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ABSTRACT Many essential aspects of genome function, including gene expression and chromosome segregation, are mediated
throughout development and differentiation by changes in the chromatin state. Along with genomic signals encoded in the DNA,
epigenetic processes regulate heritable gene expression patterns. Genomic signals such as enhancers, silencers, and repetitive DNA,
while required for the establishment of alternative chromatin states, have an unclear role in epigenetic processes that underlie the
persistence of chromatin states throughout development. Here, we demonstrate in fission yeast that the maintenance and inheritance
of ectopic heterochromatin domains are independent of the genomic sequences necessary for their de novo establishment. We find
that both structural heterochromatin and gene silencing can be stably maintained over an ~10-kb domain for up to hundreds of cell
divisions in the absence of genomic sequences required for heterochromatin establishment, demonstrating the long-term persistence
and stability of this chromatin state. The de novo heterochromatin, despite the absence of nucleation sequences, is also stably inherited
through meiosis. Together, these studies provide evidence for chromatin-dependent, epigenetic control of gene silencing that is

heritable, stable, and self-sustaining, even in the absence of the originating genomic signals.

HE establishment and maintenance of alternative chro-

matin states over the course of multiple cell divisions
requires the complex integration of both genomic and non-
genomic signals (reviewed in Straub and Becker 2008). Such
signals work in concert throughout development to guide
both cell specialization and adaptation to environmental
changes in vivo (Blasco 2007; Feinberg 2007; Surani et al.
2007). Much of our current understanding of alternate pat-
terns of gene expression comes from experiments performed
in model organisms, including Drosophila melanogaster (re-
viewed in Pirrotta and Gross 2005; Girton and Johansen
2008), Saccharomyces cerevisiae (reviewed in Buhler and
Gasser 2009), and Schizosaccharomyces pombe (reviewed
in Grewal and Elgin 2002). These studies have demonstrated
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that repositioning of a euchromatic gene to a genomic loca-
tion adjacent to transcriptionally silent heterochromatin
results in variegated patterns of gene expression, a phenome-
non called position-effect variegation. In addition to establish-
ing a functional link between chromatin structure and gene
expression state, these studies demonstrated that genetically
identical cells can achieve alternate gene expression states
that are stably maintained through cell division, thereby sup-
porting an epigenetic mechanism of inheritance.

In different organisms, the maintenance of alternative
structural and functional chromatin states is regulated in
part by chromatin modifications that are both physically
associated with and inherited with the chromosome on
which they act, including DNA methylation, histone mod-
ifications and substitutions, nonhistone chromatin proteins,
and noncoding RNAs (Bonasio et al. 2010). However, while
specific sequences necessary for the nucleation of hetero-
chromatin have been identified in various organisms, an
ongoing role of such sequences in the inheritance of the
heterochromatic state following DNA replication and cell
division has been demonstrated in some circumstances and
organisms, but not others. For example, maintenance of
gene repression at silent loci in both budding yeast (Holmes
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and Broach 1996; Cheng and Gartenberg 2000) and Drosoph-
ila (Busturia et al. 1997; Sengupta et al. 2004)—organisms
that, to date, appear to lack DNA methylation (Lyko et al.
2000; Schaefer et al. 2010)—requires the continued persis-
tence of the genomic nucleating elements necessary for the
establishment of the repressive chromatin state. In these
examples, the inheritance of alternative chromatin states
cannot be uncoupled from the DNA sequences that direct
establishment (or reassembly) of chromatin structure fol-
lowing each successive cell division. In contrast, however,
the genomic nucleating sequences that direct inactivation
of the X chromosome in female mammals are dispensable
for continued maintenance of the silent chromatin state
throughout development (Brown and Willard 1994). In
the absence of nucleation sequences, DNA methylation (in
addition to other epigenetic marks) serves as a molecular
signal that guides reestablishment of the repressive chroma-
tin structure following cell division. Importantly, methyl
groups can remain stably associated with DNA throughout
replication (reviewed in Goll and Bestor 2005). Thus, once
selected for inactivation, the silent chromatin state is self-
sustaining, and the chromosome remains both transcription-
ally repressed and architecturally condensed throughout
subsequent mitoses.

In fission yeast, reporter genes placed within or adjacent
to the native mating-type loci (Grewal and Klar 1996), cen-
tromeres (Allshire et al. 1994, 1995), and telomeres
(Nimmo et al. 1994) are subject to position-effect variega-
tion. Likewise, the repositioning of specific genomic hetero-
chromatin nucleation sequences from a native locus to an
ectopic euchromatic locus results in transcriptional silencing
of adjacent genes (Ayoub et al. 2000; Partridge et al. 2002;
Wheeler et al. 2009). Alternative chromatin states are
inherited clonally through both mitosis and meiosis via an
epigenetic and DNA methylation-independent mechanism
(Wilkinson et al. 1995). Previous attempts to address the
role of genomic nucleating sequences in the inheritance of
alternative chromatin states in fission yeast have been com-
plicated by the presence of multiple genomic sites that direct
nucleation of transcriptionally silent chromatin (Grewal and
Klar 1996; Hall et al. 2002) as well as parallel, redundant
pathways for heterochromatin assembly at the native mat-
ing-type loci (Jia et al. 2004). Thus, it remains an open
question whether the stability, maintenance, and transmis-
sion of the heterochromatic state in fission yeast occur
through a mechanism that depends on the persistence of
the nucleating sequence.

Materials and Methods

Plasmids

To construct the L5fl°*.ade6* targeting plasmid, oligonu-
cleotides containing the LoxP sequence were cloned in the
same orientation into Spel and Clal/BgllI sites flanking the
L5 element (Partridge et al. 2002) in a plasmid, BW7, that
contains the L5-ade6™ reporter construct flanked by ura4+
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homology at both the 3’ and 5’ ends (Wheeler et al. 2009).
The resulting plasmid, BW38, (L5f°%-ade6* with ura4* ho-
mology at both the 5’ and 3’ ends), was sequenced to ensure
that no errors had been introduced during cloning.

Fission yeast strain construction

The genotypes for strains used in this study are listed in
Supporting Information, Table S1. Experimental strains were
constructed by transforming plasmid BW38 into two loci,
the endogenous ura4* locus (strain KFY 501; Chr3) and
at an ectopic ura4* locus located upstream of the trpl+
gene (KFY1481 and KFY 1482; Chr2; construction described
below) and selecting for growth on pombe glutamate me-
dium (PMG) lacking adenine (Moreno et al. 1991). Appro-
priate integration of the construct at each experimental
locus was confirmed phenotypically by growth on media
containing 2 g/liter of 5-fluoroorotic acid (FOA) (MP Bio-
medicals), as well as by Southern blot. All other strains in
this study were generated through standard genetic crosses
with strains carrying the L5f°%-ade6* allele.

To construct strains KFY 1481 and KFY 1482, primers
BWP262F/R and BWP263F/R were used to amplify trp1+
homology regions. Following purification, 75 ng of each PCR
product was ligated with 50 ng of the 1.7-kb HindIII frag-
ment containing the ura4* gene. Following ligation, the
resulting sample was amplified using HiFi reagents (Invitro-
gen) purified, sequenced, and used to transform strain KFY
450. Following selection for growth on PMG —uracil media,
strains were restreaked to PMG —uracil media and then
streaked onto media containing 2 g/liter of FOA. Integration
at the appropriate locus was confirmed by Southern blot.
Following two rounds of backcrossing, strains KFY 1481
and KFY 1482 were isolated.

Excision of L5 using Cre recombinase

To induce excision of L5, L5f°%-ade6+ strains were transformed
with the pREP41-Cre plasmid (a gift from K. Takegawa)
(Iwaki and Takegawa 2004) via electroporation (1.5 kV,
200 , 25 wF) on a BioRad Gene Pulser II. Unexcised control
strains were electroporated in the absence of pREP41-Cre
plasmid. To allow for excision to occur prior to plating,
strains were grown for 24 hr in liquid PMG media in the
absence of leucine (pREP41-Cre) or in complete PMG (no
DNA control). pREP41-Cre transformants were then plated
twice on PMG —leucine and PMG complete plates, respec-
tively. Control strains were plated directly onto PMG 1/10th
adenine plates. Excision of L5 was confirmed in pREP41-Cre
transformants using a PCR strategy (BWP33F, BWP33R, and
BWP246F), followed by Southern blot analysis. Strains in
which L5 was excised, L5%%-ade6*, were streaked onto
PMG complete plates to allow for loss of the pREP41-Cre
plasmid. Finally, individual colonies from which the
PREP41-Cre plasmid was lost were streaked onto PMG
1/10th adenine. Phenotypically red colonies observed at
this stage are referred to in the text as generation zero
(GenO) colonies.
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Figure 1 Heterochromatic silencing within a de novo het-
erochromatin domain exhibits parental state bias. (A)
Schematic of the reporter gene construct. L5 (black box)
is flanked by LoxP sites (inverted red triangles) upstream of
the ade6* reporter gene. (B) Experimental loci L5chr2fH
and L5chr3E"; loci coordinates correspond to the S. pombe
genome  browser (http:/old.genedb.org/gbrowse-bin/
gbrowse/S.pombe/). The reporter gene construct was in-
tegrated at the ura4* locus (hatched arrow), resulting in
interruption of the gene into 5’ and 3’ fragments. Sur-
rounding genes are designated by gray arrows in the
direction of transcription. More detailed information
about the experimental loci is provided in Figure S2. (C)
The proportion of the culture, derived from a single col-
ony, which exhibited silencing as determined by counting
the number of colonies that had any phenotypic evi-
dence of silencing. The red-derived culture is shown as
red triangles and the white-derived culture is shown as
black triangles with the corresponding exponential asso-
ciation curve ¥ = ymax(1 — exp(—0.02 x x )), R?2 = 0.9245.
Additional time-course profiles for independently isolated
colonies are shown in Figure S3).
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Time course of ade6* expression

All liquid cultures were grown in rich yeast extract with
supplements (YES) media (Moreno et al. 1991), unless other-
wise indicated. ade6* and ade6~ strains grow equivalently in
rich media (Figure S1). For resolving ade6* expression phe-
notypes, cells were plated on PMG 1/10th adenine plates
and incubated at 32° for 4 days, shifted to 4° for one night,
and then counted under a Leica MZ7.5 microscope. Evi-
dence of silencing included phenotypically red, pink, and
variegated colonies.

YES cultures were inoculated with a single colony of ap-
propriate genotype and ade6* phenotype, isolated from a
Gen0 PMG 1/10th adenine plate. Subsequent time points
derive from propagation of a single clone. Cultures were
allowed to double for ~10 generations, as determined by
counting cell density with a hemocytometer. When appropri-
ate density was achieved, a subset of the culture was plated
on PMG 1/10th adenine plates. These plates were then used
to calculate the proportion of colonies that exhibited silenc-
ing. In addition to plating, 2000 cells from the culture were
used to inoculate a new culture that was allowed to double
for ~10 generations before plating. Using this scheme, cells
were maintained in logarithmic growth throughout the time
course. Figure 1C illustrates data from a single expressed
clone and a single silenced clone. Figure S3 contains data
from several independently derived strains of each pheno-
type (biological replicates). Figure 2 contains data from
several independently derived strains following L5 excision.
Data were graphed and mitotic stability was calculated and
fit to a nonlinear curve using GraphPad Prism software.

1
600

Chromatin immunoprecipitation

H3K9me2 ChIP was performed using a protocol modified
from Wheeler et al. (2009). Single phenotypically red or
white colonies from at least three independently derived
biological replicates were selected and grown overnight to
a density of between 2.0 x 10% and 7.0 x 10° cells/ml.
Approximately 2.5 x 108 cells were fixed for 15 min in 1%
paraformaldehyde. Cells were lysed by two rounds of bead
beating for 30 sec in lysis buffer containing protease inhib-
itors. Chromatin was next sheared to an average DNA frag-
ment size of 600 bp, precleared, and divided into input and
IP samples. The immunoprecipitated (IP) sample was incu-
bated overnight with 5 pl of anti-H3K9me2 antibody (Active
Motif, 39239). Protein-A beads were added to the IP sam-
ples and incubated for 2 hr at 4° before washing. DNA was
isolated from IP and input samples and the enrichment rel-
ative to an actl* control locus was quantified using real-
time PCR. Real-time PCR was performed in the presence
of SYBR Green on a Bio-Rad iCycler. A standard curve was
generated using DNA isolated from the appropriate parental
strain. Standard curves had an R? value of at least 0.990 and
a PCR efficiency between 90 and 110%. Data were analyzed
using iCycler iQ System software as the ratio of query locus/
actl* for IP relative to input samples and graphed using
GraphPad Prism. All primers are listed in Table S2.

Meiotic crosses

Phenotypically red colonies from opposite mating types
were crossed on malt extract plates and phenotypes ana-
lyzed by random spore analysis. At least three independent
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crosses were preformed among three biological replicate
strains. Approximately 600 viable progeny from each cross
were analyzed.

Four different crosses were performed between biological
replicates for tetrad analysis. A total of 43 tetrads (172 spores)
were analyzed.

Results

To address whether fission yeast can support heritable gene
expression states in the absence of genomic nucleating
sequences, we have capitalized on a previously described
ectopic silencing assay in fission yeast (Wheeler et al. 2009).
De novo domains of heterochromatin can be nucleated by a
single copy of the L5 repetitive element (Figure 1A), a 1.6-kb
AT-rich sequence isolated from the fission yeast centromeric
repeat and present in multiple copies at each of the S. pombe
endogenous centromeres (Partridge et al. 2002). Ectopic
heterochromatin domains are characterized by transcriptional
repression of surrounding genes and by the accumulation
of heterochromatin markers, including H3K9me2-modified
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Figure 2 Heterochromatin is maintained and inherited in the absence of L5. (A) Wild-type and swi6A strains before and after transformation with the
Cre plasmid. (B) The proportion of the culture that exhibited silencing as determined by counting the number of colonies that had any phenotypic
evidence of silencing. The expressed-derived AL5chr38H GO culture is shown as green circles; the silenced-derived AL5chr28H GO culture is shown as blue
squares; the silenced-derived AL5chr3H GO culture as red circles and silenced-derived AL5chr3EH G550 culture as dark red open circles. Error bars
represent the SEM among at least three biological replicates. (C) Representative phenotypic images of the indicated cultures.

nucleosomes and the HP1 homolog, Swi6 (Partridge et al.
2002; Wheeler et al. 2009).

Genomic and epigenetic signals regulate inheritance of
alternative gene expression states at ectopic loci

The L5 element was integrated at two genomic loci (Figure
1B and Figure S2); both loci, referred to throughout as
L5chr2FH (chromosome 2 at the trpl1* locus; EH, ectopic
heterochromatin) and L5chr3EH (chromosome 3 at the
ura4* locus) have previously been described as genomic
locations that support the de novo formation of heterochro-
matin (lida et al. 2008; Wheeler et al. 2009). At both
L5chr2EH and L5chr3EH, the assembly of heterochromatin
can be detected phenotypically; adjacent to the ectopic L5
element is an ade6™ reporter gene, the repression of which
can be visualized as the presence of red pigment within a
colony (Allshire et al. 1994), due to the accumulation of
a red byproduct in the adenine biosynthetic pathway. Thus,
L5-mediated silencing is monitored as a phenotypic change
from white colonies to red colonies and loss of silencing as
a change from red to white. L5-mediated silencing is subject
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to position-effect variegation, and colonies with expressed
(white), silenced (red), and intermediate (pink or sectored)
phenotypes are observed.

Alternative expression states resulting from position-effect
variegation in fission yeast are mitotically metastable
(Allshire et al. 1994). When the experimental reporter gene
is positioned at the mating-type locus, <2% of cells change
phenotype following <50 generations of growth on nonse-
lective media (Grewal and Klar 1996). To characterize the
stability of the expressed and silenced states associated with
ectopic de novo heterochromatin domains further, single col-
onies were selected, and the phenotypes of the resulting
mitotic progeny were analyzed at regular intervals over a pe-
riod of ~600 cell divisions (~2 months) in nonselective
media. At both ectopic loci, the parental expression state
was maintained in the progeny during the initial generations
of growth (<25 doublings); that is, a culture derived from
a silenced colony remained nearly entirely silenced, while a
culture derived from an expressing colony continued to ex-
press the ade6™ reporter gene (Figure 1C and Figure S3).
Thus, consistent with earlier observations (Allshire et al.
1994; Grewal and Klar 1996), the parental state can influ-
ence the transcriptional state of the progeny through an
epigenetic mechanism. Following additional rounds of cell
division, the silenced culture remains stably silenced, with
an average of 98% of the colonies exhibiting silencing through-
out the duration of the time course, extending by >10-fold
the observation of epigenetic persistence of a heterochromatic
state (Grewal and Klar 1996). Most of the remaining colonies
exhibited a variegated phenotype, indicative of a phenotypic
switch between expressed and silent chromatin states as
a single cell develops into a colony. The dynamic, reversible
position effects observed here reflect the overlapping and
competing activities between genome-directed activities
(transcriptional activation of ade6™ vs. (re)establishment
of heterochromatin via the L5 sequence) and epigenetic in-
heritance pathways (Cheutin et al. 2003, 2004).

In contrast, the expressed, active gene pattern was
unstable over time. Approximately 2% of cells with an ex-
pressed gene pattern convert to the silent state following
each cell division (half-life of the expressed state is 33
generations; Figure 1C and Figure S3). The instability ob-
served over an extended period of 600 cell divisions reflects
the ongoing influence of the L5 genomic nucleating element
and its role in reestablishment of heterochromatin following
each cell cycle. Thus, even when derived from a colony
expressing ade6™, the genomic influence of the L5 element
to direct heterochromatin assembly is favored in some cells
over the epigenetic maintenance of the expressed state.

Gene silencing at de novo heterochromatin domains is
maintained through cell division in the absence of the
L5 nucleating element

Both epigenetic and genomic processes underlie the estab-
lishment and maintenance of transcriptionally active states
within two de novo heterochromatin domains. To determine

whether these linked processes can be experimentally
uncoupled from one another at L5 ectopic loci, we engi-
neered strains in which the L5 could be deleted in vivo fol-
lowing the establishment of the de novo heterochromatin
domain (Holmes and Broach 1996; Cheng and Gartenberg
2000). The L5 element was flanked by LoxP site-specific
recombination sites (Iwaki and Takegawa 2004), and tran-
sient expression of Cre recombinase in these strains resulted
in the efficient excision of L5 (Figure S4). Following the
removal of L5 (ALS5), cultures derived from colonies express-
ing ade6™ retained the expressing state in 100% of cells
(Figure 2, B and C). Thus, in contrast to colonies expressing
ade6™ in the presence of L5, strains lacking L5 failed
to reestablish silencing, even after extended cell divisions
(Figure 2A). These strains also lack detectable levels of
the heterochromatic histone modification, H3K9me2, at ei-
ther AL5chr2FH or AL5chr3FH (Figure S5). Therefore, once
silencing is lost, it can only be reestablished in the presence
of the L5 genomic nucleating element, and gene expression
is no longer subject to epigenetic silencing.

In contrast, however, at both AL5chr2FH and AL5chr3EH,
cultures derived from cells repressing the ade6* reporter
gene initially maintained silencing despite removal of the
L5 heterochromatin-nucleating sequence (Figure 2, B and
C; Figure S6 and File S1). Maintenance of the transcription-
ally silent state was dependent on the presence of a func-
tional heterochromatin pathway (Figure 2A). Together,
these data demonstrate that once established (a step that
is, as shown above, dependent on the presence of the hetero-
chromatin nucleating sequence), the maintenance of the
transcriptionally silent state can be uncoupled from the ge-
nomic heterochromatin nucleating sequence. Thus, in the
absence of the genomic signal that directs heterochromatin
(re)assembly, epigenetic signals are sufficient to maintain
the transcriptionally silent chromatin state at two distinct
ectopic loci in fission yeast.

Notably, the proportion of transcriptionally silent colonies
decreases throughout the time course, and differences in the
stability of heterochromatin are observed between the two
ectopic loci tested here (Figure 2, B and C). At AL5chr2FH,
the silenced phenotype had a half-life of 18 generations,
whereas at AL5chr3FH, the switch between epigenetic states
occurs more slowly, with a half-life of ~100 generations,
reflecting an estimated loss rate of 0.7% per generation.
Accompanying this loss, ade6* transcript levels increased
over time (Figure S5A) and enrichment of H3K9me2 hetero-
chromatin mark at the ade6* locus in AL5chr3FH strains
decreased with time (Figure S5B). Thus, while the mainte-
nance of the heterochromatic state through ~35 cell divi-
sions is independent of genomic nucleating sequences at
both ectopic loci, the epigenetic stability of the domain
varies between loci (Wheeler et al. 2009 and see Discussion).

To ascertain whether the stability of the epigenetically
determined state at ALS5chr3EH might change during the
extended time course, we compared the stability of tran-
scriptional silencing in colonies derived from AL5chr3FH at

Epigenetic Inheritance in Fission Yeast 553


http://www.genetics.org/cgi/data/genetics.111.137083/DC1/12
http://www.genetics.org/cgi/data/genetics.111.137083/DC1/12
http://www.genetics.org/cgi/data/genetics.111.137083/DC1/2
http://www.genetics.org/cgi/data/genetics.111.137083/DC1/3
http://www.genetics.org/content/suppl/2011/12/05/genetics.111.137083.DC1/FigureS6.pdf
http://www.genetics.org/content/suppl/2011/12/05/genetics.111.137083.DC1/FileS1.pdf
http://www.genetics.org/cgi/data/genetics.111.137083/DC1/3
http://www.genetics.org/cgi/data/genetics.111.137083/DC1/3

generation zero (GenO; following confirmation of excision,
see Materials and Methods) to the stability of Gen550 colo-
nies by which time silencing is relatively rare. Over the
course of 200 generations, the mitotic stability of hetero-
chromatin in cells derived from generation 550 was largely
unchanged, relative to cells derived from earlier in the time
course (half-life of ~85 generations) (Figure 2B). Thus, re-
gardless of when in the time course a silent colony is se-
lected, the mitotic stability of the transcriptionally silent
state remains constant.

Structural heterochromatin is maintained at ectopic loci
in the absence of the L5 nucleating element

In addition to silencing genes adjacent to the ade6™ reporter
gene, the L5 element recruits structural heterochromatin
components, which spread into neighboring endogenous
sequences, creating a de novo heterochromatin domain
(Wheeler et al. 2009). To further explore the chromatin struc-
ture associated with the ectopic heterochromatin domains
established at L5chr2EH and L5chr3EH loci, enrichment levels
of H3K9me2 throughout the domains were determined by
chromatin immunoprecipitation. Importantly, both genomic
insertion sites lack detectable heterochromatin marks in
a wild-type strain, prior to the insertion of L5 (Cam et al.
2005). In the presence of the L5 element, adjacent sequences
are highly enriched in H3K9me2. Thus, together with the
observation that heterochromatin shows comparable mitotic
stability at L5chr2BH and L5chr3EH, the similar chromatin
structure near L5 suggests that establishment of de novo het-
erochromatin domains is similar at both loci. In contrast, local
genomic features likely influence H3K9me2 enrichment at
the boundaries of the domains (spanning ~9 kb at L5chr2FH
and 12 kb at L5chr3FH) that result from the bidirectional
spread of heterochromatin from the nucleating L5 element
(Wheeler et al. 2009 and Discussion).

To determine whether maintenance of the ade6™* tran-
scriptionally silent state correlates with the continued pres-
ence of structural heterochromatin following excision of L5,
cultures were analyzed for enrichment of H3K9me2
throughout the de novo domain at GenO. Importantly, both
AL5chr2FH and AL5chr3FH de novo domains remained
enriched in H3K9me2 with similar levels of enrichment,
though the levels are moderately reduced relative to the
parental, L5-containing strains (Figure 3A). Thus, while
the initial establishment of heterochromatin is dependent
on a nucleating element, the ongoing maintenance of struc-
tural heterochromatin, as well as the persistence of the gene
expression state, is independent of the nucleating sequence
and is not a peculiarity of the local genomic environment. As
expected, no detectable H3K9me2 enrichment was present
at ectopic loci in cultures derived from colonies that had lost
silencing at the ade6* reporter gene at GenO (Figure S7),
confirming that once the transcriptionally silent chromatin
state converts to a transcriptionally expressed chromatin
state, the silent state can only be reestablished in the pres-
ence of the genomic L5 nucleating element.
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Figure 3 Heterochromatin is maintained throughout the de novo het-
erochromatin domain. (A) The relative enrichment of H3K9me2 through-
out the de novo heterochromatin domains relative to the distance from
the L5 element (centered at 0) or the remaining LoxP site following L5
excision (centered at 0). Error bars represent the SEM among biological
replicates. (B) The level of H3K9me2 enrichment in AL5chr3EH cultures at
Gen0 and Gen550.

Interestingly, distal to the site of L5 excision at the
AL5chr3EH locus, the level of H3K9me2 enrichment actually
exceeds the level of enrichment in L5-containing strains. This
unexpected pattern of heterochromatin distribution is even
more readily apparent over time, as assessed by the distri-
bution of H3K9me2 in the progeny of transcriptionally
silenced AL5chr3FH colonies selected at Gen550 (Figure
3B). Despite similar rates of stability between these two
cultures (Figure 2B), the relative enrichment of H3K9me2
in cultures derived from colonies at Gen550 is increased at
least twofold over levels seen in colonies derived from GenO.
Thus, while H3K9me2 marks are redistributed over time,
redistribution has no evident effect on the stability of the
chromatin domain.

Heterochromatin is maintained through meiosis in the
absence of L5

Our data demonstrate uncoupling of genomic and epige-
netic signals needed for the establishment and maintenance
of chromatin states in mitosis. However, the extent to which
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and the manner by which heterochromatin can be inherited
through meiosis by an epigenetic pathway has only been
examined in the presence of genomic nucleating elements
(Grewal and Klar 1996). To determine whether the tran-
scriptionally silenced state can be inherited through meiosis
in the absence of L5, two strains, each carrying a phenotyp-
ically silenced locus, were mated, followed by random spore
analysis of progeny. Remarkably, 49.6% of AL5chr2EH prog-
eny and 94.2% of ALS5chr3FH progeny exhibited silencing
after meiosis (Figure 4A). To determine whether the loss
of the transcriptionally silent state among meiotic products
was random or nonrandom, phenotypes were observed for
each of the four meiotic products from independent asci
derived from crosses of AL5chr3FH strains. Figure 4B illus-
trates that the transcriptional status of the ade6™ gene in
a given progeny is independent of the remaining three mei-
otic products and suggests that the loss of silencing occurs
randomly during meiosis. Thus, these data point to a nucle-
ation-sequence-independent epigenetic pathway of inheri-
tance of transcriptional states through meiosis.

Discussion

We demonstrate a nucleation-sequence-independent path-
way of epigenetic inheritance of chromatin states in fission
yeast, as measured by both gene expression and presence of
chromatin modifications associated with transcriptionally si-
lent heterochromatin. Although evidence for epigenetic in-
heritance in fission yeast has been well documented
previously (Allshire et al. 1994; Grewal and Klar 1996;
reviewed in Grewal and Jia 2007), this study resolves prior
uncertainty about the role of nucleation sequences in the
epigenetic inheritance and persistence of alternative chro-
matin states in this organism. In sharp contrast to epigenetic
inheritance pathways in both budding yeast (Holmes and
Broach 1996; Cheng and Gartenberg 2000) and flies
(Busturia et al. 1997; Sengupta et al. 2004), maintenance
and inheritance of chromatin states in fission yeast may be
uncoupled from the genomic DNA sequences that direct
initial establishment of heterochromatin following cell divi-
sion. The nucleation-sequence-independent de novo hetero-
chromatin domain is self-sustaining through as many as 600
cell divisions (Figures 2 and 3), as well as through meiosis
(Figure 4), distinguishing it from previous studies that dem-
onstrated only transient (Gullerova and Proudfoot 2008)
and/or short-lived (Allshire et al. 1994; Grewal and Klar
1996) maintenance of chromatin states associated with
gene silencing. Similar nucleation-sequence-independent,
or DNA binding-component-independent inheritance of epi-
genetic chromatin states has also been observed in maize
(Chandler 2007) and mammalian cell culture (Brown and
Willard 1994; Ayyanathan et al. 2003). These studies extend
current views of the inheritance of chromatin states and
provide a framework (Figure 5) for exploring the intricate
relationship among genetics, epigenetics, and genome func-
tion in the context of heterochromatin.
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Figure 4 The silenced phenotype is heritable through meiosis. (A) The
number of meiotic progeny that exhibit silencing per meiosis was deter-
mined for the indicated crosses. (B) The number of progeny that exhibited
silencing following meiosis was scored.

While persistence of the chromatin state is independent
of the nucleating genomic element, features of the genomic
locus do, nonetheless, influence both the level of enrichment
of H3K9me2 throughout the larger de novo domain, as well
as the endpoints of the de novo domains (Figure 3) (Wheeler
et al. 2009). In addition, although the maintenance of the
heterochromatic state through cell division is independent
of nucleating sequences at experimental loci, the dynamics
of maintenance (and thus the preservation of the domain)
varies between the two genomic loci. Importantly, both loci
lack detectable H3K9me2 and Swibp in their native state
prior to L5 insertion (Cam et al. 2005); thus it is unlikely
that the stability observed at AL5chr3FH is a consequence of
chromatin marks present at the ectopic insertion site. Fur-
ther, the ectopic heterochromatin is easily detected in asyn-
chronous cells; it is therefore distinct from previously
described examples of transient heterochromatin that as-
semble only during G1-S (Gullerova and Proudfoot 2008;
Gullerova et al. 2011). Intriguingly, at L5chr3 EH the recently
identified tam14* gene (Rhind et al. 2011) is convergent
with ura4* and may contribute to the stability of the de novo
domain at this locus (Gullerova and Proudfoot 2008). More-
over, a Tf2 retrotransposon, as well as two LTR fragments,
are present near the L5chr3FH insertion site (Figure S2).
Although these loci are not enriched in H3K9Me or Swi6
in a wild-type cell (Cam et al. 2005), histone deacetylases
ClIr3 and Clr6 are present at Tf2 elements (Cam et al. 2008)
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in both S. cerevisiae and D. melanogaster. In these organ-
isms, available evidence suggests that genomic elements
are required at each cell division to reestablish repressive
chromatin states (Holmes and Broach 1996; Busturia et al.
1997, Cheng and Gartenberg 2000; Sengupta et al.
2004). In contrast, despite the lack of genomic nucleation
sequences, the chromatin state is heritable through cell
division in both fission yeast and mammals. Mammals
utilize DNA methylation as a molecular signal to faithfully
transmit repressive chromatin states throughout devel-

opment (Feng et al. 2006), whereas epigenetic information is passed through cell division in fission yeast in a DNA methylation-independent
pathway (Wilkinson et al. 1995). These findings have important implications for additional mechanisms that can mediate inheritance of chromatin

states.

and may therefore provide a chromatin environment or
serve as a protosilencer (Fourel et al. 2002) that may en-
hance the stability of de novo domains of heterochromatin.
Stability may also occur through an H3K9me-independent
pathway (Hansen et al. 2011). This is unlikely, however,
because the transcriptionally silenced state is abrogated
upon crossing strains into clr4~ or agol~ background
(Wheeler et al. 2009) (Table S3). These observations invite
approaches to identify different sequence elements that can
sustain (at AL5chr3FH) or antagonize (at AL5chr2FH) inher-
itance of heterochromatin genome-wide and to thus provide
further insight into the nature of genomic code(s) that un-
derlie different chromatin states (Wheeler et al. 2009).
Epigenetic principles underlie many fundamental and/or
pathological processes in biology, such as maintenance of
genome integrity (Ekwall 2007; Martienssen et al. 2008),
cellular differentiation (Bartova et al. 2008), stem cell pluri-
potency (Surani et al. 2007), tumorigenesis (Mathews et al.
2009; Nise et al. 2009), and regeneration and aging (Blasco
2007; Vaiserman 2008). Despite an appreciation of the vari-
ous histone and DNA modification patterns associated with
the epigenetic regulation of gene expression, a detailed un-
derstanding of the molecular processes that underlie the
transfer of epigenetic information through cell division
remains limited to DNA methylation (Goll and Bestor 2005;
Feng et al. 2006). Propagation mechanisms have been pro-
posed for histone H3 modifications associated with transcrip-
tionally silent chromatin (Kouzarides 2007; Probst et al.
2009), although experimental evidence is lacking. The ability
to experimentally uncouple the genomic and epigenetic influ-
ences on the inheritance of chromatin states will permit fur-
ther elucidation of the underlying genetic and molecular
mechanisms that act on the chromatin fiber, studies that
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can be initially approached in this system using genetic meth-
ods. These alternative pathways may act in concert with DNA
methylation and genomic nucleating sequences in multicellu-
lar eukaryotes to generate stable chromatin states that are
also reversible or may regulate biological phenomena that
result, at least in part, from nucleation-independent epige-
netic events (Figure 5). Furthermore, alternative pathways
may be critical carriers of epigenetic information following
fertilization, when most parental methylation patterns are
erased (Morgan et al. 2005).
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Supporting Materials and Methods

Real time RT-PCR

Total nucleic acid was isolated from logarithmically growing cells in YES media at 32°C, and was subjected to DNAse
treatment and reverse transcription using oligodT as a primer using QuantiTect Reverse Transcription Kit (Qiagen). Cultures
were derived from a single red (silenced) colony OR a patch of genetically identical cells including silenced, expressed and
variegating phenotypes. At least three independent biological replicates of each representative phenotype were isolated. ade6+
expression was analyzed by quantitative real-time PCR in the presence of SYBR Green on a Bio-rad iCycler. The level of ade6+
expression is expressed relative to the expression of the act1’control locus. A standard curve was generated from DNA isolated
from a wild-type strain. Standard curves had an R2 value of at least 0.990 and a PCR efficiency between 90-110%. Data were

analyzed using iCycler iQ System Software as the ratio of ade6’/act1+ and graphed using GraphPad Prism. All primers are listed
in Table S2.
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Figure S2 Loci of de novo heterochromatin domains (A) ~13kb surrounding L5 insertion site (red arrow) on chromosome 2;
locus coordinates correspond to the S. pombe genome browser (http://old.genedb.org/gbrowse-bin/gbrowse/S.pombe/). Open
reading frames are illustrated as arrows in the direction of transcription. The domain is devoid of LTRs and RNAs. (B) ~23kb
surrounding L5 insertions site (red arrow) on chromosome 3; locus coordinates correspond to the S. pombe genome browser
(http://old.genedb.org/gbrowse-bin/gbrowse/S.pombe/). Open reading frames, LTRs and RNAs are illustrated as arrows in the
direction of transcription.
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determined by counting the number of colonies that had any phenotypic evidence of silencing. The black triangles represent
the same expressed-derived L5chr3™ culture as shown in Figure 1C. Additional expressed-derived biological replicates are
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AL5 ade6” G50. (B) Levels of H3K9me2 were assessed at ade6” over time. ChIP cultures were derived from time-course cultures
corresponding to generations 0, 100, and 300 (white, grey and black). The genotypes are listed below with the phenotype of the
colony used to inoculate the initial time-course culture. (C) ChIP cultures shown used in (A) were also plated immediately
before ChIP to determine the proportion of colonies that exhibited silencing.
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Figure S6 Gene expression analysis and ChIP profiles of cultures derived from individual purely red colonies vs. heterogeneous
patch of cells. (A). Levels of ade6” expression compared between methods. (B) H3K9me2 levels at chr3 locus from cultures
derived from individual purely red colonies vs. heterogeneous patch of cells.
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Figure S7 Expressed-derived strains do not maintain H3K9me2 elsewhere in the de novo heterochromatin domain. The relative
enrichment of H3K9me2 throughout out the de novo heterochromatin domains relative to the distance from the L5 element
(centered at 0) or the remaining LoxP site following L5 excision (centered at 0). H3K9me2 enrichment in silenced-derived
L5chr3® strains are shown as black triangles (data re-used from Figure 3) and expressed-derived AL5 chr3® strains as open
diamonds.
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Table S1

Strain Genotype Source

Kfy 450 h* ade6DN/N leu1-32 ura4D18 his3D arg3D4 Wheeler et al. 2009
Kfy 501 h* ade6DN/N his3D leu1-32 arg3D4 Wheeler et al. 2009
Kfy 616 h* urad::ade6 ade6DN/N arg3D4 his3D leul-32 Wheeler et al. 2009
Kfy 617 h* urad::ade6 ade6DN/N arg3D4 his3D leul-32 Wheeler et al. 2009
Kfy 618 h* urad::ade6 ade6DN/N arg3D4 his3D leul-32 Wheeler et al. 2009
Kfy 976 h® clr4::Leu2 ade6DN/N his3D arg3D4 leu1-32 This Study

Kfy1265 h™ ura4::L5flox-ade6 ade6DN/N leul-32 his3D arg3D4 This Study

Kfy1266 h* urad::L5flox-ade6 ade6DN/N leul-32 his3D arg3D4 This Study

Kfy1267 h* urad::L5flox-ade6 ade6DN/N leul-32 his3D arg3D4 This Study

Kfy1270  h*°swi6::arg ura4:L5flox-ade6 ade6DN/N leu1-32 his3D arg3D4 This Study

Kfy1271  h*°swi6::arg ura4:L5flox-ade6 ade6DN/N leu1-32 his3D arg3D4 This Study

Kfy1272  h*°swi6::arg urad:L5flox-ade6 ade6DN/N leu1-32 his3D arg3D4 This Study

Kfy1349 h agol::KanMX6 ade6DN/N This Study

Kfy1479 h* trp1::ura4::L5flox-ade6 leul-32 ura4D18 ade6DN/N arg3D4 his3D This Study

Kfy1480 h* trp1::ura4::L5flox-ade6 leul-32 ura4D18 ade6DN/N arg3D4 his3D This Study

Kfy1481 h* trp1::ura4 leul-32 ura4D18 ade6DN/N arg3D4 his3D This Study

Kfy1482 h* trp1::ura4 leul-32 ura4D18 ade6DN/N arg3D4 his3D This Study
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Table S2

Primer Sequence Purpose
BWP33F ATCCATCCCAGCTGAACAAA Confirm L5 excision
BWP33R ATACTGCACCAGGCTGGATT Confirm L5 excision
BWP41F TTTACCAAGGCCTTTGATGC Chr3 ChIP gPCR
BWP41R CCTTGTCAGCGGAGGAAATA Chr3 ChIP gPCR
BWP45F TTCAACGAGACATGCGAAAC Chr3 ChIP gPCR
BWP45R TCGAGGCAAATTAGGGTCAG Chr3 ChIP gPCR
BWP71F TCAGGAAGCGAATTCTAAGGA Chr3 ChIP gPCR
BWP71R AAAGCATCCCAATCTTGTTGA Chr3 ChIP gPCR
BWP74F ACTCTGTCTGGATTGGTGGA ChIP gPCR actl+
BWP74R AACGATACCAGGTCCGCTCT ChIP gPCR actl+

ChIP gPCR
BWP84F CGGCATCGCTTGTACTTTTT centromere

ChIP gPCR
BWP84R GACGGAACCAAATGATGTGA centromere
BWP85F CATGGAAATTGCAGTGATGG ChIP gPCR ade6+
BWP85R CGAGCAGGGGCATATACTAAA ChIP gPCR ade6+
BWP86F TTGATGCCAGACCGTAATGA Chr3 ChIP gPCR
BWP86R TCTGACATGGCATTCCTCAA Chr3 ChIP gPCR
BWP98F TGCATCATGAGAAAGGGAGA Chr3 ChIP gPCR
BWP98R GATTTGGGAAAACGGATGTG Chr3 ChIP gPCR
BWP100F GGCCTTAGGTAAAAAGCATCG L5-ura ChIP gPCR
BWP100R TGAGCCCAAGAAGCAATTTT L5-ura ChIP gPCR
BWP102F CACAATATCGGTGCAAATAGG Chr3 ChIP gPCR
BWP102R TCAGGAGGAATTATTTTGGGAAT Chr3 ChIP gPCR
BWP103F AAGATGCATTTCCATTATAATCCTC Chr3 ChIP gPCR
BWP103R TCATTTTTGCTTATCGATCACTG Chr3 ChIP gPCR
BWP104F CGTATATGGGGTTGGCTTGT Chr3 ChIP gPCR
BWP104R CGACAAGGTACAGTTTAGCAATG Chr3 ChIP gPCR
BWP108F TGACCGTAGTCGTAAACTCGAA Chr3 ChIP gPCR
BWP108R AAAGCAAGACAAGCGGTATGA Chr3 ChIP gPCR
BWP111F GCCTGGTGATTCAATCTTCAAA Chr3 ChIP gPCR
BWP111R TTGCCCAAATTTGATTAGCC Chr3 ChIP gPCR
BWP114F AAACAACCTTGAAAATGAATCAAA Chr3 ChIP gPCR
BWP114R AACGAAGTGATGATGTTTTTCTTG Chr3 ChIP gPCR
BWP232F GTGCCAGGCGAGGGTATTAT Chr3 ChIP gPCR
BWP232R TTTCGTTTACCTCACCACCA Chr3 ChIP gPCR

B.S. Wheeler et al.
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BWP246F
BWP248F
BWP248R
BWP249F
BWP249R
BWP251F
BWP251R
BWP254F
BWP254R
BWP255F
BWP255R
BWP256F
BWP256R
BWP258F
BWP258R
BWP260F
BWP260R
BWP261F
BWP261R
BWP262F

BWP262R

BWP263F

BWP263R
BWP265F
BWP265R
BWP266F
BWP266R
BWP267F
BWP267R
BWP268F
BWP268R
BWP269F
BWP269R
BWP270F
BWP270R
BWP271F

12 sl

ACTATGCTTCGTCGGCATCT
GCCACCCTTTCTCTGAATTG
TAAAGCAAGGGAGCATACGG
CAAATGGGGACGTCATGTAA
TGAAGCATTCCCCTTTGAAT
CGGCCATAAACCAATGAGTC
CTAGCTTTCCTGGACCTTCG
TTATCGAAAATCTTTCTTTGAAAAC
GGACTGTGAATTTGAGTAATGAAG
TCCTGTTTCCTCCACTAGATATG
TTGTTATTCAGAGTATGGCAACTAAAA
CCTCAGGAAACTCAAAGACGA
AAAAGCAGTTTTTGAGAAACCA
AATTTGGACCGGTAAACAGTG
GGCAATCTTCATATGCTCGTC
GCTTAGACCCGAAACTCTTAATG
TTGTTAACGGCATGTTTTCAAG
CCCTGATTTGCCTCCAATTA
AAAGTTACCCCATAGCCCTGT
GCCATCTTATCTATTTAGAG

TCCTGTGTGAAATTGTTATCCGCTATAATAAAGTTGTAAACCAAATGAC

GTCGTGACTGGGAAAACCCTGGCGATTAACAGTTTTAAATGAACCGAC

CATTTTCAGCTTGTTATAATTG
TGTAAACCAAATGACTAAACAGTGA
TCCCAAGAATTGTTGAAGTCG
AAGTTTTGCGCTCCTTCTTG
AAAAGACCCAACCTCGCATA
GCGGTGGAGAAGTTTCAGAG
GCCCGAACCAGAAAACATAA
TTCTCTGAAACACCCTTTTCAA
CACGAAGCTTGTACAGATTAGGA
TGTGCAACGATAATCAACATGA
GCAGTTTTATTTAGACGTGCATCA
AGCTTTCTGGACACGCATCT
TATTTTTCCGCAGCGAAAGT
CGATTTCTAACAACGCCACA

B.S. Wheeler et al.

Confirm L5 excision

Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gqPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gqPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gqPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR
Chr3 ChIP gPCR

trpl+ flank

trp1” flank

trp1” flank

trp1” flank

Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gqPCR
Chr2 ChIP gPCR
Chr2 ChIP gqPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gqPCR
Chr2 ChIP gqPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gqPCR



BWP271R
BWP272F
BWP272R
BWP273F
BWP273R
BWP274F
BWP274R
BWP275F
BWP275R
BWP276F
BWP276R
BWP277F
BWP277R
BWP278F
BWP278R

TTGTTTACCTCAATCTCTAAAGAAGC
AAGCTGTAGCATCCAAATCTTTTT
GCGAGTCTTTGACATCTTTGC
TTCACGAATTTTGGAGCACA
GCGTCCTGGAGACCATGTTA
AGCCCTGTATCTGGGTTCAA
TGAATTGCCCATGGTATCAA
GGCTTGGCTAAGTCAAAACG
TGCAATTCTTGGGATAACGA
CACTGCTTTCTTTGGGGAAA
TGTGGAAAAGAGCAAACGAA
GCGTGCACCCATTATTACAC
CAAGATATCATTCTCTTGCTGGAA
CTGGGGTTAGGGAATAACGA
TGAACCGACAATTGAAACACC

Chr2 ChIP gPCR
Chr2 ChIP qPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
Chr2 ChIP gPCR
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Table S3

Cross®

AL5chr2™ silenced x agol::KanMX6

AL5chr2™ silenced x clrd::Leu?

AL5chr3® silenced x agol::KanMX6

AL5chr3™ silenced x clrd::Leu?

N Total Progeny %Silenced
3 1,628 0
4 1,298 0
2 1073 0
3 1810 0

®Only relevant genotypes listed °Number of independent crosses analyzed

14 si
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