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Abstract

One of the main challenges faced by the oil palm industry is fruit abnormalities, such as the

“mantled” phenotype that can lead to reduced yields. This clonal abnormality is an epigenetic
phenomenon and has been linked to the hypomethylation of a transposable element within the
EgDEFI gene. To understand the epigenome changes in clones, methylomes of clonal oil palms
were compared to methylomes of seedling-derived oil palms. Whole-genome bisulfite sequenc-
ing data from seedlings, normal, and mantled clones were analyzed to determine and compare
the context-specific DNA methylomes. In seedlings, coding and regulatory regions are generally
hypomethylated while introns and repeats are extensively methylated. Genes with a low number
of guanines and cytosines in the third position of codons (GCs-poor genes) were increasingly

methylated towards their 3’ region, while GCs-rich genes remain demethylated, similar to pat-
terns in other eukaryotic species. Predicted promoter regions were generally hypomethylated in
seedlings. In clones, CG, CHG, and CHH methylation levels generally decreased in functionally

important regions, such as promoters, 5° UTRs, and coding regions. Although random regions
were found to be hypomethylated in clonal genomes, hypomethylation of certain hotspot regions
may be associated with the clonal mantling phenotype. Our findings, therefore, suggest other
hypomethylated CHG sites within the Karma of EgDEF I and hypomethylated hotspot regions in
chromosomes 1, 2, 3 and 5, are associated with mantling.
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Key message

Several hypomethylated sites within the Karma region of EgDEF1 and hotspot regions in chro-
mosomes 1, 2, 3, and 5 may be associated with mantling.

Abbreviations

WGBS whole-genome bisulfite sequencing
TFBS transcription factor binding site

TE transposable element

mCG  methylation at CG context

mCHG methylation at CHG context
mCHH methylation at CHH context



Introduction

Oil palm is the highest oil yielding crop in the world and efforts to increase productivity
through the expansion of cultivated land is not sustainable in the long term. A more viable alter-
native is to increase productivity per unit of the land area using improved planting materials.
While the average oil palm plantation yields 4 metric tons per hectare, higher-yielding material
from breeding programs can produce over 10 tonnes/hectare (Murphy 2007). Apart from con-
ventional breeding, clones of high yielding palms are an attractive alternative with the potential
to increase fresh fruit bunches (FFB) yields by 7 to 34% over seeds (Soh et al. 2011).

Commercial oil palm cloning in Malaysia primarily involves callus initiation and de-
velopment from leaf explants, followed by somatic embryogenesis and regeneration into
plantlets. Two key challenges faced by the oil palm clonal industry are the inefficient cloning
process with a low embryogenesis rate and clonal abnormality, in which abnormal (e.g. the man-
tled phenotype) fruits are produced (Soh et al. 2011) (Fig. 1). In addressing the latter issue, cul-
ture media formulations and protocols have undergone massive optimization and evaluation, and
their modifications have successfully improved culturing efficiency and mitigated the incidence
of mantling (Ong-Abdullah et al. 2015; Hashim et al. 2018). It was found that DNA hypomethy-
lation of a transposable element (TE) within the B-type MADS-box gene EgDEFI led to the
expression of its transcript isoform, kDEF 1, in the flowers of mantled clones (Ong-Abdullah et
al. 2015). This discovery has enabled oil palm clones to be assayed prior to field planting by
gauging their mantling risk. Increasing epigenetic diversity in plants may also improve produc-
tivity and create phenotypic plasticity (Latzel et al. 2013; Zhang et al. 2013; Kooke et al. 2015;
Fujimoto et al. 2018). Assisted reproductive technology in humans, animals, and plants has been
shown to affect the methylome (Nagai et al. 2012; Li et al. 2014; Ghosh et al. 2017; Novakovic
et al. 2019).

The tissue culture process leads to methylome changes in crops such as rice and maize
(Stroud et al. 2013; Stelpflug et al. 2014; Han et al. 2018). Regenerated plants through tissue
culture may provide a source of epigenetic variants for potential breeding or provide planting
materials as heterosis potential has been observed from epigenetic recombinant inbred (epiRIL)
lines (Latzel et al. 2013; Dapp et al. 2015; Gallusci et al. 2017; Lauss et al. 2018). The use of
epigenetic variants as a possible resource for future planting materials may thus require addi-
tional tools for marker-assisted breeding such as epi-fingerprinting of planting materials. As epi-
genetic changes can be reversible, this characteristic also allows for future intervention ap-
proaches to curb undesirable impacts on the environment if necessary.

To further understand the epigenome changes in clones for potential epi-breeding ef-
forts in the future, methylomes of clonal oil palms were explored in further detail and compared
to methylomes of seed-derived oil palms. Previously, whole-genome bisulfite sequencing
(WGBS) data had been generated on seedling, normal, and mantled clonal palms (Ong-Abdullah
et al. 2015). We have thus assessed this WGBS data in greater detail to determine the context-
specific DNA methylomes of seedling (seed-derived) and clonal oil palms. Methylation differ-
ences were also identified in normal clonal palms compared with seedlings to elucidate the
methylation changes between seed- and clonal-derived palms. Although hypomethylation of the
Karma retrotransposon within the EgDEFI gene has been linked to mantling (Ong-Abdullah et
al. 2015), other differentially methylated regions (DMRs) were also observed in mantled clones
compared to both normal clones and seedlings.

Materials and Methods

Plant materials

As reported previously (Ong-Abdullah et al. 2015), leaf tissues of clonal palms exhibiting nor-
mal and mantled fruit phenotypes and seed-derived palms of various genetic backgrounds were
sampled. In total, leaf tissues from four seedlings, five normal and five mantled clonal palms
were used to construct whole-genome bisulfite sequencing (WGBS) libraries. As relevant tran-
scriptome data was not generated previously, leaf tissues from 10-year-old palms of a single
clone (five normal and five mantled clonal palms) planted at Malaysian Palm Oil Board research
station, Bagan Datuk, Perak, Malaysia, were sampled for transcriptome sequencing.

Oil palm genome and annotation

The Elaeis guineensis P5-build of an AVROS pisifera palm from Singh et al. (Singh et al. 2013),
which contained 40,360 genomic scaffolds (N50 length: 1,045,414 nt; longest length:
22,100,610 nt; and shortest length: 1992 nt) was used. A total of 26,059 high quality predicted
gene models (Chan et al. 2017b) obtained using the Seqping algorithm (Chan et al. 2017a) were
utilized. The genes are available in the PalmXplore database (Sanusi et al. 2018). The oil palm
genomic elements in this study are defined as follows: upstream (2 kb region upstream of the
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start codon); 5° UTR (5’ untranslated region); CDS (coding sequence containing only exon re-
gions); intron and 3’ UTR (3’ untranslated region). Due to the insufficient amount of full-length
mRNA, prediction of the transcription start sites was not possible for all loci, therefore “up-

stream” regions in this study include 5° UTR and promoter regions. Gene body constitutes the
entire gene sequence, including its introns, with respective predicted TSS and TTS. Intergenic
TE refers to TE located in regions between gene bodies and intragenic TE is located within the
gene body.

Whole-genome bisulfite sequence data processing

The previously published 100 bp Illumina paired-end sequence reads were used (Ong-Abdullah
et al. 2015). All reads within their respective categories (seedling, normal, mantled) were pooled.
Quality control checks of the reads were performed by FastQC v0.11.3 software (Babraham
Bioinformatics). To remove adapter contaminants and low-quality reads, all reads were trimmed
using Trimmomatic v0.36 (Bolger et al. 2014) with the following parameters:
ILLUMINACLIP:TruSeq3-PE.fa:3:13:7:5 LEADING:5 TRAILING:5 SLIDINGWINDOW:4:25
MINLEN:40. For the mapping of trimmed reads to Elaeis guineensis reference genome, Bismark
v0.16.3 (Krueger and Andrews 2011) and Bowtie2 v2.2.5 (Langmead and Salzberg 2012) were
used with the following Bismark parameters: --bowtie2 -p 4 -N 1 -L 30 -X 1000 -score_min L,0,-
0.6 —sam and Option '--directional' specified (default mode): alignments to complementary
strands (CTOT, CTOB) were ignored. Using SAMtools v1.9 (Li et al. 2009), read deduplication
was performed by Bismark prior to the identification of methylation state of all cytosines in a
CG, CHG and CHH context using the bismark methylation extractor modules with the follow-
ing parameters: -p --no_overlap --bedGraph --buffer_size 20G --scaffolds --cytosine_report --CX
--genome_folder.

Levels of methylation were calculated by Bismark and independently by a custom script. Bis-
mark calculates methylation in a given position as the number of reads reporting methylated C
(mC) divided by the number of total reads covering this position. In addition, a Binomial test
was used to determine the significance of methylation per position. In this case, methylation of
a genomic region is calculated as the ratio of statistically significantly methylated cytosines to
all covered cytosines in this region.

RNA isolation, sequencing, and data analysis
Total RNA was isolated using the RNA prep Pure Plant Kit (Tiangen) according to the manufac-

turer’s instructions. Genomic DNA was removed through on-column DNA digestion and the
isolated RNA was further purified with RNeasy Plant kit (Qiagen). The quality and quantity of
the purified RNA were evaluated using Agilent 2100 Bioanalyzer (Agilent Technologies). Li-
braries were generated using Kapa stranded mRNA-seq and sequenced on the HiSeq 2500 plat-
form. Raw PE125 reads were checked using FastQC v0.11.3 software (Babraham Bioinformat-
ics) and trimmed with Trim Galore! v0.4.0 (Babraham Bioinformatics). By default, Trim Galore!
trims nucleotides with Phred score lower than 20 prior to adapter trimming and discards se-
quence reads shorter than 20 nt in length. Read mapping to E. guineensis reference genome
(Singh et al. 2013) was conducted using TopHat v2.0.13 (Kim et al. 2013) with the following
parameters: --b2-very-sensitive --min-intron-length 30 --max-intron-length 50000 -p 10. Read
counting was done using HTSeq v0.6.1p1 (Siretskiy and Spjuth 2014; Wen 2017) and normal-
ized counts were obtained from DESeq?2 v3.3.3 (Love et al. 2014).

Statistical analysis
A set of custom scripts was developed to conduct statistical analysis. The binom.exact function

(R package ‘exactci') and difference of proportion test were used for the identification of methy-

lated positions. The R package ‘RCircos’ was used to draw the circos diagram. Differential
methylation in the genomes of clonal (normal and mantled) and seedling samples was calculated
using a z-test with a window size of 10,000 nt. Pairwise comparison results were plotted for each
chromosome with R packages ‘ggplot2’ and ‘gridExtra’, and 'ggpubr’. Confidence intervals were
calculated using R. To identify differential methylation of repeats, a z-test was used, and P-val-
ues were adjusted using Bonferroni correction.

Transcription factor binding site prediction and analysis
The plant portion of the TRANSFAC database and the MATCH program were used to find po-
tential transcription factor binding sites (TFBSs) (Wingender et al. 1997; Kel et al. 2003). Strin-
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gent cut-offs for position weight matrix similarity of 0.95 and the core similarity of 1 were used.
A subset of highly informative TFBS for promoter prediction previously generated using the
MSUT rice data (Triska et al. 2017) was applied to oil palm genome analysis. For each TFBS,
the distance to the start of translation and position-specific distribution of cytosine methylation
was calculated.

Association between methylation and gene expression

To test this association, the cisExpress approach (Troukhan et al. 2009; Triska et al. 2013) was
used, whereby an average value of gene expression from RNA-Seq data in leaves was computed.
Putative TFBS were determined using MATCH (Kel et al. 2003), and a subset of promoter-spe-
cific TFBS was identified. The selected region defined as [TSS-1000, TSS+1000] was divided

into windows of length W. In each window, the “influence Z-score” of methylation on gene ex-

(E¥ - EY) "
pression was computed using the following formula: Z = ————, where EMand EV -
vMyU
aM U

the average expression of genes containing only methylated/unmethylated cytosines in this posi-
tion; VM, VY _ variance of gene expression of genes containing methylated/unmethylated cy-
tosines in this position; nM R nYnumber of genes in each category. Since in each window we

could only use genes that contain all methylated or all unmethylated C, small window sizes
were used, to provide a sufficient number of sequences for analysis.
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Results

WGBS had been previously carried out from leaf DNA of seedlings and clones (Ong-Abdullah
et al. 2015). The sequenced methylomes were pooled to the designated categories, i.e. seedling,
normal, and mantled. A total of 249.54 million, 283.34 million, and 272.9 million raw reads
were obtained from seedling, normal, and mantled groups respectively, of which 72-75% were
mapped to the E. guineensis reference genome.

Methylome landscape of oil palm

In plants, DNA methylation occurs in three contexts: CG, CHG, and CHH (H=C, A or T). The
methylomes of the seedling (naturally grown palm) were used to study the global oil palm
methylome profile and to establish reliable reference points. In the oil palm genome, 85% of
cytosines are covered by at least one read for seedling (88% and 86% for mantled and normal,
respectively). Cytosine positions covered by at least 10 reads represent 39%, 43%, and 30% of
all genomic cytosines for seedling, mantled, and normal, respectively. The mean coverages for
seedling, mantled, and normal was 12X, 13X, and 9.6X. After filtering out positions with zero
reads, the mean coverage was 14X, 15X, and 11X for seedling, mantled, and normal. From the
Bismark report, the average levels of mCG, mCHG, and mCHH were 74%, 57%, and 5% re-
spectively. This distribution pattern was similar to other plants (Tatarinova et al. 2013).

The oil palm methylome landscape is further shaped at both chromosomal and functional ge-
nomic elements. A circos plot representing the chromosome-wide distribution of the different
methylation context shows high-density mCG and mCHG regions in all sixteen chromosomes
(Fig. 2). In addition, regions with low-density methylation overlapped with gene-rich regions
while high-density methylated regions were found at repeat-enriched regions. This indicates that
methylation was higher in oil palm repeats than at protein-coding genes. This finding is in ac-
cordance with other studies where methylation of TEs, which constitutes mostly repeats, is re-
quired for silencing (Cantu et al. 2010). In addition, the oil palm methylome profile across ge-
nomic elements revealed that the methylation levels in all three contexts were much higher in
the introns, while moderate methylation was identified in coding regions and low methylation
levels were observed in the upstream region, 5 and 3 UTRs (Fig. 3). Among the three meth-
ylation contexts, mCG levels were the highest across all genomic elements.

DNA methylation was assessed across the gene body and in the 2 kb sequence flanking the
genes. A notable decrease of mCG and mCHG levels in the immediate vicinity of the predicted
transcription start/termination sites (TSS/TTS) was observed (Fig. 4 and Supplementary Fig.
S1). mCG levels were highest in gene bodies. In contrast, methylation in other contexts was rela-
tively low in gene bodies. This observation is consistent with gene body methylation profiles in
most plants. The methylation pattern of TEs was also examined, focusing on TEs and their 2 kb
flanking regions. Two types of TEs, intragenic (located within genes) and intergenic TEs (locat-
ed outside of genes) were analyzed. In general, TEs displayed greater methylation levels than the
genes (Fig. 4). Intragenic TEs were methylated in all cytosine contexts while intergenic TEs
were relatively devoid of mCHH (Fig. 4), suggesting tighter epigenome control (silencing of TE)
inside transcribed genes to prevent deleterious effects of expressed TEs.

Oil palm genes have a characteristic right-skewed monocot distribution of GC3 (fraction of Cs
and Gs in the third position of a codon, Supplementary Fig. S2) (Tatarinova et al. 2010; Sablok
et al. 2011; Chan et al. 2017b). It has been previously reported that GCs-rich and -poor genes
have different properties; GCs-rich genes (1) provide more targets for methylation, (2) exhibit
more variable expression, (3) more frequently possess upstream TATA boxes, (4) are predomi-
nant in certain classes of genes (e.g. stress-responsive genes), (5) have GC; content that increas-
es from 5' to 3', and (6) show different methylation gradients (Tatarinova et al. 2010). It has been
speculated that opposite patterns of methylation and compositional gradients along coding re-
gions of GCs-poor (increasing methylation) and GCs-rich (decreasing methylation) genes
formed as a result of several competing processes (Tatarinova et al. 2013).

Similarly, oil palm genes exhibit gradients of GC3 and DNA methylation patterns differing in the
coding regions of GCs-rich and -poor genes (Fig. 5) (Chan et al. 2017b). The 5’-ends of the cod-
ing region of both types of genes (GCs-rich and -poor) show two effects: (1) elevated levels of
GC; and (2) reduced levels of DNA methylation. Methylation level in the 5° to 3’ direction in
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GCs-poor genes increases, but remains at the same level for approximately 1,000 nt for GCs-rich
genes.

QOil palm regulatory elements are generally demethylated

Core promoters provide blueprints for the assembly of transcriptional machinery through TFB-
Ss. DNA methylation at TFBSs determines the binding affinity of transcription factors at their
sequence motifs, thus affecting initiation and regulation of gene transcription. The oil palm puta-
tive TFBSs determined with the MATCH program (Kel et al. 2003) showed three types of posi-
tional distribution clusters (Fig. 6) that are similar to the profiles of other plants. The three clus-
ters are described as promoter-specific, non-specific, and 5° UTR-specific (Fig. 6a-c), indicating
different positional preferences of oil palm transcription factors. mCG dynamics at TFBSs were
investigated due to its higher levels compared to mCHG and mCHH. In addition, mCG could
serve as an accurate predictor for gene expression (Lioznova et al. 2019). The methylation levels
within TFBSs were averaged within 50 nt tiling windows and reported in boxplot to reveal the
methylation pattern around the TFBSs (Fig. 6d-¢). In promoter-specific TFBSs, methylation
level was depleted upstream of TSS while the adjacent 5> UTRs (regions downstream of TSS)
were more methylated, most probably to prevent incorrect transcription initiation (Fig. 6d). In 5°
UTR-specific TFBSs, depletion of methylation around the 5 UTRs was clearly seen (Fig. 6¢).
These findings suggest that oil palm TFBSs tend to be demethylated, probably to encourage sta-
ble interaction between DNA binding proteins and their target regulatory sequences.

Methylation is assumed to alter gene expression levels, although the relationship between meth-
ylation and gene expression is complex (Rishi et al. 2010; Francescatto et al. 2011; Pardo et al.
2013). It has been demonstrated that only a fraction of cytosines exhibits a significant correla-
tion between methylation and expression profiles of a corresponding TSS (Medvedeva et al.
2014). To assess the relationship of gene expression at TFBS regions, a method to quantitatively
explore the extent to which DNA methylation at TFBSs can reduce or abolish the expression of
adjacent genes was developed. This relationship is described by the Z-score, whereby a positive/
negative Z-score value indicates a positive/negative association between gene expression and
mCG levels at TFBSs (following the approach by (Troukhan et al. 2009), see Materials and
Methods for details). It was found that putative oil palm TFBS regions are enriched with nega-
tive Z-score values (Fig. 7). In addition, a cluster of extreme negative Z-score values corre-
sponding to the first 200 nt upstream of the TSS (core promoter) was detected. This indicates the
presence of functionally important and epigenetically sensitive regulatory elements in the core
promoter, prone to methylation changes and influencing gene transcription. Overall, these find-
ings suggest that TFBS demethylation is likely required for gene expression.

Effects of cloning on methylation

The overall statistics of oil palm WGBS (reported by Bismark) showed that genome-wide meth-
ylation levels in mantled clones are lower than in seedlings and normal clones (Table 1). The
relative methylation scores for all genes (calculated using a different approach using only statis-
tically significant positions) indicated a significant difference in cytosine methylation between
seedlings and clones (Supplementary Fig. S3). Distribution of Z-scores between mantled and
normal was generally symmetric while distribution curves between mantled and seedlings or
normal and seedlings were right-skewed. This suggests that genome-wide average methylation
of all genes is similar for normal and mantled clones; the location of affected regions may ex-
plain the phenotypic differences. Hence, the cloning process considerably influenced genome-
wide DNA methylation even though there was no phenotypic difference between seedlings and
normal clones.

Analysis of the genomic elements showed different levels of methylation among the three
groups of oil palm (Supplementary Fig. S4). While differences in CHH methylation between
seedlings and normal/mantled clones are minimal, CG and CHG methylation is generally lower
in clones compared to seedlings. mCG and mCHG levels were lowest in introns and promoters
of normal clones. As shown earlier, the methylation of promoters may influence gene expres-
sion, thus reduced promoter methylation in clones may affect gene expression.

TFBSs that were consistently hypo/hypermethylated may reveal regulatory elements that influ-
ence expression. Although the overall mCG patterns of TFBSs in promoters are generally similar
among seedling, normal, and mantled clonal palms, there are some subtle differences. First of
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all, the assessment of differences between promoters of normal and seedlings was required as
these differences represented non-functional noise. Differential mCG levels between seedlings
and normal palms were found only at four positions, and none of these were within the most
functionally important core promoter area since all were located further than 500 nt upstream of
the TSS. On the other hand, differential mCG between mantled clones and seedlings was detect-
ed at 27 sites and were uniformly distributed from -1000 to +600 of the TSS (i.e., in the promot-
er and 5° UTR). The corresponding TRANSFAC binding sites are listed in Supplementary Table
S1.

The difference of proportions test was conducted to find hypo- and hypermethylated genomic
regions in mantled and/or normal clones compared to seedlings. The genome was scanned in
windows of 10,000 nt and positions covered by at least 10 reads were used for the analysis.
Methylation differences between seedling, mantled and normal clonal palms were absent in most
chromosomes, except for parts of chromosomes 1, 2, 3, and 5, which exhibited significant
demethylation in mantled clones (Fig. 8).

TE Methylation

Methylation of intergenic and intragenic TEs was compared in seedling, normal and mantled
clones (Fig. 9). Average methylation, number of methylated cytosines, and the total number of
cytosines were calculated for each type of repeat within genes and between genes. Z-test was
applied to identify significantly different TE methylation levels between seedling, normal, and
mantled clones. It is evident that methylation levels in mantled clones changed significantly in
almost all types of repeats.



As the Karma element has been linked with mantling (Ong-Abdullah et al. 2015), methylation
was analyzed on the entire Karma region as well as its associated transcript isoform, kDEFI,
and the whole EgDEF] gene, whereby the latter spans almost 40 kb, including several introns
(Fig. 10). Ong-Abdullah et al. 2015 reported that Karma mCHG was markedly reduced in man-
tled clones while CHH methylation was slightly reduced. Our analysis concurs with this obser-
vation as there is a complete absence of Karma mCHG in mantled clones (Table S2). Karma
mCG level was slightly reduced in normal compared to seedlings. In addition, kDEFI, which
consists of the first five exons of EgDEF[ and a partial region of the Karma element, was also
hypomethylated in mantled clones, with decreased mCG and mCHG levels. mCG, mCHG and
mCHH levels of EgDEFI, which encompasses a much larger region, was only subtly reduced in
mantled clones compared to normal clones and seedling.

Discussion

Generally, methylation levels are similar for different tissue types and organs (Hsieh et al. 2009;
Zemach et al. 2010; Song et al. 2013), but subtle differences can be detected between, for exam-
ple, endosperm and vegetative tissues. Several studies have shown that DNA methylation is a
dynamic process, as a response to an external stimulus or transition to a different developmental
stage (Elhamamsy 2016; Liu et al. 2016). Significant epigenetic changes can happen, for exam-
ple, during the process of seed development (Pikaard and Mittelsten Scheid 2014; An et al.
2017).

Genome-wide methylation trends in seed-derived oil palms

In the present study relying on WGBS technology, the methylation status of 85% of all cytosines
in the oil palm genome was assessed, revealing that 39% of all cytosines were methylated. mCG
(74% of all CG sites) made up the largest proportion of the total DNA methylation, followed by
mCHG (57%) and mCHH (5%) sites. Similar methylation trends were seen in other flowering
plants, with various percentages of methylation frequencies at each cytosine context (Niederhuth
et al. 2016; Bartels et al. 2018). Oil palm has overall higher frequencies of mCG and mCHG
compared with Oryza sativa (58.4% and 31%) and Arabidopsis thaliana (30.5% and 10%), but
moderately lower than Zea mays (86% and 74%). However, the mCHH level in oil palm is com-
parable to rice (5.5%) and maize (5.4%) but is slightly higher than Arabidopsis (3.9%). Wide-
spread variation of DNA methylation levels among plant species has been linked with differ-
ences in genomic structure (Niederhuth et al. 2016; Deng et al. 2016). There may be several fac-
tors influencing methylation levels, e.g., the amount of gene duplication when an extra gene
copy is methylated, the total length of functionally important regions that are protected from
methylation (Tatarinova et al. 2013, 2016), and the density of targets for DNA methylation
events and repeat content (Piegu et al. 2006; Michael 2014). Interestingly, only the frequency of
mCHG was recently found to correlate with genome size (Niederhuth et al. 2016). Different
plant species probably choose different strategies to regulate gene expression and use various
methylation and demethylation pathways, leading to existing inter-species methylome variation.

In oil palm and other plants, protein-coding genes have low DNA methylation while repeats are
extensively methylated, contributing to a high overall level of genome methylation. Among the
different genomic elements (excluding extragenic space), intron methylation was higher than
any other region in the genome. Intronic methylation could be associated with the increased
presence of repeats/TEs in intronic sequences and may be responsible for transposon repression.
In maize, TEs within introns were marked by CHG methylation and H3K9me2 (West et al.
2014). However, the effects of intronic methylation on gene expression have been found to de-
pend exclusively on the level of methylation in the first intron position (Anastasiadi et al. 2018).

Similar methylation profiles were seen in switchgrass (Yan et al. 2018) and rice (Tatarinova et
al. 2016), but the pattern is different in Arabidopsis (Yang et al. 2015) which exhibited higher
methylation in exons. One of the explanations for this is in the existence of two classes of genes:
GCs-rich and GCs-poor genes. Compared to GCs-poor genes, GCs-rich genes are shorter, have
fewer introns, less gene-body methylation, and more variable gene expression pattern. In grass-
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es, the distribution of GCj is clearly bimodal, but in the monocot oil palm, GC; distribution is
right-skewed, exhibiting a long tail of GCs-rich genes. GCs-rich and -poor genes have different
DNA methylation gradients in gene bodies. In the oil palm, GCs-poor genes possess increased

methylation levels in the 5’ to 3’ direction, while GCs-rich genes remain demethylated. This is

consistent with the patterns described in rice, human, and even honey bee (Tatarinova et al.
2013).

Although DNA methylation patterns were generally consistent across oil palm samples, certain
genomic regions were affected by the cloning process, where epigenetic changes may lead to
phenotypic consequences. A pronounced drop in methylation levels was observed in the vicinity
of the start and end of transcription is similar to the one described in rice (Triska et al. 2017). In
contrast to Wang et al. (Wang et al. 2015), oil palm promoters are less methylated than gene
body methylation. However, it is suspected that these disagreements might be due to different
definitions of the promoter region.

A negative correlation between gene expression and the level of methylation of certain regulato-
ry elements in oil palm promoters was found. The most negative effect on gene expression
comes from methylation of core promoter regions (first 200 nt upstream of TSS). A similar nega-
tive correlation between gene expression and promoter methylation was described in soybean
(An et al. 2017). Transcription factors have different preferences for binding either to the pro-
moter or the 5> UTR (Triska et al. 2017). The same trend was observed in oil palm. In addition,
promoter-specific binding sites in oil palm are less methylated than their surrounding DNA in
promoters but not in 5° UTR. The trend for 5° UTR specific TFBSs is reversed, i.e. they are less
methylated in the 5° UTR compared to their surrounding sequence.

Cloning leads to genome-wide hypomethylation in oil palm

Tissue culture often causes DNA hypomethylation in callus and regenerated plants (Stroud et al.
2013; Zhang et al. 2014). Regenerated rice plants had ectopic DNA methylation losses enriched
at gene promoters, but these were likely a random set of genes that were hypomethylated (Stroud
et al. 2013). The rice plants were also significantly enriched with CG and CHG hypomethylated
DMRs and overlap in the hypomethylated regions was observed across several lines, suggesting
that specific hotspot sites in the genome may be susceptible to methylation losses. The hy-
pomethylation of rice promoters correlates with increased gene expression. Similarly, mCG in
oil palm promoters, particularly at TFBS sites, was associated with reduced gene expression.
Normal oil palm clones showed a general genome-wide methylation loss at random locations in
the genome, compared to seedlings. However, methylation patterns in normal palms were gener-
ally similar to seedlings. It appears then that hypomethylation in oil palm normal clones occurs
randomly, similar to the general hypomethylation trends observed in regenerated rice (Stroud et
al. 2013).

In contrast, mantled clonal palms displayed methylation losses at specific regions of the genome.
These methylation differences seemed consistent across several abnormal plants at specific re-
gions of several chromosomes, suggesting that these may be hotspot regions associated with the
abnormal phenotype, resembling the methylation hotspots detected in regenerated maize plants
(Han et al. 2018). TEs in maize are associated with a substantial number of genes with CHG
hypermethylation (West et al. 2014; Niederhuth et al. 2016; Niederhuth and Schmitz 2017). Oil
palm TEs are generally hypermethylated but exhibited CHG hypomethylation. Regenerated rice
plants also possessed reduced CHG methylation in TEs (Hsu et al. 2018). A high number of dif-
ferentially methylated TEs was detected in regenerated indica rice plants. In Arabidopsis, hy-
pomethylation and TE activation has been observed in long term cell cultures (Tanurdzic et al.
2008). Aberrant demethylation trends observed in mantled clones, therefore, suggest that not
only the Karma region within EgDEF] is affected but parts of several chromosomes also mani-
fested differential methylation. However, it is possible that additional DMRs may not consistent-
ly occur in all abnormal palms since the hypomethylation of only the Karma region of the
EgDEF1 gene was associated with mantling (Ong-Abdullah et al. 2015). Detailed analysis of
EgDEF1, including its introns, revealed a complete absence of CHG methylation in the entire
Karma retrotransposon in mantled clones. In rice, Karma was also transcriptionally activated in
cultured cells and regenerated plants (Komatsu et al. 2003). Moreover, in regenerated maize
plants, differential CHG hypomethylation was detected in genes containing nested TEs, resem-
bling oil palm’s Karma-like epiallele in EgDEF] (Han et al. 2018).
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The success rate of re-cloning (“cloning of clones”) is higher than the cloning of seedling (Soh et
al. 2011). The genome-wide demethylation detected in clones may contribute to this higher suc-
cess rate. Additionally, this may indicate that the majority of the genome is sensitive to meth-
ylation changes during the standard cloning process of oil palms. The cloning process thus caus-
es epigenetic changes, with methylation losses scattered all over the genome. It has been pro-
posed that DNA methylation is a mechanism to reinforce TE silencing (Lin et al. 2017). TE ele-
ments can gain methylation in response to heat stress (Hossain et al. 2017). Several flower de-
velopment genes are known to be epigenetically regulated. Two epigenetically regulated genes,
AGAMOUS and FWA, exhibit methylation changes in prolonged cell suspension cultures of
Arabidopsis thaliana (Tanurdzic et al. 2008). In melon, the natural presence of a DNA transpo-
son in the CmWIP1 promoter is required for the initiation and maintenance of the spreading of
DNA methylation and hypermethylation of the promoter inactivates CmWIP1, allowing carpel
development and therefore the formation of female flowers (Martin et al. 2009). Therefore, cer-
tain genes associated with floral development may be inclined to methylation changes in re-

sponse to stress, including stress exposure during cloning. The possible role of EgDEFI’s Karma
in methylation maintenance for proper transcriptional regulation of that region and thus proper
floral organ development may be worth further investigation. Mildly mantled clonal palms that
can revert to normal phenotype after some time may be suitable samples for such methylation
studies.
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Fig. 1 Structure of EgDEFI gene on oil palm genome scaffold (Accession No.
NW _011551018.1). The Karma element and the associated transcript isoform kDEF] are dis-
played. Hypomethylation of the Karma element results in the expression of kDEF in flowers of
mantled clonal palms leading to the mantled fruit phenotype. kDEF1 is not expressed in normal
clonal palms.

Fig. 2 Circos plot of oil palm chromosomes displaying genes, repeats, mCG, mCHG, and
mCHH patterns in the seedling. The window size is 1 Mb. Track order: (1) Mean gene density
per window; (2) mean repeat density per window; mean methylation percentage per window for:
(3) mCG; (4) mCHG and (5) mCHH.

Fig. 3 mCG, mCHG and mCHH profiles in various genomic regions of seedlings. The upstream
region refers to 1,000 nt upstream of the start codon. Blue: mCG, orange: mCHG, green:
mCHH.

Fig. 4 Profiles of average mCG, mCHG and mCHH across the gene, intragenic and intergenic
TEs and their flanking 2 kb regions in seedlings. TSS: transcription start site, TTS: transcription
termination site.

Fig. 5 GC; and DNA methylation gradients in the coding regions of genes in oil palm seedlings.
a GCs. b DNA methylation.

Fig. 6 Positional distribution and methylation patterns of transcription factor binding sites (TF-
BSs) in the oil palm genome. a promoter-specific TFBSs. b Non-positionally specific. ¢ 5' UTR-

specific TFBSs. d Box plot of mCG in promoter-specific TFBSs. e Box plot of mCG in 5" UTR-
specific TFBSs. The red line shows the overall methylation of the region. Vertical lines show the
position of the transcription start site.

Fig. 7 Influence of promoter-specific TFBS methylation on gene expression. The horizontal dot-
ted line corresponds to the significance level cut-off. The window size is 8 nt.

Fig. 8 Pairwise comparison of mCG in seedling, normal, and mantled clones. The blue line rep-
resents lowess smoothed Z-score between seedling and normal, red line for the smoothed Z-
score between seedling and mantled, the green line for the smoothed Z-score between normal
and mantled. The window size is 10,000 nt. Red boxes with dashed lines indicate significant
demethylation in regions of more than 10,000 nt in mantled clones (|Z-score| > 3, raw values are
in the table ST5). Methylation differences between seedling, mantled and normal clonal palms
can be witnessed in parts of chromosomes 1, 2, 3, and 5, which exhibited significant demethyla-
tion in mantled clones. Other chromosomes did not display significant Z-scores between
seedling and mantled clones, or the significant demethylation occurred in a rather small region
(10,000 nt) rather than the 1,000,000 nt region found in chromosome 1.

Fig. 9 Methylation of TE families in seedling (S), normal (N), and mantled (M) clones.

Fig. 10 mCHG patterns in the EgDEF] locus in mantled clones, normal clones, and seedling.
Light-colored bars show statistically significant methylated cytosines (binom.test), dark-colored
bars are for methylated/total reads ratio. Orange and green lines are Z-score values for seedling
vs. mantled and seedling vs. normal data, respectively. Plots were smoothed out using ggplot2
built-in geom smooth command under the loess method with a span of 0.2. The blue horizontal
line specifies the Z-score threshold of 3 (refer secondary axis on the right). The dataset was fil-
tered using a coverage threshold of 10. A significantly differentially methylated part of Karma
transposon (from 3800 to 7000 nt) is shown as a red dotted box. The Karma sequence included
in the kDEF '] transcript is specified by gray vertical dashed lines within the boxed area. EgDEF'[
exons are shown at the bottom of the figure in gray boxes, while Karma is shown in orange.

Table Caption

Table 1. Genome-wide methylation in clones and seedlings (as calculated by Bismark (Krueger
and Andrews 2011)). C: cytosine.
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