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ABSTRACT 
Epigenetic events allow the  inheritance of phenotypic  changes that  are  not caused by an alteration 

in DNA sequence. Here we characterize an epigenetic phenomenon  occuring in the mating-type region 
of fission  yeast.  Cells  of fission yeast switch between the P and M mating-type by interconverting their 
expressed mating-type cassette between two allelic forms, matl-P and matl-M. The switch results from 
gene conversions of matl by two silent cassettes, mat2-Pand mat3-M, which are linked to each other  and 
to matl. GREWAL and KLAR observed that  the ability to  both switch matl and repress transcription near 
mat2-P and mat?"  was maintained epigenetically in a  strain with an 8-kb deletion between mat2 and 
mat3. Using a  strain very similar to theirs, we determined  that interconversions between the switching- 
and silencing-proficient  state and  the switching and  silencingdeficient state occurred less frequently 
than  once  per 1000 cell divisions. Although  transcriptional  silencing was alleviated by the 8-kb deletion, 
it was not abolished. We performed a mutant search and  obtained a class  of transacting  mutations that 
displayed a strong cumulative effect with the 8-kb deletion. These  mutations allow to assess the  extent 
to which silencing is affected by the deletion and provide new insights on  the redundancy of the silencing 
mechanism. 

E PIGENETIC  events contribute to the phenotype of 
both uni- and multicellular organisms. They  allow 

discrete subsets of genetic information to be expressed 
while others  are  not, in such a fashion that  the various 
patterns of expression are transmitted during cell divi- 
sion. Several model systems  have contributed greatly  to 
the  understanding of  how specific expression states can 
be memorized and inherited. Among them are studies of 
the Polycomb group of repressors (reviewed by PIRROTA 
1995), studies of position effect  variegation  (reviewed 
by WILSON et al. 1990; HENIKOFF 1995), Xchromosome 
inactivation (reviewed by RIGGS and PFEIFER 1992; RAS 
TAN 1994) and imprinting (reviewed by PETERSON and 
SAPIENZA 1993; BARLOW 1995). These studies performed 
in higher eukaryotes have led to the view that heritable 
repression of transcription might often be mediated by 
self-templating repressive chromatin structures. Parallel 
studies in unicellular eukaryotes have  suggested analo- 
gous models. In the yeast Saccharomyces cermisiae tran- 
scriptional silencing of the mating-type  cassettes (PILLUS 
and RINE 1989; MAHONEY et al. 1991;  SUSSEL et al. 1993; 
HOLMES and BROACH 1996; for review, see LAURENSON 

and &NE 1992) and silencing of genes placed at  the 
vicinity  of telomeres ( GOTTSCHLINC et al. 1990) are main- 
tained epigenetically and are accompanied by altered 
chromatin properties (BRAUSTEIN et al. 1996 and refer- 
ences herein; GOTTSCHLING 1992). Similarly, in  the 
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fission  yeast Schizosaccharomyces  pombe, epigenetically 
transmitted repression of transcription operates near te- 
lomeres (NIMMO et al. 1994) and centromeres (ALLSHIRE 
et al. 1994), where atypical nucleosome patterns are ob- 
served (POLIZZI and  CLARKE 1991; TAKAHASHI et al. 1992; 
ALLSHIRE et al. 1994). Although most  known epigenetic 
effects are explained in terms of regulation of transcrip- 
tion, processes other  than transcription can also be regu- 
lated epigenetically.  Along  these  lines, the particular 
properties of transcription at  the vicinity  of centromeres 
and telomeres might reflect the presence and properties 
of structures required for chromosome function. In fis- 
sion  yeast, the existence of an epigenetic component 
in centromere function was directly demonstrated by 
STEINER and CLARKE  (1994). These authors described in 
uiuo conversions from an inactive centromeric state to a 
functional state which  they proposed results from the 
folding of the  centromere  into  a higher order chromatin 
structure. 

Mating-type switching in S. pombe involves three loci: 
matl, mat2-P and mat3-M, which are closely linked in 
the  right  arm of chromosome ZI (for review, see KLAR 
1992). The matl locus is expressed and determines  the 
mating type of the cell, whereas mat2-P and mat3-M 
are transcriptionally silent. mat2-P and mat3-M donate 
genetic  information to matl, allowing it to switch be- 
tween matl-Pand matl-M. At least 16 trans-acting func- 
tions are  important  for  the process: swil-swil0, rikl  
and rad22 influence switching (EGEL et al. 1984,  1989; 
GUTZ and SCHMIDT 1985; SCHMIDT et al. 1989),  and 
clrl -clr4 repress transcription in  the mat2-mat3 region 
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(THON and KLAR 1992; EKWALL and  RUUSALA 1994; 
THON et al. 1994).  The distinction between switching 
and silencing factors is not clear cut. The products  of 
swib, rikl and clr4, in particular,  are  important  for  both 
mating-type switching (EGEL et al. 1984,  1989; GUTZ 
and SCHMIDT 1985; THON  and KLAR 1993; G. THON, 
unpublished observation) and silencing (LORENTZ et al. 
1992;  EKWALL and RUUSALA 1994; THON et al. 1994).  In 
addition to their effect on switching and silencing, rikl, 
swib, clrl, clr2, clr3 and clr4 repress meiotic recombina- 
tion in the mating-type region (EGEL et al. 1989; KLAR 
and BONADUCE 1991; LORENTZ et al. 1992; THON et al. 
1994) and alleviate transcription  near  centromeres and 
telomeres, indicating they play a role in chromosome 
function (ALLSHIRE et al. 1995). Indeed,  at least three 
of these factors: rikl, swib and clr4, are  important for 
chromosome segregation (ALLSHIRE et al. 1995). A pro- 
posed interpretation  for  their multiple roles is that 
Rikl, Swi6, and  Clrl -Clr4 allow the  formation or main- 
tenance of particular  chromatin  structures  important 
for switching and silencing as well  as for  other chromo- 
somal functions. Consistent with  this model,  the Swi6 
protein contains a  chromodomain (LORENTZ et al. 1994; 
AASLAND and STEWART 1995 and references herein)  and 
colocalizes  with centromeres, telomeres and the mat- 
ing-type region (EKWALL et al. 1995). 

No silencing function other than rikl, swi6, and  clrl- 
clr4 was identified in two independent searches for si- 
lencing-deficient mutants (EKWALL and RUUSALA 1994; 
THON et al. 1994). However,  several observations indi- 
cate that silencing in the mating-type region is redun- 
dant  and that  additional factors remain to be identified 
(THON et al. 1994). The arguments  in  support of the 
existence of more  than one silencing pathway are as 
follows. First, none of the  transacting mutations re- 
ported to date fully derepress transcription of the mat- 
ing-type genes, nor  do painvise combinations of these 
mutations, nor does deletion of swib, rikl or clrl. Sec- 
ond, deletion of a 1.5-kb DNA fragment flanking mat2- 
P does not noticeably derepress  the mat2-P genes, but 
the same deletion  in  combination with a  mutation in 
any of the six characterized transacting loci  fully dere- 
presses  mat2-P (THON et al. 1994).  Hence  the proposi- 
tion that two pathways repress transcription in  the  mat2 
mat3 region. One silencing pathway  would be mediated 
by swib, rikl, and clrl -clr4 acting via an as yet unidenti- 
fied DNA element whereas a second pathway  would 
involve unidentified  transacting factors acting via a 
DNA element  centromere-proximal to mat2-P. 

The  three mating-type loci, matl, mat2-Pand mat3-M, 
are  distributed  at - 15-kb intervals, the region between 
mat2-P and mat3-M being  referred to as the K region 
(Figure 1). We constructed  a strain with a large deletion 
of -8 kb between mat2-P and mat?".  We designate 
the mating-type region with  this deletion haK' (for ho- 
mothallic A K 1 )  by analogy with the designation for  the 
wild-type h9". hnK' cells adopted  one of  two phenotypes: 
either they switched mating-type and repressed tran- 

scription at  the vicinity  of  mat2-P and mat?" in a fash- 
ion similar to the wild type, or they  were deficient for 
both processes. Hence,  the hAK' strain had properties 
similar to a strain independently  constructed by 
GREWAL and KLAR in which the same DNA fragment 
was deleted from the  chromosome and replaced by the 
S. pombe ura4 gene (GREWAL and KLAR 1996). Although 
the 8-kb deletion  derepressed transcription in the mat2- 
mat3 region,  the  derepression was only partial and when 
combined with a swi6- allele, the  deletion  did  not cause 
further  derepression  than  the swi6- allele alone. These 
observations prompted us to combine  the  deletion with 
a class  of transacting factors that have a cumulative 
effect with a  mutant swiballele. We describe the strategy 
by which the new  class  of mutants were obtained, show 
how the mutation that we tested affected transcription 
of  mat3-M in the hAK' mating-type region and discuss 
the implications of our observations for  the  current 
models of mating-type switching and silencing in S. 
pombe. 

MATERIALS AND METHODS 
Media: S. pombe strains were  propagated  and  tested using 

the following media: YlL4 (5 g yeast extract, 100 mg adenine, 
30 g glucose per liter); YES ( 5  g yeast extract, 2 g casamino 
acids,  100 mg adenine, 100 mg uracil, 200 mg r,-leucine, 30 g 
glucose per liter); MSA (EGEI. el al. 1994)  supplemented with 
100 mg adenine, 100 mg uracil, 200 mg L-leucine  per  liter as 
indicated;  AA-ura (dropout medium  where uracil has  been 
omitted, ROSE et al.  1990); FOA (same as AA-ura but  supple- 
mented  with 1 mg 5-fluoroorotic  acid  (5-FOA)  and  50 mg 
uracil per liter). Escherichia coli was propagated in 2 X IT 
(MILLER 1972). Ampicillin  was  used at 200 pg/ml. Amino  acids, 
nucleotides  and ampicillin were purchased from Sigma; Yeast 
extract, casamino acids, yeast nitrogen  base  and  tryptone were 
purchased from Difco laboratories. Salts were purchased from 
Merck. SFOA was purchased from United States Biological. 

Strains: The S. pombe strains used in this study are listed in 
Table 1 with their genotype and  origin. Strains originating 
from crosses were obtained by tetrad  dissection  except 
PG1306 which was obtained from a random  spore  prepara- 
tion. E. colistrain DH5a (HANAHAN 1983) was used for cloning 
plasmids. 

Plasmid constructions: The mat?-Mint :: u r d  construct 
(pGT77, THON and KLAR 1992) consists of a 4.2-kb Hind111 
S. pombe genomic fragment containing mat?" with a 1.8-kb 
insertion of the S. pombe ura4 gene at the EcoRV site centro- 
mere  distal to the cassette.  The  Qkb Hind111 insert of pGT77 
was cloned into the Hind111 site of Bluescript SKII(-) (Stra- 
tagene) with the PstI site of the polylinker on the centromere- 
proximal  side of mat?-Mto create  pGT107.  The  6.3-kb Hind111 
S. pombe genomic fragment containing mat2-P (BFACII 1983) 
was cloned into PUC19 (YANISH-PERRON et al. 1985) with the 
PstI site of the polylinker on the centromere-distal side of 
mat2-P to create  pGT81.  The  5-kb Sad-PstI fragment of pGT81 
was then ligated in between the Sac1 and PstI sites of pGT107 
to create pGTl10.  pCTl10 contains therefore 5 kb of S. pombe 
genomic sequence from the mat2-P centromere-proximal Sac1 
site to the mat28centromere-distal Hind111 site, the sequence 
AGC'M'GCATGCCTGCA  from  PUC19  polylinker,  the se- 
quence GGAATTCGATATCA from Bluescript SUI( -) poly- 
linker and 6 kb of S. pombe genomic sequence from the mat?- 
Mint::ura4 centromere-proximal Hind111 site to the mat?- 
Mznt::ura4 centromere-distal Hind111 site. The insert of 
PGTl 10 can be released as one 11-kb SacI-SnlI fragment. 
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FIGURE 1.-Mating-type region of hw and haK' strains. The mating-type region is represented at the  top of the figure and 
restriction  maps of the wild-type (h9n) and  deleted (ha"') regions are shown underneath  to  help  interpret  the blots in Figure 3. 
Both regions are  depicted with a mat3-Mint::ura4 allele. Approximate sizes of the relevant restriction fragments are given in 
kilobases. CENZZ, centromere 11; DSB, double-strand break; P, PstI site; H, Hind111 site; B, BamHI site. The thick lines numbered 
1, 2 and 3 represent  the probes used for  the  Southern blots in Figure 3. 

Construction of hA'" mating-type  region: The 11-kb SacI- 
SalI fragment of pGTllO  containing  the  engineered mating- 
type region with the A K 1  deletion was gel purified and used 
to transform the hH' swi6-115 S. pombe strain PG1. The swi6- 
115 allele in PG1 facilitates insertion and expression of auxo- 
trophic markers  in the mating-type region (THON  and KLAR 
1993). DNA-mediated transformation was achieved by the lith- 
ium  acetate procedure described by MORENO et al. (1991). 
Ura+ transformants were isolated and  proper integration of 
the  construct was tested by Southern blot. One  correct trans- 
formant, PG1212, was used for this study. 

Iodine staining: Sporulation  phenotypes of S. pombe colo- 
nies can  be visualized by iodine staining since the spores, but 
not  the vegetative cells, are stained black by iodine vapors 
(BRESH et al. 1968). Staining patterns indicate how much mat- 
ing-type switching has occurred in  a colony. Dark homoge- 
nous iodine staining,  such as in colony "TYPE  1" in Figure 
2, is observed when mating-type switching has occurred effi- 
ciently. Streaks and sectors, such as in colony "TYPE 2," are 
caused by inefficient mating-type switching. Staining can also 
be produced by haploid sporulation, a phenomenon observed 
in specific mutant backgrounds  where  haploid cells undergo 
aberrant meiosis and  form spores  without  mating. However, 
asci originating  from  haploid meiosis are easily distinguished 
from zygotic  asci by microscopic examination. 

Fluctuation tests: PG1247 cells were diluted to a concentra- 
tion of -3 cells/ml in YES medium. Aliquots (180 X 100 p l )  
of type-1 and 180 X 100 pl aliquots of  type-2 cells were allowed 
to grow at 30" for 22 hr in  microtiter dishes and plated onto 
YES medium. After 3 days, the YES plates with colonies were 
replicated onto MSA sporulation plates supplemented with 
adenine, uracil and leucine and  onto selective MSA plates 
supplemented with adenine  and leucine but lacking uracil. 
The  appearance of variant  phenotypes was scored  after  a M a y  
incubation  at 30"  by examining  the sporulation  phenotypes of 
the colonies and  their ability to grow in the absence of uracil. 
The rate of appearance of the variant  phenotypes (p) was 
inferred  from  the frequency of cultures that  contained  no 
variant (Po)  using the  formula p = -(In&)/N, where Nis  
the average number of colony forming units per culture. CUI- 
tures ( n  = 45) of  type-1 cells and 39 cultures of  type-2 cells 
gave  rise to colonies, whose composition is presented in Ta- 
ble 2. 

Isolation of esp mutants: SP1126 contains the unswitchable 
matl-Msmt-0 allele and  the  mutant swi6-115 allele. mat2-P is 

only partially derepressed  in that strain: < 1% of the cells 
undergo haploid meiosis when starved for nitrogen and con- 
sequently SP1126 colonies are  not stained by iodine vapors 
(THON et al. 1994). Ten  independent cultures of SP1126 were 
mutagenized with EMS to 75% survival by following the proce- 
dure of MORENO et al. (1991).  The mutagenized cells were 
plated onto MSA sporulation plates supplemented with ade- 
nine  and uracil, and allowed to grow at 25" for 6 days. Approxi- 
mately 40,000 colonies were screened by iodine staining. 
Thirty black-staining mutants in which high levels of haploid 
meiosis were observed by microscopic examination were iso- 
lated and  the levels of expression of mat2-P in these mutants 
were assayed by Northern blot analysis.  Seven mutants with 
increased level  of mat2-P transcripts were obtained. Three of 
the mutations: espl-I, esp2-1 and esp3-1 are  presented  here. 

Analysis of linkage  between  the esp loci: Placing the seven 
esp mutations into linkage groups was not straightfonvard be- 
cause the mutations had  no easily identifiable  phenotypes  in 
swi6+ background and they considerably reduced mating in 
swi6- backgrounds. One of the  methods  that we used was to 
cross hW swi6A::ura4 esp- ura4-DI8 leul-32 strains (PG1098 
and PG1114) pairwise  with hw csp- ura4-DI8 strains. Leu+, 
Ura+  recombinant spores were selected. Appearance of lightly 
staining hW' swi6A : :urd  esp' colonies among  the darkly stain- 
ing hw' swi6A ::ura4 esp- colonies  indicated the two esp muta- 
tions in the cross were not linked.  Presence of only darkly 
staining hy"swi6A :: ura4 esp- colonies indicated the mutations 
were linked. By that assay,  we determined  that  three of the 
mutations were linked to  the mutation in PG1098 (esp?-I), 
one was linked to the mutation in PG1114 (c.sp2-1) and  one 
was linked to neither (esp2-I). 

Analysis of l i iage between  the esp and clr loci: mall- 
P A 1  7::LEUZ esp- strains, esp- representing, respectively, espl- 
I (PG1134), esp2-I (PG1127) and esp3-I (PG1147), were 
crossed pairwise  with mat/-M.smt-0 clr- strains, elr- represent- 
ing, respectively, clrl-5 (SP1167), clr2-760 (PG1046), clr3-735 
(PG1029) and clr4-681 (PG1031) and 12-18  tetrads were dis- 
sected for each cross. The  four genetic  combinations csp- clr+; 
esp- clr-; esp' clr' and esp' clr- were found i n  the progeny of 
each cross in -1:l:l:l ratios, indicating the  espand clrgenes 
were unlinked. The clr genotypes could  be easily assigned 
because clr- alleles derepress urn4 in the mating-type region, 
which could be assayed in all progeny. The esp genotypes 
were assigned by test crosses. esp- clr+ and esp' rlr' were not 
distinguishable, but esp- clr- and esp' clr- had distinct pheno- 
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TABLE 1 

List of strains and their  genotypes 

Genotype 

Strain Mating-type region" Silencing loci Auxotrophic  markers Source 

AL9 1 
SP1126 
SP1167 
PG1 
PG9 
PG447 

PG1029 
PG1031 
PC1046 
PG1058 
PG1059 
PG1063 
PG1093 
PG1098 
PG1114 
PC1 127 

PG1129 

PG1134 

PG1135 

PC1  144 

PG1146 

PG1147 

PG1177 

PG1212 
PG1217 
PC1247 
PG1306 

PC1310 

hW 
mall-Msmt-0 matZ-Pint::ura4 
mall-Msmt-0 matZ-Pint::ura4 
h w' 
h" rnat+Mint::ura4 
matl-PAl7::LEUZ mat3- 

Mint::ura4 
mall-Msmt-0 mat2-Pint :: ura4 
mall-Msmt-0  mat%Pint::ura4 
matl-Msmt-0  matZ-Pint::ura4 
matl-Msmt-0 matL"Pint::ura4 
matl-Msmt-0 matZ-Pint::ura4 
mall-Msmt-0 mat2-Pint::  ura4 
hw 
hy' 
h 
matl-PAI7::LEU2 mat3- 

matI-PAl7::LEUZ  mat3 

matl-PA17::LEUZ mat3- 

matl-PA1 7::LEUZ mat3- 

matl-PAl7::LEUZ  mat3 

matl-PA1 7::LEUZ mat3- 

rnatl-PAl7::LEUZ mat3- 

matl-PAl7::LEUZ mat3- 

Mint::ura4 

Mint::ura4 

Mint : : ura4 

Mint:: ura4 

Mint::ura4 

Mint:: ura4 

Mint::ura4 

Mint::ura4 
hAK1 mat3-Mint :: ura4 
h9f) 

hAK' mat3-Mint : : ura4 
matI-PA17::LEU2  AK1 

matl-PAl7::LEUZ A K l  
mat3-Mint :: ura4 

mat3-Mint :: ura4 

swi6A :: ura4 
swi6-115 
clrl-5 
swiGll5 

clr3- 735 
clr4-681 
clr2- 760 
swi6-115 esp2-1 
swi6-115 espl-l 
swi6-115 esp3-1 
swi6A :: ura4 esp2-1 
swi6A :: ura4 esp3-1 
swi6A :: ura4 espl-1 
esp.2-1 

swi6A :: ura4 esp2-1 

espl-l 

swi6A :: ura4  espl-1 

swi6A : : ura4 esp3-l 

esp3-l 

esp3-1 

swi6A :: ura4 

swi6-115 

esp3-1 

ura4-Dl8 ade6-MZIO leul-32 
ura4D18  adeGM210 
ura4-Dl8 ade6-M216 
ura4D18 adeGM216 leul-32 
ura4-Dl8 ade6-MZ16 leul-32 
ura4-Dl8 ade6-MZI6 leul-32 

ura4D18 ade6-MZ16 
ura4-Dl8 ade6-MZ16 
ura4DI 8 ade6-M216 
ura4-Dl8 ade6-MZlO 
ura4-Dl8 ade6-MZ10 
ura4D18 ade6-MZlO 
ura4-DI8 ade6-MZlO 
ura4-Dl8  ade6M210  leul-32 
ura4-Dl8 ade6-MZlO kul-32 
ura4-Dl8  add-M210 

ura4-Dl8 ade6-MZ16 leul-32 

ura4-Dl8 ade6-M210 leul-32 

ura4-Dl8 ade6-MZ16 leul-32 

ura4-Dl8 ade6-MZIO kul-32 

ura4-Dl8 adeGM216 leul-32 

ura4-Dl8 ade6-MZI 0 

ura4-Dl8 ade6-MZ16 leul-32 

ura4-Dl8 ade6-MZ16 leul-32 
ura4-Dl8 ade6-M210 his2 
ura4-DI8 ade6-M216 leul-32 
ura4-Dl8 ade6-MZ16 leul-32 

ura4-Dl8  ade6M216  leu-32 

LORENTZ et al. (1994) 
THON et al. (1994) 
THON et al. (1994) 
SP837 X SP107b 
THON  and KLAR (1992) 
THON  and KLAR (1992) 

THON et al. (1994) 
THON et al. (1994) 
THON et al. (1994) 
Mutagenesis of SP1126 
Mutagenesis of SP1126 
Mutagenesis of SP1126 
AL91 X PG1058 
AL91 X PG1063 
AL91 X PG1059 
PG447 X PC1093 

PG447 X PC1093 

PG447 X PG1114 

PG447 X PG1114 

PG447 X PG1098 

PG447 X PC1098 

PG447 X PG1098 

AL91 X PG447 

Transformation of PG1 
SP982 X SP1126' 
PG1212 X PG1217 
PG1247 X PG81 

PG1306 X PGlO98 

The matl-Msmt-0 allele was obtained by ENCELKE et al. (1987) and  sequenced by STYRKARSDOTTIR et al. (1993). The matl- 
PA17::LEUZ was constructed by ARCANCIOLI and KLAR (1991). 

'SP107 was described by KLAR and BONADUCE (1991) and SP837 by THON et al. (1994). 
SP982 was described by THON  and KLAR (1992). 

types, the esp- clr- combinations leading  to increased  haploid 
meiosis. Crosses with rikl -  strains were not  performed,  but 
allelism of the esp genes with r ik l  was ruled out because none 
of the esp mutations was linked to ade6 whereas rikl is (EGEL 
et al. 1989). 

Southern blot analysis: S .  pombe DNA  was prepared as in 
MORENO et al. (1991) and digested with restriction enzymes 
according to instructions from  the supplier (New England 
Biolabs). Gel electrophoresis was performed as described in 
SAMBROOK et al. (1989), and  the gels were blotted onto Hy- 
bond-N nylon membrane as directed by the  manufacturer 
(Amersham). Hybridizations were performed  at 42" for 16- 
20 hr using DNA probes prepared by random  priming with 
a kit from  Stratagene and a hybridization solution  composed 
of 0.25 M NaHPO, pH 7.2,0.25 M NaCl, 7% SDS, 1 mM EDTA, 

50% formamide, 10%  PEG(4000), 5X Denhardt's solution, 
and 200 pg/ml yeast RNA. The blots were washed 10 min  in 
2 X SSC, 60 min  in 2X SSC, 1% SDS and 30 min  in 0.1X 
SSC, 1% SDS at 65" and  autoradiographed  on Agfa Curix x- 
ray films. 

Northern blot analysis: Nitrogen starvation experiments, 
RNA preparation  and  Northern blot analysis were conducted 
as described by NIELSEN and ECEL (1990) except that we used 
Hybond-N membrane (Amersham)  instead of Genescreen 
(NEN). An antisense RNA transcribed  from the matl-M 1016 
bp BcQ-Tag1 DNA fragment (KELLY et al. 1988; NIELSEN and 
ECEL 1990) was used to  detect  the Mc transcript. An antisense 
RNA transcribed from  the 665-bp XbaI-Hind111 fragment of 
the cdc2 gene  (HINDLEY  and PHEAR 1984; NIELSEN et al. 1992) 
was used to detect  the cdc2 transcript. 
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RESULTS 

Construction of a strain  with a deletion in  the K re- 
gion: The mating-type region of S .  pomlw occupies -30 
kb in the right arm of chromosome I1 (Figure 1).  The 
mating-type cassettes  were cloned by BLKI-I (1 983). We 
utilized a construct derived from REA(:II’s clones to in- 
troduce a deletion of  -8-kb between m(112-I’and muf3- 
M. MTe refer to this deletion as AKI and to the mating- 
type region bearing  the  deletion as hAK’.  One of our 
goals when constructing hAK” was to test a possible 
involvement of the K region in the transcriptional si- 
lencing of md2-P and md3-M in various mutant back- 
grounds.  Therefore, in addition to introducing  the 8- 
kb deletion, we inserted an S. pomlw urn4 gene  on  the 
centromere-distal side of the mal?-M cassette (maf3-  
Minl : :?~rn4 allele; THON  and K r n R  1992). For conve- 
nience,  the  deletion was first introduced in a mi6115 
background, and  the sroi6-115 allele was subsequently 
outcrossed. We noticed at this stage that the s7oi6-115 
mutation was epistatic to the  deletion: all AIK‘ .swi6-115 
colonies displayed a  phenotype similar to h” srcri6-ll5 
colonies where cells  switch mating-type inefficiently, ex- 
press the transplaced urn4 gene  and partially derepress 
the normally silent mating-type  cassettes. 

The AKI deletion affects mating-type  switching: A 
major effect of the AKI deletion in ;I .S711i(if background 
proved to be on mating-type switching.  However, indi- 
vidual colonies displayed different phenotypes. Two 
predominant phenotypes were observed (Figure 2). 

The first  type  of colonies (type 1 )  WLS \en’ similar to 
wild-type homothallic colonies: nlost  cells mated and 
sporulated when stanwl for nitrogen, indicating that 
mating-type switching had been efficient during the  
growth  of this type  of  colony. They differed from  thc. 
wild  type  in that they often contained a sector of poorly 
switching cells. The second type  of colonies (type 2) 
contained I’ and M cells that interconverted ineffi- 
ciently. Wild-type sectors arose from these poorly switch- 
ing colonies. When restreakcd, cells  from the poorly 
switching sectors pve rise to type-2 colonies \vhcreas 
cells from the efficiently switching sectors gave  rise to 
type-1 colonies. M‘e tested whether  either of’ these phc- 
notypes correlated with DNA rearrangements in the 
mating-type region (Figure 3) .  No rearrangements  able 
to account  for  the  difference in phenotypes was de- 
tected. 

Mitotic  stability of the two phenotypes  caused by 
A K I :  M’c conducted  pedigree analysis and fluctuation 
tests to determine  the stability of the two phenotypes 
;ltloptetl by the I?’ cclls. I n  the  pedigree analysis, 200 
dividing cells of each type  were separated for two con- 
secutive divisions by microm;~niplllation. The cells  were 
then allowed to form colonies whose phenotype was 
examined. Only one change of phenotype was observed 
i n  thc colonies originating from the cousin cells. This 
was a  change from type 2 (poorly switching) to type 1 
(efficiently switching). This low incidence of variation 
is in agreement with the results of our fluctuation tests 
(Table 2) from which we calculated that conversion 
from type 1 to type 2 occurred at a  rate of approximately 
three events per 10” cell  divisions whereas conversion 
from type 2 to type 1 occurred  at a rate of eight events 
per 10.’ cell  divisions. 

Meiotic  stability of the two phenotypes  caused by 
A K I :  Tetrad dissections  were performed with  zvgotic 
asci from type 1 and type 2 colonies (Table 3). We found 
that both phenotypes were extremely stable in  meiosis. 
In addition, type 1 and type 2 I P ‘  cells  were  allowed to 
mate with  wild-type I?.“ cells and zygotic  asci  were  dis- 
sected (Table 4). Both phenotypes were  also stable in 
such  crosses and segregated with the lf’’‘” mating-type 
region. Hence,  the epigenetic events responsible for the 
maintenance of each phenotype occurred  at  the mating- 
type region itself and  not at an unlinked locus. 

TABLE 2 

Stability of the hAK’ phenotypes in mitosis 

No. o f  \wia t ion  
Observed No. of culrures in Average number of’ No. of cultures per cell  division 
variation experimrnt“ ( A )  c f ‘ ~ ~ ”  per culture (,V) without  variation (n) -[ln(fi/A)I/,V 

Type 1 t o  Type 2 4.5 493 38 3.4 x 10-1 
Type 1 to /I+.\‘ 45 493 38 3.4 x 1 0 ~  I 

Type 2 to  Type 1 39 688 23 7.7 x lo-,!  
Type 2 to /I+.\‘ 39 688 22 8.3 x I O ”  

“The strain used in this experiment was PC.1247. 
” cfrl, colony-forming unit. 
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FIGURE  3.-Genomic organization of type-1 and type2 hAK' cells. The hW (PG9) and hAK' (PG1247) mating-type regions were 
examined by Southern blot.  Both strains have the mat3-Mint::ura4 allele. A, B, C1, C2, D l ,  and D2 were cultures of efficiently 
switching hAK' cells (ty-pe 1)  and Al,  A 2 ,  B1, B2, C, and D were cultures of  poorly  switching hart' cells (type 2) .  A1 and A2 were 
derived from A by isolating type 2 variants; B1 and B2 were derived from B C1 and C2 from C ;  Dl and D2 from D. The Hind11 
digests  were  hybridized to a matl-M probe  (10.4kb Hind111 fragment; probe 1 in Figure 1).  The Psi1 + BumHI digests  were 
hybridized to a mixture of mat2-l' (6.3-kb Hind111 fragment; probe 2 in Figure 1) and mat3-Mint::ura4 (6kb Hind111 fragment; 
probe  3 in Figure 1 ) .  The migration of  size markers ( A  BstEII) is reported on the left of the blots. D, centromeredistal fragment; 
P, centromere-proximal fragment. matl (P) and matl (D) originate from the double-strand break at matl (BFACH 1983). 

Increased  rearrangement  rates in the hAK' mating- cell  divisions (EGEL et al. 1980; BEACH and KLAR 1984 
type region: Two additional phenotypes were occasion- and references herein). We determined in our fluctua- 
ally observed with the hAK' strain: sectors and colonies tion tests that  the  rate of appearance of h+" rearrange- 
that were Spo- (type 3), as evidenced by iodine  staining ments in hAK' cultures was >30-fold higher  than it is  in 
and microscopic examination, and  others  that were the wild  type (Table 2).  Consistently, these rearrange- 
largely Spo- but with dark-staining streaks of  zygotic ments were often  detected as minor bands in Southern 
asci (type 4). Both  types  of colonies contained cassette blots of hAK' DNA (Figure 1) .  The increased occurrence 
duplications equivalent to  the previously described rear- of rearrangements indicates switching  in hAK' cells is 
rangement h+N, which has the following structure: less accurate than in hw' cells. We found  it  intriguing 
matl:2 K mat3:l L mat2 K mat3, where matl:2 represents that  the same rearrangement could generate two phe- 
a fusion between the matl and mat2cassettes, flanked by notypes and made two further observations.  First, the 
the matl centromere-proximal sequence and  the mat2 Spo- colonies with streaks (type 4) proved to be unsta- 
centromeredistal  sequence whereas mat3:l represents ble:  when restreaked, they  gave  rise not only to type 4 
a fusion between the mat3and matl cassettes, flanked by colonies but also to colonies that  had lost the cassette 
the mat3 centromere-proximal sequence and  the matl duplication,  their mating-type region having reverted 
centromeredistal  sequence (BEACH and KLAR 1984; Fig- to hAK' (Figure 4). Second, type 3 and type 4 could 
ure 4). The h+" rearrangement might be caused by a interconvert. We did not measure the rates of intercon- 
resolution error  at mat3-Mduring mating-type  switching version between the two phenotypes, but  their fre- 
and occurs in cells  with a wild-type region once  per lo5 quency in the populations we examined suggested that 

TABLE 3 

Stability of the hAK' phenotypes in meiosis 

Class  of tetrads 
Source of No. of tetrads 

zygotic  asci" examined 4 Type 1 4 Type 2  2 Type 1:2 Type 2  2 Type 2:2 h'" 

Type 1 colony 40 38 0 2 0 
TVpe 2 colonv 40 0 36 2 2 

I .  

'The strain used in this experiment was PG1247. 
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TABLE 4 

Stability of the hAK' phenotypes in crosses with hW 
~~ 

No. of  Class  of tetrads 
Source of tetrads 

zygotic  asci examined" 2 Type  1:2 /I*' 2 Type 2:2 /Iw 

Type 1 X /lw' 23 21 2 
Tme 2 X /IQ? 18 2 16 ,. 

" A  total  of  80  asci  were  dissected  for  each  cross, but only 
tetrads involving both parents are reported. The mating-tv e 
region of each parent could  be  distinguished  because the h 
parent, PG1247,  had a mnt3-Min/::um4 allele  whereas the hw 
parent, SP837, did  not.  Colonies that were  wild-type for sponl- 
Iation and Ura- were  scored as A"'; colonies  that were wild 
type for sporulation and grew  poorly in the absence of uracil 
were scored as type 1; and colonies that sporulated poorly 
and grew  well in the absence of uracil  were  scored as type  2. 

the conversions might be due to the same epigenetic 
effect that causes conversions between  type 1 and type 
2 colonies. 

The A K 1  deletion alleviates  transcriptional  silenc- 
ing: Expression s f  the mnt2-P and mtlt3-M cassettes 
within haploid cells  causes the cells to undergo meiosis 
without prior mating, a phenomenon  referred to as 
haploid meiosis. Haploid meioses  were not observed in 
cells  with the hAK' mating-type region, indicating that 
the  donor cassettes  were repressed. This result is consis- 
tent with the observation of HEN (1990) that  a mnt2:3- 
Pfusion cassette is not expressed. However, it has been 
noticed before that silencing is redundant  and  that im- 
pairment of a single pathway can yield  weak or unde- 
tectable expression of the mating-type genes from mnt2- 
P or mnt3-1M (THON et nl. 1994). Therefore, we also 
assayed expression of a  more sensitive marker, the urn4 
gene. The pattern of expression of the  urn4gene placed 
near mat3-M showed that silencing was not fully o p  
erating in some of the colonies (Figure 5 ) .  The urn4 
gene was repressed in the colonies that mated and spor- 
ulated like wild type (type 1 colonies).  In  contrast,  the 
urn4 gene was  well expressed in the slowly switching 
colonies (type 2 colonies). We concluded  that  the AKI 
deletion affected one level of transcriptional repression 
maintained in the same manner as the switching com- 
petence. 

When cultures of h" mat3-Mint  ::urn4 cells are plated 
on medium lacking uracil, colonies appear  at approxi- 
mately one thousandth  the frequency they appear in 
the  presence of uracil (Figures 5 and 6). We investi- 
gated the stability of the Ura' and Ura- phenotypes by 
replating hW' rnntIMint::urn4  cells that  had grown on 
plates either lacking uracil or containing 5-FOA (Figure 
6). The same growth patterns were  observed indepen- 
dently of the origin of the cells: nearly all  cells  gave  rise 
to colonies on medium containing 5-FOA indicating 
the urn4 gene was repressed and very few, in the order 
of 1 in IO' cells,  gave  rise to small colonies on medium 
lacking uracil. Hence,  the urn4 gene  had reverted to a 
repressed state in  most  cells of the Ura' colonies. This 
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FIGURE 4.-Rearrangements occurring in hAK' strain. DNA 
preyared from cultures inoculated with hw' cells (1, PG9); 
/IA" cells (2, PG1247);  unstable (3-6) and stable (7) Spo- 
derivatives  of  PC1247 was digested with  Hind111 and hybrid- 
ized to the 10.4-kb  Hind111 mntl-M fragment. The cultures of 
unstable Spo- cells  have  composite  hybridization  patterns: a 
pattern characteristic of the h+.'rearrangement (8.2-kb mnt3:l 
fragment and 6.7-kb mntl:2fragment; RLW:N and KIAR, 1984) 
combined with  various  amount5 of nonrearranged mating- 
type region (10.4-kb mall fragment). The culture of stable 
Spo- cells is predominantly /L- ": 

experiment showed that  the urn4 gene placed near 
mut3-M  was sporadically derepressed in the hW' mating- 
type region, but  the repression was much more effi- 
ciently restored than in the haR' mating-type region 
(Figure 5). We investigated further  the role of the K 
region in silencing by constructing double mutants as 
explained below. 

Isolation of mutations  that  have  a  cumulative effect 
with  a  mutant sw.6 allele:  the esp (enhancer of swi pheno- 
type) mutations: Mutations in sraici  or in the other 
known silencing functions only  partially derepress tran- 
scription in the mating-type region. To search for po- 
tential trnn.cacting factors involved  in a second pathway, 
we mutagenized an unswitchable mall-Msmt-0 strain 
containing  the deficient scui6-115 allele (SP1126) and 
sought mutants with a more strongly derepressed phe- 
notype. In the first part of the  screen, we isolated SO 
mutants with haploid meiosis  levels increased > IO-fold 
in conditions of nitrogen starvation. These mutants 
were then  screened by Northern blot analysis for in- 
creased levels of mnt2-P transcripts. Seven trnncacting 
mutations that increased expression of mt2-P were o h  
tained. The  other mutations increased the level of h a p  
loid meiosis without increasing the  amount of mnt2-P 
transcripts. These mutations might be in genes that 
control meiosis such as pat1 (for review, see ECEL. 1994) 
and they  were discarded for this study. 

The seven mutations that increased the  amount of 
mat2-Ptranscripts were  crossed into  an h"', swi6A:: urn4 
background, where they increased haploid meiosis. Mu- 
tant matl-Msmt-0 swi6A:: urn4 colonies were  also o h  
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tained in these crosses. They  had  the  same  phenotypes 
as the originally isolated mntl-Msmt-0 s7oi6-115 mutants. 
Consistently, each  mutation  conferred similar pheno- 
types to h"' sroihA : : urtr4 and h"" sroi6-ll5 cells. Hence, 
the  mutations  did  not  act in combination with a specific 
sroici  allele but they had  the  same effect  when srlrih was 
mutant o r  deleted. Crosses were performed behveen 
the strains t o  determine which mutations  were  linked 
(MATICKIAIS ANI) Ml3'1-1c)I~s). The linkage analysis de- 
fined three loci named ~.$ j11 ,  P.Y/)~  and ~.sj13. M'e deter- 
mined  that  the r s / ~  loci were distinct  from the previously 
characterized rh.1, clr2, rlr3, rlr4 and rikl loci (MAT1:KI- 

M'e tested  whether  mutations  representative of each 
r.sj> locus also affected  expression of mot?-A4 by con- 
structing  unswitchable me~tl-l'A 17: :  IXlJ2 surih- mutant 
strains. The sporulation  phenotypes of these  stable I-' 
strains were examined, as well as production of mcrt3-A4 
transcripts.  High levels of haploid meiosis and mn/3-M 
transcripts were observed  (Figure 7A). Hence,  although 
the f ~ s j ~  mutations  had  been  isolated on  the basis of their 
effect on  the expression of mnt2-1-', they also allowed 
increased  expression of mnt3-M i n  a sroih- background. 

M'e were especially interested in determining 
whether  the r.sj~ mutations  had a cumulative  effect with 
a defective srcrih allele or  whether they were epistatic to 

A1.S AND METHODS). 

sroih. M'e moved the (g.s/) mutations  to sroih' backgrounds 
and found that they had little or  no effect on  their own, 
as shown for the  mutation  that  had  the  strongest effect, 
the r~sj13-I allele, i n  Figure 70. This  phenotype is ex- 
pected  for  mutations  afrecting only part of a redundant 
pathway. We realized that  mutations  increasing mRNA 
stability might also increase the  amount of mRNA origi- 
nating from n?n/2-1'and mnt3-M in naici- cells and have 
no effect in sroih' cells. Thus,  such  mutations wolild 
behave as our P.qj) mutations.  They  could be used as 
tools  to detect small levels of derepression of mnt2-P or 
mntM4, but they would not  be informative j m  SP with 
regard to silencing. M'e addressed  this issue by examin- 
ing  the  amount of ura4  transcript  originating  from 
mcrt3-Min/:: 7rrc14 in sroih-115 cells. M'e found  that ~ . s / ) 1 -  
1, rsl,2-I and csj13-I increased the  amount of ura4  tran- 
script  originating from rnut?-Min/:: lr.rf14 whereas they 
had no effect on  the  ura4  transcript  originating from 
the rrm4 locus itself (data  not  shown).  Hence,  the rsj) 
loci do  not merely affect transcript stability; they have 
a  role in silencing and a cumulative effect with nl~i6. 

Cumulative effect  of AKZ and one of the e$ muta- 
tions, esp3-l: We combined  the  mutant r.s/)3-I allcle 
with Ak'l. Crosses were performed  both with partially 
dercpressed isolates of an rmswitchahle ARI strain,  that 
is, isolates expressing the 7 r r d  gene placed near ~ d 3 ,  
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A Location of 
ura4 gene 

ura4 

deleted 

maf3-Minfrsura4 
FKX.RI. (i-Trmsient 

tlercprcssion of mrrt3- 
,\4i!?/:: 1 t m 4  i n  the k'"' 
mating-type region. (X) 
Tht- 10.~4 gene is sporatl- 
i d l y  expressed in h'"', 
!,Int"int::?on4 cells. Se- 
rial I(Llold tlilrltions of 
P<;392 ( u r d ) ,  P G l 2 l i  
(tlclcted)  and PC.9 (~~713-  
Mint::  r m 4 )  were  plated 
onto the inclicatcd media. 
A small proportion of 
PGI) cells  were able to 
form colonies on me- 
dium lacking  uracil, intli- 
cating the urn4 gene !\a$ 
derepressed i n  these 
cells. (R) ura+ h"', ?mt3- 
M i n t : :  !cy04 cells revcrt 
efficiently to Era-. Indi- 
vidual colonies of PG9 
cells propagated on  rich 
or selective  medirlm  were 
retested for expression 
of ~trn4.  A l l  populations 
displayed vcq similar 
growth patterns charac- 
teristic of the repressed 
state,  indicating the oc- 
casional expression of 
the ?rm4 gene was very 
unstable. 

and with repressed isolates where 2im4 was silenced. 
" h e n  crossed into partially derepressed AKI cells, the 
~ . ~ p 3 - 1  allele  showed a cumulative  effect with the AKI 
deletion.  Increased levels of haploid meiosis were ob- 
served in the AK1 ~$3-I double  mutant, as well as ele- 
vated transcription of the mnt3-1M cassette  (Figure 7R). 
"hen  crossed into repressed AKI cells, the p.sp3-1 allele 
did  not display a cumulative  effect with the AK1 dele- 
tion: it did  not increase  expression of zrm4 transplaced 
near mn13J4, nor of the mating-type genes  from mat3- 
M. However, following transfer onto sporulation me- 
dium  lacking  uracil, the ~.sp3--1 AKI progeny with a 
silenced mating-type region produced Ura ' papilli dis- 
playing high levels of haploid meiosis. Thus,  the mp3- 
I allele had a cumulative  effect with the  derepressed 
configuration  of AKI but  not with the repressed  con- 
figuration of AKI, a finding in agreement with p . sp3- I  

having no  phenotvpe in  wild-type cells. The cumulative 
effect of AKI and P.T{)~-I corroborates our previous 
conclusion  that  silencing is impaired in the P '  mating- 
type region and  strengthens models  proposing  that re- 
dundant pathways repress  transcription in the mating- 
type region. 

DlSCUSSlOX 

An epigenetic  effect  influences mating-type switching 
and transcriptional  silencing in S. pomlw. The effect oc- 
curs in the mating-type region and causes cells bearing 
a large  deletion  behveen  1nnt2-Pand mnt3-&! to adopt 
one of two semistable phenotqes: switching- and silenc- 
ing-deficient or  switching- and silencing-competent. 
The existence of such  an  epigenetic effect indicates  that 
both switching and silencing involve an  establishment 
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A t7Wtl-PAl7. S d : : U r 8 4  0 h 9 0  lll5ll-PA 17 

esp+ espl-1 esp2-1 esp.3-1 \KT AK1 esp3.l AKl.esp3-1 
""  "" 

+ - + - + - + -  + - + - + - + -  
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MC "0  . -  - 
Mc - 0 

FIGI'RE f.-Transcription of mnl3-M in various  mutant 
backgrounds. (X) Effect of three esp mutations in a mi6 
background.  Transcription of mnt3-M can  be  assayed by 
Sorthcrn blot analysis in unswitchable  mntl-Pcells. mat3-M is 
poorly transcribed in noi6A ::7rrn4 cells (e.sp+, PC1 177). 
Larger amounts of Mc transcript  are  present in sruihA ::uru4 
P.Y/>- cells ( ~ . c / j l - I ,  PGI 13.5; esi12-1, PGl129; esp3-I, PG1144). 
(1%) Cumulative effect of A K l  and a mutant ~.s/13 locus.  Tran- 
scription of nrrrt3-AI is tightly repressed in a srui6+ background 
(TIIOS and K I A R  1992). Transcription of mnt3-M was also 
repressed in A K I  cells ( A K I ,  PG1306), slightly  derepressed 
by thc ~.s/)3-1 mutation (~.si13-1, PGI146), and  further  dere- 
pressed b y  the  combination of A K 1  and e.sp3-1 ( A K I   a p 3 - 1 ,  
PG1310). Transcription of the moll-M Mc gene in hW'cells is 
shown for comparison (MT, PC<)). The cells  were  grown in 
abundant (+) or limiting (-) nitrogen as indicated,  limiting 
nitrogen being an inducer of transcription of the mating-type 
genes (l6c1.1.~ Pf nl. 1988). Hybridization to a cdc2 probe was 
used to  estimate the amount of RNA loaded. 

step facilitated by some  element  present between mat2 
and mn13, followed by a maintenance  step independent 
of that DNA element. Our  current  understanding of 
mating-type switching and silencing in S. pombesuggests 
simple models for the  nature of the  establishment and 
maintenance steps. Here, we will summarize the  input 
of previous studies and  the  input of the experiments 
reported  here  and discuss  which aspects of switching 
and silencing are particularly affected by the epigenetic 
phenomenon. M'e will present a model  for how the two 
phenotypes  might arise and interconvert and  compare 
our observations with other epigenetic effects occurring 
in S. jmmbp. 

The process of mating-type switching involves  several 
steps revealed by the examination of switchingdefective 
mutants. A double-strand break is formed as matl and 
persists during all stages of the cell  cycle (BEACH 1983). 
The /rtln.+acting functions .nuil, sui3 and m i 7  are re- 
quired  for  forming  the break (EGEL et al. 1984) as well 
as cis-acting elements  adjacent to matl (reviewed by 
KIXR 1992).  Nine tram-acting factors are known to  act 
subsequently in the  gene conversion of matl and resolu- 
tion of the  gene conversion. Distinctive phenotypes 
allow to separate these factors into  different classes. 
Functions important  for utilization of the break or for 
directionality of switching were originally distinguished 
from functions  important  for resolution (EGEL et al. 
1984; GCTZ and  SCHMIDT 1985). Further associations 

can now be  proposed  that take into account  additional 
roles of the switching factors such as participation in 
silencing or chromosome segregation. These criteria 
point to similarities shared by szuih, r ik l  and clr4: each 
affects the directionality of mating-type switching 
(THON and KLAR 1993; G. THON, unpublished obsetva- 
tions),  recombination in the mating-type region (EGEL 
et al. 1989; KLAR and BONADUCE 1991 ; LOKENTZ e1 al. 
1992; THON et dl. 1994), transcriptional silencing near 
mat2and mat3 (THON and KLAR 1992; EKWAI.L. and Ruu- 
S A M  1994; THON et al. 1994), transcriptional silencing 
near  centromeres  and  telomeres (ALISHIRE p t  nl. 1995) 
and  the efficiency of chromosome segregation (ALL 
SHIRE et al. 1995). Most reports  concerned with the roles 
of Swi6, Rikl and Clr4 have proposed  that these pro- 
teins  act by modifying the  chromatin  structure of the 
mating-type region,  telomeres and centromeres or by 
stabilizing specific structures  at these locations. The 
slowly switching phenotype of the hAK' strain was strik- 
ingly similar to the  phenotypes  conferred by mutations 
in mi6, r ik l  or clr4: first, switching was inefficient de- 
spite a normal level of double-strand break; second, 
both switching and silencing were affected at  the same 
time; third,  the effect on switching and silencing was 
only partial; fourth, cassette duplications of the /?'.\'type 
were unstable, indicating  the  deletion allowed  in- 
creased recombination in the mating-type region. 
These phenotypic similarities lead to propose  that  the 
deletion can prevent sui6, r ik l  and/or clr4 from ac- 
complishing  their  function. Consistently, a mutation in 
m i 6  was epistatic to the  deletion, as expected if the 
deleted DNA fragment facilitates the function of nuih. 

Derepression of transcription in the hAK' mating-type 
region was only partial: expression of a urn4 gene intre 
duced  near mat3-M could be detected,  but not expres- 
sion of the mating-type genes themselves. This derepres- 
sion was somewhat less pronounced  than when .nuih, n'kl 
or clr4 are mutated or deleted  but  not dramatically so. 
Impairing m.6, rikl or clr4 allows strains whose urn4 
gene is  within the mating-type region to grow  in the 
absence of uracil but it does not fully derepress tran- 
scription of the urn4 gene (AILSHIRE e/ al. 1995).  Im- 
pairing these functions does  not allow much expression 
of the mating-type genes from the normally silent loci 
either  and only leads to low  levels  of haploid meiosis. 
Hence, the transcriptional repression exerted by  SwiG, 
Rikl and Clr4 and  the repression exerted by the DNA 
fragment  that we deleted  are within the same range. M'e 
were able to refine the comparison between sui6 and 
the K region by obtaining mutations in a novel  class  of 
transacting loci, the e$ loci. Mutations at these loci 
caused increased expression of the mat2-P and mat3-M 
cassettes when combined with a mutation in .qui6 (srcn'k 
115) or with a deletion of .nuih. They had a very similar 
effect when combined with the AKI  deletion. The cu- 
mulative effect of a mutation in esp3 with the AK1 dele- 
tion revealed that  the  deletion  does affect transcription 
of the mating-type genes although this effect is masked 
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in an esp' background. Furthermore,  the phenotypes of 
the various double-mutants we constructed  support  the 
notion  that  both swib and  an element within the K re- 
gion act within one of two silencing pathways, the esp 
functions acting in the second pathway. 

In  addition to its effects on switching and silencing, 
the A K 1  deletion increased the  rate of cassette duplica- 
tion leading to h+N rearrangements,  indicating  the dele- 
tion affects resolution. Rates higher  than those re- 
ported  for  the wild-type (EGEL et al. 1980; BEACH and 
KLAR 1984 and references herein) were observed both 
in populations of poorly and efficiently switching cells 
(Table 2) .  Hence, this effect might be mediated  differ- 
ently from the epigenetically transmitted effects. Reso- 
lution  might be affected in hn"' because a DNA element 
important  for resolution was deleted or because mat2- 
Pand mat3-Mwere placed close to each other:  at -3.5 
kb instead of  12  kb in  the wild type. GREW& and KLAR 
reported recently the  phenotype of a strain with a dele- 
tion in the mating-type region (GREW& and KLAR 
1996).  In  that  strain,  the  fragment  deleted from the 
mating-type region was the same as in hnK1, but it was 
replaced with a 2-kb fragment  containing  the ura4 gene 
( K a  : : ura4 region). Interconversions between two epi- 
genetic states similar or identical to the states we de- 
scribed were observed in the Ka : : ura4 region,  but h+N 
rearrangements were not,  indicating  the spacing be- 
tween the two silent cassettes might be important  for 
resolution of the mat1 gene conversions. 

m7e have pointed  out similarities between the slowly 
switching phenotype of hAR1 cells and  the  phenotypes 
of mutants in swi6, rikl or clr4. However, mutations in 
swib, rikl or clr4 do  not confer an epigenetically main- 
tained  phenotype, whereas the A K l  deletion does. To 
accommodate  the two observations, we propose  that  a 
DNA element within the K region acts as a  nucleation 
site and facilitates the association of factors such as  Swi6, 
Rikl and Clr4, that  are  required  for  the  formation of 
fully functional switching and silencing complexes. In 
our model, when this element is deleted in the haR1 
strain, all factors required  for switching and silencing 
including Swi6, Rikl and Clr4 can still assemble in the 
mating-type region,  but  the assembly is an unlikely 
event. Once  formed, however, the complex can be du- 
plicated and efficiently transmitted to the progeny, 
both in mitosis and in meiosis,  giving  rise to colonies 
similar to the wild type. The persistance of a macromo- 
lecular complex or DNA modification associated with 
the mating-type region during meiosis is expected.  It 
would account  for  the  inhibition of meiotic recombina- 
tion observed in the mating-type region (EGEL 1984), 
which is dependent  upon  the presence of the switching 
and silencing factors rikl, swi6, and clrl-clr4 (EGEL et 
al. 1989; KLAR and BONADUCE 1991; LORENTZ et al. 1992; 
THON  and KLAR 1992; THON et al. 1994). 

We would like to draw a parallel between the effects 
reported  here  and  the  epigenetic effects at S. pombe 
centromeres. The  three S. pombe centromeres occupy 

-38,65  and  97 kb,  respectively, and consist of a  nonre- 
petitive central  core flanked by large inverted repeats 
(reviewed by ALLSHIRE 1995). Cen3-based minichromo- 
somes lacking part of the  centromeric repeats proceed 
inefficiently through  an establishment step when intro- 
duced  into S. pornbe by transformation,  after which  they 
are  more stably maintained,  not only in mitosis, but 
also in meiosis (STEINER and  CLARKE  1994).  Hence,  the 
epigenetic  maintenance of silencing and switching 
competence in the mating-type region and  the epige- 
netic maintenance of centromere  function both belong 
to a poorly documented class  of epigenetic effects that 
are stable in meiosis and  not simply explained in terms 
of epigenetic regulation of transcription.  Another study 
(ALLSHIRE et al. 1995) has shown that when swi6, rikl  
or cZr4 are  mutated,  centromeres  function inefficiently, 
resulting in high loss rates. By analogy with our model 
for  the  epigenetic  maintenance of a switching and si- 
lencing complex in the mating-type region, one might 
suggest that  the  centromeric repeats missing in the epi- 
genetically stabilized minichromosomes contain a  nu- 
cleation site for  the Swi6, Rikl or Clr4 proteins. 
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