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Abstract
Background  Epigenetic mechanisms including DNA methylation are assumed to play crucial roles in the 
maintenance of genome integrity, regulation of gene expression and development, and their increasing exploitation 
in breeding applications is anticipated. However, the relationship between DNA methylation and gene expression 
remains ambiguous and difficult to generalize. Here we explored the hypothesized causality between the level of 
transcription and cytosine methylation at the 5’ end of genes (around transcription start sites and start codons) in 
relation to whole-genome duplication in natural and synthetic allohexaploid wheat (Triticum/Aegilops complex).

Results  Using transcriptomes and a sequence capture protocol coupled with bisulfite sequencing, we observed 
sometimes significant, but overall very weak associations between gene expression and 5’ end methylation on a 
genome-wide scale. In synthetic wheat allohexaploids, global methylation differences between subgenomes are 
not triggered by the polyploidization, as the subgenome patterns are rather faithfully inherited from parents. A 
small number of genes differentially methylated between the parents and synthetics was consistently recovered 
in reciprocal synthetics and subsequent generations. Differences in transcription between homeologs are not 
clearly associated with 5’ end methylation in either natural or synthetic wheat. Overall, allopolyploidization triggers 
only minor methylation changes around transcription start sites and start codons of nascent wheat allopolyploids, 
and these are not statistically associated with differential expression. Although there is a measurable methylation 
difference between silent and expressed genes in the developing grain, our results do not support the hypothesis 
that 5’ end DNA methylation is engaged in the regulation of gene expression in natural and synthetic wheat.

Conclusions  While a ‘genome shock’ hypothesis predicts extensive transcriptomic and epigenetic reorganization 
after polyploidization, DNA methylation patterns around transcription start sites are generally undisturbed in nascent 
wheat allohexaploids. Although this stability might indicate importance for gene regulation, a clear relationship 
between DNA methylation and transcription was not observed either on a genome-wide scale, or among triads of 
homeologous genes.
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Background
DNA methylation commonly refers to the addition of a 
methyl group to the C5 position of cytosines in the DNA 
molecule. This covalent modification widespread in the 
plant genome and across species is crucial for maintain-
ing genome integrity by silencing transposable elements 
(TEs) [1], and is thought to be the main component of the 
epigenetic regulation of gene expression [2, 3]. In plants, 
methylated cytosines (mCs) occur in any sequence con-
text (i.e. on cytosines followed by any nucleotide), and 
have been shown to be involved in various biological 
processes, including germline and embryo develop-
ment, parental imprinting, fruit ripening [3, 4] and stress 
responses [5, 6].

The regulatory role of DNA methylation is exerted on 
at least two different levels. Firstly, DNA methylation 
affects chromatin states and plays an instrumental role 
in heterochromatin formation [3], with general impacts 
on transcriptional levels across larger genomic regions. 
Together with other epigenetic modifications, namely the 
histone variants H3K9me2, H3K27me1 and H2A.W, mCs 
determine a repressive chromatin state to ensure stable 
silencing [7, 8]. Secondly, DNA methylation affects the 
binding of transcription factors (TF) and other proteins 
to DNA. A group of methyl-binding domain proteins 
binds to methylated CG-dense sequences and subse-
quently interacts with an array of additional proteins to 
regulate the silencing or activation of associated genes 
through modulation of the state of protein aggregation 
[3]. In Arabidopsis, most TFs are sensitive to the meth-
ylation state of TF recognition motifs in vitro, with 72% 
and 4.3% of tested TFs preferentially binding to unmeth-
ylated and methylated DNA motifs, respectively [9]. 
These findings lead to an expectation that heavy cytosine 
methylation is associated with transcriptional silencing, 
and that promoters of actively transcribed genes should 
be unmethylated in most cases. Cytosine methylation 
patterns of TEs (Transposable Elements), which should 
remain transcriptionally silent in most if not all tissues 
to maintain genome integrity, are in agreement with this 
expectation. In all examined plant genomes, CpG and 
CHG methylation (H representing any of A, C or T), and 
usually also CHH methylation, is distinctly elevated in 
TEs compared to surrounding regions [10]. However, the 
relationship between DNA methylation and transcrip-
tion is more difficult to untangle in the case of non-TE 
transcripts. Constitutively unmethylated genes can have 
a very wide range of expression levels. On the other hand, 
genes characterized by TE-like methylation (i.e. high 
methylation levels in all sequence contexts) are often 
times silent, but some of them can be highly expressed 

in specific tissues [11]. In most species, highly expressed 
genes are characterized with high CpG methylation and 
low CHG/CHH methylation in their bodies, forming 
a pattern called gene-body methylation (gbM). None-
theless, gbM genes have the widest range of expression 
levels in most species [10], leading to doubts about the 
role of cytosine methylation in gene expression. Since the 
loss of gbM in a met1 mutant of Arabidopsis (defective 
in DNA methylation maintenance) does not affect gbM 
gene expression patterns [12], it has been suggested that 
gbM has a minimal or no effect on gene expression, but 
possibly has a ‘homeostatic’ role in preventing aberrant 
transcripts [13]. Nonetheless, one general feature of DNA 
methylation in relation to transcription is recognized. 
Averaged across all genes, including gbM genes, CpG 
methylation shows a marked dip around transcription 
start sites (TSS), and to a lesser extent also around tran-
scription termination sites [10]. For many species, includ-
ing grasses Zea mays and Brachypodium distachyon, 
CpG methylation at TSS is associated with almost com-
plete silencing [10]. It therefore appears that the vicinity 
of TSS needs to stay free of any CpG methylation in order 
to enable the initiation of transcription.

Bread wheat (Triticum aestivum L.) is a monocotyle-
donous crop with a large genome (14.6 Gb pseudomol-
ecule-level assembly of Chinese Spring v2.1; [14]). The 
large genome size can be attributed to the combined 
effect of high TE content (85% of the assembly) and 
recent polyploidizations. Bread wheat is an allohexa-
ploid (2n = 6x = 42 chromosomes; genomic constitution 
AABBDD) that emerged approximately ~ 10,000 years 
ago from hybridizations and subsequent polyploidization 
involving tetraploid T. turgidum (2n = 4x = 28; AABB) and 
diploid Aegilops tauschii (2n = 2x = 14; DD) [15, 16]. Due 
to its economic significance and the status of a world-
wide staple crop, substantial efforts have been directed 
to characterize the bread wheat genome [17]. However, 
much less attention has been paid to the epigenome and 
the methylome (the complete set of DNA methylation 
modifications) in particular. A few large-scale studies 
[18–20] have reported that a genome-wide overview of 
DNA methylation in wheat matches the general patterns 
known from other species. However, more in-depth anal-
yses are in demand, as the epigenetic regulation of gene 
expression is of special interest for epibreeding applica-
tions [21–23], but also in relation to fundamental ques-
tions on the evolution of polyploid species. While most 
genes of bread wheat are in three homeologous copies 
(i.e. syntenic paralogs located on the A, B and D subge-
nomes of the hexaploid), a significant fraction of them 
is silenced [19, 24–26], leading to frequent situations 
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where the total expression of a ‘triad’ (the set of three 
homeologous genes) is supplied by one or two copies. 
This phenomenon of homeolog expression imbalance is 
potentially significant for both evolutionary adaptation 
(homeolog neo- and sub-functionalization) and crop per-
formance related to the ‘fixed’ heterosis of allopolyploids 
[27, 28]. It may also be related to the transcriptional 
reprogramming commonly observed in nascent poly-
ploids [29, 30] and hypothesized to have an epigenetic 
basis [31]. DNA methylation changes have been observed 
to accompany polyploidization in multiple species [32–
35], including Triticeae [36–39], but their genome-wide 
assessment in relation to gene expression in allohexa-
ploid wheat is missing.

With these considerations, we developed a hybrid-
ization-based sequence capture design intended for 
methylome analysis via bisulfite sequencing (BSseq), 
targeting the 5’ end region (centered on TSS or start 
codon - SC) of most high-confidence (HC) genes of the 
wheat genome. We specifically hypothesize that cyto-
sine methylation around TSSs is employed by plants as a 
transcriptional on-off switch, and we tested this hypoth-
esis by comparing the BSseq and transcriptomic data 
from developing grain. We particularly focus on DNA 
methylation patterns in the polyploid context, exploring 
the relationship between DNA methylation and homeo-
log expression imbalance, monitoring DNA methylation 
changes in nascent allohexaploid wheat triggered by the 
whole-genome duplication, and examining possible links 
between differential gene expression and differential 
DNA methylation. We discuss our findings in the context 
of the underwhelming genomic response to polyploidiza-
tion in wheat, and the persistently obscure relationship 
between DNA methylation and gene expression.

Methods
Plant material
All seeds used in this study were provided by the ‘Centre 
de Ressources Biologiques Céréales à Paille’ (Small Grain 
Cereals Biological Resources Centre), INRAE, Clermont-
Ferrand, France. All data reported here were obtained 
from the developing grain sampled at 250 degree-days 
from both natural and synthetic hexaploid wheat lines 
(AABBDD) as well as from the parental genotypes Ae. 
tauschii (DD) and T. turgidum subsp. durum (AABB) 
(Supplementary Table 1). Natural hexaploids are repre-
sented by the bread wheat cultivar ‘Recital’. The synthetic 
wheats were prepared by crossing Ae. tauschii genotype 
‘Tauschii-109’ with the durum cultivar ‘Langdon’ (pro-
ducing synthetics ‘109xL-C2’, ‘109xL-C4’ and ‘Lx109-C2’, 
with identifiers indicating the direction of the coss and 
the sampled generation after colchicine-induced chromo-
some doubling). Additional spontaneous allohexaploids 
‘Jx87-S5’ and ‘Jx109-S5’ produced by a different research 

group (INRAE - Agrocampus Rennes) from the durum 
cultivar ‘Joyau’ and Ae. tauschii genotypes ‘Tauschii-109’ 
and ‘Tauschii-87’ were also analyzed, although direct 
descendants of the parental lines used for the crosses 
were not available for this study. Additional details about 
the allohexaploid synthesis, nomenclature and growth 
conditions are given in our previous paper [26] reporting 
on the transcriptomic analysis of these samples.

DNA extraction
The nucleic acid extracts that had been used previously 
in Banouh et al. [26] for RNA purification were processed 
here to obtain genomic DNA. Briefly, the grain tissue was 
ground into a fine powder using liquid nitrogen, a mor-
tar and a pestle. Up to 1 g of the powder was dissolved 
in 4.5 ml of extraction buffer (0.1 M NaCl, 10 mM Tris-
HCl, 1 mM EDTA, 1% SDS). Nucleic acids were extracted 
twice with phenol:chloroform:isoamylalcohol (25:24:1) 
and subsequently precipitated using 3 M sodium acetate 
(1/10 volume) and two volumes of absolute ethanol. Fol-
lowing centrifugation, the resulting pellet was resus-
pended in nuclease-free water. An aliquot of this crude 
nucleic acid extract (50–75  µg) was used for the RNA-
seq purification [26], while another one was treated with 
30  µg RNase A and subsequently purified with silica-
based spin columns (Qiagen) in order to obtain purified 
DNA. DNA was obtained from two biological replicates 
per sample.

Capture-BSseq probe design
Transcription start sites were identified on the basis of 
the Chinese Spring v1.1 gene annotation, treating the 
first position of 5’ untranslated regions (5’-UTR) as TSS. 
Out of 107,891 annotated HC genes, 68,731 (63.7%) 
have 5’-UTR annotations. In the remaining 36.3% of HC 
genes, TSS information is missing due to the absence 
of full-length mRNA data, and we aimed to capture the 
beginning of the coding sequence instead, i.e. the SC of 
those genes. While the SC position is not relevant for 
the initiation of transcription, the SC regions provide an 
insight into 5’-UTRs (upstream of SC) and the coding 
sequence (downstream of SC). Each gene was targeted 
by two probes within a 300  bp window around TSS or 
SC (one probe upstream and another one downstream). 
In order to increase the applicability of the probe design 
to varied Triticeae genomes (diploid Ae. tauschii, tetra-
ploid T. turgidum sp., hexaploid T. aestivum), the probe 
design was adjusted according to 15 different chromo-
some-level assemblies - Chinese Spring v1.1 (IWGSC 
2018); 10 + Wheat Genome Project [40]; T. turgidum 
subsp. durum cv. Svevo v2 [41]; T. turgidum subsp. dicoc-
coides [42]; and two assemblies of Ae. tauschii v4.0 [43] 
and AOCO02000000 [44]. Our design aimed for probes 
that correspond to consensus TSS/SC regions of all these 
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assemblies rather than just the Chinese Spring reference. 
To achieve this, all assemblies were shredded into 500 bp 
fragments with 250  bp sliding step using GenomeTools 
shredder, and all fragments were mapped onto the Chi-
nese Spring v1.1 reference with bwa mem [45], creating a 
single bam file. Reads with mapping quality < 20 were fil-
tered out (samtools). Subsequently, fragments (or rather 
a single consensus sequence per genome built from over-
lapping fragments) around each TSS/SC were extracted 
from the bam file in the form of multiple sequence align-
ments, using a custom python script (150  bp upstream 
and 150 bp downstream). All upstream fragments (for all 
genes and genomes) were then re-assembled into con-
tigs with Geneious 6.1 [46] allowing no gaps and up to 
3% mismatches within ≥ 120 bp overlaps. The same pro-
cedure was repeated for all downstream fragments. These 
contigs were considered as probe candidates, and further 
filtered. We removed probe candidates (i) redundant 
among the upstream and downstream sets; (ii) mapping 
to the wheat chloroplast genome with ≤ 10% mismatches; 
(iii) having valid alignments (bwa mem) with < 8 of the 
used assemblies; and (iv) having more off-target than on-
target blat hits (using -fastMap and -minScore = 80). This 
process resulted in 200,495 consensus probes covering 
~ 100k genes of wheat (typically with 2 probes per TSS/
SC; Supplementary Table 2). Chinese Spring genes cor-
responding to all the removed probe candidates were not 
enriched in any GO (Gene Ontology) terms using TGT 
website [47, 48], indicating that our probe design is unbi-
ased in respect to gene function. The capture probes were 
synthesized by Agilent (SureSelect custom design), cov-
ering both strands of the targets.

Preparation, sequencing and mapping of the capture-
BSseq libraries
The sequence capture protocol with SureSelect Custom 
Tier6 probes (Agilent) was applied on genomic DNA 
prior to the bisulfite conversion with EZ DNA Methyl-
ation-Gold Kit (ZYMO Research). Illumina-compati-
ble libraries were prepared with SureSelectXT Methyl 
Reagent kit (Agilent), with post-conversion multiplexing 
for parallel sequencing of all samples. The libraries were 
prepared by PGTB (France) and sequenced on Nova-
Seq6000 (2 × 150) by Genotoul (France) to a theoreti-
cal depth of target coverage 40x. We obtained raw reads 
from 18 directional libraries (with both the top and bot-
tom DNA strands). These reads underwent initial pro-
cessing with Trim Galore to eliminate adapter sequences, 
reads with length < 20, and unpaired reads. Reads passing 
these quality filters were aligned to the Chinese spring 
reference genome v1.0 using Bismark [49] in the direc-
tional mode, employing the Bowtie2 mapper with pre-
defined settings. Methylation data were extracted with 
Bismark_methylation_extractor, retaining only reads 

with a unique best alignment score. Methylation data 
were then analyzed in the Methylkit R package [50].

Estimation of bisulfite conversion efficiency
We also mapped the filtered reads to chloroplast 
genomes (assumed to be completely unmethylated) in 
order to assess the bisulfite conversion efficiency. Reads 
from Recital, Langdon, Jx109, Jx87 and Lx109-C2 were 
aligned to the chloroplast genome of Chinese Spring 
(GeneBank ID NC_002762.1). Reads from 109×L-C2, 
109×L-C4, Tauschii-109 and Tauschii-87 were mapped to 
the Ae. tauschii chloroplast genome (NC_022133.1). The 
conversion rate (Supplementary Table 3) was then cal-
culated following the formula: conversion rate=(number 
of converted cytosines/total number of analyzed 
cytosines)×100.

Data analysis
We further filtered out presumed PCR artifacts by 
removing bases with coverage above the 99.99th percen-
tile, using the ‘filterByCoverage’ function in methylKit. 
Cytosine methylation was summarized using two differ-
ent coverage thresholds, depending on the type of the 
analysis. For the Principal Component Analysis (PCA) 
and the detection of differentially methylated cytosines, 
we only considered positions with a minimum of 10x 
coverage. PCA was calculated in R, using the function 
prcomp with data centering and scaling enabled. For 
global methylation averages across all genes summarized 
per subgenome and sequence context, mean methylation 
level [51] was calculated from all positions with ≥ 10x 
coverage. For region-based methylation analyses (i.e. 
DNA methylation scans along chromosomes, all TSS/SC-
based analyses in relation to gene expression and differ-
ential methylation), weighted methylation level [51] was 
calculated from all cytosines with coverage ≥ 3. We con-
sider such summarization optimal for the region-based 
analyses, since it maximizes the number of evaluated 
cytosines in an unbiased way (a low-coverage site con-
tributes proportionally less to the weighted methylation 
level compared to a high-coverage site). Fine-scale meth-
ylation around TSS/SCs was summarized in 10  bp bins 
using the ScoreMatrixBin function from genomation 
package [52]. To explore the relationship between TSS 
methylation and transcription in leaves, complementing 
our data from grain, we downloaded public data for two-
weeks old leaf of the bread wheat cultivar Chinese Spring 
(leaf_9 in SRA studies SRP133674 and SRP133837) pub-
lished by Ramírez-González et al. [10]. These whole-
genome BSseq and RNA-seq data were processed with 
the same pipelines used for our own data, restricting the 
methylation analysis to our target windows around TSS/
SC.
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Differentially methylated regions (DMRs) and dif-
ferentially methylated cytosines (DMCs) were identi-
fied between hexaploid synthetics and parents (except 
for the synthetics Jx87-S5 and Jx109-S5, where BSseq 
data of the tetraploid parent are not available) using the 
‘calculateDiffMeth’ function in methylKit that accounts 
for variation between replicates. It employs a logistic 
regression-based method with overdispersion correction 
and adjusts the p-values using the Benjamini-Hochberg 
method (FDR) [50]. Regions/cytosines with a meth-
ylation level difference greater than 25% and FDR < 0.01 
were considered differentially methylated. For the DMR 
identification, we employed a model-based method using 
the methseg function in methylKit, which divides the 
target regions into variable-length segments of homoge-
neous methylation levels [50]. Segments identified in the 
parents (Tauschii-109 and Langdon) were used to screen 
the parents and their derived synthetics.

Results
Capture-BSseq efficiency
Assuming that DNA methylation of promoters and TSSs 
is important for the transcriptional level of genes, we 
aimed to capture the 5’ ends of all HC genes annotated in 
the assembly of the Chinese Spring wheat genome. These 
intended targets are centered around TSS in most cases 
(150  bp upstream and downstream), but our capture 
probes targeted SC (150  bp upstream and downstream) 
in HC genes that lack 5’UTR annotation. We analyzed the 
methylation in the developing grain of natural hexaploid 
wheat cultivar (cv.) Recital, tetraploid durum wheat cv. 
Langdon, two diploid Ae. tauschii genotypes and five syn-
thetic allohexaploids (Supplementary Table 1), targeting 
108,196 TSS/SCs in 95,883 non-redundant genes of the 
Chinese Spring reference genome (Supplementary Table 
2). The synthetics include polyploid progeny from recip-
rocal crosses and two successive generations (109xL-C2, 
109xL-C4 and Lx109-C2), and synthetics derived from 
alternative parental genotypes (Jx87-S5 and Jx109-S5; 
BSseq data from the tetraploid parent missing). With 
two biological replicates per sample, we sequenced 18 
libraries containing between 25 and 33 million read pairs 
(2 × 150  bp; Supplementary Table 4). The mapping effi-
ciency (i.e. the percentage of uniquely mapped reads in 
respect to the raw reads count) ranged from 36% to 54%. 
Out of the uniquely mapped reads, 43% to 51% overlap 
with the intended targets comprising only 0.26% of the 
Chinese Spring assembly, which demonstrates strong 
target enrichment. Overall, 18%-26% of raw BSseq reads 
were used in the methylomic analysis (reads uniquely 
mapped to the target space). The bisulfite conversion 
rates estimated from the chloroplast genome-mapping 
reads averaged to 0.9787 (0.966–0.9844; standard devia-
tion 0.0057; Supplementary Table 3). Within the target 

regions, 69% to 88% of cytosine positions were covered 
with the minimum depth of 3x, while 39%-79% were cov-
ered with the minimum depth of 10x, per sample (Sup-
plementary Fig. 1). The BSseq data reported here covers 
75–88% of differentially expressed genes (DEGs) identi-
fied previously from the same samples [26], with depths 
3x or higher (Supplementary Fig. 2).

Subgenome differences in mean methylation are inherited 
from lower-ploidy parents
Cytosine methylation occurs in the three sequence con-
texts (CpG, CHG and CHH) with different frequencies, as 
observed in other plant species. The highest mean TSS/
SC methylation (considering only cytosines with ≥ 10x 
coverage) was observed at CpG sites (20%-27% across 
samples). Methylation of the CHG sites ranges from 12% 
to 15%, while the methylation at CHH sites is the lowest, 
at 2%-3% (Supplementary Fig. 3). Since the mean methyl-
ation of the CHH context is close to the non-conversion 
rate (i.e. the proportion of unmethylated cytosines where 
bisulfite conversion failed), we ascertained the propor-
tion of CHH sites where the methylation is statistically 
significant according to the binomial test. Across sam-
ples, the methylation level of 84%-90% CHH cytosines is 
not statistically different from the failed conversion rate, 
and only 10%-16% of all CHH sites around TSS/SC show 
significant levels of methylation (Supplementary Table 5).

We calculated mean methylation levels per subge-
nome in all synthetic hexaploids, parental lines (Lang-
don and Tauschii-109), and the natural hexaploid wheat, 
using only cytosine positions consistently covered in all 
these samples (Fig. 1; Supplementary Fig. 4). In all three 
sequence contexts, the B subgenome showed the high-
est mean methylation level, followed by A and D (Fig. 1; 
Supplementary Fig. 4). This above-average B-methylation 
and below-average D-methylation is observed in both 
natural and synthetic hexaploids, as well as in the com-
bined parental genomes. This suggests that the overall 
differences in subgenome methylation in the allopoly-
ploids are not triggered by the whole-genome duplica-
tion, but rather are the legacy of the parental differences.

TSS/SC methylation varies along chromosomes, but is 
stable across polyploidization
Principal Component Analysis (PCA) calculated from all 
sequence contexts shows that the top two principal com-
ponents of DNA methylation distinguish samples accord-
ing to their genetic identity (Fig. 2a). The methylomes of 
synthetics do not diverge much from the parental methy-
lomes, but are clearly separated from the methylome of 
natural bread wheat (Recital).

To examine DNA methylation landscapes along chro-
mosomes, we calculated weighted mean methylation 
across TSS and SC in 2  Mb tiling windows and 1  Mb 
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sliding intervals, merging all sequence contexts into a sin-
gle track. DNA methylation of the target regions varies 
considerably along chromosomes, with TSS/SC around 
centromeres showing elevated levels. Nonetheless, maxi-
mum values can sometimes be found away from centro-
meres (Fig. 2b).

Across samples, the chromosomes display highly simi-
lar methylation patterns, especially on A and B, with 
more apparent differences along the D chromosomes. 
Universally, differences between genotypes (Tauschii-87 
vs. Tauschii-109; Recital vs. all other) are greater than 
differences between parents and their derived synthet-
ics. The methylation landscapes of Langdon are highly 
correlated with the AB patterns of the derived synthetics 
(Pearson’s correlation in the range 0.992–0.995; Fig. 2b). 

While the D methylomes of Tauschii-109-derived syn-
thetics (109xL-C2, 109xL-C4, Lx109-C2, Jx109-S5) dif-
fer only slightly among each other (r range 0.991–0.995), 
all of them diverged more clearly from their D-parent 
(r range 0.963–0.978) (Fig.  2c). This suggests that the 
D methylome encountered modifications that are con-
sistent across multiple polyploidization events. Over-
all, the D methylome appears to be more diverse than 
the AB methylomes, and more prone to changes after 
polyploidization.

Fig. 1  Mean methylation levels per subgenome (A, B and D) across genotypes. a CpG context; b CHG contexts. Asterisks indicate significant differences 
(Wilcoxon test); ns, not significant at alpha = 0.05; *** p < 0.001. Error bars represent the standard deviation
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Fig. 2  DNA methylation profiles and correlations across chromosomes and samples. a The top four principal components of methylome variation across 
all samples, calculated from all genes and contexts for the AB subgenome (panels to the left of center) and the D subgenome (panels to the right). b An 
overview of total DNA methylation along chromosomes (2 Mb windows with 1 Mb step), with each row of panels containing synthetic lines, their cor-
responding parental lines and the natural hexaploid Recital. The first and second rows display the A and B chromosomes, respectively, and both include 
the same synthetic lines derived from the AB parent Langdon as well as the corresponding AB chromosomes from Recital. The third row shows chromo-
somes from Tauschii-109, the D subgenome of the derived synthetics, and the D chromosomes of Recital. The fourth row represents chromosomes from 
Tauschii-87, the D subgenome of the derived synthetics, and the D chromosomes of Recital. c Heatmaps showing chromosome-level methylome differ-
ences between genotypes, separately for the D and AB subgenomes, respectively. Pearson’s correlation coefficients and Wilcoxon test p-values are given 
above and below the diagonal, respectively. Asterisks indicate significant differences: ns, not significant at alpha = 0.05; * p < 0.05; ** p < 0.01; *** p < 0.001
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TSS/SC methylation does not clearly depend on 
centromere distance and is a poor predictor of 
transcriptional levels
In the following two sections, we investigated the TSS/SC 
methylation in relation to transcription and the distance 
from the centromere within trivial one-sample analyses 
(i.e. across all genes in a single sample, or jointly in all 
samples), not considering the polyploid context.

Since centromeric regions are rich in TEs and have rel-
atively low gene densities, it can be expected that DNA 
methylation around centromeres is higher compared to 
more distal regions, as we have observed on the chromo-
some scans (Fig.  2b). Accordingly, we observed a con-
sistently significant negative correlation between CHG 
methylation and centromere distance for the group of 
genes with SC-centered data (Fig.  3; Supplementary 
Fig.  5). However, this is not the case for CpG methyla-
tion around TSS, where we observed positive correla-
tion (weak, but significant in all samples; Supplementary 
Fig. 5). In both cases, the proportion of shared variance is 
very low (r2 <0.01), which means that TSS/SC methyla-
tion barely depends on the distance from the centromere. 
This contrasts somewhat with the relationship between 

gene expression [logarithmic form of transcripts per mil-
lion (TPM)] and centromere distance, which is consis-
tently negative and significant for both groups of genes 
(Supplementary Fig. 5). It may seem surprising that genes 
closer to the centromere have higher transcript levels, 
but this observation is consistent with findings of Zhao et 
al. [53], who explained this observation by the high acces-
sibility of centromeric chromatin.

The relationship between TSS/SC methylation and 
gene expression is consistently inverse and statistically 
significant in the CpG and CHG contexts of all samples 
(Fig.  3; Supplementary Fig.  5). However, this relation-
ship is very weak, with the proportion of shared varia-
tion (r2) between 0.004 and 0.025. For each sample, we 
observed large numbers of silent genes with both meth-
ylated and unmethylated TSS, as well as hundreds of 
moderately/highly expressed genes (TPM > 10) with TSS 
methylation > 25%. A group of genes with high expression 
(TPM > 200) and medium-to-high methylation around 
SC (> 30% in CpG and simultaneously > 15% in CHG) 
can be recognized, with most of them (87) identified in at 
least two samples (Supplementary Table 6). Among these 
genes, 34 are associated with the gene ontology term 

Fig. 3  The relationship between transcription, DNA methylation level and centromere distance. Transcription is shown on the x-axis, DNA methylation on 
the y-axis, and the centromere distance is indicated with a color code. All samples with all three types of data were overlaid on the same scatter plot, and 
each dot represents a single gene. Data for individual samples, together with correlation coefficients for methylation-distance, methylation-expression, 
and expression-distance, are shown on Supplementary Fig. 5. a SC-centered dataset; b TSS-centered dataset
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‘nutrient reservoir activity’ (syn. ‘storage protein’; enrich-
ment FDR 1.39E-85), which implies that genes producing 
seed storage proteins, which are highly up-regulated in 
the developing grain, have relatively high SC methyla-
tion. CHH methylation shows only a weak relationship 
to transcription in the SC-centered dataset, and no con-
sistent relationship in other comparisons (Fig. 3; Supple-
mentary Fig. 5).

The absence of a strong correlation between TSS meth-
ylation and transcript abundance on the whole genome 
level does not indicate a common role of TSS methylation 
in the regulation of gene expression, as initially hypoth-
esized. We further explored a post-hoc hypothesis that 
TSS methylation may be involved in switching alternative 
transcription start sites. Common read-summarization 
methods (like featureCounts used with our data) can-
not determine a specific start of transcription, whether 
it lies within or outside of annotated features. Therefore, 
a possible role of DNA methylation in switching among 
alternative TSSs would be invisible on a simple methyl-
ation-expression scatter plot. While most genes in the 
TSS set have a single annotated 5’UTR, over 22 thousand 
genes have multiple 5’UTR annotations. Since we do 
not know which of these alternative 5’UTRs correspond 
to the most frequent TSS in our samples, we excluded 
those genes from the correlation analysis. This had only 
a marginal effect on r2 values (+ 0.001 and − 0.0007 in 
the CpG and CHG contexts, respectively), suggesting 
that either the hypothesis of TSS switching by methyla-
tion is rejected, or that the 5’UTR annotations are not 
accurate enough to resolve the question. We therefore 
checked the quality of 5’UTR annotations by inspect-
ing RNA-seq read alignments (bam files) for one of our 
samples (Recital) and a set of 144 highly-methylated/
highly-expressed genes (above 95th percentile in both 
distributions, simultaneously). In most of these cases 
(131), 5’UTR annotations is approximately correct, that 
is, transcription seems to start mostly at the beginning 
of the annotated 5’UTR (Supplementary Fig. 6a) or in its 
close vicinity (within the region targeted by the probes; 
Supplementary Fig. 6b). Only for 13 (9%) of these genes, 
the most frequent TSS is hundreds of bp away from the 
annotated 5’UTR start (Supplementary Fig.  6c), some-
times associated with additional exons, or TSS is unclear, 
probably due to alignment problems (Supplementary 
Fig. 6d). Although our data does not allow us to conduct 
a comprehensive evaluation of the accuracy of 5’UTR 
annotations, our visual examination of RNA-seq align-
ments confirms that most of the highly-expressed genes 
with highly-methylated TSS appear to have a correct 
5’UTR annotation.

We further explored the possibility that the 250 
degree-day grain analyzed here is an outlier tissue or 
developmental stage, and the relationship between TSS 

methylation and transcription in wheat is stronger in 
other tissues, e.g. leaves, as shown in other species [10]. 
We analyzed public data for wheat transcriptome and 
methylome sampled from a two-weeks old leaf of cv. 
Chinese Spring [19]. In a comparison of Chinese spring 
leaves and Recital grain, transcriptomes differ substan-
tially (r2 = 0.33), while TSS/SC methylation (CpG and 
CHG) are rather similar (r2 = 0.68). After excluding genes 
with multiple 5’UTR annotations, we found that the cor-
relation between TSS methylation and transcript abun-
dance in young leaves is weak (Supplementary Fig.  7). 
The proportion of shared variance (r2) is 0.011, 0.003 and 
0.002 in the CpG, CHG and CHH contexts, respectively; 
not much different from the mean values across our grain 
samples (0.014, 0.003 and 0.0002, respectively). We con-
clude that the absence of a strong genome-wide relation-
ship between TSS methylation and transcription can 
probably be generalized for various tissues in wheat.

Fine-scale methylation around TSS/SC
Additionally, we explored the relationship between gene 
expression and DNA methylation on a finer spatial scale, 
summarizing DNA methylation in 10 bp intervals around 
TSS/SC. We separated expressed (TPM > 0.1 in at least 
two libraries) and silent genes (TPM > 0.1 in less than two 
libraries), creating four categories: (i) expressed genes 
with TSS-centered methylation data; (ii) silent genes with 
TSS-centered methylation data; (iii) expressed genes with 
SC-centered methylation data; (iv) silent genes with SC-
centered methylation data. Subsequently, we averaged 
the 10 bp windows across all genes in a sample, and fur-
ther averaged multiple samples to visualize a single pat-
tern per category (Fig. 4a).

Methylation levels around TSS are generally lower 
compared to SC. Within each dataset, expressed genes 
consistently show lower methylation levels than their 
silent counterparts (Fig.  4a). In general, DNA methyla-
tion levels are the lowest around TSS of expressed genes. 
Methylation progressively decreases as it approaches 
TSS and then remains low until 130  bp downstream. 
Compared to expressed genes, silent genes have their 
TSS methylation ~ 6% and ~ 2% higher in the CpG and 
CHG contexts, respectively. The methylation differences 
between expressed and silent genes are even more pro-
nounced in the SC dataset, reaching ~ 23% and ~ 16% in 
the CpG and CHG contexts, respectively. This high dif-
ference is driven by a markedly higher SC methylation of 
silent genes, averaging around 27%-36% and 13%-21% in 
the CpG and CHG contexts, respectively. In other words, 
compared to TSS, local methylation patterns around 
SCs show a clearer methylation difference in relation to 
the gene expression status. While the pattern is consis-
tent for the CpG and CHG context and the two groups of 
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Fig. 4  Mean methylation levels at 10 bp resolutions around TSS (genes with multiple 5’UTR annotations removed) and SC of all analyzed genes. a Values 
averaged across all samples are shown, with error bars representing standard deviations across samples. b Mean methylation levels for Recital only, with 
error bars representing standard deviation across genes
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Fig. 5 (See legend on next page.)
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genes, the CHH context is more ambiguous, due to gen-
erally low methylation levels.

It is important to emphasize that Fig. 4a shows double-
averaged data sets (all genes are averaged per sample 
before averaging all samples), with standard deviations 
relating to the across-sample variation (not across-gene 
variation). Although the graphs appear to suggest that 
the expression category of individual genes can be con-
fidently determined by checking the methylation status 
around TSS and SC, this is far from the truth, because 
across-gene variability in each of the four categories is 
much greater than the across-sample variability, as we 
show for Recital (Fig. 4b). Just as suggested by the scat-
ter plots on Fig. 3, each category contains genes with very 
high and very low DNA methylation.

Homeolog expression bias is not caused by TSS/SC 
methylation
In the following three sections, we investigated TSS/SC 
methylation in the polyploid context, analyzing meth-
ylation and transcription of homeologs; recording meth-
ylation changes after polyploidization; and comparing 
differential gene expression and differential methylation 
between synthetics and their parents.

This part of our study uses the concept of a triad and 
quantifies the contributions of individual homeologs to 
the total transcription of a triad on the basis of a ‘ter-
nary plot’ [19], as described in Banouh et al. [26]. These 
individual homeolog contributions are compared with 
the weighted mean methylation level of their TSS/SC 
regions. In accordance with the ternary plot concept, we 
considered a homeolog to have a ‘balanced’ contribution 
to the triad expression if its transcripts make up between 
16.7% and 66.7% of the triad total. Below or above this 
range, the homeolog contribution is considered sup-
pressed or dominant, respectively. When individual 
homeolog contributions are analyzed in the form of a 
continuous variable, very low and mostly insignificant 
correlation with DNA methylation is observed for all 
samples and sequence contexts (Fig.  5a; Supplementary 
Fig. 8).

Homeologs span the full range of methylation values 
for almost any level of expression contribution. It appears 
that with increasing dominance, homeologs are associ-
ated with lower methylation levels. However, it should be 
noted that very few homeologs show strong dominance, 
therefore the apparent pattern can be due to decreasing 
number of data points. The lack of correlation suggests 

that methylation levels do not determine the level of con-
tribution to the overall triad expression.

Since the scatter plots with individual homeologs dis-
solve the triad information (i.e. homeologous groups are 
not identifiable on the scatter plot), we further checked 
whether the variance of methylation within triads cor-
relates with the variance of transcription. Such a com-
parison tests the hypothesis that imbalanced triads are 
associated with high methylation differences while uni-
form triad methylation leads to a balanced homeolog 
expression, and is therefore independent from the direc-
tion of the relationship (i.e. it does not matter whether 
high methylation causes low transcription in one triad, 
but high transcription in another triad). This compari-
son did not detect significant correlations in the CpG 
and CHH contexts, and found significant but very weak 
positive correlations in the CHG context (proportion 
of shared variation r2 ~0.003) (Fig.  5b; Supplementary 
Fig. 9). This does not suggest that DNA methylation plays 
an important role in homeolog expression differences. 
The relationship is not clearer when individual homeo-
log contributions are analyzed in the form of categori-
cal data, creating balanced, dominant and suppressed 
homeolog groups (Fig. 5c). While the mean CpG meth-
ylation of suppressed homeologs is consistently distin-
guished from the mean of balanced homeologs (t-test; 
alpha = 0.05), dominant and suppressed homeologs are 
not statistically different in any of the allohexaploids. 
This pattern is repeated in the CHG and CHH contexts 
(Supplementary Fig.  10). The result showing that sup-
pressed homeologs are statistically different from bal-
anced homeologs but not from the dominant ones is 
perplexing, as the dominant and suppressed categories 
are expected to be the most distinct.

DNA methylation changes in nascent polyploids
We searched for DMRs (differentially methylated 
regions) between synthetics and their parents, analyzing 
all covered genes and each cytosine context separately, 
with two different approaches defining the ‘methylation 
regions’. The first approach uses the entire target regions 
(300  bp around TSS/SC) as fixed-length windows. The 
second approach is based on a change point segmenta-
tion calculated with the methseg function in MethylKit. 
It determines segments of varying sizes defined by the 
homogeneity of methylation levels across consecutive 
cytosines. The segments were identified from pooled 
parental data, and were set to contain a minimum of 

(See figure on previous page.)
Fig. 5  DNA methylation and homeolog expression bias. a Scatter plots with each data point representing a single homeolog, with its contribution to 
triad expression on the x-axis and CpG methylation level on the y-axis. Suppressed and dominant homeologs are shown in red. b Scatter plots with each 
data point representing a triad, with variance (SD) in the expression contribution on the x-axis, and variance of the CpG methylation level on the y-axis. 
Correlation coefficients are shown in green. c Boxplots showing CpG methylation across balanced, suppressed and dominant genes. Asterisks indicate 
statistical significance (Wilcoxon test; ** p < 0.01; *** p < 0.001; ns, not significant at alpha = 0.05)
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three CpG sites with ≥ 10x coverage. These segments 
were then used to track methylation changes across the 
polyploidization event.

The change point segmentation approach identified 
between 34 and 47 DMRs within sets of 44,944 − 45,835 
genes analyzed (Fig. 6a). The CpG context recorded the 
highest number of TSS/SC DMRs, with counts ranging 
from 21 to 32 per sample, followed by the CHG (8–15) 
and the CHH context (1–2). Across samples, 109xL-C2 
recorded the highest number of DMRs (1–32 depending 
on the context). In respect to subgenomes, most changes 
occurred on D, with 17–26 DMRs across samples. This 
is in agreement with the comparison of general methyla-
tion patterns along chromosomes (Fig.  3). The ratios of 
hypermethylation and hypomethylation were not consis-
tent across the different synthetics. In Lx109-C2, hypo-
methylation was more common than hypermethylation 

for all subgenomes. Hypomethylation was also more 
prevalent in 109xL-C2, but this pattern did not persist 
in the subsequent generation (109xL-C4). Some of the 
identified DMRs occur repeatedly in multiple synthetics 
(involving 3–7 genes per pairwise comparison; Fig.  6b). 
Such overlaps are statistically significant according to the 
hypergeometric test, which predicts < 2 genes to overlap 
by chance in sets of the given sizes. This indicates that 
some nonrandom and reproducible TSS/SC methylation 
changes occur in the synthetics. Nonetheless, it should 
be noted that significant methylation changes in parent-
synthetic comparisons were detected in a very small frac-
tion of the analyzed genes (0.08%-0.1%).

When the entire target windows of 300 bp around TSS/
SC were used as regions in the DMR analysis, slightly 
more DMRs were identified (91–110; Supplementary 
Fig. 11), corresponding to 0.09%-0.1% of the total genes 

Fig. 6  DMR identification using the change point segmentation approach. a Counts of hyper/hypomethylated DMRs in different hexaploid synthetics 
across different subgenomes and different cytosine contexts. b Venn diagram showing the overlap of DMRs (considering all contexts) detected in differ-
ent synthetic samples. Asterisks indicate the significance of the overlaps (*** p < 0.001)
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analyzed. While the patterns seen in the change point 
segmentation were preserved here (i.e. the excess of 
changes on the D subgenome), the two methods detected 
generally different sets of genes (Supplementary Fig. 12). 
This is likely due to the different sizes of DMRs in the two 
methods. The change point segmentation focuses on seg-
ments with homogeneous methylation that can contain 
as few as three cytosines. This can lead to the detection 
of short DMRs that are frequently missed by the fixed 
window approach. On the other hand, 300  bp windows 
can have a more robust statistical signal that is missed 
in shorter segments. Nevertheless, it is difficult to assess 
the sensitivity and specificity (the false negative and false 
positive rates, respectively) of DMR detection methods, 
since it is unclear what a true positive is. A real DMR 
could be defined as a DMR with biological consequences 
(e.g. transcriptional change, chromatin structure, …); 
however, we cannot assess biological consequences of 
DMRs prior to their identification, which creates a circu-
lar problem. For the moment, any method of DMR detec-
tion that identifies statistically significant differences may 
be considered valid, but we have to accept the possibility 
that some or all of the detected DMRs may have no bio-
logical consequences.

DEGs and differentially methylated TSS/SCs are unrelated 
in nascent wheat polyploids
In our previous study [26], we identified sets of DEGs 
triggered by polyploidization in wheat synthetics. With 
DNA from the same nucleic acid extracts that had been 
used for the transcriptomic analysis, here we searched 
for DNA methylation changes and tested whether 
the changes in transcription can be explained by mC 
modifications. Only DEGs with sufficient coverage in 
the BSseq analysis (10x) were included in the com-
parison. The association between DEGs and DMRs was 
assessed with Venn diagrams (Fig.  7a) and the exact 
hypergeometric test. Across all samples and either of 
the DMR detection methods, only four genes simul-
taneously change their methylation and transcrip-
tion after polyploidization: TraesCS2D02G309500 
(12-oxophytodienoate reductase2) downregulated with 
hypermethylated TSS; TraesCS5D02G553000 (beta-fruc-
tofuranosidase) downregulated with hypomethylated SC; 
TraesCS6D02G026500 (acid beta-fructofuranosidase) 
downregulated with hypermethylated TSS (all three in 
Lx109-C2); and TraesCS3B02G234600 (Vesicle transport 
v-SNARE 13) downregulated with hypermethylated SC 
(in 109×L-C4). However, it is unclear whether the dif-
ferential expression and methylation in these genes are 
causally related. According to the hypergeometric test, 
such overlaps are not significantly different from random, 
given the sizes of the DMR and DEG subsets. Therefore, 

we cannot reject the null hypothesis regarding the inde-
pendence of DEGs and DMRs.

In addition to the DMR analysis, we also investigated 
the proportion of DMCs (differentially methylated cyto-
sines) in DEGs and non-DEGs. A cytosine with ≥ 10x 
coverage was considered a DMC if the methylation level 
difference between parents and synthetics was ≥ 25% 
and p < 0.01. We detected 0.43 and 0.7 DMCs per 1,000 
DEG-associated cytosines in Lx109-C2 and 109xL-C2, 
respectively, which is not statistically different from the 
frequency of DMCs in non-DEGs (Fig. 7b). In 109xL-C4, 
we found that the frequency of DMCs was significantly 
higher in DEGs (compared to non-DEGs; chi-square 
test and hypergeometric test). This was mainly due to 
19 hypermethylated DMCs around the SC of TraesC-
S3B02G234600 (Vesicle transport v-SNARE 13). This 
gene is downregulated in 109xL-C4, where it was also 
detected as a DMR (300 bp regions method). It is there-
fore possible that the hypermethylation and downregula-
tion are causally related in this case. Overall, our results 
show that methylation changes around TSS/SC are rarely 
induced by allohexaploidization in AABBDD-type wheat 
synthetics, and perhaps with a single exception are not 
statistically associated with changes in gene expression.

Discussion
The unclear role of DNA methylation in gene expression 
and polyploid formation
It has long been suggested that the evolution of DNA 
methylation in eukaryotes is tied to the need for TE 
silencing [54]. But the role of DNA methylation expands 
far beyond the prevention of TE-related disturbances, 
appearing as one of the crucial mechanisms of epigenetic 
regulation of gene expression. In mammals, DNA hypo-
methylation is a hallmark of cancer cells, and appears to 
promote oncogenesis [54]. On the other hand, hyper-
methylation of CpG islands in some promoters causes 
transcriptional silencing, which can also lead to cancer 
development [55, 56]. Hypermethylation is also involved 
in the formation of facultative heterochromatin, best 
exemplified by the X-chromosome inactivation, where 
DNA methylation is employed to maintain (though not 
to initiate) stable silencing that compensates the gene 
dosage imbalance in mammalian females [57]. Due to its 
evolutionary conservation and taxonomic ubiquity, DNA 
methylation is assumed to play similar roles in plants. 
Nonetheless, particular features of plant DNA methyla-
tion, namely the occurrence of mC in any sequence con-
text (symmetrical CpG and CHG, or asymmetrical CHH) 
and the scarcity of CpG islands, make the study of DNA 
methylation in plants more difficult, and its role in epi-
genetic regulation more complex.

DNA methylation has long been hypothesized to play 
an important role in polyploidization, which is a frequent 
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phenomenon in the plant kingdom. Although polyploidi-
zation does not create a gene dosage imbalance, as copy 
numbers of all genes are multiplied equally, it is often 
assumed that nascent polyploids need to fine-tune their 
gene expression in the new genomic environment, and 

that epigenetic changes are involved in this process. It 
has been speculated [31] that the RNA-directed DNA 
methylation (RdDM) pathway could be involved in the 
‘diploidization’ of polyploid genomes, i.e. a gradual evo-
lutionary process of sub-/neo-fuctionalization and loss of 

Fig. 7  Differential expression and differential methylation. a Venn diagrams representing per-sample overlaps between DEGs and DMRs obtained with 
either of the two methods used. Numbers of DEGs differ between the two DMR detection methods because only DEGs with sufficient DNA methylation 
data are included in the statistical comparison. None of the overlaps is statistically over-represented according to the exact hypergeometric test with 
normal approximation. b Occurrence of DMCs in DEGs and non-DEGs, expressed as the proportion of DMCs within 1,000 covered cytosines. Statistical dif-
ferences between DEGs and non-DEGs were tested with the hypergeometric test and the chi-square test; ns, not significant at alpha = 0.05; *** p < 0.001
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redundant gene copies. Conceivably, RdDM triggered by 
the ‘shock of genome doubling’ could selectively inacti-
vate redundant gene copies, leading to heterochromatin 
formation, and subsequently to sequence diversification 
or gene loss [31]. Following similar hypotheses, DNA 
methylation patterns have been investigated in a num-
ber of plant species with whole-genome doubling in 
their ancient history, including rice [58], maize [59, 60], 
soybean [60], pear [32], and Brassicaceae [61, 62], usu-
ally finding little evidence of epigenetic differentiation of 
subgenomes, and an unclear relationship between DNA 
methylation and transcriptional activity of the duplicated 
genes [63].

The study of methylomic changes after polyploidization 
presupposes a more general understanding of the role of 
DNA methylation in plants. The impact of cytosine meth-
ylation on gene expression is of particular interest, but 
the relationship is still shrouded by uncertainty. Given 
the scarcity of distinct CpG islands in plant promoters 
and plant genomes in general, there is typically no prior 
information on the position of elements whose methyla-
tion has consequences for the transcription of adjacent 
genes. DNA methylation is therefore typically measured 
in the transcribed gene partitions (gene bodies) and 
loosely-defined promoters. However, gene body meth-
ylation is persistently difficult to relate to transcription, 
not only in the polyploid context [59, 61, 62], but also in 
diploids. After detailed analyses of gene expression and 
methylomes in Arabidopsis thaliana epigenetic recom-
binant inbred lines and in Eutrema salsugineum that 
lacks gbM, Bewick et al. [12] found no evidence support-
ing gbM involvement in the regulation of transcription. 
Nonetheless, gbM could be involved in the prevention of 
aberrant and spurious transcripts that initiate outside of 
proper TSS, as it is described in mammals [64, 65]. This 
idea (together with the efficient silencing of TEs by DNA 
methylation) is consistent with the hypothesis that the 
initiation of transcription requires unmethylated DNA 
and is prevented in methylated regions. This is in agree-
ment with observations of low methylation around TSS 
across multiple plant species [10]. However, it remains 
unclear whether TSS methylation can be employed by 
plants as an epigenetic on-off switch to fine-tune gene 
expression under internal (genomic) or external (envi-
ronmental) stress.

TSS methylation is only weakly associated with gene 
silencing
We hypothesized that the region around TSS, which is 
the place of transcriptional initiation and includes the 
‘core promoter’, could be crucial for the epigenetic con-
trol of gene expression. Focusing on 300  bp windows 
centered around TSS, we observed a wide range of CpG 
methylation for virtually any gene expression level in the 

developing grain of wheat (Fig. 3; Supplementary Fig. 5). 
While most genes have mean CpG methylation of their 
TSS below 10%, there are typically > 1,000 outliers with 
TSS methylation 25–100% and transcript abundance in 
the range 1 × 100-1 × 104 TPM. Although CpG methyla-
tion and gene expression are negatively correlated with 
statistical significance in all samples, the proportion of 
shared variation (r2) is extremely low (0.009–0.021) and 
hardly indicative of a causal relationship. The situation is 
analogical in the CHG context, and for the set of genes 
with SC methylation data. Moreover, this weak relation-
ship between TSS methylation and expression was also 
observed in young leaves of Chinese spring, and can be 
probably generalized across tissues. Overall, transcript 
abundance is as hard to relate to DNA methylation 
around TSS, as it is to gene body methylation reported 
in other species [61, 66]. On a finer spatial resolution 
(Fig. 4), across-gene means of CpG and CHG methylation 
can distinguish expressed (TPM > 0.1) and silent states, 
but the variance in these categories blurs the differences.

These results seem to be in contrast to those reported 
in Niederhuth et al. [10], who quantified for multiple 
species transcript abundance in mCG-TSS genes, i.e. 
genes where TSS overlaps with mCG regions (defined 
on the basis of a binomial test). For most examined spe-
cies including Brachypodium distachyon and Zea mays, 
transcript abundance of mCG-TSS genes is virtually zero, 
although it should be noted that the boxplots (Supple-
mentary Fig. 19 in [10]) do not show outlier data points. 
Our results indicate that wheat is probably more similar 
to Oryza sativa or Solanum lycopersicum [10], where 
CpG methylation of TSS permits moderate levels of tran-
scription. The poor correlation between TSS methylation 
and gene expression in diploid, tetraploid and hexaploid 
wheats observed here, and the variability of this relation-
ship across genera, do not suggest that TSS methylation 
has universally strong consequences for the level of gene 
expression.

This conclusion adds further ambiguity to the pre-
sumed link between transcription and DNA methyla-
tion. Below, we consider several explanations for this 
persistently obscure relationship, possibly working in 
combination.

(i)	DNA methylation controls the expression in only a 
fraction of genes and has no impact in most cases. 
There is strong evidence to support this possibility. 
In human cells, methylation of only 16.6% of 
CpG sites shows a significant correlation with the 
transcription at neighboring TSS [67]. The authors 
concluded that ‘direct and selective methylation of 
certain TF binding sites that prevents TF binding is 
restricted to special cases and cannot be considered 
as a general regulatory mechanism of transcription’. 
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In plants, the global effect of DNA methylation on 
transcription can be assessed with mutant lines of A. 
thaliana defective in DNA methylation maintenance. 
In DNA methylation-free quintuple mutant with all 
five known DNA methyltransferases (MET1, DRM1, 
DRM2, CMT3, and CMT2) knocked out, extreme 
growth retardation and small size was observed, 
together with a suite of severe developmental defects 
[68]. Nonetheless, the complete removal of DNA 
methylation caused only 3,738 DEGs (fold change > 2; 
FDR < 0.01), which is 13.5% of all annotated protein-
coding genes. Much fewer DEGs (310; 1.1% of all 
annotated protein-coding genes) were observed 
in the quadruple mutant (drm1 drm2 cmt3 cmt2) 
retaining CpG methylation but defective in CHG 
and CHH methylation maintenance [68]. Since the 
complete removal of DNA methylation modifies 
the transcriptional regulation of only a fraction of 
genes, local and lower-magnitude changes of DNA 
methylation are likely to have even smaller impacts 
on transcription.

(ii)	The effect of DNA methylation on transcription 
levels is mild, frequently escaping detection in 
low-powered studies. It is possible that DNA 
methylation affects transcription on a very fine scale, 
with meaningful impacts only for lowly-expressed 
genes. Such small changes could be undetectable in 
studies with low sensitivity due to a small number 
of biological replicates, or the signal could be 
overwhelmed by highly-expressed genes where DNA 
methylation has no substantial effect.

(iii)	 The role of DNA methylation in the regulation of 
gene expression is complex, masking clear genome-
wide patterns. The complexity can be manyfold. 
DNA methylation of a regulatory element can 
prevent the binding of both transcriptional activators 
and repressors, potentially leading to silencing and 
upregulation, respectively [3]. Moreover, some 
TFs show affinity to methylated binding sites [9]. 
Consequently, high DNA methylation can be 
conducive to high levels of transcription in some 
genes, but low levels in others, and the same can be 
true for low DNA methylation. This is consistent 
with the DEG analysis of the Arabidopsis quintuple 
mutant, where demethylation causes nearly as many 
down-regulations as up-regulations [68]. However, 
the down-regulations (and up-regulations alike) 
could have a different proximal cause and could 
be associated with demethylation only indirectly. 
Another study of the Arabidopsis quintuple mutant 
[69] demonstrated that the complete loss of DNA 
methylation causes extensive switches of chromatin 
states. Since DNA methylation is interconnected 
with histone modifications [70, 71], which in turn 

determine repressive and active chromatin states, 
the differential expression in the mddcc mutant 
could result from complex changes of histone 
modifications rather than directly from DNA 
demethylation.

(iv)	 DNA methylation drives transcriptional changes 
dynamically in response to challenge (genomic or 
environmental stress), and the effect is invisible in a 
static sample. In this scenario, basic gene expression 
levels are generally determined by non-epigenetic 
regulatory networks, but are responsive to DNA 
methylation changes under stress conditions. This 
type of association can be explored by comparing 
sets of DEGs and DMRs in multiple-sample 
comparisons. We explored this type of interaction 
here by investigating whether polyploidization 
(presumably causing genomic stress) induces 
TSS methylation changes that are associated with 
transcriptional changes. However, we detected very 
few DMRs, and these were statistically unrelated 
to the sets of DEGs. A recent study [72] examined 
the question of DEG-DMR overlaps by assessing 
results of dozens of studies on a statistical basis. 
The comparisons included various experimental 
conditions, different tissues, developmental stages 
and genotypes. An expectation implicit in an 
integrated analysis of methylome and transcriptome 
is that an overlap of the DEG and DMR sets 
would reveal the genes that are transcriptionally 
regulated by DNA methylation. However, contrary 
to the expectation, the DEG-DMR overlaps in the 
majority of cases are statistically random, or even 
underrepresented. This analysis suggests that the 
role of DNA methylation in a dynamic regulation of 
gene expression (in response to developmental or 
environmental stimuli) is minor, and quite possibly 
misunderstood [72].

Changes in gene expression and TSS/SC methylation are 
independent in nascent wheat allohexaploids
Polyploidization in wheat triggers very few DNA meth-
ylation changes around TSS and SC. When comparing 
synthetics (including reciprocal crosses and two different 
generations) to their parents, we detected only 91–110 
DMRs among ~ 93,000 genes with sufficient methylation 
data (considering 300  bp TSS/SC windows as regions). 
Most of the DMRs and DMCs were consistently found on 
the D subgenome, which is similar to the distribution of 
DEGs detected in the same samples [26]. This indicates 
that the D subgenome of nascent wheat allohexaploids is 
more vulnerable to both transcriptomic and methylomic 
changes. However, the DMRs and DEGs are not statisti-
cally related, since we found only 0–2 genes per synthetic 
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where differential expression is accompanied by differen-
tial methylation.

Homeolog expression differences in wheat are not driven 
by DNA methylation
Among the three subgenomes of natural and synthetic 
allohexaploid wheat, B and D are the most and the least 
methylated, respectively, with statistical significance. It is 
tempting to relate this observation to the subtle yet sig-
nificant D-dominance in transcript abundance observed 
in the same samples [26], as well as the Chinese Spring 
reference genome [19]. Moreover, when assessing home-
olog expression bias in Banouh et al. [26], we observed a 
statistically strong under-representation of D-suppressed 
triads, sometimes accompanied by an excess of B-sup-
pressed triads. We have demonstrated that homeolog 
expression imbalance is mainly due to parental legacy, 
i.e. it is not a consequence of polyploidization but merely 
a perpetuation of pre-existing parental expression dif-
ferences. Similarly, here we demonstrate that the subge-
nome methylation differences are not a consequence of 
polyploidization, since the A, B and D subgenomes are 
also methylated at different levels in the parental geno-
types. It is interesting that the methylomes of the highly 
syntenic subgenomes were not homogenized after 
~ 10,000 years of coexistence in natural bread wheat, 
or even after 0.5  million years in the case of the A and 
B methylomes in tetraploid wheat. It indicates a very 
faithful long-term maintenance of DNA methylation pat-
terns. This observation, together with the below-average 
D-methylation, the subtle D-dominance and the dearth 
of D-suppressed triads suggest that homeolog expression 
bias could be driven by DNA methylation differences.

However, here we show that the relationship between 
DNA methylation and homeolog contribution to triad 
expression is either absent, or only weakly significant 
(Fig.  5a; Supplementary Fig.  8). When the homeolog 
contributions are regarded as a qualitative variable, the 
dominant and suppressed copies are statistically indis-
tinguishable on the basis of TSS/SC methylation in most 
cases (Fig.  5c; Supplementary Fig.  10). Considering the 
duality of the possible effects of DNA methylation on 
transcription (leading to up- and down-regulation in dif-
ferent cases), we also checked the correlation between 
methylation and expression variance within triads 
(Fig.  5b; Supplementary Fig.  9). This comparison does 
not assume a dominant effect of methylation (be it gene 
activation or silencing), it merely checks whether triads 
with unequal homeolog contributions are also charac-
terized with high variability of DNA methylation. This 
is certainly not the case for CpG methylation nor for 
CHH methylation. We detected significant, but very 
low positive correlation in the CHG context (proportion 

of shared variance r2 ~0.003), not indicative of a causal 
relationship.

Our conclusion that homeolog expression bias in bread 
wheat and analogical synthetics is not driven by DNA 
methylation is consistent with observations in more 
ancient polyploids. Zhao et al. [59] studied homeologs in 
the soybean genome that went through a polyploidiza-
tion 5–13 million years (Mya) ago, and found that gene 
pairs with > 2 fold expression differences are not signifi-
cantly different in their patterns of DNA methylation, or 
the distribution and abundance of 24-nucleotide siRNAs. 
Furthermore, Parkin et al. [61] found that the patterns 
of cytosine methylation in paralogs on different subge-
nomes of Brassica oleracea (hexaploidization 23 Mya) 
do not correlate with individual gene dominance. In a 
more recent polyploid Brassica napus (allotetraploidiza-
tion 7,500 years ago), homeologs with differential UTR 
or gene body methylation are equally expressed in over 
half of the cases [62]. In this species, homeolog expres-
sion and gene body methylation in the CpG and CHG 
context are not independent, with highly-methylated/
lowly-expressed and lowly-methylated/highly-expressed 
homeologs in excess. However, the violation of indepen-
dence is much weaker for UTR methylation (this was 
not shown in the original study, but a chi-square test 
can be performed on data in Supplementary Table 45 of 
Chalhoub et al. [62]). In the maize genome (polyploidi-
zation ~ 10 Mya), the more highly expressed gene in the 
homeolog pair typically exhibits a lower proportion of 
mCs up-stream of TSS and in gene bodies, and a more 
open chromatin [60]. Nonetheless, the authors empha-
size that the attribution of cause and effect was impos-
sible. On the other hand, a causal link between gbM and 
expression of homeologs is claimed by Wang et al. [73]. 
The authors studied a link between gbM divergence and 
expression difference of paralogs in rice (polyploidization 
70 Mya), using OsMet1-2 null mutant defective in CpG 
methylation maintenance. They reported that duplicated 
gene copies correlate with each other in their expression 
levels more strongly once CpG methylation is removed (a 
change from r = 0.43 to r = 0.51). However, while Wang et 
al. [73] focus on gbM, which they claim to be the cause of 
the differences in duplicate gene expression, CpG meth-
ylation in the OsMet1-2 null mutant is lost globally, not 
just in gene bodies. It is therefore unclear whether the 
observed small reduction in expression differences is 
connected to demethylation of gene bodies, regulatory 
elements, TEs, or even to changes in chromatin states 
that are triggered by the global demethylation (as shown 
by Zhao et al. [69]).

Our results and the overview of different poly-
ploid genomes suggest that the association of homeo-
log expression differences with DNA methylation is 
sometimes detectable globally, but is so weak that the 
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transcriptional divergence of most homeologs cannot be 
attributed to DNA methylation differences. What then is 
the main cause of homeolog expression bias is a curious 
question. Homeologs, especially those in allohexaploid 
wheat, have high sequence similarity, which suggests that 
they share the same regulatory networks in most cases. 
However, unbalanced triads indicate that some homeo-
logs either do not share the same regulatory pathways, 
or their expression is modulated by other factors. Since 
we have shown that DNA methylation does not explain 
the imbalance in homeolog expression, the real cause 
may involve histone modifications, 3D-positioning of 
chromatin within the nucleus, or other factors yet to be 
determined.

Wheat genome unfazed by polyploidization
Polyploidizations are commonly believed to cause a 
‘genome shock’, i.e. a widespread disturbance of gene reg-
ulation and genome integrity related to changes in gene 
dosage or parental incompatibilities [30, 74]. Accordingly, 
allopolyploidization in wheat has been associated with 
rampant transcriptomic changes [75–77], sequence loss 
[78, 79], activation of TEs [80] and epigenetic changes 
[36, 37]. However, a genome-wide analysis of TEs in the 
bread wheat genome found no signs of transpositional 
bursts after allohexaploidization [81]. Moreover, we have 
previously reported that only about 1% of genes signifi-
cantly change transcription in nascent AABBDD allo-
hexaploids, without a statistical relationship to adjacent 
TEs [26]. Here we reported that DNA methylation dif-
ferences around TSS and SC are extremely rare (~ 0.1% 
of genes) in comparisons of early generations of wheat 
allohexaploids and their parents. These observations do 
not support the notion of a genome shock in polyploid 
wheat, and we consider several reasons why our results 
contradict earlier studies.

(i)	First of all, large over-estimations of transcriptomic 
response to polyploidization are often caused by 
technical difficulties associated with interploidy 
comparisons (see Supplementary Note in Banouh et 
al. [26]).

(ii)	Secondly, studies conducted prior to the assembly of 
the wheat genome provided only a partial view of the 
changes, without a genome-wide perspective. A hunt 
for changes overlooks the fact that the vast majority 
of the genome remains unchanged.

(iii)	 Finally, it is very likely that the magnitude of 
changes depends on parental genotypes. Since 
there is some evidence that allopolyploidizations 
trigger much stronger genomic responses than 
autopolyploidizations [30], more diverged parental 
combinations can be expected to cause more 
changes than the less diverged ones. It may be 

possible to find a particular combination of Ae. 
tauschii and tetraploid wheat (e.g. T. dicoccoides) that 
leads to a massive genomic reorganization, or one 
that is entirely incompatible. However, if the goal is 
to find out what actually happened in the genomic 
history of bread wheat, there is no reason to assume 
such parental incompatibilities. In our assessment, 
changes caused by allohexaploidization in wheat may 
not be qualitatively or quantitatively different from 
those triggered by intra-specific hybridizations.

Conclusions
In developing grain of natural and synthetic wheat allo-
hexaploids, TSS methylation is only weakly associated 
with gene silencing. Differences in the expression lev-
els of homeologs from the A, B and D subgenome are 
not driven by divergence in TSS/SC methylation. DNA 
methylation around TSS/SC is very stable across poly-
ploidization events, and generally does not explain tran-
scriptional differences observed between nascent wheat 
allohexaploids and their parents. The relevance of these 
findings is twofold. (i) The relationship between tran-
scription and DNA methylation around TSSs remains 
unclear, and might be indirect, or affect only a minority 
of genes. (ii) Polyploidization in wheat does not have a 
strong effect on DNA methylation patterns, at least not 
in the vicinity of TSSs. The merger of Triticum/Aegil-
ops genomes does not necessarily lead to extraordinary 
changes in gene regulation.
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