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The amount of Coll DNA transferred between mating cells of Escherichia
coli K-12 increased about fourfold when rifampin-resistant donors were mated
with sensitive recipients in the presence of the drug. Conjugational synthesis of
ColI in dnaB recipients, shown primarily to reflect conversion of the transferred
DNA into double-stranded material, was also enhanced when the recipients were
treated with either rifampin or streptomycin. It is suggested that the amount of
Coll transfer is normally limited by the synthesis of one or more proteins in the
newly infected recipients. The protein is thought to be plasmid-specified because
rifampin also quadrupled transfer to UV-irradiated recipients which were deficient
in the transcription of the resident DNA. Successive strands of ColI appear to
be transferred discontinuously, because the transferred DNA accumulated in
normal and rifampin-treated recipients in the form of circular and linear mono-
meric units. Although rifampin treatment of recipients also increased transfer of
a second Ia plasmid, R144drd-3, by about four times, the drug failed to cause a
substantial increase of Flac transfer in comparable matings.

During conjugation mediated by FI and Ia
plasinids (21), a specific strand of the plasmid
is transferred from the donor to the recipient,
where the complementary strand is synthesized
(22, 24-26). This conjugational synthesis of plas-
mid DNA in the recipient can be measured by
the incorporation of radioactively labeled thy-
mine, provided that its uptake into both the
chromosome of the recipient and the DNA of
the donor is prevented (29). Incorporation of
thymine into the DNA of the donor can be
limited by using a strain that is deficient in
thymidine kinase. Incorporation ofthymine into
the recipient chromosome can be prevented by
using a temperature-sensitive dnaB mutant and
mating at the restrictive temperature. Under
such conditions, replication ofthe residentDNA
ceases but the bacteria can support conjuga-
tional synthesis of plamid DNA.

In previous experments investigating conju-
gational synthesis of Col DNA in dnaB recipi-
ents (29), it was observed that this synthesis
was about four times greater when the activity
of RNA polymerase in the recipient was in-
hibited by rifampin (Rif). This communication
reports a detailed study of the effect of the drug
on conjugational DNA synthesis and plasmid
transfer.
The results suggest that the amount of Coll

DNA transferred during conjugation is normally

limited by the synthesis of one or more proteins
in the newly infected recipients. It was found
that inhibition of protein synthesis in the recip-
ients allowed transfer of extra copies of the
plamid, thereby increasing the number of tem-
plate strands available for conjugational DNA
synthesis. The protein that limits transfer is
thought to be specified by the incoming plasmid
because its activity was detectable in UV-irra-
diated recipients. Such cells are deficient in tran-
scribing the resident DNA, but they retain the
ability to synthesize proteins specified by un-
damaged DNA (14).
The mechanism of transfer of F and Ta plas-

mids is shown to differ in that a comparable
activity was not detected in F-mediated matings.
Furthermore, in contrast to reports for F (18,
22), the transferred ColI DNA did not accumu-
late in the recipients in an intermediate of unu-
sually high molecular weight, even when the
amount of transfer was enhanced by rifampin
treatment. Therefore, successive strands of the
plasmid appear to be transferred discontin-
uousIy.

MATERIALS AND METHODS
Plammids and bacterial strains. The properties

of our stocks of Coldrd-I and R144drd-3 have been
described previously (28, 29), and some details of
pLG205 are included in Results. The Flac plasmid
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was JCFLO (1), kindly provided by N. Willetts. The
relevant properties of the bacterial strains are de-
scribed in Table 1. BW67 was isolated from BW58
poUA+, selecting for a mutant capable of growing in
the presence of 20 pg of uracil per ml and 10 pg of
fluorodeoxyuridine per ml (5). BW69 has a deletion
in the chIA-bio region. It was isolated as a spontaneous
chlorate-resistant mutant (2), which showed pro-

nounced UV sensitivity in subsequent screening.

BW70 was obtained by co-transducing rpsL' into
BW69, using Pivir grown on CSH4288 (rpsE12), and
selecting for spectinomycin resistance.
Growth of bacteria. Bacteria were grown and

mated in a salts-glucose-Casamino Acids (SGC) me-

dium containing, per liter Na2HPO4, 6 g, KH2PO4, 3
g; NH4Cl, 1 g, NaCl, 0.5 g; MgSO4, 0.12 g; CaCl2, 11
mg, glucose, 4 g, Cmino Acids (Difco), 2 g, thiamine
HC1, 1 mg. This was routinely supplemented with 0.2
mg of biotin per liter for expenments involving BW70.
Ovemight cultures were diluted and grown for three
to four mass doublings to about 2 x 108 bacteria per

ml before use in matings. Thymine-requiring strains
were grown and mated in the presence of 2 pg of
thymine and 200 pg of deoxyguanosine per ml (31).
The dna+ and dnaB strains were grown at 37 and
330C, respectively.

Matings. Mating mixts usually consisted of 3.5
ml, and they initially contained about 10" bacteria of
each parental strain per ml. The mixtures were gently
swirled in 150-ml Erlenmeyer flasks. When mating

involved dnaB recipients and rifampin treatment, the
recipients were first incubated at 43°C for 5 min.
Rifampin (Sigma) was then added to the concentra-
tion required in the mating, and incubation was con-

tinued for a further 5 min. After this period, pre-

warmed donors and [14C]thymine, both in rifampin-
containing medium, were added to start the mating.
When streptomycin sulfate (Glaxo) was used, the
dnaB recipients were incubated at 430C in the pres-
ence of the drug for 15 min before mating. When uvr

dna+ recipients were used, the bacteria were irradiated
by using the procedure described previously (29). They
were not incubated with rifampin before mating be-
cause the irradiated bacteria may lose the capacity to
act as recipients if mating is delayed (29).

Thymine incorporation. [2-14C]thymine and
[methyl-3H]thymine (The Radiochemical Centre,
Ameraham) were always conditioned before addition
to matings, using the following method. The radi-
ochemicals were added to a small volume of exponen-
tially growing BW40 at about 108 bacteria per ml of
SGC medium. After incubation at 370C for about 25
min, the bacteria were removed by filtration, and the
filtrate was stored on ice for up to 2 h. This procedure
removed trace amounts of undefined labeled com-

pounds that were rapidly incorporated into trichloro-
acetic acid-precipitable material by both tdk and thyA
dnaB bacteria. Thymine incorporation was measured
as described previously (29). [14C]- and [3H]thymine
were used at 0.25 and 10 uCi/pg, respectively. The
final concentration of thymine was always 2 pg/ml.

Selective iysis of donors. A 2.5-ml amount of
mating mixture was added to an equal volume of ice-
cold S buffer (consisting of the six salts in SGC me-

dium) supplemented with 0.01 M KCN and 40 pg of
tryptophan and 100lug ofthymine per ml. The mixture
was blended for 3 s (17). The bacteria were then
rapidly sedimented, resuspended in 2.5 ml of S buffer
containing KCN, tryptophan, and thymine, and added
to 1 ml of buffer containing 101 phage T6. After 5
min at 400C, a previous procedure (30) was used
involving the addition of deoxyribonuclease and ribo-
nuclease, followed by Pronase and then Brij 58. The
T6W recipient bacteria were then washed three times
at 40C by sedimentation and reuspension in buffer
containing 5 mM KCN and 100 pg of thymine per ml.
About 2 x 108 BW40 cells, UV irradiated with 500
J/m2, were added as carrier to promote pellet forma-
tion.

Sedimentation analy8is of transferred DNA.
After selective lysis of the donors, the washed recipi-
ents were gently resuspended in 0.7 ml of lysis buffer
at pH 9.1 (11). The yield of covalently closed circular
(CCC) DNA was measured after addition of 0.1 ml of
the resuspended cells to 0.05 ml of 1% sodium dodecyl
sulfate in 0.8M NaOH (10), which had been previously
layered on top of an alkaline sucrose gradient. Each
gradient consisted of 4.1 ml of 5 to 20% (wt/vol)
sucrose in 0.7 M NaCL 0.3 M NaOH, and 0.01 M
ethylenediaminetetraacetic acid on a 0.25-ml shelf of

TABLE 1. Bacterial strains
Strain Plasmid Relevant genotypea Derivation

BW40 tdk-l uvrB5 tsx-33 rpsL31 (30)
BW67 dnaB70 deoA deoC tdk tax rpsL Collrb From BW58 poLAU (29)
BW68 dnaB70 thyA deoB deoC tax rpsL Co01r From BW56 poLA+ (29)
BW69 dnaB70 thyA deoB deoC A(chA-uvrB-bio) tsx From BW68

rpsL Co01r
BW70 dnaB70 thyA deoB deoC A(chLA-uvrB-bio) tax From BW69

1psE12 ColW
BW72 Colldrd-1 tdk-1 uvrB5 rpsL31 rpoB CoWr From BW51 (29)
BW73 Colldrd-1 thyA deoB uvrB5 rpsL31 rpoB CoWr From BW50 (29)
BW74 Flack thyA deoB uvrB5 rpsL31 rpoB From BW50 (29)
BW76 R144drd-3 tdk-1 uvrB5 rpsL31 rpoB CoW From BW51 (29)
a The genotypic symbols are defined in Bac et al. (4). Other markers considered to be redundant to

this work can be found in the references in the last column.
b Phenotypic symbol for colicin I resistance. It is not known whether the mutation is in cir or tonB.
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70% sucrose. The gradients were centrifuged in a Beck-
man SW56 rotor at 200C. Fractions (5-drop) were
collected on 2.5-cm-square pieces of Whatman no. 1
filter paper, which were washed as described previ-
ously (26). The more slowly sdimenting DNA was
analyzed by adding 0.1 ml of cells in lysis buffer to
0.1 ml of alkline sodium dodecyl sulfate layered on
top of a 12.5-ml 5 to 20% alkaline sucrose gradient
above a 0.7-ml shelf. These gradients were centrifuged
in a Beckman SW40 rotor at 20°C. Fractions (10-drop)
were collected on 2.5-cm-diameter circles of Whatman
no. 3 filter paper. Marker plasmid DNA was isolated
as CCC DNA from an appropriate strain. The cells
were lysed, using lysozyme and Sarkosyl, and CCC
DNA was isolated by equilibrium centrifugation in
CsCI-ethidium bromide (26).

RESULTS
Effect of rifampm on conj#gational DNA

synthesis. Colldrd-1 donors, which were defec-
tive in thymine incorporation due to a mutation
at tdk, were mated with thymine-requiring dnaB
recipients at 430C to measure conjugational syn-
thesis of plasmid DNA in the recipients. Rifam-
pin-restant donors, mutant at rpoB, were used
in these experiments to minimize the effects of
the drug on the expression of functions required
for plasmid transfer. Figure 1 shows that addi-
tion of rifampin to the mating stimulated the
amount of conjugational DNA synthesis; after
1 h, about four times more [14C]thymine had
been incorporated in the treated mating than
in the control, in agreement with previous data
(29). When the parental cultures were incubated
separately in this type of experiment, they in-
corporated about 150 cpm/ml in 1 h. Thus about
85% of the counts incorporated at 60 min in the
control and at least 95% of those in the treated
mating can be attributed to the synthesis of
plasmid DNA in the recipients.
The line of data at the top of Fig. 1 indicates

the percentage of the recipients that had ac-
quired at least one copy of the plasmid at differ-
ent times in such a mating.
One interpretation of the enhanced conjuga-

tional DNA synthesis is that rifampin increased
the amount ofDNA transferred. This hypothesis
was tested by adding phage T6 at a high multi-
plicity of infection to half of the treated mating
at 30 min in order to lyse the T6 donors. The
addition of T6 abruptly stopped [14C]thymine
incorporation (Fig. 1). This shows that the pres-
ence of intact donors was essential for the rifam-
pin-induced stimulation of DNA synthesis in
the recipients, and it implies that the stimulation
reflects increased DNA tnsfer. In contrast to
the ifampin-treated mating, incorporation of
[14C]thymine continued to increase slowly after
addition of T6 to the control mating.
To determine the duration of conjugational

DNA synthesis in this experimental system, the
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FIG. 1. Kinetics of[f4CJthymine incorporation into

Ri'udnaB recipients mated with ColIdrd-1 donors in
the presence (0) or absence (0) of20) pg of rifampin
per ml. BW72 was mated with BW68 at 430C. At 30
min, 2-mi volumes of the matings were diluted into 2
ml ofSGC containing f'4CJthymine and either 4.3 x
1011 T6phage particles, UVirradiated with 120 JIm2
(4 +Rif; A, -Rif), or T2 adsorption buffer (0, +Rif;
0, -Rif). The counts incorporated after 30 min have
been doubled to allow for the dilution. The % Cib+
values indicate the percentage of recipients that had
acquired the plasmid at 0, 10, 20, 30, 40, and 60 min
in such a mating. These values were obtained in an

interrupted-mating experiment. After interruption,
the donors were eliminated by the addition of T6,
and the recipients were incubated on nutrient agar
at 30WC to allow formation of colonies. Each value
was obtained by scoring about 350 colonies for the
Cib` (colicin lb-producing) phenotype (29).

basic experiment described in Fig. 1 was re-

peated, but for a longer mating period. Incor-
poration of ['4C]thymine ceased in both the ri-

100
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fampin-treated and control matings at about 100

min. The rifampin-induced stimulation of con-
jugational DNA synthesis at 100 min was 5.5
times.
The recipients used in these experiments were

Rif', whereas the donors were Rifr. These prop-
erties suggest that the drug enhanced conjuga-
tional DNA synthesis by inhibiting the action
of RNA polymerase in the recipients. In confir-
mation, it was found that rifampin had little
effect on conjugational DNA synthesis if both
parents were Rifr. When a Rifrmutant ofBW68
was mated with BW72, the amounts of [14C]-
thymine incorporated in 60 min in the control
and treated matings were 869 and 1,133 cpm/ml,
respectively.

Effect of rifampin on DNA transfer. The
effect of rifampin on DNA transfer was mea-
sured directly by labeling the DNA of thymine-
requiring Rif' donors and mating them with tdk
Rif'recipients. After 60 min, the T6 donors were
lysed by the addition of phage T6, and the
exposed DNA was removed by treatment with
deoxyribonuclease and washing. The amount of
radioactivity remnining after the selective lysis
of the donors reflects the amount ofDNA trans-
ferred to the T6rrecipients. The presence of the
dnaB70 allele in the recipients was inessential
in this experiment, but it was included to make
the strain as isogenic as possible with the recip-
ients described in Fig. 1.
The total amount of DNA transferred was

measured with donors that were grown both
before and during mating in the presence of
[14C]thymine, and it is shown in Table 2 (lines
1-3) in the form of radioactivity resisting T6

lysis. Addition ofrifampin to the mating mixture
was found to quadruple the total amount of
DNA transfer, the data being in good agreement
with the amounts of conjugational DNA synthe-
sis shown in Fig. 1.
To determine whether rifampin enhances the

transfer of preexisting plasmids or DNA made
during the mating, the experiment was repeated
with donors that were grown in [14C]thymine
either before or during mating. Although rifam-
pin doubled the amount of preexisting DNA
that was transferred (Table 2, lines 4 and 5), it
enhanced the transfer of DNA that was made
during the mating by about eight times (Table
2, lines 6 and 7). Thus, the drug primarily affects
transfer by promoting the transmission of DNA
made during the mating period.

Effect of streptomycin on conjugational
DNA synthesis. Rifampin may enhance Coil
DNA transfer by inhibiting the synthesis of
RNA required for protein synthesis. This possi-
bility was examined by determining the ef-
fect of streptomycin (Str) on conjugationalDNA
synthesis in matings ofStr'donors and Str'recip-
ients. The recipient strain was descended from
the same strain that was used in the mating

involving rifampin. The results in Fig. 2 show
that the presence of 100,ug of streptomycin per
ml doubled the amount of conjugational DNA
synthesis in a 60-min mating, but 50 or 30 pg/ml
had a progressively greater stimulatory effect.
The recipients were incubated in the presence
of the drug for 15 min before mating, because
the lowest concentration of streptomycin used
gradually inhibited protein synthesis over about
30 min. When BW70 was incubated at 33°C in

TABLE 2. Effect ofrifampin on the transfer of ColI to dnaB recipients-
cpm/ml

Labelingprocedure RII~~iII No. ofexptTrnfr((LAroml) Mating (M) Control (C) Transfer (M
- C)

Before and during mating 0 2 1,169 8 1,161
120 1 4,484 100 4,384
200 2 4,585 2 4,583

Before matinge 0 2 738 2 736
200 2 1,461 0 1,461

During matingc 0 1 347 30 317
120 1 2,542 30 2,512

aBW73 was mated with BW67 for 1 h at 43°C. The amount of trichloroacetic acid-precipitable radioactivity
was determined after selective lysis of the donors. The controls consisted of the parental cultures incubated
separately for 1 h and then mixed immediately before lysis of the donors.

b The donors were incubated in the presence of ['C]thymine for three to four mass doublings. Immediately
before mating, they were sedimented and then resuspended and mated in SGC containing 50ug ofnonradioactive
thymine per ml.

C The donors were grown before mating in the presence of nonradioactive thymine. ['4C]thymine was added
to the mating mixture.
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FIG. 2. Kineticsof[f4CJthymine incorporation into

Str' dnaB recipients mated with ColIdrd-1 donors in
the presence of various concentrations of streptomy-
cin. BW72 was mated with BW70 at 430C. The con-

centrations of streptomycin (micrograms per mili-

liter) wuere: 0, 0, 0, 30; A, 50; O, 100.

30 ug of streptomycin per mL ["4C]leucine incor-
poration into trichloroacetic acid-precipitable
material in the period equivalent to mating (15
to 75 min after the addition of the drug) was
9% of the value for the untreated control.
Comparison of the data in Fig. 1 and 2 shows

that the stimulatory effect of rifampin on con-

jugational DNA synthesis can be reproduced
using 30 pg of streptomycin per mL This implies
that both drugs enhance DNA transfer by in-
hibitng the synthesis of one or more proteins
in the recipient.
Inhibition of transcription of the chro-

mosome in the recipients. Bacteria, defective
in DNA repair by the excision process (uvr) and
extensively irradiated with UV, retain the ability

to act as recipients in mating (9, 12, 29). The
damaged DNA is an unsuitable template for
RNA synthesis. For example, exposure of BW69
to 400 J of UV per m2 reduced [ 4C]uracil incor-
poration into trichloroacetic acid-precipitable
material in a 2-min pulse to about 1% of the
unirradiated control value. Such irradiated cells
can still support the synthesis of proteins speci-
fied by undamaged plasmid or phage DNA in-
troduced after irradiation (9, 14). Use of irradi-
ated recipients therefore provides a system for
determining whether rifampin treatment en-
hances transfer by affecting the expression of
plasmid rather than bacterial genes; if the drug
causes increased transfer by inhibiting transcrip-
tion of the immigrant plaid, it should still
enhance transfer to iradiated cells.
Table 3 shows that rfampin enhanced DNA

transfer by more than four times when ColIdrd-
1 donors were mated for 60 min with excision-
defective recipients, UV irTadiated with 400
J/m2. The matings were incubated at 43 and
37°C to ensure that the effect of the drug was
temperature independent. Thus these results,
showing ehanced transfer to rifampin-treated,
irradiated recipients, imply that inhibition of
synthesis of plsmid-specified products in newly
infected recipients allows plasmid transfer to
continue.
Effect of rifampin on Flac transfer. Inhi-

bition of gene expression in newly formed trans-
conjugants may allow increased transfer of other
types of conjugative plasmid. This was investi-
gated by determining the effect of rifampin on
Flac transfer to irradiated RiP recipients. The
results (Table 3) show that the drug increased

TABLE 3. Effect of rifampin on plasmid transfer to
UV-irradiated dnal Rif recipiente

cpm

Plasmid Temp transferred/ml +Rif/(CI) -Rif
-Rif +Rif

Colldd.lb 43 924 4,134 4.47
37 518 2,270 4.38

Flacc 37 456 542 1.19
- In all mating the recipients were UV irradiated with 400

J/m2, and the DNA in the donors was labeled before and
during mating with ('4Cjthymine. Counts tranderred were
measured after selective lysis of the donors. The data have
been corrected to allow for the radioactivity resisting T6 lysis
in the control experiments (about 60 cpm/ml). In these con-
trols, the parental cultures were incubated separately for 1 h
and were then mixed immediately before selective lysis of the
donor
bBW73 was mated with a colicin-resistant mutant ofBW40

for 1 h at either 43 or 37°C. Each line contains the values
derived in a single experiment. Rifampin was added to give
200 pg/ml.

c BW74 was mated with BW40 for 1 h at 37°C. The data
are the average of five separate experiments. Rifampin was
added to give 140 lAg/ml.
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transfer, as measured by the amount of radio-
activity resistant to T6 lysis, by about
20%. The values obtained in the five experiments
ranged from a reduction in transfer of 12% to
an increase of 41%. These results show that
rifampin treatment of recipients has little or no
effect on Flac transfer, in marked contrast to
matings involving Col.
The concentration of rifampin used is consid-

ered to be suitable for maximizng any effect of
the drug on Flac transfer. This was detennined
with the technically simpler system ofmeasuring
conjugational DNA synthesis in irradiated dna+
recipients (29). The slight rifampin-induced in-
crement of synthesis detected in such matings

(29) was not significantly altered by decreasing
the concentration of the drug from 140 to 35
,ug/ml (unpublished data).
UV irradiation of BW40 recipients curtails

their capacity to receive Flac, a dose of 400
J/m2 reducing by about 50% the amount ofDNA
transferred in a 60-min mating (B. M. Wilkins
and S. E. Hollom, unpublished data). Thus a
potential rifampin-induced increase of Flac
transfer may never develop if the recipients are
irradiated. To examine this possibility, the Flac
matings described in Table 3 were repeated with
unirradiated BW40 as recipients. Rifampin
treatment of these undamaged bacteria again

failed to cause a marked increase of Flac trans-
fer, the average number of counts per minute
transferred per milliliter in two separate experi-
ments was 1,046 and 1,589 for the control and
treated matings, respectively.
Effect of rifampin on matings mediated

by a second Ia plasmid. Although rifampin
treatment of recipients quadrupled transfer of
Coldrd-1, it only slightly increased the trans-
mission of Flac. However, the uhenomenon of
enhanced transfer is not restricted to CoilI-me-
diated matings because a 3.9-fold increase of
conjugational DNA synthesis was detected in
rifampin-treated dnaB recipients mated with
donors of another Ia plasmid, R144drd-3. When
BW76 was mated with BW68 in three experi-
ments similar to that described in Fig. 1, the
average amount of ['4C]thymine incorporated in
the untreated dnaB recipients was 1,509 cpm/ml
at 60 min. An average of 5,856 cpm/ml was
incorporated into the rifampin-treated recipi-
ents.
Sedimentation properties of the trans-

ferred DNA. The sedimentation properties of
the transferred ColI DNA were examined in
alkaline sucrose gradients to determine whether
the increased transfer to rifampin-treated recip-
ients was associated with the appearance of
novel species of plasmid DNA. Thymine-requir-
ing Cofldrd-1 donors were labeled before and

during mating with tdk dnaB recipients. After
mating, the donors were selectively lysed with
phage T6. The washed recipients were then
lysed in alkaline sodium dodecyl sulfate on top
of alkaline sucrose gradients. pLG205 DNA was
added to the gradients as a marker to indicate
the expected sedimentation position of dimeric
molecules. pLG205 is a ColIb-prime plasmid
carrying E. coli K-12 DNA. Its molecular weight,
as judged by sedimentation in neutral sucrose
gradients, is about 1.2 x 108 (M. I. Sedgwick,
unpublished data). This is approximately twice
the molecular weight of ColIb, which is reported
as 6.2 x 107 (7; Sedgwick, unpublished data).
The transferred DNA from the untreated

mating was found in two approximately equal
peaks when centrifuged for a short period (Fig.
3). The rapidly sedimenting material can be
identified from the sedimentation pattern of the
markers as CCC monomeric units. The majority
of the more slowly sedimenting material cosed-
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FIG. 3. Sedimentation analysis oftransferred ColI
DNA to detect the presence ofCCC mokculs. BW73
was mated with BW67 for 1 h at43C in thepresence
(0) or absence (0) of200 pg of rifampin per ml. The
DNA in the donors was labeled with f14CJthymine
both before and during the mating. After selective
lysis of the donors, the washed recipients were lysed
in alkaline sodium dodecyl sulfate (SDS) on top of
4.1-ml allealine sucrose gradients. Thegradients were
centrifuged for 37 min at 30,000 rpm. The direction
of sedinentatin was from right to left. The arrows
refer to the fractions containing peaks of rapidly
sedimenting, labeled DNA when ColI and pLG205
DNA, isolated as CCC material, were sedimented
accordingly. Sedimentation rates cannot be calcu-
lated from these gradients because the SDS on the
gradients reduced the volume of the drops corre-
sponding to the top 10 fractions.
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imented with monomenc single strands of Coll
marker.
The transferred DNA isolated from the rifam-

pin-treated recipients gave the same two peaks,
but the fraction of label in CCC DNA was less
than in the control. The difference in the relative
amounts of CCC DNA is attributed to experi-
mental variation. The difference does not reflect
inability of the recipients to cicularize the extra
transferred DNA in rifampin-treated matings,
because when the experiment was repeated with
donors labeled solely during mating, the size of
the two peaks was equaL These results therefore
show that rifampin does not inhibit the conver-
sion of the transferred DNA into CCC mole-
cules. Furthermore, the drug does not promote
the formation of detectable amounts of cova-
lently closed dimeric circles.
The homogeneity of the more slowly sedi-

mentng transferred DNA was investigated by
longer centrifugation of the lysates (Fig. 4). The
radioactivity at the bottom of the gradients is
assumed to be in CCC DNA. The majority of
the remaining labeled material was found in two
peaks. These can be identified from the sedi-
mentation positions of the marker DNA as cir-
cular and linear single-stranded monomenc
units of ColI. There is little accumulation of
high-molecula-weight species in the rifampin-
treated recipients. Thus the procensing of the
incoming DNA appears to be normal in the
presence of the drug.

DISCUSSION
The conjugational synthesis of ColI DNA de-

tected in dnaB recipients predominantly reflects
the conversion ofthe transferred DNA into dou-
ble-stranded material. This is indicated by the
correspondence between the amount of DNA
transferred from the defined donor strain (Table
2) and the extent of the synthesis in the recipi-
ents (Fig. 1). Thus, measurement of conjuga-
tional DNA synthesis can be used as a relatively
simple, but indirect, method for estimating DNA
ransfer. The resolution of the method is limited
by the degree to which the transonjugants be-
come active donors as the mating proceeds. The
relative importance of such secondary transfer
will be amplified by measuing conjugational
DNA synthesis, because the transconjugants,
being mutant at thyA, will incorporate thymine
into the DNA synthesized to replace the trans-
ferred strands. The slight increase in thymine
incorporation after T6 lysis of the defined tdk
donors in the control mating in Fig. 1 suggests
that a anall fraction of the plasmid transconju-
gants do become active donors in a 1-h mating.

Transcription of an F-like R plamid is asym-
metric and occurs on the same strand of DNA
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FIG. 4. Sedimentation analysis oftransferred Coil
DNA to characterize the linear molecules. The pro-
cedure was the same as that for Fig. 3, except that
the matings were for 45 min and 12.5-mi gradients
uere used. The latter uere centrifuged for 3 h at
35,000 rpm. The arrows refer to the fractions contain-
ig peaks of radioactivity when Coil and pLG205
DNA were sedimented accordingly. Each reference
pkiasid gave two peaks, which are assumed to cor-
respond to circular (C) and linear (L) single-stranded
DNA (23).

as that transferred during mating (27). This
raises the possibility that conjugational synthe-
sis of plasmid DNA, which differs from vegeta-
tive replication in lacking a requirement for
dnaB product, requires plasmid-specified func-
tions that are encoded in the transferred strand
and expressed in the recipient. In the case of
Coil, this possibility is ruled out by the obser-
vation that conjugational synthesis in the recip-
ient is reistant to rifampin.
The most stiking effect of rifampin on con-

jugational synthesis of Coil DNA is the fourfold
stimulation detected when Rif donors were
mated with RiP recipients (Fig. 1). This stimu-
lation was caused by enhanced transfer from
the donors, which amounted at 60 min to about
seven single-stranded equivalents of Coil per
recipient cell. This calculation is based on the
data for conjugational DNA synthesis at 10 and
60 min in the untreated mating in Fig. 1. At 10
min, 52% of the recipients had received at least
one copy of the plasmid and 340 cpm/ml had
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been incorporated into DNA synthesized as a
result of mating.
Streptomycin treatment of the recipients also

increased conjugational synthesis of Col DNA,
presumably by enhancing the amount of trans-
fer. The magnitude of the increase was inversely
related to the streptomycin concentration (Fig.
2). The basis of this relationship is not under-
stood. It may reflect damage to the ceil mem-
branes of the sensitive bacteria (3), resulting in
loss of ability of the recipients to maintain effec-
tive unions with the donors. However, the quad-
rupled conjugational synthesis detected when
the recipients were treated with 30 ,ug of strep-
tomycin per ml clearly suggests that enhanced
transfer results from the inhibition of synthesis
of at least one species of protein in the recipient.
In a normal untreated mating, this protein,
which is synthesized in the newly infected recip-
ients, must limit the amount of DNA transfer.
The results of the experiments with UV-irradi-
ated recipients (Table 3) imply that the protein
is specified by the incoming plasmid rather than
the bacterial chromosome. Specification of such
a transfer-limiting function may be a general
property of Ia plasmids, because rifampin treat-
ment of dnaB recipients also resulted in about
a fourfold increase of conjugational DNA syn-
thesis in matings mediated by R144drd-3.

Elucidation of the mode of action of such a
protein will probably require the isolation of
transfer mutants of Ia plaids. Because the Ia
plasmnids have not been well studied genetically,
we examined whether or not a similar protein
is active in limiting DNA transfer in F-mediated
matings. The results show that rifampin treat-
ment of recipients only slightly increased the
amount of Flac DNA transferred, in marked
contrast to Colldrd-I or R144drd-3. The present
data are consistent with previous measurements
of conjugational synthesis of Flac DNA in irra-
diated dna+ recipients, which showed a 56%
stimulation of synthesis in rifampin-treated re-
cipients (29). The rifampin-induced increase of
Flac transfer, which reached a maximum of
about 52% when unirradiated recipients were
used, is considered to be too small to allow
exploitation of existing F mutants to analyze its
nature.
A clue to the role of the Col-specified protein

is provided by the observation that rifampin
treatment doubled the amount of transfer of
DNA that existed in the donors before mating
(Table 2). This implies that only half of the
preexisting plasmids had the opportunity to
transmit DNA in a normal untreated mating.
The protein therefore seems to limit transfer by
destroying the competence of the newly formed
transconjugants to act as recipients. Its activity

is detectable in a population of recipients within
10 to 15 min of mating (Fig. 1 and 2).
The mode of action of the protein is unknown.

It is possibly involved in surface or entry exclu-
sion. This property of plasmid-containing cells
reduces their ability to act as recipients in mat-
ings with bacteria harboring the same or a re-
lated plasmid (20). This possibility is open to
the criticism that whereas the effect of rifampin
on F and ColI transfer differs, both plasmids
cause efficient exclusion in established strains
(19, 20). Resolution of the possibility may re-
quire the isolation of a transfer-proficient, exclu-
sion-defective mutant of an Ia planid and an
understanding of the mechanism and kinetics of
expression of exclusion in F and Iai plasmid
transconjugants.

Conversion oftransferred Coil DNA into CCC
monomeric molecules occurred in rifampin-
treated recipients, indicating that the process is
not interrupted if the synthesis of plasmid-spec-
ified products is inhibited in the newly formed
tranconjugants. The same conclusion has been
reached for F (15). The reactions involved in
circularization are not understood. The rolling-
circle model (13) provides an appealing expla-
nation because circular molecules might be gen-
erated from high-molecular-weight intermedi-
ates by recombination within the repeated re-
gions (22). Evidence suggesting the existence of
such intermediates in 40-min matings involving
F has been given (18, 22). However, DNA of
unusually high molecular weight did not accu-
mulate in 45-min, CoilI-mediated matings (Fig.
4), even in rifampin-treated recipients which, it
is calculated from the data in Fig. 1, had received
the equivalent of at least five single strands of
the plasmid. Fenwick and Curtiss (10) likewise
failed to detect abnormally large molecules of
transferred DNA in minicelLs mated with donors
of another Ia plmid. It seems probable, there-
fore, that transfer of la plasmids involves the
transmision of defined lengths of DNA, which
are basically of monomeric length.
Two models for the circularization of essen-

tially monomeric strands of transferred DNA
have been proposed (8). Both involve a degree
of terminal redundancy in the transfenred
strand. However, circularization of precise mon-
omeric lengths could occur if the transferred
DNA contains two pairs of inverted complemen-
tary sequences. These might allow circulariza-
tion before synthesis of the complementary
strand by the scheme proposed for the closure
of the viral strand of single-stranded phages
(Fig. 8-18 in reference 16). Alternatively, one
pair of sequences might promote the synthesis
of the complementary strand and the other the
formation of terminal redundancy by a scheme
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involving the principles ofthe model of Cavalier-
Smith (6).
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