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Abnormal Chromosome Behavior in Neurospora 
Mutants Defective in DNA Methylation 

Henriette M. Foss, Christopher J. Roberts, Karen M. Claeys,* 
Eric U. Selkert 

The function and regulation of DNA methylation in eukaryotes remain unclear. Genes 
affecting methylation were identified in the fungus Neurospora crassa. A mutation in one 
gene, dim-2, resulted in the loss of all detectable DNA methylation. Abnormal segre- 
gation of the methylation defects in crosses led to the discovery that the methylation 
mutants frequently generate strains with extra chromosomes or chromosomal parts. 
Starvation for Sadenosylmethionine, the presumed methyl group donor for DNA meth- 
ylation, also produced aneuploidy. These results suggest that DNA methylation plays a 
role in the normal control of chromosome behavior. 

I n  the DNA of many organisms including 
mammals, plants, and various fungi, some 
cytosines are modified by methylation at 
position 5. DNA methylation in eukaryotes 
has been correlated with reduced gene ac- - 
tivity, and evidence has accumulated that 
methylation can inhibit gene expression 
(1). In mice, an approximately 70% reduc- 
tion in DNA methylation, resulting from a 
mutation in the DNA methyltransferase 
gene, leads to death during embryogenesis 
(2). Although DNA methylation is re- 
quired in mammals, it is not yet clear 
whether its basic function has been identi- 
fied. The consequences of undermethyla- 
tion in eukaryotes may be more apparent in 
organisms that contain methylation but do 
not require it. 

In Neurospora crassa, about 1.5% of the 
cytosines are methylated (3), but the bulk 
of the genome appears devoid of methyl- 
ation. Only three methylated regions have 
been characterized in any detail: the tan- 
demly arranged ribosomal RNA genes [ri- 
bosomal DNA (rDNA)] on linkage group V 
(4), the zeta-eta (5-q) region on linkage 
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group I (5-7), and the psi-63 (+,,) region 
on linkage group IV (8, 9). The latter two 
regions are relics of RIP (repeat-induced 
point mutation), a process associated with 
the sexual phase of the life cycle of Neuro- 
spora, in which duplicated sequences are 
riddled with G:C to A:T mutations (10). 
Treatment of Neurospora with 5-azacytidine 
causes substantial reductions in methylation 
without drastically reducing growth, which 
suggests that DNA methylation is not essen- 
tial in this organism (5). This observation 
and the relative paucity of methylation in N. 
crassa prompted us to hunt for Neurospora 
mutants defective in DNA methylation. 

To make the mutant hunt as broad as 
possible, we screened for methylation de- 
fects directly by Southern (DNA) hybrid- 
ization. Reduced methylation in the +,, 
region may be recognized by increased di- 
gestion of a Bam HI site that is normally 
blocked by methylation (Fig. 1, A and B) 
(I I). A standard laboratory strain, N242, 
was mutagenized under conditions that in- 
duced mutations in a control gene, mtr, at a 
frequency of 1 to 3 out of 1000 survivors 
(12). Approximately 1250 survivors of the 
mutagenesis were screened, and 25 strains 
were identified in which methvlation at the 
+63 Bam HI site had been redlced or elim- 
inated. Thirteen of the  putative^ mutants 
consistently showed the defects and could be 

propagated through crosses. Two strains are 
illustrated (Fig. 1B). Complementation tests 
performed on pairs of mutants grown as 
forced heterokaryons revealed that our col- 
lection includes mutations in at least three 
genes important for DNA methylation. An 
example of complementation between two 
mutants, dim-2 and dim-3 (defective in DNA 
methylation), is shown in Fig. 1C. The 
dim-1 mutant was isolated in a separate 
mutant screen (13). None of the three 
mutations could always be completely com- 
plemented (Fig. 1C) even in control heter- 
okaryons between mutant and wild-type 
strains, which suggests that the defects are 
partially dominant (1 4). 

No eukaryotic mutants have been de- 
scribed in which DNA methylation is com- 
pletely abolished. The mouse mutation 
generated by disruption of the DNA meth- 
yltransferase gene (2) causes overall reduc- 
tion, but not elimination, of methylation, 
whereas a mutation in cultured CHO cells 
appears to affect only a few sites (15). 
Mutants isolated in Arabidopsis show re- 
duced methvlation at manv. but not all. , , 
chromosomal regions (1 6). To further char- 
acterize our mutants. we assaved their ef- 
fects on a second no'rmally mkthylated ie- 
gion, 5-q. All of the mutants showed a 
methylation deficiency in this region. The 
dim-3 mutant was typical in showing re- 
duced methylation at both of the diagnostic 
Bam HI sites in the 5-q region (Fig. 1, A 
and D). Another mutant, dim-2, appeared 
devoid of methylation at +63 and 5-q (Fig. 
1. A. B. and D) and was chosen for further , , ,  

analysis. It showed no methylation at the 
rDNA region (Fig. 1E) nor at six other 
chromosomal regions that are methylated 
in wild-type strains (17). The absence of 
methylation detectable by Southern analy- 
sis in a total of nine normally methylated 
regions suggested that dim-2 abolishes 
methylation throughout the genome and 
distinguishes dim-2 from other known mu- " 
tations affecting methylation in eukaryotes. 

To test whether the dim-2 mutation 
abolishes methylation throughout the ge- 
nome, we measured the total 5-methylcy- 
tosine (5mC) content in DNA from dim-2 
and wild-type strains by high-performance 
liquid chromatography (HPLC) (Fig. 2). 
Approximately 1.5% of the cytosines were 
methylated in the wild-type strain, which is 
consistent with previous determinations 
(3). No 5mC was detected in DNA from 
the dim-2 strain (Fig. 2). Analysis of deoxy- 
nucleoside sam~les from dim-2 DNA mixed 
with decreasing amounts of pure 5-meth- 
vldeoxvcvtidine indicated that 5mC , , 
amounts corresponding to 25% of those 
found in wild-type Neurospora would have 
been detected. The apparent lack of DNA 
methylation in dim-2 strains suggests that 
DNA methylation is not essential for 
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Fig. 1. Methylation deficiencies induced by mutations in Neurospora. (A) Maps of the #,, and 5-1 
regions, showing Eco RI (E) and Bam HI (B) sites (5-9). Sites marked by asterisks display 
methylation in methylation-proficient strains. (B) Assay for methylation of the Bam HI site of #,, in 
wild-type (N150), dim-2 (N535), or dim3 (N590) strains. DNA samples were digested with 
5mC-sensitive enzymes Eco RI and Bam HI and probed with the plasmid pJS63, which contains the 
6.4-kb Eco RI fragment of +,, (8, 11). (C) Complementation of the methylation defects caused by 
dim-2 (N538; left) and dim9 (N590; center) in a heterokaryon (het.) of dim-2and dim-3 (N538lN590; 
right) as assayed at the Bam HI site of +,, (D) Assay for methylation at two Bam HI sites of 5-1 in 
wild-type (N150), dima (N535), or dim3 (N590) strains. DNA samples were digested with Eco RI 
and Bam HI and hybridized with the 0.8-kb Bam HI fragment of the 5-1 region. This probe detects 
both the 0.8- and 1.6-kb Bam HI fragments because the 5-1 region is a diverged tandem duplication 
(5). (E) Assay for methylation in the rDNA spacer region of wild-type (N150) or dim-2(N535) strains. 
DNA samples isolated from each strain were digested with Mbo I (M), which cuts GATC and 
GATmC, or with Sau 3A1 (S), which cuts GATC but not GATmC. The digests were probed with a 
3.4-kb fragment containing most of the rDNA spacer region (1 1). 

Time (min) Time (min) 

Fig. 2. High-performance liquid chromatography analysis of DNA in wild-type or dim-2 strains. 
Deoxynucleosides were prepared from DNA purified in CsCl gradients and digested with PI 
nuclease and bacterial alkaline phosphatase, as described by Cock etal. (37). The chromatograms 
on the left show results for the dimC (N150) (A) and dim-2 (N535) (B) strains; 50-fold expansions of 
the y axis are shown on the right. The dim-2profile reveals contaminating ribonucleosides that are 
a result of incomplete digestion with ribonuclease during the preparation of the genomic DNA. Peak 
identities were determined by the ratio of absorbance at 280 and 260 nm (&,d&,,) and by 
comparisons to the retention times of standards. Abbreviations: dC, deoxycytidine; "dC, 5-meth- 
yldeoxycytidine; dG, deoxyguanosine; dT, deoxythymidine; dA, deoxyadenosine; C, cytidine; U, 
uridine; G, guanosine; and A, adenosine. 

growth of Neurospora. It is unknown if the 
loss of DNA methylation will be lethal to 
mammalian cells in culture. 

Initially, the dim mutants appeared to 
share no phenotype beyond variable reduc- 
tion in vigor and fertility and subtle chang- 
es in growth morphology. A common phe- 
notype was revealed only when the putative 
mutations were tested for heritability in 
crosses that also served to remove possible 
extraneous mutations and introduce mark- 
ers. Although methylation levels in proge- 
nv from crosses between dim and dim+ 
s;rains typically resembled those of either 
parent, some progeny strains showed inter- 
mediate levels of methylation (Fig. 3). Phe- 
notypic lag could not account for the inter- 
mediate methylation phenotype (Dimint) 
because little change in methylation was 
found in a dim-2 derivative passed through 
five serial transfers (18). Analysis of the 5-q 
region revealed DNA molecules with meth- 
ylation at only one or the other of the 
normally methylated Bam HI sites (Fig. 3). 
Thus, the intermediate methylation did not 
reflect a mixture of nuclei, some with wild 
type and others with mutant levels of meth- 
ylation. The frequencies of the Dimint phe- 
notypes varied among progeny from differ- 
ent mutant isolates and even amone crosses u 

involving the same mutant. For crosses 
involving dim-2 or dim-3, the frequency of 
progeny with intermediate methylation lev- 
els was typically 2 to 20%. 

We postulated that intermediate meth- 
ylation levels in Dimint strains might result 
from simultaneous expression of dim+ and 
dim- alleles. Defects in DNA methylation 
might lead to production of spores with 
alleles from both parents. Neurospora is 
normally haploid, and aneuploids normally 
arise only rarely (-1%) (19). Unstable 
aneuploidy, occurring spontaneously or as a 
result of some meiotic mutations (20-22), 
may be easily recognized in strains hetero- 
zygous for certain morphology markers. For 
example, aneuploids heterozygous for an 
albino (al) gene appear mosaic if the break- 
down products, which are initially heter- 
okaryotic, assort into homokaryotic sectors 
bearing orange or white conidia (vegetative 
spores); stable al+lalP disomics or heter- 
okaryons bear orange conidia only. Aneu- 
ploidy, whether stable or unstable, would 
also be detectable in the DNA of strains 
heterozygous for a restriction fragment 
length polymorphism (RFLP) . 

If the strains with intermediate methyl- 
ation reflect heterozygosity for dim, then 
even a small sample of dim-derived asco- 
spores (sexual spores) might yield evidence 
of aneuploidy. Thus, we examined progeny 
from a cross (N114 x N510) (Fig. 4) 
heterozygous for dim-2, al-2, mt, and the 
RFLP marker mt-flank (I I). Strains N114 
and N510 were also potentially polymor- 
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Fig. 3. Intermediate 
methylation in progeny 
from a dim-2 x dim+ 

- 
+ .E I 
E E E  
S E E  

cross. DNA samples 
from Dim+ (N285), Dim- 
(N614), or Dim'" (N595) 
strains were assayed for 2.6+ 4 

methylation at the Bam 2.4+ 
HI sites of the (q region 
as described (Fig. 1 D). 

1.6+ 

phic at other loci, including ti,,, 5-q, and 
a , ,  because the dim-2 parent was derived in 
part from an exotic Neurospora strain, Mau- 
riceville (M), used for RFLP mapping (8) 
(Fig. 4). Among 23 progeny scored for 
methylation immediately upon germina- 
tion, five were Diminf. Three of these, 
along with two Dim+ and three Dim- 
strains re~resentine different combinations 

L, 

of A1-2 and Dim-2 phenotypes, were in- 
spected for mosaicism at al-2. One of the 
Dimint strains (N5 11) appeared mosaic and 

produced orange, white, or mosaic vegeta- 
tive derivatives (Fig. 5). One other strain 
(N5 12), also Dimin', produced orange and 
white vegetative derivatives although the 
original culture was not noticeably mosaic. 
These two Dimint strains were tested for 
segregation of Dim+ and Dim- phenotypes 
among the conidial isolates. Analysis of 13 
veeetative derivatives from strain N5 11 re- 

L, 

vealed no segregation of dim-2 and dim-2+ 
alleles. Strain N512, however, yielded one 
Dim- clone plus ten clones that were Dim+ 
or nearly so (23). These observations sup- 
port the hypothesis that the Dimint pheno- 
type reflects heterozygosity for dim and that 
generation or tolerance of aneuploidy in 
outcrosses is a dim phenotype (24). 

To look directly for aneuploidy, we ex- 
amined the DNA of N5 11 and N5 12 and 
their vegetative derivatives for heterozygos- 
ity at five loci linked to al-2 (Fig. 5A). The 
mosaic strain N5 11 clearly contained both 
the standard, Oak Ridge (O), and the M 
alleles at ti,,. Moreover, the 0 and M 
alleles had segregated among the vegetative 
derivatives (Fig. 5). Although at mt only 
the a allele was apparent, at three of the 
other loci (mt-flank, 5-11, and a , ) ,  both 
alleles had segregated among the vegetative 
derivatives, which confirms that the N511 
ascospore had been aneuploid. The coseg- 
regation of the Al- phenotype with the M 
alleles of a, and 5-q in all 10 Al- vegeta- 
tive clones examined (Fig. 5) provided 
inde~endent evidence that for al-2 also the 
mosaicism was caused by the presence of 

N242' , 
(A) 

Mutagenesis 

4 
Nil2 N613' 

(a) (dm-2 A) 

Source N200' N508 
of (A) (dimla) 

M alleles 

I 4 
N268 N509' 

(a) (dm-2 A) 

Fig. 4. Lineage of dim-2 and Dimint strains 
described here. Mauriceville (M) alleles, intro- 
duced by means of strain N268, provided RFLP 
markers used in the detection of aneuploidy. 
Mating types are indicated as A or a; methyl- 
ation levels are indicated as wild-type (+), 
mutant (-), or intermediate (+I-); Al- strains 
are marked with an asterisk. 

two alleles. Strain N512 was heterozygous 
for one of the RFLP markers, mt-flank, and 
it, too, showed segregation among its veg- 
etative clones. 

Mosaicism or heterozygosity in cultures 
undoubtedly represents an underestimate of 
aneuploidy in ascospores. Our assay recog- 
nized only aneuploids that were originally 
heterozygous and retained both alleles in 
the culture. Heterozygosity may be lost by 
mitotic recombination, and aneuploidy it- 
self may be lost through segregation of 
homologs. In strain N5 1 1, both homozygo- 
sis and loss of aneuploidy appears to have 
occurred. The presence of M alleles of 5-q 
and a, in some clones, but not in tissue 
grown from a large sector of the original 
culture, suggested that recombination had 
resulted in homozygosis for these loci (Fig. 
5B) (25). Mitotic gene conversion followed 
bv selection could also account for the 
absence of the A allele at mt, particularly 
because heterozygosity at mt and other loci 
that control vegetative incompatibility is 
known to inhibit growth (26). Loss of 
aneuploidy, too, appears to have occurred 
in strain N511 as manifested by the coseg- 
reeation of markers at five linked loci to 

L, 

yield two classes of vegetative clones (Fig. 
5). That these loci span approximately 
two-thirds of Neurospora's longest chromo- 
some indicates that aneuploidy can involve 
at least a large portion of a chromosome. 

The observation that mutations in sev- 
eral genes required for DNA methylation 
can cause the Diminf phenotype suggested 

mt-fl 
A 312 mt C-t  a1 d 2  

L R 

Dim- Dim+ 

Flg. 5. Transmission of genetic markers on 
linkage group I (LG I )  through a cross hetero- 
zygous for dim-2. (A) Partial map of left (L) and 
right (R) arms of LG I with a key to the symbols 
for loci analyzed. (B) Pedigree for LG I of 
mosaic strain N511, including its parents and 
its vegetative derivatives. RFLP phenotypes for 
S,, are illustrated. Open symbols indicate 0 
alleles of S,,, 6-1, and a,, a parental alleles of 
mt and mt-flank (mt-fl), and the wild-type allele 
of a/-2; filled symbols indicate M alleles of 6,,, 
5-11? and a,, A parental alleles of mt and mt-fl, 
and mutant (albino) allele of al-2; half-filled 
symbols indicate mosaic phenotypes (11). At 
the a, locus of strain N510, the M allele was 
evident in DNA isolated from a secondary cul- 
ture, but not in the primary culture. Top tier: 
LG I of Dim- parent N510 and Dim+ parent 
N114; center tier: LG I of Dimont strain N511; 
bottom tier: LG I representative of ten Al- 
clones (left) and of three Al+ and two AI+/AI- 
mosaic clones (right). 

that DNA methylation is required for nor- 
mal chromosome behavior. It remained 
possible, however, that all of the mutants 
had a defect that affected both methylation 
and chromosome behavior. We therefore 
wished to assay chromosome behavior in 
dim+ strains under conditions that reduce 
methylation. The drug 5-azacytidine can be 
used to reduce DNA methylation in Neu- 
rospora (5, 27), but it has pleiotropic effects 
and exact concentrations are impossible to 
control during the course of crosses. It was 
important therefore to explore other means 
of reducing methylation in dim+ strains. 
We used the eth-1 mutation to investigate 
whether methylation levels would drop in 
response to reductions in cellular concen- 
trations of S-adenosylmethionine (SAM), 
the methyl group donor for cytosine meth- 
ylation in bacteria and mammals and pre- 
sumably in Neurospora as well. The eth-1 
mutation results in the production of a 
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SAM synthetase that is labile at high tem- 
peratures (28). Strains canying eth- 1 grow 
well at low temperatures but fail to grow at 
37"C, presumably because of starvation for 
SAM. We observed decreased DNA meth- 
ylation in an eth-1 strain grown at elevated 
temperatures (Fig. 6). This result implicates 
SAM as the methyl group donor for cy- 
tosine methylation in Neurospora and sug- 
gested a means for inducing methylation 
deficiencies in dim+ strains. 

The eth-1 mutation could not be used 
directly to test the effects of reduced meth- 
ylation on chromosome behavior because 
Neurospora is infertile at 30°C and above. 
We therefore tested whether mutations in 
the biosynthetic pathway leading to methi- 
onine would also reduce DNA methylation 
and found that methionine deprivation re- 
sulted in reduced methylation in several 
methionine auxotrophs tested (29). This is 
illustrated at +63 with a met-7 strain (Fig. 
6 ) .  The conditional methylation defects, 

3.3 4- 0.03 

[Methionlne] 

Fig. 6. Conditional methylation in mutants defi- 
cient in SAM production. Methylation was as- 
sayed at the Bam HI site in the +, region (Fig. 
1 B) of an eth-1 strain (N558, FGSC 1220) grown 
at 30°, 33", or 35°C and in a met-7strain (N556, 
FGSC 3915; defective in cystathionine-y-syn- 
thase) grown at several limiting concentrations 
of methionine (lane 1, 3.3 mM; lane 2, 1 mM; 
lane 3, 0.33 mM; lane 4, 0.1 mM; and lane 5, 
0.03 mM). 

like the methionine auxotrophies, were re- 
cessive in a heterokaryon. Methionine star- 
vation did not affect methylation in other 
auxotrophs (29). For example, a cys-10 
mutant, which lacks sulfite reductase and 
can be complemented by methionine, cys- 
teine, cystathionine, or homocysteine, dis- 
played normal methylation when starved 
for methionine. A histidine auxotroph, his- 
3, also showed normal methylation when 
starved for histidine. Thus, interference 
with SAM biosynthesis, rather than with 
amino acid synthesis in general, appears to 
cause methylation deficiencies. Reduced 
methylation in response to limited methio- 
nine has also been reported for cultured 
mammalian cells (30). In dim- 1 , dim-2, or 
dim-3 strains, which are prototrophs, DNA 
methylation was unaffected by excess me- 
thionine. We conclude that several gene 
products besides those required to synthe- 
size SAM are needed for DNA methylation 
in Neurospora. 

The ability to control DNA methylation 
levels in methionine auxotrophs enabled us 
to investigate whether methylation affects 
chromosome behavior in dim+ strains. 
Scoring Al+/Al- mosaicism as a measure of 
heterozygosity for al-2, we analyzed crosses 
between al-2 met-7 and aG2+ met-7 strains 
on crossing media supplemented with vari- 
ous amounts of methionine (Table 1). 
Crosses heterozygous for met-7 or homozy- 
gous for cys-10 served to control for factors 
unrelated to DNA methylation. Crosses 
between two met-7 parents performed with 
very low concentrations of methionine 
(0.03 or 0.07 mM) yielded a large fraction 
of mosaic progeny (-29%). A similar cross 
performed on 1 mM methionine, a concen- 
tration that did not appear to affect meth- 
ylation in met-7 tissue grown vegetatively 
(Fig. 6), yielded a smaller fraction of mosaic 
progeny (1 1%). In these crosses, as in many 
that involve dim-2 (1 3), a considerable 
fraction of the progeny produced many 
perithecia (fruiting bodies) or pseudoperi- 
thecia, which suggests the presence of both 

Table 1. Induction of heterozygosity in progeny of met-7strains crossed under conditions that affect 
DNA methylation. Crossing media were supplemented with methionine as indicated. Phenotv~es for 
al-2 were scored by inspection; cultures with ambiguous phenotypes were further analyzed for 
segregation of Al+ and Al- phenotypes among vegetative derivatives. Cultures containing many 
perithecia or pseudoperithecia were scored as mosaic for mating type (Mt Na). The number of 
mosaic cultures over the total number of progeny examined is shown in parentheses. 

Methionine Percent Percent 
Cross* concentration AI+IAI- Mt Na 

(mM) mosaics mosaics 

met-7 a/+ x met-7 al-2 0.03 29 (24183) 42 (35183) 
met-7 a/+ x met-7 al-2 0.07 30 (22174) 53 (39174) 
met-7 a/+ x met-7 al-2 1 11 (6154) 20 (1 1154) 
meP al-2 x met-7 a/+ 0 0 (011 05) 0 (011 05) 
cys- 10 at+ x cys- 10 al-2 0.1 0 (011 1 7) 0 (011 1 7) 

'Strain designations: met-7aP (a) = N556, FGSC 3915; met-7al-2(A) = N604; met+ al-2(A) = N242; cys-10aP 
(a) = N553, FGSC 4054; and cys-10 al-2 (A) = N599. 

mating type alleles. The incidence of het- 
erozygosity could not be tested at methio- 
nine concentrations greater than 1 mM 
because nitrogen deprivation is a require- 
ment for fertility in Neurospora. When one 
parent was met+, however, no cultures with 
mosaic phenotypes were recovered. More- 
over, a cross homozygous for cys- 10 yielded 
no evidence of mosaicism on 100 FM me- 
thionine (Table 1). Thus, aberrant chro- 
mosome behavior appears to be a direct 
consequence of methylation deficiency. 

Although crosses were used for detecting 
the aberrant chromosome behavior, the 
generation of aneuploidy need not have 
been due to a meiotic defect. Aneuploidy 
could have resulted from nondisjunction or 
overreplication of the chromosomes (3 1 ) 
during meiosis or mitosis. Nuclei entering 
meiosis with extra chromosomes or chro- 
mosomal parts acquired during vegetative 
growth could account for the dominance of 
aberrant chromosome behavior in crosses 
heterozygous for dim. Preliminary cytologi- 
cal examination of meioses in dim-2 crosses 
has not revealed obvious defects in chromo- 
some pairing comparable to those seen in 
meiotic mutants that produce aneuploids 
(22, 32). Thus, the timing and nature of 
the defect causing aberrant chromosome 
behavior in Neurospora strains deficient in 
DNA methylation are unknown. 

It is early to speculate about the role of 
DNA methylation in chromosome behav- 
ior. 5-Azacytidine, an inhibitor of DNA 
methylation, can prevent decondensation 
of chromosomes at centromeres, telomeres, 
and other regions rich in satellite DNA 
(33, 34). Whether Neurospora chromo- 
somes, like those in higher eukaryotes, 
contain methylated sequences at the cen- 
tromeres is not yet known. 5-Azacytidine 
has also been reported to alter DNA repli- 
cation patterns and disturb the cell cycle 
(34, 35). Finally, 5-azacytidine has been 
reported to cause nondisjunction of B chro- 
mosomes in rye (36). The availability of a 
collection of methylation mutants in a 
model eukaryote will allow us to examine 
directly the possible ties between DNA 
methylation and important functions of the 
chromosome, including replication, segre- 
gation, and gene expression. 
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Elements of the Yeast Pheromone 
Response Pathway Required for 
Filamentous Growth of Diploids 

Haoping Liu, Cora Ann Styles, Gerald R. Fink* 
Transmission of an external signal from receptors to downstream targets is often mediated 
by a conserved set of protein kinases that act in sequence (a kinase cascade). In haploid 
strains of Saccharomyces cerevisiae, a signal initiated by peptide pheromones is trans- 
mitted through this kinase cascade to a transcription factor STE12, which is required for 
the expression of many mating-specific genes. Here it was shown that in diploids some of 
the same kinases and STE12 are required for filamentous growth, but the pheromone 
receptors and guanosine triphosphate-binding protein are not required for filament for-. 
mation. Thus, a similar kinase cascade is activated by different signals in haploids and 
diploids and mediates different developmental outcomes in the two cell types. 

I n  haploid cells of the fungus S. cereuisiae, mating type (a-factor to STE2 in MATa 
extracellular peptide pheromones control cells and a-factor to STE3 in MATa cells) 
the switch from vegetative growth to the and thereby induces a sequence of events- 
sexual cycle. Each cell type secretes a arrest of cell division in GI ,  formation of 
unique pheromone (a cells secrete a-factor projections, agglutination of two cells of 
and a cells a-factor) that binds a cell opposite mating type, and cell fusion-that 
type-specific receptor on cells of opposite culminate in nuclear fusion (1). The signal 

initiated bv the bindine of uheromone to its - L 

Whitehead Institute for Biomedical Research, Massa- receptor (fig. I)  is a heterO- 
chusetts Institute of Technology, Cambridge, MA trimeric guanosine triphos~hate-binding 
021 42 protein (G protein) encoded by GPAI, 
*To whom correspondence should be addressed. STE4, and STEl8 (2) to an ensemble of 
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