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Plasmid hemolysin (hly) determinants have been shown previously to comprise
three cistrons (hlyA, hlyB, hlyC), coding for the synthesis and transport of
hemolysin. Using recombinant plasmids as specific probes for these cistrons, we
were able to analyze the chromosomal hly determinants of nine Escherichia coli
strains which belonged to serotypes 04, 06, 018, and 075 and were isolated from
urinary tract infections and fecal flora. The chromosomal hly genes shared
extensive sequence homology with the cloned plasmid hly determinant. Neverthe-
less, small differences were observed, and these were found to lie mainly within
cistron A (hlyA), which has been shown to determine the hemolysin protein itself.
These fine variations were not specific for the 0-serotype.

Hemolytic Escherichia coli strains can be
isolated from normal animal intestinal flora and
from intestinal and extraintestinal infections of
humans. Whereas the percentage of hemolytic
strains is usually low (ca. 10%o) in the intestines
of healthy individuals and patients with diarrheal
diseases, it is very high (35 to 60%; 3, 6, 14)
among those strains causing extraintestinal in-
fections, such as those of the urinary tract (UTI)
and blood. This has lead to the assumption that
hemolysin (Hly), the extracellular protein syn-
thesized by these strains (13, 19), may act as a
virulence factor for extraintestinal infections.
Recent data obtained from epidemiological stud-
ies (6, 10, 12) and in vivo virulence tests (21, 22)
support this view.
Previous genetic and biochemical studies,

which were performed mainly on fecal strains
isolated from animals, indicated that hemolysin
genes are carried on large transmissible plasmids
(5, 8, 9, 18), and from one of these plasmids,
pHlyl52, we were able to clone a DNA fragment
of which about 7.5 kilobases (kb) were shown to
be essential for hemolysin synthesis. This seg-
ment carries at least three cistrons involved in
the synthesis and transport of hemolysin (15, 16,
19), and hybridization experiments performed
with the cloned cistrons and several Hly plas-
mids demonstrated that all Hly plasmids carry
virtually indistinguishable hly determinants
regardless of their origin and overall relatedness
(4). Recent studies on hemolytic E. coli isolated
from humans have indicated that in practically
all of these strains, the hly determinant seems to
reside on the chromosome rather than on plas-
mids (7, 21; unpublished data). This paper de-
scribes the characterization of chromosomal hly

determinants from various hemolytic E. coli
strains and shows that these determinants are
quite similar to those borne on plasmids.

MATERIALS AND METHODS
Bacteria. The E. coli strains studied are listed in

Table 1 or have been described elsewhere (15).
Plasmids. Hemolytic plasmid pHlyl52 is large (62.1

kb) and self transmissible and belongs to the incom-
patibility group 12 (15). The three cistrons neces-
sary for hemolysin production, hIyA, hlyB, and hlyC,
are spanned by several HindIll and EcoRI fragments
(see Fig. 4), and the recombinant plasmids derived
from these fragments and vector pACYC184 (2) have
been described previously (15). We used pANN250
(containing EcoRI-G) to test for homology to EcoRI-
G, HindIII-C, and HindIII-H; we used pANN215
(HindIII-C) to test for homology to HindIII-C and
EcoRl fragments F, L, and G and pANN202 (HindIII-
E) to test for homology to HindIII-E and EcoRI-F of
pHlyl52.

Isolation of chromosomal DNA. Cells from a station-
ary culture in nutrient broth were centrifuged, washed
once in 0.15 M NaCl-0.1 M EDTA and suspended in
25% sucrose-10 mM Tris-hydrochloride, pH 7.5. After
the addition of a 1/20 volume of 0.25 M EDTA, the
cells were treated with lysozyme (10 mg/ml) followed
by 1% sodium dodecyl sulfate, both for 30 min at 37°C.
The resulting lysate was shaken with pronase (100
,ug/ml) for 3 h until clear and then shaken with the
same volume of an isoamyl alcohol-chloroform (24:1)
mixture for 40 min. The two phases were separated by
low-speed centrifugation, and after the addition of
absolute ethanol, the DNA was isolated out of the
aqueous solution by subsequent spinning onto a glass
rod. The DNA was then dried, dissolved in 10 mM
Tris-hydrochloride (pH 7.5), and purified once in a
CsCl gradient.

Isolation of plasmid DNA. Plasmid DNA was isolat-
ed as described previously (4, 11).
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TABLE 1. Hemolytic E. coli strains

E. coli Sourcea Serotype
strain

764 Feces (WG) 018
768 Feces (WG) 018
251 Urine (UK) 018
536 Urine (WG) 06
442 Urine (UK) 06
367 Urine (UK) 04
530 Urine (UK) 04
341 Urine (UK) 075
372 Urine (UK) 075

a Strains were obtained from hospitals in West
Germany (WG) and the United Kingdom (UK).

Preparation of radioactive probes for hybridization.
Radioactive DNA probes were obtained by the nick
translation of recombinant plasmids with a mixture of
all four [a-32P]-dNTPs as described previously (17).

Cleavage with restriction enzymes and electrophoresis
of chromosomal DNA. The chromosomal DNA was
treated with restriction enzymes EcoRI and HindIII,
and the resulting fragments were separated by agarose
gel electrophoresis on 1% agarose as described previ-
ously for plasmid DNA (4).

Hybridization and autoradiography. The transfer of
DNA fragments from agarose gels to nitrocellulose
filters and the washing and autoradiography of the
filters after hybridization were performed as described
previously (20). The filters were hybridized in 100%
formamide (high stringency) at 43°C for 3 days.

RESULTS
Chromosomal carriage of the hly determinants

in the E. coli strains analyzed. Nine hemolytic E.
coli strains isolated from humans and belonging
to 0 serotypes 04, 06, 018, and 075 (Table 1)
were examined with regard to the genetic deter-
minants responsible for hemolysin synthesis.
Since previous studies on hemolytic E. coli
strains, mainly isolated from animal sources (8,
9, 18), had shown the hly determinant to be
located on transmissible plasmids, these strains
were first screened for plasmids involved in
hemolysin synthesis. This was performed by (i)
the physical characterization of extrachromo-
somal DNA in cleared lysates (la) and CsCl-
ethidium bromide (EtBr) density centrifugation,
(ii) the attempted transfer of the hly determinant
into E. coli K-12 recipient strains by conjugation
under various conditions (15), and (iii) the mobi-
lization of possible non-self-transmissible hemo-
lysin plasmids by a transfer factor. None of
these strains carried plasmids as detected by the
agarose gel electrophoresis of the cleared lysates
of CsCl-EtBr gradients (Fig. 1). The diffuse
DNA band seen in each cleared lysate on the
agarose gel represents residual chromosomal
DNA, which was not entirely removed during
the clearing spin. In the cleared lysate of the E.

coli K-12 strain containing pHlyl52 (62.1 kb),
the additional plasmid band above the diffuse
chromosomal band is clearly visible, although it
is a low-copy-number plasmid. With this cleared
lysate procedure, we could detect low-copy
plasmids with sizes of up to 200 kb (even in wild-
type strains). All Hly plasmids isolated until now
have been of considerably smaller size, and their
isolation from E. coli strains has been achieved
without problems. Hemolytic K-12 transconju-
gants were not obtained when these strains were
mated with E. coli K-12 either directly or after
the introduction of F' lac or Rl into the hemolyt-
ic wild-type strains. Conjugation was always
carried out both in liquid broth and on solid agar.
These conjugation experiments do not rule out
transmissible Hly plasmids which transfer at
frequencies of less than 10-6, but such low
transfer frequencies have never been obtained
with known Hly plasmids (5, 8, 13). This evi-
dence suggests that the hly determinants are on
the chromosome.
Comparison of the chromosomal hly determi-

nants from different E. coli strains with that of
plasmid pHlyl52. Recent studies on the relation-
ship between hly determinants carried on differ-
ent plasmids have indicated high sequence ho-
mology regardless of the degree of similarity
within other parts of the plasmids (4). It has been
demonstrated (6, 10, 12) that among E. coli
causing urinary tract infections hemolysin is
predominantly synthesized by strains belonging
to 0 serotypes 04, 06, 018, and 075, and data
suggest that these hemolysins are generally de-
termined not by plasmids but rather by chromo-
somal genes (7, 14). The data described above
indicate that the hly determinants of the nine
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FIG. 1. Electrophoresis of cleared lysates of the
nine Hly+ E. coli isolates listed in Table 1 and of E.
coli K-12 strains with Hly plasmid pHlyl52 (lane f) and
recombinant plasmid pANN215 (lane g). Lysates of
strains 764 (lane a), 768 (lane b), 251 (lane c), 536 (lane
d), 442 (lane e), 367 (lane h), 530 (lane i), 341 (lane k),
and 372 (lane 1). mw, Molecular weight.
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hemolytic E. coli strains studied, which belong
to the same four 0 serotypes, are also of chro-
mosomal origin. The homology of the chromo-
somal DNAs of these strains with the restric-
tion fragments which cover most of the plasmid
hly determinant, i.e., HindIII-E, HindIII-C,
HindIII-H, EcoRI-F, EcoRI-L, and EcoRI-G
(16; see Fig. 4), was tested by Southern hybrid-
ization. Hybridizations were performed with
nick-translated 32P-labeled vector (pACYC184)
DNA and two recombinant DNAs carrying Hin-
dIII-C (pANN215) or EcoRI-G (pANN250) in-
serted into pACYC184. The inserts of these two
recombinant plasmids cover most of hlyA and
hlyB of the plasmid-encoded hly determinant
(6a), 15; see Fig. 4). Chromosomal DNAs of the
nine hemolytic E. coli strains were cleaved with
EcoRI and HindIII. Nick-translated pACYC184
did not hybridize to any of these DNAs (Fig. 2),
but hybridization occurred with specific frag-
ments when the nick-translated hly-specific
probes were used. The results of these hybrid-
izations for five strains, each representing one
hybridization pattern are shown in Fig. 3A and
B. HindIII-C seems to be present in the hly
determinants of five of the nine strains (the two
075 strains 341 and 372, the two 04 strains 367
and 530, and the 06 strain 442) since a fragment
indistinguishable in size from HindIII-C was
labeled when the HindlIl-cleaved chromosomal
DNAs of these strains were hybridized with
nick-translated pANN215 [32p] DNA. In the
other four strains, three belonging to 018 and
one to 06, a larger HindIII fragment was la-
beled. DNA of all three 018 strains hybridized
in a fragment of the same size (4.1 kb; Fig. 3A),
whereas DNA of the 06 isolate hybridized in an
even larger one (11.5 kb), which was also labeled
when HindIII-E (pANN202) was used as a
probe. This indicates that in these hly determi-
nants, the HindIlI site b (Fig. 4) is absent, the
06 determinant lacking, in addition, the HindIII
site a.
When the chromosomal DNAs of the nine

strains were cut by EcoRJ and hybridized with
pANN215, homology was expected in at least
three bands because HindIII-C was cut twice by
EcoRI (Fig. 4). The two 06 strains, 536 and 443,
hybridized in line with this assumption: both
DNAs showed homology in bands which were
indistinguishable in size from those of EcoRI-G
and EcoRI-L (Fig. 3A) and in further bands
which were larger than that of EcoRI-F. The
remaining strains, 764, 768, and 251 (018); 367
and 530 (04); 341 and 372 (075), hybridized in
two bands (Fig. 3A). One of these, which is the
same size (2.8 kb) in all strains, probably repre-
sents the equivalent of EcoRP-G because it was
also labeled when this fragment was used as a
probe. The second hybridizing band seems to be

FIG. 2. Hybridization patterns obtained with
HindIlI-cleaved chromosomal DNA of five hemolytic
E. coli strains of the four 0 types studied and 32P-
labeled nick-translated pACYC184 DNA. Lane a,
strain 367 (04); lane b, strain 372 (075); lane c, strain
442 (06); lane d, strain 536 (06); and lane e, strain 764
(018); lane 0 represents the control, i.e., hybridiza-
tion of HindIII-cleaved pACYC184 with the labeled
pACYC184 probe. mw, Molecular weight.

different in all strains, being always larger than
EcoRI-F of pHlyl52 (Fig. 4), with the one ex-
ception of strain 251 (018). None of the seven
strains showed hybridization in a small band
which could represent EcoRI-L. Therefore, we
assume that in all these determinants the EcoRI
site between EcoRI-F and EcoRI-L (Fig. 4) is
missing and the homology to the EcoRI-L frag-
ment resides in the bands hybridizing with
EcoRI-F.
The HindlIl fragment next to HindIII-C is

HindIII-H (Fig. 4), and a fragment indistinguish-
able in size from this was labeled in the HindIIl-
cut chromosomal DNA of all nine strains when
EcoRI-G (pANN250), which overlaps with
HindIII-C and HindIII-H, was used as a hybrid-
ization probe. As expected, those DNAs which
showed homology with HindIII-C in a HindIII
fragment of the same size when pANN215 was
used as a probe also hybridized to the same
HindIII fragment when pANN250 (EcoRI-G)
was used. The DNAs of those strains which
hybridized to HindIII-C in a larger fragment also
hybridized in the same large HindIII fragments
when pANN250 was used as a probe (Fig. 3B).
When the chromosomal DNAs of the nine hemo-
lytic strains were cut with EcoRI and hybridized
with pANN250, only two strains, 536 (06) and
442 (06), showed homology in a fragment indis-
tinguishable in size from EcoRI-G (3.2 kb). The
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FIG. 3. Hybridization patterns obtained (A) with HindIII- (lanes a to e) and EcoRI (lanes e' to a')-cleaved
chromosomal DNA isolated from five hemolytic E. coli strains representing the four 0 serotypes studied and 32P-

labeled nick-translated pANN215 DNA and (B) with EcoRI- (lanes a to e) and HindIII- (lanes e' to a')-cleaved
chromosomal DNA of the same strains and 32P-labeled pANN250 DNA. Lanes a and a', strain 367; lanes b and
b', strain 372; lanes c and c', strain 442; lanes d and d', strain 536; lanes e and e', strain 764; lane o, pHly152 DNA
cleaved with EcoRI and pANN250 cleaved with HindIII (B). The hybridization patterns of strains 530 (same as

367), 341 (same as 372), 768 (same as 764), and 251 are not shown in this figure, but are included in Fig. 4. mw,
Molecular weight.

three 018 strains 764, 768, and 251; the two 075
strains, 341 and 372; and the 04 strains, 367 and
530, hybridized in a fragment (2.8 kb) which was
smaller than EcoRI-G (Fig. 3B). These find-
ings concur with the homology observed when
HindIII-C was hybridized to EcoRI-cut DNA as

described above. Figure 4 summarizes the simi-
larities and differences observed between the

chromosomal hly determinants analyzed and the
known plasmid hly determinant (4, 15).

DISCUSSION
The data presented here and elsewhere show

that the genes determining hemolysin synthesis
in E. coli may be carried either on transmissible
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FIG. 4. Physical maps of the hly determinants of pHlyl52 and the nine chromosomal determinants analyzed.

plasmids of various incompatibility groups (4, 5)
or on the chromosome (7, 14). There is now
ample evidence that the great majority of hemo-
lytic E. coli strains isolated from humans, i.e.,
from urinary tract infections (UTI), bacte-
remias, or normal fecal flora, belong to the
chromosome type. These strains belong pre-
dominantly to 0 serotypes 4, 6, 18, and 75 (6,
12). Some hemolytic E. coli strains isolated from
extraintestinal infections may carry plasmids of
various sizes, but they do not seem to be corre-
lated with the hemolytic phenotype (F. de la
Cruz, unpublished data). In the nine hemolytic
E. coli strains studied here, plasmids could not
be identified by biochemical or genetic methods,
and the hly determinants are therefore assumed
to be located on the chromosome.
As previously shown, the plasmid hly determi-

nant consists of at least three cistrons, termed
hlyC, hlyA, and hlyB, which code for functions
involved in the synthesis and transport of active
hemolysin. Hybridization experiments with the
cloned hly cistrons and several isolated hemolyt-
ic plasmids belonging to different inc groups
have indicated that the hly determinants are very
similar in all plasmids, regardless ofthe extent of
homology within other parts of these extrachro-
mosomal genomes (4).

In the present study, these investigations have
been extended to chromosomal hly determinants
of E. coli. Again using recombinant plasmids
carrying various parts of the plasmid-type hly
determinant as hybridization probes, we could
show by Southern hybridization that the chro-
mosome-type hly determinants in all strains test-
ed show extensive sequence homology with the
plasmid-type hly determinant.

Hybridization always occurs with specific
DNA fragments when distinct segments bearing
hlyA or hlyB of the plasmid-type hly determinant
are used as probes. Although this method was

not sensitive enough to detect subtle changes
within the hly cistrons, some differences be-
tween the plasmid-type and the chromosome-
type hly determinants and also between different
chromosome-type hly determinants were recog-
nized. Due to the use of cloned Hindlll or EcoRI
fragments as specific probes, the observed dif-
ferences are caused by the loss or the addition of
EcoRI or HindlIl restriction sites within the hly
determinants. The recognized changes seem to
be clustered in the cistron hlyA, which has been
shown to encode the hemolysin protein itself
(6a), whereas the right site of the hly determi-
nant (hIyB) seems to be more conserved (Hin-
dIII-H is present in all hly determinants so far
analyzed). Cistron C (hlyC) is always located on
rather large HindIII and EcoRP fragments,
which prevents conclusions regarding genetic
variations within this cistron. One can argue that
hlyA is the largest of the three cistrons, and
changes may occur statistically more frequently
in hlyA than in the other two cistrons. However,
recent results obtained in our laboratory by the
fine mapping of cloned chromosomal hly deter-
minants from four different 0 serotypes confirm
that hlyA is the most variable cistron (1). From
the data presented here and from unpublished
data, it appears that these changes within hlyA
are not random but fixed for a given type of hly
determinant. We have tried to point this out in
Fig. 4 by arranging the analyzed hly determi-
nants into five groups. Although we are aware
that the number of hly determinants analyzed
here is rather small, preliminary data from this
and another laboratory (F. de la Cruz, personal
communication) indicate that the hly determi-
nants of other E. coli strains also fall into one of
these groups. This observation is of particular
interest in the light of recent findings which
show that hly determinants from different
sources exhibit differences in their virulence in
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animal models (21, 22; unpublished data). In
UTI, hly synthesis is predominantly found
among strains belonging to the four E. coli
serotypes 04, 06, 018, and 075. The analysis of
the hly determinants from such strains, howev-
er, shows that specific types of hly determinants
do not seem to be correlated with particular 0
serotypes.
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