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The recB268::Tnl10 mutation was introduced into the HfrH strain of Escherichia coli. Compared with recB F—
and recB F* cells, the viability of this mutant strain was much lower. Compared with wild-type HfrH, the recB
derivative donated much shorter fragments of its chromosome to the recipient. It is suggested that the recB
gene product (i.e., RecBCD enzyme) participates in Hfr transfer.

Classical Hfr strains of Escherichia coli contain the proto-
typal conjugative plasmid F integrated into the chromosome.
During exponential growth of Hfr cells, F replicates passively
as a cluster of bacterial genes (8). Bacterial growth should
therefore be unaffected by its presence. Experiments with
HfrH cells carrying the gam™ plasmid pSF117 (9), however,
gave surprising results. The rate of multiplication of these cells,
which synthesize the Gam protein of phage A, was drastically
reduced (14). Gam protein does not exert such an effect on F*
cells, in which F behaves as an autonomous, cytoplasmic ele-
ment. Apparently, under certain circumstances the integration
of F into the chromosome may be deleterious to its host.

Since Gam protein interacts with the RecB subunit of the
RecBCD enzyme (14), we wanted to determine whether mu-
tation of recB is also detrimental to the growth of Hfr cells. For
this purpose, an Hfr strain carrying recB268::Tnl0 was con-
structed by transducing strain 3000 HfrH (13) with phage P1lvir
grown on N3071 (12). Tetracycline-resistant (Tc") transduc-
tants were selected on TP plates (14) supplemented with tet-
racycline (10 wg/ml). They formed tiny colonies after 3 to 4
days of incubation at 37°C. The recB genotype of these Tc’
transductants was confirmed by their sensitivity to UV light
and by their ability to support the growth of a gene 2 mutant of
phage T4 (see reference 18). The transductants retained the
Hfr character (for experimental procedures, see reference 15);
interestingly, F* recB segregants could not be detected despite
their growth advantage over the recB Hfr strain (14; also see
below). However, when the recB derivatives of HfrH were
restreaked on TP agar, some large-colony variants appeared
among the progeny. Although these variants were both UV-
resistant and recombination-proficient, they carried the origi-
nal recB mutation (i.e., they retained the ability to propagate
T4 2).

We also attempted to introduce recB268::Tnl0 into the Hfr
strains BW113 and B8 (13). Just as in the case of recB HfrH,
the Tc" transductants of BW113 and B8 gave rise to minute
colonies after 3 to 4 days of incubation at 37°C. They segre-
gated large-colony variants so rapidly that the growth experi-
ment with these strains could not be done. Further studies
were therefore limited only to the recB derivative of strain 3000
HfrH, which we designated IRB101.

A small colony of IRB101 was inoculated into 10 ml of TP
medium. After the culture had grown to saturation (=107
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viable cells/ml), it was diluted 1:50 in fresh TP and incubated
for 5 h. The suspension was then diluted again (1:25 in TP).
This was zero time of the growth experiment (see reference 6).
During a 3-h period, samples were taken periodically and
plated for colonies. All incubations were at 37°C. As a control,
the growth experiment with the 3000 HfrH parent was also
carried out.

The results presented in Fig. 1 show that cells of IRB101
grew extremely slowly. Their generation time (135 min) was
four to five times longer than that of the parental strain (28 to
29 min). Large-colony variants interfered, however, with the
results of some of the growth experiments. Although their
numbers were always negligible at the beginning of these ex-
periments, they represented a significant fraction of the total
colony count after 3 h of incubation. (We were able to count
large-colony variants separately. Their generation time was
about 50 min; i.e., it was intermediate between those of 3000
HfrH and IRB101).

Poor growth of strain IRB101 is probably due to the fre-
quent appearance of non-colony-forming cells (“lethal sectors”
[10]). These non-colony-forming (nonviable) cells are not nec-
essarily metabolically inert (1). Like nonviable Gam-expressing
HfrH bacteria, they might participate in conjugative DNA
transfer.

We used a simple method to assess the size of the population
of nonviable but metabolically active bacteria (see reference
19). The cells were made lysogenic by the A\cI857ind phage
mutant. The \cI857ind lysogens are colony formers at 30°C
and plaque formers at 42°C. The ratio of the number of PFU
(at 42°C) to the number of CFU (at 30°C) is normally about
1.0. If this ratio significantly exceeds the unit, it indicates the
presence of nonviable cells. Such nonviable cells are, however,
metabolically active because they can support phage growth.

Figure 2 shows that an extremely high proportion of the
metabolically active cells of IRB101 failed to form colonies.
Less than one-sixth (=15%) of these bacteria were colony
formers. In F~ bacteria, mutation of recB did not produce such
a dramatic effect. About 40% of the metabolically active cells
of strain DE201, a recB268::Tnl0 (12) derivative of DM456
(16), were able to give rise to colonies. Of particular interest is
that the presence of F 4 ac:Tn5 (21) in the cytoplasm of
DE201 (strain DE201/F") had little, if any, effect on viability. It
therefore seems that only the integrated F interferes with the
growth of recB cells. As expected, wild-type bacteria formed
the same numbers of colonies and plaques, irrespective of
whether they were F~ (strain DM456) or Hfr (strain 3000).

We next performed Hfr conjugations, in which 3000 HfrH
and IRB101 were used as donors. Both strains transferred
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FIG. 1. Growth curves in TP medium of HfrH cells. Symbols: O, rec* HfrH
(strain 3000); @, recB HfrH (strain IRB101).

chromosomal markers in the following order: thr™*, leu™, pro™,
pur™, his*. N3105, which is mutant for these loci, was used as
a rect F~ recipient. Strain N3105 (kindly provided by R. G.
Lloyd, Nottingham, United Kingdom) is a purE85::Tnl0 deriv-
ative of AB1157 (for other markers, see reference 2).

Hfr matings were carried out at 37°C in TP medium. The
ratio of donor to recipient cells was 1:10. This ratio was deter-
mined on the basis of colony count (strains 3000 HfrH and
N3105) or on the basis of the calculated number of all meta-
bolically active cells (strain IRB101). Matings were for 80 min;
this period was long enough to allow complete transfer of the
most distal marker used in our studies. After 80 min, chromo-
some transfer was interrupted by vigorous agitation of the
mating mixtures. The cells were then plated on recombinant-
selective synthetic media (15). (Streptomycin at 100 pwg/ml in
the plate was used to counterselect the Hfr parent). Recom-
binants inheriting the various donor markers were scored after
48 h of incubation at 37°C.

It should be stressed that the frequencies with which donor
markers appear among the recombinants are always inversely
related to their distances from the origin of transfer (e.g., see
reference 22). Hence, there is a characteristic gradient of
transmission of these markers, which coincides with their order
on the Hfr chromosome. Figure 3 shows the curves illustrating
such gradients obtained in matings with strains 3000 HfrH and
IRB101. The slopes of these curves, which are supposed to
reflect random breakage of the chromosome during transfer,
should be the same (22). Contrary to expectations, the curve
obtained with IRB101 was three to four times steeper than that
obtained with the corresponding rec* donor. Seemingly, the
recB mutation greatly increases the probability of chromosome
breakage during DNA transfer.
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FIG. 2. Effects of the recB268::Tnl0 mutation in AcI857ind lysogens on for-
mation of plaques and colonies. The ratio of the number of PFU to the number
of CFU is presented. Each value is the mean of five independent measure-
ments + standard deviation. For details, see the text.

The extrapolate number, another characteristic of the gra-
dient, was also altered by the recB mutation. To determine this
number, the curve representing the gradient of transmission is
extended back to intercept the ordinate. The value thus ob-
tained reflects the efficiencies with which an Hfr donor forms
a mating pair with a recipient and with which DNA transfer is
initiated (see reference 22). In matings with strain IRB101, this
value was above 1.0; i.e., it was significantly higher than that
obtained in the control cross (a value of ~0.3). Perhaps recB
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FIG. 3. Effects of the recB268::Tn10 mutation in an Hfr strain on the transfer
gradient. Symbols: O, 3000 X N3105 (HfrH X F~); @, IRB101 X N3105 (recB
HfrH X F~).
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HfrH is multipiliated and therefore forms mating aggregates
rather than mating pairs. Another possibility is that the size of
the population of metabolically active recB HfrH bacteria was
underestimated. If this size is larger, the extrapolate number is
lower. Even so, our results strongly suggest that the recB mu-
tation does not affect the formation of mating pairs/aggregates
and the initiation of DNA transfer. Similarly, in experiments
with DE201/F’, neither mating pair formation nor F’ selftrans-
mission was inhibited by this mutation (data not shown).

We also performed experiments on zygotic induction. Zy-
gotic induction occurs when a chromosomal segment of the
lysogenic Hfr donor carrying an inducible prophage enters the
nonlysogenic F~ recipient. In the case of HfrH (M), the pro-
phage is located ~20 min from the integrated F. Upon its entry
into the zygote, it is induced and begins vegetative growth.
When plated with indicator bacteria, the zygotes therefore give
rise to infectious centers. In this way, the frequency of zygotic
induction following the transfer of X from lysogenic rec* HfrH
(strain 3000) and recB HfrH (strain IRB101) to the F~ recip-
ient, N3105, was determined. Matings were for 45 min at 37°C.
As expected, a large proportion (nearly 50%) of the rec™*
donors transferred N and formed infectious centers. However,
only 0.1% of the total number of metabolically active recB
HfrH cells were able to transfer the prophage to the recipient.
This finding confirms the results presented in Fig. 3. Again, it
may be inferred that the recB gene product (i.e., RecBCD
enzyme) plays an essential role in Hfr transfer.

Until now, as far as we know, there have been no reports on
the specific effects of recB on Hfr cells. It is noteworthy that
one of the early recB Hfr constructs (strain JC5412 [25]) be-
came a better growing, UV-resistant type in the course of
subculturing (26). This strain was later shown to be a sup-
pressed revertant carrying an sbcA mutation (3). We do not
know whether large-colony variants observed in our experi-
ments belong to the same class of mutants. It is clear, however,
that the low viability of recB Hfr cells facilitates the detection
and isolation of the various types of such fast-growing mutants.

The low level of viability of recB HfrH cells can easily be
interpreted. It is known that the transfer (fra) genes of F are
permanently derepressed. The relaxase specified by the tral
gene (Tral protein) is therefore permanently present within
F* and Hfr bacteria. This protein introduces a site- and strand-
specific nick at the origin of transfer (oriT) on F. The reaction
is reversible and the interrupted DNA strand can be resealed.
In fact, there is an equilibrium between nicked and ligated
states (27; for a recent review, see reference 5). Certainly, the
replisome may encounter the integrated F in its nicked state
during replication of the Hfr chromosome. According to the
current hypothesis (11), a nick in the template (parental)
strand leads to collapse of the replication fork. The collapsed
fork can be repaired by the RecBCD recombinational pathway
(11). Obviously, recB HfrH bacteria are unable to repair such
a lesion and, therefore, cell death ensues. This interpretation
was further supported by an experiment in which recB268::
Tnl0 was introduced into strain 122-1. Strain 122-1 (kindly
provided by E. L. Zechner, Graz, Austria) is an HfrH deriva-
tive with a deletion of the arcA locus. Due to arcA, the HfrH
strain becomes deficient in the oriT-dependent nicking reac-
tion (27). As may be expected, the growth rate of the recB arcA
HfrH double mutant was therefore about the same as that of
the recB F* cells (data not shown).

The question of whether the low viability of recB HfrH
donors can account for the altered DNA transfer described in
the present report arises. One might assume that the prema-
ture cessation of Hfr transfer occurs after the last energy re-
serves of dying cells have been depleted. This assumption
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seems unlikely for the following reasons. (i) The low viability of
Gam-expressing HfrH bacteria does not interfere with DNA
transfer. (Evidently, Gam protein does not convert a recB™ cell
to a RecB™ phenotype [17, 20, 24].) (ii) We also examined the
donor ability of large-colony revertants of strain IRB101. With
respect to DNA transfer, the behavior of these revertants
(which carry the original recB mutation) was similar to that of
the parental recB Hfr donor (data not shown). It may therefore
be concluded that RecBCD enzyme (most likely, its helicase
activity) participates in Hfr transfer.

Clearly, the necessary prerequisite for Hfr transfer is the
formation of mating pairs. The DNA strand nicked at oriT on
the integrated F then begins to enter the recipient. Tral pro-
tein, which possesses both the relaxase and helicase activities,
catalyzes the displacement of this strand. F selftransmission
depends exclusively on the activity of Tral (5; but see reference
23). Host helicases are not involved in this process (5) although
RecBCD enzyme can occasionally enter the plasmid in the
cytoplasm (7). During Hfr transfer, however, Tral might nor-
mally be replaced by the RecBCD helicase. This notion chal-
lenges the widely held belief that the bacterial host plays only
a passive role in the dissemination of its genes.

Hfr transfer is usually regarded as “F self-transmission, in
which the bacterial chromosome is inserted into F” (4). Our
studies modify this long-standing tenet. The F-encoded func-
tions are indeed indispensable for mating pair formation and
chromosome mobilization. However, the F conjugative system
seems unsuited for transfer of the huge bacterial chromosome.
Apparently, this transfer is largely dependent on the host-
encoded RecBCD helicase.
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