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Brachyspira (Serpulina) hyodysenteriae induces a mucohemorrhagic diarrheal disease in pigs. The production
of a beta-hemolysin has been considered a major virulence attribute of this organism. Previous reports have
failed to correlate a specific cloned gene sequence with a purified beta-hemolytic protein sequence. Thus,
questions still remain concerning the structural gene sequence of the hemolysin. To answer this question
unequivocally, the beta-hemolytic toxin was purified from extracts of log-phase spirochetes, and the N-terminal
amino acid sequence was determined (K-D-V-V-A-N-Q-L-N-I-S-D-K) and compared with the translated se-
quences of previously cloned genes, tlyA to tlyC. The lack of homology between tlyA to tlyC translated sequences
and the purified beta-hemolytic toxin sequence resulted in the study that is reported here. A degenerate probe
was designed based on the N-terminal amino acid sequence of the purified beta-hemolysin and used to screen
a B. hyodysenteriae genomic library. Three overlapping clones were identified, and one was sequenced to reveal
an open reading frame coding for a putative 8.93-kDa polypeptide containing the N-terminal sequence of the
purified beta-hemolysin. To distinguish this gene from the tlyA to tlyC genes, it has been designated hlyA. A
hemolysis-negative Escherichia coli strains containing hlyA was beta-hemolytic on blood agar media. Also, the
hemolytic activity of the recombinant protein had identical protease and lipase sensitivities and electrophoretic
mobility to those of native B. hyodysenteriae beta-hemolysin. Based on sequence analysis, the translated protein
had a pI of 4.3, an a-helical structure, and a phosphopantetheine binding motif. Hybridization analysis of
genomic DNA indicated that the hlyA gene was present in B. hyodysenteriae and B. intermedia but was not
detected in B. innocens, B. pilosicoli, or B. murdochii under high-stringency conditions. The location of hlyA on
the chromosomal map was distinct from the locations of tlyA, tlyB, and tlyC.

Brachyspira (Serpulina) hyodysenteriae, the etiologic agent of
swine dysentery, induces a mucohemorrhagic diarrheal disease
in susceptible pigs and a severe cecitis in mice (7, 11). Viru-
lence attributes associated with B. hyodysenteriae include the
production of a beta-hemolysin, the presence of a biologically
active lipooligosaccharide, motility, and the presence of an
NADH oxidase (5, 12, 19, 20, 22, 23). Beta-hemolytic activity
has been one of the major phenotypic characteristics used to
distinguish B. hyodysenteriae from avirulent species of Brach-
yspira. Numerous methods have been reported for hemolysin
production and purification, most involving traditional protein
purification techniques (13–15, 23). These studies have been at
variance in their reports of the apparent molecular mass of the
isolated hemolytic factor, ranging from 19 to 74 kDa. The
beta-hemolysin has been shown to be physicochemically simi-
lar to streptolysin S; it is oxygen stable, heat labile, and active
over a wide pH range, requires an appropriate carrier for its
isolation (usually RNA-core), and is sensitive to both protease
and lipase digestion (14, 23).

The biologic activity of the beta-hemolysin recovered from
B. hyodysenteriae has been studied primarily in vitro. Early
work indicated that the binding of the hemolysin to erythro-

cytes was temperature independent while lytic activity required
physiologic temperatures and that erythrocyte swelling oc-
curred prior to lysis (22). While proteolytic or phospholipase-
like activity has not been associated with the beta-hemolysin of
B. hyodysenteriae, hemoglobin release was detected prior to cell
swelling, indicating a cytolytic mechanism involving membrane
perturbation and leakage (22, 23). Studies with osmopro-
tectants indicated that a pore with a diameter of 1.0 to 1.1 nm
was formed by the beta-hemolysin (10). Additional studies
from this laboratory have indicated that purified beta-hemoly-
sin affects the integrity of epithelial cell monolayers and in-
duces colonic epithelial cell damage similar to that caused by
infection with B. hyodysenteriae (9, 26).

Previously, three separate genes from B. hyodysenteriae have
been identified and associated with beta-hemolysis based on
their ability to induce a hemolytic phenotype in Escherichia coli
(7, 11). These three genes, referred to as tlyA, tlyB, and tlyC,
encode gene products with apparent molecular masses of 26.9,
93.3, and 30.8 kDa, respectively. Furthermore, it was demon-
strated that tlyA was detected in the pathogenic B. hyodysen-
teriae but not the nonpathogenic B. innocens. The tlyB gene
product was reported to have homology to Clp proteins, a class
of intracellular proteins that display proteolytic activities as
well as being regulators of proteolysis. None of these three
genes, however, have been linked directly by protein sequenc-
ing to a B. hyodysenteriae-specific gene product that displays
hemolytic activity or to the native beta-hemolysin. Likewise,
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none of the recombinant products synthesized from the cloned
genes have been shown to possess the biochemical properties
attributed to the B. hyodysenteriae beta-hemolysin (13, 14, 22,
23), with the possible exception that E. coli harboring tly con-
taining plasmids have hemolytic activity (18, 25). Recent stud-
ies identifying the cryptic E. coli hemolysin SheA (3) raise the
possibility that tlyA, tlyB, and tlyC code for proteins that induce
SheA or other cryptic E. coli hemolysins. In fact, in an earlier
study, a cloned Salmonella gene, slyA, was originally thought to
be a hemolysin gene (16) but was later identified as a tran-
scriptional regulator that activated the expression of sheA in E.
coli K-12 (3, 17, 21).

To correlate the beta-hemolysin protein sequence with one
of the tly genes, the native protein was purified and the N-
terminal amino acid sequence was obtained. Unexpectedly,
this sequence was not present in any of the three translated tly
genes identified previously. Further studies resulted in the
cloning of the gene, hlyA, that encoded the purified beta-
hemolysin (i.e., HlyA), and these studies revealed a DNA
sequence with no homology to tlyA, tlyB, or tlyC. The coding
sequence of hlyA is much smaller than those of the previously
reported tly genes, and this is directly correlated with the bio-
chemical analyses of the native beta-hemolysin.

MATERIALS AND METHODS

Bacteria. B. hyodysenteriae strain B204, serotype 2, was grown as previously
described (5). Spirochetes were grown in 3-liter volumes to a concentration of
approximately 109 organisms per ml as determined with a Petroff-Hauser bac-
terial counting chamber. Active motility of greater than 75% of the organisms
was desired and interpreted as an indication of a culture within the log phase of
growth. E. coli strains were routinely grown in Luria-Bertani (LB) broth or on LB
agar medium. Phage plates for LE392 (6) consisted of standard LB agar base
supplemented with 2.5 mM CaCl2 with LB soft agar overlays. E. coli SOLR
[e14-(mcrA) D(mcrCB-hsdSMR-mrr)171 sbcC recB recJ uvrC umuC::Tn5(Kanr)
lac gyrA96 relA1 thi-1 endA1 lR [F9 proAB laclq ZDM15] Su2] was the Lambda
ZAP II recipient for plasmid excision (Stratagene, La Jolla, Calif.). E. coli
BL21(lDE3) is a l DE3 lysogen which carries T7 RNA polymerase under lac
promoter control.

Hemolysin preparation and purification. Crude hemolysin was prepared by a
modification of a method described previously (13). A 3-liter volume of B.
hyodysenteriae culture was centrifuged at 10,000 3 g at 4°C for 20 min. Bacteria
were suspended in beta-hemolysin extraction buffer (phosphate-buffered saline
[140 mM NaCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 2.7 mM KCl; pH 7.2], 0.05%
RNA-core [Sigma Chemical Co., St. Louis, Mo.], 1 mM glucose, 1 mM MgSO4)
at 1/20 of the original culture volume and held at 37°C for 30 min with sufficient
agitation to maintain suspension. Cells were pelleted by centrifugation, the
supernatant was retained and frozen, and the extraction was repeated three to
five times depending on the extent of cell vigor as assessed by observing motility.
Supernatants were pooled, vacuum filtered through a 0.22-mm-pore-size filter
(Gelman Sciences, Ann Arbor, Mich.), and stored at 270°C until further puri-
fication. Throughout all manipulations, beta-hemolysin-containing solutions
were maintained at 4°C or less and assayed periodically for hemolytic activity.
The beta-hemolysin-containing supernatant was reduced in volume and desalted
by repeated concentration and reconstitution with sterile deionized water, uti-
lizing a forced-flow ultrafiltration device with an approximate molecular mass
cutoff filter of 3 kDa (Filtron Technologies, Northborough, Mass.). This concen-
trated, crude hemolysin was loaded onto preparative, nondenaturing 12% poly-
acrylamide slab gels and electrophoresed until the dye front reached the bottom
of the gel. The portion of the gel that contained the hemolytic activity was
identified by placing a 2-mm-wide slice (top-to-bottom) of the gel onto blood
agar and incubating it at 37°C for 20 min. The polyacrylamide gel was then sliced
(side-to-side, 3 to 5 mm wide) to excise the portion of the gel containing the
hemolytic activity. The hemolysin was electroeluted from the acrylamide slices
into Tris-glycine buffer (37.6 mM Tris-HCl, 50 mM glycine [pH 7.5]). The
supernatant was then reduced in volume and desalted by ultrafiltration, as de-
scribed above. The process was repeated, so that beta-hemolysin preparations
were electrophoresed and electroeluted twice. Preparations were analyzed by

size exclusion capillary electrophoresis, and the N-terminal amino acid sequence
analysis was determined by the Edman reaction. The amino acid sequence was
then used to construct a degenerate oligonucleotide probe for subsequent hy-
bridization and gene identification. The protease and lipase sensitivity of hemo-
lytic preparations was assessed as previously described (23).

Library construction and screening. The B. hyodysenteriae genomic library was
constructed in Lambda ZAP II using 5- to 10-kb randomly sheared DNA frag-
ments whose ends were polished by DNA polymerase. EcoRI linkers were added
using DNA ligase, and the fragments were cloned into Lambda ZAP II EcoRI-
digested, dephosphorylated DNA. Following packaging, the library was ampli-
fied using standard techniques (24).

To screen the library, the phage were grown at a density of 500 plaques per
85-mm-diameter petri dish. Nitrocellulose disks were used to lift the plaques, and
the DNA was denatured with 0.1 M NaOH and baked at 80°C. The lifts were
hybridized under standard conditions (24) overnight at 47°C. Positive plaques
were purified by standard techniques and rescreened by the above method.

DNA manipulations. Plasmids containing cloned B. hyodysenteriae chromo-
somal DNA fragments were excised in vitro from the corresponding recombinant
Lambda ZAP II plaques with helper phage R408 and introduced into E. coli
SOLR as specified by the manufacturer (Stratagene). Restriction maps of each
cloned fragment were constructed by standard techniques.

DNA sequencing and analysis. Prior to DNA sequence analysis, the region of
the three recombinant clones reactive with the degenerate oligonucleotide probe
was first determined. This was accomplished by DNA-DNA hybridization using
plasmid DNAs digested with EcoRI-EcoRV-HindIII or with ClaI-HindIII. Fol-
lowing separation of the fragments by agarose gel electrophoresis, blotting to a
nylon membrane, and hybridization with the degenerate oligonucleotide probe,
the region containing the amino-terminal portion of the hemolysin was identified
and the sequence of this region was determined in plasmid pISM1236 (see Fig.
2). The reverse primer (59-CAGGAAACAGCTATGACC-39) and two custom
primers designated TV2 (59-CAAAATAATAGTCGCCCTCAAC-39) and TV7
(59-TAGCTGTTGACGGCGGAATG-39) were used to obtain complete over-
lapping sequence. The DNA sequence data were assembled and analyzed for
open reading frames and sequence homologies using MacVector software, ver-
sion 5.0.2. The sequence was also analyzed for sequence motifs using PROSITE
software (http://www.genome.ad.jp/SIT/MOTIF.html) (1).

Chromosomal mapping. Restriction endonuclease digestion, pulsed-field gel
electrophoresis, and Southern blot analysis of DNA prepared in agarose beads
were done as described previously (27). The blots were hybridized and washed at
60°C.

DNA hybridization. Hybridization was performed to determine if other Brach-
yspira species contained homologs of the beta-hemolysin gene identified in this
study in B. hyodysenteriae. Genomic DNAs of six different serpulinal species, B.
innocens strain B256, an unnamed pathogenic chicken isolate, strain C-1 (pro-
posed name, B. alvinipulli), B. intermedia strain PWS/A (an isolate from a pig
with nondysenteric colitis), B. murdochii strain 155-20 (a nonpathogenic isolate
from a pig), B. pilosicoli strain P43/678 (an end-on-attaching spirochete isolated
from a pig with colitis), and B. hyodysenteriae strain B204, were obtained from
Neil Jensen (National Animal Disease Center, Ames, Iowa). All of the strains
analyzed, except for the strongly beta-hemolytic B. hyodysenteriae B204, are
moderately to weakly beta-hemolytic. DNA from each of these spirochetal spe-
cies was digested individually with four different restriction enzymes: MboI,
HindIII, AseI, and SspI. Portions (2 mg) of DNA from each reaction mixture were
electrophoresed through 1% agarose gels and blotted to nylon membranes (Hy-
bond-N; Amersham, Arlington Heights, Ill.). DNA was fixed to nylon mem-
branes by UV cross-linking using a Stratagene 1800 UV cross-linker. A ClaI-
EcoRI 0.95-kb fragment from plasmid pISM1236 (see Fig. 1) containing the
entire open reading frame of the beta-hemolysin gene was used in these hybrid-
ization studies. This fragment was isolated by agarose gel electrophoresis fol-
lowing plasmid digestion and was purified using a Qiagen (Chatsworth, Calif.)
column. The probe was labeled with 32P by random-primer labeling using the
Klenow fragment of DNA polymerase (Amersham). The membrane blots were
hybridized overnight and washed twice at 65°C. Autoradiographs were exposed
for 9 h at 280°C.

Nucleotide sequence accession number. The nucleotide sequence of the B.
hyodysenteriae hlyA gene has been assigned GenBank accession number U94886.

RESULTS AND DISCUSSION

Hemolysin purification and amino acid sequencing. For the
purposes of biological and biochemical characterization, the
crude preparations of beta-hemolysin obtained from B. hyo-
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dysenteriae B204 cells (13) were purified by ultrafiltration con-
centration followed by two successive separations on native
polyacrylamide gels and electroelution. Hemolytic activity of
the purified fractions was maintained throughout the purifica-
tion process (Table 1). Analysis of the final hemolytically active
fraction by size exclusion capillary electrophoresis revealed a
single polypeptide peak at 214 nm with an apparent molecular
mass between 19 and 21 kDa (Fig. 1). This was consistent with
the results of Kent et al. (13), suggesting that this gene product
was smaller than the tlyA to tlyC gene products. The purified
hemolysin was then analyzed for its N-terminal amino acid
sequence. The results indicated that a single polypeptide had
been obtained with an N-terminal sequence of K-D-V-V-A-N-
Q-L-N-I-S-D-K. No similar sequences are present in the pre-
dicted products of tlyA to tlyC (25). Thus, a different gene
product was responsible for beta-hemolytic activity of B. hyo-
dysenteriae.

Cloning of the B. hyodysenteriae hemolysin gene. To identify
the specific gene encoding the beta-hemolysin, a degenerate
oligonucleotide probe [59-AAAGATGT(A/T)GT(A/T)GC(A/
T)AATCA-39] was designed from the N-terminal sequence of
the purified beta-hemolysin for screening the genomic library.
When tested by DNA hybridization, the probe recognized a

single HindIII chromosomal fragment (data not shown).
Screening of the B. hyodysenteriae genomic library resulted in
eight positive plaques representing three independent clones.
Following excision of the DNA into pBluescript plasmids, the
three cloned fragments were restriction mapped (Fig. 2). The
three plasmids were designated pISM1235 to pISM1237. Each
of the cloned fragments contained a ClaI-HindIII fragment of
approximately 0.45 kb, which reacted positively with the de-
generate probe (data not shown). Colonies of the E. coli host
strain SOLR were converted from a nonhemolytic to a hemo-
lytic phenotype when carrying these plasmids (Fig. 3). Control
strains containing either pBluescript SK(2) (Stratagene) or a
pBluescript SK(2) derivative with an unrelated 4-kb insert of
B. hyodysenteriae chromosomal DNA were hemolytically neg-
ative on blood agar. They were also negative by DNA hybrid-
ization when probed with the degenerate oligonucleotide (data
not shown).

Nucleotide sequence analysis of plasmid pISM1236 yielded
an ORF with the sequence shown in Fig. 4. The amino acid
sequence derived from the purified B. hyodysenteriae hemolysin
was found 7 amino acids downstream (Fig. 4). The protein

TABLE 1. Purification of the B. hyodysenteriae beta-hemolysin

Fraction

Hemolytic activitya

% Protein HU per mg
of protein(HU/ml) HU per mg

(dry wt)

Unconcentrated crude ,1 20 1 2,000
Concentrated crude 11 2,200 28.4 11,957
CEb 17 3,400 11 30,910

a HU, hemolytic units.
b CE, capillary electrophoresis fraction (purified).

FIG. 1. Chromatogram of purified beta-hemolysin. A sample (ap-
proximately 10 nl) of the purified beta-hemolysin (10 HU/ml) was
subjected to size exclusion capillary electrophoresis. A single protein
peak was detected by UV spectral analysis at 214 nm.

FIG. 2. Physical maps of hlyA recombinant clones from the
Lambda ZAP II genomic library. The plasmid designations are also
given. The scale at the top is in kilobases. The sequences used for
probing chromosomal DNAs are indicated by the heavy bar. The boxes
represent open reading frames; the gray box is hlyA. The solid arrows
indicate the direction of transcription. The dotted arrows indicate
positions of the sequencing primers TV2 (left) and TV7 (right). Only
AseI sites relevant to the hybridization probe are shown. ORF, open
reading frame; A, AseI; C, ClaI; Ev, EcoRV; H, HindIII; P, PstI. Not
shown is the EcoRI site in the vector multiple-cloning site on the right
side of all clones.

FIG. 3. Hemolytic activity of recombinant E. coli SOLR
(pISM1236). The strains were streaked to obtain single colonies
onto bovine blood agar plates and grown for 48 h at 37°C. (A)
SOLR (negative control); (B) SOLR(pISM1236).
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sequence data were unambiguous; there was no suggestion that
proteolytic degradation had occurred in the purified protein
sample used for N-terminal sequencing or that there was more
than a single protein in the sample. Therefore, either the
protein sequence MALIDEI functions as an unusual signal
sequence in B. hyodysenteriae and the protein undergoes a
cleavage event between I7 and K8 or translation of this gene
begins 21 bp downstream of an AUG codon. To differentiate
between this gene and the genes identified by ter Huurne et al.
(25), designated tlyA to tlyC, this gene has been designated
hlyA in keeping with conventional nomenclature.

Sequence analysis of hlyA. The hlyA predicted gene product
had a molecular mass of 8.93 kDa, and it appeared to contain
an unusual 7-amino-acid signal sequence that was cleaved from
the mature secreted protein as determined by protein sequenc-
ing (Fig. 4). The translated product had a pI of 4.3 and a
predicted rod-shaped or linear conformation arising from an
a-helical structure (data not shown). The linear nature of the
hlyA gene product may explain the disagreement between the
predicted molecular mass and that estimated by size exclusion
capillary electrophoresis in this study (19 to 21 kDa); i.e., linear
proteins tend to appear larger than globular proteins of similar
size by size exclusion chromatography. Discrepancies in the
previously reported molecular masses of the beta-hemolysin of
B. hyodysenteriae may also be attributable to the predicted rod
shape of this molecule (13), or, depending on the ionic strength
of the buffer and the protein concentration, multimeric forms
of the protein could also explain these differences. The trans-
lation product contained a conserved phosphopantetheine
binding site (amino acid residues 32 through 47), suggesting
that there is posttranslational modification of the beta-hemo-
lysin (Fig. 4). Posttranslational modification (e.g., fatty acid
binding) would also be consistent with the loss of hemolytic
activity following lipase treatment (data not shown). It is not
known if hlyA is part of an operon or is expressed indepen-
dently of nearby genes.

DNA hybridization analysis. hlyA was localized on the 3.2-
Mbp physical and genetic map of B. hyodysenteriae B78T by
Southern blot hybridization. This gene is located on the EclA,
SalA, and SmaB fragments (27), thus placing it in a region

poorly defined by mapped restriction sites. Figure 5 shows the
region of the chromosome represented by these fragments.
The nox gene, which encodes NADH oxidase, is found in the
same region of the genome. hlyA is not adjacent to tlyA, tlyB, or
tlyC, three other genes reported to encode hemolytic activity in
recombinant E. coli (25).

Genomic DNA from six different species of Brachyspira was
digested with one of four restriction enzymes, electrophoresed,
and hybridized with a hlyA-specific probe derived from the
gene sequence. Results from all four enzymes were similar. A
Southern blot experiment performed with one of those en-
zymes, AseI, is shown in Fig. 6. B. intermedia strain PWS/A
(lane 4), which has an intermediate beta-hemolytic pattern,
was the only species other than B. hyodysenteriae (lane 2) to
show significant binding of the probe. This organism is repre-
sentative of what was formerly known as the “intermediate
types” of B. hyodysenteriae. The pathogenicity of these isolates,
now collectively categorized as B. intermedia, has been equiv-
ocal in the hands of some researchers; other reports have
indicated that these strains are clearly pathogenic but, com-
pared to B. hyodysenteriae, induce a different and milder clin-
ical disease called porcine spirochetal colitis in experimentally
infected swine (2, 4, 8). In the present studies, there was a
positive association between the presence of the hlyA beta-
hemolysin gene and pathogenicity in porcine Brachyspira iso-
lates.

Analysis of recombinant HlyA protein. E. coli strains con-
taining plasmids pISM1235 to pISM1237 were hemolytic on
blood agar (Fig. 3). HlyA does not appear to be readily re-
leased from recombinant E. coli, however, because the appear-

FIG. 4. Nucleotide sequence and deduced amino acid sequence of
the B. hyodysenteriae hlyA gene. The structural gene begins at nucleo-
tide 78 at the underlined ATG codon and ends at nucleotide 312 at the
bold TAA codon. The numbers refer to the DNA sequence. A poten-
tial ribosomal binding site (RBS) and Pribnow box are indicated. The
singly underlined amino sequence represents the phosphopantetheine
binding motif. The doubly underlined amino acid sequence is the
N-terminal sequence derived from purified beta-hemolysin.

FIG. 5. Localization of the hlyA gene on the combined physical and
genetic map of B. hyodysenteriae B78T. The physical map of B. hyo-
dysenteriae B78T is shown with landmark restriction sites. The loca-
tions of several previously mapped genes are shown. The bar indicates
the region containing the hlyA gene.
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ance of hemolytic colonies occurred only after 48 h of incuba-
tion, presumably as cells died. In comparison to the release of
the native hemolysin from B. hyodysenteriae, it was necessary to
treat recombinant E. coli with lysozyme, EDTA, and sonication
to obtain sufficient quantities of the hemolysin for analysis
(data not shown). The inability of recombinant E. coli strains to
efficiently secrete the beta-hemolysin may relate to the unusual
N-terminal sequence of HlyA, which is not present in the
mature protein but is present in the coding sequence. It is
likely that this 7-amino-acid sequence at the N-terminal end of
HlyA serves as a signal sequence in B. hyodysenteriae but does
not facilitate secretion by E. coli. By contrast, the native beta-
hemolysin was recovered in supernatant fluid following incu-
bation of log-phase B. hyodysenteriae in extraction buffer and
removal of the bacterial cells by centrifugation. There was no
enzymatic or mechanical disruption of the spirochetes required
to obtain the hemolysin, suggesting that the activity was se-
creted or released from viable cells. The native and recombi-
nant hemolysin shared additional physicochemical character-
istics in that both were resistant to inactivation by trypsin
digestion but were inactivated by nonspecific protease or lipase
treatment as previously described (23). In combination, these
data and observations suggest that the hemolytic activity of the
recombinant E. coli was the direct result of the hlyA gene
expression and not the induction of a cryptic hemolysin from
the host E. coli strain.

Relationship of hlyA to tlyA, tlyB, and tlyC. Previous investi-
gators have reported the cloning and sequencing of three pu-
tative hemolysin genes from B. hyodysenteriae (18, 25). Identi-

fication of these genes depended solely on induction of a
hemolytic phenotype in E. coli. Given the recent report of a
cryptic hemolysin in E. coli K-12 (i.e., the sheA product) con-
trolled by DNA binding proteins (3), questions should be
raised regarding the nature of the tly Brachyspira gene prod-
ucts. The tlyA to tlyC gene products could represent regulatory
proteins that upregulate sheA or other unknown cryptic hemo-
lysins in E. coli. For instance, tlyB has homology to ClpB, a
class of regulatory proteins and proteases. In addition, there
has not been a report of a direct link between the purified
recombinant hemolytic activity from tly-containing clones and
a specific protein in B. hyodysenteriae. In contrast, our studies
correlate N-terminal amino acid sequence from purified, active
beta-hemolysin with the cloned gene DNA sequence. Addi-
tionally, hlyA does not map near the tly genes (Fig. 5), nor does
it reside within the lysogenic phage of B. hyodysenteriae (T. B.
Stanton, personal communication). Whether the previously
described tly genes (18, 25) code for other hemolysins or serve
as regulatory proteins in B. hyodysenteriae can be answered
only by more defined biochemical and genetic studies. The
biologic activity of purified HlyA, however, has been shown to
induce murine colonic lesions similar to those caused by B.
hyodysenteriae and to disrupt the integrity of epithelial cell
monolayers (9, 26).

In summary, a beta-hemolysin was purified from B. hyodys-
enteriae and an unambiguous N-terminal amino acid sequence
was obtained. Construction of an oligonucleotide probe from
that amino acid sequence facilitated identification, cloning,
and sequencing of the gene, hlyA, encoding the protein. Anal-
ysis of that sequence provided information about the physico-
chemical properties of the hlyA gene product. There was no
relationship between hlyA and three previously identified B.
hyodysenteriae genes (i.e., tlyA to tlyC), suggesting that hlyA was
unique. Based on sequence analysis, the hlyA gene and gene
product did have homology to plant and bacterial acyl carrier
proteins. DNA-DNA hybridization performed on six different
species of Brachyspira indicated that at least one other species,
B. intermedia, possessed the hlyA gene. This study provides the
first direct linkage between a purified hemolytic protein from
B. hyodysenteriae and its cognate gene sequence.
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