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ABSTRACT Strain OU122, a dnaB mutant of HfrH
which stops vegetative DNA synthesis immediately when the
temperature is shifted to 430, was mated at 430 with mini-
cells with and without 1 mM Zn2+. Synthesis of DNA was de-
tected in the mating mixture containing minicells derived
from either F-X925 or F+X1115 cells, but only a small
amount was detected in the mixture containing 1 mM Zn2+
which inhibits the formation of mates (previously called mat-
ing pairs). The supernatant liquid from cell cultures did not
induce DNA synthesis, suggesting that DNA synthesis was
not stimulated by diffusible molecules. Additional experi-
ments showed that Zn2+ inhibited DNA synthesis associated
with DNA transfer but did not inhibit the DNA transfer that
had already been initiated. Thus, the stimulation of DNA
synthesis observed required physical interaction of cells and
F pili. Reisolated minicell exconjugants derived from the
cross OU122 X FX925 minicells were shown to contain
transferred DNA in contrast to either the cross OU122 X
F-X925 minicells in 1 mM Zn2+, or the cross OU122 X
F+X1115 minicells. Thus, F+X1115 minicells retained the
property of surface exclusion at 43°.

As it begins to mate with a recipient bacterium, a male
Escherichia coli cell prepares to transfer DNA in response to
some kind of a signal from it. Such signals might be trans-
mitted through F pili, which are hair-like appendages pro-
duced by the sex factor F (1). Alternatively, wall-to-wall
contacts (2, 3), which might be formed by retraction of the
connecting F pili (4, 5), might be required in order to result
in a signal for DNA transfer.
One effect of such a signal is to lead to the synthesis of

DNA associated with DNA transfer (transfer replication).
Jacob et al. (6) suggested that concurrent DNA synthesis in
the donor is necessary during DNA transfer, and arguments
for and against this hypothesis have been made in recent
years (for a review, see ref. 7). One approach to this problem
is to use temperature-sensitive DNA mutants. Using such
mutants, the dnaB- mutants of HfrH and F- which are un-
able to synthesize DNA vegetatively at the restrictive tem-
perature (42°), Bonhoeffer (8) observed that recombinants
were produced even when matings were performed at 420.
This was taken to mean that DNA synthesis in the donor is
not required for DNA transfer. On the other hand, when
Bresler et al. (9) directly measured DNA synthesis in the
mating mixtures of the thermally sensitive Hfr and F-
strains isolated by Bonhoeffer, they found that DNA was
synthesized in the mating mixture at 43°. By crossing donors
and recipients that were identical temperature-sensitive
strains except for the F'lac+ factor harbored in the donor,

Marinus and Adelberg (10) confirmed the observation of
Bresler et al. that DNA transfer did occur at the restrictive
temperature and that DNA synthesis occurred during mat-
ing. Subsequently, Vapnek and Rupp (11), who analyzed sex
factor DNA after mating with heat-stable recipients, and
Curtiss et al. (12), who used minicells derived from thermo-
sensitive strains for mating, showed that DNA synthesis oc-
curred in the heat-sensitive male cells during mating. Vap-
nek and Rupp (11) further showed that DNA was synthe-
sized in the male to replace the heavy strand of sex factor
DNA that had been transferred to the recipient. These ex-
periments all suggested that DNA transfer is accompanied
by DNA synthesis in the donor. Recently, Sarathy and Siddi-
qi (13), using a dnaB mutant of HfrH (dnaB-, thy-),
showed that DNA synthesis did occur in the donor in the
mating mixture containing thymine, whereas when the
donor was starved for thymine, DNA was transferred with-
out apparent DNA synthesis in the donor. Their finding
strongly suggests that DNA synthesis induced by mating is
not required for DNA transfer and merely occurs in order to
form a complementary strand of donor DNA to replace the
strand that has been transferred to the recipient. In other
words, transfer of DNA can be independent of the DNA
synthesis (transfer replication) that is normally triggered by
mating. Under conditions suitable for DNA synthesis, the
detection of transfer replication can be used as a sign of mat-
ing, i.e., an indication of whether or not the donor receives a
mating signal. In this way, we wish to discover whether a
mating signal is transmitted to donor cells under various
conditions of culture and in mixed cell cultures with various
types of potential recipient strains (F- and F+).

It is known that male cells growing exponentially are poor
recipients of DNA transferred from donor cells. This phe-
nomenon has been termed surface exclusion (or entry exclu-
sion) (14, 15). It has been shown that the presence of F pili
on the recipient is not the cause of surface exclusion (16).
One possible mechanism for surface exclusion is that male
cells may fail to interact with each other to form mates (14).
(The term "mate" was used instead of "mating pair," since
examinations with a Coulter Counter have shown that in ad-
dition to pairs, many aggregates of cells were formed) (ref.
17; Ou, unpublished results). However, using the Coulter
Counter, it has been shown that the formation of mates be-
tween male cells does occur but is prevented by the presence
of 10-3 M Zn2+ (17) or of the filamentous DNA phage, fl
(18). It therefore seemed possible that surface exclusion
might result from the failure of the signal for transfer repli-
cation to be generated by the contact between a donor and
an F+ recipient. This can now be determined by measuring
the occurrence or nonoccurrence of transfer replication in a

* This paper was presented in part at the 13th International Con-
gress of Genetics, The University of California, Berkeley, Califor-
nia, 20-29 August 1973.
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cross evincing surface exclusion, such as the cross of an Hfr
by minicells from an F+ strain.
To study these phenomena, the mating system involving

temperature-sensitive donor cells and minicells used by Cur-
tiss et al. (12) was used. Minicells derived from either F+ or
F- cells were used as recipients in crosses with the HfrH
strain that is temperature-sensitive in DNA synthesis
(dnaB-) at the restrictive temperature, 430. Both the syn-
thesis and the transfer of DNA to recipients were measured.
Minicells are produced by an abnormal cell division and
contain no detectable DNA or F pili (19). Since it has been
well established that a single strand of preexisting DNA is
transferred to receptor cells (16, 20-22), Hfr cells whose
DNA had been labeled with [3H]thymine were used as do-
nors in measurements of the amount of DNA transferred
into minicells. Such experiments suggest that: (a) a mating
signal is generated by a cell to cell contact and seems to be
transmitted through an F pilus, (b) DNA synthesis associated
with DNA transfer occurs in the male when mated with ei-
ther (F-) or (F+)-minicells, (c) after mating, (F-)-minicells
contain transferred DNA, but (F+)-minicells do not (surface
exclusion), (d) 1 mM Zn2+ inhibits transfer replication but
not DNA transfer, and thus (e) DNA synthesis and DNA
transfer are independent events.

MATERIALS AND METHODS
All bacterial strains are derivatives of E. coli K12. Strain
OU122 (supplied by F. Bonhoeffer) is a temperature-sensi-
tive DNA mutant of HfrH (8) which stops DNA synthesis
immediately when the temperature is raised to 43°. Its ge-
notype is thy- thi- and dnaB-70 (23). Strains F X1115 and
F-X925 (supplied by R. Curtiss) are minicell-producing bac-
teria and both have the following chromosomal genotypes:
thr- ara- leu- azi- ton- lac- minA- gal- X- th- minB-
mal- xyl- mtl- str-. The genotype and phenotype of strain
F-W1-3 have been described (17).

Nutrient broth of composition previously described (24)
was routinely used for growing cells and matings. M9 syn-
thetic medium has also been described (24). Sucrose solution
was made in M9 medium.

Minicells were prepared essentially by the method of
Sheehy et al. (25). Briefly, exponentially-growing minicell-
producing bacteria (about 4 X 108 colony-forming cells per
ml) were centrifuged at 3000 rpm in a Sorvall GS-3 rotor for
5 min to eliminate most large cells in the culture. The super-
natant was then centrifuged in the same rotor at 9000 rpm
for 20 min, and the pellets (mostly minicells) were resus-
pended in 6 ml of broth. This minicell suspension was
layered on a 5-20% linear sucrose gradient and centrifuged
at 5000 rpm for 20 min in a Beckman SW27 rotor in a Beck-
man L3-50 ultracentrifuge. The minicell suspension was col-
lected with a pasteur pipet and pelleted in a Sorvall SS-34
rotor at 15,000 rpm for 20 min. The pellets were again run
through the above purification procedure, beginning from
sucrose gradient centrifugation, and then finally suspended
in broth and used for mating. The isolation procedures were
carried out at 40. The final concentration of minicells was 1
to 5 X 1010 minicells per ml, measured in a Petroff-Hausser
bacteria counting chamber in a phase microscope. The con-
centration of contaminating viable cells was only 1 to 10 X
103 cells per ml, as measured by colony forming ability on
nutrient plates.

Matings at a ratio of 1 male to 100 minicells were per-
formed for 90 mi in a water bath with gentle shaking at
430. For the determination of DNA synthesis during mating,

the following procedure was used. Strain OU122 was grown
to about 4 X 108 cells per ml in broth with unlabeled thy-
mine (40 ,g/ml) at 300. The culture was then washed to
eliminate thymine and resuspended in warmed broth (430)
without added thymine. [3H]Thymine (53.2 Ci/mmol, New
England Nuclear) was then added to both Ou122 and mini-
cell cultures to a final concentration of 1 uCi/ml. Twenty
minutes later, male cells and minicells were mixed. Samples
were withdrawn periodically, and the incorporation of
[3H]thymine into cold trichloroacetic acid-insoluble material
was determined.
Our determination of the transfer of the preexisting

strand of DNA into minicells was carried out as follows.
OU122 cells grown to about 4 X 108 cells per ml at 300 in
broth which contained [3H]thymine (1 ,Ci/ml) were
washed to get rid of any remaining free [3H]thymine. The
cells were then resuspended in warmed broth (430) and im-
mediately mated with minicells in broth which contained 40
,ug/ml of unlabeled thymine or 0.5 ,ug/ml of [14C]thymine
(47 gCi/mmol, New England Nuclear) in some cases. After
90 min of gentle shaking, the mixture was mechanically
blended to interrupt mating and immediately subjected to
two centrifugations in a 5-20% linear sucrose gradient as de-
scribed above to purify the minicell fraction. Its content of
[3H]thymine (and ['4C]thymine) was then measured as cold
trichloroacetic acid (10%)-precipitable material.
To measure the [3H]thymine incorporation, samples (0.1

ml) were added into cold (0°) 10% trichloroacetic acid con-
taining 100 ,ug/ml of unlabeled thymine. After 15-20 min,
the samples were collected on 0.45 ,um pore size Millipore
filters and washed five times with cold 10% trichloroacetic
acid which contained 100 ,ug/ml of thymine, five times with
95% ethanol, and five times with cold 10% trichloroacetic
acid. The filter was thoroughly dried and placed in a vial
containing 5 ml of toluene/Liquifluor. Radioactivity was de-
termined in a scintillation counter.

RESULTS
Stimulation of DNA synthesis at 430 in the cross
OU122 X FX925 minicells
The matings listed in Fig. 1 were carried out to see whether
contact between OU122 cells and minicells induces DNA
synthesis in the donor, and if it does, what kind of contact is
necessary for the initiation of DNA synthesis. Twenty min-
utes before mating, 1 gCi/ml of [3Hjthymine (final concen-
tration) was added to the OU122 culture. The warmed (430)
minicell suspension containing 1 ,uCi/ml of [3H]thymine was
then mixed with OU122 cells with and without the addition
of 1 mM Zn2+, and samples were withdrawn periodically to
measure the incorporation of [3H]thymine into trichloroace-
tic acid-insoluble material. As shown in Fig. 1, as soon as
minicells and OU122 cells were mixed without 1 mM Zn2+,
3H counts in the cold trichloroacetic acid-insoluble fraction
began to increase, whereas the controls, minicells and
OU122 alone, showed little [3H]thymine incorporation. The
mating mixture, which contained 1 mM Zn2+, showed a
small increase initially and quickly leveled off in the incor-
poration of [3H]thymine into cold trichloroacetic acid-insol-
uble fraction.
The above results could be obtained if the recipient cells

produce and release into the medium some diffusible mole-
cule(s) that may stimulate DNA synthesis in the donor. This
possibility was tested by adding OU122 cells to the superna-
tant of the recipient culture and measuring DNA synthesis.
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FIG. 1. Initiation ofDNA synthesis in the mating mixture of OU122 cells and minicells. [3H]Thymine (1 1ACi/ml) was added to broth cul-

tures of OU122 cells and minicells as soon as the temperature was raised to 43°. Twenty minutes later they were then mixed with or without
the addition of 1 mM Zn2+ at a ratio of 1 male to 100 minicells, and the mixtures were gently shaken. Periodically, samples (0.1 ml) were
taken and mixed with 1 ml of cold 10% trichloroacetic acid. After 15-20 min the samples in trichloroacetic acid were collected on 0.45 'm
Millipore filters, washed, and measured for the incorporation of [3H]thymine, as described in Materials and Methods.

No detectable DNA synthesis was observed from this mix-
ture.

Another question is whether the DNA synthesis indicated
by Fig. 1 might have occurred in the minicells to form the
complementary strand to the transferred single strand of
donor DNA. Cohen et al. (16, 20) have shown that DNA iso-
lated from minicells immediately after mating contained
both single- and double-stranded DNA, and that the fraction
of double-stranded DNA increased upon further incubation
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FIG. 2. Immediate inhibition of DNA synthesis stimulated by
mating by the addition of 1 mM Zn2+ in the mating mixture of
OU122 cells and minicells. Experimental procedures were similar
to those described in the legend of Fig. 1, except that 1 mM Zn2+
was added to one of the mating mixtures at 40 min after mixing
donor and recipient cells.

after mating. To check whether or not DNA synthesis oc-
curred in the minicells during mating, a double labeling ex-
periment was performed. OU122 cells were grown in broth
containing [3H]thymine as described above. The culture was
then washed twice and the cells were resuspended in fresh
medium. Just before mixing at 430, [14C]thymine (final con-
centration, 0.5 ,uCi/ml) was added to all cultures to be used
in mating. In addition to the experimental procedures de-
scribed above, the mating mixtures were vigorously blended
at the end of 90 min of mating and the minicell exconju-
gants were immediately isolated and purified. For the con-
trol minicell portions, immediately after mixing of minicells
and OU122 cells, the mixture was blended and subjected to
the isolation and purification procedures. The concentration
of purified minicells were then measured with a Petroff-
Hausser counting chamber, and the amounts of trichloroace-
tic acid-precipitable 14C and 3H materials were also deter-
mined. The kinetics of [14C]thymine incorporation (DNA
synthesis during mating) into trichloroacetic acid-precipita-
ble material were similar to the ones shown in Fig. 1. On the
other hand, a substantial 3H count (360 cpm/2.2 X 109 mini-
cells) was detected from minicell exconjugants with very
few 14C counts (11 cpm/2.2 X 109 minicells), whereas few
counts of both 14C (10 cpm/2.0 X 109 minicells) and.3H (60
cpm/2.0 X 109 minicells) were detected in the control mini-
cells.
The minicell exconjugants mated in 1 mM Zn2+ were also

analyzed for transferred DNA. As in the control minicells,
few counts were detected for both "4C (9 cpm/2.8 X 109
minicells) and 3H (80 cpm/2.8 X 109 minicells). This elimi-
nates the possibility that there was DNA transfer, while
DNA synthesis was inhibited in the mating mixture with 1
mM Zn2+ in Fig. 1. However, the possibility still remains
that 1 mM Zn2+ might inhibit DNA synthesis, and by so
doing, it inhibits the subsequent DNA transfer. To test the
effect of Zn2+ on DNA synthesis, similar experiments to
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those in Fig. 1 were performed, except that 1 mM Zn2+ was

added after mating was allowed to proceed for a period of
time after mixing. DNA synthesis was stopped immediately
upon addition of 1 mM Zn2+ (Fig. 2). It can also be shown
that chromosome transfer is not dependent on transfer repli-
cation. We have previously shown that upon addition of 1
mM Zn2+ to preformed mates DNA is transferred normally
(17). This observation was also found to be true when the
formation of recombinants was checked in mating at 430 be-
tween the OU122 strain and thermally stable strain, F-W1-
3 (data not shown). Thus, although Zn2+ inhibits transfer
replication (Fig. 2), it does not interfere with the process of
chromosome transfer itself. These results confirm those of
Sarathy and Siddiqi (13).

Stimulation of DNA synthesis at 430 in the cross
OU122 X F+X1115 minicells
In the experiments described in Fig. 1, OU122 cells were

also mated with minicells derived from strain F+X1115 to

see whether these minicells can also induce DNA synthesis
in the donor. Initiation of DNA synthesis is seen as soon as

they were mixed. The rate of DNA synthesis is similar to
that of the mixture of OU122 cells and minicells derived
from F-X925 (Fig. 1). The control, F+X1115 minicell cul-
ture alone, showed little incorporation of [3H]thymine. With
10-3 M Zn2+ in the mating mixture, DNA synthesis was not
stimulated, as in the case of F-X925 minicells (data not
shown).

Transfer of male DNA into minicells at 430

Since, as shown above, (F+)-minicells seem to behave as F-
minicells do in terms of stimulation of DNA synthesis, one

must ask whether at 430 they have lost the property of sur-

face exclusion which (F+)-minicells retained at 370 as Cohen
et al. (18) and Sheehy et al. (25) previously demonstrated.
To test this possibility, [3H]thymine-labeled OU122 cells
were mated to minicells at 430 in broth which contained un-

labeled thymine, and the amount of DNA in minicells was

determined kinetically. As seen in Table 1, only F-X925
minicell exconjugants received DNA, whereas negligible
amounts of DNA were transferred: (a) to F-X925 minicells
mated in the presence of 1 mM Zn2+; (b) to F+X1115 mini-
cell exconjugants; or (c) to control minicells isolated from
mating mixtures that had been blended immediately after
mixing to prevent mating. The small initial increase in
[3H]thymine incorporation shown in the mating mixture of
OU122 and F- minicells containing 1 mM Zn2+ may be the
result of a small fraction of mates formed initially by com-

petition with Zn2+ for the tips of F pili (Fig. 1). The results
show that minicells derived from F+X1115 retain their sur-

face exclusion character at 430.

DISCUSSION
The results of the experiments described here indicate that
(i) DNA transfer does not require transfer replication, con-

firming the finding of Sarathy and Siddiqi (13), and (ii) a

cell to cell contact is required for the generation of a mating
signal, which is responsible for transfer replication and DNA
transfer. The following observations suggest that the F pilus
may be the medium for transmission of this signal. (i) We
have previously shown that DNA can be transferred be-
tween "separate" mates of a mating pair connected by an

invisible thread, presumably an F pilus (24). It seems unlike-
ly, although not unequivocally ruled out, that this separate

mating pair transmitted a mating signal by a cell wall to cell

Table 1. Amount of DNA (3H cpm) detected
in 5 X 108 minicell exconjugants

Crosses 30 min 60 min 90 min

OU122 X F-
X925 minicells 45 450 400

OU122 x F-
X925 minicells
+ 1 mM Zn2+ 40 60 30

OU122 x F+
X1115 minicells 25 10 15

F- X925 mini-
cells* 10 25 35

F+ X1115 mini-
cells* 10 35 15

[3H]Thymine-labeled OU122 cells were mixed at 430 with mini-
cells in broth containing unlabeled thymine (40 ,g/ml), at a ratio
of 1 to 100, and the mixtures were gently shaken. Samples were
withdrawn at 30 min, 60 min, and 90 min after mixing, mechani-
cally shaken vigorously, and submitted to the isolation procedures
as described in Materials and Methods. The amount of DNA in
terms of cold 10% trichloroacetic acid-insoluble material in mini-
cells was then measured. OU122 cells (8 x 106) contained 1.65 x
105 cpm.
* These cells were treated and isolated the same way as the mating
mixtures, except that [3H]thymine-labeled OU122 cells were
added just before the vigorous mechanical shaking.

wall contact, and then separated to transfer DNA. (ii) Zn2+
was shown to inhibit mate formation by acting on the tip of
the F pilus (17, 26). It is not clear whether or not a direct cell
wall to cell wall contact may also be necessary. If the signal
is mediated by F pilus, it seems that these molecules must
then exist on the surface of a female cell required to gener-
ate a mating signal.
The transfer of DNA requires physical contact of the mat-

ing partners, as seen by the greatly reduced amount of DNA
transferred in the (F-)-minicell exconjugants derived from
the mating mixture that contained 1 mM Zn2+. The small
amount of transferred DNA (Table 1) correlates with the
small amount of DNA synthesis observed in the mating mix-
ture with 1 mM Zn2+ (Fig. 1). The amount of DNA received
by the (F-)-minicell exconjugants correlates well with the
amount of DNA synthesized in the donor (Fig. 1 and Table
1). In contrast, minicells derived from F+ cells, even though
they stimulate DNA synthesis (Fig. 1), are unable to receive
transfer DNA. The failure to detect transferred DNA in
(F+)-minicell exconjugants may be due to a rapid degrada-
tion of DNA as the DNA enters minicells. However, this
does not seem to be the case since Khachatourians et al. (27)
and Sheehy et al. (25) found that: (i) the degradation of
transferred DNA in minicells does not exceed 40-50% in 3
hr after mating, (ii) the nature of DNA degradation is ap-
parently the same in all minicells regardless of the source
(whether from F- cells or cells containing plasmids), and
(iii) DNA degradation is an all or none phenomenon. Our
results, therefore, suggest that the surface exclusion dis-
played by minicells derived from F+ cells is due to the in-
ability of these cells to receive transferred DNA although
they are capable of sending a mating signal to the donor
upon mating, as measured by the stimulation of DNA syn-
thesis. In other words, a conjugal mate is required to reach a
stage beyond mating signal generation to become a fully ef-
fective mate.

As we now know, 30-40% of male cells in dense cultures
form clumps in which the cells are connected to each other
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by F pili (17, 18). Yet, as seen in Fig. 1, there is no detect-
able DNA synthesis in the male culture at 43'. These obser-
vations on whole male cells differ from those using F+ de-
rived minicells. In the former case, both the generation of
mating signal and DNA transfer are blocked, while in the
latter case, only the transfer of DNA is inhibited. It is possi-
ble that the male recipient cell may contain other factors,
absent from minicells, which prevent transmission of the
mating signal. However, it is not clear if the parent cells of
(F+) minicells can also stimulate transfer replication in the
donor when mated. If such factors on whole male cells exist,
they may explain the results obtained by Fenwick and Cur-
tiss (28), who showed that no DNA synthesis was detected in
the mating mixture of dnaB- donor cells and minicells, both
of which contain plasmids (R64-11, a drug resistant factor).
Their mating system seems to mimic the mating within the
donor cell culture so far as the presence of sex factors in both
the donors and the recipients is concerned. It seems, there-
fore, that a male cell practices its surface exclusion at two
levels: the first is characterized by the deficiency in the gen-
eration of a mating signal and the second is characterized by
DNA penetration deficiency.
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