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The study of sporulation in Saccharomyces cerevisiae is complicated by the
fact that not all cells in the population complete sporulation and that the ki-
netics of development of those which do are not synchronous. By separating
vegetative cells by zonal rotor centrifugation into fractions of increasing cell
volume and hence progressive stages of the vegetative cell cycle, it was possible
to observe sporulation of more homogeneous, synchronous populations. The
capacity of S. cerevisiae to complete sporulation is low for small single cells at
the beginning of the cell cycle and is greatest for large budded cells about to
divide. The capacity of a cell to complete sporulation thus appears to be di-
rectly related to the stage in the vegetative cell cycle from which it was taken.
The use of synchronously sporulating cultures made it possible to examine very

early decision events leading to the commitment of a cell to sporulation. In
addition, differences in the capacity of a mother and daughter cell produced by
cell scission were examined.

The study of sporulation of the yeast Sac-
charomyces cerevisiae has been restricted by
the lack of precise information concerning the
sequence of events during the process of differ-
entiation. In large measure, the problem of
studying specific morphological or biochemical
changes has been caused by the lack of syn-
chrony or sporulating cells, as reflected by
both the kinetics and extent of sporulation.
The broad time course of the completion of
sporulation in a population and similarly
broad periods of deoxyribonucleic acid (DNA)
replication (2, 9) reflect asynchronous sporula-
tion. In contrast to studies of the vegetative
cell cycle of S. cerevisiae synchronous cultures,
in which the synthesis of particular enzymes
can be measured as discrete steps, the lack of
a truly synchronous sporulation process has
precluded a precise determination of the tem-
poral order of sporulation events.
The study of sporulation is further compli-

cated by the fact that usually only 50 to 70% of
the population completes sporulation, as evi-
denced by the formation of refractile spores
within an ascus. Thus the measurement of the
appearance of particular enzymatic activities
may be further obscured or distorted by the
presence of cells which fail to complete sporu-

' Work conducted in part at the Laboratory of Molecular
Biology, University of Wisconsin, Madison, Wis.

lation, since these cells may still slowly con-
tinue growth or sporulation processes.
The need for a more homogeneous, synchro-

nously sporulating culture prompted us to in-
vestigate the degree of asynchrony in com-
monly applied methods of sporulation. By
using cell-separation techniques which have
proved most successful in understanding cell
cycle events during vegetative growth, it has
been possible to determine the basis of asyn-
chrony in sporulating cultures and to develop
new methods for the study of more homogene-
ous, synchronously sporulating cells. This ap-
proach has permitted a study of events early in
the sporulation process which may determine
the ability of a cell to complete meiosis and
sporulation.

MATERIALS AND METHODS
Yeast strains. Three diploid strains of S. cerevi-

siae were used in these studies: Y185, a heterothallic
diploid derived from two haploid mutants unable to
metabolize sucrose; D649, a heterothallic diploid;
and Y55, a homothallic diploid.
Growth conditions. Vegetative growth was car-

ried out in sterile flasks on a rotary shaker at 30 C.
When glucose was the carbon source, YEP [2% glu-
cose, 2% peptone (Difco) and 1% yeast extract (Dif-
co) ] was used. Vegetative growth with acetate as the
carbon source was carried out by using the medium
described by Roth and Halvorson (8).
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Synchronization of yeast. Synchronous cultures
of S. cereVisiae were obtained by zonal rotor separa-

tion ot' cell sizes. The procedure has been described
in detail by Sebastian, Carter, and Halvorson (10).
Fractionation was carried out by using either a 15 to
407i sucrose or 15 to 40%7 sorbitol gradient as a sup-

port. Particular size classes, corresponding to dif-
t'erent stages in the vegetative cell cycle, were

washed twice in sterile water and suspended either
in f'resh vegetative growth media at a cell density of
4 e 106 cells/ml or else directly into sporulation
medium at a density of 2 x 107 cells/ml. Cell size of
the zonal rotor fractions and during synchronous
growth was monitored with a Channelyzer (Coulter
Electronics. Inc.). Cell number was measured either
with the Channelyzer or by counting under a micro-
scope with a hemocytometer. Each cell, regardless of
the presence of a bud, was counted as one cell.

Sporulation conditions. Sporulation of S. cerevi-

siae was carried out in 1% potassium acetate, pH 7,
with 10 of tetracycline per ml added to retard
bacterial contamination. Cells which had grown veg-

etativelv in YEP were harvested from the stationary
phase f'or sporulation. When the cells were grown in
acetate growth medium, however, the cells could be
harvested f'rom the exponential growth phase and
suspended in sporulation medium. Sporulation of
logarithmic-phase cells from acetate pregrowth made
it possible to f'ollow the sporulation of cells from dif-
f'erent points in the cell cycle by removing samples
of cultures growing synchronously in acetate me-

dium, washing twice with sterile water, and placing
the cells into sporulation medium. In 1% potassium-
acetate sporulation medium, vegetative growth was

almost totally absent.
DNA determination. DNA was determined by

f'luorescence measurement of DNA with diaminoben-
zoic acid according to a modification of the method
of' Wehr and Parks (12) suggested by L. W. Parks
(personal communication). A 5-ml amount of a cul-
ture containing at least 5 x 106 cells/ml was precipi-
tated with an equal volume of 10% trichloroacetic
acid and then washed four times with 0.1 N potas-
sium acetate in 95% ethanol. The precipitate was

then twice suspended with 95%/ ethanol and heated
at 60 C. The pellet was then evaporated to dryness
and suspended in 0.2 ml of 1.0 N HCl containing 0.3 g
of'3, 5-diaminobenzoic acid dihydrochloride (Aldrich
Chemical Co.. Inc.) per ml and heated at 60 C for 30
mim. A 1-ml amount of 0.6 N perchloric acid was

then added, and the sample was centrifuged to re-

move debris. Samples were measured in an Aminco-
Bowman spectrofluorometer with excitation at 408
nm and emission at 520 nm. As a standard, calf
thvmus DNA (Sigma Chemical Co.) was used.

RESULTS

Degree of asynchrony in sporulating cul-
tures. Asvnchrony in the sporulation of a

random population of cells was tested by com-

paring the kinetics and extent of sporulation of
homogeneous subpopulations obtained by
zonal rotor centrifugation. Cells growing expo-

nentially in an acetate growth medium can be
sporulated without first being grown to sta-
tionary phase (8). In Fig. 1, the kinetics and
extent of sporulation of the two extreme size
classes, the smallest single cells and the large
double cells about to divide, are compared
with the unfractionated random population.
Clearly, the random population does not spo-

rulate in a synchronous fashion but in fact rep-

resents a summation of widely different rates
and extents of sporulation of cells at different
points in the cell cycle. In the small, single cell
fraction, not only are the asci produced at a

later time, but the asci produced also dit'fer
morphologically from those in the fraction con-

taining large, budded cells. More than 65% of'
the asci formed in the small cell fraction con-

tained only two spores, whereas more than 80%.
of the asci formed in the large cells contained
three or four spores. In addition, the extent of'
sporulation in the small cell fraction did not
continue to increase with subsequent incuba-
tion beyond 30% total sporulation.
The differences between newly f'ormed,

small single cells and large budded cells were

not restricted either to the strain of' S. cerevi-

siae chosen or to vegetative growth in an ace-

tate medium. Cells grown in YEP to the early
stationary phase and fractionated by zonal
rotor centrifugation on a 15 to 40% sucrose

gradient exhibited similar properties (Table 1).
There are substantial differences in the ca-

pacity of the two extreme size classes to com-
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FiG. 1. Effect of cell size on the kinetics of sporu-

lation of Y-55. A culture of Y-55 was grown in KAc
synthetic growth medium of Roth and Haluorson (8).
The culture was harvested in logarithmic growth and
fractionated according to size on a sucrose gradient
in the zonal rotor. Small single cells (ca. 0.1 to 0.2 of
cell cycle) and large budded cells (ca. 0.8 to 0.9 of
cell cycle) were collected from the gradients. As a

control, a fraction of the original population (random
population) was suspended in a 15% sucrose solution
for an equivalent period of time. The three samples
were collected by centrifugation, washed twvice in

sterile water, suspended in KAc sporulation medium
at a density of 2 x 107 cells/ml, and aerated at 30 C.
All asci containing two or more spores uere counted.
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TABLE 1. Sporulation capacity of Saccharomyces cerevisiae at the beginning and end
of the vegetative cell cyclea

Percentage of sporulation

Pregrowth on acetate (log phase) Pregrowth on YEP (stationary phase)
Strain Three or four spores/ Total Three or four spores/ Total

ascus ascus

Small Large Small Large Small Large Small Large

Y55 6 88 25 95 6 62 34 65
Y185 11 65 42 70 9 58 46 67
D649 1 45 1 61 1 57 2 66

a S. cerevisiae was grown to exponential phase in potassium-acetate growth medium or to early stationary
phase in YEP. Cells were harvested and separated on a 15 to 40% sucrose gradient with a zonal rotor, and the
two extreme size classes corresponding to the small single cells formed by cell division and the large budded
cells about to divide were then placed in sporulation medium for 48 hr.

plete sporulation. If one considers only asci
containing three or four spores in an ascus, the
differences in the ability of cells to complete
sporulation becomes even more striking.
Relation of sporulation capacity to the

vegetative cell cycle. The above results sug-
gest that there is a significant change in the
capacity of cells to complete sporulation about
the time of cell scission. Large budded cells
about to divide exhibit a very high frequency
of sporulation, whereas newly formed single
cells resulting from cell scission have a much
reduced ability to complete sporulation. If the
capacity of a cell to complete sporulation were
directly dependent on its stage in the vegeta-
tive cell cycle, a periodic variation in the ex-
tent of sporulation would be expected if sporu-
lation were monitored over the time of more
than one synchronous cell cycle. The scheme
for such an experiment is presented in Fig. 2.
Cells grown in acetate growth medium were
harvested and fractionated by zonal centrifu-
gation to obtain the newly formed single cells.
These cells were then reintroduced into ace-
tate growth medium to begin synchronous
growth. At intervals, samples were removed,
washed twice in sterile water, and introduced
at a constant cell number into sporulation
medium. In this way, more than a single cell
cycle could be followed, although growth in
acetate medium has been found to be less well
sustained than in media with glucose as the
carbon source.
The results of this type of experiment indi-

cate that the capacity of cells to complete
sporulation does indeed depend on the stage of
the vegetative cell cycle at which point sporu-
lation was initiated (Fig. 3). At the time of cell
scission, when the number of cells nearly dou-
bles, the percentage of cells having the ca-

pacity to produce an ascus containing three or
four spores decreases significantly. During the
first half of a second, less synchronous genera-
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FIG. 2. Experimental design to study sporulation
capacity at different points in the cell cycle. Cells
growing exponentially in potassium-acetate growth
medium were harvested and separated according to
cell volume on a 15 to 40% sucrose gradient by zonal
centrifugation. The small cells corresponding to the
beginning of a cell cycle were returned to acetate
growth medium to begin synchronous growth. At
intervals, samples were removed, washed, and intro-
duced into sporulation medium. After 48 hr, the
samples were counted to determine the extent of
sporulation. In this way, the sporulation capacity
can be studied over a period of more than one com-
plete cell cycle.

1029VOL. 109, 1972 SPORULATION IN YEAST



HABER AND HALVORSON

8

6

4

21

z

CLJ

8

6

4

2

A

o_,, I
o

B
10

0
0 0.5/\ SRULATION

l~ ~~`l
I0

o0 60 120 180 240 300
MINUTES

FIG. 3. Percentage increase in DNA content and
buds during synchronous growth. Y-55 was grown in
KAc synthetic growth medium, harvested in loga-
rithmic phase [optical density at 600 nm (OD,oo) =

1.2J, and the small single cells were collected from a
zonal rotor fractionation with a sucrose gradient.
These small cells were suspended in KAc synthetic
growth medium at an OD600 of 0.4 and incubated
with aeration at 30 C. At intervals, samples were
removed for (A) DNA determination and micro-
scopic counting of bud formation or (B) the ability to
sporulate in KAc sporulation medium. DNA per cell
is shown as the percentage increase over the zero
time concentration. For sporulation, samples were
removed, washed twice with sterile water by centrif-
ugation, and suspended in KAc sporulation medium
to 107 cells/ml and incubated at 30 C for 48 hr. Only
three- and four-spored asci were counted.

tion, the capacity to sporulate again rises.
Analogous results were obtained with all three
strains used, although in the case of D649 the
extent of sporulation was considerably lower
throughout the cell cycle (Table 1).
As noted earlier, in the two strains (Y-55

and Y-185) which grow most readily in acetate
growth medium small single cells give rise to a
large number of asci containing only two
spores. When the production of two-spored
asci is measured over the cell cycle, a periodic
fluctuation is observed for two-spored asci as

with the production of three- and four-spored
asci (Fig. 4). The appearance of two-spored
asci is, however, out of phase with the periodic
rise of three- and four-spored asci.
Use of homogeneous cell fractions to

study sporulation. With well-defined, homo-
geneous populations, it was possible to ex-

amine the sporulation process in greater detail.
One central question was whether the cells
which actually complete sporulation appear to
be distinct from those which fail to sporulate.
This problem was approached by comparing
the size distribution of cells which actually
sporulated at each point in the cell cycle with
the size distribution of each population as in-
troduced into sporulation medium 48 hr pre-
viously. The results of this analysis for Y-55
are summarized in Table 2 and in Fig. 5.
There is a striking difference in the size distri-
bution, as measured by the size of the bud,
between cells which actually sporulated and
those which did not. Cells which completed
sporulation exhibited the same size distribu-
tion as did the initial populations before sporu-
lation. Thus, no further bud enlargement, a
measure of further vegetative growth, occurred
in cells which had completed sporulation. On
the other hand, cells which did not produce
refractile spores exhibited a substantial
amount of vegetative growth as monitored by
bud formation and bud size. It would appear,
therefore, that some decision to begin sporula-
tion events or rather to continue vegetative
growth occurs at a very early point in the spor-
ulation process. The cessation of vegetative
growth in asporogenous cells is most likely due
to the lack of a nitrogen source in the sporula-
tion medium, so that vegetative starvation
results.
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FIG. 4. Differences in the pattern of sporulation
capacity during synchronous division. A synchronous
culture of Y-55 was sporulated at intervals during
the cell cycle as described in Fig. 2. Maximum bud
formation of the first cycle occurred at 105 min, and
cell division was 80%o complete by 180 min. Both
two-spored asci as well as three- to four-spored asci
were determined after 48 hr in sporulatior. medium.
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TABLE 2. Effect of transfer to sporulation medium on the formation and growth of buds
in a synchronous culturea

Percentage of bud types

Time of removal Percentage of 48 Hr in sporulation medium

from synchronous sporulation' after Initial Cells containing Cells which did not
growth (min) 48 hr 3 to 4 spores sporulate

A B A B A B

0 11.8 0.5 0 0 0 9 1
30 36.3 1 0 1 1 13 1
60 37.3 3 0 6 1 72 2
90 47.6 43 4 41 4 58 11
120 64.4 53 34 56 36 50 34
150 70.2 28 62 24 65 17 68
180 53.3 11 53 14 49 18 30
210 25.5 19 16 10 18 26 10

a An exponential culture of Y55 was synchronized and tested for sporulation capacity. The distribution of
buds at each point was considered for (A) buds just forming up to the size of a bud nearly the size of the
mother cell and (B) full-sized doubles (where the bud is the same size as the mother cell). Cell division was 80%
complete by 210 min.

b Three to four spores per ascus.
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FIG. 5. Vegetative growth of sporulated and non-

sporulated cells. Y-55 was synchronized and assayed
for sporulation capacity as described in Fig. 2 and
Table 2. After 48 hr in sporulation medium, each
sample was examined to determine the percentage of
cells which were budded. Separate determinations
were made for cells which had produced asci con-
taining three or four spores and those which had
failed to sporulate. Cells which had sporulated (0)
exhibited the same distribution of bud incidence as
the samples had contained just at the time of intro-
duction into sporulation medium 48 hr earlier (-).
Cells which had failed to complete sporulation, how-
ever, continued vegetative growth, as evidenced by
an increase in bud incidence in the early part of the
cell cycle and a decrease in budded cells toward the
end of the cell cycle (x).

A second measurement can be made from
homogeneous sporulating cultures to deter-
mine whether the mother and daughter cells
are equivalently competent to sporulate. In a
sample containing a high proportion of cells in
which the daughter had achieved full size just
prior to cell scission (Table 2, 150 min), the
sporulation capacity of both halves of a double
cell can be examined. Of these cells which spor-
ulated, only one of the two equal-sized halves
completed sporulation in 84% of the cases
examined. When both halves contained spores
(16%), the second ascus contained only two
spores in approximately 30% of the sample.
Thus, in the majority of cases, only one of the
two cells about to divide (presumably the
mother cell) completed sporulation. Since the
size distribution of cells which complete sporu-
lation remains the same as that initially intro-
duced, it seems unlikely that cells in which
both mother and daughter sporulated had then
separated into two cells.

DISCUSSION
The study of sporulation in S. cerevisiae has

been limited by a lack of precise information
on the sequence of morphological and bio-
chemical events accompanying meiosis and
sporulation. In the past several years, several
new techniques have appeared which now
make it possible to begin to catalog systemati-
cally different stages of development. The re-
finement of electron microscopy (E. Guth et
al., Bacteriol. Proc., p. 61, 1971) has made it
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possible to visualize a sequence of events asso-

ciated with meiosis. At the same time, the iso-
lation of a large number of temperature-sensi-
tive sporulation mutants in S. cerevisiae (4)
and in Schizosaccharomyces pombe (1) pro-
vides another powerful tool for studying
processes essential for sporulation. By map-

ping the period of temperature sensitivity of
these mutants (5) and by relating the point of
arrest to morphological markers, it should now
be possible to subdivide the sporulation
process into a large number of discrete steps.

Synchronously sporulating cultures are re-

quired for examination of the time and stage
of arrest in mutants during the sporulation
cycle and especially for characterization of the
associated sensitive biochemical events during
the sporulation cycle. Such an approach has
proven valuable with vegetative cultures to
demonstrate the order of synthesis of a large
number of enzymes (6). To determine whether
the same order of enzyme synthesis observed
in the vegetative cell cycle is preserved in the
interval preceding meiotic DNA replication
requires a similar degree of synchronization.
The requirement for well-defined sporu-

lating cultures is emphasized by the results
presented above. Not all cells in a population
are capable of sporulation, so that the meas-

urement of the appearance of a particular en-

zyme may be obscured by the presence of cells
which do not express sporulation functions but
rather attempt to continue vegetative growth.
By the use of synchronized populations, we

have found that the capacity of a cell to com-

plete sporulation is highly dependent on its
stage in the vegetative cell cycle. In the early
part of the cell cycle, up to the time of bud
initiation and DNA replication, the intrinsic
capacity of a cell to complete sporulation is
low. Later in the cell cycle, however, the
ability to complete sporulation rises signifi-
cantly. The control of such periodic fluctuation
of sporulation capacity is not known. It is pos-
sible that sporulation is limited by the availa-
bility of one or more essential compounds
which either fluctuate periodically throughout
a cell cycle or are present in greater amounts
in cells of greater volume (i.e., later in the cell
cycle). These results might also be explained
by the existence of a control mechanism for
the expression of sporulation-specific functions
which would be inducible only during a lim-
ited period of the vegetative cell cycle.

Certainly a substantial portion of the de-
crease in sporulation capacity after cell scis-
sion can be attributed to a sharp difference in
the sporulation capacity of newly formed

daughter cells from that of mother cells. The
observation that sporulation occurs 85% of the
time in only one of the halves of a double cell
about to divide is in close agreement with the
conclusions reached by Yanagita et al. (13) in
studying sporulation of mother and daughter
cells from late stationary phase. Nevertheless,
a significant dependency of sporulation ac-
tivity on the cell cycle, for both mother and
daughter cells, is still indicated by the extent
of variation in sporulation capacity from the
beginning to the end of cell cycle. This depen-
dency can be seen in two ways. First, if the
decrease in sporulation following cell scission
were fully attributable to the generation of
one-half of the population which could not
sporulate (daughter cells), the subsequent rise
in successful sporulation would be attributed
to the acquisition of competence later in the
cell cycle. Thus, it seems that newly formed
daughter cells require some period of growth,
apparently at least up to the point of bud initi-
ation and the onset of DNA synthesis, before
sporulation is possible. A second indication of
direct cell cycle dependency of sporulation is
that the variation in sporulation exceeds a
factor of two attributable to a total difference
in the sporogenic activity of mother and
daughter cells. With D649 (Table 1) sporula-
tion ranges from less than 1% at the onset of
the cell cycle to 60%. With Y-55 and Y-185,
the variation is less extreme and is further
complicated by the appearance of two-spored
asci. Whether two-spored asci are the product
of normal, but incomplete, sporulation, limited
by available cellular reserves, or whether they
are in some way different is currently under
investigation. In terms of asci containing three
or four spores per ascus, the variation in sporu-
lation capacity ranges from approximately 10
to 75%. Thus, in addition to the development
of competence by daughter cells after a period
of growth following cell division, the sporula-
tion capacity of mother cells must also in-
crease significantly in the later part of the cell
cycle.
Some indication of the nature of the control

of sporogenic activity can be found in the
studies of the fate of cells which do or do not
sporulate throughout the cell cycle. If the ca-
pacity of cells to complete sporulation, as
measured by the appearance of refractile
spores within an ascus, were limited primarily
by the total concentration of biosynthetic re-
serves, then it is likely that cells which did not
complete sporulation would be arrested at
some intermediate point. An examination of
cells which did not sporulate revealed that
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these cells were apparently not arrested at an

intermediate step of sporulation but rather had
not entered sporulation. Cells which did not
sporulate exhibited substantial vegetative
growth, as measured by bud initiation and en-

largement. On the other hand, cells which did
complete sporulation apparently ceased all
vegetative growth very soon after transfer to
sporulation medium. The initial decision to
begin sporulation thus appears to occur very
soon after transfer to sporulation medium. The
clear distinction between sporulated and non-

sporulated cells indicates that the control of
sporulation capacity is determined by mecha-
nisms more specific than the concentrations of
biosynthetic reserves. In terms of the cell cy-
cle, this shift toward sporulation is most likely
to occur after bud initiation and the beginning
of DNA replication. The possibility that,
during DNA replication, certain masked re-
gions of one or more chromosomes become
more available for transcription can be re-

garded as a possible interpretation of these
data.
The very early shift of the cell along a

pathway to sporulation precedes the irrevers-
ible point of commitment to sporulation. As
defined by Sherman and Roman (11), commit-
ment is reached when cells are unable to re-

sume vegetative growth without first com-

pleting sporulation. The interval just after
transfer to sporulation medium appears to be a

critical period which merits further study.
The ability of S. cerevisiae to undergo sporu-

lation is predetermined by the stage in the
vegetative cell cycle from which the cells were

derived. In many respects, this phenomenon is
similar to the observation that Bacillus subtilis
sporulation appears to be initiated only during
the period of the cell cycle during which DNA
replication occurs (3). In S. cerevisiae, Hart-
well (7) demonstrated that a number of mu-

tants affecting different stages of the vegeta-
tive cell cycle are expressed much earlier in
the cell cycle than the time of execution. In
the case of sporulation, execution of sporula-
tion events also appears to depend on the ex-

pression of activities prior to the exposure of
the cells to the direct stimuli for sporulation.
The development of homogeneous, synchro-

nously sporulating cultures has made it pos-

sible to begin to examine the stage of sporula-

tion in detail. Experiments are currently in
progress in our laboratory to identify which
aspects of the normal vegetative cell cycle are
maintained during sporulation and to examine
in greater detail the early regulatory events
controlling the transition of the vegetative cell
to sporulation.
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