed these findings and
demonstrated a cell-bound (beta) hemolysin. A
third hemolysin (gamma) has been reported to
be expressed by E. coli cells resistant to nalidix-
ic acid (40).
The association of hemolysin expression with

disease has been recognized for some time, but
the role of hemolysin in the disease process
remains unclear (5, 12, 13, 17, 33). Several
model systems which demonstrate that hemoly-
sin has potential as a virulence factor have been
devised. Smith (33) showed that supematant
fluids from hemolytic E. coli isolates were lethal
when administered intravenously to mice, rab-
bits, and guinea pigs but not when administered
via the alimentary tract. Smith and Linggood
found that the presence of an Hly plasmid in an
E. coli strain usually increased its virulence for
mice upon intraperitoneal injection but that the
increase varied according to the plasmid intro-
duced (37). Using a chicken embryo model de-
veloped by Powell and Finkelstein (26), Min-
shew et al. (23) reported that about 80% of
strains virulent for chicken embryos are hemo-
lytic, perhaps suggesting a causal relationship.

Alpha-hemolysins expressed by E. coli from a
variety of sources are antigenically cross-reac-
tive (33) and have similar, although not identical,
physical properties. They are, in general, heat
labile (4, 18, 27, 33, 38, 42), acidic (21, 27, 31)
proteins (18, 27, 31, 42) with a molecular weight
of 58,000 (10) to 120,000 (41). They require Ca2+
for full activity (28, 31, 39) and are most active at
pHs 7 to 8 (31, 42).

The genetic basis for the expression of alpha-
hemolysin by some strains has been determined.
Smith and Gyles (34), Smith and Halls (35),
Smith and Heller (32), Smith and Linggood (36),
and others (16, 19) found that the alpha-hemoly-
sin (Hly) determinant in most strains associated
with diarrheal disease is self-transmissible or
mobilizable by F. They concluded that Hly was
often plasmid mediated. Many Hly plasmids
have since been identified and found, with the
exception of the region encoding hemolysin
expression, to be genetically diverse (10, 11, 29;
F. de la Cruz, D. Muller, J. M. Ortiz, and W.
Goebel, Mol. Gen. Genet., in press). In a few
other isolates of intestinal origin, the Hly deter-
minant was not transferable and was therefore
thought to be chromosomally encoded or to
exist on a nonmobilizable plasmid (36). Minshew
et al. (23) found that in most instances of strains
from human extraintestinal infections, alpha-
hemolysin expression did not appear to be plas-
mid mediated.
The purpose of this paper is to describe an

attempt at genetic characterization of a chromo-
somally encoded Hly determinant in an E. coli
strain isolated from a human urinary tract infec-
tion. During the course of the work, genetically
defined Hly+ and Hly- derivatives of the origi-
nal wild-type E. coli and of E. coli K-12 were
prepared. These strains were tested for viru-
lence in the chicken embryo model system.

MATERIALS AND METHODS
Media. L broth containing (per liter) 5 g of yeast

extract, 10 g of tryptone, 5 g of NaCl, and 0.1%
glucose was adjusted to pH 7.0 with NaOH. L broth
without glucose was solidified with 1.5% agar (Difco
Laboratories) for plates. Blood agar plates were made
with Blood Agar Base (BBL Microbiology Systems)
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supplemented with 0.5% yeast extract-0.1% glucose-
10 mM CaCI-5% defibrinated sheep blood. Minimal
salts media and the concentrations of various growth
supplements used have been described elsewhere (15).
Buffered saline (pH 7) contained (per liter) 8.5 g of
NaCl, 0.3 g of KH2PO4, and 1.22 g of Na2HPO4 7H2O.

Mutageneuis. Cells from 5 ml of an exponentially
growing L broth culture were collected by centrifuga-
tion, washed once with 0.1 M sodium citrate (pH 5.0),
and suspended in 0.1 M sodium citrate (pH 5.0) with
100 pg of N-methyl-N'-nitro-N-nitrosoguanidine per
ml (1). After 15 min of incubation at 37°C, the cells
were washed twice with buffered saline, diluted 10-
fold into L broth, and incubated overnight at 37°C. The
method used for nitrous acid mutagenesis was exactly
as described by Miller (22). Auxotrophic mutants were
identified after two cycles of cycloserine enrichment
(7).

Isolation of Hfr derivatives. Strains HU865 and
HU868 were identified among 36,000 E. coliJ% F' kan
colonies screened for transfer as described by Curtiss
and Stallions (9). HU895 was selected from E. coli J96
aroB::Tn5 (Ft,::Tn5 lac+ trp+) by growth on L agar
plates with kanamycin (20 pg/ml) at 42°C. The transfer
characteristics of this strain are consistent with the F
having inserted stably at the lac homology rather than
at the intended Tn5 homology.
Mating conditions. Overnight cultures of the donors

were diluted 10-fold in L broth and grown statically at
37°C to a concentration of about 2 x 108 cells per ml.
Recipients were grown similarly but with aeration to
about 4 x 10' cells per ml. A 5-ml amount of each was
mixed and then filtered through a sterile, prewashed
membrane ifiter (47-mm diameter, 0.45-,m-pore diam-
eter; Millipore Corp.). The filter was then transferred
aseptically to a fresh, prewarmed L agar plate (bacte-
ria side up) and incubated at 37°C. At the end of the
mating period, the filter was transferred to 10 ml of
buffered saline and blended vigorously in a Vortex
mixer for 15 s. Bacteria were collected, washed once
with buffered saline, diluted, and spread on selective
media containing 1 mg of streptomycin per ml.

Plasnid DNA Isolation and electrophoresis. The
method used for plasmid DNA purification and condi-
tions for electrophoresis have been described previ-
ously (25).

Bacteria. Strain AB1133 (2) was obtained from our
laboratory stocks. E. coli K-12 Hfr strains were ob-
tained from the E. coli Genetic Stock Center (Yale
University) and have been described by Low (21).
Chicken embryo virulence test. The method used was

that described by Powell and Finkelstein (26). Bacteria
were grown ovenight at 37C on L agar and suspend-
ed in sterile phosphate-buffered saline; dilutions into
phosphate-buffered saline were made and plated onto
L agar for viable counts. Embryonated hen eggs free
of Salmonella pullorum and antibiotics were obtained
from commercial suppliers and incubated in a humidi-
fied atmosphere at 37°C until they were 14 days old.
After disinfection of the eggs with 95% ethanol, two
small holes were made into each with an egg punch;
one hole was punched into the air sac, and one was
punched into the allantois in an area free of large blood
vessels. The allantois of each egg was inoculated with
0.1 ml of a bacterial suspension or with sterile phos-
phate-buffered saline with a 26-gauge needle and a 1.0-
ml tuberculin syringe. Holes were sealed with hot

paraffin wax, and eggs were incubated in a humidified
atmosphere at 37°C. Eggs were candled to determine
viability at 24, 48, 72, and 96 h after inoculation. The
allantois of each dead egg was sampled for purity of
bacteria by removing, through the same hole used for
inoculation, 0.01 ml of the allantois with a sterile
capillary pipette. The allantoic fluid was streaked for
single colonies onto blood agar. On day 4 after inocula-
tion, live eggs were likewise sampled to confirm
bacterial growth within each egg.

Liquid hemolysin assay. Overnight cultures were
diluted into L broth containing 40 jig of thymidine per
ml, 10 mM CaCl2, and 0.02% glucose and grown with
shaking for 2 h at 37°C (optical density at 600 nm,
-0.5). The cultures were then centrifuged, and the
supernatants were collected and diluted twofold into
Tris-buffered saline (pH 6.8) containing 10 mM CaCl2.
Defibrinated whole sheep blood was diluted 1:50 in
Tris-buffered saline just before the experiment. The
supernatant (0.5 ml) and 2% sheep erythrocytes (0.5
ml) were mixed gently in a glass tube (12 by 75 mm)
and incubated for 1 h at 37°C.

RESULTS
Nonhemolytic mutants. An E. coli isolate (J96)

from a human pyelonephritis infection was cho-
sen for study. This strain produces a diffusible
hemolysin easily detectable on sheep blood agar
plates. In addition, E. coli J96 is colicin V
positive and motile and exhibits both D-man-
nose-sensitive and D-mannose-resistant hemag-
glutination of erythrocytes. A series of muta-
tions were introduced into this strain to facilitate
subsequent genetic analysis (Fig. 1). The choice
of auxotrophic requirements was based on the
unique sites and well-spaced map positions in E.
coli K-12 of the mutations (3).

Strain SH14 was treated with N-methyl-N'-
nitro-N-nitrosoguanidine as described above,
and mutants altered in hemolysin expression
were identified on sheep blood agar plates. Mu-
tants were found at a frequency of 14 out of
5,250. Several classes of hemolysin-negative
(hly) derivatives were found. Class I mutants did
not grow on MacConkey lactose agar containing
bile salts but did grow on other nutrient media;
members of this class were also defective in
colicin expression. They are thought to be al-
tered in some nonspecific membrane property
and have not been studied further. Class II
mutants produced no hemolysin but expressed
colicin V normally and grew as well as the SH14
parent strain on MacConkey lactose agar. Class
III mutants produced smaller zones of hemolysis
on sheep blood agar than did strain SH14, ex-
pressed colicin V normally, and grew well on
MacConkey lactose agar. Similar mutant classes
were found among nonhemolytic Hly plasmid
derivatives by Noegel et al. (24).
A nonhemolytic class II mutant (SH30) was

chosen for further study. This strain was tested
with a liquid hemolysin assay to measure levels
of hemolysin relative to levels in the hemolytic
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FIG. 1. Pedigree of E. coli J% strain SH14.

parent strain. No hemolytic activity could be
detected in undiluted culture supernatants of
SH30, whereas a 1:16 dilution of J96 supema-
tants consistently produced unequivocal hemo-
lysis within 60 min.

Genetic analysis. In initial experiments we
tried to mobilize the hly gene(s) by introducing
the sex plasmid F' kan into E. coli J96 and then
mating the resulting F+ derivative with a nonhe-

FIG. 2. Relative map positions of genetic markers
and origins and directions of transfer of E. coli Hfr
derivatives.

molytic recipient. Plasmids which are incapable
of self-transfer are often mobilized under these
conditions. Of 900 kanamycin-resistant F+ ex-
conjugates tested, none were hly+. These re-
sults suggested that hemolysin synthesis was not
encoded on a plasmid mobilizable by F.
Linkage between Hly and a known chromo-

somal marker was shown by bacterial matings
with prototrophic Hfr derivatives of E. coli J96
as donors and SH30 as the recipient. The appro-
priate origins and directions of transfer of the
donors are shown in Fig. 2. The results of the
matings are shown in Table 1. For all three
donors, hly+ recombinants were found at the
highest frequency among ilv+ recombinants.
Moteover, when the hemolytic leu+ recombi-
nants from the mating with HU866 were tested
for inheritance of ilv, 25 of 26 were ilv+.

Matings were also done between SH14 and
several different E. coli K-12 derivatives. Re-
combinants were selected for inheritance of one
of the four auxotrophic markers in SH14 and
then scored for loss of hemolysin expression.
The Hfr strains used are depicted in Fig. 2.
Crosses of this type show where genes adjacent
to hiy map in E. coli K-12. The results are shown
in Table 2. Once again the hly genotype inherited
from the donor was found most frequently
among ilv+ recombinants.
Based on the data in Tables 1 and 2, it is

apparent that proximal unselected markers not
linked to the selected distal marker are often
inherited at reduced frequency (less than 50%o),
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TABLE 1. Isogenic matings with SH30"
No. of recombinants inheriting indicated unselected marker/total no.

Donor Selected of recombinants testedDonor ~marker
leu+ his+ thy+ ilv+ hly+

HU865 leu+ 0/54 0/54 0/54 0/54
his+ 3/50 0/50 0/50 0/50
thy+ 3/50 0/50 0/50 0/50

HU866 ilv+ 0/54 0/54 0/54 17/54
leu+ 0/40 0/40 29/40 26/40

HU895 leu+ NTC NT NT 0/50
iUv+ 6/47 NT NT 12/47b

a Matings were conducted from 60 min at 37°C.
b 11/12 ilv+ hly+ strains were still leu.
C NT, Not tested.

as compared with the frequency expected in E.
coli K-12 x E. coli K-12 matings. The molecular
basis for this difference is unclear. Donor trans-
fer from multiple origins is an unlikely explana-
tion since the gradient of transfer of auxotrophic
markers by the Hfr donors is consistent with
transfer in one direction from a unique origin.
For example, in a mating between HU865 and
SH30, the frequency of prototrophic recombi-
nants of each class was as follows: leu+, 4 x
10-2; ilv+, 7.5 x 10-4; and thy+, 7.5 x 10-6.
Unusual inheritance has also been noted for
intergenic matings between E. coli K-12 and
Shigellaflexneri (30) or for E. coli K-12 x E. coli
K-12 matings when certain deletion mutations
are present in the recipient strain (8). Although
further analysis of this phenomenon and of the
observed poor inheritance of distal genes un-
linked to the selected marker is beyond the
scope of this report, several plausible explana-
tions have been presented by Curtiss in his
review of bacterial conjugation (6) and by Fal-
kow et al. (12).
One of the E. coli J96 donor strains, HU895,

was also mated with the multiauxotrophic E. coli
strain AB1133. Recombinants were selected for
one of several amino acid markers and then
scored for hemolysin production. Although mat-
ing efficiency between the wild-type donor strain
and AB1133 was poor (ca. 10- recombinants
per donor per 2-h mating), several AB1133 hly+
derivatives were identified among argE+ recom-
binants. These produced hemolysin at levels
equivalent to those the E. coli J96 donor. The
argE locus, at 88 min on the E. coli K-12 map,
is 5 min from ilv; AB1133 is ilv+.
The data presented above suggest that genes

required for hemolysin production by the uri-
nary tract strain E. coli J96 reside on the chro-
mosome near the ilv gene cluster rather than on
a plasmid. As further confirmation, we exam-
ined the plasmid complement of AB1133 and

two AB1133 hly+ recombinants to see if any
plasmids had been transferred from the E. coli
J96 donor. We also examined the plasmid com-
plement of E. coli J96, of the auxotrophic and
nonhemolytic mutant strains SH14 and SH30,
and of the SH30 hly' recombinant HU887. The
results shown in Fig. 3 indicate that E. coli J96
contains a single plasmid and that all hly+ and
hly derivatives of E. coli J96 retain this plasmid.
AB1133 and AB1133 hly+ were found to be
plasmid free, indicating that the hemolytic
recombinant did not receive a plasmid from the
E. coli J96 donor. These results further suggest
that hemolysin in this strain is chromosomally
encoded.
Chicken embryo virulence. Previous work in

this laboratory has shown that hemolytic E. coli
derivatives are frequently virulent in the chicken
embryo model system (23). It was therefore of
interest to determine the contribution of hemoly-
sin production to chicken embryo virulence with
the various hly+ and hly derivatives prepared
during this study. Embryonated eggs (14 days
old) were injected allantoically with a 0.1-ml

TABLE 2. Intergenic matings with SH14'

No. of recombinants inheriting in-
Selected dicated unselected marker/total

Donor marker number of recombinants tested

leum ilv+ hly
RA2 leu+ NT 9/64

KL228 thy+ NTb 0/48 0/48

KL14 leu+ 7/46 9/46
iUv+ 0/48 18/48

PK191 ilv+ 0/48 21/48
a Matings were conducted for 120 min at 37°C.
b NT, Not tested.
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FIG. 3. Separation of DNA species from E. coli
hly+ and hly strains by electrophoresis through
0.7% agarose. Lane A, J96; lane B, SH14; lane C,
SH30; lane D, HU887; lane E, AB1133; lane F,
AB1133 hly+ (isolate 1); and lane G, AB1133 hly+
(isolate 2).

inoculum of bacteria suspended in phosphate-
buffered saline (pH 7.0). Embryos were exam-
ined each day for 4 days after injection. The
results of tests with several different strains are
shown in Table 3. HU887 (hly+) and HU888
(hly) are homogenic thy' his' ilv+ leu recombi-
nants of SH30 prepared by sequential matings
with HU865 and HU866.
After 24 h, 80% or greater mortality was

observed in those eggs inoculated with <103
colony-forming units (CFU) of the hemolytic
derivatives J96, SH14, and HU887 per egg. In
contrast, neither the nonhemolytic mutant strain
SH30 nor the nonhemolytic recombinant HU888
affected embryo viability even when the inocu-
lum was 109 CFU/ml. These results suggest that
hemolysin is an important factor in determining
the virulence of bacterial isolates in the chicken
embryo test.
We also examined the laboratory strain

AB1133 and two AB1133 recombinants (HU879
and HU880) produced by crossing AB1133 with
the J96 donor strain HU895. When eggs were
injected with <109 CFU no mortality was seen
(data not shown); only when inocula of >109
CFU per egg were used did mortality result.
These differences were not due to lack of

growth; samples of allantoic fluid from live eggs
at 96 h indicated that all strains had grown within
the eggs. All strains tested except J96 were
multiply auxotrophic, yet no differences in
growth within eggs was observed.

DISCUSSION
Synthesis of alpha-hemolysin by clinical E.

coli isolates has been shown in many instances
to be plasmid directed. Other hemolytic E. coli
isolates (especially those from human extrain-
testinal infections) wherein the Hly determinant
is not transmissible and a chromosomal location
for the gene(s) has been postulated have been
described. We examined a hemolytic E. coli
strain isolated from a human urinary tract infec-
tion and showed that the genes necessary for
hemolysin expression are encoded on the chro-
mosome in the region of the ilv gene cluster.
Transfer of this region by conjugation from E.
coli J96 to nonhemolytic strains frequently con-
fers a fully hemolytic phenotype on the recipi-
ent. Concurrent transfer of plasmids was not
detected.
Attempts at more precise mapping of hly were

frustrated first by a high level of instability of
Hfr derivatives of E. coli J96 along with the low
efficiency of mating with E. coli K-12 recipients
and later by our inability to propagate transduc-
ing phage Pl on the clinical isolate. Although Pl
adsorbs to E. coli J96 and lysogens with Pl cm
CLR100 could be prepared, the burst size upon
thermal induction was prohibitively low (0.01 to
0.1).
As an alternate approach, we cloned the genes

for hemolysin from E. coli J96 (16). Although it

TABLE 3. Virulence of hemolytic E. coli for
chicken embryos

Cumulative
Inoculum 96-h

Strain Hly (CFU per mortality
egg)a (no. of

dead eggs)b

J96 + 3.6 x 102 10
SH14 + 9 x 1lo 8
SH30 - 3 x 109 1
HU887 + 2 x 102 10
HU888 - 2 x 109 2
AB1133 - 3 x 109 2
HU879 - 4 x 109 4
HU880 + 3 x 109 5

a Although bacterial concentrations from 102 to 109
were tested for all strains, the results for only the
lowest titers which resulted in at least 80%o mortality
are shown for J96, SH14, and HU887; for all other
strains, the results for only the highest titers which
could be injected are shown.

b A total of 10 eggs were tested with each strain.
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is unlikely that the recombinant plasmids will
provide us with an improved map position, they
will yield information about DNA sequence rela-
tionships between the chromosomally encoded
and plasmid-encoded hemolysins, perhaps re-
vealing a common transposable element.
The chicken embryo model system was used

to compare virulence of the essentially isogenic
hly+ and hly sets of strains prepared during the
course of this study. We found that the hemolyt-
ic isolates from wild-type E. coli were virulent
but that virulence was lost in the nonhemolytic
mutant. Full virulence was restored in hly+
recombinants of the mutants. However, when
the ability to produce chromosomally encoded
hemolysin was transferred from the wild-type
isolate to the otherwise avirulent E. coli K-12
strain AB1133, the resulting AB1133 hly+
recombinant was not virulent for chicken em-
bryos. The few deaths seen in the eggs injected
with very high titers of the nonhemolytic mutant
strain SH30 and recombinant HU888 and of the
AB1133 recombinants may be the result of endo-
toxic shock. A similar result was obtained by
Minshew et al. (23) when an E. coli K-12 strain
with a porcine Hly plasmid was tested in this
model system. It would therefore seem that
factors in addition to hemolysin production,
such as surface properties, are necessary for full
expression of virulence.
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