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Introduction

The present study 1s concerned wlth the intermittent
high resistance to ionlzing radiation occurring in budding
yeasts and with its genefic control. Buddlng yeast cells
are more resistant than nonbudded cells to inactivation by
Xx-rays and alpha particles, and to a much lesser extent to
inactivation by ulfraviolet light (21, 22). In addition to
inactivation, budding cells have been shown to be resistant
to induction by ionizing radiation of recessive lethals (5),
petites (68, 69) mitotic crossing over (68, 69) and heritable
alterations in colony form and color (68, 69).

Evidence with respect to the timing of events in the
cell cycle associated with budding cell resistance is some-
what conflicting. Williamson (85) and Hartwell (31) have
shown that 1in thelr yeast strains DNA synthesis 1is initiated
with the onset of budding and is completed by the first
quarter of the cell cycle, while the bud is still quite small.
In the straln employed most extenslvely in the present study
(SCTK), replication of DNA, as followed by feulgen stalning,
is completed before budding begins and 1n the absence of
observable changes in radlation sensitivity. The initilation
of budding is, however, accompanlied by the appearance of
radiation resistance, but 1s without observable nuclear
cytological changes (6). A high level of resistance is

restricted to a brief portion of the budding cycle, during
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which the bud 1s approximately one third to one half the
slze of the mother cell, Cells with smaller buds are less
resistant, while those with larger buds (with two nuclei)
respond as two Interdivisional cells. In our strains of
yeast, resistance appears after DNA synthesis and dlsappears
at or before nuclear division (6). It seems, therefore,
that resistance 18 not a direct consequence 6f DNA content
or of 1ts synthesis.

There 18 no reason to believe that the regulation of
the radiatlon resistance of the budding yeast cell 1s induced
by the radiation itself or by damaged DNA produced by it.
Induction by ultraviolet light of uv resistance has been ob-

served in uvs mutants of yeast (15) and of Chlamydomonas

rheinhardii (16, 17). If resistance were inducible, one

would expect that budding cell resistance would be submaximal
at low doses (less damage to DNA) and would maximize with
greater dose (more damage to DNA). In fact, budding cells

are fully resistant to the lowest doses administered (1).
Thus, 1t would appear that budding cell resistance is a normal
consequence of events in the cell cycle and is not induced by
the radiation itself and is not noticeably responsive to the
amount of damage produced. Nor have the observations of Cox
and Parry (15) and Davies (16, 17) of apparent uv induction

of a repair process 1in the uvs 3 mutant of yeast and in
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Chlamydomonas rheinhardii, respectively, been observed in

any of our mutants. The mutants isolated 1n this investiga-
tion show reduced budding cell resistance or no resilstance
at all.

The question as to whether resistance arises as a result
of chemical protection against radiation damage by sulfhydryl
compounds or other scavengers of the radio chemical products
(2) or whether resistance results from repair of damage in-
flicted by radiation has not been conclusively answered. If
resistance resulted from the synthesis or release of protec-
tive metabolites within the cell during the budding phase of
the cell cycle, one might expect that irradiation of budded
cells in the presence of added sulfhydryl compounds or anoxia
would provide little or no additive protection. Instead one
finds that the degree of such protection 1is either unchanged
from that observed in interdivisional cells (4) or only
slightly diminished (2). These results argue against intra-
cellular chemlcal protection and favor the repair of damage
produced by radlation. A repair model for budding celi
resistance to both nuclear and mitochondrial effects (58,

59) requires a repair system that 1s generally effective
throughout the cell,.

If the ilncreased resistance of the budding cell results

from the onset of a repalr process, the inactivation of
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budding cells could be due either to the induction of damage
not subject to this repair or to lnactlvation of the repair
mechanism itself. These two possibilitles have been con-
sidered before (5) and lead to somewhat different predictions.
In the first case, one may propose that the "non repairable
damage" occurring in the budding cell occurred in interdivi-
sional cells as well. Thus one would expect that the multihit
Xx-ray survival curve seen for budding cells would be reflected
in the interdivisional cell survival curve in an additive
fashion alqng with any other lnactivations, The result of
such addition of a multihit component to presumed exponen-
tials could never result in the exponential lnactivation
observed in haploid interdivisional cells. Thus, "non repair-
able damage" 1s either an attribute of budding cells only,
or the budding cell survival curve requires another explanation,

If, on the other hand, the multihit inactivation of the
budding cell results from inactivation of the repair process,
one would expect the limiting exponential of thils curve to
be identical to the interdivisional cell exponential inactliva-
tion, which it never is (see figures 1-8). Another interpre-
tation similar to that proposed by Haynes (33, 34) for other
multihit survival curves, would stipulate that the limiting
exponential at high doses represents not inactlivation of the

repalr enzymes, but their saturation by accumulated substrate
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(damage). Since the kinetics resulting from this saturation
bears no relation to the exponential survival of interdivi-
slonal cells, the observed difference in survlival kinetics
would be expected. For the above reasons, the x-ray resis-
tance of the budding cell will be viewed for purposes of the
present investigation as resulting from an internally regulated
repalr process, the enzymes of which may be saturated at high
doses.

The genetic control of radlatlion resistance has been

investigated i1n a general way, and without consideration of
the cell eycle by Cox and Parry (15) and others (60, 73, 79)
in yeasts and by others in other eukaryotes (3, 12, 16, 37,
52, 75, 88), and more extensively in prokaryotes particularly

Escherichla coli (1, 13, 18, 26, 29, 30, 45, 48, 55, 74). In

prokaryotes, an intimate relatlonship has been demonstrated
between resistance to radiation gnd the repair or removal of
lethal radliation damage in nonsynchronocus cultures and in
cultures without regard to the state in the cell cycle (1).
The isolation and characterization of sensitive mutants has
shown these procesées to be genetically controlled (1, 30,
48), Three types of such repalr processes effective for uv
damage have been studied in several prokaryotes, but most
especlally in E. coli. These are photoreactivation and two

mechanisms of dark repair. The literature on photoreactivation
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in various systems has been recently reviewed (76). 1In
essence, the relevant facts are as follows: low doses of
uv produce in vivo cyclobutane type pyrimidine dimers, These
lesions, when not removed, contribute to cell killing (76).
Illumination of the irradiated cells by visible light in the
presence of an appropriate intracellular enzyme monomerizes
the pyrimidine dimers in situ (76). Photoreactivationless
mutants of E. coli have been isolated and shown to lack the
appropriate enzyme activity (30) indicating that this process
is under genetic control.

Two'mechanisms of dark repair also eliminate uv induced
pyrimidine dimers. They are excision repair and recombination
repair (38, 70, 71). In excision repair, single stranded
regions of DNA containing pyrimidine dimers (70) and other
types of structural damage such as crosslinking (51) are
exclsed enzymétically. Thié is followed by non-conservative
DNA repair replication and the rejoining of the newly syn-
thesized DNA to the original strands (70). Mutants known as
uvr are defective in the initlal excision step, and are unable
to excise pyrimidine dimers after ultraviolet light treatment.
These uvr mutants also show a decrease in the number of plaques
formed following infection by uv lrradiated Tl bacteriophage and
therefore lack the normal host cell reactivation of irradiated

virus (39, 40). Excision defective strains also show an
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increased frequency of uv induced mutation (35, 86) and are
more sensitive to chemical mutagens (40), but show normal
recombination repair.

Another class of mutants, the rec mutants (39) of E. eoli
are sensitive to both X-rays and ultraviolet light and are
defective in recombinatlon. The rec A mutants degrade their
DNA after ultraviolet light irradiation (38, 40) and show
complex survival curves (71). Rec A bacterla are very sensi-
tive to low doses of uv light, while after higher doses, the
slope of the survival curve is similar to wild type. Radman
gg_g;_(7l) have shown that recombination repalr 1s the princi-
pal repalr mechanism after low doses of uv, while excision repalr
predominates aftér higher doses where DNA synthesls 1s blocked.
Thus, the recomblnation defective rec A mutants appear to be
defective in recombination repair, but show normal excision
repalr. These two types of repalr seem to occur at different
times in the cell cycle (71); recombination repair oceurs after
and/or during post radiation replication while execision repair
occurs prior to replication. Exeision repair would be the
repalr process avallable following high doses of uv light
where DNA synthesis is inhibited (71). These results also
suggest that excision and recombination repair are independent
repair mechanisms. Using radiation sensitive mutants defective

in exclslon repair, Rupp and Howard Flanders have demonstrated
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2 kind of repair involving recombination which they called
postreplication repair (74). These mutants can synthesize
DNA after uv irradiation, and the newly synthesized DNA con-
tains single strand breaks opposite each pyrimidine dimer
present in the parental strands. Postreplicatlion incubation
of the cells after irradlation results in conversion of the
low molecular welght DNA fragments iqto high molecular weight
DNA characteristic of the unirradiated control by means of
exchanges between sister DNA duplexes. This repair process
reconstructs at least one undamaged copy of the genome. Smith
and Meun (78) have shown that rec A mutants, incapable of
postreplicatlon repalr, are defective 1in genetlc recombination.
Rec B and Rec C mutants which retaln some capacity for genetic
recombination show some postreplication repailr.

Photoreactivation of lethality (22) and other uv endpoints
(58, 63) have been demonstrated in yeast. Elkind and Sutton
(22) have demonstrated a greater rate of photoreactivation
for budding cells than for non-budding cells after exposure
to uv light. Little, however, 1s known about the basis of
repalir at the DNA level in fungl including yeast since specific
labelling of their DNA is difficult (85). There is evidence
(66, 67) of dark repair of x-ray damage in interdivisional
diploid yeast cells. Parry and Parry (65) have demonstrated

that representatlve haplold mutants from 21 of the 22
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complementation groups of thelr uv sensitive interdivisional
cell mutants, fall into four categorles on the basis of thelr
response to dark repair conditions and dark repair followed
by photoreactivation. These four groups are belleved to
represent gene defects at different points in a repair path-
way. Indirect evidence that thls repair is excision repalr
is provided by the cross senéitivity of' these uvs mutants to
nitrous acid and methyl methane sulfonate (89). Brendal et al
(9) using radiation sensitive mutants have reported correla-
tions between sensitivity to uv light and nitrogen mustard
as well as bhetween sensitivity to X-rays and methyl methane
sulfonate. Excision repair is assoclated with damage by these
mutagenlc substances because excision of crosslinked bases of
DNA (51) and repair replication have been shown to occur in
E. coll which had been treated with methylating agents (14).
The relevance of these various repalr méchanisms to the
budding cell resistance of yeast 1s unclear. Budding yeast
cells show both liquid holding recovery (53) and agar holding
recovery (3) after exposure to X-rays and uv light respectively.
Haploid X-irradlated budding yeast cells have been shown by
Perper (68) to show gfeater colony formation when posttreated
on growth medlia different from the one used for lrradiation.
Interdivisional cells show llttle or none of this recovery

(68). Sueh recovery processes which appear with the onset of
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budding suggest the presence of a cell ecycle dependent

control of a resistance and fepair mechanism, and suggest

that an investigation of the genetic basis of resistance of

the budding cell to radiatlion might help to clarify 1its

nature. The present study deals with the induction, 1solation
and characterization of mutants deficient in or devold of bud-
ding cell resistance. The mutants obtalned permit a formal
genetic description of the budding cell resistance phenotype
and provide a basis for speculation as to the actual mechanisms

involved.
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Materials and Methods

A. YEAST STRAINS

Table I lists strains utilized in these studies,
Genetically marked strains obtained from Dr. Robert K.
Mortimer were used directly or were employed to construct
new stralns for use in these 1lnvestigations. Genetic markers
are described by conventions adopted at the Yeast Genetles
Conference 1961 at Carbondale except that locus and allele
numbers are printed on the same line as the gene deslignation.
Lower and upper case letters for a gene symbol'indicate the
mutant>and wild type genotypes respectively.

B. MEDIA
YEPD

Dextrose, 1.0%; yeast extract, 0.5%; peptone, 0.35%,

agar 2% (modified from 21).

Synthetic Complete (ISC)

Dextrose 2%, Difco yeast nitrogen base without amino
acids, 0.67%; and the following additions: adenine, 20 mg/l;
arginine, 20 mg/l; histidine, 20 mg/1l; methionine, 20 mg/1;
tryptophan, 20 mg/l; uracil, 20 mg/l; leucine, 30 mg/l; lysine,
30 mg/1; threonine, 100 mg/1. (72).

Omissions (SG-)

Synthetic complete minus one of the above additions: (72)

Minimal Medium (Min.)
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Dextrose 2%, Difco yeast nitrogen base without amino
acids, 0.67%, agar 2% (72).

Petite Medium

Glycerol 3%, dextrose 0.025%, yeast extract 0.5%, Bacto
peptone 0.35% and agar 2%; used for scoring the petite pheno-
type (inability to utilize glycerol as a carbon source
(modified from 21 and T2).

Presporulation Medium (GNA)

Dextrose, 5%; yeast extract, 1%; Bacto nutrient broth,

5%; agar 2% (72).

Sporulation Media

Potassium acetate, 2%; yeast extract, 0.25%; dextrose,
0.1%; adenine, 20 mg/l; agar 2% (27).
Buffer

G. solution: KHpPO4 2.65 mgs/liter; KoHPO,, 5.32 gms/

liter, and sterillzed separately and added after sterllization
10 ¢ec. of O0.2M MgSOu . TH0 (21).

Starvatlion Medlum

Dextrose, 5%; in 0.05 M KHoPOy with no fixed nitrogen

source (21).

C. Radiation Sources

Cells were 1lrradiated with X-rays from a beryllium window
tube (Machlett OEG-60) at a dose rate of 56 KR/min (50 Kv, 40

mA). The X-ray tube was calibrated with the aid of an
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ilonizatlion extrapolation chamber constructed accordlng to
the design of Mortimer by Prof. Edward Green of the Department
of Physics of Brooklyn College (28). The UV source was a
G. E. Germlicidal lamp calibrated with the aid of a Laterjet
dosimeter. The distance between the source and the agar
surface of the irradiated petri plate was such that the dose
" rate was 60 ergs/mm°/sec.

D, Radilation Studiles

1 - Inactivation by X-rays

Three well established methods (7, 68, 73) were employed
in the estimation of survival.

a. Replica plate tests to score for radiation sensi-
tivity.

b. Macroscopilc colony production on the agar surface of
Petri dishes and

¢. Microcolony production following the micromanipula-
tive 1lsolation of sultably treated yeast cell.

Method a:

The replica plating test for X-ray sensitivity was used
for the isolation of radlation sensltive mutants, for genetic
analysils of radiation sensitivity in spore cultures derived
from dlssected ascl, and for studles of allelism or complementa-
tion among mutants.

Details of the procedure employed are as follows: Single
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colonies from YEPD plates of the strains to be studied were
picked and transferred with sterile toothpicks to fresh YEPD
master plates to glve 50 colonies per platé. Streaks of
SCTK and SC6 were also included for controls. The YEPD plates
were incubated overnight at 30°C and were then replica plated
to three YEPD plates. For the production of X-ray sensitive
mutants, a glycerol agar replica plate for petite detection
was also included, since 1t was desirable to study X-ray
sensitivity in the absence of a petite phenotype. The yeast
populations on the master and replica plates at this time con-
tained approximately 20% budding cells. One YEPD replica was
exposed to 196 KR of X-rays, a dose sufficient to inactivate
essentially all interdivisional cells, but leave approximately
1% surviving budding cells. The other replica was exposed to
56 KR, while the third YEPD replica was retained as a control.
After 48 hours of incubation, the replica imprints were
examined for the presence or absence of growth.

For the production of XS mutants, replica imprints of
colonies showing growth after 56 KR but no growth after 196
KR were regarded as presumptive partially sensitive budding
cell mutants. Replica imprints of colonles showlng no growth
after both 56 KR and 196 KR were regarded as mutants lacking
any budding cell resistance. Such presumptive mutants were

reisolated from the control plate and were retested for
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sensitlvity by the replica plating procedure and by survival
curves.

For genetic analysis of radlation sensitlivity ascospore
cultures to be tested for radlation sensitivity were picked
to YEPD master plates. These 1incubated spore cultures from
dissected ascl were incubated overnight, and then treated in
the manner previously described. Routinely 2:2 segregation
was found for radiatlon sensitivity. All streaks from radia-
tion sensitive segregants showed no growth after 196 KR.
Those streaks from segregants from crosses involving mutants
lacking any budding cell resistance showed no growth after
56 KR as well.

For allelism studies, single diploild colonles were trans-
ferred from YEPD plates to fresh YEPD master plates and
treated in the manner described above. After 48 hours of
incubation, the repllicas were scored for growth which would
indicate resistance and therefore compieméntation and thus
nonallelism. For the studles of allellism of mutants, the
replica plating test procedure was employed as a qualitative
screening method for complementation, and survival curves
were routinely completed to verifly the results of thls test.
For these studies, diplecld strains, the survival curves of
which show 68% or greater of normal resistance at 50% or 1%

survival on YEPD, exhlblted growth on replicas irradiated
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for 196 KR indistinguishable from wildtype. Such strains
were designated as having normal resistance, full complemégfél
tion or nonallelism of mutants (see discussion section II).
However, diploid strains which showed 55% - 60% of normal
resistance at these levels of survival, routinely exhibited
sparse growth after lncubation of replica plates irradlated
for 196 KR; (see discussion section II). These latter diploids
showed growth indistinguishable from wild type after 56 KR.
Such diploids were classified as sensitive to radiation, and
showling only partial complementation.
Method b:

Detalils of the procedure employing the second method are

as follows:

A colony from a three day old YEPD streak plate of the
strain to be studied was suspended in 10 ml. of YEPD broth and
aerated overnight at 30°C on a gyratory shaker. This growth
procedure gave rilse to a culture contalning between 107-108
cells per ml. with approximately 30% budding cells. The cells
were then pelleted by centrifugation, washed twice with sterile
chilled G. solution, and then suspended in 5 ml. of G. solution.
Whenever clumps were observed in the washed cells, they were
removed by low speed centrifugation. For some irradilation
experiments, homogenous preparations of interdivisional cells

were obtained by the following procedures: cells from an
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overnight YEPD broth culture were harvested, pelleted by
centrifugation, washed three times, then resuspended in 10
ml. of starvation medium and aerated for 48 hours at 30°C in
order to reduce the budding cell fraction. After starvation,
the cells were pelleted, washed three times, resuspended in
5 ml. of G. solution 1n a 15 ml, sterile glass centrifuge
tube and centrifuged at 700 RPM for approximately 2-3 minutes,
The necessary duration of low speed centrifugation was found
to differ for each yeast strain under study. After suitable
low speed centrifugation, a sample of the turbid supernate
was microscopically examined for budding cells. If none were
visible, the top three ml. of supernate was carefully pipetted
into a sterlile glass test tube. This suspension of interdivi-
sional cells was used for experiments. This centrifugation
procedure routinely results in a culture containing approxi-
mately 10! interdivisional cells/ml. with less than 0.5% budding
cells.

A relatively pure population of budding cells was obtailned
in the following manner: an intérdivisional cell suspension
prepared as descrlbed above was pelleted and suspended in 10
ml. of YEPD broth and placed on a gyratory shaker at 30°¢.
Aliquots were removed after two hours, and at one half-hour
Intervals thereafter, and mlcroscopically examined for the

presence of budding cells. No cells having more than one bud
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were observed. Thus all budded cells in these preparations
arose from the formation by interdivisional cells of the first
budding cells in T70-75% synchrony. At this time 1ncubation was
ended. The cells were pelleted by centrifugation, washed once
in chilled G. solution and resuspended in 5 ml. of chilled G.
solution. Cell density was in all cases determined with a
hemocytometer; estimation of the percentage of budding cells
was also routinely made. Routinely 20-30% budding cells for
all strains from log phase cultures (overnight cultures) studied
was observed. Synchronous cﬁltures showed T5% budding cells.
One tenth ml. aliquots of appropriate dilutions of the cells
were then spread on agar in petrl dishes and the dlshes irra-
diated with the covers removed. After incubation at 30°C for
5 days to permit colony formétion by all survivors, survival
ratios were determined by comparing the number of coloniles on
irradiated énd unirradiated plates.

The concept of the dose modifying factor (DMF), common
to radiobiology, was employed in this study to aid interpre-
tation of alteration of budding cell resistance in survival
curves of sensitive mutants and mutant combinatlions in haploid
and diploid state when compared to wild type. Experimental
conditions often enhance or diminlsh the effectiveness of
radiation. A DMF is a number which equates experimental and

control doses of equal effectiveness. In the case of X-ray
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sensitive mutants and mutant combinations, the DMF may be
regarded as the fraction remalning of budding cell reslstance
functlon when compared to wild type. For example, the LDl
(dose producing 1% survival) for SCTK is 187 KR and that for
the mutant XS9 is 131 KR, The DMF is 131/187 or 0.7 (see
Figure 1).
Method c:

Micromanipulative studles were carried out as follows:

A loopful of cells either from a culture, or from a
suspension in which experimental treatment had been conducted,
was streaked on a YEPD agar slab which was placed on a dissec-
tion chamber. If the cells were to be irradiated, the chamber
was located under the source with the agar surface facing the
radiation., After exposure, the coverslip was inverted on the
chamber and budded or non-budded cells isolated with the
mieromanipulator. The streak was then cut off, discarded,
and the agar slab with 50 to 100 isolated cells in rows was
then transferred to a plate of YEPD agar, which was then in-
cubated for 48 hours. A cell giving rise to a colony of a
diameter of 1 mm. or more was considered a survivor.

2. Non-lethal Endpoints

In addition to inactivation, a non-lethal X-ray effect
was also studlied. This was the induction of recessive homozy-

gosis for heterozygous input markers.
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Recessive homozygosis was studied in clones arising from
diploid cells irradiated as heterozygotes as reported by Hurst
and Fogel (23). Replica plating of colonies from control and
irradiated plates on to media deficient for a single nutrilite
would indicate recessive homozygosis by the absence of growth
on this media.

3. Production of XS Mutants

Cells of SCTK or culture SC7TK-4D were streaked on a
fresh YEPD plate. After two days growth, a single colony
waS‘sﬁSpended in 10 ml. of YEPD broth and aerated overnight
at 30°C. The cells were then harvested, washed once by centri-
fugation and suspended in 10 ml. of starvation medium and grown on
a shaker for 3-5 days. The procedure employed was a modifica-
tion of that used by Elkind and Beam (21)., This treatment
was undertaken to reduce the budding cell fractlon which
might be expected to be resistant to mutagenesis and to impede
detectlion of mutants by adding uselessly to the non-mutant
population. After starvation, cells were pelleted by centri-
fugation, washed twice in chilled G. solution, diluted,
plated on YEPD and exposed to sufficlent UV to give 50%
survivors, as estimated by the macrocolony procedure. After
flve days 1lncubation at 30°C, colonles were transferred with
sterile toothplcks tg YEPD master plates to give 50 colonies

per plate. Streaks of SC7K and SC6 were included for controls.
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The YEPD master plates were then treated in the manner pre-
viously described for replica plate testing for X-ray sensi-
tivity. (see section D-l).'

E. Genetic Analysis

1. Genetic Properties of Mutants

Methods of mating, sporulating, and genetic analysis of
yeast followed standard procedures which have been detailed
elsewhere (73).

Mating of haploid strains was accomplished in elther one
of two fashions. In one case, the multiply marked parent
haploid strains were mass-mated on YEPD agar. After 24 hours
incubation, the cross was repllca plated to minlmal agar to
select for growth of prototrophic heterozygote diploids. The
diploid isolate was straked on to minlmal agar to isolate
single colonies. After 72 hours, single colonies were picked
and streaked on to YEPD.

Mating was also accomplished by mixing freshly grown cul-
tures of haploids of opposite mating type in YEPD broth. Apter
approximately four hours, the zygotes were isolated by micro-
manipulation on YEPD, After 48 hours, the diploid colonies
were plcked and streaked on to fresh YEPD agar.

Presporulation was accomplished by transferring diploid
colonles after 48 hours growth on a GNA plate to GNA master

plate for overnight incubation. These were then replica
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plated to petri dishes of sporulation medlium which were incu-
bated for three days, and then examined for asci. Sporulated
cultures were suspended in a 1:6 dilution of snail enzyme (68)
for five minutes and then diluted tenfold with sterile dis-
tilled water. After enzyme digestion of the ascus walls,
the spore tetrads were dissected by the microdissection tech-
nique of Johnston and Mortimer (44).

Genetle analysis of tetrads for gene-gene linkage and
gene centromere linkage was accompllished as follows: in a
cross AB x a b the following ascus types can be distinguished:
parental ditype (PD) AB AB ab ab, non parental ditype (NFD)
Ab Ab 3B aB and tetratype () AB ab aB ab. Gene-gene linkage
is indicated by a PD: NPD ratlio significantly greater than one,
The second division segregation is determined relative to known
centromere linked genes. Centromere linkage of a gene is in-
dicated by a second division segregation frequency signifi-
cantly less than 2/3. (32,56). 'Genetic anal&sis of radiation
sensitivity was conducted as previously described. (See
Section D-1).

2. Allelism and Sporulation of Mutants

For allellism tests, zygotes heterozygous in repulsion for
two sensitivity genes were constructed as follows: the multiply
marked single mutant haploid parent stralns were mass mated

on YEPD agar. After 24 hours incubation, the cross was replica
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plated to minimal agar to select for growth of prototrophic
heterozygote diploids. The diplold isolate was streaked on
to minimal agar to 1solate single colonies. After 72 hours,
single colonies were picked and streaked on to YEPD agar for
single colony isolation. Single colonies were then picked
and transferred with a sterlle toothpick to fresh YEPD master
plates which were then incubated overnight at 30°C and tested
in the manner previously described. (See section D-1).

As a further test of allelism to determlne whether
mutants recombine with one another, diplolds of all mutant
pairs were sporulated, dissected and the segregants of those
ascl showing survival of all U4 spores were tested for resis-
tance. A single meiotic recombinational event placing the two
different mutant genes in one genome should generate a compli-
mentary wild type genome in one spore of the ascus.

3. Melotic Recombination and Linkage Studies

Sporulation and dissection of diploids multiply heterozy-
gous for standard nutritional markers, but in addition homozy-
gous or heterozygous for sensitivity mutants were also performed
to determine if XS genes 1nfluence meiosis and melotic recombi-
nation.

To test for linkage between mutants, the segregants of
several asci showing survival of all 4 spofes were tested for

resistance in the manner previously described. A PD ascus
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would be expected to generate 4 sensitive ascospore cultures.
An NPD ascus would generate two resistant ascospore cultures and
two doubly mutant sensitive spore cultures. A T c¢lass ascus
would produce one resistant spore culture and three sensitive
cultures, one of which 1s a double mutant.

An examination after 48 hours of the irradiated spore
culture replicas from the mutant x mutant intercrosses for the
presence or absence of growth permltted a determination of the
number of PD, NPD, and T ascli., A PD: NPD ratio significantly
greater than one 1ndicates linkage. (table 5).

L4, Double and Triple Mutant Hpaloid and Homozygous
Diploid Studies

The NPD spore cultures were used to determine the survival
to X-rays of haplold double mutants. In order to select for a
triple mutant composed of the three class II mutants, the
double mutant XS6 XS8 was crossed to the single mutant XS9.
The diploid was sporulated, dissected and replicas of the spore
cultures shewlng survival of all four spores were exposed to
224 KR to select for tetratype asci which would show one wild
type sSpore, 2 parental spores, and the recombinant triple
mutant, Replicas of the spore cultures'of a tetratype ascus
were then irradiated at a series of doses in order to select
for the triple mutant class. Exposure of a repllca to a dose

of 74 KR was found to be sufficient to distinguish between
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growth for parental and wild type and the absence of growth
for the triple mutant. The triple mutant was isolated and
streaked onto YEPD agar and retained for fubture use. A triple
mutant diploid homozygote was 1solated by mass mating of two
triple mutant haploid strains on YEPD. The cross was replica
plated to minimal agar to 1solate the prototrophic heterozygote
diploid. The diploid was streaked to minimal agar to isolate
single colonies. After 72 hours, single colonles were picked

and streaked to YEPD.
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Results

MUTANTS SENSITIVE TO X-RAYS

A, Isolation of Mutants

Five X-ray sensitive (XS) mutants were isolated from
approximately 10,000 colonies tested after UV treatment of
starved cells of SCTK (x) or SC7K-4D tryl his2. The sensi-
tive strains were called XS5, XS6, XS7, XS8, and XS9 in ac-
cordance with the designation of radiation sensitive mutant
strains used by Resnick (72, 73). x51 was graclously dQnated
by Nakai (60). The X-ray sensitive strains of other authors
(8, 72) were not sought for this study since the effects of
thelr mutational alterations on budding cell sensitivity is
unclear. These mutants fall into two phenotype classes:
class 1, in which budding cells lack any normal resistance and
show exponential survival to ionizing radlation (X®1 and XS5),
and class II, in which the budding cell resistance is detectable
but subnormal (see table 2). These mutants represent five
distinct genetic loci (see allelism of mutants below).

B. Genetic Analysis

1. Genetle Properties of Mutants

To determine the genetic nature of these mutants, they
were crossed with genetically marked resistant strains, the
diplolds sporulated, dissected and the spore clones were ana-

lyzed for segregation of radiation sensitivity and nutritional
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markers, In all of these crosses 2:2 segregation for all
traits was observed. The analyses of the asci from these
crosses are given in table 3. None of the mutants was centro-
mere llinked lnasmuch as second division segregation frequenciles
were not significantly less than 2/3 (table 4). None of the
XS mutants were found to be linked to any other marker used
in these studles,

2. Behavior of Heterozygotes

Diploids heterozygous for two mutant alleles were con-
structed by means of palrwise crosses in all possible comblna-
tions of all class I and class II mutants on YEPD agar
followed by prototrophic diploid isolation on minimal agar.
These heterozygous diploids were then tested for Sporulation
on acetate medium. All heterozygous mutant A x mutant B
crosses except for XS6/XS7 showed good sporulation. No sporu-
lation was found for the homozygous crosses X°1/X®1, XS6/XS6,
XST/XST and XS9/XS9 (table 5). Lack of sporulation in homo-
zygous XS strains has been reported for X®1 by Nakai and
Matsumoto (60) and for the XS3 mutants isolated by Resnick
(72). The XS1 strain of Resnick produces ilnviable spores.

The observed lack of sporulation in the doubly heterozygous
diplold XS6/XS7 suggests that XS6 and XS7 may represent either
independent occurrences of the same mutation, or may be closely

linked genes which have the same effect on the phenotypes of
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budding cell resistance and sporulation. It 1is difficult to
distingulsh between these two alternatives. The lack of
Sporulation.observed in homozygous mutants suggests that some
genes affecting X-ray sensitivity are also essential to melosis.
This effect on meiosls like that upon X-ray sensitivity is
recessive, since sporulation was found in all XS/4 strains.

3. Linkage of Mutants

Analysis of the frequency of PD, NPD and T ascl, among
the segregants of diploids derived from mutant x mutant crosses
tested for sensitivity suggest linkage for the class I mutant
XS5 and the class II mutant XS6 (see table 5). All other
blass I x class I, class I x class II, and c¢lass II x class II
mutants when crossed together segregate independently (table 5).

4, Melotic recombination and radiation sensitivity

The possible relationship between radiation sensitivity
and defects in melotic recombination was examined in wildtype
and in the respective sporulating class I/class I and class II/
class II homozygous mutant diploids XS5/XS5 and XS8/XS8.
Meilotiec recombination frequency was scored for the two linked
markers leu 1 and try 5. Normal linkage for these genes was
observed in the class I and class II homozygous sSingle mutant
diploid strains (see table 6)., These data suggest that genes
involved in budding cell resistance are not involved in

melotic genetic recombination.
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5. Allellsm of Mutants

The radiation sensitivity of the budding cells of dip-
lolds derived from the above palrwilse crosses was examined
to determine 1if any two mutants were at the same locus. This
question was first studied by the replica plating test for
sensitivity. In table 7, it can be seen that diplolds homo-
zygous for sensitivity exhibit no growth U8 hours after
exposure to 196 KR, a dose chosen because it is sufficient
to inactivate the budding cells of all mutants. In contrast,
heavy growth was found on similarly exposed replica imprints
of diploids composed of wlldtype and any class II mutant, or
of wildtype and the class I mutant XS5. The diploid composed
of wildtype and the class I mutant X51 showed detectably less
growth (see X-ray survival results Section C). Allelism,
detected by the absence of growth on x-rayed imprints of
mutant A x mutant B diploids was observed only for XS6 and
XST. Replica imprints 6f the diploid contalining the two class
I mutants X°1 and X85, after exposure to 196KR show only
isolated colonies after 72 hours indicating only partial
complementation. Confluent growth indistinguishable from
that observed on imprints of wildtype cells was found after
exposure to 56 KR, a dose from which each of the parent hap-
loid strains show less than 10-3 survival (see table 7). A

similar response 1is observed after exposure of replica imprints



-30~
of the X°1/wildtype diploid to 56 KR. (see X-ray survival
results below Section C).

As a second test for allelism, the ascospore cultures
showing growth of all 4 spores were tested to determine whether
the mutants were separable by recombination, that is, for the
presence of at least one wildtype resistant segregant. At
least one such spore culture was found in the ascl tested
from crosses from all heterozygous double mutant diploids,
again with the exception of XS6/XST which falled to sporulate
(table 5).

In addition, as a third test of allellsm, the frequency
of microcolony formation was determined for irradiated micro-
manipulated budding cells of wildtype SC6 and the following
four heterozygous double mutant diploids exposed to 56 KR:
Xsl/XSS, XS1/XS8, XS5/XS8 and XS6/XS9. The observed micro-
colony frequencies‘suggest the complementary resistant behavior
of XS5/XS8, and XS6/XS9 budding cells and reveals the partial
complementation occurring in budding cells derived from XSI/XS5
or XSI/XSB heterozygous diploids (table 8). (see discussion).
These allele tests collectlvely indicate that a minimum of
five genetic loci are concerned with budding cell resistance
(tables5 and 7). Allelism will also be considered below when
survival curves of various comblnations of mutants are compared.

C. Inactivation by X-rays
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1. Single Mutant Haplold and Diplold Studles

X-ray survival curves of the mutants and of wildtype are
given in Figure 1, It can be seen that at low doses, survival
of mutants is similar to that of wildtype 1ndicating that the
haploid interdivisional cell sensitivity 1s not markedly
affected by the mutations. (Also see table 2). The budding
cell component of the mutant survival curve 1is, however,
reduced or absent. Since the frequency of budding cells in
wildtype and all mutant cultures was 20% to 30%, which was
sufficlent to provide a conspicuous resistant component to
a survival curve of the wildtype SC7K (figure 1), the mutant
phenotypes must result from modification of genes controlling
the X-ray resistance that appears during budding. These radi-
ation survival data and the genetic data given above show
that a single gene mutation can abolish budding cell resistance
rendering the budding cell as sensitive as an interdivisional
one (Xsl, XS5, see fig. 1) or subnormal in resistance (XS6,
XS8, XS9 see fig. 1 - see also table 2).

The concept of the dose modifying factor (DMF), has been
employed in this study to aid interpretation of alteration of
budding cell resistance in sensitive mutants. As described
in Materials and Methods, in the case of X-ray sensitive
mutants, the DMF can be regarded as the fraction remaining

of normal budding cell resistance., The tables inserted in
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figure 1 and 2 give DMFS of one or more indicated survival
ratlios and the X-ray exposures required to produce them. For
example, the LDl (dose producing 1% survival) for SC7K is
187 KR, and that for XS9 is 131 KR. The DMF is 131/187 or
0.7. In these survival curves DMF fluctuates somewhat as a
function of survival and dose, probably due to alterated in-
activation kinetics in the mutant. However, the order among
the mutants remains the same regardless of dose and serves
as a means to express the severity of the mutational lesions.
(see figure 1 and 2). In these terms, the class II mutants
appear to differ in the degree of remaining function conferring
budding cell resistance. For example, at LD1.0 the DMF ranges
from 0.70 for XS9, to 0.48 for XS8 to about 0.39 for XS6. The
class I mutant budding cells possess a minimal 0.10 of normal
budding cell resistance. This number 1s no different than the
DMF for wildtype interdivisional cells, (fig. 12 and table 2),
and means that class I mutants show none of the resistance
characteristic of normal budding cells.

The effect of the mutant genes upon diploid interdivisional
cell sensitivity can be observed by comparing DMFs at 50%
survival (fig. 2). These DMF values are reasonably representa-
tive of interdivisional cell survival, although budding cells
which comprise 20-30% of the population contribute somewhat to

overall survival, and the contribution is greater in those
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peopulations in wﬁich they are more reslstant. As the table
in Fig. 2 shows, the sensitivity of diploid interdivisional
cells of homozygous mutants representative of all classes 1s
affected by the mutant genes. When the DMFs are presented
in order of decreasing percentage of wlldtype resistance, the
values of 80%, 50%, 26%, 0.08% and 0.10% are found for XS6,
XS9, XS8, XS5, and X°1, respectively. The homozygous class I
mutant possesses a sensitivity close to that of a haploid
interdivisional cell. Thus class I mutants represent total
blockage of both resistance conferred by the budding of a
haploid interdivisional cell and that provided normally b&
the diploid condition (fig. 2). It should be noted that none
of the mutant genes sensitizes haplcold interdivisional cells.

A similar consideration for interdivisional cells of
heterozygous‘single and double mutants representing all class
combinations is presented in the tables in figures 3, 4, 5, 6
and 7. It can be seen that the DMFs at 50% survival for wild-
type/mutant diploids and mutant/mutant heterozygous diploids
does not differ significantly from unity. Therefore, the
mutant genes are recessive 1n thelr expression in lnterdivi-
sional cells, and complementation in lnterdivisional cells
appears to be complete.

Comparison of the DMFs of budding cells of homozygous

diploids and of haploids at 1% survival (fig. 2) reveals a
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degree~of -eonsistency in the functional ordering of the
mutants. With the exception of close simllarities 1in DMF of
XS6 and XS8 in either haploild or diploid state, the order of
effectiveness (DMF) of mutant genes in budding cells is es-
sentially independert of whether haploid or diploid. More
significant 1s the substantial lowering of XS8 and XSO DMFs
when the leslons are 1n the homozygous diploid condition. For
instance, XS9 has 70% of wild type resistance in the haploid
state, but only 42% in the homozygous diploid condition. XS8
is about 50% as effective in the homozygous diploid as in
the haploid. The similar response of the XS6 mutation in the
haploid and diploid states 1is considered in the next section.
In budding cells, regardless of ploidy, XS9 appears to be the
least damaged 1in ability to sustain wild type function. The
class I mutants X°1 or XS5, deplete budding cell reslstance
to approximately the haplold interdivisional cell level.
(see figures 1 and 12.)

Consideration of the relationship, previously reported
by Resnlck, between haplold budding cell resistance and the
diploid interdivisional cell shoulder (72, 73) shows that in
homozygous diploids, with the exception of XS6, the sensitivity
of haploid budding cells is paralleled by the sensiltivity of
the diploid interdlivisional cells. The diploid interdivisional

cell shoulder is unaffected by mutation of the XS6 gene, but
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is reduced when either XS8 or XS9 is present in the homozy-
gous condition. The function of mutant XS6 genes in interdi-
visional diploild cell resistance may‘be correlated with the
similarity of DMF at 1% survival in the budding cell region of
the survival curves of a haplolid and a homozygous diploid.
Evidence will be presented later to show that a normal XS6
gene 1s required for the budding cell shoulder.

The mutant genes have also been studied in diploids in
which thegenes are present in single and double heterozygotes
including all class I , class I combinations. These results
are presented in figures 3 - 7 and the accompanying tables,
It can be seen that a DMF of 70-90% 1s observed for all dip-
loids except for wild type X®/1, x®1/%S5 and all X°1/class II
diplolds. Except for diploids bearing Xsl, complementation
is approximately complete. The reasons for the DMF of T0-90%
will be considered in the discussion of results. The budding
cells of all X®1 heterozygotes including Xsl/XS5 show about
55-60% of normal reslistance. This lncomplete complementation
and incomplete dominance of the X531 locus may indicate either
a gene dosage effect at the x51 locus, or that the active
product of the normal x®1 gene may be an aggregate molecule
composed of two identlcal subunits. Twe llines of evidence
suggest that the two class I mutants, Xx®1 and XS5 are not

equivalent, and that a gene dosage effect may be present at
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the Xslvlocus. Firstly, the XS5 heterozygote has a higher
DMF than the X®1 heterozygote (DMF of 0.70-0.90 versus DMF
of 0.50). Secondly, the X®1 single mutant heterozygote
shows the same DMF as the XS1/XS5 double mutant heterozygote.
A X%1 single mutant (X51/4 ), or double mutant heterozygous
diploid (Xsl/XSS) having only one of the normal complementary
genes for this locus would be expected to show only 50% of
remaining wild type function (DMF of 0.50-0.55). Thus, normal
XS5 function, in the absence of the other class I mutant gene
Xsl, is dose dependent in the heterozygous or homozygous
diploid state. However, normal XS5 function is masked by
the presence of a dosage effect at the X531 locus in the single
mutant and double mutant heterozygous diploid X51/XS5. There-
fore, x%1 function is independent of the number of XS5 genes
present; XS5 in contrast 1s strongly affected by the state

of Xsl.
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Multiple Mutant Studles

In order to clarify the roles of the various locl to the
phenotype of budding cell resistance, it seemed essentlal to
observe the effects of various gene combinations in a single
haploid genome. Such strains were constructed as described
in the Materlals and Methods and were analyzed in the same
fashion as indicated above. The results are presented in
figures 8, 9 and 10, and the associated tables. Firstly, in
the case of the class I mutants, x°1 and XS5, neither thelr
presence together 1n a single haploid genome, nor the addition
to a single class I mutant of a class II mutation increases
radiation sensitivity beyond that of class I single mutant.
None of these strains 1s significantly more or less sensitive
than a haploid interdivisional cell. Thus, a class I mutant
wbuld appear, at least in a haploid genome, to represent a
block before or behind which no assoclated genetic competence
or deficiency has access to the phenotype.

The class II mutants behave in an entirely different
fashion. To recapltulate: 1in homozygous condition they re-
present different degrees of budding and interdivisional cell
reslistance; 1n heterozygous condition, all diploids show wild-
type interdivisional cell responses. When class II mutants
are placed together in a haploid nucleus, budding cell re-

sistance 1s always reduced, while the interdivisional cells
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show wild type sensitivity (fig. 10). Budding cell survivals
of these class II ., class II haploid double mutants are as
follows: Type A (XS8 XS9) shows a shoulder similar to wild
type budding cells but much reduced, which is followed quickly
by a limiting exponential .at higher doses. Type B (xs6 and
XS6 XS8) lacks any budding shoulder and is exponential through-
out. The limiting exponential survival component of XS8 XS9
is parallel to the survival curve of XS6 XS9. These results
suggest that a normal XS6 gene is responsible for the budding
cell shoulder. The average DMF of 0.23 for the three class I1
double mutant haploids 1is about haif of the observed average
DMF for the three single class II mutants at this survival.
Addition of the second class II lesion results in a less in
an additive fashion of approximately 75% of wild type resistance.

The greatest reduction in budding cell resistance 1s found
in the triple class II mutant composed of XS6, XS8 and XS9 in
a single haplold genome. In figure 12, it can be seen that
its budding cell survival 1s indistinguishable from that of
a élass I mutant budding cell, or an lnterdivisional cell; 1.e,
there 1s no budding cell resistance. The fact that the pre-
sence in a haplold of elther a class I mutant, or all three
class II mutations abolishes budding cell resistance suggests
that these genes may represent the total genetlc control of

the phenotype. ¥

¥ We are aware of the improbability of finding 1n six mutants
modifications of the five genes relevant to a phenotype.
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In order to further define the roles of the Xsl and XS5
genes, a mutant diploid homozygous for the three class II1
mutations XS6, XS8 and XS9 was synthesized and studied (see
figure 12)., The DMF of this triple mutant homozygote in the
interdivisional cell region is 0.25, while the DMF for budding
cells is 0.18. Thus, the normal X°1 and XS5 genes together
account for about 25% of normal diploid interdivisional cell
resistance. The remalning 75% of this resistance may be
attributable to the combined action of the normal class II
genes, As observed with the triple class II haplold mutant,
no additional resistance is conferred by budding. Thus, re-
gardless of ploidy, functional class II genes are necessary
for budding cell resistance.

The relationship between mutant budding cell sensitivity,
and the haploid low dose shoulder has been mentioned. With
the exception of the mutant homozygote XS6/XS6 which shows a
DMF of 0.80, the more sensitive the budding cells are to X-rays,
the lower 1s the interdivisional cell resistance (DMFSO).
Therefore, the budding cell sensitivity genes which exert a
major effect on the diploid shoulder include Xsl, XS5, XS8 and
XS9. XS6 exerts only a minor influence on the diploid
shoulder. In order to more clearly 1illustrate the role of
class II genes on this relationshlp, class II double mutant

diploids homozygous for either XS6 and XS8, XS6 and XS9, or
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XS8 and XS9 were synthesized, irradiated, and the DMFs at
50% and 1% survival were computed and compared with those ob-
served for the single class II mutant homozygotes. A 20%
reduction in interdivisional diploid shoulder occurs when the
XS9 gene is added in homozygous condition to the XS6 homozy-
gote (see figure 11). The fact that the XS6 XS9/XS6 XS9
double homozygote is more sensitive than the XS6 XS8/XS6
XS8 and XS8 XS9/XS8 XS9 diploids suggests that the normal
XS8 gene may be epistatic to the normal XS6 and XS9O genes
(see figures 2 and 11). The XS8 XS9/XS8 XS9 mutant diploid
shows a DMF at 50% survival for interdivisional cells of 1.00
and a DMF at 1% survival for budding cells of 0.57. (fig. 11)
The shoulder observed might be expected to represent mainly
budding cell resistance since the only normal class II gene
present is XS6 which 1is responsible for the budding ghoulder.
To test this possibllity the X-ray survival of individually
isolated budding and interdivisional cells of the XS8 XS9/XS8
XS9 diploid homozygote was determined. Survival of budded
cells exposed to 9.3 Kr is 47/50 or 0.94 which is close to
wlld type budding”cell survival while that of interdivisional
cells 1is only 16/50 or 0.32. After 56 Kr, the budded cell
survival is 16/50 or 0.32, while that of interdivisional
cells is 0.50. As a control, wildtype SC6 interdivisional

cells similarly treated show a survival after 56 Kr of 0.30-0.50.
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It should be noted that the observed budding cell survivals
after 9.3 KR and 56 KR for the XS8 XS9/XS8 XS9 diploid are
in good agreement with the macrocolony survival for this
strain after these doses of radiation (see figure 11). Thus,
1t would appear that the 1lnterdivisional cells of this mutant
are too sensitlve to contribute to the low dose shoulder ob-
served., Additional considerations of the survival kinetiecs
of these strains may be found in the sectlions of the Discussion

dealing with organization of pathways of radiation resistance.
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Medium Stimulated Repalr in Wildtype and Mutants

Medium stimulated repair, defined by Perper and Beam (69)
as higher survival when cells are plated and irradiated on
medium different than used for preirradiation growth, was
studied by plating appropriate dilutions of a washed overnight
YEPD broth culture of wlld type, class I and class II mutants
on YEPD agar and on minimal agar followed by irradiation at
a serles of doses., Medium stimulated repair was studied by
taking the DMF at 1% survival from survival curves of cells
irradlated on YEPD and on minimal medium for wild type and
all mutants. The class II mutants reSpond to about the same
extent as wild type, while the class I mutants show no detec-
table increase in survival (see figures 13 and 14),

Introduction of Non lethal Damage in Wildtype and Mutant Strains

Perper (68) and Perper and Beam (69) utilizing the dip-
loid 22367 which is multiply marked on the right arm of chromo-
some V have shown that budding cell resistance to 1lnactivation
is accompanied by a resistance to several non lethal effects.
It was considered pertinent to determine the effects of the
mutations conferring sensitivity to inactivation on the sus-
ceptibility of budding cells of these strains to inducted
recessive homozygosis at several loci. This non lethal end-
point was studied with synchronoﬁs preparations of interdivi-

sional and singly budded cells of willdtype, the class I mutant
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ﬁomozygote XS5/XS5, and the class II mutant homozygote
XS8/XS8, exposed to an X-ray dose sufficient to glve approxi-
mately 40% survival. The XS5 and XS8 mutants were employed
since only these two mutants retain abllity to sporulate when
homozygous, and would mqst closely resemble wild type in
genetic background.

The results glven in tables 10 and il show that budding
cells of the XS5 and XS8 homozygotes respond differently to
radiation produced homozygosis. In the XS5 diplold, in which
budding and interdivisional cells show the same sensitivity
to inactivation, homozygosis 1s inducted at the same frequency
in both types of cells. Therefore, budding confers reslstance
to neilther inactivation nor homozygosis. In the case of XS8,
the budding cells of which are substantially devold of resis-
tance to inactivation, the incidence of homozygosity in
budding cells is that observed in wild type budding cells.
Therefore,4the budding cells in this strain are resistant to
homozygosis, but not to inactlvation.

To summarize, in the case of XS5, inactivation and
homozygosis are both affected by the mutation. XS8 appears

to affect inactivation only.
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Discussion

1. General consideration of radiation resistance

Genetic control in yeast of interdivisional cell resis-
tance to UV has been thoroughly explored by Cox and Parry
(14) and others (3, 60, 71, 72). The investigations in the
present study establish that X-ray resistance conferred by
budding 1is also under genetic control, and has the follcwing
properties: Mutatlons conferring sensitivity may reduce
budding cell resistance to the level of an 1lnterdivisional
cell (class I), or may produce subnormal resistance (class
II). These mutations may be regarded as resulting in a loss
of some functions responsible for normal resistance., The
presence of either a single class I mutation, or all three
class II lesions in a single genome reduces resistance to
the level of an interdivisional cell. With the exception of
XS6, the more sensitive the class II haploid budding cells
are, the more sensitive are the corresponding homozygous
diploid interdivisional cells. Thus, genes responsible for
sensitivity in budding cells are effective in diploid inter-

divisional cells. Presumably, these genetic lesions are

similar to mutations conferring senslitivity Inother organisms,

With respect to survival kinetics after radiation, and the
genetic control of resistance to inactivation, the following

similarities in yeast and other fungl are found., Wright and
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Pateman (88) foreshadowed our finding of two phenotypically
different classes of sensitive budding cell mutants by their
isolation of two such phenotypically different groups of uvs

mutants in Aspergillus nidulans. One group shows exponential

survival to ultraviolet 11ght'and nitrous écid, while survival
curves of the second group show the wild type multihit charac-
ter, but with subnormal resistance to these two agents. Gene-
tic control of radiation resistance inother eukaryotes is

exemplified by the isolation of sensitive mutants in Neurospora

(75), Ustilago (37), and yeast (3, 15, 72, 79). Generally,
these studies afe consistent with the results of the present
investigation. All show that the property of resistance is
controlled by gene products. The mutant alleles of these genes
are recessive, and these alleles complement when crossed one
with the other to give a heterozygous diploid with wild type
résistance.

Regarding class I mutants, two lines of evidence suggest
that the class I mutant XS5 is different from the phenotypi-
cally similar X°1 of Nakai and Matsumoto (61), and XS1 of
Resnick (72). XS5 segregates independently from Xx®1 when
crossed with it. XS1 was not avallable for similar testing.
The XS5/XS5 diploid, however, produces viable ascospores when
sporulated, where XS1/XS1 shows no spore viability. Thus,

these two genes are functionally separable. Consideration of
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the roles of mutants and thelr functlonal organization will
be presented in Section II.

It was argued in the Introduction, that repalr and its
control 1s the most plausible basis for budding cell resistance.
One type of dark repair of X-ray damage, called liquid holding
recovery, 1s well established in yeast. Patrick and Haynes
(66, 67) have shown liquid holding recovery in diploid but
not in haplold interdivisional cells after exposure to X-rays.
Parry and Parry (65) have demonstrated differing responses to
liquid holding recovery of the uvs mutants of Cox and Parry.

Other treatments, which delay the first postirradiation
division, produce similar perhaps related effects. James and
Werner (43) have shown that prolongation of the interval
between X-irradiation and the first division by treatment of
X-irradiated diploid interdivisional cells with beta-mercap-
toethanal resulted in reduction of several kinds of damage
(inactivation, dbublet formation, abortive colony formation
and lethal sectoring). Haploid interdivisional cells when
similarly treated were unaffected. Repair by budding cells
of lethal X-ray damage by plating of irradiated cells on agar
medium other than that used for prelrradlation growth has been
observed by Perper (68). This effect was called medium sti-
mulated repalir and was observed for diploid and haploid budding

cells and to a lesser extent for diploid, but not haploid
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interdivisional cells., Averbeck et al (3) have similarly de-
monstrated that wlld type yeast and their haplold r mutants
which are sensitive to uv and X-rays are capable of post-
irradiation recovery on agar from uv damage. It should be
noted that this agar holding recoveryrand the medium stimulated
repalr reported by Perper (68) are restricted to the high dose
range (survival 1% or lower) where survival of a non-synchro-
nous population is due mainly to budding cells. These effects
are not found after low doses of radiation which permit a
higher fraction of interdivisional cell survival. These
haploid r mutants 1ike our c¢lass iI XS mutants, show the same
degree of repair as wild type cells, Additional evidence of
repair by budding cells is the following: ZLangguth (53) has
shown that synchronous populations of haplolid yeast cells
show liquid holding recovery after X-irradiation during the
budding portlion of the cell cycle. Interdivisional cells lack
such recovery. Moustacchi and Enteric (58) have demonstrated
that in a nonsynchronilized population, budding cells of haploid
wild type and the uvs 1-3 mutant which are more resistant to
the lmmediate lethal effect of uv light have greater abllity
to repalr lethal damage during dark liquid holding than non-
budded cells. The interdivisional cells of the uvsl-3 mutant
show a decfease in survival after dark holding, while the

budding cells show repair. The presence of caffelne during
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dark holding reduces primarilyythe dark recovery of haploid
interdivisional cells. Caffeine only slightly affects dark
holding recovery of lethal uv damage in budding cellé, or in
diploid interdivisional cells., These data strongly suggest
that budding and haplold interdivisional cell resistance to
uv are mediated by different cell processes, and are consistent
with repair being the basis of budding cell resistance. These
data are also consistent with the observed relationship bet-
ween budding cell resilstance, and the resistance of the
diploid low dose shoulder to X-rays.

If repair 1is the basis of budding cell resistance, the
question arises as to the nature of the repair, and of the
defects which confer sensitivity to the mutant strains. One
could suppose that recombination repalr, exclision repair, or
both might be involved. Recombinatlion repair may be excluded
since XS5/XS5 and XS8/XS8 show normal meiotic recombination
for the linked markers try 5 and leu 1. Also XS5/wild type dip-
loids do not show enhanced recombination as a result of medlum
stimulated repair (68). If excision repair were important,
then the defect conferring sensitivity would be due to
defective execision of damaged DNA, defective DNA repair
synthesis, or a defect in the rejoining of newly synthesized
DNA to the old parental strand. A defect in the exeision

process, such that damaged regions of DNA are not excised



-49-

does seem implausible on the basis of considerable work

with bacteria. McGrath and Williams (54) have demonstrated
that X-rays produce single strand breaks in E, coll DNA,
Kaplan (46) has shown also in E. colli that ionizing radiation
produces single as well as double strand scissions. Presum-
ably, then after ilonizing radiation no endonuclease activity
is required to introduce a nick into damaged DNA., With uv,
on the other hand, Kaplan et al (47) and Grossman et al (29)

have isolated from Michroccocus lysodeikticus, and characterized

an endonuclease responsible for the introduction of single
strand breaks into uv lrradiated DNA as well as an exonuclease
which excises photoproducts from DNA, Secondly, with respect
to excision of damaged DNA, Fangman and Russl (26) have
isolated an X-ray sensltive mutant of E. coli which shows
excessive DNA degredation after X-irradlation, but which lacks
repalr DNA synthesis., Single strand breaks introduced into
the DNA of this strain are not repalred. Trigocervic and
Kucan (8) have demonstrated a correlation between radiation
sensitivity of E., coll mutant strains, and DNA degradation
after X-rays. In all cases high sensitivity to inactivation
was positively correlated with a high degree of DNA breakdown.
If the ultimate fate of an irradiated cell depends on whether
the induction of damage is followed by excessive DNA degrada-

tion or repair, then the relative activities of the enzymes
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responsible for mediating these processes would determine

the sensitivity to radiation. DNA polymerase has been pro-
posed by a number of investigators as responsible for the DNA
repalr resynthesis stages in the repair process (45, 48, 49,
55, 87). Monk et al (55) have studied the repair of lethal
damage induced by uv in pol Al mutants of E. golil, which lack
DNA polymerase. The uv sensitivity of these strains is re-
garded as due to a reductlon in excision repair, since the

pol Al uvr A6 double mutant is only slightly more sensitive than

the excision defective uvr A6 mutant itself. Repair in these
strains 1s mediated by the rec repalr genes. Kato and Kondo
(48) have shown that thelr polymerase deficient strains of

E. coll designated res- are also sensitive to X-rays. After
X-rays these strains show no repalr of single strand breaks

and show extensive DNA breakdown.q‘Tﬂg\authors proposed that
the res genes were necessary for DNA repalr resynthesis. Kelly
et al (49) have demonstrated that DNA polymerase is responsible
for exclsion as well as repalr synthesis in vitre in uv irradi-
ated E, colli. Other models for the defect 1in polymerase
deficient. strains have been proposed. Kanner and Hanawalt

(45) have observed that the polymerase deficient mutant of

E, coll excises dimers, and produces a DNA of lower molecular

weight than the pol4 parent during the period of growth fol-

lowing uv. Presumably, a step following repalr synthesis 1s
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lacking in thése mutants, If a late step in execision repailr
involved the displacement of the repair polymeruse from the
DNA by the ligase after repolymerization, then the pol Al
mutant could be sensitive for one of the followling reasons:
The altered DNA polymerase binds too tightly to the DNA to
be displaced; it hinders recognition of single strand breaks,
or prevents access of the ligase enzyme to the site. Witkin
(87) has suggested that the normal uv induced mutability of
pol Al mutants desplte the enhanced sensitivity to the lethal
effect of uv may be due to a reduced efficiency in such a
late step in excision repair.

If DNA polymerase levels and resistance to X-rays are
related, one might expect yeast cells to show high levels of
polymerase during the budding period of the cell cycle., Eck-
stein et al (20) have demonstrated in their yeast strains that
extracts from synchronized yeast cell s show oscillation of -
DNA polymerase activity in the cell cycle correlated with
respect to DNA duplication. Activity is maximum at the onset
of DNA synthesis, and decreases to a minimum during the most
active period of DNA replication. X-irradiatlion dissociates
DNA replication from the oscillatlion of the DNA polymerase.
Under these conditions, DNA replication is inhibited, while
the DNA polymerase activity contlnues to oscillate. Apparently,
the appearance of DNA polymerase does not trigger DNA replica-

tion., Nor is the oscillation of polymerase activity controlled
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by production of replicated DNA. The question remains
whether this oscillation of a DNA polymerase activity may
be correlated with budding cell radiatlion reslstance and
its oscillation.

Eckstein (20)-1ndicated that in his yeast, DNA content
is double during growth of the buds. Beam and Himes (6) have
shown in the haploid SCTK used in our studies that DNA syn-
thesis is complete before the onset of budding. Therefore, in
SCTK, DNA synthesis must precede the onset of radilation re-
sistance in the budding yeast cell. Williamson (85) and
| Hartwell (31) on the other hand, report that in their strains
DNA synthesis commences with the onset of budding and is com-
pleted during the first quarter of the budding cycle while the
. buds are still quite small. If the period of DNA synthesis
in the yeast cells used by Ecksteln et al (20) also occupies
only a brief Interval of the budding cell cycle as observed
by Williamson (85) and Hartwell (31), then the interval in
the cell cycle where a correlation was observed between maximal
polymerase activity and minimal DNA synthesis may also be
correlated with most of the interval involved in bud formation.
There is agreement nevertheless that DNA synthesis 1s complete
while the budding cell is still quite small, One might there-
fore propose that the occurrence of radiation resistance

during bud formation 1s correlated with the lncreased levels
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of a DNA polymerase actlvity as observed by Ecksteiln et al
(20, that budding cell resistance is due to a DNA polymerase,
and that mutations conferring budding cell X-ray sensitivity
cause deficiencies in a DNA polymerase. The mutants isolated
in these studies would then be similar to the pol Al radiation
sensitive mutant strains of E, coll isolated by several in-
vestigators (19, 45, 48, 49) as discussed above.

X-ray sensitivity could also result from defects in the
ligase responsible for jolning the newly synthesized DNA
strands (Okazakl pieces) to the old parental strand. Boyce
and Tepper (8) have demonstrated rejoining of single strand
breaks induced by X-rays in DNA of lambdaphage during post-
irradiation incubation of superinfected bacteria. Tsubol and
Terasima (82) have demonstrated that rejoining of single
strand breaks produced by X-rays is also possible in mammalian
cells. Weiss and Richardson (84) have isolated a ligase which
mediates thls rejoining process. If a ligase is necessary for
the repair of single strand breaks induced by X-rays, then a
ligase deflclent mutant should be X-ray sensitive. Dean and
Pauling (18) have shown that a temperature sensitive ligase

deficient mutant of E. coli TAU bar is sensitive to X-rays.

Revertants of this mutant are ldentical to wild type with
respect to radlation sensitivity and temperature sensitivity,

suggesting control by a single revertible gene. MecGrath and
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Williams (54) have shown that single strand breaks induced
by X-rays in the DNA of the highly resistant E. coli B/r
and the sensitive E. coli Bs-l1l are repalred presumably by
ligase only in B/r during postirradiation incubation. The
ligase activity responsible for rejoining of bhroken pleces
of DNA is lacking in E, coll Bs-l;cell death in this strailn
after X-rays is due to the fallure to rejoin broken DNA,

The nature of the defects in the mutants conferring X-ray
sensltivity to the budding cell can now be considered in terms
of the details of excisiqn repalr, defects in any part of which
could result in sensitivity. The posttreatment responses to
radiation provide a useful clue as to the nature of the sensi-
tivity in XS mutant strains. Parry and Parry (65) have isolated
four distinct categories of response to posttreatments after
uv from representatives of each of 21 of the 22 complementing
uvs mutants of Cox and Parry (15). For example, the third
group comprising two mutants which are also sensitive to gamma
rays, and which lack any repalr was interpreted in terms of
the accumulation of lethal damage resulting from excessive
local DNA degradation after excision. If any of our mutants
resembled these, one would predict postirradiation accumulation
of low molecular weight DNA, If a repalr polymerase is re-
sponsible for repair in the budding cell, then the class I

mutants should lack all repalr polymerase activity, and class
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II mutants should‘possess subnormal repalr polymerase activity
and would show less repair of breaks than wild type. Also,
Ssince ionilzing radiatlion produces strahd breaks in DNA, then
the sensitivity of our mutants might reflect an altered ability
to rejoin single strand scissions in DNA comparable to the
mutants of Dean and Pauling (18), and McGrath and Williams
(54), If fallure to rejoin broken DNA strands is related to
defects in the repalir process in the budding yeast cell, then
the class I mutants could lack all ligase activity, and class
ITI mutants would have subnormal ligase activity. Alternatively,
a mutant gene could produce a polymerase sSo altered as to bind
tightly to the DNA, and hinder the rejoining of newly syn-
thesized DNA to the old parental DNArstrand, which would also
result in a lower level of repair, thus subnormal budding cell
resistance.

The otherwise pecular behavior of the class II double
homozygote of XS6 and XS9, in which only XS8 of the class II
genes 18 represented by a normal allele, can be interpreted
in terms of some known aspects of excislon repalir., Budding
cells of this mutant are of essentlally interdivisional cell
sensitivity, a fact not readily predictable from the resistance
observed in strains containing the component genes XS6 and XS9
singly in the haploid state or as the homozygous diploids. If

the normal XS6 and XS9 pertained to repailr polymerase and/or
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ligase and the XS8 gene specified an exonuclease, then in the
absence of normal XS6 and XS9 genes, extensive excision of
bases from DNA, converting single strand breaks into double
strand breaks could occur, leading to extensive unrepaired
damage, and extreme sensitivity.

II. Genetic control of budding cell resistance

The genetic analysis data (Tables 3, 4, 5) and the
radiation survival data collectively show that budding cell
resistance is under genetlc control. The genes responsible
for budding cell resistance apparently also account for 0.75
of the difference between haploid and diploid interdivisional
cells (see figure 12 for survival of XS6 XS8 XS9/XS6 XS8 XSg).

Several possible resistance mechanisms were considered in
the introduction, and all but repalr and its presumably regu-
lated oscillation during the cell cycle were eliminated on
conslderation of available evidence. If, as was argued in
section I of the Discussion, the exonuclease, polymerase, and
ligase system responsible for exclslon repair is the basis for
yeast budding cell behavior, our mutants must represent defects
in enzyme synthesis origlnating in alterations of the structural
genes involved, or in genes responsible for their regulation.
The present study has not embraced the chemical analysis of
"pepaired" and "unrepaired" yeast DNA in mutant and wild type

yeast. Such studies might be expected to yield direct evidence



-57-
with respect to this hypothesis. These present investigations
are restricted to an analysis of the phenotypes (X-ray respon-
ses) of the mutants. These phenotypes - singly,'heterozygously
and in other combinations nevertheless provide a basis for the
formal ordering of the genes 1n a pathway leading to the full
expression of budding cell resistance, and to some speculation
as to the roles of the lndividual genes.

Full repair capacity in budding cells can be regarded as
requiring a full complement of c¢lass I and class II genes.
Mutatlons at the various loci result elther in no effective
repair enzymes (class I), or in defective enzymes (class II).
No repair - exponential inactivation equivalent to haploid
interdivisional cells -~ 1s found 1n budding cells of both
class I mutants and in the triple c¢lass II mutant, whether in
haploid or diploid condition. The impalred resistance of all
haploid or diploid single and double class Il mutants can be
regarded as indicating defects in different stages of repair.

There are many alternatives in the ratioenal ordering of
the genes in a pathway. The two class I genes though essential,
could nevertheless function either in parallel or in sequence.
If they operate in "parallel", they must act dependently, such
that gene products of both are required for function, with the
active product a dimer composed of products of each gene. This

hypothesis entalls predictions of the behavior of heterozygotes
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that can be compared with our results. The XS5/+4 hetero-
zygote shows about 0.93 of wild type function (DMF = 0.93);
the Xsl/4- in contrast possess 0.58 of wild type function.
The double heterozygote Xsl/XSS should show significant re-
duction of function, but its DMF of 0.55 indicates that it
does not, Thils result resembles much more the consequences
of simple gene dosage (with a normal XS5 gene approaching full
dominance) in a sequential pathway in which the two genes have
distinet steps, then it does thelr control of different com-
ponents of a single active product. Zimmermann et al (91)
and Zimmermann and Gundelach (90) studying the is-1 locus of

Saccharomyces cerevisiae have shown that simple gene dosage

relations are realized 1n only a few cases. The wide variatlon
in dbserved enzyme activity of threonine dehydratase above and
below the expected range of 50% in is-1 mutants x wild-type
heterozygotes was attributed to the formation of inactive or
active hybrid enzymes composed of monomers from wildtype and
mutant genes in different combinations, in addition to the
pure wildtype enzyme. The threonine dehydratase enzyme 1solated
from a number of single mutant heterozygotes was lnsensitlve
to the normal feedback inhibition (90), signifying a difference
from the wildtype gene product. Such findlngs establish a
precedent for the differences in dominance and complementation

observed in our class I mutants, but provide no basis upon
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which we can regard these genes as contributing to a single
product. It 1s therefore suggested that these genes control
distinct steps in a sequential pathway. No attempt 1s made
to order these two genes. Thls sequential model also allows
for-otﬁer as yet undétected genes in the sequence (XS1 of
Resnick, for example).

The class II mutants present a more complicated problem,
firstly because by definition some budding cell function re-
mains in each of them, secondly because thelr dysfunction is
additive in double mufants, and thirdly because complementation
is incomplete in double heterozygotes. Additlivity of dysfunc-
tion has been used by some authors (9, 11, 16, 25, 37, 50) as
evidence for the existence of more than one dark repalr path-
way in yeast, and other organisms. Unfortunately, this
criterion would be valid only if all mutational blocks were
compléte, in which case all blocks in a given pathway would
be equivalent in preventing the repair functions determined by
the pathway. Resldual repair in a mutant strain would result
only from the function of the undamaged pathway (s), and
complementation in multiple heterozygotes would reflect solely
the degree of competence of singly represented functional genes
(gene dosage) in these pathways. Mutation does not, however,
necessarlly impart total dysfunctlion to a locus; it can be

"leaky", i.e., it apparently performs its normal function but
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with reduced efficlency (15). A mutant strain having any
single gene in a pathway altered 1in this way would show re-
81ldual function, and a strain containing mare than one such
altered gene would be expected to show cumulative dysfunction.
A sequential pathway model incorporating these features will
be consldered in detall later, during the course of attempts
to construct a reasonable ordering or pathway for the class
II genes.

The concept of hybrid enzyme formation (90, 91) is some-
what more difficult to apply to class II mutants than to those
of class I. DBecause of the budding cell resistance that re-
mains in each of the mutant strains, one must imagine that if
the gene 1s not leaky as described above, this function must
result either solely from the action of the other genes or
from partial function of mutant gene products. Elther case
could involve combinations of two or more gene products to
form polymeric enzyme hopefully with predlictable consequences.

For instance, a class II mutant in the haploid condition
might be supposed to produce a partially effective protein
whlch together with the products of other unaltered resis-
tance genes confers the observed resistance. In a diploid
heterozygous for a single class II mutant gene, budding cell
resistance 1s substantially augmented, but not restored to

normal (see figures 3 - 7). If each class II gene coded for
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an enzyme which was ultimately dimerized, the heterozygote
might be expected to produce double wild type, hybrid and
double mutant dimers in a ratio of 1l:2:1. Since the pure
mutant enzyme is itself partially effective (figures 10 and
11), the observed DMFs of 0.70 - 0.85 in budding cells of
class II heterozygotes does not exclude this interpretation.
Double heterozygotes among class II mutants all show incom-
plete complementation but l1little change in level of budding
cell resistance over single heterozygotes; only when all three
'class IT mutations are present together in a haploid, or in
a homozygous diploid 1s budding cell resistance functlon lost.

A simple series in which each gene (or enzyme specified
by it) passes its product on to the next, and in which any
mutation represents a severing of the chain, is of course im-
possible because the class II mutations all show some degree
of budding cell resistance. The serial ordering can be re-
tained, however, if one supposes that thils residual function
results from reduced but not destroyed activity (leakiness) at
the locus... In these terms, the DMF of a mutant strain, recorded
as a decimal fraction of normal function, represents the resldu-
al function of the mutant gene. Double and triple mutant func-
tion would then represent products of these decimal fractions
for two and thre; leaky genes respectively. The observed DMFs

of the various strains, and the DMF values prediced on this
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basis are tabulated below. Obvlious discrepancies are indl-

cated by *,
MODEL A
XS Mutant Nonmutated Leaky Observed Predicted
Genes Genes Character DMF DMF
6 89 0.40 0.40 -
8 69 0.48 0.48 -
9 68 0.70 0.70 -
68 9 0.2 (0.4)(0.48)=0.19
69 8 0.17 (0.4)(0.7)=0.28 *
89 6 0.33 (0.48)(0.7)=0.34
689 0 0.12  (0.4)(0.48)(0.7)=0.13

It can be seen that except for the somewhat poor agree-

ment between observed and predicted DMF for the 69 double

mutant, the model seems acceptable, particularly if the se-

quence is XS8, XS9 and XS6. This sequence is in agreement

with the proposed exonuclease function of XS8, and the poly-

merase and ligase functions of XS6 and XS9, proposed earlier

(Discussion Section I). This sequence is also compatible with

the proposed budding cell shoulder function of the normal XS6

gene., In additlon, the predicted complete loss of reslstance

in the triple mutant closely agrees with the observed DMF,

One may also conslder the consequences of a parallel

functional orderiling of class II mutant genes in which three

independent pathways may be regarded as responsible for the
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repalr of different types of X—ray induced damage. In this
case, the fact that the single mutants show some budding
cell resistance, does not require the assumption of leakiness
in any of the mutant alleles, though it by no means excludes
it. In simplest terms, however, the residual function of the
mutant stralns can be consldered to represent the activities
of the unmutated pathways only. The function of each normal
class II gene 1s then inferred from the DMF of the comple-
mentary haploid double mutant, and.the behavior of single
mutants (double functions) may be predicted from their sums,

as shown below.

MODEL B
XS Mutant Nonmutated Observed Predicted
Gene Gene DMF DMF

6 89 0.40 0.17 + 0.20 = 0.37
8 69 0.48 0.33 4+ 0.20 = 0.52
9 68 0.70 0.33 4+ 0.17 = 0.50
68 9 0.20

69 8 0.17

89 6 0.33

689 0 0.12 0.1 = 0.15
0 6, 8, 9 1,00 .33 + .17 + .2 + .12 = 0.82

As can be seen, the fit 1s neither very good nor very
bad, and considering the errors lnherent in the procedure, it

could not be used elther to accept or reject the model.
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However, using the definition of residual function given
above, and assuming that budding cell resistance would repre-
sent the sum of the DMFs of all complementary haploid double
mutants, added to that of the triple mutant, which represents
exclusive class I contribution to the phenotype; the sum of
0.82 seems considerably less than total budding cell function.
This model has, however, the advantage that it allows for the
special shoulder function of gene 6.

Another arrangement 1s shown below combining both se-

quential and parallel ordering.

a 6 DMF1

c DMF2

This model requires leaklness for the gene 1n position
a. This gene should have little or no effect when functional
alone (when b and ¢ are mutated)., The DMF of the sequence
a b (DMF1) and the single step ¢ (DMF2) equal the DMFs for
the complementary single and double mutant haploid respect-
ively. The leakiness of the gene 1ln posltion a is computed
as follows:

Leakiness of gene a equals X. Therefore (DMFl) (X) =
DMF (a c¢) double mutant. Four Models A, B, C, D, and their
consequences are presented below. Obvious discrepanciles

are indicated by * .
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Leaky Gene

O O O @

Gene Posltion

a b e
8 6 9
6 9 8
6 8 9
9 6 8
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Model C ILeakiness factor gene 8 = 0.47
XS Mutant Nonmutated Observed Predicted

Gene Gene DMF DMF

6 89 0.40 0.20 4+ 0 = 0,20 *

8 69 0.48 0.20 -4 0.47(1) = 0,67 *

9 68 0.70 assumed = 0,70

68 9 0.20 assumed = 0.20

69 8 0.17 assumed = 0,1 *

89 6 0.33  (0.47)(1) = 0.47 *
689 0 0.12 0.1l

Model D Leakiness factor gene 6 = 0.4
X Mutant Nonmutated Observed Predlcted

Gene Gene DMF DMF

6 89 0.40  0.17 + (0.4)(1) = 0.57

8 69 0.48 0.48

9 68 0.70  0.17 + O = 0,17 *

68 9 0.20 0.4

69 8 0.17 0.17

89 6 0.33 0.1 *
689 0 0.12 0.1
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Model E Leakiness factor gene 6 = 0,24

XS Mutant Nonmutated Observed Predilcted

Gene Gene DMF DMF
6 89 0.40 0.2 4+ (0.24)(1) = 0.44
8 69 0.48 0.2 + 0 = 0.2 %
9 68 0.70 0.7
68 9 0.20 0.2
69 8 0.17 0. <+ (0.24)(1) = 0.24 *
89 6 0.33 0.1 *
689 0 0.12 0.1

Model F Leakiness factor gene 9 = 0.7

XS Mutant Nonmutated Observed Predicted

Gene Gene DMF DMF

6 89 0.0 0 + 0.17 = 0,17 *

8 69 0.48  0.48 |

9 68 0.70 0.17 4+ (0.7)(1) = 0.87
68 9 0.20 0.1

69 8 0.17  0.17

89 6 0.33 0 + (0.24)(1) = 0.24 %
689 0 0.12 0.1

The predicted DMF values, computed for models C, D, E,
and F, show such large disagreements with the observed
values, that this combination of sequential and branching

pathways 1s rejected.
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Another branching pathway model 1is possible in which
one class II gene is located just before the branch point,
and the remalning two class II genes occupy positions on
either arms of the fork. In this model, the gene at the
branch point may be regarded as controlling an intermediate
shared by the remaining genes, or specifying a function
(for example, an exonuclease) which must precede those of
the other genes.

Three variants are possible (Models G, H and I). Those
models (G and H), in which gene 6 (the"shoulder" gene) is

distal, may be preferable.

8 9 : 9 6 : 6 8 7
6 8 9
Model G - Model H Model I

In all cases, leakiness must be proposed for the mutant
gene at the branch point. The presumed leaklness of this gene
can be taken from the DMFs of the single mutants, and are
0.40, 0.48 and 0;70 for XS6, XS8 and XS9, respectively. The
fraction of normal functlon characteristically performed by
each unmutated gene on an arm of the fork, is taken from the
DMF of the complementary mutant strain, as previously described.
For example, using Model G, the fraction of function of the

normal 6, 8 sequence, equals 0.7, (the DMF of straln XS9),



-69-
while that of the normal 8, 9 sequence equals 0.40 (the DMF
of strain XS6). The predicted consequences of the three
modéls are presented below, Obvious discrepancies are indi-
cated by *.
Model G Leakiness factor gene 8 = 0.48

XS Mutant Nonmutant Observed Predicted

Gene Gene DMF DMF
6 89 0.40 0.4
8 69 0.48 0.48
9 68 0.70  0.70
68 9 0.20 (.4)(0.48) = 0.19
69 8 0.17 0.1 *
89 6 0.33  (0.48)(0.7) = 0.34
689 0 0.12 0.1
Model H Leakiness factor gene 9 = 0.70
XS Mutant Nonmutant Observed Predicted
Gene Gene DMF DMF
6 89 0.40 0.40
8 69 0.48 0.48
9 68 0.70 0.70
68 9 0.20 0.1 *
69 8 0.17 (0.40)(0.70) = 0.28 *
89 6 0.33  (0.48)(0.70) = 0.34
689 0 0.12 0.1
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Model I Leakiness factor gene 6 = 0.40

XS Mutant Nonmutated Observed Predicted

Gene Gene DMF DMF
6 89 0.40  0.40
8 69 0.48 0.48
9 68 0.70 0.70
68 9 0.20 (0.40)(0.48) = 0.19
69 8 0.17 (0.4)(0.7) = 0.28 *
89 6 0.33 0.1 *
689 0 0.12 0.1

Clearly, the best agreement between observed and pre-
dicted DMFs is found in Model G, where gene 8 is at the branch
point, and final formation of the phenotype 1s shared by genes
6 and 9 in an approximate 30:70 ratio, respectively. This
ratio is close to the observed DMFs of strains XS6 and XS9,
of 0.4 and 0.7 respectively. The arrangement is even more
persuasive when one considers that the XS6, XS9 haploid double
mutant as well as the XS6 XS9/XS6 XS9 diploid, in both of
which only XS8 1s normal, show similar DMFs at 1% survival,
and have virtually no budding cell resistance.

The XS8 gene may be regarded as responsible for the
control of an intermediate step in repalr of radiation damage,
functioning as a bridge between the c¢lass I genes and the
other class II genes. XS8 also might regulate DNA exonuclease

activity, as described in Section I of the Discussion, in
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which case either normal or leaky mutant XS8 gene would
provide extensive DNA degradation; but with only mutant XS6
and XS9 alleles, repalr synthesis could not follow,.

In summation, the sequence model (Model A) in which
resistance 1is due to residual leaky function of the mutants,
and the branched model with XS8 before the fork (Model G),
seem most clearly to account for possible genetic organiza-
tion for class II genes. It is difficult at present to
find a basls for choosing between them. The relatively poor
agreement in Model A for strains containing mutated 6 and 9
genes, tends to favor the branched model.

III. Radiation Resistance in Relatlon to Melosls, Melotile
Recombination and Sporulation

The relationship between radlatlion resistance and melosis,
meiotic recombination, and sporulation in fungi has been
examined in a number of organisms (52, 72, 75, 88). Schroeder
(75) observed that neither the uvs 3 nor uvs 5 mutants of
Neurospora 1s fertlle in the homozygous condition. Asecl do
not develop beyond the multinucleate ascogenous hypha stage.
The uvsld/uvsl homozygote shows reduced ascospore survival.

The uvsl mutant in Aspergillus of Lanier et al (52), when

homozygous, yilelds dwarf sterile clelstothecia containing
aborted asei. Wright and Pateman (88) have observed poor

viability of ascospores in a uvs8/uvs8 Aspergillus nidulans
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radiation sensitive mutant. In contrast to these results,

the uvsY4 mutant of Aspergillus rugulosus has no effect on

ascus or ascospore development (83). Radiation sensitive
mutants of yeast also dé not show a close relationship bet-
ween radiation sensitlvlity and defects in melosis and sporu-
lation. In yeast, meiosls occurs when diploid cells are
induected to sporulate and ends with the formation of an
ascus containing four haploid ascospores (24). Of the 96
radiation sensitive mutants isolated by Cox and Parry (15),
only uvs5, uvsé, uvsl9, uvs20 and uvs2l when homozygous
significantly reduce sporulation in diploidvyeast. With

| respect to the radiation sensitive mutants of Resnick (72),
only XS3/XS3 falls to sporulate, The phenotypically class I
mutant XS1/XS1 sporulates, but produces inviable spores, and
all other XS and uvs mutants show normal sporulation and
spore viability when homozygbﬁs. None of the uvs mutants

of Snow interferes with the meiotic divisions (79). Sporu-
lation proceeded normally and the percentage of sporulated
cells was about the same as observed 1in the controls.' The
investigations with our mutants suggest that mutations con-
ferring budding cell sensitivity may in some cases also block
meiosos (see table 6). The X°1/x°%1, XS6/XS6, XST7/XS7, and
XS9/XS9 diploid homozygotes fail to sporulate. However, the

class I mutant XS5 and the class II mutant XS8 show good
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sporulation when homozygous. Esposito et al (24) have at-
tempted to define the functions unique to meiosis in yeast,
and to determine thelr sequence of expresslon during sporu-
lation, Three temperature sensitive mutants, Spo 1-1, Spo
-2-1, and Spo 3-~1 were characterized wlith respect to macro-
molecular synthesis and the nuclear dlvisions of meilosis,
These sporulation deficient mutants do not form ascl detec-
table on microscopic examination, and therefore may represent
lesions throughout the sporulation cycle. The DNA synthesis
which precedes melosis 1ls normal in Spo 2-1, but is about
half that observed for wild type in Spo 1-1 and Spo 3-1.
The mutants show normal RNA and protein synthesis, and pro-
tein turnover. Cytological evidence presented shows that all
mutants initiate the first division of meiosis. However, only
three to six percent of the Spo 2-1 and Spo 3-1 cells, respec-
tively, and none of the Spo 1-1 cells proceed into the second
meiotic division.

Sporulated cultures of mutants defective in the second
meiotic division would be expected to contain mainly mononu-
cleate and bilnucleate cells, Mutants affecting ascospore
formatlon after meioslis would be expected to contain primarily
tetranucleate cells., By this criterion the mutants of
Esposito et al (24) as well as most of the radiation sensitive

mutants of Neurospora (75) and Aspergillus (88) represent
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defects before the completion of the meilotic divisions. 1In
contrast, the uvs 2 mutant of Ustllage (37) when homozygous
undergoes an abortive meiosis in which 2-4 nuclei are some-
times produced, but never basidiospores, This mutant may
represent a defect in the spore formation after the melotic

divisions. Studies by Bresch et al (10) using Schizosaccharo-

myces pombe also lndicate that sporulation depends on the

completion of the meiotic divisions, since no evidence of
spore development appears in mutants in which meiosis is.
affected, Nuclel from such sporulation negative mutants
vary in number and size, presumably resulting from defects
in the melotic process,

Presumably our sporulation deficient mutants, as well
as those of Cox and Parry (15) and others (52, 73, 88) repre-
sent defects elther in the melotic divisions, or in the
processes leading to the formation of ascospores. No attempt
has been made as yet to establish the nature of these defi-
ciencies,

No clear correlation between radiation sensitivity and
defects in melotic recombination in radiation sensitive mutants
has been found in fungl. Wright and Pateman (88) report no
reduction in meilotlic recomblnation frequency for the homozygous

diploid uvs8/uvs8. The uvs4/uvsl mutant of Aspergillus

rugulosus shows normal meiotlic recombination frequency for
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y-isoleucine (83). Shanfield and Kafer (77) also report
normal recombination frequencies for thelr uvsB2 homozygous dip-

loid Aspergillus mutants., In addition, Chang and Tuveson (12)

report that the uvsl mutant of Neurospora which reduces asco-

spore viability to less than 1% does not affect recombination,

Holliday (37) using Ustilage maydis has shown that the uvsl/

uvsl and uvs3/uvs3 mutants do not affect crossing over between
adl and me-15, or conversion at the nar (nitrate reductase)
locus. Snow (88) has also demonstrated that nore of his uvs
alleles when homozygous affects elther melotlc intragenic re-
combination at the hisl locus or intergenic recombination
between thr3 and argb., Our investigations with XS mutants
also reveal no clear correlation of sensitivity with meilotic
recomblnation frequency for the interval between leul and
try5 (table 7). To summarize, all these findings suggest
that some, but by no means all mutations conferring radiation
sensitivity, affect melosis and sporulation. However, they
do not influence melotic genetic recomblnation in those strains
in which melosis and sporulation occur.

The rglationship between induced mitotic recomblnation
and radiation resistaﬁce will be considered in Section IV,

IV, Non-lethal radlation damage in wild type and mutants

One non-lethal endpoint examined in willdtype and mutant

strains, was radiation induced recessive homozygosls., The
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induetion of nonlethal endpoints by X-rays has been previously
studied by Perper (68), and Perper and Beam (69). James and
Lee Whiting (42), and Hurst and Fogel (41) have shown that
ultraviolet light induces recessive homozygosis at one or more

loci in heterozygous vegetative cells of Saccharomyces cerevi-

8lae. Mitotic recomblnation was considered to be the mechanism
of homozygosis. This mechanism for homozygosis after uv light
and ionizing radiation was later confirmed by Nakai and Mortimer
(61). Homozygosis has also been studied in synchronous cultures
of yeast by Parry and Cox (64) as well as by Esposito (23).
Parry (62) has shown that mitotic recombinants are induced to
the same extent by both ultraviolet light and the chemical
mutagen, EMS, when measured at the same survival,

Sensltivity to these endpoints depends upon the stage in
the cell cycle of the irradiated cells., Esposito (23), using
synchronous cultures of yeast irradiated at different points
during the mitotic cell cycle with nonlethal doses of uv or
X-rays, has found that recombination induction can occur prior
to DNA synthesls, and reaches a maximum frequency at the start
of replication. It declines during replication and reaches
a minimum just after replication is completed; cells undergoing
budding are most refractory to induction of mitotic recombina-
tion. Perper (68) and Perper and Beam (69) have also observed

that budding cells are resistant to homozygosis, and that
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high recombination induction coincides with high sensitivity
to 1nactivation of 1nterdivisional cells,

Our findlng that modification of the genetic control of
budding cell resistance to inactlivation may or may not be
paralleled by altered frequencles of nonlethal endpoints,
has been foreshadowed to some extent in the results of other
investigators. Moustacchl (57) has studied uv induced homo-
zygosls in her uvs, mutant which shows exponential survival
wilth uv, but shows a normal budding cell component in gamma
ray survival curves. Both interdivisional and budding cells
show enhanced sensitivity to uv, but are of normal sensitivity
to gamma rays. This mutant, when homozygous, confers a higher
sensitivity to uv induced homozygosis in both interdivisional
and budding cells than willd type, or the 4-/uv32 heterozygote.
Moustacchi and Enteric (59) have found several uvs mutants of
yeast sensitive to uv inactlivation which are, however, of wild
type sensitivity to petite inductioh. Since the studies were
done with unsynchronized cultures and include high doses, it
seems falr to conclude that the budding cells are sensitive
to lnactivation though of unaltered resistance to the nonlethal
endpoint.

Only two of our mutants would sporulate when homozygous,
but fortunately they represented both classes, I and II. These

were XS5 and XS8. XS5 whose budding cells are of interdivi-
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sional cell sensitivity to inactivation (namely no budding
cell resistance) also shows no resistance to homozygosis.
%S8 which when homozygosis shows very little remaining budding
cell resistance to inactivation, but is fully normal in re-
sistance to homozygosis. The fact, that XS5 and XS8 differ
in their coupling of sensitlvity to inactivation with sensi-
tivity to homozygosis may be important. XS5, which in mutant
form obllterates resistance to both inactivation and homozy-
gosls may occupy a very early general role in DNA break
closure. The fact that XS8, on the other hand, shows little
resistance to inactivation, but full resistance to homozygo-
sis, may reflect a diversity of repair pathways. The mechanism
sufficlent to preventmtotic recombination does not prevent
all lethal damage. A similar noncoupling of lethal and non-
lethal effects 1s seen in the work of Parry and Cox (63) in
which dark liquid holding of yeast cells following uv increases
intragenic recombination, but decreases inactivation, mutation
and intergenic recombination. Collectively, present knowledge
indicates no systematlic relation between lethal and nonlethal

damage and their repair,
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Abstract

Five X-ray sensitive mutants were selected from 10,000
colonies surviving treatment with ultraviolet light. These
mutants were named XS5, XS6, XS7, XS8 and XS9. X®1 was do-
nated by Nakai. These mutants fall into two phenotypic
classes: class I in which budding confers no reslstance,
and class II in which resistance 1s detectable but subnormal.
These mutants when crossed with one another show a complex
complementation pattern. The heterozygous diploids composed
of X°1 and any other class I or class II mutant show only 50%
remaining wild type budding cell resistance function, while
all other heterozygous diplolds show at least 70% of normal
function. The reduced function of X®1 heterozygotes was at-
tributed to a gene dosage effect at this locus. The subnormal
function in all other heterozygotes was attrilibuted to elther
hybrid enzyme formation which would lead to production of
active as well as inactive enzyme aggregates, or to the pre-
sence of a leaky mutant. Incomplete dominance at the mutant
loci was interpreted in the same manner,

The genetic and radiation survival data support the fol-
lowlng concluslions. No direct correlation between the presence
or absence of sporulation and radiation sensitivity may be
made. @Genes which influence budding cell resistance do not
influence melotic genetic recombination. Sensitivity to radi-

ation inductlon of recessive homozygosis in mutants 1s complex.
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Both coupling and noncoupling of resistance to lethal and
nonlethal effects of radiation were observed, One mutant
showling subnormal budding cell resistance 1is refractory to
induction of the nonlethal alteration. One mutant which
lacks any budding cell resistance is sensitive to induectilon
of recessive homozygosis. The budding cell shoulder is
under the control of a single gene. With the exception of
the budding cell shoulder gene, there appears to be a direct
correlation between the DMF (with reference to wild type of
the budding cell survival and that of the diploid interdivi-
sional cell survival,

Evidence was presented to show that the cellular processes
conferring resistance to the lethal and nonlethal effects of
lonizing radigtion in yeast.operate by means of repair of
X-ray damage. Speculation concerning the genetic basis of
the mechanisms involved in budding cell reslstance were
offered, in which sequential, parallel, and branching models
for class I and class II gene organization were considered.
It 1s proposed that the genes are organized either in a
sequential pathway, or in a combination of sequential and

branching pathways.
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Table T Yeast strains employed in this study

Source of XS mutants

Name _
SCTK
SC7K - 4D tryl his2

Centromers marked strains for genetic analysis
Name
2181 a adel tryl his2

Meiotic recombination and X-ray induced
recessive homozygosis studies
X + try5 leul adeb metl +

Wild type a + + + + + lysl

class I/class I X XS5 try5 lel ade6 metl +
a X585 + + + + lysl

class II/class II x XS8 +try5 1leul ade6b metl +
a XsS8 + + + + lysl
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Table 2 -
Sensitivity of single isolated interdivisional and budded

cells of haploid yeast to a single dose of X-rays.

Interdivisional Budding
Strain cell survival cell survival
4, 7KR 56 KR 4.7 KR 56 KR
SCTK 0.12 - 0.64 0.50
x%1 0.10 - 0.20 0
X85 0.12 - 0.20 0
XS6 0.12 - 0.56 0.04
XST7 0.12 - 0.56 0.06
Xs8 0.10 - 0.50 0
XS9 0.06 - 0.46 0.10

50 cells were micromanipulated on
YEPD agar after exposure to X-rays.
Unirradiated control cell give

100% survival.
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Table 3

Number of PD, NPD and T Asci for radilation

sensitive genes vs. Centromere llnked genes
Mutant Mutant Ad 1 his 2 tr 1
Strain Class PD NTD T PD NPD T PD NPD T
x°1 1 - - - - 6 - 3 2 8
XS5 1 2 1 6 3 0 6 1 2 6
XS6 II 2 2 9 2 2 9 3 3 7
XST 1T 3 2 6 3 3 5 4y 2 5
Xs8 II 1 4 10 6 1 8 1 4 10
XS9 IT 2 3 5 4 1 5 3 3 4
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Table U4
Second division segregation frequency of
sensitivity gene to centromere markers 1in
mutant: wlld type crosses
Second division
Mutant segregation frequency
x°1 0.67 *
XS5 0.67
Xs6 0.69
XS7 *%
Xs8 0.67
XS9 0.50

* From Nakai and Matsumoto

*%  Allelic to XS-6 (see tables 3 and 7)



Table

Cross

Xs5 .
X85 .
Xs5
XS5 .
X36 .
XS6
XsS6 .
XS6
Xs8 .

Xs8 .

5

x°1
XS5
XsS9
XS6
Xs8
XS5
XS6
Xxs8
XS9

Xs6

. XS7

Xs8

. XS59

X59
Xs8

X359
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Mutant X mutant crosses

Class Sporulation PD NPD T
1.1 0 - - -
1.1 SP 8 4 24
1, II SP 2 1 2
1, II SP 8 3 21
R § SP 9 2 10
I.1I SP 27 0 0
I, II SP 14 0 b
I.II SP 3 4 9
I . II SP 1 1 3
IT ., II 0 - - -
IT . II 0 - - -
IT . II SP 2 2 6
Ir . II SP ! 8 12
IT . II SP 3 4 Lt
IT . II SP 18 0 0
IT . II 0 - - -

XS5 and XS6 are linked
chl square for independence PD = NPD
at 5% level of significance

X2 = 14
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Table 6

Recombination frequencies for linked

markers in a sensitlve diploid strain

Ascal classes Frequencies of

Cross Interval PD NPD T recombination
Wild type try5 leul 23 O 8 0.13
XS5/%S5 try5 leul 18 0 9 0.17
XS8/Xs8 try5 leul 14 0] 5 0.13
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Table 7

X-ray responses of diploids made from

pairwlse crosses of radiation sensitive

mutants

SCTK 1 XS5 XS6 XS7 XS8  XS9
SCTK + +/- + + + + +
x"1 4/~ - +/- /- 4/~ - -
X35 + +/- = + + + +
X56 + +/- + - - + +
X857 + +/- + - - + +
Xs8 + +/- + -+ + - +
Xs9 + +/- + + +  + -

Key

+ indicates growth and approximately wildtype
resistance

- indicates no growth and a sensitive phenotype
+/- 1indicates growth after 56 KR and no growth

after 196 KR and lncomplete complementation
or incomplete dominance.



~100-

Table 8
X-ray response of single 1solated budded cells
of diplolds heterozygous for sensitivity
Number of Cells Microcolonies
Class Source Dose (KR) Isolated after 48 hours
SC - 6 C. A, Beam 0 : 100 100
56 100 30
1/4 x%1/4- 0 100 100
56 100 12
I/4- XS5/4 o] 100 100
56 100 28
1X1 x%1/%85 0 100 100
56 100 13
1X11 XS5/Xs8 0 100 100
56 100 29
1X11 x5%1/4S8 0 100 100
56 100 12
II/11 XS6/X39 0 100 100
56 100 32

X51/4-, x51/XS5 and X®1/XS8 are significantly
more sensitive than wild type SC6, Chi square
at 50% level of significance for one degree of

freedom equals 8.
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Table 9
' Frequency of induced recesslve homozygosis
and petite in 1nduction in wildtype, class
I and class II diplolids
A, interdivisional cells
B. ©budding cells Number and
A, frequency of
Percent Percent auxotrophy
Strain Dose Survival Auxotrophy ly le tr ad me
Wildtype O KR 100 (o/247) ©
56 KR 32 (46/135)3448 5 0 4 18 19
XS5/%85 0 KR 100 (8/1216)0.66+0.5 8
4.7 KR Uy (24/536)4.540.04 8 4 12
XS8/XS8 0O KR 100 (o/476)0
9.4 KR L0 (44/187) 2446 16 8 20
B.
Wlldtype O KR 100 0
56 KR 42 (8/332)2.440.5 4 L
XS5/XS5 O KR 100 (4/759)0.53+0.04 2 2
4.7 KR 38 (14/286)4.940.5 2 5 7
XS8/XS8 0 KR 100 (0/512) 0
18.6 KR 32 (34/1428) 2.4+0.2 8 12 14

Recessive homozygosls indicated as percent auxotrophy
plus or minus 2 standard error units. Recessive homo-
zygosis 1Indicated as. percent auxotrophy plus or minus

2 standard error units.
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Figure 2. X-ray survival of diploids: SC-6 and homozygous XS/XS
mutants .on YEPD.
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Figure 3. X-ray survival of wild type and class I heterozygous smgle

mutants on YEPD.
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Figure B. X-ray survival of wild type and haploid double mutants:
XS1 XS5, XS1 XS6, XS1 XS8, X51 XS9 on YEPD.
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Figure 9. X-ray survival of wild type and haploid double mutants:
XS1 XS5, XS5 XS6, XS5 XS8, XS5 XS9 on YEPD.
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Flgure 10, X-ray of wild type and haploid double mutants: XS6 XS8,
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Figure 11. X-ray survival of wild type and classIl/class II homozygous
double mutant diploids on YEPD.
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Figure 12. X-ray survival of: wild type diploid, wild type haploid,
wild type haploid interdivisional cells, XS6 XS8 XS9

haploid and XS6 XS8 XS9/ XS6 XS8 XS9 homozygous
diploid on YEPD.
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Figure 13. X-ray survival of wild type and class 1 mutants on YEPD

and on minimal agar.
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Figure 14, X-ray survival of wild type and class II mutants on YEPD
and on minimal agar.
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