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ABSTRACT

Genetic analysis of a large number of radiation-sensitive mutants of S.
pombe, isolated in different laboratories, showed that these isolates represent
22 non-allelic loci. The mutants were shown to fall into three distinct classes
concerning response to UV and ionizing radiation, including two mutants
which are primarily sensitive to ionizing radiation but not to UV. Single-gene
mutants were crossed to obtain supersensitive double mutants. Such double mu-
tants showed a marked increase in sensitivity to a variety of inactivating agents
as compared to the parental strains, The isolation of three classes of radiation-
sensitive mutants and the construction of double mutants implies the presence
of multiple pathways in S. pombe for repair of radiation-induced damage. The
bearing of these data on cellular repair mechanisms in eukaryotes is discussed.

THE isolation and genetic analysis of radiation-sensitive mutants of bacteria

have contributed substantially to an understanding of the cellular mechanisms
involved in the repair of radiation damage (reviewed by ApLer 1966). Similar
studies in fungi have made it apparent that the genetic control of radiation sensi-
tivity in eukaryotes is much more complex. This complexity is reflected by the
large number of radiation-sensitive mutants which have been isolated in different
fungal species (Cuane and Tuveson 1968; Cox and Parry 1968; Davies 1967;
Res~ick 1969; Scaroeper 1970; ScripBACH 1971; Swow 1967; WriGHT and
Pateman 1970). In Saccharomyces cerevisiae a very detailed genetic study of
this phenomenon has been carried out by Cox and Parry (1968).

The fission yeast Schizosaccharomyces pombe has been widely used in studies
related to the genetic control and repair of radiation-induced damage. Some of
the earlier data pertaining to liquid holding responses of this organism have
shown that there are important differences between repair systems of S. pombe
and those of other fungi including S. cerevisiae (Harm and Haerner 1968;
SuamiN, GENTNER and Nasim 1973; Suanin and Nasim 1973). In particular,
the relatively high degree of radiation resistance shown by the wild-type cell is
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indicative of some very efficient dark repair systems and makes it a particularly
attractive system for radiobiological studies. A recent biochemical study of the
excision of pyrimidine dimers in S. pombe (BirnBoim and NasiM, manuscript
In preparation) has further indicated that there are important differences
between the repair systems of this organism and those of S. cerevisiae.

There have been some reports describing the isolation and characteristics of
UV-sensitive mutants of S. pombe (Haerner and Howerey 1967; ScuiipBacH
1971). The present study was undertaken to isolate additional UV-sensitive
mutants and extend the allelism tests to all presently available strains. Two new
mutants primarily sensitive to y-rays were isolated and characterized. The isola-
tion of such mutants is of particular relevance in attempts to understand the
nature of repair systems in this organism. In addition, by crossing single-gene
mutants in various combinations, six supersensitive double mutants were obtained
and two of these were shown to be highly sensitive to a variety of physical and
chemical agents.

MATERIALS AND METHODS

Strains: Different strains were obtained from various labs in addition to those isolated in our
laboratory. The source of different mutants is indicated at the bottom of Table 2. Detailed pro-
cedures for the isolation of UV-sensitive mutants by replica plating and all other related genetic
tests were the same as previously used by ScuipracH (see ScuiipBacH 1971).

All isolates were tested for UV sensitivity by exposure to 600 ergs and only the highly sen-
sitive mutants were included in further genetic analysis.

Growth media: Cells were routinely grown in YEL (yeast extract 0.39, peptone 0.5% and
glucose 3%) and also plated on the same medium supplemented with 29, agar. For crosses, malt
extract agar was used (malt extract 3%, agar 2%).

Procedures for genetic crosses, allelism tests, random spore analysis, and detection of recom-
binants have been described previously (Leurorp 1970; ScatpBacH 1971).

Ultraviolet irradiation source: A General Electric 15-W germicidal lamp with output wave-
length mainly at 253 nm was used. Doses were measured with a UV 254 dosimeter manufactured
by International Light. Other experimental conditions such as dose rate were varied according
to the needs of any particular test.

Isolation of y-ray sensitive mutants: A stationary phase culture of the wild-type strain 972h-
was mutagenized with nitrosoguanidine; (MNNG) 2 mg/ml for 15 minutes at 30°, resulting
in 259% colony forming ability. A total of 48,750 colonies resulting from this treatment were
replica plated and the replicas were exposed to a dose of 66 kR from a Co 60 Gammacell 220
manufactured by Atomic Energy of Canada Limited. This radiation facility was particularly
suitable for such experiments since 10 plates could be exposed simultaneously to a uniform dose.
Strains which failed to grow or showed markedly diminished growth on the irradiated plates
were reisolated from the master plate and subjected to further tests.

Tests for cross sensitivity of single and double mutants: Single and double radiation-sensitive
mutants were tested for cross sensitivity to UV, y-rays, Ethyl methane sulfonate (EMS), Methyl
methane sulfonate (MMS) and Nitrosoguanidine (MNNG). For such tests mutants rad?, rad10,
rad13, rad22 and the double mutants derived from these strains were used. In each experiment
the two parental single mutants and the double mutant were exposed to a given mutagen using
experimental conditions outlined below:

Ultraviolet: Doses ranging between 50 and 150 ergs/mm?2, dose rate 20 ergs/mm?/sec.

y-rays: Exposures between 10 kR and 40 kR. Dose rate 5 kR/minute.
EMS: 0.49, v/v, phosphate buffer pH 7.5, 30°.
MMS: 0.01 M, treatment carried out in distilled water at 30°, dilutions made in 5%

sodium thiosulphate to stop further reaction.
MNNG: 100 pg/ml of the mutagen, acetate buffer pH 5, 30°.
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RESULTS

A total of 67 UV-sensitive strains were obtained from various labs. All strains
with the designation uvs were isolated by M. ScatPBACH; mutant uvs A was
isolated by FaBre; mutants B-Y were isolated in Chalk River and those desig-
nated M-3 to M-36 were supplied by R. MEeNET. Among these, 17 different
alleles have already been shown to represent 10 independent loci (ScrtpPBACH
1971). In preliminary experiments, the remaining 50 strains were used for UV
and y-ray sensitivity and only strains showing a high degree of sensitivity were
used in further analysis. In nearly 200 genetic crosses carried out, 5 mutants
showed very poor sporulation and these were not included in further analysis.
Reduced or poor sporulation seems to be a common feature of radiation-sensitive
mutants of S. pornbe and has also been observed by Cox and Parry (1968) in the
UV-sensitive mutants of S. cerevisiae.

By pairwise crosses in various combinations some of the newly isolated mutants
were shown to be allelic to each other or allelic to mutants isolated earlier by
ScuiipBacH. Allelism was indicated by the absence of any recombinants showing
a wild-type response to UV in approximately 500 spore colonies resulting from a
cross. A complete list of all the mutants with a new locus designation and their

TABLE 1

Data from allelism tests in S. pombe

New locus designation* Alleles representing the locus
rad1 uvsi~1
rad2 uvs2-44, uvs—513, 1, J, O
rad3 uvs3-136, uvs3—143, uvs3-183, uvs3-194,

uvs3-202, uvs3—207, uvs3-211, B, D, E,
M-3, M~-18, M-19, M-22, M-31, M-32, M-39

rad4 uvs4-138

rad5 uvs5-158, uvs-407, M7, M-33
radé uvs6-165, M-15, M-23
rad7 uvs7-185

rad8 uvs8-190

rad9 uvs9-192

rad10 uvsi 0-198

radit uvs—404

radi12 uvs-502

rad13 A, 61

rad14 G

radl5 P, M-6

rad1é U, M-8, M-36

rad17 W, M-24

radi8 X, M-34

rad19 M-9

rad20 M-25

* Proposed by Pror. U. LeuroLp.

All mutants designated uvs were isolated by Scmiipsace. Mutant A was isolated by Faere.
1Mb_3 to M-36 were isolated by R. MeeNEer. The remaining mutants were isolated in our
aboratory.
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representative alleles is presented in Table 1. The 20 non-allelic UV-sensitive
loci are represented by 51 different alleles, and since these include mutants iso-
lated in four different laboratories, they are likely to include a broad spectrum
of the genes controlling radiation sensitivity in S. pombe. It is noteworthy that
as many as 10 of the new isolates were allelic to the locus rad3, which represents
the highly UV-sensitive class. In earlier experiments Scatipeacu had observed
a similar distribution when among 17 isolates, 7 were represented by UVS3-136
(now designated as rad3), whereas the remaining isolates were unique. As
shown in Table 1, there are 8/20 loci where more than one allele has been iso-
lated, and so the present collection of mutants is likely to represent a major
fraction of the genes controlling radiation sensitivity in this organism.

TABLE 2

Genetic control of radiation sensitivity in S. pombe

Locus and Relative Relative
allele designation* UV sensitivity 7y-rays sensitivity
wild type —t —
radi-1 —— ++
rad2—44 4+ —
rad3-136 +++ -+
rad4-138 +4 +-4
rad5-158 4+ —_—
radé-165 —+-+ 4+
rad7-185 -+ —
rad8-190 +-+ +4-
rad9-192 -+ Tt
rad10-198 +4+4 +4
rad11-404 +++ ++4
rad12-502 +++ —
rad13-A S+ —
rad14-G 4 —
rad15-P B e -+
rad16-U ++-+ -+
radt7-W ++ +++
rad18-X + ++
rad19-M9 +++ —+-4
rad20-M25 ++ —+
rad21-45 — ++
rad22-67 — +

* The loci rad?-rad22 have all been shown to be non-allelic in allelism tests. The alleles indi-
cated in the table have been isolated by M. Scutirracu (radf-rad12), F. Fasre (radi3), A.
Nasim and B. P. Smita (radf4-rad18 and rad21, rad22) and R. MeGNer (rad19, rad20). The
locus designations radi-rad10 and rad?3 replace the previous locus designations wuvs!-uvs?0
(ScutipBacu 1971) and uvsA (Fasre 1971).

+— Normal sensitivity corresponding to that of the wild type.

+ Increasing degrees of sensitivity as compared to that
+4- of the wild type. Semiquantitative classification based
~+-+-+ on quantitative determination of the survival as a

~+-L-+ function of dose.
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By tetrad analysis and dissection of at least 5 asci it was shown that radiation
sensitivity in mutants rad/1 to rad22 has resulted from a single-gene mutation
which segregates 2:2 in crosses with the wild-type strain. Mutants rad? to rad?0
have already been shown by ScrtPBACH to result from single-gene mutations.

The 2 y-ray-sensitive mutants isolated later (see MATERIALS AND METHODS for
details) were not tested for allelism to the UV-sensitive mutants. However, in
view of the phenotypic characteristics they are unlikely to be allelic to any of
the other mutants. The two, however, have been shown to be nonallelic to each
other.

Table 2 shows the relative sensitivity to UV and y-rays of all the 22 loci which
have been given a new locus designation according to a system of nomenclature
proposed by Pror. U. LEuporp. Unlike the system used in Saccharomyces (GaME
and Cox 1971), the loci have been assigned numbers from rad? to rad22 regard-
less of the phenotypes concerning UV or y-ray sensitivity. Any additional
mutants isolated in future would be designated rad23 onwards, depending upon
the time of isolation.

The frequencies of recombinants which show wild-type UV sensitivity
obtained in the random spore analysis are shown in Table 3. In a majority of the
crosses a high frequency of recombinants was obtained. This would imply that
these loci are unlinked, although for any such conclusion a detailed study using
tetrad analysis is essential.

y-ray-sensitive mutants: Mutants rad2! and rad22, which are primarily
sensitive to y-rays, represent a class of mutants which has previously not been
reported for S. pombe. Although these mutants show some UV sensitivity,
especially at the higher doses, they are primarily sensitive to y-rays. The UV
and y-ray inactivation curves for the two mutants, as well as the double mutant
obtained by crossing rad21 and rad22, are presented in Figures 1 and 2. It should
be noted that when these two mutants were crossed with each other, the resulting
double mutant was much more sensitive to y-rays and also showed an enhanced
UV sensitivity compared to the parental strains. Such interactions have been
investigated earlier and interpreted as an indication that at least two repair path-
ways operate in the wild-type yeast cell (Game and Cox 1972, 1973; KuaN,
BrenpEL and Haywes 1970; Naxar and Marsumoro 1967). In the present
experiments this possibility was further explored by constructing various double
mutants by crossing single-gene mutants. The detailed characteristics and reasons
for the choice of single mutants used in such crosses are published elsewhere
(Nasim and Smitw 1974). The response of two double mutants rad/—rad10 and
rad21-rad22 to UV, y-rays, EMS, MMS and MNNG was investigated in detail.
It is to be expected that if the lesions caused by these different agents are repaired
by more than one repair pathway, then the double mutants would be highly
sensitive to these different agents. This indeed was found to be the case, and the
typical response is shown in Table 4. These data strongly support the idea of
multiple repair pathways for the repair of lesions caused by a variety of
mutagens.
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TABLE 3

Data from random ascospore analysis of crosses among various radiation-sensitive
mutants of S. pombe
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€1 awy
LA
sl Quy
91 dvy
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61 avy
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R 290 | 552 | 200 |56 | 408 |as2 | as.2] 157 ] e fae
1188) 1722202188 [54/178[35/118]82¢172 | 22159 55160) 33 /157 176198
RAD 7 37.8] 760308 303 {27264 | w2] 36.4] 210|368
§7,225] 88,323] 12223 [61/218] 11,729 [13/238 | 62/381[165/35q 59/296 12,275
RAD 8 28] 204323 J28.2 282|207 | 63| 18] 233 ] 262
35150 56/405| 70/416[40,/70 [41/290| 86505 [ 57/154 59/184] 51/181[37/344
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42| 24788 |21/ 136 92/450] 15/ /468 517227 45,/126[ 45/ 134
qap 10 | 81/24720se 2151 (s 1assesesof 70 f1a0/a

15.2| 2.3 | 41,2 43.4 | 20.4 | 19.2 | 29.9| 23.0] 35.7 [ 33.8

391171277120 61/144 |42/1241116/450 47/129 82/234]40/134 |49/117
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44-178]110/50348. 108 42130 | a7/270] 42/ 102 53,/450 [56/152
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7 it I / 7 i /7

R 13 67/216(03,252 (90500 | 45./13] 74/240] 11728540153

31.0 | 36.9 [ 18.0 | 33.8| 30.8 | 44.2 ] 26.1
86/198(15/40 | 66/124] 62.153| 67,'161 |69/136

RAD 14 .4 | 3.5 | s3.2| 405 | 415 | 50.7
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Figures represent the numbers of uvst recombinanis/total number of colonies examined, and
the percentages of uvs+ recombinants. The recombination data from crosses between RADI to
RAD10 have been published earlier (ScriUPBACH 1971).
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Fieure 1:—Ultraviolet inactivation curves for the wild type and various mutant strains of
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TABLE 4

Cross sensitivity of a double mutant to variety of inactivating agents

Strain tested uv y-rays MMS EMS MNNG
Wild type — — — — —
radi-1 ++ ++ ot - +
rad10-198 ++ ++ - ++ +
rad1-rad10 R e n e

Various other single and double mutants tested showed a similar response, i.e., the double
mutant showed a significantly enhanced sensitivity compared with the parental single mutants,
indicating the presence of multiple repair pathways (see text for details).

DISCUSSION

In various eukaryotic organisms a large number of radiation-sensitive mutants
have been isolated and characterized. S. pombe is no exception, and all possible
types of radiation-sensitive mutants exist in this yeast. The present collection of
mutants includes the three possible phenotypic classes, (1) mutants like rad2
which are sensitive to UV but show an inactivation similar to wild type for y-rays,
(2) mutants like rad21 which are sensitive to y-rays but are only slightly UV
sensitive and (3) mutants which are sensitive to both kinds of radiation. Some
of these mutants have been characterized previously for other aspects such as
mutator activity, spontaneous lethal sectoring and levels of induced mutability
(Loprieno 1970; Nasim 1968; Nasim and Saunpers 1968). These studies
revealed that at least some of these genes are involved in the control of cellular
functions like DNA replication, or the production of spontaneous and UV-
induced mutations. The present study is a comprehensive survey of a majority
of the radiation-sensitive mutants in this organism. The fact that all possible
phenotypic classes have been isolated (Table 2) indicates that there exist multiple
and at least partially independent repair pathways in S. pombe to cope with the
damage caused by a variety of agents. For Saccharomyces (Game and Cox 1973),
an extensive genetic analysis involving the construction of highly sensitive triple
mutants has shown that there are at least three different pathways for repair of
UV-induced lesions. For S. pombe we have constructed various double mutants
and shown that these are highly sensitive to different mutagens. Although efforts
to obtain supersensitive triple mutants were not successful, it is quite possible
that such mutants can be obtained by isolating additional UV-sensitive mutants.

A related aspect of such studies is the investigation of the mutational response
of the different radiation-sensitive mutants after treatment with various inacti-
vating agents. One of the mutants, rad?, shown to have reduced recombination
ability (analogous to rec™ strains of bacteria) (Fasre 1972) had earlier been
shown to exhibit reduced UV mutability (Nasim 1968). Such correlations in
yeast support the earlier notion postulated for bacteria (Wrrkin 1967) that
recombination may be involved in the production of ultraviolet-induced muta-
tions. Further characterization of different classes of radiation-sensitive mutants
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should lead to a better understanding of the role of repair processes in the pro-
duction of mutations by UV and other inactivating agents.

This work was initiated at Biology Health Physics Division of Atomic Energy of Can-
ada Ltd., and completed at the Division of Biological Sciences, National Research Council,
Ottawa. The authors wish to thank Ravyma Jones (summer worker at NRC, 1974) for technical
help in carrying out some of the experimental work.
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