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Any SPP1 DNA restriction fragment cloned into Bacillus subtilis plasmid pC194 or pUB110 increased the
transduction frequency of the plasmid by SPP1 100- to 1,000-fold over the transduction level of the plasmid
alone. This increment was observed irrespective of whether a fragment contained the SPP1 packaging origin
(pac). Furthermore, an SPP1 derivative into whose genome pC194 DNA had been integrated transduced pC194
DNA with a greatly enhanced frequency. Transduction enhancement mediated by DNA-DNA homology
between plasmid and SPP1 was independent of the extent of homology (size range analyzed, 0.5 to 3.9
kilobases) and the recombination proficiency of donor or recipient.

SPP1 is a virulent Bacillus subtilis phage. The phage DNA
with an M, or 28.6 x 10° is partially circularly permuted and
terminally redundant (19, 20, 22). To account for these
properties of the mature phage DNA, we have assumed that
a packaging mechanism similar to the one first described by

Tye et al. (31) for P22 is also operative for SPP1: SPP1 DNA

is packaged sequentially from concatemeric molecules. Mat-
uration originates preferably within a region of 5 base pairs
(bp) (6) termed pac, in line with the terminology used by
Jackson et al. (10). The nucleotide sequence of about 1,000
bp surrounding the SPP1 pac region has been determined
(6). Not only phage DNA but also B. subtilis chromosomal
and plasmid DNAs can be packaged into SPP1 particles,
although with very low efficiency. Therefore, the virulent
SPP1 is also a transducing phage (4, 7, 33). The molecular
weight of transducing DNA contained in SPP1 particles is
identical to that of infective phage DNA. Such DNA is
organized as a linear, concatemeric array of unit-length
plasmid molecules (4).

In this communication we first report an analysis to
determine the significance of the pac region. To establish
whether pac represents a signal for effective DNA packag-
ing, we have cloned SPP1 DNA restriction fragments con-
taining the pac sequence into plasmids. We subsequently
determined the effect of the presence of pac on the efficiency
of plasmid transduction. These studies led to experiments in
which the effects of DNA-DNA homology between plasmid
and transducing SPP1 particles were investigated. The re-
sults presented suggest that it is the spurious interaction
between plasmid and infecting phage which leads to the
generation of concatemeric, i.e., packable plasmid DNA and
that the frequency of this interaction can be greatly en-
hanced by providing DNA-DNA homology.

MATERIALS AND METHODS

Media. The media used were as described previously (4).

Bacterial strains, plasmids, and phages. The bacterial
strains used are listed in Table 1. The plasmids and phages
used are listed in Table 2 and Fig. 1.

Preparation of plasmid-transducing SPP1 lysates. Transduc-
ing phage stocks were obtained either from plate lysates as
described previously (4) or from one-cycle lysates in liquid
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TY medium containing 5 pg of antibiotic per ml. The stocks
obtained by either procedure had titers of about 10!° PFU.
SPP1 transduction. SPP1 transduction was performed as

described previously (4). If not mentioned otherwise, the
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recipient strain was B. subtilis 222 (rec™).

Preparation of competent cells and transformations. Com-
petent cells were prepared and transformations were per-
formed as previously described (24).

Isolation of plasmid and phage DNA. Preparative amounts
of plasmid DNA were isolated by the CsCl-ethidium bro-
mide centrifugation method described by Canosi et al. (5).
Analytical amounts of plasmid DNA for restriction mapping
were prepared by the alkali method (2). Plasmid DNA was
digested with restriction endonucleases purchased from ei-
ther Boehringer GmbH, Mannheim, Federal Republic of
Germany, or Bethesda Research Laboratories, Gaithers-
burg, Md., and used as directed by the manufacturers.
Digests were subjected to either analytical or preparative gel
electrophoresis (5). Endonuclease-generated fragments were
purified from gels by electroelution (32). Ligation of frag-
ments with T4 DNA ligase (Boehringer) to construct recom-
binant plasmid molecules was done by the procedure of
Maniatis et al. (12). Phage DNA was prepared as previously
described (18).

RESULTS

Transducibility of pC194/SPP1 hybrid plasmids by SPP1 in
the presence and absence of the pac region. To determine
whether the presence of the pac region of SPP1 affected the
transducibility of pC194 DNA, the pac-containing HindIII
DNA fragment 1 of SPP1delX was ligated into the unique
HindIII site of pC194 (Fig. 2). B. subtilis 222 cells were
transformed with the ligation mixture. Plasmids were iso-
lated from chloramphenicol-resistant (Cm") transformants.
All plasmids obtained possessed deletions within cloned
DNA, of which some eliminated the pac site. Transducing
SPP1 phage stocks were grown on such cells. The transduc-
tion frequencies for the Cm" marker of pC194 from such
phage stocks are shown in Fig. 2. It is evident that stocks
grown on cells with hybrid plasmids show a 100- to 1,000-
fold increment of transducing activity over the level ob-
served with stocks grown on cells with pC194 alone. This
dramatic increment in transduction frequency was observed
irrespective of whether the SPP1 pac site had been deleted.
pac-containing plasmids, however, were consistently trans-
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TABLE 1. List of strains

Strain Genotype® Source

222 trpC2 arg This laboratory

BD170 trpC2 thr-5 D. Dubnau

BD194 (1A43)  trpC2 recAl B.G.S.C*

BD191 trpC2 thr-5 recB2 D. Dubnau

BD193 (1A45)  trpC2 thr-5 recB3 B.G.S.C.

BD1641 trpC2 tyrAl hisB2 aroB2  G. Mazza
recD41

BD224 trpC2 thr-5 recE4 D. Dubnau

BD1633 trpC2 tyrAl hisB2 aroB2  G. Mazza
recF33

PB1639 trpC2 tyrAl hisB2 aroB2  G. Mazza
recG39

BD241 trpC2 thr-5 recL16 B.G.S.C.

GSY2252 metA2 add-5¢ C. Anagnostopoulos

“ Names of all rec strains (except recE4) are given in accordance with the
classification previously (17).

5 B.G.S.C., Bacillus Genetic Stock Center, Columbus, Ohio.

¢ ATP-dependent DN Ase deficient mutant described as recES (17).

duced with a higher frequency than that observed with SPP1
containing plasmids without the pac site.

Transduction enhancement is a consequence of homology
between phage and plasmid DNAs and is replicon indepen-
dent. Other restriction fragments of SPP1 and of other
phages were also cloned into either the HindIII site of pC194
or the EcoRlI site of plasmid pC1943 or pUB110, and then the
transducibility of these plasmids was measured. The data
shown in Table 3 indicate that every SPP1 DNA fragment
tested, but not fragments of other DNA cloned into pC194,
greatly enhances the transducibility of such hybrid plasmids.
In contrast to observations with P22 (27), no correlation was
found between the size of inserted SPP1 DNA and transduc-
tion enhancement. Similar effects to those described with
pC194/SPP1 hybrids were observed with pUB110/SPP1 hy-
brids (Table 3), although the absolute transduction values of
pUB110and its derivatives were significantly reduced. Trans-
duction enhancement therefore appears to be predominantly
a consequence of DNA-DNA homology between phage and
plasmid. It is independent both of the presence of the pac
region in cloned SPP1 DNA and of the transduced plasmid.

Reciprocity in transduction enhancement. Provided DNA-
DNA homology was sufficient to cause transduction enhance-
ment, one would also anticipate enhanced transduction of
plasmid DNA alone if SPP1 contained at least part of such
plasmid DNA. To analyze this situation we cloned pC194
DNA, linearized by a partial Mbol digest, into the unique
BamHI site of phage SPP1v. After transfection of B. subtilis
222 cells with the ligated DNA, a hybrid pC194/SPP1v phage
which contained the complete pC194 plasmid (SPP1v32) was
recovered. Stocks of this hybrid phage grown on cells with
pC194 transduced B. subtilis cells to Cm" with a 100-fold
higher efficiency than that of pC194-free SPP1 phage (Table
4). An even higher transduction frequency with this phage
was observed with stocks grown on cells with plasmid
pBD302, which also had homology to SPP1 (Table 4).
Furthermore, similar transduction enhancement was ob-
served irrespective of whether transducing phages had been
produced on rec* or recE4 cells. These results indicate that
plasmid-phage DNA homology alone is indeed sufficient to
enhance the frequency of plasmid transduction.

Nature of the transducing DNA. Canosi et al. previously
showed (4) through DNA-DNA hybridization that pC194-
transducing DNA had the M, of mature SPP1 DNA and
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consisted exclusively of a concatemer of unit-length plasmid
molecules.

Analogous results were obtained with transducing DNAs
derived from the SPP1 stocks described here, which gave
highly increased transduction frequencies. In Fig. 3 Smal-
Kpnl DNA digests of SPP1 WT (nontransducing) and a
pBD302-transducing lysate (lanes D and E) as well as EcoRI
digests of DNAs of SPP1 and the pC194-transducing phage
SPP1v32 (lanes F and G) are compared. These restriction
enzymes were chosen because they digest phage DNA but
not transducible plasmid DNA. In both cases the restriction
patterns of the two DNAs differ in that the transducing
lysates contain only one additional band at the position of
unit-genome-length SPP1 DNA. That only this band con-
tained plasmid DNA was verified by DNA-DNA hybridiza-
tion experiments (data not shown).

The amounts of transducing DNA in the various lysates
correspond roughly to the transducing capacity. In the case
of pBD302, transducing DNA represents approximately 10%

TABLE 2. List of plasmids and phages

Plasmid or
phage

Plasmid
pC194

pUB110

Reference or

Description source

Naturally occurring plasmid 9
conferring Cm".

Naturally occurring plasmid 11
conferring neomycin resistance.

As pC194, with the Haelll site
substituted by an EcoRI site

pC1943 U. Giinthert,
unpublished
data

pBD302 Representative of pC194 linearized  This work
with HindlIII and joined with
HindIIl fragment 1 of SPP1delX.
Other derivatives obtained include
plasmids pBD306, pBD307,
pBD305, pBD310, pBD311,
pBD318, and pBD331 (Fig. 2).

pUB110 linearized with EcoRI
joined with EcoRI fragment 5 of
SPP1. Analogous constructs were
plasmids pBG59, pBG60, pBG61,
and pBG66 (Fig. 1).

pC1943 linearized with EcoRI joined This work
with EcoRI fragment 3 of SPP1
(Fig. 1). Analogous constructs
were pBGS, pBG6, pBG7, pBGS,
pBG10, pBG11, pBG12, pBG13,
and pBG14.

pC194 linearized with HindIII joined 1
with HindlIII fragment 2 of ¢$105
phage.

pC194 linearized with HindIll joined U. Canosi,
with a HindIII fragment of 6.5 unpublished
kilobase pairs (kbp) of SPB phage. data

pC194 linearized with HindIII joined 3
with a 2.6-kbp HindIII fragment
of B. subtilis chromosomal DNA.

As pBCl, but the chromosomal 3
fragment cloned into pC194 has a
size of 470 bp.

pBGS5 This work

pBG3

pBC58

pBCl4

pBC1

pBC9

Phage
SPP1
SPP1v

Wild type 23

SPP1delX with a unique BamHI 8
restriction site.

SPP1v digested with BamHI and
joined with a partial Mbol digest
of pC194.

SPP1v32 This work
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FIG. 1. EcoRlI restriction map of SPP1 with indications of the fragments cloned into the HindIII site of pC194 (heavy line) or the EcoRI
site of pC1943 (thin line) and pUB110 (dotted line). Regions not analyzed in transduction enhancement are shaded. Cross-lined regions in the
map describe dispensable regions of the SPP1 genome. pac describes the location of the origin of SPP1 DNA packaging.

of the total DNA, which is significantly more than the
amount of plasmid-transducing DNA observed with SPP1v32
and still more than the amount of pC194-transducing lysates.
Therefore the enhancement of the transduction of plasmid
carrying SPP1 DNA is due to the larger amount of transduc-
ing particles in such lysates.

Independence of homology-mediated transduction enhance-
ment from known Rec functions. It was conceivable that
genetic recombination within the region of plasmid-phage
DNA homology was involved in the generation of transduc-
ing DNA. To analyze this possibility, we determined the
transduction frequency of SPP1 lysates grown on various
recombination-deficient cells containing plasmid pBD302
(Tables 4 and 5). Obviously the generation of highly trans-
ducing particles is not dependent on the recombination
proficiency of the donor cell. Also, in the recipient, estab-
lishment of the plasmid is rec independent (Table 5) as well
as the conversion of the multimeric to the monomeric
plasmid form (data not shown). Analogous results were
obtained with plasmids not containing the pac region (data
not shown). In this respect, plasmid transduction, even with
plasmids containing DNA homologous to phage DNA, is
distinct from the transduction of bacterial markers (4, 7).

DISCUSSION

Facilitation of plasmid transduction or an increment in the
frequency of plasmid transduction as described here in SPP1
has been observed in several instances, in which homolo-

gous DNA was shared between a transducing phage and
plasmid DNA (14, 21, 25-27). Here we have shown that this
effect of plasmid-phage DNA homology can also be gener-
ated by the use of chimeric phages which contain plasmid
DNA.

In phages in which DNA molecules are terminated by
unique sequences and maturation involves nucleolytic cleav-
ages at such sequences, the choice of phage DNA fragment
inserted into a plasmid in the facilitation of transduction
plays a decisive role. Although any restriction fragment of
SP02 DNA cloned into pUB110 or pC194 will facilitate the
transducibility of such plasmids, the highest transduction
frequency is observed with the fragment which carries the
DNA sequence of the cohesive ends of phage SP02 (13, 14).
The termini of such transducing multimeric plasmid DNA
molecules have the cohesive ends of phage SP02, indicating
that packaging of multimeric plasmid DNA originated in
these plasmids with the same sequences as in vegetative
phage maturation. The same situation pertains to the trans-
duction by phage lambda of ColEl/lambda chimeric plas-
mids with a cos sequence (28). In P22 transduction, any
phage DNA fragment contained in pBR322 will render the
plasmids transducible. However, in the absence of function-
ing rec systems of the host (recA™) and phage (erf"), only
pac-carrying plasmids are transducible (25). A similar pro-
nounced effect due to the presence of the pac region could
not be observed in experiments we performed with SPP1. In
this case, the presence of the pac site within a transducible

SPP1(delX)-Hind 1l -1 pC 194
Hindlll Hgal  Hgal Bgll pac Hincll  HindIl Hind 111 Transductants/ _Transductants/
B S SE— S . T ml Surviving cells
Hincll EcoRl EFcoRl”Xmallly Hgal Bgl1 X 100 X102
—————F)(Mu:)—_— pBD306 8.8 9.7
_— 0 pBD302 2.6 15.0
pBD307 8.0 4.2
—_— 00— pBD305 2.7 14
pBD310 5.7 3.2
- pBD3N 18 0.7
pBD318 39 0.5
I pBO33 63 39
pC194 0.008 0016
. L . . . . ) Kb
6 S 4 3 2 1 0

FIG. 2. Restriction map, extent of deletions, and transduction frequency of various pC194/SPP1lde/X HindIll fragment 1 hybrids.
Deletions are indicated by bars. Characteristics of the deletions were derived from an estimate of the M, of the cloned HindIII fragment and

the deletion of mapped restriction sites.
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TABLE 3. Effect of the presence of SPP1 DNA in plasmids on

transduction
Plasmid carried . No. of

by donor strain Si:lzsizf(:ll:P)l trmsgt:zt:rfts /ml transductants/
222 P surviving cell
pC1943 2.0 x 10* 8.0 x 1073
pBG3 5.9 1.2 x 106 2.4 x 1072
pBGS 3.4 3.1 x 10° 7.0 x 1072
pBG6 2.7 6.7 X 10° 2.7 x 1072
pBG7 1.9 2.5 x 10° 6.6 x 1072
pBG8 1.8 2.3 x 10° 5.5 x 1072
pBG10 1.3 8.1 x 10° 5.4 x 1072
pBGl11 1.1 7.4 x 10® 1.3 x 107!
pBG12 0.9 5.5 x 10° 1.4 x 107!
pBG13 0.7 1.8 x 10° 3.4 x 1072
pBG14 0.5 8.5 x 10°® 2.4 x 1072
pUBI110 3.7 x 10? 3.7 x 107
pBGSS 34 9.4 x 10* 6.4 x 1073
pBG59 1.5 2.5 x 10* 4.7 x 1074
pBG61 1.1 6.3 x 10° 1.0 x 107¢
pBG66 1.5+1.1 3.8 x 10° 2.2 x 1072
pBC1 3.2 x 10° 29 x 1074
pBC9 3.4 x 10° 3.7 x107*
pBCS8 2.3 x 10* 7.2 x 1074
pBC14 8.0 x 10° 8.3 x 1074
pC194 4.8 x 10° 2.6 x 107*

plasmid produced only a marginal enhancement of transduc-
tion frequency over the highly elevated background medi-
ated by any cloned SPP1 DNA fragment. Here also, none of
the rec functions of the host analyzed selectively affected the
transducibility of pac-containing plasmids, contrary to the
situatian in P22 (25). These results indicate that in SPP1 the
pac sequence itself is neither an exclusive nor a highly
preferred packaging signal. We must assume that any termi-
nus of a DNA molecule sufficiently large to be encapsulated
into an SPP1 head represents a potential packaging origin.
The pac region might then represent a preferred end of SPP1
DNA, presumably generated during SPP1 DNA replication.

In SPP1 and many other transducing phages, plasmid
DNA is organized as headful-sized concatemeric DNA (SPP1
[4, this communication]; T4 [29]; P22 [25]; Mu [30]). Here we
have shown that the proportion of defective phages contain-
ing such DNA could be greatly enhanced when DNA-DNA
homology is provided between phage and plasmid genomes.
We suggest that such homology could facilitate efficient
synapsis between phage and plasmid. Within the joining
region between the two replicons, the phage replication

TABLE 4. Effects of the presence of pC194 DNA in SPP1 on

transduction
. No. of
Bacterio- No. of

Donor strain Relevant phage transduc- transduc-
genotype used tants/ml taqts/survnv-

ing cell

BD170 rec* SPP1v32 <10 <1078
BD170(pC194) rec* SPP1 1.4 x 10*  3.5x10°°
BD170(pC194) rec* SPP1v32 1.8 x 10° 4.0x 1073
BD170(pBD302) rec* SPP1 8.6 x 10° 1.7 x 1072
BD170(pBD302) rec* SPP1v32 2.1 x 10" 4.0 X 1072

BD224 recE4 SPP1v32 <10 <1078
BD224(pC194) recE4 SPP1 4.5 x 10* 1.0 x 107*
BD224(pC194) recE4 SPP1v32 2.2 x 10° 5.5x 1073
BD224(pBD302) recE4 SPP1 6.2 x 10° 1.3 x 1072
BD224(pBD302) recE4 SPP1v32 1.1 x 107 1.4 x 1072
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FIG. 3. Electropherograms of restriction enzyme digests of var-
ious SPP1 DNAs. Lanes: (A) WT DNA, undegraded; (B) WT DNA,
EcoRI; (C) WT DNA, pC194 transducing, EcoRI; (D) WT DNA,
Kpnl and Smal; (E) WT DNA, pBD302 transducing, Kpnl and
Smal; (F) v32 DNA, EcoRI; (G) v32 DNA, pC194 transducing,
EcoRl. Positions of nondegraded transducing DNA are indicated by
arrows. Phage SPP1v32 is derived from SPP1delX, which contains a
deletion of 3.2 kilobases within its EcoRI fragment 1. This deletion
is compensated by the insert of pC194 (2.9 kilobases). Therefore,
the EcoRlI restriction patterns of SPP1 WT and SPP1v32 appear to
be identical. Phage stocks were prepared on strain BD224 or its
plasmid-containing derivatives.

apparatus might switch templates and thus induce phage-
type (i.e., concatemeric) replication of plasmid DNA, which
could then be encapsulated into phage heads. To account for
the presence of concatemeric DNA in plasmid-transducing
phages generated without providing homology, it is sug-
gested that such synapsis would also occur, albeit at a much
lower frequency, as a consequence of small regions of
natural homology between plasmid and phage. One would
visualize such a mechanism as dependent on rec functions
controlling the alignment of homologous DNA. Indeed,
generations of plasmid-transducing phages has been found to
be recA dependent in T4- and P22-mediated plasmid trans-
duction (25, 29). Furthermore, the observation in the case of
P22 that transduction efficiency and extent of shared DNA-
DNA homology are correlated would be compatible with
this suggestion. The rec independence of the generation of
transducing concatemers in SPP1 (Table 5), which was also
observed with a recE4 xin-1 SPR~ strain (data not shown),
might indicate either that none of the identified rec functions
control this step or that an SPP1 specified recombination
system is operating, or both. It was also surprising to find
transduction enhancement to be independent of the extent of
DNA-DNA homology. In this case it is assumed that the
efficiency of recombination in B. subtilis is so high that even
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TABLE 5. Dependence of transduction on recombination

proficiency

Donor ; No. of

strains Relevant Recipient No. of transduc-
containing genotype strain transduc- tants/surviv-
pBD302 of donor tants/ml ing cell
BD170¢ rec* 222 3.0 x 107 1.0 x 107!
BD194 recAl 222 3.1 x 107 1.2 x 107!
BD191 recB2 222 2.8 x 107 8.9 x 1072
BD193 recB3 222 1.7 x 107 5.5 x 1072
PB1641 recD41 222 3.2 x 107 1.0 x 107!
PB1633 recF33 222 2.8 x 107 1.5 x 107!
BD1639 recG39 222 2.7 x 107 1.0 x 107!
BD241 recL16 222 1.5 x 107 7.8 X 1072
BD224 recE4 222 1.0 x 107 5.2 x 1072
GSY2252 add-5 222 3.6 x 107 1.0 x 107!
222 rec* 222 1.5 x 107 1.0 x 107!
222 rec*t BD194 3.4 x 107 1.0 x 107!
222 rec* BD191 1.1 x 107 1.0 x 107!
222 rec* BD193 6.2 x 10° 5.6 x 1072
222 rec* PB1641 1.3 x 107 3.6 x 1072
222 rect PB1633 7.0 x 10° 7.0 x 1072
222 rec* PB1639 2.4 x 10° 3.0 x 107!
222 rec* BD241 1.6 x 107 5.0 X 1072
222 rec* BD224 5.3 x 10° 3.1 x 1072
222 rec* GSY2252 7.7 x 10° 1.7 x 107!

“ Identical transduction values were observed with strain SB202 (rec*),
from which rec™ strains of the PB series were derived.

the smallest homology generated (500 base pairs in the
transduction of pBG14) is sufficient to guarantee maximal
plasmid-phage interaction. A prediction of the model is that
transducing plasmid DNA would be synthesized exclusively
after phage infection. Evidence for postinfective synthesis of
pBR322 DNA transduced by T4 has been obtained by
Mattson et al. (15). Preliminary results from our own labo-
ratory indicate that this is also true for plasmid DNA
transduced by SPP1 (J. C. Alonso, G. Liider, and T. A.
Trautner, manuscript in preparation).

Other types of plasmid-transducing phages have func-
tional phage genomes into which plasmids can be integrated.
Such cointegrates involving plasmid pBR322 have been
discovered for P22 (21) and T4 (16). No particles of this type
were discovered for SPP1 in previous studies (4) or in the
studies reported here. However, SPP1/pC194 cointegrates
have been constructed in vitro. Phage SPP1v32, which gave
enhancement of pC194 transduction, was described in this
paper. Among the constructs which led to the isolation of
SPP1v32, we discovered another SPP1v derivative contain-
ing pC194. When this phage is grown in plasmid-free B.
subtilis cells, the hybrid genome is resolved, resulting in a
pC194-like replicon. This indicates that in SPP1 also, plasmid-
phage cointegrates could represent potentially transducing
genomes. The details of plasmid resolution will be described
in another communication.
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