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ABSTRACT In the yeast Saccharomyces cerevisiae, DNA
synthesis preceding meiosis requires the expression of replica-
tion genes used during mitosis. Diploids carrying either a tem-
perature-sensitive lesion in cdc4 (a gene required for initiation
of mitotic DNA synthesis) or a lesion in cdc8 (a gene controlling
mitotic polymerization) completed premeiotic DNA synthesis
at a permissive but not at a restrictive temperature. The roles
of24 and cdc8 were evaluated by characterizing the kinetics
of premeiotic DNA synthesis after a shift to a restrictive tem-
perature. In the cdc8 diploid, DNA synthesis was immediately
inhibited, consistent with a role in polymerization. In contrast,
cdc4 exhibited residual DNA synthesis characteristic of an
initiation function. The cdc4 gene function was completed
much earlier in the meiotic cycle than the cdc8-mediated
step.

Meiosis is characterized by a distinctive sequence of nuclear
and cytoplasmic events which include recombination, reduction
divisions, and gameteogenesis. One of the early events in this
sequence is a single round of premeiotic chromosome dupli-
cation. As in mitosis, DNA replication is essential for successful
completion of the meiotic cycle (1). We have determined
whether premeiotic DNA synthesis required the participation
of replication genes normally expressed during the mitotic cell
cycle and, also, whether required replication genes governed
identical functions in both meiotic and mitotic cells. In the yeast
Saccharomyces cerevisiae, Hartwell (2) identified two groups
of genes controlling mitotic DNA synthesis: genes functioning
during the G1 interval are required for initiation of replication
and genes functioning during the S phase are essential for DNA
polymerization. We evaluated premeiotic replication in diploid
yeast strains carrying a temperature-sensitive lesion in either
a gene (cdc4) controlling a mitotic initiation event or a gene
(cdc8) controlling polymerization. Both gene functions were

required for premeiotic replication and controlled identical
functions in meiotic and mitotic cells.

In yeast, meiosis is induced by transferring growing cultures
to acetate sporulation (starvation) medium. Soon after the
transfer to sporulation medium, cell division and mitotic rep-
lication cease. A latent period of 4-6 hr, with little or no nuclear
replication, precedes the start of premeiotic DNA synthesis.
During the latent period, cells are metabolically active and
continue to synthesize macromolecules including carbohy-
drates, protein, and RNA (1). Initiation of DNA synthesis is an
early event characteristic of meiotic cells. After replication of
the DNA, the cells complete recombination, undergo two
meiotic divisions, and initiate sporulation (3). In yeast, sporu-
lation generates asci usually containing four haploid ascospores.
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Except for the details of spore formation, meiosis in yeast is
analogous to meiosis in other eukaryotes.

MATERIALS AND METHODS
Strains. S. cerevisiae strain A364A is the wild-type parent

from which temperature-sensitive mutants ts314 (cdc4-1) and
ts198 (cdc8-1) were derived; these three strains were provided
by L. Hartwell (4). Strain X1069-2D was obtained from the
stock center at Berkeley. Strain Z1, a thermoresistant control
diploid, was derived by crossing A364A and X1069-2D (5); Z1
has the following genotype:
(A364A) + + a + adel ural

(X1069-2D) his4 leu2 a thr4 adel ural
ade2 + + his7 lys2 tyrl gall
+ trp5 met5 + + + +

Strain Z198 is homozygous for cdc8-1; it was obtained by
crossing ts198 and X1069-2D to form a heterozygous diploid
and then selecting for a thermosensitive mitotic segregant after
a sublethal dose of UV light (6). Strain Z314 is homozygous for
cdc4-1; it was obtained like Z198, from a diploid formed be-
tween ts314 and X1069-2D. Z314 and Z198 were confirmed as
homozygous for cdc4-1 and cdc8-1, respectively, by morpho-
logical and genetic tests.

Cultures growing at the permissive temperature (23.50) were
rapidly brought to the restrictive temperature (36.50) and, at
various times after the shift, were examined by phase-contrast
microscopy. Z314 and Z198 exhibited the terminal phenotype
characteristic of cdc4-1 and cdc8-1 tester strains at 36.50 (4).
Z314 and Z198 were sporulated at the permissive temperature,
and meiotic spore clones were checked for cdc4-1 or cdc8-1 by
complementation with appropriate tester strains (5). With Z198,
spore viability was 48% but all 120 segregants were tempera-
ture-sensitive; the spores from a four-spored ascus all contained
cdc8-1. With Z314, spore viability was 51% but all 74 spore
clones were temperature-sensitive; four spores from one ascus
contained cdc4-1.
Growth and Sporulation Conditions. Strains were main-

tained on a complex medium (5) further supplemented as fol-
lows (in mg/liter): adenine, 20; l-histidine, 20; l-methionine,
20; I-arginine, 40; I-phenylalanine, 40; I-tryptophan, 40; 1-
tryosine, 100; dl-isoleucine, 120; l-leucine, 120; l-lysine, 120;
uracil, 200; dl-valine, 300; dl-threonine, 300. For physiological
experiments, cells were grown in acetate presporulation me-
dium (7) supplemented with amino acids and bases as described
above; at 23.50 the doubling time of Z1, Z314, and Z198 was
4 hr + 10 min. Meiosis was initiated as described (8) except that
cells were harvested from presporulation medium at a density
of 3 to 4 X 107 per ml and resuspended in sporulation medium
at 3.0 X 107 cells per ml.
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FIG. 2. Effects of temperature on premeiotic replication and
sporulation in strain Z1. At zero time, independent meiotic cultures
were established at temperatures between 23.50 and 38.50. DNA
synthesis and sporulation were determined in each culture from 0 to
50 hr as described in Fig 1. The amounts of DNA synthesis and
sporulation at 23.50 (control) (cf. Fig 1A) were taken as 100% and the
values for each of the other temperatures were calculated as a per-
centage of the control. *, DNA synthesis; 0, sporulation.
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FIG. 1. Premeiotic replication and sporulation in diploid yeast
strains. At zero time, cultures growing logarithmically in presporu-
lation medium were harvested, washed, and resuspended in sporu-
lation medium; subcultures were immediately established, and con-
tinuously incubated at 23.50 and at 34.5° or 36.50. At intervals,
samples were removed for measurement of: (i) absorbance at 600 nm,
which is a measure of mass increase (10); (ii) total cellular DNA by
a diphenylamine assay; and (iii) the percentage sporulation by
phase-contrast microscopy. Solid symbols and lines present DNA
data; open symbols and broken lines depict sporulation. (A) Strain
Z1 (wild-type control). 0 and 0, DNA and sporulation, respectively,
at 23.50; A and ,, DNA and sporulation at 36.50. Increases in mass
between 0 and 24 hr were: at 23.50, 2.6-fold; at 34.50, 2.5-fold; at 36.50,
2.6-fold. (B) Strain Z198 (homozygous for the cdc8-1 mutation). 0
and 0, DNA and sporulation at 23.50; * and o, DNA and sporulation
at 34.50. Mass increases, 0 to 24 hr: at 23.50,2.5-fold; at 34.50, 2.5-fold;
at 36.50,2.3-fold. (C) Strain Z314 (homozygous for the cdc4-1 muta-
tion). 0 and 0, DNA and sporulation at 23.50; * and 03, DNA and
sporulation at 34.5°; A and a, DNA and sporulation at 36.50. Mass
increases, 0 to 24 hr: at 23.50, 2.4-fold; at 34.5°, 2.4-fold; at 36.50,
2.3-fold.

Analytical Procedures. DNA synthesis was monitored as
described (8, 9) except the samples contained 1.5 X 108 cells.
Protein synthesis was estimated by the incorporation of [14C]-
leucine (New England Nuclear Corp.) into a fraction precipi-
tated with hot trichloroacetic acid (1).

RESULTS
At the permissive temperature (23.50), Z1, Z314, and Z198
completed premeiotic replication and meiosis in a similar
fashion (Fig. 1). Before evaluating the effects of restrictive
temperatures on the mutants, we determined thermal limits
for meiotic events in the wild type (Fig. 2). Z1 grown in pre-
sporulation medium at 23.50 was washed and resuspended in

sporulation medium; at zero time, subcultures were established
at temperatures between 23.50 and 38.50. Periodically, samples
from each subculture were taken for measurement of DNA
synthesis and sporulation. Premeiotic replication was essentially
the same at 230 and 36.50; DNA synthesis was inhibited by
about 70% at 370 and by about 90% at 38.50. Next, cultures of
Z314 and Z198 were washed, resuspended in sporulation me-
dium, and subcultured at either 34.50 (Z198) or at 34.50 and
36.5° (Z314) (Fig. 1 B and C). Samples were taken to monitor
DNA synthesis. In Z198 (Fig. 1B), replication was fully inhib-
ited at 34.50, which was chosen as the restrictive temperature.
In Z314 (Fig. IC), replication was partially inhibited at 34.50
but fully inhibited at 36.50; 36.50 was used as the restrictive
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FIG. 3. Effects of a restrictive temperature on premeiotic DNA
synthesis in strains Z198 and Z314. Meiotic cultures were established
at 23.50. At zero time and at intervals, subcultures were rapidly
brought to a restrictive temperature for the remainder of the exper-
iment; one culture (control) remained at 23.50. DNA synthesis was
monitored in each culture. (A) Strain Z198. 0, Control; A, subculture
shifted to 34.5° at 0 hr; *, subculture shifted at 6 hr; V, subculture
shifted at 9 hr. (B) Strain Z314. 0, Control; A, subculture shifted to
36.50 at 0 hr; *, subculture shifted at 2 hr; v, subculture shifted at
5 hr; 0, subculture shifted at 8 hr.

3952 Genetics: Zamb and Roth

To



Proc. Natl. Acad. Sci. USA 74 (1977) 3953

o 80-80

0

o 60 -60

20 2040 40

0 50 100 0 50 100
Time, min

FIG. 4. Effects of a restrictive temperature and cycloheximide
on protein synthesis in Z198 and Z314. Meiotic cultures were estab-
lished at 23.50. During replication (at 7 hr for Z198; at 5 hr for Z314),
sufficient [14C]leucine was added to each culture to give a final con-
centration of 2.2Ag/ml (specific activity, 2 X 105 cpm/jug). Immediately
thereafter, each culture was divided into three portions: one portion
(0) remained at 230 (control); one portion ( & ) was brought to a re-
strictive temperature; and the third portion (0) was incubated at
23.50 for 10 min and then cycloheximide was added to a final con-
centration of 100 Atg/ml. Incorporation of ['4C]leucine was monitored
for 100 min. (A) Strain Z198, restrictive temperature 34.50. (B) Strain
Z314, restrictive temperature 36.50.

temperature. Thermal inhibition of DNA synthesis in Z198 and
Z314 indicated that cdc4 and cdc8 gene functions were nec-
essary for premeiotic replication.

Molecular Specificity of cdc Lesions during Meiosis. At
their restrictive temperatures, both Z198 and Z314 showed
typical increases in cell mass, suggesting normal rates of acetate
metabolism (see legend, Fig. 1). In both mutant strains, the
restrictive temperature had little or no effect on protein syn-
thesis as monitored by incorporation of [14C]leucine (see Fig.
4). These data suggest that mutations cdc4-1 and cdc8-1 affect
primarily DNA synthesis.

Physiological Roles of cdc4 and cdc8 in Premeiotic Rep-
lication. Hartwell's conclusion that cdc4 and cdc8 controlled
DNA initiation and polymerization, respectively, relied in part
on the effects of a restrictive temperature on the kinetics of
ongoing replication and on the time during the cell cycle when
each gene completed its essential function (4). Experiments
performed with meiotic cultures of Z198 and Z314 established
that cdc4 and cdc8 performed similar physiological functions
during meiosis and mitosis.
A meiotic culture of Z198 was established at 23.5°; at zero

time and at intervals (6 and 9 hr) subcultures were shifted to
34.50 and DNA synthesis was monitored (Fig. 3A). The shift
at zero time, prior to the start of replication, blocked all DNA
accumulation. The shifts during replication itself immediately
stopped any further increase in DNA accumulation. Data from
other thermal shifts throughout the DNA synthetic period all
were consistent with an immediate thermal inhibition of rep-
lication (see Fig. 6). Rapid inhibition of ongoing DNA synthesis
is characteristic of a defect in a polymerization function (4,
11).
Thermal shifts with Z314, performed in an identical fashion,

gave results characteristic of a lesion in DNA initiation (Fig. 3B).
A thermosensitive defect in initiation exhibits extensive residual
DNA synthesis after a thermal shift; presumably, cells that have
completed the thermosensitive initiation event at the permissive
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FIG. 5. Comparative effects of cycloheximide and restrictive
temperature on DNA synthesis in strains Z198 and Z314. At zero time,
meiotic cultures were established at 23.50. During replication (at 7
hr for Z198; at 5 hr for Z314) the cultures were divided into three
portions: one portion (0) remained at 23.50 as a control; the second
portion (-) was brought to a restrictive temperature; the third portion
(A) was kept at 230 but received cycloheximide to a final concentra-
tion of 100 gg/ml. DNA synthesis was monitored in each culture. (A)
Strain Z198, restrictive temperature 34.5°. (B) Strain Z314, restrictive
temperature 36.50.

temperature can finish polymerization at the restrictive tem-
perature (4, 11).

Effects of Cycloheximide on Meiotic Replication. In yeast,
protein synthesis is required for DNA initiation but not for
continued polymerization (12). Thus, an inhibitor of protein
synthesis, such as cycloheximide, can be used to distinguish the
two types of functions. In control experiments with meiotic
cultures of Z198 and Z314 we confirmed that cycloheximide
at 100 Ag/ml effectively blocked [14C]leucine incorporation
into protein (Fig. 4) (13). Next, meiotic cultures of Z198 and
Z314 were established at the permissive temperature. During
replication (at 5 hr for Z314, at 7 hr for Z198), one portion of
each culture was shifted to the restrictive temperature, a second
portion was exposed to cycloheximide at 23.50, and the re-
mainder was kept as a control. DNA synthesis was monitored
in each subculture. In Z198, the thermal shift blocked replica-
tion immediately (Fig. 5A). In contrast, inhibition of protein
synthesis allowed substantial residual DNA synthesis. The results
imply that the rapid thermal inhibition in Z198 represented
inhibition of polymerization rather than an initiation defect in
a highly asynchronous population. In Z314, residual DNA
synthesis was observed both with cycloheximide at 23.50 and
after the thermal shift (Fig. 5B). These results are consistent
with the idea that both treatments affect initiation. In Z314,
there was more residual synthesis after the thermal shift than
after cycloheximide treatment. This may be accounted for by
assuming that an initiation event requiring protein synthesis
occurs after the cdc4-mediated step; consequently at 5 hr, more
cells in the population have completed the cdc4 step than a later
cycloheximide-sensitive step.
Timing of cdc4 and cdc8 Gene Functions during Meiosis.

The cde4 gene function occurs during the G1 phase of mitosis
whereas cdc8 functions during S phase (2). Thermal shift ex-
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periments established the same relative temporal order for these
gene functions during meiosis. Our experiments attempted to
estimate the time when each gene function was completed in
asynchronous meiotic populations. Cultures incubated at the
permissive temperature were periodically shifted to the re-

strictive temperature and the amount of subsequent DNA
synthesis (if any) was compared to a control kept continuously
at 23.50. In order to combine data from different strains, in-
volving numerous independent experiments, we had to correct
for variability in the latent period prior to replication, for
variations in the overall length of the DNA synthesis period in
the population, and for differences in the DNA content per cell.
To accomplish this, we adopted the following conventions: first,
the total increase in DNA in the control was taken as 100% and
the DNA increase in any sample was expressed as a percentage
of this value; next, the period from zero time to the estimated
completion of DNA synthesis in the population was set equal
to 1.0 and termed the "Gi + S" interval and the time when each
DNA sample was taken from a culture was expressed as a

fraction of the total GJ + S interval. With these conventions,
various DNA control experiments involving ZI, Z198, and Z314
were replotted on a single graph (Fig. 6A). The data formed
a smooth continuous curve, indicating a common latent period
from 0 to 0.25 and a synthesis period extending from 0.25 to 1.0.

The latent period probably represents the minimal Gi period
in the population because cells with longer GI periods are

concealed by the start of DNA accumulation in precocious cells.
The relative orders of the cdc4 and cdc8 events are compared
in Fig. 6B. These data evaluate the timing for completion of
the temperature-sensitive event at the permissive temperature.
In Z198, completion of the temperature-sensitive event coin-
cided with the completion of replication itself, as expected of
a polymerization function. In contrast, completion of the
temperature-sensitive function in Z314 occurred much earlier
(at 0.38 on time scale), consistent with a role in DNA initiation.
Comparison of the times for half-completion of the steps gives
approximately 0.19 for cdc4 and 0.47 for cdc8.

DISCUSSION
Genetic studies of development often attempt to identify gene
functions required for a specific developmental event or se-

quence. Usually this involves the isolation and characterization
of mutants affecting the process in question, and generally such
mutants are stage-specific in that their effects are limited to a

unique portion of the life cycle. Less frequently used is an

analysis that identifies a physiological role in development for
gene functions expressed at other stages of the life cycle. The
sporulation cycle in yeast offered a convenient opportunity to
explore the role of mitotic gene functions in meiotic develop-
ment. Gene functions required for specific events during the
cell division cycle are well known (2) and the sporulation cycle
is convenient to analyze. In an earlier study, Simchen (6) took
advantage of these facts to demonstrate that defects in gene
functions necessary for mitosis did in fact affect meiosis and
sporulation. To define more precisely the roles of mitotic gene
functions in development, we examined premeiotic replication
in strains carrying mutations in genes controlling well-char-
acterized mitotic replication events. Replication was especially
amenable to analysis because appropriate experiments provided
information about the actual physiological functions of a

gene.
In yeast, Hartwell (4, 11) showed that mitotic DNA synthesis

required at least five gene functions: three genes (cdc4, -7, -28)
controlled DNA initiation events, and two genes (cdc8, -21)
governed polymerization. Our experiments show that re-
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FIG. 6. Timing of cdc4 and cdc8 gene functions during meiosis.
Time scale is shown as fraction of total G1 + S interval. (A) Method
for normalizing the amount and timing of meiotic DNA synthesis in
different strains or in multiple experiments with a single strain. The
data are from four separate experiments at 23.50 with each of three
strains from Figs. 1, 3, and 5: 0, strain Z1; 0, strain Z198; A, strain
Z314. (B) Data from thermal shift experiments with Z198 and Z314
were normalized (expressed as % of control at 23.5°) and used to de-
termine when the functions specified by cdc4 and cdc8 were com-

pleted at the permissive temperature. Data from Z198 (six experi-
ments) are presented as solid symbols and include experiments shown
in Figs. 1B, 3A, and 5A. Data from Z314 (five experiments) are pre-
sented as open symbols and include experiments shown in Figs. 1C,
3B, and 5B. DNA was measured at 48 hr.

expression of functions specified by cdc4 and cdc8 also was

essential for replication during meiosis, in which the gene ap-
parently controlled physiological functions identical to those
performed in mitotic cells.

It might be argued that DNA duplication associated with
meiosis is actually regulated as in a typical mitotic cell cycle.
Numerous lines of evidence, both in higher eukaryotes and in
yeast, argue against this interpretation. First, it has been es-

tablished in various higher eukaryotes that premeiotic repli-
cation is distinct in both its temporal and spatial patterns from
that in mitotic cell (1, 14). In yeast, where the pattern of meiotic
replication has not yet been examined, it is known that
premeiotic replication is governed by a set of unique, stage-
specific genes, typical of most developmental sequences (1, 4,
15, 16). In a previous study (17), it was shown that mitotic
replication occurred in diploids either homozygous or hetero-
zygous for the two alleles of the mating-type locus, but that
replication during meiosis only occurred in the heterozygous
strains. This result suggested initially that meiotic replication
had genetic controls distinct from those for mitosis. Subse-
quently, additional stage-specific gene functions required for
premeiotic replications were discovered (9, 15, 16). Previous
studies and those reported here lead to the conclusion that
meiotic replication requires the participation of two distin-
guishable types of genes: those that function during mitosis and
meiosis, like cdc4 and -8, and others that act in a strictly
stage-specific fashion. Roles for two types of genes can be
envisioned based on characteristics of premeiotic replication
known from higher cells. For example, because mitotic and
meiotic DNA synthesis use identical deoxynucleotides and share
a semiconservative mode of replication, they might be expected
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to use some common enzymes for precursor synthesis or for
DNA chain elongation. In contrast, a stage-specific function
might determine a unique initiation pattern restricted to
meiotic cells (14) and perhaps required for efficient chromo-
some pairing or recombination. Biochemical characterizations
may help assign more precise roles to the various gene func-
tions.
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