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SUMMARY

Cytosine methylation is an important epigenetic modification involved in regula-
tion of plant development. However, the epigenetic mechanisms governing
peanut seed development remain unclear. Herein, we generated DNA methyl-
ation profiles of developmental seeds of peanut H2014 and its smaller seed
mutant H1314 at 15 and 60 days after pegging (DAP, S1, S4). Accompanying
seed development, globally elevated methylation was observed in both lines.
The mutant had a higher methylation level of 31.1% than wild type at S4, and
27.1-35.9% of the differentially methylated regions (DMRs) between the two
lines were distributed in promoter or genic regions at both stages. Integrated
methylome and transcriptome analysis revealed important methylation varia-
tions closely associated with seed development. Furthermore, some genes
showed significantly negative correlation of expression with the methylation
level within promoter or gene body. The results provide insights into the roles
of DNA methylation in peanut seed development.

INTRODUCTION

Cultivated peanut (Arachis hypogaea L.), an important cash crop widely grown in ~110 countries/regions,
with a total annual area harvested of 32.70 million hectares (FAOSTAT, 2021), greatly increases income of
local farmers. Peanut yield-related agronomic traits including seed size/weight usually display continuous
phenotypic variation, and are controlled by multiple quantitative trait loci (QTLs).'* Numerous genomic
regions have been identified which control seed yield in peanut using forward genetics, many of which
are associated with seed size/weight phenotypes. However, few causal genes controlling seed size/
weight-associated QTLs have been characterized.

Plant hormones have been proven to be involved in regulating seed size/weight in the model plants
Arabidopsis, rice and other non-model crops,” which can regulate seed size/weight through either
maternal or the zygotic tissues. Cytokinins (CKs), one of several types of endogenous phytohormones,
play vital roles in various plant development processes such as shoot and root growth, flower and female
gametophyte development, and control of cell division and differentiation,” and they also greatly influence
seed yield.® For example, increasing accumulation of CKs in inflorescence meristems, following reduced
expression of OsCKX2 and the wheat ortholog TaCKX6-D1 (cytokinin oxidase/dehydrogenase), leads to
higher grain yield in both rice® and hexaploid cultivated wheat.” In addition, moderately enhanced CK
levels can significantly increase seed size and yield in cotton.®

Auxins are also key regulators of plant seed development. TGW6 (THOUSAND GRAIN WEIGHT 6), an
enzyme with indole-3-acetic acid (IAA)-glucose hydrolase activity, positively modulates free IAA supply
by hydrolyzing IAA-glucose in rice grains, and functional loss of TGWé enhances rice grain length and
weight.” Recently, AUXIN RESPONSE FACTOR 4 (OsARF4) has been reported to negatively regulate
both grain size and weight through the auxin signaling pathway in rice.'” However, how phytohormones
affect peanut seed development remains elusive.

Cytosine methylation of genomic DNA, adding of a methyl group to the 5 position of a cytosine, is an
important epigenetic modification having multifaceted roles in plants, such as maintenance of genome
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stability, modulation of gene expression, developmental regulation, and environmental responses.1 12n

plants, DNA cytosine-5 methylation occurs predominantly in CG, CHG, and CHH contexts (H represents A,
T, or C). Cytosine methylation has been extensively studied in crops and other species. For example,
Soybean DNA methylation profilings in roots, stems, leaves, and cotyledons of immature seeds were
carried out, and some of differentially methylated regions (DMRs) among organs were correlated with
elevated expression of neighboring genes.'* Xing et al. (2015) characterized the DNA methylation genome
in embryo and endosperm (2-9 days after pollination) tissues, and revealed the key roles of DNA methyl-
ation during rice seed development.'® In addition, DNA methylomes of maize embryo and endosperm
were also examined,” and DNA methylation played critical roles in regulation of wheat preharvest sprout-
ing resistance.'® Notably, dynamic DNA methylation was found to be critical for proper orange fruit
development'” or postharvest ripening of tomato. '

DNA methylation has also been studied in peanut. In the genome assembly of the allotetraploid cultivated
peanut A. hypogaea, cytosine-5 methylation was analyzed in young leaves, and genic methylation patterns
typical of plants were observed with decreased methylation in transcribed regions and at transcription start
and end sites.'” Recently, Zhou X et al. (2021) examined epigenetic signatures associated with peanut
allergy using targeted next-generation bisulfite sequencing.”’ However, dynamic DNA methylation in
developing seeds has not yet been examined, and whether DNA methylation affects seed development
in peanut remains unclear.

Herein, we generated single-base resolution maps of DNA methylation for developmental seeds from pea-
nut accession H2014 and its smaller seed mutant using whole-genome bisulfite sequencing (WGBS), and
characterized dynamic methylation during seed development of both peanut lines. Based on an integrated
analysis of methylome, transcriptome and endogenous phytohormones, we explored the correlation be-
tween gene expression and methylation, and the differentially expressed genes (DEGs) with differential
methylation closely associated with seed size and weight regulation in peanut.

RESULTS
Seed phenotypes of wild type (H2014) and mutant (H1314) peanut accessions

The mutant lines were derived from an EMS-mutagenized M, population of the cultivated peanut accession
H2014.%" A large variation in seed phenotype was observed between the mutant and its parent. Wild type
plants had a pod weight of ~53 g on average at maturity, compared with only ~30 g for the mutant (57% of
wild type; Figures 1A and 1B). However, the number of pods per plant was not significantly different be-
tween the two accessions (Figure 1B). Fresh seeds from both accessions were collected and further exam-
ined atyoung (15 DAP) and expansion (60 DAP) stages (S1 and S4) (Figure 1A). The mutant showed a similar
seed weight to wild type at S1, but displayed a significant decrease in seed weight at S4 (60% of wild-type;
Figure 1C). Meanwhile, the mutant exhibited significantly reduced seed length compared with wild-type,
and decreased mean seed area at S4 (Figures 1D and 1E). Furthermore, longitudinal sections of represen-
tative seeds at S4 were observed (Figures 1F and 1G), and the mutant displayed a much bigger cell area and
significantly increased cell width (Figures TH-1J), suggesting a reduced number of cells in mutant seeds.
Therefore, the decrease in both seed size and weight of H1314 is mainly because of a reduction in the
number of cells.

Cytosine methylomes of developing seeds from wild type and mutant

To investigate changes in the DNA methylome during peanut seed development, we generated single-
base resolution maps of DNA methylation for immature seeds at two different stages (15 and 60 DAP)
from the wild type and mutant, respectively. Eight seed samples were sequenced for the two lines with
two biological replicates (A and B) for each stage. For each sample, over 299 million clean reads of
150 bp in length were generated, with an average bisulfite conversion rate of 99.3% (Table S1). Approxi-
mately 69.3% of the reads were mapped to the Tifrunner (A. hypogaea) genome assembly (gnm1), covering
~94.5% of the whole genome. All of the sequenced methylomes had ~19.6xdepth per chromosome on
average (Table S1). There are 927.4 Mb cytosines in the Tifrunner genome assembly.'” For the eight
analyzed seed methylomes, 7,526 to 8,798 Mb cytosines were sequenced and mapped to the peanut refer-
ence genome with an average 8.4-fold depth. Among them, 324—350 Mb cytosines were methylated with
the average methylation density of 35.0-37.8% in single seed samples, across CG, CHG and CHH sequence
contexts (Figures 2A and 2B). Notably, more than half of methylated Cs are within the CHH context (57.9%),
followed by CHG (23.3%) and CG (18.8%; Figure 2C). We then examined methylation levels for sequenced
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Figure 1. Phenotypes of developing seeds for wild type (H2014) and mutant (H1314) peanut lines

(A) Seed samples at 15 (S1) and 60 DAP (S4) from wild-type (WT, H2014) and mutant (H1314) plants (Bars = 1cm).

(B) Changes in average pod weight and number per plant at maturity, n = 10.

(C—E) Average 100-seed weight, seed length and seed area at both developmental stages. n = 20 in panel C, and n = 10 in panel D and E.

(F, G) Longitudinal sections of wild type seeds at S4 are shown in (F) and those of mutant seeds are shown in (G). Bars = 20 pm.

(H-J) Cell length, width, and area of seeds are displayed in (H), () and (J), respectively, for both lines. n = 15. *p < 0.05, **p < 0.01, NS, not significantly.
Student's t test. Results are means + standard deviation (SD).

seed samples, and all pairs of replicates displayed highly positive correlations (R? > 0.97; Figure S1). The
global methylation level was ~29.6% across these samples, with average CG, CHG and CHH methylation
levels of 79.6%, 69.2% and 15.9%, respectively (Table S2).

We also analyzed the distribution of DNA methylation and gene/transposable element (TE) density. The
results revealed enhanced DNA methylation in the three contexts in the pericentromeric region in which
TEs are preferentially distributed (Figures 2D and 2F). By contrast, relatively little DNA methylation was
observed in the chromosome arms where genes are massively enriched (Figures 2D and 2F). There were
lower methylation levels in genic regions, especially 3'/5 flanking regions, than in 2 kb upstream/down-
stream regions for both lines (Figures 2E and 2G). Moreover, compared with other regions of the gene

body, promoter and intron regions showed enhanced methylation in all three sequence contexts
(Figures 2E and 2G).

Elevated methylation during developing peanut seeds of mutant and wild type

Both CG and CHG methylation in seed samples showed strong positive correlations (R? > 0.97) between
the two seed stages within wild type or mutant line, whereas reduced coefficients (R? = 0.87-0.90) were
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Figure 2. Cytosine methylation profiles of developing seeds of wild type and mutant peanut lines

(A and B) Average density of methylated cytosines (Cs) in wild type (WT) and mutant seeds at 15 (51, A) and 60 DAP (S4, B). And the percentage for cytosine
methylation in CG, CHG, or CHH contexts is shown for both peanut lines. The average methylation density is that the number of identified methylation Cs is
divided by total number of sequenced cytosines with coverage depth >5, and the percentage was generated for cytosine methylation in CG, CHG, or CHH

contexts, respectively.

(C) Percentage of CG, CHG and CHH methylation in single seed sample cytosine methylation profile. The number of cytosines in CG, CHG and CHH contexts

was divided by total number of Cs in single seed methylome, and the percentage was generated.

(D and F) Circo heatmaps including cytosine methylation in CG, CHG and CHH contexts (methylation level range, 0-1), TE (transposon elements) and gene
intensity (from outer to inner) across the whole peanut genome for wild-type seeds at S1 (D) and S4 (F). TE intensity range, 0-22; gene intensity range, 0-500.
(E and G) Distribution of methylation levels in CG, CHG, and CHH genomic sequence within 2kb up/downstream of gene body, gene body, and functional
regions of gene were displayed for wild type and mutant seeds at S1 (E) and S4 (G), respectively. See also Figure S1, Tables ST and S2.

observed for CHH methylation, suggesting substantial changes in the seed DNA methylomes of mutant
and wild type from S1 to S4 (Figure S1). So we examined the dynamic methylomes during peanut seed
development. The average methylation level of 28.5% at S1 was globally elevated to 29.9% at S4 in wild
type, and a similar trend (from 28.7% to 31.1%) was observed in mutant seeds (Figure 3C; Table S2) in which
both peanut lines all had increased methylation levels in promoter, gene body, and repeat at S4 compared
to S1 (Figure 3D; Tables S5 and S6). Totally, there were 29,904 and 14,588 differential methylation regions
(DMRs) between S1 and S4 in wild type and mutant seed samples, and of them, 27,769 (92.9%) and 13,247
(90.8%) were hyper-DMRs, respectively (Figure 3A; Tables S3 and S4). Of interest, we found that most DMRs
and most hyper-DMRs (97.7%, 96.9%) had CHH methylation (Figure 3B). In addition, wild type seeds had
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Figure 3. Increased methylation during seed development from S1 to S4 for mutant and wild type peanut lines
(A) The wild type (H2014, WT) or mutant (H1314) seeds at S4 (60 DAP) had differential methylation regions (DMRs) with increased (hyper) or decreased (hypo)
cytosine modification compared to S1 (15 DAP).
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Figure 3. Continued

(B) Hyper-/hypo-DMRs between S1 and S4 for WT or mutant seeds had cytosine methylation in CG, CHG, and CHH genomic context, and the percentages of
CG, CHG, and CHH methylation within wild-type or mutant seed DMRs were displayed.

(C) Significantly increased methylation in mutant or wild type seeds from S1 to S4 based on the identified DMRs from panel (A), the total DMRs (including
hyper-DMRs and hypo-DMRs) identified in WT or mutant seeds at S4 compared to S1 were used to analyze methylation change during seed development.
(D) DMRs were mostly distributed in repeat, gene bodies, and promoter regions in peanut genome. Differential methylation analyses were performed for the
total DMRs (including hyper-DMRs and hypo-DMRs) within repeat, gene body, or promoter identified in wild type or mutant seeds at S4 compared to S1,
respectively.

(E) The DNA methylation distribution across the transposable elements (TE) and flanking 2 kb regions in developmental wild type and mutant seeds at S1
and S4.

(F) Venn diagram showing DMRs-targeting genes in developing wild type (blue circle) or mutant (red circle) seeds at S4 compared to S1. The DMRs are
the total DMRs (including hyper and hypo-DMRs) within promoter and gene body region, identified in developing wild type or mutant seeds at S4
compared to S1.

(G) Expression heatmap of DNA methyltransferases (RDM3, DRM2, MET1, CMT3, CMT2) and glycosylases (DEMETER-like/ROS1) in developmental mutant
and wild type seeds (RNA-seq data). For each gene, expression levels (FPKM) from seed RNA-seq data were treated using Zscore and used to generate the
heatmap.

(H) GO enrichment was performed in the common DMR-targeting genes shared by developing wild type and mutant seeds from S1 to S4, and some
significantly terms including seed development, gene expression, plant hormone, and so on were present. Student'’s ttest, **p < 0.01 for (C) and (D). See also
Figures S2 and S3, Tables S3, S4, S5, S6, S7, S8, and S16.

5,784 DMRs-targeting genes between S1 and S4, whereas the mutant had 2,798 DMRs-targeting genes,
accordingly (Figure 3F). Notably, 991 DMRs-targeting genes were shared by both peanut lines (Figure 3F).
We further performed GO enrichment analysis on these DMRs-related genes, and some important terms
such as hormone level regulation ("|AA-Ala hydrolase activity", "BR biosynthesis and homeostasis"), lipid &
sugar metabolic process, cell wall biogenesis and cell division ("chromosome decondensation") were
significantly enriched. More importantly, the terms seed development ("seed dormancy process”, "game-
tophyte development", "seedling development", and "fruit development") were also included, indicating
wide involvement and indispensable functions of DNA methylation in peanut seed development processes

(Figure 3H; Table S7).

Meanwhile, we have examined the methylation distribution at TE regions from S1 to S4 in developmental
wild type and mutant seeds. The result showed that both WT and mutant seeds have similar CG and CHG
methylation but significantly increased CHH methylation from S1 to S4, and much higher methylation levels
are distributed across TE body than flanking regions (down or upstream 2 kb sequence) (Figure 3E). Trans-
posable elements have been identified in cultivated peanut genome including LTR retrotransposon
(Retro), Non-LTR retrotransposon (LINEs and SINEs), and DNA transposons (CACTA, hAT, Helitron, and
Mutator).'” We observed the globally elevated CHH methylation across these transposable elements
(TE body and 2 kb flanking regions) from S1 to S4 during developmental WT and mutant seeds (Figure S2).

Elevated cytosine methylation was observed from S1 to S4 for both mutant and wild type seeds, Compared
with S1, wild type seeds had obviously enhanced CHH methylation levels but slightly reduced CG and CHG
methylation levels at S4, whereas the mutant mainly showed large increases in CHH methylation (Table S2).
Therefore, the global increase in methylation levels from S1 to S4 may be mainly attributable to increased
cytosine methylation in the CHH context. Methyltransferases and glycosylases are key factors affecting
DNA methylation as well as the RNA-directed DNA methylation (RADM) pathway, and their expression
levels directly regulate overall methylation in plant genomes.”””> A BLAST search of Arabidopsis methyl-
transferases and glycosylases against the published Tifrunner (A. hypogaea) genome assembly (gnm1)
identified 8 glycosylase and 14 methyltransferase homologs in cultivated peanut (Table S8). We further
examined expression levels of these genes, and found that ten DNA methyltransferases were downregu-
lated, whereas only the Domains Rearranged Methyltransferase 2 (DRM2)-like gene (AhZ5TSV0), respon-
sible for de novo methylation of cytosines in CG, CHG and CHH sequence contexts through the RdDM
pathway, showed increased expression at S4, and the other three were not expressed in developing peanut
seeds (Figures 3G and S3; Table S8). We have also examined other key factors in the RADM pathway, which
include RNA-directed RNA polymerase 2 (RDR2) and endoribonuclease DICER LIKE-3 (DCL3) responsible
for generation of 24 nt sRNAs, and the Argonaute (AGO) proteins (especially AGO4) necessary for DNA
methylation of target loci together with DRM2.%* And they mostly displayed a marked reduction in expres-
sion from S1 to S4 in both peanut lines (Table S8). Meanwhile, of the eight glycosylases including
REPRESSOR OF SILENCING 1(ROS1)-like isoform and transcriptional activator DEMETER-like protein,
five displayed decreased expression levels, and two were unexpressed (Figures 3G and S3; Table S8).
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Thus, it seems that both DRM2-like (AhZ5TSVO0) and the five glycosylases with reduced expression could
collectively contribute to globally elevated methylation during seed development in the two peanut lines.

Differential methylation between developing mutant and wild type seeds

We next compared the mutant and wild type seed methylomes. At S1, the mutant had lower DNA methyl-
ation levels in all three sequence contexts (CG, CHG and CHH) at 2 kb upstream/downstream of genebody
regions compared with wild type, whereas similar CHG and CHH methylation levels were observed in genic
regions for both peanut lines (Figure 2E). At S4, the mutant had enhanced DNA methylation in CG and CHG
sequence contexts than wild type, but similar CHH methylation levels (Figure 2G). The methylated
cytosines in genic regions were further examined, and the results showed that at S1, the mutant seeds
had globally reduced DNA methylation in the CG context across gene body regions, and decreased
methylation levels in CHG and CHH contexts in promoter regions (Figure 2E). At S4, both CG and CHG
methylation levels in promoters were obviously elevated in the mutant, whereas DNA methylation in other
genic regions was similar to the wild type parent (Figure 2G).

We then characterized DMRs among seed methylomes, and identified 19,833 and 29,023 DMRs between
mutant and wild type seeds at S1 and S4, with an average fragment length of 268 bp and 247 bp, respec-
tively (Figured S4B and S4C; Tables S9 and S10). Among them, the mutant had many more hyper-DMRs
(10,162) at S1 but more hypo-DMRs (16,699) at S4, corresponding to 51.2% and 57.5% of total DMRs,
respectively (Figure S4A). At S1 stage, more DMRs with CG (34.1%, 6,759) and CHG (34.4%, 6,833) methyl-
ation were present than CHH (31.5%, 6,241) methylation (Figure S4B), whereas CHH (49.2%, 14,291) methyl-
ation were predominant followed by CG (27.3%, 7,913) and CHG (23.5%, 6,819) methylation at S4 stage
(Figure S4C). We have also identified the DMRs specifically at S1 or S4, and the common DMRs at both
stages. Totally, 42.4-51.3% of the CG and CHG DMRs identified at S4 are shared by both stages, whereas
only 4.9-6.8% of the CHH DMRs in mutant seeds at S4 are present at S1 (Figure S5A), indicating that most
CHH DMRs at S4 are attribute to accumulated changes from S1 to S4. In addition, the identified hypo-/hy-
per-DMRs were mainly located in intergenic regions (64.1-72.9%) whereas only a small number (27.1-
35.9%) were distributed in promoter and/or genic regions of mutant at both stages (Figure 4B). Importantly,
the mutant had many more hyper-DMRs with CG and CHG methylation but fewer hyper-DMRs in CHH
sequence contexts at both stages (Figure 4A), which was consistent with increased CG and CHG methyl-
ation but reduced CHH methylation at both stages compared to wild type (Figures 4C, 4D, and S5B).
Compared with DMRs in intergenic regions, methylation variation in genic regions and promoters may
be more important for gene expression. Thus, we further analyzed the hypo-/hyper-DMR distributions in
promoters and other genic regions. Totally, mutant seeds had many more hypo-DMRs than hyper-DMRs
in all promoter, intron, exon, transcription start site (TSS) and transcription end site (TES) regions at
both stages (Table S11). Notably, promoter regions contained 2,526 and 4,160 hyper-/hypo-DMRs at S1
and S4 stages in the mutant, whereas 6,800 and 7,904 DMRs were distributed within the gene body region,
respectively (Table S11). Further analysis revealed that 7,548 and 3,688 genes were targeted by the hypo-/
hyper-DMRs located in promoters at S1 and S4, respectively, whereas the hypo-/hyper-DMRs distributed in
gene body regions targeted 7,008 and 4,393 genes (Figures 4E and S4D; Tables S12 and S13).

The mutant line (H1314) was generated after chemical treatment of the peanut accession H2014, and sub-
stantially differential cytosine methylation existed among mutant and wild-type seed samples. To examine
whether sequence variation resulting from EMS treatment may affect methylation, we performed sequence
analysis using RNA sequencing (RNA-seq) data. A total of 20,276 single base variations were identified in
the mutant genome, of which C>T (9,114) and G>A (8,597) were predominant, whereas other variation
types were rarely detected (Table S14). Notably, 9,794 Cs were converted to A, T or G, but only 713 cyto-
sines resulted from conversion of non-C bases, indicating a substantial decrease in cytosines in the H1314
EMS mutant. Therefore, elevated methylation in mutant seeds was not directly related to reduction of
cytosines in the genome.

Differential gene expression between wild type and mutant seeds

To further investigate the correlation between DNA methylation and gene expression during peanut seed
development, we sequenced eight RNA samples extracted from developing seeds of mutant and wild
type (ST and S4) with two biological replicates (A and B) for each stage (Table S15). Pearson correlation
analyses revealed a strong positive correlation (R* > 0.93) among seed transcriptomes at the same stage
between mutant and wild type, indicating similar gene expression profiles in mutant and wild type seeds
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(A) Differentially methylated regions (DMRs) with CG, CHG, and CHH methylation between mutant and wild type seeds were shown at both stages. Hyper-/
hypo-DMRs, DMRs with increased or decreased methylation, respectively. $1/54, 15/60 DAP.
(B) Distribution of hyper-/hypo-DMRs in promoter, gene body, or other region (repeat), identified in mutant at both stages when compared to wild types.
(C and D) Comparison of methylation level in CG, CHG, and CHH contexts within the identified DMRs from panel (A) between mutant and wild type seeds at

S1(C)and S4 (D).

(E) Venn diagram showing differentially expressed genes (DEGs) and DMRs-targeting genes with differential methylation in promoter (DMR_promoter) and/
or gene body (DMR_genebody) identified in developmental mutant seeds when compared to wild type samples at both stages.

(F) GO enrichment was performed on the DEGs with differential methylation in promoter and/or gene body between mutant seeds and wild type samples at
S1and 54 stages. S1-/S4-promoter, the DEGs showing differential methylation within promoter at $1/54; S1-/S4-genebody, the DEGs showing differential
methylation within gene body at $1/54; the blue box, significantly enriched terms with p < 0.05 whereas for the white box p > 0.05.

(G) Some genes related to the terms "seed development, hormone, and carbohydrate metabolism" from panel (F), and the corresponding differential
methylation (DM) and expression (DE) between mutant and wild type at both stages. DM = mutant-wild type; DE, log2Fold Change, Fold Change of
expression abundance = mutant/wild type; the data were normalized using Zscore. See also Figures S4-S6, Tables 59,510, 511,512,513, 516,517,518, 521,

S22, and S23.
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(Figure S6A). Approximately 32,000—36,000 gene loci were expressed (FPKM > 1) in each of the eight seed
samples. Compared with S1, the number of low-expression genes (1 <FPKM <3) was slightly increased
(from 9,159 to 9,870 in wild type) in both lines at S4 stage, whereas high-expression genes (FPKM > 15)
were markedly reduced (from 7,116 to 4,915 in wild type seeds; Table S16).

Compared to wild type, the mutant had 1,038 and 3,432 DEGs at S1 and S4, respectively, of which most
were upregulated at the latter stage of seed development (Tables S17 and S18). Furthermore, 288
commonly upregulated and 141 commonly downregulated genes were present in the mutant at both
stages (Figure S6B). The commonly upregulated genes were enriched in the pathways such as "mismatch
repair”, "amino sugar and nucleotide sugar metabolism", "MAPK signaling pathway-plant”, "pentose and
glucuronate interconversions”, and "glycolysis/gluconeogenesis”; meanwhile, the shared downregulated
genes were mostly enriched in "starch and sucrose metabolism", "galactose metabolism", "phenylala-
nine, tyrosine and tryptophan biosynthesis", and "diterpenoid biosynthesis" (Figure S46C; Tables S19
and S20). Notably, the carbohydrate metabolism-associated genes showed down-regulation in mutant
seed samples at S1 and S4, whereas the genes related to hormone signal transduction were up-regulated
at both stages of seed development, which might be responsible for the reduced seed size and weight of
the mutant line (Figures S6C and S6D).

Joint analyses of seed transcriptomes and methylomes of mutant and wild type

Based on the seed transcriptomes and methylomes generated above, we next examined the correlation
between gene expression and cytosine methylation. In general, genes located on chromosomal arms
had high expression levels but showed reduced methylation, however, those distributed in pericentro-
meric regions always displayed low FPKM values but had enhanced cytosine methylation, suggesting a
negative correlation between gene expression and cytosine methylation overall (Figures 2D, 2F, S7A,
and S7B). In addition, we found that cytosine methylation in different sequence contexts had various effects
on gene expression levels. Compared with genes not expressed (FPKM <1), expressed genes (1 < FPKM)
showed globally increased methylation in the CG context within 2 kb upstream, but they displayed an
obvious reduction in mCG at the 5'/3' ends of gene body regions (Figure S7C). In addition, the expressed
genes generally had lower methylation levels in both CHG and CHH contexts across the entire gene body
regions. Moreover, with increasing expression levels, methylation levels in CHH within 2 kb upstream were
elevated during development in seeds of both lines (Figure S7C). In addition, we also examined the corre-
lation between gene expression and cytosine methylation among different genetic background. Some
genes (e.g., AhRFMLD33 and AhZ6Z4XE) showed increased methylation and elevated expression levels in
mutant and wild type seeds, whereas others (e.g., AhK8HPR8 and AhAXL13P) had enhanced methylation
but decreased expression, suggesting complicated relation between transcription levels and DNA methyl-
ation (Figure S4F).

We further examined whether DNA methylation may alter expression levels of the corresponding genes.
There were totally 1,038 and 3,432 DEGs between mutant and wild type at S1 and S4, respectively (Fig-
ure S6B; Tables S17 and S18). Of them, the mutant seeds had 209 DEGs with DMRs (DMR-DEGs) in pro-
moter (127) and gene body (134) at S1, and 419 DMR-DEGs in promoter (212) and gene body (273) at S4
(Figures 4E and S4D). GO enrichment were further performed on these DMR-DEGs. In summary, the terms
like "phyhormone", "seed development”, "DNA replication", "cell division", "transcription”, and "gene
expression” were over-represented (Figure 4F; Table S21). Notably, GO terms "auxin metabolic process &
homeostasis" were significantly enriched at S1, whereas "gibberellin biosynthetic process”, "brassinoste-
roid homeostasis", and "cytokinin-activated signaling pathway" were mainly enriched at S4. In addition,
some DMR-DEGs were significantly enriched in the terms "seed development”, "organ identity" and "em-
bryo sac cellularization" at S4 stage, which was possibly associated with large seed size variations between

mutant and wild type (Figures 4F and 4G; Table S21).

The mutant showed a similar seed weight to wild type at S1, but displayed a significant decrease by 40% at
S4. To explore further the key genes determining seed phenotype variation differentiating mutant from
wild type, we mainly analyzed the DMR-DEGs identified in mutant seeds at S4. Totally, the mutant seeds
had 212 and 273 DMR-DEGs within promoter and gene body at S4, and of them, 118 and 168 showed nega-
tive correlation between expression fold change and methylation variation, respectively, suggesting the
important effects of DNA methylation on gene expression regulation and potential roles of these DMR-
DEGs during peanut seed development (Figures 5A and 5B; Tables S22 and S23). Furthermore, 38 genes
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seed development

(A and B) Correlation between gene expression and cytosine methylation within promoter (A) or gene body (B) at 60 DAP (S4). The developmental mutant

seeds had differential methylation-targeting genes with differential expression compared to wild type samples at S4, and on these genes Pearson'’s

correlation analysis was performed.

(C) The genes showing negative correlation between differential MRNA abundance and differential methylation distributed in promoter (118 genes, A) or
gene body (168 genes, B) were selected, and GO enrichment was carried out. The terms included phyhormone (auxin, cytokinin, and GA), cell division, and

reproduction organism development. Orange bars, enriched terms on the genes that were downregulated but had significantly increased methylation
within promoter and/or gene body at S4; blue bars, enriched terms on the genes that were upregulated but had significantly decreased methylation at S4;
CK/auxin-activated, cytokinin-activated signaling pathway.
(D) Putative model for DNA cytosine methylation affecting peanut seed size/weight by altering endogenous cytokinin and auxin levels. The DRM2-like
gene (AhZ5TSVO0), a peanut DNA methyltransferase involved in de novo methylation of cytosines; homologs of Arabidopsis ROS1-like (AhN246S2,
AhR549UJ, AhGSOSHW) and DEMETER-like (Ah66FLDO, AhCUT3DD). EL, expression level (black font); ML, methylation level (blue font); solid lines
indicate pathways confirmed or identified in previous studies; dashed lines indicate unconfirmed or speculative pathways. Heatmaps next to “Cytokinin,
IAA, and GAs" represented the corresponding hormone levels. IPT2 (Ah1C5HJI), peanut tRNA isopentenyltransferase 2, an Arabidopsis IPT2 homolog, is
involved in positive regulation of CK biosynthesis. IAA-amino acid hydrolase ILR1-like genes (ILR1) including AhA3XHUV, AhA3CFJS, AhRMNG1Z1,
AhTOXMQ2 and AhN4VLKI. GA biosynthesis-related genes: ent-kaurenoic acid oxidase 2 (KAO2), AhVZMTQB; gibberellin 20 oxidase 2 (GA200x2),
AhBLJ7SD, AhC5YR29 and AhGYR572; ent-kaurene oxidase (KO), AhXPY7J2; ent-copalyl diphosphate synthase (CPS), AhPNON9Z and AhYAYOHW. Gene
expression levels (FPKM, EL) from seed RNA-seq data and methylation levels (ML) were normalized using Z score to generate the expression heatmap or

methylation heatmap, respectively. Heatmaps next to the chemical formula for “Cytokinin, IAA, and GAs" are the corresponding endogenous hormone
levels from fresh wild type or mutant seeds at S1 and S4, in which the values were treated using Zscore. See also Figures S6-58, Tables 516, S17, 518, 524,

S26, 527, 528, and S29.
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were downregulated but had significantly increased methylation at S4, and on these genes the terms "lipid
transport”, "transmembrane transporter”, "aromatic compound biosynthesis", and "methyltransferase
activity", were significantly enriched (Figure 5C; Table S24). Meanwhile, the mutant seeds had 202 upregu-
lated genes but significantly decreased methylation at S4, and on these DMR-DEGs some important terms
related to seed development were over-represented like "plant organ identity", "sucrose biosynthetic
process", "seed development", "embryo sac development” (Figure 5C; Table S24). Notably, the GO terms
"gibberellin biosynthetic process", "brassinosteroid homeostasis", "cytokinin and auxin-activated
signaling pathway" were included (Figure 5C; Table S24). Of interest, some hormone-related pathways
terms like "zeatin biosynthesis", "plant hormone signal transduction", "diterpenoid biosynthesis", and
"auxin transport" were also concurrently enriched in the identified DEGs (Figures S6C and Sé6D;
Table S25) between mutant and wild type samples, suggesting the potential roles of the identified
DMR-DEGs in peanut seed development.

Association of methylation variation with expression of key genes involved in hormone
metabolism

We further examined cytosine methylation and expression levels of these hormone metabolism-related
genes. CKs play important roles in promoting cell division.® A total of 112 CK biosynthesis and
signaling-related genes were obtained from the genome assembly of the segmental allotetraploid peanut
A. hypogaea,'” and 21 with expression levels of FPKM >2 were used for further methylation examination
(Table S26). In developing mutant seeds at ST and S4, 10 genes had elevated or reduced CG/CHH methyl-
ation in promoter or intron/exon regions, whereas only four genes had differential cytosine methylation at
both stages. Previous studies have shown that the ATP/ADP-isopentenyltransferase (AtIPT) gene family are
among key enzyme families catalyzing the rate-limiting step of CK biosynthesis in Arabidopsis®. Notably,
Ah1C5HJI, encoding tRNA isopentenyltransferase 2, the Arabidopsis IPT2 homolog, showed consistently
elevated CG methylation in the promoter at both stages in mutant, but displayed reduced expression
levels (Figure 5D; Table S26). Meanwhile, we performed sequence analysis, and no DNA sequence variation
was observed between mutant and wild type, suggesting that increased CG methylation may affect
transcription levels of Ah1C5HJI.

In view of the concurrent enrichment of "auxin transport or auxin-activated signaling pathway" and "diter-
penoid biosynthesis" in both DMR-targeting DEGs and the identified DEGs in the mutant line, methylation
analysis was also conducted on auxin and gibberellin (GA) metabolism-related genes. Of 59 auxin biosyn-
thesis and signaling-associated genes with expression of FPKM >2, 41 had increased or decreased CG/
CHH methylation in promoter or intron/exon regions at S1 and/or S4, and 21 had differential methylation
at both stages, of which reduced methylation was predominant (Table S27). Specifically, the IAA-amino
acid hydrolase ILR1-like 4 (AhA3XHUV), a close homolog of Arabidopsis ILL4, involved in regulating free
IAA accumulation in plants,”* showed reduced CHH methylation in the promoter at the early stage,
whereas transcript levels were upregulated (Figures 5D and S8A-S8D; Table S27). Meanwhile, the mutant
seeds had increased CG methylation within the intron of the peanut IAA-amino acid hydrolase ILR1-like 6
(ARTOXMQ2, a close homolog of Arabidopsis ILLé) at S1, but decreased CHH methylation in the intron at
S4; however, the gene was upregulated in H1314 seeds at both stages (Figures S8A-S8C; Table S27). Of
interest, AhTR1S4A, encoding for serine/threonine-protein kinase BRI1-like 2 (BRL2), another gene
involved in auxin-activated signaling pathway (GO:0009734, Table S24), had markedly reduced CG and
CHG methylation in the promoter in mutant seeds at S1, and slight decrease in CHH methylation was
also present across the gene body and promoter at S4; whereas the expression was upregulated in
developmental mutant seeds at both stages (Figure S8A; Table S27). In addition, other auxin signaling
related-genes such as auxin-responsive protein IAA? (AhXR8TAR) had reduced CG methylation of
intron/exon regions, whereas pyrophosphate-energized membrane proton pump 2 (AhAK3WVB) showed
a stable increase in CG methylation in the promoter (Table S27). Regardless of whether methylation was
elevated or reduced among these genes, there seemed to be an opposite trend between expression levels
and methylation levels (Figure S8A). It also indicated important roles of DNA cytosine methylation in auxin
level regulation and signaling pathway. Meanwhile, in the mutant seeds 22 GA biosynthesis and transduc-
tion-related genes, including ent-kaurenoic acid oxidase (KAO), GA20 oxidase (GA200x), ent-copalyl
diphosphate synthase (CPS) and GA3-beta-dioxygenase (GA3ox; Table S28), had differential cytosine
methylation, and they mostly displayed decreased CG/CHG/CHH methylation in promoter, exon, and/
or intron regions.
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Reduced CK and GA levels and elevated IAA content contribute to smaller mutant seeds

To investigate the cause of variation in seed size/weight between mutant and wild type, we also measured
CK, IAA and GA levels in developing seeds of both mutant and the wild type at ST and S4. For CKs, three (iP,
tZ and DZ) of four types were detected (cZ was not), DZ was predominant, and CK levels displayed a glob-
ally significant decrease in both peanut lines from S1 to S4 (Figure 5D; Table 529). Notably, mutant seeds
had much higher iP and tZ levels at S1, but showed a significant reduction in DZ content at both stages, 72%
and 80% of levels in wild type seeds, respectively, indicating a marked decrease in total CK levels in devel-
oping mutant seeds (Figure 5D; Table S29). Unexpectedly, IAA levels in mutant seeds were increased
significantly (1.5-fold) at S1, but reduced slightly by 24% at S4 (Figures 5D and S8D; Table 529). Meanwhile,
mutant seeds showed a significant decrease in both bioactive GAs and inactive precursor/synthetic inter-
mediates, except for GAs and GAyo, at both stages, consistent with the reduced gene expression levels
explained above. Notably, compared with those in wild-type samples, levels of GAs with bioactivity
(GA3, GA4 and GAy) in mutant seeds were decreased >3-fold at the two stages, whereas GA; was not
detected at S4 stage in both peanut lines (Figure 5D; Table S29).

As mentioned above, mutant seeds showed significantly reduced seed length but much larger cell area,
indicating a reduced number of cells (Figures 1D and 1J). It is well known that CKs play important roles
in promoting cell division.” Therefore, the reduced mutant seed size/weight may be mainly attributed to
significantly decreased total CK levels, especially DZ, as well as the coordination of enhanced IAA and
decreased GA content.

DISCUSSION

Peanut bears pods or seeds depending on gynophore or peg formation, a special tissue arising from a
pollinated flower that elongates to send the ovary or embryo into soil for pod enlargement and seed devel-
opment.?” In previous studies, either small amounts of tip tissue of developing pegs, a mixture of maternal
and zygotic tissues,”® or young unexpanded leaves,'? were collected for DNA methylation examination,
hence the results could not reflect actual methylation profiling during peanut seed development. By com-
parison, here we characterized seed methylomes at early and late stages of development, hence our data
could be used to explore epigenetic regulation related to peanut seed development. In addition, DNA
methylation varies across different plant species. In our study, developmental peanut seeds had a global
methylation level of ~29.6% (Table S2), much higher than observed for seeds of soybean (~12%) and Ara-
bidopsis thaliana (~5.5%),”’ fruits of tomato (~22%)"® and orange (~13%)." It is noteworthy that global
methylation level is elevated in developmental peanut seeds at $4 (late maturation stage) compared to
S1, whereas the relatively constant methylation is present among whole soybean seeds at various stages
including the globular, cotyledon, early maturation, mid maturation, late maturation stages, or among
developmental Arabidopsis seeds at globular, linear cotyledon, mature green, postmature green stages.”’
Of interest, increased CHH methylation levels are observed in developmental soybean, Arabidopsis, and
peanut seeds, suggesting a probably conservative trend of CHH change in dicotyledons, which needs to be
confirmed. DNA methylation is generally enriched in heterochromatin or pericentromeric regions where
TEs are preferentially located,'’”” hence the observed increase in methylation in peanut may be associated
with increased TE levels in the peanut genome.'”

Dynamic cytosine methylation is modulated in a coordinated manner by methylation and demethylation
reactions through different mechanisms.”” Functional mutation of the tomato SIDML2 gene, a homolog
of Arabidopsis DNA demethylase ROST, resulted in a genome-wide increase in DNA methylation (hyper-
methylation) during fruit ripening.’® A recent study combining reverse and forward genetics approaches
demonstrated that DNA methyltransferases are responsible for overall DNA methylation in Arabidopsis.”
Itis well known that RADM is responsible for de novo establishment of DNA methylation in plants, and func-
tional defects in rice RNA-dependent RNA polymerase 2 (OsRDR2) caused a global decrease in CHH
methylation by inhibiting the accumulation of 24 nt small interfering RNAs.*" Notably, in the present study,
immature peanut seeds displayed globally elevated methylation from early to late developmental stages
and a substantial increase in CHH methylation, which might be also mainly attributed to reduced expres-
sion of most ROST and DEMETER-like genes, indicating important parts of demethylases in methylation
regulation.

DNA methylation affects gene expression. In plant genomes, gene distribution is negatively associated
with cytosine methylation.'>""*?/*2 Similar results were also observed in the present study. In addition,
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we found that the expressed genes generally showed a notable decrease in cytosine methylation in CHG
and CHH contexts across the entire gene body, as well as reduced CG methylation at the TSS and TES
(Figure S7C). There appears to be a globally negative correlation between expression level and DNA
methylation level to some extent, and this has been studied in crops. Hypermethylation in the promoter
of TaGli-c-2.1, a member of the y-gliadin multigene family, which are negative regulators of wheat qual-
ity, results in reduced expression and greatly improved gluten strength in bread wheat.”> Wang et al.
also reported that methylation of the promoter of Wdreb2, a wheat dehydration-responsive element-
binding protein, is negatively correlated with expression.®® In our study, large numbers of DMR-targeting
genes were identified in the smaller mutant seeds at both developmental stages, including some key
genes controlling CK and auxin levels. Among them, promoter of peanut tRNA isopentenyltransferase
2 (Ah1C5HJI), a homolog to Arabidopsis IPT2, a key enzyme regulating CK biosynthesis, showed signif-
icantly increased CG methylation at both stages, but exhibited reduced expression, suggesting a repres-
sion effect of DNA methylation on gene expression (Figure 5D; Table S26). A similar phenomenon
occurred with some auxin metabolism-related genes including Arabidopsis ILLT homolog in peanut
(AhA3XHUV) and auxin-responsive protein IAA9 (AhXR81AR), which displayed reduced CHH methylation
in the promoter or decreased CG methylation in intron/exon regions in developing mutant seeds, but
increased transcription levels (Figure S8A; Table S27). However, other genes such as peanut auxin
response factor 9 (AhRWDRD4S), an auxin signaling-related gene, behaved differently. Mutant seeds
had slightly decreased CHH methylation in the promoter of auxin response factor 9 (ARF9), and reduced
gene expression at both development stages, indicating the potentially enhancing effect of methylated
cytosines on gene expression (Table S27). Of interest, levels of Arabidopsis AtROST transcripts can be
up- and down-regulated by promoter hypermethylation or hypomethylation, respectively.>> Furthermore,
reduced DNA methylation caused by tomato SIDML2 (5-"C DNA demethylase) is associated with
both the repression and activation of numerous fruit ripening-related genes in tomato.” Therefore,
DNA methylation may exert various regulatory effects on gene expression during peanut seed
development.

Combined seed phenotype and cytological analysis revealed that reduced cell number mainly decreased
seed length and weight of mutant (Figures 1D and 1J). Plant hormones play vital roles in seed development,
and auxin and CKs have been implicated in determining seed size and weight by regulating cell division
and cell proliferation.”' As the predominant CK in peanut seeds, the mutant had significantly reduced
DZ levels at the early stage of seed development (Figure 5D; Table S29). Adenosine phosphate-isopente-
nyltransferase (IPT) is one of two key factors catalyzing CK biosynthesis in plants.*® Of the nine homologs of
Arabidopsis IPT in the cultivated peanut reference genome,'? only penaut AhIPT2 (Ah1C5HJI) was highly
expressed in developing peanut seeds (Figure 5D). Similarly, ZmIPT2 is strongly expressed in developing
maize kernels, which coincides with elevated CK levels and occurrence of cell division.®” Herein, AhIPT2
showed a notable decrease in expression in mutant seeds at both stages. Therefore, the decrease in
CKs (DZ) may result from reduced AhIPT2 transcript levels in peanut.

Auxin influences cell division, cell elongation and cell differentiation.>® Of interest, IAA, a typical auxin, was
significantly elevated (2-fold) at the early stage of seed development in the mutant (Figure 5D; Table 529),
consistent with the enlarged cell area. Endogenous free IAA levels are mainly determined by de novo
biosynthesis from tryptophan (Trp)-independent and Trp-dependent pathways, but are also regulated
by de-conjugation of auxin conjugates (inactive auxin storage form) by IAA-amino acid hydrolyses.*” For
example, a large decrease in free IAA content, caused by mutational loss of expression of the ZmYuc?
gene encoding indole-3-pyruvate (IPA) monooxygenase YUCCAT, resulted in a marked reduction in dry
mass of maize endosperm.*’ Also, functional defects in the IAA-glucose hydrolase TGW6 caused reduced
IAA levels and affected rice grain weight.” In the present study, many auxin biosynthesis-related genes,
such as YUCCA10 encoding an IPA monooxygenase, were strongly expressed or significantly upregulated
in developing mutant seeds (Table S27). Arabidopsis YUC family homologs catalyze the conversion of IPA
to IAA in the major auxin biosynthesis pathway (the IPA pathway).*" Additionally, most peanut IAA-amino
acid hydrolases regulating de-conjugation of auxin conjugates were upregulated in immature mutant
seeds (Figures 5D and S8B; Table S27). Strikingly, among them, the IAA-amino acid hydrolase ILR1-like 4
(AhA3XHUV) showed a notable decrease in CHH methylation in its promoter in the mutant, and the oppo-
site trend was observed between expression level and cytosine methylation level. Thus, upregulation of
both auxin biosynthesis and de-conjugation-related genes may jointly contribute to elevated IAA levels
in mutant seeds.
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Auxins and GAs can modulate cell expansion synergistically during fruit development,’” and auxins can
enhance GA levels.”® Surprisingly, unlike the observed increase in auxin, the mutant showed a significant
reduction in active GAs at both stages of seed development, but it had enlarged cells (Figure 5D;
Table S29), suggesting a major role for auxin in regulation of cell expansion. Recently, CK-auxin interactions
were found to play important roles in plant development. Strikingly, antagonistic interactions between CKs
and auxins have been implicated in modulation of root meristem size.* Of interest, in the present study the
mutant contained elevated free IAA levels and enlarged cells, but reduced CK levels and a notable
decrease in the total number of cells in seeds, suggesting interactions between CKs and auxins in the regu-
lation of seed size and weight, but this needs further research. Overall, a significant decrease in CKs and
increased auxin levels jointly led to a substantial reduction in seed size and weight in the mutant. Based
on the results, we propose a schematic model (Figure 5D) in which variation in DNA methylation could
regulate peanut seed size and weight by altering the expression of auxin and CK metabolism-related
genes.

Limitations of the study

We generated single-base resolution maps of DNA methylation forimmature seeds at two different stages
of development for wild type peanut line and its small seed mutant, identified important methylation var-
iations associated with seed development, and analyzed the correlations between cytosine methylation
and transcription levels. However, more work is needed to confirm the effects of methylation on gene
expression and seed development in peanut.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

RNA sequence data for H1314 S1 (B) This study NCBI Sequence Read Archive: SRR24119575
RNA sequence data for H1314 S1 (A) This study NCBI Sequence Read Archive: SRR24119576
RNA sequence data for H1314 S4 (A) This study NCBI Sequence Read Archive: SRR24119588
RNA sequence data for H1314 S4 (B) This study NCBI Sequence Read Archive: SRR24119587
RNA sequence data for H2014 S1 (A) This study NCBI Sequence Read Archive: SRR24119586
RNA sequence data for H2014 S1 (B) This study NCBI Sequence Read Archive: SRR24119585
RNA sequence data for H2014 S4 (A) This study NCBI Sequence Read Archive: SRR24119584
RNA sequence data for H2014 S4 (B) This study NCBI Sequence Read Archive: SRR24119583
Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H1314 S1 (A) SRR24119590

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H1314 51 (B) SRR24119589

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H1314 S4 (A) SRR24119582

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H1314 S4 (B) SRR24119581

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H2014 S1 (A) SRR24119580

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H2014 S1 (B) SRR24119579

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H2014 S4 (A) SRR24119578

Whole-genome bisulphite sequencing data This study NCBI Sequence Read Archive:

for H2014 S4 (B) SRR24119577

cultivated peanut cv. Tifrunner reference genome

Bertioli et al."”

https://v1.legumefederation.org/data/v1/Arachis_
hypogaea/Tifrunner.gnm1.KYV3/arahy.Tifrunner.

gnm1.KYV3.genome_main.fna.gz

Experimental models: Organisms/strains

H2014
H1314

Zhang et al.”’

Zhang et al.”’

N/A
N/A

Software and algorithms

Trimmomatic
Bismark
DSS

GOseq

KOBAS
Tophat2

StringTie

Bolger et al.**
Krueger and Andrews.*®

Wu et al.*’

Young et al.*®

Xie et al.*?

Kim et al.*®

Pertea et al.”’

https://github.com/usadellab/Trimmomatic
https://github.com/FelixKrueger/Bismark

https://bioconductor.org/packages/release/
bioc/html/DSS.html

https://bioconductor.org/packages/release/
bioc/html/goseq.html

http://kobas.cbi.pku.edu.cn/
http://ccb.jhu.edu/software/tophat/

index.shtml

https://ccb.jhu.edu/software/stringtie/

(Continued on next page)
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https://v1.legumefederation.org/data/v1/Arachis_hypogaea/Tifrunner.gnm1.KYV3/arahy.Tifrunner.gnm1.KYV3.genome_main.fna.gz
https://v1.legumefederation.org/data/v1/Arachis_hypogaea/Tifrunner.gnm1.KYV3/arahy.Tifrunner.gnm1.KYV3.genome_main.fna.gz
https://github.com/usadellab/Trimmomatic
https://github.com/FelixKrueger/Bismark
https://bioconductor.org/packages/release/bioc/html/DSS.html
https://bioconductor.org/packages/release/bioc/html/DSS.html
https://bioconductor.org/packages/release/bioc/html/goseq.html
https://bioconductor.org/packages/release/bioc/html/goseq.html
http://kobas.cbi.pku.edu.cn/
http://ccb.jhu.edu/software/tophat/index.shtml
http://ccb.jhu.edu/software/tophat/index.shtml
https://ccb.jhu.edu/software/stringtie/
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RSEM Li and Dewey."” https://deweylab.github.io/RSEM/

DESeq2 Love et al.”? https://bioconductor.org/packages/
release/bioc/html/DESeq2.html

RESOURCE AVAILABILITY

Lead contact
Further information should be directed to the lead contact, Dongmei Yin (yindm@henau.edu.cn).

Materials availability

This study did not generate new unique materials.

Data and code availability

® The lllumina sequencing raw data (RNA-seq and whole-genome bisulphite sequencing) generated in this
study have been deposited in NCBI (National Center for Biotechnology Information) under SRA
(Sequence Read Archive: SRR24119575-SRR24119576, SRR24119583-SRR24119588 for seed transcrip-
tomic data from H1314 and H2014; SRR24119577-SRR24119582, SRR24119589-SRR24119590 for seed
methylation data from H1314 and H2014), and are publicly available as of the date of publication. In addi-
tion, the cultivated peanut cv. Tifrunner reference genome was used in this study.'” Accession numbers
are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials

Line H1314 (mutant) was isolated from an ethyl- methanesulphonate (EMS)-mutagenised M, population of
peanut accession H2014 (wild type, WT), which is an elite peanut cultivar with medium-size seeds, and is
used for genetic analysis following successive reproduction.”’ Both peanut lines were provided by the Pea-
nut Genetics & Breeding Lab of Henan Agricultural University, and were grown at the experimental station
of Zhengzhou, China, from May to September 2019—2021. Normal field management was conducted dur-
ing peanut growth and development. Peanut seed development from zygotic embryo (peanut gynophore
or peg entering into soil) to seed maturation always undergoes three phases, morphogenesis, maturation
and mature, corresponding to cell division, cell expansion, and loss of water, respectively. Our previous
study has showed that peanut seeds have maximum size, protein and oil accumvulation at ~ 60 days after
pegging (DAP, S4), which is approximately at seed late maturation stage, and have continual and extensive
cell division at 15 DAP (S1).>* So fresh subterranean pods at 15 and 60 DAP, corresponding to stage 1 (S1)
and 4 (S4) of seed development, respectively, were harvested from 5—10 plants, and washed thoroughly
with sterilized deionized water. Then enough seeds were quickly collected, and stored at -80°C for subse-
quent research.

METHOD DETAILS

Endogenous phytohormone determination

Approximately 0.3 g (fresh weight) seed samples at ST and S4 stages from mutant and wild type plants were
weighted, ground into powder in liquid nitrogen for auxin, CK and GA determination. Extraction and quan-
tification of auxin (26 compounds including IAA, IBA and ICA) and CKs (36 compounds including IP, tZ, ¢Z
and DZ) were conducted as described by Dong et al.,>” while GAs levels (GA;, GAs, GA4_o, GA1s, GAqo,
GAz0, GAz4, GAzg, GAs4, GAsq and GAs3) were measured following the description of Chen et al.”® Three
biological replicates were included for each stage or sample. These analyses were performed by Wuhan
Metware Biotechnology Co., Ltd. (Wuhan, China) using the AB Sciex QTRAP 6500 liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS) platform.
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Cytological observation

To measure cell size, fresh seeds at S4 were collected from both H1314 and H2014, fixed in FAA (50%
ethanol, 5% glacial acetic acid, 5% formaldehyde) for 48 h at room temperature, then dehydrated in an
ethanol series (30%, 50%, 75%, 85%, 90%, 95%, 100% ethanol, 1—2 h per stage). After treatment with xylene,
the seed samples were embedded in wax and sliced into 5 um thin sections with a pathology slicer (Leica,
RM2016, Germany). Dewaxing treatment of seed tissue sections was performed in xylene twice for 20 min
each time, 100% ethanol twice for 5 min each time, 75% ethanol for 5 min, followed by washing with tap
water. After staining with hematoxylin and eosin dyesolution (BIOPPLE, G1003) for 3—5 min, the sections
were observed under a light microscope (Nikon Eclipse E100, Nikon, Japan). Photos were collected and
analyzed using the software CaseViewer2.4 and Image-Pro Plus 6.0 (Media cybernetics, Inc., USA).

Whole-genome bisulphite sequencing data

Firstly, genomic DNA was isolated from seed samples of peanut accession H2014 and the H1314 mutant at
S1 and S4 using a DNeasy Plant Maxi Kit (Qiagen, Germany). DNA integrity, purity and concentration were
determined by agarose gel electrophoresis, NanoPhotometer spectrophotometer (IMPLEN, CA, USA) and
a Qubit DNA Assay Kit (Life Technologies, CA, USA), respectively. After DNA fragmentation and purifica-
tion, we performed end modification and adenylation, adapter ligation, bisulphite conversion, fragment
selection, PCR amplification, and quality control. The resulting libraries with an insert size of 200—400 bp
were sequenced at Novogene Co., Ltd. (Beijing, China) on an lllumina Novaseq 6000 sequencer, and
150 bp paired-end reads were generated.

Secondly, raw data were pre-processed using Trimmomatic software® by removing low-quality reads
(g <15), and clean reads were mapped to the reference genome of the allotetraploid cultivated peanut
(A. hypogaea cv. Tifrunner) using the Bismark software.’ We identified methylated cytosines using the bis-
mark_methylation_extractor tool. Briefly, duplicated reads resulting from PCR amplification were removed,
and methylation was considered to have occurred when cytosines of bisulphite-treated reads were aligned
to the reference genome and had > 5xcoverage and g-value <0.05 in sequencing libraries. For each
methylated cytosine, methylation level (ML) represents the number of reads with cytosine methylation
divided by total reads covering the corresponding cytosine, and this was further corrected with the bisul-
phite non-conversion rate according to a previous study.”’

Thirdly, Differentially methylated regions (DMRs) were identified using DSS software (v2.12.0) based on the
Beta-Binomial distribution.”” Briefly, the regions that have at least three differentially methylated cytosines
(P <0.01, Fisher's exact test), a length of >50 bp, and methylation level change with >0.5, 0.3, and 0.2 for
CG, CHG and CHH, respectively, and a Benjamin-Hochberg corrected P value < 0.05 were selected for
further analysis. And then the two regions within 100-bp of each other were merged to a new one. Genes
in which gene body (from TSS to TES), or promoter regions (2 kb upstream from the TSS) have an overlap of
> 1 bp with DMRs were defined to be DMR-related genes. Furthermore, Gene Ontology (GO) enrichment
analysis of genes related to DMRs was implemented by the GOseq R package,“® and terms with corrected
p-value <0.05 were considered significantly enriched. Finally, statistical enrichment of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathway was tested by using KOBAS software."’

RNA-seq, data processing and gene annotation

Approximately, ~3 nug total RNA was extracted from each seed sample using an RNA Prep Pure Plant Kit
(Tiangen Co., Beijing, China), and treated with DNasel (Thermo Fisher Scientific Inc., Grand Island, NY).
RNA concentration and integrity were assessed using a Qubit RNA Assay Kit and a Qubit 2.0 Fluorimeter
(Life Technologies) and an RNA Nano 6000 Assay Kit with a Bioanalyzer 2100 system (Agilent Technologies,
CA, USA), respectively. After mRNA isolation, fragmentation, synthesis of double-stranded cDNAs, end
modification, fragment selection, PCR amplification, product purification and quality assessment,
sequencing libraries with an insert size of ~350 bp were obtained and submitted to an lllumina Novaseq
6000 sequencer, and paired-end reads with a length of 150 bp were generated.

After strict quality control was performed by excluding reads containing adapter sequences, low-quality
reads with >10% ambiguous nucleotides (Ns), and >50% of bases with a quality scores (Q-score) <20,
large numbers of clean reads were generated for each sequenced seed sample. Meanwhile, we also as-
sessed Q20, Q30, GC content and sequence duplication level for the clean data. The resulting clean reads
were mapped to the assembly genome of the cultivated peanut cv. Tifrunner'? using Tophat2.™°
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Furthermore, we conducted transcript assembly and quantification of gene expression abundance based
on StringTie®" and the fragments per kilobase per million reads (FPKM) method using RSEM,*” respectively.
Additionally, we carried out annotation of gene function using several databases including Nr (NCBI non-
redundant protein sequences), Pfam (Protein family) and Swiss-Prot (A manually annotated and reviewed
protein sequence database).

DEGs analyses, GO and KEGG enrichment

Since each of the seed samples from H1314 and H2014 included two biological replicates at S1 and 5S4,
identification of DEGs between mutant and wild type was performed using the DESeq2 R package
(1.20.0), and genes with an adjusted p-value < 0.05 and 2-fold change of expression level were assigned
as differentially expressed.”® Enrichment analyses of GO terms and KEGG pathways were carried out using
the GOseq R package based on the Wallenius non-central hyper-geometric distribution*® and KOBAS,*”
respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis used in comparative genome and transcriptome analysis can be found in the relevant
sections of the method details. Data for quantification analyses are presented as mean =+ standard
deviation (SD). Statistical analyses were performed using two-way ANOVA with Tukey’s multiple compar-
isons test, unpaired t-test (for t-test, **, P-value <0.01. *, P-value <0.05. NS, not significantly) for compar-
isons between two groups. Data was analyzed and plotted using GraphPad Prism version 8 and SAS

software.
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