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xbacovs@ibp.cz

Roman Hobza
hobza@ibp.cz

Specialty section:
This article was submitted to

Plant Systematics and Evolution,
a section of the journal

Frontiers in Plant Science

Received: 07 October 2019
Accepted: 11 February 2020
Published: 28 February 2020

Citation:
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The genus Silene includes a plethora of dioecious and gynodioecious species. Two
species, Silene latifolia (white campion) and Silene dioica (red campion), are dioecious
plants, having heteromorphic sex chromosomes with an XX/XY sex determination
system. The X and Y chromosomes differ mainly in size, DNA content and
posttranslational histone modifications. Although it is generally assumed that the sex
chromosomes evolved from a single pair of autosomes, it is difficult to distinguish the
ancestral pair of chromosomes in related gynodioecious and hermaphroditic plants. We
designed an oligo painting probe enriched for X-linked scaffolds from currently available
genomic data and used this probe on metaphase chromosomes of S. latifolia (2n = 24,
XY), S. dioica (2n = 24, XY), and two gynodioecious species, S. vulgaris (2n = 24)
and S. maritima (2n = 24). The X chromosome-specific oligo probe produces a signal
specifically on the X and Y chromosomes in S. latifolia and S. dioica, mainly in the
subtelomeric regions. Surprisingly, in S. vulgaris and S. maritima, the probe hybridized
to three pairs of autosomes labeling their p-arms. This distribution suggests that sex
chromosome evolution was accompanied by extensive chromosomal rearrangements
in studied dioecious plants.

Keywords: chromosome painting, double-translocation, pseudo-autosomal region, Silene, Y chromosome

INTRODUCTION

The genus Silene is a model system for sex chromosome evolution, including about 700 species
varying greatly in their mating system, ecology and sex determination (Bernasconi et al., 2009).
Inside the genus two groups are considered as invaluable for the study of sex chromosome
evolution and sex determination; section Melandrium and subsection Otites (reviewed in Vyskot
and Hobza, 2015). Two dioecious plants S. latifolia (24, XY) and S. dioica (24, XY) from Melandrium
have heteromorphic sex chromosomes and sex determination similar to mammals (Ming et al.,
2007; Charlesworth, 2016). In contrast, related gynodioecious species S. vulgaris and S. maritima
with the same number of autosomes (2n = 24), possess no sex chromosomes having a smaller

Frontiers in Plant Science | www.frontiersin.org 1 February 2020 | Volume 11 | Article 205

https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2020.00205
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2020.00205
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2020.00205&domain=pdf&date_stamp=2020-02-28
https://www.frontiersin.org/articles/10.3389/fpls.2020.00205/full
http://loop.frontiersin.org/people/823143/overview
http://loop.frontiersin.org/people/399195/overview
http://loop.frontiersin.org/people/811577/overview
http://loop.frontiersin.org/people/504363/overview
http://loop.frontiersin.org/people/782240/overview
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-11-00205 February 27, 2020 Time: 17:18 # 2

Bačovský et al. Oligo Painting in Silene

genome compared to S. latifolia or S. dioica (Runyeon and
Prentice, 1997; Charlesworth and Laporte, 1998; Široký et al.,
2001; Stone et al., 2017).

It is generally accepted that the sex chromosomes are derived
from an ordinary pair of autosomes (reviewed in Bachtrog,
2006). As a result of suppressed recombination and accumulation
of deleterious mutations, the sex chromosomes differ in their
structure, function and gene density. The X chromosome
becomes hemizygous and X hemizygosity in males leads to
special regulatory mechanisms to equalize the transcription ratio
between the X chromosomes and autosomes (Charlesworth and
Charlesworth, 2005; Muyle et al., 2017; Darolti et al., 2019).
As a result of accumulation of deleterious mutations, the Y
chromosome is degenerated and the sex chromosomes may differ
even within closely related species as demonstrated in human and
chimpanzee (Hughes et al., 2010). Interestingly, newly formed
sex chromosomes show the same signs of sex chromosome
evolutionary pathways, as described in Drosophila (Bachtrog
et al., 2009) or stickleback species (Yoshida et al., 2014) in which
the ancestral Y chromosome fused with an autosome.

In S. latifolia and S. dioica, sequence data showed that the
sex chromosomes evolved from one pair of autosomes with the
divergence of X and Y homologous sequences <10 million years
ago (Filatov, 2005), estimating the age of older and younger
strata (non-recombining part of the sex chromosomes that differ
from each other in level of divergence) around 11 and 6.32 mya
(Krasovec et al., 2018). The sex chromosomes in S. latifolia and
S. dioica, vary greatly in size having Y chromosome 1.4 larger
than X (heteromorphism) (Vyskot and Hobza, 2015). The Y
chromosome has a large non-recombining region and the size
of the PAR (pseudo-autosomal region) is less than 10% of its
chromosome length (Filatov et al., 2009). Both sex chromosomes
accumulated various transposable elements (Bergero et al.,
2008b; Kubat et al., 2014) and satellites (Cermak et al., 2008;
Kejnovský et al., 2013), and differ in histone modifications
and DNA methylation (Rodríguez Lorenzo et al., 2018;
Bačovský et al., 2019).

Previous studies suggested that the sex chromosomes in
S. latifolia, especially the Y chromosome, were derived through
multiple rearrangements (Bergero et al., 2008a). Deletion
mapping revealed that at least one larger inversion occurred
after recombination suppression on the Y chromosome (Zluvova
et al., 2005), supported also by findings of four genetically
mapped genes between S. latifolia and S. dioica (Filatov, 2005).
Later, Hobza et al. (2007) used physical mapping and confirmed
two large inversions on the Y chromosome. These findings
were further verified by Y deletion mapping showing that at
least one inversion had to have occurred during the formation
of the Y chromosome (Kazama et al., 2016), accelerating the
recombination suppression (Bergero and Charlesworth, 2009). In
contrast, comparative mapping between S. latifolia and S. vulgaris
revealed the existence of one large (SvLG12) and two relatively
small (SvLG9, Sv small LG) linkage groups that accompanied
the sex chromosomes formation in S. latifolia (Bergero et al.,
2013; Campos et al., 2017). Yet, it is still not clear what pair(s)
of autosomes were included in such translocation and if such
linkage groups also exist in other gynodioecious species. Thus,

this raises two important questions: if S. vulgaris possesses
three putative parts of three linkage groups corresponding to
the X chromosome in S. latifolia, what is the origin of these
linkage groups and how many chromosomes were involved in sex
chromosome formation?

Recent advances in fluorescence in situ hybridization (FISH)
experiments have provided a variety of techniques which can be
used to study the structure, dynamics and origin of certain loci,
chromosomal arms and/or specific chromosomes (reviewed in
Cui et al., 2016; Bačovský et al., 2018; Huber et al., 2018). Previous
cytogenetic studies in Silene species were based mainly on
physical mapping of satellite rDNA (Široký et al., 2001), repeats
and transposable elements (Cermak et al., 2008; Kejnovsky et al.,
2009). Although Lengerova et al. (2004) managed to produce
discrete signals using various DNA repeats (satellites, rDNA) and
specific BAC clones, this approach proved to be cost ineffective
due to the large screening of BACs containing only a low amount
of repetitive DNA. As an another option, Hobza et al. (2004)
designed a protocol using microdissected X and Y chromosomes
from S. latifolia for whole chromosome painting. These probes
produced relatively discrete signals on both sex chromosomes,
but high amount of suppressive unlabeled DNA with very strict
hybridization conditions made the use of such method very
problematic in other Silene species (Hobza and Vyskot, 2007).
The recent development of oligo painting probes in plants has
proved to be useful in the detection of chromosomal aberrations
and in comparative cytogenetics (reviewed in Jiang, 2019). In
principal, oligo painting probe can be used to label particular
regions containing enough short unique oligo sequences to be
computationally isolated, synthesized, pooled and labeled (Han
et al., 2015). Such probes, designed from conserved sequences
of one species were used e.g. for developing karyotype among
genetically related Solanum species (Braz et al., 2018), for
differentiating of A, B, and D genomes in wheat (Tang et al.,
2018), in comparative physical mapping of sex chromosomes in
Populus (Xin et al., 2018) and in examination of meiotic pairing
in polyploid Solanum species (He et al., 2018).

In this work, we designed an X chromosome-specific oligo
probe enriched by X-linked scaffolds based on the S. latifolia
female genome. We show that such technique is useful for the
detection of discrete signals in sex chromosomes in S. latifolia
and closely related S. dioica. In addition, the probe works well in
the related gynodioecious species of S. vulgaris and S. maritima.
Based on our results, we discuss the origin of sex chromosomes
from one autosomal pair and the possible application of oligo
painting probe in further studies. Our findings support the
general hypothesis that multiple chromosomal changes took
place during the formation of X and Y chromosomes.

MATERIALS AND METHODS

Plant Material
Seedlings of the Silene species listed in Supplementary Table S1
(seeds owned by The Institute of Biophysics of the Czech
Academy of Sciences) were used for chromosome preparation
following (Bačovský et al., 2019). Young seedlings (average
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size = 1 cm) were synchronized for 16 h in 1.125 mM hydroxyurea
at RT, washed 2× for 5 min in distilled water and incubated 4 h
in distilled water at RT. Cells in metaphase were accumulated by
0.05 mM colchicine at RT 4 h. After 4 h, root tips were stored
for 16 h in ice cold water according to Pan et al. (1993). This
reduced the number of ball metaphases and increased the mitotic
index. As a final step, synchronized seedlings were fixed in freshly
prepared Clarke’s fixative (ethanol:glacial acetic acid, 3:1, v:v) for
24 h and stored at−20◦C in 96% ethanol until use.

Oligo Painting Probe Selection and
Preparation
The oligo painting probe of S. latifolia, prepared for X
chromosome, was designed using Chorus software as previously
described by Han et al. (2015). Briefly, oligo sequences (45 nt;
>75% similarity) specific to X chromosome, based on the
S. latifolia female genome (PRJNA289891; Papadopulos et al.,
2015), were selected throughout the X chromosome scaffolds
anchored using an X genetic map. Repetitive sequences were
discriminated and removed during oligo painting probe design
by Chorus pipeline (Han et al., 2015). A total of 12 988 oligo
sequences were selected to cover X-linked scaffolds. The oligo
sequences were synthesized de novo as myTags 20K Immortal
library by Arbor Biosciences (Ann Arbor, MI, United States;
TATAA Biocenter, Göteborg, Sweden). Labeling and detection
of the oligo painting probe followed the published protocol of
Han et al. (2015). For labeling of oligo-RNA products, we used
universal primers (Eurofins Genomics, Ebersberg, Germany)
conjugated with the Cy3 (5′–Cy3–CGTGGTCGCGTCTCA–
3′) or primers conjugated with the digoxigenin (5′–DIG
CGTGGTCGCGTCTCA–3′), similarly as (Šimoníková et al.,
2019). Digoxigenin was detected by FITC conjugated anti-DIG
antibody (Roche Life Sciences).

The number of oligo sequences per scaffold, scaffold length,
position on genetic map and scaffold ID are included in
Supplementary Table S2.

Chromosome and Probe Preparation
Chromosome spreads were obtained from multiple individuals
from one population of studied species listed in Supplementary
Table S1. Chromosomes were prepared as described in Bačovský
et al. (2019) with minor modifications. Briefly, fixed root tips
were washed 2× in distilled water 5 min, 2× in 0.001M citrate
buffer 5 min and digested for 45–50 min in 1% enzyme mix
(Supplementary Table S3) diluted in 0.001M citrate buffer.
Chromosomes were squashed on to slides, freezed in liquid
nitrogen and incubated for 5 min in freshly prepared Clarke’s
fixative. Prepared slides were used directly for fluorescence in situ
hybridisation (FISH) or stored at−20◦C in 96% ethanol until use.

FISH was performed as described by Schubert et al. (2016)
using four different stringencies (Supplementary Table S3).
The centromeric Silene tandem arrayed repeat (STAR-C) and
subtelomeric tandem repeat (X43.1) were used as reference
probes described in Bačovský et al. (2019). STAR-C is primarily
located in centromeres on the X chromosome and autosomes,
and on the Y in an additional two clusters based on stringency

conditions (Hobza et al., 2007). Chromosome pictures were
captured with Olympus AX70 microscope equipped with the cold
cube camera. After image capture, all channels were processed
with the software Adobe Photoshop free version CS2. A color
histogram for each X and Y chromosome image was drawn
using RGB profiler in ImageJ 1.52i FiJi1. These histograms
display the distribution of DNA probes along each chromosome
arm. RGB profiler was used on the same plot, for each type
of green, red or blue selection as described in Mathur et al.
(2012). The oligo painting probe was used in at least three
individual experiments and each labeling pattern was scored in
30 metaphases/interphases per experiment. We did not observe
any variation in signal patterns in studied populations.

RESULTS

Test for X Chromosome-Specific Oligo
Probe Stringency and Oligo Painting
Probe Signal Strength
We developed the X chromosome-specific oligo probe from
female genomic sequences described in Papadopulos et al. (2015),
using the approach described in Han et al. (2015). A total of
12 988 oligo sequences was selected from the entire currently
available genomic data (Supplementary Figure S1; Papadopulos
et al., 2015), covering on average 2.5–3 oligo sequence/kb
(1.8–5.5 oligo sequence/kb) for the selected loci. The total
density of selected oligo sequences from the X chromosome is
below the recommended level of oligo sequence number per
kilobase (0.03 oligo sequence/kb) (Han et al., 2015; Jiang, 2019).
Nevertheless, for selected regions an average density of 1.8–5.5
oligo sequence/kb and the average number of oligo sequences
is higher than the recommended standard of an oligo painting
probe for metaphase chromosomes and single loci, 0.1–0.5 oligo
sequence/kb (Han et al., 2015; Jiang, 2019).

To study potential rearrangements accompanying sex
chromosome evolution, we used an X chromosome-specific
probe in four species in the genus Silene, two dioecious
(S. latifolia and S. dioica) and two gynodioecious (S. vulgaris
and S. maritima). In S. latifolia, S. dioica and S. vulgaris, the
oligo painting probe yields identical pattern in each species
using direct (Cy3-tagged oligo sequences) and indirect labeling
(digoxigenin tagged oligo sequences), and different hybridization
stringencies (Supplementary Table S3). Only minor changes
were observed in signal strength if the amount of oligo painting
probe in S. vulgaris was increased (set to 1 µg per slide due to
the weak overall chromosomal coverage). Nevertheless, 87 and
77% stringency produced very faint signal on the chromosomes
of S. maritima (data not showed), using direct or indirect
labeling and using the same amount of DNA (1 µg of oligo
painting probe per slide). Therefore, we tested additional two
hybridization stringencies, 68 and 62%, respectively, and we
detected a similar pattern in S. maritima as in S. vulgaris
(Figure 1 and Supplementary Figure S3) (signal on three pairs
of autosomes). Therefore, 68% hybridization stringency was

1https://imagej.nih.gov/ij/plugins/
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Bačovský et al. Oligo Painting in Silene

FIGURE 1 | Distribution of X chromosome-specific oligo probe on chromosomes in Silene latifolia, S. dioica, S. vulgaris and S. maritima. In S. latifolia and S. dioica,
oligo painting probe has discrete signal only on X and Y chromosomes. In S. vulgaris and S. maritima, three pairs of autosomes can be differentiated from the whole
genome. Scale bar = 5 µm.

applied in additional experiments for final analysis in all studied
species using 1 µg of X chromosome-specific oligo painting
probe per slide (Figure 1 and Supplementary Figure S3).

X Chromosome-Specific Oligo Probe
Pattern in Silene Species
The designed oligo painting probe hybridized to both ends of
the X chromosome arms (including PAR on the p-arm) and to
PAR located on Y q-arm in S. latifolia and S. dioica. In addition,

an extra oligo painting probe signal is clearly visible on the X
p-arm, suggesting potential gene-rich locus in this (sub)telomeric
region (Figure 2). On the Y, the probe colocalizes with X43.1
(sub)telomeric probe band on the Y q-arm (PAR region). The
additional oligo painting probe signal was visible on the Y,
as an interstitial region, located on the p-arm in both species
(Figure 2). We did observe extra (weak) signal on the autosomes,
using both Cy3- and digoxigenin-conjugated primers and various
hybridization stringencies (77, 68, and 62%). Nevertheless, the
extra (weak) signal was affected by low hybridization stringency.
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FIGURE 2 | Schematic distribution of X chromosome-specific oligo probe on sex chromosomes in S. latifolia and S. dioica and individual chromosomes in related
gynodioecious species, S. vulgaris and S. maritima. Note the differences between X and Y chromosomes in S. latifolia and S. dioica. In S. vulgaris and S. maritima,
the oligo painting probe signal is located on three pair of autosomes, numbered in this study as A1–A3 and A1′

–A3′

. X43.1, a subtelomeric probe, is presented only
on sex chromosomes and autosomes in S. dioica and S. latifolia. Scale bar = 5 µm.
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FIGURE 3 | Schematic view of the sex chromosomes evolution in S. latifolia and S. dioica. The sex chromosomes in S. latifolia and S. dioica underwent at least one
double translocation1 (Bergero et al., 2013; Campos et al., 2017) and double inversion2 events (Hobza et al., 2007; Zluvova et al., 2007; Bergero et al., 2008a;
Kazama et al., 2016). Compared to gynodioecious species (S. vulgaris and S. maritima), S. latifolia and S. dioica possess two sex chromosomes having signal from
hybridized oligo painting probe. Based on the oligo painting probe signal in this study, two scenarios (supported by the literature) could led to the formation of sex
chromosomes in S. latifolia and S. dioica. If the double translocation moving the segments of STAR-C satellite occurred first, then the autosomal parts have been
translocated to proto-sex chromosome X PAR and interstitial Y p-arm region (upper scenario). In the second scenario, the autosomal parts were translocated to the
sex chromosomes first, followed by double translocation and at least one putative translocation on the Y p-arm. Flower pictures downloaded on:
https://commons.wikimedia.org/wiki/Main_Page.

In S. latifolia and S. dioica female karyotype, the oligo painting
probe produced the same signal on both X chromosomes as on
the X chromosome in males (Supplementary Figure S4). Thus,
the X chromosome-specific oligo painting probe used in this
work provides a highly reproducible signal in all studied species.

In S. vulgaris and S. maritima, application of oligo painting
probe differentiated three pairs of autosomes, marked in this
study as A1–A3′ (Figure 2). Compared to S. maritima, the
decrease in hybridization stringency in S. vulgaris did not change
the number of loci and signals on the chromosomes. In both
gynodioecious species, the oligo painting probe labeled almost
the entirety of the p-arms of A1–A1′ , including (sub)centromere
regions. Additionally, the oligo painting probe had a twofold
stronger signal on the first pair of autosomes (A1–A1′ ), in

S. vulgaris and S. maritima, than on the second and third (A2–
A3′ ) autosomal pairs. The oligo painting probe hybridized to
subtelomeric (A2–A2′ ) or more interstitial regions (A3–A3′ ) on
these chromosomes (Figures 1, 2).

In interphase, the X chromosome-specific probe differentiated
the sex chromosome domains in S. latifolia and S. dioica, and the
A1–A3′ autosomal regions in S. vulgaris and S. maritima. In the
first two species, the oligo painting probe differentiated two sub-
domains located within one nucleus (Supplementary Figures
S2a,b). In S. vulgaris and S. maritima, the oligo painting probe
labeled three to six subdomains (Supplementary Figures S2c,d).
Despite the average density being 1.8–5.5/kb in selected regions,
the total coverage of the whole chromosome is only 0.03 oligo
sequence/kb. The lower coverage is apparent (weaker signal)
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in more relaxed chromatin state in early metaphase/prophase
in all studied species (Supplementary Figure S3), showing that
the oligo painting probe labeled (sub)telomere of the sex
chromosomes and almost half of their length in the autosomes
of S. vulgaris and S. maritima.

DISCUSSION

The oligo painting probe specifically hybridized to pseudo-
autosomal region (PAR) located on the Y q-arm and interstitial
Y p-arm region, and to both sub-telomeric regions on the X
chromosome in S. latifolia and S. dioica, enriched on the X
p-arm sub-telomere. This distribution of the oligo painting probe
signal correlates with the pattern of specific histone modifications
for active chromatin, namely H3K4me1, H3K4me2, H3K4me3,
H3K9ac and gene repressive mark H3K27me3 (Bačovský et al.,
2019). Since the Y chromosome still contains many active
genes (Bergero and Charlesworth, 2011), the additional band
on the X p-arm together with the interstitial Y p-arm region
probably represent unique/important gene clusters (Hobza et al.,
2018). In related S. vulgaris and S. maritima, the oligo painting
probe clearly differentiates three pairs of autosomes. In these
gynodioecious species, the oligo painting probe labels three
autosomal p-arms as shown on early metaphase/prophase
chromosomes (Supplementary Figure S3). These chromosomal
patterns support previous evidence that parts of three linkage
groups in S. vulgaris were translocated to the pseudo-autosomal
region in S. latifolia through a double translocation event
(Bergero et al., 2013). Our results support previous studies
showing expansion of the PAR region in S. latifolia (Bergero et al.,
2013; Campos et al., 2017) and newly in S. dioica (Figure 3).
Alternatively, rearrangements could be accompanied by whole
chromosome fusion(s) as documented in other species. In Japan
Sea stickleback fish, an ancestral Y chromosome fused with the
autosome, forming a neo-Y chromosome and the X1X2Y sex
determination system (compared to closely related Pacific Ocean
stickleback with XY system) (Yoshida et al., 2014). In Rumex
hastatulus, North Carolina male race possesses XY1Y2, having
the older Y (ancestral) chromosome heterochromatinised, and
the younger Y with translocated autosomal part (Grabowska-
Joachimiak et al., 2015). In Silene species “fusion” scenario is
unlikely since it usually influences basic karyotype chromosome
number (all studied species have n = 12). Moreover, existing
genetic maps do not suggest large scale fusion events during
karyotype evolution in studied species (Bergero et al., 2013).
The existence of telomere-like sequences in S. latifolia Y
chromosome (Uchida et al., 2002) can be explained as remnant
of chromosomal inversion as was demonstrated in some Silene
species (Filatov, 2005; Zluvova et al., 2005). It was reported
that such chromosomal rearrangements included at least one
paracentric and one pericentric inversion on the Y (Hobza
et al., 2007; Bergero and Charlesworth, 2009). On the other
hand, additional rearrangements that would suggest alternative
scenarios cannot be excluded. Based on deletion mapping one
inversion also occurred during the formation of the Y (Kazama
et al., 2016). Bergero et al. (2013) and Campos et al. (2017)
showed that PAR expanded through two step translocations.

Our data support such translocation by the existence of three
pair of autosomes (in gynodioecious species) corresponding
to sex chromosomes in S. latifolia and S. dioica. Since sex
chromosomes in studied dioecious species originated from one
of these three chromosomal pairs, we assume that two additional
loci were translocated on proto sex chromosomes in S. latifolia
and S. dioica during sex chromosome evolution (Figure 3).

We have also tested the robustness of oligo painting
method to study the dynamics of sex chromosomes and PAR
in early metaphase/prophase (Supplementary Figure S3). In
prophase/early metaphase in which the chromosomal (spatial)
resolution limit is 10 times higher than in the metaphase
and chromosomes are 10 times more extended (reviewed in
Figueroa and Bass, 2010), the strength of the signal is relatively
low. Therefore, it will be necessary to use more cytogenetic
markers (together with oligo sequences) for discrimination
of relaxed chromosomes such as e.g. specific antibodies
against synaptonemal complexes in meiosis as described in
Hurel et al. (2018).

Our X chromosome-specific oligo probe serves as useful
tool to study the evolution of sex chromosomes in S. latifolia,
S. dioica and their relatives. Since the genome of S. latifolia is
still not fully sequenced we would like to leave the possibility
that some sequences targeted by the probe might occur more
than once in the genome open (e.g. low repetitive or duplicated).
Nevertheless, compared to previous attempts and labeling of the
sex chromosomes in Silene species using e.g. unique BAC clones
(Lengerova et al., 2004) or dissected chromosomal probes (Hobza
et al., 2004), the oligo painting probe provides an unique signal
on both sex chromosomes and is also suitable to study other
related species. In addition, the probe simplifies future analysis
of chromosome pairing and facilitates the study of the dynamics
of the PAR region in interphase or during cell division.
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FIGURE S1 | The distribution of X chromosome-specific oligo probe in X
chromosome genetic map in S. latifolia. The average coverage was chosen on
2–3 oligo sequences/kb (1.8–5.5). Total size of X chromosome is
estimated around 400 Mb.

FIGURE S2 | Distribution of X chromosome-specific oligo in interphase in
S. latifolia, S. dioica, S. vulgaris and S. maritima. Oligo painting probe differentiates
two sub-domains in S. latifolia (a) and S. dioica (b), and three to six sub-domains
in S. vulgaris (c) and S. maritima (d). Each sub-domain is enlarged and marked by
separated colors (white/yellow/orange) in merged channel. X43.1, a sub-telomeric
probe, is presented only on sex chromosomes and autosomes in S. latifolia and

S. dioica. Note the distribution of STAR-C in S. vulgaris and S. maritima. Scale
bar = 10 µm.

FIGURE S3 | Distribution of X chromosome-specific oligo probe on prophase and
early metaphase chromosomes in S. latifolia, S. dioica, S. vulgaris and
S. maritima. 12 988 has coverage 2.5–3 oligo sequences/kb, reaching 1.8–5.5
oligo sequences/kb on selected loci. Oligo painting probe (in red) hybridizes to
very end of X and Y chromosomes in (sub)telomeres in S. latifolia and S. dioica. In
S. vulgaris and S. maritima, the oligo painting probe labels six pairs of autosomes,
hybridizing to their p-arm. Although the signal strength is weaker compared to
condensed metaphase chromosomes, the oligo painting probe clearly marks sex
chromosomes and autosomes in all studied species. Scale bar = 10 µm.

FIGURE S4 | Distribution of the oligo painting probe in S. latifolia and S. dioica
female karyotype. Oligo painting probe was hybridized on metaphase
chromosomes and on interphase nuclei in S. latifolia (a,c) and in S. dioica (b,d).
The remnant of a cytoplasm (signal not attached to any chromosome) is visible in
the bottom of the S. dioica (b). Scale bar = 10 µm.

TABLE S1 | Plant material.

TABLE S2 | Oligo probe sequence scaffolds ID.

TABLE S3 | The composition of the enzyme mix and hybridisation stringency.
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