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ABSTRACT 
Mutations affecting the synthesis  of the sporulation amyloglucosidase were isolated  in a homothallic 

strain of Saccharomyces cerevisiae, SCMS7-1. Two were found, both of  which were deficient in 
sporulation at 34". One, SL484, sporulated to 50% normal levels at 30" but less than 5% at 34" or 
22 " . The other, SL64 1 ,  failed to sporulate at any temperature. Both mutants were blocked before 
premeiotic DNA  synthesis, and both complemented spol, spo3, and spo7. Genetic analysis  of the 
mutation in SL484 indicated linkage to TRP5 and placed the gene 10 map units from TRP5 on 
chromosome VII.  A plasmid containing an insert which complements the mutation in SL484 fails to 
complement SL641. We therefore conclude that these two mutations are in separate genes and we 
propose to call these genes SPO17 and SPO18. These two  genes are (with SP07,  SP08, and SPO9) 
among  the earliest identified in the sporulation pathway and may interact directly with the positive 
and negative regulators RME and IME. 

S ACCHAROMYCES cerevisiae normally  can  grow mi- 
totically  in either  the haploid or diploid state. 

Mating  type is conferred by two  alleles, the a allele 
and  the a allele, at the mating-type  locus, MAT.   MATa 
and M A T a  haploid strains produce mating phero- 
mones, a-factor and a-factor respectively, and can 
mate to form diploid  cells  of the genotype MATa/ 
M A T a  which do not produce pheromones or mate. 
When incubated in a medium that lacks nitrogen and 
contains a carbon source that can be respired, such  as 
acetate, MATa/MATa  diploids will divide  meiotically 
to give  rise to four haploid  ascospores. A number of 
biochemical  processes  have  been  observed  in sporu- 
lating cells, including DNA synthesis, RNA and pro- 
tein  synthesis and degradation (ESPOSITO and KLA- 
PHOLZ 198 1; RESNICK et al. 1984; WEIR-THOMPSON 
and DAWES 1984; WILLIAMSON et al. 1983), alterations 
in the synthesis or activity  of particular proteins 
(DAWES et al. 1983; ESPOSITO and KLAPHOLZ 198 1 ;  
OTA 1982; RESNICK et al. 1984), modification of  his- 
tones (MARIAN and WINTERSBERGER 1982), synthesis 
of storage molecules  such  as  lipids and carbohydrates 
(KANE and ROTH 1974; HOPPER et al. 1974) and  the 
eventual degradation of  glycogen  as mature asco- 
spores appear (HOPPER et al. 1974). Some  of the 
biochemical events seen  in sporulating cells are also 
observed in asporogenous cells incubated in sporula- 
tion  medium and are thought to be a response to  the 
starvation conditions that induce sporulation. Other 
events are specific to sporulation; these include DNA 
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synthesis (ROTH and LUSNAK 1970; RESNICK et al. 
1984), RNA degradation (HOPPER et al. 1974), syn- 
thesis  of neutral lipids after about 12 hr of incubation 
(ESPOSITO and KLAPHOLZ 1981), synthesis  of a spore- 
surface-specific antigen (DAWES et al. 1983), and gly- 
cogen degradation (HOPPER et al. 1974). There  are 
also reports of  meiosis-specific  increases  in the activity 
of DNA polymerases I and 11, two different deoxyri- 
bonucleases (RESNICK et al. 1984), and 1,3-/3-glucan- 
ases (DEL  RAY et al. 1980; HIEN and FLEET 1983), as 
well  as a change in the properties of RNA polymerase 
I1 (MAGEE 1974), and  a loss of mitochondrial circular 
RNAs  (SCHROEDER, BREITENBACH and SCHWEYEN 
1983). 

This complex  series  of events has recently been 
shown to depend on two central regulatory genes, 
RME and ZME. RME is a negative regulator of  meiosis; 
mutations in this gene allow  haploids or diploids 
homozygous at the mating  type  locus to sporulate 
(MITCHELL and HERSKOWITZ 1986). ZME is a positive 
regulator which  leads to sporulation when present in 
a high  copy number plasmid  even  when RME is pre- 
sent and active (MARGOLSKEE et al. 1986). Both  these 
genes  act before premeiotic DNA synthesis.  Mutations 
in three SPO genes  have  been  shown to block  cells 
before premeiotic S; these mutants are spo7;  spo8 and 
spo9 (ESPOSITO and KLAPHOLZ 1981). The molecular 
function of  these genes is unknown. 

COLONNA and MAGEE (1978) first described the 
enzyme  responsible for  the extensive degradation of 
glycogen  specific to sporulating cells. The glycogen- 
degrading enzyme, sporulation amyloglucosidase 
(SAG), appears after 8-10 hr of incubation in sporu- 
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TABLE 1 

Genotypes of S. cereuisiae strains used in this paper 

Strain Genotype Source 

SCMS7-1 
SL484 
SL64 I 
6-3A 

XMB4-12b 
RC757 
W66-8A 

74-1A 
89-1 D 
C52-4B 

ala (HO leu2 - 1 12 his' ade) 
Same  as  SCMS7-1  except spo- 
Same  as SCMS7-I except spo- 
ala (HO urus lys2 met4 adex 

a sst 1 Killer + arg9  ilv3 u ra l  
a sst2-1 met1 his6 can1 cyh2 
ala (HO ade2-1 leu1 trp5-2 

ura3-I met4-1 lys2-1) 
ala (HO arg4-  1 spo 1 - 1) 
a la  (HO arg4-1 met4 spo3-1) 
a/. (HO arg4-1 spo7-1) 

@PO I 7) 

This laboratory 
This study 
This study 
This study 

I. HERSKOWITZ 
I. HERSKOWITZ 
R. ROTHSTEIN 

R. E. ESPOSITO 
R. E. ESPOSITO 
R. E. ESPOSITO 

lation medium. Its appearance coincides with the on- 
set of glycogen degradation  and with the first appear- 
ance  of  mature  spores. The analysis of sporulation 
mutants (R. E. ESPOSITO, personal  communication) 
suggests that  the  sporulation pathway branches  after 
the initial event of premeiotic DNA synthesis. The 
event(s) critical for SAG appearance  occurs in the 
pachytene  stage of  meiosis (CLANCY,  SMITH and MA- 
GEE 1982), and is therefore very close to this decision 
point. The enzyme, however, is not  required  for cells 
to complete  sporulation (YAMASHITA and FUKUI 
1985). 

In this study, we have capitalized on SAG'S position 
in the sporulation pathway to identify mutations 
blocked early in sporulation. Two  mutants were iso- 
lated: SL484, which is temperature-sensitive  for SAG 
production and  for  sporulation, and SL641, which 
fails to  produce SAG and sporulate under any condi- 
tions. Spheroplast fusion was used to analyze SL64 1. 

MATERIALS  AND  METHODS 

Yeast  strains: The strains of S. cerevisiae used in these 
experiments and  their genotypes are given in Table 1. 

Media, growth and  sporulation of cells: Standard yeast 
media were essentially as described by SHERMAN, FINK and 
HICKS (1981). For some sporulation experiments, the pre- 
sporulation (PSP) medium of  ROTH and HALVORSON  (1969) 
was used. In other experiments, YEPacetate [ l o  g yeast 
extract,  10 g peptone, 10 g potassium acetate and  100 ml 
0.1 M phthalate  buffer (pH 5.2) per liter] was used to  adapt 
cells to growth  on  acetate. Cells were sporulated in liquid 
SPM (COLONNA and MACEE 1978)  at  the indicated temper- 
ature  after pregrowth in either PSP or YEPacetate as de- 
scribed previously (CLANCY, SMITH and MACEE 1982). T o  
sporulate cells on solid medium, patches of  cells were grown 
overnight  on YEPD, then replica-plated onto PSP and in- 
cubated 24-48 hr.  The patches were then transferred  to 
SPM  using toothpicks, and incubated for  three days. 

Preparation of cell  extracts: Washed cells were sus- 
pended at a cell density of 1 X IO' to  3 X lo7 cells per ml 
in 0.1 M sodium citrate  buffer (pH  6.2), hereafter called 
citrate  buffer, that contained  0.3 mg per ml of the protease 
inhibitor phenylmethylsulfonylfluoride (PMSF) and  the pro- 
tease inhibitor  aprotinin (Sigma Chemical Co.) at a concen- 

tration of 200 KU (kallikreinin units) per ml.  Cells were 
broken by blending in a  vortex with  glass beads (0.45 mm 
diameter; B. Braun Melsugen AG, Germany). The cells were 
alternately  vortexed  for 15 sec and cooled on ice for  15 sec 
until they had been vortexed  a total of  3-5 min. Breakage 
was  always greater than 90%.  The broken cell suspension 
was immediately centrifuged  at 12,000 X g for 20 min and 
then at  45,000 rpm  for  2 hr in a Beckman type 65  rotor. 
The  supernatant was dialyzed for 16-24 hr  at  4" against 
two changes of citrate buffer. The extract was generally 
assayed for SAG immediately after dialysis. 

SAG and  protein  assays: Qualitative and quantitative 
assays for SAG were done using a coupled assay system 
which  has been described previously (CLANCY, SMITH and 
MACEE 1982; COLONNA and MACEE 1978). For qualitative 
analyses, a whole cell assay  was employed. In these assays, 
0.2 ml of citrate  buffer  containing 0.33 mM p-chloromer- 
curibenzoate (PCMB) was added to cells permeabilized by 
air drying on Whatman 3MM filter paper (MOWSHOWITZ 
1976). Duplicate 2.1  cm filters were made in each experi- 
ment. T o  one filter, 0.4 ml of a 1% solution of glycogen 
(Sigma, type I1 from oyster) in citrate  buffer was added. To  
the second filter, 0.4 ml of citrate  buffer was added.  The 
final volume of the reaction mixture for each filter was 0.6 
ml. The filters were incubated  at 30" or 34"  for 18-24 hr 
and  then 1.2 ml of glucose oxidase reagent was added. After 
30-60 min  of incubation at  30°, 0.8 ml of concentrated 
HCI  was added  and  the reaction mix vortexed immediately. 
The duplicate filters were compared, and SAG activity was 
indicated by formation of greater color by the cells incu- 
bated with glycogen. 

For quantitative  determinations, aliquots of a cell extract 
(0.05-0.1 ml per 0.6 rnl total reaction volume) were incu- 
bated at  22", 30 O ,  or 34" in an assay mixture  containing 
citrate  buffer, 0.66% glycogen and  0.33 mM PCMB.  At 
various times, 0.6 ml samples were removed and boiled for 
10 min. The samples were centrifuged and  the  amount of 
glucose present in the  supernatant was determined using 
glucose oxidase reagent  (COLONNA and MACEE 1978). D- 
Glucose was used as a standard. Specific activity was ex- 
pressed in milliunits per mg  of protein,  where one unit is 
defined as 1 mmol  of glucose released per minute. Protein 
was determined by the method of LOWRY et al. (1 95 1). 

Isolation and  mutagenesis of spores: A 300-ml culture 
was sporulated and  the asci harvested by centrifugation. 
The asci were resuspended in 10 ml of 24 mM phosphate 
buffer (pH 7.0) containing 20 PI of 2-mercaptoethanol and 
15 mg Zymolyase 60,000 (Kirin Brewery, Japan). The diges- 
tion mixture was incubated at  30" with gentle shaking for 
1 hr.  The spores were harvested by centrifugation and 
washed three times with sterile distilled water. Aggregates 
of spores were disrupted by sonicating the spore suspension 
for three 30-sec bursts. The spores were washed two times 
in a sterile 1 % solution of Tween  80 in distilled water,  then 
finally  washed two times in sterile distilled water and plated 
onto YEPD at a concentration of 1000-2000 spores per 
plate. The spores were mutagenized by UV irradiation for 
60 sec (10% survival), and incubated in the  dark  at  34". 

The surviving ascospore colonies that were to be screened 
for SAG activity were inoculated onto solid YEPD, incu- 
bated  overnight,  then replicated twice to  premoistened 
3MM Whatman filter paper lying atop plates of PSP con- 
taining histidine, leucine and adenine.  After two days of 
incubation, the ascospore colonies growing on the filters 
were shifted to SPM  by  simply transferring the filter to 
leucine-supplemented SPM plates. The colonies were incu- 
bated in  SPM for 3 days, then  the filters were removed and 
air  dried for 4-5 hr  at room temperature.  The individual 
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colonies were separated and assayed  using the whole cell 
assay for SAG. 

Test  for  pheromone  production: The ability to produce 
mating  pheromones was determined using the  procedure of 
SPRACUE and HERSKOWITZ (1981). Patches of cells to be 
tested were replica-plated onto BBMB plates spread with 
either XMB4-12b or RC757. 

Nuclear  staining and  measurement of DNA  synthesis: 
Progress through meiosis was monitored cytologically  with 
the fluorescent dye 4,6-diamidino-2-phenylindole (DAPI) as 
described previously (CLANCY, SMITH and MACEE 1982). 
DNA synthesis was measured by collecting triplicate, one 
ml samples of  cells incubated in  SPM at  the indicated times. 
The cells were frozen and stored until DNA content was 
assayed using the fluorescent  compound 3,5-diaminoben- 
zoic acid (DABA) (HESSE, LINDNER  and KREBS 1975). Calf 
thymus DNA was used as a standard. 

Spheroplast fusion: A modification of the  procedure 
used by KAKAR and MACEE (1 982) was used. A 1 0-ml culture 
of  cells was grown overnight in  YEPD at 30", then diluted 
with 15 ml fresh YEPD and incubated for 1.5-3 hr to allow 
the cells to reenter log phase growth. Approximately 1 X 
10' to 3 x 1 O9 cells were harvested, washed once in distilled 
water, once in sorbitol-phosphate [ 1 M sorbitol,  0.1 M potas- 
sium phosphate (pH 7.5)] and  then resuspended in sorbitol- 
phosphate  containing  5  mg Zymolyase 5,000 (Kirin Brew- 
ery, Japan) and 12.5 pl 2-mercaptoethanol. The cells were 
incubated at room temperature in the spheroplasting mix 
until greater than 90% of the cells were converted to spher- 
oplasts. This was determined by checking the  degree of lysis 
in either  5% sodium dodecyl sulfate or distilled water. The 
spheroplasts were washed  five times with sorbitol phosphate 
by centrifugation  for 10 min at approximately 700 X g. All 
subsequent centrifugations were done in this manner. 
Spheroplasts to be fused were mixed in a 1:l ratio.  Gener- 
ally, between 1 X 10' and 5 X 1 Os spheroplasts of each strain 
were used. The mixed spheroplasts were incubated for 20 
min at room temperature,  then centrifuged and resus- 
pended in  five ml of fusion mix [30% (wt/vol) polyethylene 
glycol 4,000,  10 mM CaCln, and 10 mM Tris  (pH 7.5)]. The 
spheroplasts were incubated in the fusion mix for 1 hr  at 
room  temperature  and  then stored  overnight at  4". Prior 
to being  plated, the spheroplasts were centrifuged, resus- 
pended  and incubated for 20 min at  room  temperature in 
5 ml SOS, a recovery broth  (SHERMAN, FINK and HICKS 
198 1). They were then  centrifuged,  resuspended in 1 ml of 
sorbitol-phosphate and  either 0.01 or 0.1 ml of spheroplasts 
was mixed with 5 ml molten minimal agar medium contain- 
ing 1 M sorbitol (MIN-sorbitol) held at  50",  then  poured 
immediately onto MIN-sorbitol plates. The plates were in- 
cubated at  30"  for 4-10 days. Prototrophic colonies were 
streaked onto MIN plates and in some cases transferred  to 
YEPD plates where they were stored at  4" until needed. 

Segregation  analysis of mutants: Strains heterozygous 
for  the sporulation  defect were constructed by either spore- 
to-spore matings or spheroplast fusions. The heterozygotes 
were sporulated and  the tetrads dissected by micromanipu- 
lation. Nutritional  requirements were determined by rep- 
lica-plating from YEPD master plates to various nutrient 
drop-out plates. The SAG phenotype and  the ability to 
sporulate were determined in  most experiments by incubat- 
ing 10-ml cultures at  either  30"  or  34" in  SPM after 
pregrowth in YEPacetate. Cultures were examined micro- 
scopically to ascertain the percent sporulation and SA  was 
assayed using the whole cell  assay  by spotting 50 PI of  cell 
suspension on 3" Whatman  filter  paper circles (2.3 cm) 
and  air drying for 2-4 hr.  In some experiments, only the 

percent sporulation was determined  after cells were sporu- 
lated on solid  SPM. 

Complementation  tests: Strains heterozygous for two 
different sporulation defects were constructed by either 
spore-to-spore matings or spheroplast fusions. These strains 
were sporulated in 10-ml cultures  at 25",  30"  or  34".  The 
ability to  sporulate and  the percent  sporulation was deter- 
mined. SAG was assayed  using the whole  cell  assay after 
spotting cells onto 3MM Whatman filter  paper circles and 
air drying as described above. 

Transformation: Yeast transformation was carried out as 
described by HINNEN, HICKS and FINK (1 978). 

RESULTS 

Mutagenesis: Homothallic strains can be used to 
isolate recessive and  dominant  mutations in genes  that 
function only in diploids (ESPOSITO and ESPOSITO 
1969). Through  the action of the homothallism allele, 
HO,  any mutation  generated by mutagenizing the 
haploid ascospores of the homothallic strain will be 
present in a homozygous condition in the diploid 
colony that arises from each spore. 

Ascospores from  the homothallic strain SCMS7-1 
were mutagenized by UV irradiation. The 2528 sur- 
viving ascospore colonies were prescreened in  two 
ways. First, the ability of the survivors to grow in MIN 
medium  that  contained  histidine,  leucine, and  adenine 
was tested, to eliminate  nutritional  defects other  than 
those present in the  parent  strain.  Second,  the colonies 
were tested for  their ability to grow on YPG, a me- 
dium that is commonly used to  determine  respiratory 
competence  (SHERMAN, FINK and HICKS 1981), since 
cells must be  able to respire in order  to sporulate.  A 
total of 2 168 colonies were identified by these two 
criteria  for  screening  for SAG activity. 

Screen for SAG activity: Duplicates of each colony 
were sporulated  on 3" Whatman  filter  paper,  then 
air  dried  and assayed for SAG. Included were MATa/ 
MATa (positive) and MATiilMATa (negative) controls. 
For each ascospore colony tested, one of the duplicates 
was assayed  in a  reaction  mixture  containing glycogen, 
the substrate  for SAG, and  the  other was assayed  in a 
reaction  mixture lacking glycogen. If a visual compar- 
ison showed that  the  duplicate assayed  with glycogen 
produced  more  color  than  the  duplicate assayed with- 
out glycogen, the colony was scored  as positive for 
SAG. If the duplicates had  an  equal amount of color, 
the colony was scored as negative for SAG. Using this 
screening  procedure, 296 putative SAG-minus colo- 
nies were identified. One  hundred forty-one of these 
were retested  for SAG activity in liquid culture  at 34 O 

using the whole cell  assay. Twenty-one colonies were 
deficient for SAG and were characterized further. 

Pheromone production: The screening procedure 
used in this study asked only whether or not the cells 
produced SAG. Thus, in addition to  the expected 
identification of defects in early sporulation  functions 
and in the  structural  and regulatory sequences for 
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TABLE 2 

Specific activity of SAG in mutant strains and in their parent 

Specific activity following time in sporulation medium 
(hr): 

Strain 0 24 48 72 

SL484  0.170  34"  1.13  2.52  8.34 
30" 3.22  19.9 35.1 
22" 0.35  0.56 0.81 

SL641 0.138  34" 1.06  1.10 1.99 
30" 0.157" 1.04" 1.81" 
22" 0.531" 0.267" 0.312" 

SCMS7-1 0.415  34"  48.6  47.8  46.2 
30" 28.0 28.6 27.4 
22" 54.8" 88.2" 1 1 1 "  

Cells were incubated in SPM at the temperature indicated after 

@ Results of a single experiment. 
pregrowth in PSP. 

SAG, mutants defective in HO, MAT,  and mating 
functions might also be isolated. Such nonsporulation- 
specific mutants can be  differentiated  from the spor- 
ulation mutants based on the  production of mating 
pheromones and  on ploidy. 

Of the 21 SAG-minus colonies identified  after  re- 
testing for SAG activity in liquid cultures, two, SL484 
and SL64 1, did  not  produce  either mating pheromone 
and were characterized further. The ploidy of these 
strains will be  considered  later. 

Specific activity of SAG in mutant  strains: SL484, 
SL641 and  their  parent were incubated at 22", 30" 
or 34" in SPM. At the indicated times, samples of 
cells were harvested and used to  determine  the specific 
activity of SAG (Table 2). Unless otherwise  indicated, 
the results of two or more  experiments are expressed 
as the mean specific activity. Most  of the extracts were 
assayed at all three  temperatures. No significant dif- 
ference was found between the  different assay tem- 
peratures  and only the results obtained when the 
extracts were assayed at 30" are  presented. 

When  incubated in SPM at 22" and 34", SL484 
had,  at  the most, one-fifth the specific activity of the 
parent  strain, SCM7-1. However, at 30", and  after 72 
hr in SPM, SL484 exhibited wild type levels  of SAG. 
The only difference between SL484 and SCMS7-1 at 
30" was that SCMS7-1 attained full activity by 24 hr 
and changed little thereafter. SL484, on the  other 
hand, did not  reach maximal activity until after ap- 
proximately 48 hours of incubation. Thus, SL484 is 
temperature sensitive for SAG production, with 30" 
being the permissive temperature. SL641 exhibited 
approximately the same activity at all temperatures 
and  at all incubation times. Its specific activity varied 
from  1/15  to I /200 of wild-type activity. Thus, SL64 1 
is not  temperature sensitive for SAG production. 

Sporulation  and  meiotic  behavior of the  mutants: 
The ability of the  mutant  strains  to  sporulate is shown 

TABLE 3 

Sporulation ability of mutants and their parent 

Percent sporulation at fol- 
lowing time in  SPM (hr): 

Strain Temperature 24 48 72 

SL484  34"  0.3  1.3  2.3 
30"  3.9  21.5  38.7 
22" 0" 0.6  1.3 

SL64 1 34 0 0 0 
30" 0 0 0 
22" 0 0 0 

SCMS7-1 34"  35.1  47.1  46.8 
30' 38.2  67.9  69.4 
22  44.4" 72.0" 73.6" 

Cells were incubated in SPM at the indicated temperature after 
pregrowth in PSP. Unless otherwise noted, the values presented 
are the average of at least two determinations. 
' Results of a single experiment. 

TABLE 4 

Progress of the mutants  through meiosis 

Strain 
Hours in Percent 

SPM cells SL484  SL641 SCMS7-1 

24 Mono 99.0 99.0 21.0 
Bi 1 .o 0.3 20.3 
Tetra 0 0.7 25.2 
Asci 0 0 33.4 

48 Mono 99.3 97.3 33.9 
Bi 0.7 2.0 4.6 
Tetra 0 0.7 4.3 
Asci 0 0 57.2 

72 Mono 100 89.7 20.6 
Bi 0 7.9 6.0 
Tetra 0 2.3 12.3 
Asci 0 0 61.1 

Cells were incubated in SPM at 34" after pregrowth in PSP at 
30". 

in Table 3. The results presented are  the average of 
at least two determinations. SL64 1 failed to sporulate 
at all three  temperatures. SL484 sporulated very 
poorly at 22" and 34", but, paralleling the SAG 
activity, it sporulated at nearly wild-type levels at 30 " . 

The progression of the  mutants  along  the meiotic 
pathway was also examined. The nuclei of the cells 
were stained with the fluorescent stain DAPI which 
binds DNA and  renders  the nuclei visible when the 
cells are observed by fluorescence microscopy. The 
results of one  experiment  are shown in Table 4. For 
both  mutants, most  cells remained  mononucleate.  For 
SL64 1,  the small percentage of cells (8%) that  appears 
to progress through  one or both  nuclear divisions 
should  be  regarded with caution.  Mitochondrial DNA 
is also stained by DAPI and we have observed  that 
when cells are incubated in  SPM but  are unable to 
sporulate,  large vacuoles are  formed  and  the mito- 
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FIGURE 1.-Premeiotic DNA synthesis in mutant strains and 

their parent. Cells were pregrown in PSP then incubated at 34" in 
SPM. At the indicated times, 1-ml samples of cells were removed 
and frozen until assayed for DNA content. DNA content is ex- 
pressed as the ratio of  DNA at each time point (Tx) to  DNA at 
time zero (To). Premeiotic DNA synthesis in the parent SCMS7-1 
(c".), and the mutants SL484 (o"-o) and SL641 (."I). 

chondria are concentrated in a small area in the cell. 
Under such conditions, it is sometimes difficult to 
distinguish a group of mitochondria  from the nucleus. 
Thus, these  results are best interpreted as an indica- 
tion that  neither of the  mutants progressed through 
the first meiotic division. 

Premeiotic DNA synthesis: The occurrence of pre- 
meiotic synthesis in SL484 and SL641 was deter- 
mined. Cells incubated in SPM at 34" were sampled 
after various times of incubation, and  the DNA con- 
tent of the cells measured using the fluorescent com- 
pound DABA. The results are shown in Figure 1 .  
The parent  strain began synthesizing DNA almost 
immediately, and completed the synthesis within six 
hours of incubation.  During  that  time, the DNA con- 
tent almost doubled. The failure to double completely 
the DNA content reflects the fraction of cells that 
failed to  enter  the meiotic pathway. In contrast, nei- 
ther SL484 nor SL641 synthesized DNA. The DNA 
content of the strains at zero  time was 0.301,  0.446, 
and 0.286 g of DNA per 1 X lo' cells for SL484, 
SL64 1 ,  and SCMS7-1, respectively. These values are 
within 72-1 12% of the values reported  for diploid S.  
cerevisiae strains, using the same and  other methods 
of measurement (LAUER, ROBERTS AND KLOTZ 1977; 
MARAZ, KISS and FERENCZY 1978). 

Segregation of the SL484 defect: Strains  heterozy- 

TABLE 5 

Linkage analysis of SL484 defect 

Linkage to: PW NPDb TT' Mapdistanced 

HIS4 4  3 8 Unlinked 
uRA3 8 7 10 Unlinked 
MET4 2 7 15 Unlinked 
LYS2 4 4 14 Unlinked 
TRP5 20 0 5 10 m.u. 

a PD is parental ditype ascus. 

' TT is tetratype ascus. 
NPD is nonparental ditype ascus. 

Map distance is the recombination frequency times 100. 

gous  for the SL484 defect were constructed by spore- 
to-spore matings of SL484 and  the wild type strain 
W66-8A. The diploids produced by such matings are 
heterozygous at a number of loci.  All ascospores pro- 
duced by SL4841W66-8a diploids contain the HO 
allele and diploidize. Therefore, each ascospore col- 
ony can be tested for its ability to sporulate and 
produce SAG. SL4841W66-8a diploids were sporu- 
lated and  the  tetrads characterized  for  nutritional 
genetic  markers and  for  their ability so sporulate  after 
incubation on SPM plates for  three days at 34". SAG 
activity was not assayed. All phenotypes,  including the 
ability to  sporulate  segregated 2+:2-. These results 
indicate that  the sporulation deficiency in SL484 is 
the result of a  defect in a single gene. 

Linkage of the SL484 defect to HIS4, URA3, MET4, 
LYS2 and TRP5 was tested. The requirements  for 
leucine and  adenine were not  studied, since two genes 
were segregating  for each phenotype  and these  genes 
are not directly distinguishable in the progeny. The 
numbers of parental  ditype,  nonparental  ditype, and 
tetratype asci are shown in Table 5 .  Only tetrads 
showing 2+:2- segregation  for each gene  were con- 
sidered.  For the HIS4, URA3,  MET4 and LYSP genes, 
the  ratio of parental ditypes to  nonparental ditypes 
was approximately 1 : 1 (by x* analyses) indicating  that 
these genes are  not linked to  the SL484 defect. How- 
ever, with the TRP5 gene, most of the  tetrads were 
parental ditypes suggesting that  the two genes are 
linked and 10 map  units apart  on chromosome VZI. 
We call the  gene  affected by mutation in SL484 
SP017. 

Ploidy of the  mutants: The DNA contents of 
SL484 and SL641 suggest that  both  are diploids. The 
genetic analyses of the  mutants also support this con- 
clusion. SL484 sporulated at 30°, and its spores  mated 
to give rise to diploids that segregated various genetic 
markers in a  normal diploid fashion. Since SL641 was 
unable to sporulate,  genetic analysis was undertaken 
by fusing spheroplasts of SL641 and W66-8A (SMITH 
1985). The normal  tetraploid  segregation  observed 
for  the SAG-deficient phenotype in the SL641/W66- 
8a derived  fusant is consistent with the conclusion that 
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SL641 is diploid. The viabilities of spores produced 
by the  SL641  fusant also support this conclusion. If 
SL641 were haploid, fusion with  W66-SA would have 
created  a  triploid  strain.  Sporulation of triploid yeast 
strains generally yields  less than  15% viable spores 
(PARRY  and COX 1970) while tetraploids  exhibit  good 
spore viability.  If SL64  1 were diploid,  then the fusion 
product would be tetraploid. The SL641  derived- 
fusant  exhibited greater  than  50% spore viability. The 
segregation of sporulation ability from  the  SL641/ 
W66-Sa fusant suggested that  the  SL641 defect was 
due  to a single mutation.  When  compared in pairs 
with each of three  markers  from  W66-8a, lys2, ura3, 
and his4, the sporulation  defect  segregated as a single 
gene, in that  the  numbers of the type I, 11, and I11 
asci were not significantly different  from  the  expected 
values (data  not shown) (ROMAN, PHILLIPS and SANDS 
1955).  Furthermore, trp5  segregated  aberrantly in 
the fusion examined, suggesting that  the fusion was 
aneuploid  for  chromosome VZZ. Since the defect seg- 
regated normally, while the chromosome in  which 
spo 17 is located did not., it seems highly unlikely that 
the two mutations affect the same gene (see below). 
We are therefore calling the affected  gene SPO18. 

Complementation  tests: Three strains, C52-4B, 74- 
1A and 89-ID, which are defective in premeiotic DNA 
synthesis (spo'l), the first meiotic division (spol),  and 
spore  formation (spo3), respectively, were available in 
this laboratory  for  complementation tests. It was pre- 
viously determined  that at 34 O , only spo7 mutants do 
not  exhibit SAG activity (CLANCY, SMITH and MACEE 
1982)  (data  not shown). Thus,  though spol and spo3 
mutants fail to  sporulate, they progress  far  enough 
along  the  sporulation pathway to produce SAG. We 
asked then,  whether  the spo mutants would comple- 
ment the SAG and/or sporulation  deficient  phenotype 
of SL484  and  SL641, trans-Heterozygotes of  spo7 and 
SL484,  and spo3 and  SL484 were constructed by 
spore-to-spore matings. A  tetraploid  heterozygous  for 
both  the spol and  the  SL484 defects was constructed 
by fusing spheroplasts of the two strains. trans-Het- 
erozygotes of SL641  and  the  three  sporulation  mu- 
tants were also constructed by spheroplast fusion. 
Ten-milliliter cultures of the heterozygotes were in- 
cubated at  34"  and  at  the permissive temperature, 
either  25" or  30°, in  SPM and examined  for SAG 
activity using the whole cell  assay for SAG. The results 
are shown in Table  6. All  six heterozygotes  produced 
SAG and sporulated to  the same magnitude at  both 
the restrictive and permissive temperatures.  Although 
the  percent  sporulation was  low for  the SL484/spo 1, 
SL641/spo7 and  SL64l/spol fusants, none of the 
parents  sporulate to this degree  at  34".  It is important 
to note  that the spo7 strain, C52-4B, used in this study 
is unconditionally asporogenous in our heads. This 
may explain the low  level  of sporulation in the  heter- 

TABLE 6 

Complementation  tests: SL484 and SL641 vs. spol, spoj, and 
sp07 strains 

Cross" Sporulation  defect % Sporulation SAG Activity 

SL484 X sp07* DNA synthesis 35.1 + 
SL64 1 X spa7 16.3 + 
SL484 X spol Meiosis I 17.0 +' 
SL641 X spol 4.2' +c 

SL484 X sp03' Spore  formation 50.5 + 
SL641 X spa3 55.1 + 

Crosses of SL.484 were  done as  spore-spore  matings.  Crosses of 
SL641 were  done as spheroplast  fusions.  Unless  otherwise  noted, a 
culture  of cells growing in YEPacetate was shifted  into  SPM  and 
half of the  culture was incubated  at 34" and  the  other half was 
incubated  at  the  permissive  temperature,  either 25" or 30". After 
48 h of incubation,  the  cultures were examined for sporulation  and 
SAG was assayed  using the whole cell assay described  in MATERIALS 
AND METHODS. All cultures  sporulated  and  produced SAG at  the 
permissive  temperature. 

Cells were  pregrown in PSP  then  shifted  into SPM and incu- 
bated as above. 

' Results after 24 hr of incubation. 

ozygotes. These results indicate that  the  SL484  and 
the  SL641  mutations are probably not in the  SPOl, 
SP03  and  SP07 genes,  although we cannot  rule out 
intragenic  complementation. 
SL484 and SL641 contain different mutations: 

Given their similar phenotypes, it was important  to 
show that  SL484  and  SL641  contained  different  mu- 
tations.  Tetraploid  segregation  data  from  SL641/ 
W66-Sa fusants (not shown) suggested that  the genes 
had  different  map positions, but explanations  for these 
results, such as chromosome loss upon fusion, could 
not  be  ruled out. Since SL64  1 will not  sporulate under 
any tested  conditions, we used the technique of spher- 
oplast fusion to test for  complementation between the 
two mutants. If the two mutations were in the same 
gene,  the fusants would be sporulation-defective at 
temperatures nonpermissive for  SL484,  and sporula- 
tion at an SL484-permissive temperature should yield 
tetrads  containing only SPO- spores. 

A derivative of the cross SL484 X W66-8A,  strain 
6-3A, which was ura3 lys2  met4 adeX spol7 HO, was 
fused with SL641  as described in Materials and Meth- 
ods. The yield  was low; only three  prototrophs  were 
obtained. Each of these failed to sporulate at  34" 
suggesting absence of complementation,  but the fu- 
sants were aberrant; DNA measurements showed that 
each population was highly heterogeneous in DNA 
content, with value ranging  from  triploid  to  hexap- 
loid. This variability was not diminished by continued 
recloning of the strains. The fusants did sporulate at 
permissive temperature,  and  7 asci were dissected. 
Only one of these gave 4 viable spores. The results 
for all are shown in Table 7. Although  neither  the 
parents of the fusant  nor the fusant  were  able to 
sporulate at  34", many  of the progeny were SPO+  at 
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TABLE 7 

Sporulation of meiotic progeny  from  a  fusant of SL641 x 6-3A 

Sporulation 

Tetrad 34" 30" 

l a  + + 
b + + 

2a + + 
b + 
C + + 

+ 

- 

3a 
b 

- 
- - 

C + (all 2  spored) + 
4a 

b + 
C + + 

5a + + 

- - 
- 

b - - 

6a + + 
b + + 

7a 
b 

d 

- - 
- - 

C - - 
- - 

The fusant was sporulated at  30"  and 7  tetrads were dissected. 
All spores were tested for sporulation (but not SAG production) at 
30"  and  34". Only tetrad  7 gave 4 viable spores. 

TABLE 8 

Sporulation of spo'l and spol8 cells transformed  with plasmids 
containing a  putative SP017 gene 

Time in sporu- 
lation  medium 

No. of ex- 
Strain  Temperature 24 hr 48 h periments 

SL 484 30" 61" 59 3 
34" 11  9 

SL 641 30" 0 0 4 
34" 0 0 

a Figures are % sporulation. Strains were transformed and spor- 
ulated as described in MATERIALS AND METHODS. The fragment 
containing the putative spol7  gene was carried as a  2~ plasmid 
containing LEU2 as a selectable yeast marker. 

both 30 O and  34 " . We interpret this to mean that  the 
mutations in SL641  and  SL484  are not allelic, al- 
though we cannot explain the behavior of the original 
fusants. Auxotrophic  marker  segregation was normal, 
that is followed expectations for segregation  for  a 
tetraploid, in the spores. We have recently cloned 
SPO17 (A. KENNEDY and P. T. MAGEE, unpublished 
data)  and have shown that  a plasmid containing  an 
insert which  fully complements  SL484  does  not com- 
plement  SL641 (Table 8). We therefore conclude  that 
SL641  contains  a  mutation in a  gene  different  from 
SPO17. 

DISCUSSION 

We have described the isolation and characteriza- 
tion of two SAG-deficient mutants of S. cerevisiae, 
SL484  and  SL64  1.  SL484  and  SL641  had similar 
phenotypes. Neither synthesized DNA, completed 
meiosis I,  or  formed asci when incubated in sporula- 
tion  medium at 34'.  SL484  differed  from  SL64  1 by 
being temperature-sensitive  for  both  sporulation and 
SAG production. 

The 2+:2- segregation pattern of the sporulation- 
defective phenotype in  cells heterozygous  for  the 
SL484  defect shows that  the  phenotype is caused by 
a  mutation in a single gene. We  call this gene SPO17. 
The mutation lies 10 map  units  from the TRP5 gene 
on chromosome VZZ. SL641 is a  nonconditional mu- 
tant so genetic analyses have been done using tetra- 
ploid strains  constructed by fusing spheroplasts of 
SL64  1 with spheroplasts of other homothallic diploid 
strains. Preliminary results indicate  that the  SL641 
phenotype is also the result of a  defect in a single gene 
and  that this gene is different  from SPO17; hence we 
are calling this gene SPO18. We cannot  rule  out  at 
this time the possibility that  the mutation in SL641 is 
in SP07  and  that  the sporulation of the heterozygote 
was due to intragenic  complementation. 

Spheroplast fusions between  a  spore  from the 
SL484/W66-8a cross and SL641 gave ambiguous re- 
sults. A  fusant  heterozygous  for  both the  spol7  and 
spol8 defects failed to sporulate at  34" ; however, 
interpretation of negative results in such a comple- 
mentation test is not  straightforward.  It has been our 
experience  that  tetraploids  constructed by fusing two 
MATaIMATa diploids are  often aneuploid (SMITH 
1985). Thus, even if the two mutations were in differ- 
ent complementation  groups, the fusant  derived in 
this study could  be trisomic for  one of the spo-bearing 
chromosomes,  for  example $01  7/spo 17/+,  and 
spol 8/spol a/+/+ for  the  other  mutation.  Then  the 
heterozygote  might fail to  sporulate  at  34 O because of 
dosage effects at  the SPO17  locus. If such a  heterozy- 
gote  sporulated at 30 O (as does  the  spol7  parent),  then 
it would segregate  progeny that were able to  sporulate 
at  the nonpermissive temperature. We observed  that 
the SL484/SL641-derived  fusant was able to sporu- 
late at  30"  and  that it segregated  progeny  that  spor- 
ulated at  34".  The fact that only 1 /7 asci yielded 4 
viable spores is consistent with the aneuploid  hypoth- 
esis. 

Another  explanation  for the behavior of the 
SPO17/SL64 1 fusant is that  the two mutations are in 
fact different alleles of the same gene  and  that  the 
sporulation-competent  segregants  were  produced by 
intragenic  recombination or complementation which 
restored  the wild type gene. We feel that this is not 
the case, however,  for two reasons. The first is that 
the frequency of sporulation-competent  segregants 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/120/4/899/5997813 by guest on 25 M

ay 2023



906 L. M. Smith et al. 

was too high. The second is that  a study on  the 
segregation of chromosomes in a  fusant  produced by 
SL641  and W66-SA showed that chromosome VZI 
(the SPO 17-bearing  chromosome) missegregated 
while the  SL641  defect  segregated normally. This 
suggests that  the  SL641 mutation is not located on 
chromosome VZZ (SMITH 1985). Finally, complemen- 
tation tests with the cloned SPO17 gene  indicate  that 
the  SL641  defect is not in SPOl7. 

The SAG gene has recently  been cloned on  the 
basis of its homology to  the starch-degrading amylo- 
glucosidase of S. diastaticus. It has been shown to be 
transcriptionally controlled during sporulation. How- 
ever, it is dispensable for sporulation in that diploids 
homozygous for  a  disruption in the  gene still sporulate 
normally (YAMASHITA and FUKUI  1985). In this it 
resembles some other genes which are transcribed 
exclusively or mainly during sporulation but which 
are dispensable for  the developmental process (D. 
PRIMERANO, A. KENNEDY and P. T. MAGEE, unpub- 
lished data; M. J. CLANCY  personal  communication; 
GOTTLIN-NINFA and KABACK 1986; PERCIVAL-SMITH 
and SECALL 1986). Since neither  mutant discussed 
here sporulates at  34"  and since both are blocked 
early, it seems unlikely that  their defects are in the 
structural  gene  for SAG. Furthermore,  both grow 
normally at  the  temperatures tested; therefore, they 
are  not defective in  cell-cycle genes. It is probable 
then  that  both  are defective in some early sporulation 
function, probably one which functions  before DNA 
synthesis. This would lead, of course, to a  failure in 
recombination-competence, and  the ability to  form 
various meiotic structures such as spindle pole bodies 
and synaptonemal complexes (DAVIDOW and BYERS 
1984; ESPOSITO and KLAPHOLZ 1981).  With  the ex- 
ception of spo7,  which was complemented by both 
SL484  and  SL641,  the relationship to  other early 
functioning genes has not  been  examined. 

Strains  carrying  mutations in  SPO8 and SPO9 are 
not available at this time, so complementation tests 
could not  be  performed  to establish the relationship 
between SL484  and  SL641  and these genes. Since the 
mutation in SL484 maps on chromosome VZZ, while 
ZME was found  to  be  located  on  chromosome X (MAR- 
GOLSKEE et al. 1986),  these 2 genes are not identical. 
We cannot  rule  out  the  identity of the  gene  altered in 
SL64  1 with ZME. 

Characterization of SPOl7  and SPOI 8 is likely to 
help  to  sort  out  the early steps in the transition  from 
mitotic to meiotic growth in a / a  S. cerevisiae. How- 
ever,  the  functions of the  gene  products  defined by 
the  mutations in SL484  and  SL641  are  not clear to 
us at this time. Both mutations block cells before DNA 
synthesis; thus,  along with  spo7, ~$08, and spo9, they 
are  among  the earliest spo mutations isolated. The 
early part of the pathway to meiosis and sporulation 

has not been well studied,  but since these mutations 
(or  at least these alleles of them) do not affect vege- 
tative growth,  one  might assume that they are  after 
RME and ZME or  that  SPO18 is allelic  with the  latter. 
If they are  farther down the pathway, they may en- 
code  protein  factors  that  are  either involved in pre- 
meiotic DNA synthesis or that  regulate  the  entry of 
cells into  that  part of the developmental pathway. 

An alternative  role  for one  or  both of these  genes 
is  in the regulatory pathway that senses the state of 
starvation of the cells. No genes analogous to RME1 
or ZME have been identified for this pathway, but  the 
fact that rmel mutations do not bypass nutritional 
control suggests that  there is a  separate  regulatory 
network  operating.  Tests of  epistasis  with mutations 
known to  overide this control [ras2-val (KATAOKA, et 
al. 1984),  and cyrl (MATSUMOTO, UNO  and  ISHIKAWA 
1983)] will give some insight into  whether SPO 17  and 
SPOl8  are a  part of that pathway. 

This work was supported by U S .  Public Health Service Grant 
GM33305. We are grateful to Professor Mary  Clancy for many 
helpful discussions. This is Journal Article No. 12122 from the 
Michigan Agricultural Experiment Station. 
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