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SP02 particles that mediate transduction of plasmid pPL1010, a 4.6-megadalton
derivative of pUB110 containing an EcoRI endonuclease-generated fragment of
SP02 deoxyribonucleic acid that spans the cohesive ends, exhibit three unusual
features: the transducing particles have a lower buoyant density than infectious
particles; the transduction of pPL1010 occurs at high efficiency; and the trans-
ducing activity of the particles is relatively resistant to ultraviolet irradiation
when the recipient is recombination proficient. Evidence is presented which
indicates that SP02(pPL1010) particles carry the plasmid predominantly as a
linear multimer having a molecular mass comparable to that of infectious SP02
deoxyribonucleic acid (ca. 31 megadaltons). The plasmid monomers in the linear
multimer appear oriented in the same polarity. The buoyant density difference
between infectious and transducing particles appears to be due mainly to the
buoyant density difference between pPL1010 (1.699 g/cm®) and SP02 deoxyribo-

nucleic acid (1.702 gm/cm®).

105 and SP02 are unrelated temperate bac-
teriophages which are infectious for strains of
Bacillus subtilis (12). Both phages are incapable
of transduction of several small drug resistance
plasmids. Cloning various endonuclease frag-
ments of either ¢$105 or SP02 DNA into plasmid
pUB110 or pCM194 renders the chimeric deriv-
atives susceptible to transduction specifically by
the phage whose DNA is in the chimera (16).
The virus DNA fragments that render plasmids
susceptible to transduction include fragments
internal in the phage genome (e.g., $105 EcoRI
fragments G, E, and I [17]) and the EcoRI DNA
fragment that spans the SP02 cohesive ends
(21). Transduction of plasmids containing inserts
from internal positions within the phage ge-
nomes occurs at frequencies on the order of 107°
to 107® transductants per plaque-forming unit.
Transduction of plasmid pPL1010, which con-
tains the EcoRI cohesive end fragment of SP02
DNA (1.6 megadaltons [Md]) inserted into
pUBL110 (16), occurs at a frequency of 10~ trans-
ductants per plaque-forming unit. The basis for
transduction of plasmids containing internal
fragments and the basis for transduction of
pPL1010 may differ. In the present report, we
describe properties of SP02(pPL1010) transduc-
ing particles and provide evidence indicating the
molecular form in which pPL1010 is carried by
the phage.

MATERIALS AND METHODS

Bacteria, bacteriophages, and plasmids. B.
subtilis 168 strains BR151 (&rpC2 metBI10 lys-3) and
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BRI51R (&rpC2 lys-3 recE4) were employed (13). The
bacteriophages used were ¢105, SP02, and the gener-
alized transducing phage PBS1 (12). All plasmids used
have been described in detail previously (16).

Growth media. Media used include tryptose-blood
agar base (Difco Laboratories) and antibiotic medium
3 (Penassay broth; Difco Laboratories). When appro-
priate, the antibiotic chloramphenicol or neomycin
sulfate was added to a final concentration of 10 ug/ml.
All incubations were at 37°C. Liquid cultures were
grown with rotary shaking.

Plasmid analysis. Methods for plasmid isolation
and electrophoresis of DNA through 1% agarose gels
were performed as described earlier (15). Restriction
enzymes and T4-induced DNA ligase were purchased
from Bethesda Research Laboratories, Inc. and New
England Biolabs, and each was used according to the
specifications provided by the supplier. Southern
transfers, nick translation, and hybridization were per-
formed as detailed previously (16, 18).

Propagation of phages, transduction, and iso-
lation of SP02(pPL1010) transducing particles.
Phages were propagated and phage assays and trans-
ductions were performed as previously described (16).
Isotopically labeled phage DNA was prepared by in-
cluding 100 uCi of carrier-free P (as H;POs; New
England Nuclear Corp.) per ml of the semisolid agar
overlays. SP02(pPL1010) transducing particles have a
lower buoyant density than infectious particles (16).
Centrifugation of a crude SP02(pPL1010) lysate in
CsCl with a Ti50 fixed-angle rotor resolved the trans-
ducing particles as a light density band (see Fig. 1).
This band, referred to as enriched transducing parti-
cles, was removed, dialyzed against TM buffer (15),
and extracted with phenol (4). The resulting DNA was
then analyzed by gel electrophoresis and sucrose gra-
dient centifugation.
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UV irradiation of transducing lysates. $105,
SP02, or PBS1 transducing lysates were centrifuged at
40,000 rpm for 2 h in a Ti50 rotor. The pellets were
overlaid with 0.1 the volume of the original Iysnt.e by
using 0.05 M Tris buffer containing 10~ M MgSO, and
20 pg of bovine serum albumin per ml. After sitting at
4°C for 20 h, the pellet was suspended and sterilized
by filtration. The phage was diluted to approximately
10° to 10° plaque-forming units per ml in the sterile
buffer. Five milliliters was placed in a sterile 25-ml
glass petri dish. Irradiation of the phage was per-
formed with a Sylvania germicidal UV light at a dis-
tance of 10 or 20 cm. The maximum irradiation time
was 6 min. During irradiation, samples were periodi-
cally removed and subsequently assayed for infectious
centers and transducing activity. All manipulations
were performed in subdued light. The plates were
incubated in a lightproof container. Under these con-
ditions, the rates of inactivation of plaque-forming
activity of $105, SP02, and PBS1 were nearly identical.

Sucrose gradient centrifugation. Neutral 5 to
20% sucrose gradients were prepared as previously
described (4). Lambda phage DNA, labeled with
[*H]thymidine, was taken to have a sedimentation
velocity of 33.6 and a molecular weight of 31 x 10° (5).
Lambda DNA and DNA from SP02 particles were
heated at 65°C for 25 min before being applied to
gradients. After centrifugation of the *P-labeled SP02
DNA and *H-labeled lambda DNA (see figure leg-
ends), fractions were collected, precipitated with cold
5% trichloroacetic acid, and counted in a double-label
mode.

Analytical ultracentrifugation. Equilibrium cen-
trifugation of DNA in a model E analytical ultracen-
trifuge was performed as described earlier (14). PBS1
DNA (p = 1.722 g/cm®) was the reference.

RESULTS

Effect of UV irradiation on transduction
of cos-containing plasmids. Plasmid
pPL1010, 4.6 Md, is transduced by SP02 parti-
cles at a frequency of about 1 transductant per
100 plaque-forming units (16). SP02 transducing
particles carry pPL1010 in a form of higher
molecular weight than monomeric pPL1010 (16).
Since SP02(pPL1010) transducing particles have
a lower buoyant density than infectious particles
(Fig. 1), we suspected that the transducing par-
ticles carried pPL1010 as a multimer and that
these transducing particles lacked an infectious
viral genome. Arber (1) demonstrated that UV
irradiation of a plasmid transducing lysate
caused an immediate reduction in the ability of
the phage to generate plasmid-containing trans-
ductants. This reduction, we presume, is due to
the damage of plasmid genes essential for main-
tainence or expression in the recipient. We be-
lieved that if pPL1010 were carried as a multi-
mer by SP02 particles, the transducing activity
of SP02(pPL1010) lysates would be more resist-
ant to UV irradiation than if the plasmid were
carried as a monomer because of complementa-
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F1c. 1. Partial purification of SP02(pPL1010)
h'ansducmg particles by equilibrium centrifugation
in cesium chloride. SP02 particles (10*) propagated
on BRMI@PLIOIO) were mixed with 5 ml of a cesium
chloride solution in 0.05 M TM buffer (pH 7.5). The
initial average buoyant density was 1.5 g/cm®. Cen-
trifugation was for 36 h in a Ti50 rotor at an rpm of
36,000. The upper and lower bands were removed
with a syringe. The upper band contained 2 x 10"
plaque-forming units and 1.5 X 10" transducing par-
ticles. The lower band contained 8 x 10" plague-
forming units and 1.8 X 10° transducing particles.

tion among the subunits of the multimer or
through recombination among the subunits in
the transductants, or both. Exposure of an
SP02(pPL1010) transducing lysate to UV irra-
diation sufficient to reduce the infectious titer
99.9% caused only a 50% reduction in transduc-
ing activity when a recombination-proficient
transduction recipient was used and a 99.9%
reduction in transducing activity when a recom-
bination-deficient transduction recipient was
used (Fig. 2). PBS1 transduction of pPL1010
occurred at a frequency of 1077 transductants
per plaque-forming unit. UV irradiation of a
PBS1(pPL1010) transducing lysate inactivated
transducing activity by more than 99.9% under
conditions that caused only a 50% reduction in
SP02(pPL1010) transduction. This result was
consistent with our view that pPL1010 is carried
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F16. 2. Inactivation of plaque-forming activity
and transducing activity of an SP02(pPL1010) trans-
ducing lysate by UV irradiation. The initial plague-
forming activity of the lysate was 1.4 X 10° plague-
forming units (PFU) per ml when assayed on BR151
or BRI51R. The initial transducing activity was 1.1
X 10° transductants per ml with BR151 as the recip-
ient and 1.3 X 10° transductants per ml with BR151R
as the recipient. Irradiation was performed at a dis-
tance of 20 cm.

as a multimer in SP02 particles, but the plasmid
is probably carried as a monomer by a general-
ized transducing phage such as PBS1.

The resistance of the transducing activity of
SP02(pPL1010) particles to inactivation ap-
peared to be unique to this plasmid because
the transducing activity of ¢105(pPL1010),
SP02(pPL1012), and SP02(pPL1011) lysates
(16) was inactivated by UV irradiation at ap-
proximately the same rate as or more rapidly
than the inactivation of infectious centers. Thus,
the transducing activity of these lysates was
much more sensitive to irradiation than
SP02(pPL1010) lysates. Plasmid pPL1010 itself
did not appear to mediate radiation resistance,
since the irradiation sensitivity of ¢105 trans-
duction of pPL1006 was not altered regardless
of whether or not the BR151 recipient harbored
pPL1010 (data not shown). Moreover, BR151
and BR151(pPL1010) appeared equally sensitive
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to killing by UV irradiation (data not shown).

To test whether the resistance of
SP02(pPL1010) transducing activity to UV ir-
radiation was specifically related only to the
presence of cos in the plasmid or whether the
recognition of cos during packaging by SP02 was
important, we constructed a cos plasmid that
could be transduced by both ¢105 and SP02.
pPL1017 (4.6 Md) was generated by excising a
0.6-Md EcoRI fragment from the 1.62-Md ¢105
immunity fragment in pPL1004 (16) and insert-
ing into this site the 1.6-Md SP02 cos fragment.
pPL1017 was transduced by ¢105 and SP02 at
the respective frequencies of 10~° and 1072 trans-
ductants per plaque-forming unit. The transduc-
tion of pPL1017 by ¢$105 was much more sensi-
tive to UV irradiation than the transduction of
pPL1017 by SP02 (Fig. 3). It is therefore likely
that the physical state of the plasmid which
determines radiation resistance is a function of
the cos region and the recognition of this region
by SP02.
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F1G. 3. Inactivation of plague-forming activity
and transducing activity of SPO2(pPL1017) and
$105(pPL1017) transducing lysates. The SP02-
(pPL1017) lysate had an initial titer of 2 x 10° plaque-
forming units (PFU) per ml and generated 6.8 X 10°
transductants per ml with BR151 as the indicator.
The ¢105(pPL1017) lysate had an initial titer of 2.4
X 10° plaque-forming units per ml with BR151 as the
indicator. The transducing activity of the lysate, 3.7
x 10°/ml, was assayed on BR151(p105). Irradiation
was at a distance of 10 cm.
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Analysis of DNA from SP02 and enriched
SP02(pPL1010) tranldneing particles by
gel electrophoresis, velocity centrifuga-
tion, and equilibrium centrifugation. DNA
from SP92 infectious particles has been previ-
ously reported to consist of primarily linear mol-
ecules having cohesive termini (7). The molec-
ular mass of SP02 DNA has been determined as
26 Md by electron microscopy (7) and 23 Md by
adding the melecular masses of restriction frag-
ments (21). We began determining an approxi-
mate molecular weight for SP02 DNA by two
methods. Lambda DNA, DNA from infectious
(nontransducing) SP02 parhcles. and DNA from
enriched SP02(pPL1010) transducing particles
were heated at 65°C for 25 min, rapidly chilled,
and electrophoresed through a 1% agarose gel
(Fig. 4). DNA from both types of SP02 particles
was resolved into two bands, designated A and
B (Fig. 4). 'I‘hemmontyofSMDNAmm
band A, which migrated slightly slower than the
linear form of A DNA. It is likely that band A
represents the linear form of SP02 DNA. The
molecular weight of band A appeared slightly
greater than the molecular weight of A DNA.
We suspect that band B consists of the open
circular form of SP02 DNA. SP02 DNA migrat-
ing in a gel to a position expected for the cova-
lently closed form was seen only once among
several  preparations examied and represented a
very minor component. On the basis of the elec-
trophoresis experiments, it was not possible to
distinguish DNA isolated from enriched trans-

F16. 4. Agarose gel electrophoresis of A DNA,
DNA from infectious SP02 particles, and DNA from
enriched transducing SPO2(pPLI1010) transducing
pwﬂck&EadDNAma(mswmhmudnt
65°C for 20 min and rapidly chilled. Well 1, A
DNA; mﬂ&DNAﬁmmhedm:ﬁcwpam
cles; well 3, DNA from infectious (nontransducing)
SPtharﬁchEkeﬁopanmat&SVﬁ:rS?h
at room temperature.
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ducing particles from DNA isolated from SP02
infectious particles.

#P.labeled DNA isolated from infectious
SP02 particles or enriched transducing particles
was sedimented through 5 to 20% neutral sucrose
gradients. In different preparations, 70 to 90% of
the total *P-labeled DNA precisely cosedi-
mented with a *H-labeled A DNA standard. This
material, we believe, represented the linear form
of SP02 infectious or transducing DNA, and we
asgigned this species a molecular weight of 31
% 10° (5). The remainder of the *>P-labeled SP02
DNA sedimented slightly faster at the approxi-
mate position expected for the open circular
form of a 31-Md molecule (8). We were unable
to detect any covalently closed circular DNA
forms in one preparation of infectious DNA and
one preparation of transducing DNA by sedi-
mentation analysis in alkaline sucrose gradients
or by centrifugation in cesium chloride-ethidium
bromide gradients. It is likely that the SP02
DNA that cosedimented with A DNA corre-
sponds to band A detected in gel electrophoresis.
Band A was resolvable from A DNA in gel elec-
trophoresis but not in the sucrose gradients. At
present, we do not know whether this is due to
the high resolving power of the gel system or to
some unknown feature of SP02 DNA. It is likely
that the presumed open circular form of SP02
DNA detected in sucrose gradients corresponds
to band B in the agarose gel electrophoresis

i ts.

To determine the amount of pPL1010 DNA
in the enriched transducing particles, we sought
a restriction endonuclease that would selectively
cleave the plasmid but not the SP02 genome.
SP02 DNA is not sensitive to BamHI endonu-
clease, whereas pPL1010 has one BamHI site
located in the vector portion of the plasmid (16).
#P-labeled DNA from the enriched transducing
particles was digested with BamHI and centri-
fuged with *H-labeled A DNA through a 5 to
20% sucrose gradient. More than 90% of the **P-
labeled DNA recovered from the gradient sedi-
mented at about 178, the expected position for
the linear monomeric form of pPL1010 (19).
Only 10% of the *P-labeled DNA cosedimented
with A DNA. This suggested that the majority
of the DNA from the enriched transducing par-
ticles was pPL1010 and not the SP02 genome.
This result appeared inconsistent with the fact
that the enriched transducing phage band in a
CsCl gradient generally was found to contain
about equal numbers of infectious particles and
transducing particles (Fig. 1). However, as
shown below, the DNA from the enriched trans-
ducing particle band ‘did contain significantly
more DNA having the buoyant density of
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pPL1010 than DNA having the buoyant density
of SP02 DNA. Thus, it seems likely that a frac-
tion of SP02 particles containing pPL1010 did
not score as transductants in our assay.

The buoyant densities of pUB110 (p = 1.697
g/cm®), pPL1010 (p = 1.699 g/cm®), and SP02
DNA (p = 1.702 g/cm® were determined by
centrifugation of 2 ug of each species with PBS1
DNA (p = 1.722 g/cm®) for 24 h in CsCl in a
model E analytical ultracentrifuge. DNAs ex-
tracted from the upper (enriched transducing)
band and lower (plaque-forming) band and iso-
lated from a preparative CsCl gradient (Fig. 1)
were centrifuged to equilibrium with PBS1 DNA
(Fig. 5). DNA from the enriched transducing
particles contained two DNA species having
buoyant densities of 1.699 g/cm® (buoyant den-
sity of pPL1010) and 1.702 g/cm® (buoyant den-
sity of SP02 DNA). The former species appeared
in a larger quantity than the latter. DNA from
the lower band in a preparative CsCl gradient

(plaque-forming band) contained predominantly ~

the latter species (Fig. 5).

Evidence that pPL1010 is carried by SP02
predominantly as a linear multimer. Nearly
90% of the DNA isolated from enriched trans-
ducing particles appeared to be pPL1010, as
evidenced by the BamHI digestion experiment
and the buoyant density analyses. Therefore,
pPL1010 must be carried by transducing parti-
cles in a form that is indistinguishable from SP02
infectious DNA by gel electrophoresis or veloc-
ity centrifugation. We thought the plasmid was
carried by transducing particles as a linear mul-
timer and not as a recombinant between plasmid
and the infectious SP02 genome because of the
resistance of the plasmid transducing activity to
UV irradiation and the detection of a major
DNA species from transducing particles which
had a buoyant density identical to that of
pPL1010 DNA. Digestion of DNA from trans-
ducing particles with a restriction enzyme that
specifically cuts pPL1010 but not infectious
SP02 DNA (e.g., BamHI) or with an enzyme
that cleaves infectious SP02 DNA but not
pPL1010 (e.g., SstI) was therefore tested. Aga-
rose gel electrophoresis of SP02 (pPL1010) DNA
digested to near completion with BamHI gen-
erated three distinct species having molecular
masses of 4.6, 3.3 and 1.3 Md (Fig. 6). These
three species hybridized with nick-translated
pUBL110; hence, each represented a portion of
pPL1010. Since the DNA was not completely
digested, the position of minor partially digested
products in the autoradiogram could still be
detected (Fig. 6). If pPL1010 were carried by
transducing particles predominantly as a circle,
then digestion with BamHI should have gener-
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Fi1c. 5. CsCl equilibrium centrifugation of DNA
from the enriched plague-forming particles in a
model E analytical ultracentrifuge. Two micrograms
of DNA from the upper band in Fig. 1 (lower tracing,
this figure) and 2 ug of DNA from the lower band in
Fig. 1 (upper tracing, this figure) were centrifuged to
equilibrium (44,000 rpm for 24 h) with 2 pg of PBS1
DNA (p = 1.722 g/cm®).

ated only the monomeric linear form of pPL1010
(4.6 Md). Since two additional bands were de-
tected, 3.3 and 1.3 Md, it is likely that pPL1010
is carried as a multimeric linear, and the 3.3 and
1.3 Md fragments represent the BamHI-gener-
ated ends of the linear. Only three species were
detected in the range of 1.3 to 4.6 Md. Therefore,
the polarity of the monomeric subunits in the
multimer must be the same.

pPL1010 contains no Sstl-sensitive sites, but
the enzyme digested SP02 infectious DNA into
seven fragments having molecular masses of
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