
Changes in DNA During Meiosis in a Repair-Deficient 
Mutant (rad 52) of Yeast 

Abstract. The kinetic patterns of D N A  synthesis in wild-type (RAD') and rad 52 
mutants of yeast, which exhibit high l e ~ ~ e l s  of synchrony during meiosis, are 
comparable. Howe\>er, RAD 52 mutants accumulate single-strand breaks in parental 
D N A  during the D N A  synthesis period. Thus, the product o f the  RAD 52 gene has a 
role in meiotic D N A  metabolism, cis well as in the repair of D N A  damage during 
mitotic growth. The observed breaks may be unresolved recombination intermedi- 
ates. 

Genetic evidence has established the 
importance of DNA repair mechanisms 
during meiosis (1). For  example, several 
meiotic mutants of Drosophilu are sensi- 
tive to  mutagens (2, 3) and, converse- 
ly, various mutagen-sensitive mutants of 
fungi (4, 5)  and Drosophila (2) affect 
meiosis. In some cases in mitotically 
growing cells, the genetic defects have 
been identified at the molecular level as  
repair defects (6-8). Although events of a 
repair type have been observed during 
normal meiosis (9, lo) ,  the function of 
the resulting molecular changes has not 
been demonstrated; nor have repair 
functions identified in mitotically grow- 
ing cells been shown to have a role in 
meiosis. 

Mutants of the yeast Saccharomyces 
cerevisiae, deficient in some aspects of 
DNA repair during mitotic growth, are 
able to initiate meiosis, but do not under- 
go normal genetic recombination (5, l l ) ,  
and for some mutants the meiotic prod- 
ucts (ascospores) are inviable. In partic- 
ular, strains carrying mutations of the 
RAD 52 gene d o  not undergo radiation- 
induced genetic recombination and lack 
the ability to repair DNA double-strand 
breaks produced by ionizing radiation (8, 
11, 12). Since the repair of double-strand 
breaks in yeast is believed to involve 
recombination between homologous 
chromosomes or sister chromatids (12), 
the rad 52 mutant might exhibit changes 
in DNA during meiosis. Therefore, using 
recently developed techniques (13) for 
detecting small numbers of single- and 
double-strand breaks in high-molecular- 
weight DNA molecules, we examined 
the chromosomal DNA of yeast through- 
out meiosis in rad 52 and wild-type 
(RAD')  strains. We have shown that a 
rad 52 mutant, unlike the RAD+ strain, 
accumulates a limited number of single- 
strand breaks during meiosis. 

For the detection of changes in DNA 
during meiosis we used strains and con- 
ditions that would provide a high degree 
of meiotic synchrony; this would im- 
prove the detection of small numbers of 
breaks that might occur transiently dur- 
ing the meiotic cycle. By using a strain 

(SK-1) known to yield synchronous mei- 
osis (14) as  a parent in a series of back- 
crosses with a rad 52 mutant (15), we 
obtained nearly isogenic rad 52 and 
RAD' derivatives that gave exceptional 
sporulation synchrony when they were 
grown in acetate medium and transferred 
to the s~oru la t ion  medium. 

To  define synchrony during meiosis, 
we monitored (i) the uptake of radioac- 
tive label into DNA, (ii) the increase in 
DNA as measured by diphenylamine as- 
says, and (iii) the appearance of asco- 
spores (16). The RAD+ strain began to 
incorporate label into DNA 2 hours after 
transfer to  sporulation medium (Fig. 1). 
Increases in total DNA were first detect- 
ed at  2 hours, and the increase continued 
linearly for approximately 3 hours. The 
total DNA in the culture doubled, as  

expected for one round of meiotic DNA 
synthesis. Sporulation began at  8 hours, 
and the frequency of sporulated cells 
(asci) increased rapidly, reaching 93 per- 
cent by 14 hours. Similar kinetics were 
observed in these three processes for the 
rad 52 mutant, except that the total fre- 
quency of sporulation was only 29 per- 
cent, and the spores were inviable [simi- 
lar to results in (5)]. From these results 
with the RAD+ and the rad 52 strains, 
we conclude that strains with the SK-1 
background can yield a synchronous 
meiosis [for comparison, see (5)], and 
the rad 52 mutation does not affect the 
rate or extent of DNA synthesis o r  the 
rate of spore formation. 

High-molecular-weight DNA was re- 
covered during meiosis by use of a su- 
crose gradient technique that minimizes 
the handling of samples (13) (Fig. 2). It 
relies on the removal of cell walls in the 
presence of a nonionic detergent to 
cause immediate lysis; all operations are 
performed in a centrifuge tube so  that 
gradients can be formed under the lysis 
suspension. In this way we avoided arti- 
facts that could result from handling 
spheroplasts during sucrose gradient 
analysis (these artifacts could arise dur- 
ing the concentration of spheroplasts by 
centrifugation) and during transfer to  the 
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Fig. 1. DNA synthe- 
sis and sporulation 
during meiosis in (e) 
RAD+and (0) rad 52 
strains. Cells were 
grown in presporula- 
tion medium and sub- 
sequently resuspend- 
ed in sporulation 
medium (1 percent 
potassium acetate) at 
time 0 (16, 21). (A) At 
30 minutes after re- 
suspension of cells in 
the sporulation medi- 
um [5, 6-3H]uracil (10 
yCilrnl, 40 Cilmmole) 
plus uracil (0.5 pglml) 
was added. The maxi- 
mum incorporation in- 
to the DNA of RAD+ 
and rad 52 strains was 
1.5 x lo3 and 1.9 x 
lo3 countlmin per lo7 
cells, respectively. 
(B) The left part of the 
figure corresponds to 
DNA as measured by 
diphenylamine assays 
(16); the maximum 
DNA for RAD' and 
vad 52 was 5.27 and 
5.68 pg per 10' cells, 
respectively. The 
right portion of the 

figure corresponds to the appearance of asci; the maximum percentage of cells forming asci are 
93 percent and 30 percent for RAD+ and rad 52, respectively. 
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sucrose gradients. As few as  10 to 20 
breaks per haploid genome (about 10" 
daltons), corresponding to about one 
break per chromosome, are detectable 
(13). 

As a control, '4C-labeled cells, which 
had been treated in the same manner as 
the 3 ~ - l a b e l e d  cells up to  the time of 
resuspension in sporulation medium, 
were included with the 3H-labeled meiot- 
ic cells for gradient analysis. There d o  
not appear to be significant changes in 
the DNA profiles of cells harvested at  
any stage of meiosis. We have detected 
small shifts, which are probably short- 
lived since they are not seen in succes- 
sive 1-hour samples. The number aver- 
age molecular weight (M,) of the nuclear 
DNA in these experiments, 1.8 x lo8, is 
comparable to that reported for mitotic 
cells (8, 13) and indicates that the pro- 
files correspond to full-length chromo- 
soma1 DNA (17). Radioactive counts in 
the peak near the top of the gradient 
correspond to mitochondria1 DNA as 
determined by CsCl density gradient 
analysis (18). We conclude that there is 
little, if any, accumulation of single- or 
double-strand breaks in parental DNA 
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Fig. 2. 

(data not shown) during meiosis in our 
RAD' strains of yeast. Breaks that d o  
occur must be few or  short-lived. Al- 
though reports of experiments on wild- 
type yeast (19) have indicated that long- 
lived single-strand breaks begin to ap- 
pear during meiotic DNA synthesis, 
these reports lacked well-resolved pro- 
files, and in some of the experiments the 
presence of large amounts of small-mo- 
lecular-weight nuclear DNA was ob- 
served. In addition, many of the breaks 
may have occurred during the prepara- 
tion of cells for sucrose gradient analy- 
sis. (We have found that during meiosis 
the spheroplasts recovered after removal 
of the cell wall are often fragile and lyse 
easily, so that breaks could inadvertently 
be introduced into the DNA.) 

The DNA profile of the rad 5 2  is 
similar to  that of the RAD+ strain during 
mitotic growth (Fig. 2B), indicating that 
DNA breaks do not occur under normal 
growth conditions. When rad 52 cells are 
incubated in sporulation medium, single- 
strand breaks begin to  appear during the 
period of DNA synthesis (Fig. 2, C and 
D); none are observed before this time. 
By 6 hours, the number of breaks is 

approximately one per average-sized 
molecule (Table 1); the DNA is larger 
than the mitochondrial DNA, and no 
breaks are observed in the mitochondrial 
DNA under these conditions. These ob- 
servations did not differ in several ex- 
periments. We did not observe any re- 
pair of these breaks during the course of 
individual experiments, although we 
have not excluded the possibility of an 
equilibrium after the establishment of 
breaks between break appearance and 
repair. The breaks d o  not appear to  be 
the consequence of double-strand break- 
age, as  indicated by analysis of chromo- 
somal DNA with neutral sucrose gradi- 
ents (data not shown). Although some 
double-strand breaks can be detected in 
rad 5 2 ,  they occur later than DNA syn- 
thesis and account for only a small num- 
ber of the single-strand breaks (20). 
Since the counts in DNA increase slight- 
ly during meiotic DNA synthesis [pre- 
sumably due to incorporation from RNA 
(21)] and then remain constant, the 
breaks that occur during meiosis cannot 
be attributed to any generalized DNA 
degradation (see Table 1). 

We conclude that the absence of the 
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Alkaline sucrose gradient analysis of the DNA from RAD+ and rad 52 cells during meiosis. Cells were grown in presporulation medium 
containing [5, 6-'Hluracil (10 pCiIml, 40 Cilmole), plus uracil (0.5 pglml) o r  ['4C]uraci1 (7.5 @Xnl. 57 Cilmole) plus uracil (0.5 kglml). To  follow 
changes during meiosis, the cells were resuspended at time 0 in sporulation medium lacking radioactive label. The processing of samples is 
described in (13). Sedimentation is from right to left. Each profile is the result obtained from a gradient that contained I4C-labeled mitotic DNA 
and the 'H-labeled DNA from meiotic cells. The profiles of the control I4C-labeled DNA did not vary significantly between gradients. Therefore, 
the profiles of 3H-labeled DNA from separate gradients were compiled in single figures. (A) RAD+ : ( + )  I4C-labeled mitotic cells; 'H-labeled cells 
after (0) I hour, (A) 3.5 hours, and ( e )  6 hours of meiosis. (B to D) rod 52: ( + )  I4C-labeled mitotic cells; 3H-labeled cells after (0) 1 hour, (A) 3 
hours, (0) 4 hours, ( e )  6 hours, and (a) 7 hours of meiosis. Included in (D) is the position to which T4 bacteriophage DNA sediments under these 
conditions. 

544 SCIENCE. VOL. 212 



RAD 5 2  function results in the accumula- 
tion of a limited number of single-strand 
breaks beginning in the DNA synthesis 
period of meiosis. Although these single- 
strand breaks are prevented by hydroxy- 
urea (18), an inhibitor of meiotic DNA 
synthesis (22), it is not clear that the 
breaks are directly associated with DNA 
synthesis. This report shows that a muta- 
tion affecting meiosis leads to  specific 
DNA changes during meiosis. (While 
apurinic or apyrimidinic sites would 
yield similar alkaline sucrose gradient 
results, it is unlikely that they would 
significantly affect spore viability o r  re- 
combination.) These breaks were corre- 
lated with lethality and a lack of recom- 
bination in rad 5 2  mutants during meiosis 
[see also (31. 

Since the 3~ label in these experi- 
ments is primarily located in the parental 
strands (after switching from growth me- 
dium to sporulation medium, there is less 
than a 25 percent increase in counts in 
DNA; Table I ) ,  the measured breaks in 
these experiments are primarily located 
in parental strands. These breaks are 
probably different from single-strand 
breaks induced by ionizing radiation, 
since the latter are repaired in rad 5 2  
mutants (23). Presumably they occur af- 
ter DNA synthesis because breaks or 
gaps in parental DNA would inhibit syn- 
thesis and would yield double-strand 
breaks during replication. We propose 
that they are associated with the recom- 
bination process and that in RAL)' 
strains the recombination intermediates 
are rapidly resolved so  that breaks or 
gaps are not detectable. The number of 
breaks per cell that can be estimated 
from these results is in the expected 
range for the number of recombinational 
events per cell (24). If this hypothesis is 
correct, then the first appearance of 
breaks would correspond to the begin- 
ning of recombination in yeast. Based on 
the results of Olson and Zimmerman 
(25), recombination can begin during the 
meiotic DNA synthesis period, before 
the formation of the synaptonemal com- 
plex (25). 

Our results are consistent with the 
concept that the product of the RAD 5 2  
gene plays a central role for recombina- 
tion in yeast. It mediates ultraviolet- 
induced and ionizing radiation-induced 
mitotic recombination, spontaneous mi- 
totic and meiotic recombination, and the 
events (presumably recombinational) in- 
volved in mating-type switching (26). 
The DNA changes detected in the pres- 
ent experiments presumably correspond 
to intermediates in recombination, and 
further studies with rad 5 2  and other 

Table 1. Changes in the molecular weight 
(M,) of nuclear DNA and the amount of 'H in 
RNA and DNA during meiosis of cells grown 
in the presence of [3H]uracil. 

Time* RNA M& 
DNA ( x  lo8 (hours) ( x 10' ( x lo3 

count/ count/ daltons) 
min)' min)' 

RAD + 

2.2 4.8 
2.3 5.2 
2.2 5.3 
1.9 6.2 
1.5 6.0 
1.3 6.1 

rad 52 
3.0 6.6 
3.0 8.3 
2.7 7.7 

*Tune after mtroductlon of cells Into sporulatlon 
medlum tSamples from the sucrose gradlent 
experiments of Fig 2 were processed as described In 
(16, 21), these values correspond to counts per 
mlnute per i07 cells $The M, for the nuclear 
DNA of gradiepts In Flg 2 was determmed accord- 
ing to the method of Lehmann ( I n  

DNA repair mutants in this genetic path- 
way (273 will contribute to the elucida- 
tion of the molecular mechanism of re- 
combination during meiosis as  well as  
the importance of mitotically defined 
DNA repair mechanisms. 
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S. Prakash, L. Prakash, W. Burke, B. A. Mon- 
telone, Genetics 94, 31 (1980). 
M. A. Resnick, Adv. Rndiat. Biol. 8. 175 (1979): 
J .  Theor. Biol. 59.97 (1976); G. Brunborg, M. A. 
Resnick. D. H. Williamson. Radiat. Res. 82,547 
( 1980) 
M A Resnlck, J Boyce, B Cox, J Bacterrol , 
In press Cells for sucrose gradlent analysls are 
suspended In 0 1M t r ~ s  sulfate. 0 01M EDTA 
(pH 9 3) contalnlng beta-mercaptoethanol (2 
percent) and Incubated for 10 mlnutes at 30°C 
They are then resuspended In 0 05M KH2P04. 
10 mM EDTA (pH 6.5) at 10%ells per rntll~l~ter, 
and 2 x 10' cells are placed In a cellulose 
nltrate centrifuge tube (treated w ~ t h  calf thymus 
DNA) To t h ~ s  are added 0 02 ml of I0 percent 
Non~det (Bethesda Research Laboratory, Rock- 
v~lle,  Md ) and 0 04 ml of Zymolyase (10 mgiml, 
Klrin Brewer~es, Japan), and the mlxture IS 
Incubated at 37°C for I0 mlnutes A sucrose 
gradient is pumped Into the tube beneath the 
lysed suspension (I5  to30 percent sucrose, 0.3N 
NaOH. 0.03M EDTA. and 0 7 M  NaCI), the 
gradients are topped w ~ t h  0 05 ml of a solutton 
contamng 2 percent sarkosyl, 3 percent sodlurn 
deoxycholate, 5 percent sodlum dodecyl sulfate. 
0 02M EDTA, 0 01M trls @H 8 O), and 18 per- 
cent sorbttol Centr~fugatlon IS for 12 hours at 
12,000 revlm~n In a Beckman SW50 1 rotor at 
23°C The grad~ents are fractlonated 8 to 10 
hours later to ensure dlgestlon of the RNA In 
the gradlent by the alkah, they are fractlonated 
onto Whatman No 17 filter strips and the s t r~ps  
are placed In 5 percent tr~chloroacet~c a c ~ d  at 
room temperature for approximately 5 hours 
and then In 95 percent ethanol The lndlvldual 
fract~ons are counted In a Beckman sclntdlat~on 
counter 
S M. Kane and R Roth, J Bacterrol 118, 8 
(1974) 
The mejotlc products (spores) of the homothalllc 
SK-I stram (14) were mated to other haplo~d 
stralns w ~ t h  varlous genetic markers lncludmg 
the rud 52 mutatlon Me~otlc products from the 
subsequent d~plolds were backcrossed agaln to 
SK-I spores, and the cycle was repeated at least 
four tmes  to enr~ch for the SK-I background In 
thls way nearly lsogenlc stralns w ~ t h  an abllrty to 
undergo synchronou\ melosls comparable to the 
SK-I straln were obtamed 
R Roth, Genetrcs 83, 675 (1976), --and H 
O Halvorqon, J Bacterlol 98, 831 (1969) 
A R Lehmann, In Handbook of DNA Repair 
Techniques, P C Hanawalt and E C F r~ed-  
berg, Eds (Dekker. New York, In press) The 
M, 1s calculated as 

Triangle Park, North Carolina 27709 (1 (1 

where c, are the counts In the rth fraction, M, 
J. N. K A S I M O ~  corresoonds to the molecular weleht of DNA In 

Department of Biology, 
Illinois Institute of Technology, 
Chicago 60616 

thls friction, a IS the next to bz tom fractioh, 
and x is the last fraction of nuclear DNA before 
the "trough" between mitochondria1 and nucle- 
ar DNA in Fig. 2 (that is, fractions 9 or 10 from 
the too). 
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