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ABSTRACT

Several strains of Escherichia coli K-12 harboring two F factors were
isolated from Hfr X Hfr crosses. These strains were transiently capable of
initiating chromosome transfer from two separate points of origin, and of
transferring two different sex factors as integrated chromosomal markers. Each
strain tested invariably reverted to a simple Hfr by loss of one of the inherited
F factors. The F factor persisting in the revertant was, in nearly every case,
that which had been inherited from the recipient Hfr parent.

THE incompatibility occurring with F and F’ factors transferred to cells of

Escherichia coli K-12 already harboring integrated (Hfr) or autonomous
(F+, F") F factors has been previously reported (Scarre and Gross 1962; Maas
1963; Cuzin and Jacos 1967; Dusnau and Maas 1968; Maas and GoLpscHEMIDT
1969). When the recipient strain is Hfr, the incoming episome fails to replicate
and is rapidly diluted out of the culture in subsequent divisions. When the re-
cipient strain is F+ or F’, the recombinant cells segregate two cell lines, each
harboring only one of the autonomous factors. Rarely, a stable double male strain
results from such crosses, harboring one integrated and one autonomous (CuziN
1962; Maas and GorpscaMmipT 1969) or two autonomous (Cuzin and Jacos
1967) F factors.

Suggested explanations for the phenomenon of incompatibility have been
discussed by Dusnau and Maas (1968) and postulate, on the one hand, that an
“immunity substance” analogous to the repressor elaborated by bacteriophage
lambda in lysogenic cells (PrasaNE 1967) could be responsible. Alternatively,
it may be necessary for F to be attached to a “maintenance site”, presumably on
the cell membrane, for replication. The latter hypothesis assumes that there is
only one maintenance site per genome. If it is occupied by a resident F factor,
then any superinfecting factor cannot be replicated. The rare appearance of
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double male strains such as those mentioned above might indicate the presence
of some mutational change leading to non-production of or insensitivity to
repressor, or synthesis of additional maintenance sites. The priority of an inte-
grated F factor to an autonomous one has led to the suggestion that an autono-
mous factor can escape the inhibition by itself becoming integrated into the
chromosome (CampBeLL 1969). The isolation of apparently stable strains harbor-
ing two integrated F factors (CLark 1963; pEVRIiEs and Maas 1971) would seem
to verify this possibility. However, this paper reports the isolation of several
double male strains initially harboring two integrated sex factors, all of which
were invariably unstable, reverting to simple Hfr strains by the loss of one factor.
This finding suggests that the presence of multiple F factors, even if integrated,
is an anomalous condition in some strains,

MATERIALS AND METHODS

Bacterial strains: All bacterial strains used in this investigation are derivatives of Escherichia
coli K-12, and are described in Table 1. Hfr strains K22, K12, and K27 were derived from strains
AB492, AB257, and AB2271 respectively, which were kindly supplied by Dr. E. A. ADELBERG.

Media and Mating Techniques: These are generally as described previously (Yu, KaNey and
ATtwoon 1965). The crosses for isolation of double male strains were performed as follows: The
Hifr strain to be used as the recipient was converted to F- phenocopy by growing in stationary
phase with aeration for 1820 hr. This culture and an exponentially growing culture of the donor
were diluted in broth to contain about 2 X 108 cells per ml, and were chilled on ice. When chilled,
0.5 ml of the donor culture was mixed with 4.5 ml of the recipient culture and the mixture was
filtered through a Millipore membrane filter with pore size of 0.45 microns using the technique
of MaTNEY and AscrensacH (1962). The filter was then placed on a plate of nutrient agar and
incubated at 37°C for 120 min. The filter was then removed, and the cells were washed off and
plated on selective media.

RESULTS

A cross was performed between Hfr strains K22 and K12 as described in
METHODS, using K22 as donor and K12 as recipient. A diagram of the cross is
shown in Figure 1a. Selection was for prot pyrD* his*t gua®t recombinants,
which were obtained with a frequency of 4.35 X 10~® per input donor. Four
hundred recombinants were first replica-plated to the selective medium, and then

TABLE 1

Bacterial strains

Strain Sex Genetic markers*

K22 Hir arg thi- thy— ade~ pro~ pyrD- ilv- mtl-
K12 Hir met- gua~ his= ilv- mtl- lac-

K27 Hir pro— gua~ his~ pyrD- thr- lac str®

K10 F- his~ pro= lac— strF

K49 . F- his~ pro~ trp~ thr- lac sir®

K34 F- met~ arg~ gua pyrD- ilv- sir®

* Gene symbols described by TayLor and Troman (1964).
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to master plates of nutrient agar, after which they were tested for inheritance of
the unselected markers ade and thy. All 400 isolates were ade~, while 122 were
thy+ and 278 were thy~. All isolates were then replica-plated to media selective
for his*t and for prot recombinants on which had been spread a lawn of F-
strain K10. The rationale for this test is as follows: only those isolates which had
inherited the origins from both parental strains should give rise to patches of
recombinant growth on both selective media. Those inheriting the origin of only
one of the parents should give rise to growth on one or the other, but not both
plates. In practice, a control of Hfr K22 gave rise to recombinant growth on both
media, but the growth on the medium selective for prot recombinants was very
sparse and appeared after 48 hr or more of incubation. In this test, 48 of the 400
isolates gave rise to early appearing, heavy patches of recombinant growth on
both media. Each of the 48, all of which had the genotype met~ thy ade, was
purified by single colony isolation from a streaked plate and the test was repeated.
At this time, subclones of only 11 of the 48 isolates still produced recombinants
on both media, and after a further purification, subclones of only 3 of the 11
retained the ability. Subclones of the remaining 45 isolates were capable of pro-
ducing recombinant growth on the medium selective for pro+, but had apparently
lost the ability to produce hist recombinants. One of the three remaining pre-
sumptive double male isolates, labelled type K2212, was used as donor in an
interrupted mating with F- strain K49. Time of entry was determined for the
four markers hist, trp*, prot, and thrt. The results of this mating are shown
in Figure 2. As can be seen, K2212 shows transfer kinetics characteristic of a
donor strain having two different points of origin, one near the his locus and the
other near pro. Lack of linkage between Ais and pro in K2212 was imdicated by
the finding that none of 100 Aist and pro* recombinants from the 40 min
sampling had also inherited the other marker. This is in accordance with the
previous finding (Crarg 1963) that double male strains initiate transfer from
only one point of origin at a time.

If this strain has two stably integrated sex factors, then all or most of the Ais*
and prot recombinants from the above mating should be F-. To test this, 100
each of the Ais* and prot recombinants from the 40 min sample were screened
with the male-specific bacteriophage 2 (Lors and Zi~nper 1961). Although the
phage gave zones of complete lysis in control spot tests with the parental Hfr
strains, the tests were negative for all of the Aist recombinants, and positive for
only 3 of the prot recombinants. These latter did not appear to be merodiploid,
however, since they did not transfer pro* to recipient cells, nor did they give
rise to pro~ segregants.

Finally, the two sex factors of K2212 were mapped as chromosomal markers
by mating it with F- strain K34 for 90 min. Selection was for guat and pyrD+
recombinants, these markers being closely linked to the presumed sex factors.
Fifty of each type of recombinant were then spot-tested with bacteriophage f2 to
‘determine inheritance of the sex factor. The results of this experiment are shown
in Table 2. One each of the guat and pyrD+ recombinants was subsequently
mated with F- strain K49, and gave transfer kinetics which were virtually identi-
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cal to those of parental Hfr strains K22 and K12, respectively. Thus, by the usual
criteria, K2212 is a double male strain with two integrated sex factors.

In subsequent single colony purifications, it was found that K2212, as well as
the other two isolates of this type in which double origin characteristics had
persisted, invariably segregated a high proportion of clones incapable of early
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Ficure 1.—Schematic representation of mating yielding double male strains of types (A)
K2212, (B) K1227, and (C) K2722. Dotted line represents recombinant linkage group giving rise
to double male with same genotype as strain described in text. Selected markers are underlined.

transfer of his*. The kinetics of this breakdown was not analyzed in great detail,
however, it was determined that the ratio of double male to Hfr subclones
decreased at each step in a series of single colony isolations. In one case, for
example, the double male isolate was streaked on a plate of nutrient agar. One
hundred or more subclones were then tested for donor characteristics by repli-
cation with wooden applicator sticks to plates of selective media spread with
lawns of strain K10 as described previously. The ratio of double male to Hfr
subclones was noted, and then the process was repeated by again streaking one
of the double male subclones. After the first transfer, the ratio of double male to
Hifr subclones was 37/63, after the second, 21/79, after the third, 3/97, and
after the fourth transfer no double male clones were detected among 400 tested.

Ten of the Hfr segregants, when used as donors in interrupted matings, proved
to have transfer kinetics which were virtually identical to those of parental Hfr

TABLE 2

Inheritance of sex factor by recombinants from cross K2212 X K34

Selected marker Recombinant/donor Percent recombinant &

pyrD+ 0.080 41
gua+ 0.0065 36
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Ficure 2.—Kinetics of recombinant formation in cross K2212 x K49.

K12, with Aist being transferred only after 65 min. A test of 100 such Ais*
recombinants with phage 2 revealed none that were male. Hence, it appeared
that the 3 double male strains tested directly, and presumably the other 45
original isolates as well, rapidly segregated Hfr cells which had lost the sex factor
inherited from K22. A further bit of evidence for this was the finding that, of
100 tested, 3 of the Hfr revertants of K2212 had become his-. These revertants
were phenocopied and used as recipients in a cross with Hfr K22, which transfers
his* early and at high frequency. After mating for 120 min, the cells were plated
on media selective for hist and met* recombinants. In each case, although mer+
recombinants were obtained with frequencies of about 1.6 X 107, the frequency
of Aist recombinants was less than 1.0 X 1073, Since met™ is transferred 50 min
later than Aist by this Hir, these results strongly suggest that the 3 revertants
contain deletions of part or all of the /s locus. Significantly, no hist revertants
have been found from these strains after an intensive search for them. These
assumed deletions of the his locus could have been incurred at the loss of the
closely linked K22 F factor.

The finding that every revertant had lost the sex factor inherited from the
donor Hfr was of singular interest. It would appear that this was simply due to
the inherently less stable insertion of the K22 sex factor, although no such insta-
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TABLE 3

Revertant types produced by double male strains

Number giving

Double Number only revertants of type
male type Donor Recipient tested K22 K12 Ko7
K2212 K22 K12 48 0 48
K1222 K12 K22 40 39 1 ..
K2122 K27 K22 26 25 .. 1
K1227 K12 K27 13 .. 0 13

bility had been previously apparent. To retest this finding in a preliminary way,
the cross of K22 and K12 was repeated in reciprocal fashion, that is, using K22
as recipient and K12 as donor. A total of 83 recombinants were obtained capable
of early transfer of both his+ and prot. Forty of these isolates, labelled double
male type K1222, were tested for the nature of their breakdown products by
repeated streaking on nutrient agar plates and testing of single colony isolates
with strain K10 on selective media as before. One hundred subclones were tested
from each of the 40 isolates, and 39 of these yielded only revertants capable of
early transfer of Aist alone, while 1 yielded only revertants capable of early
transfer of pro+ alone. Interestingly, no isolates yielded revertants of both types
within the sample tested. Thus, the phenomenon is apparently not strain specific,
rather, there is a strong preferential loss of the F factor inherited from the donor
parent.

Subsequently, two other types of double male strains were isolated, as shown
in Figure 1b and 1c. The cross of K27 with K12 yielded 13 recombinants capable
of early transfer of hoth pro* and mtl*. These strains, all having the genotype
str” gua~ his~, were labelled double male type K2712. The cross of K22 with K27
gave 26 recombinants capable of early transfer of both m#l*+ and his*t. These
strains, all having the genotype ade~ pyrD- thr-, were labelled double male type
K2227. One isolate of each type showed typical double male characteristics by
all the criteria used in testing type K2212. Again, however, all isolates reverted
to simple Hfr strains very rapidly. With one exception, all revertants had lost
the sex factor inherited from the Hfr donor. This data is summarized in Table 3.

It should also be noted that, in most cases, the reversion of the double male
strains could be observed on a nutrient agar plate. A lawn or heavy streak of the
double male gave rise, after 4-5 days, to numerous papillae, usually of a different
color and/or texture from the underlying growth. These papillae, when tested,
proved to be Hfr revertants which were otherwise identical to the double male
in nutritional requirements, but which had lost the sex factor inherited from
the donor parent.

DISCUSSION

The data presented demonstrate that the incompatibility between two F factors
in the same cytoplasm cannot always be obviated by having both factors
integrated into the chromosome. Over 400 strains were isolated which initially
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showed double male characteristics, yet all rapidly reverted to the Hfr state.
Furthermore, no stable derivatives of any of these strains could be found.

One of the previously isolated strains having two integrated F factors was also
formed by mating two Hfr strains (CLark 1963) and no instability was reported
for this strain. However, in the case of double male strains isolated by mating an
Hifr with an F’-lac strain (pEVriEs and Maas 1971) some instances of instability
were noted in that strains which initially appeared to have stable integration of
the episome were subsequently found to segregate free F’-lac factors and lac™
clones.

The incompatibility between an integrated and an autonomous F factor has
been shown to result in the inhibition of replication of the autonomous factor
(DusnNau and Maas 1968). It remains unclear, however, by what means such
incompatibility between two integrated factors might operate.

The assumption that both parental F factors were initially integrated in the
double male strains reported is strongly supported by several bits of evidence.
Inheritance of donor markers distant from the origin suggests that the double
males arose from the transfer of a complete chromosome, rather than F” elements,
from the donor. In addition, it was observed that no double male recombinants
were obtained if the initial cross was stopped after only 60, rather than 120 min.
The finding that the overwhelming majority of recombinants for proximal
markers generated by the double males was F- also indicates integration of the F
factors. Finally, the inheritance of maleness by recipients concomitant with
markers closely linked to the insertion sites of the double male factors was clearly
shown.

Tentative interpretations of the data given cannot be considered without taking
into account the probable but uncertain role of integrated F in chromosome
replication. Although there has been convincing evidence for both F-initiated
(NacaTa 1963; VieLmarTER, MESsER and Scuatitte 1968) and F-independent
(Berc and Caro 1967; CerpA-OLmEDO, HaANAWALT and GUEROLA 1968) replica-
tion, the question has not been settled. It appears that F can serve as one, but not
the only possible site for initiation of replication, and that there are strain-specific
variations in this pattern. If F plays no role in chromosome replication, there is
no a priori reason why multiple integrated sex factors would not be tolerated. If
it is involved, however, one can envision possible disorganizations of replication
resulting from multiple initiation or termination sites in double males. These
considerations deal with the effects of the two integrated F factors on the chromo-
some, but fail to take into account any possible effects that they have upon one
another directly. The specificity of F factor loss in these strains strongly suggests
such an interaction, but ideas as to the nature of the interaction must remain for
the present, pure speculation. It is obvious that further work is necessary to
clarify the problem of F incompatibility and its relation to chromosome repli-
cation.
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