Annals of Botany 127: 33-47, 2021

doi: 10.1093/aob/mcaal60, available online at www.academic.oup.com/aob

ANNALS OF
BOTANY

Founded 1887

PART OF A HIGHLIGHT ON GENOMIC EVOLUTION
Fundamentally different repetitive element composition of sex chromosomes in
Rumex acetosa

Wojciech Jesionek!**, Markéta Bodlikova!, Zden&k Kubat!, Radim Cegan!, Boris Vyskot!, Jan VranaZ,
Jan Safai?, Janka Puterova'* and Roman Hobzal-*

!Department of Plant Developmental Genetics, The Czech Academy of Sciences, Institute of Biophysics, Krdlovopolskd
135, 61200 Brno, Czech Republic, Institute of Experimental Botany, Centre of the Region Hand for Biotechnological and
Agricultural Research, Slechtitelii 31, 78371 Olomouc-Holice, Czech Republic, *Brno University of Technology, Faculty of
Information Technology, Centre of Excellence IT4Innovations, Bozetechova 2, 61266 Brno, Czech Republic and *Department of
Experimental Biology, Faculty of Science, Masaryk University, Kamenice 5, 62500 Brno, Czech Republic

*For correspondence. E-mail: hobza@ibp.cz or wjesionek@ibp.cz

Received: 29 August 2020 Returned for revision: 28 July 2020  Editorial decision: 27 August 2020  Accepted: 31 August 2020

Electronically published: 9 September 2020

e Background and Aims: Dioecious species with well-established sex chromosomes are rare in the plant
kingdom. Most sex chromosomes increase in size but no comprehensive analysis of the kind of sequences that drive
this expansion has been presented. Here we analyse sex chromosome structure in common sorrel (Rumex acetosa),
adioecious plant with XYY, sex determination, and we provide the first chromosome-specific repeatome analysis
for a plant species possessing sex chromosomes.

* Methods: We flow-sorted and separately sequenced sex chromosomes and autosomes in R. acetosa using the
two-dimensional fluorescence in situ hybridization in suspension (FISHIS) method and Illumina sequencing. We
identified and quantified individual repeats using RepeatExplorer, Tandem Repeat Finder and the Tandem Repeats
Analysis Program. We employed fluorescence in sifu hybridization (FISH) to analyse the chromosomal localiza-
tion of satellites and transposons.

* Key Results: We identified a number of novel satellites, which have, in a fashion similar to previously known
satellites, significantly expanded on the Y chromosome but not as much on the X or on autosomes. Additionally,
the size increase of Y chromosomes is caused by non-long terminal repeat (LTR) and LTR retrotransposons, while
only the latter contribute to the enlargement of the X chromosome. However, the X chromosome is populated by
different LTR retrotransposon lineages than those on Y chromosomes.

* Conclusions: The X and Y chromosomes have significantly diverged in terms of repeat composition. The lack
of recombination probably contributed to the expansion of diverse satellites and microsatellites and faster fixation
of newly inserted transposable elements (TEs) on the Y chromosomes. In addition, the X and Y chromosomes, des-
pite similar total counts of TEs, differ significantly in the representation of individual TE lineages, which indicates

that transposons proliferate preferentially in either the paternal or the maternal lineage.

Key words: Rumex acetosa, sex chromosomes, genome dynamics, transposable elements, satellites.

INTRODUCTION

The formation of sex chromosomes from a pair of ordinary auto-
somes is repeatedly associated with recombination restriction
and the subsequent expansion of a non-recombining region in
the vicinity of the sex-determining gene(s) (Vyskot and Hobza,
2004; Ming et al., 2011). In some cases, the non-recombining
region extended along most of the sex chromosome with the
exception of a small pseudoautosomal region (PAR). Why sup-
pressed recombination of sex chromosomes evolved is the sub-
ject of numerous theoretical studies, but experimental findings
remain ambiguous and point to a role of species-specific fea-
tures and changeable ecological conditions, e.g. mating system,
dissimilarity of sexual roles, fluctuating selection regimes
and population sizes (Ponnikas et al., 2018; Charlesworth,
2019). The best-substantiated explanation is that recombin-
ation cessation evolved because selection favours linkage

between sex-determining and sexually antagonistic genes
(B. Charlesworth and D. Charlesworth, 1978; D. Charlesworth
and B. Charlesworth, 1980; Rice, 1984, 1987). Other proposed
hypotheses consider meiotic drive (Jaenike, 2001; Kozielska
et al., 2010; Ubeda et al., 2015), heterozygote advantage (de
Waal Malefijt and Charlesworth, 1979; Charlesworth and Wall,
1999) and genetic drift (Lande, 1979, 1985; Charlesworth
et al., 1987), reviewed in Ponnikas er al. (2018). Nevertheless,
the evolution of a large non-recombining region is not a rule.
In most amphibians and some other poikilothermic vertebrates,
the sex-determining gene is not conserved and can be rapidly
replaced by another gene on a different chromosome in a pro-
cess called turnover of sex-determining genes and sex chromo-
somes (Schmid et al., 1991; Eggert, 2004; Schartl, 2004; Miura,
2017). This can prevent the formation of non-recombining re-
gions. Similarly in plants, out of the 5 % of flowering species
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that contain individuals with separate sexes (D. Charlesworth,
2016), morphologically distinguishable heteromorphic sex
chromosomes were reported in <20 species (Ming et al., 2011;
Renner, 2014). Because the sex-determining genes are mostly
unknown, the reason why so few plants carry heteromorphic
sex chromosomes remains unclear (Hobza et al., 2018).

When recombination restriction is established, sex chromo-
somes start to diverge from the autosome pair they evolved from.
Characteristic features of non-recombining sex chromosomes
are genetic degeneration, gene loss, change of epigenetic land-
scape and gene transcription, accumulation of repetitive elem-
ents, chromosome rearrangements and change of chromosome
size (Ming et al., 2011). Here we focus on the most noticeable
change, which is size variation between pairs of sex chromo-
somes caused by different rates of expansion or contraction
(Parker, 1990; Ainsworth, 2000). It is assumed that young sex
chromosomes are homomorphic, and as they age they become
heteromorphic and larger than most autosomes, and the oldest
sex chromosomes contract due to the loss of genes except those
for sex determination (Vyskot and Hobza, 2004). Thus, size di-
versification is thought to be a feature of evolutionarily old sex
chromosomes, while young sex chromosomes appear homo-
morphic (e.g. Carica papaya; Liu et al., 2004), despite having
a relatively large non-recombining region in some species, e.g.
Mercurialis annua (Veltsos et al., 2018, 2019), Rumex acetosella
and Rumex suffruticosus (Cuiado et al., 2007). Heteromorphic
sex chromosomes result in a substantial difference in DNA con-
tent between males and females, reaching 7 % of the total DNA
content, with males having a larger genome due to the expan-
sion of the Y chromosome (Costich et al., 1991; Veuskens et al.,
1992; Matsunaga et al., 1994; Vagera et al., 1994; DoleZel and
Gohde, 1995; Grabowska-Joachimiak and Joachimiak, 2002;
Grabowska-Joachimiak et al., 2005; Blocka-Wandas et al.,
2007; Puterova et al., 2018). The Y chromosome is the largest
in most of the known plants carrying clearly heteromorphic sex
chromosomes, e.g. Cannabis sativa (hemp) (Sakamoto et al.,
2000; Divashuk et al., 2014), Hippophae rhamnoides (sea
buckthorn) (Trutd et al., 2010; Puterova et al., 2017), Coccinia
grandis (ivy gourd) (Hossain et al., 2016; Sousa et al., 2016)
and Silene latifolia (white campion) (Vyskot and Hobza, 2004;
Puterova et al., 2018). The evolutionarily older Y chromosome
eventually starts to contract due to the loss of DNA, as seen
in mammals (Ming et al., 2011). The size increase often also
occurs in the X chromosome. For example, in S. latifolia, with
an XY system, the Y is the largest and X by far the second lar-
gest chromosome. In Rumex species with an XYY, system,
the X is the largest and the Y chromosomes are the second lar-
gest chromosomes (Navajas-Pérez et al., 2009, Hough et al.,
2014; Kasjaniuk et al., 2019). In contrast to the X, reasons for
Y chromosome size increase are well rationalized by means of
recombination restriction, which enables amplification of sat-
ellites, accumulation of chloroplast and mitochondrial DNA
and transposable elements (TEs) (Navajas-Pérez et al., 20054,
2006; Mariotti et al., 2006, 2009; Kubat ez al., 2008, 2014;
Kejnovsky et al., 2013; Steflova et al., 2014; Hobza et al., 2015,
2017, 2018). Why the plant X chromosome becomes larger is
less understood due to limited knowledge of the specificities
of X chromosome structure. It is assumed that less frequent
X recombination taking place only in females might cause ef-
fects similar to those seen in completely non-recombining Y

chromosomes, i.e. accumulation of diverse spectra of repetitive
elements. However, the evolutionarily young X chromosome of
the papaya accumulated solely insertions of long terminal re-
peat (LTR) retrotransposons. Accumulation of other repetitive
sequences such as satellites and organellar DNA in comparison
with the corresponding region of an autosome from a closely
related monoecious species has not been found in papaya
(Gschwend et al., 2012; Na et al., 2014). This emphasizes the
potential role of other mechanisms in the X size increase. For
example, a number of X-accumulated LTR retrotransposons
suggest female-specific activity of some mobile elements in
S. latifolia and Rumex acetosa (Cermak et al., 2008; Steflova
etal.,2013; Kralova et al., 2014; Kubat et al., 2014). Therefore,
the precise structures and compositions of X and Y chromo-
somes and autosomes at different evolutionary stages in a larger
number of species are needed to elucidate potential reasons for
X and Y chromosome size expansion.

We chose R. acetosa (common garden sorrel), a dioecious
plant with XYY, males and XX females (Kihara and Ono,
1923) for our study of the potential causal agents of sex chromo-
some size diversification. Rumex acetosa’s two'Y chromosomes
may have originated from a Y chromosome that underwent
centromere fission (Lengerova and Vyskot, 2001); however,
it is also possible that one of the Y chromosomes could be a
neo-Y chromosome arising from the fusion of the X chromo-
some with an autosome, as in Rumex hastatulus (Smith, 1964;
Grabowska-Joachimiak er al., 2015; Kasjaniuk er al., 2019).
The sex chromosomes of R. acetosa form a Y -X-Y, trivalent
during the zygotene phase of male meiosis (Parker and Clark,
1991). The Y chromosomes pair with the telomeric regions of
opposite arms of the X. Ring-shaped trivalents were also ob-
served. During anaphase I and metaphase II chromosomes seg-
regate in a ratio of 8:7. This results in one cell having 6A + X
and the second having 6A + Y,Y, chromosomes (Farooq
et al., 2014). The Y chromosomes of R. acetosa lost their sex-
determining gene and sex determination changed from having
a dominant Y to the ratio of the number of X chromosomes to
the number of autosomes (X:A ratio) (Ainsworth et al., 1998).
The sum of Y-chromosome lengths is larger than the length
of the X chromosome, but the X as such is by far the largest
chromosome, indicating that both have acquired huge amounts
of DNA. Cytological and bioinformatic experiments show
that Y chromosomes are heterochromatic and full of repetitive
sequences with huge arrays of satellites not present on other
chromosomes (Shibata et al., 1999, 2000; Navajas-Perez et al.,
2005b; Mariotti et al., 2009; Steflova et al., 2013). Whilst these
studies have shed light on the content of sex chromosomes in
R. acetosa, they do not fully describe the repetitive fraction of
the sex chromosomes and therefore their informational value
with regard to size diversification is limited.

Here we used a unique and advanced approach based on
the direct sequencing and subsequent bioinformatics analysis
of separated X and Y chromosomes and autosomes. We em-
ployed the fluorescence in sifu hybridization in suspension
method (FISHIS) to sort X and Y chromosomes and autosomes.
Subsequent whole-chromosome sequencing and bioinformatics
analysis of repetitive fractions were employed to uncover com-
positional and quantitative differences between the sex chromo-
somes and autosomes in R. acetosa and to answer the following
crucial questions: (1) how do the X and Y chromosomes differ
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compositionally from each other and from the rest of the
genome? (2) which sequences contributed the most to size di-
versification of the sex chromosomes? (3) does a potentially
reduced rate of concerted evolution in non-recombining Y
chromosomes lead to the diversification of repeats? and (4) can
the repetitive fraction shed light on the origin of sex chromo-
somes in R. acetosa?

MATERIALS AND METHODS

Chromosome sorting using FISHIS

Chromosomes for flow cytometric experiments were prepared
from Rumex acetosa root tips according to Vrana et al. (2016).
Seeds of R. acetosa were germinated in a Petri dish, immersed
in water at 25 °C for 2 d until the optimal length of roots was
achieved (~1 cm). The root cells were synchronized by treat-
ment with 2 mM hydroxyurea at 25 °C for 18 h. Accumulation
of metaphases was achieved using 10 pM oryzalin solution at
25 °C for 2 h. Approximately 200 root tips were required to
prepare 1 mL of sample. The chromosomes were obtained by
mechanical homogenization using a Polytron PT1200 hom-
ogenizer (Kinematica, Littau, Switzerland) at 18 000 r.p.m.
for 13 s and the crude suspension was then filtered. For better
differentiation of Y chromosomes, we performed FISHIS with
chromosome flow sorting (Giorgi et al., 2013) using 1 mL
of crude suspension. NaOH (10 m) was added to produce pH
12.8-13.3. The suspension was incubated for 15 min on ice,
then the pH was adjusted to the range of 8.5-9.1 using Tris-Cl.
A probe solution of 5-FITC-(CAA) , (1 ng uL™") was added
to the final concentration (180 ng mL™') and the suspension
was incubated for 1 h in the dark at room temperature and
kept on ice until flow cytometric analysis. The samples were
counterstained with DAPI (2 pg mL™! final concentration). All
flow cytometric experiments were performed on a FACSAria
II SORP flow cytometer (BD Biosciences, San José, CA,
USA). Chromosomes were sorted by relative DNA content
(DAPT signal) and (CAA),, microsatellite abundance (FITC
signal), which had the strongest signal of accumulation on the
Y chromosome and can therefore be used to accurately distin-
guish Y chromosomes from other chromosomes (Kejnovsky
et al., 2013). We obtained six chromosomal fractions: X, Y Y,
and four autosomal fractions. For each sample the quality was
checked by microscopy. Purity was estimated at 95 %. We used
~1 million chromosomes (100 ng of DNA), which were puri-
fied according to Simkova er al. (2008). The amplification of
purified chromosomal DNA was performed using a GenomiPhi
DNA Amplification Kit (GE Healthcare, Chalfont St Giles,
UK) according to the manufacturer’s instructions.

Illumina sequencing

We performed one run of paired-end Illumina MiSeq
sequencing, generating 301 bp reads for autosomes and two
runs of 251 bp reads for X and Y chromosomes separately (ac-
cession number PRJEB23612). We obtained 25 672 002 raw
paired-end reads from autosomes, 4 591 591 raw paired-end
reads from the X chromosome and 2 731 018 raw paired-end

reads from the Y. Sequencing reads were checked for quality
using the FastQC tool (available at http://www.bioinformatics.
babraham.ac.uk/projects/fastqc). Reads were pre-processed
based on quality with subsequent adaptor trimming, filtering
out short or unpaired sequences and cutting back all reads to
a uniform length of 235 nucleotides using Trimmomatic tools
(Bolger et al., 2014) with the Galaxy platform (Afgan et al.,
2016).

We estimated the coverage of the male genome using the
chromosome length as described in Lengerova and Vyskot
(2001). The genome size of R. acetosa was previously reported
to be 7.0 pg for the female and 7.5 pg for the male genome (2C)
(Blocka-Wandas et al., 2007).

Identification of repetitive sequences

We randomly sampled the sequencing data proportionally to
reflect the male genome, giving 1 702 340 reads from auto-
somes, 287 234 from the X chromosome and 376 276 from
the Y, which is equivalent to ~x0.074 coverage of the male
genome. Such coverage is sufficient for the assembly of highly
and moderately repetitive sequences (Macas et al., 2015). To
identify repetitive DNA in the X and Y chromosomes and auto-
somes of R. acetosa we carried out comparative analysis using
the RepeatExplorer tool (Novék et al., 2010, 2013). This tool
performs graph-based clustering of sequences based on their
similarity. Clusters were annotated manually using Geneious
software version 7.1.9 (Kearse et al., 2012) and automatically
using RepeatExplorer output. We screened the clustering results
to find sequences that had been reported previously. Clusters
containing unknown sequences were investigated for typ-
ical transposon protein domains using the Conserved Domain
Database (CDD) (Marchler-Bauer et al., 2017). Monomers of
satellite DNA were detected by Tandem Repeat Finder (TRF
4.09) (Benson, 1999). Finally, we manually created a library of
repeats using the sequences derived from the clusters.

Identification of microsatellites

To identify microsatellites on X and Y chromosomes and
autosomes we used Tandem Repeat Finder (TRF 4.09) (Benson,
1999) and the Tandem Repeats Analysis Program (TRAP)
(Sobreira et al., 2006) with the following parameters: 2 7 7 80
10 50 1000. The results obtained served as a template to calcu-
late the abundance of microsatellites.

Rank abundance curves

To test the hypothesis that tandem repeats originate mainly
on sex chromosomes we compared the diversity of microsat-
ellites in the three chromosome libraries by constructing rank
abundance curves. Rank abundance curves are often used in
ecological studies to simultaneously visualize both species
richness and species evenness. To ensure equal sampling we
randomly selected 1 000 000 reads from each library and ana-
lysed them in TRF 4.09 (Benson, 1999). The abundance of each
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unique tandem repeat was calculated as annotated nucleotides/
total nucleotides used (= 3.02 x 108). Unique tandem repeats
were ranked consecutively within each chromosome sample
from most to least abundant.

Relative abundances of annotated clusters in the genome

Technical 95 % confidence intervals for repeat relative
abundances on X and Y chromosomes and autosomes were
constructed assuming binomial (multinomial) distribution
of reads into clusters. The relative abundance of a cluster in
the whole male genome was calculated as (10.8 x Apmion
1.8xX . +235xY . )/14.95. Statistical analysis and fig-

portion . portion? A
ures were created in statistical software R (version 1.2.5019)

(RStudio Team, 2020).

FISH analysis

Specific primers were designed for contigs from selected
clusters (Supplementary Data Table S1). For the transposons,
primers were made for the LTRs and/or the transposon do-
mains (for instance, gag). Monomers of the satellite DNA
were chosen for primer design. In the first step, template DNA
was amplified using PCR with a mix containing 1x complete
PCR buffer (Novazym VivaTag DNA Polymerase buffer x10),
0.1 mm dNTPs, 0.1 mm primers, 0.5 U Taq polymerase (Top
Bio) and 10-15 ng of template DNA. Reaction conditions were
as follows: 95 °C for 4 min, 34x (95 °C for 50 s + 55 °C for
50 s + 72 °C for 1 min) + 72 °C for 10 min. PCR products
were checked by gel electrophoresis, cleaned using the Qiagen
PCR Purification Kit, cloned into a pDrive vector (Qiagen) and
transformed into Escherichia coli. Clones were sequenced to
verify the presence of a specific product. Selected clones were
then used for probe preparation for FISH by PCR and labelled
using a Nick Translation Kit (Roche).

FISH was performed on mitotic metaphase chromosomes
prepared from root tip cells. The hybridization mix contained
50 % formamide, 2x SSC and 10 % dextran sulphate. The la-
belled DNA (1-5 ng pL™!") was denatured, added to a slide and
hybridized at 37 °C for 18 h. Slides were then washed with
medium stringency (250 s in 2x SSC at 42 °C, 250 s in 0.1 SSC
at42 °C, 250 sin 2x SSC at 42 °C, 50 s in 2x SSC at room tem-
perature, 70 s in 4x SSC + 1 % Tween) and finally washed in
1x PBS. The chromosomes were counterstained with DAPI and
mounted in Vectashield, examined under an Olympus AX70
fluorescent microscope, scanned with a CCD camera and ana-
lysed using ISIS software.

BAC library construction and screening

A BAC library was constructed from R. acetosa male high
molecular weight genomic DNA. Briefly, DNA was digested
with the HindIIl enzyme and inserted into a pIndigoBAC-5
vector. Clones were then gridded in duplicate on Hybond N+
(Amersham Biosciences) nitrocellulose membrane filters in
a 4 x 4 pattern that allowed us to identify the well positions

and plate numbers of each clone, and incubated and processed
as described in Bouzidi et al. (2006). The R. acetosa BAC li-
brary (72 000 colonies) was arrayed on six nylon filters with
18 432 colonies each and an additional one containing 9216
clones. The average insert size of the library was 128 kb.
Based on nuclear size data, we estimated that coverage of the
R. acetosa BAC library is 2.84 complements of the male hap-
loid genome. Screening was performed by radioactive hybrid-
ization with 0.32P using a Prime-It Il Random Primer Labelling
Kit (Stratagene) according to the manufacturer’s protocol.
Probes were prepared by PCR amplification of the different
sequences derived from the contigs. We selected clones
showing strong hybridization with the probe, and only those
that were confirmed by PCR with probe-derived primers were
used in further analyses. Clones were sequenced using Illumina
MiSeq 300 nt paired-end sequencing. Raw data processing,
sequence assembly, alignment and annotation were done with
Geneious software (Kearse et al., 2012) and Edena v3 assem-
bler (Hernandez et al., 2008).

RESULTS

Repeat assembly, annotation and quantification

We identified the main groups of repetitive DNA in the
R. acetosa genome using a RepeatExplorer pipeline. We esti-
mated the proportion of the main repeat families in R. acetosa
for X and Y chromosomes and autosomes. For the further ana-
lyses, we used 319 out of 387 reconstructed clusters. All the
unused clusters were small and without any similarity to known
sequences. Three hundred and nineteen used clusters formed at
least 0.01 % of the genome and they comprised 57.62 % auto-
some, 68.07 % X and 73.75 % Y chromosome reads together
(Supplementary Data Table S2A). We measured proportions
and described the main types of repetitive DNA. Thirty-nine
out of the 319 studied clusters were annotated as satellites and
123 clusters as transposons. It is important to note that a single
repeat type can be found fragmented in several clusters. For this
reason, we manually inspected all clusters and classified some
of them as a single repeat type. Two clusters corresponded to 5S
rDNA (CL285) and three to 45S rDNA (CL165). Since we used
flow-sorted chromosomes, none of the analysed contigs con-
tained chloroplast DNA (cpDNA), although cpDNA was found
in smaller clusters, probably because of nuclear cpDNA inser-
tions (Steflova et al., 2014). Four clusters (CL54, CL66, CL77,
CL115) were omitted as bacterial contamination.

Chromosome-specific comparative analysis revealed new
satellites

For each identified satellite from Supplementary Data Table
S2A, we reconstructed a monomer and described its size
(Table 1, Supplementary Data Table S3). Known R. acetosa
satellite DNA sequences were identified against the NCBI
database: RAYSI, RAYSII, RAYSIII, RAE180, RAE730,
RA160 and RA690. Newly discovered satellites were named
according to the genome of origin (RAE) and monomer size,
or, in the case of Y-specific satellites (based on FISH results),
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TABLE 1. Comprehensive table of R. acetosa satellites with esti-

mation of distribution and abundance on X and Y chromosomes

and autosomes. Newly described repeats are indicated. Estimation
was based on the RepeatExplorer comparative analysis results

Satellite sequences

Repeat FISH location Reference Proportion on
name chromosomes (%)
A X Y

RAEI180 Mostly onY  Shibata et al. (2000)  1.68 0.23 2.94
RAYSI Y specific Shibata et al. (1999) 0.08 0.05 1.39
RAYSII Y specific Mariotti et al. (2009) 0.01 0.01 0.03
RAYSIIT Y specific Mariotti et al. (2009) 0.07 0.01 0.20
RA160 Y, Xand2A Steflova et al. (2013) 0.11 0.00 0.01
RA690 Y, X and2A Steflova et al. (2013) 0.23 0.14 1.24
RAE730 Yand 1A Shibata et al. (2000)  0.08 0.02 0.46

Novel satellite sequences

Repeat FISH location Putative monomer Proportion on
name length (bp) chromosomes (%)
A X Y

RAE173 MostlyonY 173 0.09 0.17 4.51
RAE244 MostlyonY 244 0.01 0.00 0.09
RAYSIV Y-specific 175 0.01 0.01 0.26
RAYSV Y, -specific 468 0.01 0.00 0.03
RAYSVI Y-specific 445 0.02 0.01 0.22
RAYSVIL Y, -specific 164 0.00 0.00 0.21

we continued naming repeats with the RAYS prefix (Rumex
acetosa Y specific) as in Shibata et al. (1999). The chromo-
somal distribution of newly described repeats was determined
by FISH with RAYSI satellite used as a’ Y chromosome marker
(Fig. 1). FISH shows that all of the known and newly described
satellites occur mostly on the Y chromosomes.

The RAYS satellites are called Y-specific because FISH
images show signals on Y chromosomes only (Fig. 1B-E).
However, our bioinformatics analysis using the RepeatExplorer
pipeline revealed that to some extent they are present also on
the X chromosome and/or autosomes with the exception of
clearly Y-specific RAYSVII (Table 1). To explain the discrep-
ancy between the sequencing data and the FISH observations,
we screened the R. acetosa BAC library with a RAYSV-derived
probe. Six BACs with the strongest signal were sequenced and
assembled. Sequencing data revealed that the RAYSV sequence
is highly variable and individual monomers differ significantly
from each other (data not shown). Similar intra-specific vari-
ability was previously recorded for RAYSI as well as RAE180
and RAE730 (Navajas-Pérez et al., 2005b). In other words, al-
though FISH analysis revealed distinct and specific signals of
RAYS satellites on Y, and/or Y, chromosomes, sequencing data
suggest that slightly different variants of these satellites are also
present on autosomes and/or X chromosomes but their distri-
bution is more dispersed, i.e. they do not form large repetitive
blocks. The chromosomal distribution of other satellites, RA
and RAE, is generally very similar to that of RAYS satellites,
i.e. several strong signals on Y chromosomes and a few less in-
tense signals on the X and autosomes (Table 1, Fig. 1A, F, G).
Thus, we can conclude that short satellite arrays are ubiquitous
in the R. acetosa genome, but expansion of satellites takes place

mainly on the Y chromosomes, contributing to Y chromosome
size increase.

Some satellites originated from LTR retrotransposons

We were interested in whether the investigated satellites
had similarities with other types of repetitive DNA. By ana-
lysing clustering data, we detected two satellites associated
with LTR retrotransposons. The RAE93 satellite shows a simi-
larity to the 3”-end UTR of the RA Ogre/Tat LTR retrotrans-
poson, which was confirmed by sequencing of Ogre-containing
BACs. RAE93 forms short tandem arrays (five-monomer array)
downstream from the gag-pol gene of RA Ogre/Tat elements
(Supplementary Data Fig. S1). Further analysis using FISH re-
vealed that while the RA Ogre/Tat probe derived from the gag
protein-coding sequence paints the entire Y chromosome, with
minor additional signals dispersed throughout the rest of the
genome (Fig. 1H), the RAE93 satellite is concentrated into a
lower number of discrete strong spots mainly on the X and Y
chromosomes and minor additional signals resembling the gag-
derived probe (Fig. 1G). From this it can be inferred that the RA
Ogre/Tat element contains short tandem arrays of RAE93 and
disperses them in the genome along with the element amplifi-
cation. RAE93 eventually expands into long repetitive arrays in
parts of the genome possessing conditions suitable for satellite
expansion. Such a scenario was previously confirmed for sev-
eral satellites in Lathyrus sativus (Vondrak et al., 2020).

The Tyl/Copia RA Alell LTR retrotransposon-derived sat-
ellite has a completely different nature from any other known
satellite originating from a TE. The RA Alell satellite monomer
contains a full-length non-autonomous copy of the Alell retro-
transposon consisting of a gag protein-like domain, DNAJ pro-
tein domain, polypurine tract (PPT), primer-binding site (PBS),
both a 3" and a 5" end, and LTRs. The tandem nature of this
satellite was confirmed by BAC sequencing (data not shown).
FISH imaging shows a single discrete signal at the distal
part of the shorter arm of the Y, and on the X chromosome
(Fig. 11) and clustering analysis revealed that RA Alell makes
up 0.066 % of autosomes, 0.337 % of the X and 0.031 % of the
Y chromosomes. These data together suggest that the mildly
transpositionally active non-autonomous RA Alell retrotrans-
poson gave rise to a single satellite locus only once. This locus
is present in a putative pseudoautosomal region mediating re-
combination between the X and Y, chromosomes.

Analysis of micro- and minisatellite diversity

It has been hypothesized that suppressed recombination
on Y chromosomes reduces the rate of concerted evolution
and leads to the diversification of satellites (Navajas-Pérez
et al., 2006). In theory, some novel mutated satellites should
be better predisposed to multiplication, and therefore satel-
lite expansion on Y chromosomes can be a result of increased
satellite diversity on the Y. Another hypothesis assumes that
satellite expansion is caused by a lack of recombination re-
pair. Since our short-read data are not suitable for the ana-
lysis of relatively long satellite monomers, we investigated the
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FiG. 1. Localization of satellite DNA and transposable elements on metaphase chromosomes of R. acetosa using FISH. Scale bars = 10 pm. (A) RAE180 (red
signal) and RAE173 satellite (green signal) paint almost the entire Y chromosomes. (B) RAYSIV satellite (red signal) is present on both Y chromosomes in two
(Y,) and three (Y,) loci. (C) RAYSV satellite (red signal) is at one locus on the Y, chromosome in the subcentromeric region. (D) RAYSVI satellite (red signal)
gives a signal at several discrete loci on both Y chromosomes. (E) RAYSVII satellite (red signal) is present in the distal part of the Y, chromosome. (F) RAE244
satellite (red signal) is accumulated on Y chromosomes and a few dispersed signals are observed in the remainder of the genome. (G) RAE93 (red signal) covers
both Y chromosomes and a few loci in the remainder of the genome. (H) RA Ogre/TAT retrotransposon (red signal) is accumulated mostly on both Y chromo-
somes. (I) RA Alell retrotransposon is located on the distal parts of the Y, and X chromosomes. RAYSI satellite (green signal) was used as a Y-chromosome
marker; the signal is localized in four spots on each arm of the Y, chromosome and in two spots on each arm of the Y, chromosome.

TABLE 2. Comprehensive table of the most abundant micro- and minisatellites in the R. acetosa genome

Abundance on autosomes (%) Abundance on Abundance on Monomer Monomer sequence
X (%) Y (%) size (bp)
0.0338 0.0188 0.3397 3 AAC
0.0000 0.0000 0.2988 9 AACACACCC
0.0087 0.0054 0.0049 3 AAG
0.0048 0.0033 0.0105 6 AACCCT
0.0046 0.0035 0.0087 9 AACAACAAG
0.0053 0.0040 0.0033 2 AG
0.0041 0.0030 0.0075 11 AAAAACGAGCG
0.0044 0.0023 0.0028 61 AAAAAATCGTCATCGAGCTC

AAAAACGTGTTTGATGACAT
TATTTCGAGCTTGATGACGTT
0.0000 0.0000 0.0232 10 AAACACACCC
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respect to their adenine plus cytosine content. Contributions of each chromosome class are stacked in a histogram. Y chromosomes contain notable portions of

tandem repeats consisting of pure C and A combinations, which are not true CAA repeats but could hypothetically be derived from them. No other base combin-
ation showed such deviation from normality.

chromosome-specific variability of micro- and minisatellites.
Micro- and minisatellites form a rather minor genome fraction,
occupying 1.82 % of autosomes, 1.34 % of X and 2.27 % of
Y chromosomes (Table 2, Supplementary Data Table S4). We
were particularly interested in whether micro- and minisatellites
show higher diversity on the non-recombining Y chromosomes
than on the X and autosomes. Our analyses considered all per-
mutations in both complementary strands as a single satellite
type. We constructed a graph with individual satellites ranked
consecutively based on their abundance in equally sized sets
of chromosome-specific reads (Fig. 2A). The blue curve, rep-
resenting micro- and minisatellites on the Y chromosomes, is
positioned higher than the red (satellites on X) and green curves
(satellites on autosomes) in the graph. Thus, satellites expand
with higher probability on non-recombining Y chromosomes.
In addition, the green curve is less steep and extends further
to the right, indicating a higher number of unique satellites on
autosomes. This is consistent with the idea that random sam-
pling of microsatellites from autosomes representing most of
the genome gives a higher diversity of repeats than the rela-
tively shorter sex chromosomes. However, the percentage of
mismatches within microsatellite arrays (calculated by Tandem
Repeat Finder) is higher for autosomes (weighed mean of all
arrays, 14.67 %) than the X and Y chromosomes (13.60 and
12.13 %, respectively). This suggests a higher natural diversity
of autosomal micro- and minisatellites. There are two possible
reasons: (1) slower amplification or (2) a lower level of con-
certed evolution in comparison with sex chromosomal coun-
terparts. Nevertheless, apart from the different abundance of
satellites, the X and Y curves are similar in shape and gradient

and suggest that X and Y chromosomes (and autosomes with
high probability as well) differ in number but not diversity of
micro- and minisatellites within the same-sized DNA region.

Upon closer inspection of the most prolific micro- and
minisatellites (Supplementary Data Table S4), we noticed that
a group of satellites that accumulated strongly on Y chromo-
somes had a quite high sequence similarity and contained al-
most exclusively A and C bases (permutations and 5'—3” and
3’—5’ reads were merged). The sho rtlist of the most abundant
CA-rich satellites is depicted in Fig. 3. Microsatellite AAC
is ubiquitous in the genome but extremely propagated on Y
chromosomes (Supplementary Data Fig. S2A). In addition,
minisatellites potentially derived from AAC or AACACACCC
are absent everywhere but Y chromosomes (Supplementary
Data Fig. S2B-F). To investigate the connection between
monomer expansion and base composition we inspected all
identified mini- and microsatellites and constructed a graph
with a histogram of the distribution of all repeats with respect
to their AC content (Fig. 2B). Surprisingly, mini- and microsat-
ellites show extreme deviation from normal distribution with
respect to AC content, which suggests that AC-containing sat-
ellites are predisposed to expansion.

TE classification

Using the RepeatExplorer pipeline we classified the majority
of the TEs and calculated their abundance in the R. acetosa
genome (Supplementary Data Table S2A). A repeat con-
tent summary for the whole male genome is presented in
Supplementary Data Table S5 and shows that the R. acetosa
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i, j, etc. are integers. Each cluster (CLi, CLj, ...) is either more abundant on X or on Y. If the difference is only due to technical error the excess should be generally
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genome contains all the main types of TEs. Class I LTR and
non-LTR retrotransposons are the dominant TE type and
account for around 40 % of the genome. Analysis of the retro-
transposon domains revealed that most Tyl/Copia-like LTR
retrotransposons belong to the Maximus/SIRE family, while
Ty3/gypsy elements are mostly represented by the following
three families: Athila, Ogre/Tat and Chromovirus. Much less
abundant class II elements (around 4.5 %) are predominantly
represented by MuDR_Mutator DNA transposons.

Next, we were interested in the scale of diversity that oc-
curs in TEs of an individual family. We manually inspected
the clustering data and BAC sequences. Athila, Chromovirus
and Maximus/SIRE clusters and BAC sequences evinced high
fragmentation and a frequent lack of protein domains and fea-
tures as functional LTRs. These findings indicate a long his-
tory of proliferation in the R. acetosa genome, the presence
of multiple independent lineages and genetically degener-
ated copies, with one exception for Maximus/SIRE elements,
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which show higher sequence similarity among element copies
and thus a comparatively lower number of independent lin-
eages. High sequence conservation of Tyl/Copia elements has
been reported in other species and it has been suggested by
Macas et al. (2015) that it might be a general feature. In contrast,
most Ogre/Tat elements are fully featured but still present in
several independently spreading lineages. Based on the preva-
lence of full-length element copies, we conclude that Ogre/Tat
retrotransposons are evolutionarily young and recently under-
went an explosive proliferation. Coincidentally, Ogre elements
are also the main drivers of recent genome size expansion in
dioecious S. latifolia (Cegan et al., 2012).

TEs show an inverse distribution pattern on sex chromosomes

The estimation of TE abundance on separated chromosomes
revealed an interesting pattern of distribution, where both Ty1/
Copia and Ty3/gypsy-type LTR retrotransposons occupy a sig-
nificantly higher percentage of DNA on the sex chromosomes
(X and Y chromosomes, 54.32 and 52.68 %, respectively) than
on autosomes (38.42 %). Contrastingly, DNA transposons
are much less abundant on sex chromosomes (5.96 %) com-
pared with autosomes (11.26 %) (Fig. 3A). Such patterns of
distribution can be explained by different speeds of amplifi-
cation between class I and class II TEs. In this scenario, rap-
idly spreading and mutating LTR retrotransposons (Preston
and Dougherty, 1996) overshadowed slowly amplifying DNA
transposons in evolving sex chromosomes undergoing recent
size increase. To conclude, LTR retrotransposons represent the
second major cause of sex-chromosome size diversification, be-
sides satellites.

Next, we focused on whether particular TE families con-
tribute proportionally to sex-chromosome size increase.
Surprisingly, the chromosomal abundance of Ty3/gypsy fam-
ilies differs (Fig. 3B). While Athila and Chromovirus LTR
retrotransposons have highest abundance on the Y chromo-
somes and slightly less abundance on the X chromosome,
Ogre/Tat elements are relatively rare on the Y and extremely
abundant on the X chromosome. However, FISH revealed an
opposing distribution of Ogre elements, a strong presence
on the Y and a weak representation on the X chromosome
(Fig. 1H). This discrepancy can be explained by clustering
analysis indicating the existence of multiple independent lin-
eages within each LTR retrotransposon family. In the case
of Ogre/Tat, we can conclude that there are several Ogre/Tat
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lineages with contrasting chromosomal distributions in the
genome. Since all the other TE families comprise multiple
lineages, we were curious whether their chromosomal distri-
bution resembles the situation within the Ogre/Tat family

We assumed that each cluster (Supplementary Data Table
S2A) represents either a partial sequence of the identical TE
element lineage or a different TE element lineage with po-
tentially unique chromosomal distribution. We plotted the
X-chromosome proportion against the Y-chromosome pro-
portion of each cluster separately (Fig. 3C). The plot shows
an extreme enrichment of satellites on Y chromosomes and a
roughly equal abundance of DNA transposons on the X and Y
chromosomes, which is in concordance with Fig. 3A. On the
other hand, most LTR retrotransposon clusters are more abun-
dant either on the X or Y chromosomes. Thus, each lineage of
Maximus/SIRE, Athila, Ogre/Tat and Chromovirus LTR retro-
transposons accumulates preferentially either on the X or on the
Y chromosomes.

Thereafter we determined the level to which each TE lineage
is enriched on the X or Y chromosomes. The TE abundance data
were purged of satellites, which affects the percentage values of
other repeats due to the satellite’s expansion on the Y but not X
chromosome (Supplementary Data Table S2B). The sum of pro-
portions and the ratio of sex chromosome-specifically enriched
elements from individual TE families is shown in Table 3 and
explanatory Fig. 3D. Obviously, 47.69 % of sex chromosome
DNA comprises the same shared TEs but another 14.33 % of
the X chromosome and 20.18 % of the Y chromosome are made
up of unique TEs, i.e. TEs enriched (over-abundant) on the X
and Y chromosomes, respectively. The percentage of shared
TE copies is 76.90 % and 70.26 % of all TEs on the X and Y
chromosomes, respectively, indicating that individual TE lin-
eages more probably accumulate on the Y chromosomes due to
either preferential activity in males or a higher fixation rate on
non-recombining Y chromosomes, or both. These summarizing
data somewhat obscure the behaviour of individual TE lineages.
Thus, for example, one of the Chromovirus lineages (cluster 72,
Supplementary Data Table S2B) occupies 0.28 % and 1.65 % of
X and Y chromosomes, respectively, which implies that 17 %
of Y-TE copies are shared with the X chromosome. In other
words, there are over 5 times fewer copies on the X than on the
Y chromosomes. Another example is Ogre/Tat lineage (cluster
93, Supplementary Data Table S2B), occupying 1.58 % and
0.18 % of X and Y chromosomes, respectively. Accumulation
on either of the chromosomes is visible for all TE types, with
Ty3/gypsy LTR retrotransposons being most distinctive.

TABLE 3. Sum of proportions and ratio of sex chromosome-specifically enriched transposon lineages from different families. Graphical
representation and explanation of how overabundances are calculated is in Fig. 3D

Percentage of chromosome DNA

Percentage of TE copies

Repeat type X sum X overabundances Y sum Y overabundances Shared TEs X TEs shared with Y Y TEs shared with X
LTR retrotransposon
Tyl/Copia 28.75 6.15 30.46 7.86 22.60 78.61 74.19
Ty3/Gypsy 27.26 7.82 30.12 10.68 19.44 71.33 64.55
Non-LTR
LINE 0.31 0.06 0.38 0.13 0.25 82.08 66.06
DNATE 5.70 0.31 6.90 1.51 5.39 94.62 78.12
Sum 62.01 14.33 67.87 20.18 47.69 76.90 70.26
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Relative gain of repeats on sex chromosomes in comparison with
putative ancestral autosomes

We investigated how much individual repeats changed their
copy numbers along with the evolution of sex chromosomes
from an ancestral autosome. We worked with the assumptions
that (1) the non-repetitive fraction has not changed between an-
cestral autosomes and current sex chromosomes in size, (2) the
ancestral autosome pair from which the current sex chromo-
somes originated had a repeat composition similar to that of
the current autosomes, and that (3) even if ancestral autosomes
had a lower repeat content, relative repeat gains along with the
evolution of dioecy were uniform across chromosomes. We es-
timated the number of base pairs of each repeat type on the
putative ancestral autosome and current sex chromosomes.
Table 4 shows the relative gains of individual repeat types on
sex chromosomes. Obviously, Y chromosomes acquired more
repeats than X chromosomes and simultaneously lost more of
some slowly proliferating TEs (DNA transposons). The latter
can be explained by the accelerated genetic degeneration of old
DNA transposon copies due to the raised insertion frequency of
other TEs on both X and Y chromosomes, and recombination
restriction on the Y chromosomes.

All in all, we can assume that the X chromosome expands al-
most exclusively due to an accumulation of TEs that prefer the
X chromosome for insertion rather than the Y. In comparison,
the expansion of Y chromosomes is caused by a combination
of three factors: (1) accumulation of TEs favouring Y chromo-
somes; (2) accumulation of satellites; and (3) most likely in-
creased fixation rate of repetitive elements of all types due to
recombination restriction.

DISCUSSION

Non-recombining sex chromosomes frequently incorporate
various types of repetitive DNA sequences. Consequently,
sex chromosomes quickly diverge from each other and from
the rest of the genome. Those processes can be monitored ei-
ther by cytogenetic methods (e.g. visualization of heterochro-
matic regions and/or FISH experiments with selected probes)

TABLE 4. Relative repeat gain of current sex chromosomes com-
pared with putative ancestral autosome(s). Size and composition
of putative ancestral autosome(s) were calculated assuming (1)
the composition of the ancestral autosome was similar to that
of the current autosome library, and (2) the absolute amount of
the non-repetitive portion of the sex chromosomes did not change
drastically during their evolution. Indicated errors account for dif-
ferences when Y chromosomes and X non-repetitive portion were
used for calculation of ancestral autosome(s) size

Repeat type X relative Y relative
gain (%) gain (%)
LTR retrotransposon Ty1/Copia +55+5 +92+6
Ty3/Gypsy +121+7 +186 + 10
Non-LTR LINE -15+3 +23+4
DNA transposon =37+2 -11+3
Satellites +30+4 +561 +22
Not annotated +36 %5 47 +2

or by whole-genome sequence analysis. Previous studies in
R. acetosa either provided a description of the differences be-
tween male and female genomes (Steflova ef al., 2013) or fo-
cused only on narrow aspects of sex chromosome divergence
(Shibata et al., 1999, 2000; Navajas-Perez et al., 2005a, b;
Mariotti et al., 2009; Steflova et al., 2013).

This study represents a direct approach to the analysis and
quantification of individual repetitive elements on the sex
chromosomes and autosomes of common sorrel (R. acetosa).
Using sorting and sequencing of individual chromosomes, we
highlight the differences between X and Y chromosomes and
autosomes of this species. We present the first quantitative ana-
lysis of repetitive sequences in plant sex chromosomes.

Satellite sequences: the key players of Y-chromosome expansion?

Although it has already been shown that the Y chromosome of
R. acetosa possesses a greater percentage of satellite sequences
than the X chromosome and autosomes, our chromosome-based
approach has extended and improved the genome description
at the repeatome level and has enabled the identification of six
major novel satellites that make up >5 % of Y chromosomes
(Table 1). Along with the seven previously published tandem re-
peats (RAYSI, RAYSII, RAYSIII, RAE180, RAE730, RA160,
RA690) (Shibata et al., 1999, 2000; Navajas-Perez et al., 2005a,
b; Mariotti et al., 2009; Steflova et al., 2013), 13 major satellites
represent 13.68 % of Y chromosomes (Fig. 4). Two in particular
(RAEI180 and RAE173; Table 1) make up half of this number.
In addition, we have identified about two dozen minor satellites,
giving a total number of different satellites of around 40 in the
R. acetosa genome. Such an elevated number of different satel-
lite families resembles the satellite diversity present in the dioe-
cious plant sea buckthorn (Puterova et al., 2017).
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FIG. 4. Schematic map of satellite localization on sex chromosomes in
R. acetosa.
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Satellites are thought to accumulate in genomic regions with
less recombination, e.g. the Y chromosome or the X chromo-
some, which has its recombination partner only in females.
In R. acetosa, arrays of satellites form almost 14 % of the Y
chromosomes, but their proportion on both the X chromo-
some and the autosomes is only 3.5 % (Fig. 3A). This infor-
mation suggests that the recombination level is similar on the
X chromosome and autosomes and possibly not sufficiently
reduced to enable a high expansion of satellites. Moreover, it
has been hypothesized that suppressed recombination on the Y
chromosome reduces the rate of concerted evolution and leads
to the diversification of satellites (Navajas-Pérez et al., 2006).
In contrast to this, we found a strong expansion of satellites
on the Y chromosome, but could not confirm the increased di-
versity of Y satellites compared with the X chromosome and
autosomes.

The previous analysis of the common sorrel genome revealed
an unprecedented expansion of AC-containing microsatellites
in the male genome (Kejnovsky et al., 2013). Here, we per-
formed an even more extended chromosome-specific analysis
of micro- and minisatellites and conclude that AC-rich micro-
satellites are the prevalent type, which is derived from shorter
AAC-containing motives by consecutive cycles of duplication
and divergence. Exceptional richness of Y chromosomes with
AAC-derived microsatellites can then influence the destiny of
sex chromosomes, due to the microsatellite arrays serving as a
target for TE insertions (Kejnovsky et al., 2013), which is dis-
cussed below.

X- and Y-chromosome size increase is driven by different TE
lineages

Although accumulation of TEs on sex chromosomes has
been commonly assumed to be a natural consequence of re-
combination restriction and has been repeatedly confirmed in
species as diverse as Marchantia polymorpha (Okada et al.,
2001), Cannabis sativa (Sakamoto et al., 2000, 2005), Bryonia
dioica (Oyama et al., 2010), Humulus lupulus (Divashuk et al.,
2011) C. papaya (Yu et al., 2007; Gschwend et al., 2012; Na
et al., 2014), Asparagus officinalis (Li et al., 2014), S. latifolia
(Cermak et al., 2008; Filatov et al., 2009; Kralova et al.,
2014, Kubat et al., 2014; Puterova et al., 2018) and R. acetosa
(Steflova et al., 2013), the last two species provide a new and
complex view on why TEs accumulate on sex chromosomes.
The most striking feature of the TEs of white campion and sorrel
is their irregular distribution along the X and Y sex chromo-
somes, when it appears that most TEs have a preference for ei-
ther the X or Y chromosome for insertion. Insertional targeting
into specific chromosomal regions such as microsatellite ar-
rays (Akagi et al., 2001; Kejnovsky et al., 2013), other trans-
posons (Jiang and Wessler, 2001) and gene promoters (Naito
et al., 2014) has been seen previously in a number of TEs and
might be consistent with TE accumulation in the largely hetero-
chromatic Y chromosomes of R. acetosa (Shibata et al., 2000).
However, the satellite-less, euchromatic, gene-rich X chromo-
some seems to have a chromatin structure comparable to that of
autosomes. Why then should so many TEs be enriched on the
X? We advocate that the culprit can be found among the cellular

mechanisms for genome defence against deleterious activity of
TEs. We have previously shown that recently spreading Ogre
LTR retrotransposon elements (Cegan et al., 2012), which are
enriched on the X and almost absent on the Y chromosome of
S. latifolia, might be differentially regulated by sRNA mol-
ecules involved in epigenetic regulation of TEs (Kubat et al.,
2014). Moreover, recent progress in the field of epigenetic
regulation of TEs revealed that the most crucial time for ef-
fective TE silencing within plant life is during the formation
of gametes and early embryogenesis, due to the TEs being
almost inactive due to heterochromatinization in the somatic
tissues (Gehring and Henikoff, 2007). Plants do not set aside
germ lines early in embryogenesis and so plant gametes differ-
entiate from the meristematic tissues of the flower. To restore
the totipotent state in the zygote, epigenetic marks specific for
the meristem have to be removed (Hsieh et al., 2009; Calarco
et al., 2012) and restored during embryogenesis (Slotkin ez al.,
2009; Ibarra et al., 2012; Martinez et al., 2016). TEs make use
of this temporary deficiency of epigenetic control for transpos-
ition that can result in sex-specific chromosomal distribution if
a TE is differently regulated between the male and female germ
lines. While no female germ line-specific factors influencing
the activity of TEs have been found yet, in the male germ line
TE transposition can be prevented by pollen-specific TE silen-
cing mechanisms based on small RNAs (Creasey et al., 2014;
Martinez et al., 2017). TEs that are suppressed more efficiently
in male gametes can then be found enriched on the X chromo-
some and depleted on the Y chromosome, exactly as is the case
for many TEs in S. latifolia and R. acetosa. We have previously
discussed this topic and propounded a model of sex-specific
TE proliferation and its consequences in terms of chromosomal
distribution of TEs that can be tested by cytological and bio-
informatics approaches (Hobza et al., 2017).

One exception to the rule might be represented by LINE
elements: a non-LTR superfamily from the class I group
of TEs. LINEs are accumulating on the Y chromosomes of
R. acetosa (Table 4) and do not seem to involve many lin-
eages preferring insertion into the X chromosome (Table 3,
Fig. 3C). Kejnovsky er al. (2013) demonstrated that enrich-
ment of AAC-containing microsatellites in the vicinity of
LINE elements is 3.7 times higher than would be expected for
randomly chosen chromosomal loci in R. acetosa. Moreover,
he argued that TEs prefer DNA conformations adopted by
microsatellite arrays. Therefore, the contribution of LINE
elements to size increase in the Y chromosome is likely to
be the result of insertional preference into AAC-containing
satellites which, are exceptionally amplified on Y chromo-
somes (Fig. 2B, Supplementary Data Fig. S2). Nevertheless,
targeting into micro- and minisatellite arrays may be a sec-
ondary factor responsible for accumulation on the Y chromo-
some in the case of most TE types in R. acefosa, because all
TEs have a somewhat raised likelihood of insertion near satel-
lites (Ramsay et al., 1999; Kejnovsky et al., 2013).

Localization of pseudoautosomal region

In contrast to the euchromatic X chromosome, bothYl ande
have a heterochromatic nature (Lengerova and Vyskot, 2001).
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On the other hand, a recent study showed the presence of func-
tional genes on Y chromosomes in R. acetosa (Michalovova
et al., 2015). Little is known about the localization of po-
tential gene regions on Y chromosomes and the pseudo-
autosomal region (PAR). Such information could help
answer questions regarding the origin of the Y, and Y,
chromosomes. Farooq et al. (2014) reported that during
meiosis sex chromosomes of R. acetosa form a chain- or
ring-shape trivalent (Y,-X-Y,). Our data support this ob-
servation since the RAAlell retrotransposon (Fig. 1I) se-
quence (highly conserved) occurs uniquely at the ends of
the X and Y, chromosomes. In contrast with the RAAlell
retrotransposon, the TatCL11 element is spread through all
autosomes, X chromosomes and the terminal regions of the
Y chromosomes (Steflova et al., 2013). These results sug-
gest that the PARs are localized in the distal parts of these
sex chromosomes. So far this is the first report of a shared
part of Y and X chromosomes in this species.

On the origin of the Y2 chromosome

The puzzling origin of the two Y chromosomes led to the
formulation of two hypotheses. Firstly, that one Y chromosome
was split into two Y chromosomes (Lengerova and Vyskot,
2001), and secondly that one of the Y chromosomes is a neo-Y
chromosome, arising from the fusion of the X chromosome
with an autosome. The latter scenario has already been con-
firmed in R. hastatulus (Smith, 1964; Grabowska-Joachimiak
et al., 2015; Kasjaniuk et al., 2019) and we argue that it is
most likely in R. acetosa as well, for the following reasons.
All autosomes are submetacentric to acrocentric while sex
chromosomes are clearly meta- or submetacentric, which is
indicative of chromosome fusions. However, the unprece-
dented chromatid expansion that equalled chromatid size
cannot be excluded. Also, species from the section Acetosa
of the Rumex genus contain seven pairs of autosomes plus sex
chromosomes, but most species of the other sections from the
genus Rumex have nine or ten chromosomal pairs (Navajas-
Pérez, 2005a, 2009). Additionally, we discovered that Y, the
shorter of the two Y chromosomes, has fewer tandem repeats
compared with the Y, chromosome. This unexpected observa-
tion was the result of the extensive analysis of satellites using
FISH here (Fig. 1) and in our previous publication (Steflova
et al., 2013) and indicates that Y, had less time to accumu-
late satellites. Thus, Y, might be a neo-Y chromosome that
has arisen on the base of section Acetosa. Nevertheless, the
smaller size and relative satellite depletion of the Y, chromo-
some may reflect that it is in the shrinkage phase of its evolu-
tion (reviewed by Hobza et al., 2015) and is actually the older
Y chromosome. To evaluate these scenarios, future studies
need to precisely assess the quantity of repeats on the Y, and
Y, chromosomes of several section Acetosa species, such
as R. papillaris and R. thyrsiflorus. Additional data can be
obtained by looking also at sex-linked genes, their presence,
genetic degeneration and transcript level, as shown by Hough
et al. (2014). Unfortunately, such analyses are limited by the
lack of a method to reliably map sex-linked genes to either the
Y, or the Y, chromosome.

Sex-chromosome formation: a combination of a variety of effects

The widely accepted hypothesis predicts the accumulation
of repeats in the non-recombining region of the Y chromosome
(Charlesworth, 1991), but many repeats tend to have the op-
posite pattern of distribution. Cytogenetic as well as bioinfor-
matic studies have proved not only that TEs are often absent
on 'Y chromosomes but, even more interestingly, that many TE
lineages have spread either on the X or the Y chromosome of
dioecious species such as S. latifolia and R. acetosa (Cermak
et al., 2008; Filatov et al., 2009; Steflova et al., 2013; Kralova
et al., 2014; Puterova et al., 2018). Here we demonstrated that
this ‘sex-specific’ behaviour applies to most TE families and
causes a substantial difference in sex chromosome TE compos-
ition, reaching 30 % of chromosome length (Table 3). This is
probably the consequence of diverse and individualized mech-
anisms of TE regulation taking place during male and female
gamete formation (Kubat et al., 2014; Hobza et al., 2017, 2018).
Thus, besides reduced recombination levels and selective pres-
sures, the evolution of sex chromosomes, in particular TE com-
position, is influenced by cellular processes that are primarily
aimed at genome defence against deleterious activity of TEs in
haploid phases, i.e. embryo sac and pollen grain development.

In R. acetosa, the X and Y chromosomes and autosomes rep-
resent three distinct genomic regions with unique repeat com-
position. The X and Y chromosomes both increase their size at
a greater pace than the autosomes, but due to different reasons.
The Y chromosomes undergo (1) expansion of satellites due to
limited recombination and (2) male-preferentially active TEs.
On the X chromosome, expansion of satellites is not elevated
despite theoretically lower recombination in comparison with
autosomes. On the other hand, the X chromosome is populated
by female-preferentially active TEs. In contrast, accumulation
of repeats is lowest on autosomes due to (1) recombination
preventing the expansion of satellites and (2) exposure to the
activity of mainly sex-specifically active TEs at a lower fre-
quency than sex chromosomes as only half of the autosomes
are present in the opposite sex (reviewed in Hobza er al., 2017).

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.
oup.com/aob and consist of the following. Figure S1: dot plot of
BAC sequence with partially reconstructed Ogre/Tat LTR retro-
transposon carrying tandem repeat RAE93. Figure S2: length
distribution of selected micro- and minisatellite arrays. Script
S1: script in R language used to analyse output of Tandem
Repeat Finder and production of respective figures. Table S1:
primers used for amplification of repetitive DNA and GenBank
accession numbers of the sequences. Table S2: (A) compre-
hensive table of 319 clusters representing at least 0.01 % of
the genome with estimation of abundance on autosomes, X
and Y chromosomes of R. acetosa; (B) table of all manually
annotated clusters. Table S3: table of all satellites identified
in the R. acetosa genome using the RepeatExplorer pipeline.
Table S4: comprehensive table of all micro- and minisatellites
identified with Tandem Repeat Finder. Table S5: repeat an-
notation summary of R. acetosa male genome obtained from
RepeatExplorer analysis of Illumina sequencing data.
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