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            Abstract
Heterochromatin that depends on histone H3 lysine 9 methylation (H3K9me) renders embedded genes transcriptionally silent1,2,3. In the fission yeast Schizosaccharomyces pombe, H3K9me heterochromatin can be transmitted through cell division provided the counteracting demethylase Epe1 is absent4,5. Heterochromatin heritability might allow wild-type cells under certain conditions to acquire epimutations, whichÂ could influence phenotype through unstable gene silencing rather than DNA change6,7. Here we show that heterochromatin-dependent epimutants resistant to caffeine arise in fission yeast grown with threshold levels of caffeine. Isolates with unstable resistance have distinct heterochromatin islands with reduced expression of embedded genes, including some whose mutation confers caffeine resistance. Forced heterochromatin formation at implicated loci confirms that resistance results from heterochromatin-mediated silencing. Our analyses reveal that epigenetic processes promote phenotypic plasticity, letting wild-type cells adapt to unfavourable environments without genetic alteration. In some isolates, subsequent or coincident gene-amplification events augment resistance. Caffeine affects two anti-silencing factors: Epe1 is downregulated, reducing its chromatin association, and a shortened isoform of Mst2 histone acetyltransferase is expressed. Thus, heterochromatin-dependent epimutation provides a bet-hedging strategy allowing cells to adapt transiently to insults while remaining genetically wildÂ type. Isolates with unstable caffeine resistance show cross-resistance to antifungal agents, suggesting that related heterochromatin-dependent processes may contribute to resistanceÂ of plant and human fungal pathogens to such agents.
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                    Fig. 1: Identification of heterochromatin-dependent epimutants resistant to caffeine.


Fig. 2: Ectopic islands of heterochromatin are detected in unstable (UR) caffeine-resistant isolates.


Fig. 3: Forced synthetic heterochromatin at the identified loci is sufficient to drive caffeine resistance in wild-type cells.


Fig. 4: Dynamic heterochromatin redistribution following short exposure to caffeine in wild-type cells.
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                Data availability

              
              Sequence data generated in this study have been submitted to GEO under accession number GSE138436.Â Source data are provided with this paper.
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              The complete Workflow Description Language (WDL) pipeline script used for ChIPâ€“seq and variation analyses is available at https://github.com/SitoTorres/Torres-Garcia-et-al.-2019.
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Extended data figures and tables

Extended Data Fig. 1 Identification of heterochromatin-dependent epimutants resistant to caffeine.
a, Frequencies of unstable (UR) and stable (SR) caffeine-resistant isolates obtained from three independent screens. 64% of isolates did not display a clear phenotype (unclear). b, Unstable (UR) and stable (SR) caffeine-resistant isolates were identified using this screening strategy. After growth on non-selective media for 14 d, caffeine resistance is lost in UR isolates but not in SR isolates. c, Caffeine resistance is lost progressively in unstable (UR) isolates but maintained in stable (SR) isolates. d, Caffeine resistance in UR isolates depends on the Clr4 H3K9 methyltransferase. clr4+ (clr4Î”) or an unlinked intergenic region (controlÎ”) were deleted in unstable (UR-2) and stable (SR-2) caffeine-resistant isolates. e, A mutation in pap1+ confers caffeine resistance in the stable isolate SR-1. Left, whole-genome sequencing of the stable isolate SR-1 revealed a 7-nucleotide insertion in pap1+. The insertion results in a truncated Pap1 protein (Pap1-N424STOP) that lacks the nuclear export signal (NES). CRD, cysteine-rich domain. Right, Pap1-N424STOP is resistant to caffeine. The 7-nucleotide insertion identified in SR-1 was introduced into the pap1+ gene of wild-type cells (Pap1-N424STOP) and caffeine resistance assessed. hba1Î” and SR-1 cells were used as positive controls. Experiments in bâ€“d and e, right, were independently repeated at least twice with similar results.


Extended Data Fig. 2 Unstable (UR) caffeine-resistant isolates are bona fide epimutants.
aâ€“e, Genetic changes (clr5-Q264STOP meu27-S100Y) found in 4 of 30 unstable isolates do not contribute to the caffeine-resistant phenotype or cause the formation of ectopic heterochromatin. a, Whole-genome sequencing of unstable isolates UR-1, UR-3, UR-5 and UR-7 revealed single-nucleotide polymorphisms (SNPs) in clr5+ (clr5-Q264STOP) and in meu27+ (meu27-S100Y). b, Left, schematic of experiment to determine whether clr5-Q264STOP meu27-S100Y cells form more caffeine-resistant colonies than wild-type cells. Wild-type (wt) and clr5-Q264STOP meu27-S100Y cells were plated on +CAF medium (105 cells per plate, 20 plates per strain). Caffeine-resistant colonies were counted after 7 d. Right, clr5-Q264STOP meu27-S100Y form a similar number of caffeine-resistant colonies to wt cells. Data are mean of 20 technical replicates. P value from a two-tailed Studentâ€™s t-test is indicated. c, clr5-Q264STOP meu27-S100Y cells are not resistant to caffeine. clr5-Q264STOP meu27-S100Y cells were serially diluted and spotted on â€“CAF and +CAF plates to assess caffeine resistance. hba1Î” cells served as a positive control. Experiment was independently repeated at least twice with similar results. d, Genome-wide H3K9me2 ChIP-seq enrichment in wt and clr5-Q264STOP meu27-S100Y cells. Data are represented as relative fold enrichment over input. e, H3K9me2 ChIP-seq enrichment at known heterochromatin islands detected in epe1Î” cells9 in wt and clr5-Q264STOP meu27-S100Y cells. Data are represented as relative fold enrichment over input. f, Gene transcript levels within and flanking ectopic heterochromatin islands in individual isolates. See Fig. 2b. Data are meanÂ Â±Â s.d. from three biological replicates. P values <0.05 from a two-tailed Studentâ€™s t-test are indicated.
Source data


Extended Data Fig. 3 Twenty-four of 30 unstable (UR) caffeine-resistant isolates display an ectopic heterochromatin island over the ncRNA.394 locus.
a, H3K9me2 ChIP-seq enrichment at the ncRNA.394 locus in individual isolates (left, coverage tracks; right, heatmaps). Data are represented as relative fold enrichment over input. Relevant genes within and flanking ectopic heterochromatin islands are indicated. Red arrows indicate essential genes. Dumbbells indicate primer pairs used in b, c and e. b, Quantitative chromatin immunoprecipitation (qChIP) of H3K9me2 levels on ncRNA.394 in individual isolates. Primer pairs used are indicated in a (ncRNA.394, primer pair 5). c, SPBC17G9.13c+ gene transcript levels in individual isolates. P values from a two-tailed Studentâ€™s t-test are indicated. Primer pairs used are indicated in a (SPBC17G9.13c+, primer pair 3). d, Deletion of ncRNA.394 or non-essential adjacent genes does not result in caffeine resistance. Experiment was independently repeated at least twice with similar results. e, qChIP of H3K9me2 levels at the ncRNA.394 locus in UR-2 cells. UR-2 cells were grown in the absence (â€“CAF) or presence (+CAF) of caffeine overnight or in the absence of caffeine for 14 d (+14day/â€“CAF). Primer pairs used are indicated in a. In b, c, e, data are meanÂ Â±Â s.d. from three biological replicates.
Source data


Extended Data Fig. 4 Forced synthetic heterochromatin targeting to the identified loci is sufficient to drive caffeine resistance in wild-type cells.
aâ€“c, Quantitative chromatin immunoprecipitation (qChIP) of H3K9me2 levels in wild-type (wt) cells harbouring 4xtetO binding sites at the identified ectopic heterochromatin loci (or ura4 as control) and expressing TetRâ€“Clr4* in the absence or presence of AHT. a, hba1 locus. b, ncRNA.394 locus. c, ura4 locus. Data are meanÂ Â±Â s.d. from three biological replicates. Dumbbells indicate primer pairs used. Red arrows indicate essential genes. d, Forced synthetic heterochromatin targeting to the mbx2 locus is sufficient to drive caffeine resistance in wt cells. qChIP of H3K9me2 levels in wt cells harbouring 4xtetO binding sites at the mbx2 ectopic heterochromatin locus and expressing TetRâ€“Clr4* in the absence or presence of AHT. Data are meanÂ Â±Â s.d. from three biological replicates. Dumbbells indicate primer pairs used. e, Strains from aâ€“c were assessed for resistance to the antifungal agents tebuconazole (+TEZ) and fluconazole (+FLZ). Experiments were independently repeated at least twice with similar results.
Source data


Extended Data Fig. 5 Unstable (UR) caffeine-resistant isolates show cross-resistance to antifungals and siRNA generation at ectopic heterochromatin islands.
a, Unstable caffeine-resistant isolates UR-1 and UR-2 were serially diluted and spotted on non-selective (N/S), caffeine (+CAF), clotrimazole (+CLZ), tebuconazole (+TEZ) and fluconazole (+FLZ) medium to assess resistance. Experiment was independently repeated at least twice with similar results. b, c, Left, small RNA sequencing detects siRNAs (21â€“24 nucleotides) homologous to ectopic heterochromatin islands in UR-1 (b, hba1 locus) and UR-2 (c, ncRNA.394 locus) compared to wild-type (wt) cells. Right, siRNAs mapping to pericentromeric dgI/dhI repeats of chromosome I shown as control. Sequencing was performed once. *, transcripts mapping to the highly expressed gene eno101+ in euchromatic wild-type conditions (note these are unidirectional RNAs and not siRNAs). d, Caffeine resistance depends on RNAi. dcr1+ (dcr1Î”), ago1+ (ago1Î”) or an unlinked intergenic region (controlÎ”) were deleted in UR-2 cells. Experiments were independently repeated at least twice with similar results.


Extended Data Fig. 6 Decreased cup1+ transcript levels or Cup1 LYR-domain mutation results in caffeine resistance.
a, An additional copy of cup1+ with 3Ã— determinant of selective removal (DSR) motifs fused to its 3â€² untranslated region was inserted at an intergenic region (LocusPX:cup1-3xDSR). Bottom left, after deletion of endogenous cup1+, cells expressing only cup1-3xDSR were assessed for caffeine resistance. Bottom right, transcript levels of cup1+ and SPBC17G9.12c+ (as control) in cup1Î” locusPX:cup1-3xDSR cells compared to wild-type. Data are meanÂ Â±Â s.d. from three biological replicates. P value from a two-tailed Studentâ€™s t-test is indicated. Dumbbells indicate primer pairs used. b, The 144-bp transcriptional terminator site from ura4+ was inserted in place of part of the putative cup1+ promoter (cup1-TT). Bottom left, cells were assessed for caffeine resistance. Bottom right, transcript levels of cup1+ and SPBC17G9.12c+ (as control) in cup1-TT cells compared to wild-type. Data are meanÂ Â±Â s.d. from three biological replicates. P value from a two-tailed Studentâ€™s t-test is indicated. Dumbbells indicate primer pairs used. c, Cup1 localizes to mitochondria. Cells expressing either untagged Cup1 (top row) or Cup1â€“GFP (bottom three rows) were fixed and processed for immunofluorescence with anti-GFP antibody and Alexa-488 secondary antibody and DNA was stained with DAPI. The mitochondrial protein Arg11â€“mCherry served as a positive control for mitochondrial localization. All images in the green channel (Cup1â€“GFP) are scaled relative to each other, as are those in the red channel (Arg11â€“mCherry); DAPI images are autoscaled. Bar, 5 Î¼m. d, Point mutations (L73G and F99G) were introduced in the LYR domain of Cup1 and cells were assessed for caffeine resistance. Mutations were designed based on Phyre2 tool analysis. hba1Î” cells were used as positive control. Experiments in c and d were independently repeated at least twice with similar results.
Source data


Extended Data Fig. 7 CNV analysis reveals a partial duplication of chromosome III in 12 of 30 unstable (UR) caffeine-resistant isolates.
a, Chromosome III coverage plots with overlaid segments in UR isolates showing partial duplication of chromosome III. Location of cds1+ is highlighted. Wild-type ChIP-seq input data were used as the reference. bâ€“d, Epigenetic changes preceded genetic changes (CNV) in unstable caffeine-resistant isolate UR-2. b, H3K9me2 ChIP-seq enrichment at the ncRNA.394/cup1 locus (left) and chromosome III coverage plots with overlaid segments (right) in UR-2 (4day/+CAF) cells and following their prolonged growth on +CAF for an additional 3 d (7day/+CAF). Wild-type ChIP-seq input data were used as the reference for CNV analysis. c, clr4+ (clr4Î”) or an unlinked intergenic region (controlÎ”) were deleted in UR-2 cells (4day/+CAF) and UR-2 (7day/+CAF). All (6/6) UR-2 (4day/+CAF) clr4Î” transformants lost resistance to caffeine, whereas only 50% (3/6, transformants 1, 4 and 5) UR-2 (7day/+CAF) lost resistance to caffeine. Experiments were independently repeated at least twice with similar results. cds1+ DNA levels in extracted genomic DNA were assessed by qPCR. Data are meanÂ Â±Â s.d. from three biological replicates. d, H3K9me2 ChIP-seq enrichment at the ncRNA.394/cup1 locus (left) and chromosome III coverage plots with overlaid segments (right) in UR-2 (7day/+CAF) cells and following their prolonged growth on non-selective medium for 14 days (7day/+CAFâ†’14day/â€“CAF). Wild-type ChIP-seq input data were used as the reference for CNV analysis.
Source data


Extended Data Fig. 8 CNV of chromosome III corresponds to extrachromosomal circular DNA (eccDNA).
a, b,Â Junctions of putative extrachromosomal circles were identified at repetitive sequences by inspection of CNV plots for UR-2 (7day/+CAF) (a) and UR-4 (b). In maps and lower panels, positions of 5S rRNA.24 and 5S rRNA.26 (pink arrows), LTR3 and LTR27 (green arrows) and flanking genes are indicated. PCR primers (half arrows) flanking 5S rRNA.24 (A (forward); B1,2 (reverse)) and 5S rRNA.26 (C1,2; D1,2) were used to amplify products from wild-type (wt) and UR-2 (7day/+CAF) ChIP input samples, along with primer combinations (C1,2; B1,2) specific for the putative circle junctions (vertical black lines). Primers flanking LTR3 (E; F1,2) and LTR27 (G1,2; H) were used to amplify products from wild-type and UR-4 ChIP input samples, along with primer combinations (G1,2; F1,2) specific for the putative circle junction. Shaded boxes indicate primer locations and predicted circle junctions (pink: 5S rRNA.24/26, green: LTR3/27). Right, restriction enzyme-digested genomic DNA isolated from wild-type (wt), UR-2 (7day/+CAF) and UR-4 was separated on an ethidium bromide (EtBr)-containing gel followed by Southern analysis using the indicated probes (925, blue; 520, purple; 44, red). Relevant restriction enzyme sites are indicated. Predicted sizes of hybridizing fragments and DNA size markers are indicated (kb). PCR experiments were independently repeated at least twice with similar results. For gel source data, see Supplementary Fig. 1b.


Extended Data Fig. 9 The heterochromatin profile of low-caffeine-treated wild-type cells resembles that of untreated epe1Î” cells.
a, Growth of cells in caffeine. Wild-type (wt) cells were grown in the presence of low (7 mM) or medium (14 mM) caffeine for 18 h. Cell number was counted every 6 h. Note: a larger inoculum was used for 14 mM caffeine culture to obtain an equivalent final number of cells. Data are meanÂ Â±Â s.d. from three biological replicates. Cells from the 18-h time point were used for d. b, c, H3K9me2 ChIP-seq enrichment at previously-detected facultative heterochromatin loci (described in ref. 9 (b and c), ref. 13 (b), ref. 10 (b), ref. 12 (b) and ref. 14 (b)), in wt cells treated with low or medium dose of caffeine or low dose (1 mM) of H2O2, compared to untreated epe1Î” and wt cells. Data are represented as relative fold enrichment over input. A subset of facultative heterochromatin loci detected in untreated epe1Î” cells (refs.9,10,12) was detected in low-caffeine-treated wt cells. Asterisks in c indicate loci with similar H3K9me2 patterns in low-caffeine-treated wt cells and untreated epe1Î” cells, but not untreated wt cells. Facultative heterochromatin loci formed in the absence of the exosome (ref.13) or in wt cells grown at 18â€‰Â°C (ref. 14) were not detected in wt cells treated with low or medium caffeine or low H2O2. d, Quantitative ChIP (qChIP) of H3K9me2 levels on ncRNA.394/cup1 in wt cells following 18 h exposure to low or medium caffeine. H3K9me2 levels were normalized to S. octosporus spike-in control. Data are meanÂ Â±Â s.d. from three biological replicates. e, H3K9me2 ChIP-seq enrichment at ncRNA.394/cup1 and mcp7 loci (or at pericentromeric dgI/dhI repeats of chromosome I as control) in wt cells following 18 h exposure to low H2O2. Data are represented as relative fold enrichment over input. Red arrows indicate essential genes. Lower levels of H3K9me2 at pericentromeric repeats upon H2O2 treatment may be due to H2O2-specific regulation of limiting heterochromatin factors at this locus. f, epe1+ RNA levels do not change upon caffeine treatment. Total RNA-seq of wt cells treated with low caffeine. Transcripts encoding components of the Clr4 H3K9 methyltransferase CLRC complex (clr4+, rik1+, raf1+, raf2+, pcu4+ and rbx1+) and the antisilencing factors epe1+ and mst2+ are highlighted. Experiment was independently repeated twice with similar results. g, epe1Î” cells display increased resistance to caffeine. Left, schematic of experiment. Wild-type, epe1Î” and clr4Î” cells were plated on +CAF medium (105 cells/plate, 40 plates/strain). Caffeine-resistant colonies were counted after 7 d. Right, compared to wt cells, epe1Î” forms more, whereas clr4Î” forms fewer, caffeine-resistant colonies. Note that the total number of resistant colonies also includes genetic mutants. Data are mean from forty technical replicates. P values from a two-tailed Studentâ€™s t-test are indicated.
Source data


Extended Data Fig. 10 A shortened version of the anti-silencing factor Mst2 is produced upon exposure to caffeine.
a, Western analysis of Mst2-13xMyc (left) and Gcn5-13xMyc (as HAT control, right) before and after caffeine treatment (medium concentration, 14 mM). Tagged proteins are expressed from their endogenous loci. Loading controls: left, Bip1; right, Cdc11. Experiments were independently repeated at least twice with similar results. For gel source data, see Supplementary Fig. 1c. b, Total RNA-seq for mst2 (left) and gcn5 (as HAT control, right) of untreated wild-type cells (top) or wild-type cells treated with medium caffeine concentration (bottom). Diagrams illustrate mst2 and gcn5 transcripts and predicted protein domains. Reads are normalized to RPKM. Red dashed lines indicate the region of full length mst2 transcript absent from the short isoform. The MYST zinc finger (ZnF) domain, required for S. cerevisiae Esa1 acetyltransferase activity29, is truncated in the short isoform of Mst2. The alternative mst2 TSS used in caffeine conditions was previously annotated28. Experiment was independently repeated twice with similar results.
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