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The genus Silene brings many opportunities for the study of various pro-
cesses involved in the evolution of dioecy and young sex chromosomes.
Here we focus on a dioecious clade in Silene subgenus Silene and closely
related species. This study provides improved support for monophyly of
this clade (based on inclusion of further dioecious species) and a new esti-
mate of its age (ca 2.3 million years). We observed a rise in adaptive
evolution in the autosomal and pseudoautosomal parts of the genome on
the branch where dioecy originated. This increase is not a result of the
accumulation of sexually antagonistic genes in the pseudoautosomal
region. It is also not caused by the coevolution of genes acting in mitochon-
dria (despite the possibility that dioecy along this branch could have evolved
from a nucleo-cytoplasmic male sterility-based system). After considering
other possibilities, the most parsimonious explanation for the increase seen
in the number of positively selected codons is the adaptive evolution of
genes involved in the adaptation of the autosomal part of the genome to
dioecy, as described in Charnov’s sex-allocation theory. As the observed
coincidence cannot prove causality, studies in other dioecious clades are
necessary to allow the formation of general conclusions.

This article is part of the theme issue ‘Sex determination and sex chromo-
some evolution in land plants’.

1. Introduction

Separate sexes are generally associated with animals but they also occur in
plants [1]. Once a sex-determining gene appears in the genome, many evol-
utionary processes are initiated on the sex chromosomes [2]. Moreover, many
autosomal genes are expressed in a sex-specific manner, and their expression
is regulated by the presence of sex-determining genes [3,4]. These sex-specific
differences in gene expression lead to the formation of male and female individ-
uals. In addition, because males invest more in producing a greater number of
offspring, whereas females prioritize quality [5], the presence of separate sexes
could result in the adaptation of autosomal genes for a plastic response to these
different breeding strategies. Thus, the autosomal genes could be selected to
function in both types of sex-specific expression patterns. In this case, the adap-
tation should be visible as a significant increase of the number of adaptively
evolved genes on a phylogenetic branch leading to species with separate sexes.

Many plant genera contain recently evolved dioecious clades. An example is
found in the genus Silene. Dioecious Silene species are well-suited to this study
due to the availability of closely related non-dioecious species, transcriptomic
data for both the dioecious species and their non-dioecious relatives, and gen-
etic maps (reviewed in [6]). In Silene, apart from dosage compensation studies
[7,8], adaptation of the transcriptome to the dioecy has also been studied from a
quantitative point of view [9]. The results [9] showed that in Silene latifolia many
differences in gene expression (when compared to gynodioecious relatives)
appear connected with the adaptive changes beneficial to S. latifolia females.

© 2022 The Author(s) Published by the Royal Society. All rights reserved.
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Figure 1.

Phylogenetic tree of the dioecious clade of subgenus Silene and related species. The tree was constructed by the maximum-likelihood method performed

using |Q-TREE 2 [13]. The values indicated at the nodes are SH-aLRT (Shimodaira—Hasegawa approximate likelihood ratio test) supports (shown for values of 0.80 or
greater). Dioecious species are marked with a ‘D', gynodioecious species with a ‘G’, hermaphroditic species with an ‘H’ and the subdioecious species are indicated
with an ‘S". Missing symbol means that the species is either hermaphrodite or gynodioecious but their breeding system was not studied in detail. The branch where
dioecy and sex chromosomes evolved is marked by an asterisk. The pie charts show the probabilities of the ancestral states in three nodes as obtained in BayesTraits.
Dioecy is marked by black colour, hermaphroditism and gynodiecy are marked in dark grey and subdioecy is marked by light grey.

These changes in gene expression occurred not only in X-
linked but also in autosomal sequences. Muyle et al. [10]
used a population genomics approach to study the influence
of dioecy on genetic diversity and selection efficacy. This
approach showed that neither genetic diversity nor selection
efficiency is negatively influenced by dioecy and that the
dioecious Silene species do not show an increased mutation
load. However, it is not known whether the presence of
dioecy and the corresponding separation of male and
female reproductive programmes affect the evolution of the
coding regions in the autosomal part of the genome.

2. Material and methods

To ascertain the position of Silene sibirica in the phylogeny of
Silene subgenus Silene, a dataset from Slancarova et al. [11] was
used together with publicly available sequences and our
sequences (electronic supplementary material, table S1). Here
we use subgenus Silene as defined by Jafari et al. [12]. Phyloge-
netic analysis was done using the IQ-TREE 2 [13] on the
alignment file obtained by concatenation of alignments for each
sequence (12 640 bp). The dataset was analysed using separate
models for each sequence (partition) using the maximume-likeli-
hood method [14]. The appropriate model for each partition
was found using ModelFinder [15]. The branch support was
computed using the SH-like approximate likelihood ratio test
[16] and non-parametric bootstrap with 500 replicates. To check
for long-branch attraction, the phylogenetic analysis was also

performed solely with the species of Silene subgenus Silene. Phy-
logenetic analysis performed using MrBayes v. 3.2.6 [17-19] was
run for ten million iterations using the same partitioned dataset
as in the case of IQ-TREE. The dataset including MrBayes block
is available as electronic supplementary material, dataset SI.
Plant breeding systems in subgenus Silene were marked accord-
ing to [20]. The ancestral states were analysed using the
maximum-likelihood variant of the MultiState method in Bayes-
Traits [21], using the tree presented in figure 1. The Bayesian
analysis of ancestral states was performed using the Bayesian
variant of MultiState method (reversible jump MCMC, gamma
prior and 100 million iterations) in BayesTraits, using a set of
trees prepared in MrBayes to construct the tree presented in elec-
tronic supplementary material, figure S1. These analyses focused
on three nodes: the most recent common ancestor (MRCA) of
dioecious clade of subgenus Silene, the MRCA of this dioecious
clade and S. sibirica; and the MRCA of S. sibirica, Silene paradoxa
and the dioecious species. At these nodes, probabilities of three
possible states were evaluated: non-dioecious species (hermaph-
rodite and gynodioecious species), subdioecious species and
dioecious species.

For the analyses of omega (w) estimates, the RNAseq dataset
from the previous work [6] was supplemented with samples
from Silene nocturna (SRR6040876; our sequencing; NextSeq 500
(paired-end reads 2x75)) and S. paradoxa (SRR999298-
SRR999299, publicly available). Basic statistics describing these
samples and other samples for which this information was not
available is presented in electronic supplementary material,
table S2. Silene pseudotites has been excluded from the dataset
based on its suspected hybrid origin. The methods used for the
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preparation of the previous dataset and details concerning basic
statistics for the majority of the sequencing data are described in
[6]. For most species, the phasing procedure was based on read-
based phasing of one individual; only in Silene otites, Silene colpo-
phylla and Silene borysthenica was pedigree-based phasing
applied. Pedigree-based phasing showed the phased genotypes
present in the parents and several offspring. One allele was
again randomly chosen. The orthogroups showing more than
two alleles in some species were excluded from the dataset.
The reads of S. nocturna and S. paradoxa were separately
assembled using Trinity [22]. The obtained assemblies were trea-
ted with an Evigene pipeline to reduce duplications and used as
a reference. Mapping was done using Bowtie2 — very-sensitive-
local option [23], the SNPs were called via FreeBayes [24] and
phasing was performed with WhatsHap [25]. The regions with
coverage lower than 2 were masked using the maskfasta
method in BEDTools [26]. Masking was done on a sample-by-
sample basis. The phased sequences were added to the original
alignments with the MAFFT aligner [27] based on the best reci-
procal blast hit search [28]. On average, 1.24% positions were
missing per species. dS (synonymous substitution rate) estimated
between S. sibirica and dioecious species were subsequently com-
pared to further identify potential paralogs. The phylogenetic
tree was constructed using both phased alleles. Phylogenetic
analysis was done using the StarBeast2 module in BEAST v. 2
[29,30]. Two independent chains were run for 1000000 000
states (Yule model, birth-death). For the dating, the calibration
of the MRCA of S. nocturna and the other species was done simi-
larly to Balounova et al. [6] based on estimated divergence per
synonymous site dS (substitutions per synonymous site) and
the divergence time estimates for several angiosperm lineages
(Brassicaceae, Malvaceae, Euphorbiaceae, Fabaceae, Cucurbitaceae,
Rosaceae, Solanaceae and Poaceae), so as not to depend on a
single fossil record or phylogenetic tree position, which yielded
a mean substitution rate of 5.35x 107 synonymous substi-
tutions/site/year [31]. dS values for the distance of individual
species of the dioecious clade of subgenus Silene to S. nocturna
were estimated using KaKs_Calculator 2.0 program [32], and
the mean value was used for the calibration of the tree. The
resulting dataset (electronic supplementary material, dataset
S2) did not contain any of the completely sex-linked genes
identified previously [6,8].

For the PAML (phylogenetic analysis by maximum
likelihood) analyses, only one allele per gene was randomly
chosen. PAML analyses were used to determine whether some
expressed sequence tags (ESTs) evolved under selective pressure.
The CODEML program of PAML [33] was used to estimate the
ratio (w) of the non-synonymous substitution rate (dN) to the
synonymous substitution rate (dS). As the reference tree, the phy-
logenetic tree constructed as described above was used.
The equilibrium frequencies of codons were calculated from the
nucleotide frequencies (CodonFreq=2) because it best fits the
data as calculated by second-order AIC. All models in
CODEML were run at five different initial » values (w=0.1, 0.2,
0.5, 1, 2), and no problems with the convergence were observed.
Both branch and branch-site models were applied to the branches
preceding, including and following the origin of dioecy. In the
branch analyses (model =2, NSsites =0) two-ratios models were
compared to three-ratios models to reveal whether the o values
differed significantly. The resulting log-likelihood values were eval-
uated using likelihood-ratio tests to determine any statistical
significance of the difference. The chi2 program of PAML was
used to estimate the p-values. The confidence intervals for pro-
portion were computed online (http://vassarstats.net/propl.
html) using the method with continuity correction [34] that is
derived from a procedure outlined in [35]. The results obtained
in CODEML were further confirmed using a test for relaxed selec-
tion in the RELAX program [36] of the HyPhy package [37,38].

Because the results did not converge well, the analysis was run
500 times and the results with the highest log-likelihood were used.

The modified model A (model = 2, NSsites = 2) of the branch-
site models was applied to calculate the percentages of purifying,
neutral and adaptive codons in the analysed ESTs, the @ values,
the Bayes Empirical Bayes probability of codons being either pur-
ifying, neutral or adaptive and to identify ESTs with adaptively
evolved codons. The signed-rank Wilcoxon test was used to com-
pare the w values of the codons with @ less than 1 between the
branches before and during the origin of dioecy. The chi-squared
goodness-of-fit test was used to calculate the p-value of adap-
tively evolving codons that arise from neutrally evolving
codons. The Pearson’s chi-squared test was used to calculate
the p-value corresponding to a random presence of genes
acting in mitochondria among the genes with positively selected
codons.

The analyses performed in PAML and HyPhy packages were
based on the comparison of the @ values between branches on
the phylogenetic tree shown in figure 2. The » value of the
branch on which most likely dioecy (and sex chromosomes) ori-
ginated (marked by an asterisk in figure 1 and highlighted in red
in figure 2) was compared with the w value of the preceding
branch (blue in figure 2) and with the @ value of the following
branch (green in figure 2). Although there are two branches fol-
lowing the origin of dioecy: one leading to S. baschkirorum, the
other leading to the other dioecious species of subgenus Silene,
only the latter was used in the analyses as studies of w are not
recommended in evolutionarily young lineages [39].

3. Results and discussion

In this study, we used the currently available sequencing data
obtained for the dioecious clade of Silene subgenus Silene (as
defined by Jafari et al. [12]) to investigate the possible corre-
lation between the rise of dioecy and the evolution of non-
sex-linked sequences. This dioecious clade has previously
been grouped together based on morphological traits [40].
Later molecular studies have supported this view but only
included a small number of species [6,11,12]. As the mono-
phyly of this dioecious clade is an important prerequisite
for our study, we performed phylogenetic analyses with a
better representation of these dioecious species (see electronic
supplementary material, table S3). The studied clade includes
15 species, all of them reported as dioecious (see electronic sup-
plementary material, table S3). According to Wrigley [40], the
centre of distribution of these species is the Ukraine and
South Russia, but particular species are spread over almost all
of Europe and a big part of Asia (see also electronic supplemen-
tary material, figure S2). The phylogenetic analyses show that
the eleven dioecious species studied by us form a strongly sup-
ported monophyletic clade (SH-aLRT =99.6, nonparametric
bootstrap support =95, Bayesian posterior probability =1.00);
see electronic supplementary material, figure S1.

Previous results [6] have shown that the gynodioecious
species S. sibirica appears to be a close relative to the dioe-
cious clade mentioned and our analyses support these
findings (figure 1 and electronic supplementary material,
figure S1). Analysis of the ancestral states of the breeding
system in genus Silene [11], along with our own findings,
suggest that the MRCA of the dioecious clade was probably
dioecious (greater than 99% probability). Moreover, in all
genetically studied species of this clade (S. ofites,
S. colpophylla, S. borysthenica and S. pseudotites), sex chromo-
somes have been found [6,8]. The other species in subgenus
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Figure 2. Phylogenetic tree of the dioecious clade of subgenus Silene and closely related species. Gynodioecious species is marked with a ‘G" and hermaphroditic

species with an ‘H". The species belonging to groups Cyri and Otites are dioecious. The colours of the highlighted branches refer to CODEML and RELAX analyses. For

details, see §3.

Table 1. Branch-site analysis of Silene transcriptome before and after sex chromosome evolution. Confidence intervals (CI) are given for the differences in
percentage between the neighbouring rows. Statistically significant values are highlighted in bold.

95% (l of 95% (I of 95% (I of
percentage percentage percentage percentage percentage percentage
branch (%) difference (%) (%) difference (%) (%) difference (%)
preceding sex 80.496 19.504 0

chromosome —0.19, 0.31 —0.17, 0.34 0.02, 0.03
evolution

including sex 80.557 19.419 0.024
romssome _02031 o _017032 ot 002’003
evolution

'fdll'o'w'/ingse)'(””m'8'0.'497'””””” e o
chromosome
evolution

Silene (with the exception of Silene roemeri and Silene acaulis)
are gynodioecious or hermaphroditic, and the analysis of
the ancestral states of the breeding system [11] and our results
obtained in BayesTraits [21] support the view that the ances-
tral species preceding MRCA of this clade was most likely
gynodioecious or hermaphroditic. Thus, the transition from
gynodioecy or from hermaphroditism to dioecy most likely
occurred on the branch marked by an asterisk in figure 1
and highlighted in red in figure 2.

The topology in figure 2 is mostly in accordance with
previous topologies that did not include S. nocturna and
S. paradoxa. A minor difference is that recent results support
the clade joining two members (S. borysthenica and Silene wol-
gensis) of the group Cyri (defined previously according to
phenotypic markers [38]), while in our past analyses, the
group Cyri appeared as completely polyphyletic [6]. The
newly obtained dating, based on the estimation of the

synonymous divergence of the outgroup (S. nocturna) from
the other species, suggests the age of the studied dioecious
clade to be approximately 2.3 million years, which is in the
range of the previous estimate based on calibration by fossils
(1.17-2.60 million years) [11].

The o ratio (w=dN/dS) is one of the most widely used
statistical tests applied to quantify selection pressures acting
on protein-coding regions. This measure compares the rate
of substitutions at silent sites (dS), which are presumed neu-
tral, to the rate of substitutions at non-silent sites (dN), which
possibly experience selection. The comparison of the two-
and three-ratio branch models in the CODEML program of
the PAML package [33] shows that the w value of the
branch preceding the origin of dioecy (w=0.16; blue in
figure 2) is lower than the w value of the branch where
dioecy originated (o =0.29; red in figure 2). This difference
is highly significant (p <107, likelihood ratio test; LRT).
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After the formation of the dioecy (green in figure 2), the
o value significantly decreased (= 0.26; p<10~°°, LRT).

Because the increase of the w values can be due to the
changes in the number of either positively or neutrally
selected sites, we compared branch-site models (table 1).
The branch where dioecy originated showed a significant per-
centage of positively selected codons (p<10~*°, LRT)
therefore increasing the overall w value present in the
branch where dioecy originated. On the other hand, we did
not detect codons under positive selection in the branch pre-
ceding dioecy (blue in figure 2) (p > 0.99, LRT). Moreover, the
o values of sites under purifying selection did not increase
significantly (p=0.95, Wilcoxon test). To confirm these
results, we performed tests for relaxed selection using the
RELAX program [36] of the HyPhy package [37,38]. During
the transition from gynodioecy to dioecy, selection intensifi-
cation (p=0.00; K=1.55) was observed. On the other hand,
when the branch including the origin of dioecy and the
branch after the origin of dioecy were compared, non-signifi-
cant relaxation was detected (p=0.339, K=0.91). Most of
the identified adaptively evolved codons (63 out of 87)
are recruited from the neutrally evolved codons, which is
significantly more than by chance (p<107'°, chi-squared
goodness-of-fit test).

The increase in the number of positively selected codons on
the branch including the origin of dioecy (and sex chromosomes)
cannot be caused by the selection of sexually antagonistic genes
on the sex chromosomes [41], because the analysed dataset does
not contain any completely sex-linked genes. Moreover, it cannot
be the result of the accumulation of sexually antagonistic genes in
the pseudoautosomal region, as only one of the studied ESTs
was located in this part of the sex chromosomes.

The dioecy in the studied clade most likely evolved from
gynodioecy as there are no monoecious species in genus
Silene ([20]; see also figure 1). Because several cases of the
nucleo-cytoplasmic type of gynodioecy are known from
Silene [42—46], the genetic fixation of a male-sterile cytoplasm
and subsequent recruitment of a fertility restorer as the sex-
determining gene is possible [47]. The fixation of a certain
type of male-sterility-causing cytoplasm could influence the
evolution of the nuclear genes involved in mitochondrial
metabolism. However, among the 42 ESTs identified as
having at least one adaptively evolved codon on the branch
including the origin of dioecy, we did not find an overrepre-
sentation of proteins located in the mitochondria (7 ESTs; p =
0.77, Pearson’s chi-squared test).

The observed increase in the number of positively
selected codons could have been caused by the selection of
genes involved in the adaptation of the genome to dioecy

as described in the sex-allocation theory [5], which states
that female plants allocate more resources to the quality of
seeds whereas male plants allocate resources into the quan-
tity of pollen. However, based on phenotypic data, the
adaptation of the genome to the dioecy appears complex
and dependent upon a wide variety of genes [48]. Indeed,
the genes identified as adaptively evolving on the branch
where dioecy evolved (see electronic supplementary material,
dataset S3) show diverse characteristics. Detailed studies of
phenotypic sexual dimorphism in dioecious clade of subge-
nus Silene have not yet been done but as reported already
by Correns [49], the males of S. otites show habitus that
gains the attention of observers more readily than that of
females, possibly leading to the overestimation of male bias
often reported in this species (reviewed by [50]). In S. ofites,
male plants have been reported to be more sensitive to
drought stress and to be flowering earlier in the season
[50]. The coincidence between the increased number of adap-
tively evolved codons in autosomes and the evolution of
separate sexes documented in this study deserves to be
followed up in future work in other recently evolved
dioecious species.

This work is in silico, with no ethics requirements.

The data generated in this project have been deposited
in Genbank. For accession numbers see electronic supplementary
material, tables S1 and S2.
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