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¢ Polyploidy is an important evolutionary force, yet epigenetic mechanisms, such as DNA
methylation, that regulate genome-wide expression of duplicated genes remain largely
unknown. Here, we use Tragopogon (Asteraceae) as a model system to discover patterns and
temporal dynamics of DNA methylation in recently formed polyploids.

e The naturally occurring allotetraploid Tragopogon miscellus formed in the last 95-100 yr
from parental diploids Tragopogon dubius and T. pratensis. We profiled the DNA methylomes
of these three species using whole-genome bisulfite sequencing.

¢ Genome-wide methylation levels in T. miscellus were intermediate between its diploid par-
ents. However, nonadditive CG and CHG methylation occurred in transposable elements
(TEs), with variation among TE types. Most differentially methylated regions (DMRs) showed
parental legacy, but some novel DMRs were detected in the polyploid. Differentially methy-
lated genes (DMGs) were also identified and characterized.

¢ This study provides the first assessment of both overall and locus-specific patterns of DNA
methylation in a recent natural allopolyploid and shows that novel methylation variants can
be generated rapidly after polyploid formation. Together, these results demonstrate that
mechanisms to regulate duplicate gene expression may arise soon after allopolyploid forma-
tion and that these mechanisms vary among genes.

Introduction

Polyploidy (i.e. whole-genome duplication, WGD) is a major
evolutionary mechanism in plants (e.g. Soltis ez al., 2015; Van de
Peer et al., 2021), and it contributes to genomic, transcriptomic,
and epigenomic diversity while being associated with phenotypic
innovations and increased evolvability and diversification (Chen,
2007; Soltis et al., 2014; Soltis & Soltis, 2016; Edger ez al., 2017;
Landis ez al., 2018; Doyle & Coate, 2019; Fox et al., 2020; Van
de Peer et al., 2021). Wood et al. (2009) estimated that 35% of
extant vascular plants may have originated via polyploidy, and all
living angiosperms experienced at least one WGD during their
evolution (Jiao ez al, 2011). In addition, many crops are rela-
tively recent polyploids, having formed during the past
10 000 yr: for example, Brassica napus (4x) and bread wheat (6x)
are ¢. 7500 and ¢ 8000 yr old, respectively (Haudry ez al., 2007;
Chalhoub ez al., 2014). A better grasp of polyploid genome func-
tion and evolution is therefore needed for both understanding
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plant diversity and improving crop breeding (Renny-Byfield &
Wendel, 2014). Central to polyploid genome function is the reg-
ulation and expression of duplicate genes. Furthermore, because
phenotypic divergence of polyploids from their diploid parents
may be due to differential gene expression, the factors that con-
trol gene expression — such as DNA methylation and other epige-
netic mechanisms — may actually control phenotypic diversity.
DNA methylation, the addition of a methyl group to cytosine,
plays a significant role in heterochromatin formation, silencing of
transposable elements (TEs) and other repeated sequences, and
sometimes regulation of gene expression (Law & Jacobsen, 2010).
In green plants, DNA methylation occurs in three cytosine con-
texts: CG, CHG (H represents A, T, or C), and CHH. DNA
methylation state is determined by the dynamics of de novo
methylation, methylation maintenance, and demethylation. The
molecular underpinnings of DNA methylation dynamics are
well-understood in the model organism Arabidopsis thaliana (e.g.
Cao & Jacobsen, 2002; Gong er al, 2002; Cuerda-Gil &
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Slotkin, 2016). However, such data are largely absent for other
plant species (Niederhuth & Schmitz, 2017; Kumar & Mohapa-
tra, 2021; Nie, 2021).

Flowering plant genomes are partitioned into unique DNA
methylation states. Sequences that are transcriptionally silenced
by DNA methylation are highly enriched for TEs and other
repeated sequences and are typically methylated in the CG,
CHG, and CHH sequence contexts (Cokus ez al., 2008; Lister
et al., 2008). Genes are present in three distinct classes: unmethy-
lated, gene body DNA methylation, and transposon-like methy-
lation (Kawakatsu ez al., 2016; Zhang er al., 2020). In fact, most
exons in flowering plant genomes are unmethylated (Niederhuth
et al., 2016). Gene body DNA methylation is unique in that it is
present in moderately expressed ‘housekeeping’ genes with a yet-
undefined function (Tran ez al, 2005; Zhang et al., 2006; Zilber-
man, 2017). Transposon-like methylation genes show hallmarks
of silenced transposons and repeats and are transcriptionally inac-
tive (Kawakatsu ez a/, 2016).

Hybridization and allopolyploidization both result in altered
DNA methylation patterns (e.g. Lukens et al, 2006; Parisod
et al., 2009; Hegarty er al.,, 2011; Greaves et al., 2012; Zhang
et al., 2016; Edger ez al., 2017; Li ez al., 2019). In allopolyploids,
different TE methylation patterns between subgenomes possibly
result in differentially expressed neighboring homeologs, and, in
the long term, this could account for biased gene loss between
parental genomes (Wendel ez al, 2018). Additionally, DNA
methylation changes are also observed in autopolyploids (e.g.
Zhang et al., 2015; Hao ez al., 2023).

Most previous studies have used synthetic polyploids to inves-
tigate the impact of WGD on DNA methylation in the early gen-
erations following polyploidy. What are the immediate
consequences of natural allopolyploidy on DNA methylation?
There are few recently formed (<200 yr old) natural polyploids
with clear parentage (Soltis & Soltis, 2009; Wendel ez al., 2018,
e.g. in Spartina, Senecio, Cardamine, Tragopogon, and Mimulus)
in which to study the impact of polyploidy on DNA methylation
shortly after polyploid formation. To date, patterns of DNA
methylation have been investigated only in Spartina (Salmon
et al., 2005; Parisod et al., 2009) and Mimulus (Edger et al.,
2017), and each analysis has limitations. For example, research in
Spartina used the methylation-sensitive amplified polymorphism
(MSAP) technique, which detects DNA methylation status at
randomly distributed and anonymous loci but cannot detect
cytosine methylation in the CHH context (Agius ez al., 2023).
Using  high-throughput whole-genome bisulfite sequencing
(WGBS), Edger er al. (2017) compared the overall levels of
genome-wide methylation at gene and TE regions (i.e. the meta-
plot analysis) in the <140-yr-old naturally formed allopolyploid
Mimulus peregrinus, its progenitor species, hybrids between the
progenitors, and the resynthesized allopolyploid. Despite provid-
ing the most comprehensive insight into methylation in a young
polyploid system to date, locus-specific patterns of DNA methy-
lation changes following polyploidy were not investigated in
Mimulus, and many fundamental questions remain: What are the
differentially methylated regions (DMRs) between the parents?
What are the DMRs between different subgenomes in the
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polyploid? Which DMRs exhibit parental legacy, and which are
induced by polyploidy? What are the functional annotations of
these DMRs? Furthermore, the impact of polyploidy on DNA
methylation across TE types was not examined in Mimulus. Does
the pattern observed in one type of TE apply to others? Despite
the importance of WGD, a high-throughput and comprehensive
analysis of methylome dynamics in the early stages following
polyploid formation is lacking for any natural system, and gener-
alities remain elusive. Moreover, because methylation patterns
differ widely across diploid species (e.g. Niederhuth ez 4/, 2016),
the effect of polyploidy — particularly allopolyploidy — on methy-
lation will likely also vary to some extent among species. Thus,
analyses of methylation in additional well-characterized polyploid
complexes are necessary to develop a general framework for asses-
sing the impact of methylation on genes duplicated by polyploidy
and the timeline in which alterations develop.

One of the best-studied recently formed natural polyploid sys-
tems involves two polyploids in the genus 77agopogon (Astera-
ceae). The allotetraploids Tragopogon miscellus and Tragopogon
mirus formed within the last ¢. 95-100 yr with clearly documen-
ted parentage (Ownbey, 1950; Tate er al, 2009; Soltis
et al., 2012). The diploid parents of 7. miscellus are Tragopogon
dubius and Tragopogon pratensis, and those of T. mirus are T.
dubius and T. porrifolius. Both T. miscellus and T. mirus formed
repeatedly — at least 21 and 11 tmes, respectively (Soltis
et al., 1995, 2004; Symonds ez al., 2010). In addition, 7. miscel-
lus formed reciprocally with resultant distinct floral and inflores-
cence morphology: Those allotetraploids with 7. dubius as the
maternal parent have long ligules, and those with 7. pratensis as
the maternal parent have short ligules (Ownbey, 1950; Solts &
Soltis, 1989). This Tragopogon system, with two recently and
recurrently formed allotetraploid species, provides an excellent
model for studying the consequences of allopolyploidy across
genetic and genomic scales. Previous studies have demonstrated
that allopolyploidization has generated novel arrays of karyo-
types, gene content, and gene expression among individual plants
of both 7. mirus and T. miscellus. For example, both naturally
occurring and synthetic 7. miscellus and T. mirus exhibit true
aneuploidy (e.g. 272=23 or 25 rather than the expected and typi-
cal 2n=24), compensated aneuploidy (in which 2= 24 but with
unequal doses of some parental chromosomes), and intergenomic
translocations (Lim ez al, 2008; Chester ez al, 2012, 2015;
Spoelhof ez al., 2017). In addition, dynamic genetic changes,
including gene loss and gene silencing, in the two newly formed
Tragopogon polyploids have been well documented (e.g. Tate
et al., 2006, 2009; Buggs ez al., 2009, 2011, 2012; Boatwright
et al., 2018; Shan et al., 2020), in all cases demonstrating both
parental and novel patterns and variation among individuals.
However, the epigenetic consequences of polyploidy in Tragopo-
gon remain unclear. In the single study conducted to date, Sehrish
et al. (2014) examined the DNA methylation status of four loci
in 7. miscellus and revealed that some silenced homeologs are
methylated in the polyploids. Here, we examined genome-wide
DNA methylation patterns in the allopolyploid 7. miscellus (the
short-liguled form) and its diploid parents, 7. dubiusand T. pra-
tensis. We specifically addressed the aspects of methylation that
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have not been addressed in other young polyploid systems: Is
DNA methylation in 7. miscellus additive of parental patterns?
Does DNA methylation vary across loci, gene regions, types of
TEs, and cytosine contexts? How do patterns of parental DNA
methylation compare with methylation of the subgenomes in
T. miscellus What is the relative extent of parental legacy vs
novelty in DNA methylation? Addressing these questions will
clarify whether or not allopolyploidy can quickly lead to new epi-
genetic variants, with potential downstream impacts on gene
expression and phenotypic diversity.

Materials and Methods

Plant material and DNA extraction

Tragopogon L. plants were grown in the Department of Biology
glasshouse, University of Florida (Gainesville, FL, USA). Leaf
material from 2-wk-old seedlings was collected and immediately
frozen in liquid nitrogen. This study includes two diploid species
(T dubius Scop. and T. pratensis L.) and their allotetraploid deri-
vative (7. miscellus Ownbey) with two replicate plants per species.
As described previously, 7. miscellus has originated multiple
times, typically whenever the two diploid parental species co-
occur, as in Garfield, WA, USA, which likely represents a site of
polyploid formation (Soltis ez al, 1995, 2004; Symonds et al.,
2010). The plants used here were carefully chosen, to the extent
possible, to reflect the genotypes involved in the origin of this
allopolyploid population so that comparisons between 7. miscel-
lus and its diploid parental species did not incorporate genetic
variants from other diploid-polyploid lineages (Symonds
et al., 2010; Soltis et al., 2022, 2023). Leaf material of 7. miscel-
lus was collected from individuals 3059-7-7 and 3059-21-5, both
from Garfield, WA, USA. For T. pratensis, both replicates were
from Garfield, WA, USA (3058-1-2 and 3058-4-10). For diploid
T. dubius, one replicate was from Garfield, WA, USA (3060-1-
4), and the other individual was from Pullman, WA, USA
(3040-6-2); even though this individual was not sampled in Gar-
field, it has the same ITS genotype as the Garfield 7. dubius and
likely represents the same lineage (Soltis ez al., 2022). DNA was
extracted using the DNeasy Plant Mini Kit from Qiagen (Hilden,
Germany). Herbarium vouchers for all individuals were depos-
ited in the Florida Museum of Natural History Herbarium

(FLAS).

MethylC-seq library preparation and high-throughput
sequencing

The method of MethylC-seq library preparation followed that
described in Urich er 4l (2015). Briefly, the DNA samples (two
replicates of each species, as described previously) were sonicated
into ¢. 200-bp fragments. The EZ DNA Methylation-Gold Kit
from Zymo (Irvine, CA, USA) was used for bisulfite conversion
of genomic DNA to differentiate unmethylated vs methylated
cytosines. During bisulfite conversion, methylated cytosines
remain intact, and each unmethylated cytosine is converted to
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uracil (and eventually converted to thymine after PCR amplifica-
tion). Adaptors from NEXTflex Bisulfite-Seq Barcodes (Bioo
Scientific, Austin, TX, USA) were ligated to DNA fragments.
Unmethylated lambda DNA was added to each DNA sample
before bisulfite
conversion rate.

The library from 7. dubius individual 3060-1-4 was sequenced
using [llumina HiSEQ X (2 x 150 bp) at HudsonAlpha Institute
for Biotechnology, Huntsville, AL, USA. The remaining five
libraries were sequenced using Illumina NovaSeq (2 x 150 bp) at
the Interdisciplinary Center for Biotechnology Research, Univer-
sity of Florida, Gainesville, FL, USA. Detailed statistics of the
libraries can be found in Supporting Information Table S1.

library  construction to calculate the

Analysis of DNA methylation levels

TRIM_GALORE (v.0.5.0) was used to trim low-quality bases and
remove adaptor sequences (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/).  BisMARK  (v.0.22.3; Krueger &
Andrews, 2011) was used to map trimmed reads to the 7. dubius
reference genome (from individual 2674-4-3-11, Oakesdale, WA,
USA; Liu er al, BioSample accession: SAMN36822852) with
default settings. Using BISMARK, the alignment files were then
deduplicated to eliminate the effect of excessive PCR amplification
during library preparation. To eliminate the alignment efficiency
bias among the three species, cytosines with a minimum coverage
of three reads in all samples from all species were included in ana-
lyses below. Genome-wide weighted DNA methylation levels were
calculated at different cytosine contexts by dividing the total num-
ber of methylated reads by the total number of both methylated
and unmethylated reads (Schultz ez al, 2012). Following arcsine
square root data transformation, ANOVA and post hoc Tukey ana-
lyses were employed to determine whether genome-wide weighted
DNA methylation levels were significantly different between spe-
cies. The methylation level for 7. miscellus was compared with the
mid-parent value (MPV; the average of 7. dubiusand T. pratensis)
at different cytosine contexts using a one-sample #test.

Metaplot analysis of gene regions

Metaplots of DNA methylation levels were generated using
30 325 protein-coding genes annotated from the 7. dubius refer-
ence genome (Liu ez al, BioSample accession: SAMN36822852).
For each gene, we calculated the weighted DNA methylation levels
at three regions: 1000 bp upstream of a gene, the gene body (only
includes cytosines within the coding sequence), and 1000 bp
downstream of a gene. Each genomic region was divided into 20
subregions; the weighted DNA methylation level was calculated in
each subregion, and the results were combined to generate the
gene body methylation metaplot. The methylation levels were
compared among the three species within each of the three regions
(i.e. upstream, gene body, and downstream) using one-way
ANOVA and post hoc Tukey analyses (following arcsine square
root data transformation). The methylation level of 7. miscellus
was compared with the MPV using a one-sample #test.
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TE annotation and metaplot analysis of TE regions

Repeat annotation of the 7. dubius reference genome was per-
formed using REPEATMODELER (v.2.0; Flynn er 4/, 2020) and
REPEATMASKER (v.4.0.9; Smit ez al., 2013-2015). Briefly, REPEAT-
MODELER was used for de novo identification of TEs and other
repeat classes within the 7. dubius genome. The repeat library
produced by REPEATMODELER was used as input for REPEATMASKER
to annotate and mask specific repetitive elements within the gen-
ome. After masking and annotation with the de novo library, the
genome was again annotated with REPEATMASKER using internal
library sequences from Repbase and DFAM (described in Smit
et al., 2013-2015) that were either specific to Asteraceae or gen-
eral to lineages containing Asteraceac. Both annotations were
combined before use in downstream analyses.

For each TE, weighted DNA methylation levels were calcu-
lated in the following three regions: 2000 bp upstream of the TE,
the TE body, and 2000 bp downstream of the TE. Each region
was divided into 20 subregions, and the weighted DNA methyla-
tion level was calculated for each subregion; these individual
results were then combined to generate the metaplot for TE
methylation. Following arcsine square root data transformation,
one-way ANOVA and post hoc Tukey tests were used to compare
the methylation levels among species within each region (i.e.
upstream, TE, and downstream). A one-sample #test was con-
ducted to compare the methylation level of 7. miscellus to the
MPV. Methylation metaplots were generated using all TEs. In
addition, metaplot analysis was conducted for each major TE
type, that is Copia, Gypsy, long interspersed nuclear elements
(LINE), and DNA transposons.

Identification of SNPs between T. dubius and T. pratensis

Genomic DNA of T. pratensis (Garfield, WA, USA; 3058-4-3)
was extracted at the Florida Museum of Natural History (Gaines-
ville, FL, USA), and gDNA library preparation and sequencing
were performed at BGI (Shenzhen, China). Trimmed T pratensis
genome sequencing reads were mapped to the 7. dubius reference
genome using Bwa (v.0.7.17; Li & Durbin, 2009). MarkDupli-
cates from Picarp (v.2.21.2) (http://broadinstitute.github.
io/picard) was used to identify duplicate reads. HaplotypeCaller
from GATK (v.4.1.8.1; Van der Auwera et /., 2013) was used to
call variants between 7. dubius and T. pratensis. The identified
single-nucleotide polymorphisms (SNPs) were then filtered using
VariantFiltration from GATK (Van der Auwera et al, 2013)
with default parameters.

Identifying the subgenomic origin of T. miscellus reads

sNpsPLIT (v.0.5.0; Krueger & Andrews, 2016) was used to differ-
entiate 7. dubius and T. pratensis-derived reads in T. miscellus. To
avoid incorrect methylation calling, sNpspLIT used SNP positions
only for allele-sorting (but not identifying methylation status;
Krueger & Andrews, 2016). First, the 7. dubius reference genome
was masked by SNPs identified between the two diploid species
using BEDToots (v.2.30.0; Quinlan & Hall, 2010). Second,
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trimmed 7. miscellus reads were mapped to the masked 7. dubius
reference genome using BISMARK; the mapped BAM files were then
deduplicated. Third, the subgenome-origin of 7. miscellus reads
was identified as corresponding to either 7. dubius or T. pratensis
by running snpspLIT with default parameters.

Identification of differentially methylated regions and
differentially methylated genes and GO enrichment
analyses of DMGs

Using METHYLKIT (v.1.24.0; Akalin ez al, 2012), DMRs were iden-
tified between 7. dubius and T. pratensis, and between the two
T. miscellus subgenomes (two replicates of each species/subgen-
ome). Methylation calls were read from sorted BISMARK alignment
files. Only bases having coverage of three or more reads across all
samples (from both diploids and the two allotetraploid subge-
nomes) were included in the DMR analysis. The size of the tiling
window of a DMR was 300 bp, and a DMR covered at least 10
bases with read coverage. For CG-DMRs, regions with absolute
percent methylation differences larger than 35% and an adjusted
P-value (incorporating multiple testing correction) <0.01 were
considered differentially methylated. The cutoff of methylation
difference for CHG-DMRs and CHH-DMRs was 25% and 10%,
respectively (adjusted P-value <0.01). Genes overlapping with
DMRs were defined as differentially methylated genes (DMGs).
Gene Ontology (GO) enrichment analyses of DMGs were per-
formed wusing the GOseq pipeline included in TRriNITY
(v.r20180213-2.6.5; adjusted P-value <0.01; Young ez 2/, 2010).

Results

Genome-wide methylation profiles in Tragopogon

To understand the impacts of recent polyploidization on DNA
methylation, we profiled DNA methylomes from two replicates
of the diploid parents and their allopolyploid derivative using
WGBS. The average depth at cytosine sites for 7. dubius, T. pra-
tensis, and 1. miscellus was 22.1x, 14.8%, and 19.6x, respec-
tively (Table S1). The bisulfite conversion rate was over 99.6% in
all samples (Table S1). To eliminate the alignment efficiency bias
between species, only shared cytosine sites with a minimum cov-
erage of three reads across all samples were used to calculate
weighted methylation levels (Table S2). The genome-wide
weighted CG methylation levels based on averaging the two
replicates of T. dubius, T. pratensis, and T. miscellus were 89.7%,
85.2%, and 86.8%, respectively (Fig. 1a). ANOVA analysis indi-
cated that the genome-wide weighted CG methylation level in 7.
dubius was significantly different from that in 7. pratensis
(Fig. 1a; Table S3). In addition, there was no significant differ-
ence between the genome-wide weighted CG methylation level
in 7. miscellus and the MPV (Table S3). For CHG methylation,
levels of 73.2%, 68.4%, and 68.5% were observed in 7. dubius,
T. pratensis, and T. miscellus, respectively (Fig. 1a). The genome-
wide weighted CHG methylation level in 7. dubius was signifi-
cantly different from that in both 7. pratensis and T. miscellus
(Fig. 1a; Table S3), and the methylation level of 7. miscellus was
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not significantly different from the MPV in the CHG context
(Table S3). For CHH methylation, genome-wide weighted
methylation levels in 7. dubius, T. pratensis, and T. miscellus were
10.8%, 9.7%, and 10.5%, respectively (Fig. 1a). There was no
significant difference among the three species in genome-wide
weighted CHH methylation levels; 7. miscellus was not signifi-
cantly different from the MPV (Table S3). In summary, in CG
and CHG cytosine contexts, the genome-wide weighted methyla-
tion levels in 7. dubius were significantly different from those in
T. pratensis; in all cytosine contexts, the methylation level of
T. miscellus was not significantly different from the MPV.

The contributions of cytosine methylation from different con-
texts to the total number of methylated cytosines were also exam-
ined (Fig. 1b). In 7. dubius, the proportions of methylated
cytosines in CG, CHG, and CHH contexts were 45.3%, 31.2%,
and 23.4%, respectively. In 7. pratensis, 45.2%, 31.4%, and
23.4% of methylated cytosines were found in CG, CHG,
and CHH, respectively. In 7. miscellus, the proportions of
methylated cytosines in CG, CHG, and CHH were 44.7%,
30.4%, and 25.0%, respectively. There was no significant differ-
ence in the proportion of methylated cytosines among the three
species in any of the contexts (Table S4).

Methylation levels in gene bodies and their flanking regions

Using 30 325 protein-coding genes (Liu ¢t al., BioSample acces-
sion: SAMN36822852), methylation levels were analyzed within
gene bodies and their flanking regions (1000 bp upstream and
downstream of the gene) across all cytosine contexts (Fig. 2a). As
reported in other flowering plants (Feng ez 4/, 2010), depletion
of CG methylation around the transcription start site (TSS) and
the transcription termination site (TTS) was found in all 77ago-
pogon species. The CHG and CHH methylation levels within the
gene body were lower than those in both flanking regions in both
the diploids and the polyploid (Fig. 2a).

Statistical analyses showed that the methylation levels were sig-
nificantly different between 7. dubiusand T. pratensis only at the
gene promoter region in the CHG and CHH contexts (Fig. 2a;
Table S5). Tragopogon miscellus was not significantly different
from the MPV at either the gene body or the flanking regions in
any cytosine context (Table S5).

© 2024 The Authors
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TE annotation and methylation levels in TEs and their
flanking regions

In total, we examined 534 131 annotated TEs (Table S6). Retro-
transposons and DNA transposons accounted for 41.0% and
2.0% of the T. dubius reference genome, respectively. Of the ret-
rotransposons, long terminal repeat (LTR) elements comprised
39.8% of the genome, with Copia and Gypsy elements account-
ing for 21.8% and 11.1% of the genome, respectively, and
LINEs constituted 1.3%. Detailed statistics of different TE types
are shown in Table S6.

For methylation metaplot analyses, we first generated meta-
plots using all annotated TEs (Fig. 2a). In all species, TE bodies
were hypermethylated relative to the flanking regions in the CG
and CHG contexts, but not in the CHH context (Fig. 2a;
Table S7). In the CG and CHG contexts, the methylation levels
were significantly different between 7. dubius and T. pratensis at
the upstream, TE, and downstream regions; in both contexts, the
methylation levels in 7. miscellus were significantly lower than
the MPV at the TE body (Fig. 2a; Table S5). In the CHH con-
text, no significant difference was identified among the three spe-
cies at the upstream, TE, or downstream regions (Fig. 2b;
Table S5).

Second, we generated the methylation metaplots for each
major TE type, including Copia, Gypsy, and LINE elements and
DNA transposons (Fig. 2b). In the CG and CHG contexts, for
Copia elements, LINEs, and DNA transposons, methylation
levels within TEs were significantly higher than those of the
flanking regions in all three species, but these patterns were not
found for Gypsy elements (Table S7). In the CHH context, ele-
vated methylation within TEs was only found for DNA transpo-
sons and only in 7. miscellus (Table S7).

The methylation levels in 7. dubius and T. pratensis were sig-
nificantly different in the CG and CHG contexts (Table S8). For
Copia and Gypsy elements, in both contexts, the methylation
levels in 7. dubius were significantly different from those of
T. pratensis in the upstream, TE, and downstream regions. For
LINEs and DNA transposons, in the CG context, the two
diploids were significantly different only at the body region. The
CHG methylation levels in the diploids were not significantly
different for LINEs (in the upstream region).
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Fig.2 Methylation metaplots at gene bodies and transposable elements (TEs) and their flanking regions. (a) Methylation metaplots generated using all
genes and all TEs. (b) Methylation metaplots of different types of TEs. Regions at which the Tragopogon miscellus methylation level is significantly
different from the mid-parent value (MPV; P-value <0.05; one-sample t-test) are shaded in pink. TSS, transcription start site; TTS, transcription termination
site. *, P-value <0.05 (ANOVA test); **, P-value <0.01 (ANOVA test).
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The methylation level in 7. miscellus was significantly different
from the MPV only at TE bodies and only in the CG and CHG
contexts (Fig. 2b; Table S8). In the CG context, the methylation
level in 7. miscellus was significantly lower and higher than the
MPV for Copia elements and LINEs, respectively. In the CHG
context, the methylation level in 7. miscellus was significantly
lower than the MPV for Copia elements, LINEs, and DNA
transposons. For Gypsy elements, there was no significant differ-
ence between the 7. miscellus methylation level and the MPV in
any cytosine context.

SNP identification between diploids and determination of
the parental origin of T. miscellus reads

Tragopogon pratensis reads were aligned to the 7. dubius reference
genome, and the mean and median coverage were 43.2x and
21.0x, respectively (Table S9). After variant calling and filtra-
tion, 13 218 377 SNDPs were identified between 7. dubius and T.
pratensis. Only homozygous alternative alleles (2100 512 SNDPs)
were used in the reads-origin-determination study. The mapping
efficiencies of 7. miscellus individuals 3059-7-7 and 3059-21-5 to
the masked 7. dubius reference genome were 32.9% and 31.8%,
respectively. After deduplication, 72.2% and 81.4% of the reads
remained in individuals 3059-7-7 and 3059-21-5, respectively.
In 7. miscellus 3059-7-7, 82.8% of the reads did not differentiate
between 7. dubius and T. pratensis; 9.5% and 7.3% of the reads
were assigned to the 7. dubius and T. pratensis subgenomes,
respectively, and 0.4% of the reads were classified as ‘conflicting’
because they contained SNPs diagnostic for both genomes. In 7.
miscellus 3059-21-5, 9.5% and 7.6% of the reads were assigned
to the 7. dubius and T. pratensis subgenomes, respectively;
82.6% of the reads did not differentiate between the two subge-
nomes, and 0.4% reads were ‘conflicting’.

Identification of DMRs between the diploid parents and the
two subgenomes in T. miscellus

Between 7. dubius and T. pratensis, 3549 CG-DMRs were iden-
tified (Fig. 3). Of these, 2311 CG-DMRs (65.1%) showed
hypermethylation (i.e. higher methylation level) in 7. dubius rela-
tive to 1. pratensis, and 1238 CG-DMRs (34.9%) showed hypo-
methylation (i.e. lower methylation level) in 7. dubius relative to
T. pratensis. Between the two subgenomes in 7. miscellus, there
were 3262 CG-DMRs: 1814 (55.6%) and 1448 (44.4%) CG-
DMRs showed hypermethylation and hypomethylation, respec-
tively, in the 7. dubius-derived subgenome relative to the
T. pratensis-derived subgenome. Of the CG-DMRs identified
between the diploids, 64.8% (2300) of them showed parental
legacy in 7. miscellus: These regions were also differentially
methylated (in the same direction) between the two 7. miscellus
subgenomes (Fig. 3). In addition, there were 1189 diploid-
specific CG-DMRs that were only differentially methylated
between 7. dubius and T. pratensis 902 CG-DMRs were
polyploid-specific and were differentially methylated only
between the two subgenomes in 7. miscellus (Fig. 3). Sixty CG-
DMRs showed one direction (e.g. hypermethylation) between
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the two diploids, but the other direction (e.g. hypomethylation)
between the two tetraploid subgenomes.

In the CHG context, 4886 DMRs were identified between the
diploids: 3341 (68.4%) and 1545 (31.6%) showed hypermethy-
lation and hypomethylation in 7. dubius relative to T. pratensis,
respectively (Fig. 3). There were 4041 CHG-DMRs between the
two subgenomes: 2052 (50.8%) showed hypermethylation in the
T. dubius-derived subgenome relative to the 7. pratensis-derived
subgenome, and 1989 (49.2%) showed hypermethylation in the
T. pratensis-derived subgenome relative to the 7. dubius-derived
subgenome (Fig. 3). In addition, 2838 (58.1%) CHG-DMRs
identified between the diploids showed parental legacy in 7. mis-
cellus; the numbers of diploid-specific and polyploid-specific
DMRs were 1892 and 1047, respectively (Fig. 3). A total of 156
CHG-DMRs showed one direction between the two diploids,
but the other direction between the two tetraploid subgenomes.

In the CHH context, 18143 DMRs were found in the
diploids: 12 655 (69.8%) and 5488 (30.2%) were hypermethy-
lated and hypomethylated in 7. dubius relative to T. pratensis,
respectively (Fig. 3). In T. miscellus, 14 535 CHH-DMRs were
identified between the two subgenomes: 7405 (50.9%) and 7130
(49.1%) showed hypermethylation and hypomethylation, respec-
tively, in the 7. dubius-derived subgenome relative to the 7.
pratensis-derived subgenome. Of the CHH-DMRs identified
between the diploids, 7440 (41.0%) showed parental legacy in T.
miscellus; 10 467 CHH-DMRs were diploid-specific (Fig. 3). Of
the CHH-DMR's identified in 7. miscellus, 6859 were polyploid-
specific. In addition, 236 CHH-DMRs showed one direction
between the two diploids, but the other direction between the
two tetraploid subgenomes.

In addition to the qualitative description of DMRs showing
parental legacy (as mentioned in the previous section), we quanti-
tatively examined these DMRs in each cytosine context to answer
the question: How does the difference in methylation level
between the diploids compare to that between the two subge-
nomes in the polyploid? For each DMR showing parental legacy,
the difference in methylation level between the two subgenomes
(represented by A) was subtracted from the difference between
the diploid parents (B); the resulting absolute value (|B-A|) was
used to construct the density distribution plot (Fig. S1). The
mean values of |B-A| were 12.5%, 12.7%, and 5.0% in CG,
CHG, and CHH contexts, respectively. The median values for
|B-A| were 7.6%, 7.6%, and 3.4% in CG, CHG, and CHH con-
texts, respectively. Additionally, in CG, CHG, and CHH con-
texts, 8.2%, 16.4%, and 14.2% of the DMRs showing parental
legacy exhibited substantial alteration in methylation level differ-
ences following polyploidy, respectively (Fig. S1). That is, |B-A|
was greater than the cutoff defining DMR (i.e. 35%, 25%, and
10% in CG, CHG, and CHH contexts, respectively; see the
Materials and Methods section).

DMG identification and GO enrichment analysis

We identified DMGs (genes overlapping with DMRs) and
inferred the enriched GO terms under each DMG category
(Fig. 4). In the CG context, 1580 DMGs were identified between
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Fig. 3 Heatmap of differentially methylated regions (DMRs) identified between diploids and between the two subgenomes in Tragopogon miscellus in CG,
CHG, and CHH contexts. Each row represents a DMR. Shared DMRs (i.e. DMRs showing parental legacy) are DMRs between Tragopogon dubius and
Tragopogon pratensis that also occur between the two T. miscellus subgenomes. The percentage of DMRs exhibiting parental legacy was calculated by

dividing the number of shared DMRs by the total number of DMRs between the diploids in each cytosine context. Diploid-specific DMRs are regions that
are only differentially methylated between the diploids. Polyploid-specific DMRs represent regions that are only differentially methylated between the two
subgenomes in T. miscellus. Conflicting DMRs are regions that show one direction (e.g. hypermethylation) between the two diploids, but the other
direction (e.g. hypomethylation) between the two tetraploid subgenomes. The number of DMRs falling into each category is also shown. In CG, CHG, and
CHH contexts, there were 60, 156, and 236 conflicting DMRs, respectively. A positive value in the ‘Difference’ legend indicates hypermethylation in either
T. dubius or the T. dubius-derived subgenome in T. miscellus relative to the T. pratensis counterpart; a negative value means T. dubius/T. dubius-derived
subgenome hypomethylation. Tdu_vs_Tpr: (the methylation level in T. dubius) — (the methylation level in T. pratensis); Tms-du_vs_Tms-pr: (the
methylation level of the T. dubius-derived subgenome in T. miscellus) — (the methylation level of the T. pratensis-derived subgenome in T. miscellus); ns:

not significantly different. Within each DMR category, DMRs are listed (from top to bottom) in descending order of the Tdu_vs_Tpr value.

the diploids (Table S10); enriched GO terms in these DMGs
included membrane component and protein phosphorylation.
There were 1556 CG-DMGs between the two subgenomes in
the polyploid (Table S10); enriched GO terms were membrane
component and glucose transporter. CG-DMGs showing
parental legacy were enriched in GO terms related to membrane
component. No GO term was enriched in diploid-specific CG-
DMGs. RNA modification and endonuclease activity were the
enriched GO terms in polyploid-specific DMGs.

In the CHG context, 1858 DMGs were identified between the
diploids (Table S10); ATP binding was the only enriched GO
term in these DMGs (Fig. 4). Between the two subgenomes in 7.
miscellus, ATP binding was the enriched GO term in the 1699
CHG-DMGs. CHG-DMGs showing parental legacy were

New Phytologist (2024)
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enriched in ATP binding as well. We did not find any enriched
GO term in the diploid-specific and polyploid-specific CHG-
DMGs.

In the CHH context, 2247 DMGs between the diploids
showed enriched functions related to membrane component,
carbohydrate metabolic process, and hydrolase activity; 1890
DMGs between the two subgenomes were enriched in GO
terms of membrane component and signal transduction
(Fig. 4; Table S10). Membrane component and signal trans-
duction were also the two GO terms enriched in CHH-
DMGs showing parental legacy. Enriched GO terms in
diploid-specific DMGs membrane component and
hydrolase activity. No enriched GO term was found in
polyploid-specific DMGs.

were
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@ Cellular component
Biological process
@ Molecular function

Enriched GO terms

DMG Category

CG CHG CHH
Tdu vs Tpr Integral component of membrane ATP binding Plasma membrane
Plasma membrane Integral component of membrane
Protein phosphorylation Carbohydrate metabolic process
Hydrolase activity, acting on ester bonds
Tms_du vs Tms_pr Integral component of membrane ATP binding Signal transduction
Glucose import Integral component of membrane
Plasma membrane
Carbohydrate:proton symporter activity
Glucose transmembrane transporter activity
Parental legacy Integral component of membrane ATP binding Plasma membrane
Plasma membrane Integral component of membrane
Signal transduction
Diploid-specific na na Plasma membrane
Integral component of membrane
Hydrolase activity, acting on ester bonds
Polyploid-specific RNA modification na na

Endonuclease activity

Fig. 4 Gene Ontology (GO) enrichment analysis of differentially methylated genes (DMGs). All enriched GO terms had an adjusted P-value <0.01. ‘Tdu vs
Tpr' indicates DMGs between Tragopogon dubius and Tragopogon pratensis. ‘Tms_du vs Tms_pr' indicates DMGs between the T. dubius-derived
subgenome and the T. pratensis-derived subgenome in Tragopogon miscellus. DMGs showing parental legacy are DMGs between T. dubius and

T. pratensis that also occur between the two T. miscellus subgenomes. Diploid-specific DMGs are genes that are only differentially methylated between
the diploids. Polyploid-specific DMGs represent genes that are only differentially methylated between the two subgenomes in T. miscellus. na means no

GO term was significantly enriched.

Discussion

Genome-wide methylation profiles in Tragopogon

The genome-wide weighted DNA methylation levels in 77ragopo-
gon (means for the three Tragopogon species of 87.2%, 70.0%,
and 10.3% for CG, CHG, and CHH methylation, respectively)
are considerably higher than values for most other angiosperms
examined to date in all cytosine contexts. Niederhuth ez 4l
(2016) examined DNA methylation in 34 angiosperm genera
and found extensive variation in genome-wide methylation levels:
CG, CHG, and CHH methylation levels ranged from 30.5% to
92.5% (median of 52.0%), 9.3% to 81.2% (median of 27.0%),
and 1.1% to 18.9% (median of 4.8%), respectively.

A positive correlation between genome size and genome-wide
CG and CHG methylation levels was found across 34 angios-
perm genera (Niederhuth er 4/, 2016). This correlation might
result from the fact that large genomes often have more TEs and
DNA repeats than smaller genomes, and these TEs and DNA
repeats are usually heavily methylated (Niederhuth ez 4l, 2016).
The estimated genome sizes of 7. dubiusand T. pratensis are 2.88
and 2.71 Gb, respectively (Pires ez al., 2004), and TEs and DNA
repeats constitute ¢. 75% of their genomes (Spoclhof ez al.,
unpublished). Therefore, the high methylation rates found in

© 2024 The Authors
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Tragopogon could reflect its relatively large genome size and high
TE and repeat content.

Additionally, in both diploid and polyploid Tragopogon, c.
45% of the methylated cytosines were in the CG context, fol-
lowed by CHG and CHH (Fig. 1b). CG methylation is the pre-
dominant type of methylation in both plants and animals
(Niederhuth ez al, 2016; Schmitz et al, 2019; De Mendoza
et al., 2020).

Genome-wide and locus-specific DNA methylation
dynamics in polyploids

In the allotetraploid 7ragopogon miscellus, the genome-wide
weighted DNA methylation levels were not significantly different
from the MPV in any cytosine context, indicating an overall
additive methylation landscape in the polyploid (Fig. la;
Table S3). The identification of diploid-specific and polyploid-
specific DMRs suggests that regions showing hypermethylation
following WGD counterbalanced those showing hypomethyla-
tion, leading to the additive genome-wide methylation level in 7.
miscellus (Fig. 3). In addition, for DMRs showing parental
legacy, the difference in methylation level changed substantially
following polyploidy in some regions (Fig. S1); these regions,
along with diploid-specific and polyploidy-specific DMRs,
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illustrate the dynamic methylation alterations that occur follow-
ing WGD in Tragopogon.

Genome-wide and locus-specific DNA methylation dynamics
have been reported in a few polyploids, mostly in synthetics. In
rice, although genome-wide methylation levels of synthetic allote-
traploids (derived from a cross between Oryza sativa ssp. japonica
and O. sativa ssp. indica) were similar to those of the diploid F,
hybrids and the parents, DNA methylation changes in the tetra-
ploids displayed a locus-specific pattern, with loci showing
hyper- and hypomethylation largely offsetting each other (Li
et al., 2019). Specifically, 55.8%, 48.2%, and 33.5% of DMRs
showed parental legacy following WGD in CG, CHG, and
CHH contexts, respectively (the calculation is based on the data
presented in fig. 4a of Li er al, 2019). Novel DMRs were also
found in these synthetic polyploids (Li ez al., 2019). In T. miscel-
lus, 64.8% of CG-DMRs, 58.1% of CHG-DMRs, and 41.0% of
CHH-DMREs exhibited parental legacy (Fig. 3). In both synthetic
polyploid rice and natural allotetraploid 7. miscellus, a decreasing
percentage of DMRs exhibits parental legacy across the CG to
CHG to CHH contexts. Using WGBS, the genome-wide methy-
lation profiles were analyzed in synthetic Brassica napus allotetra-
ploids and their progenitor lines: the methylation differences
between the two subgenomes resulted from a combination of
parental legacy and methylation changes following hybridiza-
tion and polyploidization (Bird et al., 2021). In Senecio (Astera-
ceae), ¢. 13.4% of loci showed nonadditive DNA methylation
changes in synthetic triploid F; hybrids (S. x baxteri; Hegarty
et al., 2011). Multiple studies investigating DNA methylation
dynamics in recently formed natural polyploids have also been
reported. For example, nonadditive methylation changes were
observed in natural allopolyploid Spartina (Salmon er al.,
2005). In both Spartina hybrids (S. X neyrautii and S. X town-
sendii) and the allopolyploid S. anglica, MSAP analyses showed
that 30% of the parental DNA methylation patterns were
altered, and most of the DNA methylation changes resulted
from hybridization rather than genome doubling per se (Salmon
et al., 2005).

Dynamic TE methylation changes following polyploidy

Polyploidy-induced epigenetic changes appear to broadly and
selectively impact TE regions in a genome, and the response to
WGD (either hypomethylation or hypermethylation) varies
among different species and TE types (Parisod er al, 2010;
Vicient & Casacuberta, 2017). The methylation level in 77 mis-
cellus is largely additive of the diploid parents, especially in gene
regions (Figs 1, 2a). However, in CG and CHG contexts, 7. mis-
cellus methylation levels at TEs were significantly lower than the
MPV (Fig. 2a). Hypomethylation of TEs was observed in other
newly formed allopolyploids (Parisod ez al., 2009; Edger ez al.,
2017). Based on methyl-sensitive transposon display (a TE-
targeted MSAP approach), the CG methylation level in regions
flanking TE insertions in natural allopolyploid Spartina anglica
was lower than that of the diploid parents (Parisod ez af., 2009).
In addition, significantly more DNA methylation changes were
found in the vicinity of TEs compared with random genomic loci
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(Parisod et al, 2009). Similarly, in 7ragopogon, nonadditive
methylation changes following polyploidy were only identified at
TE regions (Fig. 2). In natural allopolyploid Mimulus peregrinus,
at TEs and their flanking regions, the CHH methylation level of
the M. luteus-derived subgenome was lower than that of the par-
ent M. luteus (Edger et al., 2017). By contrast, in synthetic Bras-
sica napus allotetraploids, transgressive CHH hypermethylation
(i.e. surpassing parental methylation levels) was found at LTR
retrotransposons (Bird ez 2/, 2021). Similarly, synthetic autote-
traploid rice derived from diploid O. sativa showed hypermethy-
lation in DNA transposons compared with the diploid. These
results indicate that the direction of methylation changes follow-
ing polyploidy at TEs varies across species, further demonstrating
the complexity of the impact of WGD on DNA methylation
dynamics.

The impact of WGD on methylation dynamics varies among
different TE types in Tragopogon (Fig. 2b). The CG methylation
level in 7. miscellus was significantly lower than the MPV for
Copia elements, but significantly higher than the MPV
for LINEs; in the CHG context, methylation in 7. miscellus was
significantly lower than the MPV for Copia elements, LINEs,
and DNA transposons. However, the methylation levels in 7.
miscellus were additive for Gypsy elements in both CG and CHG
contexts. The chromosome localization of TEs may affect their
methylation dynamics following polyploidy (Vicient & Casacu-
berta, 2017). Gypsy elements are preferentially located in hetero-
chromatin and away from genes, and Copia elements and DNA
transposons are prone to insert in euchromatin and near genes
(Galindo-Gonzilez et al., 2017; Vicient & Casacuberta, 2017).
Indeed, in the 7. dubius reference genome, Gypsy elements were
significantly farther away from genes than other types of TEs
(Fig. S2). In T. miscellus, the additive methylation levels for
Gypsy elements may help to maintain the heterochromatic state
of the associated regions, which is essential for genome stability
(Janssen et al., 2018) and the proper functioning of these regions
(Dernburg et al., 1996; Vicient & Casacuberta, 2017).

Distinct methylation profiles across various types of TEs have
also been observed in other polyploids (Vicient & Casacu-
berta, 2017). Synthetic autotetraploid rice derived from diploid
O. sativa showed widespread hypermethylation for DNA trans-
posons but hypomethylation for retrotransposons (including
Copia, Gypsy, and LINE categories) in CG and CHH contexts
(Zhang et al., 2015). Compared with the diploid, synthetic auto-
tetraploid water spinach (lpomoea aquatica) exhibited hyper-
methylation for Copia, Gypsy, and LINE retrotransposons in
CHG and CHH contexts; DNA transposons showed similar
methylation levels between the diploid and the tetraploid (Hao
et al., 2023). In synthetic allopolyploid rice, the methylation
levels of both retrotransposons and DNA transposons were sig-
nificantly different from the 7z silico hybrid in all cytosine con-
texts (Li er al, 2019). However, detailed comparisons of the
impact of WGD on DNA methylation across various TE types
(e.g. within retrotransposons) are lacking for synthetic allopoly-
ploid rice (Li et al, 2019) and other allopolyploids, further
emphasizing the contribution of our current work on allopoly-

ploid Tragopogon.
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Because TEs are usually heavily methylated and silenced
(Law & Jacobsen, 2010; Ito & Kakutani, 2014), the reduced
CG and CHG methylation levels compared with MPV levels
found in our work may lead to TE activation in 7. miscellus.
Indeed, polyploidization frequently triggers TE activation
(Vicient & Casacuberta, 2017; Nieto Feliner et /., 2020). In
addition, TE dynamics following WGD have effects on gen-
ome size, gene function, and regulation of expression and
may contribute to the adaptation of polyploids to environ-
mental conditions (Vicient & Casacuberta, 2017; Nieto Feli-
ner er al., 2020). Nevertheless, because the genome sequence
of T. miscellus is not yet available, hindering a direct compar-
ison between diploid and polyploid genomes, additional
assessment of the impact of WGD on TE activity (i.e. tran-
scription, mobilization, and copy number) will require further
investigation. An unanswered question is how WGD-induced
nonadditive methylation changes at TEs affect their expression
and transposition in 7. miscellus.

Future studies should integrate genome-wide research on
DNA methylation and regulation of gene expression in 77ago-
pogon polyploids and examine how polyploidy-induced methy-
lation changes impact homeolog expression bias (i.e. unequal
expression levels of the two homeologs of a gene in the allo-
polyploid) in 7. miscellus. DNA methylation may affect gene
expression through the regulation of TEs that are adjacent to
genic regions. Examination of DNA methylation patterns
across genome assemblies of 7. miscellus and its diploid par-
ents may reveal whether DNA methylation of TEs could
explain biparental homeolog expression bias observed in 7.
miscellus (e.g. Boatwright ez al, 2018). Likewise, mapping
methylation changes onto chromosome-level assemblies may
reveal linkages between methylation dynamics and karyotypic
variants as observed in 7. miscellus (Lim et al, 2008; Chester
et al., 2012; Spoelhof et al, 2017). For example, Chester
et al. (2012) found chromosomal rearrangements (transloca-
tions) in 7. miscellus; could some of the methylation changes
observed here activate TEs, by de-methylating them, resulting
in TE transposition and genome reorganization, which in
turn could cause the observed translocations? Similarly, the
compensated aneuploidy observed in 7. miscellus (Chester
et al., 2012) could explain some of the observed examples of
nonparental legacy. That is, a ‘hypermethylated’ observation
(a higher methylation level in 7. dubius than in T. pratensis)
might appear ‘hypomethylated’ in 7. miscellus because there
are no chromosomes of 7. dubius carrying that locus due to
compensated aneuploidy. Finally, in this study, the impacts of
hybridization and polyploidization itself on DNA methylation
cannot be disentangled; thus, it is unclear whether novel
methylation patterns emerge due to hybridization, polyploidi-
zation, or both. Comparison among F; hybrids, newly formed
synthetic polyploids, and naturally occurring polyploids in
Tragopogon could inform this question.

In summary, using a high-throughput WGBS approach, the
present study examined for the first time both the overall and
locus-specific patterns of the DNA methylation dynamics
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following recent natural polyploidy. Our work revealed that the
genome-wide weighted DNA methylation levels of allopolyploid
T. miscellus were largely intermediate between those of its diploid
parents and reflect parental legacy. However, nonadditive CG
and CHG methylation in various types of TEs and novel DMRs
identified in the polyploid also indicate dynamic and rapid epige-
netic changes following recent WGD in 7ragopogon. These
epigenetic data join a growing body of evidence that allopoly-
ploidy in Tragopogon generates genetically (and epigenetically)
diverse individuals that vary in morphology, karyotype, gene con-
tent, gene expression (as reviewed previously), and the potential
for duplicate gene regulation through DNA methylation. Sorting
and recombining of these karyotypic, genetic, and epigenetic var-
iants lead to diverse arrays of polyploid individuals within popu-
lations — and across populations of independent origin —
providing the basis for adaptation and the origin of novelty.
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Fig. S1 Quantitative analysis of differentially methylated regions
showing parental legacy in each cytosine context.

Fig. 82 The distance of DNA transposons, LINEs, Copia ele-
ments, and Gypsy elements to the closest genes in the T7ragopogon
dubius reference genome.
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