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ABSTRACT 
The mating-type  genes  of  Schizosaccharomyces pombe are  found at three  locations  in  the  same  chro- 

mosomal  region.  These  genes  are  in  an  active  configuration  at  the m a t l  locus  and in an  inactive  con- 
figuration  at  the  mat2  and  mat3  loci.  The  mechanism  that  represses  transcription of mat2  and mat3  also 
inactivates  other  promoters  introduced  nearby  and is accompanied by a block  to  meiotic  recombination 
in  the  mat2-mat3  interval,  suggesting  that  this  mechanism involves a particular  chromatin  structure. We 
present  evidence  that  the  transcription  and  recombination  blocks  require  three  newly  defined  trans-acting 
loci,  clr2,  clr3and clr4, in  addition to the previously identified clrl, rikl and  swi6loci. We  also  investigated 
the  role of mat2  cis-acting  sequences  in  silencing.  Four  cis-acting  elements  that  repress  mat2  in a plasmid 
context were  previously identified.  Deletion of two of these  elements proved  to  have little  effect in a 
chromosomal  context.  However,  when  combined  with  mutations  in  trans-acting  genes,  deletion of the 
same two elements  greatly  enhanced  mat2  expression.  The  observed  cumulative  effects  suggest a redun- 
dancy  in the  silencing  mechanism. 

E PIGENETICALLY maintained repression of tran- 
scription affecting large chromosomal regions is 

ubiquitous  among eukaryotes where it mediates cell dif- 
ferentiation and development. Examples found in mul- 
ticellular organisms include  Xchromosome inactivation 
in  female mammals (reviewed by CHANDRA and BROWN 
19'75; LAIRD 1992; MCBURNEY 1993) and position-effect 
variegation in maize (MCCLINTOCK 1952) and  fruit fly 
(reviewed by SPOFFORD 1976; HENIKOFF 1990; SHAFFER 
et al. 1993).  Transcriptional  repression of the X chro- 
mosome and of variegated genes  correlates with a het- 
erochromatization of the silenced regions. In  the bud- 
ding yeast  Saccharomyces  cerevisiae and  the fission  yeast 
Schizosaccharomyces pombe transcriptional silencing is 
observed at  the  donor mating-type cassettes (for reviews, 
see LAURENSON and &NE 1992; KLAR 1992),  near  the te- 
lomeres (GOTTSCHLING et al. 1990; R. ALLSHIRE, personal 
communication) as well  as near  the  centromeres 
(ALLSHIRE et al. 1994).  This study focuses on  the mecha- 
nism that represses transcription  in  the mating-type re- 
gion of S. pombe. Information  gained  from  model yeast 
systems should help us to understand inactivation of larger 
chromosomal domains in multicellular organisms. 

The mating-type region of S. pombe comprises three 
loci, matl, mat2 and mat3, located  at 15-kilobase pair 
(kb) intervals in  the  right  arm of chromosome IIas de- 
picted  in Figure l. matl is found as either of two alleles 
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that  determine  the cell type: matl-Pin P (plus) cells and 
matl-M in  M  (minus) cells. Each allele consists of two 
genes  that  are divergently transcribed  from an  internal 
promoter (KELLY et al. 1988).  mat2  and  mat3 contain 
the same information as the  matl-Pand  matl-M alleles, 
respectively, but in a transcriptionally silent state. In ho- 
mothallic strains, designated h9', these two loci act as 
donors  for  gene conversions of matl that lead to mating- 
type switching (for reviews, see EGEL 1989; GUTZ and 
SCHMIDT 1990; KLAR 1992). An active transcriptional re- 
pression mechanism called silencing prevents the same 
promoters  that  are active when located at  matl from 
functioning when located at  mat2  and mat3, a situation 
similar to the  one observed in S. cerevisiae at  the HMR 
and HML mating-type loci (reviewed by LAURENSON and 
RINE 1992). 

Silencing at  the mating-type loci  of both  budding  and 
fission  yeasts  shows several similarities with the  phenom- 
enon of position effect in multicellular organisms. In 
particular, silencing is region specific but  sequence  non- 
specific; that is, heterologous  promoters  introduced  in 
the vicinity of the silent mating-type cassettes are re- 
pressed. This phenomenon is observed when the S. cer- 
evisiae LEU2 or TRPl gene is  moved close to the HMR 
locus (BRAND et al. 1985) and when the URA3 gene is 
placed near  HML (MAHONEY and BROACH 1989). Even 
polymerase 111-transcribed  tRNA genes  succumb to si- 
lencing when placed near  either HMR (SCHNELL and 
RINE 1986) or  HML (MAHONEY and BROACH 1989). Like- 
wise, in S. pombe the ura4 gene is silenced when placed 
near  mat3 (THON and KLAR 1992) or mat2  (this  study). 
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FIGURE l.-Mating-type region of S. pombe. The three mating-type  cassettes  of S. pombe are found  at 15-kb  intervals in  the  right 
arm of chromosome ZZ (EGEL and GUTZ 1981;  BEACH  1983;  BEACH and KLAR 1984). Each  cassette is approximately 1.1 kb in  size 
and bordered by identical DNA elements: H1  (59 bp)  and H2 (135 bp). A third  element, H3 (57 bp), is found  at mat2 and mat3, 
but  not  at matl  (KELLY et al. 1988). Each  cassette contains two divergent promoters of transcription (represented by arrows  in 
the middle of the cassette). These promoters are active  only  when located at m a t l .  They promote transcription of two mRNAs: 
Pi (-560 nucleotides) and PC  (-750 nucleotides) in  Pcells, Mi (-600 nucleotides) and Mc (-600 nucleotides) in M cells (KELLY 
et al. 1988).  A double-strand break (DSB) is found  at  the junction of H1 and the allele-specific sequence at matl in homothallic 
switching strains (BEACH  1983;  BEACH and KLAR 1984; NIELSEN and ECEL 1989). The DSB  is thought to initiate gene conversions 
of matl  by mat2 or mat3 that result in switches  of mating type.  Meiotic recombination is completely inhibited in the mat2-mat3 
interval designated as the “cold spot” for meiotic recombination (EGEL 1984). 

The Escherichia coli kanR gene or the S. cerevisiae 
LEU2 gene  are silenced when introduced  near mat2 
(EKWALL et al. 1992; G. THON  and A. J. S. KLAR, unpub- 
lished observation). The lack  of promoter specificity  to- 
gether with the observation that not only the cassettes 
but also neighboring sequences are affected has been 
used to argue  that silencing is mediated by an  altered 
chromatin  structure, possibly similar to those associated 
with position-effect variegation in Drosophila or X chro- 
mosome inactivation in mammals. 

In S. pombe, a  model in which a specific chromatin 
structure mediates silencing is further  supported by the 
observation that meiotic recombination is prohibited in 
the silenced region. Although mat2 and mat3  are sepa- 
rated by 15 kb of  DNA, they segregate in meiosis as a 
single locus. Recombination between the two cassettes 
was measured to be  more  than 1000-fold  less frequent 
than  expected from the physical distance (EGEL 1984). 
That transcription and recombination  are blocked by 
the same mechanism is indicated by the observation that 
the same mutations release both (see below). 

Three loci unlinked  to  the mating-type region were 
previously found  to  be involved in the transcriptional 
repression of the silent cassettes:  swi6, clrl  and  rikl 
(LORENTZ et al. 1992; THON and KLAR 1992; K EKWALL 
and T. RUUSALA, personal communication) as  well  as  cis- 
acting elements flanking mat2 (EKWALL et al. 1991). Mu- 
tations at r i k l ,  swi6 or  clrl derepress not only transcrip- 
tion but also recombination in the  mat2-mat3 interval 
( ECEL et al. 1989; KLAR and BONADUCE 1991; LORENTZ et al. 
1992; THON  and KLAR 1992). Four  &acting elements im- 
portant for silencing  mat2were defined by deletion analysis 
of a plasmid construct (EKWALL et a1 1991). 

The  rikl,  swiband  clrl linkage groups were identified 
indirectly in searches designed to uncover mutants  de- 
ficient in mating-type  switching. We designed a  more 
systematic and direct selection scheme to obtain mu- 
tants deficient in the transcriptional silencing of mat3. 

The selection was performed in a strain in which the sole 
copy  of the S. pombe ura4  gene is placed near mat3. This 
strain is a uracil auxotroph, as the same mechanism that 
represses transcription of mat3 also represses transcrip- 
tion of ura4  (THON  and KLAR 1992). Mutants able to 
grow in the  absence of uracil were selected. They de- 
fined four linkage groups  unlinked  to  the mating-type 
region: the previously identified clrl locus (THON  and 
KLAR 1992) and  three  additional  groups  termed clr2, 
clr3 and clr4 (for cryptic  loci regulator).  None of the 
four  groups was specifically  involved in the repression of 
only mat3 as they  also affected mat2, which indicates the 
existence of a silencing mechanism operative on a large 
chromosomal domain encompassing at least mat2 and 
mat3. Interactions of a cis-acting deletion near mat2 
with defects in the trans-acting genes suggest a  redun- 
dancy in the silencing mechanism. 

MATERIALS  AND  METHODS 

S. pombe strains and culture conditions: All strains were 
constructed in this laboratory using standard genetic tech- 
niques. The genotypes of the strains are  reported in Table 1. 
The genetic analysis, culture growth conditions and media 
(complete medium, medium lacking an amino acid or 
nitrogen-free medium to induce  sporulation) were according 
to MORENO et al. (1991). FOA minimal medium (BOEKE et al. 
1987) contained 7 g yeast nitrogen base, 0.8 g 5-fluoroorotic 
acid  (FOA) ,50 mg uracil, 20 g glucose per liter and was supple- 
mented  for additional auxotrophies as needed. 

Plasmid constructs: A 4.2-kb  Hind111 genomic fragment 
containing  the mat2 cassette (BEACH 1983) cloned in the 
HindIII restriction site  of pBR322 (BOLIVAR et al. 1977;  plasmid 
pAK66)  was used in two constructions. First, a 1.8-kb HindIII 
restriction fragment containing the S. pombe ura4 gene (BACH 
1987) was introduced into  an XbaI site located approximately 
400 base pairs (bp) distal to mat2 after both insert and vector 
had been filled in at  the  ends (plasmid pAK67). This allele is 
designated mat2-Pint::ura4. A second construct (plasmid 
pAK68)  was derived from pAK67  by deleting  a 1.5-kb BgZII- 
BssHII restriction fragment located to the left of mat2 to pro- 
duce  the A(BgZI1-BssHII) mat2-Pint::ura4 allele. This allele is 
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S. Pornbe strains and their genotypes 

Strain 

EG187 
KE78 
KE81 
KE108 
PG9 
PG439 
PG447 
PG596 
PG9 12 
PG913 
PG925 
PG926 
PG940 
PG941 
PC979 
PG1017 
PG1021 
PC1024 
PG1027 
PG1029 
PG1031 
PG1035 
PG1037 
PG1040 
PG1045 
SP56 
SP837 
SP982 
SP1124 
SP1126 
SP1138 
SP1139 
SP1151 
SP1160 
SP1163 
SP1165 
SP1167 

~ _ _ _ _ ~ ~  ~ 

Genotype 

h90, mat3-M-B406,  his2 
h90,  clr2-E22, ura4,  ade6-M210 
h9', clr3-E36,  ade6-M216 
h90,  clr4-S5, ura4,  ade6-M216 
h90 mat3-Mint::uru4,  leul-32,  ura4-Dl8,  ade6-M216 
h90' , mat3-Mint::ura4,  clrl-5,  leul-32,  ura4-Dl8,  ade6-M210 
mutl-PA17::LEU2,  mat3-Mint::ura4,  leul-32,  ura4-Dl8,  ade6-M210 
h9' mat3-Mint::uru4,  swi6-115,  leul-32,  ura4-Dl8,  ade6-M216 
h90' mat3-Mint::ura4,  clr4-681,  leul-32,  ura4-Dl8,  ade6-M210 
h90: mat3-Mint::uru4,  clr4-681,  leul-32,  ura4D18,  ade6-M216 
h90, mat3-Mint::ura4,  clr3-735,  leul-32,  ura4D18,  ade6-M210 
h9', mat3-Mint::ura4,  clr3-735,  leul-32,  uru4-Dl8,  ade6-M216 
h9', mat3-Mint::ura4,  clr2-760,  leul-32,  ura4-Dl8,  ade6-M210 
h9', mat3-Mint::ura4,  clr2-760,  leul-32,  ura4D18,  ade6-M216 
matl-Msmt-o,  mat3-Mint::ura4,  clr2-760,  lml-32,  ura4-Dl8,  ade6-M210 
h90, mat2-P-BlO2,  clr2-760,  leul-32,  ade6M210 
h90, mat2-P-B102,  clr3-735,  leul-32,  ura4-Dl8,  ade6-M210 
matl-Msmt-o, A(MglII-BssHII)mat2-Pint::ura4, clr2-760,  ura4-Dl8,  ade6-M214 
h90, mat2-P-Bl02,  clr4-681,  leul-32,  ura4-Dl8,  ade6-M216 
matl-Msmt-0,  mat2-Pint::ura4,  clr3-735,  ura4-Dl8,  ade6-M216 
matl-Msmt-0,  mat2-Pint::ura4,  clr4-681,  ura4-Dl8,  ade6-M216 
h90 mat3-M-B406,  clr2-760,  his2,  ura4-Dl8,  ade6-MZ10 
h9'' mat3-M-B406,  clr4-681,  his2,  ade6-M210 
h90' , mat3-M-B406,  clr3-735,  his2,  ura4-Dl8,  ade6-M216 
matl-Msmt-o,  mat2-Pint::ura4,  clr2-760,  ura4-Dl8,  ade6-M210 
h90 mat2-P-B102,  leul-32,  ade6-M216 
h90' leul-32,  ura4-Dl8,  ade6-M216 
h90' 

matl-Msmt-o,  mat2-Pint::ura4,  ura4-Dl8,  ade6-MZ16 
matl-Msmt-o,  mat2-Pint::ura4,  swi6-115,  ura4D18,  ade6-M210 
matl-Msmt-o, A(BglII-BssHII)mat2-Pint::ura4, swi6-115,  ura4-Dl8,  ade6-M210 
h90, A(BglII-BssHII)mat2-Pint::ura4, ura4-Dl8,  ade6-M216 
matl-Msmt-o, A(BglII-BssHII)mat2-Pint::ura4, ura4D18,  ade6-M2lO 
matl-Msmt-o, A(BglII-BssHII)mat2-Pint::ura4, clrl-5,  ura4-Dl8,  ade6-M210 
matl-Msmt-o, 6(BglII-BssHII)mut2-Pint::ura4, cM-735,  uru4-Dl8,  ade6-M216 
matl-Msmt-o, A(BglII-BssHII)mat2-Pint::ura4, clr4-681,  ura4-Dl8,  ade6-M216 
matl-Msmt-o,  mat2-Pint::ura4.  clrl-5.  ura4-Dl8.  ade6-M216 

, his2,  ade6-M216 

The mat3-M-B406 and matP-P-BlO2 (BREXH et al. 1968) alleles are referred to as mat3-Mi- and mat2-Pi-, respectively, in the text. 

designated A(Bg-Bs)mat2-P in the figures. All cloning steps 
were performed according to standard techniques (SAMBROOK 
et al. 1989). 

Transformation of S. pombe cells: DNA-mediated  transfor- 
mation was performed using the lithium acetate protocol de- 
scribed by ITO et al. (1983) for S. cerevisiae transformation and 
used for S. pombe by  HEYER et al. (1986). The inserts of  pAK67 
and pAK68 were  used in two independent transformations. As 
integration of exogenous DNAis inhibited in the vicinity  of the 
silent mating-type  cassettes in wild-type  cells but  not in swi6- 
mutants (THON  and KLAR 1992), the transformations were per- 
formed in swi6- mutants. Transformants with proper integra- 
tion  were identified by performing Southern blot analysis. 

Random-spores analysis: Spores were obtained by treating 
sporulated cultures overnight at 33"  with  snail  enzyme  (NEE- 
154  Glusulase from DuPont or glucuronidase/arylsulfatase 
from Boehringer Mannheim GmbH) diluted 100-fold. This 
treatment selectively eliminates vegetative  cells (MUNZ and 
LEUPOLD 1979). The punty of the spore preparations was  veri- 
fied by microscopic examination before plating appropriate 
dilutions. 
Assay of ura4 expression  when  inserted near the  donor loci: 

Tenfold serial dilutions of  cells suspended in water  were spot- 
ted on plates containing the indicated solid medium. The ex- 
tent of growth on medium lacking  uracil and  on medium con- 
taining the toxigenic substrate FOA indicates the level  of ura4 
expression. Efficient  expression of u r d  results  in  growth in 

the absence of uracil and, conversely, inhibition of growth by 
FOA (BOEKE et al. 1987). 

Iodine-staining procedure: Sporulated S. pombe colonies 
were  exposed  to iodine vapors as described (LEUPOLD 1955; 
BRESCH et al. 1968). Iodine vapors  stain S. pombe spores black, 
while the vegetative  cells remain unstained. Levels  of staining 
indicate the amount of spores within  individual  colonies. 

Mutagenesis  and  isolation of mutants  expressing mat3-M 
Ten  independent cultures of strain PG447  cells ( m a t l - P A 1 7 ,  
mat3-Mint::ura4, ura4-DI8) were mutagenized with  ethyl 
methanesulfonate to 60% survival,  as described by MORENO 
et al. (1991). The mutagenized cells  were  plated at about 5 X 
lo5 survivors per plate on sporulation medium lacking  uracil. 
The plates were incubated for three days at 33" for allowing 
growth  of  Ura' mutants. Approximately 100 uracil prototro- 
phic colonies per plate were obtained. The plates  were  incu- 
bated for 3 additional days at 25"  to induce expression of the 
mating-type genes and sporulation. The colonies were then 
stained with iodine vapors  to  identify spore-containing colo- 
nies. About 25% of the Ura' colonies stained lightly  with io- 
dine and contained haploid cells that had undergone meiosis 
in less than 1.0%  of  cells. Ten Ura' Spo+ colonies were isolated 
from each mutagenized batch initially for further character- 
ization, that is a total of  100  mutants. A few  very darkly staining 
Ura' colonies in which nearly  all haploid cells sporulated were 
found in four of the mutagenized batches and their interpre- 
tation have been presented in RESULTS. 
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TABLE 2 

Linkage groups 

No. of mutations obtained 
in the indicated linkage groups 

Extra 
Culture clrl clr2 clr3 clr4 cassettes 

A 3 0 1 0 
B 

6 
10 0 0 0 0 

C 4 2 2 0 2 
D 6 0 0 1 3 
E 5 3 2 0 
F 5 2 3 0 0 

0 

G 8 0 1 0 1 
H 5 3 0 2 0 
I 10 0 0 0 
J 

0 
9 0 0 1 0 

Total 65 10 9 4 12 
Independent isolates 10 4 5 3 4 

Analysis of linkage  between  the clrl locus and the mutations 
that  derepress mat3-M. Heterozygous  diploids  were  isolated 
from  crosses  between the mutant PG447 strains ( m a t l -  
PA 17::L,EU2, mat3-Mint::ura4,  leul-32,  ura4-Dl8, ade6- 
M216)  and PG439 ( h9', mat3-Mint::ura4,  clrl-5,  leul-32, 
ura4-Dl8,  ade6-M210) using  intra-allelic complementation 
between the ade-M210 and ade6-M216 alleles (GUTZ 1963). 
Colonies founded by random spores  from the hybrids  were 
examined for their ability  to  grow  when  replica-plated on me- 
dium lacking  uracil and for their sporulation phenotype. At 
first,  between 50 and 300 colonies  were examined in the prog- 
eny  of each hybrid. In the cases where no wild-type colonies 
were found, an additional 600-1000 colonies were obtained 
and examined. We found that 65 mutations were  located at less 
than 1 cM from clrl, representing at least 10 independent 
mutations (Table 2) .  

Analysis of linkage between  the swi6 locus and  the muta- 
tions that derepress mat3-M Random spores were obtained 
directly from mating  mixes of the PG447 mutants and PG596 
( h9', mat3-Mint::ura4,  swi6-115,  leul-32,  ura4-Dl8, ade6- 
M216) .  By that method, all spores do not originate from hy- 
brids as a large proportion arises from self-mating  of PG596 
cells.  It  is  possible to estimate the efficiency of heterologous 
mating by counting the matl-PAl7::LEU2 colonies  in the 
progeny,  since  these  colonies  arise  almost exclusively from 
mating  between matl-PAl7::LEU2and h9'cells. In each cross, 
wild-type recombinants were obtained at a frequency of about 
25% showing that none of the mutations tested was linked to 
swi6. 
Analysis of linkage  between  the mutations that  derepress 

mat3-M: Three of the non-clrl mutations were crossed into an 
h9' background. The resulting mutant h9' strains were crossed 
between each other. They defined two linkage groups. One 
representative of each group was crossed  to the 35 matl-  
PA1  7::LEU2  non-clrl mutants. These crosses  were performed 
and analyzed in the same fashion as the crosses described 
above  between the swi6 strain PG596 and the mutant strains. 
Additional members of both linkage groups were found, as 
well  as 16 mutations unlinked to either group. One of the latter 
mutations was crossed into an h9' background and then 
crossed  to the 35 non-clrl mutants. The classification  resulting 
from  this  last  series of  crosses  was consistent with the results of 
the previous  crosses and defined one additional linkage group 
containing four of the mutants that had not been classified  yet, 
representing three independent isolates. The remaining 12 

mutants displayed the very pronounced haploid meiosis  phe- 
notype mentioned above and were found to contain an extra 
mating-type  cassette by Southern blot analysis (data  not 
shown). 

RESULTS 

Identification  of mutants deficient  in  the transcrip 
tional  silencing of mat3  An S. pombe ura4 gene  intro- 
duced  at  an EcoRV site 150 bp distal to mat3, the mat3- 
Mint::ura4 allele, is poorly expressed due to silencing 
(THON  and KLAR 1992). Consequently, cells  whose  sole 
copy  of the ura4 gene is at this position have a very 
reduced ability to grow in the absence of uracil (Figure 
2A). This phenotype provides a simple strategy for se- 
lecting mutants deficient in silencing mat3 by selecting 
uracil prototrophs. We applied such a selection to 
PG447 cells (matl-PAl7,  mat3-Mint::ura4,  ura4-Dl8; 
see Table 1 for  the  complete  genotype).  In  addition, 
expression of the M mating-type genes at mat3 in de- 
repressed mutants is expected to cause "haploid meio- 
sis,'' that is, an  aberrant  sporulation  phenotype triggered 
by coexpression of both mating types in single haploid 
cells (KELLY et al. 1988). Haploid meiosis can be moni- 
tored by microscopic examination of the cells. In het- 
erothallic (nonswitching) strains, haploid meiosis can 
also be  monitored at the colony level by an  iodine stain- 
ing  technique (LEUPOLD 1955; BRESCH et aZ. 1968). s. 
pombe spores, but  not vegetative  cells, are stained black 
by iodine vapors, as  they contain starchlike molecules. 
The cells chosen for mutagenesis allowed  us to take ad- 
vantage of the iodine-staining screen as they contained 
an unswitchable matl-P allele, the matl-PA17 allele in 
which sequences essential for switching  were deleted 
(ARCANGIOLI and KLAR 1991). PG447 cells are all  of the 
P mating-type and form Spo- colonies that  are  not 
stained by iodine vapors. PG447 mutant cells expressing 
the M genes  from mat3 and  the  Pgenes from matl were 
expected to form Spo' colonies because of haploid 
meiosis and, therefore, to be stained by iodine vapors. 

Ten  independent  cultures of PG447 cells  were mu- 
tagenized and mutants were selected for  the ability to 
grow in the absence of uracil. After examining the Ura' 
mutants for their  sporulation  phenotype, we isolated 
from each mutagenized batch 10 Ura' colonies in which 
haploid meiosis could be observed. With a few excep 
tions, the  proportion of  cells undergoing  haploid meio- 
sis  was  low in each mutant,  ranging from a few aberrant 
asci among 100 cells to merely one ascus among 1000 
cells. Only in a few colonies did nearly 100% of the h a p  
loid cells form spores; this class proved later to contain 
a  rearranged mating-type  cassette (see below). 

The nonstaining Ura' Spo- colonies accounted  for 
approximately 95% of the total Ura' colonies. We had 
observed previously that  although  the ura4 gene in 
mat2-Mint::ura4 cells is repressed, a small fraction of 
the  population is able to form colonies in the absence 
of uracil (Figure 2A). Cells in these uracil prototrophic 
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FIGURE 2.-Expression of the S. pomh  ura4 gene placed in 
the mating-type region in  wild-type and  mutant backgrounds. 
(A) In wild-type background. The urn4 gene was placed at  an 
EcoRVsite near mat3  (mat3-Mint::ura4 allele) and  at  an XbaI 
site near mat2 (mat2-Pint::ura4). Tenfold serial dilutions of 
cell suspensions were spotted on  complete medium (AA), me- 
dium lacking uracil (AA-ORA) or medium  containing FOA 
(FOA). Ability to  form  colonies was tested for SP982 cells in 
which the u r d  gene is at  the wild-type chromosomal location 
(ura4+) ,  SP837 cells in  which urn4 has been deleted ( u r d  
D l @ ,  SPI 124 cells (matZ-Pint::uru4) and PC9 cells (mat3- 
Mint::ura4). Neither the matZ-Pint::ura4 allele nor  the mat3- 
Mint::ura4 allele supported growth in the absence of uracil 
nor prevented growth in the presence of  FOA, indicating that 
the ura4 gene is repressed by the silencing mechanism at  both 
locations. (B) Derepression of the mat3-A4int::ura4 allele in 
mutant backgrounds. Cell suspensions were spotted on plates 
as in panel A. All  strains that were used contained  the ma13- 
Mint::ura4 allele and a deletion of the indigenous u r d  allele. 
Cells in the first row (+) did  not contain any mutation affect- 
ing silencing  (strain PG9); cells in  rows 2-6 contained muta- 
tions, respectively, in swib (strain PG596), clrl (strain PG439), 
clr2 (strain PG940), clr3 (strain PG925) and clr4 (strain 
PG912). (C) Derepression ofthe mat2-Pint::urn4allele in mu- 
tant backgrounds. Cell suspensions of the following strains 
were spotted on plates as in panel A SP1124 (wild-type, +), 
SP1126 ( s w i 6 - ) ,  SP1167 ( c l r l - ) ,  PC1045 ( c l d - ) ,  PC1029 
(c lr3-) ,  PC1031 ( c l r4 - ) .  

colonies do not undergo  haploid meiosis at a  detectable 
level. Expression of ura4 is presumably due to an epi- 
genetic change  rather  than to the  appearance of  mu- 

tations since the  phenotype reverts very efficiently to 
Ura-  (data  not  shown). It is possible that mutations that 
derepress mat3-M, but  to  a level too low to be detected 
by iodine-staining, were  also present  among  them,  but 
were discarded because of our screen required for a 
Spo' phenotype.  This class  of variants were not charac- 
terized further. 

Classification of the  mutations  that allow expression 
of mat3 into four linkage  groups: The mutants o b  
tained using the selection described above  were  crossed 
with two strains, PC596 and PG439, to test for linkage of 
the  mutated loci  with the swi6 and  clrl genes previously 
implicated in silencing (see the  Introduction).  These 
tests were performed since mutations at the clrl locus 
were  known to derepress u r d  placed near  mat3  (THON 
and KLAR 1992; Figure 2B) and a mutation at swib 
proved to have a similar effect (Figure 2B). We found 10 
new alleles of clrl,  but  no new allele of s7ui6  was o b  
tained. We picked three  mutants  at  random from the 
ones whose mutation did not map  at clrl  and used these 
mutants in further crosses to establish their linkage 
groups as described in MATERIALS AND METHODS. 

The mutations thus  obtained  defined  four linkage 
groups  unlinked  to  the mating-type region: clrl, clr2, 
clr3 and clr4 (Table 2). These  four  groups were distinct 
from rikl, as none was linked to ade6, whereas r i k l  is at 
9 cM from ade6  (EGEL et al. 1989). We obtained  another 
class  of mutants, represented by four  independent iso- 
lates, that  contained  an  extra mating-type  cassette in ad- 
dition to matl, mat2 and  mat3  (data  not shown). The 
additional cassette appeared by Southern blot analysis  as 
a  matl:mat3 fusion. We discarded this last  class  of  mu- 
tants, since it did  not provide new information on the 
trans-acting factors or cis-acting sequences  required for 
silencing. For this study, we chose one mutant repre- 
sentative of each newly identified linkage groups, 
namely the  mutants  containing respectively the clr2- 
760, clr3-735and clr4-681 alleles. Derepression of u r d  
in the  rnat3-Mint::urd allele by these mutations is 
shown  in Figure 2B. 

The  mutations  selected  for  derepressing mat3 also 
derepress m a t 2  We investigated the effect of each r e p  
resentative mutation on transcriptional repression at 
mat2 by assaying expression of both  the mating-type 
genes  and  a ura4 marker  inserted nearby. We intro- 
duced  the ura4 gene  into  the  chromosome  at  an XbaI 
site, 400 bp  centromere distal to mat2. The u r d  gene 
placed at this XbaI site failed to  support efficient growth 
on media lacking uracil (Figure 2A). That  transcrip 
tional repression in the  chromosome  extended outside 
of the mat2 cassette was consistent with the observation 
by EK~ALL et al. (1992) that  a kanRgene introduced  near 
mat2 borne  on  a plasmid is repressed, and with our ob 
servation that  the S.  cerevisiae  LEU2 gene is also re- 
pressed when placed in the  chromosome  at  a BglII site 
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FIGURE 3.Pumulative effect of a deletion of  cis-acting elements and trans-acting mutations on mat2 derepression. (A) Sche- 
matic representation of the BglII-BssHII chromosomal deletion. The figure is not drawn to scale. The  1.5kb DNA fragment 
represented by a black  box was deleted from the chromosome to create the A( BglII-BssHII) mat2-Pint::ura4 allele. The  open boxes 
numbered  1 (300 bp), 2 (150 bp), 3 (100 bp)  and 4 (500 bp) represent cis-acting elements, identified by  EKWALL et aZ. (1991), 
that  are important for silencing a plasmid-borne mat2 cassette. (B) The BglII-RssHII deletion derepresses ura4 in the mat2- 
Pint::ura4 allele only  slightly. Tenfold serial dilutions of cells  were spotted on  the indicated media as in Figure 2. Cells  in the first 
row are wild-type ura4+ (strain SP982). Cells  in the second and third rows contain the mat2-Pint::ura4 allele without (strain 
SP1124) or with (strain SP1139) the deletion as indicated. The deletion had only a modest effect on  the expression of ura4 in 
the mat2-Pint::ura4 allele, insufficient to allow proper growth  in the absence of uracil or to prevent growth on FOA. (C) Cumulative 
effect of the BglII-BssHII deletion and trans-acting mutations on mat2-Pexpression. Sporulated colonies of unswitchable M cells 
(matl-Msmt-o allele) were exposed to iodine vapors and photographed. Cells  in the row labeled mat2-P did not contain the 
B@I-BssHII deletion (+, SP1124; swi6-, SP1126; & I - ,  SP1167;  cZr2-,  PG979; cZr3-, PG1029; clr4-, PG1031).  Cells  in the row 
labeled A( Bg-Bs) mat2-P contained  the deletion (+, SPll51; swi6-, SPll38; cZrl-, SPll60; cZr2-,  PG1024; cZr3-, SPll63; cZr4-, 
SP1165). The amount of staining reflects the  amount of haploid meiosis  within the colonies, indirectly indicating the level of 
expression of the mating-type genes from mat2-P. 

next to mat2 (G. THON and A. J. S .  KLAR, unpublished 
observation). 

Each  of the  clrl-5, clr2-760, clr3-735, clr4-681 and 
swi6-115 alleles allowed expression of the  ura4  reporter 
gene  at  mat2  (Figure 2C). They also  allowed low  levels 
of haploid meiosis in an unswitchable matl-Msmt-o 
(ENGELKE et al. 1987) background, which  is indicative of 
expression of the  Pgenes from the mat2 cassette (Figure 
3C, top row). Hence,  the search for  genes essential for 
the transcriptional silencing of mat3 uncovered genes 
involved  in the regulation of expression of both cassettes 
rather  than in the expression of mat3 specifically. 

Pairwise  combinations of mutations in swib, clrl, 
clr2, clr3 and c1r4 do  not have  a  cumulative effect: We 
obtained  double  mutants from tetrad dissection of hyo/ 
hyu diploids heterozygous for two of the mutations. Each 
combination proved viable, the  double  mutants display- 
ing mating and sporulation phenotypes similar to those 
of the single mutants  (data not shown). The sensitivity 

of the  iodine staining procedure is such that even a two- 
fold difference in expression of the silent loci  would 
have been  detected. 

Phenotypes of mutations in swib, clrl, clr2, clr3 or 
clr4 are  enhanced by deleting DNA adjacent to mat2  
EKWALL et al. (1991) showed that  four DNA elements  are 
important  for silencing mat2 borne  on a plasmid. They 
found  that  deleting two cis-acting elements, elements 1 
and 2, situated on  the normally centromere-proximal 
side ofthe cassette (Figure 3A) allowed mat2expression. 
We introduced  into  the  chromosome a larger deletion 
that  included these two elements. The deleted  portion, 
a 1.5kb BglII-BssHII restriction fragment, is indicated in 
Figure 3A. Quite surprisingly, the deletion did not allow 
mat2 expression. The sporulation phenotype of h9' cells 
carrying the  deletion at mat2 was not different from the 
wild type (data  not shown) and  no haploid meiosis was 
seen in unswitchable matl-Msmt-o cells (Figure 3C). We 
observed only a marginal derepression of the  ura4  gene 
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placed at  the XbaI site as  indicated by a slight increase 
of growth on Ura-  medium (Figure 3B). 

Although the  deletion of the left-flanking DNA 
proved insufficient for allowing noticeable expression of 
the  chromosomal mat2 cassette, it seemed possible that 
expression was affected in a  more subtle fashion. This 
idea was supported by the observation that none of the 
trans-acting mutations  obtained  in our search fully de- 
repressed the mating-type genes within the mat2 or 
mat3 cassette, as indicated by the low incidence  of h a p  
loid meiosis in strains carrying the mutations. Such a 
partial derepression  seemed consistent with the silenc- 
ing mechanism being redundant,  the identified cis- and 
trans-acting mutations affecting only part of the process. 
To test this possibility, we introduced  the swi6-115, 
clrl-5,  clr2-760,  clr3-735 and clr4-681 alleles separately 
into unswitchable M cells containing  the  deletion of  el- 
ements l and 2 at mat2. In each case, we observed a 
dramatically enhanced effect on the  sporulation  phe- 
notype, indicated by increased iodine staining (Figure 
3C). Microscopic examination  confirmed  that within 
the  sporulated colonies up to 90% of the  haploid cells 
had  undergone meiosis. Whether  the ura4 gene in- 
serted  near mat2 is subject to the cumulative effect could 
not be  determined as ura4 is expressed very  well already 
in mutants  containing defects in trans-acting genes 
alone. 

Figure 3 shows another phenotype  for clrl and clr3 
colonies. It shows ruffled colony morphology and, par- 
ticularly in BglII-BssHII deletioncontaining strains, 
there is sectoring for iodine-negative subclones. A pos 
sible reason is that  sporulationdefective h-5 cells,  which 
result from  rearrangements in the mat2-mat3 region 
(BEACH and KLAR 1984), may be generated by these geno- 
types at a  higher rate. 

cZr2,  cZr3 and clr4 participate  in  blocking  meiotic  re- 
combination  in the mat2-mat3 interval: In wild-type 
cells, meiotic recombination in the mat2-mat3 interval 
is  very tightly repressed (EGEL 1984). Mutations in r i k l  
(EGEL et al. 1989), swi6 (KLAR and BONADUCE 1991; 
LORENTZ et al. 1992) and clrl (THON and KLAR 1992) 
release this block to  recombination. We tested whether 
the newly identified  mutations at clr2,  clr3 or clr4 also 
removed the  recombination block  in addition  to  their 
effect on silencing. To this end, we performed crosses  of 
leul-32,  mat2-Pi-,  mat3-Mi+, his2' strains with leuI+, 
mat2-Pi',  mat3-Mi-,  his2- strains in  either  a wild-type, 
clr2-760,  clr3-735 or clr4-681 background (Figure 4). 
When expressed from mat l ,  the Pi- and Mi- alleles al- 
low mating, but  not sporulation (BRESCH et al. 1968; 
KELLY et al. 1988); consequently, colonies containing 
Mi- or Pi- alleles are  not stained by iodine vapors.  Re- 
combination in the l eul -  his2 and mat2-mat3 intervals 
was monitored in the meiotic progeny (Table 3), mat2- 
Pi', mat3-Mi' sporulation-competent  recombinant seg- 
regants were found in clr- crosses, but  not in the wild- 

1 
leul- matl  mat2-Pi- mat3-Mi- his2- 

and 

+ mat 1 + + + 
FIGURE 4.-Markers  used for monitoring recombination in 

the mating-type region. The indicated genetic markers were 
the same as those  used in previous studies (EGEL 1984; KLAR 
and BONADUCE 1991): the leuZ and his2 genes which flank the 
mating-type region and the mat2-P-BZ02 (mat2-Pi-) and 
mat3-M-B406  (mat3-Mi-) alleles which  ailow detection of re- 
combination in the mat2-mat3 interval. 

type control cross. Thus, each mutation tested removed 
the  recombination block. 

While constructing  the strains used in this experi- 
ment, we noticed that  neither mat2-Pi- nor mat3-Mi- 
cells were able to  undergo meiosis when containing  the 
swi6-115,  clrl-5,  clr2-760,  clr3-735 or clr4-681 allele. 
This observation strongly indicates that in a wild-type 
background these mutations cause haploid meiosis  di- 
rectly by derepressing  the mating-type genes  rather  than 
by also derepressing downstream genes involved  in 
meiosis. 

Linkage of cZr2,  cZr3 and cZr4 with three loci  identified 
by a  different  screen: While the  experiments described 
here were being  performed, EKWALL and  RUUSALA (1994) 
independently identified three  complementation 
groups,  different from clrl, swi6 and rikl ,  that  are re- 
quired  for silencing mat2 and mat3. These  authors se- 
lected cells capable of mating either as P or as M from 
a strain which was sterile due to  the matl deletion. They 
were able to place a subset of the mutations that were 
obtained  into  three  complementation/linkage groups. 
To  determine  whether these three  groups were the same 
as those described here, we performed  the linkage tests 
illustrated in Table 4. Three of our strains (PG940, 
PG925 and PG912)  were  crossed  with KE78,  KE81 and 
KE108 strains from EKWALL and RUUSALA (1994; Table 1) 
in  all  painvise combinations. Diploid heterozygous 
strains were isolated from each cross by taking advantage 
of the intra-allelic complementation between the ade6- 
M210 and ade6-IM216 alleles that allows heterozygotes 
to grow  in the absence of adenine (MORENO et al. 1991). 
We examined  the  sporulation phenotypes of more  than 
1000 colonies grown from spores derived from each hy- 
brid. Colonies of  all  six parental strains displayed a re- 
duced sporulation and reduced iodine-staining pheno- 
type  easily distinguishable from the sporulation 
phenotype of  wild-type colonies. Wild-type segregants 
were found in the progeny of  all but  three hybrids. In 
the cases where wild-type segregants were found, they 
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TABLE 3 

Effect of the clr2-760,  clr3-735 and cZr4-681 alleles  on  meiotic  recombination in the  mating-type  region 

No. of segregants characterized Recombinants (%) 
Genetic 

Cross background His’Leu’ His’Leu- His-Leu+ His-Leu- Spa' Total leul /his2 rnatZ/mat3‘ 

EG187 X SP56 clr+ 7 77 77 3 0 164 6.1  <0.6 
PG1035 X PG1017 clr2-760 18  68 82 21 7 169 23.1  8.3 
PG1040 X PG1021 clr3-735 19 81 90  13 3 203 15.8 
PG1037 X PG1027 clr4-681 21 75 89  16 5  201 18.4  5.0 

3.0 

a The percent recombinants in the mat2-mat3 interval  was calculated assuming  that the same number of rnutZ-Pi-,  mat3-Mi- recombinants 
were generated as mat2-Pi+,  mat3-Mif recombinants. 

No recombinants were found in approximately 5,000 additional segregants examined for their sporulation phenotype. 

TABLE 4 

Linkage of mutations obtained by WALL and RUUSALA (1994) 
with clr2,  clr3 and clr4 

Allele present in parent 2 

Parent 1 clr2- 760 clr3- 735  clr4-681 

KE78 <l / l looa -25% -25% 
-25%  <1/1500  -25% 

KE108 -25%  -25%  <1/600 
KE8 1 

a Proportion of wild-type ( clr+) random spores originating from 
hybrids of parent 1 and parent 2. Parent 2 was PG941 (cZr2-760), 
PG926  (cZr3-735) or PG913  (cZr4-681) in the crosses  with KE78 and 
PG940 (c lr2-760) ,  PG925 (clr3-735) or PG912 (clr4-681) in the 
crosses with KE81 and KE108. 

appeared  at  a frequency of about  25%, showing that  the 
genes were unlinked  (Table 4). Wild-type segregants 
were not  found in the progeny of hybrids between 
PG940 and KE78, PG925, and KE81,  PG912 and KE108, 
respectively. Since more  than 1000 segregant colonies 
were examined,  the  mutations  that confer an  aberrant 
sporulation  phenotype to PG940 (clr-760) and KE78, 
PG925 (clr3-735) and KE81,  PG912 (clr4-681) and 
KE108 cells,  respectively, must be  separated by less than 
0.1 cM. A genetic distance of 0.1 cM in S. pombe cor- 
responds  to approximately 500 bp.  Hence,  the muta- 
tions responsible for  the derepression of transcription in 
PG940 and KE78, PG925 and KE81,  PG912 and KE108, 
respectively, are very  likely to define allelic genes. 

DISCUSSION 

The mechanisms by which identical genes  are regu- 
lated differently based  solely on their position within the 
genome  are largely undefined. The mating-type genes 
of the fission  yeast provide an  opportunity  to investigate 
such a mechanism in a model system where many  of the 
sophisticated tools of biology can be  applied. Identical 
copies of the mating-type genes  are expressed or silent 
in the same cell, depending  upon  whether they are lo- 
cated at  the mat1 locus or at  the mat2/mat3 loci. Several 
observations indicate a role for chromatin  structure in 
the transcriptional silencing at mat2 and mat3. How- 
ever, the mechanism by which a repressive structure 
would be assembled at mat2 and mat3 while not  at  other 

regions of the  genome is not understood. As a first step 
in characterizing the  elements involved, we have iden- 
tified three novel linkage groups essential for silencing: 
clr2,  clr3 and clr4. 

clr2, clr3 and clr4 were identified as essential for si- 
lencing  the mat3 locus. Yet, mutations  at these loci affect 
not only expression of mat3 and its immediate sur- 
roundings but also expression of the mat2 cassette and 
its surroundings, 15 kb away from mat3. The previously 
characterized clrl  and swib functions also regulate ex- 
pression of both cassettes (THON  and KLAR 1992; EKWALL 
and RUUSALA 1994; this study). Moreover, in our search 
we did not find any mutation  that derepresses transcrip- 
tion of mat3, but  not of mat2. This result strongly sug- 
gests that  a  common silencing mechanism operates at 
both loci. Identical cis-acting elements recognized by 
the silencing factors might be present  at mat2 and mat3. 
Alternatively, mat2 and mat3 might share  a single si- 
lencer acting upon  the whole region,  including  the in- 
terval between the two cassettes. 

That the swi6 and clr functions  act  upon  a large re- 
gion rather  than locally  is further indicated by the fact 
that they  block recombination in the whole mat2-mat3 
interval (KLAR and BONADUCE 1991; LORENTZ et al. 1992; 
THON and KLAR 1992; this study).  In  a simple model, swi6 
and  other trans-acting functions assemble a hetero- 
chromatin-type structure  that makes the DNA inacces- 
sible to transcription and recombination enzymes. This 
model  obtained  additional  support as LORENTZ et al. 
(1994) found  that  the swib product displays sequence 
similarity  with the heterochromatin-specific chromo- 
somal protein HP-1 which is associated with suppression 
of position-effect variegation in Drosophila melano- 
gaster. Similarities between the two proteins  are  at  the 
chromatin organization modifier (“chromo”)  domain 
identified also in the Polycomb protein of D. melano- 
gaster, the M31 and M32 proteins of mouse and  the 
human HSMl protein. The presence of a  chromodo- 
main in the swi6 protein is consistent with the idea that 
it is a structural component of chromatin. 

swi6, c lr l ,  clr2, clr3 and clr4 appear to act all in the 
same pathway or as a complex, since all  pairwise  com- 
binations of mutations confer a sporulation phenotype 
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very similar to  the  one  conferred by each single muta- 
tion. We present evidence indicating  that this pathway 
is not  the only one responsible for silencing. A first line 
of evidence is that  derepression of the mating-type genes 
by either  the single or double  mutations is not complete. 
The sporulation  phenotypes of the  mutants  are not as 
pronounced as they would be if mat2 and mat3 were 
fully derepressed.  This result is not merely a reflection 
of the leakiness of the  mutations since both clrl dis- 
ruptions (G. THON and A. J. S. KLAR, unpublished result) 
and deletion of swi6 (LORENTZ et al. 1994) still  display 
only  partially derepressed phenotypes. Rather, this re- 
sult suggests the existence of another pathway  still func- 
tional after the identified trans-acting functions have 
been  impaired. A stronger line of evidence for  the ex- 
istence of a  second pathway comes from the synergistic 
effect observed between the trans-acting mutations and 
the  deletion of  cis-acting elements at mat2. The chro- 
mosomal deletion of a 1.5kb DNA fragment on the 
centromere-proximal  side of  mat2 had no phenotype in 
itself but exhibited a drastic  cumulative  effect  in  combi- 
nation with each mutation in the transacting  factors. The 
existence of redundant mechanisms  of  silencing presented 
here is reminiscent of  overlapping  mechanisms of silenc- 
ing discovered  in the distantly related S. mmisiae system 
(for a review  see  HERSKOWITZ et al. 1992). 

Expression of mat2 is more stringently controlled 
when the cassette is at its chromosomal location than 
when it is on a plasmid. This effect is illustrated by the 
fact that whereas deletion of elements 1 and 2 was suf- 
ficient to derepress  the mating-type genes in the plasmid 
context (EKWALL et al. 1991), the  deletion was not suf- 
ficient to allow expression in the chromosomal context 
(this  study). Weaker silencing of a plasmid-borne copy 
might  be  explained if some of the sequences that  act in 
cis in the  chromosome were not present in the plasmid 
construct. Alternatively, silencing may require  a chro- 
matin structure  that  cannot  be established as  well in the 
plasmid as in the  chromosome. We propose  that  the 
products of swi6, clrl ,  clr2, clr3 and clr4 are involved in 
forming this chromatin  structure.  In such a  model, one 
might  expect expression from the plasmid-borne cas- 
sette to  be less  sensitive to mutations in swi6 and  the clr 
genes  than is expression from the chromosomal cas- 
sette. This possibility remains to be tested. In this re- 
spect, it should  be noticed that mutations which  allow 
derepression of plasmid-borne mat2-mediated silencing 
of a kanR gene  had no detectable effect on  the chro- 
mosomal cassette (EKWALL et al. 1992). In  retrospect, 
one might consider testing whether some of these mu- 
tations in fact had  an effect that would be apparent only 
in a swi6- or clr- background. 

Starting with a  non-mating  matl-deleted strain, 
EKWALL and RUUSALA (1994) isolated mutants  that were 
able  to conjugate due to derepression of the silent 
genes.  Their selection scheme required mating compe- 

tence and was therefore limited to identification of mu- 
tations that allow expression of one  donor  more than 
the  other.  Their study focused on the characterization 
of  two bi-mating mutants and 10 mutants  that  mated as 
M cells, that is,  of mutants  that expressed at least 
mat3-M, a  requirement similar to the one  in  our selec- 
tion.  It is therefore  not surprising that this independent 
approach identified the same clr2, clr3 and clr4 linkage 
groups  that we present  here. There were two major dif- 
ferences in the  outcome of the two searches. First, three 
new alleles of swi6 were recovered by EKWALL and 
RUUSALA (1994), whereas none was found in our search 
and, second, no new alleles of clrl, the  predominant 
class in our study, were found in their study. EKWALL and 
RUUSALA (1994) suggest that clrl was excluded because 
they restricted their analysis to recessive mutations, 
whereas the  mutant alleles of clrl tested are semidomi- 
nant (THON and KLAR 1992). It is possible that we did not 
obtain new  alleles  of swi6 because the levels  of haploid 
meiosis in swi6- mutants  are low and might not have 
caused sufficient iodine staining in a  matl-PA17 back- 
ground,  a  requirement in our search. r ik l -  mutants 
might have been excluded for  the same reason. One 
single mutant selected for expression of mat2-P  alone 
was characterized by EKWALL and RUUSALA (1994). It will 
be worthwhile to  examine  more such mutants  to  deter- 
mine whether additional linkage groups are involved  in 
silencing mat2-P. Future studies should also be directed at 
the molecular  characterization  of the linkage groups iden- 
tified here  and  at determining whether they  affect tran- 
scription or recombination in other parts  of the genome. 
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