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Serpulina hyodysenteriae B204 cells treated with mitomycin (20 pg of mitomycin/ml of culture broth) lysed
and released bacteriophages. Bacteriophage particles, precipitated by using polyethylene glycol and purified by
CsCl density gradient ultracentrifugation, had a buoyant density of 1.375 g/cm® and consisted of a head (45-nm
diameter) and an ultrastructurally simple (noncontractile) tail (64 by 9 nm) composed of at least 13 proteins
with molecular masses ranging between 13 and 101 kDa. The purified bacteriophage has been designated
VSH-1 (VSH for virus of S. hyodysenteriae). VSH-1 was incapable of lytic growth on any of five intestinal
spirochete strains, representing three Serpulina species. VSH-1 nucleic acid was determined to be approxi-
mately 7.5 kb in size and to be linear, double-stranded DNA based on differential staining with acridine orange,
DNase I sensitivity, electrophoretic mobility, and contour length as measured by electron microscopy. Phage
DNA digested by the restriction enzymes Sspl, Asel, EcoRV, and AflIl gave electrophoretic banding patterns
nearly identical to those of digested chromosomal DNA from S. hyodysenteriae. Additionally, VSH-1 DNA
fragments hybridized with probes complementary to S. hyodysenteriae chromosomal genes nox and flaA1. When
purified bacteriophages induced from cultures of S. hyodysenteriae A203 (Afladl 593-762::cat) were added to
growing cells of strain A216 (Anox 438-760::kan), transductants (Cm" Km") were obtained at a frequency of
1.5 X 107° per phage particle (enumerated by electron microscopy). These findings indicate that induced
VSH-1 virions package DNA of S. hyodysenteriae and are capable of transferring host genes between cells of that

spirochete. To our knowledge, this is the first report of genetic transduction of a spirochete.

Natural gene transfer mechanisms (conjugative plasmids
and transducing bacteriophages) have not been demonstrated
for spirochetes. Indirect evidence of lateral gene transfer has
been obtained for Borrelia spp. (16). The existence of DNA-
filled membrane vesicles on the surfaces of Borrelia burgdorferi
cells has been reported, although their possible role in gene
transfer is unknown (7). In addition, several extrachromosomal
elements have been identified in B. burgdorferi, and an extra-
chromosomal plasmid of 2.6 kb has been isolated from Trepo-
nema denticola and characterized (10, 25). In cultures of var-
ious spirochetes, bacteriophages have been observed free,
attached to cells, or within cells as noted previously (9). Three
Iytic phages of Leptospira biflexa have been isolated and char-
acterized (24). However, to our knowledge, there is no evi-
dence that these three phages play a role in gene transfer.

The spirochete Serpulina hyodysenteriae causes swine dysen-
tery, an enteric disease producing a severe mucohemorrhagic
diarrhea in infected swine (8). Potential genetic transfer ele-
ments for S. hyodysenteriae have been identified. Ritchie and
colleagues observed bacteriophages with the same morphology
in 18 different cultures of S. hyodysenteriae while searching for
bacteriophages in pure cultures obtained from a collection of
cultures from all over the world (22). The extraction of extra-
chromosomal nucleic acid from S. hyodysenteriae cultures was
reported in 1986 by Joens and colleagues (11) and then again
in 1992 by Combs and coworkers (6). A band of extrachromo-
somal nucleic acid migrated in agarose gels to a position cor-
responding to 6 to 8 kb for that of linear double-stranded
DNA. Adachi and colleagues detected three plasmids (1.6, 2.6,
and 40 kb) in S. hyodysenteriae-like spirochetes (2).
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We previously reported an inducible prophage in S. hyodys-
enteriae and S. innocens cells (9). In this article we extend those
findings by describing the purification and characterization of
a mitomycin-inducible phage, designated VSH-1, from S. hyo-
dysenteriae B204 cells. VSH-1 bacteriophage packages 7.5-kb
fragments of host chromosomal DNA and appears incapable
of lytic growth. Furthermore, purified virions were determined
to transduce either fla41 or nox gene between S. hyodysenteriae
strains, indicating VSH-1 can serve as a generalized transduc-
ing phage.

(The research in this article was carried out by Sam B.
Humphrey in partial fulfillment of the requirements for a M.S.
degree from Microbiology, Immunology, and Preventive Med-
icine Department, Iowa State University, Ames, 1996.)

MATERIALS AND METHODS

Bacterial strains and culture conditions. Cells of S. hyodysenteriae, S. innocens
B256, and Serpulina pilosicoli (32) were routinely cultured in BHIS broth beneath
a 1% O, atmosphere (27). S. hyodysenteriae A203, a strain with a mutation in a
flagellar core protein gene (AflaAdl 593-762::cat), and strain A216, a NADH
oxidase (nox) mutant (Anox 438-760::kan), were used in transduction experi-
ments. Both strains A203 and A216 were supplied by Everett Rosey and were
constructed from S. hyodysenteriae B204 (12) by electroporation-mediated allelic
exchange (23).

For bacteriophage purification, S. hyodysenteriae cells were cultured in NT
broth, a low-protein and serum-free medium prepared as follows. Brain heart
infusion broth was ultrafiltered (Ultrafiltration cell; 10,000-molecular-weight
[MW] cutoft filter YM10; Amicon, Inc., Beverly, Mass.) to remove proteins with
high molecular mass and the filtrate used to make basal medium under anaerobic
conditions (27). The autoclaved basal medium, 400 ml in a 500-ml sidearm
Klett-type flask, was supplemented with 2 ml of an ethanol solution of cholesterol
(final concentration in the medium, 25 pg/ml) and phosphatidylcholine (final
concentration in the medium, 50 pg/ml). Cultures in NT broth were stirred and
incubated under an initial N,-O, (99:1) atmosphere at 37°C. Culture media for
strains A203 and A216 contained chloramphenicol (10 wg/ml) and kanamycin
(200 pg/ml), respectively.

Induction and purification of VSH-1 particles. Mitomycin was added to cul-
tures of spirochete cells in exponential growth phase (optical density at 620 nm
[ODgy], 0.9; 8 X 107 cells/ml) in NT broth. A mitomycin concentration (final
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concentration, 20 wg/ml) that produced a gradual decrease (0.1 to 0.2 U) in the
optical density of the culture within 5 to 8 h after the addition of mitomycin was
selected.

VSH-1 was purified by polyethylene glycol (PEG) precipitation and CsCl
density gradient ultracentrifugation based on methods for purification of N phage
(26). Culture lysates were treated with DNase I (final concentration, 0.2 pg/ml)
and RNase (10 wl/400 ml; RNace-it [Stratagene Inc., La Jolla, Calif.]) for 1 h at
37°C. NaCl (final concentration, 1 M) and CHCI; (final concentration, 1.5%)
were then added, and the lysate was placed on ice. After 1 h, the lysate was
centrifuged at 4,000 X g for 5 min at 4°C. After a second centrifugation, the
supernatant was harvested, and PEG (MW, 8,000) was added (final concentra-
tion, 10%). After 48 h at 4°C, the precipitated phage was pelleted by centrifu-
gation (4,000 X g, 10 min, 4°C), resuspended in 2 ml of SM buffer (26), and
treated with DNase I (final concentration, 8 pg/ml) and RNase (RNace-it, 1
wl/ml) at 37°C for 1 h. The phage suspension was extracted twice with an equal
volume of chloroform to remove PEG. Cesium chloride (437 mg/ml) was added
to the aqueous phase, and the solution (final density, 1.32 g/cm®) was ultracen-
trifuged at 149,000 X g for 24 h at 4°C. Phage particles forming a band in the
lower half of the ultracentrifuge tube were collected and ultrafiltered (Microcon-
100 with a MW cutoff of 100,000; Amicon, Inc.) to remove CsCl. The phage
particles were resuspended in SM buffer (0.5 ml), harvested by ultrafiltration
twice, and resuspended in 200 wl of SM buffer.

VSH-1 virion characterization. Purified VSH-1 phage was negatively stained
by mixing phage samples with an equal volume of phosphotungstic acid (2%, pH
7.0). Samples were deposited on Parlodion-coated 200-mesh carbon-reinforced
copper grids and viewed with a Philips model 410 electron microscope (80 kV).
Size measurements were made on viruses in electron micrographs from two
separate preparations. A total of 100 particles in 20 different fields were mea-
sured. VSH-1 bacteriophage was quantified by electron microscopy after phage
preparations were mixed (1:1) with dilutions of latex beads (diameter, 0.087 wm;
catalog no. 10530 [Ernest Fullam Inc., Latham, N.Y.]) of known concentration.
The buoyant density of VSH-1 particles was estimated by measuring the refrac-
tive index of samples from purified CsCl phage bands in three preparations by
using a refractometer (ERMA Abbe’s Refractometer [Fisher, Inc., Pittsburgh,
Pal]).

VSH-1 proteins were characterized by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) using a 3.75% acrylamide stacking gel over a
12% acrylamide resolving gel (0.75 mm thick). A vertical gel electrophoresis
apparatus (Mini-Protean IT), molecular mass standards, and reagents were pur-
chased from Bio-Rad Laboratories (Hercules, Calif.). Preparation of buffers and
staining of proteins with Coomassie blue were done following the manufacturer’s
recommendations.

Protein concentrations were determined by using Peterson’s modification of
the Lowry technique (21) or a commercial microprotein assay kit (Bio-Rad).
Bovine serum albumin (0.5 mg/ml) (OD,g, = 0.33 *+ .01; 1-cm path length) was
used as a standard.

VSH-1 nucleic acid analysis. To extract VSH-1 nucleic acid, purified phage
was first treated with DNase I (final concentration, 16 wg/ml) and RNase
(RNace-it, 1 wl/ml), for 45 min at 37°C to digest nucleic acid not contained within
the virus. Proteinase K (final concentration, 50 wg/ml), SDS (final concentration,
0.5%), and EDTA (final concentration, 20 mM) were added, and the solution
was incubated for 15 min at 65°C. The solution was then extracted with an equal
volume of phenol-chloroform and then chloroform. A 0.1X volume of sodium
acetate (3 M, pH 7.0) and 2X volume of 100% ethanol were added, and the
solution was stored at —70°C for 1 h. The precipitated nucleic acid was pelleted
by centrifugation (14,000 X g, 15 min) in a microcentrifuge.

Various methods were used to determine the nature of VSH-1 nucleic acid.
VSH-1 nucleic acid (equivalent to 100 ng of DNA) was treated at 37°C for 1 h
with either DNase I (8 pg/ml) or RNase (RNace-it, 1 pl/ml). The nucleic acid
was analyzed for degradation by agarose gel electrophoresis (1% agarose gel). To
determine whether VSH-1 nucleic acid was single or double stranded, 500-ng
preparations of VSH-1 nucleic acid, control double-stranded DNA (pBluescript
II SK™; Stratagene), and control single-stranded DNA (M13mp18; United States
Biochemical, Inc., Cleveland, Ohio) after agarose electrophoresis (4°C, 3 h, 70
V) were stained with acridine orange (19). Contour length and conformation of
VSH-1 nucleic acid were determined by electron microscopy. VSH-1 DNA and
circular plasmid DNA (pBluescript II SK™; 2.96 kb) were prepared by the
aqueous monolayer spreading technique described by Kleinschmidt (13). Mono-
layers of nucleic acid and cytochrome ¢ were absorbed onto Parlodion-coated
200-mesh grids (carbon reinforced on back sides) and stained with a solution
containing uranyl acetate (10 wl of 0.05 M uranyl acetate in 0.05 M HCI mixed
with 90% ethanol). The grids were then coated with platinum-palladium while
rotating in a vacuum shadower and examined with an electron microscope. A
map measurer was used to obtain measurements of individual molecules. The
average sizes of 20 molecules each of VSH-1 DNA and of pBluescript IT SK™
DNA were determined.

Restriction enzyme digestion and Southern hybridization analyses of VSH-1
nucleic acid. Genomic DNA was isolated from S. hyodysenteriae B204 cells in the
exponential phase of growth (29). VSH-1 DNA (2 pg) and genomic DNA (2 pg)
were digested overnight with various restriction enzymes following the manufac-
turer’s instructions. The resulting DNA fragments were separated by electro-
phoresis on a 1% agarose gel (100 V; 3 h) using 0.5X TBE buffer (26), stained
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with ethidium bromide (0.5 pg/ml), transilluminated with UV light, and photo-
graphed. A downward blotting technique (5) was used to transfer the DNA
fragments onto nylon membranes (Hybond N; Amersham, Arlington Heights,
IIL.). The DNA was then cross-linked to the membrane with UV light (Stratagene
2400 UV cross-linker; Stratagene) for use in Southern hybridization experiments.

Southern hybridizations used either a nox gene probe (5'-ATGAAAGTTAT
TGAATAGG-3") corresponding to base positions 1 to 20 in the nox coding
region (28) or a probe (5'-GCGGTGCTGATGGTACTAA-3") corresponding to
base positions 367 to 385 in the flaA1 gene (14). The probes were labeled at the
5" end with [y-*?P]dATP (26). Prehybridization and hybridization buffers con-
sisted of the following (final concentrations given): 6X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate) (26), 5X Denhardt’s solution, 0.1% SDS, and
200 pg of denatured salmon sperm DNA per ml. Prehybridization was for 2 h at
50°C, and hybridization was overnight at 50°C with 4 .l of radiolabeled probe (15
pmol total; approximately 8 X 10* cpm) per ml in 10 ml of hybridization solution.
Hybridization was followed by three washes at room temperature for 1 min each
and a final wash at 50°C for 30 min. Wash buffer consisted of 5X SSC containing
0.5% SDS. Kodak X-Omat AR scientific imaging film was used for autoradiog-
raphy.

Assays for VSH-1 lytic growth. S. hyodysenteriae B204 and B78, S. pilosicoli
P43/6/78 and Wes-B, and S. innocens B256 were tested as hosts for VSH-1 lytic
growth. Approximately 10® cells of each strain were uniformly streaked with an
inoculation loop across a Trypticase soy agar plate supplemented with 5% bovine
blood (TSB). Purified VSH-1 phage particles (10*!) were spotted (3 pl) in the
center of the streak, and the plates were incubated at 39°C in an anaerobic
chamber. After 5 days, the plates were examined to detect VSH-1 inhibition of
bacterial growth.

Genetic transduction analysis. To determine whether or not bacteriophage
VSH-1 is a generalized transducing phage, VSH-1 particles were induced from S.
hyodysenteriae A203 (AflaAl 593-762::cat). During purification, these VSH-1
particles were treated three times with DNase I to digest any DNA not protected
by VSH-1 proteins (i.e., not contained within virions). These virions were then
added to S. hyodysenteriae A216 (Anox 438-760::kan) cells in the early exponen-
tial phase of growth (ODgy, = 0.9; 8 X 107 cells/ml) in tubes of BHIS broth
containing kanamycin (200 pg/ml). A total of 8.2 X 10’ VSH-1 particles (46 pg
of protein; virion/cell ratio, 150:1) were added to 7-ml cultures. Culture samples
were taken hourly and plated (200 pl) onto TSB plates and incubated at 39°C in
an anaerobic chamber. TSB agar containing chloramphenicol (10 pg/ml) and
kanamycin (200 wg/ml) was used to screen for transductants.

Southern blot analysis was performed on transductants in order to detect the
chloramphenicol resistance gene and confirm that homologous recombination
between the VSH-1 packaged flaA41::cat gene construct and the recipient’s wild-
type flaAl gene had taken place. DNAs isolated from three randomly chosen
transductants were digested with restriction endonucleases and analyzed by
Southern hybridization to the flaAl gene probe as described above.

Additionally, to confirm that transductants contained the flaA41::cat gene con-
struct, PCRs were performed with two primer sets specific for this locus. The first
set contained a primer specific for the 5’ end of the flaAl gene and a primer
specific for the 5’ end of the inserted chloramphenicol resistance gene. The
second set of primers consisted of specific primers complementary to regions of
the flaAl gene which flank the chloramphenicol resistance gene. The fladl
5'-end primer ERL10 (5'-GGGGATCCTATGAAAAAGTTATTCGTAGTAT
TAACTTTCC-3', positions 1 to 31 [23]) and the cat 5'-end primer ERL16
(5'-GATTAAAGATCTCTTTTCTCTTCC-3', positions 55 to 32 [23]) were used
for the first primer set. fla41 primers 601 (5'-GCGGTGCTGATGGTACTAA-
3', positions 367 to 385 [14]) and 602 (5'-TAGCAGCAGCACCTTGATC-3’,
positions 915 to 897 [14]) were used for the second primer set. Amplification of
DNA was carried out using 100 ng of purified genomic DNA as a target.
Amplitaq DNA polymerase, ampliwax gems, and PCR core reagents (Roche
Molecular Systems, Inc., Branchburg, N.J.) were used in PCR DNA amplifica-
tion according to the manufacturer’s recommendations. Samples were amplified
in a thermocycler (Uno; Biometra Inc., Tampa, Fla.) for 36 cycles, with each
cycle consisting of denaturation (95°C, 1 min), annealing (48°C, 1 min), and
extension (72°C, 2 min) steps, followed by a final extension step at 72°C for 8 min.
PCR products were separated by agarose gel electrophoresis, stained with
ethidium bromide, and detected by UV transillumination.

RESULTS

VSH-1 purification and virion properties. Previously, we
described the induction of bacteriophage from S. hyodysente-
riae B204 in BHIS broth to which mitomycin was added (final
concentration, 8 pg/ml) (9). In the present study, two factors
were found to be important for successful purification of the S.
hyodysenteriae bacteriophage we have designated VSH-1. Bac-
terial cells had to be cultured in NT broth to avoid precipitat-
ing large amounts of culture medium protein during purifica-
tion of the virions and mitomycin concentrations had to be
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FIG. 1. Electron micrograph of VSH-1 virions. Purified VSH-1 particles
from mitomycin-treated cultures of S. hyodysenteriae B204. Virions were nega-
tively stained with 2% phosphotungstic acid, pH 7.0. Bar = 0.1 pm.

raised to 20 pg/ml (NT broth) for effective induction of the
phage.

After ultracentrifugation of PEG-precipitated virus, phage
particles formed a visible band three-fourths of the distance
from the top of the CsCl gradient. Based on the refractive
index measurements of the CsCl solution at the position of the
phage band, the VSH-1 virions had a buoyant density of 1.375
g/cm®. Additional bands near the top of the CsCl gradient
consisted primarily of flagella, tailless heads, and clumps of
VSH-1 virions as determined by electron microscopy.

VSH-1 particles (Fig. 1) were of uniform size and consisted
of a head (45-nm diameter) and a ultrastructurally simple
(noncontractile) tail (64 by 9 nm). Analysis of purified phage
preparations by SDS-PAGE (Fig. 2) revealed 13 Coomassie
blue-staining protein bands corresponding to proteins with a
range of molecular masses between 13 and 101 kDa. Six of
these bands (101, 53, 45, 38, 19, and 13 kDa) stained intensely.
The 38-kDa band was prominent (Fig. 2), suggesting that this
protein is the most abundant and likely to be the major head
protein of VSH-1.

Tests for lytic growth. Five different Serpulina strains did not
support detectable lytic growth of VSH-1. Therefore, it is not
likely that VSH-1 grows on or lyses cells of S. hyodysenteriae
B204 and B78, S. pilosicoli P43/6/78 and Wes-B, or S. innocens
B256. In addition, we have not detected spontaneous produc-
tion (no mitomycin added) of VSH-1 from S. hyodysenteriae
B204 cells under various culture conditions (unpublished ob-
servations).

VSH-1 nucleic acid. Before extraction from purified virions,
VSH-1 nucleic acid was resistant to DNase I treatment, but it
became sensitive after extraction. Extracted nucleic acid was
resistant to RNase treatment. These results indicated that the
nucleic acid packaged inside VSH-1 particles was DNA.
VSH-1 nucleic acid in electrophoretic gels fluoresced green
under UV light when stained with acridine orange. Control
DNAs, namely, M13mp18 and pBluescript II SK™, fluoresced
orange and green, respectively, under the same conditions.
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FIG. 2. SDS-PAGE of purified VSH-1 virions. Denatured bacteriophage
proteins were separated by electrophoresis (12% acrylamide gel, 175 V, 1 h,
25°C). Lanes: A, low-molecular-size markers (Bio-Rad; 6.5 pg) (molecular
masses [in kilodaltons] indicated to the left of the gel); B, VSH-1 phage prepa-
ration (4 pg).

These results and the ability of the VSH-1 DNA to be digested
by restriction enzymes (see below) indicated that VSH-1 DNA
was double stranded. Electron microscopy observations of
VSH-1 nucleic acid revealed a linear molecule (Fig. 3) whose
contour length corresponded to a 7.5-kb molecule of DNA.
This size is similar to size estimates based on electrophoretic
migration of untreated phage DNA (Fig. 4A). Thus, VSH-1
virions contain 7.5-kb, double-stranded, linear DNA mole-
cules.

When restriction enzyme digestion patterns for VSH-1 DNA
and S. hyodysenteriae B204 chromosomal DNA were com-
pared, the banding patterns of viral and bacterial DNA were
virtually identical to each other in the fragment size range of
0.6 to 6 kb (Fig. 4A). For the EcoRV and AfIII digestions of
VSH-1 DNA, no DNA fragments were observed above 7.5 kb,
the estimated size of untreated VSH-1 DNA (Fig. 4A, lane B).
This finding suggested that VSH-1 contained S. hyodysenteriae
chromosomal DNA.

Restriction fragments of VSH-1 DNA and S. hyodysenteriae
B204 DNA were analyzed by Southern blot techniques (Fig.
4B). A NADH oxidase gene probe (nox) gave a positive reac-
tion for both viral and bacterial DNA (Fig. 4B). The nox probe
hybridized to DNA fragments of identical size (approximately
1.4 kb) for both VSH-1 and B204 in the SspI and Hinfl digest
patterns (Fig. 4B, lanes D to G). The nox probe hybridized to
a B204 DNA fragment of 7.5 kb in the EcoRV digest and a
DNA fragment greater than 10 kb in the AfIII digest, whereas
a weak and diffuse hybridization reaction was obtained from
VSH-1 DNA (EcoRV and AflIl restriction patterns) around
the size range of 6 to 7.5 kb. When the DNA fragments were
hybridized with a fladl gene probe, similar results were ob-
tained (unpublished observation). These results indicate that
VSH-1 contains bacterial genes and that the induced virus
packages host DNA in randomly generated 7.5-kb fragments.

Genetic transduction. When purified VSH-1 particles in-
duced from S. hyodysenteriae A203 (flaAl::cat) cells were
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VSH-1 DNA (a) mixed with circular plasmid pBluescript IT SK™ (2.96 kb) (b).
Marker bar = 0.2 pm.

added to growing cells of S. hyodysenteriae A216 (nox::kan),
cells that were resistant to both chloramphenicol and kanamy-
cin were isolated from the cultures at a maximum frequency of
1.5 X 10~° CFU per phage particle after 8 h of incubation of
virus with spirochete cells. No doubly resistant cells were re-
covered from control cultures (virus not added) in any exper-
iment.

To confirm that the transductants contained the transferred
flaAI::cat gene construct, DNAs isolated from three randomly
selected transductants (strains SH, JH, and BH) were analyzed
by Southern blotting using the fla41 gene probe (Fig. 5). DNA
hybridization fragment patterns of transductants were the
same as those of A203 (Fig. 5), indicating homologous recom-
bination had occurred. In separate experiments, when the
NADH oxidase gene was probed with the nox gene probe,
results indicated that the transductants had retained the
nox::kan gene construct present in the original recipient (data
not shown).

For additional confirmation that the transductants con-
tained the flaA1::cat gene construct, PCR was performed on
DNA extracted from transductants. PCR amplification of the
flaAl gene of the transductants with primers from fla41 and
the chloramphenicol resistance gene yielded products whose
sizes indicated the insertion of the fla41::cat gene construct at
the flaAl gene locus. The existence of the nox::kan gene con-
struct in the transductants was also confirmed by a similar
approach.

From these transduction experiments, we conclude that
chromosomal DNA from strain A203 was packaged into in-
duced VSH-1, the purified particles then transferred this DNA
into strain A216, and recombination at the fla41l locus took
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place. In other experiments, reverse transduction was at-
tempted. VSH-1 virions were purified from strain A216
(nox::kan) and added to cultures of strain A203 (fladl::cat).
Transductants were obtained at the same frequency as in the
experiment described above. It should also be noted that gene
transfer between strains occurred when mitomycin-treated cul-
tures and untreated cultures were mixed.

In preliminary experiments (unpublished observations),
maximum transduction frequencies were obtained 8 h after
bacteriophage VSH-1 was added to S. hyodysenteriae cultures.
Increasing the ratio of bacteria to bacteriophage increased the
efficiency of transduction. Adding MgSO, (50 mM) or CaCl,
(10 mM) to the BHIS growth medium had no detectable effect
on transduction frequency.

DISCUSSION

Bacteriophage particles have been observed attached to cells
of S. hyodysenteriae in cultures (22), and the use of mitomycin
to induce bacteriophage from the spirochete S. hyodysenteriae
has been described previously (9). The experiments in this
article describe the isolation and characterization of a bacte-
riophage, designated VSH-1, from S. hyodysenteriae B204 cells
after treatment with mitomycin. The morphology and size of
purified VSH-1 virions are identical to those of S. hyodysente-
riae phages described in previous studies (9, 22). VSH-1 virions
have a buoyant density in CsCl of 1.375 g/cm® and are com-
posed of a head (45-nm diameter) and a simple tail (64 by 9
nm) made from at least 13 structural proteins with molecular
masses between 13 and 101 kDa. The morphology of VSH-1
places it in the Siphoviridae family of tailed phages, a group
that includes phages like coliphage \, Bacillus phage «, and
Staphylococcus phage 3A (1). When induced with mitomycin,
the VSH-1 bacteriophage packages 7.5-kb linear double-
stranded DNA fragments. Restriction digest comparisons of
VSH-1 packaged DNA and S. hyodysenteriae B204 chromo-
somal DNA revealed identical restriction fragment patterns
below 7.5 kb, indicating that VSH-1 packages host chromo-
somal DNA. No prominent DNA fragments were observed,
suggesting no biased packaging and no phage genes detectable
due to higher copy number.

Previous investigators have described extrachromosomal
DNA approximately 7.5 kb in size in DNA preparations from
S. hyodysenteriae cells (6, 11). This extrachromosomal DNA
can likely be interpreted as VSH-1 virions produced sponta-
neously (without mitomycin induction), although we have not
detected spontaneously produced phage in S. hyodysenteriae
cultures.

VSH-1 seems incapable of lytic growth based on our inability
to detect growth inhibition when purified virions are spotted
onto growing cells of three Serpulina species. There are several
reasons why VSH-1 may be or appears defective for lytic
growth. First, the size of the DNA packaged within VSH-1
phage heads (7.5 kb) appears too small to code for all proteins
necessary for VSH-1 replication. However, it is possible that
VSH-1 packages more than one 7.5-kb fragment of DNA per
virion, or phage genes may have overlapping coding regions.
Second, VSH-1 may have a packaging defect that renders it
nonlytic. Third, Serpulina strains tested may harbor prophage
with repressors to VSH-1 replication or lack VSH-1 receptors
on their cell surfaces. Regarding this point, S. hyodysenteriae
B78 contains VSH-1-like prophage inducible by mitomycin
treatment (9). Finally, lytic growth may not have been detected
because the DNA which VSH-1 delivers to Serpulina cells
would be mostly from the S. hyodysenteriae B204 bacterial host.

The packaging of fragments of host chromosomal DNA by a
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FIG. 4. Comparison of VSH-1 DNA and S. hyodysenteriac B204 chromosomal DNA by restriction endonuclease and Southern blot analysis. (A) Electrophoretic
separation of VSH-1 and S. hyodysenteriae DNA fragments. Lanes: A, HindIII-digested A DNA; B, VSH-1 DNA (uncut); C, B204 DNA (uncut); D, SspI-digested VSH-1
DNA; E, Sspl-digested B204 DNA; F, Hinfl-digested VSH-1 DNA; G, Hinfl-digested B204 DNA; H, EcoRV-digested VSH-1 DNA; I, EcoRV-digested B204 DNA;
J, Aflll-digested VSH-1 DNA; K, Aflll-digested B204 DNA; L, BstEIl-digested A DNA. (B) Southern blot analysis of DNA from the gel in panel A. DNA fragments
were hybridized with *?P-labeled probe complementary to the S. hyodysenteriae NADH oxidase (nox) gene. The positions (in kilobases) of DNA fragment size markers

are indicated to the left of the gels.

bacteriophage is unusual but not unique. When Bacillus subtilis
168 cells are treated with mitomycin, the PBSX bacteriophage
is induced and packages 13-kb fragments of host chromosomal
DNA (3, 20). Another inducible bacteriophage, PBNDS, from
a strain of Bacillus natto packages host chromosomal DNA in
8-kb fragments (33). In addition, many PBSX-like bacterio-
phages have been induced with mitomycin from strains of
Bacillus amyloliquefaciens, Bacillus licheniformis, Bacillus pumi-
lus, and Bacillus subtilis (30). These Bacillus phages are termed
defective phages. They are not capable of lytic infections or
lysogeny and possess bacteriocin-like killing activities when
mixed with susceptible strains (15, 20, 30). In our experiments,
no evidence was obtained which would indicate VSH-1 pos-
sesses bacteriocin-like killing activity. PBSX virions are be-
lieved to be defective in packaging, since the DNA content of
PBSX virions is too little to code for all of the proteins neces-
sary for phage production (18). PBSX packaging of host chro-
mosomal DNA appears to be somewhat preferential for cer-
tain regions of the chromosome, whereas host DNA is
packaged nonpreferentially by phage PBNDS (3, 33). Based on
restriction digest patterns for VSH-1 DNA, packaging by
VSH-1 virions is nonpreferential. PBSX virions are not capa-
ble of injecting the DNA they package into Bacillus cells (20),
and therefore, these virions are not generalized transducing
particles. However, from our experiments we have found that
VSH-1 not only packages host chromosomal DNA but also is
capable of generalized transduction.

The frequency at which VSH-1 transduced either the
flaAl::cat gene construct or the nox::kan gene construct was
1.5 X 107° transductants per phage particle. These markers
are located on the opposite side of the S. hyodysenteriae chro-
mosome (35), so there does not appear to be preferences in

regards to chromosomal location for genetic transduction.
Since VSH-1 does not form plaques, the transduction fre-
quency estimates were based on the number of phage particles
estimated from direct electron microscope counts. The fre-
quencies of gene transfer by the generalized transducing phage
P1 vary from 3 X 107* to 10~ per infective phage particle,
depending upon the marker being transduced (17). For phage
P22, frequencies vary from 107° to 10~° transductants per
infectious particle (34). Thus, VSH-1 transducing frequencies
appear comparable to those of other generalized transducing
phages. However, it should be pointed out that unlike the
other phages that package bacterial DNA in a small fraction of
the total number of phage particles produced during lysis,
VSH-1 appears to package bacterial DNA in the majority of
particles produced after induction. This is the first report of
genetic transduction of S. hyodysenteriae and, to our knowl-
edge, for any spirochete (order Spirochetales).

Transferring genes into S. hyodysenteriae cells by electropo-
ration to form stable recombinants has been accomplished (23,
31). From these experimental results, 500 ng of total DNA,
consisting of plasmid and construct DNA (S. hyodysenteriae
gene disrupted with an antibiotic resistance gene), was elec-
troporated into 10'® cells to obtain five recombinants. In our
experiments, approximately 640 ng of DNA, packaged inside
VSH-1, was mixed with 5.6 X 108 cells and a total of 1.7 X 10*
transductants were obtained. Taking into account that the elec-
troporation experiments used a single cloned gene and trans-
duction experiments used a heterogeneous population of bac-
terial DNA fragments, transduction appears to be at least 10°
times more efficient than electroporation at moving DNA into
cells to form stable recombinants. This analysis underscores
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FIG. 5. Analysis of transductant strains DNA by restriction endonuclease and Southern blot analysis. (A) DNA restriction enzyme fragments separated by agarose
gel electrophoresis. Lanes: A, BstEIl-digested A DNA; B, Asel-digested B204 DNA; C, Asel-digested A203 DNA; D, Asel-digested A216 DNA; E, Asel-digested isolate
SH DNA; F, Asel-digested isolate JH DNA; G, Asel-digested isolate BH DNA; H, Sspl-digested B204 DNA; I, SspI-digested A203 DNA; J, Sspl-digested A216 DNA;
K, SspI-digested isolate SH DNA; L, SspI-digested isolate JH DNA; M, SspI-digested isolate BH DNA; N, HindIII-digested A DNA. (B) Southern hybridization of a
membrane prepared from the gel in panel A. DNA fragments were hybridized to a 3?P-labeled fla41 gene probe. DNA was extracted from cells of S. hyodysenteriae
B204 (wild type), A203 (flaAl::cat) (source of virus VSH-1), and A216 (nox::kan) (strain to which purified virus was added) strains and potential transductant isolates

SH, JH, and BH.

the need for improved techniques for genetically modifying
spirochetes.

The potential for VSH-1 to be utilized as a gene transfer
system needs further analysis. Identification of the prophage
genes, especially the origin of replication, may lead to the
isolation of autonomously replicating DNA molecules, as was
accomplished with the Bacillus phage PBSX (4). This advance
could lead to the development of shuttle vectors useful in
studying the genetics of S. hyodysenteriae and related spiro-
chetes. Additionally, it is possible that VSH-1 plays an impor-
tant role in natural gene transfer among populations of S.
hyodysenteriae cells. The conditions necessary for spontaneous
induction of VSH-1 particles from S. hyodysenteriae cells need
to be determined, and methods for the detection and enumer-
ation of VSH-1 virions (other than electron microscopy) need
to be improved. Perhaps at that point it will be possible to
understand the significance of VSH-1 to the ecology of S.
hyodysenteriae.
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