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Abstract

Sex chromosomes are unique regions of the genome, with a host of properties that distinguish them from autosomes and
from each other. Although there is extensive theory describing sex chromosome formation and subsequent degeneration
of the Y chromosome, the relative importance of processes governing degeneration is poorly understood. In particular, it
is not known whether degeneration occurs solely as a direct result of inefficient selection due to loss of recombination, or
whether adaptive gene silencing on the Y chromosome results in most degeneration occurring neutrally. We used
comparative transcriptome data from two related annual plants with highly heteromorphic sex chromosomes, Rumex
rothschildianus and Rumex hastatulus, to investigate the patterns and processes underlying Y chromosome degeneration.
The rate of degeneration varied greatly between the two species. In R. rothschildianus, we infer widespread gene loss,
higher than previously reported for any plant. Gene loss was not random: genes with lower constraint and those not
expressed during the haploid phase were more likely to be lost. There was indirect evidence of adaptive evolution on the
Y chromosome from the over-expression of Y alleles in certain genes with sex-biased gene expression. There was no
complete dosage compensation, but there was evidence for targeted dosage compensation occurring in more selectively
constrained genes. Overall, our results are consistent with selective interference playing the dominant role in the
degeneration of the Y chromosome, rather than adaptive gene silencing.

Key words: dosage compensation, gene loss, Rumex, selective interference, sex-biased gene expression, Y chromosome
degeneration.

Introduction
Heteromorphic sex chromosomes are a striking example of
convergent evolution: they are found in taxa as diverse as
mammals, arthropods, algae, fish, and flowering plants, and
in some clades have arisen independently many times (Bull
1983; Bachtrog et al. 2011). This distribution allows powerful
comparisons between closely related taxa to investigate the
mechanisms governing sex chromosome evolution. The cur-
rently accepted model for the evolution of heteromorphic sex
chromosomes (Rice 1987a; Jordan and Charlesworth 2011)
involves the accumulation of sexually antagonistic mutations
(alleles that increase fitness in one sex but have detrimental
effects in the other) in the partially sex-linked pseudo-auto-
somal region. This process drives selection for suppression of
recombination, resulting in complete linkage between the
sexually antagonistic allele and the sex-determination locus.

As well as a pre-requisite for divergence between the X and
Y chromosomes, loss of recombination drives further diver-
gence due to Hill–Robertson interference between genetically
linked sites, in which selection at one site interferes with se-
lection at other linked sites (Hill and Robertson 1966). This
process is most easily understood in terms of a reduction in
the local effective population size (Ne; Comeron et al. 2008),
caused by selection at one locus increasing variance in the

‘reproductive success’ of genetically linked sites. The overall
effect is a reduced efficacy of selection, ultimately leading to
genetic degeneration of the sex-limited sex chromosome
(Y or W, hereafter referred to as the Y chromosome) due to
accumulation of deleterious mutations and repetitive DNA,
loss of gene function, and eventually widespread gene loss
(Charlesworth and Charlesworth 2000; Bachtrog 2013).

Despite these basic model predictions, highly hetero-
morphic sex chromosomes with a fully degenerated
Y chromosome are not the only outcome of sex chromosome
evolution. A lack of extensive degeneration is particularly
notable in flowering plants, where highly heteromorphic sex
chromosomes are rare (Ming et al. 2011). Instead, plant sex
chromosomes are often homomorphic or only moderately
differentiated, with recombination occurring over most of
their length, as in papaya (VanBuren et al. 2015), Populus
(Geraldes et al. 2015) and persimmon (Akagi et al. 2014).
Moreover, in-depth studies on two plant species with highly
heteromorphic sex chromosomes, the unrelated Rumex has-
tatulus and Silene latifolia, reveal that although Y chromo-
some degeneration is occurring, the extent of gene loss is
comparatively low, estimated to be<30% based on transcrip-
tome data (Hough et al. 2014; Bergero et al. 2015, respect-
ively), although a recent study in S. latifolia using a genomic
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approach estimated gene loss to be 45% (Papadopulos et al.
2015). Although these cases are often viewed as an intermedi-
ate step in the evolution of a fully degenerate Y chromosome,
partial degeneration may be the long-term stable outcome of
sex chromosome evolution in some taxa.

There are several models describing how non-
independence of sites in non-recombining regions could drive
genetic degeneration. Background selection reduces the ef-
fective population size of linked regions due to the removal of
continuously arising deleterious mutations (Charlesworth
et al. 1993); Muller’s ratchet drives stochastic fixation of dele-
terious mutations due to the loss of variants without them via
genetic drift (Muller 1964); and selective sweeps lower the
effective population size of linked regions as a result of the
fixation of beneficial mutations (Rice 1987b). These three
processes are not mutually exclusive—on the contrary, they
are closely related and are all likely to operate jointly to some
extent. Indeed, there is evidence for all three processes occur-
ring on the Y chromosome (Bachtrog 2004; Kaiser and
Charlesworth 2010; Singh et al. 2014). Moreover, their relative
importance is predicted to vary among taxa, sex chromosome
systems, and over time (Bachtrog and Gordo 2004; Bachtrog
2008). Processes requiring the action of strong selection
(background selection and selective sweeps) might be par-
ticularly relevant in plants, as it has been estimated that�2/3
of all genes are expressed in the male haploid gametophyte
(pollen; Honys and Twell 2004), which should lead to strong
selection against the degeneration of these genes (Chibalina
and Filatov 2011), potentially at the expense of an accelerated
rate of degeneration of genes not expressed in the haploid
phase.

Crucially, although the relative importance of these three
processes is unknown, if they are the drivers of Y chromo-
some degeneration then degeneration should occur despite a
fitness cost. These models predict an inexorable accumula-
tion of mildly deleterious mutations at a rate that directly
determines the rate of Y chromosome degeneration. They
also predict that degeneration should affect less important
genes first, because these are more likely to be subject to
mildly deleterious fitness effects.

However, it is also possible that most genetic degeneration
occurs neutrally following adaptive gene silencing. Adaptive
suppression of expression could occur for two reasons. First,
the Y chromosome is likely to experience a lower rate of
positive selection compared with the X chromosome, which
may select for a suppression of expression of the Y allele in
favor of the better-adapted X allele (Orr and Kim 1998).
Second, mildly deleterious mutations may accumulate on
the Y due to inefficient selection, which may have strong
enough fitness costs to actively select for suppressed expres-
sion (Charlesworth 1978). In both cases, following adaptive
silencing the Y gene copy may degenerate neutrally given its
lack of expression. Preferential expression of X over Y alleles in
genes that still retain a Y copy has been found in many taxa
with partially degenerated Y chromosomes (e.g., Muyle et al.
2012; Hough et al. 2014; White et al. 2015), which could be
evidence for adaptive silencing. However, reduced expression
of the Y allele is also observed in the very young neo-Y

chromosome of Drosophila albomicans, which displays very
little other signs of degeneration (Zhou and Bachtrog 2012).
Therefore, silencing of the Y allele could be a result of the
degeneration of regulatory regions through inefficient selec-
tion, rather than adaptive suppression of expression.

If adaptive silencing is an important force in Y chromo-
some degeneration, genes undergoing more positive selection
(if the driver was positive selection on the X) or, possibly,
more selectively constrained genes (if the driver was deleteri-
ous mutations on the Y) should be lost from the Y chromo-
some first. Adaptive silencing is also more likely if overall gene
dosage is not highly affected, either due to dosage compen-
sation or transcriptional buffering (see below), as this would
make the fitness cost of expressing the Y allele more likely to
outweigh the fitness cost of suppressing its expression.

Degeneration of the Y chromosome has genome-wide
consequences. The reduction in gene dosage caused by the
loss of a gene copy from the Y should select for the evolution
of dosage compensation to restore optimal expression levels
within the genome (Vicoso and Bachtrog 2009). However,
how and to what extent dosage compensation occurs varies
greatly among taxa (Mank 2013). In some taxa chromosome-
wide changes have resulted in equal expression between the
sexes, although exactly how this occurs differs: for example, in
Diptera the single X chromosome in males has up-regulated
expression (Vicoso and Bachtrog 2015); in mammals one of
the two X chromosomes is inactivated in females (Pessia et al.
2012); and in Caenorhabditis elegans both X chromosomes
are down-regulated in females (Ercan et al. 2007). Other taxa
also have chromosome-wide changes, but fail to fully restore
equal expression between the sexes (e.g., Heliconius butter-
flies, Walters et al. 2015). Finally, in many taxa there appears to
be patchy dosage compensation, with only some genes hav-
ing equal expression levels between males and females (e.g.,
Uebbing et al. 2013; Mahajan and Bachtrog 2015;
Papadopulos et al. 2015).

Distinguishing between different models of Y chromo-
some degeneration and dosage compensation requires com-
parisons between sex chromosomes that vary in their rate
and extent of degeneration in partially degenerated Y
chromosomes. This situation may be found in the large dioe-
cious clade of the plant genus Rumex (Polygonaceae), which is
divided into two smaller monophyletic clades with distinct
sex chromosome systems. One clade has an XX/XY sex
chromosome system and a Y-based sex-determining mech-
anism, whereas the other clade has an XX/XY1Y2 sex chromo-
some system and a sex-determining system based on X/
autosome balance (Smith 1969; Parker and Clark 1991). The
second neo-Y chromosome in this latter clade may have
arisen either via an ancient X-autosome fusion event, where
the autosomal homologue in males formed the Y2 chromo-
some, or a fission in the Y chromosome. The reduction in
chromosome number in this clade (Smith 1969; Navajas-
Pérez et al. 2005) supports the former idea, although evidence
from repetitive DNA accumulation is inconclusive (Steflova,
Hobza, et al. 2013; Steflova, Tokan, et al. 2013). Overall, we
expect that the XX/XY1Y2 clade may have had a larger non-
recombining region over much of its history.
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Studies investigating the accumulation and distribution of
repetitive DNA report a different degree of heteromorphism
between sex chromosomes in these two groups of Rumex
species. In the XX/XY1Y2 group the Y chromosomes are het-
erochromatic, with Y-specific satellite DNA families and re-
cent expansions of repetitive DNA (Kejnovsk�y et al. 2013;
Steflova, Tokan, et al. 2013). In the XX/XY group, however,
there appears to be less differentiation between sex chromo-
somes and Y-specific repetitive DNA (Cu~nado et al. 2007;
Quesada del Bosque et al. 2011). If the sex chromosomes in
these two clades have the same origin, these results would
suggest that degeneration of the Y chromosome is occurring
at different rates in the two sex chromosome systems.
However, it is also possible that the XY system is younger
than the XY1Y2 system, either because sex chromosomes
arose independently in the two lineages, or because of sex
chromosome turnover.

Here, we use comparative transcriptome data from two
species of Rumex to investigate the processes that govern sex
chromosome evolution. We use transcriptome sequencing to
identify and characterise sex-linked genes in R. rothschildia-
nus, a species belonging to the XY1Y2 clade (see supplemen
tary table S1, Supplementary Material online) with highly
heteromorphic sex chromosomes (Wilby and Parker 1988)
and compare it to previously generated data from R. hasta-
tulus (see Hough et al. 2014), a species that belongs to the XX/
XY clade but that has very recently acquired a neo-Y chromo-
some, also resulting in an XX/XY1Y2 system. Using this com-
parison, we ask: 1) Does the extent of degeneration differ
between species? 2) What types of genes experience silencing
and loss? 3) Is there global or targeted dosage compensation,
and which types of genes show evidence of gene expression
evolution? Our results provide novel insights into the factors
driving Y chromosome degeneration, and highlight the po-
tential for different rates of degeneration even among closely
related species.

Results and Discussion

The Sex Chromosomes Are Unlikely to Be
Homologous between Rumex Species
We used transcriptome data from two independent crosses
of R. rothschildianus mapped to a reference transcriptome
assembled de novo to identify genes located on the sex
chromosomes from their diagnostic segregation patterns.
From these segregation patterns we were able to identify
genes that still have an expressed Y allele (hereafter ‘sex-linked
XY’) as well as genes that have been lost or silenced on the
Y chromosome (hereafter ‘sex-linked hemizygous’). The
number of sex-linked XY genes and sex-linked hemizygous
genes identified in R. rothschildianus are shown in table 1,
as well as a comparison with those numbers for the XY1Y2

race of R. hastatulus (Hough et al. 2014) using the same
identification criteria. The number of sex-linked genes
identified using different SNP cut-offs, and the number of
autosomal genes identified, are shown in supplementary
table S2, Supplementary Material online. Overall, we iden-
tified a total of 553 sex-linked genes in R. rothschildianus,

compared with 1,686 sex-linked genes in R. hastatulus
(table 1).

To be able to make appropriate comparisons between
species about patterns of Y chromosome degeneration, it is
essential to know whether the evolution of sex chromosomes
has occurred independently or not. To determine whether
the sex chromosomes in the Rumex clades are homologous,
we investigated the overlap between genes identified as sex-
linked and autosomal in the two species. Surprisingly, the
number of orthologous genes that are sex-linked in both
species was no different than the number expected to overlap
by chance (observed¼ 40; expected¼ 40.7; permutation test,
P¼ 0.99). Because both species have neo-Y chromosomes,
even a single origin of the ancestral sex chromosomes would
only imply homology of the older sex chromosomes.
Therefore, to increase the power of the comparison we also
assessed the overlap of a subset of older sex-linked genes by
calculating synonymous site divergence between X and Y
chromosomes (dS), and examining genes where pairwise
X–Y dS> 0.1. However, we identified no overlap in old
sex-linked genes in the two species (observed¼ 0; ex-
pected¼ 0.165; permutation test, P¼ 0.99). The percent
overlap of sex-linked genes did not vary with the exact cri-
teria used to classify genes into particular datasets, and there
was no effect of the number of SNPs used to define a gene as
sex-linked on the percent overlap, which would be expected
if older sex-linked genes were shared between the species
(supplementary table S3, Supplementary Material online).

Therefore, these comparisons provide no evidence of hom-
ology between the sex chromosomes. Because old sex-linked
genes are the most likely to be detected, due to a higher
degree of X–Y divergence increasing the number of sex-
linked SNPs, a low detection rate is unlikely to be causing
this pattern. Overall, these data, taken together with the phyl-
ogeny of these species (supplementary table S1,
Supplementary Material online), are consistent with the hy-
pothesis that the two Rumex clades have different sex
chromosomes.

Extent of Gene Loss Differs between Rumex Species
Despite the smaller total number of sex-linked genes in
R. rothschildianus, we identified considerably more hemi-
zygous genes compared with R. hastatulus (table 1). To
estimate the percent gene loss, we corrected for the fact

Table 1. Number of Genes Identified as Sex-Linked XY and Sex-
Linked Hemizygous in Rumex rothschildianus and R. hastatulus.

Rumex rothschildianus Rumex hastatulus

Sex-linked XY 304 (23) 1544 (633)
Sex-linked hemizygous 249 142
Estimated gene lossa 92% 18%

NOTE.—Sex-linked XY genes are still expressed on the Y chromosome, whereas sex-
linked hemizygous genes are lost/unexpressed on the Y chromosome. Values in
parentheses represent the number of sex-linked XY genes that were identified using
SNPs that constituted polymorphisms on the X as opposed to SNPs between the X
and the Y.
aThe estimated percent gene loss is based on the number of sex-linked XY genes
identified using SNPs that constituted polymorphisms on the X.
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that sex-linked XY genes are easier to detect than hemi-
zygous genes. This is because hemizygous genes can only be
identified using X polymorphisms, whereas sex-linked XY
genes can be detected using both X polymorphisms and
accumulated differences between the X and Y chromo-
some. We therefore estimated percentage hemizygosity
using the number of sex-linked genes that were identified
from X polymorphisms. Strikingly, we found over 90% of
sex-linked genes are hemizygous in R. rothschildianus (table 1),
which is 2 or 3 times higher than estimates from other plants
with heteromorphic sex chromosomes, such as R. hastatulus
and S. latifolia (table 1; Hough et al. 2014; Papadopulos et al.
2015). Note that estimated percent gene loss in R. hastatulus
will be affected by the recent acquisition of a neo-Y chromo-
some, which increases the number of sex-linked XY genes
while presumably not immediately increasing the number of
sex-linked hemizygous genes. However, previous work on R.
hastatulus estimated gene loss to be below 30% in the race
that lacks the neo-Y chromosome (Hough et al. 2014).
Therefore, although the exact magnitude of the difference is
unclear, the results show that R. rothschildianus has�3 times
higher percentage gene loss compared with R. hastatulus.

It is important to note that transcriptome data cannot
distinguish between genes that have been lost from the Y
from those that are just unexpressed. However, two studies
explicitly comparing lack of expression with DNA sequence in
S. latifolia concluded that in most cases lack of expression of
the Y allele was due to loss of the gene itself (Bergero et al.
2015; Papadopulos et al. 2015). These studies also resulted in a
higher estimate of gene loss than those based on transcrip-
tome data, suggesting our methods are conservative.
Similarly, genomic evidence suggests that in R. hastatulus
the majority of genes identified as hemizygous using tran-
scriptome data are deleted from the genome (Beaudry
et al. unpublished data).

The absence of plant species with completely degenerated
Y chromosomes has led to the idea that the Y chromosome
does not degenerate as much or as quickly in plants, com-
pared with animals. The reason invoked is that a large pro-
portion of the plant genome (�2/3) is expressed in the male
haploid gametophyte (Honys and Twell 2004), which could
mean that loss is only tolerated for �1/3 of Y chromosome
genes. There are several possible explanations for the greater
extent of gene loss in R. rothschildianus (�90%; table 1) than
this theoretical maximum. First, it is possible that not all of
the genes expressed in the male gametophyte are fundamen-
tal to its function, thus freeing up a larger proportion of the
genome to degeneration. Second, although unexpressed in
diploid tissue, these genes might still be present in the gen-
ome and capable of being expressed in the haploid phase.
Last, lack of recombination might be causing genetic degen-
eration despite selection against it, resulting in important
genes being lost. This would result in Y-bearing pollen being
less competitive than X-bearing pollen, a phenomenon called
certation (Correns 1928). There is indirect evidence that this
might occur from the widespread female-biased sex ratios in
plants with heteromorphic sex chromosomes (Field et al.
2012a), which in Rumex has been shown to be determined

at least partly at the pre-zygotic level (Stehlik and Barrett
2006; Błocka-Wandas et al. 2007; Field et al. 2012b). This could
result in an interesting balance between selection for equal
sex ratios (Fisher 1930) and the degeneration of the Y chromo-
some, potentially resulting in stable female-biased sex ratios
(Hough et al. 2013).

Rate of Gene Loss Differs between Rumex Species
The difference in extent of gene loss between the two species
must be due to either a difference in the rate of Y chromo-
some degeneration or a difference in the age of the sex
chromosomes. Therefore, to estimate the age of the sex
chromosomes, we examined the distribution of pairwise
X–Y synonymous sequence divergence (dS) for each gene
(fig. 1). Median X–Y divergence in R. rothschildianus was
0.076, whereas in R. hastatulus it was 0.008. However, this
difference is due to the large number of young genes with
very low divergence in R. hastatulus, as opposed to any
difference in the range of dS values (fig. 1).

The age of sex chromosomes can be estimated using syn-
onymous site divergence if a molecular clock is assumed.
Although the highest dS values should correspond to the
oldest XY genes and therefore provide an estimate of when
recombination was initially suppressed, synonymous site di-
vergence is stochastic, and using extreme values in calcula-
tions based on average rates introduces bias. We therefore
used the median value (plus and minus their associated error
in the estimation; Yang and Nielsen 2000) of an arbitrarily
defined old set of XY genes (dS> 0.1), which included
>50 genes in both species. The median X–Y dS value
for old genes was 0.12–0.16 for R. rothschildianus and
0.13–0.22 for R. hastatulus. Dividing these values by half
(as divergence is occurring along both the X and Y branches)
and using the direct estimate of spontaneous mutation
rate in Arabidopsis thaliana of 7� 10�9 per site per gen-
eration (Ossowski et al. 2010) gives an estimate of recom-
bination suppression along the ancestral sex chromosomes
having occurred 8–11 million generations ago in R. roth-
schildianus and 9–16 million in R. hastatulus. Although
there is uncertainty associated with these calculations,
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FIG. 1. Pairwise synonymous site divergence between X and Y se-
quences in sex-linked genes that still retain expression of the Y
copy in Rumex rothschildianus and Rumex hastatulus.
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and we cannot rule out the presence of additional evolu-
tionary strata due to multiple time points of recombination
suppression, our results suggest the two sex chromosome
systems arose at similar times, which means it is likely that
the Y chromosome is experiencing a faster rate of gene loss
in R. rothschildianus compared with R. hastatulus.

Genes Retained on the Y Are Also Degenerating
Degeneration is also likely to occur for genes remaining on the
Y chromosome, resulting in an accumulation of deleterious
mutations in expressed genes. We therefore further investi-
gated Y-chromosome degeneration by comparing lineage-
specific estimates of dN/dS between X and Y sequences for
each species using various models of molecular evolution
implemented in PAML (table 2). ‘Branch models’ allow
dN/dS to vary on particular specified branches (here the X or
Y branch of either R. rothschildianus or R. hastatulus) com-
pared with a background rate estimated for the rest of the
tree, which also included the hermaphrodite R.
bucephalophorus. The lack of homology between the sex
chromosome systems means this background rate repre-
sents the ‘ancestral’ evolutionary rate prior to sex linkage.

We estimated average branch-specific dN/dS using the ‘free-
ratios’ model, which allows the rate to vary freely across the
entire tree. Genes with very low X–Y synonymous divergence
(dS< 0.001) were removed from the calculations, as they give
highly skewed estimates of dN/dS. The average dN/dS was
significantly higher on the Y branch compared with the
X branch in both R. rothschildianus and R. hastatulus
(Wilcoxon test, P< 10�12 for both comparisons; table 2).
The dN/dS ratio of the X branch for each gene in both
R. rothschildianus and R. hastatulus was not significantly
different from the rate of evolution of these same genes
in R. bucephalophorus, where they are not sex-linked
(Wilcoxon test, P� 0.54 in both comparisons), whereas
the Y was (Wilcoxon test, P< 10�15 in both comparisons).
These results confirm that the changes in dN/dS have
occurred on the Y branch as opposed to the X branch.

An increase in dN/dS ratio can be driven by either a higher
non-synonymous or lower synonymous rate of evolution. The
synonymous site divergence (dS) is also significantly different
in R. rothschildianus between X and Y branches (mean dS

X¼ 0.037 6 0.002; mean dS Y¼ 0.057 6 0.003; Wilcoxon

test, P< 10�8), which implies either a higher mutation rate
on the Y chromosome or a reduced efficacy of selection on
codon usage bias. However, this difference would result in a
lower dN/dS ratio on the Y if it were the main driver of the
difference in molecular evolution between the X and Y.
Indeed, the difference in non-synonymous site divergence
(dN) is much larger (mean dN X¼ 0.006 6 0.0005, mean dN

Y¼ 0.021 6 0.002; Wilcoxon text, P< 10�15). This contrasts
with R. hastatulus, where there is no evidence for elevated dS

on the Y (see Hough et al. 2014).

Degree of Constraint of Genes Retained on the Y
Varies between the Rumex Species
The greater extent of gene loss in R. rothschildianus com-
pared with R. hastatulus suggests a higher rate of Y chromo-
some degeneration in the former, which may also be
reflected in genes that still retain expression of the Y allele.
To investigate this, we compared the rate of evolution of
sex-linked XY genes between the species. In contrast to our
prediction, pairwise X–Y dN/dS was significantly higher in R.
hastatulus compared with R. rothschildianus (median R.
rothschildianus dN/dS¼ 0.322; median R. hastatulus dN/
dS¼ 0.498; Mann–Whitney U test, P< 10�7; supplementary
fig. S1, Supplementary Material online). Thus, contrary to
estimates of gene loss in the two systems, this latter result
suggests that degeneration of sex-linked XY genes is occur-
ring at a faster rate in R. hastatulus than R. rothschildianus.

The sex chromosomes of the two Rumex species are not
homologous, which means underlying differences in gene
content might be driving the increased rate of non-
synonymous evolution in R. hastatulus relative to R. rothschil-
dianus. Moreover, the extensive gene loss in R. rothschildianus
could mean sex-linked XY genes are no longer representative
of the way most genes degenerated prior to being lost. To
investigate whether there is some underlying difference in the
sex-linked XY genes between the two species we compared
the dN/dS ratio of their orthologs in R. bucephalophorus.
R. bucephalophorus genes that are sex-linked XY in R. roth-
schildianus were significantly more constrained than genes
that are sex-linked XY in R. hastatulus (median dN/dS 0.16
and 0.20; Mann–Whitney U test, P< 0.02). When the same
comparison was done for all sex-linked genes, including
genes that have been lost from the Y chromosome in
both species, the difference between the two sets of genes
disappeared (median dN/dS 0.18 and 0.20; Mann–Whitney
U test, P¼ 0.67). Finally, the negative correlation between
X–Y dN/dS and ancestral gene expression (supplementary
fig. S2, Supplementary Material online) in both R. rothschil-
dianus (rs¼�0.22, P< 0.001) and R. hastatulus
(rs¼�0.17, P< 10�6), which suggests that highly ex-
pressed genes are more constrained than those that are
expressed at lower levels, allowed us to perform a second
comparison of constraint between the two sets of genes. We
compared average ancestral expression and found that it
was lower for genes that are sex-linked XY in R. hastatulus
than R. rothschildianus (Mann–Whitney U test, P< 0.003),
again suggesting that these genes are under less selective
constraint.

Table 2. Molecular Evolution on the X and Y Chromosomes in Rumex
rothschildianus and R. hastatulus.

Rumex rothschildianus Rumex hastatulus

X Y X Y

Number passing
BM LRT (%)

33 (16%) 71 (35%) 56 (5%) 172 (16%)

% faster than
background

21% 94% 67% 93%

Mean (SE) dN/dS 0.23 (0.02) 0.39 (0.02) 0.22 (0.02) 0.48 (0.03)
Median dN/dS 0.15 0.31 0.09 0.32

NOTE.—BM LRT, branch model likelihood ratio test. SE, standard error. PAML
branch models were used to determine whether the rate of X or Y varied signifi-
cantly from the background rate. The dN/dS values were estimated from the ‘free
ratios’ model in PAML.
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These results are consistent with the hypothesis that there
are differences in the particular genes that are sex-linked XY in
the two species, suggesting that widespread gene loss is
changing the composition of sex-linked XY genes in R. roth-
schildianus, resulting in them being on average more con-
strained (see below). Taken together with the estimates of
gene loss, our results suggest that there is no clear difference
between the two species in the nature of degeneration, or in
the overall selective pressure on genes on the respective sex
chromosomes. Instead, there is only a difference in the
amount of degeneration that has already occurred. That is,
R. rothschildianus has lost less constrained genes from the Y
chromosome, whereas in R. hastatulus these are still present
but are accumulating a high frequency of deleterious
mutations.

Although it is clear from comparative studies (e.g.,
Bachtrog et al. 2011; Bachtrog 2013; Vicoso et al. 2013;
Zhou et al. 2014) that the rate and extent of degeneration
of the sex-limited sex chromosome vary considerably, com-
parisons are often between taxa that diverged many millions
of years ago, with fundamental differences in their life history
and, in some cases, major differences in sex chromosome
systems and in their ages. The contrasting results shown
here between R. rothschildianus and R. hastatulus demon-
strate that even closely related taxa with similar life histories
and sex chromosomes of roughly similar ages can have very
different rates of degeneration. The evidence for a faster rate
of degeneration in R. rothschildianus is consistent with the
prediction that a larger non-recombining sex chromosome
will experience stronger effects of linked selection. However,
we cannot rule out alternative explanations, such as differ-
ences in ancestral population size or a large-scale deletion/
silencing event in R. rothschildianus. Genome sequencing and
a larger comparative genomics effort across the genus is ne-
cessary to fully understand the causes of the contrasting rates
of degeneration.

Gene Loss from the Y Chromosome Is Not Random
The large number of genes in both sex-linked XY and sex-
linked hemizygous datasets in R. rothschildianus allowed us to
investigate the processes governing gene loss from the Y—in
particular, what kinds of genes are lost, and what implications
this has about the various models describing Y chromosome
degeneration.

The rate of molecular evolution of hemizygous genes in R.
rothschildianus (table 3) was significantly higher than auto-
somal genes (Mann–Whitney U test, P< 0.01), although not
significantly different from genes on the X chromosome that
still retain a Y copy (Mann–Whitney U test, P¼ 0.12). To
investigate whether hemizygous genes were ancestrally under
less constraint prior to the evolution of sex chromosomes, we
compared evolutionary rates of genes orthologous to hemi-
zygous genes in R. rothschildianus to genes that are orthologs
to autosomal genes and sex-linked genes retained on the Y
(table 3). Orthologs of genes that are hemizygous in R. roth-
schildianus have a significantly faster rate of evolution than
orthologs of the other two classes in both R. bucephalophorus
(Mann–Whitney U test, P< 0.05 for both comparisons) and

R. hastatulus (Mann–Whitney U test, P< 0.02 for both com-
parisons). The fact that these genes show faster rates of mo-
lecular evolution prior to becoming sex-linked suggests that
the lower constraint is a cause rather than a consequence of
hemizygosity. Although the difference between sex-linked
hemizygous and sex-linked genes that retain a copy on the
Y chromosome in R. rothschildianus is not significant, this
could be due to greater exposure of deleterious mutations
in hemizygous genes driving more similar levels of constraint.
To further compare the likely degree of constraint experi-
enced by genes that have been lost compared with genes
that retain a Y copy, we compared ancestral expression of
these genes. The ancestral expression of hemizygous genes is
significantly lower than for genes that remain on the Y
(median normalised ancestral expression was 614.5 for
sex-linked XY genes and 456.3 for sex-linked hemizygous
genes, Mann–Whitney U test, P< 0.02). These results sug-
gest that less constrained genes are more likely to be lost
from the Y chromosome.

It is also possible that the higher rate of molecular evolu-
tion is due to prevalent positive selection on hemizygous
genes, either as a cause of their hemizygosity, under a model
of adaptation on the X driving silencing of the Y (Orr and Kim
1998), or as a consequence of hemizygosity, due to more
efficient positive selection of recessive alleles in hemizygous
genes (Faster-X effect; Charlesworth et al. 1987). To investi-
gate these hypotheses, we fitted a site model in PAML, which
allows rates to vary between sites to provide a test for positive
selection (dN/dS> 1) operating on particular sites. The pro-
portion of genes passing the LRT for the presence of positive
selection in hemizygous genes (17%) was similar to the pro-
portion of autosomal genes (15%) and sex-linked XY genes
(21%). This result suggests that the higher average dN/dS of
hemizygous genes is not caused by widespread positive selec-
tion on these genes, but is instead a result of lower selective
constraint.

Genetic degeneration of the Y chromosome in plants may
be limited by extensive gene expression in the male gameto-
phyte. To test whether selection during the haploid pollen
phase of the life cycle limits the extent of gene loss from the Y
chromosome, we used pollen and sperm transcriptome data
from A. thaliana and Nicotiana tabacum to identify genes
expressed in the haploid phase of the life cycle, and tested
for an underrepresentation of haploid-expressed genes in
hemizygous genes compared with genes that remain on
the Y (supplementary table S4, Supplementary Material

Table 3. Molecular Evolution of Different Gene Sets in Rumex roth-
schildianus and Their Orthologs in R. hastatulus and R.
bucephalophorus.

Gene Set in Rumex
rothschildianus

Rumex
rothschildianus

Rumex
hastatulus

Rumex
bucephalophorus

Hemizygous 0.225 (0.012) 0.236 (0.012) 0.231 (0.012)
Sex-linked XY 0.201 (0.010) 0.206 (0.010) 0.197 (0.010)
Autosomal 0.155 (0.006) 0.208 (0.006) 0.196 (0.006)

NOTE.—All values are mean dN/dS and associated standard error in parentheses. Sex-
linked XY genes are still expressed on the Y chromosome, whereas sex-linked
hemizygous genes are lost/unexpressed on the Y chromosome.
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online). There was a significant underrepresentation of
haploid-expressed genes in the set of genes that have been
lost from the Y chromosome (Fisher’s exact test, P< 0.001),
whereas the difference between all sex-linked genes and auto-
somal genes was not significant (Fisher’s exact test, P¼ 0.67).
This suggests genes expressed during the haploid phase of the
life cycle are less likely to be lost from the Y chromosome than
genes that are only expressed in diploid tissue.

A source of bias could arise if genes expressed during the
haploid phase are on average more constrained than genes
that are only expressed in the sporophyte, as we have already
shown less constrained genes are more likely to be lost.
Indeed, genes of R. rothschildianus expressed in the haploid
phase are significantly more constrained than genes not ex-
pressed in the haploid phase (median 0.160 and 0.168 respect-
ively, Mann–Whitney U test, P< 0.03). However, the
difference is small, and the same genes are not significantly
different from each other in R. bucephalophorus (Mann–
Whitney U test, P¼ 0.34). Therefore, it seems unlikely that
this is the only factor driving the pattern of gene loss, but
rather that haploid expression affects rate of gene loss in
addition to degree of constraint.

We also carried out a functional enrichment analysis of
genes that remain on the Y chromosome compared with
genes that are lost from the Y chromosome, to see whether
some types of genes are more likely to be lost than others.
Sex-linked XY genes were enriched for various fundamental
categories, such as intracellular transport, protein transport,
post-embryonic development, and RNA binding, splicing and
processing (supplementary table S5, Supplementary Material
online), whereas sex-linked hemizygous genes were enriched
for fewer categories of probably less fundamental processes
(supplementary table S6, Supplementary Material online).

Taken together, these results suggest that although gene
silencing and/or loss in R. rothschildianus is extensive, and has
occurred rapidly, it is not a rampant or random process. A
similar pattern has been observed on the neo-sex chromo-
some of Drosophila miranda, where genes that have been lost
were ancestrally expressed at lower levels (Kaiser et al. 2011),
and in threespine stickleback, where genes retained on the
oldest stratum are under stronger purifying selection than the
rest of the X chromosome (White et al. 2015).

The genes that still remain on the Y chromosome in
R. rothschildianus could reflect a core set of genes that cannot
be lost, similar to that found in old, fully degenerated sex
chromosomes, although the number of genes involved would
be �10 times higher than in mammals (�36 retained genes;
Bellott et al. 2014) or Drosophila species (<20 retained genes;
Carvalho et al. 2009). This difference could be the result of
more extensive haploid gene expression in plants, which
might increase the number of genes that cannot be lost
from the Y chromosome because they are essential for the
development of Y-bearing pollen. However, the relative youth
of sex chromosomes in R. rothschildianus (�8–10 million
generations compared with, for example, �160–180 million
years in mammals; Potrzebowski et al. 2008; Veyrunes et al.
2008) suggests gene loss is probably ongoing. This implies
purifying selection on the Y chromosome has a greater role
than just maintaining a core set of genes. Instead, purifying
selection determines the order in which genes are lost, as
opposed to gene loss being a random mutation-driven process.

There Is No Complete Dosage Compensation
To investigate whether R. rothschildianus shows evidence of
dosage compensation, we compared the relative expression
levels of different sets of genes in males and females (fig. 2).
Sex-linked hemizygous genes have only a single expressed
copy in males and two expressed copies in females, and the
distribution of total male/female expression is centred around
0.5, although there is a shoulder representing genes that are
expressed similarly in both sexes (fig. 2A), whereas sex-linked
genes that still retain expression of the Y copy (fig. 2B) and
autosomal genes (fig. 2C) have a male/female expression ratio
centred around the null expectation of 1, corresponding to
equal male and female gene expression. These results suggest
that, despite widespread gene loss, complete dosage compen-
sation has not evolved in R. rothschildianus, although a small
subset of hemizygous genes is expressed at equal levels be-
tween males and females.

This result indicates that for a large number of genes male
expression levels are lower than female, presumably closer to
optimal, expression levels. This is in accord with reports of the
lack of complete dosage compensation from a wide
range of species, including birds, many insects, fish and snakes
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FIG. 2. Probability density histograms representing male gene expression relative to female gene expression in different sets of genes in Rumex
rothschildianus. Sex-linked hemizygous genes (A) have only a single expressed copy in males and two expressed copies in females, whereas sex-
linked XY genes (B) and autosomal genes (C) have two expressed copies in both males and females. Dotted line represents null expectation of 1:1
male/female expression ratio.
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(e.g., Ellegren et al. 2007; Uebbing et al. 2013; Vicoso et al. 2013;
Chen et al. 2014; Mahajan and Bachtrog 2015; Walters et al.
2015). The fact that full dosage compensation fails to occur in
many species implies either the fitness cost of a reduced ex-
pression level in some genes is not large or, alternatively, that
dosage compensation is difficult to achieve. In either case, it
suggests that widespread gene degeneration did not occur
neutrally following widespread dosage compensation.

There Is Evidence for Targeted Dosage Compensation
It is possible that particular genes, rather than the whole
chromosome, have been targeted for dosage compensation.
This is perhaps more likely in R. rothschildianus because many
genes present on the Y chromosome may not require cor-
rection of dosage. To investigate this hypothesis, we looked at
the male/female ratio on a gene-by-gene basis (fig. 3). In a
scenario of full dosage compensation most genes should fall
on the 1:1 line, whereas with no dosage compensation they
should fall close to the 0.5:1 line. Although in some cases
hemizygous gene expression in males is close to the null ex-
pectation of half the expression level found in females, there
are many genes that are above the line. However, between-
individual variance introduces noise and makes it difficult to
distinguish when a gene is likely to have been ‘dosage
compensated’ from random noise. We therefore directly
tested for statistically significant differential expression (see
Methods) to more robustly categorise the gene set into ‘dos-
age compensated’ or ‘not dosage compensated’ depending
on whether males had expression levels that were significantly
higher than half the value of female expression (table 4).
Approximately a quarter of hemizygous genes are expressed
at significantly higher levels than half the value of female
expression, and a subset of these (�14% of all hemizygous
genes) also show no significant difference in expression be-
tween males and females.

To investigate whether genes defined as ‘dosage
compensated’ were likely to be actively targeted for dosage

compensation we compared the male/female expression
ratio to the degree of constraint of hemizygous genes, using
this as a proxy for its overall importance. Because dosage
compensation may be more difficult to accomplish in genes
expressed at higher levels, and more constrained genes have
higher expression (supplementary fig. S3, Supplementary
Material online), we included ancestral gene expression in a
partial correlation test of degree of compensation and dN/dS

ratio, which was significant (rs¼�0.30, P< 0.05; supplemen
tary fig. S4, Supplementary Material online). This suggests that
targeted dosage compensation is occurring in males, up-
regulating the expression of more selectively constrained,
and presumably more important, genes.

We carried out two further tests to confirm that these
genes are likely to have been targeted for dosage compensa-
tion. First, we compared their ancestral expression levels, be-
cause genes with low expression are more likely to have
buffered expression resulting in ‘automatic’ dosage compen-
sation (Malone et al. 2012). However, there was no significant
difference between ancestral expression levels between genes
defined as ‘dosage compensated’ compared with those
defined as ‘not dosage compensated’ (Mann–Whitney U test,
P¼ 0.92) and there was no significant correlation between
male/female expression ratio and ancestral gene expression
(rs¼ 0.1, P¼ 0.47). It is also clear from figure 3 that not all
genes with male/female ratios close to 1 are expressed at low
levels. Second, we tested for a correlation between male/fe-
male expression ratio and the between-individual variance,
observed in some studies reporting patchy dosage compen-
sation (e.g., Uebbing et al. 2013), which if significant would
suggest apparent dosage compensation was a statistical arte-
fact. However, there was no significant correlation between
degree of dosage compensation and between-individual vari-
ance (rs¼�0.09, P¼ 0.40). Therefore, similar to reports from
chicken sex chromosomes, where dosage compensation is
occurring only in dosage sensitive genes (Zimmer et al.
2016), our results suggest that active targeted dosage com-
pensation of particular important genes is occurring in
R. rothschildianus.

Changes in Gene Expression from Ancestral Levels
A comparison between male and female individuals is a sim-
plistic way of testing for dosage compensation, because
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FIG. 3. Male versus female expression level for hemizygous genes in
Rumex rothschildianus. Lines showing 1:1 expression levels and 0.5:1
expression levels expected under scenarios of full dosage compensa-
tion (equal expression in both sexes), or no dosage compensation
(half the expression level in males compared with females).

Table 4. Number of Genes With Significantly Different Expression
Levels between Males and Females for Different Gene Sets in Rumex
rothschildianus.

Hemizygous Sex-Linked XY Autosomal

% significantly different 76% 51% 14%
Number lower in males/total 58/58 56/156 40/91
% significantly different from

1/2 female expression
24%

Number lower in males from
1/2 female expression/total

3/22

NOTE.—Sex-linked XY genes are still expressed on the Y chromosome, whereas sex-
linked hemizygous genes are lost/unexpressed on the Y chromosome. Significance
was calculated using differential expression analysis based on a negative binomial
distribution model.
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changes in expression can occur in both sexes. We therefore
used ancestral expression levels to determine the direction
of change in gene expression in R. rothschildianus, to assess
whether the overall difference between male and female
hemizygous gene expression is coming from changes to
male or female expression. Whereas females showed similar
expression levels to ancestral expression, with a female/ances-
tral ratio centred around 1 (fig. 4A), males had lower expression
than ancestral levels, with male/ancestral expression centred
around 0.5 (fig. 4B). This result indicates that the differences
between male and female expression of hemizygous genes
in R. rothschildianus are arising due to the loss of one copy
of the gene in males, as opposed to changes in female
expression of these genes.

We divided hemizygous genes into statistically ‘dosage
compensated’ (those with male expression significantly above
half the value of female expression) and ‘not dosage
compensated’ (those with male expression not significantly
above half the value of female expression) and compared
expression levels of these two groups to ancestral expression,
to address two questions. First, we asked whether genes in
which male expression is not significantly different from half
the value of females (‘not dosage compensated’) are ex-
pressed at ancestral levels in females, or whether some up-
regulation of male transcription has led to a corresponding
increase in female gene expression, keeping the male/female
expression close to 0.5 but shifting the female expression
away from optimal (Mullon et al. 2015). The distribution of
female/ancestral expression was centred around 1 (fig. 4C),

whereas the distribution of male/ancestral expression was
centred around 0.5 (fig. 4D). Moreover, a more rigorous test
for differential expression between current and ancestral lev-
els showed that current female expression varied equally in
both directions relative to ancestral levels (50 genes signifi-
cant, 46% of them lower than ancestral) whereas male ex-
pression was biased towards being significantly lower than
ancestral (62 genes significant, 74% of them lower than an-
cestral). These results suggest that the lower expression levels
in males are not ancestral, and females have not moved away
from optimal expression.

Second, we asked whether genes that have been compen-
sated have simply been up-regulated in males, resulting in
equal gene expression compared with ancestral expression
levels. Statistically ‘dosage compensated’ genes had a distri-
bution of expression shifted below ancestral expression in
both females (fig. 4E) and males (fig. 4F). Supporting this,
compensated genes that showed significantly different ex-
pression between current and ancestral levels are biased to-
wards lower current expression in both females (17 genes
significant, 10 of these lower than ancestral) and males
(15 genes significant, 11 of these lower than ancestral).
These results suggest that dosage compensation has not
occurred entirely through up-regulation of male transcrip-
tion, but also through down-regulation of female expres-
sion. This pattern has also been reported in other species
that exhibit partial dosage compensation, such as
Strepsiptera beetles and Heliconius butterflies (Mahajan
and Bachtrog 2015; Walters et al. 2015), as well as species
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with complete dosage compensation, such as mammals
and C. elegans (Ercan et al. 2007; Pessia et al. 2012). In
mammals, it has been shown that autosomal genes that
interact with genes on the X chromosomes are down regu-
lated accordingly (Julien et al. 2012). Presumably, some-
thing similar is occurring in other taxa that exhibit this
pattern. A reduction in gene expression levels in the homo-
gametic sex therefore appears to be a common, albeit
counterintuitive, way of balancing within-genome
expression.

Evolution of Allele-Specific Gene Expression
Under a model of adaptive gene silencing, the expression of Y
alleles should be actively suppressed relative to X alleles, due
either to adaptive evolution on the X, or slightly deleterious
mutations on the Y. To investigate these possibilities, we
measured allele-specific expression for X and Y alleles in
males, as well as reference and alternate alleles in sex-linked
genes in females and autosomal genes (fig. 5). In all cases, the
ratio of alternate over reference allele is shifted below the
1:1 line due to mapping bias, but the difference is greatest
between the X and Y alleles. If this was due to an active
suppression of the Y due to either of the two models outlined
above, the Y/X expression is expected to be lower in genes
with higher X–Y dN/dS (where more deleterious mutations
have accumulated), or in genes that showed evidence of posi-
tive selection occurring on the X chromosome. However,
there was no correlation between Y/X expression ratio and
X–Y dN/dS (rs¼ 0.01, P¼ 0.86) and no difference in Y/X ex-
pression ratio between genes that showed evidence of posi-
tive selection on the X chromosome compared with genes
that did not (based on results from PAML branch-site model
likelihood ratio test for positive selection; Mann Whitney
U test, P¼ 0.96). Additionally, there was no correlation
between Y/X expression and time since recombination
suppression, estimated by X–Y synonymous divergence
(rs¼�0.05, P¼ 0.41). These findings suggest that the
lower expression of the Y allele relative to the X is more

likely to be a passive consequence of degeneration, rather
than a result of adaptive suppression of Y chromosome
expression.

A reduction in expression of Y alleles could lead to lower
overall expression of sex-linked XY genes in males, if it was not
accompanied by an equal increase in expression of the
X allele, that is, dosage compensation of genes that have
retained a Y copy. To investigate this, we looked at overall
expression differences between males and females in XY
genes (table 4). Sex-linked genes had a much higher percent-
age of genes showing significant differences in expression
between the sexes compared with autosomal genes.
However, differentially expressed genes are biased towards
being higher in males (table 4 and supplementary fig. S5,
Supplementary Material online). Moreover, the increase in
gene expression in males did not arise from expression of a
higher-quality X allele, but was instead the result of over-
expression of the Y allele compared with the X allele (fig. 6).
This suggests that the observed difference in levels of gene
expression between the sexes in XY genes may be a result of
male-specific adaptive Y alleles. To further investigate this
possibility, we conducted a functional enrichment analysis
of genes with biased Y-allele expression, and found that they
were enriched for categories of genes that are likely to have
different optima between the two sexes, such as negative
regulation of flower development and reproductive struc-
tures (supplementary table S7, Supplementary Material
online).

These putatively adaptive Y alleles did not necessarily arise
on the Y chromosome, as they might have been present in
the ancestral pseudo-autosomal region and therefore contrib-
uted to the suppression of recombination due to sexually
antagonistic effects (Rice 1987a; Jordan and Charlesworth
2011). However, the highly skewed expression favoring the
Y allele over the X allele must have occurred after recombin-
ation was suppressed. Although it is possible that mutations
in regulatory regions are causing deleterious increases in ex-
pression level, as opposed to the more commonly reported
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FIG. 5. Allele-specific expression for sex-linked genes that still retain
the Y copy and for autosomal genes in Rumex rothschildianus. Ratio of
alternate/reference is shown for males (corresponding to the ratio of
Y allele over X allele), females and autosomal genes in both males and
females as a control. Line represents theoretical expectation of equal
expression of both alleles, although mapping bias can shift the ex-
pected ratio to slightly below one.
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FIG. 6. Ratio of male gene expression over female gene expression
plotted against Y/X allele-specific expression ratio in Rumex rothschil-
dianus, showing that higher expression levels in males are driven by
over-expression of the Y allele. Lines represent neutral expectation of
1:1 expression between males and females and between X and Y
alleles.
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reduction in expression, high expression levels of degenerat-
ing genes are likely to be strongly selected against. Moreover,
the enrichment of these Y-biased genes for functions that are
likely to have different optima between the sexes suggests
that this is an adaptive bias in allele expression. Overall, our
results suggest that the Y chromosome is not only passively
degenerating, but that it can also respond to male-specific
selection. These processes also provide a mechanism by
which selective sweeps, the last of the non-independence
models, could be operating.

Conclusions
We observed extensive gene loss (or silencing) from the Y
chromosome in R. rothschildianus, and we inferred that Y
chromosome degeneration has occurred at a significantly
faster rate in R. rothschildianus compared with R. hastatulus.
This result demonstrates that closely related taxa with similar
life histories and sex chromosomes of roughly similar ages can
have contrasting rates of degeneration. We hypothesise
that these differences may be driven by the presence of an
ancient neo-Y chromosome in R. rothschildianus driving
stronger selective interference over a longer timescale than
in R. hastatulus.

The patterns observed in the loss of genes and changes in
gene expression in R. rothschildianus can be used to evaluate
possible models of Y chromosome degeneration. In particular,
they do not support the idea that degeneration is driven by
active silencing of the Y allele due to either adaptive evolution
of the X or mildly deleterious mutations on the Y. These
processes would be expected to suppress Y allele expression
in genes undergoing extensive positive selection in the former
or, arguably, more important genes in the latter, which is
opposite to the pattern we found. Moreover, although ana-
lysis of allele-specific expression suggests Y alleles are ex-
pressed at a lower level than the X allele on average, there
is no clear correlation with age of the sex-linked gene or its
degree of constraint, which suggests this pattern may be a
direct cause of deleterious mutations in regulatory regions, as
opposed to any active suppression of particular genes. Finally,
adaptive silencing would be expected to be accompanied by
extensive dosage compensation, as otherwise the fitness cost
of the loss of a gene copy would likely outweigh any benefit
arising from suppression of a less fit allele. In R. rothschildianus,
however, only a subset of genes showed evidence of dosage
compensation.

Instead, the pattern observed in the types of genes that are
lost or retained in R. rothschildianus, and in their expression,
suggests Y chromosome degeneration is a direct consequence
of interference between sites reducing the efficacy of selec-
tion. In particular, background selection could have a prom-
inent role, as the genes that remain on the Y show evidence of
being under stronger purifying selection. These genes are an-
cestrally more constrained and have higher expression than
those that have been lost from the Y chromosome, they are
more likely to be expressed in the haploid phase of the life
cycle, and they are enriched for fundamental functional cat-
egories. There is also evidence of male-specific adaptation on

Y allele expression, which could have resulted in selective
sweeps. Therefore, both purifying and positive selection
appear to be operating on the Y chromosome of R. rothschil-
dianus, reducing the effective population size of
non-recombining regions and increasing the speed of
Muller’s ratchet, ultimately leading to the degeneration and
loss of more weakly selected linked genes.

Materials and Methods

RNA Sequencing and Transcriptome Assembly
Rumex rothschildianus is a rare dioecious annual, endemic to
Israel (Rottenberg and Parker 2003). Material of R. rothschil-
dianus used in this study was obtained from a bulk seed
collection from the Tel Aviv Botanical Garden. We collected
leaf tissue from the parents and from six female and six male
offspring of two independent crosses of R. rothschildianus. We
used leaf tissue as opposed to floral tissue because the latter
involves considerable sex-specific gene expression associated
with the development of male versus female flowers, which
would complicate analyses unnecessarily. The crosses were
carried out in isolation under glasshouse conditions to pre-
vent cross-fertilisation from an individual other than the focal
male parent. The second cross only had four male offspring
due to an extreme sex ratio bias. We extracted total RNA
using RNAeasy plant kit (Qiagen) following manufacturer
recommended protocols. Illumina Hi-Seq 2,500 sequencing
of 100 bp paired-end reads was carried out at The Centre for
Applied Genomics (Toronto, Canada) multiplexed across
four lanes, with one lane having fewer samples allowing
increased coverage of the two individuals (one male and
one female parent) subsequently used for de novo transcrip-
tome assembly.

We assembled separate female and male reference tran-
scriptomes de novo using one female and one male parent.
Prior to assembly the reads were passed through a quality
filter to remove low quality read pairs with over 10% Ns, over
50% low quality bases, or shorter than 50 bp long. We used
the perl script VelvetOptimiser.pl (v. 2.2.4) available from
GitHub to determine the optimal kmer size (45 for the female
assembly; 27 for the male assembly) and the assembly was
carried out using Velvet (v. 1.2.09; Zerbino and Birney 2008)
followed by Oases (v. 0.2.08; Schulz et al. 2012). The output
from Oases contained several isoforms per transcript, and in
each case we chose the longest as the representative tran-
script. This pipeline resulted in a female reference transcrip-
tome of 31,408 contigs (N50¼ 1,894) and a male reference
transcriptome of 58,358 contigs (N50¼ 1,766). We obtained
reference transcriptomes for R. hastatulus and the hermaph-
rodite R. bucephalophorus from Hough et al. (2014).

Identification of Sex-Linked Genes
To identify genes located on the sex chromosomes
in R. rothschildianus we mapped all individuals to the
female reference transcriptome using Burrows–Wheeler
Aligner (v. 0.7.8-r455; Li and Durbin 2009) followed by
Stampy (v.1.0.20; Lunter and Goodson 2011) to map more
divergent reads. We carried out a pre-processing pipeline of
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the mapped bam files using Picard tools (http://picard.sour
ceforge.net) as described in the GATK ‘best practices’
(DePristo et al. 2011; Van der Auwera et al. 2013). We
then used GATK haplotype caller followed by unified geno-
typer to call variants, implemented with the recommended
quality filters (McKenna et al. 2010).

The resulting VCF files contained variant information for
the parents and male and female offspring of the two crosses.
We parsed these files searching for SNPs segregating in diag-
nostic patterns to form three different datasets: genes located
on the X and Y chromosomes (hereafter ‘sex-linked XY
genes’); genes located on the X and missing from the
Y chromosome (‘sex-linked hemizygous genes’); and genes
located on the autosomes (for details see supplementary
material S1, Supplementary Material online). The hemi-
zygosity of genes classified as sex-linked hemizygous was
confirmed in several ways (for details see supplementary
material S1, Supplementary Material online). We obtained
lists of sex-linked XY genes, sex-linked hemizygous and
autosomal genes for R. hastatulus from Hough et al. (2014).

Identification of Orthologs, Construction of
Alignments and Phylogenetic Trees
To identify orthologs between R. rothschildianus and two
closely related species R. hastatulus and R. bucephalophorus,
we first identified the longest open reading frame (ORF) of
each transcript from each species using the program getorf
from the software suite EMBOSS (v. 6.4.0.0; Rice et al. 2000).
We then performed a reciprocal nucleotide BLAST search
(Altschul et al. 1990) between each species pair, and used
three-way best hits to determine orthology.

To place R. rothschildianus in the Rumex phylogeny we
downloaded 10 R. acetosa genes and the transcriptome of
Fagopyrum esculentum (Polygonaceae), for use an out-group,
from the GenBank nucleotide database. We identified the
longest ORF for each sequence of both species and used
reciprocal nucleotide blast searches of R. acetosa and recip-
rocal protein blast of F. esculentum against the longest ORFs
of the three reference transcriptomes to determine orthology.

We constructed alignments of orthologous ORFs by first
aligning the amino acid sequences using the program Muscle
(v3.8.3; Edgar 2004), which were then used to guide the align-
ment of nucleotide sequences using the program RevTrans (v.
1.4; Wernersson and Pedersen 2003). We constructed max-
imum likelihood phylogenetic trees using the program
RAxML (v. 8.2.4; Stamatakis 2014) and bootstrapped the trees
to get measures of support for each node using the same
program. The trees were rooted using F. esculentum as an out-
group.

Molecular Evolution on the X and Y Chromosomes
To investigate molecular evolution of the X and Y sequences,
it is necessary to have phased consensus sequences. This was
carried out using a likelihood approach developed and tested
in Hough et al (2014). Briefly, this involves an R script that
assesses sex-linkage of SNPs using a likelihood ratio, and gen-
erates a consensus Y sequence given the female reference as a
consensus X sequence and the VCF file of variants mapped to

it. We modified this script slightly to include the evolution of
indels, but other details remain the same and are described in
Hough et al. (2014). Because of the modification of the script
we generated consensus phased X and Y sequences for both
R. rothschildianus and R. hastatulus.

We identified the longest ORF separately for the X and Y
consensus sequences and constructed pairwise alignments of
the X and Y sequences following the same method described
above. We calculated pairwise X–Y sequence divergence
using the yn00 program implemented in PAML (v. 4.8;
Yang 2007). For each species, we aligned the phased XY se-
quences to their orthologs in the other species, and analysed
these four-way alignments using the codeml program in
PAML. Input tree files were unrooted, and in each case the
X and Y sequences formed a monophyletic group, with a
trifurcation at the root. We used an initial run of the M0
‘one-ratio’ model to provide the initial branch lengths for
the trees used in the subsequent analyses. We ran several
models: 1) Branch models allowing the rate of the X or Y
sequence to vary compared with the ‘background’ rate; 2) A
free ratio model allowing rates to vary freely for each branch;
3) Site models allowing rates to vary between sites, which is
used to detect signals of positive selection when particular
sites (codons) have dN/dS ratio>1.

We ran the same PAML models on sex-linked hemizygous
genes and autosomal genes in R. rothschildianus and their
orthologs in the other species. The analyses looking for
evidence of positive selection included the out-group F. escu-
lentum, so were also based on alignments of four sequences.
We generated tree files separately for each gene using the
program RAxML, as the phylogenetic relationship be-
tween R. rothschildianus, R. hastatulus and R. bucephalo-
phorus is not fully resolved.

Assessing Inter-Specific Homology of Sex
Chromosomes
To assess homology of sex chromosomes in R. rothschildianus
and R. hastatulus we carried out a thorough comparison of all
sex-linked genes in the two species. We used datasets of dif-
ferent stringency (with different numbers of SNPs required to
define the gene as sex-linked) and different age (using X–Y
synonymous divergence as a measure of age), looking for the
presence of more orthologous genes present in each dataset
than one would expect by chance. We calculated expected
values simply by random expectation given the number of
orthologs between the two species, and the number of ortho-
logs in each gene class. We calculated significance by two-
tailed random permutation tests.

Analyses of Gene and Allele-Specific Expression
We measured gene expression with the python package
HTSeq (Anders et al. 2015) using the longest ORF as the
defined region for expression counts. We analysed the output
of raw counts using the R package DESeq2 (v. 1.11.45; Love
et al. 2014), which uses a negative binomial distribution
model to test for significantly different levels of gene expres-
sion between groups. We identified genes with significantly
different expression between: 1) males and females of R.
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rothschildianus, and 2) present expression levels in R. roth-
schildianus and ancestral expression levels, estimated by using
the average of male and female expression in R. hastatulus.
Because hemizygous genes are expected to have lower levels
of expression in males relative to females, we carried out the
between-individual normalisation using only the autosomal
genes, which have no reason to be biased overall in their
expression between the sexes. We then used the individual
size factors obtained from the autosomal data to transform
the raw counts of sex-linked genes into normalised counts.
None of the hemizygous genes in R. rothschildianus are hemi-
zygous in R. hastatulus, allowing R. hastatulus to be used for
estimation of ancestral expression levels. The close correlation
between expression in R. rothschildianus and R. hastatulus
(rs¼ 0.60, P< 10�15) validates this approach.

We obtained allele-specific expression from allele read
counts in the VCF files. SNPs with low coverage (< 8 reads)
were removed, as these are more likely to give highly skewed
ratios. We calculated the ratio of alternate over reference
allele counts for each heterozygous individual: in males this
corresponds to Y over X expression, whereas in females this
corresponds to expression of the X inherited from the father
over the X inherited from the mother. We then averaged
these ratios across individuals and across SNPs in each
gene, giving an average alternative/reference value per gene.
We calculated the same alternate over reference allele count
ratio for autosomal genes to provide the null expectation, as
mapping bias lowers the actual expected ratio to below the
theoretical null expectation of 1:1.

Generating Gene Lists for Gametophyte and
Sporophyte Expression
Lists of genes expressed during different life cycle stages were
obtained for A. thaliana and N. tabacum from Borges et al.
(2008) and Hafidh et al. (2012). We divided these into two
sets of genes: those expressed at any point during the haploid
gametophyte phase of the life cycle, and those only expressed
during the diploid sporophyte phase (for details see supple
mentary material S1, Supplementary Material online). We
analysed the number of orthologous sex-linked hemizygous
genes and sex-linked XY genes present in each dataset (ex-
pressed or not expressed during the haploid phase of the life
cycle) using a Fisher’s exact test. We also carried out a second
test between all sex-linked genes compared with all auto-
somal genes.

Functional Enrichment Analysis
We used the Database for Annotation, Visualization and
Discovery (DAVID; Huang et al. 2009) to identify significant
overrepresentation of particular functional categories in sex-
linked XY genes compared with hemizygous genes. We also
carried out a second functional enrichment test on genes
showing biased expression of the Y allele in males. Gene
ontology was defined using orthology to A. thaliana, which
has the most comprehensive gene annotation of any plant
species. The background from which to base the enrichment
analysis involved all R. rothschildianus–A. thaliana orthologs.
DAVID provides functional annotation clustering to facilitate

interpretation, with enrichment scores above 1 being signifi-
cant. Significance of enrichment of particular functional cat-
egories was determined using a modified (more conservative)
Fisher’s exact test.

Supplementary Material
Supplementary data are available at Molecular Biology and
Evolution online.
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