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Plant genomes are highly diverse in size and repetitive DNA composition. In the absence
of polyploidy, the dynamics of repetitive elements, which make up the bulk of the
genome in many species, are the main drivers underpinning changes in genome size
and the overall evolution of the genomic landscape. The advent of high-throughput
sequencing technologies has enabled investigation of genome evolutionary dynamics
beyond model plants to provide exciting new insights in species across the biodiversity
of life. Here we analyze the evolution of repetitive DNA in two closely related species
of Heloniopsis (Melanthiaceae), which despite having the same chromosome number
differ nearly twofold in genome size [i.e., H. umbellata (1C = 4,680 Mb), and H. koreana
(1C = 2,480 Mb)]. Low-coverage genome skimming and the RepeatExplorer2 pipeline
were used to identify the main repeat families responsible for the significant differences
in genome sizes. Patterns of repeat evolution were found to correlate with genome size
with the main classes of transposable elements identified being twice as abundant in
the larger genome of H. umbellata compared with H. koreana. In addition, among the
satellite DNA families recovered, a single shared satellite (HeloSAT) was shown to have
contributed significantly to the genome expansion of H. umbellata. Evolutionary changes
in repetitive DNA composition and genome size indicate that the differences in genome
size between these species have been underpinned by the activity of several distinct
repeat lineages.

Keywords: C-value, DNA repeats, chromosome, transposable elements, satellite DNA

INTRODUCTION

Plant genomes are dynamic and can expand in size through a variety of processes such as
the proliferation of repetitive elements (including transposable elements and tandem repeats),
and whole genome duplications (Wang D. et al., 2021). In parallel, regulatory mechanisms (i.e.,
epigenetic modifications) can act to prevent repetitive sequences from uncontrolled expansion
and these, together with various recombination-based processes which may eliminate DNA, can
result in genome downsizing (Devos et al., 2002; Hawkins et al., 2009; Schubert and Vu, 2016;
Vu et al., 2017; Wang X. et al., 2021). It is now widely recognized that it is the relative activity
of each of these opposing evolutionary forces driving genome expansion or contraction that has
underpinned the generation of the outstanding diversity of genome sizes in plants, especially in
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angiosperms which vary c. 2,400-fold (Pellicer et al., 2018). Even
at the genus level, genome size can vary by orders of magnitude,
such as for example in Cuscuta, in which nuclear DNA content
ranges c. 102-fold (Neumann et al., 2021). At the family level,
Melanthiaceae stand out within monocots as being among the
most diverse, with genome sizes varying > 230-fold (Pellicer
et al., 2014). This is even more remarkable given that this family
is made up of just c. 180 species, and similar levels of diversity
have only been reported in much larger groups, such as the
eudicot family Santalaceae (c. 1,000 species, 1C range: c. 395-
fold).1 The main driver underpinning the extensive genome size
diversity in Melanthiaceae lies in a striking genome expansion
that occurred during the diversification of tribe Parideae. This
event is estimated to have taken place c. 57-31 million years
ago (Kim et al., 2019), and resulted in the emergence of some
of the largest genomes known to date (Pellicer et al., 2014).
Besides, a thorough analysis at lower taxonomic levels beyond
Parideae revealed an almost doubling of the nuclear DNA content
between species in Heloniopsis, a small genus made up of six
species, with 1C-values ranging from 2,480 Mb in H. koreana
to 4,680 Mb in H. umbellata (ratio = c. 1.90). This raises the
question as to what are the key mechanisms responsible for
underpinning such genome size differences among closely related
taxa?

Although polyploidy is known to be frequent in many
angiosperms and has indeed been reported in some genera
of Melanthiaceae (e.g., Paris, Trillium and Veratrum), extant
species of Heloniopsis share a chromosome number of 2n = 34
(Pellicer et al., 2014). The authors consistently found the
same chromosome number across the tribe Heloniadeae,
despite chromosome-based modeling approaches inferring with
high probability that ancient polyploid events coupled with
chromosome losses to have happened during the evolution of
the tribe. Should this reconstructed scenario hold true, then it
would imply that potential chromosomal reorganizations had not
resulted in changes in the overall chromosome number or ploidy
level, given the relatively stable karyotype features reported for
several species in the genus (Kokubugata et al., 2004).

Considering the evolutionary past of the tribe, the observed
differences in genome size can most be likely attributed
to the differential activity of repetitive DNA sequences and
the associated recombination-based mechanisms in charge
of their removal. Repetitive DNA in plants includes both
dispersed mobile elements and tandem repeats (Bennetzen and
Wang, 2014). DNA transposon and retrotransposon dynamics
involve cut-and-paste and copy-and-paste insertion mechanisms,
respectively, to spread across the genome, and are recognized as
dispersed mobile elements. Of these, long terminal repeat (LTR)
retrotransposons are widely known to monopolize a substantial
fraction of plant genomes, and comprise several superfamilies,
with Ty1/copia and Ty3/gypsy elements being the most common
in plants (Wicker et al., 2007). Indeed, in many cases, their
dominance leaves a secondary role for tandem repeats in shaping
plant genome evolutionary dynamics. This is the case, in for
example, Hesperis (Brassicaceaee), where most of the genome size

1https://cvalues.science.kew.org

variation observed is driven by the activity of a diverse array of
LTR families (Hloušková et al., 2019).

As our understanding of how genomes are structured and
function increases, it is becoming apparent that at the lower
end of the genome size spectrum, changes in size are often
seen to be driven by the activity of just a few lineages of
transposable elements (Hawkins et al., 2006; Piegu et al., 2006;
Macas et al., 2015), whereas plants with larger genomes (i.e., > c.
10 Gb/1C) have most likely arisen through the accumulation
of elements over long periods of time, given their more
heterogeneous composition (Nystedt et al., 2013; Kelly et al.,
2015; Novák et al., 2020a). Despite the above-mentioned critical
role of transposable elements in shaping many plant genomes,
Ågren et al. (2015) emphasized the need to also recognize the
importance of short simple sequence repeats (including simple
repeats, satellite and low complexity DNA) in contributing to the
evolution of genome size in some plant species, using the evening
primroses (Oenothera species) to illustrate this. Altogether,
research aiming to uncover what variables influence the dynamics
of repetitive DNA sequences in non-model plants, why they
accumulate in some lineages and not others, and what are the
key sequences involved, is urgently needed to continue to further
our understanding of the origins of the staggering genome size
diversity across eukaryotes in general, and in plants in particular.

To contribute to these goals, we have carried out a comparative
study of two species of the genus Heloniopsis with contrasting
genome sizes. We have used next generation sequencing to
characterize and assess the abundance of different types of
DNA repeats and their role in contributing to changes in the
composition and size of both genomes. We also explore whether
the differences in genome size between these two species are
underpinned by (i) differences in the amounts of just a few
repetitive elements, as observed in other species with small
genomes, and (ii), evaluate the differences across the repetitive
landscape composition between both species.

MATERIALS AND METHODS

Plant Material and DNA Sequencing
Details for provenance and vouchers of H. koreana and
H. umbellata can be found in Pellicer et al. (2014). These species
were selected as they show the largest difference in genome
size between the six species which comprise this genus, with
H. umbellata (4,680 Mb/1C) having nearly double the DNA
amount compared with H. koreana (2,480 Mb Mb/1C), and
represent species belonging to the two main clades of this small
genus. Genomic DNA extraction was carried out using the 2x
CTAB method with minor modifications (Doyle and Doyle,
1987) followed by a CsCl/ethidium bromide density gradient
and dialysis. The DNA products were run on an 1% agarose
gel and quality control assessed using a Qubit 3 fluorometer
(Thermo Fisher Scientific). Paired-end shotgun libraries with
an average insert size of 500 bp were prepared and sequenced
by Beijing Genomics Institute (BGI, Shenzhen, China) on an
Illumina HiSeq 2000 (Illumina, San Diego, CA, United States)
generating 100 nucleotide reads (0.15 × genome coverage).
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The quality of sequencing data was assessed using FastQC2 and
reads were pre-processed using the FASTX-Toolkit.3 Sequence
reads were filtered using a threshold quality score of 20 over the
full length of the read. Reads of organellar origin were filtered
using custom databases of monocot plastid and mitochondrial
genomes (all available from NCBI at the time of analysis) using
the standalone version of BLAST (v2.2.16; Altschul et al., 1997).
Reads with significant hits to either the plastid or mitochondrial
databases were then filtered using a custom Perl script (supplied
by Laura J. Kelly). The remaining reads were thus considered to
be of nuclear origin.

Graph-Based Clustering in
RepeatExplorer 2
Repeat identification by similarity-based clustering of Illumina
paired-end reads was carried out using the Repeat Explorer
2 pipeline (Novák et al., 2013, 2020b), a GALAXY-based
server for characterisation of repetitive elements.4 FASTQ reads
were converted to FASTA format and interlaced prior to the
clustering analysis. A preliminary round of clustering was
performed with the original datasets [H. koreana = 3,127,826
reads (0.11×) and H. umbellata = 5,968,792 reads (0.11×)]
to determine the maximum number of reads for each species
to include in the final analysis. This employed the default
settings (90% similarity over 55% of the read length, and
cluster size threshold = 0.01%). After the initial screening,
each set of reads was randomly down-sampled according to
their genome size to represent reads comprising 1.5% of the
genome of each species (i.e., genome proportion = 0.015×,
H. koreana = 410,000 reads and H. umbellata = 784,993 reads).
Automated repeat classification was based on connection-based
clustering via paired-end reads and BLAST (n, x) similarity
searches to REXdb (Neumann et al., 2019), a comprehensive
database of conserved protein domains in retrotransposons.
Output directories were individually examined for a final manual
annotation and quantification of clusters and connections to
superclusters. In addition, a comparative clustering analysis was
carried out using a combined dataset of 1,015,000 reads (each
species at a genome proportion equal to 0.013×). A four-letter
prefix identity code was added to each sample dataset and used
as the input to Repeat Explorer as described above. Repeat
annotation of shared clusters between the two species was done
following the same parameters as for the individual analyses.

Genome Dynamics and Relative
Abundance of Particular Repetitive
Elements
The different repeat families in the two Heloniopsis species were
recorded using the annotation output files from the Repeat
Explorer analysis and summarized accordingly. Baseline statistics
including, genome proportion (in percentage), abundance
(Mb/1C), ratios of transposable elements and correlations

2http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
3http://hannonlab.cshl.edu/fastx_toolkit/
4https://repeatexplorer-elixir.cerit-sc.cz/galaxy/

between the main families of DNA repeats identified were
calculated using R (R Core Team, 2019). A pairwise scatterplot
of the main repeat element classes identified was constructed by
comparing the number of shared reads between the two species
based on McCann et al. (2018), and using the function ggplot
built in the ggplot2 package (Wickham, 2016). The number of
shared reads per cluster were obtained from the output files of
the comparative analysis in Repeat Explorer. The slope of the
line in the scatterplot represents the genome size ratio between
the two species, thus any deviation from the line indicates biases
in the contribution of a given element to the genome size of
one species, compared with the other. Note that due to the
large amounts of satellite DNA in the genome of H. umbellata
compared with H. koreana this repeat type was not included in
the scatterplot to enable a better visualization of the remaining
data (but included in subsequent statistical regression analyses).
Further linear model regression analyses of shared read clusters
from the comparative Repeat Explorer analysis were carried out
using the function lm in R Stats package (R Core Team, 2019).

To compare repeat abundances with changes in genome size,
ancestral 1C-values in tribe Heloniadeae were reconstructed
using maximum likelihood (ML) under a Brownian motion
model using functions ace and fastAnc of the library Phytools
(Revell, 2012). Genome size data available for extant species in
Pellicer et al. (2014) and the phylogenetic tree from Kim et al.
(2016) were used for the reconstruction. Following Macas et al.
(2015), we also assessed the abundance of solo-LTRs, a product
of ectopic unequal homologous recombination between LTRs of
the same element type, in the two most abundant retrotransposon
lineages (i.e., Ty1/copia-Angela and Ty3/gypsy-Tekay). Whilst
not being conclusive, this approach provides an insight into the
activity of one of the mechanisms by which LTR retrotransposons
can be deleted from the genome (Cossu et al., 2017), and so can
be used as a proxy to evaluate the potential impact of this process
on genome size. Briefly, the method uses short Illumina reads to
calculate an Rsf value, which is the ratio between the number
of solo-LTRs to full-length elements for a particular repeat
type. Larger Rsf values can indicate a higher impact of unequal
homologous recombination. The analysis consists of five-steps:
(1) Identification of the LTR-3′end and 5′-UTR junctions from
read assemblies produced by the Repeat Explorer pipeline. (2)
Extraction of 30 nt sequence tags which are used to create BLAST
databases for the LTR-3′, 5′-UTR and a combined LTR-3′ + 5′-
UTR (60 nt) regions. (3) BLAST all read sequences to the tag
databases for the LTR-3′. (4) Blast all hits from the previous step
against the 5′-UTR database. Finally, (5) BLAST hits from the
previous step against the combined LTR-3′ + 5′-UTR database.
These steps result in sets of reads representing LTR-3′end/5′-UTR
junctions (LU) and LTR-3′end only (Lx). The Rsf ratio is then
calculated using the formula: Rsf = (Lx—LU)/LU.

Chromosome Preparations and Mapping
of DNA Satellite HeloSAT by
Fluorescence in situ Hybridisation (FISH)
Roots were collected from the same accessions used for genome
size estimations and sequencing based on Pellicer et al. (2014).
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Briefly, roots were pre-treated in a saturated solution of 1-
bromonaphthalene at 20◦C for 24 h. Samples were then
transferred to ice-cold 90% acetic acid for 10 min and stored
in 70% ethanol at −20◦C. Protoplast preparation was based on
Kato et al. (2011). Roots were washed 3 × in ice-cold 1× citric
buffer (50 mM sodium citrate, 50 mM EDTA, pH 5.5), then
the tips were excised and macerated in 200 µL tubes containing
20 µL of enzymatic solution containing 4% cellulase Onozuka
R-10 (Duchefa, Haarlem, The Netherlands) and 1% pectolyase
from Aspergillus niger (Merck, Darmstadt, Germany) in 1× citric
buffer pH 5.5 for 45–48 min at 37◦C and transferred to ice.
Digested roots were subsequently washed three times in ice
cold 70% ethanol. Finally, 30 µL of ice-cold glacial acetic acid
was added and mixed before dropping 4 µL of the protoplast
suspension onto a microscope slide in a humid chamber until dry.

A non-denaturing and formamide-free fluorescent in situ
hybridisation (FISH) protocol based on Cuadrado et al. (2009)
and Mian (2019) was applied. A 26 bp oligo probe of HeloSAT
was synthesized and labeled with FITC based on the output RE
cluster monomers obtained (Supplementary Online Resource
1). The probe was evaluated to avoid self-hybridisation (i.e.,
dimerization and hairpins) with Oligo Calc.5 Oligo probes are
single-stranded, therefore they do not need denaturation prior to
hybridisation. The hybridisation mixture was simply prepared by
diluting 2 µL of the 5′ end-labeled HeloSAT oligo (1 pmol/µL,
Eurofins) in 1 × SSC pH 7.0 in a final volume of 15 µL.
Hybridisation was carried out for 1 h at 37◦C in a humid
chamber. A post hybridization stringency wash was performed
by transferring the slides to 1 × SSC 0.1% Triton X-100 buffer
at 37◦C, for long enough to allow coverslips to fall away from
the slides (c. 5 min). The slides were then dehydrated in an
ethanol series of 70, 90, and 100%, air-dried and subsequently
counterstained with DAPI (Vectashield, Vector Laboratories,
Burlingame, CA, United States). Preparations were examined
using a Zeiss Axio Imager.Z2 fitted with an Axiocam 506 mono
camera. Images were processed with Zeiss Zen 2.6 (blue edition)
software (Zeiss).

RESULTS

Repeat Content in H. koreana and
H. umbellata
Details on the number of reads analyzed for each species and
their genomic coverages are given in Table 1. A minimum
coverage of 0.01% was required to classify a given cluster as
repetitive DNA (i.e., a medium to high abundance repeat). The
proportion of the genome estimated to be comprised of repetitive
DNA sequences varied from 56.32% in H. koreana to 73.03%
in H. umbellata (Table 2). Annotation and classification of the
most abundant repeat clusters is presented in Table 2 and shown
graphically in Figure 1. The clusters that failed to match any
known elements from the REXdb where left as unclassified (i.e.,
5.06% in H. koreana and 7.19% H. umbellata, Table 2). Overall,
most of the identified repeats in the analysis of each species

5http://biotools.nubic.northwestern.edu/OligoCalc.html

independently were more abundant in the larger genome of
H. umbellata, with the exception of three specific lineages (i.e.,
Ty1/copia-Angela, Ty3/gypsy-Athila and LINE), which each had
a higher genome proportion (in %) in the genome of H. koreana
(Table 2). The repetitive landscape of both species was dominated
by long terminal repeat (LTR) retrotransposons, which accounted
for c. 60–78% of all identifiable DNA repeats. Among them,
Ty1/copia-like elements were abundant, accounting for 29.04%
(i.e., 714.45 Mb) and 24.27% (i.e., 1,134.43 Mb) of the genome
in H. koreana and H. umbellata, respectively. Of these, Angela
elements played a significant role in shaping these genomes,
with genome proportions reaching 26.92% (i.e., 662.23 Mb)
and 21.06% (i.e., 985.70 Mb) in H. koreana and H. umbellata,
respectively. Other Ty1/copia lineages were present, but with a
much lower contribution to each genome (i.e., <2%, Table 2
and Figure 1). Ty3/gypsy-like elements were also present in both
species and accounted for a lower but still significant proportion
of the genomes compared with Ty1/copia-like elements [i.e.,
15.12% (i.e., 373.62 Mb) and 19.61% (917.79 Mb) of the
repetitive fraction in H. koreana and H. umbellata, respectively].
The abundance of tandem repeats, namely satellite DNA,
differed considerably between the species. While four different
major satellite clusters were found in H. koreana (2.33%), in
H. umbellata, only two satellite clusters were recovered, but these
accounted for 14.24% of the genome (one of them having a
genome proportion of 10.20%).

Genome Size and Comparative Repeat
Dynamics in Heloniopsis
Ancestral 1C-values (Anc1C) reconstruction in Heloniadeae is
depicted in Figure 2. The most recent common ancestor (MRCA)
of Heloniopsis was reconstructed to have an Anc1C = 3,022
Mb (Figure 2, clade 2). Since then, contrasting genome size
dynamics have been inferred in the two main clades of the
genus (Figure 2, clades 3 and 4), illustrating that ups and
downs in genome size have taken place during the evolution
of the genus. The comparative clustering involved analyzing
1.05 million reads (0.013 × GP/1C per species). The genomic
proportions (in %) of the shared top 20 superclusters (grouped by
repeat classification) are depicted in Figure 3. The ratios observed
between the genome proportions of these shared repeats in each
species are illustrated in Figure 4A, and show that a few repeat
types (e.g., Ty1/copia-Angela, Ty1/copia-TAR, Ty3/gypsy-Tekay)
occur in similar genomic proportions in the two species and
hence indicating that they are (nearly) twice as abundant in
total copy number in H. umbellata compared with H. koreana.
Nevertheless, other repeat types deviate from this ratio, and
hence comprise a higher (e.g., Ty1/copia-Ale) or lower (e.g.,
Ty3/gypsy-Athila) genome proportions in H. koreana compared
with H. umbellata. At the sequence read level, by comparing the
total number of reads from each species in each repeat cluster,
this trend is also illustrated in Figure 4B, where many reads in
shared clusters were biased toward contributing to the genome of
H. umbellata (especially clusters containing over 2,500 reads).

Table 3 shows the regressions between the abundance of
different repeat types based on the genome sizes of the two
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TABLE 1 | Estimation of genome size and sequencing of the two Heloniopsis species studied.

Species Genome size 1C (Mbp) Chrom number (2n) Sequencing run number Individual clustering Comparative clustering

No. reads Coverage (×1C) No. reads (0.013×)

H. koreana 2,480 34 SRR15208643 410,000 0.015× 349,706

H. umbellata 4,680 34 SRR15208642 784,994 0.015× 665,294

Heloniopsis species studied. Significant strong relationships were
found based on the genome sizes and the two major lineages
of retrotransposons which have the highest impact on the
genome composition of these two species [i.e., Ty1/copia-Angela
(R2 = 0.76, p = 1.32e−09) and Ty3/gypsy-Retand (R2 = 0.96,
p = 4.28e−08)]. A positive correlation was also found when
all the LTR-retrotransposon elements were analyzed together
(R2 = 0.81, p = 2.01e−16). However, when all DNA repeats were
analyzed as a whole, DNA satellites were seen to have a significant
impact on the regression, as shown by the improvement of
the correlation coefficient when DNA satellites were excluded

TABLE 2 | Repeat composition inferred in the studied Heloniopsis species.

Repeat type Lineage Genome proportion (%)

H. koreana H. umbellata

Retrotransposon

Ty1/copia

All 29.04 24.27

Angela 26.92 21.06

Ale 0.85 1.63

TAR 0.87 0.90

Tork 0.29 0.43

Ikeros 0.10 0.23

Ty3/gypsy

All 15.12 19.61

Retand 6.04 8.80

Tekay 2.18 4.80

Athila 5.07 3.52

Tat/Ogre 1.84 2.23

CRM 0.06 0.25

Other repeats

LINE 0.61 0.30

Pararetrovirus – 0.01

DNA transposons

All 3.85 7.02

Enspm/CACTA 2.96 6.26

hAT 0.83 0.51

MuDR 0.06 0.17

Helitron – 0.08

Tandem repeats

rDNA 0.24 0.36

Satellite 2.33 14.24

Unclassified 5.06 7.19

Total repeats 56.32 73.03

Low/single copy 43.67 26.97

Bold values are refer to the cumulative overall proportions of elements belonging to
the same group.

from the analysis (R2 = 0.26, p = 3.49e−11 versus R2 = 0.88,
p = 2.24e−16, respectively).

To explore whether differences in the amount of unequal
homologous recombination between the LTR sequences could
be contributing to the differences in genome size between
the two Heloniopsis species, we identified the LTR-3′ end
and 5′ untranslated regions from the Ty1/copia-Angela and
Ty3/gypsy-Retand elements, which were the two most abundant
transposable elements (Table 2). Despite the relatively high Rsf
values estimated for both repeats in both species, and the caution
that needs to be paid when interpreting these data as evidence
for recombination using this approach, the values obtained for
H. koreana (Rsf-Angela: 11.41, Rsf-Retand: 4.22), were higher
than those in H. umbellata (Rsf-Angela: 7.94, Rsf-Retand: 3.88).

Identification and Characterisation of
DNA Satellites
The clustering analysis identified four distinct types of satellite
DNA, two of which were specific to the H. koreana genome
while the other two were present in both species (Supplementary
Online Resource 1). The abundance of the two shared DNA
satellites varied between species, particularly in H. umbellata
where their combined abundance was over six times higher (i.e.,
14.24%) than in H. koreana (2.33%, Figure 4A). The abundance
of just one of these satellites in particular, hereafter named
HeloSAT, highlights the contrasting evolutionary dynamics
between these two closely related species. A single cluster of
HeloSAT accounted for 10.20% of the genome in H. umbellata,
while comprising just 0.83% in H. koreana.

To further investigate the presence of this satellite from
a comparative viewpoint, HeloSAT was physically mapped
onto the chromosomes and interphase nuclei of both species
using fluorescent in situ hybridization (FISH) (Supplementary
Online Resource 2). Results from FISH corroborated those
from the clustering approach, with HeloSAT signals being more
abundant and spread across the chromosomes of H. umbellata
(Supplementary Online Resource 2A) than in H. koreana
(Supplementary Online Resource 2C). The size, fluorescence
intensity and number of signals in the latter were lower, which
was even more evident when analyzing interphase nuclei from
both species (Supplementary Online Resource 2B,D).

DISCUSSION

Diversity and Dynamics of Repetitive
Elements in Heloniopsis
In this work we provide the first insights into genome
evolutionary dynamics in the genus Heloniopsis, by combining
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FIGURE 1 | Genomic composition of Heloniopsis koreana (2,480 Mb/1C) and H. umbellata (4,680 Mb/1C). Estimates of the genomic abundance (in Mb/1C) of
different repeats are colored by repeat class. The size of the unclassified (pale purple) and low/single copy fraction (pink) of each genome is also shown.

FIGURE 2 | Summary of the ancestral genome size reconstruction in tribe Heloniadeae. Branch tips include the extant 1C-values taken from Pellicer et al. (2014)
with the increase (red) or reduction (blue) in genome size indicated based on the 1C-value reconstructed for the most recent common ancestor of the genus (i.e.,
Clade 2).

high throughput sequence data and cytogenetics. Genome size
evolution in the genus may be considered to be bi-directional
based on our ancestral state reconstruction analysis, which
showed opposite evolutionary trajectories in the two clades
(Figure 2). Our analysis showed that the most recent common
ancestor of Heloniopsis likely had an Anc1C of 3,022 Mb,
indicating that during the evolution of H. umbellata its genome
has expanded by 1,658 Mb. Such a trend is in striking contrast
to that observed in H. koreana, in which we inferred a
genome reduction of 542 Mb with respect to the MCRA of
the genus. Based on the study by Kim et al. (2019), genome
size divergence is estimated to have taken place within a c.
10 Mya period, possibly as far back as the Miocene, when the
genus is estimated to have started to diverge. The observed
genome sizes, however, do not preclude the possibility that
additional shifts also took place during the evolution of the
genus, thus our analyses should therefore be seen as just one
potential evolutionary scenario based on genome size data

from extant species. Certainly, shifts in genome size during
the evolutionary history of plants have been reported in many
plant lineages (e.g., Lysak et al., 2009; Pellicer et al., 2013;
Vallès et al., 2013; Kelly et al., 2015), and Melanthiaceae are
no exception. Furthermore, the fact that both species show
relatively high proportions of solo-LTRs (i.e., Rsf values) indicate
that despite recombination likely affecting H. koreana more
significantly than H. umbellata, based on the higher Rsf values
in the two most abundant repeats (i.e., Ty1/copia Angela
and Ty3/gypsy-Retand), both species appear to have reduced
the abundance of these major repeat types contributing to
the overall genome size of these species, and this may have
led to an overall genomic contraction if such recombination
processes have been sufficiently active to overcome the impact of
repeat amplification.

In the absence of polyploidy, the dynamics of transposable
elements (mainly LTR-retrotransposons belonging to Ty1/copia
and Ty3/gypsy superfamilies) underpin most changes in genome
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FIGURE 3 | Genomic proportions (in %) of shared repetitive elements between Heloniopsis koreana and H. umbellata.

size given their significant contribution to the genomic landscape
in plants (e.g., McCann et al., 2020). The repetitive fraction
of the Heloniopsis genomes explored here include several
transposable elements and tandem repeats, and the genome
size differences between the two species studied can be
explained, at least partially, by their repetitive content, given
the significant overall correlation between their abundance and
genome size variation (Table 3). The individual clustering
analysis revealed that 56.3% of the genome of H. koreana
is highly repetitive, whereas in H. umbellata, with a larger
genome, the repetitive fraction reached 73% of its genome.
Such proportions fall within the ranges previously reported for
seed plants with similar genome size to those investigated here
(Novák et al., 2020a), with the differences in the repetitive
landscape observed here providing support for the contrasting
genome sizes between the two species analyzed. Indeed, the
larger genome of H. umbellata containing a larger proportion of

repeats, many of which occupied a similar genome proportion
to H. koreana indicate that their copy number has nearly
doubled (Figure 4).

The detailed characterisation and identification of repetitive
DNA content in the two Heloniopsis species studied highlighted
the relative impact of the Ty1/copia-Angela elements in their
genomes, with proportions ranging from c. 21 to 26% (Table 2).
Among the Ty1/copia lineages that have been identified in plants
(Neumann et al., 2019), Angela elements have been reported
to be abundant in other genomes, with similar proportions
as found here (e.g., Passiflora, Thinopyrum; Divashuk et al.,
2020; Sader et al., 2021). Such proportions are, nonetheless,
lower than for other LTR-retrotransposon elements reported
in some plant genomes of comparable size to those of
Heloniopsis. For example, Tekay/Del elements which belong
to the Ty3/gypsy lineage were reported to account for c.
67 and 97% of the repetitive landscape in Capsicum anuum
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FIGURE 4 | (A) Ratios of incidence of shared repeat clusters from the comparative analysis (Heloniopsis umbellata/H. koreana). A ratio of zero indicates clusters
present in the same genomic proportion in both species. (B) (inset) Pairwise scatterplot of the number of reads from each species in shared repeat clusters from the
comparative analysis (excluding satellite DNA). The slope of the line is equal to the ratio of the genome sizes of the two species (i.e., 1.9). Dots falling along the line
are present in the same genomic proportions in the two species.

and C. chinense, respectively (de Assis et al., 2020), although
they only accounted for 15% of the repetitive genome of
the closely related C. baccatum (of similar genome size),
illustrating that even within a genus, contrasting evolutionary
dynamics can give rise to distinctive repeat profiles. Overall,
the analyses indicate that it is often the combined activity of a
diverse array of repeat lineages which contribute to differences
in genome size observed between species rather than the
differential rates of amplification/deletion of just one or few
transposable element families. Despite this, our observations
on the clustering analysis also suggest that transpositional
bursts might have occurred, as in the case of Ty1/copia-
Angela, where large superclusters were recovered (Figure 1). This

would result in higher levels of homogeneity between sequence
copies, a pattern in direct contrast to evidence from much
larger genomes, such as in those of Fritillaria in which even
the smallest genome analyzed (in F. davidii, 33,525 Mb/1C)
is over seven times larger than H. umbellata (Kelly et al.,
2015). The repeat composition of these immense genomes
is highly heterogeneous, indicative of long-term amplification
processes combined with low rates of deletion, resulting in
a wealth of relatively low−abundance repeat−derived DNAs.
Furthermore, retrotransposition can occur at different rates, even
between closely related species, making it sometimes difficult to
interpret repetitive DNA composition and dynamics in relation
to genome size because of the challenges of uncovering the
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TABLE 3 | Linear model regressions of repeat contents with genome size variation
among H. koreana and H. umbellata.

Repeats (H. koreana/ H. umbellate) R2 p-value

All LTR-retrotransposons 0.818 2.01e−16

Ty1/copia-Angela 0.762 1.32e−09

Ty3/gypsy-Retand 0.969 4.28e−08

All repeats

(including DNA satellites) 0.259 3.49e−11

(excluding DNA satellites) 0.875 2.24e−16

signatures of recombination-based mechanisms from short-read
sequence data (e.g., Macas et al., 2015). Indeed, an analysis
of genome diversity in Anacyclus (Asteraceae), revealed that
changes in genome size were more significantly underpinned by
chromosomal restructuring than by differential dynamics of a
reduced set of high-copy-number transposable element families
(Vitales et al., 2020).

The Impact of Satellite DNA in Shaping
Genome Evolution of Heloniopsis
Despite LTR-retrotansposons being the most abundant repeat
types uncovered in many plant genomes, the analysis of tandem
repeats (i.e., satellite DNA) has also revealed a great diversity
in terms of sequence composition, organization and genomic
abundance across different land plant species (Garrido-Ramos,
2015). In Heloniopsis, compared with other types of repeats
identified (see above), satellite DNAs are not the major genomic
component. Nevertheless, differences in their abundance have
contributed to the differences in genome size observed between
the two species analyzed. This is shown by the contrasting
genome proportions of the most abundant satellite identified
called HeloSAT. Thus, although HeloSAT accounted for up
to c. 477 Mb (i.e., 10.20%) of the H. umbellata genome, its
genome proportion in H. koreana was just c. 0.83%. To further
explore this satellite repeat, its overall physical organization
along the chromosomes of the two Heloniopsis species was
determined using FISH. As Supplementary Online Resource 2
shows, there were more hybridisation signals visible on the
chromosomes and interphase nuclei of H. umbellata than of
H. koreana. Although FISH is not a fully quantitative technique,
the results support the contrasting genome proportions of this
satellite in H. umbellata compared with H. koreana estimated
using Repeat Explorer. The satellite appeared to be more
widely distributed across the genome of H. umbellata, than
that of H. koreana, with hybridisation signals present on
most chromosomes. Nevertheless, despite genome size and
satellite size correlating to some extent in Heloniopsis, such
a trend is not the rule across all plant lineages studied to
date. For example, closely related Paphiopedilum species with
very similar genome sizes were shown to contain divergent
satellite elements which differed considerably in abundance
between closely related species (Lee et al., 2018). The data
provided support to the suggestion that satellite DNAs often
evolve rapidly and differ considerably in abundance even in
related species with little correlation with genome size (Macas

et al., 2010). In addition, recent research in Passiflora (1C
range = 207.34–2,621.04 Mb) reported an unusually large
number of satellite repeats in the species with the smallest
genome, albeit at lower frequencies, leading the authors to
propose that, in most species, tandem repeats have only
a limited impact on the overall genome size of Passiflora
(Sader et al., 2021).

The number and types of satellite DNAs present in plant
genomes can be highly variable. For instance, in Cuscuta, > 113
putative DNA satellites were recovered, with relatively substantial
genome proportions up to c. 15–18%, and comprising several
gigabasepairs in some taxa with relatively large genomes (i.e.,
3,400 Mbp/1C) (Neumann et al., 2021). Similarly, in Vicia
peregrina, 51 satellites were identified (Macas et al., 2015),
whereas in Luzula elegans 37 satellites were reported (Heckmann
et al., 2013). In contrast, other species including Heloniopsis have
been shown to have a much lower diversity of satellite types, and
a higher incidence of species-specific satellites (e.g., Macas et al.,
2011; Lee et al., 2018; Mata-Sucre et al., 2020). This is the case,
for example in Fritillaria affinis—in which only one satellite—
FriSAT—was identified, although it accounted for c. 11% of its
genome, and it was almost absent in closely related species (Kelly
et al., 2015), indicative of rapidly evolving DNA clusters with
strong phylogenetic signal.

CONCLUSION

Novel data characterizing the repetitive DNA landscape in
Heloniopsis have been presented using genome skimming
data from short read high throughput sequencing. Although
polyploidy and the differential activity of repetitive DNAs
have been shown to be major drivers of genome size evolution
in plants, even in some closely related species, differences
in genome size may evolve through contrasting repeat
dynamics alone. Our analysis of the repetitive genome of
two Heloniopsis species illustrates the latter, as the nearly
twofold difference in genome size between species has arisen
without any change in chromosome number. The detailed
characterisation and comparative analysis of the repetitive
DNA content of H. umbellata and H. koreana show that
their genomes are dominated by LTR-retrotransposons,
with the larger genome of H. umbellata mainly being
determined by the increased abundance of the same LTR-
retrotransposon elements already present in H. koreana
rather than the amplification of new repeat types. Few
satellite DNAs were recovered, but the characterisation of
HeloSAT and its abundance in the genome of Heloniopsis,
especially H. umbellata, provides support for the relevance
of satellite DNA in shaping genome size evolution in
some plant species.
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