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A conditional lethal and radiation-sensitive mutant of Schizosaccharomyces
pombe is described in which both characteristics result from a single gene
mutation. Confirmation of the pleiotropic nature of this mutation was obtained
by tetrad analysis and by testing the radiation sensitivity of a large number of
revertants that grew normally at the restrictive temperature. The colony-
forming ability of the mutant after ultraviolet radiation, 'y radiation, and ethyl
methane sulfonate treatment is considerably altered by the post-treatment
incubation temperature, showing higher survival at 25 than at 30°C. The
radiosensitivity of the mutant is also influenced by the stage of growth. The
difference in radiation sensitivity between the wild type and mutant is greater
when log-phase cultures are compared. The characteristics of this mutant sug-
gest that it is defective in a step common to both deoxyribonucleic acid replica-
tion and repair.

Conditional lethal mutants, in which growth
and other metabolic features can be controlled
simply by altering conditions such as tempera-
ture, have proved to be very powerful tools in
genetic and biochemical studies (1, 6, 8, 15). In
Schizosaccharomyces pombe, a large number of
temperature-sensitive mutants have been iso-
lated and characterized (3). The existence of
numerous genes that control radiation sensitiv-
ity has also been reported in this organism (10).
However, the isolation of mutants in which
both features result from a single gene muta-
tion has not been documented. Such a mutant
is a useful experimental tool for studying the
enzymatic basis for the repair of radiation-in-
duced damage in eukaryotes. A similar ap-
proach in Escherichia coli resulted in a mutant
in which it was shown that varying degrees of
radiation sensitivity at different post-irradia-
tion incubation temperatures were directly re-
lated to a thermosensitive ligase activity (5, 12,
13). It has also been observed that recovery
from irradiation damage is influenced by tem-
perature (14) and that cross-sensitivity exists
between inactivation by radiation and elevated
temperatures (7). A mutant with temperature-
dependent radiation sensitivity has also been
described in Saccharomyces cerevisiae (11). The
present study demonstrates that in the S.
pombe mutant rad4 both radiation sensitivity
and temperature sensitivity result from a sin-
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gle gene mutation. Various other aspects of the
behavior of this mutant, such as its growth rate
and the influence of post-irradiation incubation
temperature on inactivation by various muta-
genic agents, have been reported.

MATERIALS AND METHODS
Yeast strains. All of the radiation-sensitive mu-

tants of S. pombe, radl to rad22, have been de-
scribed in detail elsewhere (10). For control experi-
ments and genetic crosses, the wild-type strains
972h- and 975h+ were used.
Growth media. Cultures were grown in yeast ex-

tract medium YEL (0.3% yeast extract, 0.5% pep-
tone and 2% dextrose). For plating experiments the
same medium was supplemented with 2% agar. Ge-
netic crosses were carried out on malt extract agar
medium prepared by dissolving 30 g of malt extract
in 1 liter of distilled water, supplemented with 1.5%
agar.

Growth curves were obtained by measuring the
optical density in a Coleman model 295 spectropho-
tometer at 660 nm and taking hemacytometer cell
counts as a function of time after inoculation. In
each experiment, cells were grown in flasks in a
shaking water bath at the desired temperature. For
comparisons of the radiation sensitivity of wild-type
and rad4 strains, cells were harvested from the
same stage of growth, i.e., log or stationary phase of
the growth cycle.
UV irradiation. Cells were centrifuged, washed

twice with distilled water, and adjusted to a cell
density of 1 x 107 to 2 x 107 cells/ml before being
exposed to an ultraviolet (UV) fluence at a rate of
approximately 1 J/m2 per s, with continuous shak-
ing during irradiation. The fluence was measured
by an International light UV dosimeter. Detailed
dosimetry has been described previously (9).

y-Irradiation. Cells were irradiated in metal cap-
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sules at a dose rate of -3.5 kR/min; other details are
the same as described in a previous publication (9).
EMS treatment. Cells were treated in phosphate

buffer (pH 7.5)-2% ethyl methane sulfonate (EMS)
(vol/vol). The reaction was stopped by treating with
a 5% solution of sodium thiosulfate.

Plating and incubation. Treated cells were appro-
priately diluted in distilled water and portions were
plated on yeast extract medium YEL supplemented
with 2% agar. Special precautions were taken con-
cerning post-treatment incubation temperatures,
and plates were routinely prewarmed to the desired
level. The plates were incubated for 5 to 7 days and
then scored for visible colonies to determine sur-
vival.

RESULTS AND DISCUSSION
All of the available radiation-sensitive mu-

tants of S. pombe and their alleles were tested
for their ability to grow at 30 and 370C. Among
the nearly 50 isolates plated, 7 failed to form
colonies at the higher temperature. These were
crossed to the wild type, tetrads were dissected,
and the spore colonies were tested for both UV
and temperature sensitivity. In all of the iso-
lates except rad4 it became apparent from the
analysis of only a few tetrads (Table 1) that the
two characteristics segregated independently, a
circumstance that demonstrates control by sep-
arate genes. This contradicts an earlier specu-
lation (4) that in the mutant rad2 the two
characteristics result from the same mutation.

Since the rad4 results indicated that the
pleiotropic behavior of this mutant could be due
to a single gene mutation, various other proper-
ties were extensively investigated.

(i) Growth. Figure 1 presents a comparison
of the growth rate of the wild-type and rad4
strains as determined by both optical density
and cell count measurements. From the figure,
generation times of approximately 1.7 and 2.7 h
can be calculated for the wild type and rad4,
respectively. Hence, both the growth rate and
radiation sensitivity of the rad4 mutant differ
from the wild type.

(ii) Temperature reactivation. Inactivation
curves for wild type and rad4 after UV, y rays,
and EMS (Fig. 2, 3, and 4) show that in rad4
post-treatment incubation at 25°C results in an
increase in colony-forming ability as compared
with 300C. This temperature effect is dose de-
pendent and becomes more pronounced at
higher doses, which is to be expected since the
cell must cope with an even larger number of
induced lesions at higher doses. Since low-tem-
perature reactivation is observed with all of the
mutagens tested, it may be inferred that the
defect is in a step common to the repair of
deoxyribonucleic acid (DNA) damage caused by
a variety of inactivating agents. In fact, a logi-
cal postulate is that like $he E. coli mutant (12,
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TABLE 1. Segregation of the temperature-sensitive
and UV-sensitive characteristics in crosses between
each ofseven temperature-sensitive and UV-sensitive

mutants and the wild-type 972h- strain

No. of tet- No. of paren-
Mutant strain testeda rads ana- tal ditype

lyzed tetrads

rad2 (UVS-2-44) 5 1
rad2 (UVS-O) 3 0
rad3 (UVS-D) 7 0
rad3 (UVS-E) 4 0
rad4 (UVS-4-138) 26 26
radll (UVS-404) 2 0
radi3 (UVS-61) 6 0

a Nomenclature in parentheses is the original
designation.
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FIG. 1. Growth curves for exponentially growing
30°C cultures ofS. pombe strains 972h- and rad4h-.
Symbols: A, 972h-, 0, rad4h-.

13), rad4 has a temperature-sensitive ligase
that is nonfunctional at 37°C and, therefore,
results in lethality through an inability to com-
plete normal DNA replication. This enzyme is
known to be involved in the final sealing step in
the repair of DNA damage caused by UV as
well as ionizing radiation. With a temperature-
dependent efficiency, cells would be expected
to be least sensitive at 25°C, more so at 300C,
and inviable at 370C. Temperature reactivation
is a unique property of rad4; it was not ob-
served in the wild type or in any of the other
radiation-sensitive mutants tested.

(iii) Effect of growth phase on radiation
sensitivity. Figure 5 shows the UV inactivation
curves for wild type and rad4 in both log and
stationary growth phases. Unlike the wild
type, the rad4 mutant is more sensitive to UV
during the log phase. Since nondividing, sta-



1008lzl~~tionary-phase cells have considerably reduced
metabolic activity, the available enzymatic ac-
tivity of the mutant could be exclusively com-

oA , mitted to the repair of radiation-induced le-
sions, resulting in decreased radiosensitivity in

0 . this growth phase. During the log phase, how-
\ \ ever, the mutant activity would be required to

simultaneously cope with both repair and DNA
0-o replication, thereby resulting in reduced repair

efficiency. Clearly reduced repair ability in log-
phase cells but enhanced repair ability in sta-
tionary-phase cells is consistent with the notion

cr \ \that the rad4 gene product is concerned with
(n \ \ more than one cellular function.
N0 z \(iv) Single gene control. Having demon-

\.0 \ strated that the rad4 mutant differs from the
0 \ \ wild type in several respects, it is necessary to

establish that these differences are attributable
to a single gene function. Therefore, additional
crosses were carried out to confirm that radia-

\ tion sensitivity and temperature sensitivity re-
sult from a single gene mutation. Pooled data
from all such crosses are presented in Table 1.

0. I In 26 asci from crosses of strain rad4h+ with
30 60 90 120 150 1S0 strain 972h-, temperature sensitivity and UV

UV DOSE (JOULES/METER2) sensitivity segregated together. To exclude the

FIG. 2. UV inactivation curves for log-phase cul- 100
tures of strains 972h- and rad4h- incubated at 25
and 30°C. Symbols: A, 972h-, 30°C; A, 972h-, 25°C; \o
0, rad4h-, 30°C; *, rad4h-, 25°C.
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FIG. 3. y-Ray inactivation curves for log-phase
cultures ofstrains 972h - and rad4h - incubated at 25
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FIG. 4. EMS inactivation curves for log-phase
cultures ofstrains 972h- and rad4h- incubated at 25
and 30°C. Symbols: A, 972h-, 30°C; A, 972h-, 25°C;
0, rad4h-, 30°C; *, rad4h-, 25°C.

and 30°C. Symbols: A, 972h-, 30°C; A, 972h-, 25°C;
0, rad4h-, 30°C; 0, radlh-, 25°C.
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FIG. 5. UV inactivation curves for strains 972h-
and rad4h- in both log and stationary growth
phases. Symbols: A, 972h-, stationary; A, 972h-,
log; 0, rad4h-, stationary; *, rad4h-, log.

possibility of two very closely linked genes con-
trolling these features, random spore analysis
was carried out, the progeny being examined
for recombinants that carried only one of the
two phenotypes. These tests were carried out in
four independent experiments, in which the
progeny were tested by replica plating for the
presence of UV-sensitive and temperature-nor-
mal or UV-normal and temperature-sensitive
recombinants. No recombinants were found
among a total of 6,281 spores examined, a fact
that clearly indicates that a single gene con-

trols these two characteristics in the rad4 mu-

tant. This conclusion was further strengthened
by an additional test in which spontaneous and
EMS-induced revertants from temperature-
sensitive to temperature-normal cells were
tested for a concomitant reversion to wild-type
UV sensitivity. This is a rapid means for ob-
taining revertants since a large number of cells
can be plated and incubated at the restrictive
temperature. Of 48 temperature-normal revert-
ants tested, all were shown to have wild-type
radiation sensitivity. In addition, some revert-
ants were checked for growth rate and tempera-
ture reactivation. Unlike the parental rad4
strain, the revertants exhibited a normal
growth rate and did not show the characteristic

temperature-dependent radiation sensitivity
after either UV or y rays. A reasonable infer-
ence from this result is that the modified
growth rate, the temperature reactivation
characteristics, and the radiation sensitivity
are all a result of the same single gene muta-
tion.
The biochemical characterization of radia-

tion-sensitive mutants in S. pombe is rather
limited, and it is not known whether rad4 can
excise UV-induced pyrimidine dimers (2). Tem-
perature-dependent radiation sensitivity is not
a common phenomenon in S. pombe, and we
expect that this mutant will be useful for inves-
tigating the enzymatic basis of DNA repair
functions in this organism.
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