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Abstract

Sex chromosomes evolve from ordinary autosomes through the expansion and subsequent
degeneration of a region of suppressed recombination that is inherited through one sex. Here we
investigate the relative timing of these processes in the UV sex chromosomes of the moss
Ceratodon purpureus using molecular population genetic analyses of eight newly discovered sex-
linked loci. In this system recombination is suppressed on both the female-transmitted (U) sex
chromosome and the male-transmitted (V) chromosome. Genes on both chromosomes therefore
should show the deleterious effects of suppressed recombination and sex-limited transmission,
while purifying selection should maintain homologs of genes essential for both sexes on both sex
chromosomes. Based on analyses of eight sex-linked loci, we show that the non-recombining
portions of the U and VV-chromosomes expanded in at least two events (~0.6 — 1.3 MYA and ~2.8
- 3.5 MYA), after the divergence of C. purpureus from its dioecious sister species, Trichodon
cylindricus and Cheilothela chloropus. Both U and V-linked copies showed reduced nucleotide
diversity and limited population structure, compared to autosomal loci, suggesting that the sex
chromosomes experienced more recent selective sweeps that the autosomes. Collectively these
results highlight the dynamic nature of gene composition and molecular evolution on non-
recombining portions of the U and V sex chromosomes.
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INTRODUCTION

Heteromorphic sex chromosomes are widely viewed as degenerated descendants of former
autosomes, a view largely based on studies of vertebrate and insect model systems
(Charlesworth and Charlesworth 2000). It is now clear, however, that the degree of sex
chromosome degeneration may depend in complex ways on an organisms’ life history
(Perrin 2009; Bachtrog et al. 2011; Otto et al. 2011). Degeneration appears to prevail in the
male-specific non-recombining portions of the Y-chromosome (NRY) in mammals
(Skaletsky et al. 2003) and the female-specific non-recombining portions of the W-
chromosome (NRW) in birds and lepidopterans (Handley et al. 2004; Abe et al. 2005), but
not in the NRY of the frogs Rana temporariaand Hyla spp (Matsuba et al. 2010; Stock et al.
2011), and nor perhaps the flowering plant Sifene latifolia (Bergero and Charlesworth 2011;
Chibalina and Filatov 2011). A major challenge, therefore, is identifying the population
genetic factors that govern the patterns of divergence and degeneration between formerly
homologous sex chromosome pairs in different lineages. Here we study patterns of
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polymorphism and divergence on the UV sex chromosomes of the haploid dioecious moss
Ceratodon purpureus, an under-explored class of sex chromosomes that may enable us to
separate critical evolutionary factors that are confounded in other systems.

The major hypothesis to explain the origin and expansion of NRY (or NRW) involves loci
with alleles that have opposing effects on male and female fitness, or sexually antagonistic
(SA) alleles (Charlesworth and Charlesworth 1978; van Doorn and Kirkpatrick 2007).
Theory shows that alleles that benefit one sex can increase in frequency more readily when
they are linked to the locus that determines that sex, even if these alleles have deleterious
effects on the opposite sex (Rice 1987). For example, a male beneficial allele that is linked
to a male determining chromosome is more likely to fix in a population than an autosomal
allele with similar effects. If linkage is incomplete, meiotic cross-overs will lead to such
alleles migrating onto a female genetic background. If the allele is also detrimental in
females, this in turn can generate selection to suppress recombination between the male
beneficial allele and the fully male-linked region (the converse can occur for female-
beneficial SA alleles). The repeated evolution of SA mutations may thus promote the
expansion of suppressed recombination on sex chromosomes (Rice 1987), by favoring
chromosomal inversions, translocations, or expansion of heterochromatin that ensure that
male-benefit alleles are confined to a male chromosome (Charlesworth and Charlesworth
1980; Skaletsky et al. 2003; Koerich et al. 2008; Wang et al. 2012).

The sexual antagonism hypothesis, in spite of its intuitive appeal, is difficult to test
empirically. The observation that genes near the boundary between the recombining and
non-recombining portion of the sex chromosome have more recent X-Y coalescence times
than genes more distant from the recombination boundary — that is, they form evolutionary
strata (Lahn and Page 1999) - is consistent with this model, but does not exclude other
mechanisms that do not require SA alleles (Ironside 2010). In particular, any selective force
that favors the fixation of a chromosomal inversion (eg, an inversion that generates a
beneficial mutation, or captures multiple locally adapted alleles, (Kirkpatrick and Barton
2006) can in principal lead to the incorporation of partially sex-linked genome regions into
the sex-specific region of suppressed recombination.

In contrast, several well-understood processes contribute to gene loss from the non-
recombining members of sex chromosome pairs, foremost among them suppressed
recombination and transmission limited to one sex (Bachtrog 2006). These processes reduce
the effective population size (/) of such chromosomes, making natural selection less
effective at purging deleterious mutations or fixing adaptive ones. As a consequence, non-
recombining portions of the genome exhibit decreased codon bias, increased amino acid
substitution rates, and increased frequencies of transposable elements (Bachtrog 2005;
Marais et al. 2008; Chibalina and Filatov 2011; Whittle et al. 2011). Moreover, the NRY (or
NRW) chromosome is always heterozygous with its recombining partner, leading to weak
purifying selection against deleterious mutations on NRY, since mutations are usually
partially recessive (deleterious mutations in X- or Z-linked loci, in contrast, will be
expressed and presumably purged in the homogametic sex). Therefore, deleterious Y-linked
mutations can fix, and in practice many NRY chromosomes retain few homologs with their
recombining partner.

The balance between the expansion and degeneration of the sex chromosomes of haploid
dioecious species, such as bryophytes, should differ from that on the sex chromosomes of
diploid dioecious animals and angiosperms (Bull 1978; Bachtrog et al. 2011). In dioecious
mosses, sex determination happens at the haploid stage, which has important consequences
for the evolution of sex chromosomes. Female and male gametophytes each carry a sex-
specific chromosome, which, following Bachtrog et al. (2011), we refer to as U and V,

Evolution. Author manuscript; available in PMC 2014 October 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDaniel et al.

Page 3

respectively. The diploid part of the life cycle (the sporophyte) is always heterozygous (ie,
UV) for the sex-determining chromosomes. At meiosis the U and V chromosomes segregate
to haploid female and male spores, respectively, which develop into multicellular haploid
female and male gametophytes, the dominant part of the moss life cycle. The non-
recombining portions of the bryophyte U and V sex chromosomes (NRU and NRV) are
genetically analogous to the mating type loci of some fungi (eg Microbotryum or
Neurospord) and algae (eg Chlamydomonas), in that mating type is determined at meiosis
(Ferris and Goodenough 1994; Hood 2002; Hood et al. 2004; Menkis et al. 2008). However,
mosses additionally possess the gamete-size differences (and often extensive gametophyte
sexual dimorphism) that generally are associated with male-female systems, while the best-
studied fungi and algae lack such dimorphisms. Indeed, bryophytes experience biased sex
ratios and sex differences in parental care, morphology and life history (Stark et al. 2001,
Bisang and Hedenas 2005; McDaniel 2005; McDaniel et al. 2007), all traits that could
involve sexually antagonistic alleles. Even in early developmental tissue like protonema,
with only two cell types, growth is subtly sexually dimorphic (McDaniel et al. 2008),
suggesting that males and females of C. purpureus are physiologically dimorphic almost
right from spore germination, if not before.

In a haploid dioecious system, purifying selection is likely to be strong for many genes on
both non-recombining sex chromosomes (Nishiyama et al. 2003; Szovenyi et al. 2011).
Thus, size differences between the U and VV chromosomes is unlikely to result from
asymmetric gene loss, although genes expressed only in one sex can be lost from the sex
chromosome of the other sex. Indeed, although cytological studies indicate that many
bryophyte sex chromosomes are heteromorphic (suggesting differential gene loss or
differential accumulation of repetitive sequences between the NRU and NRV), they are not
generally smaller than the autosomes, and are sometimes larger (Allen 1935; Nakayama et
al. 2001). In the moss Ceratodon purpureus, for example, both the male and female
chromosomes appear approximately five times larger than the average autosome (Heitz
1932; McDaniel et al. 2007). Data on genetic differentiation between the NRU and NRV
chromosomes of bryophyte species are currently very limited (Korpelainen et al. 2008). In
the most thorough study, Yamato et al. (2007) reported 64 genes on the male chromosome
of the liverwort Marchantia polymorpha, 50 with identifiable homologs on the female
chromosome, although whether the differences between the NRU and NRV chromosomes
resulted from gene addition or gene loss is unknown.

The bryophyte sex chromosome system also allows us to assess to role of suppressed
recombination in sex chromosome evolution, independent of sex-limited inheritance and
relaxed purifying selection. This is unlike XY or ZW systems where suppressed
recombination is confounded with both sex-limited transmission (to males in XY systems or
females in ZW systems) and relaxed purifying selection (because NRY- and NRW-linked
mutations experience enforced heterozygosity with the recombining X or Z). In C.
purpureus, meiotic chromosome staining and genetic mapping indicate that the UV
chromosome pair has a large region over which crossing-over is suppressed (Heitz 1932;
Ramsay and Berrie 1982; McDaniel et al. 2007). Levels of polymorphism in regions of
suppressed recombination are strongly influenced by hitch-hiking effects of directional or
purifying selection acting on the non-recombining chromosome (Bachtrog 2006). As
adaptive mutations are fixed (hitch-hiking; Maynard-Smith and Haigh 1974), or as
chromosomes containing deleterious mutations are purged (background selection;
Charlesworth et al. 1993), diversity in the entire non-recombining region is reduced or lost.
Assuming that beneficial and deleterious mutations occur similarly in male and female
bryophytes, purifying and directional selection should have similar effects on nucleotide
variation on non-recombining portions of the bryophyte U and VV chromosomes.
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Based on these inferences, we can construct three general predictions regarding the patterns
of polymorphism and divergence on bryophyte sex chromosomes. First, because for every U
or V chromosome in a sporophyte, there are two copies of each autosome, and we expect
that the A4 of a sex-linked locus should be half that of an autosomal locus. Further
reductions in the polymorphism on the NRU and NRV, relative to autosomes, may reflect
hitchhiking effects as a consequence of selective sweeps or background selection. Second,
because both sex chromosomes experience the same meiotic process (ie, suppressed
recombination in a UV sporophyte), we expect that differences in patterns of polymorphism
between the NRU and NRV will driven by sex differences in mutation rates, demography, or
selection. Third, for genes that have homologs on both the U and VV chromosomes the
divergence times of the NRU-NRV pairs should reflect the times the loci stopped
recombining (barring subsequent interchromosomal gene conversion, Perrin 2009). Thus,
the ongoing expansion of the NRU-NRV may generate U-V divergence times of variable
ages, potentially in the form of evolutionary strata.

To understand the processes shaping the evolution of the NRU and NRV we genetically
mapped 71 ESTs from C. purpureus and identified eight sex-linked genes among them. We
compared the patterns of polymorphism in these sex-linked loci to those for nine autosomal
loci in a panel of wild isolates from eastern North America, including seven populations of
C. purpureus and representatives of two closely related species. The divergence between the
U and V allele pairs indicates that these loci ceased recombining in multiple events in the
recent history of the species, but the polymorphism data suggest that subtle degenerative
processes may be acting in spite of the strong purifying selection that results from haploid
gene expression.

MATERIALS AND METHODS

Identifying candidate loci

To generate a pool of candidate genes to test for sex linkage in C. purpureus, we screened a
set of 208 nuclear loci using primers described in McDaniel et al. (2013a). These primers
were developed from 1,677 ESTs generated from 7-day old early developmental tissue
(protonema) from a single male genotype (WT4) of C. purpureus. We selected ESTs with
clear homology to the distantly related moss Physcomitrella patensto create a relatively
conserved subset of the transcribed genes in this tissue. Here we targeted the 140 loci from
C. purpureus that McDaniel et al. (2013a) reported to differ in sequence between the female
lab strain GG1 (from Gross Gerunds, Austria) and the male lab strain R40 (from Petersburg
Pass, New York, USA).

Generating a GG1 x R40 mapping population

To generate a mapping population for segregation analysis, we made an infraspecific cross
in C. purpureus between the male R40 and female GG1 lab isolates. Tissue from each of the
parental lines was generated on cellophane overlays using standard methods (Cove et al.
2009). Aliquots of blended tissue were inoculated onto wet Turface MVP soil amendment in
greenhouse flats. The plants were bottom watered for two weeks to establish the cultures and
were top watered subsequently. Plants were grown at 22C in 16 hr days in Conviron growth
chambers. Following the initiation of sporophytes, the plants were stored in a dark coldroom
at 4C for two - five weeks (the time mattered very little). These plants were then returned to
the Conviron chamber where the sporophytes matured.

The diploid sporophyte produces recombinant spores by meiosis. To isolate the
recombinants for mapping, hybrid sporophytes (each the product of a cross between two
identical haploids) were individually surface sterilized in a 0.6% bleach (sodium
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hypochlorite) solution for 1 min., rinsed in sterile water, and placed in a microcentrifuge
tube containing 1 ml of sterile water. The sporophyte was then ruptured, creating a
suspension of spores. The spore suspension was plated on standard BCD media containing
0.5 g/L ammonium tartrate (Cove et al. 2009), and placed under 40 pmol/m?2/s continuous
light at approximately 20°C. Spores were germinated and allowed to produce protonemal
filaments several cells long. Individual recombinants were isolated before the protonema
overgrew one another and transferred to a new plate where they were grown under the same
light conditions as the spore suspension plates. When the plants had reached approximately
1 cm in diameter, DNA was extracted from each recombinant.

Genotyping the mapping population

Tissue from each of the recombinants was disrupted using a Qiagen bead beater and
genomic DNA was isolated using a Qiagen DNeasy plant 96 extraction kit following the
manufactures instructions. Genotyping was carried out using the Sequenom platform at the
Human Genetics Laboratory at the Washington University in St. Louis Genome Sequencing
Center. Sequonom primers are listed in Supplementary Table 1. We also genotyped the
mapping population at the sex linked desé locus following McDaniel et al. (2007) to identify
the sex chromosome.

Linkage map construction

The full mapping population consisted of 87 individuals genotyped for 71 polymorphic
markers, with nearly all individuals genotyped at each marker. We constructed a linkage
map using MAPMAKER 3.0 software (Lander et a/. 1987; Lincoln and Lander 1992). We
used the GROUP command (two-point linkage criteria set to a LOD > 6.0 and maximum
distance between markers set to 37 ¢cM) with the Kosambi mapping function to organize the
markers into linkage groups. Where more than five markers formed a linkage group, the
command ORDER, with error detection on, was used to find the most likely linear
arrangement of markers. This function uses a starting subset of five markers, ordered with a
threshold of LOD 3.0, and tries to place the remaining markers with a threshold of LOD 2.0.
The error detection data and two-point distances were examined to identify potentially
unreliable markers. These markers, as well as other markers that were linked but not placed,
were evaluated using the TRY and MAP commands to determine whether their inclusion
between other markers increased the map length by > 5 cM. Such markers, as well as those
with more than eight errors, were discarded. For linkage groups with five or fewer markers,
marker orders were constructed by hand, using the LOD TABLE and MAP commands. The
same strategy to remove unreliable markers from the larger linkage groups was also used for
the smaller linkage groups. This process resulted in three classes of markers: 1) markers
ordered into linkage groups in the final map; 2) markers that are tightly linked to other
markers, but could not be placed into single intervals with certainty; and 3) unlinked
markers.

Population sampling in Eastern North America

Diploid sporophytes of C. purpureus were collected from seven populations in eastern North
America (Table 1). Single spore isolates were generated as above, except that only one
progeny gametophyte was chosen from each diploid sporophyte. Eight gametophytes from
each population were chosen for genetic analysis. To root genealogies for non-recombining
genes of Eastern North American C. purpureus, we chose isolates from a distantly related
population of C. purpureus from Spain, and two isolates each of the two putative sister
groups to C. purpureus, Cheilothela chloropus and Trichodon cylindricus (McDaniel and
Shaw 2005; Cox et al. 2010). DNA was extracted from these individuals using a standard
CTAB extraction, with modifications for a 96-well plate platform following McDaniel et al.
(2007).
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Sequencing sex linked and autosomal loci

Eight sex-linked loci were chosen for study from the pool of EST-derived loci (CDCZ,
CPUO011109, ga03107, PPR, rpS15A-1, pS15A-2, rpS18, rpS18A). Nine autosomal loci
were also chosen for comparison. Two of the autosomal loci were studied previously in C.
purpureus (adk and phy2 McDaniel and Shaw 2005), one was studied in P. patens (hol
McDaniel et al. 2010), and the remaining six (ga01f09, hp23.3, hp23.9, KIAAO187, rpS23,
TBP) came from the pool of EST-derived loci and comprised a single linkage group. We
attempted to amplify all loci from all individuals in the population sample in 16 pl PCR
reactions using GoTaq Master Mix (Promega Co.). Because we extracted DNA from single
haploid gametophytes, we could generate sequences from a single product without cloning.
The cycling conditions were 94C for 2 min., then ten cycles of 94C for 15 sec., an annealing
temperature of 65C that dropped one degree each cycle, and 72C for 1 min., followed by 20
cycles of 94C for 15 sec., 56C for 30 sec., and 72C for 1 min., and terminating with 72C for
7 min. Sequencing was accomplished, following exo-sap clean-up, on an ABI 3730 XL
capillary sequencer at the University of Florida Interdisciplinary Center for Biotechnology
Research core facility. Forward and reverse sequence fragments were edited and assembled
using Sequencher 4.0 (Gene Codes, Ann Arbor, MI), and all polymorphisms were checked
from the chromatograms. Edited sequences were aligned manually in Se-Al 2.0 (http://
tree.bio.ed.ac.uk/software/seal/).

Analysis of divergence and polymorphism

For each locus we calculated population genetic summary statistics for the Eastern North
American samples using the software Arlequin 3.5 (Excoffier and Lischer 2010). We also
coded indels as a biallelic polymorphism in these calculations. For each autosomal locus,
and for males and females separately in each sex-linked locus, we calculated the number of
segregating sites and estimates of N based on segregating sites (Bw) and the average
pairwise distance among sequences (8m). We also calculated the mutation frequency
spectrum statistic Tajima’s D, and evaluated whether the value was significantly different
from neutral-equilibrium expectations using 1000 permutations. To test whether the males
exhibited significantly lower nucleotide diversity than the females, we compared the 6w
values using a paired t-test. To test whether the autosomal and sex-linked loci differed in
their population structure, we conducted an Analysis of Molecular Variance (AMOVA)
using Arlequin (Excoffier et al. 1992). We estimated @;; for each autosomal locus
separately, and all of the sex-linked loci combined, because several individual loci had no
variation in males or females. We generated 95% confidence intervals for the @ values by
bootstrapping.

To identify suitable outgroup species for studying patterns of divergence, we generated a
genealogy for each locus using PAUP* ver. 4.10b (Swofford 2003) using neighbor joining
with an HKY model to correct for multiple hits. We first tested for evidence of historical
recombination in each locus separately, and in the concatenated male and female sequences,
using the software DNAsp ver. 5 (Librado and Rozas 2009), and found no recombination
events in these analyses. We evaluated the support for the monophyly of the sexes using
1000 bootstrap replicates. To test whether the sex-linked loci had a different mutation rate
from the autosomal loci, we compared the average pairwise divergence (Dxy) between the
C. purpureus sequences from the Eastern North American populations and the outgroup 7.
cylindricus, using Arlequin. To test whether males and females exhibited different rates of
molecular evolution, we performed relative rates tests for each sex-linked locus, with either
C. chloropus or T. cylindricus as an outgroup, using the software HyPhy (Nielsen et al.
2005). For these analyses we assumed a GTR model of molecular evolution with invariant
sites and a discrete gamma distribution with four rate classes. Finally, to test whether the sex
linked loci had experienced a selective sweep, we compared the patterns of polymorphism

Evolution. Author manuscript; available in PMC 2014 October 01.


http://tree.bio.ed.ac.uk/software/seal/
http://tree.bio.ed.ac.uk/software/seal/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

McDaniel et al.

RESULTS

Page 7

and divergence between the autosomes and U and V-linked loci using the software MLHKA
(Wright and Charlesworth 2004). We conducted analyses with males and females separately,
using a coalescent time of 25 and two chains of length 100,000 with different random
starting seeds. In both cases we compared a model with no selected loci to a model with five
selected loci (the five sex-linked loci for which we had outgroup data) and seven neutral loci
(the seven autosomal loci for which we had outgroup data), using a likelihood ratio test with
df = 5.

To examine when the sex-linked loci were captured by the sex chromosome (ie, when
recombination ceased), we first compared the average pairwise divergence (Dyy) between
the male and female alignments. To estimate the divergence times we assumed that C.
purpureus has an annual life cycle (one generation per year), and used a rate of 1 x 1078
neutral mutations per site per generation; however, since we have no bryophyte-based
calibration for this molecular clock, we provide the dates only as a rough estimate. We
generated 1000 coalescent simulations, using the software SIMCOAL2 (Laval and Excoffier
2004), to generate 95% confidence intervals for the Dy divergence times for each locus to
evaluate whether all the sex-linked loci were captured by the sex chromosome in a single
event. For this analysis we assumed a transition bias of 0.90, a gamma parameter of 0.39,
with four rates classes, and that evolving sex linkage resulted in a 10-fold decrease in
effective population size, consistent with our nucleotide diversity estimates.

To identify sex-linked genes in C. purpureus, we genotyped 71 ESTSs in the progeny of a
cross between the GG1 and R40 laboratory isolates using the Sequonom platform, and
genetically mapped these loci. We found eight sex linked loci. Transcriptomic data indicate
that both the male and female-linked copies of these genes were expressed in protonemal
tissue (http://www.ncbi.nlm.nih.gov/sra/?term=ceratodon). The full results of this mapping
experiment and analyses of the transcriptomes will be reported elsewhere. Here we evaluate
hypotheses regarding the patterns of polymorphism and divergence on the U and V
chromosomes of this species using variation in the sex-linked loci and nine autosomal loci in
4 — 8 individuals from each of seven populations in Eastern North America (Table 1).

To understand the population genetic processes shaping variation on the sex chromosomes,
we calculated several standard summary statistics (Table 2). For these calculations we
included all site types (synonymous sites, non-synonymous sites, and introns) and we coded
indels as a two-state character. We believe that the use of non-synonymous mutations is
conservative in this case. Because the autosomes had more total variation than the sex-
linked loci, the removal of all non-synonymous sites from the analysis disproportionally
inflated the nucleotide diversity across the autosomes, potentially biasing our comparisons.
Overall, non-synonymous mutations made a modest contribution to the total polymorphism
(in four autosomal loci we found a single individual with a non-synonymous mutation, and
in two autosomal loci we found two individuals each with a single non-synonymous
mutation; in the sex linked loci we found a single locus with one individual with a non-
synonymous mutation) and the mean divergence from the outgroup species (two autosomal
loci had a single amino acid changing mutation, two loci had three, and one had four; two
sex-linked loci each had two non-synonymous mutations). In our divergence analyses, the
removal of the non-synonymous sites elevated the per-site distance from the outgroup, but
did not qualitatively affect any of the tests we conducted.

The mean autosomal nucleotide diversity, estimated as 8w, was 0.013 (Table 2, Figure 1),
and the values ranged from 0.004 ( 7PB) to 0.025 (ga01f09). The female values ranged from
0 —0.0025 and the male values ranged from 0 — 0.0019. The levels of nucleotide diversity in
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males were lower than that in females, but not significantly so (p = 0.08). No polymorphic
sites were shared between the sexes. To evaluate whether the decreased sex chromosome
nucleotide diversity could represent a stronger response to a genome wide evolutionary
process, such as a change in population size, we calculated Tajima’s D for all loci
individually. The Tajima’s D values for the U and V-linked sequences of all the sex-linked
loci were all negative (significantly so for rpS18in males, and ga03f07and CPU011109in
females), suggesting a recent population expansion or chromosome-wide selective sweep. In
contrast, the autosomal loci had heterogeneous Tajima’s D values, with /p23.3 showing a
positive value (0.40, potentially indicating some form of balancing selection at this locus, or
a closely linked one), and five loci with significantly negative values (ga017f09, TPB,
KIAA0187, hol, rpS23).

We also calculated the subdivision statistic @ for each autosomal locus and the combined
sex-linked loci. The mean autosomal value of @ = 0.045, and the values of @ ranged from
0-0.69. The value for the U and V-linked loci was @ (yv) = 0.0042 (95% C1 0.0025 -
0.0060; Figure 2), significantly less than all but one of the autosomal values.

To test whether the difference in nucleotide diversity between the autosomes and non-
recombining sex chromosomes resulted from differences in the mutation rates, we compared
the divergence between C. purpureus and closely related species in the two genomic regions.
This analysis was complicated by topological differences in placement of the outgroups
relative to one another and to C. purpureus, potentially reflecting either low levels
introgression between these three species or incomplete lineage sorting. Nevertheless, while
the average corrected genetic divergences (Dxy) between the C. purpureus sequences and
the outgroups were heterogeneous among loci (Supplementary Figure 1a—q), the Dyy values
generated from loci with outgroup placements that were not obviously influenced by
introgression or incomplete lineage sorting were similar for the autosomal (mean = 0.10,
range = 0.056 — 0.170) and sex linked loci (mean = 0.095, range = 0.067 — 0.118),
suggesting that the sex chromosomes and autosomes have similar ranges of mutation rates.
In the five sex-linked loci with no evidence of introgression, the male and female alleles
were reciprocally monophyletic with 100 percent bootstrap support (Supplementary Figure
1), and based on relative rates tests we found no evidence that males and females had
different mutation rates (data not shown). The MLHKA test indicated that the sex-linked
loci in both females and males had significantly less variation than autosomes, taking into
account the differences in inheritance and mutation rate (likelihood ratio test for females and
males, —2AL = 13.56, 18.64; df = 5; p < 0.05, 0.01, respectively), suggesting that the U and
V chromosomes each recently experienced a selective sweep.

Our genealogical data showed that the male and female lineages coalesced with one another
(Supplementary Figure 1a-h) in at least two discrete events: ga03f07and rpS18A had U-V
coalescence times of 0.6 — 0.8 MYA,; PPRand CPU011109, 1.3 MYA (these four loci
constitute Group 1 in Figure 3); rpS18and CDC2 coalesced approximately 2.8 MYA, and
pS15A-1and rpS15A-2, 3.5 MYA (these loci constitute Group 2). Figure 3 shows the
divergence per nucleotide between the U and V allele pairs (Dyy), as well as a 95% CI for
Dy for each locus generated by simulations. We use the post hoc Groups 1 and 2 only to
illustrate the minimum number of capture events necessary to explain the data. In fact, two
loci with indistinguishable coalescence times could have been captured by separate events
that occurred in rapid succession. The Dy, for all loci in Group 1 was significantly more
recent that that for all loci in Group 2 (except rpS15A-1 and CPU011109which were short
sequences, and therefore had higher variance). Loci in Group 2 also contained several fixed
indel differences between the sexes, while length variation was absent from loci in Group 1.
For six of the eight loci, the male and female alleles clearly coalesced after the C. purpureus
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lineage split from the sister species, while the remaining two loci appear to have experiences
introgression events.

DISCUSSION

Non-recombining sex chromosomes are widely expected to be gene-poor descendants of
formerly recombining autosomes (Bull 1983; Charlesworth and Charlesworth 2000). Here
we provide evidence that the non-recombining sex chromosomes in the moss C. purpureus
recently have captured eight genes. The simplest explanation for this pattern is that the non-
recombining region expanded stepwise into the adjacent and previously recombining
pseudo-autosomal regions (PARS) in at least two events (~ 0.6 -1.3 MYA and 2.8 - 3.5
MY A (Figure 4); the previously studied desé6 gene may represent another event at ~6 MYA
(McDaniel et al. 2007). The fact that we found homologs on both the U and V chromosomes
suggests that these were not translocation events to only the NRU or NRV. Nevertheless, we
cannot exclude more complex scenarios involving a gradual expansion of heterochromatin,
chromosomal inversions, or heterogeneous patterns of gene conversion between the sex
chromosomes (or combinations of these processes) to explain the pattern of divergence
times among the sex-linked loci.

Finding heterogeneous NRU-NRYV divergence values is strikingly similar to the
evolutionary strata on the mammalian XY pair (Lahn and Page 1999; Sandstedt and Tucker
2004), the avian ZW (Handley et a/. 2004; Nam and Ellegren 2008), the XY chromosomes
in the plants S. /atifoliaand C. papaya (Nicolas et al. 2005; Bergero et al. 2007; Gschwend
etal. 2012; Wang et al. 2012) and the mating type loci of the fungus M. violaceum
(Votintseva and Filatov 2009). In the other species where strata have been discovered, the
genes with lowest divergence (i.e. most recent loss of recombination) cluster close to the
PAR boundary, based on genetic map distances inferred from the recombining sex
chromosome. In C. purpureus, it is not yet clear whether this is true, because genes in
neither the U nor V regions can be genetically mapped due to recombination suppression on
both homologous chromosomes. Our current physical map is insufficient to provide a linear
order for the loci (McDaniel, SF, unpublished data); the limited physical map information
available indicate that probes designed from rpS15A-1 and rpS15A-2hybridize to the same
BAC, perhaps representing a tandem duplication. These two loci do have very similar U-V
divergence values, suggesting that the event that led to their ceasing to recombine may have
affected both, consistent with their close proximity.

It is noteworthy that on animal sex chromosomes where the possession of separate sexes is
ancient the evolutionary strata involve many genes and formed 10 to more than 100 MYA
(Sandstedt and Tucker 2004; Nam and Ellegren 2008), while in the angiosperms C. papaya
and S. /atifolia the strata are quite young (Desfeux et al. 1996; Liu et al. 2004; Wang et al.
2012). The origin of the C. purpureus U-V sex chromosome pair almost certainly predates
the gene-capture events that we report here, since the sister species C. chloropusand T.
cylindricus are also dioecious (McDaniel et al. 2013b). In fact, our screen was probably
biased towards indentifying young sex-linked genes. We sampled only loci that were
expressed in a modestly sexually dimorphic tissue (protonema), that had clearly identifiable
homologs between C. purpureus and the distantly related 2. patens, and that were found in
both a male and a female lab strain (McDaniel et al. 2013a). Older sex linked genes, in
contrast, are likely to be expressed in more mature, sexually dimorphic tissues, and may be
present in one sex and absent in the other. Nevertheless, in spite of these caveats, more than
the 10% of genes tested here mapped to the approximately one quarter of the C. purpureus
genome (~80 Mbps) that is occupied by the sex chromosome (McDaniel et al. 2007). This
finding suggests that the C. purpureus sex chromosomes may be relatively rich in new sex-
linked genes, much like Silene latifolia (Chibalina and Filatov 2011).
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Whether the genes that have become linked to the U and V chromosomes are beginning to
accumulate deleterious mutations is currently uncertain. Loci on these chromosomes may be
prevented from degeneration as a result of purifying selection in the haploid gametophyte
stage (Bergero and Charlesworth 2011; Chibalina and Filatov 2011). However, the low
relative nucleotide variation on the C. purpureus sex chromosomes (Figure 1) suggests that
degeneration processes may be occurring, given that the U and V diversity are both
significantly lower than half the autosomal estimate (Qiu et a/. 2010). Indeed, in the
npS15A-1 locus the male copy had a 14 bp insertion that generated a premature stop codon.
Genetic degeneration of sex-linked loci that is unchecked by purifying selection clearly can
operate on much shorter timescales than those relevant for the C. purpureus genes we
evaluated. In Drosophila miranda, the neo-Y chromosome has lost genes rapidly following
the cessation of recombination (Bachtrog 2005; Zhou and Bachtrog 2012). Similarly, genes
on the Y chromosome in the flowering plant Sifene /atifolia show some signs of
degeneration, as do non-recombining mating type loci in the fungus Neurospora tetrasperma,
including transposable element accumulation, decreased codon bias, and decreased
expression of Y-linked loci (Marais et al. 2008; Bergero and Charlesworth 2011; Chibalina
and Filatov 2011; Whittle et al. 2011). However, other factors such as the number of genes
captured at one time may be positively correlated with the strength of background selection
or the probability of selective sweeps on the sex chromosome. For example, a recombination
suppression event involving only a modest number of genes would present a smaller target
for selected mutations, and therefore promote slower degeneration, than an event involving
an entire Drosophila chromosome arm (Bachtrog 2008).

The low nucleotide diversity found in sex-linked genes is most often attributed to the
combined effect of selection and low recombination (either purifying selection on variants
within the sex-linked region, or fixation of adaptive changes in the NRU or NRV, both of
which would result in loss of linked variants throughout these regions). Although
distinguishing between positive and negative selection is challenging (Bachtrog 2004), three
observations suggest that adaptive evolution is occurring on the sex chromosomes. First, the
U and V-linked loci were significantly less diverse than autosomes, based on the MLHKA
test, suggested that the sex chromosomes each experienced a recent selective sweep. Given
that several autosomal loci also showed significantly negative Tajima’s D values, suggesting
that they also may have experienced sweeps, we believe that this test is conservative.

Second, the statistic @y indicated that the population structure among the Eastern North
American populations was significantly lower for the sex-linked loci than for all but two of
the autosomal loci (Table 2, Figure 2). This difference is difficult to evaluate in a rigorous
framework without a genome-wide distribution of Fgt but the trend is unambiguous. The
low values of @y are inconsistent with background selection which is predicted to reduce
within-population variation, thereby increasing Fst (Charlesworth et al. 1997). Global
adaptive sweeps, in contrast, increase the probability that migrant U or VV chromosomes will
replace local variants, homogenizing populations and reducing Ast. In fact, we found similar
or identical U and V-linked sequences in isolates from Australia and Antarctica (data not
shown). Consistent with this interpretation, McDaniel et al. (2007, 2008) showed that two
geographically isolated populations were partially reproductively isolated due to several
autosomal factors, but that sex-linked loci were little involved; if sex chromosome variants
frequently experience strong selection, incompatibilities would have little time to
accumulate on these chromosomes.

Third, theory for the evolution of suppressed recombination, in inversions or as additions to
sex chromosomes, generally involves either strong genetic drift or some form of adaptive
evolution. The large population sizes of C. purpureus make drift-based explanations unlikely
(McDaniel and Shaw 2005). Rather, the evidence recent gene capture suggests that there
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have been multiple additions, potentially followed by global selective sweeps, on the NRU
and NRYV in the recent past. While more data will almost certainly uncover more subtle
evolutionary patterns, in particular regarding evolutionary strata, sex chromosome
degeneration, and differences in nucleotide diversity between males and females, the
analyses of the eight loci we report clearly illustrate the dynamism of the evolutionary
processes shaping the sex chromosomes of C. purpureus.
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Figure 1.

A plot of 8w for each autosomal locus separately and the male and female alleles of each sex
linked locus. The autosomal loci were significantly more diverse than the sex-linked loci
(MLHKA test, p < 0.05); the male alleles were not significantly less diverse than the female
alleles at the sex linked loci (paired t-test p=0.08).
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Figure2.

A plot of ®g7 from an AMOVA of each autosomal locus separately (open diamonds) and
the concatenated sex linked loci (open square), with 95% CI (generated by bootstrapping)
indicated by vertical lines.
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A plot of average pairwise distance (Dyy) between the U and V alleles for each sex-linked
locus, showing four proposed evolutionary strata on the sex chromosomes, with vertical
lines showing the 95% confidence interval generated by simulations. The desé6 locus (far
right, from McDaniel et al. 2007) is shown for comparison.

Evolution. Author manuscript; available in PMC 2014 October 01.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

McDaniel et al. Page 18

Group 1 Group 2

Free recombination <: ~1 MYA <: ~3 MYA

Figure4.

A hypothetical model for the expansion of the NRU-NRV boundary into the
pseudoautosomal region (PAR) in two steps, generating loci with two groups of NRU-NRV
coalescence times (~3 MYA and ~1 MYA). Because we do not know the physical location
of the genes in Groups 1 and 2, our genealogical data are also consistent with more complex
scenarios involving more numerous expansions of smaller size, chromosomal inversions, or
localized UV gene conversion events.
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Table 1
Sampling localities in Eastern North America
Site Latitude Longitude  Elevation
Essex Co., NY 44°15'02.63"  73°49'07.57" 1480’
Rensselaer Co., NY ~ 42°43'23.57"  73°16'40.46" 1430"
Westchester Co., NY ~ 41°16'28.85"  73°42'38.05" 80’
Adams Co., PA 39°54'22.83"  77°31'47.03" 250"
St. Georges Co., MD  38°49'45.76"  76°52'27.79" 20"
Dinwiddie Co., VA~ 37°06'06.27"  77°32'35.60" 40’
Durham Co., NC 36°01'42.68"  78°55'28.33" 300"
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