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Summary 

Mutations in the yeast gene A RDl lead to inability to 
respond to a-factor, inability to enter stationary phase, 
and inability to sporulate, suggesting an important 
role for the ARD7 gene product in controlling the 
switch between the mitotic cell cycle and alternative 
cell fates. MATa, ardl cells seem to be defective in the 
expression of all a-specific functions, whereas MATa, 
ardl cells respond normally to a-factor. We propose 
that ARDI is required for the expression of genes in- 
volved in a-mating functions, stationary phase, and 
sporulatlon. The A RDT gene has been cloned and se- 
quenced; there is weak homology between the C ter- 
minus of the ARD7 protein, the C-terminal region of 
MATa2, and the homeo box. 

Introduction 

Cell division in the yeast S. cerevisiae is controlled at a 
point in Gl of the cell cycle termed “start” (Hartwell et al., 
1974). Yeast cells limited for nutrients either arrest at start 
and enter stationary phase (Hartwell, 1974) or, in the case 
of a/a diploids limited for nitrogen and a fermentable car- 
bon source, begin meiosis (Esposito and Esposito, 1974). 
Haploid cells also arrest at start in response to peptide 
pheromones produced by cells of the opposite mating 
type, and prepare for conjugation (Hartwell, 1973). Thus 
the process of arresting the mitotic cell cycle at start in- 
volves both environmental signals or conditions, and inter- 
nal genetic signals defining cell type. 

Pheromone arrest, entry into stationary phase, and 
sporulation constitute distinct cell fates that involve 
switching out of the standard mitotic cell cycle. How are 
these alternative developmental pathways controlled? In 
particular, since they all involve departure from the mitotic 
cell cycle, is there some common level of control that acts 
on all three pathways? We have attempted to answer 
these questions by isolating mutants defective in the abil- 
ity to switch out of the mitotic pathway. Mutations in the 
AR07 gene (arrest-defective) prevent sporulation in dip- 
loids, and entry into stationary phase in all cell types. 
Remarkably, while MATa, ardl cells do not respond to 
a-factor, MATa, ardl cells respond normally to a-factor. 
This seems to reflect the control of a-specific genes by 
ARDI, and the separate control of distinct a-specific 
genes by the MAT locus. We propose that the role of the 
AR07 gene product is to control the expression of sets of 
genes necessary for the execution of alternatives to the 
mitotic cell cycle. 

Results 

Mutant Isolation and Preliminary Characterization 
Approximately 50 spontaneous mutants resistant to the 
mating pheromone a-factor were obtained from strain 
TA405-1A as described in Experimental Procedures (see 
also Table 1). These mutants were screened for a high 
proportion of budded cells when allowed to remain on 
YPD plates for several days. An a-factor resistant mutant 
that had a high bud ratio was selected for further investi- 
gation when it was found that prolonged maintenance of 
this strain under nutrient limited conditions led to a more 
rapid loss of viability than was seen in the wild-type strain. 
This phenotype was expected of an arrest-defective mu- 
tant if proper entry into stationary phase is essential for 
long-term survival under nonproliferative conditions. The 
mutant was crossed to a wild-type strain and tetrads were 
dissected after sporulation. Half the a cells obtained were 
a-factor resistant, which suggested the trait was segregat- 
ing as a single gene. These a-factor resistant MATa cells 
also had reduced mating proficiency compared to the 
a-factor sensitive a cells. Although no readily storable 
phenotype could be detected in 4 cells because the bud- 
ding phenotype is difficult to score in a nonisogenic cross, 
a cells carrying the mutation could be identified because 
Q-factor resistant a cells could be recovered from back 
crosses. When a and a cells carrying the mutation were 
mated the resulting diploid strains were unable to sporu- 
late at 30%. This sporulation defect was exhibited by all 
homozygous ardl-7 diploids constructed in the course of 
this study. Therefore the mutation had the phenotype ex- 
pected for a general defect in arrest of the mitotic cell cy- 
cle, and was designated ardl for arrest defective. 

Mapping the ardl Mutation 
Many yeast genes affect either sporulation, response to 
pheromones, or the cell cycle. We decided to map the 
AR07 locus to see if it was distinct from all previously 
mapped genes. The ardl mutation was initially mapped 
relative to the centromere markers trp7 and ura3. Spores 
containing the ardl mutation were identified by crossing 
them to ardl tester strains, and determining if the resulting 
diploids would sporulate at 30%. Strains DMll and DM26 
(Table 2) were dissected and complete tetrads that segre- 
gated 2:2 for both markers were scored. In both cases the 
proportion of tetratype tetrads was close to one-third, es- 
tablishing that ard7 is about 16 CM from its centromere. 

Further mapping showed that AR07 was linked toARG4 
on chromosome VIII. The linkage of AR07 to ARG4 was 
confirmed by dissection of strain DM40. In 53 complete 
tetrads that segregated 2:2 for AR07 and ARG4, only one 
recombination event was detected (Table 2). This gives a 
map distance from AR07 to ARG4 of 0.9 CM. Because the 
recombination event did not recombine THR7 and ARG4, 
it is probable that the map order is cen-ARDI-ARG4-THR7. 
The ~71073 mutation is also tightly linked to ARG4, but is 
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Experimental Procedures 

Strains 
Yeast strains used are listed in Table 1. 

Media 
Yeast strains were grown in YPD or SC (Sherman et al., 1979). Syn- 
thetic complete deficient in sulfur was made by replacing the ammo- 
nium sulfate with equimolar ammonium chloride. Bacterial strain 
MB1000 was grown on LB + 100 pglml ampicillin (Maniatis et al., 
1982). Ml3 clones were selected in strain JMIOI and maintained on YT 
soft agar overlays containing X-gal and IPTG (Messing et al., 1961). 

Yeast Genetics 
Standard techniques were used for diploid construction, sporulation, 
and tetrad dissection (Sherman et al., 1979). Auxotrophic and drug re- 
sistance markers were scored on appropriate drop-out or drug sup- 
plemented plates (Sherman et al., 1979). Mutants resistant to o-factor 
were isolated and scored on low pH plates (Hartwell, 1980) on which 
was spread lo-20 rg of synthetic a-factor (Sigma) dissolved in 90% 
methanol. Cells were spread at a density of lo6 ceils/ml or less to re- 
duce background growth due to barrier mediated destruction of o-fac- 
tor. The ardl marker was also scored by crossing unknown strains to 
testers carrying the arrfl mutation and monitoring sporuiation in the 
dipioid. 

Phenotype Tests 
Bud ratios were determined by fixing cells in formaldehyde (Pringie 
and Mor, 1975) vortexing in the presence of glass beads to disrupt ceil 
clumps, and counting budded and unbudded cells with a hemocytom- 
eter. More than 300 cells were counted for each determination. Quan- 
titative matings were done by mixing various ratios of log phase cells 
with testers A23a or A24o, filtering them onto nitroceliuiose discs, and 
incubating them on YPD plates for 4 hr. Cells were washed from the 
plates, vortexed to disrupt clumps, and suitable dilutions were spread 
on YPD plates to determine viable ceils and on selective plates to de- 
termine diploid formation. This test also served as a test for agglutina- 
tion; cells that had agglutinated required vigorous vortexing to disrupt 
the mating mixture, while nonagglutinated cells dispersed readily. 
Heat shock assays were performed by diluting stationary phase cells 
to 1 x 10Vml in water and treating them at 54% for 5 min, then plating 
serial dilutions on YPD plates. Qualitative giycogen measurements 
were made by inverting YPD plates containing 4-day-old cultures of 
cells over iodine crystals in a closed container. After 3 min the plates 
were removed and the color of the colonies was noted. Barrier activity 
(Hicks and Herskowitz, 1976) was measured using ssfl strain XMB4- 
12b as the test strain, and a-factor (Manney 1963) was measured using 
ssf2 strain RC757 as the tester. 

DNA Manipulations 
Bacterial piasmid or phage RF DNA was purified by alkali/SDS lysis, 
with the lysozyme and phenol steps omitted (Maniatis et al., 1962). 
Single-strand DNA for Ml3 sequencing was prepared as described 
(Schreier and Cortese, 1979). Restriction enzymes and T4 DNA ligase 
were purchased from Bethesda Research Laboratories or New En- 
gland Biolabs and used in accordance with suppliers recommenda- 
tions Nick translations, Southern blotting, and hybridizations were 
done as described (Orr-Weaver et al., 1981). DNA purification from low 
melt agarose was achieved by the protocol of Dunn et al. (1984). Trans- 
formations of competent E. coli or of yeast spheroplasts involved stan- 
dard techniques (Murray and Szostak, 1984). 

DNA Sequencing 
Dideoxy sequencing was performed on DNA fragments cloned in 
mpl0 or mpll, using a commercial kit (New England Biolabs). Either 
a standard or a custom made primer was extended with Klenow poly 
merase in the presence of 32P-dATP(800 Cilmmol, Amersham). Gels 
were dried and autoradiographed without screens. 
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Table 1. Strains 

DMll 

DM26 

leu2 his3 trpl ura3 + + + 
leu2 + + + cyh2 can1 ardl-1 

adel trpl ardl-1 
adel + + 

DM40 adel trpl ardl-1 + + + + + + + + + 

DM47 

DM19-37C 

DM63 

DM64 

DMlOO 

TA405 

TA405-1A 

T8-1 A 

T8-10 

T8-1 c 

TB-1D 

A23 

A24 

f&x3-1C 

M91-1C 

M91-19D 

RC7.57 

XMBC12b 

+ + + ade2 trp5 his5 leul pet1 arg4 thrl lysl met1 

spol3 leu2 ura3 ade2 lysl lys2 his6 aro7 + + + + 
+ + + + + + + + his3 trpl can1 ardl-1 

leu2 ura3 his3 ardl-1 + + 
leu2 ura3 + ardl-1 trpl cyh2 

his3 leu2 can1 ardl::HISS + + + + + 
his3 + + + lysl trpl ura3 arg4 tcml 

his3 trpl ura3 arg4 tcml + + + 
his3 + + + + can1 leu2 ardl::HIS3 

ura3 leu2 his3 + ardl::HIS3 + + 
ura3 + his3 trpl ardl::HIS3 can1 tcml 

leu2 his3 can1 
leu2 his3 can1 

leu2 his3 can1 a 

leu2 his3 can1 ardl::HIS3 a 

leu2 his3 can1 ardl::HIS3 alpha 

leu2 his3 can1 a 

leu2 his3 can1 alpha 

thr4 a 

thr4 alpha 

ura3 arg4 ade2 alpha 

his6 sst2 can1 ardl::HIS3 alpha 

his6 met1 sst2 can1 ardl::HISS a 

his6 met1 sst2 can1 cyh2 alpha 

sstl ilv3 arg9 ural a 

not allelic to ardl. Diploids homozygous for the so073 mu- 
tation sporulate to give dyad asci (Klapholtz and Esposito, 
1980), and since diploid DM47-which is heterozygous 
for both ardl and spol%sporulates normally, arc!7 and 
so073 complement and define separate genes. This con- 
clusion has been confirmed by the cloning of the SP073 
gene (B. Elder and R. Esposito, personal communication); 
SPO73 and ARD7 are adjacent but distinct genes. 

Cloning the ardl Gene 
We decided to clone ARD7 so that we could determine the 
null phenotype of the gene by constructing a gene disrup- 
tion. The ARD7 gene was cloned by screening a genomic 
library of yeast sequences in the centromere vector 
YCp50, kindly provided by D. Hill and K. Struhl, for those 
plasmids that could complement the requirement for the 
ARD7+ function in meiosis and sporulation. Strain DM19- 
37C was homozygous for both ura3 and ardl-7, and hetero- 
zygous for the recessive drug resistance marker cyI12. Ap- 
proximately 4000 URA’ transformants were tested for 
sporulation ability; they were replicated first to sporulation 
plates, incubated at 30% for 6 days, and then replica 
plated to YPD + cyh plates. Two transformants gave con- 

Table 2. Segregation of ardl Relative to Other Markers 

Diploid 

DMII 
DMII 
DM26 
DM40 
DM63 

Markers PD NPD TT 

ura3 ardl 8 6 11 
trpl ardl 10 15 9’ 
trpl ardl 13 11 15’ 
arg4 ardl 52 0 1t 
his3 arg4 12 0 0 

* The pooled ardl trpl values were used to calculate an ardl cen8 
distance of 16.5 CM by the formula l/2 SDS x 100 (Mortimer and 
Schild, 1980) 
T The ardl arg4 distance of 0.9 CM was calculated by the formula TT 
+ GNPD/P(PD + NPD + TT) x 100 (Mortimer and Schild, 1980) 

fluent growth on the drug plates, and also gave visible asci 
when the sporulation plates were examined microscopi- 
cally. All other transformants gave infrequent cyh’ papil- 
lae that presumably arose through mitotic recombination, 
and no detectable asci. 

Total DNA was isolated from the two transformants and 
used to transform E. coli strain MB1000 (Struhl et al., 
1979) to amp’. Each yeast transformant contained sever- 
al different plasmids, presumably because spheroplast 
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Figure 1. Restriction Maps of Plasmids YCp(ARD)18 and YCp(ARD)34 

The sites of cleavage for enzymes Bgl II (B), Eco RI (E), Pst I (P), Xho 
I (X), and Barn HI (Barn) are shown. The region where clone 34 
diverges from clone 18 is shown as a dashed line. The ARDl gene was 
found on clone 18 between the leftmost end of the insert and the Eco 
RI site of the insert; the ARG4 gene was found between rightmost Bgl 
II site and the rightmost end of the insert. ARD7 and ARG4 are sepa- 
rated by 8 kb. 

transformation frequently results in each cell taking up 
many DNA molecules. However, each yeast transformant 
carried one plasmid that could be isolated from E. coli and 
used to retransform DM19-37C to sporulation compe- 
tence. Dissection of strain DM19-37C carrying these plas- 
mids showed that the URA+ marker segregated as ex- 
pected for a marker on a ten plasmid (Clark and Carbon, 
1980) and that all the URA’ MATa segregants were sensi- 
tive to a factor. 

Restriction maps of the two plasmids showed that they 
contained a 6 kb region in common (Figure 1). The map 
of plasmid YCp(ARD)lE also had regions in common with 
plasmid pSZ223 (T. Orr-Weaver, personal communica- 
tion), which carries the ARG4 gene. The fact that plasmid 
YCp(ARD)18 carries the ARG4 gene was confirmed by 
transforming the arg4 strain M43-1C to ARG+ with plasmid 
YCp(ARD)18. This linkage of the ARG4 gene to the ardl 
complementing activity establishes that the actual ARD7 
structural gene, and not some suppressor, has been 
cloned. The restriction map of plasmid YCp(ARD)34 
diverged from that of YCp(ARD)18 between ARD7 and 
ARGA This probably resulted from the cloning of noncon- 
tiguous pieces of DNA during the construction of the li- 
brary (Figure 1). 

Subcloning of plasmid YCp(ARD)18 established that a 
2.4 kb fragment extending from the unique RI site of the 
insert to the insert/plasmid junction could complement 
the ardl sporulation defect. However, subclones on either 
side of the Barn HI site failed to complement, suggesting 
that the Barn HI site lay within theARD7 functional region. 

Construction of an ardl Disruption 
A gene disruption of ARD7 was constructed by inserting 
a 1.7 kb Barn HI fragment containing the HIS3 gene into 
the Barn HI site of plasmid YCpE18 that lies within the 
functional sequence of ARDI. This disrupted copy of the 
ARD7 gene was no longer capable of transforming ardl 
yeast strains to ARDI’. An RVSph I fragment containing 
the disrupted arc/l gene was purified and used to trans- 
form diploid strain TA405 to HI%+. Four transformants mi- 
totically stable for HI%+ were characterized genetically 
and physically. Three were shown to be heterozygous for 
the ardl::H/SB disruption. These transformants sporu- 
lated normally and segregated 2 HIS3+:2 his3- spores. All 
the HI.%+ spores were ardl, as judged by being factor 
resistant when MATa, and by failing to allow sporulation 
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Figure 2. Southern Blot of ARDI and Disruption Strains 

Total DNA was isolated from strain TA405 (lane C), T8 (lane 8) and T17 
(lane 17) digested with Eco RI, blotted to nitrocellulose, and hybridized 
with an ARDI probe. The wild-type ARD7 band is 4.5 kb; this is in- 
creased to 6.2 kb by the HIS3 insertion. The line drawing shows the 
ARDI coding sequence as an open box, and shows the positions of 
the Eco RI (E) and Barn HI (B) sites within the ARDI region. 

when crossed to ardl testers. The his3 spores were all 
ARD7 by these tests. In addition, Southern analysis of the 
diploids showed two RI fragments that hybridized to an 
ardl probe, one of 4.5 kb also found in the wild-type strain, 
and the predicted ardl::H/S3 fragment of 6.2 kb (Figure 
2). The fourth transformant was homozygous for the 
ardl::HIS3 disruption; this strain failed to sporulate and 
contained a single 6.2 kb RI fragment with homology to 
the ARD7 probe (Figure 2). Because haploid and dip- 
loid strains were viable when they contained only the 
ardl::HIS3 disruption, it is evident that ARD7 is not an es- 
sential gene. We are confident that the HIS3 insertion mu- 
tant exhibits the null phenotype because it has character- 
istics identical to a total deletion of the ARD7 gene. This 
deletion was constructed by replacing a fragment of the 
ARD7 gene that extended from four nucleotides upstream 
of the AUG codon to nine nucleotides upstream of the ter- 
mination codon with a Hind Ill linker, and inserting a Hind 
III fragment containing the URA3 gene. 

Further confirmation that the HIS3 marker now defines 
the ardl gene was obtained by mapping the HIS3 marker 
relative to the ARG4 gene using strain DM63. No recom- 
binants were detected in 12 tetrads that segregated 2:2 for 
both HIS3 and ARG4, which shows the markers are tightly 
linked (Table 2). 

Phenotype of ardl Strains 
In order to do detailed studies on the phenotype of the 
ardl::H/S3 allele, it was advantageous to work with iso- 
genie strains with differing alleles at the ARD7 locus. 
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when crossed to ardl testers. The his3 spores were all 
ARD7 by these tests. In addition, Southern analysis of the 
diploids showed two RI fragments that hybridized to an 
ardl probe, one of 4.5 kb also found in the wild-type strain, 
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Table 3. Effect of ARD7 on Entry into Stationary Phase 

Strain 
5 min Heat Shock Stationary 
% Survival’ % Survival? 

% Budded 
Cells 

Glycogen 
Accumulation 

YPD SC SC-S SC 

T6-1 A 
(ardl) 

TB-1 B 
(ardl) 

T6-1C 
(ARDl) 

TB-1 D 
(ARDl) 

0.9 0.010 0.025 15 40 

1.3 0.007 0.006 11 43 

69 3.0 6.3 66 9 + 

110 5.0 3.9 60 15 + 

l Strains were grown for 3 days in the designated medium, diluted to lo8 cells/ml, then shocked at 54% prior to plating on YPD plates. 
T Strains were maintained in SC medium at 30°C, and the viability of the cells after 4 days was measured relative to the number of viable cells 
after overnight growth. 

Therefore strain TA405 was chosen for the original trans- 
formation experiments. This strain was generated from 
LL20 by transformation with plasmid YEpHO, which car- 
ries the HO gene that causes mating type switching, and 
identifying diploids, then screening for loss of the plasmid 
(Murray and Szostak, 1984). A heterozygous ardl::HIS3/ 
ARD7 transformant of TA405 was sporulated and a tetra- 
type tetrad was selected for the subsequent studies on the 
phenotype of the ardl::H/S3 disruption. This forms a set 
of strains that differ genetically only at ARD7 and MAT. 

Stationary Arrest 
The original ardl-7 mutation was selected on the basis 
that the strain exhibited a high ratio of budded to un- 
budded cells in nongrowing cultures. This characteristic 
was also exhibited by strains carrying the ardl::H/S3 gene 
disruption. Cultures of each of the four strains were grown 
in YPD for 3 days at 30°C until no further increase in cell 
number was detected. Table 3 shows that cultures of 
ardl::H/S3 cells of either mating type exhibited ratios of 
budded to unbudded cells characteristic of exponentially 
growing cultures, whereas the isogenic wild-type strains 
had bud ratios characteristic of stationary phase cultures. 
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A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 

A Yeast Gene Involved in Cell Fate Decisions 
467 

Table 4. Mating Response of ardK:H/S3 Strains 
Relative to ARDl Strains 

Figure 3. Sporulation in ARD7 and ardl::H/S3 Strains 
Strains TA405 (A), T6 (B), and T17 (C), were maintained on 
plates for 6 days, then monitored for asci. The ARD+ I 
TA405, and the heterozygote T6 showed asci, but none wr 
the homozygous disruption strain T17. 

iomozygote 
sre found in 

Pheromone 
Strain Mating Type Response’ Agglutination’ Mating’ 

T6-1A a 
TB-1B (1 + + 

* Relative to the isogenic ARDl’ strain. 
T Average of three determinations. 

1 x lo-ST 
1.3 

A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 



A Yeast Gene Involved in Cell Fate Decisions 
467 

Table 4. Mating Response of ardK:H/S3 Strains 
Relative to ARDl Strains 

Figure 3. Sporulation in ARD7 and ardl::H/S3 Strains 
Strains TA405 (A), T6 (B), and T17 (C), were maintained on 
plates for 6 days, then monitored for asci. The ARD+ I 
TA405, and the heterozygote T6 showed asci, but none wr 
the homozygous disruption strain T17. 

iomozygote 
sre found in 

Pheromone 
Strain Mating Type Response’ Agglutination’ Mating’ 

T6-1A a 
TB-1B (1 + + 

* Relative to the isogenic ARDl’ strain. 
T Average of three determinations. 

1 x lo-ST 
1.3 

A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 

A Yeast Gene Involved in Cell Fate Decisions 
467 

Table 4. Mating Response of ardK:H/S3 Strains 
Relative to ARDl Strains 

Figure 3. Sporulation in ARD7 and ardl::H/S3 Strains 
Strains TA405 (A), T6 (B), and T17 (C), were maintained on 
plates for 6 days, then monitored for asci. The ARD+ I 
TA405, and the heterozygote T6 showed asci, but none wr 
the homozygous disruption strain T17. 

iomozygote 
sre found in 

Pheromone 
Strain Mating Type Response’ Agglutination’ Mating’ 

T6-1A a 
TB-1B (1 + + 

* Relative to the isogenic ARDl’ strain. 
T Average of three determinations. 

1 x lo-ST 
1.3 

A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 



A Yeast Gene Involved in Cell Fate Decisions 
467 

Table 4. Mating Response of ardK:H/S3 Strains 
Relative to ARDl Strains 

Figure 3. Sporulation in ARD7 and ardl::H/S3 Strains 
Strains TA405 (A), T6 (B), and T17 (C), were maintained on 
plates for 6 days, then monitored for asci. The ARD+ I 
TA405, and the heterozygote T6 showed asci, but none wr 
the homozygous disruption strain T17. 

iomozygote 
sre found in 

Pheromone 
Strain Mating Type Response’ Agglutination’ Mating’ 

T6-1A a 
TB-1B (1 + + 

* Relative to the isogenic ARDl’ strain. 
T Average of three determinations. 

1 x lo-ST 
1.3 

A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 

A Yeast Gene Involved in Cell Fate Decisions 
467 

Table 4. Mating Response of ardK:H/S3 Strains 
Relative to ARDl Strains 

Figure 3. Sporulation in ARD7 and ardl::H/S3 Strains 
Strains TA405 (A), T6 (B), and T17 (C), were maintained on 
plates for 6 days, then monitored for asci. The ARD+ I 
TA405, and the heterozygote T6 showed asci, but none wr 
the homozygous disruption strain T17. 

iomozygote 
sre found in 

Pheromone 
Strain Mating Type Response’ Agglutination’ Mating’ 

T6-1A a 
TB-1B (1 + + 

* Relative to the isogenic ARDl’ strain. 
T Average of three determinations. 

1 x lo-ST 
1.3 

A final genetic assay for meiosis in ardl ceils involved 
the construction of strains heteroallelic at HIS3. Because 
the ardl disruption allele contains the HIS3 gene, these 
studies were done in strains carrying the ardl-7 allele. 
Strains homozygous for ardl-7 and heteroallelic at HIS3 
could be induced to undergo recombination by treatment 
with UV light, but no increase in the formation of HIS’pro- 
totrophs was detected by plating the cells onto sporulation 
plates at 30% followed by replica plating to -HIS plates. 
The ardl-llardl-7 homozygous strain generated HIS’ colo- 
nies at a frequency of 2.8 x lo+, which is three orders 
of magnitude less than ARD+ diploids (3.0 x 10-4), and 
not detectably different from the nonsporulated control 
(3.0 x 10-y. 

The failure of ardl diploid strains to undergo meiosis 
was not due to a failure of these cells to recognize that 
they are diploid, because they mated poorly with both a 
and a testers. The relative efficiency of mating was less 
with a testers, which is compatible with the assumption 
that the mating that was detected occurred because of 
homozygosis at the MAT locus; the reduced a mating 
therefore reflects a reduced mating efficiency of ardl a/a 
cells. 

In contrast to strains carrying the disruption allele 
ardl::HIS3, which showed no evidence for sporulation un- 
der any conditions, strains homozygous for the ardl-7 al- 
lele showed a low, but detectable level of sporulation as 
judged by the formation of asci and the uncovering of 
recessive drug resistance markers when sporulated at 
23%. Therefore it appears that the ardl-7 mutation is 
slightly leaky and temperature sensitive. 

Pheromone Response 
The original arddl-7 mutant was a MATa strain that was 
resistant to the pheromone a-factor. The ardl::HIS3 MATa 
strain T8-1A is also completely resistant to levels of a-fac- 
tor that lead to virtually all the cells in cultures of the 
ARD7’ strain T8-1C arresting and forming schmoos. In- 
troduction of the mutation s.sn, which causes a supersen- 
sitivity to mating pheromones (Chan and Otte, 1982), did 
not cause the ardl::HIS3 strain M91-19D to respond to 
a-factor. Resistance to a-factor is recessive; diploids that 
were homozygous for MATa and heterozygous at ARD7 
were sensitive to a-factor. 

In addition to failing to arrest in response to a-factor, 
ard7::HISS mutants did not agglutinate when they-were 
mixed with normal a cells. Because agglutinins are in- 
duced in response to a-factor, it appears that ardl cells 
may be defective in response to the pheromone, and not 



Cell 
488 

Figure 4. a-Specific Gene Expression 

(A) Production of a-Factor in AR07 and ardl::H/S3 Strains. Spots of 10 ~1 of exponentially growing T&IA (a, ard7) and TB-1C (a, ARLW) at 1 x 10’ 
cells/ml were placed on a lawn of s strain RC757, which is supersensitive to the affects of a-factor. The sizes of the halos of inhibition are a measure 
of a-factor production of the two strains. 
(8) Barrier activity in ARD7 and ardl::H/SS strains. Streaks of cells from strains XMB4-12b (a, sstl, ARDl+), TB-1A (a, SSTl*, ardl), and TB-1C (a, 
SSTl: AADl’), were interposed between a streak of purified o-factor and the barrier defective strain XMB412b. Both strains TB-1A and XMB4-12b 
failed to prevent inhibition of growth of the tester strain by the diffusing a-factor. 

just defective in pheromone induced arrest. MATa ardl 
cells also mate with reduced efficiencies relative to wild- 
type cells (Table 4). However, the reduction in mating is not 
as extreme as is found in other sterile and a-factor resis- 
tant mutants (Hartwell, 1980; Strathern et al., 1981), so the 
conjugation pathway in MATa arc/l cells is not completely 
defective. In contrast to the defect in stationary arrest, 
which was exhibited by both mating types containing the 
ardl mutation, only MATa cells have a defect in phero- 
mone response. MATa cells containing the ardi mutation 
respond to a-factor produced from a streak of a cells by 
arresting, and they agglutinate and mate at levels com- 
parable to wild-type MATU cells. The MATa ardl sst2 strain 
M91-1C is supersensitive to a-factor. 

a-Specific Gene Expression 
Because only the MATa ardl::HIS3 cells were defective in 
mating, the effect of the ardl mutation on the expression 
of a-specific genes was tested. As previously noted, the 
ard7::HIS3 MATa strain failed to respond to a-factor. As 
shown in Figure 4, the ardl::HIS3 MATa strain also pro- 
duced less biologically detectable a-factor than theARD7+ 
strain when tested using the supersensitive strain RC757 
(Chan and Otte, 1982). In addition, the mutant strain ap- 
peared defective in barrier activity (Hicks and Herskowitz, 
1978), and was unable to degrade a-factor (Figure 4). It is 
likely that these defects in expression result from reduc- 
tions in the transcription of the genes, because a variety 
of a-specific transcripts are not detected in ardl::HIS3 
MATa strains (Whiteway et al., unpublished). 

Sequencing 
The plasmid YCpE18 containing the 2.4 kb fragment ex- 
tending from the RI site in the YCp(ARD)18 insert to the 
plasmidlinsert junction was derived from YCp(ARD)18 by 

digestion with Eco RI and religation. The ARD7 region 
from this plasmid was subsequently subcloned onto mpl0 
and mpll vectors, and sequenced as outlined in Figure 
5. Only one large open reading frame was detected in this 
region; this open reading frame includes the Barn HI site 
predicted to lie within the ARD7 functional region by the 
subcloning and gene disruption experiments, and so 
presumably defines the ARD7 gene. 

There are a number of significant features of the se- 
quence of theARD7 region. There are three in-frame AUG 
codons near the 5’ end of the ORF, but only the first one, 
at position 1, has the nearly invariant A at position -3 from 
the AUG. If this codon defines the start of the ARD7 gene, 
then the ARD7 gene extends for 717 nucleotides and 
codes for a protein of 238 amino acids. Possible TATA 
boxes for this gene are TATAAT starting at position -255, 
TAATTT starting at position -181, or TAAATA starting at 
position -41. Distal to the 3’ end of the ORF is the se- 
quence TTTTTATA, starting at position 872. This se- 
quence has been implicated in transcription termination 
in yeast (Henikoff and Cohen, 1984). 

The predicted protein sequence of the ARD7 gene was 
compared with other known sequences. As shown in Fig- 
ure 6, a stretch of 50 amino acids near the carboxy termi- 
nus of ARD7 shows weak homology to a region of the 
MAT&2 protein (Astell et al., 1981). This region of similarity 
between ARD7 and MATB shows homology to the homeo 
box of Drosophila (McGinnis et al., 1984). ARD7 has the 
same level of homology to the homeo box as was previ- 
ously noted for MATa (Laughton and Scott, 1984). The re- 
gion of MATe2IARD7 homology overlaps with a region of 
ARD7 that has a high number of charged amino acids. If 
this region of charged amino acids is formed into an a he- 
lix, all the charged residues fall on one face of the helix, 
while the uncharged residues lie on the opposite face. 
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Figure 5. Sequence of the ARDI Gene and Surrounding Region 

The sequencing strategy is diagrammed below the sequence. The arrows with open circles are sequences derived using custom primers; those 
with closed circles were obtained using the standard primer. All of the coding sequence was determined from both strands or from several in&pen- 
dent gels covering the same region. The A of the most likely AUG has been designated position +l, the ORF from this codon extends for 238 amino 
acids to a TAA termination codon. 

Discussion 

The ardl-1 mutation was obtained after a process of selec- 
tion and screening designed to yield mutants with a global 
defect in growth control. The primary selection, for u-fac- 
tor resistance, yielded mutants defective in cell cycle 
arrest in response to pheromone treatment. The second- 
ary screening for colonies, showing a high proportion of 
budded cells after several days on plates, was designed 

to identify mutants with a concurrent defect in the ability 
to arrest and enter stationary phase after nutrient limita- 
tion. The ardl-7 mutant met both criteria; furthermore, it 
showed an additional phenotype in homozygous diploids- 
an inability to leave the mitotic cycle and enter meiosis 
and sporulation. The cloning of the ARD7 gene and the 
in vitro construction of a null allele (an insertion mutation) 
have allowed us to demonstrate that all these phenotypes 
result from loss of ARD7 function. 
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Figure 6. Comparison of the C-Terminal Regions of ARDI, MAT 2. and the UBX Homeo Box 
Identical amino acids are shaded. The ARD7 peptide sequence shown starts at residue 181, that of MAT 2 starts at residue 156, and that of the 
homeo box starts at residue 25 (Shepherd et al., 1984). 

We wished to know if ARD7 played a direct or an indirect 
role in mediating cell cycle arrest. Several other genes 
have been found that are probably directly involved in in- 
dividual pathways. For example, the SE2 and SE3 genes 
appear to encode the mating factor receptors (Jenness et 
al., 1983) and other loci involved in mediating the re- 
sponse have been identified (Hartwell, 1980). A set of 
genes involved in the CAMP pathway (the RAS genes, 
CyR7, BCYI, and CyR3) seem to control the nutrient limita- 
tion responses (Toda et al., 1985). Null alleles of the RAS 
genes or CyR7 lead to low levels of CAMP and inappropri- 
ate entry into stationary phase or sporulation, and hence 
inability to grow in the absence of exogenous CAMP; these 
effects are not suppressed by ardl (unpublished data). 
730’ mutations prevent entry into stationary phase and 
sporulation, but have no effect on mating factor arrest 
(Matsumoto et al., 1983). Finally, the whi2 mutation con- 
trols the timing of mitosis in the yeast cell cycle, resulting 
in a small cell phenotype (Sudbery et al., 1980). Neither 
BCY nor wbi2 is allelic to ARD7. 

A detailed analysis of the properties of ardl mutant 
strains revealed additional unexpected phenotypes that 
suggested a less direct regulatory role for the ARD7 gene 
product. The first of these properties was that ardl mutant 
cells that were MATa were able to respond normally to 
a-factor. Since a- and m-factor are similar peptide phero- 
mones that lead to similar states of cell cycle arrest and 
preparation for mating, we were surprised that this aspect 
of cell cycle control remained unaffected in ardl mutants. 
Thus, even though ARD7 is required for response to both 
nutrient limitation and a-factor, it does not have a global 
defect in growth control. 

The second unexpected property of ardl mutants was 
that they appear to be defective in the expression of all 
a-specific functions, e.g. mating, all responses to u-factor, 
and production of a-factor and the barrier protease. This 
is probably due to a general defect in transcription of 
a-specific genes (Whiteway et al., unpublished). These 
observations raise the possibility that ARD7 functions by 
controlling transcription, perhaps as a direct positive acti- 
vator of the transcription of sets of genes involved in a mat- 
ing, stationary phase, and sporulation. This possibility is 
supported by the observed sequence homology between 
the ARD7 and MAT02 proteins. The homology is weak (13 
out of 50 amino acids identical, eight residues similar, and 

one gap), but occurs in the same region (the C terminus) 
of both proteins. There is also a weaker homology to the 
C terminus of MATal, which is itself very homologous to 
the corresponding region of MATa2. MATa is a sequence- 
specific DNA binding protein that is a negative regulator 
of a-specific genes. It may be significant that ARD7 shows 
homology to MATa and MATal, but not to any other se- 
quenced regulatory genes from yeast. The regions of 
MATa and MATal that are related to ARD7 are also 
related to the homeo box sequence (Laughton and Scott, 
1984) and ARD7 shows a similar degree of relatedness to 
the homeo box domain. It is remarkable that three yeast 
genes involved in determining cell type and cell fate show 
homology to the homeo box, but that other yeast regula- 
tory genes do not. 

It is possible that the fact that the ardl defect in nutrient 
response is seen in all cell types, but that the defect in 
pheromone response is limited to the a cell type, reflects 
the evolutionary history of Saccharomyces. The default 
cell type in yeast is the a cell type: in the absence of any 
information at the MAT locus, cells behave as if they were 
of mating type a (Strathern et al., 1981). Presumably the 
a cell type is the primitive cell type, and the a cell type is 
a later evolutionary modification. According to the (x1-02 
hypothesis (Strathern et al., 1981) this modification is 
achieved by the repression of a specific genes by MATu2, 
and the activation of a-specific genes by MATal. If primi- 
tive forms of yeast had an isogamous mating system, nu- 
trient limitation may have led to the mating of a cells to 
form zygotes that would immediately sporulate. It would 
thus be reasonable for a mating functions and nutrient re- 
sponse functions to have been under common control by 
the AR07 gene. When the a cell type evolved subse- 
quently, a mating functions were placed under separate 
control by the MAT locus. The a-specific genes activated 
by ARD7 are repressed by MATo2, and a new set of genes 
that perform parallel functions for (I cells are activated by 
MATal. Thus a mating functions and all nutrient response 
functions remain under ARD7 control. 

If this evolutionary model is correct, it has implications 
for the control of cell type and fate in higher organisms. 
Some aspects of particular mutant phenotypes may be re- 
stricted to a subset of cell types due to later evolutionary 
modifications which place parallel functions under sepa- 
rate control. 


