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Duringmeiosis, the formationof viable haploid gametes fromdiploid
precursors requires that each homologous chromosome pair be
properly segregatedtoproduceanexacthaploidsetofchromosomes.
Genetic recombination, which provides a physical connection be-
tween homologous chromosomes, is essential in most species for
proper homologue segregation. Nevertheless, recombination is re-
pressed specifically in and around the centromeres of chromosomes,
apparently because rare centromeric (or pericentromeric) recombina-
tion events, when they do occur, can disrupt proper segregation and
lead to genetic disabilities, includingbirth defects. The basis bywhich
centromeric meiotic recombination is repressed has been largely
unknown. We report here that, in fission yeast, RNAi functions and
Clr4-Rik1 (histone H3 lysine 9 methyltransferase) are required for
repression of centromeric recombination. Surprisingly, one mutant
derepressed for recombination in the heterochromatic mating-type
region during meiosis and several mutants derepressed for centro-
meric gene expressionduringmitotic growth are not derepressed for
centromeric recombination during meiosis. These results reveal
a complex relation between types of repression by heterochromatin.
Ourresults alsorevealapreviouslyundemonstrated role forRNAiand
heterochromatin in the repression of meiotic centromeric recombi-
nation and, potentially, in the prevention of birth defects by
maintenance of proper chromosome segregation during meiosis.

chromosome segregation | meiosis | Schizosaccharomyces pombe | DSB
formation | genetic separation of heterochromatin functions

Meiosis entails a unique type of chromosome segregation that
reduces the number of chromosomes per cell by half (1). The

precursor cells have two copies of each chromosome, one copy
inherited from each parent. The products of meiosis have only one
copyofeach chromosome, inmost cases amosaic of the twoparental
chromosomes produced by recombination between them. To ach-
ieve this outcome, each chromosome is replicated before the first
meiotic nuclear division, and the resulting sister chromatids remain
attached to each other. During the first division, each replicated
chromosome aligns and pairs with its homologue; the homologues
then segregate from each other into the daughter nuclei.
In most species, proper segregation of homologues requires

genetic recombination, the breakage and reunion of DNA mol-
ecules of the homologues. The exchange of parts of chromo-
somes generates a genetic crossover, which provides a physical
connection (chiasma) between homologues. Microtubules in the
spindle attach to the centromeres of each homologue. As mi-
crotubule-based forces move the homologous centromeres apart,
tension is generated only if there is a chiasma connecting the
homologues. This tension signals that homologues are segre-
gating properly, and only when all chromosome pairs are under
tension does chromosome segregation and nuclear division
proceed to completion (1).
Althoughcrossingover is critical forproper segregation, crossovers

too close to the centromere interfere with segregation. In the several
species analyzed, crossing over occurs less frequently, per unit phys-
ical distance, in and near the centromere than in the arms of the
chromosomes (2, 3). Notably, centromeric crossing over in humans is

correlated with birth defects resulting from chromosome mis-
segregation (2). (Here and subsequently, “centromeric” is meant to
include “pericentromeric.”) Thus, repression of recombination spe-
cifically in the centromere is crucial for the proper segregation of
meiotic chromosomes, but the mechanism by which centromeric
recombination is repressedduringmeiosis has been largely unknown.
Centromeric heterochromatin in many species represses

within its domain the abundance of transcripts and the expres-
sion of genes inserted into the heterochromatic region (4). In the
fission yeast Schizosaccharomyces pombe, the formation of cen-
tromeric heterochromatin is facilitated by RNAi functions, which
direct the histone methyltransferase Clr4 and its partner protein
Rik1 to the centromere (5, 6) (Fig. 1). Histone H3 methylated by
Clr4 at lysine 9 is bound by several chromodomain proteins,
including Chp1 and two homologues of heterochromatin protein
HP1: Swi6 and Chp2 (4, 7). All these functions contribute to
reduction of native centromeric transcripts, abundance of RNA
polymerase II at native centromeres, and expression of genes
inserted into the centromeric region (4, 5, 8–10). Here, we tested
the possibility that heterochromatin is also involved in repression
of centromeric meiotic recombination.

Results and Discussion
Centromeric Meiotic Recombination Is Negligible in WT but as Frequent
as in Chromosomal Arms in RNAi and Histone H3 Lys9Methyltransferase
Mutants. Using markers closely flanking centromere 3 (cen3) of S.
pombe (Fig. 2), we assayed centromeric recombination inWT and in
mutants defective in RNAi and formation of heterochromatin. In
WT cells, thesemarkers recombined infrequently (one recombinant
among 2141 meiotic spores; Table 1). This frequency is approxi-
mately 200 times less than the genome-wide average (approximately
0.16 cM/kb) for chromosomal armmarkers separated by the physical
distance between these centromere-flanking markers (approxi-
mately 125 kb) (3, 11). In a mutant dcr1Δ lacking the Dicer nuclease
essential for generating the small RNAs that guide RNAi to its tar-
gets, centromeric recombinants were significantly more abundant
than in WT (3.6% recombinants in dcr1Δ vs. <0.1% in dcr1+). To
determine whether the nuclease activity, rather than some other
function, of Dicer is required for the recombination block, we con-
structed and tested a double point mutant dcr1-5 altered in the nu-
clease motifs essential for nuclease activity of the related human
Dicer protein and Escherichia coli RNase III (12). Like the dcr1Δ
deletion mutant, dcr1-5 had abundant centromeric recombination
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(4.0%). Similar or higher frequencies were observed in other RNAi
mutants—8.9% in rdp1Δ lackingRNA-dependentRNApolymerase
and 3.1% in ago1Δ lacking the argonaute endoribonuclease. Col-
lectively, these results show that the full complement of RNAi ac-
tivities is required to repress meiotic centromeric recombination.
InS.pombe,RNAienablesClr4 tomethylate centromerichistone

H3 at lysine 9 (H3K9) (5).We tested a role forClr4 in repression of
centromeric recombination and found that, likeRNAi, it is required
for repression: the clr4Δmutant had 9.1% recombinants (Table 1),
or approximately 0.1 cM/kb. Rik1, a Clr4 partner protein (13), is
also required for repression: the rik1Δ mutant had 5.7% recombi-
nants. Thus, this aspect of heterochromatin also appears essential
for repression of meiotic centromeric recombination. Drosophila
mutants lacking a homologue of Clr4 have increased numbers of
foci of phosphorylated γH2Av histone, indicative of DSBs, in
oocytes (14). In that study (14), recombination was not reported,
and an increased number of MeiW68 (Spo11)–dependent DSBs,

those specific for meiotic recombination as discussed later, was not
established. Other mutations affecting Drosophila heterochroma-
tin, however, do increase pericentromeric recombination (15).
These results are consistent with ours and suggest that the mecha-
nism of repression of centromeric recombination may be evolu-
tionarily conserved.

Repression Occurs in the Absence of Heterochromatin Protein Swi6.
Methylation of H3 K9 by Clr4 enables Swi6 to bind to centromeric
heterochromatin (7, 16). Relative toWT, swi6Δmutants havemore
abundant transcripts and RNA polymerase II in unaltered (i.e.,
native) centromeric dganddh repeats (5, 9), increased expressionof
genes inserted into the centromeric region (5, 8), and increased
meiotic recombination in the heterochromatic native mating-type
region (17).We therefore expected that Swi6wouldalsobe required
for repression of recombination at centromeres. Surprisingly, the
swi6Δ mutant had only a low level of recombination (0.3%), not
significantly different from that of WT (Table 1; P > 0.1 by Fisher
exact test). This result suggests that the types of repression by het-
erochromatin can be genetically separated.
To test this suggestion further, we analyzed additional mutants

derepressed for centromeric gene expression, either native or with
inserted genes, and found that, like the swi6Δmutant, they largely
retained repression of centromeric recombination. The mutants
tested were chp2Δ, which lacks a Swi6 paralogue (9, 10); pli1Δ,
which lacks a SUMO E3 ligase (18); cid14Δ, which lacks a polyA
polymerase (19); and clr3Δ, which lacks a histone deacetylase (20).
These mutants are defective in a range of activities necessary for
effective centromeric gene silencing, including transcriptional
gene silencing [requiring Clr3 (20)] and posttranscriptional gene
silencing [requiring Cid14 (19)]. Among these single mutants,
none had significantly more centromeric recombination than WT
(Table 1 and Table S1; P > 0.05 by Fisher exact test). The lack of
derepression of centromeric recombination is particularly sur-
prising in the case of the clr3Δ mutant. In this mutant, the abun-
dance of RNA polymerase II at the native centromeric dg and dh
repeats or at an inserted centromeric ura4+ gene is nearly as high
as that in clr4Δ (9, 20). In the swi6Δ chp2Δ double mutant, we
observed centromeric recombinants (2.2%) but significantly fewer
than in clr4Δ (P < 0.0001 by Fisher exact test). Clearly, repression
of centromeric transcription and meiotic recombination occur by
genetically separable mechanisms, although Swi6 and Chp2 ap-
pear to have partially overlapping roles in both processes (Fig. 1).
We found that, unlike Swi6, the chromodomain protein Chp1 is

required for repression of centromeric recombination (Table 1).
This observation provides an interesting clue regarding the mech-
anism of repression by revealing a correlation between the extent to
which a chromodomain protein represses recombination and the
extent to which it facilitates H3 K9 methylation at a given location.
The S. pombe chromodomain proteins Chp1, Swi6, and Chp2 co-
operate with Clr4 to facilitate H3 K9 methylation through positive
feedback loops, differentially at centromeres (where Chp1 has

Fig. 1. Repression of centromeric recombination and transcription by RNAi
and heterochromatin components. In heterochromatic regions, such as the
centromere and pericentric regions of S. pombe, transcripts are synthesized
at low level by RNA polymerase II and converted to dsRNA by the RNA-
dependent RNA polymerase Rdp1. dsRNA is converted into siRNA (approxi-
mately 22 bp) by the Dcr1 nuclease. The RNAi-induced transcriptional si-
lencing complex (RITS), containing the Ago1 and Chp1 proteins, uses the
siRNAs to direct the Clr4–Rik1 complex to methylate histone H3 lysine 9 (H3
K9) in and near the centromeres. Methylated H3 K9 is bound by chromo-
domain proteins Swi6 and Chp2, which directs the Clr3 histone deacetylase
complex SHREC to further modify the histones in heterochromatic regions.
The results presented here show that formation of centromeric DSBs, and
consequently recombination in meiosis, are repressed by RNAi and Clr4–Rik1.
Swi6, Chp2, and Clr3 are each required for repression of high-level mitotic
transcription, but not for repression of meiotic DSB formation and re-
combination, although combined loss of Swi6 and Chp2 allows significant
centromeric recombination.

Fig. 2. Chromosome structure surrounding centromere 3 (cen3) of S. pombe. The 4.9-kb central element (cnt) is flanked by 5.4-kb inverted innermost repeats
(imr), which in turn are flanked by multiple 6.7-kb outermost repeats (otr) (35). The number of outermost repeats to the left of the central element is un-
certain, but we estimate there are 6 ± 1. For genetic analysis the ura4+ gene was substituted for most of chk1, and his3+ was inserted between mid1 and the
next centromere-distal gene cwf20; chk1 and mid1 are protein-coding genes separated from centromere 3 by, respectively, one and three protein-coding
genes (35). Recombination between chk1::ura4+ and mid1-322::his3+ is used as a measure of centromere 3 recombination (Table 1). The ade6 gene is 166 kb
from the mid1-322::his3+ insertion; recombination between these markers is used as a measure of cen3–ade6 recombination. Two ade6 markers, ade6-M26
and ade6-52, separated by 0.66 kb, are used to measure ade6 intragenic recombination. The small rectangle (bottom left) indicates the position of the ra-
dioactive probe for the Southern blot hybridizations of the indicated BglI DNA fragment (Fig. 3 and Table 1). The figure is drawn approximately to scale,
except for the position ade6.
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a greater effect than Swi6) and in the mating-type region (where
Swi6 has a greater effect than Chp1). Sadaie et al. (21) found
a comparatively stronger effect of chp1Δ at several centromeric
locations, where swi6Δ has a negligible effect, than at a single lo-
cation within the mating-type region. In a more comprehensive
study, Hall et al. (22) found that swi6Δ decreases H3 K9me abun-
dance approximately 10-fold across a large segment of the normally
heterochromatic part of the mating-type region. We propose that
thedecrease inH3K9meobserved in themating-type regionbutnot
at centromeres in swi6Δ accounts for swi6Δ allowing meiotic re-
combination in the mating-type region but not at centromeres.
It is notable that centromeric repeats are not completely devoid

of H3 K9me in RNAi mutants; the residual H3 K9me in these
mutants depends on Clr3 (23). We found, however, that the level
of recombination in a mutant lacking RNAi (dcr1Δ) was not sig-
nificantly further increased by deletion of clr3 (Table 1; P > 0.3 by
contingency χ2 test), indicating that the low level of H3 K9me
remaining inRNAimutants does not limit meiotic recombination.

RNAi andHeterochromatinMutantsAreNotDerepressed forChromosomal
Arm Recombination. The increased levels of centromeric recombi-
nation in the mutants discussed earlier might be the result of in-
creased recombination throughout the genome. To test this possi-
bility, we measured crossing over in the interval immediately to the
right of cen3, extending toade6 (Fig. 2).Crossingover in this interval
in the derepressed mutants was not higher than that in WT (15%;
Table 1); modest reductions were seen in some mutants (clr4Δ,
rik1Δ, pli1Δ, and clr3Δ dcr1Δ). In addition, intragenic re-
combination in ade6, nearly exclusively gene conversion, was not
significantly altered in the mutants tested, except for decreases in
pli1Δ and clr3Δ (Table 1). Thus, the mutants tested here appear to
derepress meiotic recombination specifically in the centromere.

Derepressed Mutants Have Meiosis-Specific DNA Double-Strand Breaks,
Unlike WT. Meiotic recombination in S. pombe, as in the distantly
related budding yeast Saccharomyces cerevisiae, requires Rec12

(orthologue of Spo11 in S. cerevisiae), which forms DNA double-
strand breaks (DSBs) (24).WemeasuredDSBs in cen3 by Southern
blot hybridization of DNA extracted after induction of meiosis; the
≈125-kb BglI fragment, which spans cen3, was analyzed for DSBs
(Figs. 2 and 3). In WT, DSBs were below the level of detection. In
contrast, DSBs were readily detectable in the mutants that man-
ifested centromeric recombination (Fig. 3,Table 1, andFig. S1).We
note,however, that theDSBpatternsdiffered among thesemutants.
As expected, the swi6Δ, pli1Δ, and clr3Δ mutants, which lack de-
tectable recombination at cen3 (Table 1), also lacked detectable
meiosis-specific DSBs at cen3. Each of the mutants analyzed had
approximatelyWT levels ofDSBs in the arm intervals analyzed.We
infer that RNAi and heterochromatin block the formation of mei-
otic DSBs and, as a consequence, block recombination specifically
in the centromere.
How might DSB formation in the centromere be repressed?

DSBs are formed by the S. pombe Rec12 protein (24), but the
action of Rec12 depends on multiple additional proteins. From
genetic and cytological analyses, we have proposed (25) a pathway
for DSB formation that begins with the loading of meiosis-specific
sister chromatid cohesin subunits Rec8 and Rec11 at about the
time of meiotic DNA replication. Loading of Rec8 and Rec11
enables the loading of Rec10, Rec25, and Rec27, which together
form linear elements, structures distantly related to the synapto-
nemal complex of other species. Linear elements in turn enable
the loading of Rec7 (26), which like Rec12 is essential for all de-
tectable DSB formation throughout the genome (24). Additional
proteins (e.g., Rec6, Rec14, andRec15) are similarly essential and
may, with Rec7, form a complex with Rec12 (25). Repression of
centromeric recombination might act by blocking the loading of
any or all of these proteins specifically in the centromere.Rec8 and
Rec12, however, are present at the centromere duringWTmeiosis
(27, 28). Therefore, we suppose that loading or activation of some
other protein is the point at which RNAi and heterochromatin
prevent recombination specifically in the centromere.

Table 1. RNAi and some heterochromatin mutations derepress meiotic recombination in a centromere region but
not in a chromosome arm region

Mutant gene Function of gene product cen3 DSBs
Recombinant frequency in indicated interval

cen3, % cen3–ade6, %
ade6 intragenic, Ade+

per 103 viable spores

WT – – <0.1 15 7.7
dcr1Δ* Dicer nuclease + 3.6 12 5.2
dcr1-5* (Nuclease-deficient missense mutant) ND 4.0 14 6.7
rdp1Δ* RNA-dependent RNA polymerase + 8.9 13 5.1
ago1Δ* Endoribonuclease + 3.1 14 3.8
clr4Δ* Histone H3 lysine 9 methyl transferase + 9.1 8 6.0
rik1Δ* Clr4 partner protein + 5.7 8 9.6
swi6Δ Heterochromatin protein 1 – 0.3 11 4.1
chp2Δ Swi6 paralogue ND 0.3 15 7.4
pli1Δ SUMO E3 ligase – <0.1 4 0.6
cid14Δ PolyA polymerase ND <0.4 14 6.8
clr3Δ Histone deacetylase – 0.3 15 1.1
swi6Δ chp2Δ* (Double mutant) ND 2.2 13 1.9
chp1Δ* Chromodomain protein + 2.8 13 4.3
clr3Δ dcr1Δ* (Double mutant) ND 4.6 9 2.5
clr4Δ rec8Δ Sister chromatid cohesin ND <1.0 <1.3 <0.1
clr4Δ rec10Δ Linear element protein ND <1.4 <1.1 <0.1

Recombination data are the frequency of recombinants between markers flanking centromere 3 (cen3), between cen3 and ade6, or
within ade6 (see diagram in Fig. 2). “<” indicates the upper 95% confidence limit based on the Poisson distribution when no
recombinants were observed. For DSBs, “+” indicates readily visible meiosis-specific DSBs in centromere 3, and “–“ indicates no visible
meiosis-specific DSBs (Fig. 3 and Fig. S1); the low level of DSBs at individual sites precludes accurate quantification. ND, not de-
termined. Data are summarized from Table S3.
*Mutants strongly derepressed relative to WT; those without asterisks are not significantly derepressed.
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We tested a requirement for Rec8 and Rec10 in centromeric re-
combination in the highly derepressed mutant clr4Δ. In each of the
double mutants, clr4Δ rec8Δ and clr4Δ rec10Δ, recombination was
abolished—the frequency of centromeric recombinants was not
significantly different from that in WT (Table 1; P > 0.2 by Fisher
exact test). Furthermore, formation of centromeric DSBs requires
Rec12, at least in the dcr1Δ mutant background tested (Fig. 3).
Centromeric recombination therefore appears, at this level of anal-
ysis, to proceed by the same mechanism as arm recombination. We
expect thatDSBs, once formed, are repairedby the samemechanism
as DSBs in chromosomal arms, which requires more than a dozen
proteins (25). The primary target of repression of centromeric mei-
oticDSB formation and recombination is thus likely to be, directly or
indirectly, the activation of Rec12 for DSB formation.

Conclusions
Our results reveal an unexpected, complex relation of three func-
tions of heterochromatin—repression of transcription in and near
the centromere during mitotic growth, repression of centromeric
meiotic recombination, and repression of meiotic recombination at
themating-type locus.We infer that there are at least twogenetically
separable functional components of centromeric heterochromatin:
one (exemplified by RNAi and Clr4-Rik1) blocks both centromeric
mitotic transcription andmeiotic recombination, whereas the other
(exemplified by Clr3) blocks only gene expression (Fig. 1). Clearly,
heterochromatin cannotbe simply consideredan impervious barrier
to macromolecules. Rather, heterochromatin must act as a differ-
ential filter allowing some but not other proteins access to (or action
on) the DNA, depending on which of its constituents are present.

The mechanism by which centromeric recombination interferes
with chromosome segregation is not established. Presumably,
a crossover toonear the centromereplaces a spatial constraint on the
centromere and the complex structure (kinetochore) built on it;
spindle microtubules attach to the kinetochore and direct chromo-
some segregation. Repression of centromeric recombination is thus
important to facilitate proper chromosome segregation in meiosis.
Failure of this repression, as in themutants studiedhere, can result in
occasional meiotic missegregation in S. pombe (29). Repression of
centromeric recombination in humans (2), perhaps by a closely re-
latedmechanism, appears to be requisite forpreventingmiscarriages
and severe birth defects, such as Down syndrome (30).

Materials and Methods
Strains and Genetic Methods. Genotypes of the S. pombe strains used and
references for alleles are in Table S2. Genealogies are available upon request.

Crosses between heterothallic strains were conducted and random spores
analyzed as described (11). Because some mutations, such as clr4Δ, derepress
expression of the mat2 and mat3 loci and allow haploid meiosis and self-
mating (31), in each cross, except some rik1Δ crosses, we analyzed segregation
of the heterozygous lys4-95 marker on Chr. 2. If ade6 (on Chr. 3) and lys4 did
not segregate randomly, the total number of interstrain spores analyzed was
taken as twice the sum of colonies with any nonparental marker among each
ade6 class (light red, ade6-52; dark red, ade6-M26) tested. In some rik1Δ
crossesmid1-6 (a temperature-sensitivemutation also calleddmf1-6)was used
in place of mid1-322::his3+; mid1-6 was scored by replica-plating onto yeast
extract agar medium supplemented with adenine (100 μg/mL) and phloxin B
(20 μg/mL) and incubation at 37 °C. Diploids, determined as I2-staining spore
colonies, were omitted from all analyses. Statistical significance was de-
termined with the indicated tests on StatPages (http://statpages.org/).

The dcr1-5 allele, designed to eliminate Dcr1 nuclease activity on the basis
of homology with human Dicer and E. coli RNase III (12), encodes alanine in

Fig. 3. Meiosis-specific DSBs arise in centromere 3 (cen3) specifically in RNAi and heterochromatinmutants. (A) Cells were induced formeiosis and harvested 1 h (–)
and5or6h (+) later.DNAwasextracted,digestedwithBglI, andanalyzedforDSBsbySouthernblothybridization (11). TheunbrokenBglI fragment (widearrowhead)
spanning cen3 is approximately 125 kb long (Fig. 2).Meiosis-specificDNA fragments (bracket) result fromRec12-dependentDNAbreakage (i.e., DSBs) at specific sites
in centromere3.DSBsarise indcr1Δ (lackingDicer nuclease)and rik1Δ (lackingapartnerof theClr4histoneH3Lys9methyltransferase)mutantsbutnot inWT, a clr3Δ
mutant (lackingahistonedeacetylase), or a swi6Δmutant (lackingheterochromatin proteinHP1; Fig. S1). (B) Complete time courseofmeiosis-specificDSB formation
in representativemutants. DNAwas analyzed as inA at hourly intervals; for strains GP3718 (WT) andGP4978 (dcr1Δ), additional samples at 3.5 hwere analyzed, and
for strainGP4978, the 1h samplewas not analyzed. The faint smears at 1, 3, 4, and6h for strainGP6891 (clr3Δ) likely represent cross-hybridization, as indicatedby the
relatively strong cross-hybridization with the 10.9-kb rDNA repeat (thin arrow) in this experiment. Additional data are shown in Table 1 and Fig. S1.
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place of two aspartate residues thought to bind divalent ions required for
nuclease activity. dcr1-5 was constructed by site-directed mutagenesis using
a QuikChange kit (Stratagene). A 1,244-bp fragment of the dcr1 gene
(codons 872–1,287) was amplified by a PCR primed with oligonucleotides
OL1595 and OL1596 (Table S1), digested with BamHI, and cloned into the
BamHI site of plasmid pBluescript II KS (+) (Stratagene) to create plasmid
pCE2. Mutations were introduced into this segment of dcr1 in two steps
using oligonucleotides OL1591 and OL1592 to change GAC to GCA (D908A)
and OL1593 and OL1594 to change GAT to GCA (D1127A), thereby creating
pCE5. The 1254 bp BamHI fragment of pCE5 was used to transform strain
GP6049 (dcr1-1::ura4+) to 5-fluoro-orotic acid resistance to create strain
VT3110. Homologous replacement was confirmed by nucleotide sequence
analysis. The dcr1-1::ura4+ allele was made by substituting bp 2,719 through
3,756 of the dcr1 coding sequence with the 1.8-kb HindIII ura4+ fragment
using standard methods (32) and oligonucleotides OL1599 and OL1600.

The dcr1::hph1 allele was constructed by transforming strain TV293 (dcr1::
kanMX6) with the hph1 gene amplified from pCR2.1-hph1, as described (33);
primers were MD1 and MD2s. Hygromycin-resistant, G418-sensitive trans-
formants were isolated, and the marker substitution was confirmed by PCR.

The mid1-322::his3+ allele, in which his3+ is inserted 322 bp to the cen3-
distal side of the mid1 (dmf1) ORF (5′ of the ORF), was generated as follows.
A 663-bp fragment of DNA spanning the 626 bp mid1–cwf20 intergenic
region was amplified by a PCR primed with oligonucleotides OL1618 and
OL1621, digested with HindIII, and inserted into the HindIII site of pBR322 to
create plasmid pCE7. A BglII recognition sequence was created in pCE7 to
generate the sequence 5′tcgaAGATCTaagc 3′ using a QuikChange kit (Stra-
tagene) and oligonucleotides OL1619 and OL1620 to create pCE8. (The BglII

recognition sequence is in uppercase; the mutated bp are in italics.) The
2,013-bp BglII fragment of pAF1, containing his3+ (34), was inserted into the
BglII site of pCE8 to create pCE6. Strain GP5872 (his3-D1) was transformed to
His+ with the (PCR amplified) 2.7-kb HindIII fragment of pCE6; a trans-
formant, GP6138, was confirmed to have the expected insertion by PCR and
nucleotide sequence analysis.

DNA Analysis. DSBs were analyzed as described (11). In brief, synchronous mei-
osis of pat1-114 strains was induced by raising the temperature of a nitrogen-
starved (i.e., G1-arrested) culture to 34 °C and restoring nitrogen. At the in-
dicated times after induction, cells were harvested by centrifugation, washed,
embedded in agarose plugs, and treated with lytic enzymes. DNA in the plugs
was partially purified by incubation with proteinase K and digested with BglI
restriction enzyme. The DNA fragments were separated by pulsed-field gel
electrophoresis and analyzed by Southern blot hybridization, using radioactive
probes complementary to the left and right ends of the BglI fragment spanning
cen3.Theseprobes spanned, respectively, bp1,061,879through1,063,134andbp
1,152,795 through 1,153,765 of the S. pombe Chr. 3 sequence (http://www.gen-
edb.org/genedb/ContigMap?organism=pombe&name=chromosome3.contig).
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Fig. S1. Meiosis-specific DSBs arise in centromere 3 (cen3) specifically in RNAi and heterochromatin mutants. (A) Cells were induced for meiosis and harvested
at hourly intervals (0–6 h, left to right), with an additional 3.5-h sample for strains GP3718, GP4943, and GP4976. (B) Samples harvested at 0 and 5 h (2 and 5 h
for strain GP4941) from selected mutants were run on the same gel as WT to allow direct comparisons. The strains were the same as those in A; ago1Δ is strain
GP4941. DNA was extracted, digested with BglI, and analyzed for DSBs by pulsed-field gel electrophoresis and Southern blot hybridization (1) using a probe at
the left end of the approximate 125-kb BglI fragment (thick arrowhead) spanning centromere 3 (Fig. 2 in the main text). The 10.9-kb rDNA repeat, which cross-
hybridizes to variable extents, is indicated by a thin arrow. Faint bands below the unbroken BglI fragment from the swi6Δ and pli1Δmutants are present at 0 h
and likely reflect low-level mitotic recombination between the outermost repeats (otr); the size differences of the unbroken BglI fragments in the various
strains in B may also reflect recombination, meiotic or mitotic, between the outermost repeats. The difference in the DSB patterns from dcr1Δ and rdp1Δ
mutants was reproduced in independent inductions.

1. Young JA, Schreckhise RW, Steiner WW, Smith GR (2002) Meiotic recombination remote from prominent DNA break sites in S. pombe. Mol Cell 9:253–263.
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Table S1. Oligonucleotides

Oligo number Sequence (5′ → 3′) Use

OL1554 cctagggaataggattattaacgc Construction of probe for left end of cen3 BglI fragment
OL1555 cgcttccagtgaagtatcgcc Construction of probe for left end of cen3 BglI fragment
OL1558 ggctaattcagtggtacccaacacgc Construction of probe for right end of cen3 BglI fragment
OL1559 ccgcagcttcggaagtttcacc Construction of probe for right end of cen3 BglI fragment
OL1591 cgtctagagtttatcggagcatgctttctaaaattggg dcr1-5 construction; D908A mutation
OL1592 cccaattttagaaagcatgctcggtaaaactctagacg dcr1-5 construction; D908A mutation
OL1593 gttggagtttttgggtgcagctgtattggattacattatcg dcr1-5 construction; D1127A mutation
OL1594 cgataatgtaatccaatacagctgcacccaaaaactccaac dcr1-5 construction; D1127A mutation
OL1595 taggatcccccagtctctagacatttgaaaaacagcgcc dcr1-5 construction; subcloning
OL1596 taggatcccctcctcgatgacacactttgttccg dcr1-5 construction; subcloning
OL1599 cttgattgtaaaattgacactgcttgtcaggctttaacatctgcggaatca

caattgaattttgattacgatcgtctagaaagcttagctacaaatccca
dcr1-1::ura4+ construction

OL1600 atcccctaacgaattaagaaaaagaggtaaaacgaattgtagagattgta
aactaaacccagaatccaaaaaaatggcacaagcttgtgatattgacgaa

dcr1-1::ura4+ construction

OL1618 tttaagcttgctctttcatcgtcaggatagc mid1-322::his3+ construction; subcloning
OL1619 ctctggatataccataaatcgaagatctaagccaagtttcc mid1-322::his3+ construction; BglII site
OL1620 ggaaacttggcttagatcttcgatttatggtatatccagag mid1-322::his3+ construction; BglII site
OL1621 tttaagcttggcatcttctcaaaagtatggg mid1-322::his3+ construction; subcloning
MD1 cggatccccgggttaattaaggcg dcr1::hph1 construction
MD2s cactggatggcggcgttagtatcg dcr1::hph1 construction
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Table S2. S. pombe strains

Strain Genotype

GP3300 h-smt0 ade6-M26 rad50S pat1-114 end1-458 atf1::ura4+ ura4-D18
GP3718 h+ ade6-3049 rad50S pat1-114 end1-458
GP4941 h- ade6-3049 pat1-114 rad50S ago1::kanMX6
GP4943 h- ade6-3049 pat1-114 rad50S clr4::kanMX6
GP4976 h- ade6-3049 pat1-114 rad50S rik1::ura4+ ura4-D18 end1-458
GP4978 h+ ade6-3049 pat1-114 rad50S dcr1::kanMX6
GP4982 h- ade6-3049 pat1-114 rad50S rdp1::kanMX6
GP5404 h+ ade6-M26 chk1::ura4+ ura4-D18
GP5406 h- ade6-52 ura4-D18 mid1-6
GP5727 h- ade6-52 rik1::LEU2 leu1-32 ura4-D18 mid1-6
GP5728 h+ ade6-M26 rik1::LEU2 leu1-32 ura4-D18 chk1::ura4+

GP5872 h+ ade6-M26 chk1::ura4+ ura4-D18 his3-D1
GP5954 h+ ade6-3049 pat1-114 rad50S dcr1::kanMX6 rec10-175::kanMX6
GP5947 h- ade6-3049 pat1-114 ura4-D18 dcr1::kanMX6 rec12-171::ura4+

GP6049 h- ade6-52 ura4-D18 dcr1-1::ura4+ his3-D1
GP6099 h+ ade6-52 lys4-95 ura4-D18 his3-D1
GP6100 h- ade6-52 lys4-95 ura4-D18 his3-D1
GP6102 h- ade6-52 lys4-95 ura4-D18 his3-D1 dcr1::kanMX6
GP6138 h+ ade6-M26 chk1::ura4+ ura4-D18 his3-D1 mid1-322::his3+

GP6139 h+ ade6-M26 chk1::ura4+ ura4-D18 his3-D1 mid1-322::his3+ dcr1::kanMX6
GP6142 h- ade6-M26 chk1::ura4+ ura4-D18 his3-D1 mid1-322::his3+

GP6336 h+ ade6-52 ura4-D18 his3-D1 lys4-95 clr4::kanMX6
GP6338 h- ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ clr4::kanMX6
GP6339 h- ade6-52 ura4-D18 his3-D1 lys4-95 leu1-32 rik1::LEU2
GP6340 h+ ade6-M26 ura4-D18 his3-D1 chk1::ura4 mid1-322::his3+ leu1-32 rik1::LEU2
GP6343 h+ ade6-52 ura4-D18 his3-D1 lys4-95 ago1::kanMX6
GP6345 h- ade6-M26 ura4-D18 his3-D1 chk1::ura4 mid1-322::his3+ ago1::kanMX6
GP6346 h- ade6-52 ura4-D18 his3-D1 lys4-95 rdp1::kanMX6
GP6348 h+ ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ rdp1::kanMX6
GP6477 h+ ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ dcr1-5
GP6479 h- ade6-52 ura4-D18 his3-D1 lys4-95 dcr1-5
GP6678 h+ ade6-3049 pat1-114 rad50S pli1::kanMX6
GP6684 h- pli1::kanMX6 ura4-D18 his3-D1 ade6-M26 chk1::ura4+ mid1-322::his3+

GP6685 h+ pli1::kanMX6 ade6-52 lys4-95 ura4-D18 his3-D1
GP6712 h+ swi6::kanMX6 ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+

GP6719 h- swi6::kanMX6 ade6-52 ura4-D18 his3-D1 lys4-95
GP6724 h- ade6-3049 pat1-114 rad50S swi6::kanMX6
GP6829 h- ade6-M26 ura4-D18 his3-D1 rec10-175::kanMX6 clr4::kanMX6 mid1-322::his3+ chk1::ura4+

GP6830 h+ ade6-52 ura4-D18 his3-D1 lys4-95 rec10-175::kanMX6 clr4::kanMX6
GP6835 h+ ade6-52 ura4-D18 his3-D1 lys4-95 rec8-176::kanMX6 clr4::kanMX6
GP6836 h- ade6-M26 ura4-D18 his3-D1 mid1-322::his3+ chk1::ura4+ rec8-176::kanMX6 clr4::kanMX6
GP6842 h- ade6-52 ura4-D18 his3-D1 lys4-95 clr3::kanMX6 dcr1::hph1
GP6843 h+ ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ clr3::kanMX6 dcr1::hph1
GP6844 h+ ade6-52 ura4-D18 his3-D1 lys4-95 dcr1::hph1
GP6845 h- ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ dcr1::hph1
GP6846 h- ade6-52 ura4-D18 his3-D1 lys4-95 clr3::kanMX6
GP6847 h+ ade6-M26 chk1::ura4+ ura4-D18 his3-D1 mid1-322::his3+ clr3::kanMX6
GP6856 h+ ade6-M26 ura4-D18 his3-D1 leu1-32 chk1::ura4+ mid1-322::his3+

GP6857 h- ade6-M26 ura4-D18 his3-D1 leu1-32 cid14::LEU2 mid1-322::his3+ chk1::ura4+

GP6860 h- ade6-52 ura4-D18 his3-D1 lys4-95
GP6861 h+ ade6-52 ura4-D18 his3-D1 leu1-32 cid14::LEU2 lys4-95
GP6867 h+ ade6-52 ura4-D18 his3-D1 lys4-95 chp1Δ
GP6868 h- ade6-M26 ura4-D18 his3-D1 chk1::ura4+ mid1-322::his3+ chp1Δ
GP6891 h- ade6-3049 pat1-114 rad50S clr3::kanMX6
GP6906 h+ ade6-3049 pat1-114 rad50S chp1(RV-BglII)::ura4+ ura4-D18
GP6920 h- ade6-52 ura4-D18 his3-D1 leu1-32 chp2::LEU2 lys4-95
GP6923 h+ ade6-M26 ura4-D18 his3-D1 leu1-32 chp2::LEU2 chk1::ura4+ mid1-322::his3+

GP7134 h- ade6-52 ura4-D18 his3-D1 leu1-32 chp2::LEU2 swi6::kanMX6 lys4-95
GP7135 h+ ade6-M26 ura4-D18 his3-D1 leu1-32 chp2::LEU2 swi6::kanMX6 chk1::ura4+ mid1-322::his3+

TV293 h- dcr1::kanMX6 ura4-DS/E
VT3110 h- ade6-52 ura4-D18 his3-D1 dcr1-5

Origins of alleles other than mating type and commonly used auxotrophic mutations are: ago1::kanX6 (1); atf1::ura4+ (2); chk1::ura4+

(3); chp1(RV-BglII)::ura4+ (4); chp1Δ (4); chp2Δ::LEU2 (4); cid14::kanMX6 (5); clr3::kanMX6 (6); clr4::kanX6 (7); dcr1::hph1 (Materials and
Methods); dcr1::kanMX6 (1); dcr1-1::ura4+ and dcr1-5 (Materials and Methods); end1-458 (8), also called pnu1 (9); mid1-322::his3+
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(insertion of his3+ between mid1 and cwf20; Materials and Methods); mid1-6 (also called dmf1-6) (10); pat1-114 (11); pli1::kanMX6 (12); rad50S (13); rad50::
kanMX6 (14); rdp1::kanMX6 (also called rdr1::kanMX6) (1); rec8-176::kanMX6 (15); rec10-175::kanMX6 (15); rec12-152::LEU2 (16); rik1::LEU2 (17); rik1::ura4+ (18);
and swi6::kanMX6 (19).
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Table S3. Genetic analysis of recombination in RNAi and heterochromatin mutants

Mutant Strains crossed No. of crosses
cen3 recombination cen3–ade6 recombination

ade6 intragenic (M26 × 52),
Ade+ per 106 viable spores*Ura+ His− Ura− His+ Total tested Recomb/total lr Recomb/total dr

WT GP6100 × GP6138 2 0 0 686† 49/357 33/329 3,600, 10,300
WT GP6099 × GP6142 4 1 0 718 85/365 41/353 6,100 ± 1,500
WT GP6856 × GP6860 1 0 0 140 12/70 9/70 8,400
WT GP5404 × GP5406 2 0 0 597 ND ND 9,600, 12,500
dcr1Δ GP6844 × GP6845 2 8 20 536 38/260 14/276 5,700, 1,100
dcr1Δ GP6102 × GP6139 2 4 10 628 58/306 30/322 9,060, 5,100
dcr1-5 GP6477 × GP6479 2 10 15 623 56/314 30/309 7,900, 5,450
rdp1Δ GP6346 × GP6348 2 30 30 673 20/414 67/259 6,100, 4,030
ago1Δ GP6343 × GP6345 2 13 6 618 62/310 23/308 2,800, 4,800
clr4Δ GP6336 × GP6338 4 38 47 932† 37/506 33/426 5,960 ± 2,030
rik1Δ GP6339 × GP6340 2 20 5 825 47/409 21/416 9,050, 5,050
rik1Δ GP5727 × GP5728 2 33 16 476 ND ND 11,200, 13,200
swi6Δ GP6712 × GP6719 4 1 1 654† 39/358 33/296 4,100 ± 1,200
chp1Δ GP6868 × GP6867 2 6 16 808 47/408 59/400 6,900, 1,600
chp2Δ GP6923 × GP6920 2 3 0 870 78/435 54/435 6,050, 8,750
pli1Δ GP6684 × GP6685 2 0 0 545† 13/282 9/263 560, 432
cid14Δ GP6857 × GP6861 2 0 0 706 43/316 50/370 2,500, 11,000
clr3Δ GP6846 × GP6847 2 1 0 369 34/243 16/126 1,070, 1,090
swi6Δ chp2Δ GP7134 × GP7135 2 4 9 600† 51/358 29/242 2,400, 1,400
clr3Δ dcr1Δ GP6842 × GP6843 2 9 18 594 23/296 28/298 3,700, 1,300
clr4Δ rec8Δ GP6835 × GP6836 2 0 0 303 1/44 0/259 <120, <1,400
clr4Δ rec10Δ GP6829 × GP6830 2 1 0 284 0/78 0/206 <150, <220

ND, not determined.
*For n > 2, the value is the mean ± SEM.
†By plating spores on minimal medium without histidine (to allow expression of the Ura− phenotype) and replica-plating to minimal medium with 5-fluoro-
orotic acid without histidine, we found the following mean frequencies of cen3 recombinants (number of crosses in parentheses): WT, 0.00083 (n = 2); clr4Δ,
0.044 (n = 1); swi6Δ, 0.0013 (n = 3); chp2Δ, 0.0061 (n = 1); and pli1Δ, 0.00037 (n = 2). These frequencies are twice that of the frequency of FOAR His+

recombinants and are based on, respectively, 75, 233, 181, 54, and 39 FOAR His+ colonies observed.
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