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Abstract 32 

Epigenetic marks are reprogrammed in the gametes to reset genomic potential in the next 33 

generation. In mammals, paternal chromatin is extensively reprogrammed through the 34 

global erasure of DNA methylation and the exchange of histones with protamines1,2. 35 

Precisely how the paternal epigenome is reprogrammed in flowering plants has remained 36 

unclear since DNA is not demethylated and histones are retained in sperm3,4. Here, we 37 

describe a multi-layered mechanism by which H3K27me3 is globally lost from histone-38 

based sperm chromatin in Arabidopsis. This mechanism involves silencing of H3K27me3 39 

‘writers’, the activity of H3K27me3 ‘erasers’ and deposition of a sperm-specific histone, 40 

H3.105, which we show is immune to lysine 27 methylation. The loss of H3K27me3 41 

facilitates transcription of genes essential for spermatogenesis and pre-configures sperm 42 

with a chromatin state that forecasts gene expression in the next generation. Thus, plants 43 

have evolved a specific mechanism to simultaneously differentiate male gametes and 44 

reprogram the paternal epigenome. 45 

 46 

 47 

 48 

 49 

 50 

 51 

 52 

 53 

  54 

 55 
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Main  56 

Stable inheritance of epigenetic marks during cellular proliferation is essential for 57 

maintaining cell identity and involves DNA replication-coupled mechanisms6. At the 58 

DNA replication fork, old histones from the mother cell are recycled and deposited onto 59 

nascent strands of daughter cell chromatin7,8. This mode of inheritance ensures faithful 60 

propagation of the repressive epigenetic mark H3K27me3 across cell divisions in 61 

animals8–10. In plants, transmission of H3K27me3-silenced states additionally involves 62 

the replication-dependent histone variant H3.111. Histone H3.1 differs from H3.3 by four 63 

amino acid residues, with variation at residue 31 responsible for conferring selective 64 

mono-methylation at lysine 27 (K27) on H3.1 over H3.312. This plant-specific feature of 65 

H3.1 facilitates Polycomb Repressive Complex 2 (PRC2) function, ensuring efficient 66 

maintenance of H3K27me3 domains that maintain silencing of developmental genes11.  67 

 68 

In plants, H3K27me3 is also required for developmental phase transitions13. For example, 69 

flowering in Arabidopsis thaliana is initiated by establishment of H3K27me3 at the floral 70 

repressor FLOWERING LOCUS C (FLC)13, which is facilitated by H3.1 deposition 71 

during DNA replication11. H3K27me3-mediated silencing at FLC is eventually reset in 72 

the next generation to ensure transcriptional re-activation in the early embryo14,15. This 73 

suggests that H3K27me3 is reprogrammed prior to or during early plant embryogenesis, 74 

although the mechanism and timing of H3K27me3 resetting is not known. In animals, 75 

epigenetic reprogramming initiates in the germline and culminates with histone-to-76 

protamine exchange in the sperm of most species, globally erasing histone marks1. 77 

Flowering plants never undergo protamine exchange and instead retain histone-based 78 

chromatin in sperm (Fig. 1a)4. Moreover, in contrast to mammals2, DNA methylation is 79 
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not globally erased from flowering plant sperm3, so whether the paternal epigenome 80 

undergoes reprogramming has remained unclear. There is some evidence that H3K27me3 81 

is reduced in male reproductive tissues16–18, but whether H3K27me3 is reprogrammed 82 

globally or together with other histone marks is not known, nor is it clear when and how 83 

this occurs. 84 

 85 

To investigate this, we first examined the status of H3K27me3 in tricellular pollen of 86 

Arabidopsis thaliana, where two sperm are encased within a companion vegetative cell 87 

(Fig. 1b)4. H3K27me3 was barely detectable in sperm chromatin but enriched in the 88 

companion cell nucleus (Fig. 1c). H3K27ac and H3K27me1 marks were appreciable in 89 

sperm (Fig. 1d,e), confirming that the absence of H3K27me3 was not a technical artefact. 90 

During pollen development, the sperm lineage arises from a progenitor microspore and 91 

becomes separated from its sister companion cell by two rounds of replication (Fig. 1b). 92 

H3K27me3 was present in the microspore (Fig. 1f) and likely inherited through 93 

meiosis18. H3K27me3 was also present in daughter nuclei following microspore division 94 

but was barely detected in sperm (Fig. 1f). These observations pointed to a mechanism 95 

that specifically removes H3K27me3 during sperm differentiation. 96 

 97 

In contrast with proliferating somatic cells, sperm chromatin was devoid of the replicative 98 

histone variant H3.1 (Fig. 2a and Extended Data Fig. 1a-d)5. In addition to the non-99 

replicative histone variant H3.3 (Extended Data Fig. 1e,f)5, which can carry K27 tri-100 

methylation19, sperm chromatin incorporates the sperm-specific histone variant H3.10 101 

(Fig. 2a,b)4,5,20. H3.10 deposition initiated in the nascent sperm precursor and continued 102 

as sperm differentiated and matured (Fig. 2b). H3.10 is highly divergent around K27 (Fig. 103 
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2c) although this did not impact recognition by antibodies directed against mono- or tri-104 

methylated H3.10K27 peptides (Extended Data Fig. 2a-c). Divergence in H3.10 includes 105 

residues 28 and 29 (Fig. 2c), which are predicted to engage in an essential interaction 106 

with the catalytic motif of PRC221. In addition, H3.10 lacks the alanine 31 residue (A31) 107 

(Fig. 2c) that distinguishes replicative H3.1 from H3.3 and that is required to prime 108 

H3K27me3 propagation, presumably through initial K27 mono-methylation by the plant-109 

specific SET-domain proteins ARABIDOPSIS TRITHORAX-RELATED PROTEIN 5 110 

and 6 (ATXR5/6)11,12. We thus hypothesized that H3.10 might be immune to K27 111 

methylation and that its deposition would prevent inheritance of H3K27me3 during 112 

sperm development. 113 

 114 

We performed in vitro histone lysine methyltransferase assays and found that ATXR5/6 115 

and PRC2 were unable to methylate K27 on recombinant H3.10 nucleosomes, in contrast 116 

to H3.1 (Fig. 2d). Consistently, HA-tagged H3.10 ectopically expressed in planta was not 117 

methylated by endogenous H3K27 methyltransferase activity (Fig. 2e). H3.10 was also 118 

unable to complement the lethal phenotype of a null H3.3 knock-out22 (Extended Data 119 

Fig. 2d), further highlighting its distinct properties. Hence, H3.10 is unable to carry K27 120 

methylation, suggesting that its incorporation in sperm would cause loss of H3K27me3. 121 

Consistently, we observed moderate but significantly increased H3K27me3 levels in 122 

htr10 sperm compared with WT (Fig. 1g). Orthologous sperm-specific histone H3 123 

variants that harbor mutations at or around K27 are present in Arabidopsis relatives and 124 

distantly related monocots (Fig. 2c), suggesting that flowering plants evolved this unique 125 

class of sperm-specific H3 variants to selectively reprogram H3K27me3.  126 

 127 



 14

To assess genomic H3.10 distribution in sperm, we developed and validated a low-input 128 

ChIP-seq protocol to profile sperm chromatin in Arabidopsis (Extended Data Fig. 3a-f). 129 

H3.10 deposition was uniform across the genome but relatively depleted from 130 

pericentromeric regions enriched with H3K27me1 (Extended Data Fig. 3b,c). This likely 131 

reflects delayed replication of heterochromatin since sperm remain suspended in mid-S-132 

phase until the onset of pollination23. The broad H3K27me3 domains that coat 133 

developmentally regulated genes in somatic tissues were no longer evident in sperm but 134 

were instead relatively enriched with H3.10 (Fig. 3a-d). Regions enriched with H3K4me3 135 

and H3K27ac in somatic tissues were also enriched for H3.10 (Fig. 3e,f), emphasizing 136 

how H3.10 deposition occurs genome-wide and not only at somatic H3K27me3 domains. 137 

A small fraction of H3K27me3 peaks were retained in sperm (Fig. 3g and Extended Data 138 

Fig. 3g-i), which were much shorter than H3K27me3 domains in somatic tissues (Fig. 139 

3h). Notably, H3.10 was depleted over these H3K27me3 peaks in sperm (Fig. 3i,j). 140 

Together, these genomic data support the notion that H3.10 deposition and parental 141 

histone replacement contribute to global reprogramming of H3K27me3 in sperm. 142 

 143 

Because htr10 mutant plants do not show morphological or fertility defects in sperm20, 144 

we speculated that genetically redundant mechanisms also operate to remove H3K27me3 145 

during sperm development. Aside from histone replacement, loss of an epigenetic mark 146 

can result from a lack of specific ‘writers’ or enhanced activity of ‘erasers’. We thus 147 

investigated the expression of methyltransferase subunits of PRC2. In Arabidopsis, these 148 

writers are encoded by three paralogs - CURLY LEAF (CLF), MEDEA (MEA) and 149 

SWINGER (SWN)13 - all of which were undetectable during sperm development (Fig. 1h 150 

and Extended Data Fig. 4a-c). A similar lack of expression was observed for other 151 
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components of PRC2 (Extended Data Fig. 4d-g) as well as most PRC1 subunits 152 

(Extended Data Fig. 4g). The failure of SWN to accumulate after ectopic expression in 153 

sperm suggested active PRC2 turnover (Extended Data Fig. 4h). By contrast, expression 154 

of the Polycomb machinery was unaltered in egg cells (Fig. 1h and Extended Data Fig. 155 

4g). These observations suggest that Polycomb activity is specifically compromised 156 

during spermatogenesis. 157 

 158 

We next asked whether the loss of H3K27me3 might also involve active demethylation, 159 

as implicated in the epigenetic resetting of FLC14. Three closely related Jumonji-C family 160 

(JMJ) H3K27 demethylases - EARLY FLOWERING 6 (ELF6), RELATIVE OF ELF6 161 

(REF6) and JUMONJI 13 (JMJ13)24 - were all expressed in sperm, with JMJ13 being 162 

particularly enriched (Fig. 1h). In somatic tissues, H3K27 demethylases occupy the 163 

border of H3K27me3 domains in a pattern mutually exclusive with PRC225. Given the 164 

absence of PRC2 in sperm (Extended Data Fig. 4a-g), H3K27me3 demethylation by JMJ 165 

proteins is expected to occur globally in sperm. Consistently, elf6;ref6;jmj13 mutant 166 

sperm showed increased levels of H3K27me3 compared with WT (Fig. 1g,i), confirming 167 

that active demethylation by JMJ proteins also contributes to paternal H3K27me3 168 

resetting.  169 

 170 

JMJ proteins in plants and animals are known to demethylate di- and trimethyl H3K27 171 

but not H3K27me1 (Extended Data Fig. 4i)26–28. If H3.10 were to replace a large fraction 172 

of H3K27me3 in sperm, the H3K27me3 retained upon H3.10 depletion should be 173 

converted to H3K27me1 by JMJ demethylase activity. Consistently, htr10 sperm showed 174 

high levels of H3K27me1 as well as de novo accumulation of co-localizing H3K27me1 175 
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and H3K27me3 peaks (Fig. 3k-n). H3K27me1 accumulation is unlikely to originate from 176 

mono-methylation by ATXR5/6 because its only substrate, H3.112, is not expressed in 177 

WT nor in htr10 sperm (Fig. 2f and Extended Data Fig. 1a-d). The increased H3K27me1 178 

levels in htr10 sperm are thus expected to reflect the activity of JMJ demethylases, which 179 

remain expressed in htr10 sperm (Extended Data Fig. 5a-c). Consistently, we observed a 180 

reduction in H3K27me1 levels but an increase in H3K27me3 in quadruple 181 

elf6;ref6;jmj13;htr10 mutant sperm (Fig. 1g,j). These observations suggest that H3.10 182 

deposition replaces a significant fraction of H3K27me3-marked nucleosomes as well as 183 

H3K27me1-marked nucleosomes produced by the action of JMJ demethylases. We 184 

conclude that H3K27me3 is removed during sperm development by the concerted action 185 

of three mechanisms; (1) the loss of multiple Polycomb subunits and capacity to write 186 

H3K27me3, (2) the activity of H3K27 demethylases and (3) the sperm-specific 187 

deposition of H3.10. The mutual compensation and interplay between these mechanisms 188 

thus ensures robust paternal resetting of H3K27me3. 189 

 190 

Unlike in mammals and Drosophila, zebrafish sperm chromatin is not reprogrammed 191 

with protamines and is characterized by retained histone marks that reflect gene 192 

expression during spermatogenesis and embryogenesis29. We thus considered what 193 

impact chromatin reprogramming has on transcription in Arabidopsis sperm. In addition 194 

to H3K27me3 removal, we noted abundant de novo deposition of active H3K4me3 marks 195 

at sites distinct from those in somatic tissues (Extended Data Fig. 6a), consistent with 196 

high transcription of H3K4 methyltransferases in sperm (Extended Data Fig. 6b). A third 197 

of H3K4me3 marks were located within somatic Polycomb domains (Extended Data Fig. 198 

6c). Heatmaps centered on Polycomb target genes illustrated the selective accumulation 199 



 17

of H3K4me3 and H3K27ac in sperm, which occurred along gene bodies (Fig. 4a, cluster 200 

1 and Supplementary Table 1) or around the TSS and flanking promoter (Fig. 4a, cluster 201 

2 and Supplementary Table 1). Around 15% of the genes that accumulated H3K4me3 202 

were highly expressed in sperm (Fig. 4b,c and Extended Data Fig. 7a,b) and accounted 203 

for half of sperm-enriched genes (Fig. 4d and Supplementary Table 2). These included 204 

the HTR10 locus encoding H3.10 (Fig. 3a) and several others required for sperm 205 

differentiation (Fig. 4a,e, blue labels, and Supplementary Table 2)30. Consistently, 206 

expression of sperm-enriched genes was significantly reduced in pollen compromised of 207 

H3K27 demethylase activity, which was synergistic in elf6;ref6;jmj13;htr10 pollen (Fig. 208 

4f,g, Extended Data Fig. 5d-f and Supplementary Table 3). Moreover, the promoter of 209 

down-regulated genes accumulated higher levels of H3K27me1 and H3K27me3 in htr10 210 

sperm compared to WT (Fig. 3m,o). We conclude that epigenetic reprogramming of 211 

H3K27me3 facilitates transcription of genes associated with sperm differentiation in 212 

Arabidopsis. 213 

 214 

Somatic Polycomb-silenced genes also showed enriched expression in the endosperm 215 

(Fig. 4d), which arises from a second fertilization event of the central cell in flowering 216 

plants31. Genomic imprinting is a hallmark of the endosperm, resulting in genes with 217 

distinct epigenetic signatures and biased expression depending on their parent-of-218 

origin31,32. Unlike maternally expressed imprinted genes (MEGs), paternally expressed 219 

imprinted genes (PEGs) were preferentially silenced by Polycomb in somatic tissues (Fig. 220 

5a,b and Supplementary Table 4). This is consistent with previous reports of H3K27me3 221 

marking PEGs in somatic tissues33, which in sperm is mirrored by specific enrichment of 222 

DNA methylation on MEGs (Extended Data Fig. 7c). In sperm, loss of H3K27me3 was 223 
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accompanied by a gain of H3K4me3 around the TSS of PEGs but not MEGs, despite 224 

most PEGs remaining un-transcribed (Fig. 5c-f and Extended Data Fig. 7d). Our data 225 

suggests that the paternal allele of PEGs is inherited in a transcriptionally primed state 226 

free of H3K27me3 and enriched in H3K4me3, forecasting paternally biased expression in 227 

the endosperm. By contrast, no major loss of H3K27me3 is expected on maternal alleles 228 

since PRC2 is active in the central cell13. This mechanism mirrors H3K27me3-dependent 229 

genomic imprinting in mice embryos where paternal allele-specific expression is caused 230 

by paternal loss and maternal persistence of H3K27me3 in the sperm and egg, 231 

respectively34. 232 

 233 

Similarly, genes with paternally-biased expression in early zygotes35 were significantly 234 

enriched among the reprogrammed loci in sperm, unlike genes with a maternal bias (Fig. 235 

5g). Among the H3K4me3-primed genes were BABY BOOM (BBM) (Fig. 3b) and 236 

SHORT SUSPENSOR (SSP) (Fig. 4e), which encode paternally-derived factors that 237 

trigger and pattern plant embryogenesis, respectively36,37. By contrast, un-primed genes 238 

that did not accumulate H3K4me3 (Fig. 4a, cluster 3 and Supplementary Table 1) were 239 

less likely to be transcribed throughout early embryogenesis (Fig. 4b), had lower levels of 240 

expression overall (Fig. 5h) and were enriched for tissue-specific regulators of post-241 

embryonic development (Fig. 4a, grey labels and Supplementary Table 5). Priming with 242 

H3K4me3 in sperm extended to several other Polycomb targets expressed in the early 243 

embryo. These included BBM targets LEAFY COTYLEDON 1 (LEC1), LEC2 and 244 

FUSCA 3 (FUS3)38, and the LEC1 target FLOWERING LOCUS C (FLC)15 (Fig. 3c, Fig. 245 

4a, red labels, Fig. 5i and Extended Data Fig. 7b). Several other key regulators of embryo 246 

patterning were also primed including WUSCHEL (WUS), WUSCHEL-RELATED 247 
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HOMEBOX 2 (WOX2), WOX5, WOX8 and WOX9 (Fig. 4a, red labels, Fig. 5i, Extended 248 

Data Fig. 7b and Supplementary Table 1)39. Thus, the pattern of H3K27me3 replacement 249 

with H3K4me3 in sperm is predictive of gene expression during early plant development. 250 

 251 

In conclusion, flowering plants employ a multi-layered mechanism to globally and 252 

specifically remove H3K27me3 from histone-based sperm chromatin (Fig. 5j). Epigenetic 253 

resetting of H3K27me3 facilitates sperm differentiation and has the potential to influence 254 

transcription of genes required in the next generation, including key regulators of 255 

embryogenesis, endosperm development and flowering, as well as yet-uncharacterized 256 

loci transcribed post-fertilization. Pre-configured chromatin poised with H3K4me3, 257 

which is associated with transcription40, would assist the rapid zygotic genome activation 258 

typical of flowering plants41,42. Whether the bivalent marks detected on residual histones 259 

in mouse and human sperm directly impact transcription during early embryogenesis has 260 

been debated43–46. This is likely more plausible in species with histone-based sperm 261 

chromatin like zebrafish47 and Caenorhabditis elegans48, with the latter requiring 262 

paternally-derived H3K27me3 for normal offspring development49. Our findings suggest 263 

that paternal resetting of H3K27me3 and inheritance of H3K4me3-primed genes has the 264 

potential to impact transcription after double fertilization in flowering plants, either 265 

directly or indirectly. Our findings also imply that germline transmission of H3K27me3 266 

occurs maternally in flowering plants, as shown in most animals46,50.  267 

 268 

The mechanistic insights we describe represent a mode of reprogramming whereby cell 269 

type-specific deposition of an atypical histone variant, together with active H3K27 270 

demethylation and lack of PRC2 activity, reprograms a single epigenetic mark (Fig. 5j). 271 
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Restricted divergence around K27 ensures replication-dependent deposition of H3.10 272 

while simultaneously preventing H3K27me3 inheritance without affecting other histone 273 

H3 modifications. Global reprogramming of a single epigenetic mark in plant sperm 274 

contrasts with the near complete exchange of histones with protamine in animal sperm46 275 

or with H3K27me3 retention in animal species with histone-based sperm29. Several as-276 

yet-uncharacterized histone variants exist across eukaryotes that have tissue-specific 277 

expression and that are predicted to be poor substrates for chromatin modifiers4,51, 278 

suggesting that aspects of the mechanism operating during Arabidopsis spermatogenesis 279 

extends to other species and developmental contexts. 280 

 281 

 282 

 283 

 284 

 285 

  286 
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Figure Legends 441 

 442 

Fig. 1: H3K27me3 marks are globally lost from Arabidopsis sperm chromatin.  443 

a, H3 antibody (�.-H3) and 4�•,6-diamidino-2-phenylindole (DAPI) staining of Arabidopsis 444 

sperm nuclei. Scale, 2 µm. b, Schematic of Arabidopsis pollen development. Microspore 445 

nuclei (MN) divide asymmetrically to produce a vegetative nucleus (VN) and germ cell 446 

nucleus (GN). The latter divides once again to produce two sperm nuclei (SN). c, �.-447 

H3K27me3 and DAPI staining of Arabidopsis vegetative cell nuclei (VN) and sperm 448 

nuclei (SN). Scale, 2 µm. The immunostain was repeated three times. d-e, �.-H3K27ac (d) 449 

and �.-H3K27me1 (e) immunostaining of Arabidopsis sperm nuclei alongside DAPI 450 

staining. Scale, 2 µm. f, Whole-mount �.-H3K27me3 and DAPI staining of Arabidopsis 451 

pollen grains at different stages of development. Cell wall autofluorescence is indicated 452 

(cwa). Scale, 5 µm. The immunostaining in a and d-f was repeated twice. g, 453 

Quantification of �.-H3K27me3 levels in VN and SN from WT, htr10, elf6;ref6;jmj13 454 

and elf6;ref6;jmj13;htr10 pollen normalized to total H3 content. The violin curve 455 

represents the density of differing H3K27me3 levels. h, Expression of Arabidopsis 456 

histone H3 lysine 27 mono- (me1) and tri- (me3) methyltransferases (top two panels) and 457 

demethylases (third panel). Expression represents the inverse hyperbolic sine (asinh) 458 

transform of the mean RNA-seq TPM values obtained from previously published datasets 459 

detailed in Supplementary Table 6. Sperm and egg were profiled with three and four 460 

RNA-seq biological replicates, respectively. i, �.-H3K27me3 and �.-H3 staining of VN 461 

and SN from wild type (WT), elf6;ref6;jmj13 and htr10 pollen. Scale, 2 µm. j, 462 

Quantification of �.-H3K27me1 levels in VN and SN from WT, htr10, elf6;ref6;jmj13 463 

and elf6;ref6;jmj13;htr10 pollen normalized to total H3 content. In g and j, red bar 464 
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represents the mean of each genotype; quantification and statistical analysis were based 465 

on samples from one representative experiment; sample size (n = total number of nuclei) 466 

of each genotype is denoted alongside each violin plot. Statistical analysis was 467 

performed using a two-sided Mann-Whitney U-test. The experiment was repeated twice. 468 

Statistical source data are provided in Source Data fig. 1. 469 

 470 

Fig. 2: Sperm-specific histone H3.10 is immune to K27 methylation.  471 

a, Expression of Arabidopsis histone H3 variants. Expression represents the inverse 472 

hyperbolic sine (asinh) transform of the mean RNA-seq TPM values obtained from 473 

previously published datasets detailed in Supplementary Table 6. Sperm and egg were 474 

profiled with three and four biological replicates, respectively.. b, Expression of H3.10-475 

Clover during pollen development. Cell wall autofluorescence is indicated (cwa). The 476 

experiment was repeated twice. Scale, 5 µm. c, N-terminal tail alignment of histone H3.1, 477 

H3.3 and H3.10-like variants from Arabidopsis thaliana (AtH3.10), Arabidopsis lyrata 478 

(AlH3.10), Arabidopsis halleri (AhH3.10), Capsella rubella (CrH3.10), Boechera stricta 479 

(BsH3.10), Lilium davidii (LdH3.10) and Oryza sativa (OsH3.10). Variants verified as 480 

sperm-specific in the literature are marked with a black dot. Black shading shows residue 481 

differences. The divergent domain and K27 are highlighted in red. Alanine 31 is 482 

highlighted in green. d, In vitro histone methyltransferase assays using recombinant H3.1 483 

and H3.10 nucleosomes and Arabidopsis mono- (ATXR5/6) and tri- (MEA-PRC2 and 484 

CLF-PRC2) K27 methyltransferases. HMT assays with H3.10K27A nucleosomes 485 

confirm that residual MEA-PRC2 activity is non-specific to K27. The assay was 486 

performed once for ATXR5/6 and twice for PRC2. e, Western blot analysis of leaf 487 

histones isolated from two independent ProHTR5:HTR10-HA transgenic lines. No form 488 
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of K27 methylation is detected on HA-tagged H3.10. This was not due to poor antibody 489 

affinity (Extended Data Fig. 2a-c) nor failure of the tagged variant to be modified in vivo, 490 

as indicated by the detection of H3K4me3. The experiment was repeated twice. f, 491 

Expression of Arabidopsis histone H3 variants in WT, htr10, elf6;ref6;jmj13 and 492 

elf6;ref6;jmj13;htr10 pollen. Expression represents the asinh transform of the mean 493 

RNA-seq TPM values of three biological replicates; four in the case of htr10. * indicates 494 

significantly different expression relative to WT pollen (p < 0.001) using DESeq 495 

differential expression analysis and Benjamin-Hochberg correction to control for multiple 496 

comparisons. See source data for precise p-values. Statistical source data and raw blots 497 

are provided in Source Data fig. 2.  498 

 499 

Fig. 3: H3.10 deposition in sperm correlates with the loss of H3K27me3.  500 

a-c, ChIP-seq tracks of the region surrounding HTR10 (a) BBM (b) and FLC (c). All three 501 

genes (blue shading) are embedded within broad somatic H3K27me3 domains. Coverage 502 

is represented as the log2 ratio of IP DNA relative to input. Coloured and grey shading 503 

indicate an enriched or depleted signal, respectively. d, ChIP-seq profiles of leaf 504 

H3K27me3 (top), sperm H3K27me3 (middle) and sperm H3.10 (bottom) over somatic 505 

H3K27me3 domains. In sperm, H3K27me3 is lost over these regions, which instead 506 

become enriched for H3.10. e-f, Similar profiles as shown in (d) but centered on regions 507 

enriched with H3K4me3 (e) and H3K27ac (f) in leaf. In sperm, these regions remain 508 

enriched with each mark together with H3.10. g, Number of H3K27me3 peaks called in 509 

leaf, seedling and sperm. Somatic datasets were subsampled to read depth in sperm prior 510 

to peak calling. h, Box plot of the size distribution (in kb) of somatic and sperm 511 

H3K27me3 domains indicating the minimum and maximum values as well as the 25th, 512 
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50th and 75th quartiles. The number of peaks considered were n = 6,235 (soma) and 478 513 

(sperm). i-j,  ChIP-seq profiles showing how H3.10 is depleted over retained H3K27me3 514 

peaks in sperm. k-l, ChIP-seq profiles over de novo peaks of H3K27me1 (k) and 515 

H3K27me3 (l) in WT and htr10 sperm. m, ChIP-seq tracks of the region surrounding 516 

three representative genes down-regulated in htr10 pollen relative to WT. Coloured and 517 

grey shading indicate an enriched or depleted signal, respectively. H3K27me1 and 518 

H3K27me3 signal is increased in the flanking promoter region (blue shading). n, Overlap 519 

of de novo H3K27me1 and H3K27me3 peaks that accumulate in htr10. Statistical p-value 520 

of the peak overlap is based on a one-sided permutation test (n = 100 permutations) 521 

compared with random TAIR10 genomic regions. o, H3K27me1 and H3K27me3 signal 522 

in WT and htr10 sperm over genes down-regulated in elf6;ref6;jmj13;htr10 pollen 523 

relative to WT. ChIP-seq was performed with two and three biological replicates for WT 524 

and htr10 sperm, respectively. 525 

 526 

Fig. 4: Paternal resetting of H3K27me3 facilitates sperm specification 527 

a, Chromatin state of Polycomb-silenced genes in leaf and sperm clustered based on 528 

sperm H3K4me3. Number of genes is n = 1,866 (cluster 1), 2,220 (cluster 2) and 3,105 529 

(cluster 3). Sperm differentiation genes (blue), embryonic factors (red) and post-530 

embryonic regulators (grey) are marked. b, Percentage of cluster 1, 2 and 3 genes 531 

expressed in gametes, embryos and vegetative tissues (TPM > 5). TPM represents the 532 

mean obtained from previously published datasets detailed in Supplementary Table 6. 533 

Sperm and egg were profiled with three and four biological replicates, respectively. c, 534 

Sperm transcript levels (log2 RNA-seq TPM) for genes expressed from each cluster. 535 

Sample size (n = genes with TPM > 0.1) is denoted on each boxplot, which indicates 536 
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minimum and maximum values as well as 25th, 50th and 75th quartiles. Statistical 537 

analysis was performed using a two-sided Mann-Whitney U-test. d, Percentage 538 

Polycomb targets among genes with enriched expression in sperm (n = 463 genes), early 539 

embryos (n = 279 genes) and early endosperm (n = 463 genes) with colours 540 

corresponding to the clusters defined in panel a. Statistics is based on a one-sided 541 

permutation test (n = 100 permutations) compared with random TAIR10 regions. e, 542 

ChIP-seq tracks of three sperm differentiation genes - SHORT SUSPENSOR (SSP), 543 

HAPLESS 2 (HAP2) and DUO1-ACTIVATED ZINC FINGER 3 (DAZ3). Coverage 544 

represents log2 ratio of IP relative to input. Coloured and grey shading indicate enriched 545 

or depleted signal, respectively. In panels a and e, ChIP-seq was performed with three 546 

biological replicates; two for sperm H3K27me3. f, Differential expression between htr10, 547 

elf6;ref6;jmj13 and elf6;ref6;jmj13;htr10 pollen relative to WT, with minimum and 548 

maximum values as well as 25th, 50th and 75th quartiles indicated. Sample size (n) of 549 

pollen-expressed (grey) and sperm-enriched genes (black) is shown. Statistical analysis 550 

was performed using two-sided Mann-Whitney U-tests. g, Overlap of differentially-551 

expressed genes in htr10, elf6;ref6;jmj13 and elf6;ref6;jmj13;htr10 with sperm-enriched 552 

and cluster 1, 2, 3 genes. Statistical enrichment was determined using pairwise two-sided 553 

Fisher’s exact tests. Statistical source data including sample sizes (n) and precise p-values 554 

are provided in Source Data fig. 4.  555 

 556 

Fig. 5: Sperm chromatin state forecasts gene expression in the next generation 557 

a, Percentage of MEGs (n = 57 genes) and PEGs (n = 66 genes) overlapping with somatic 558 

H3K27me3 domains. Significance was determined by chi-square analysis compared to 559 

proportion in Arabidopsis (n = 28,775 genes). b-c, H3K27me3 signal over MEGs and 560 
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PEGs in leaves (b) and sperm (c). d, H3K4me3 signal over MEGs and PEGs in sperm. 561 

Plotted in c,d is the ChIP-seq log2 enrichment relative to input; b relative to H3. e, ChIP-562 

seq tracks of three PEGs - SU(VAR)3-9 HOMOLOG 7 (SUVH7), VARIANT IN 563 

METHYLATION 5 (VIM5) and YUCCA 10 (YUC10). f, Heatmap of PEG expression 564 

representing the asinh transform of the mean RNA-seq TPM values obtained from 565 

previously published datasets detailed in Supplementary Table 6. Sperm and egg were 566 

profiled with three and four biological replicates, respectively. g, Overlap enrichment of 567 

paternal or maternal biased genes in early zygotes with cluster 1, 2, 3 genes. Statistical 568 

enrichment was determined using pairwise two-sided Fisher’s exact tests. See source data 569 

for sample sizes (n) and precise p-values. h, 14h zygote transcript levels (log2 RNA-seq 570 

TPM) for genes expressed from cluster 1, 2, 3. Sample size (n = genes with TPM > 0.1) is 571 

denoted on each boxplot, which indicates minimum and maximum values as well as 25th, 572 

50th and 75th quartiles. Statistical analysis was performed using two-sided Mann-573 

Whitney U-tests. i, ChIP-seq tracks of three embryonic regulators - LEAFY 574 

COTYLEDON 1 (LEC1), FUSCA3 (FUS3) and WUSCHEL-RELATED HOMEBOX 2 575 

(WOX2). In panels e and i, coverage represents log2 enrichment relative to input while 576 

coloured and grey shading indicate enriched or depleted signal, respectively. ChIP-seq 577 

data in b,c,d,e,i was performed using three biological replicates; two for sperm 578 

H3K27me3. j, Model for the H3K27me3 resetting mechanism in Arabidopsis sperm. This 579 

involves silencing of multiple PRC2 subunits, H3K27me3 demethylase activity and 580 

sperm-specific deposition of histone H3.10, which is immune to K27 methylation. The 581 

conjunction of these pathways leads to chromatin and transcriptional reprogramming of 582 

genes expressed during sperm differentiation and in the next generation. Statistical source 583 

data are provided in Source Data fig. 5.  584 



Methods 1 

 2 

Plant materials and growth conditions 3 

Arabidopsis thaliana seeds for MEA-YFP52, SWN-GFP52, CFP-CLF53, EMF2-GFP53, LHP1-4 

YFP54, FIE-VENUS55, elf6;ref656, elf6;ref6;jmj1356, htr4;htr5;htr8/+22, HTR10-Clover57, 5 

HTR10-RFP5, HTR1-CFP5, HTR2-CFP5, HTR3-CFP5, HTR13-GFP5, HTR5-GFP5 and 6 

HTR8-CFP5 were described previously. All the Arabidopsis lines and plant material used in 7 

this manuscript were in the Col-0 background. Plants were grown in long day (16 hours 8 

light/8 hours dark) conditions at 22°C. 9 

 10 

Plasmid construction and plant transformation 11 

ProHTR5:HTR10 and ProHTR5:HTR10-3xHA were generated using MultiSite Gateway 12 

Technology (Thermo Scientific). The HTR10 cDNA with and without a stop codon were 13 

recombined downstream of the HTR5 promoter into the multisite gateway binary vector 14 

pAlligatorR4357 and upstream of an empty fragment or 3xHA, respectively. The HTR10 15 

cDNA was amplified from pollen cDNA using the primers HTR10-attB1-F and HTR10-16 

attB2-R or HTR10-attB2-nsR and cloned into pDONR221. Entry clones for the HTR5 17 

promoter5 and 3xHA11 were described previously. The resulting binary vector was 18 

transformed into an htr4;htr5;htr8/+ mutant background. 19 

HTR10-attB1-F 20 

GGGACAAGTTTGTACAAAAAAGCAGGCTCT ATGGCACGTACGAAGCAAACTG 21 

HTR10-attB2-R 22 

GGGGACCACTTTGTACAAGAAAGCTGGGTC TCAAGCACGTTCCCCACGAATGC 23 

HTR10-attB2-nsR 24 

GGGGACCACTTTGTACAAGAAAGCTGGGTC AGCACGTTCCCCACGAATGCG 25 



ProDUO1:SWN-Clover was also generated using MultiSite Gateway Technology. The SWN 26 

cDNA without a stop codon was recombined upstream of Clover and downstream of the 27 

DUO1 promoter into pAlligatorR4357. The SWN cDNA was amplified from flower cDNA 28 

using the primers SWN-attB1-F and SWN-attB2-nsR and cloned into pDONR221. Entry 29 

clones for the DUO1 promoter58 and Clover57 were described previously. The resulting 30 

binary vector was transformed into Col-0 wild type background. 31 

SWN-attB1-F 32 

GGGGACAAGTTTGTACAAAAAAGCAGGCTCT ATGGTGACGGACGATAGCAAC 33 

SWN-attB2-nsR 34 

GGGGACCACTTTGTACAAGAAAGCTGGGTC ATGAGATTGGTGCTTTCTGG 35 

 36 

CRISPR/Cas9-mediated generation of htr10 mutant allele 37 

A CRISPR/Cas9 vector pHEE401E59 containing two tandem sgRNA cassettes targeting the 38 

HTR10 locus were used to generate a null htr10 mutant allele in the Col-0 background. 39 

sgRNA sequences targeting HTR10 were 5�•-g GAGCCCTCTTGACTCCACCA-3�• and 5�•-g 40 

TCGTTGGAAAGGCAATTTG-3�•, respectively. T2 plants were screened for lesions at the 41 

HTR10 locus using Sanger sequencing. A 4bp deletion was identified at the predicted cut site 42 

for the first sgRNA, which results in a frame-shift and premature stop-codon. Cas9-free T3 43 

seeds were selected by testing batches of seeds for Hygromycin sensitivity. The chosen allele 44 

was back-crossed to WT and the resulting F2 generation screened for a homozygous htr10 45 

line using Sanger sequencing. 46 

 47 

Cytological analysis of fluorescent marker lines 48 

Marker lines were analyzed for expression during pollen development as described 49 

previously60. Floral buds were staged based on their position on the floral axis, with the first 50 



open flower (+1) being mature pollen stage and subsequent younger, closed buds (–1 to –13) 51 

containing earlier stages of pollen development. In our growth conditions, tricellular spores 52 

were found in anthers of –1 to –4 buds, bicellular within –4 to –8 buds and microspores in –9 53 

to -13 buds. Spores were released into 0.3 M mannitol by slicing open anthers with a 54 

hypodermic needle on a microscope slide and imaged immediately. Mannitol allows imaging 55 

of fluorescent marker lines under live cellular conditions. DAPI staining is avoided since it 56 

creates detergent-induced artefacts, particularly at earlier stages of pollen development. 57 

Developmental stages were determined using brightfield microscopy. Microspores are 58 

distinguished by a single large nucleus with a prominent nucleolus. Bicellular stages are 59 

clearly identifiable due to the membrane of the encased generative (or sperm precursor) cell. 60 

At the mid-bicellular stage, the generative cell has a regular spherical shape but elongates to 61 

form a distinct tail during late bicellular stages. All marker lines analyses were performed 62 

using a ZEISS LSM 700 laser scanning confocal microscope. 63 

 64 

Nuclear and whole-mount immunostaining 65 

Immunostaining of mature pollen nuclei was performed as described previously61. Open 66 

flowers were collected into a 1.5 ml microfuge tube and pollen was washed out by vortexing 67 

in 1 ml of ice cold Galbraith buffer (45 mM MgCl2, 30 mM Trisodium citrate, 20 mM 68 

MOPS, 1% Triton-100, pH 7.0)62 containing ß-mercaptoethanol and 1x complete protease 69 

inhibitor cocktail (Roche). The pollen suspension was filtered through a 100 µm nylon mesh 70 

then vortexed with 500 µm glass beads to disrupt pollen and release nuclei. The resulting 71 

suspension was filtered through a 10 µm mesh to remove pollen wall debris. Nuclei were 72 

immediately fixed with the addition of formaldehyde to a final concentration of 4% for 30 73 

min on ice. The suspension of fixed nuclei was spotted onto glass slides and allowed to dry at 74 

room temperature. Antibody incubation and wash steps were automated using an InsituPro 75 



VSi staining system (Intavis). Histone modifications were detected using anti-H3K27ac 76 

(Abcam, ab4729, 1:100 dilution), anti-H3K27me1 (Millipore, 17-643, 1:100 dilution), anti-77 

H3K27me3 (Millipore, 07-449, 1:100 dilution) and anti-H3 (Abcam, ab195277, 1:500 78 

dilution). DNA was labelled with DAPI supplied in Vectashield mounting medium (Vector 79 

Laboratories). Images were taken using a Zeiss LSM 700 laser scanning confocal 80 

microscope.  81 

 82 

Whole-mount immunostaining of early pollen stages was adapted from a procedure described 83 

previously63. Unopened floral buds were collected and ground gently in ice-cold Pollen 84 

Isolation Buffer (500 mM glucose, 500 mM sorbitol, 1 mM KNO3, 0.2 mM KH2PO4, 1 mM 85 

MgSO4, 1 µM KI, 0.1 µM CuSO4, 5 mM CaCl2, 5 mM MES, adjusted to pH 5.8 with Tris-86 

Cl). The resulting crude spore suspension was filtered through a 100 µm nylon mesh and 87 

centrifuged at 500 g for 5 min at 4°C to collect spores. The resulting pellet was resuspended 88 

in ice-cold Pollen Isolation Buffer, filtered through a 15 µm nylon mesh and collected by 89 

centrifugation again. The spores were immediately fixed in 4% paraformaldehyde in 1x PBS 90 

for 30 min at 4°C with gentle rotation. After washing twice with 1x PBS for 10 min, the 91 

spores were embedded in 15% acrylamide, spotted onto polylysine-coated slides and allowed 92 

to set under a cover slip. The cover slip was removed with a razor blade and the spore walls 93 

digested by the addition of 200 mg/ml Driselase solution (from Basidomycetes, Sigma) and 94 

incubated at 37°C for 3 hours in a humid chamber. The specimen was washed three times 95 

with 1x PBS for 10 min and permeabilized with a solution of 1 % Triton X-100 and 10% 96 

DMSO in 1x PBS at 37°C for 1 hour in a humid chamber. H3K27me3 modifications were 97 

detected using anti-H3K27me3 (Millipore, 07-449, 1:100 dilution). DNA was labelled by 98 

mounting the acrylamide slice in DAPI solution (1 µg/ml DAPI, 0.5x PBS, 5% DMSO). 99 

Images were taken using a Zeiss LSM 700 laser scanning confocal microscope. 100 



 101 

Quantification of H3K27me1 and H3K27me3 levels 102 

For quantification of H3K27me1 and H3K27me3 levels in the mutants, double nuclear 103 

immunostaining was performed as described above using anti-H3K27me1 (Millipore, 17-104 

643) or anti-H3K27me3 (Millipore, 07-449) and anti-H3 (Abcam, ab195277), respectively. 105 

Alexa 488 anti-rabbit and Alexa 555 anti-mouse were used as secondary antibodies. Images 106 

of nuclei were randomly captured for each genotype under standardized conditions on the 107 

same day using a Zeiss Axio Imager Z2 fluorescence microscope. Both GFP and RFP 108 

fluorescence images were captured at the same plane using 63x magnification. Images were 109 

processed and quantified using a custom script in ImageJ. After background subtraction, the 110 

mean H3K27me1 or H3K27me3 fluorescence was divided by the mean H3 fluorescence, then 111 

multiplied by the area of the respective nucleus to determine total normalized fluorescence 112 

levels. The data was scaled by dividing all the values by the mean H3K27me3 fluorescence 113 

of WT vegetative cell nuclei. 114 

 115 

Western blot 116 

Acid extracts from 14-day-old Arabidopsis leaf nuclei were separated by SDS-PAGE and 117 

transferred to a 0.2 ��m nitrocellulose membrane (GE Healthcare). To detect histone 118 

modifications on histone H3.10 expressed in somatic tissues, 3×HA-tagged HTR10 was 119 

expressed in htr4;htr5;htr8/+ mutant background under the control of the HTR5 promoter. 120 

Because 3×HA-tagged H3.10 migrates slower than endogenous histone H3, the two proteins 121 

can be distinguished by their mobility and subsequent size. Histones were probed with anti-122 

H3K4me3 (Abcam, ab8580, 1:1000 dilution), anti-H3K27me1 (Millipore, 17-643, 1:1000 123 

dilution), anti-H3K27me3 (Millipore, 07-449, 1:1000 dilution) and anti-HA (Roche, 124 

11867423001, 1:5000 dilution) antibodies. Blots were developed with a Pierce ECL Western 125 



Blotting Substrate kit (Thermo Scientific) and imaged using a ChemiDoc Touch Imaging 126 

System (BioRad). 127 

 128 

Histone lysine methyltransferase assays 129 

The protocols for expression and purification of the enzymes (ATXR5, ATXR6, CLF and 130 

MEA) used in the histone lysine methyltransferase (HLM) assays were described 131 

previously12,64. A detailed description for preparing the recombinant nucleosomes used in the 132 

HLM assays was also described in a previous publication65, except for slight modifications 133 

regarding the histone H3 proteins present in the nucleosomes used in this study. H3.1 134 

(AT1G09200) and H3.10 (AT1G19890) were PCR-amplified from Arabidopsis genomic 135 

DNA and cDNA, respectively, and cloned into pET3 for expression in E. coli. Site-directed 136 

mutagenesis (Agilent Technologies) of the pET3-H3.1 construct was performed to create the 137 

pET3-H3.10K27A expression construct. Finally, protocols for performing the radioactivity-138 

based HLM assays presented in this study were previously described in multiple 139 

publications12,66.          140 

 141 

Fluorescence-activated cell sorting 142 

Dry pollen from a ProHTR10:HTR10-Clover marker line was harvested using a vacuum 143 

suction method67. Sperm nuclei were isolated by fluorescence-activated cell sorting (FACS) 144 

using a method described previously68. The pollen was hydrated by resuspension in ice cold 145 

Galbraith Buffer (with 0.1% Triton X-100)62 supplemented with 10 mM ß-mercaptoethanol 146 

and 1x complete protease inhibitor cocktail (Roche). For isolation of intact sperm cells for 147 

RNA-seq analysis, Sperm Cell Extraction Buffer (1.3 mM H3BO3, 3.6 mM CaCl2, 0.74 mM 148 

KH2PO4, 438 mM sucrose, 0.83 mM MgSO4, 7 mM MOPS pH 6.0) was used instead of 149 

Galbraith Buffer. After gentle rotation at room temperature for ~15 minutes, 500 ��m glass 150 



beads were added to the pollen suspension and vortexed vigorously to disrupt the tough 151 

pollen walls. Pollen wall debris was removed by filtering the suspension through a 10 ��m 152 

nylon mesh. The resulting crude suspension was immediately subjected to FACS on a FACS 153 

Aria III cell sorter. The sorter was run in standard configuration, using a 70 ��m ceramic 154 

nozzle with 1x PBS running at a constant pressure of 20 psi. A 488 nm blue laser was used to 155 

excite Clover and detected with a 530/30 nm bandpass filter. 156 

 157 

RNA-seq analysis 158 

RNA-seq libraries were generated from total RNA of mature pollen and FACS-isolated 159 

sperm cells using Smart-seq269 using independent biological replicates. The libraries were 160 

sequenced on an Illumina Hiseq 2500 using 50 bp single-end reads and 125 bp paired-end 161 

reads for pollen and sperm, respectively. RNA-seq libraries of egg cells isolated from a 162 

ProDD45:mtKaede marker line70. Unfertilized ovules were treated with enzyme solution (1% 163 

cellulase [Worthington], 0.3% macerozyme R-10 [Yakult], 0.05% pectolyase [Kyowa Kasei], 164 

and 0.45 M mannitol [pH 7.0]) and released egg cell protoplasts collected using PicoPipet 165 

(NepaGene) with a glass capillary and a micromanipulator (Narishige) under an inverted IX-166 

71 (Olympus) microsope71. mRNA was extracted from about 10 ~ 18 egg cells using a 167 

Dynabeads mRNA DIRECT Micro Kit (Invitrogen) and amplified using Ovation RNA-seq 168 

System V2 (NuGEN). RNA-seq libraries were prepared using TruSeq RNA Sample 169 

Preparation Kit and Multiplexing Sample Preparation Oligonucleotide Kit (Illumina). The 170 

libraries were sequenced on an Illumina GA2x (Illumina) using 36 bp single-end reads. 171 

 172 

Adapter trimming was performed using TrimGalore version 0.4.1 173 

(https://github.com/FelixKrueger/TrimGalore). Reads were aligned to 174 

the Arabidopsis genome (TAIR10) using the STAR aligner version 2.5.2a72. Transcripts per 175 



million (TPM) values were generated using Kallisto version 0.43.173 with an index built on 176 

TAIR10 cDNA sequences (Arabidopsis_thaliana.TAIR10.cdna.all.fa.gz). Published RNA-seq 177 

datasets were downloaded and processed in the same manner (Supplementary Table 6)35,74–81. 178 

RNA-seq heatmaps were generated using the pheatmap package in R 179 

(https://github.com/raivokolde/pheatmap). Differential gene expression analysis of htr10, 180 

elf6;ref6;jmj13 and elf6;ref6;jmj13;htr10 was performed using DESeq2 version 1.22.282 for 181 

transcripts that had 10 counts or more in at least one sample. Differentially expressed genes 182 

(DEGs) were classified as having a p-value < 0.1 after correction for multiple testing (i.e. 183 

adjusted p-value). Overlap of enrichment of DEGs with gene lists of interest was determined 184 

with the R package GeneOverlap 1.18.0 function newGOM (https://github.com/shenlab-185 

sinai/GeneOverlap). 186 

 187 

ChIP-seq analysis 188 

ChIP-seq was performed by adapting an ultra-low input ChIP-seq protocol (ULI-ChIP-seq) 189 

described previously83. Sperm nuclei from ProHTR10:HTR10-Clover plants were isolated by 190 

FACS and stored at -80°C in Cryopreservation Buffer (50 mM Tris-Cl pH 8.0, 40% glycerol, 191 

5 mM MgCl2, 0.1 mM EDTA, 1 mM PMSF, 1x Roche protease inhibitor cocktail). Sperm 192 

nuclei from htr10 mutant plants were purified using SYBR Green84. Sperm mono-193 

nucleosomes were generated by digestion with micrococcal nuclease (MNase, New England 194 

Biolabs) in MNase digestion buffer (1x NEB MNase reaction buffer, 1.5 mM DTT, 5% PEG 195 

6000). EDTA was added to a final concentration of 10 mM to stop the MNase digestion. 196 

Nuclei were lysed by adding Triton X-100 and sodium deoxycholate to a final concentration 197 

of 0.1% each, incubated on ice for 15 minutes and then vortexed. Mononucleosomes were 198 

recovered after centrifugation and subjected to immunoprecipitation with anti-H3K4me3 199 

(Abcam, ab8580), anti-H3K27ac (Abcam, ab4729), anti-H3K27me1 (Millipore, 17-643), 200 



anti-H3K27me3 (Millipore, 07-449) and anti-GFP (Thermo Scientific, A-11122) antibodies. 201 

Sequencing libraries were prepared using a NEBNext Ultra II DNA Library Prep Kit for 202 

Illumina (New England Biolabs) and sequenced on an Illumina Hiseq 2500 to generate 50 bp 203 

paired-end reads while htr10 mutant profiles were sequenced on an Illumina NextSeq 550 to 204 

generate 75 bp paired-end reads. All ChIP-seq profiles were generated with at least two 205 

independent biological replicates. 206 

Adapter trimming was performed using TrimGalore version 0.4.1 207 

(https://github.com/FelixKrueger/TrimGalore). Reads were mapped to the Arabidopsis 208 

genome (TAIR10) using Bowtie2 version 2.1.085. Reads were filtered for a MAPQ score > 10 209 

using SAMtools version 1.386 and subsequently filtered for duplicate reads using Picard tools 210 

MarkDuplicates version 1.141 (https://github.com/broadinstitute/picard). Biological 211 

replicates were subsequently merged for downstream analysis after confirming high 212 

correlation among replicates (Extended Data Fig. 3a). A cross correlation matrix based on 213 

Pearson’s correlation coefficient was generated by comparing processed BAM files using 214 

deepTools version 2.5.0.1 utility bamCorrelate87. For data visualization, log2 ratio bigwig 215 

coverage files relative to input were generated using the deepTools version 2.5.0.1 utility 216 

bamCoverage with a bin size of 10 bp87. Bigwig coverage files were visualized along the 217 

TAIR10 genome using IGV version 2.4.1088. Published ChIP-seq datasets were downloaded 218 

and processed in the same manner (Supplementary Table 6)11,89. Bigwig coverage files for 219 

published leaf ChIP-seq data sets were generated relative to H3 to be similar to the MNase-220 

digested sperm samples. Peaks were called using the MACS2 version 2.1.0 callpeak function 221 

using -f BAMPE --broad --broad-cutoff 0.1 -g 1.2e890. Averaged ChIP-seq profiles were all 222 

generated using the EnrichedHeatmap function normalizeToMatrix91 and plotted using a 223 

custom script in R. 224 



 225 

Comparison of somatic and sperm H3K27me3 profiles 226 

Consistent with its erasure from sperm chromatin, library complexity for sperm H3K27me3 227 

ChIP-seq was poor compared to other histone marks. Nonetheless, the sperm H3K27me3 228 

replicates were highly correlated and confirmed to have been sequenced to a saturating depth 229 

(Extended Data Fig. 3h,i) using Preseq v2.092. Read depth discrepancy was accounted for 230 

prior to comparing the number of peaks between sperm and somatic tissues. Leaf and 231 

seedling H3K27me3 ChIP-seq datasets were subsampled to the same read depth as sperm 232 

H3K27me3 using SAMtools version 1.386. H3K27me3 peaks were subsequently called on the 233 

read-depth normalized BAM files with MACS2 version 2.1.0 callpeak function using -f 234 

BAMPE --broad --broad-cutoff 0.1 -g 1.2e890. Somatic H3K27me3 domains were defined as 235 

the merged overlap between leaf and seedling H3K27me3 peaks (called using default 236 

MACS2 narrow peaks from non-subsampled BAM files) with the R package ChIPpeakAnno 237 

function findOverlapsOfPeaks93. Similarly, the overlap analysis between sperm H3K27me3 238 

peaks and somatic H3K27me3 domains was also performed with the R package 239 

ChIPpeakAnno function findOverlapsOfPeaks93.  240 

 241 

Annotation of reprogrammed gene clusters 242 

H3K27me3-marked genes were defined as TAIR10 genes that overlapped with somatic 243 

H3K27me3 domains (see Comparison of somatic and sperm H3K27me3 profiles) using the R 244 

package ChIPpeakAnno function findOverlapsOfPeaks93. These somatic H3K27me3-marked 245 

genes were clustered based on H3K4me3-enrichment in sperm using kmeans clustering (n = 246 

3) and visualized as ChIP-seq heatmaps using the EnrichedHeatmap package in R91. Boxplots 247 

of RNA-seq expression was limited to genes with a TPM > 0.1. Gene ontology (GO) 248 



enrichment analysis of gene clusters was performed using the gProfileR package in R94 using 249 

gSCS correction, strong hierarchical filtering and limited to biological process GO terms. 250 

 251 

Tissue enrichment of reprogrammed gene clusters  252 

The overlap of the reprogrammed genes (see Annotation of reprogrammed gene clusters) 253 

with tissue-enriched genes was determined with the R package GeneOverlap function 254 

newGOM (https://github.com/shenlab-sinai/GeneOverlap). Statistical p-values for tissue 255 

enrichment for reprogrammed gene clusters (combining clusters 1, 2 and 3) was determined 256 

through a permutation overlap test (n = 100 permutations) using the R package 257 

ChIPpeakAnno function peakPermTest93. Sperm-enriched genes were defined as having a 258 

TPM > 5 in sperm and a TPM < 1 in seedling, roots, dry seeds and leaves (Supplementary 259 

Table 2). Early embryo-enriched genes were defined as the Affymetrix ATH1 array probe 260 

sets defined as specific to the pre-globular embryo proper in microarray datasets of laser 261 

micro-dissected portions of Arabidopsis seeds95. Similarly, early endosperm-enriched genes 262 

were defined as a combined list of ATH1 probe sets specific to pre-globular micropylar, 263 

peripheral, and chalazal endosperm95. For early embryo and endosperm-enriched genes, the 264 

overlap was limited to H3K27me3-marked genes that were also present on the Affymetrix 265 

ATH1 array. Genes with a maternal and paternal bias in early zygotes were defined 266 

previously35. 267 

 268 

Analysis of PEGs and MEGs 269 

Paternally-expressed imprinted genes (PEGs) and maternally-expressed imprinted genes 270 

(MEGs) were a combined and stringent set from multiple studies that were filtered for 271 

potential seed coat contamination96. Polycomb-targeted PEGs and MEGs were defined as 272 

those present within the list of somatic H3K27me3-marked genes (see Comparison of 273 



somatic and sperm H3K27me3 profiles). Statistical p-values were determined by chi-square 274 

analysis expressed relative to the proportion of somatic H3K27me3-marked protein-coding 275 

genes in the TAIR10 genome. Averaged ChIP-seq enrichment over PEGs and MEGs were 276 

generated using the EnrichedHeatmap function normalizeToMatrix 91 and plotted using a 277 

custom script in R. 278 

Code availability 279 

Custom code used to process and analyze the genomic data as detailed in the methods section 280 

are available upon request. 281 

 282 

Statistics and reproducibility 283 

All statistical procedures performed are indicated in the figure legends. Each experiment was 284 

repeated independently at least twice with similar results unless otherwise stated in the 285 

legend. The number of biological replicates for each experiment is also provided in the 286 

legend. ImageJ software (v.2.0.0) was used for quantification of H3K27me1 and H3K27me3 287 

levels in pollen nuclei and two-sided Mann Whitney U tests used to assess statistical 288 

differences between genotypes. Differential gene expression analysis was performed using 289 

DESeq2 and limited to transcripts that had 10 counts or more in at least one sample. 290 

Differentially expressed genes (DEGs) were classified as having a p-value < 0.1 after 291 

correction for multiple testing using Bonferroni correction (i.e. adjusted p-value). Two-sided 292 

Mann Whitney U tests were performed when comparing TPM expression values of genes 293 

belonging to the different reprogrammed clusters. In addition, statistical methods for 294 

assessing peak and gene overlaps included one-sided permutation overlap tests or two-sided 295 

Fisher’s exact tests, respectively. All violin plots (Fig. 1h,k), box plots (Fig. 4c,f and Fig. 5g), 296 

bar plots (Fig. 5a) and venn overlaps (Fig. 3n and Extended Data Fig. 3g, Fig. 5e and Fig. 6c) 297 



are labelled with precise p values. The precise p-values shown in the heatmaps summarising 298 

statistically enriched overlaps (Fig. 4g and Fig. 5f) are provided as Source Data. 299 

 300 
 301 
 302 

Data availability 303 

Deep-sequencing data that support the findings of this study have been deposited in the Gene 304 

Expression Omnibus (GEO) under accession code GSE120669. Egg cell transcriptomic data 305 

has been deposited at the DNA Data Bank of Japan (BioProject: PRJDB8211).  306 

 307 

Previously published RNA-seq35,74–81 and ChIP-seq11,89 datasets re-analysed in this study are 308 

detailed in Supplementary Table 6.  309 

 310 

All other data supporting the findings of this study are available from the corresponding 311 

author on reasonable request 312 

 313 
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