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Buoyant density analysis of transducing lysates derived from Staphylococcus
aureus and Escherichia coli indicated that phage particles bearing plasmid
determinants contain a quantity of DNA equivalent to that found in the lytic
particles. Transducing particles that bear plasmid determinants smaller than
viral DNA must therefore contain a quantity of DNA in excess of a single
plasmid genome. In the E. coli Plvir system, a dependence upon host-mediated
recombination for the transduction of small plasmids, but not for large R factors
or chromosomal genes, was observed. However, no evidence for the involvement
ofsuch functions in the transduction ofS. aureus plasmids was obtained. Although
the origin of the additional DNA in plasmid transducing particles has not been
identified, circumstantial evidence has been presented in the staphylococcal
system indicating that transducing particles carrying a small tetracycline plasmid
are not formed by the wrapping of multiple copies of this plasmid DNA.

According to the "wrapping choice" model of
generalized transduction proposed by Ozeki and
Ikeda (23), the ability of a phage to form trans-
ducing particles is attributed to the capacity of
the phage coat to wrap bacterial DNA instead
of its own phage DNA, a process with some
resemblances to phenotypic mixing. Buoyant
density analysis of transducing lysates of phage
P1 (12,32), phage P22 (9,28), and staphylococcal
phages (2, 7) has demonstrated that transducing
particles carrying chromosomal determinants
possess densities similar, if not identical, to the
densities of the plaque-forming units (PFU), in-
dicating that transducing and infectious parti-
cles contain the same quantities of DNA. This
conclusion has been supported by direct physical
measurements of the transducing DNA of phage
P1 (12) and phage P22 (9, 26). These data sug-
gest that, in generalized transduction, particles
bearing bacterial genes contain a "headful" of
DNA, that is, a fragment ofDNA equal in length
to the size of the viral genome.
The transfer of plasmids by generalized trans-

ducing phages appears to be similar in many
respects to the transduction of chromosomal
genes. However, investigations concerning the
mechanisms of transducing particle formation
have dealt exclusively with the transduction of
chromosomal determinants, and it is not clear
whether phage particles carrying plasmids are
formed in a similar manner. Many plasmids that
are efficiently transduced are significantly
smaller in size than transducing viral genomes
and do not by themselves constitute a headful

of DNA. It therefore remains to be determined
whether plasmids are indeed transduced via the
wrapping choice mechanism, and, if so, how a
headful quantity of plasmid DNA is generated
for encapsulation by the transducing phage cap-
sid.
The present work was undertaken to gain

some insight into the nature of transducing par-
ticles carrying plasmid determinants, and in-
volves a study of the generalized transduction
of a penicillinase and a tetracycline plasmid in
Staphylococcus aureus and the transduction of
R plasmids in Escherichia coli by a virulent
mutant of coliphage P1.

MATERIALS AND METHODS
Bacteria and bacteriophages. The staphylococ-

cal strains used and their relevant characteristics are
listed in Table 1. The penicillinase plasmid, pP81, is
under stringent replication control, with one to two
copies per chromosome. The pT81 plasmid is under
relaxed replication control with 20 to 30 copies per
chromosome (unpublished data). Group B staphylo-
coccal phage 52HJD (hereafter called phage 52) of
the International Typing Series was used in transduc-
tion studies because it is lytic for strain PS 81 (3).
The molecular weight ofstaphylococcal group B phage
DNA ranges from 29 x 10" to 31 x 10" (24). The E.
coli K-12 strains used are listed in Table 2. All trans-
ductions of E. coli strains were performed with phage
Plvir, a variant of Plkc that is unable to lysogenize
E. coli K-12 strains. The molecular weight of this
phage DNA has been calculated as being 73 x 10"
(13). Phage stocks were prepared by the soft agar
overlay method (4, 31).

Media. Stock cultures of staphylococcal strains
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TABLE 1. S. aureus strain characteristics
Resident plasmidsa

Strain desig- Strain derivation and other characteristics
nation DesigntiOn Relevant geno- Mol wtC

Designationtypeb

PS 81 pP81 asa+ cad+ 18-21 x 106 Propagating strain for typing phage 81
mer+ penI
penZ

pT81 tet+ 2.7 x 106
MU5 pP81 asa+ cad+ Novobiocin resistant (nov+) mutant of PS 81

mer+ penI selected after culture on media containing
penZ novobiocin

pT81 tet+
PS 52 Propagating strain for typing phage 52; carries

no known plasmid DNA
152 rec-3d Recombination-deficient mutant of strain 152

isolated after treatment with nitrosoguani-
dine

MU6 pP81 asa+ cad+ Strain 152 rec-3 carrying pP81 plasmid as a
mer+ penI result of transduction from PS 81
penZ

MU7 pT81 tet+ Strain 152 rec-3 carrying pT81 plasmid as a
result of transduction from PS 81

a Plasmids have been previously described by Rubin and Rosenblum (25).
b Symbols indicate resistance to arsenate (asa'), cadmium (cad+), mercury (mere), tetracycline (tet+), and

the penicillinase structural gene (penZ) and regulatory loci (penI).
c Unpublished data.
d Obtained from R. V. Goering.

TABLE 2. E. coli strain characteristics
Plasmid

Strain desig- Reference and other characteristicsnation Relevant geno- Mol wtDesignation tea Mlw

RC180b R28K amp+ 44 x 106 Kontomichalou et al. (17)
RC181b R6K amp+ sm+ 24 x 106e Kontomichalou et al. (17)
RC172b 222/R3W cml+ sm+ su+ 69 x 106 Nisioka et al. (20)
RC96b Recombination-deficient (recA) mutant; carries no

known plasmid DNA
MUld R6K amp+ sm+ Strain RC96 carrying R6K plasmid
MU2d R28K amp+ Strain RC96 carrying R28K plasmid
MU3d 222/R3W cml+ sm+ su+ Strain RC96 carrying 222/R3W plasmid
RC703b K-12 strain with no known plasmid DNA
MU4 Maltose-negative mutant of RC703 selected after

treatment with EMSe
a Symbols indicate resistance to ampicillin (amp+), chloramphenicol (cml+), streptomycin (sm+), and sulfon-

amides (sul).
b Strains obtained from R. C. Clowes.
cR. C. Clowes, personal communication.
d Strains derived by transduction from appropriate donors.
eEMS, Ethyl methane sulfonate.

were maintained on tryptone soy agar (Oxoid). Tryp-
ticase soy broth (BBL) was used as the standard
nutrient medium for growth of cultures, to harvest
and maintain phage stocks, and as a diluent in phage
and bacterial assays. L agar and L broth (18) were
used as standard nutrient media in E. coli experiments.
Transduction procedures. Transduction proce-

dures were those described by Rubin and Rosenblum
(25). In the staphylococcal system, cadmium-resistant
transductants were selected on brain heart infusion
agar (Difco) containing 2.5 ml/liter of 0.1 M

Cd(NO:)02 4H20, added after autoclaving. Antibiotic-
resistant transductants were selected on brain heart
infusion agar containing 5 ug of tetracycline hydro-
chloride per ml (Tetracyn, Roerig) or 5 jig of sodium
novobiocin per ml (Albamycin, Upjohn). In the E.
coli system, antibiotic-resistant transductants were
selected on L agar containing 10 jg of sodium ampi-
cillin per ml (Penbritin-S, Ayerst) or 100 jig of chlor-
amphenicol per ml (Mann Research Laboratories).
For selection of mal+ transductants, eosin-methylene
blue agar base (Difco) with 1% maltose was overlaid
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PLASMID TRANSDUCTION IN S. AUREUS AND E. COLI

with 0.8% saline to which 0.2 ml of the transduction
mixture was added.

Density analysis of phage lysates. Lysates of
staphylococcal phage 52 propagated on strain PS 81
were centrifuged in CsCl following the methods of
Dowell and Rosenblum (7). The methods for density
analysis of Plvir phage particles were those described
by Ikeda and Tomizawa (12). Fractions (5 drops) of
each CsCl gradient were collected from a hole punched
in the bottom of the tube directly into 1.0 ml of sterile
broth, and each fraction was assayed for PFU titer or
transducing activity for plasmid or chromosomal de-
terminants. In each experiment, a duplicate gradient
was collected, and the refractive index of every third
fraction was determnined with an Abbe refractometer
(Bausch and Lomb).

Isolation of plasmid DNA. R factor DNA was
labeled, isolated, and examined by sedimentation
through neutral 5 to 20% sucrose gradients following
the techniques of Guerry et al. (11).

RESULTS
Buoyant density analysis of PFU and

transducing particles. The buoyant densities
of Pivir lytic and transducing particles were
determined by centrifugation of phage particles
in CsCl. The density distribution of such parti-
cles from a lysate prepared on strain RC180 is
shown in Fig. 1. The infectious particles formed
a peak at a density of 1.473 g/cm3. The trans-
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ducing particles carrying the mal+ and amp'
markers exhibited buoyant densities of 1.478 and
1.476 g/cm:, respectively. The greater buoyant
densities of the transducing particles in compar-
ison to the lytic particles are consistent with
differences in base composition between bacte-
rial and viral DNA (12).
A similar analysis of a staphylococcal phage

52 lysate prepared on strain PS 81 is depicted
in Fig. 2. A band of infectious particles, peaking
sharply at a density of 1.528 g/cm:, is seen. A
definite peak of transduction of cadmium resist-
ance (pP81) is observed. These transducing par-
ticles have an identical buoyant density distri-
bution to the infectious particles, i.e., 1.515 to
1.528 g/cm3, with the major activity coincident
with the major peak of lytic particles. A similar
distribution of transducing particles carrying the
pT81 plasmid (data not shown) was observed.
The similarity of densities between the trans-

ducing and lytic particles indicates that both
types of phage particles carry essentially equiv-
alent amounts of DNA in each system.
Transduction of R factors from recombi-

nation-proficient and recombination-defi-
cient E. coli strains. The involvement of host
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FIG. 1. CsCI buoyant density gradient of PIvir
transducing and lyticparticles. Phage Plvirpartiles
prepared on strain RC180 were pelleted by centrifu-
gation, suspended in 3 ml of a CsCI solution in 0.01
M tris(hydroxymethyl)aminomethane (pH 7.5), and
centrifuged for 20 h in a 50.1 rotor at 23,000 rpm
and 15°C. Sixty 5-drop fractions of the resulting
gradient were each collected into 1.0 ml ofL broth.
Each fraction was assayed for titers of lytic particles
(0) and mar+ (0) and amp+ (A) transducing activity.
Results, depicting fractions 10 to 40, are expressed
as the percentage of activity recovered in each frac-
tion compared with the total lytic or transducing
activity added to the gradient.
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FIG. 2. CsCl buoyant density gradient of staphy-
lococcal phage and transducing particles. Phage 52
grown on PS 81 was suspended in 0.015 M
tris(hydroxymethyl)aminomethane (pH 8.0), mixed
with 3 ml of a CsCl solution dissolved in 0.015 M
tris(hydroxymethyl)aminomethane (pH 8.0) to a re-
fractive index of 1.38, and was centrifuged in a 50.1
rotor at 35,000 rpm and 15°C for 24 h. Sixty 5-drop
fractions ofthe resultinggradient were each collected
into 1.0ml oftrypticase soy broth from a holepunched
in the bottom of the tube. Each fraction was assayed
for PFU (0) and for cadmium (0) transducing activ-
ity using PS 52 as the indicator and reciient strain.
The results, depicting fractions I to 30, are plotted
as the percentage of activity in each fraction com-
pared with the sum of activities from all fractions
assayed.
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702 UBELAKER AND ROSENBLUM

recombination functions in the transduction of
chromosomal and plasmid genes in E. coli was
studied. Of the three R factors investigated, two
(R6K and R28K) are significantly smaller in
size than the Plvir genome, and by themselves
do not constitute a headful of DNA. The third
plasmid, 222/R3W, is more nearly equivalent in
size to P1 DNA.
The transduction rates ofthe plasmid markers

and of a chromosomal marker from wild-type
and recA donors are presented in Table 3. Assay
of selected transductants indicated that the
other plasmid-borne markers were cotransduced
with the marker used for selection. The rates
are the average of at least three separate exper-
iments. These data suggest a requirement for
host recombination function for the transduc-
tion of small R factor determinants, but not for
the transfer of the chromosomal marker or the
larger 222/R3W plasmid. The chloramphenicol
resistance determinant was transferred at low
frequencies from both the RC172 host and the
recA mutant, but the rates in both cases were
nearly equivalent. The chromosomal determi-
nant was transduced from the recA mutant
strain at significant levels, less than 10-fold lower
than the frequencies observed from the RC180
and RC181 donors. In contrast, the transduction
rates for the two smaller plasmids from the
recombination-deficient donors were 1,000-fold
lower than the rates seen from recombination-
proficient host strains.

TABLE 3. Trasduction ofplasrnid and
chromosomal determinnt from recombintion-
proficient and recombination-deficient donors"

Transduction rateb
Donor

Mat' am,p+ cn-d+
RC172 rec+ 2.1 x 10-8
MU3 rec 1.1 x 10-8

(0.52)
RC181 rec+ 7.7 x 107 1.6 x 10-5
MUl rec 8.2 x 10-7 1.5 x 10-8

(0.11) (0.001)
RC180 rec+ 5.4 x 106 2.1 x 106
MU2 rec 7.7 x 10-7 4.0 x 10-9

(0.14) (0.002)
a Phage Plvir was the traducing phage, and strain

MU4 was the recipient in all tranaductions. The mul-
tiplicity of infection in all experiments was 0.2.

b Results are based on the number of transductants
per PFU of phage Plvir titered on the donor strain
and are averages ofthree separate experiments. Trans-
ductants were selected as follows: mat+ on eosin-meth-
ylene blue agar with 1% maltose; amp+ on L agar
with 100 pg of sodium ampicilin per ml; cml+ on L
agar with 100 pg of chloramphenicol per ml. Numbers
in parentheses indicate the ratio of tranaductants from
rec donors to those from rec+ donors.

Isolation of E. coli R factor DNA. It was
of interest to compare the sedimentation char-
acteristics of R factor DNA derived from recom-
bination-proficient and recombination-deficient
strains. Plasmid DNA was isolated from cells
labeled with [3H]thymidine and was sedimented
on 5 to 20% neutral sucrose gradients. The su-
crose gradient profile of the R28K plasmid iso-
lated from strain RC180 is shown in Fig. 3A.
Two peaks of DNA were observed, inferred to
be the covalently closed circular forn (the more
rapidly sedimenting peak) and the open circular
form of this plasmid. The sucrose gradient pro-
file of R28K DNA derived from strain MU2, a
transductant clone that received this plasmid
from strain RC180, is presented in Fig. 3B. Two
peaks of DNA were apparent that banded in
the same region of the gradient as those ob-
served from the recombination-proficient donor
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FIG. 3. Neutral sucrose gradients of R28K DNA
isolated from strains RC180 (A) and MU2 (B). Cul-
tures ofstrains RC180 andMU2 were incubated with
pHlthymidine, and the cells were lysed with sodium
lauryl sulfate and mixed with NaCI to a final concen-
tration of 1.0 M. After storage overnight at 40C, the
lysates were centrifuged at 17,000 x g and 0°C for 30
min. Samples (0.1 ml) of the supernatant fluids were
mixed with equal volumes of 0.1 M tris-
(hydroxymethyl)aminomethane-0.001 M ethylenedia-
minetetraacetic acid (pH &1) to lower the NaCI con-
centration and layered on 5 to 20% sucrose gradients
containing 0.5 ml NaCl-0.01 Mpotassium phosphate
(pH 7.0). The gradients were centrfged in a 50.1
rotor at 45,000 rpm and 5°C for 108 min, were col-
lected from a hole punched in the bottom of the tube,
and were prepared for scintillation counting.
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PLASMID TRANSDUCTION IN S. AUREUS AND E. COLI

strain. Examination of R6K DNA isolated from
strain RC181 and a recA transductant for R6K
(gradients not shown) revealed a similar pattern:
two peaks of plasmid DNA in each gradient
with similar sedimentation properties. The only
notable variation between the sucrose profiles
from Fig. 3A and 3B is the dominance of the
inferred closed circular DNA species in the rec-
strain and the inferred open circular DNA spe-
cies in the rec+ strain. This observation was also
made for the R6K plasmid in the wild-type and
mutant hosts. The reason for this -difference is
not clear.
These data indicate that the size of the R

factor DNA does not differ significantly when
isolated from rec+ parent and rec- constructed
strains. Thus, whereas the formation of trans-
ducing particles carrying small plasmids is a
recombination-dependent event, the dissocia-
tion of plasmid DNA from transducing vector
DNA in the rec- clones occurs in the absence
of host-mediated recombination functions.
General characteristics of the staphylo-

coccal transduction system. The rates of
transduction of resistance to novobiocin, a chro-
mosomal marker, and cadmium and tetracy-
cline, plasmid-associated markers, were studied.
The results of several transductions mediated
by independently derived lysates of phage 52
propagated on strain MU5 are presented in Ta-
ble 4.

All three genetic determinants were trans-
ferred at rates characteristic of generalized
transduction. Resistance to novobiocin was

TABLE 4. Transduction ofchromo8omal and
plasmid genes by staphylcoccaiphage 52a

Transduction rateb
Lysate MOI

nov+ cad+ tet+

1 5.0 X 10-7 1.2 X 106 0.09
2 1.o x 10-8 1.0 x 10- 0.11
3 5.4 X 10-8 2.6 X 10q 0.26
4 4.9 X 10-7 0.10
5 2.8 X 10-7 1.00

1.4 X 10-5 5.7 X 10-5 0.20
6 7.3 x 10-6 1.4 X 10-6 0.24
7 7.3 x 106 2.0 x 10-5 0.10
8 2.6 x 10 4.0 X 106 1.50

5.1 X 10-6 1.0 X 10-5 0.15
9 1.0 X 107 1.5 X 10-5 0.20

aThe donor strain was MU5, and the recipient
strain was PS 52. MOI, Multiplicity of infection.

b Results are expressed as the number of trangduc-
tants per PFU of phage 52 titered on MU5. Transduc-
tants were selected as follows: nov+ on BHIA with 5
pg of sodium novobiocin per ml; cad+ on brain heart
infusion agar with 2.6 x 10-4 M Cd(NO3)2 - 4H20; tet+
on brain heart infusion agar with 5 pg of tetracycline
hydrochloride per ml.

transduced from MU5 at relatively low rates, in
the range of 10' to 10-8. A comparable level of
transfer was observed in an homologous cross
using the novobiocin-sensitive PS 81 recipient.
Transduction of the plasmid markers occurred
at rates higher than those observed for chro-
mosomal gene transfer. The average transduc-
tion rate was in the range of 10-6 for the cad+
marker and in the range of 10' for the tet+
determinant. Transductants resistant to either
cadmium or tetracycline served as competent
donors of these markers in further transductions
and at rates similar to those presented in Table
4.

Transductants selected for either cad+ or tet+
were screened for the presence of other plasmid-
associated markers. These data are summarized
in Table 5. Of 2,400 cadmium-resistant colonies
tested, none carried tetracycline resistance. Of
the 100 cadmium-resistant transductants tested,
all were resistant to penicillin, arsenate, and
mercury, at levels characteristic ofthe resistance
levels of the donor PS 81 strain. If the initial
selection was for penicillin resistance, cotrans-
duction of the cad+, asa+, and mer+ markers
was observed in all clones screened. These data
indicate that the pP81 plasmid is transferred
intact by phage 52. However, no cotransfer of
the pP81 and pT81 plasmid genes was observed.

In this system, like other generalized trans-
ducing systems, a dissociation between lysogeny
and the transfer of bacterial genes was observed.
PS 52 transductants selected for resistance to
novobiocin, tetracycline, or cadmium were in-
variably nonlysogenic and were sensitive to in-
fection with phage 52.
Plasmid transduction from recombina-

tion-deficient S. aweus donors. The rates of
transduction ofthe tetracycline and penicillinase
plasmids from recombination-proficient and de-
ficient donor strains were determined, and these
data are summarized in Table 6. The pP81 plas-

TABLE 5. Cotransduction ofpeniciUinase and
tetracycline plasmids

Tranductants
screened (se- Number resitant (unselected markers) a

lected markers)

cad+ tet+ cad+ asa+ mer+ pen+ tet+

2,400 0
100 100 100 100 0

3,380 0
200 0 0 0 0

aSensitivity to cadmium (cad+), arsenate (asa+),
and mercury (mer+) determined by disk method of
Novick and Roth (22). Sensitivity to penicillin (pen+)
and tetracycline (tet+) tested with 10-U and 30-pg
disks (BBL), respectively.
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TABLE 6. Transduction ofcadmium and
tetracycline resistance from recombination-

proficient and recombination-deficient strains"
Transduction rateb

Donor MOI
cad+ tet+

PS 81 reck 5.3 x 10-6 1.1 X 10-5 0.16
MU6 rec 2.8 X 10-7c 0.25

2.9 x 10-7 0.48
2.0 x 10-7 0.56

MU7 rec- 3.5 X 10-5c 0.12
1.9 x 1o-, 0.33

a PS 52 and phage 52 were the recipient and trans-
ducing phage in all experiments. MOI, Multiplicity of
infection.

b Results are based on the number of transductants
per PFU of phage 52 titered on the donor strain.

c Results are from independently derived lysates of
phage 52 propagated on MU6 and MU7.

mid was transduced from the rec- strain at a
rate of 2.6 x 10-7, in comparison to a level of
10-6 from the wild-type strain (PS 81). This
rate, although lower than the average rate from
the PS 81 donor, is near the transduction fre-
quency occasionally seen in PS 81 x PS 52
crosses (Table 4) and is well within the range
of rates characteristic of generalized transduc-
tion. The small pT81 plasmid was transduced
from the rec- donor at rates entirely comparable
to those seen from the PS 81 donor (10-' per
phage particle). Transductants receiving the
plasmids from the mutant donors were identical
in all respects to those obtained from wild-type
donors.

Effects ofUV irradiation upon staphylo-
coccal transduction kinetics. In this study,
the inactivation by UV irradiation of transduc-
ing activity for the tetracycline and penicilhinase
plasmids was compared. Samples of transducing
lysates of phage 52 propagated on strains PS
81, MU6, and MU7 were irradiated for varying
time periods, and the lytic and transducing ac-
tivities of each sample were determined.
The effects of UV irradiation upon the trans-

duction of the cad+ and tet+ markers from strain
PS 81 are depicted in Fig. 4. As expected, both
the PFU titer and the transduction rates for the
plasmid-associated markers decreased with in-
creasing doses of UV. This inactivation of trans-
ducing activity is typical of plasmid determi-
nants (1). The transduction rate for the tetra-
cycline plasmid decreased in an exponential
fashion. In contrast, the transducing frequency
for cad+ did appear to be somewhat more resist-
ant to inactivation; no effect upon transduction
rates for the pP81 plasmid for the first 4 min of
exposure was observed, after which an exponen-
tial decrease occurred.

loll I I NA ile
120 240 360 480 600

ULTRAVIOLET IRRADIATION (sec.)
FIG. 4. Effect of UV irradiation on the transduc-

tion of cadmium and tetracycline resistance. The
genetic cross was PS 81 x PS 52. Samples (5 ml) of
trypticase soy broth lysates ofphage 52 were placed
in 10-cm petri dishes and exposed to LW light for
varying time intervals at a dose rate of 0.25 J/m2
per s. Each sample was titered for PFU (A) and for
transducing activity for cadmium (0) and tetracy-
cline (@) resistance.
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FIG. 5. Effect of UV irradiation on the transduc-
tion of cadmiun resistance. The genetic cross was
MU6 x PS 52. Procedures were those described in
Fig. 4, except that the UV dose rate was 0.5 J/m2
per s. (0) PFU; (0) cadmium-resistant transduc-
tants.

Similar data for phage 52 grown on the recom-
bination-deficient strains carrying the penicillin-
ase plasmid (Fig. 5) and the tetracycline plasmid

J. BACT1EFRIOL.
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(Fig. 6) are presented. The dose rate in these
experiments was 0.5 J/m2 per s, double that
used in the preceding study. The transducing
activity for cadmium resistance exhibited a re-
sponse to irradiation similar to that seen in Fig.
4, i.e., a very slow decrease in transduction rate
for the first minute of irradiation, followed by a
sharper exponential decline. The transducing
particles carrying the tetracycline plasmid de-
rived from the mutant host appeared to be some-
what more resistant to UV than those derived
from strain PS 81. The rate of inactivation is
comparable in this case to that seen for the
pP81 plasmid.

DISCUSSION
This study has confirmed the observation that

staphylococcal plasmids and R factors are trans-
duced efficiently and with many characteristics
similar to the generalized transduction of chro-
mosomal genes. We have demonstrated from
buoyant density analysis of the transducing ly-
sates that plasmid-transducing particles contain
a quantity of DNA similar to that found in lytic
phage particles. Transducing particles for plas-
mids smaller than the genome ofthe transducing
phage must therefore contain a quantity ofDNA
in excess of the single plaid genome.
The production of transducing particles for

the E. coli plasmids R6K and R28K seems to

0
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I-. S~~~~~~~~~~~U
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FIG. 6. Effect of UV irradiation on the transduc-
tion of tetracycline resistance. The genetic cross was
MU7 x PS 52. Procedures were those described in
Fig. 4, except that the UV dose rate was 0.5 Jlm2
per s. (O) PFU; (0) tetracycline-resistant transduc-
tants.

depend upon host-mediated recombination
functions to produce a headful of DNA, since
transduction ofthese plasmids from recA donors
is about 1,000-fold lower than from recombina-
tion-proficient donors. Transduction of chro-
mosomal determinants from recA donors is only
moderately reduced. The dissociation of the
plasmid from the extra DNA in the recipient
cells seems to be independent of the host rec
system, since recA and rec+ recipients are trans-
duced at equivalent rates (data not shown), and
the plasmid DNA isolated from a recA trans-
ductant is similar in sedimentation profile to the
plasmid present in the donor. The large
222/R3W plasmid is transduced from a rec+
donor at a low rate, characteristic of transfer of
other plasmids only from the rec- strains. How-
ever, this rate is not reduced when a recA donor
is used. Because its size is close to that of the
DNA of the transducing phage Plvir, one can
speculate that it is encapsulated, albeit ineffi-
ciently, in a transducing particle without requir-
ing additional DNA.
These data support the conclusion that re-

combination is necessary for the production of
headful quantities of small E. coli plasmids, as
would be predicted if plasmids were transduced
via the wrapping choice mechanism of Ozeki
and Ikeda (23). However, no evidence for host-
directed recombination function in the transduc-
tion of staphylococcal plasmids could be ob-
tained, although the S. aureus rec- donor used
is functionally similar to E. coli recA mutants.
These results were not unexpected, since other
workers have reported the transduction of small
tetracycline and chloramphenicol plasmids and
larger penicillinase plasmids from a recombina-
tion-deficient S. aureus strain with properties
similar to those of strain 152 rec-3 (30, 34).
However, evidence has been presented for both
plamid and phage-associated recombination
systems in S. aureus (34), and therefore the
involvement of recombination functions in
staphylococcal plasmid transduction cannot be
ruled out.
The origin of the additional DNA in plasmid-

transducing particles has not been determined.
The differential labeling of pre- and post-infec-
tion DNA during the preparation of a lysate
would provide a means of identifying the origin
of transducing DNA. The use of bromouracil
(12), a heavy-density thymine analog, for this
purpose was an approach that could not be used
in either the staphylococcal or E. coli systems.
Bromouracil or bromodeoxyuridine proved to
be too toxic to S. aureus strains to permit label-
ing of bacterial DNA or the propagation of virus
in its presence (unpublished data). In addition,
the staphylococcal pT81 plasmid, as well as the
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R6K and R28K factors, continue to replicate
after infection of the host cells with each of the
transducing phages (32a), making such a selec-
tive labeling of either host or viral DNA in these
systems of little value. At the moment, therefore,
the association of plasmid DNA during trans-
duction with other plasmids, with chromosomal
DNA, or with viral DNA must be considered.
with chromosomal DNA, or with viral DNA
must be considered.
The joint transfer of independent plasmids

(10, 15) is the exception rather than the rule,
and the occasional observations of such trans-
ductions may be a reflection ofthe close physical
proximity of two plasmid types in donor cells.
However, such reports do indicate that more
than one plasmid molecule may be incorporated
into a phage capsid, and therefore the packaging
of multiple copies of such determinants to equal
a headful of DNA is a distinct and appealing
possibility. In this event, the transducing activity
for the pT81 plasmid should not be inactivated
by single-hit UV kinetics such as those described
by Novick (21) for the inactivation of lytic par-
ticles and penicillinase transducing activity.
Rather, this could lead to a multihit type ofUV
survival curve for transduction of this plasmid,
and pT81 transducing particles should be more
resistant to UV inactivation than those particles
carrying the larger pP81 plasmid. The UV in-
activation data, while somewhat ambiguous,
does not seem to strongly favor multiple copy
packaging.

Cotransduction ofplasmid-associated markers
with chromosomal determinants has not been
reported in any well-studied transduction sys-
tem. The low frequency oftransfer in generalized
transduction makes the detection of such joint
transfers difficult, however, and at the moment
this explanation for the formation of plasmid
transducing DNA cannot be ruled out. Lastly,
plasmid DNA may be transferred in association
with viral DNA. If this is the case, the contri-
bution of viral DNA must be extremely defec-
tive, since viral functions are not detectable in
many transductant clones. This may be the most
likely mechanism, since the identification of
phage-associated recombination functions in
some transducing phages (5, 29, 34) and the
isolation of high-frequency transducing phage
lines that involve stable associations between
viral and plasmid genomes are well documented
(6, 8, 14, 16, 20).
The folrmation of generalized transducing par-

ticles is a relatively rare event, and it appears
that factors other than the size of the DNA
fragments may influence the selection of DNA
in the encapsulation process. Mutants of phages

P22 (27) and P1 (33) have been isolated that
exhibit increased abilities to mediate the gener-
alized transduction of chromosomal determi-
nants. The identification of phage-genetic func-
tions governing the selection of DNA for encap-
sulation should add valuable insight into how
bacterial markers, whether of chromosomal or
plmmid origin, are occasionally incorporated
into normal phage capsids.
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