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ABSTRACT

Sex chromosomes have evolved independently multiple times in plants and animals. Ac-
cording to sex chromosome evolution theory, the first step is taken when an autosomal
mutation seizes a leading role in the sex determining pathway, such that heterozygotes
develop into one sex, and homozygotes into the other. In the second step, sexually antag-
onistic mutations are expected to accumulate in the vicinity of this gene, benefiting from
linkage disequilibrium. Recombination in the heterogametic sex is suppressed because of
mutations that eliminate homology between the sex chromosomes, providing epistatic inter-
actions between the sex determining and sexually antagonistic genes. However, suppressed
recombination also lowers the efficacy of selection causing accumulation of deleterious
mutations. Additionally large segments of non-functional DNA can be deleted in the sex
chromosome and can reduce their physical size. Collectively, this leads to divergence be-
tween non-recombining portions of each sex chromosome, causing drastic differences at the
sequence level and cytologically. However, sex chromosome degeneration is not always the
case, and evolutionarily old, and young, but nondegenerate sex chromosomes have been ob-
served. African clawed frogs (Xenopus and Silurana) have homomorphic sex chromosomes
due to a recent turnover event. However, occasional recombination between the sex chro-
mosomes may contribute to the maintenance of homomorphic sex chromosomes in African
clawed frogs. Mechanisms that prevent divergence and heteromorphy of sex chromosomes
may be related to polyploidization, which is frequently observed in African clawed frogs.
The studies herein construct a phylogenetic framework to test alternative hypotheses for
selection on sex-linked and autosomal genes involved in sex determination, map sex chro-
mosomes and compare sex chromosomes across African clawed frogs. I have also explored
the relationship between phenomena like recent turnover events, recombination and poly-
ploidization to sex chromosome degeneration (or lack thereof). In this dissertation, I have
discussed the potential for multiple mechanisms of sex determination and the unique pseu-
doautosomal nature of sex chromosomes within this group of frogs. This body of work
provides a comprehensive study of sex chromosomes in a group lacking phylogenetic res-
olution, anura, and sheds light on the origin and evolution of sex chromosomes in other
organisms.
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INTRODUCTION
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Sex chromosome and sex determination evolution

Sex chromosomes have independently evolved from autosomes multiple times in plants
and animals (Ohno, 1967; Bull, 1983; Charlesworth, 1996). According to models of sex
chromosome evolution, the first step is taken when an autosomal mutation seizes a lead-
ing role in the sex determining pathway, such that heterozygotes develop into one sex, and
homozygotes into the other (Ohno, 1967; Charlesworth et al., 2005). In the second step,
sexually antagonistic mutations are expected to accumulate in the vicinity of this gene,
benefiting from linkage disequilibrium (Bull, 1983; Rice, 1996). Recombination in the het-
erogametic sex is suppressed because of mutations that eliminate homology between the
sex chromosomes, providing epistatic interactions between the sex determining and sex-
ually antagonistic genes (Rice, 1996; Charlesworth and Charlesworth, 2000). However,
suppressed recombination also lowers the efficacy of selection, manifested as slow adap-
tive evolution of sex-linked genes compared with genes on the X or Z chromosomes (Orr
and Kim, 1998), and as reduced effectiveness of purifying selection, causing accumula-
tion of deleterious mutations (Agulnik et al., 1997; Fridolfsson and Ellegren, 2000; Filatov
et al., 2001; Bachtrog and Charlesworth, 2002; Filatov and Charlesworth, 2002; Wyck-
off et al., 2002; Tucker et al., 2003; Berlin and Ellegren, 2006; Kaiser, 2010; Kaiser and
Charlesworth, 2010). Additionally large segments of non-functional DNA can be deleted in
the sex chromosome and can reduce their physical size (Bachtrog, 2013). Collectively, this
leads to divergence between non-recombining portions of each sex chromosome, causing
drastic differences at the sequence level and cytologically. The degeneration of sex chro-
mosomes can be exacerbated by time, and the effects of such processes are exemplified by
the drastic size and molecular differences between sex chromosomes.

The vertebrate sex-determining pathway is extremely conserved at the molecular and
the physiological level, but many different factors trigger it. In many vertebrate lineages, the
trigger for the sex-determining pathway is a gene (or genes), and this type of sex determina-
tion is termed genetic sex determination (GSD). In other lineages the sex-determining path-
way is triggered through an environmental stimulus, most commonly temperature, termed
environmental (temperature) sex determination (TSD). GSD can be achieved by a male
inducing factor, which defines the male-specific Y chromosome in a male heterogametic
system (XX females, XY males), by a female inducing factor, which defines the female-
specific W chromosome in a female heterogametic system (ZZ males, ZW females), or
through dosage by differences in allelic copy number between the sexes. Few vertebrate
sex determining genes have been identified: SRY in mammals, Amhr2 in pufferfish, and
DMRT] in birds and its homologs in fish and frogs. The reappearance of these genes in
vertebrates can be explained by shared ancestry and reemergence in different lineages or
by evolution rediscovering the few genes suitable for sex determination (Graves and Pe-
ichel, 2010). But these hypotheses are not mutually exclusive. For example, DM domain-
containing genes, like DMRTI, play a remarkably conserved role as an activator of male
differentiation in metazoans including worms, flies, coral, birds, and humans (Burtis and
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Baker, 1989; Raymond et al., 1999; Yi and Zarkower, 1999; Raymond et al., 2000; Miller
et al., 2003; Haag and Doty, 2005) and this may represent shared ancestry or suitableness
of DMRT] as a sex determining gene.

Duplication

Duplications of individual genes, chromosomal segments, or entire genomes is suspected
to provide the primary material for the origin of evolutionary novelties, including new gene
functions and expression patterns (Ohno, 1970; Lynch and Conery, 2000). For example, in
the Japanese medaka fish (Oryzias latipes), which has an XY system, a duplicated copy of
DMRTI1 (DMY) defines a novel Y chromosome. This novel Y chromosome is genetically
the same as the X chromosome, with the addition of ~258 kb of sequence that includes
the DMY gene. DMY encodes a fully functional DMRTI-like protein and has been shown
to be necessary and sufficient to trigger male development (Matsuda et al., 2002; Nanda
et al., 2002; Kondo et al., 2006; Matsuda et al., 2007). Also, the only known amphibian sex
determining gene, DM-W, is a partial duplicate of DMRT1 on the W chromosome in the
frog Xenopus laevis (Yoshimoto et al., 2008). In this female heterogametic species, genetic
male (ZZ) tadpoles transgenic for DM-W were feminized (i.e., phenotypically female),
implying that DM-W acts as a dominant-negative, antagonizing DMRT] activation of male-
specific genes by binding to and inhibiting regulatory regions recognized by both proteins
(Yoshimoto et al., 2008, 2010).

Duplication also plays an integral role in genome evolution. In lieu of previous state-
ments, sex chromosome degeneration is not always observed and many species with evo-
lutionarily old sex chromosomes are morphologically similar, or homomorphic (Matsubara
et al., 2006; Tsuda et al., 2007). Processes that deter degeneration are not understood, but
polyploidization (Orr, 1990; Evans et al., 2012), frequent turnover of sex chromosomes
(i.e., the “high-turnover” hypothesis), or recombination between sex-reversed individuals
(i.e., the “fountain-of-youth” hypothesis) could explain the lack of degeneration in some
cases (Perrin, 2009; Stock et al., 2011; Guerrero et al., 2012).

Most species of amphibians have homomorphic sex chromosomes (reviewed in Schmid
et al. (2010)). In one group of hylid frogs (genus Hyla), genomic regions that are tightly
linked to the sex determining locus are not substantially diverged between males and fe-
males, indicating that the sex chromosomes of these frogs recombine, at least occasionally
(Stock et al., 2011; Guerrero et al., 2012). Sex chromosomes are estimated to have changed
many (~32) times during amphibian evolution and these changes are evidenced, for exam-
ple, by considerable variation among and within species in male versus female heterogamy
(Evans et al., 2012). These two examples support the fountain-of-youth and high-turnover
hypotheses, respectively, helping to explain the abundance of homomorphic sex chromo-
somes in frogs and perhaps amphibians as a whole. Sex chromosome degeneration also cre-
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ates imbalances in allelic copy number between the sexes, which can lead to the evolution
of dosage compensation — a factor that is also potentially relevant to genome duplication
(Orr, 1990). Dosage compensation is a frequent consequence of sex chromosome degener-
ation that equalizes expression levels of a gene that has a different number of alleles in each
sex. Polyploidization might be less common in species with degenerate sex chromosomes
because a degenerate ancestral sex chromosome could segregate as a new autosomal chro-
mosome, and the resulting homozygous null genotypes could be detrimental (Evans et al.,
2012). It has also been proposed that dosage compensation in species with a degenerate sex
chromosome could act as a barrier to genome duplication, because dosage compensation
is disrupted when a newly formed triploid individual backcrosses with a diploid parental
individual during the first stages of polyploid speciation (Orr, 1990). Speciation through
whole genome duplication is common in African clawed frogs, and species investigated to
date all possess homomorphic chromosome pairs. Hence, whole genome duplication and
sex chromosome nondegeneration may be interrelated.

Speciation of polyploid frogs

Extant pipoid frogs consist of two sister families: the fossorial Rhinophrynidae and the
highly aquatic Pipidae. Together these two families form the superfamily Pipoidea. The
family Rhinophrynidae contains one species, the Mexican burrowing toad (Rhinophrynus
dorsalis), and is found from the southern part of North America (Texas, USA) to Central
America (Costa Rica). This species remains predominantly underground and emerges after
long periods of rain to reproduce in temporary bodies of water. In contrast, members of
Pipidae live a principally aquatic life in still or slow-moving water. A derived morphology
facilitates aquatic life, characterized by a lateral line system that persists through meta-
morphosis; laterally positioned limbs and dorsoventral compression of the body; pelvic
modifications that facilitate swimming but impede terrestrial jumping; and modifications of
the head and cranium including the loss of a tongue (Trueb, 1996). Due to this last charac-
teristic these frogs are commonly referred to as tongueless frogs. Calls are produced under-
water using a unique mechanism of sound production within the larynx consisting of trains
of clicks (Yager, 1996). The larynx is exceptionally sexually dimorphic; it is larger in males
and sexual dimorphism resonates in song production (Sassoon and Kelley, 1986). There are
5 genera within Pipidae: Xenopus, Silurana, Hymenochirus, Pseudhymenochirus, and Pipa,
which include 19, 2, 4, 1, and 7 described species, respectively (Frost, 2011). Pipa is found
in South America and the others are found in Sub-Saharan Africa. Although some nodes are
unresolved, a consensus has been reached about other aspects of pipid phylogeny (reviewed
in Evans (2008)). It is widely accepted that each genus is monophyletic, that (Xenopus +
Silurana) is a clade, that (Hymenochirus + Pseudhymenochirus) is a clade, and most stud-
ies agree that Pipidae is the sister clade to the New World frog family Rhinophrynidae
(Kluge and Farris, 1969; Lynch, 1973; Trueb and Cannatella, 1986; Cannatella and Trueb,
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1988a,b; Cannatella and de S4a, 1993; Ford and Cannatella, 1993; Graf, 1996; Kobel et al.,
1998; Evans et al., 2004; Roelants and Bossuyt, 2005; Frost et al., 2006; Roelants et al.,
2007; Irisarri et al., 2011; Pyron and Wiens, 2011; Wiens, 2011).

African clawed frogs comprise >19 (described and un-described) species of frogs na-
tive to Sub-Saharan Africa. Phylogenetic relationships among African clawed frog species
are characterized by a combination of regular bifurcating speciation, in which one ancestral
species splits into two descendant species, and reticulating speciation via allopolyploidiza-
tion, in which two ancestral species merge into one descendant species (Evans, 2008). As a
result, the species tree of African clawed frogs is composed of branches that both split and
merge. Speciation by allopolyploidization occurs when interspecies hybridization leads
to fusion of their complete genomes into a new descendant species. The genome of a
new allopolyploid species is therefore duplicated relative to that of each ancestral species.
Therefore, within Xenopus there exist at least 12 tetraploid species (4n = 36), 6 octoploids
(8n =72), and 2 dodecaploids (12n = 108). The sister genus Silurana includes one diploid
(2n = 20) and three tetraploids (4n = 40). Together these two genera form the superfamily
Xenopodinae. Given the way allopolyploidization events have occurred autosomal genes
are in 2, 4, and 6 paralogous copies in tetraploids, octoploids, and dodecaploids, respec-
tively. However loci on the sex chromosome are not duplicated (reviewed in Evans, 2008).

Goals

The overarching aim of this dissertation is to provide insights into the series of events that
gave rise to the origin and evolution of new sex chromosomes in a recent ancestor of African
clawed frogs (Xenopus and Silurana). Pipid frogs are an evolutionarily old group and clado-
genesis of genera may have been triggered by continental drift. Resolution of species rela-
tionships of pipid frogs is important to understanding the timing of sex determination and
sex chromosome evolution. Frequent whole genome duplication via allopolyploidization
within African clawed frogs offers a compelling opportunity to investigate the fate of dupli-
cate genes involved in sex determination, and how barriers to sex chromosome divergence
and heteromorphy are related to polyploid speciation. Nondegenerate sex chromosomes in
African clawed frogs suggests that sex chromosomes are evolutionarily young or that other
mechanisms may be operating to maintain the sex chromosomes in a state of homomorphy.
Therefore, this system also allows for testing hypotheses related to the initial steps of sex
chromosome evolution, prior to degeneration.
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Chapter 1
The pipid root

Bewick AJ, Chain FJJ, Heled J, and Evans BJ (2012) Systematic Biology, 61(6):913-926

1.1 Preface

Many challenges are presented when molecularly estimating species relationships. To elu-
cidate some of these challenges, and how to overcome them, we set out to resolve a debated,
and unresolved, relationship among pipid frogs using high throughput sequencing technol-
ogy and multilocus species tree estimation methods.

1.2 Abstract

The estimation of phylogenetic relationships is an essential component of understanding
evolution. Accurate phylogenetic estimation is difficult, however, when internodes are short
and old, when genealogical discordance is common due to large ancestral effective popu-
lation sizes or ancestral population structure, and when homoplasy is prevalent. Inference
of divergence times is also hampered by unknown and uneven rates of evolution, the in-
complete fossil record, uncertainty in relationships between fossil and extant lineages, and
uncertainty in the age of fossils. Ideally, these challenges can be overcome by developing
large “phylogenomic” data sets and by analyzing them with methods that accommodate fea-
tures of the evolutionary process, such as genealogical discordance, recurrent substitution,
recombination, ancestral population structure, gene flow after speciation among sampled
and unsampled taxa, and variation in evolutionary rates. In some phylogenetic problems, it
is possible to use information that is independent of fossils, such as the geological record,
to identify putative triggers for diversification whose associated estimated divergence times
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can then be compared a posteriori with estimated relationships and ages of fossils. The his-
tory of diversification of pipid frog genera Pipa, Hymenochirus, Silurana, and Xenopus, for
instance, is characterized by many of these evolutionary and analytical challenges. These
frogs diversified dozens of millions of years ago, they have a relatively rich fossil record,
their distributions span continental plates with a well characterized geological record of
ancient connectivity, and there is considerable disagreement across studies in estimated
evolutionary relationships. We used high throughput sequencing and public databases to
generate a large phylogenomic data set with which we estimated evolutionary relation-
ships using multilocus coalescence methods. We collected sequence data from Pipa, Hy-
menochirus, Silurana, and Xenopus and the outgroup taxon Rhinophrynus dorsalis from
coding sequence of 113 autosomal regions, averaging ~300 bp in length (range: 102-1695
bp) and also a portion of the mitochondrial genome. Analysis of these data using multi-
ple approaches recovers strong support for the ((Xenopus, Silurana)(Pipa, Hymenochirus))
topology, and geologically calibrated divergence time estimates that are consistent with es-
timated ages and phylogenetic affinities of many fossils. These results provide new insights
into the biogeography and chronology of pipid diversification during the breakup of Gond-
wanaland and illustrate how phylogenomic data may be necessary to tackle tough problems
in molecular systematics.

1.3 Introduction

Estimation of phylogenetic relationships among species using molecular data must over-
come challenges associated with estimating individual genealogies (e.g., phylogenetic error
stemming from short branch lengths or homoplasy) and challenges associated with discor-
dance between gene trees and species trees. Differences between gene trees and species
trees can have a biological basis, including ancestral polymorphism, simultaneous diver-
gence of multiple species (hard polytomies), and other phenomena such as balancing se-
lection, gene conversion, horizontal gene transfer, interspecies hybridization, and allopoly-
ploidization (Ioerger et al., 1990; Maddison, 1997; Brooks and McLennan, 2002; Evans,
2008; Degnan and Rosenberg, 2009). When ancestral population size is large, structured,
or when the time between internodes is brief, genealogical discordance with a species tree
can be common. Gene trees and species trees are similar when internal branch lengths
are on the order of ~ 5 X 2N, generations (Degnan and Salter, 2005) but tend to differ
when internal branch lengths are brief and when population size is large. Strikingly, for
some asymmetrical species trees with short internodes, the most likely gene tree may not
be the same as the species tree (Degnan and Rosenberg, 2006) because the probability of a
symmetrical (balanced) tree is greater than an asymmetrical (unbalanced) one (Rosenberg,
2002). When the most likely gene tree is different from the species tree, the gene tree is
said to be “anomalous” (Degnan and Rosenberg, 2006). Mutational variance increases the
parameter space that anomalous gene trees are observed, although this effect is offset by
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many anomalous trees being unresolved because of short internal branch lengths (Huang
and Knowles, 2009). Disparities between gene trees and species trees can also have an ana-
lytical basis, including phylogenetic error (Hillis et al., 1994) and inappropriate homology
statements due to gene duplication or incorrect sequence alignment (Wong et al., 2008). To-
gether, these factors can lead to incorrect inferences of topology, branch lengths, credible
intervals, and parameter values of species trees.

Another challenge to understanding evolutionary history is the estimation of divergence
times. Molecular clocks that use fossils for calibration generally rely on (i) an inference of
phylogenetic affinities between a fossil and the group of extant species and (ii) an inference
of the age of the fossil. Even if phylogenetic affinities and ages of fossils are well char-
acterized, in most situations a fossil provides only a minimum (most recent) divergence
time for a particular node. Geological calibrations suffer from similar challenges and often
provide minimum divergence times based on an assumption that diversification was either
triggered by or preceded some event, such as the drifting apart of continental plates. Geo-
logical calibrations can potentially provide a maximum (most ancient) limit to the timing of
divergence. For example, ignoring ancestral polymorphism, divergence of a terrestrial is-
land endemic from a sister lineage on a continent could be assumed to have occurred more
recently than the age of the island. Ancient DNA provides a third tool for calibration of
molecular clocks. This information is perhaps optimal if its source is a direct ancestor of
an extant species — a condition rarely met by most studies. In general, resources available
for calibration of many groups are sparse, and the resulting calibrations can be vague or
misleading.

An interesting example of these challenges is presented by the diversification of genera
of the frog family Pipidae. Phylogenetic relationships among these taxa are unresolved and
their resolution faces many of these topological and temporal challenges despite a relatively
rich fossil record and a putative role for well-timed geological events in their diversifica-
tion. There are 5 pipid genera: Xenopus, Silurana, Hymenochirus, Pseudhymenochirus, and
Pipa, which include 19, 2, 4, 1, and 7 described species, respectively (Frost, 2011). Pipa oc-
curs in South America and the others are found in sub-Saharan Africa. Pipids are suspected
to have drifted apart ~100 Ma (Figure 1.3; (Cannatella and de S4, 1993; Roelants et al.,
2007)). Various studies have supported the (Pipa (Hymenochirus (Xenopus, Silurana)))
topology (Roelants and Bossuyt, 2005; Roelants et al., 2007; Irisarri et al., 2011; Pyron
and Wiens, 2011; Wiens, 2011), the (Hymenochirus (Pipa (Xenopus, Silurana))) topology
(Frost et al., 2006), and the ((Hymenochirus, Pipa)(Xenopus, Silurana)) topology (Bdez
and Pugener, 2003; Evans et al., 2004, 2005; Trueb et al., 2005; Trueb and Baez, 2000).
These studies are not independent because many use data from the same genes, notably mi-
tochondrial DNA and the autosomal locus RAGI. Nonetheless, these contradictions raise
the possibility that internodes at the base of the pipid phylogeny are short, that the ancestral
population sizes of pipid lineages were large or some combination.

Although some nodes are unresolved, a consensus has been reached about other as-



Ph.D. thesis — Adam J Bewick; McMaster University — Department of Biology

pects of pipid phylogeny (reviewed in Evans, 2008). It is widely accepted that each genus
is monophyletic, that (Xenopus + Silurana) is a clade, that (Hymenochirus + Pseudhy-
menochirus) is a clade, and most studies agree that Pipidae is the sister clade to the New
World frog family Rhinophrynidae (Kluge and Farris, 1969; Lynch, 1973; Trueb and Can-
natella, 1986; Cannatella and Trueb, 1988a,b; Cannatella and de Sa, 1993; Ford and Can-
natella, 1993; Graf, 1996; Kobel et al., 1998; Evans et al., 2004; Roelants and Bossuyt,
2005; Frost et al., 2006; Roelants et al., 2007; Irisarri et al., 2011; Pyron and Wiens, 2011;
Wiens, 2011). An analysis of morphological characters by Cannatella and Trueb (1988a)
and Cannatella and Trueb (1988b) suggested that Xenopus is sister to a clade containing
(Silurana + Hymenochirus + Pipa) but a reevaluation of these characters and molecular
data by Cannatella and de S4 (1993) found (Xenopus + Silurana) to be monophyletic with
respect to Hymenochirus. A phylogeny illustrating resolved and unresolved relationships
among pipid frogs is presented in Figure 1.1, along with names for resolved nodes fol-
lowing Cannatella and de Sa (1993). As pointed out by Frost et al. (2006), resolution of
phylogenetic relationships among pipids may boil down to ascertaining where the root is
in only 1 of the 3 possible unrooted topologies for Xenopus, Silurana, Hymenochirus, and
Pipa (topology 1 in Figure 1.1).

Silurana (Africa)

Xenopus (Africa)
Hymenochirus (Africa)

Pseudhymenochirus (Africa)

Pipa (New World)

Rhinophrynidae (New World)

Other frogs
X H X H X S
s: : P P: :s H: : P
topology 1 topology 2 topology 3

Figure 1.1: Monophyly of Silurana + Xenopus, of Hymenochirus + Pseudhymenochirus,
and of Pipidae + Rhinophrynidae has been established based on morphological and molecu-
lar data, but relationships among 3 major lineages within the frog family Pipidae remain un-
resolved. Node-based names of clades are indicated on the topology. Topologies 1-3 are the
3 possible unrooted topologies for Silurana (S), Xenopus (X), Pipa (P), and Hymenochirus
(H); the available data supports unrooted topology 1. The genus Pseudhymenochirus and
the family Rhinophrynidae both include only one species (Pseudhymenochirus merlini and
Rhinophrynus dorsalis, respectively).
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With an aim of further exploring the controversial phylogenetic relationship of pipid
frogs, we assembled a large multilocus data set using a combination of 454 pyrosequencing
of cDNA and publicly available sequence data. We analyzed each locus individually and
also jointly using coalescent-based approaches that accommodate differences between gene
trees and species trees. We used a multilocus coalescent-based method (*BEAST) to de-
velop a temporal framework for diversification based on the hypothesis that continental drift
triggered cladogenesis of one or more lineages in this group. We then used the relatively
rich fossil record of these frogs to evaluate a posteriori the plausibility of these proposed
geological mechanisms for diversification. We uncovered a high degree of genealogical
discordance among loci, underscoring the utility of phylogenomics and non-concatenated
analyses for contextualizing the evolutionary history of this group.

1.4 Materials and methods

1.4.1 Taxon sampling and multilocus data

We collected multilocus sequence data from the pipid frogs Xenopus laevis, Silurana trop-
icalis, Hymenochirus curtipes, Pipa carvalhoi, and the outgroup taxon Rhinophrynus dor-
salis. Data from X. laevis and S. tropicalis were obtained from GenBank; most data from
the other species were obtained by 454 pyrosequencing of cDNA. An H. curtipes individ-
ual and a P. carvalhoi individual of unknown geographic origin were obtained from animal
suppliers (PetSmart and Xenopus Express, respectively), and a sample of R. dorsalis was
obtained from the tissue archive at the Museum of Vertebrate Zoology at the University of
California at Berkeley. We also included data from 6 autosomal loci and one mitochondrial
region that were available in GenBank.

For 454 pyrosequencing, total RNA was extracted using QIAGEN RNeasy Mini Kit
from liver tissue. Normalized double-stranded cDNA was prepared using SMART cDNA
Synthesis Kit (Clontech) and Advantage 2 PCR Kit, and TRIMMER cDNA Normalization
Kit (Evrogen), according to the manufacturer s protocol and as described in Chain et al.
(2008). The normalized cDNA was used for 454 pyrosequencing (ROCHE GS FLX). A
titration run was performed for four 1/16th portions of a plate for each of 3 species (H.
curtipes, P. carvalhoi, and R. dorsalis) and an additional 1/4th portion of a plate with the
appropriate titration was then run for each species.

Contigs were assembled from the 454 data using GS De novo Assembler (Roche). We
averaged 5, 20, and 29 reads per locus for R. dorsalis, P. carvalhoi, and H. curtipes, re-
spectively, and single reads were used for portions of some loci for some species (Supple-
mentary Table 1.S1, Dryad database: doi:10.5061/dryad.bt92r9f1). The lower coverage of
R. dorsalis is probably related to the lower quality of cDNA synthesized from this old flash
frozen sample. Single nucleotide polymorphisms in the resulting contigs were encoded us-
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ing International Union of Pure and Applied Chemistry (IUPAC) nucleotide codes. Custom
Perl scripts and MUSCLE version 3.6 (Edgar, 2004) were used to align the data to X. laevis
and S. tropicalis sequences from GenBank, retaining as putative orthologs those sequences
that all had the reciprocal best BLAST hit (Altschul et al., 1997). Our previous studies used
this approach to identify putative singletons and duplicates in X. laevis (Chain and Evans,
2006; Chain et al., 2008, 2011), and the resulting data sets are highly concordant with other
independent studies (Morin et al., 2006; Hellsten et al., 2007; Sémon and Wolfe, 2008) and
with NCBIs UniGene database. For X. laevis, a tetraploid species, we identified 2 paralogs
for most loci. In order to have the same number of terminals for all loci in our analysis, we
randomly selected one X. laevis paralog to be included. Both X. /aevis paralogs are mono-
phyletic with respect to other pipid genera because they formed by genome duplication in
Xenopus that occurred after divergence from Silurana (Evans et al., 2005; Evans, 2007;
Bewick et al., 2011). Thus, discarding one paralog from X. laevis should have no impact
on our inferences of evolutionary relationships among pipid genera.

When analyzing sequences from species as diverged as those in this study, homology
statements (alignment) of sequence data can be challenging. For this reason, all noncoding
sequences from the 5’ or 3’ untranslated region were discarded and alignments were ad-
justed manually with MacClade version 4.08 (Maddison and Maddison, 2000) using codon
frame inferred from complete transcripts of Xenopus and Silurana to facilitate homology
statements. We retained only alignments with complete information from all 5 focal taxa
and a length of at least 99 bp that was devoid of stop codons in all taxa. The only gaps in
the alignments in the nuclear data are due to amino acid insertion/deletion polymorphisms,
which were infrequently encountered.

One concern is that some of the data partitions could inadvertently include paralogous
instead of orthologous sequences. Because we have large databases from X. laevis and S.
tropicalis, we can be fairly confident that the reciprocal best BLAST hits between these
species are orthologous. However, as illustrated in Figure 1.2 A-C, it is conceivable that
we included nonorthologous sequences from Pipa, Hymenochirus, or Rhinophrynus due to
gene duplication or missing data. Even without missing data, it is also conceivable that
incomplete lineage sorting could cause a R. dorsalis sequence to be an inappropriate out-
group, even though this species is sister to pipids (Figure 1.2D). One possible signal of
non-orthology or incomplete lineage sorting in the outgroup would be an atypically low or
high divergence between one or more ingroup sequence(s) and the outgroup sequence com-
pared with the other ingroup sequences (Figure 1.2D). To identify alignments that poten-
tially contain nonorthologous sequences, we therefore calculated a JukesCantor corrected
pairwise distance between each ingroup sequence and the outgroup sequence using PAUP*
(Swofford, 2022). We then divided each of these 4 distances by their maximum to gener-
ate a “standardized outgroup distance ratio” for each ingroup taxon. With equal rates of
evolution among orthologous sequences, each standardized outgroup distance ratio should
be near one, and departures from one would be due to stochastic variation in mutation.
If nonorthologous sequences are present, one or more standardized outgroup distance ra-
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tios should be low. For example in Figure 1.2A, the standardized outgroup distance ratio
between Hymenochirus and the outgroup would be lower than those between Xenopus,
Silurana, or Pipa and the outgroup. Likewise in Figure 1.2B, the standardized outgroup
distance ratio between Hymenochirus and the outgroup would be the highest (and there-
fore equal to one) and the others would be much lower than one. Thus, as a conservative
measure, we removed from the analysis all loci with a standardized outgroup distance ratio
less than 0.4. This cutoff was arbitrary and is independent of the phylogeny supported by
each locus. By imposing this cutoff, we excluded 14 data partitions with high similarity
between at least one ingroup sequence and the outgroup sequence compared with the other
ingroup sequences. The autosomal portion of the data set thus comprised portions of 114
loci, which are treated as 113 loci because the tightly linked genes RAG/ and RAG2 were
treated as a single locus.

A Silurana Silurana
Xenopus Xenopus
Pipa Pipa

Rhinophrynus

~

Hymenochirus Hymenochirus

Rhinophrynus
C Silurana yllurana
Xenopus
Xenopus
Rhinophrynus Hymenochirus

Pipa
Hymenochirus

Pipa

V7N

Rhinophrynus

Figure 1.2: Gene family extinction or missing data could generate misleading phyloge-
netic affinities. In (A-D), the example “true” phylogeny is (Pipa (Hymenochirus (Xenopus,
Silurana))). However, as a consequence of unsampled orthologs in (A) and (B), rooting
the phylogeny with the Rhinophrynus sequence suggests that Pipa is sister to (Xenopus +
Silurana). In (C), rooting the phylogeny with the Rhinophrynus sequence suggests that
(Hymenochirus + Pipa) and (Xenopus + Silurana) are reciprocally monophyletic. In (D),
ancestral polymorphism causes the topology rooted with Rhinophrynus sequences to be
(Hymenochirus (Pipa (Xenopus, Silurana))). In (A-D), divergence between Rhinophrynus
and some ingroup taxa is lower than that between Rhinophrynus and other ingroup taxa, an
observation we exploit with the standardized outgroup distance ratio.
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We also included in our analysis portions of a ~2400 bp sequence from the 12S and 16S
rDNA genes and the tRNA,,,; of the mitochondrial genome (Evans et al., 2004). To facilitate
unambiguous alignment, we discarded loop regions of these rDNA enzymes based on an
analysis of secondary structure (Cannone et al., 2002). To avoid violation of the assumption
of independent evolution of each site, we discarded half of the stem sequences that paired
with the retained portion of the data set, leaving a total of 432 bp. These mitochondrial data
are therefore composed exclusively of independently evolving stem region sites that do not
form doublets with each other. Six sites in the mitochondrial DNA alignment had gaps as a
result of length variation at the junction with a loop region.

1.4.2 Gene tree estimation

We estimated phylogenies from each locus independently with Bayesian analysis as im-
plemented by MrBayes version 3.1.2 (Huelsenbeck and Ronquist, 2001) using a model of
evolution selected by the Akaike Information Criterion (AIC) with MrModelTest version 2
(Nylander, 2004). Similar to the BEST analyses described below, these models were not
partitioned by codon position. Two Markov Chain Monte Carlo (MCMC) runs were per-
formed with 4 chains per run, each for 10 million generations, with the temperature param-
eter set to 0.2. Based on inspection of the posterior likelihood surface with Tracer version
1.5 (Drummond and Rambaut, 2007), a burn-in of 2 million generations was discarded for
all individual locus analyses. The effective sample size (ESS) of the post burn-in parame-
ter MCMC sampling was calculated using Tracer and an ESS value >200 was used as an
indication that the MCMC sample had converged on the posterior distribution. These and
other computationally intensive analyses were performed on the SHARCENT computer
cluster (www.sharcnet.ca) and also the computer network of Brian Golding at McMaster
University.

1.4.3 Concatenated analysis

Under situations where discordance between gene trees and a species tree is expected, con-
catenation of sequence data with different evolutionary histories can distort branch lengths,
relationships, and credibility intervals recovered from phylogenetic analysis (Kubatko and
Degnan, 2007). Nonetheless, for comparative purposes, we performed a partitioned analy-
sis on the concatenated data using the preferred model of evolution for each locus as ascer-
tained with the AIC. Two MCMC runs, each with 4 chains for 20 million generations, were
performed. A burn-in of 2 million generations was discarded and convergence assessed
based on the Tracer analysis discussed above.
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1.4.4 Species tree estimation — BEST and *BEAST

We used Bayesian estimation of species trees (BEST) version 2.3 (Liu and Pearl, 2007) and
*BEAST pre-release version 1.7.0 (Drummond and Rambaut, 2007; Heled and Drummond,
2010) to estimate a species tree from the multilocus data. These methods assume that
discrepancies between gene trees and the species tree are due exclusively to lineage sorting,
free recombination between genes, no recombination within genes, and no gene flow after
speciation. In both of these analyses, the tree topologies are unlinked across partitions (i.e.,
estimated independently for each gene) and a species tree is estimated from these potentially
discordant tree topologies.

For both analyses, we evaluated 3 models of evolution using Bayes factors as described
by (Nylander et al., 2004). For the BEST analysis, the first model (hereafter JC + I' + d)
employed an equal transition rate among nucleotides, with a I' — distributed rate hetero-
geneity and base frequencies estimated from the data with a Dirichlet prior. The second
model (hereafter HKY + I' + d) was the same as the first except that the substitution rates
between transitions and transversions were estimated separately. The third model (here-
after GTR + I + d) is the same as the first except that the transition rates between each
nucleotide were estimated separately. For all analyses, the parameter estimations were per-
formed independently for each partition and the gene mutation prior was set at (0, 114)
to conservatively allow for a different mutation rate for each partition. The prior for the
effective population size parameter theta (6) was inverse gamma (3, 0.018) based on silent
site nucleotide diversity in X. laevis (Bewick et al., 2011) as suggested in the program doc-
umentation. Depending on the model, multiple independent MCMC runs were performed
(37 for JC + I + d, 33 for HKY + I' + d, and 41 for GTR + I' + d),each with 2 chains
that were initiated at different starting seeds for at least 40 million generations, sampling
every 2000 generations, with the temperature parameter set to 0.20, R. dorsalis set as the
outgroup, the mtDNA partition set as haploid, and the other partitions set as diploid. To
assess convergence of the MCMC runs, we first inspected a plot of the posterior distribu-
tion of likelihoods from each independent MCMC chain and based on this inspection, we
discarded 4-70 million generations as burn-in. We then calculated the ESS of the post burn-
in parameter values from all runs using Tracer and convergence of the MCMC run on the
posterior distribution was again assumed when ESS values exceeded 200.

We also used *BEAST pre-release version 1.7.0 (Drummond and Rambaut, 2007; Heled
and Drummond, 2010) to estimate a species phylogeny and provide estimates of divergence
times based on geological calibration points enumerated below. We again set out to consider
3 models of evolution using the approach of Nylander et al. (2004) but for this analysis
the models were more complex. All the *BEAST models estimated parameters for each
codon position of each partition separately. They differed in whether a single rate was
used for nucleotide transitions (hereafter JC codon), 2 separate rates for transitions and
transversions (hereafter HKY codon), or separate rates for all transitions and transversions
(hereafter GTR codon). Because the mtDNA data were from stem regions only, we did
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not use a codon model on this partition. For all models, base frequencies were assumed to
follow the empirical proportions. A correction term was applied to the default pure birth
(Yule) prior, ensuring that the marginal density of the combined prior was identical to the
calibration density (Heled and Drummond, 2011). This is in contrast to the default BEAST
construction which results in a prior that neither preserves the calibration densities nor the
Yule prior (Heled and Drummond, 2011). The correction terms are described in further
detail in Supplementary information for each of the 3 calibration regimes discussed below.
The prior on birth rate x was set to the uninformative 1/x with a hard bound of (0.0007,1)
and the prior on the evolutionary rate y was set to the uninformative 1/y. Each partition
had one rate parameter and 3 “subrates” for each codon position, with either the JC, HKY,
or GTR model for each codon position. R. dorsalis was set as the outgroup by enforcing
monophyly of Pipidae. Ploidy of mitochondrial DNA was set to haploid and all other loci
to diploid and a strict molecular clock was assumed. For each *BEAST analysis, dozens of
independent runs were performed, each for at least 200 million generations. A burn-in of 5-
80 million generations was discarded based on inspection of the posterior likelihoods using
Tracer. Convergence was evaluated using ESS values after discarding burn-in generations
that were identified by eye as described above.

We considered 2 geological calibration points in the *BEAST analysis (Figure 1.3).
The first hypothesizes that divergence of Pipa from other pipids was triggered by the rifting
apart of South America and Africa. From the Late Jurassic through the Middle Cretaceous,
South America and Africa were a continuous landmass called West Gondwana (Smith et al.,
1994; Gheerbrant and Rage, 2006). Based on dates provided by previous studies (Pitman
et al., 1993; Maisey, 2000; McLoughlin, 2001; Sereno et al., 2004; Ali and Aitchison,
2008), we assigned a normal prior for this divergence time with a mean of 102 Ma and a
standard deviation of 7 myr in order to accommodate uncertainty in this estimate. The sec-
ond calibration point hypothesizes that pipoid divergence into the families Rhinophrynidae
and Pipidae was triggered by the opening of the North Atlantic Ocean as North America
rifted apart from West Africa (Duellman and Trueb, 1994). This occurred during the Late
Jurassic (McHone and Butler, 1984) and we again used a normal prior for this divergence
time with a mean of 190 Ma and the same standard deviation (7 myr) in order to accom-
modate uncertainty (Withjack et al., 1998). We performed 3 *BEAST analyses — one with
each of these calibration points (*BEAST analysis 1 and 2, respectively) and one with both
(*BEAST analysis 3).

1.5 Results

Using data from GenBank and 454 pyrosequencing, we generated 114 5-taxon alignments
for X. laevis, S. tropicalis, H. curtipes, P. carvalhoi, and the outgroup taxon R. dorsalis
for a combined total of 35,673 bp per taxon. This included sequences from the coding
region of 114 nuclear loci (2 of which were linked and thus concatenated) and a portion of
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Figure 1.3: Evolution of the Atlantic ocean and of pipoid frogs: our geological calibra-
tion points hypothesize that cladogenesis of pipoids was influenced by continental drift.
Roughly 190 Ma, divergence of Rhinophrynidae and Pipidae may have been triggered by
the opening of the North Atlantic Ocean and consequent separation of North America and
West Africa. The Central Atlantic Magnetic Province associated with this event is depicted
with dotted lines and putative land positive regions in light grey following Korte et al.
(2009) and McHone (2000). About 100 Ma, divergence of Pipa from African pipids may
have been triggered by the rifting apart of South America and Africa. Pipoid genera now
occur in North America, South America, and Africa.

rDNA sequence from the mitochondrial genome in which sites evolve independently. Each
data partition has sequence from all 5 taxa and, therefore, there are no missing data in this
study. A total of 9,106 positions (25.5%) were variable including 5,940 (16.6%) that were
parsimony uninformative and 3,166 (8.9%) that were parsimony informative. Fifty-eight
nucleotides in the data set were encoded with ambiguous [UPAC symbols. A summary of
variation in partition sequence length is presented in Figure 1.4A and additional information
on each partition and GenBank accession numbers for sequences >200 bp in length are
available in Supplementary information. Input files for BEST and *BEAST that include all
sequences are available in the Dryad database: doi:10.5061/dryad.bt92r9f1.

Figure 1.4B illustrates how the minimum standardized outgroup distance ratio varied
among the different data partitions with respect to the length of each partition. Shorter
alignments tended to have higher variance in standardized outgroup distance ratios. Higher
variance is expected for shorter alignments, but this could also suggest that non-orthologous
sequences are more prevalent in the shorter alignments.

1.5.1 Analysis of individual and concatenated loci
The posterior distribution of a phylogenetic tree can be summarized either with the posterior

distribution of tree topologies or with the posterior distribution of clades (Sukumaran and
Linkem, 2009). The former is accomplished by counting how many times each possible
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Figure 1.4: Descriptive information about data analyzed in this study. (A) Distribution of
the sizes of the data partitions. (B) The standardized outgroup distance ratio, that is the
ratio of the lowest Jukes-Cantor-corrected pairwise distances between each ingroup taxon
and the outgroup divided by the highest pairwise distance, as a function of the size in base
pairs of each partition. In (B), mitochondrial DNA is indicated with a gray circle.

topology appears in the posterior distribution with the most common topology being the
maximum a posterior probability tree (hereafter the MAP tree). The latter is accomplished
by counting how many times each possible clade appears in the posterior distribution and
is commonly summarized with a majority rule consensus topology. Most studies focus
on the posterior distribution of clades, in part because many distinct tree topologies are
present in posterior distributions of analyses with many taxa. For this reason, the majority
rule consensus topology may differ from the MAP tree. Here, we discuss both types of
summaries because the posterior distribution includes only 15 possible topologies due to
the small number of ingroup taxa.

Figure 1.5 summarizes the posterior distribution of tree topologies recovered from indi-
vidual Bayesian analysis of each of the 114 data partitions. Analysis of individual loci illus-
trates that 3 of the 5 possible rootings of topology 1 in Figure 1.1 are far more probable than
the other 2 possible rootings of topology 1 or than any of the rootings of topologies 2 and 3.
Of the 5 possible rootings of topology 1 in Figure 1.1, only 3 — ((Xenopus, Silurana)(Pipa,
Hymenochirus)), (Pipa (Hymenochirus (Xenopus, Silurana))), and (Hymenochirus (Pipa
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(Xenopus, Silurana))) — account for 80.5% of the combined post-burn-in posterior proba-
bility distribution of topologies across all individual loci. The breakdown of this distribution
is 28.8% for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology, 26.7% for the (Pipa
(Hymenochirus (Xenopus, Silurana))) topology, and 25.0% for the (Hymenochirus (Pipa
(Xenopus, Silurana))) topology. The remaining 19.5% consisted of the other 12 possible
rooted topologies.

1.0
(XS)(PH) X P X S X S
Z o8y >< >—<
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0.0
1 20 40 60 80 100

Rank

Figure 1.5: Posterior probability distribution of each of the 15 possible rooted topologies
recovered from analysis of 114 individual alignments. For each rooted topology, the poste-
rior probabilities (expressed as a decimal) from each partition were ranked from highest to
lowest. Each set of 5 distributions are shaded according to their corresponding unrooted 4-
taxon topology. The distribution for ((Xenopus, Silurana)(Pipa, Hymenochirus)) is shaded
to emphasize that this topology is the only one that has strong support (posterior probabil-
ity >80) at multiple partitions. The next most strongly supported topologies are (Pipa (Hy-
menochirus (Xenopus, Silurana))) and (Hymenochirus (Pipa (Xenopus, Silurana))). Letters
refer to taxa as defined in Figure 1.1.

The MAP tree was ((Xenopus, Silurana)(Pipa, Hymenochirus)) for 39 loci, (Pipa (Hy-
menochirus (Xenopus, Silurana))) for 28 loci, and (Hymenochirus (Pipa (Xenopus, Silu-
rana))) for 27 loci. However, the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology
comprises >80% of the posterior topology distribution for 13 partitions, but the (Pipa (Hy-
menochirus (Xenopus, Silurana))) and (Hymenochirus (Pipa (Xenopus, Silurana))) do not
comprise >80% of the posterior topology distribution for any partition (Figure 1.5). For the
mitochondrial DNA partition, the ((Xenopus, Silurana)(Pipa, Hymenochirus)) comprised
83.7% of the posterior topology distribution, which is consistent with phylogenetic analy-
sis of a larger portion of mitochondrial DNA sequence that includes rDNA stem and loop
regions (Evans et al., 2004). Overall then, analysis of individual partitions suggests that the
((Xenopus, Silurana)(Pipa, Hymenochirus)) topology has the highest posterior probability.

We contrasted the MAP tree with the majority rule consensus topology for each parti-
tion. The ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topology was recovered
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for 29 loci (including mtDNA), the (Pipa (Hymenochirus (Xenopus, Silurana))) consensus
topology was recovered for 29 loci, and the (Hymenochirus (Pipa (Xenopus, Silurana)))
consensus topology was recovered for 22 loci. The consensus topologies of 34 loci were
either unresolved with respect to the trichotomy depicted in Figure 1.1 or were one of
the other 12 possible topologies. The difference in support for the top 3 rooted topolo-
gies was not due to differences in the length of the alignments. The mean length of the
loci with the ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topology was 337 bp,
whereas the mean length of the loci with the (Pipa (Hymenochirus (Xenopus, Silurana))) or
(Hymenochirus (Pipa (Xenopus, Silurana))) consensus topologies was 381 and 334 bp, re-
spectively. However, support for the other possible rooted topologies was probably related
to differences in information content — the mean length of 34 loci with either an unre-
solved consensus tree or a consensus topology that was not ((Xenopus, Silurana)(Pipa, Hy-
menochirus)), (Pipa (Hymenochirus (Xenopus, Silurana))), or (Hymenochirus (Pipa (Xeno-
pus, Silurana))) was only 221 bp. A concatenated MrBayes analysis of all partitions also
produced a consensus topology with 100% posterior probability for the ((Xenopus, Silu-
rana)(Pipa, Hymenochirus)) topology.

1.5.2 Multilocus coalescent analysis

Using Bayes factors, the GTR + I' + d was strongly favored for BEST analysis (Table 1.1)
based on the criterion of Kass and Raftery (1995). Using this model, BEST analysis of the
full data set recovered the ((Xenopus, Silurana)(Pipa, Hymenochirus)) consensus topol-
ogy with 100% posterior probability for the (Xenopus, Silurana) clade and 95% posterior
probability for the (Pipa, Hymenochirus) clade.
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Our *BEAST analyses using the GTR codon model failed to converge for multiple pa-
rameters, even after sampling a large number of states in multiple independent runs. Thus,
we focus our discussion on the next most complex model (HKY codon) in which analysis
the MCMC chain converged on the posterior distribution for all parameters for each of the
3 differently calibrated analyses (Table 1.1). This model was preferred over the JC codon
model according to the criterion of Kass and Raftery (1995) (Table 1.1). The topology of
the species tree recovered from the HKY codon model in *BEAST was identical to that
recovered from the GTR codon model in *BEAST even though most parameters did not
converge in the GTR codon analysis. Results using the HKY codon model in *\BEAST
were also consistent with BEST analyses. Specifically, the ((Xenopus, Silurana)(Pipa, Hy-
menochirus)) topology was the most probable one and monophyly of Xenopus and Silurana
was supported by 100% posterior probability in each of the 3 differently calibrated *“BEAST
analyses (Figure 1.6). When only one calibration point was used (*BEAST analysis 1 or
2), posterior probability on the clade containing Pipa and Hymenochirus was 71% or 73%.
When both calibration points were used the ((Xenopus, Silurana)(Pipa, Hymenochirus))
topology was even more strongly supported with 86% posterior probability on the clade
containing Pipa and Hymenochirus (Figure 1.6). In *BEAST analysis 1, divergence of
Xenopus and Silurana was estimated to have occurred 50.4 Ma with a 95% credible inter-
val of 38.6-63.2 myr. In *BEAST analyses 2 and 3, divergence estimates of Xenopus and
Silurana were almost identical (~65 Ma with a 95% credible interval of ~57-74 Ma). In
*BEAST analysis 1, estimated divergence time of the clade containing Xenopus and Sil-
urana, hereafter “Xenopodinae” (Cannatella and de S&, 1993) from the clade containing
Pipa and Hymenochirus, hereafter “Pipinae” (Cannatella and de Sa, 1993), is 109.4 Ma
with a 95% credible interval of 89.2-131.1 Ma. In *BEAST analyses 2 and 3, estimated
divergence time of Xenopodinae from Pipinae are similar (143.4 and 134.7 Ma with 95%
credible intervals of 122.8-163.4 and 111.9-156.1 myr, respectively). In *BEAST analy-
sis 1, estimated divergence time of Pipidae and Rhinophrynidae is 144.7 Ma with a 95%
credible interval of 115.7-176.4 Ma.

The geological calibration points provide estimates of evolutionary rates that appear
reasonable (Supplementary Figure 1.S1). Rates of evolution varies across partitions but are
~ 4.7 x 1070 substitutions per site per year, assuming a generation time of 1 year. Inter-
estingly, the rate of evolution of the stem region of mitochondrial DNA ribosomal genes
appears to be similar to the rates of evolution of autosomal coding regions, even though the
overall rate of mitochondrial DNA is faster than autosomal DNA in some groups, such as
primates (Brown et al., 1982). Although we do not attempt to directly compare the models
used by BEST and *BEAST, use of the codon model in the *BEAST analysis is probably
preferable given the substantially different rates of evolution of each codon position (Sup-
plementary Figure 1.S2). Taken together, analysis of the individual loci and the collective
coalescent-based analyses provide strong support for the ((Xenopus, Silurana)(Pipa, Hy-
menochirus)) relationship. We relate divergence time estimates from the *BEAST analyses
to geological and fossil information below.

21



Ph.D. thesis — Adam J Bewick; McMaster University — Department of Biology

1.6 Discussion

The complexity of the phylogenetic problem explored here is relatively simple in the sense
that we seek to estimate relationships among only 4 lineages (4 genera of frogs in the family
Pipidae) and there are therefore only 3 possible unrooted topologies (Figure 1.1) and only
15 possible rooted topologies. However, these relation- ships are actually quite difficult to
resolve because they are old, because the internodes are probably short, and because an-
cestral populations were probably very large and/or structured. Our analyses (Figure 1.5
and Figure 1.6) support the contention of Frost et al. (2006) that the primary challenge to
resolving relationships among pipids is locating the position of the root of only one of the
3 possible unrooted topologies (topology 1 in Figure 1.1). Using a combination of pub-
licly available sequences, new data from 454 pyrosequencing, and multilocus coalescent
phylogenetic analysis, the relationship ((Xenopus, Silurana)(Pipa, Hymenochirus)) is most
strongly supported. Thus, the pipid root is on the lineage connecting Xenopodinae and Pip-
inae (Figure 1.1). This result is consistent with the morphology-based results of Bdez and
Pugener (2003); Trueb et al. (2005); Trueb and Baez (2006), a mitochondrial DNA analysis
by Evans et al. (2004), an analysis of one autosomal gene by Evans et al. (2005), and a max-
imum parsimony analysis of concatenated autosomal loci by Roelants and Bossuyt (2005).
However, it is not consistent with the results of Frost et al. (2006) or various maximum
likelihood analyses (Roelants and Bossuyt, 2005; Roelants et al., 2007; Irisarri et al., 2011;
Pyron and Wiens, 2011). What could account for these discrepancies?

A

0 69-80
0 80-90
@ >9

Figure 1.6: Consensus species trees from (A) *BEAST Analysis 1 which uses only the
calibration for divergence of Pipa from Hymenochirus, (B) *BEAST Analysis 2 which
uses only the calibration for divergence of Rhinophrynidae from Pipidae, and (C) *BEAST
Analysis 3 which uses both of these calibrations. Numbers above branches represent time
in millions of years and posterior probabilities (expressed as percentages) are indicated
by shaded circles over each node. Grey bars represent the 95% highest posterior density
intervals for time estimates in the posterior distribution and dark bars represent the nodes
that were fixed in each analysis. Letters refer to taxa as defined in Figure 1 and R refers to
Rhinophrynidae.
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For a 3-taxon problem, even when internodes are short, each possible gene topology
is equally likely so anomalous gene trees do not exist (Degnan and Rosenberg, 2006). If
we accept the uncontroversial relationships depicted in Figure 1.1, the phylogenetic issue
addressed in this study boils down to a 3-taxon problem with no anomalous trees. However,
if we do not assume Xenopus + Silurana to be a clade for all portions of their genomes, this
becomes a 4-taxon problem and an “anomaly zone” may exist depending on the length
of the internodes (Degnan and Rosenberg, 2006). However, analysis of individual loci
suggests that anomalous gene trees had very little impact on our phylogenetic inference. If
anomalous gene trees were common, one would expect similar frequencies of all possible
rootings of each of the 3 unrooted topologies depicted in Figure 1.1, but this is not the case
(Figure 1.5). Instead, most (80.5%) of this distribution is comprised of only 3 alternative
rootings of only one labeled unrooted topology (topology 1 in Figure 1.1), with the other
12 rootings being very rare in the posterior distribution.

Here, it was not possible to estimate effective population size for the extant species
because we lack intraspecific data, but we are able to get rough estimates of the ancestral
population size of the ancestral nodes. In all *BEAST analyses, the estimated ancestral pop-
ulation size of Xenopodinae is the lowest (~10 million individuals) and that of pipoids (the
most recent common ancestor of Rhinophrynus, Pipa, Hymenochirus, Pseudhymenochirus,
Xenopus, and Silurana) is second lowest (~26 million individuals). When only one node is
fixed for calibration, the effective population size of Pipinae is smaller (~75 million indi-
viduals) than that of Pipidae (the most recent common ancestor of Xenopus, Silurana, Pipa,
Hymenochirus) (~81 million individuals) but when both calibration points are enforced the
opposite is true (163 and 107 million individuals for Pipinae and Pipidae, respectively).
The relative magnitudes of these estimates in comparison to the ancestor of Xenopodinae
are consistent with the observation that most genealogical discordance involves the loca-
tion of the pipid root (i.e., whether or not “Pipinae” is a clade). These estimated ancestral
population sizes are huge and this is unexpected in frogs and even high for some species
of fruit flies. This may be a result of the sensitivity of *BEAST to the absence of intraspe-
cific polymorphism data, a lack of phylogenetic signal in some partitions (which increases
genealogical discordance), nonneutral evolution of portions of the sequences, or nonorthol-
ogy of some sequences. Another important factor is that these ancestral populations were
probably not panmictic and that ancestral population structure has the potential to inflate
inferred effective population sizes (Wright, 1943; Nei and Takahata, 1993). This last pos-
sibility seems particularly plausible given the enormous distribution of ancestral pipoids
which spanned much of North America, Europe, the Middle East, Africa, and South Amer-
ica (Trueb et al., 2005). Using different methods, a recent analysis of ancestral effective
population size of 2 subdivided species of Xenopus from Ethiopia also recovered estimates
that were in the millions for each species, probably also as a consequence of ancestral pop-
ulation structure (Evans et al., 2011a). Another possibility is that gene flow among lineages
occurred after speciation via hybridization. The models assumed by BEST and *BEAST do
not include gene flow after speciation and this biological phenomenon could lead to inflated
estimates of ancestral effective population size by increasing genealogical discordance. In-
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terspecies hybridization during pipoid diversification also seems plausible in light of the
frequent allopolyploid evolution in Xenopus and Silurana.

There are analytical caveats to the multilocus coalescent methods we used. First, these
methods generally assume neutral evolution of the data. Here, we included synonymous and
nonsynonymous sites in order to maximize the phylogenetic signal of the data and because
of the concern that synonymous substitutions would be saturated over the protracted diver-
gence between the ingroup and outgroup (>300 Ma in total; Figure 1.6). However, rates of
evolution of each codon position strongly suggest nonneutral evolution, minimally of the
first and second positions which evolve slower than the third position (Supplementary Fig-
ure 1.S1). It is not yet clear to what degree the inclusion of nonsynonymous sites affected
our inference of topology or parameter estimates (including divergence time and effective
population size) using these methods and undoubtedly future research will explore this is-
sue. A second important concern relates to the possibility that we included nonorthologous
sequences in these alignments (Figure 1.2 and Figure 1.4B). This is difficult to quantify
and could account for the inflated estimates of ancestral population size recovered from
*BEAST and also for some of the genealogical discordance observed from the analysis of
individual loci (Figure 1.5). We attempted to cope with this problem using the standardized
outgroup distance ratio but it is not clear to what degree, if any, we succeeded. Another con-
cern is that divergence times are partially confounded with ancestral population size due to
ancestral polymorphism. Intraspecific sampling would permit the estimation of extant pop-
ulation sizes and potentially improve accuracy of the estimates of ancestral population sizes
and divergence times. Simulation studies (J. Heled, unpublished results) suggest that the
credible intervals for divergence times and effective population sizes of internal nodes tend
to be larger with only one extant sequence per species as compared with analyses with more
than one per extant species. Another caveat is that we were unable to achieve convergence
with *BEAST analysis using the GTR codon model. This presumably is either because
the data were insufficient to inform the posterior distributions of the many parameters in
this model, or because we did not run the analysis for long enough or some combination
of these possibilities. In a few of the GTR codon runs, we observed large improvements in
likelihood that were not achieved in the other runs. We note that while convergence was not
achieved for this model, the most strongly supported topology sampled in this high likeli-
hood parameter space was the same as that recovered from the other *BEAST and BEST
analyses — that is the ((Xenopus, Silurana)(Hymenochirus, Pipa)) topology.

1.6.1 Biogeographical implications

Dispersal of frog lineages can occur over marine barriers (e.g., Evans et al., 2003; Vences
et al., 2003; Heinicke et al., 2007), although this is clearly much less frequent than dis-
persal over most terrestrial habitats. Here, we consider 2 marine barriers (the separation
of South America and Africa ~100 Ma and the separation of North America from West
Africa ~190 Ma) to calibrate our divergence estimates. In doing so, we generated hypothe-
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ses and associated divergence time predictions that can be independently evaluated using
other information.

At least 2 lines of evidence would reject the hypotheses associated with the calibration
points in our *BEAST analyses. The first would be evidence of either Hymenochirus or
Pipa on both sides of the Atlantic Ocean, evidence of Rhinophrynidae in Africa, or evi-
dence of Pipidae in North America. To our knowledge, there is no such evidence. The
second would be if date estimates recovered from these analyses were inconsistent with the
fossil or geological record. To explore this further, we compared the fossil record and asso-
ciated inferences about phylogenetic relationships to our geologically calibrated estimates
of divergence times from *BEAST Analyses 1-3 (Table 1.2). For the most part, the tim-
ing and inferred phylogenetic affinities of fossil taxa agreed with the BEST and *BEAST
analyses. However, there were some discrepancies between the age and inferred phylo-
genetic affinities from the fossil record and the 95% credible intervals for the divergence
time between Rhinophrynidae and Pipidae that were recovered from *BEAST analysis 1
(Table 1.2). In particular, the extinct taxa Thoraciliacus, Cordicephalis, and Shomronella
from the Early Cretaceous (145.5-99.6 Ma) of Israel, are postulated to be more closely re-
lated to Pipidae than to Rhinophrynidae (Nevo, 1969; Estes et al., 1978; Béez et al., 2000;
Trueb and Béez, 2006). These fossils and their inferred relationships suggest that the most
recent common ancestor of these fossils and Pipidae diverged from Rhinophrynidae prior
to ~145.5 Ma. This time overlaps with the 95% credible interval for the divergence of
these clades from *BEAST analysis 1 (115.7-176.4 Ma). Similarly, a fossil of the extinct
species Rhadinosteus parvus from the Kimmeridigian (155.7-150.8 Ma) is thought to be
more closely related to extant Rhinophrynidae than to extant Pipidae, suggesting that these
families diverged before this (Henrici, 1998). However, again, the 95% credible interval for
the divergence of these clades from *BEAST analysis 1 overlaps with this time.
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If migration over marine barriers is difficult for these frogs, the estimated time of diver-
gence of Pipidae from Rhinophrynidae from *BEAST Analysis 1 also is inconsistent with
the geological record which indicates that by this time North America had already drifted
apart from West Africa forming the North Atlantic Ocean, (Figure 1.3; McHone and Butler
1984), which eventually connected with the Tethys Sea to circumscribe the globe. This
suggests that the calibrations used in * BEAST Analyses 2 and 3 are most appropriate if the
North Atlantic Ocean was a formidable barrier to amphibian dispersal that triggered diver-
sification of pipoids (Duellman and Trueb, 1994). While we do not know which of these 2
sets of divergence times are more accurate, the estimated divergence times of Xenopodinae
are very similar in *BEAST analyses 2 and 3: ~65 Ma with a 95% credible intervals of
~57-76 Ma. These results underscore how ancient various pipid diversification events are,
including the age of the subfamily Xenopodinae. Underestimates of divergence, for exam-
ple by Bisbee et al. (1977), have contributed to nomenclatural confusion associated with
the nonubiquitous recognition of “Silurana’.

Although it does not speak to the validity of the geological calibration points, it is in-
teresting that some fossils from South America are purportedly more closely related to
Xenopodinae than to Pipinae, suggesting that both of these lineages were widely dispersed
over West Gondwana prior to its breakup (Baez and Pugener, 2003; Trueb et al., 2005; Trueb
and Baez, 2006), even though today Xenopodinae is found only in Africa. An interesting
direction for future research would be to add data from divergent taxa within these clades,
such as Pseudhymenochirus merlini (Cannatella and Trueb, 1988b), Pipa parva (Cannatella
and Trueb, 1988a), or X. borealis (Evans, 2008) in order to provide more detailed informa-
tion about the timing of diversification within pipids.

1.7 Conclusions

We generated a phylogenomic data set with an aim of providing further resolution to an-
cient relationships among a group of frogs (family Pipidae). In compiling these data, we
encountered challenges with data quality in that next generation sequence reads from an old
sample of R. dorsalis were generally shorter and sparser than those from fresh samples. We
encountered challenges with alignment, which drove us to conservatively discard noncod-
ing sequences and randomly discard one X. laevis paralog when 2 were identified. In the
interest of being confident in our alignments and to avoid violation of model assumptions,
we further discarded data from loop regions and one side of stem regions of ribosomal genes
from mitochondrial DNA. Despite these conservative measures, the final data set was suffi-
ciently large that it proved difficult to analyze using a relatively complex model, forcing us
to resort to a model with less parameters. The ((Xenopus, Silurana)(Pipa, Hymenochirus))
topology was recovered using 2 multilocus coalescent methods and multiple models, and
this topology was also suggested by analysis of individual loci and a concatenated analysis.
Calibration regimes that included a role for the opening of the North Atlantic Ocean ~190
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Ma produced divergent time estimates that were consistent with the fossil record. Perhaps
most striking was the high degree of genealogical discordance, which probably stems from
a combination of phylogenetic error, inadvertent analysis of nonorthologous (paralogous)
data, and large or structured ancestral population sizes. Together, these findings highlight
the exciting prospects for the field of phylogenomics and also the daunting analytical chal-
lenges that lie ahead.
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Figure 1.S1: Posterior densities of mutation rates from *BEAST analysis 3 with the HKY

codon model. An arrowhead indicates the posterior density for the loop region of the mito-
chondrial DNA and rDNA.

30

0

80 B
Posterior

density
10

0 0.5 1 1.5\\
Relative mutation rate

Figure 1.S2: Posterior densities of relative mutation rate from *BEAST analysis 3 with the

HKY codon model for (A) the first codon position, (B) the second codon position, and (C)

the third codon position of the 113 autosomal partitions.

Correction terms for *“BEAST analyses provided by J. Heled

*BEAST Analysis 1 correction term

The analysis has five taxa with an outgroup, or four taxa monophyly, and the calibration is
on the parent of Pipa. There are 6 x 3 ranked trees: 9 of those have 3 internal nodes above
the calibrated parent, 6 have 2 above and 1 below, and the remaining 3 have 2 below and
one (the root) above.

As described in Appendix 3 of Heled and Drummond (2011). the total density for a above
and b below is:
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The correction term for this analysis is given by equation 11 in Heled and Drummond
(2011).

*Beast Analysis 3 correction term

(e—)\h1 _ e—)xho)a—l (1 _ e—)\ho)b
(a—1)! b!

fa,b(ho, hl) = )\6_2/\h0>\e—2)\h1
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Chapter 2

Evolution of the closely related,
sex-related genes DM-W and DMRTI in
African clawed frogs (Xenopus)

Bewick AJ, Anderson DW, and Evans BJ (2011) Evolution, 65(3):698-712

2.1 Preface

Gene duplication is suspected of being a fundamental source of genetic novelty. Here we
investigated many aspects of the evolution of a newly identified, partially paralogous female
sex-determining gene, DM-W, across the breadth of the African clawed frog (Xenopus)
phylogeny, and at a finer scale between closely related species.

2.2 Abstract

DM-W is a dominant, female-specific, regulator of sex determination in the African clawed
frog Xenopus laevis. This gene is derived from partial duplication of DMRTI, a male-
related autosomal gene. We set out to better understand sex determination in Xenopus by
studying this pair of genes. We found that DM-W evolved in Xenopus after divergence from
the sister genus Silurana but before divergence of X. laevis and X. clivii, and that DM-W
arose from partial duplication of DMRTI 3, which is one of the two DMRT] paralogs in
the tetraploid ancestor of Xenopus. Using the rate ratio of nonsynonymous to synonymous
substitutions per site and multilocus polymorphism data, we show that DM-W evolved non-
neutrally. By cloning paralogs and using a pyrosequencing assay, we also demonstrate that
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DMRT]I underwent phylogenetically biased pseudogenization after polyploidization, and
that expression of this gene is regulated by mechanisms that vary through development.
One explanation for these observations is that the expression domain of DMRTI[ was
marginalized, which would explain why this paralog is dispensable in Xenopus polyploids
and why DM-W has a narrow expression domain. These findings illustrate how evolution
of the genetic control of stable phenotypes is facilitated by redundancy, degeneration, and
compartmentalized regulation.

2.3 Introduction

Sex determination in frogs is genetically triggered (Hayes, 1998) but is achieved via vari-
able mechanisms, making this group a compelling but understudied model for studying
evolution of this crucial phenotype. Recently, a female-specific, W-linked gene called DM-
W was discovered in the African clawed frog Xenopus laevis (Yoshimoto et al., 2008), sup-
porting earlier conclusions that X. laevis females are heterogametic (Mikamo and Witschi,
1963). DM-W is the first master regulator of primary sex determination to be identified in
amphibians. The 5'-coding region of DM-W is very similar to the 5’-coding region of the
doublesex and mab-3 related transcription factor (DMRTI) gene, suggesting an origin of
DM-W by partial gene duplication of DMRT1 (Yoshimoto et al., 2008). This is also sug-
gested by the exon structure of these genes, which are similar in the 5’ portion but not the
3’ portion (Figure 2.1). The homologous region of DMRTI and DM-W contains a DNA-
binding motif called a “DM domain” (Yoshimoto et al., 2008) and both genes bind to shared
DNA sequences (Yoshimoto et al., 2010), suggesting that they are transcription factors that
interact with the same regulatory elements. Analysis using full-length sequences suggested
DM-W arose after the diversification of ancestors of frogs and fish but before divergence of
the ancestors of frogs, birds, and mammals (Supplementary information of Yoshimoto et al.
(2008)) but the genome sequence of the Nigerian clawed frog (Silurana tropicalis) does not
contain DM-W (Yoshimoto et al., 2008), even though the individual sequenced was female
(Hellsten et al., 2010).
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Figure 2.1: Regions of homology between DM-W and DMRT] and proposed competitive
binding during sexual differentiation of females. (A) Exons (boxes) and introns (lines) of X.
laevis DM-Wand DMRT] with homologous region used for analysis of w in black. DM-W
exon structure follows Yoshimoto et al. (2008) and DMRT1 exon structure follows Osawa
et al. (2005) and is based on S. tropicalis. Numbers below each exon reflect how many
amino acids are encoded; the locations of start (arrow) and stop codons are indicated. (B)
DM-W (black) and DMRTI (gray) bind to the same cis- regulatory factors indicated by
black squares (Yoshimoto et al., 2010). In males, DMRT1 drives expression of male-related
genes. In females, DM-W is expressed slightly earlier during primary gonadal differentia-
tion and is thought to repress transcription of male-related genes (Yoshimoto et al., 2008).

DM domain-containing genes play a remarkably conserved role as an activator of male
differentiation in metazoans including worms, flies, coral, birds, and humans (Burtis and
Baker, 1989; Raymond et al., 1999; Yi and Zarkower, 1999; Raymond et al., 2000; Miller
et al., 2003; Haag and Doty, 2005). DMRT] is broadly expressed during development of X.
laevis and has been detected in unfertilized eggs, early tadpole development of both sexes,
in the gonads of both sexes during primary gonadal differentiation, and in postmetamorphic
testis and ovary, with expression becoming increasingly male-biased in testis compared to
ovary by 1-5 months after metamorphosis (Osawa et al., 2005; Yoshimoto et al., 2006,
2008). No sex difference in DMRTI expression was detectable during gonadal differenti-
ation (Yoshimoto et al., 2008). Although, paralogous sequences were not considered. In
contrast, DM-W appears to be expressed only in female gonads during primary gonadal
differentiation, with its peak expression level just prior to a surge of DMRTI expression in
the gonads of both sexes (Yoshimoto et al., 2008). In females, DM-W expression may an-
tagonize DMRT-activation of male-specific genes by binding to and inhibiting regulatory
regions recognized by both proteins (Figure 2.1B; Yoshimoto et al., 2008, 2010).

African clawed frogs include the genera Silurana and Xenopus and a diversity of species
that evolved through allopolyploidization (Evans, 2008). Species of Xenopus have 36, 72,
or 108 chromosomes and are tetraploid, octoploid, or dodecaploid, respectively. Xenopus
laevis is tetraploid but considered “pseudotetraploid” because of disomic inheritance (Ty-
mowska, 1991). Species of Silurana have 20 or 40 chromosomes and are diploid (such
as S. tropicalis), or tetraploid. Because of the unique way that allopolyloidization occurs
in Xenopus (Kobel, 1985, 1996), DM-W and linked female-specific genes on the nonre-
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combining portion of the W chromosome (hereafter NRW) are not duplicated by allopoly-
ploidization (Figure 2.2). In contrast, autosomal genes such as DMRTI (Uno et al., 2008;
Yoshimoto et al., 2008) are duplicated by allopolyploidization. Thus females of tetraploid,
octoploid, and dodecaploid species are expected to have only one allele of DM-W but up to
four, eight, or 12 DMRT] alleles organized in two, four, or six paralogous loci, respectively.

Species 1 (diploid) Species 2 (diploid)
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Figure 2.2: Autosomal genes (A) such as DMRT] are duplicated by allopolyploidization
in clawed frogs but DM-W (W) is not. Whole-genome duplication (WGD) proceeds via
F1 hybrid and backcrossed females that produce unreduced eggs. The mechanisms of sex
determination in the triploid and tetraploid progeny is unclear, although both sexes do exist
in laboratory-generated polyploids. Presumably diploidization causes two Z chromosomes
(Z) to become autosomes (A z). This figure is adapted from Kobel and Pasquier (1986) and
Kobel (1996).

How evolutionarily conserved is the “DM-W/DMRT]I system” of sex determination in
frogs and how did this system arise? To what extent and in what way are the components
of this crucial system variable across species and ploidy levels, and how is this influenced
by natural selection? To begin to address these questions, we examined the molecular evo-
lutionary history of DM-W and DMRTI. Using a PCR assay, we screened frog species
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closely related to X. laevis for evidence of DM-W and we analyzed phylogenetic relation-
ships between homologous portions of DM-W and cloned paralogs of DMRT. Using these
data and polymorphism data from natural populations, we tested for evidence of nonneutral
evolution of DM-W and linked regions of the NRW. We also examined patterns of pseudo-
genization in paralogs of DMRT1 in multiple polyploid species of Xenopus. Additionally,
with an aim of better understanding regulatory evolution of this system, we used a pyrose-
quening assay to characterize the mechanisms of expression divergence of one DMRT]
paralog at two crucial stages of development: (1) during primary sexual differentiation in
tadpoles and (2) in adult testis.

2.4 Methods

2.4.1 Genetic samples, phylogenetic estimation, codon analysis

We analyzed evolution and expression of DM-W and DMRT]1 using genetic samples ob-
tained from a Xenopus colony that was in Geneva, field collections by Ben J. Evans, and
animals from a commercial supplier (Xenopus Express, Brooksville, FL). Samples from a
natural populations of X. laevis and X. gilli were obtained from Cape Province, South Africa
in ponds near Bettys Bay as detailed elsewhere (Evans et al., 1997, 1998) and samples from
the population in the Democratic Republic of the Congo (DRC) were collected by Ben J.
Evans in the town of Lwiro.

Sequences from DMRTI paralogs and DM-W were obtained using primers detailed in
Supporting information. For DMRT1I, paralogs were co-amplified and cloned using the
TOPO TA cloning kit (Invitrogen). Estimation of evolutionary relationships among homol-
ogous portions of DMRTI paralogs and DM-W was performed using Bayesian phyloge-
netics as implemented by MrBayes version 3.2 (Ronquist and Huelsenbeck, 2003) using
a model selected by the Akaike information criterion (AIC) with MrModeltest (Nylander,
2004). Dirichlet priors were used for nucleotide frequencies, two independent Markov
Chain Monte Carlo runs were performed, each for 1,000,000 generations. A DMRT]I se-
quence from the toad Bufo marinus (Genbank accession number FJ697175) was used as
an outgroup. Sationarity was assessed using plots of likelihood values from the posterior
distribution using Tracer version 1.5 (Drummond and Rambaut, 2007) and based on this, a
burn-in of 100,000 generations was discarded.

Analysis of the dN/dS ratio (w) of the homologous region of DM-W and DMRT1 was
performed with the codeml module of PAML version 4.2 (Yang, 1997) using models de-
scribed in further detail below. The coding sequence analyzed included 98 codons. It did
not include the first 17 codons of exon 2 because our forward PCR primer annealed in this
region and it did not include the last six codons of exon 3 because this region was deemed
nonhomologous. We included DMRTI sequences amplified from cDNA so there was not
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missing data surrounding the junction of exons 2 and 3 in this analysis.

To explore whether changes within the DM domain of DM-W are unique to this gene
(and therefore potentially functionally significant), we compared this 68 amino acid long
region to the DM domain of the DMRTI gene in other lineages including DMRT] par-
alogs of six fish (Gasterosteus aculeatus AY867870, Paralichthys olivaceus EU490514,
Takifugu rubripes NM_001037949, Xiphophorus maculates AF29187, Epinephelus merra
EUS555179, Oryzias latipes AY442916), chicken (Gallus gallus AF123456), a toad (B.
marinus FJ697175), a crocodile (Crocodylus palustris EU531727), and various mammals
(Homo sapiens NC_000009, Pan troglodytes XM_528528, Mus musculus NM_015826, Bos
taurus XM _002689628, Oryctolagus cuniculus XM _002708188, Canis familiaris XM _846-
402, and Sus scrofa NM_214111). We also compared the DM domain of DM-W to the DM
domain of the DMY gene of O. latipes (NM_001104680), which is a male-specific sex
determining gene, in the context of each genes’ closest paralog.

2.4.2 Multilocus polymorphism data

By analyzing expressed sequence tag databases with the assistance of Frédéric Chain, we
identified genes in X. laevis that we suspected to be singletons due to loss of one paralog
after whole-genome duplication. To test for evidence of recent nonneutral evolution, we
sequenced these putative single-copy genes and also portions of DM-W and linked flanking
regions of the NRW. After accounting for differences in mutation rate and the number of
silent sites sequenced, our null expectation is that the level of polymorphism at the NRW
should be one-fourth that of the other loci as a consequence of differences in mode of
inheritance and copy number. The likelihood of neutral evolution, where the effective pop-
ulation size of the NRW is one-fourth that of autosomal loci (i.e., the inheritance scalar
equal to 0.25), and nonneutral evolution (the inheritance scalar <0.25), was estimated us-
ing a maximum likelihood version of Hudson, Kreitman, Aguadé test (Hudson et al., 1987)
with mIHKA version 2 (Wright and Charlesworth, 2004). Divergence from an outgroup
was used to accommodate differences in rates of evolution among loci. Xenopus gilli and
X. laevis are sister species and sequences from each were used as an outgroup for the other.
PCR primers are provided in Supporting information.

2.4.3 Phylogenetically biased pseudogenization

To better understand pseudogenization after genome duplication in DMRT1, we sequenced
367 clones amplified from DMRT] exon 2 and 155 clones amplified from DMRT] exon 3
from genomic DNA of a total of 18 species including tetraploids: X. laevis, X. borealis, X.
muelleri, X. pygmaeus, X. fraseri, X. largeni, X. clivii, and an undescribed species X. new
tetraploid 1 (Evans et al., 2004), octoploids: X. itombwensis, X. boumbaensis, X. vestitus,
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X. andrei, X. wittei, X. ameiti, and an undescribed octoploid X. new octoploid 2 (Evans
et al., 2011b), and dodecaploids: X. longipes, X. ruwenzoriensis, and an undescribed dode-
caploid X. c¢f. boumbaensis (Evans, 2007). We used a model-based approach implemented
by the program BayesTraits (Pagel and Meade, 2006) to test for phylogenetic bias in the
pattern of pseudogenization in this gene. We compared the likelihood of a model with one
rate of pseudogenization in both major paralogous lineages of DMRTI (« and (3) to the
likelihood of a model with a separate rate of pseudogenization in each lineage. The rate of
change of pseudogenes to functional paralogs was fixed to zero under the assumption that
once a paralog became a pseudogene, functional resuscitation is not possible. A phylogeny
for this analysis was estimated using up to 3461 base pairs of sequence from cloned par-
alogs of the recombination activating genes 1 and 2, as detailed in Evans (2007). Following
model selection and analytical methods of Evans (2007), phylogenetic relationships were
estimated with the data partitioned by codon position using MrBayes version 3.2 (Ron-
quist and Huelsenbeck, 2003). Two independent runs were performed, each for 2,000,000
generations, and 100,000 generations discarded as burn-in. For the BayesTraits analysis,
a chronogram was constructed from the consensus topology recovered from the Bayesian
analysis using penalized likelihood as implemented by r8s version 1.71, with the smoothing
parameter obtained from a cross-validation procedure (Sanderson, 1997, 2002).

2.4.4 Expression divergence

Gene regulation is orchestrated by cis-acting factors that independently affect transcription
of each allele and by trans-acting factors that affect expression of both alleles. To quan-
tify the degree to which cis- and trans-acting factors drive DMRT1 expression divergence
between species, we used an experimental approach that compares the expression ratios of
species-specific alleles in each species and in their F1 hybrid (Wittkopp et al., 2004, 2008;
Landry et al., 2005). In hybrids, trans-acting factors from both parental species interact with
the cis-acting factors of species-specific alleles, so divergent expression of species-specific
alleles can be attributed exclusively to cis- divergence. In the parental species, expression
divergence is the culmination of cis- and trans-factors. Comparison of the expression ratio
of species-specific alleles in hybrids to the parental species therefore allows one to dissect
apart and quantify cis- and frans-contributions to expression divergence between species.
For example, trans- only divergence is inferred if species-specific alleles are expressed at
similar levels in hybrid individuals but at different levels in the parental species. Note that
this approach compares expression ratios of species-specific alleles (which are identified
by species-specific nucleotide polymorphisms), and does not compare the magnitude of
expression. This is because the magnitude of expression between parental individuals and
hybrids could vary as a consequence of upstream factors that impact entire genetic networks
— even in the absence of expression divergence between species — whereas the expression
ratio in parental individuals and hybrids should be affected by mechanisms that operate at
the level of an individual locus (Wittkopp et al., 2004). We performed this assay using X.
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laevis and X. borealis on tissue from adult testis and tissue from tadpole stage 53, which is
after the gonads develop but before they differentiate in X. laevis.

The ratio of expression of species-specific alleles of DMRT I« in the parental species
and their F1 hybrid was quantified using a Biotage PSQ96 pyrosequencer based on species-
specific and paralog-specific single nucleotide polymorphisms in exon 3 (Supporting Infor-
mation). Expression ratios were estimated in F1 hybrids generated from a cross between
an X. laevis female and an X. borealis male (six tadpoles and two adults) or the reciprocal
cross (four tadpoles and two adults), and compared to ratios the corresponding expres-
sion ratios in mixtures of tissues from each parental species (seven tadpole and four adult
parental mixes). According to the manufacturers protocol, genomic DNA is efficiently
removed from the RNA extraction but we nonetheless implemented an optional DNAse di-
gestion step in this procedure. Expression ratios in parental mixes were normalized by the
amount of genomic DNA in each mix (which was extracted from an aliquot taken before
the DNAse digestion step) following Landry et al. (2005). For genomic DNA normalization
we used data from DMRT1«, one paralog of the recombination activating gene 2 (RAG2),
and both paralogs of the recombination activating gene 1 (RAGI). Pyrosequencing primers
and normalized expression ratios are provided in Supplemental Information and elsewhere
(Anderson and Evans, 2009).

Statistical analysis of mechanisms of expression divergence followed Landry et al.
(2005) and used the “proc mixed” implementation of restricted maximum likelihood of SAS
version 9.1.3 (SAS Institute) with modified scripts provided by Patricia Wittkopp. Students
t-tests were computed within the mixed procedure and locus-level significance was inter-
preted after sequential Bonferroni correction for two tests (Rice, 1989). Application of the
Bonferroni correction makes the detection of antagonistic cis- and frans- divergence more
conservative (Anderson and Evans, 2009). Conclusions were identical to those drawn from
analysis using a standard Students t-test.

2.5 Results

2.5.1 DM-W arose after divergence of Xenopus and Silurana but be-
fore divergence of X. laevis and X. clivii

The DM-W gene was first identified in X. laevis but a search of the genome of S. tropicalis
failed to recover this gene (Yoshimoto et al., 2008). To investigate what other species have
DM-W, we attempted to amplify and sequence portions of DM-W orthologs in species that
are more closely related to X. laevis than to S. tropicalis. We found DM-W in X. andrei, X.
clivii, X. gilli, X. itombwensis, X. laevis, X. largeni, X. pygmaeus, and X. vestitus (Genbank
accession numbers HQ220848-54; HQ220877-8). These species are tetraploid except X.
itombwensis and X. vestitus, which are octoploid.
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Based on a previously published phylogeny of clawed frogs (Figure 2.3), the most dis-
tantly related species from X. /aevis in which we detected a DM-W ortholog was X. clivii.
The phylogenetic position of X. clivii is unclear. Mitochondrial DNA strongly supports a
sister relationship between X. clivii and Clade 1 in Figure 2.3 (Evans et al., 2004) but two
tightly linked nuclear loci (RAGI and RAG?2) strongly support a sister relationship between
X. clivii and Clade 2 in Figure 2.3 (Evans, 2007).

S. tropicalis™ (2x)

S. new tetraploid 2* (4x)
S. epitropicalis* (4x)
S. new tetraploid 1* (4x)

X. longipes (12x)

X. pygmaeus (4x)

X. ruwenzoriensis (12x)
X. amieti* (8x)

X. boumbaensis* (8x)

X. cf. boumbaensis* (12x)

X. cf. fraseri 2* (4x)
X. cf. fraseri 1* (4x)

X. andrei (8x)

X. itombwensis (8x)
X. wittei* (8x)

X. vestitus (8x)

X. largeni (4x)
X. laevis (4x)
X. gilli (4x)

X. clivii (4x)

, X. borealis (4x)
A-e X. muelleri (4x)
X. new tetraploid* (4x)

Figure 2.3: DM-W was detected in a subset of Xenopus species whose most recent com-
mon ancestor and descendants are indicated in grey. A “D” next to species names indicates
species from which portions of DM-W was amplified. Nodes with 1 or 2 inside refer to
Clades 1 and 2, respectively. An asterisk follows species names for which amplification
of DM-W was not attempted. This phylogeny represents reticulating relationships among
species that stem from allopolyploidization; allopolyploid speciation is indicated by aster-
isks on internal nodes and the ploidy level of each species is indicated after the species
name. Maternal or biparental relationships are indicated with solid lineages and paternal
contributions to allopolyploid speciation events are indicated with dashed lineages. Re-
solved nodes have >95% posterior probability and are based on the linked autosomal genes
RAG]! and RAG2 and mitochondrial DNA; details of phylogenetic estimation are given in
Evans et al. (2004, 2005) and Evans (2007). Strongly supported but conflicting relation-
ships were recovered for X. clivii with respect to numbered Clades 1 and 2 (see text) so this
relationship is represented as a polytomy.
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We were not able to amplify DM-W from the dodecaploid species X. longipes and X.
ruwenzoriensis or the tetraploid species X. muelleri and X. borealis. The dodecaploids are
closely related to species that have DM-W (Figure 2.3) so our failure to amplify this gene
in these species could be either due to sequence divergence or to loss of DM-W. We put
extensive effort into attempts to amplify DM-W in X. borealis using a total of 20 primer
combinations that independently targeted each coding exon of DM-W over a gradient of
different annealing temperatures. As a positive control, amplification of both paralogs of
DMRTI from X. borealis was successful. We therefore suspect that DM-W may not be
present in this species or potentially in other closely related species in Clade 2 in Figure 2.3
(i.e., X. muelleri and an undescribed tetraploid species).

Because DM-W is a chimeric protein formed only partially from DMRT] (Yoshimoto
et al., 2008), evolutionary relationships among homologous portions of these genes (Fig-
ure 2.1A) can provide insights into the origin of DM-W. To this end, we sequenced or
downloaded homologous portions of DMRT1 from paralogs of the tetraploid species X.
laevis, X. borealis, and X. muelleri (accession numbers NM_001096500, NM_001085483,
HQ225638-41), and compared these sequences to the homologous region of X. laevis DM-
W (accession number AB259777). For phylogenetic analysis, the AIC selected the general
time reversible model with a gamma distributed among site rate heterogeneity parameter,
and base frequencies fixed at equal frequencies. Phylogenetic analysis points to a much
more recent origin than was previously suggested (Figure 2.4), and indicates with strong
statistical support that the 5’ portion of DM-W is closely related to DMRTI 3 of Xenopus
tetraploids. (The designation of paralogs as « or (3 is arbitrary and we followed GenBank
annotations here). This phylogeny establishes a recent origin of DM-W after divergence of
Silurana and Xenopus. Because the relationships within the clade containing DM-W and
DMRTI 3 are unresolved, we cannot determine from this analysis whether DM-W appeared
before or after divergence of the ancestor of X. laevis from the ancestor of (X. borealis +
X. muelleri). In an attempt to address this, we sequenced portions of the intron between
exon 2 and 3 in DMRT] paralogs and DM-W. However, extensive divergence and inser-
tion/deletion polymorphisms prevented us from confidently assessing homology (data not
shown), so we restricted our analysis to the coding region as presented above.

We explored alternative scenarios for the origin of DM-W by filtering the post-burn-in
posterior distribution of tree topologies recovered from the Bayesian analysis with con-
straint trees depicted in Figure 2.4. Constraint A retains topologies in which DMRT1 [
of X. laevis, X. borealis, and X. muelleri are monophyletic; these topologies are consis-
tent with an origin of DM-W before the divergence of the most recent common ancestor
(MRCA) of X. laevis and X. borealis. Constraint B retains topologies in which X. laevis
DMRTIp and all of the DM-W sequences are monophyletic; these topologies are consis-
tent with an origin of DM-W after the divergence of the MRCA of X. borealis and X. laevis.
Constraint C retains topologies in which DMRT1j3, of X. borealis and X. muelleri and all
of the DM-W sequences are monophyletic. Topologies consistent with Constraint C re-
quire an explanation involving ancestral polymorphism or gene transfer via hybridization
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because they would suggest an origin of DM-W after the divergence of the MRCA of X. lae-
vis and X. borealis, but in the X. borealis lineage, even though the X. laevis lineage carries
DM-W. The posterior probabilities of constraints A, B, and C were 0.38, 0.245, and 0.375,
respectively. This indicates that there is insufficient statistical power to distinguish between
these possibilities with the available data. We repeated this exercise using additional data
from partial sequences from DMRTI paralogs from other species (discussed below) and
recovered essentially identical results (Figure 2.S1).

S. tropicalis DMRT1

A
X. laevis X. borealis DMRT1f
| EX. borealis | DMRT 1o § gzs;éegﬁgggﬁ
X. muelleri ’
b Other
. sequences
— X. laevis B
X. borealis DMRT1 .
'{ X muelleri 6 X. laevis DMRT1p
. 4 X. laevis all DM-w
_ X. gilli
X. vestitus Other
X. largeni sequences
X. pygmaeus DM-wW C X. borealis DMRT1p
X. itombwensis X. muelleri DMRT18
R ; all DM-W
0.04 X. andr'e/“
X. clivii
\ B. marinus DMRT1 %Eﬁgnces

Figure 2.4: DM-W originated after divergence of Silurana and Xenopus. Evolutionary
relationships of X. laevis DM-W with respect to homologous of DMRT] paralogs (« and )
of the tetraploid species X. laevis, X. borealis, and X. muelleri, and the diploid species S.
tropicalis show that this gene is most closely related to Xenopus DMRT1/5. DMRTI from
Bufo marinus is used as an outgroup. Nodes with posterior probabilities >0.99 are indicated
with black dots. This analysis fails to resolve whether DM-W originated before or after the
divergence of ancestors of X. laevis and (X. borealis + X. muelleri). To evaluate alternative
scenarios for the origin of DM-W, we filtered the post-burn-in posterior distribution of tree
topologies with constraint trees A-C. The posterior probabilities of constraints A, B, and C
were 0.38, 0.245, and 0.375, respectively.

Overall, these analyses pin down the origin of DM-W to a window of time after di-
vergence of Silurana + Xenopus but before divergence of X. clivii + Clade 1 (Figure 2.3).
Rough divergence time estimates based on mitochondrial DNA (Evans et al., 2004) suggest
that DM-W therefore arose about 32-64 million years ago. Another divergence time esti-
mate based on nuclear DNA suggests DM-W could be even younger, about 13-38 million
years ago (Chain and Evans, 2000).
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2.5.2 DM-W evolved under natural selection

How did DM-W seize control of the sex determination system? One possibility is that this
was catalyzed by natural selection on DM-W or a linked region (e.g., Rice, 1986; van Doorn
and Kirkpatrick, 2007; Vuilleumier et al., 2007). To explore this possibility, we used two
approaches to test for evidence of natural selection on DM-W and/or the NRW.

We first analyzed the rate ratio of nonsynonymous to synonymous substitutions per
site (w) and recovered significant support for positive selection during the ascendancy and
evolution of DM-W. Using the codeml module of PAML (Yang, 1998), we performed a
branch-site test for positive selection (Yang et al., 2005) on a subset of the data analyzed
in Figure 2.4 including homologous regions of both DMRT1 paralogs from X. laevis and
X. muelleri, DMRTI paralog o of X. borealis, DMRTI orthologs of B. marinus and S.
tropicalis, and the DM-W gene of X. laevis. DM-W sequences from the other species (X.
gilli, X. vestitus, X. largeni, X. pygmaeus, X. itombwensis, X. andrei, and X. clivii) were
excluded because of missing data surrounding the junction of exons 2 and 3. Xenopus
borealis DMRT]I paralog (3 was excluded because it had premature stop codons at amino
acid positions 36 and 59.

This test compares models in which four classes of sites are considered. Sites in one
class evolve under purifying selection, sites in another class evolve neutrally, and sites in
two other classes evolve under positive selection. The proportion of sites in each class is
estimated separately for different portions of the tree (in this case for the DM-W branch and
for the rest of the topology) and the likelihood of this model is compared to a null model in
which no positive selection occurs and sites either evolve neutrally or under purifying se-
lection (Yang et al., 2005). Comparison of the alternative model to the null model recovers
significant evidence of positive selection (P <0.01, Table 2.1). In the alternative model, the
maximum likelihood estimate of the proportion of sites under positive selection is 0.134
with w of these sites equal to 10.058.

Table 2.1: Codon analysis of DM-W and DMRT1 supports positive selection on sites in the
5" region of DM-W. Results are shown for a site-branch test, a branch test, and a branch
test for neutrality, including the likelihood of the null model (—InL H,), likelihood of the
alternative model (—InL H,), degrees of freedom (df), and P-value (P). The P-value of the
site-branch test is based on a 50:50 mixture of point mass 0 and x?. P-values for the other
tests are based on a standard y? approximation.

Model -InLH, -InLH, df P
Site-branch 877363 873.68 1 <0.01
Branch 889.151 879.181 1 <0.00001
Test for neutrality 879.256 879.181 1 0.698
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Analyzing the same data using a model with a different w across all sites on the DM-W
branch is significantly preferred over a model in which w is the same in DM-W and DMRT1
(P <0.00001, Table 2.1). The maximum likelihood estimate of the w over all sites on the
branch leading to X. laevis DM-W is 0.8152 as compared to a ratio of 0.0715 across all
sites over the rest of the phylogeny. This is also more likely than the neutral expectation
(where w =1 for the DM-W branch), but not significantly so (P = 0.698, Table 2.1). In
this analysis, a total of 98 codons were analyzed, 70 of which occur in the DM domain.
Of 14.67 inferred nonsynonymous substitutions, slightly fewer occurred in the DM domain
than expected (nine substitutions), but not significantly so (P = 0.4279, G test). By contrast,
over a similar period of time only four or five amino acid substitutions occurred in the 98
codon region of X. muelleri DMRT1/3 and X. laevis DMRTIj3, respectively, and only two
occurred in X. muelleri DMRT 1« and X. laevis DMRTI «.

Interestingly, there is considerable variation among species in the amino acid sequence
of DM-W. Seven of 111 codons sequenced from X. laevis and X. gilli encoded different
amino acids in DM-W and these divergent codons were evenly distributed among the exons,
including in the DM domain. X. laevis and X. gilli diverged ~17 million years ago (Evans
et al., 2004). In X. clivii DM-W from exon 2, 8 of 55 amino acids are diverged from the
homologous portion of X. laevis DM-W. These species diverged ~32 million years ago
(Evans et al., 2004).

We then used the Hudson, Kreitman, Aguade (HKA) test (Hudson et al., 1987) to test for
more recent evidence of natural selection based on a multilocus polymorphism dataset, and
again recovered a significant departure from neutrality. We collected polymorphism data
from 23 genes from a natural population of X. /laevis and X. gilli from Cape Province, South
Africa. Although both species are tetraploid, we sequenced loci that are either single copy
due to post-polyploidization deletion, or with sufficiently diverged primer sites that made
possible amplification of only one pair of alleles. We compared silent site polymorphism
at these loci to silent polymorphism at DM-W and linked female-specific flanking regions
of the NRW (amplified using primers designed from accession AB365520) in both species
(Table 2.2).
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In the South Africa population of X. laevis, very little polymorphism was detected at
the NRW; over 2500 silent sites from the NRW contained only two polymorphisms (Ta-
ble 2.2). Both polymorphisms were in an insertion/deletion that was present in the South
Africa population of X. laevis but absent in X. gilli. Because gaps were deleted to estimate
divergence with respect to an outgroup, this meant that there were no polymorphisms in the
region of the X. laevis NRW that was homologous to the outgroup (X. gilli). These data
departed significantly from the neutral expectation (P = 0.0034, degrees of freedom (df) =
1, mIHKA). The maximum likelihood estimate of the DM-W inheritance scalar was 0.003
as compared to the neutral expectation of 0.250. When the two polymorphisms with no
outgroup homology are included in the analysis, departure from the neutral expectation is
not significant (P = 0.319, df = 1) although the maximum likelihood estimate of the inher-
itance scalar (0.079) is still below the neutral expectation. Both X. laevis polymorphisms
were completely linked and had intermediate frequency (5 of 12 individuals).

To further understand the evolution of polymorphism on the X. laevis NRW, we se-
quenced portions of the NRW from a divergent population of X. laevis from the Democratic
Republic of the Congo (DRC). By sequencing the NRW from this more closely related
population, we were able to determine that the insertion containing the polymorphisms in
the South Africa X. laevis population occurred after divergence from the DRC population,
as opposed to the alternative that a deletion occurred in the X. gilli lineage. This is because,
like X. gilli, the X. laevis population from the DRC lacks the region carrying the two NRW
polymorphisms in the X. laevis population from South Africa. Twenty-nine of 1549 sites
were diverged between the two X. laevis populations in the 5" upstream region of DM-W.
No polymorphic sites were detected in the NRW of 11 individuals from the DRC popula-
tion (data not shown). This could be due to small population size, natural selection, or both,
but we did not investigate these possibilities here.

In contrast to the South Africa population of X. laevis, the NRW of the X. gilli popu-
lation was highly polymorphic. The NRW of the X. gilli contained five polymorphic sites
out of about 1700 silent sites, even though polymorphism at autosomal loci was similar
in magnitude to the South Africa population of X. laevis (Table 2.2). In all of the X. gilli
NRW polymorphisms, the rare allele was derived relative to X. laevis, and four of these rare
derived substitutions were present in only one individual. These data from X. gilli do not
depart significantly from the neutral expectation (P = 0.260, df = 1) and the maximum like-
lihood estimate of the inheritance scalar (0.691) was greater than the neutral expectation of
0.250.

Out of eight substitutions in the DM domain of DM-W, four were at positions that were
invariant (conserved) in the DM domains of DMRT1 in the other species we examined, and
four were in positions that were variable (non-conserved) in the DM domains of DMRT]
in these species. By comparison, the DM domain of the DMY gene of the fish O. latipes, a
male-specific sex determining gene, has 13 amino acid substitutions in this region relative
to its O. latipes DMRT1 paralog. Two are in positions that are conserved in other DMRT1
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loci, and the others are at non-conserved positions in DMRT1. Thus although DMY is more
diverged from its closest DMRT1 paralog than is DM-W in terms of the number of amino
acid substitutions, DM-W has more divergence at highly conserved sites in DMRT] than
does DMY.

Taken together, our tests for natural selection uncover a dynamic evolutionary history
of DM-W. It appears that the 5’ portion of this gene was subject to positive selection dur-
ing early evolution that increased w of some sites beyond the neutral expectation. More
recently, DM-W and linked portions of the NRW continued to evolve non-neutrally in X.
laevis leading to a dearth of polymorphism in this region of the genome. In X. gilli, however,
recent evolution of the NRW did not depart from the neutral expectation.

2.5.3 Biased pseudogenization of DMRT1 paralogs after allopolyploid-
ization

How did the male-related gene DMRT1 respond to the ascendance of DM-W and genome
duplication? One step to further understanding the evolution of this system is quantify how
many paralogs of DMRT1 are functional in polyploid species of Xenopus. To accomplish
this, we amplified, cloned, and sequenced portions of DMRT1 paralogs in 18 polyploid
species (Table 2.3). We focused our efforts on exons 2 and 3 because these 5’ regions con-
tain the DM domain, which is key to the DNA-binding function of the protein (Yoshimoto
et al., 2010).
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Copy number and evolutionary relationships of DMRT1 paralogs are generally consis-
tent with duplication by whole-genome duplication (Table 2.3). As expected, two DMRT1
paralogs were usually detected in tetraploid species, up to four were detected in octoploid
species, and up to six were detected in dodecaploid species. In some species, fewer paralogs
were detected than expected; these could have been lost by deletion or not cloned in our
assay. In three tetraploid species, an extra divergent sequence was identified (Table 2.3);
these could stem from segmental duplication of one paralog or possibly be examples of
very high allelic variation. Two of the extra divergent sequences were DMRT« paralogs
and one was a DMRT 1 [ paralog.

Translation of the cloned DMRTI sequences indicates multiple paralogs of multiple
species are degenerate due to stop codons, frameshift mutations, or large deletions (Ta-
ble 2.3); pseudogenization therefore has a marked impact on the stoichiometry of DMRT1
and DM-W in Xenopus females. Eight instances of degeneration were observed in DMRT1
and a ninth in a putative singleton duplicate copy of DMRT1 [ in X. largeni. To our surprise,
however, degeneration was never observed in DMRT ]« or in either of the putative singleton
duplicates of DMRT I« (Table 2.3). Under the assumption of allopolyploidization, the “3”
paralogs are inherited from one of the two diploid ancestors whose genomes were fused
to form an ancestral allotetraploid Xenopus. The eight to nine instances of degeneration
were observed in exon 2 of DMRTI 3 (and never in exon 3), and each instance was species
specific (e.g., a premature stop codon was never observed in the same position in multiple
species).

Using BayesTraits (Pagel and Meade, 2006), we recovered support for significant phy-
logenetic bias in the pattern of pseudogenization in DMRT1. When missing data were coded
as missing, a model with a different rate of pseudogenization in DMRT1 paralog o and 3 (—
InL. =-30.8618) was significantly preferred over a model with one rate of pseudogenization
in both paralogs (-InL = -34.3794, P = 0.00776, df = 1). In the more parameterized model
the rate of pseudogenization was 10 times faster in DMRT1 paralog (3 than in DMRT] par-
alog .. As a conservative measure, we also performed this test with missing data coded
as functional (there were more missing data from DMRT1 /3 than DMRTI«), and the result
was the same (P = 0.00781). This result is consistent with the notion that natural selection
preferentially targeted DMRT1 (3 for pseudogenization in multiple polyploid species or that
natural selection preferentially favoured DMRT« to remain functional. A caveat is that we
may have underestimated the number of DMRT pseudogenes if degenerative mutations are
present regions that we did not sequence, if seemingly functional paralogs are not expressed
due to mutations in the regulatory region, or if we failed to clone some pseudogenized or
deleted paralogs.
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2.54 DMRTI« expression is regulated by distinct mechanisms over
development

Is it possible that the pattern of biased pseudogenization in DMRTI (3 is somehow linked
to the origin of DM-W from partial duplication of DMRT13? To explore this question, we
examined mechanisms of expression divergence (cis- and/or trans-) of a DMRTIc, in X.
laevis and X. borealis during two developmental stages (tadpole and adult). As discussed
earlier and in Table 2.3, DMRT I« paralogs appear to be fully functional at the sequence
level in both of these species.

A first concern in this analysis is whether expression levels in hybrid individuals differ
depending on the direction of cross (i.e., whether the mother of the hybrid individuals is X.
laevis or X. borealis). However, tests for parent of origin effects were not significant (Sup-
porting information) so data from both directions of hybrid cross were considered jointly.
Another concern is whether expression levels differ in males and females. In hybrid tad-
poles with a X. borealis mother, we were not able to test for sex effects because we do
not know the sex-determining gene in this species. However, we did test for sex effects in
hybrid tadpoles when the mother was X. laevis (Supporting information); these tests also
were not significant after Bonferroni correction, which is consistent with (Yoshimoto et al.,
2008), allowing us to combine expression data from male and female tadpoles. Because the
sex effect was individually significant before Bonferroni correction, we repeated analysis
presented below using only males and conclusions were essentially identical (Supporting
information).

Comparison of expression levels of alleles from each species indicates that DMRTI«
expression in X. laevis and X. borealis is significantly different during primary gonadal
differentiation in tadpoles, but not in adult testis (indicated by significant “P = 0” tests in
tadpoles but not adults; Table 2.4). Significant expression divergence of DMRT I« in tad-
poles during primary gonadal differentiation is interesting from the standpoint that DM-W
is expressed in X. laevis females but possibly not in X. borealis if this species lacks this
gene. Expression of DMRT 1« is 1.74 fold higher in X. laevis than in X. borealis; this is in-
dicated by the log,-transformed X. laevis/X. borealis parental ratio of 0.8027 in Table 2.4.
Because DMRTI( is a pseudogene in X. borealis (Table 2.3), the disparity in DMRTI ex-
pression between X. laevis and X. borealis during primary gonadal differentiation could be
even higher if in X. laevis the DMRT1« and DMRTI 3 loci are co-expressed, translated, and
functionally interchangeable.

How can we account for these expression differences? In the simplest scenario, a single
mutation could cause different levels of expression in two species; such a mutation could
occur in cis- (e.g., affecting an upstream promoter) or in trans- (e.g., affecting expression
level or binding capacity of a transcription factor). If DMRTI« expression were governed
by the same regulatory elements throughout development and across multiple tissue types,
one would expect a similar direction of divergence (e.g., upregulation of DMRT I« in X. lae-
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Table 2.4: Logs-transformed parental and hybrid expression ratios (X. laevis/X. borealis)
of DMRTI« and probabilities of the null hypothesis that this ratio is equal to zero (P =
0), that ratios in parental species and hybrids are equal (P = H), and that the hybrid ratio
is equal to zero (H = 0). Interpretations include cis- divergence (C) and frans- divergence
(T) with each mechanism causing upregulation of the X. laevis (XL) or X. borealis (XB)
allele. Inferences are based on two tests, (P = H) and (H = 0), and significant departures of
these test after Bonferroni correction for two tests are indicated with asterisks. Significant
departure of (P = 0), is also indicated with asterisks.

Parental P-value Hybrid P-value P-value
ratio P=0) ratio (P=H) MH=0)

Tadpole 0.8027 0.0068* —0.3982 0.0070* 0.0053* C: XB up, T: XL up
Adult  1.1491 0.0846 3.0141 0.0250* 0.0001* C: XL up, T: XB up

Interpretation

vis compared to X. borealis) and a similar relative magnitude of divergence (e.g., twofold) in
all developmental stages and all tissue types where the gene is expressed. Contrary to these
expectations, we found that DMRT1« regulation occurs in a developmental-stage specific
manner. In tadpoles, DMRTI« upregulation of X. laevis compared to X. borealis alleles is
attributable to trans- acting factors (this is indicated by a significantly higher parental ratio
than the hybrid ratio in tadpoles according to the “P = H” test; Table 2.4). But this is coun-
teracted to some degree by antagonistic cis- upregulation of the X. borealis DMRT I« allele
(because the logs-transformed DMRT 1« hybrid tadpole ratio is significantly higher than O
according to the “H = 0" test; Table 2.4). In adult testis, however, the opposite mechanisms
operate: trans- divergence upregulates the X. borealis allele (the adult hybrid ratio is sig-
nificantly higher than the adult parental ratio according to the “P = H” test; Table 2.4) and
cis- divergence upregulates the X. laevis allele (the adult hybrid ratios are both significantly
higher than zero according to the “H = 0” test; Table 2.4).

In X. laevis, DMRTI is autosomal (Uno et al., 2008; Yoshimoto et al., 2008). But
if DMRT]1 inheritance is not biparental in X. borealis (e.g., if a sex-linked allele of one
paralog was deleted), this could affect conclusions relating to mechanisms of expression
divergence in tadpoles because some X. borealis tadpoles would be hemizygous for one
DMRT]I paralog, and because some hybrids would lack one DMRT] paralog from X. bo-
realis. To investigate this possibility, we co-amplified and sequenced exon 2 of DMRT I«
and DMRT1p from genomic DNA of F1 hybrids generated by crossing an X. borealis fe-
male to an X. laevis male, and also from the reciprocal cross with an X. laevis mother. If
both paralogs of DMRT] are biparentally inherited in both species, then hybrids from both
crosses should both inherit an allele of both paralogs from both species. Alternatively, if
both alleles of one DMRT1 paralog were not biparentally inherited in X. borealis, 50% of
the F1 hybrids from one of these crosses would inherit an allele from only one paralog from
X. borealis. This is because they would either receive different sex chromosomes from their
X. borealis mother (if females are heterogametic) or from their X. borealis father (if males
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are heterogametic). We used adult female and male hybrids (12 females, six males from the
cross with the X. borealis mother and seven of each sex from the cross with the X. borealis
father) to test this. Species- and paralog-specific single nucleotide polymorphisms allowed
us to confirm that F1 hybrids inherit both alleles from DMRT1 paralogs from both species.
We note that biparental inheritance of both alleles of both DMRTI paralogs in X. borealis
does not necessarily mean that DMRT is not sex-linked in this species.

Overall then, analysis of DMRTI« expression divergence illustrates two main points
with respect to the evolution of variation in mechanisms of sex determination in clawed
frogs. First, DMRTI« is expressed significantly higher during gonadal differentiation in a
DM-W-containing species (X. laevis) compared to one that may lack DM-W (X. borealis)
but not significantly different in adult testis. Second, genetic mechanisms that govern ex-
pression of DMRT 1« during primary gonadal differentiation in tadpoles are at least partially
independent from those that govern expression in adult testis. We relate these expression
findings to our results concerning biased pseudogenization of DMRTI below.

2.6 Discussion

Almost every vertebrate species has separate sexes, but mechanisms by which sexual dif-
ferentiation is orchestrated vary considerably. In frogs, variation in male versus female
heterogamy is observed among frog families and genera (Hillis and Green, 1990) and
within the species Rana rugosa (Miura, 2007). Presence/absence polymorphism of a W
sex chromosome occurs in Leiopelma hochstetteri (Green et al., 1993), and mapping of
sex-linked genes demonstrates that ranids and pipids have different sex chromosomes (Uno
et al., 2008). Here we illustrate that mechanisms of sex determination also vary within the
African clawed frogs (Xenopus + Silurana) — and possibly within the genus Xenopus — as
a consequence of the appearance of a novel female- specific sex-determining gene called
DM-W. In X. laevis, DM-W triggers primary (gonadal) female development, and this may
occur via competitive inhibition in females of genes that are activated by DMRT1 in males
(Yoshimoto et al., 2008, 2010). In contrast to analysis of the full DM-W and DMRT1 genes
(Yoshimoto et al., 2008), analyses presented here demonstrate that this gene evolved in
Xenopus after divergence from Silurana but before divergence of X. laevis and X. clivii.
That we did not succeed in amplifying DM-W in X. borealis despite considerable effort
opens the possibility that this and other closely related species in Clade 2 (Figure 2.3) do
not have DM-W. Similar lines of evidence suggested that the mammalian sex-determination
locus SRY was not present in platypuses (Grtitzer et al., 2004) before confirmation with the
complete genome sequence (Warren (2008) and others), or in various vole species (Just
et al., 1995), and that DMY (a paralog of DMRT1) is not present in species closely related
to the medaka (Kondo et al., 2003, 2004).

At this point, it is not clear whether DM-W evolved in a diploid genome with 18 chro-
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mosomes or a tetraploid genome with 36 chromosomes. The probability of fixation of
DM-W in a diploid versus a tetraploid is presumably influenced by multiple factors such
as dominance interactions between DM-W and the ancestral trigger for sex determination,
whether a tetraploid genome is polysomic or disomic (Otto and Whitton, 2000), whether
DM-W arose on the same chromosome or a different chromosome as the ancestral sex-
determining locus, whether DM-W conferred advantages to one or both sexes, and whether
the ancestral heterogametic sex was female or male. If DM-W did evolve after divergence
of the most recent common ancestor of X. laevis and X. borealis, various scenarios depicted
in Figure 2.S2 involving multiple episodes of allo-tetraploidization in Xenopus are possible.
Identification of the sex-determining locus in S. tropicalis, and a complete genome sequence
for X. laevis will assist in exploring these possibilities. Also relevant to the question of ex-
actly when DM-W arose is the relationship among X. clivii and Clades 1 and 2 in Figure 2.3.
Most relevant is the relationship among genomic regions linked to DM-W and DMRT1( in
these lineages. We attempted to address this question by sequencing portions of the intron
between exons 2 and 3 of DM-W and DMRTI [ in X. laevis, X. borealis, X. muelleri, and X.
clivii but divergence prevented us from making reliable homology statements for these se-
quences. Analysis of the available data with unambiguous alignment provided insufficient
statistical support to distinguish between an origin before or after divergence of the MRCA
of X. laevis and X. borealis.

Multiple mechanisms have been proposed to account for variation among species and
within populations in the mechanisms of sex determination. For example, sexual antago-
nism and other types of genetic conflict could potentially drive sex chromosome turnover
(Rice, 1986; Werren and Beukeboom, 1998; van Doorn and Kirkpatrick, 2007). Sex chro-
mosomes have a smaller effective population size than the autosomes (barring extreme
sex-specific demography) and genetic drift thus has a more profound impact on their evolu-
tion. Genetic drift, possibly combined with sex-ratio selection, could also contribute to sex
chromosome turnover (Bull, 1983; Kozielska et al., 2996; Viulleumier et al., 2007). An-
other possibility is that sexual selection and addition of upstream elements drives evolution
of sex determination systems (Pomiankowski et al., 2004; Wilkins, 1995). Consistent with
a role for natural selection in sex chromosome turnover and evolution, we found that some
sites in the 5" portion of DM-W evolved under positive selection since divergence from
DMRTIp and that DM-W and linked regions have a significantly lower level of polymor-
phism in the South Africa population of X. laevis. Other examples of rapidly evolving sex
determining loci have been reported (Tucker and Lundrigan, 1993; Whitfield et al., 1993;
Zhang, 2004; Graves, 2008), but it is still unclear whether there is a general role for natural
selection during sex chromosome turnover and evolution, or whether purifying selection on
these loci tends to be relaxed.

Arguing against relaxed purifying selection on DM-W, we found a dearth of molecular
polymorphism in the NRW of a natural population of X. /aevis from South Africa. The
NRW of a DRC population of X. laevis is diverged from the South African population, so it
appears that non-neutral evolution of DM-W or linked portions of the NRW occurred in the
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South African population after divergence from the DRC population, as opposed to being
a species-wide phenomenon. It is also worth pointing out that the DRC population may
warrant separate species status (Measey and Channing, 2003), in which case one would not
expect a selective sweep in the X. laevis from South Africa to involve the DRC population.
An alternative demographic explanation for these data is a higher variance in reproductive
success in females than males (Lande and Barrowclough, 1987; Engen et al., 2007). This
could happen, for instance, if females skipped some mating cycles to develop a full clutch
of eggs. However, this was not the case in a population of X. gilli, which had a higher level
of polymorphism than the neutral expectation (although not significantly so).

2.6.1 Marginalized expression of DMRT1j

In general, the probability that one paralog of a duplicate pair is a pseudogene increases with
the age of the duplicates (Lynch and Conery, 2000). Given that ~60% of duplicate genes
in the pseudotetraploid species X. laevis have degenerated to singletons (Sémon and Wolfe,
2008), it is no surprise that some DMRT] paralogs of the Xenopus species we surveyed are
pseudogenes. What is surprising, however, is that pseudogenization of DMRT1 paralogs
occurred in a phylogenetically biased pattern in multiple polyploid species, affecting only
paralogs closely related to DM-W (that is, the DMRTI[ paralogs). A similar pattern of
biased pseudogenization was observed at the RAG! locus in African clawed frogs (Evans,
2007). How can these findings be explained?

Analysis of DMRTI in S. tropicalis indicates that this gene is expressed during much of
tadpole development, including well before gonadal differentiation and adult testis (Yoshi-
moto et al., 2006). A broad expression pattern of DMRT] is also observed in X. laevis based
on real-time PCR assays (Osawa et al., 2005; Yoshimoto et al., 2006, 2008), suggesting that
a broad expression domain is the ancestral condition of DMRT] in African clawed frogs.
However, these X. laevis assays probably jointly quantified expression of DMRTI« and
DMRTIj, and it is therefore possible that the expression domain of each of these paralogs
is diverged.

One explanation for these observations is that the expression domain of DMRT1 3 was
marginalized soon after it was formed by whole-genome duplication, making this paralog
dispensable in Xenopus polyploids. Consistent with this speculation, our results demon-
strate that expression of DMRTI« is orchestrated by a nonidentical suite of regulatory
mechanisms during development that are therefore distinct and independently mutable (Ta-
ble 2.4). If this developmentally compartmentalized regulation is the ancestral condition
for both DMRT1 paralogs in Xenopus, this opens the possibility that mutation could have
degenerated regulatory machinery of DMRTI[ that drives expression in adult testis and
other tissues, while leaving intact expression during primary gonadal differentiation. Also
consistent with the hypothesis that the expression domain of DMRTI 3 was marginalized
soon after genome duplication is the observation that the expression domain of DM-W — a
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gene formed from partial gene duplication of the 5’ region of DMRT1 3 and potentially also
portions of its regulatory region — is restricted to a brief window during primary differen-
tiation in the female gonad (Yoshimoto et al., 2008). Thus, we speculate that the narrow
expression domain of DM-W could offer clues into why DMRT1 /3 paralogs appear to be
dispensable in Xenopus polyploids.

Future work aimed at independently characterizing the expression domain of DMRT] o
and DMRT 1/ in multiple Xenopus species could further test the hypothesis that the ances-
tral expression domain of the progenitor locus of DMRT1[ and DM-W was marginalized
prior to the origin, functional diversification, and biased pseudogenization of DMRTI1(. It
would also be useful to evaluate whether the upstream portion of DMRT1 /3 is homologous
to that of DM-W when X. laevis genome sequences are available. We were not able to detect
homology between available sequences from the NRW of X. laevis and sequences upstream
of S. tropicalis DMRT] obtained from the genome sequence (Hellsten et al., 2010).

Why is DMRTI« expression in tadpoles upregulated in X. laevis compared to X. bore-
alis? At this point, we do not know, but one possibility is that this is a consequence of sexual
antagonism in X. laevis where upregulation of DMRT] is favoured in males. If this is the
case, developmental compartmentalization of DMRT]1« regulation could have facilitated
regulatory response to the invasion of DM-W by decoupling regulatory control in tadpoles
and adults (we did not detect significant difference in expression level of DMRT« in adult
X. laevis and X. borealis). Alternatively this expression divergence could be unrelated to
DM-W and instead be due to neutral drift, or related to other physiological differences be-
tween X. laevis and X. borealis.

We did not consider mechanisms of expression divergence between X. laevis and X.
borealis DMRT1 (3 because of premature stop codons in the X. borealis paralog. However,
in X. muelleri, a close relative of X. borealis, the reading frames of both DMRT1 paralogs
appear intact. If Clade 2 (Figure 2.3) really does lack DM-W, an interesting direction for
further work would compare expression levels and mechanisms of expression divergence of
both paralogs of this species to a DM-W-containing species such as X. laevis during gonadal
differentiation. Another question that remains unanswered is how expression stoichiometry
of DMRTI and DM-W expression varies in species with higher ploidy levels at the RNA
and protein level.

2.7 Conclusions

Almost every vertebrate species has separate sexes, but mechanisms by which sexual dif-
ferentiation is orchestrated vary considerably. Here we investigated many aspects of the
evolution of a newly identified, partially paralogous female sex-determining gene, DM-W,
across the breadth of the African clawed frog (Xenopus) phylogeny, and at a finer scale
between closely related subspecies. Our findings suspect that mechanisms of sex deter-
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mination may vary within the African clawed frogs (Xenopus + Silurana) — and possibly
within the genus Xenopus — as a consequence of the appearance of DM-W. DM-W evolved
some time after the split of Silurana from Xenopus, but before the split of X. clivii from the
remainder of Xenopus species, and is more closely related to DMRT1 3 than DMRT1alpha.
The [ paralog underwent phylogenetically biased pseudogenization after polyploidization,
and the expression of this gene is regulated by mechanisms that vary through development.
We also demonstrated that DM-W evolved non-neutrally. Together, the infiltration of DM-
W as a sex determining gene may have been influenced by marginalization of the expression
domain of DMRT1 3, and fixed through natural selection. These findings illustrate the influ-
ence and consequences of gene duplication in the evolution of a novel genetic mechanism
of sex determination.
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2.9 Supplementary information

Below we provide supplemental information on (1) PCR primers, (2) phylogenetic relation-
ships between the homologous portion of DM-W and DMRT1, (3) expression ratio data, (4)
tests for parent of origin and sex effects, and (5) possible evolutionary scenarios for DM-W
under the assumption that it evolved after divergence of the most recent common ancestor
of X. laevis and X. borealis.

(1) PCR primers
Primers used to amplify the 5 UTR and exons of DM-W

DMW S5pr_for_71: GCAGCAGTAACCCGACAGCAGTCC
DMW S5pr_rev_810: AGCATTCATATGGGCTATGAGTTTG

DMW _5P_for_1300: CTCTGGCTGCTGGAGTGCTTGTG
DMW5Prev2229 _in_repeat2: ACCCACAGATTGCCAGTCCAG

DMW 5pr_for 2118: CTGTGAATCAGATAGAGATG
DMW 5pr_rev_2870: GCCACCCCTTTAAGTKCCATCAG

DMW S5pr_for 2762: TATTCAGTGTTCTGGCATTGAGTGC
DMW 5pr_rev_3122: GCTTTCCACTGCATGCCCAGTC
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DMW _exon2 _for2b: GAACCATATAACACCGGGCAGT
DMW _exon2_rev2: CTCCAGATACAGAAGCGCTTA

DMW _exon3_ford: TGCATTGCAAAGACAGCAAGCT
DMW _exon3_rev4: GGTTGTCTGTGTGGAACTGC

DMW _exon4 _for2: AGGAAGAAGAGGTGGCTAAAC
DMW _exond _rev2: CATGAGCTGCTGGATCATCGC

Primers used to amplify DMRT1c and DMRT1 [

DMRT1 _exonl_for_16: ATACAGAGAATGCAAAACAATGAGG
DMRT1 _exonl_for_43: AAMCATATAGCAAGACCCGTARCWCCG
DMRT1 _exonl_rev: ACCTGWGCCGCCATAACYCG

DMRT1 _exon2_for: TGCGAAGACAGCAAGCCC
DMRT1 _exon2_rev_new: CTGAACTGGYTGTKGAAC

Primers used for analysis of mechanisms of DMRT1 expression divergence

Forward Primer: GGAATMAGCCATCCWATCCMTTTGC
Starts at position 4693

Reverse Primer (biotinylated): TGTKGAACCTGAAGTGGGTGTGC
Ends at position 4805

Sequencing primer #3 (identifies X. laevis DMRT1«): TCTTGCTTGATGYTGGAAARC-
AGT

Starts at position 4765

SNP target is at position 4791

T = X. laevis DMRT I«

C = Other paralogs

Sequencing primer #1 (identifies X. borealis DMRTI13): GGAATMAGCCATCCWATC-
CMTTTGC

Starts at position 4693

SNP target is at position 4719

T = X. borealis DMRT1 3

C = Other paralogs

Sequencing primer #4 (identifies X. borealis DMRT1co): TGATAAAAARGGARCATG-
GTGGTAGCA

Starts at position 4736

SNP target is at position 4764

T = X. borealis DMRT I«

C = Other paralogs

Primers used for analysis of polymorphism
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androgen receptor alpha isoform (AR)
XLAR for_40: AGGGCTCGGCGGGGTATACAAACAGC
XLAR _rev_431: GGCGCTATCAGAGATGCCTTCG

BTB domain protein 6, mRNA (BTB)
Exonl19_fora: AGGTTTGCCAATCACTCCAG
Exonl19_reva: TCTGTCATTCCCTCCTGTCC

Xenopus (Silurana) tropicalis clone CH216-35D21 (CH216-35D21)
Scaf351 _for_8b: GAAGTCTGAYTGTGAAGTG
Scaf351_rev_8a: CCGCACACCTTCTGAGCCA

Xenopus (Silurana) tropicalis clone CH216-60D12 (CH216-60D12)
Scaf482 _for_11a: TGCAGTTCCAAGAATGGAC
Scaf482 rev_11a: GATTTTAAKGCACTTTGTACC

fem-1 homolog ¢ (femlc)
Exon21_fora: TTTGTTGTCGTTTGCAGAGC
Exon21_reva: TGTGCGAATTCGTAGAGTCG

Xenopus (Silurana) tropicalis clone ISB1-27B20 (ISB1-27B20)
Scaf1495_for_5a: GTGGGATCTGTGAKTGGATG
Scaf1495 rev_5b: CCTTCTTTGCCMMCTGTGATT

Xenopus (Silurana) tropicalis clone ISB-266M19 (ISB-266M19)
Scaf486_for_15a: GGAAGAGCTGCTTATCATG
Scaf486_rev_15a: CCTTAATGTACCCATTAGC
Scaf486_for_15b: CTTCAAATGGAAGAGCTGC
Scaf486_rev_15b: CGCTGCTWACACTCTCCCC

sodium-dependent glucose transporter 1 (kiaal919)
Exon3_forl: GTCTATGTTATCCTATATAGTCATTG
Exon3_rev2: CTCTGRTATCACAGTAACTG

Xenopus (Silurana) tropicalis hypothetical protein LOC100145442 (LOC100145442)
Scaf1027 _for_7c: GCTCCTCRACCTACACYCTGACC
Scaf1027 _rev_7b: CACTGTCTGAYAAACTGC

Xenopus laevis hypothetical protein LOC100158283 (LOC100158283)
Exon2_forl: ACATCAGGGAGATACGCTATACGTGCAGGG
Exon2_rev2: CAGGTGGGAGATGACGCTGAAGC

microtubule associated serine/threonine kinase-like (mastl)
Exonl13_fora: CAGGCAAGAAGCAAGAAACC
Exonl3_reva: GGTACGAGGTGCGGATATGT

mannosyl-oligosaccharide glucosidase (mogs)
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Exon5_for2: CTGAAGATGAGCGGCATGTGGATCTG
Exon5_rev2: CTTCAGCCATGATTAGTACCAC

nuclear factor, interleukin 3 regulated (nfil3)
Exonl10_fora: AGCAACTGCAGAAGCACTGA
Exonl10_reva: GATGCCACTGACCTGGTTTT

protocadherin 1 (pcdhl)
Exon9_fora: CCTCTCCAGCATCTCCTTTG
Exon9_reva: CGTTGTTTGCTTCGCTCATA

phosphatidylinositol glycan anchor biosynthesis, class O (pigo)
Exonl1_fora: GTGAAGAGACTCCCGACTGC
Exonll1_reva: CTTCCTCTTCATCCGTTCCA

protein arginine methyltransferase 6 (prmt6)
Exon4_forl: GACCRSGAGTATTTCCAGTGCTACTC
Exon4_rev2: TGCGAATCCGTGCAACAAG

recombination activation (RAG-2) gene (RAG-2)
Rag2 for 45: CTGGGAGTAATACATCATGATC
Rag2 rev_1149: CCTCGTCAAAATGTTCCCGTCTCTG

Ras association (RalGDS/AF-6) domain family (N-terminal) member 10 (rassf10)
(RalGDS/AF-6; N-terminal; rassf10)

Exonl6_fora: CTCGGTGGAGAAAATGGAAA

Exonl6_reva: GTTCAGCCTCAACCCAATGT

zinc finger, BED-type containing 4 (zinc finger; BED 4)
Exonl14 _fora: CAATTTGTTCTGCCGACTCA
Exonl4 _reva: TGTCCGACTGCTCATCCATA

Xenopus (Silurana) tropicalis unknown (unknown protein)
Scaf1434 for_14a: GCGACTCATGGAACTTACGG
Scaf1434 rev_14a: CTTCTTCTTCTCMATCAGC

UPFO0415 protein C70rf25 homolog (UPF0415)
Exon7_fora: CTGGTGGTTGATGTTGTTGC
Exon7_reva: GTGGAAGCACCTTTTCTTG

splicing factor, arginine/serine-rich 14 (sfrs14)
Exonl2_fora: CTGAACGCCGATTACAGGAT
Exonl2_reva: GTTGAACTTGGCCCACCTTA

zinc finger protein 238, gene 2 (znf238.2)
Exon25_fora: CAAGCCGGTAGACTCTGAGG
Exon25 reva: TCCATTTCATCCTCGCTTTC
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(2) Phylogenetic relationships estimated using additional partial data from other DMRT1
paralogs.

— S. tropicalis DMRT1
X. laevis
X. itombwensis a1
X. itombwensis a2
X. vestitus a1

X. vestitus a2 DMRT1o.

X. amieti a2

[ X. boumbaensis a1

X. cf. boumbaensis a1
X. borealis

X. muelleri

— X. laevis

X. itombwensis 2
& X. vestitus 1
X. new octoploid 31

92

X. fraseri

X. cf. boumbaensis 1
X. pygmaeus DMRT1B
X. itombwensis 1
X. boumbaensis {1
X. amieti p1

X. longipes p1

X. ruwenzoriensis 1

X. longipes 2

X. borealis
0.04 |97
X. muelleri

X. laevis
X. gilli
X. pygmaeus

M B /marinus DMRTA

DM-W

Figure 2.S1: For some species were able to clone and sequence both exons from a paralog
or multiple paralogs, and unambiguously concatenated them based on their phylogenetic
relationships (Table 2.3). These sequences have missing data from portions of the coding
region because the primers annealed to this region and the analysis in Figure 2.4 is thus
taxonomically more limited but with more complete data for each DMRT1 paralog. In this
analysis, we did not include sequences from paralogs for which we were only able to obtain
sequence from one exon or for which we could not unambiguously concatenate based on
phylogenetic relationships. Labelling as in Figure 2.4 with the additional indication of
posterior probabilities above 90 expressed as percentages and results are similar to those
presented in Figure 2.4. The posterior probabilities of constraints similar to A, B, and C in
Figure 2.4 are 44.8%, 19.8%, and 33.4% respectively.
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(3) Expression ratio data

Table 2.S1: Raw data used in analysis of mechanisms of expression divergence in DMRT].
Indicated are individual codes for each biological replicate (Replicate), the name of the
alleles being compared (Alleles), whether the mother of the hybrid (Mother) was X. lae-
vis or X. borealis (not applicable (NA) for parental mixes), the sex of the individual (not
applicable for hybrid tadpoles with a X. borealis mother and refers only to the sex of the
X. laevis individual in tadpole parental mixes), what type (Type) of ratio was assayed (H
for hybrid or P for parental mix), the age of the sample (T for tadpole or A for adult), and
the log, transformed expression ratio (X. laevis/X. borealis for DMRTIc or DMRTI 3 and
DMRTIa/j for within species ratios of paralogs).

Replicate  Alleles Mother Sex Type Age  Ratio

FPM12 DMRTI« NA F P T 1.08588
PTM_2 DMRTIo NA F P T -0.03767
FPM_2 DMRTIac  NA M P T 1.88342
FPM_.7 DMRTIac  NA M P T  0.96046
FPM9 DMRTIac  NA M P T 1.18894
PTM.5 DMRTIac  NA M P T 0.11365
PTM_6 DMRTI« NA M P T 042398
MIX_.1 DMRTI« NA M P A 0.65424
MIX3 DMRTIa  NA M P A 2.81420
MIX 6 DMRTIa  NA M P A 0.46942
MIX_7 DMRTIa  NA M P A 0.65835
HT_11 DMRTI« XL F H T -0.48161
T™M_16 DMRTI« XL F H T -0.76975
T™M_17 DMRTI« XL F H T -1.06831
™™ 22 DMRTI« XL F H T  -0.84362
HT_ 12 DMRTI« XL M H T  0.07486
TM 20 DMRTI« XL M H T -0.27481

HT_1 DMRTI o XB NA H T  0.03807

HT 4 DMRTI o XB NA H T  -0.09645

HT_7 DMRTI o XB NA H T -0.33118

HT9 DMRTI« XB NA H T -0.22904
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Table 2.S1: Continued from previous page

Replicate Alleles Mother Sex Type Age Ratio
HYB_A DMRT I« XL M H A 3.46003
HYB B DMRTI o XB M H A 3.51541
HYB_X DMRTI o XB M H A 229764
HYB.Y DMRTI o XB M H A 278351
MIX_1 XB DMRTIa/8  NA M p A 137601
MIX_ 6 XB DMRTIa/3  NA M P A 1.04006
MIX_7 XB DMRTIa/3  NA M P A 1.50863
FPM12 XB DMRTIa/3  NA F P T  1.23466
FPM13  XB DMRTIa/  NA F P T  0.49849
PTM_2 XB DMRTIa/B  NA F P T 1.57153
FPM_2 XB DMRTIo/  NA M p T 1.04054
FPM.7 XB DMRTIa/3  NA M P T  0.36053
FPM 9 XB DMRTIa/3  NA M P T 147578
FPM10 XB DMRTIa/  NA M P T 290647
PTM.5 XB DMRTIa/B  NA M P T  1.90597
PTM 6 XB DMRTIa/f  NA M p T 1.10201
HYB_A XB DMRTIo/ XL M H A 1.81863
HYB B XB DMRTIalf  XB M H A 0.85962
HYB.Y XBDMRTIa/f  XB M H A 1.68598
HT_11  XB DMRTIo/3 XL F H T  0.58025
TM_16 XB DMRTIo/ XL F H T  1.09437
TM_17 XB DMRTIa/f XL F H T 2.07516
T™™_ 22 XB DMRTIa/f XL F H T  1.83508
T™™_ 23 XB DMRTIao/f XL F H T 1.80169
T™™_ 24 XB DMRTIo/f XL F H T 0.79931

HT_12 XB DMRTIo/3 XL M H T 0.67214
TM_18 XB DMRTIa/ XL M H T 0.58620
T™™ 20 XB DMRTIa/f XL M H T  1.86825
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Table 2.S1: Continued from previous page

Replicate Alleles Mother Sex Type Age Ratio
HT_1 XB DMRTIa/B  XB NA H T 1.22747
HT 4 XBDMRTIa/p  XB NA H T 0.58637
HT.7 XB DMRTIao/lB  XB NA H T 0.91004
HT9 XB DMRTIa/f  XB NA H T  1.20500

(4) Tests for sex-specific and parent of origin effects in DMRT1

In hybrid tadpoles, we tested whether expression ratios of species-specific alleles varied
by parent of origin (i.e., whether having an X. laevis (XL) or and X. borealis (XB) mother
impacted expression). No significant effect was detected in hybrid tadpoles (P = 0.1056
and 0.4304 for tadpoles with an XL or an XB mother respectively). The parent of origin
test was not possible for hybrid adults because of small sample size of the cross with an XL
mother. Based on these results, we pooled tadpole data from both types of hybrid cross for
subsequent analysis.

Because we have no way to identify sex in XB tadpoles with undifferentiated gonads,
we were not able to test for sex effects and we assume no sex bias in expression in this
species. We did, however, use a PCR assay (Yoshimoto et al., 2008) to determine the
sex of hybrids tadpoles with an XLL mother and also XL tadpoles that were used in the
parental mixes for the tadpoles. We used this information to test whether there were
sex differences in the following two expression ratios: XLDMRT1a/ XBDMRT 1« and
XBDMRT1a/ XBDMRT1a. After sequential Bonferroni correction, these ratios did not
vary significantly by sex in the hybrid tadpoles (P = 0.0306 and 0.5057 respectively) and
neither varied significantly by sex in the tadpoles used in the parental mixes (P = 0.5545
and 0.5375 respectively). These results are consistent with another study (Yoshimoto et al.,
2008) that reported similar DMRT1 expression levels in XL tadpoles of each sex and al-
lowed us to pool tadpole data from both sexes.

Because the sex effect was near significance for the XLDMRT1a/XBDMRT 1« ratio,
we repeated the analysis using only males and hybrid tadpoles with unknown sex (because
their mother was XB). Conclusions drawn from this analysis were similar to the analysis
of both sexes combined and significantly support different regulatory mechanisms acting at
different developmental stages (Table 2.S2).
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Table 2.S2: Log, transformed parental and hybrid expression ratios (X. laevs/X. borealis)
and probabilities of the null hypothesis of tests detailed in Results and in Table 2.2. In-
terpretations and abbreviations follow Table 2.2. Conclusions are identical to the analysis
based on combined data from both sexes with the exception that textitcis-upregulation of
the XB allele in tadpoles is no longer significant.

Parental P-value Hybrid P-value P-value
ratio P=0 ratio (P=H) H=0)

Tadpole  0.9141 0.0158* -0.1364 0.0088* 0.0790 T: XL up
Adult 1.1491  0.0846  3.0141 0.0250* 0.0001* C: XL up, T: XB up

DMRTI« Interpretation

(5) In whom did DM-W arise?

The 36 chromosomes of allotetraploid Xenopus species such as X. laevis and X. bo-
realis are divided into two subgenomes (« and [3) that probably correspond with separate
diploid ancestors, each with 18 chromosomes, whose genomes were fused by allopoly-
ploidization. Descendants of these ancestors are extinct or undiscovered, so genome dupli-
cation by allopolyploidization as opposed to autopolyploidization is an untested hypothesis
(Evans, 2007, 2008). As reflected by the topology of relationships among DMRTI par-
alogs (Figure 2.4), phylogenetic relationships among many paralogs of X. laevis and X.
borealis indicate that each tetraploid species contains pairs of paralogs, or “co-orthologs”,
that diverged from one another by speciation (Figure 2.4; Chain and Evans (2006); Chain
et al. (2008)). However, these relationships could stem from multiple evolutionary sce-
narios (Supplementary Figure 2.S2), including one autopolyploidization event involving a
diploid with 18 chromosomes, one allopolyploidization event between two diploids with 18
chromosomes, two allopolyploidization events between two diploids with 18 chromosomes
but with different maternal and paternal contributions, or allopolyploidization between dif-
ferent maternal and paternal combinations of three or four diploids with 18 chromosomes.
If we assume that absence of DM-W in X. borealis is the ancestral condition (rather than
an instance of gene loss), these scenarios illustrate how DM-W could have originated in a
tetraploid species (Figure 2.S2A) or in a diploid species (Figure 2.S2B-D).
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Figure 2.S2: Alternative scenarios for evolution of DM-W, indicated by a “D” on each
phylogeny, that are compatible with estimated relationships among paralogs. Extinct or
undiscovered diploid species are indicated with daggers. Many paralogous genes in X.
laevis and X. borealis have the topology depicted above the dotted line (Chain et al., 2008).
Under the assumption that X. borealis does not have DM-W, multiple scenarios involving
a single origin and no subsequent loss could explain the origin of this gene: (A) DM-W
could have originated in the allotetraploid ancestor of X. laevis and other members of Clade
1 (Figure 2.3). Alternatively, (B) DM-W could have originated in a diploid prior to two
instances of allotetraploidization that involved the same species but with different maternal
and paternal combinations, and that gave rise to species in Clade 1 and 2 respectively.
Another possibility is that (C) two instances of allotetraploidization occurred, but involving
three species, or that (D) two instances of allotetraploidization occurred, but involving four
species. The longer time (t) is, the more statistical power there is to distinguish scenarios
(C) and (D) from scenarios (A) and (B).
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Chapter 3

A large pseudoautosomal region on the
sex chromosomes of the frog Silurana
tropicalis

Bewick AJ, Chain FJJ, Zimmerman LB, Sesay A, Gilchrist MJ, Owens ND, Seifertova E,
Krylov V, Macha J, Tlapakova T, Kubickova S, Cernohorska H, Zarsky V, and Evans BJ
(2013) Genome Biology and Evolution, in press

3.1 Preface

Sex chromosome evolution theory predicts that suppression of recombination around a sex
determining gene should spread to much of the chromosome to due linkage and epistatic
interactions with sexually antagonistic alleles, and the reduction of efficacy of selection.
Why is it then that sex chromosomes in some species do not degenerate even after sub-
stantial amounts of evolutionary time? We set out to better understand mechanisms that
are potentially related to sex chromosome homomorphy by characterizing the sex chromo-
somes of the female heterogametic frog Silurana tropicalis in terms of the size, divergence,
and molecular evolution and expression of the sex-linked genes.

3.2 Abstract

Sex chromosome divergence has been documented across phylogenetically diverse species,
with amphibians typically having cytologically non-diverged (“homomorphic™) sex chro-
mosomes. With an aim of further characterizing sex chromosome divergence of an amphib-
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ian, we used “RAD-tags” and Sanger sequencing to examine sex-specificity and heterozy-
gosity in the Western clawed frog Silurana tropicalis (also known as Xenopus tropicalis).
Our findings based on ~20 million genotype calls and ~200 PCR amplified regions across
multiple male and female genomes failed to identify a substantially sized genomic region
with genotypic hallmarks of sex chromosome divergence, including in regions known to be
tightly linked to the sex determining region. We also found that expression and molecular
evolution of genes linked to the sex determining region did not differ substantially from
genes in other parts of the genome. This suggests that the pseudoautosomal region, where
recombination occurs, comprises a large portion of the sex chromosomes of S. tropicalis.
These results may in part explain why African clawed frogs have such a high incidence
of polyploidization, shed light on why amphibians have a high rate of sex chromosome
turnover, and raise questions about why homomorphic sex chromosomes are so prevalent
in amphibians.

3.3 Introduction

Sex can be advantageous because it decouples beneficial from deleterious mutations via
recombination, which increases the variance in fitness effects of linked mutations, and thus
the efficiency with which natural selection operates. In species with genetic sex determi-
nation, developmental differences between the sexes are initiated by genetic differences
between the sex chromosomes. In some lineages, the genes responsible for triggering sex
determination vary, and the sex chromosomes (which carry the sex determining region) are
routinely reassigned from one to another ancestral pair of autosomal chromosomes (Evans
et al., 2012; Fridolfsson et al., 1998; Pease and Hahn, 2012; Ross et al., 2009). Ironically,
suppression of recombination within a sex-specific region is often favoured by natural se-
lection, lest a sex-specific, sex determining allele loses its sex-specificity.

The origin of sex chromosomes could be initiated by sexual antagonism (van Doorn and
Kirkpatrick, 2007) and in many species this is associated with cessation of recombination
between a portion of the sex chromosomes that makes possible unisexual inheritance of a
key genomic region that triggers sex determination. Cessation of recombination between
the sex chromosomes can be achieved by reducing or eliminating homology (Charlesworth,
1991), for example through point mutations, inversion, deletion, or insertion of DNA. Strik-
ingly, the extent of the non-recombining region may increase overtime, although this is not
necessarily the case (Bergero and Charlesworth, 2009; Charlesworth et al., 2005). The
expansion of non-recombining regions may be influenced by the nature of evolution in
non-recombining genomic regions, which is influenced by Mullers ratchet, background se-
lection, Hill-Robertson effects, and genetic hitchhiking of deleterious alleles with beneficial
mutations (Charlesworth and Charlesworth, 2000). Suppressed recombination between sex
chromosomes thus has important implications for genome evolution, speciation, and adap-
tation.
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Sex chromosome ‘“degeneration” can be associated with sex chromosome divergence
resulting from suppressed recombination, and involves the loss of coding regions, the ac-
cumulation of repetitive regions, and structural changes such as insertions, deletions, and
inversions on the sex-specific chromosome (the Y or W). Thus, degenerate sex chromo-
somes have differences that extend beyond the fundamental difference in the presence or
absence of a sex determining allele. However, evolutionarily young sex chromosomes start
out being similar to each other because they originated from an essentially identical pair
of autosomal chromosomes. In the medaka fish, for example, the male-specific region of
the Y-chromosome contains a newly evolved sex determining locus (dmrt1bY) and is only
~258,000 base pairs long (Kondo et al., 2006). Likewise, the sex chromosomes of the tiger
pufferfish appear to be distinguished by only one nonsynonymous substitution (Kamiya
et al., 2012). In theory, natural selection may drive the expansion of the sex-specific re-
gion of suppressed recombination (Charlesworth et al., 2005), and old sex chromosomes
may evolve distinct suites of genes with unique, non-homologous, and/or extensively di-
verged functions. In humans, for example, almost all of the ancestral genes persist on the
X-chromosome, but have been lost on the Y-chromosome (Skaletsky et al., 2003). The limit
of divergence is achieved if the sex-specific sex chromosome is lost altogether, as occurred
in the Ryukyu spiny rat (Kuroiwa et al., 2010). In contrast, however, the sex chromosomes
of ratite birds and boid snakes are old but each pair is morphologically non-diverged (ho-
momorphic), suggesting that the size of the region of suppressed recombination on the sex-
specific sex chromosome does not necessarily expand over time (Matsubara et al., 2006;
Tsuda et al., 2007).

3.3.1 Frog sex chromosomes

Most species of amphibians have homomorphic sex chromosomes (reviewed in Schmid et
al., 2010). One possible explanation for the high incidence of homomorphic sex chromo-
somes in amphibians is that their sex chromosomes tend to be young because there has
been frequent switching of the sex determining locus during evolution. Consistent with
this explanation is the inference that sex chromosomes have changed (“turned over”) ~32
or more times during evolution based on variation in male (XY) versus female (ZW) het-
erogamy (Evans et al., 2012; Schmid et al., 2010). Another explanation for widespread
homomorphic sex chromosomes is that there is periodic recombination between the sex
chromosomes over most of their length without changes in the sex determining locus. In
one group of hylid frogs for instance, genomic regions that are tightly linked to the sex de-
termining locus are not substantially diverged between males and females, indicating that
the sex chromosomes of these frogs recombine, at least occasionally, over most of their
length (Stock et al., 2011). This suggests that sex chromosomes of these frogs have large
“pseudoautosomal” regions where inheritance of genetic information resembles autosomal
genes, and where recombination prevents divergence between the sex chromosomes. Thus,
frequent turnover and recombination clearly both play a role in homomorphy of amphib-
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ian sex chromosomes, but which phenomenon plays the dominant role remains an open
question.

The only known amphibian sex determining gene is called DM-W and was discovered in
the African clawed frog Xenopus laevis (Yoshimoto et al., 2008). DM-W is female-specific,
and originated after divergence from the sister genus Silurana but before diversification of
most or all extant species of Xenopus (Bewick et al., 2011). Because Silurana tropicalis
(also known as Xenopus tropicalis) lacks DM-W, sex determination in this species must be
triggered by another as of yet unidentified genetic trigger. A high quality draft genome se-
quence is available for S. tropicalis that was generated from a female (Hellsten et al., 2010),
but the sex specific region of this genome has not been characterized. Using amplified frag-
ment length polymorphisms (AFLPs), Olmstead et al. (2010) identified 22 AFLPs linked to
the sex determining locus in the “golden” strain of S. tropicalis (Table 3.1), and proposed
that females are the heterogametic sex in this strain. Four of these 22 AFLPs placed to the
distal tip of chromosome/linkage group 7 in a linkage map developed by Wells et al. (2011),
also represented by scaffold 7 in version 7.1 of the S. fropicalis genome sequence. How-
ever, the linkage map contains a large (15 cM) gap between the distal most two markers
where the sex-determining region is likely to reside (Wells et al., 2011). Many of the other
sex-linked AFLPs identified by Olmstead et al. (2010) map to other major or small chromo-
some/linkage groups (Table 3.1); this is presumably because some scaffolds are chimerical
(for example a portion of scaffold 2 in version 7.1 is probably actually derived from S.
tropicalis chromosome 7) and because linkage relationships between some small contigs
(“orphan scaffolds”) and the larger scaffolds has not yet been established. Furthermore,
additional experiments with other strains suggest that sex determination may occur through
the action of multiple alleles at one locus, or multiple tightly linked genes (A. Olmstead,
personal communication).

The goal of this study is to further characterize the sex chromosomes of S. tropicalis
in terms of the size and level of divergence of the sex specific region, and to compare
molecular evolution and expression of sex-linked and non-sex-linked genes. To this end,
we used “RAD tags” (Baird et al., 2008), a reduced representation next generation sequenc-
ing approach, to genotype millions of homologous nucleotide positions in male and female
individuals including positions that are monomorphic in both sexes, polymorphic in one or
both sexes, and positions in which a genotype inference (i.e., homozygous or heterozygous)
was only possible in one sex due either to sex-specificity of the genotyped position or dif-
ferences in coverage of that position between the sexes. The RAD tag approach produces
sequences of thousands of small regions that are adjacent to a rare cutting restriction en-
zyme site. Because the sequenced portions of the genome are associated with a restriction
enzyme site, many homologous sequences are obtained from multiple individuals. Missing
data among individuals can arise in unusual cases where mutation generates polymorphism
in the presence or absence of the restriction enzyme sites or because of variation among
individuals in the depth of sequencing coverage for a particular region. Our analysis incor-
porated information on sex-linked regions from Olmstead et al. (2010), information from a
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laser-dissected chromosome arm 7p from a male individual (Seifertova et al., 2013) which
is linked to the sex linked region identified by Olmstead et al. (2010), and the most re-
cent genome assembly (version 7.1, reference accession PRINA12348). This study thus
provides, for the first time, a comprehensive perspective on the extent of sex chromosome
divergence in this species by evaluating the distribution of homozygous and heterozygous
genotypes, molecular evolution, and gene expression of sex chromosomes in the context of
the rest of the genome.

3.4 Methods

Four female and four male S. fropicalis individuals were obtained from Xenopus Express
(Brooksvile, FL., USA). Sex was confirmed by dissection, and species assignment achieved
by comparing between 809 and 812 bp of mitochondrial DNA sequence from a portion of
the 16S gene from each sample to homologous sequence data from all other known species
of African clawed frog (Evans et al., 201 1a). We performed a phylogenetic analysis on these
eight sequences, 27 sequences from individuals used in the PCR screen detailed below, all
Silurana sequences from Evans et al. (2004), six S. tropicalis samples from Ghana (obtained
from tissue archive at the Burke Museum, University of Washington, accession numbers
UWBMS5957-8, UWBMS5961-63, and UWBMS5969), and sequences from six individuals
from the “golden” strain used by Olmstead et al. (2010) that were provided by Richard
Harland. We used an X. laevis sequence from South Africa as an outgroup in this analysis
and the total alignment length was 817 bp. Model selection for phylogenetic analysis was
accomplished using MrModeltest2 (Nylander, 2004). Phylogenetic analysis was performed
with MrBayes version 3.1.2 (Huelsenbeck and Ronquist, 2001) using the best-fit model
based on the Akaike Information Criterion, with two independent Markov Chain Monte
Carlo (MCMC) runs, each for 2,000,000 generations. Convergence of the MCMC runs on
the posterior distribution was assessed by inspecting parameter trends and effective sample
sizes using Tracer version 1.5 (Rambaut and Drummond, 2007). Based on these analyses,
a burn-in of 500,000 generations was discarded before constructing a consensus tree with
MrBayes.

Genomic DNA was extracted from liver using QIAGEN DNeasy Kkit, purified using
QIAGEN:S spin purification protocol, and RAD tag library preparation performed by Flor-
agenex, Inc (Eugene, Oregon). For each individual, two libraries were generated — one used
the restriction enzyme ShfI and another used Notl. The RAD tag libraries were multiplexed
on three [llumina flow cells using individual barcodes, and Illumina sequencing was per-
formed at the University of Oregon. These data have been deposited in Genbank (accession
number XXX).

[llumina sequence reads were sorted by barcode with RADtools v1.2.4 using the “fuzzy
_MID” option, which assigns reads with barcode errors to the nearest barcode (Baxter et al.,
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2011). Data from each individual were independently aligned to the S. tropicalis v7.1
genome using bwa-0.6.2 (Li and Durbin, 2009) and samtools.0.1.18 (Li et al., 2009). The
“MarkDuplicates” function in picard (http://picard.sourceforge.net) was used to mark puta-
tive PCR amplified duplicates, which were then excluded from the genotyping analysis with
an aim of minimizing genotyping error. The Genome Analysis toolkit (GATK) version 2.2-
15 was then used to realign indels using the*“RealignerTargetCreator” and “IndelRealigner”
functions (DePristo et al., 2011; McKenna et al., 2010). The “FixMateInformation” func-
tion of picard was then used to adjust mate pair alignments.

Following “Best Practices” guidelines on the GATK website and forum (http://gatk
forums.broadinstitute.org/) for analysis of genomes that lack known SNPs, the “Unified
Genotyper”, “BaseRecalibrator”, and “PrintReads” functions of GATK were used to itera-
tively genotype, recalibrate base quality scores, and generate new input (bam) files, using
the genotype files generated from “UnifiedGenotyper” as known polymorphic positions to
be ignored for base recalibration in each iteration. Convergence was reached by the 5" iter-
ation, in that variable positions recovered from this analysis were 99.8% identical to those
from the 4" iteration. The “VariantFiltration” and “SelectVariants” functions of GATK
were then used to identify and exclude genotyped positions that (1) were within 10 bp of an
insertion/deletion, (2) had a Phred genotype quality score (Ewing and Green, 1998) of less
than 30, which means that we removed positions that had a probability of error of greater
than 0.001, or (3) had more than one tenth of the reads mapping equally well to another
position, and where there were at least 4 of these reads.

The S. tropicalis genome assembly 7.1 consists of 7,730 scaffolds aggregated from
55,234 contigs connected by “N”s within each scaffold. The total number of bases is
1,437,594,934, of which 5% (n = 71,599,926) are “N”s. This assembly includes fourteen
large “super scaffolds” that were assembled using meiotic map, synteny, and cytological
data, corresponding to the 10 haploid chromosomes, with some chromosomes being rep-
resented by multiple scaffolds (3a and 3b; 5a and 5b; 8a, 8b, and 8c). The rest of the
scaffolds are “orphan scaffolds” whose chromosomal locations are not yet known. We di-
vided the genomic regions into five mutually exclusive groups based on (a) the inferred
level of recombination with the sex determining region by Olmstead et al. (2010), (b) the
linkage groups in the genome assembly 7.1 (Table 3.1), and (c) the results of the Illumina
sequencing of the dissected petite arm of chromosome 7 (Seifertova et al., 2013). The first
of the five groups (“completely sex-linked”’) included contigs from assembly 7.1 that con-
tain regions that had no recombination (0%) with the sex determining region in Olmstead
et al. (2010). This means that recombination between an AFLP polymorphism and the
sex determining region was not observed in any of 300 individuals assayed by Olmstead
et al. (2010). The second group (‘“partially sex-linked”) included contigs from assembly
7.1 that contain regions that had a recombination rate >0% and <3.0% in Olmstead et al.
(2010). The third group (“chromosome 7p”) contained sections of scaffolds in assembly
7.1 that are located on chromosome 7p according to (Seifertova et al., 2013), and not in
the “completely sex-linked” or “partially linked” categories. The fourth group (“non-7p

73



Ph.D. thesis — Adam J Bewick; McMaster University — Department of Biology

chromosomes”) contained the remaining sections on the chromosome-scale scaffolds in as-
sembly 7.1, including the portion of scaffold 7 that did not map to chromosome 7p. The fifth
group (“other orphans”) contained orphan scaffolds in assembly 7.1 that (a) have not been
linked to a chromosome, (b) have no evidence of sex linkage according to Olmstead et al.
(2010), and (c) did not map to chromosome arm 7p according to Seifertova et al. (2013).
More specific information on the scaffold or scaffold portions in each of these groups is
provided in Table 3.1.
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3.4.1 Genome-wide distribution of genotypes in female and male S.
tropicalis

For genomic regions in each of the six categories described above, we tabulated genotype
patterns for three scenarios (Figure 3.1) in 500,000 base pair windows across the S. tropi-
calis genome; smaller windows were examined at the ends of scaffolds or when a scaffold
was smaller than 500,000 base pairs. Genotype patterns in each sex (i.e., the distribution
of homozygous or heterozygous positions) are relevant to sex chromosome evolution in
the following ways. First, divergence between the sex chromosomes due to suppressed
recombination generates positions that are either heterozygous in all females (for a ZW
sex determining system) or heterozygous in all males (for an XY sex determining system).
We call this pattern “Scenario 1A” and “Scenario 1B” respectively (Figure 3.1). We note
that in “Scenario 1A” regions, some positions can also be heterozygous in males due to
polymorphism on the Z-chromosome, and in “Scenario 1B” some positions can also be
heterozygous in females due to polymorphism on the X-chromosome. In any case, in ge-
nomic regions consistent with Scenario 1, heterozygosity observed in all samples from one
sex is expected to exceed heterozygosity observed in all samples from the other sex. We
therefore searched for regions with heterozygosity present in all females or in all males.
For both of these statistics, we ignored positions that are heterozygous in all genotyped in-
dividuals. To account for variation in coverage in males and females, for each window we
divided these counts by the total number of positions in each window for which genotype
calls were made in at least one female and at least one male.

Another genotypic scenario for sex chromosomes is that a genomic region may be
present only on the Z-chromosome (with female heterogamy) or only on the X-chromosome
(with male heterogamy) (Scenario 2A and 2B; Figure 3.1). No counterpart exists on the W-
chromosome (or Y-chromosome) due to deletion, insertion, or divergence. To detect such
a genomic region, we searched for regions with heterozygous positions present in one sex
but not the other. For such positions, we required a genotype call in at least one individual
of each sex but heterozygous calls to be present in only one sex. To account for variation
in coverage in males and females, for each window we divided these counts by the total
number of positions in each window for which genotype calls were made in at least one
female and at least one male.

A third genotypic scenario for sex chromosomes is that a genomic region may be present
only on the W-chromosome, or only on the Y-chromosome (Scenario 3A and 3B, Fig-
ure 3.1). Thus we searched for positions that had genotype calls only in females (or only in
males), and that are all homozygous. To account for variation in coverage, we standardize
the counts in each window by the sum of the number of positions in each window for which
genotype data is available for (i) at least one female and at least one male, (ii) at least one
female but no males, and (iii) at least one male but no females. Thus by evaluating these
three genotype scenarios in genomic windows across the S. tropicalis genome assembly, we
attempted to identify genomic windows that either had significantly more heterozygous po-
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Figure 3.1: Genotypic scenarios for sex linked regions. Expectations for heterozygosity
depend on which sex is heterogametic, and which portion of the sex chromosome the geno-
types are. Scenarios 1-3 shown below assume female heterogamy and include female bi-
ased heterozygosity (Scenario 1A), male only heterozygosity (Scenario 2A), or female only
homozygosity with no male genotypes (Scenario 3A). Corresponding scenarios (Scenarios
1B, 2B, and 3B) apply to the opposite sex for male heterogamy.

sitions in one sex (Scenario 1), had heterozygous positions only in one sex (Scenario 2), or
that had homozygous positions in only one sex and no homologous genotypes in the other
(Scenario 3). Higher values for each ratio are suggestive of genotype patterns characteristic
of degenerate sex chromosomes.

3.4.2 Expression and molecular evolution

As described in Chain et al. (2011), we estimated gene expression levels based on sequences
across 26 expressed sequence tag (EST) libraries from the following tissues or developmen-
tal stages: egg, gastrula, neurula, embryo, tailbud, tadpole, metamorphosis, adipose tissue,
bone, brain, head, heart, intestine, kidney, limb, liver, lung, ovary, oviduct, skeletal muscle,
skin, spleen, stomach, tail, testis, and thymus. We summarized patterns of gene expression
across EST libraries using the non-independent “total”, “intensity”, and “evenness” statis-
tics described in Chain et al. (2011). The “total” expression of a gene (T) is the proportion
of times that a gene was sequenced in each EST library (L;) summed across all libraries (T
= XYL;). The “intensity” of expression (I) is the mean expression level from the perspective
of a gene, and is calculated following this equation: I = XL?/3L;. “Evenness” of expression
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(E) can be thought of as the “effective number” of tissues in which a gene is expressed, and
is calculated following this equation: E = T/I.

For a subset of the sex-linked and non-sex-linked genes, we also calculated the rate ra-
tio of nonsynonymous to synonymous substitutions per site (dN/dS) along the S. tropicalis
lineage using PAML version 4.5 (Yang, 1997). This ratio was calculated using a maximum
likelihood model that individually estimates dN/dS for each branch in a phylogeny, follow-
ing Chain et al. (2011). Our phylogeny was estimated from sequences from S. tropicalis,
X. laevis, and using sequences from another pipid frog (Pipa carvalhoi or Hymenochirus
curtipes) as an outgroup. To avoid undefined values we added 0.02 to all dS values be-
fore calculating dN/dS, following Chain et al. (2011). We made this adjustment a priori by
looking only at dS values, in order to make better use of the data. Because extreme values
for dN and dS were occasionally estimated, we excluded from the analysis genes with an
estimated dN or dS value above 2, and any genes whose available data comprised less than
100 synonymous positions.

We used one-sided permutations to test whether the expression and molecular evolu-
tionary statistics differed between genes that either (a) were or (b) were not on the same
chromosome as the sex determining locus. The permutations randomly divided the set of (a
+ b) values into two groups of size a and b, and then calculated the difference between the
averages of each group. We repeated this 1000 times to generate a distribution for the null
hypothesis that the values were drawn from the same underlying distribution, and then com-
pared this to the observed differences, which is the test statistic of each test. A significant
difference was inferred if the observed difference was greater than 95% of the differences
from the permutations. Because these tests are one sided, the operands of the test statistic
(that is, the minuend and subtrahend of each difference) were defined according to specific
expectations for sex chromosome degeneration discussed below.

3.5 Results

3.5.1 Mitochondrial DNA variation within S. tropicalis, including the
“golden” strain

We analyzed phylogenetic relationships among ~810 bp region of mitochondrial DNA
from the commercially obtained S. tropicalis individuals we used for RAD tags and PCR
screens, six individuals from the golden strain used by Olmstead et al. (2010), and several
other wild caught S. tropicalis individuals and individuals from other Silurana species. An
identical mitochondrial DNA sequenced was obtained from the six golden strain individu-
als, one of the samples we used for RAD tag sequencing (a female) and 20 of the samples
we used for PCR screens (9 females, 11 males), and one individual sampled from Nigeria.
Mitochondrial sequences from five samples used in the RAD tag sequencing (2 females, 3
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males) were identical and differed from the golden strain sequence by one nucleotide sub-
stitution. Mitochondrial sequences from two other samples used in RAD tag sequencing
(1 female, 1 male) and 7 samples used in PCR screens (4 females, 3 males) differed from
the golden strain mitochondrial sequence by a different single nucleotide substitution than
the previously mentioned sequence present in five of the RAD tag samples. Mitochondrial
sequences from another sample from Nigeria differed from the golden strain mitochon-
drial sequence by two nucleotide substitutions. Phylogenetic analysis of these and other
sequences indicates that the commercially obtained S. tropicalis samples used in this study
form a well-supported clade that includes two sequences from Nigeria and the six sequences
from the golden strain of S. tropicalis (Figure 3.2). This clade is possibly common in indi-
viduals east of the Dahomey Gap, a savannah corridor that interrupts the West African rain
forest (Salzmann and Hoelzmann, 2005).

Sierra Nigeria

Leone

Cameroon

R. Congo
Cameroon
Gabon

S. new tetraploid 1

f

S. epitropicalis (Kinshasa, DRC) Bjok

— S. new tetraploid 2 (Bioko, EG)
Ghana
Ivory Coast
hana
Slerra Leone

ngerla
7 others S. tropicalis
8 RAD tag
samples
6 Golden,
20 others

0.4 Liberia

X. laevis (South Africa)

Figure 3.2: Phylogenetic analysis of mitochondrial DNA sequences suggest that the
“golden” strain used by Olmstead et al. (2010) and samples used in this study (8 for RAD
tag analysis and 27 others for PCR assays) originate from Nigeria. Nodes with >95%
posterior probability are indicated with a black circle. Species names, including those un-
described, follow Evans et al. (2004). Abbreviated country names include the Republic
of the Congo (R. Congo), the Democratic Republic of the Congo (DRC), and Equatorial
Guinea (EG). The scale bar refers to the number of substitutions per site, and grey areas on
the map indicate the distribution of tropical forest in West Africa.
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3.5.2 Reduced representation genome-wide genotyping from RAD tags

We used a reduced representation genome sequencing approach called “RAD tags” to se-
quence many small but homologous portions of the S. tropicalis genome in four female and
four male individuals. An average of 9,696,525 Illumina reads were mapped in each indi-
vidual, with the average number of reads mapped per female or per male being 9,445,507
and 9,947,543 reads respectively. After excluding positions in the reference sequence with
no data, within an individual the average depth of coverage was 18.4 reads per position.
Genotypes were called for a total of 19,624,843 positions, and 193,199 single nucleotide
polymorphisms (0.98%) were detected. For each position at which at least one genotype
was called, an average of 7.14 individuals were genotyped.

If S. tropicalis has a large female-specific genomic region on the W-chromosome, we
expected a higher proportion of the Illumina reads from females to map to the genome as-
sembly because this assembly was generated from a female individual. Contrary to this
expectation, a slightly higher proportion of reads from males (average per male individ-
ual 89.2%, range 87.8%-90.8) than from females (average per female individual 87.9%;
range 85.0%-90.8%) mapped to this genome assembly, arguing against there being a large
female-specific region in the S. tropicalis genome. Another indication of a large female
specific genomic region on the W-chromosome would be a substantially higher number of
positions genotyped in females than in males. Out of a total of 19,624,824 positions that
were genotyped with high confidence in at least one individual, slightly more genotypes
were recovered in females than in males: 912,738 (4.7%) positions were genotyped only in
one or more females, and 462,792 (2.4%) positions genotyped only in one or more males.
However, in the ten largest scaffolds, the number of genotype calls in at least one female
was consistently 1.1-3.3% higher than the number of genotype calls in at least one male,
with scaffold 7 having 2.5% more genotype calls in females than males. This suggests that
the higher number of unique genotype calls in females is primarily a technical artifact re-
lated to differences in coverage among individuals in the RAD tag libraries. The RAD tag
data did not provide high quality genotypes from any positions on 5721 scaffolds, which
together comprise 36,133,437 bp (~2.1% of the genome).

3.5.3 Genome-wide genotype patterns and nucleotide diversity similar
in males and females

We searched 500,000 bp windows for various genotypic patterns consistent with sex chro-
mosome divergence expected under female and male heterogamy (Figure 3.1). In general
this effort failed to identify any regions with a pronounced genotypic signature of sex chro-
mosome divergence expected by female heterogamy (Table 3.2). One exception was a
significant excess of windows with female-only homozygous genotypes (Scenario 3A) in
orphan scaffolds, but we suspect this was an artifact related to the broader coverage in fe-
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males. Most notably, portions of linkage groups 2 and 7 that were identified as “partially
sex-linked” and “completely sex-linked” to the sex determining region in Olmstead et al.

(2010) did not exhibit a genotypic pattern consistent with degenerate sex chromosomes
based on the RAD tag genotypes.
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Considerable caution is needed in the interpretation of the average genotype frequencies
in genomic windows for the “other orphans” category because in many cases the scaffold is
smaller than the window size (500,000 bp), and the resulting truncated genomic windows
are therefore expected to have an increased variance in the frequency of various genotypic
patterns. Additionally, because unusual scaffolds that have a genotypic signature of sex
chromosome divergence might not substantially affect the averages across all orphan scaf-
folds, average genotype frequencies in these genomic windows could fail to detect small
scaffolds that have genotypic patterns consistent with sex chromosome divergence. In any
case, “other orphans” had higher than expected values for Scenarios 2B and 3B, which
are consistent with male heterogamy, but this is probably related to the small size of these
scaffolds and consequent increase in the sex-specific genotypes in truncated windows for
essentially all of the scaffolds.

Additional insights are gained by examining nucleotide diversity in each sex within
500,000 bp windows. If a portion of the sex chromosomes is substantially diverged, we
expected much higher average nucleotide diversity per site in one sex (females for female
heterogamy) in genomic windows spanning this diverged region. However, average nu-
cleotide diversity per site is essentially identical in males and females throughout these
scaffolds, including chromosome arm 7p, which is linked to the sex determining region
(Figure 3.3). To explore the possibility that there could be variation within the RAD tag
samples in sex chromosome divergence that corresponds with the three mitochondrial DNA
haplotype groups detailed above, we explored nucleotide diversity in male and female indi-
viduals from each group. This analysis also did not identify a pronounced signature of sex
chromosome divergence (Supplementary Figure 3.S1 and S2).

3.5.4 Genotype patterns based on Sanger sequencing

We amplified 65 genomic regions identified by Olmstead et al. (2010) to be linked to the sex
determining region, including 18 and 46 amplicons from “completely sex-linked” and *“par-
tially sex-linked” regions respectively (Table 3.1, Supplementary Table 3.S1, Supplemental
Figure 3.S3). None had female-specific amplifications, allowing us to dismiss Scenario 3
for all of these regions (Figure 3.1). We sequenced 45 of these amplifications in multiple
male and female individuals. Single nucleotide polymorphisms or insertion/deletion poly-
morphisms were shared between males and females in at least one amplicon for essentially
all scaffolds (no polymorphism was observed in amplicons from scaffold 144 and some am-
plicons from scaffold 662 were not sequenced). This suggests that Scenario 1 is unlikely
for these regions, with the caveat being that a heterozygous position could arise in both
sexes in a region consistent with Scenario 1 through convergent evolution on the W and Z.

We also used PCR to examine an additional 173 regions that exhibited signs of sex
linkage based on our analyses of the RAD tag data, including regions of chromosome 7p
and elsewhere as detailed in Supplementary Figure 3.S3 and Supplemental Table 3.S1.
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Position (bp x 108)

Figure 3.3: Nucleotide diversity (7) in 500,000 bp windows is similar in males (blue) and
females (red) throughout much of the S. tropicalis genome. Plots are labeled with numbers
which refer to scaffolds 1-10, which collectively comprise ~75% of the genome. A grey
bar on scaffold/chromosome 7 indicates the petite arm based on the linkage map of Wells

et al. (2011), which carries the sex determining region in at least one S. tropicalis strain
Olmstead et al. (2010).

None had sex-specific amplifications, allowing us to dismiss Scenario 3 for all of these
regions. We sequenced 94 of these amplifications from male and female individuals. Thirty
of these were not polymorphic in any of the individuals we sequenced. Fourty-eight had
polymorphisms shared between males and females, allowing us to conclude that Scenario 1
is unlikely for these regions. Five had polymorphisms in both sexes with none being shared
across sexes. Ten had polymorphisms only in females and two had polymorphisms only in
males.

Two amplifications were of particular interest. An amplification on scaffold 7 that
spanned positions 10,128,301-10,129,920 was highly polymorphic in females but not males,
although no polymorphism was fixed in females (out of 7 females and 3 males sequenced;
Supplementary Table 3.S1). This region failed to amplify in four females and three males.
Another amplification, which targeted a region on scaffold 163 had 31 polymorphisms in
three females but only one polymorphism in 3 males that was not heterozygous.
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3.5.5 Gene expression and molecular evolution

Expression was detected in a total of 37,790 transcripts in at least one of the 26 EST libraries
we surveyed (Table 3.3). Based on studies of recently diverged neo-sex chromosomes in
fruit flies (Drosophila) (reviewed in Bachtrog, 2013), we expected expression of genes sit-
uated near the sex determining locus to be expressed (i) at a lower total level, (ii) higher
intensity, (ii1) lower evenness, and to have (iv) higher dN/dS compared to genes in other
parts of the genome (i.e., the “non-7p chromosomes™). For the most part, these expectations
were not met for genes that were demonstrably very close to the sex determining region,
with the one exception that the intensity of “completely sex-linked” genes were individu-
ally significantly higher than the “non-7p chromosomes” (P<0.05, Table 3.3). Evenness of
“chromosome 7p” and “other orphans” was also significantly lower than “non-7p chromo-
somes” as was total expression of “other orphans”. dN/dS was significantly higher only in
“chromosome 7p” compared to “non-7p chromosomes” but the magnitude of this difference
was small.

A conspicuous gap in Unigene blast hits was identified on scaffold 22, which is tightly
linked to the sex determining region (Olmstead et al., 2010), that included no top hit Uni-
gene matches even though it was 1,156,260 bp long. We examined this scaffold using
Xenbase (Bowes et al., 2009) and found that it contained a cluster of olfactory receptors,
none of which had BLAST hits to any of the EST libraries. The presumed expression pro-
file of these genes (mostly nasal epithelia) is potentially consistent with the observation that
completely sex linked genes tend to be more intense than the genome-wide average.

Table 3.3: Average expression and molecular evolution statistics for S. tropicalis genes in
five genomic categories. See Methods for description of statistics. Asterisks indicate values
that are individually significantly different from the the “Non-7p chromosomes” (P <0.05,
one-sided permutation tests).

Number of Number of
Region genes Total Intensity Evenness genes dN/dS
(Expression) (dN/dS)

“Non-7p chromosomes” 35,134 0.00065  0.00015  3.19655 9183 0.2702
“Chromosome 7p” 2,114 0.00079  0.00019 3.17054* 546 0.2850%*
“Other orphans” 260 0.00040*  0.00012  2.59443%* 55 0.2670
“Partially sex-linked” 246 0.00090  0.00018  3.37658 71 0.2751
“Completely sex-linked” 35 0.00101  0.00049*  2.56020 8 0.2615

3.6 Discussion

To explore sex chromosome divergence in an amphibian, we used genotype calls from ~20
million positions, information about sex linkage, EST databases, and molecular evolution-
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ary analyses to further characterize the sex chromosomes of the Western tropical frog S.
tropicalis. Phylogenetic analysis of mitochondrial DNA sequences suggests our samples
originated in Nigeria, which is also the source of the female individual from which the
genome sequence was generated (Hellsten et al., 2010). Additionally, our analysis also
suggests that the golden strain analyzed by Olmstead et al. (2010) is from Nigeria.

Known sequences in the S. tropicalis genome sequence assembly version 7.1 comprise
~80.4% of the ~1.7 Gbp genome, and scaffolds, including “N”’s, comprise ~84.5% of the
genome. Thus the RAD tag data could not be compared to 15-20% of the genome because
of gaps in the genome sequence. Due to variation in coverage, high confidence genotype
calls were not made on scaffolds that together comprise an additional 2.1% of the genome.
Thus, in this study we lack information from a non-trivial portion of this genome.

Mindful of these substantial gaps in genome sequence and the uncertainty in linkage
relationships among many unassembled (orphan) scaffolds, we leveraged information from
a targeted sequencing effort of chromosome arm 7p and also the linkage analysis by Olm-
stead et al. (2010) to guide our analysis. The dearth of genotypic patterns consistent with
divergent sex chromosomes, and particularly patterns that are consistent with female het-
erogamy (Table 3.2), and the similar level of pairwise nucleotide diversity in males and
females throughout the petite arm of chromosome 7 (Figure 3.3) argues strongly against
there being a large sex-specific region of the S. fropicalis chromosomes. This inference
is consistent with the findings of Uno et al. (2008) who detected no sex differences in C-
banded heterochromatin in S. tropicalis.

Based on studies of fruit flies (reviewed in Bachtrog, 2013), we expected genes linked
to the sex determining locus to potentially exhibit lower total expression and higher speci-
ficity (that is, higher intensity and lower evenness as defined in Methods). We also expected
molecular evolution of these genes to be consistent with relaxed purifying selection. How-
ever, based on a small sample size, we only observed a significant increased expression
intensity of “completely linked” genes compared to the rest of the genome, with none of
these expectations met in “partially sex-linked” genes (Table 3.3). Some of these expec-
tations were also met in orphan scaffolds, which have undetermined linkage relationships
with respect to the sex determining locus, and regions of chromosome arm 7p. It is not
clear that these latter observations are related in any way to linkage to the sex determining
region.

Caveats exist in our interpretation of these data. First, non-recombining portions of
the genome tend to accumulate repetitive sequences that can be difficult to sequence and
map. For this reason, the sex-specific portion of the S. tropicalis genome may be under-
represented in the current genome assembly and/or our mapped Illumina reads. Second,
it is conceivable that there is polymorphism in the sex determining mechanism (Olmstead,
personal communication). Polymorphism in genetic sex determination could occur at a sin-
gle locus wherein multiple, differently functioned sex determining alleles are segregating
at a single locus that have distinct and not necessarily transitive dominance relationships,
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or at multiple loci distributed on the same or different chromosomes. Sex determination
in zebrafish, for example, appears to be orchestrated by genes on different chromosomes
(Anderson et al., 2012). Genotypic patterns expected with these types of polymorphisms
are unclear, and could include a dearth or absence of pronounced sex chromosome diver-
gence. Third, polymorphism among females could also potentially exist in the extent of
divergence between the W and Z chromosomes. Under this scenario, it is conceivable that
there could be variation among populations in the extent of sex chromosome divergence.
Further exploration of these possibilities will be assisted by the identification of the sex
determining locus in S. tropicalis, the completion of high quality sequencing and assembly
of sex-linked regions, and the exploration of variation within and among populations in sex
determination and sex chromosome evolution.

3.6.1 Polyploidization, dosage compensation and sex chromosome
turnover

Within a species, the propensity to undergo genome duplication and sex chromosome evo-
lution are potentially interrelated. For example, polyploidization might be less common
in species with divergent sex chromosomes where one has degenerated because, after du-
plication, the degenerate ancestral sex chromosome would segregate as a new autosomal
chromosome, and the resulting homozygous null genotypes could be detrimental (Evans
etal., 2012). Sex chromosome degeneration also creates imbalances in allelic copy number
between the sexes, which can lead to the evolution of dosage compensation — a factor that
is also potentially relevant to polyploid speciation (Orr, 1990). Dosage compensation is a
process that equalizes expression levels in each sex of a gene that has a different number
of alleles in each sex. This could evolve in a species with female heterogamy, for example,
through inactivation of one of the Z alleles in males, or through upregulation of the Z allele
in females. Orr (1990) proposed that dosage compensation in species with a degenerate sex
chromosome could act as a barrier to polyploid speciation, because dosage compensation
is disrupted when a newly formed triploid individual backcrosses with a diploid parental
individual. Our analyses suggest that the sex-specific region of S. tropicalis is small, that
sex chromosome divergence is minimal, and therefore that dosage compensation associated
with degeneration of the sex specific sex chromosome would have evolved in very few genes
or none at all. These features may have facilitated (or at least not impeded) polyploidiza-
tion in Silurana, which occurred at least once (reviewed in Evans, 2008). Interestingly,
the sister genus Xenopus has a newly evolved sex determining gene called DM-W (Bewick
etal., 2011; Yoshimoto et al., 2008). Species in this group also probably have minimally di-
verged sex chromosomes, and have undergone polyploid speciation multiple times (Evans,
2008). Clearly, however, this is not the only consideration in the propensity of species
to tolerate polyploidization because many amphibian groups that have homomorphic sex
chromosomes lack polyploid species.
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The extent of sex chromosome degeneration is also relevant to the propensity of species
to experience future sex chromosome turnover — a change in which pair of chromosomes
carries the trigger for sex determination (Charlesworth and Mank, 2010). If sex chromo-
some turnover occurs in a species with a diverged and degenerate sex chromosome, the an-
cestral degenerate chromosome could segregate autosomally, and some individuals could
inherit two copies and be homozygous for degenerate alleles (Charlesworth and Mank,
2010). Thus, sex chromosome turnover may be more likely in species that have sex chro-
mosomes that are not substantially degenerated.

If sex chromosome turnover were common, this could maintain homomorphy of sex
chromosomes (the “frequent turnover” hypothesis). Recent work on sex chromosomes in
African clawed frogs has established non-homology between the sex chromosomes of X.
laevis and S. tropicalis (Uno et al., 2013). Thus it appears that the origin of a new sex deter-
mining gene in Xenopus (Bewick et al., 2011; Yoshimoto et al., 2008) was associated with
a reassignment of sex chromosomes without a change in heterogamy. Another possibil-
ity is that the sex determining mechanism of non-diverged sex chromosomes could be old,
but that divergence is prevented by periodic recombination, possibly facilitated by breed-
ing individuals that are phenotypically sex reversed (the “fountain-of-youth” hypothesis;
Perrin, 2009). Because we do not yet know the sex determining gene(s) of S. tropicalis or
other frogs that could share this system (e.g., genera Hymenochirus, Pseudhymenochirus,
or Pipa), we cannot determine at this time which hypothesis best accounts for the lack of ex-
tensive divergence of the sex chromosomes of S. tropicalis. Additional identification of sex
determining genes in amphibians, and analysis of their evolutionary histories and genomic
context, is a promising direction for future research that would further our understanding of
how sex chromosomes evolve in general.

3.7 Conclusions

We used RAD tags, Sanger sequencing, sequences from a laser-dissected chromosome arm,
EST databases, and molecular evolutionary analyzes to further characterize the sex chro-
mosomes of the Western tropical frog S. tropicalis. We used genotype calls from >20
million sites to search for genotypic patterns consistent with sex chromosome divergence.
Our findings strongly suggest that the sex-specific region of S. tropicalis is small based
on (i) a dearth of regions with a pronounced genotypic signature of sex-specific portion of
sex chromosomes, (ii) a lack of this genotypic signature in regions “completely linked” to
the sex determining region inferred by Olmstead et al. (2010), and (iii) the observation of
only minor differences in patterns of expression, and similar levels of purifying selection
on “completely linked” genes.
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3.9 Supplementary information
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Figure 3.S1: Nucleotide diversity (7) in 500,000 bp windows is similar in three males (blue)
and two females (red) that had an identical mtDNA genotype that differed from the golden
strain genotype by one nucleotide substitution. Labelling follows Figure 3.3.
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Figure 3.S2: Nucleotide diversity (7) in 500,000 bp windows is similar in one male (blue)
and one female (pink) that had an identical mtDNA genotype that differed from the golden
strain genotype by one nucleotide substitution, and a female (red) that had an identical
mtDNA genotype as the golden strain. Labelling follows Figure 3.3. Breaks in the line for
each individual correspond to windows that lack genotype data for that individual.
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Chapter 4

The sex chromosomes of frogs

Bewick AJ and Evans BJ

4.1 Preface

Molecular evolutionary studies of sex chromosomes have focused on understanding the
consequences of suppressed recombination between each sex chromosome (the X and Y
or Z and W). However, little is understood about why and how some organisms maintain
recombination throughout most of the sex chromosomes and thereby circumvent some of
the consequences of nonrecombination. Here we review recent studies of sex chromosome
evolution in frogs and provide insights into phenomena that cause and have maintained
homomorphic sex chromosomes.

4.2 Abstract

Cold-blooded organisms, like frogs (order Anura), commonly possess cytologically indis-
tinguishable (homomorphic) sex chromosomes. Explanations for the presence of homomor-
phy in frogs include recent turnover events and recombination between sex chromosomes.
The absence of dosage compensation in frogs may also act as a barrier to sex chromosome
divergence and heteromorphy, and together these phenomena may be related to polyploid
speciation. Minimally divergent sex chromosomes provide a window into the past and
can elucidate early evolutionary processes that acted during sex chromosome evolution in
species with heteromorphic sex chromosomes, including humans.
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4.3 Introduction

Sex chromosomes independently evolved from autosomes multiple times in many groups
of plants and animals (Ohno, 1967; Bull, 1983; Charlesworth, 1996) including frogs (Hillis
and Green, 1990; Evans et al., 2012). According to models of sex chromosome evolution,
the first step is taken when an autosomal mutation seizes a leading role in the sex deter-
mining pathway, such that heterozygotes develop into one sex, and homozygotes into the
other (Ohno, 1967; Charlesworth et al., 2005). In the second step, sexually antagonistic
mutations are expected to accumulate in the vicinity of this gene, benefiting from link-
age disequilibrium (Bull, 1983; Rice, 1996). Recombination in the heterogametic sex is
suppressed through mutations that eliminate homology, providing epistatic interactions be-
tween the sex determining and sexually antagonistic genes (Rice, 1996; Charlesworth and
Charlesworth, 2000). However, suppressed recombination also lowers the efficacy of se-
lection, manifested as slow adaptive evolution of sex-linked genes compared with genes on
the shared sex chromosomes (Orr and Kim, 1998) and as reduced effectiveness of purifying
selection, causing accumulation of deleterious mutations (Agulnik et al., 1997; Fridolfs-
son and Ellegren, 2000; Filatov et al., 2001; Bachtrog and Charlesworth, 2002; Filatov
and Charlesworth, 2002; Wyckoff et al., 2002; Tucker et al., 2003; Berlin and Ellegren,
2006; Kaiser, 2010; Kaiser and Charlesworth, 2010). This leads to divergence between
non-recombining portions of each sex chromosome. Sex chromosome divergence involves
the loss of coding regions, the accumulation of repetitive regions, and structural changes
such as insertions, deletions, and inversions on the sex-specific chromosome (the Y or W).
Thus, diverged (also called “degenerate”) sex chromosomes have differences that extend
beyond the fundamental difference in the presence or absence of a sex determining allele
(Figure 4.1). Not surprisingly, degeneration of sex chromosomes can increase over evo-
lutionary time, and the effects of such processes are exemplified by the drastic size and
molecular differences between sex chromosomes. In humans, for example, almost all of
the ancestral genes persist on the X-chromosome, but have been lost on the Y-chromosome
(Skaletsky et al., 2003). In contrast, recently evolved sex chromosomes are expected to
be nondegenerate since suppressed recombination has not taken affect; therefore recombi-
nation is still occurring across the length of the chromosome, which contains most of the
ancestral sequence. However, sex chromosome degeneration is not an inevitable evolution-
ary outcome and many species with evolutionarily old sex chromosomes are morpholog-
ically similar, or homomorphic (Ogawa et al., 1998; Matsubara et al., 2006; Tsuda et al.,
2007). The persistence of nondegenerate sex chromosomes over vast amounts of evolution-
ary time is evidence against sex chromosome evolution theory in terms of degeneration of
the sex-specific sex chromosome.

Processes that maintain homomorphic sex chromosomes are not well understood, but
frequent turnover of sex chromosomes (i.e., the “high-turnover” hypothesis), or recom-
bination between sex-reversed individuals (i.e., the “fountain-of-youth” hypothesis) could
explain the lack of degeneration in some cases (Perrin, 2009; Stock et al., 2011). Also,
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the rate of polyploidization may potentially be related to sex chromosome evolution (Orr,
1990; Evans et al., 2012). Interestingly, homomorphic sex chromosomes seem to be more
prevalent in cold-blooded vertebrates like amphibians (frogs: Table 4.1, and salamanders)
and reptiles. Also, unlike other vertebrate groups, like therian mammals, the sex chromo-
some system is not fixed in frogs (Table 4.1). Here we review current literature on sex
chromosome evolution in frogs and provide insights into phenomena that cause and have
maintained homomorphic sex chromosomes.
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4.4 Evidence for recent evolution of sex chromosomes in
frogs

The only known amphibian sex determining gene, DM-W, was first discovered in the pseu-
dotetraploid African clawed frog Xenopus laevis and is a partial duplicate of the functional
DM domain of the autosomal, paralogous gene DMRT1 on the W-chromosome (Yoshimoto
et al., 2008). DM domain-containing genes play a remarkably conserved role as an activa-
tor of male differentiation in metazoans including worms, flies, coral, birds, and humans
(Burtis and Baker, 1989; Raymond et al., 1999; Yi and Zarkower, 1999; Raymond et al.,
2000; Miller et al., 2003; Haag and Doty, 2005). DMRT 1 is broadly expressed during devel-
opment of X. laevis and has been detected in unfertilized eggs, early tadpole development
of both sexes, in the gonads of both sexes during primary gonadal differentiation, and in
postmetamorphic testes and ovaries, with expression becoming increasingly male-biased in
testes compared to ovaries by 1-5 months after metamorphosis (Osawa et al., 2005; Yoshi-
moto et al., 2006, 2008). No sex difference in DMRT1 expression was detected during go-
nadal differentiation (Yoshimoto et al., 2008). In contrast, DM-W appears to be expressed
only in female gonads during primary gonadal differentiation, with its peak expression level
prior to a surge of DMRT1 expression in the gonads of both sexes at Nieuwkoop and Faber
stage 50 (Yoshimoto et al., 2008). Yoshimoto et al. (2008) demonstrated that genetic male
(ZZ7) tadpoles transgenic for DM-W were feminized (i.e., phenotypically female), implying
that DM-W acts as a dominant-negative, antagonizing DMRT] activation of male-specific
genes by binding to and inhibiting regulatory regions recognized by both proteins. Binding
in females has been hypothesized to occur as a DM-W homodimer or as a DM-W-DMRT]
heterodimer and in males it has been hypothesized that primary (gonadal) development is
achieved by homodimerization of DMRT1 (Yoshimoto et al., 2010).

Since Yoshimoto et al. (2008) discovered DM-W in X. laevis, Bewick et al. (2011) were
able to identify DM-W in in several other Xenopus spp., including X. andrei, X. clivii, X.
gilli, X. itombwensis, X. largeni, X. pygmaeus and X. vestitus (Figure 4.2A: Clade 1). These
species are tetraploid except X. iftombwensis and X. vestitus, which are octoploid; however,
no DM-W sequence has been identified in a dodecaploid species (Bewick et al., 2011).
Though DM-W is female-specific in these other Xenopus spp., its role in sex determination
has not been conclusively tested — DM-W could be downstream of a more dominant, up-
stream, sex determining gene. Phylogenetically DM-W is restricted to one clade of Xenopus
spp and is more closely related to DMRTI 3 than DMRTI« (Figure 4.2B). Therefore, the
duplication event of DMRT1 3 gave rise to DM-W and occurred in Xenopus after the diver-
gence from the sister genus Silurana but before divergence of most or all extant species of
Xenopus (Bewick et al., 2011). Attempts to amplify DM-W in another African clawed frog,
Xenopus borealis (Figure 4.2A: Clade 2), were performed using similar polymerase chain
reaction (PCR), cloning, and sequencing techniques as described in Bewick et al. (2011).
However, amplification was unsuccessful and resulted in no or unspecific amplification.
454 sequencing (ROCHE GS FLX) was also performed on normalized cDNA extracted
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from X. borealis tadpoles at Nieuwkoop and Faber stages 48-52 and BLAST searches us-
ing full and partial DM-W sequences from this library did not recover a DM-W homolog
(unpublished results).

S. new tetraploid 2* (4x)

A . tropicalis* (21 B S. tropicalis DMRT1

S. epitropicalis* (4x) X. laevis
S. new tetraploid 1* (4x) X. borealis DMR T1 o
> X. longipes (12x) X. muelleri
BX. pygmaeus (4x)
s>=® X. ruwenzoriensis (12x) P
X. amieti* (8x) X. laevis
X. boumbaensis* (8x) X. borealis
X. cf. boumbaensis* (12x) . DMRT1 [3
X. cf. fraseri 2* (4x) X. muelleri
X. cf. fraseri 1* (4x)
@) X. andrei (8x) X. laevis
_/6 (X itombwensis (8x) X g,’//,'
> X. wittei* (8x) - P
X. vestitus
() X. vestitus (8x) X | )
. largeni
® X. largeni (4x) X. pygmaeus DM-W
X‘ laevis (4x) X. itombwensis
X. gilli (4x) .
X. clivii (4x) 0.04 X. andrle/“
P X. borealis (4x) X. clivii
@-e X muelleri (4x) \ )
X. new tetraploid* (4x) B. marinus DMRT1

Figure 4.2: (A) DM-W was detected in a subset of Xenopus species whose most recent
common ancestor and descendants are indicated in red. A “D” next to species names in-
dicates species from which portions of DM-W was amplified. Nodes with 1, 2 or 3 in-
side refer to Clades 1, 2 and 3, respectively. An asterisk follows species names for which
amplification of DM-W were not attempted. Allopolyploid speciation is indicated by as-
terisks on internal nodes and the ploidy level of each species is indicated after the species
name. Maternal or biparental relationships are indicated with solid lineages and paternal
contributions to allopolyploid speciation events are indicated with dashed lineages. Re-
solved nodes have >95% posterior probability and are based on the linked autosomal genes
RAGI and RAG?2 and mitochondrial DNA; details of phylogenetic estimation are given in
Evans et al. (2004, 2005) and Evans (2007). Strongly supported but conflicting relation-
ships were recovered for X. clivii with respect to numbered Clades 1 and 2; this relationship
is represented as a polytomy. (B) DM-W originated after divergence of Silurana and Xeno-
pus. Evolutionary relationships of X. laevis DM-W with respect to homologous portions of
DMRTI paralogs (« and [3) of the tetraploid species X. laevis, X. borealis, and X. muelleri,
and the diploid species S. tropicalis show that this gene is most closely related to Xeno-
pus DMRTI13. DMRTI from Bufo marinus is used as an outgroup. Nodes with posterior
probabilities >99% are indicated with dots. This analysis fails to resolve whether DM-W
originated before or after the divergence of ancestors of X. laevis and (X. borealis + X.
muelleri).

A complete genome sequence is available for a female Silurana tropicalis (Hellsten
et al., 2010), which is ~65 million years (MY) diverged from Xenopus (Bewick et al.,
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2012). But the sex specific region or sex determining gene has not been characterized.
Using full and partial DM-W sequences, BLAST searches did not recover homologous
proteins in the S. tropicalis genome (Figure 4.2A: Clade 3). However, using amplified frag-
ment length polymorphisms (AFLPs), Olmstead et al. (2010) identified 22 AFLPs linked
to the female-specific region of S. fropicalis. In a linkage map developed by Wells et al.
(2011), four of these regions were mapped to linkage group 7. Using high throughput se-
quencing, and PCR and Sanger sequencing Bewick et al. (2013) attempted to identify the
boundaries of the sex-specific region and loci. Results from their study suggest that the
sex chromosomes of S. tropicalis are mostly pseudoautosomal, and thus recombining along
most of the chromosome. The genome of S. tropicalis does not contain DM-W, nor is link-
age group 7 syntenic with scaffolds 173120 or 443201 that contain DM-W of the X. laevis
draft genome. This suggests that sex chromosomes have evolved independently since the
ancestor of Xenopus and Silurana. Also, a comparative study by Uno et al. (2008) could
not identify DM-W in S. tropicalis using fluorescent in situ hybridization (FISH).

Turnover of the sex chromosome resets the clock of degeneration and may be accom-
panied by a change in the heterogamy (XY to ZW or ZW to XY) and/or the dominant sex
determining trigger. It has been shown that the load of deleterious mutations that accu-
mulate on the nonrecombining sex chromosomes may be enough to cause a turnover event
(Blaser et al., 2012). Given the rate of sex chromosome turnover in amphibians estimated
by Evans et al. (2012), it is not unfathomable to suspect that the sex determining mech-
anism has changed more than once within African clawed frogs and in other frogs. The
phylogenetic restriction of DM-W to one clade of Xenopus suggests that the mechanism of
sex determination within Xenopus is recently evolved and has changed since the last com-
mon ancestor (LCA) of Xenopus + Silurana (~65 MYA, (Evans et al., 2004; Roelants and
Bossuyt, 2005; Bewick et al., 2012)) and even more recently since the LCA of X. laevis
+ X. borealis (~27 million years ago (MYA), (Evans et al., 2004)). The former implies a
loss of DM-W and a turnover of sex chromosomes in X. borealis. DM-W was not identified
in dodecaploid species nor in every species of Xenopus, so there could have been a more
recent turnover event within the last several million years.

In frogs, sex chromosome turnover has also been recorded in Palearctic green toads
(Bufo viridis subgroup) and Japanese wrinkled frog (Rana rugosa). All Bufo spp. are
female heterogametic (Hillis and Green, 1990); however, Stock et al. (2011) recorded a
heterogametic transition in B. balearicus and B. siculus that may have occurred in the
Oligocene/Early Miocene (>23.8-5.3 MYA) or as early as the Pliocene (5.3-1.8 MYA)
— divergence of the B. viridis subgroup and B. balearicus, respectively (Stock et al., 2006).
R. rugosa underwent a heterogametic transition; however both XX/XY and ZZ/ZW sex de-
termining systems share the same ancestral proto sex chromosome (chromosome 7) (Miura
etal., 2011). There are examples of closely related species with different sex chromosomes
and mechanisms of sex determination, with relationships that are much younger (Tanaka
etal., 2007; Ross et al., 2009), which speak for the plausibility of sex chromosome turnover
events in frogs.
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Recent evolution of sex chromosomes resets the clock of sex chromosome degeneration.
Turnover events can be accompanied by a switch in the heterogametic sex (Evans et al.,
2012) and/or a switch in the sex determining mechanism (Tanaka et al., 2007). If a turnover
event happens after degeneration, there is a potential for a double-null genotype, and if
deleterious or lethal it will be lost from the population (Evans et al., 2012) (see below). If
these events occur frequently (i.e., before degeneration has occurred), the sex chromosomes
will be in a constant, dynamic, homomorphic state. Rates of degeneration differ between
species (Graves, 2004; Bachtrog et al., 2008; Evans et al., 2012; Zhou and Bachtrog, 2012),
so the rate of turnover to maintain homomorphic sex chromosomes is unknown. Also,
sex chromosome turnover may be used as a mechanism to deter the complete loss of the
sex-specific sex chromosome (Kuroiwa et al., 2010). In frogs, given the data presented
above, it seems plausible that recent turnover events have maintained homomorphic sex
chromosomes of many different frog genera.

4.5 Low rates of recombination may be sufficient to main-
tain homomorphic sex chromosomes in frogs

Frequent turnover of sex chromosomes implies evolutionarily young sex chromosomes that
are recombining across almost the entire chromosome, and the effects of suppressed re-
combination in the form of degeneration have yet to occur. In many disparate animals,
recombination is determined by phenotypic, rather than genotypic sex (Inoue et al., 1983;
Wallace et al., 1997; Lynn et al., 2005; Campos-Ramos et al., 2009; Matsuba et al., 2010);
therefore species with a low incidence of sex-reversed individuals will see a rare but steady
rate of crossing over between sex chromosomes. This acts to rejuvenate the sex chromo-
some (Perrin, 2009) and can result in anciently yet largely homomorphic sex chromosomes
(Stock et al., 2011). However, we cannot rule out the possibility that the sex determining
region is small and most of the sex chromosomes are pseudoautosomal (Bhalla and Craig,
1970). The former phenomenon is referred to as the “fountain-of-youth” hypothesis and
has been given support in several recent studies of frog species belonging to the genera
Hyla (Stock et al., 2011; Guerrero et al., 2012) and Bufo (Stock et al., 2013) and may be
occurring in S. tropicalis (Bewick et al., 2013).

European tree frogs (Hyla arborea, H. intermedia and H. molleri) are estimated to
be ~5.4-7.1 MY diverged and share the same pair of sex chromosomes with complete
absence of X-Y recombination in males estimated by sibship analyses of microsatellite
polymorphisms (Stock et al., 2011). However, sequences of sex-linked loci show no di-
vergence between the X- and Y-chromosomes; gametologs form a clade by species in a
phylogeny (Stock et al., 2011). Using Approximate Bayesian Computation (ABC) and the
data generated by Stock et al. (2011), Guerrero et al. (2012) estimated the rates of recom-
bination between the X- and Y-chromosome to be 105 times smaller than that between
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X-chromosomes. This suggests very low rates of recombination (i.e., 1 in every 100,000
individuals) may be sufficient to maintain homomorphism in sex chromosomes. Similarly,
in Palearctic green toads (Bufo viridis subgroup) with similar divergence time (~3.3 MY),
Stock et al. (2013) demonstrated that gametologs form a clade by species rather than X-
and Y-chromosomes. Interestingly, populations of the B. virdis subgroup have demonstra-
bly heteromorphic sex chromosomes, yet it is suggested that recombination is still occurring
between the sex chromosomes (Odierna et al., 2007; Stock et al., 2013). Male heteromor-
phy in the B. viridis subgroup is also surprising, since recombination has been proposed to
deter degeneration. The average rate of recombination for sex-linked loci in males (0.02)
was slower than the average for females (0.38), but estimated X-Y recombination in Hyla
spp. 1s much lower than that of Bufo spp. (Guerrero et al., 2012; Stock et al., 2013). Bewick
et al. (2013) showed that the African clawed frog S. tropicalis has indistinguishable Z and
W sex chromosomes at the molecular level, even in regions linked to sex (Olmstead et al.,
2010). Although recombination rates between Z and W chromosomes were not estimated,
the homomorphic state of the sex chromosomes suggests recombination may be occurring
throughout most of the chromosomes.

The effects of temperature could be related to the “fountain-of-youth” hypothesis and
can explain sex reversed individuals within a population (Matsuba et al., 2010). Tempera-
ture can alter sex ratios of larvae in frogs, and can alter the phenotypic sex of a developing
larvae. For example, when larvae of Rana sylvatica are reared at 32°C for up to 33 days,
half of the individuals are phenotypic males and the remainder show more or less masculin-
ized ovaries at the end of the treatment (Witschi, 1929). Although the temperature of 32°C
for rearing larvae is extremely high, this experiment suggests that the sex of some species
of frogs can be determined by temperatures. Similar results have been documented in other
frogs (Makoto, 1963; Hsii et al., 1971), salamanders (Uchida, 1937a,b; Chardard et al.,
1995; Dournon et al., 1984), and in other animals that are external fertilizers (Baroiller
et al., 1999; Crews, 2003; Sato et al., 2005; Barske and Capel, 2008; Abozaid et al., 2011).
In the wild, if extreme temperatures are experienced for prolonged periods of time or briefly
at thermosensitive stages (Dournon et al., 1990), it may be enough to perturb the genetic
sex determination (GSD) and cause sex-reversed individuals. This opens the possibility for
mating and recombination of the sex chromosomes in sex-reversed individuals.

Recombination between sex chromosomes does not explicitly test the “fountain-of-
youth” hypothesis. The sex determining region (SDR), which includes the sex determining
gene, is unknown in the species mentioned above. Therefore, the SDR could be minuscule,
making the sex chromosomes mostly pseudoautosomal and thus expected to recombine
across most of the chromosome. Species other than frogs possess homomorphic sex chro-
mosomes (e.g., ratites: Ogawa et al. (1998) and pythons: Matsubara et al. (2006)), but
the “fountain-of-youth” hypothesis has not been suspected to operate in these species. A
more global mechanism to deter degeneration may be operating. It is known that real world
populations and environments that organisms inhabit are dynamic, and that selection varies
over time and space. Also, restricting recombination lowers the effective population size of
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a genomic region, making this region susceptible to deleterious mutations and the efficacy
with which natural selection operates, and thus the population is limited in the direction of
selection with which it can take. Therefore, stabilizing selection might be acting to main-
tain alleles at intermediate frequencies within the population and certain combinations of
alleles could be brought together through recombination during periods that require rapid
evolutionary change (Otto and Barton, 1997). Another possibility is that species with ho-
momorphic sex chromosomes have failed to evolve a mechanism of dosage compensation
and has somehow constrained sex chromosome divergence (Adolfsson and Ellegren, 2013).
Related to this hypothesis are different mechanisms to resolve sexual conflict, and the con-
sequences of these mechanisms on genome structure. Sexual conflict occurs because the
divergent reproductive interests of the sexes generate different selection pressures on many
traits (Pischedda and Chippindale, 2006). Sexual conflict resulting from the accumula-
tion of sexually antagonistic mutations that accumulate near the sex determining gene, but
within the PAR, can be resolved either by expanding the region of suppressed recombina-
tion between the sex chromosomes or by down-regulating the expression of genes in the
sex that they harm (consequently creating sex-biased gene expression in the sex that ben-
efits from the mutation) (Vicoso et al., 2013). The former mechanism eventually leads to
the evolution of heteromorphic sex chromosomes (Vicoso et al., 2013). However, the lat-
ter mechanism eliminates the selective pressure to suppress recombination promoting the
retention of homomorphic sex chromosomes (Otto et al., 2011).

4.6 Absence of a global mechanism of dosage compensa-
tion may effect sex chromosome evolution

The genomes of males and females are almost identical with the exception of genes on
the Y- (or W-) chromosome or sex determining alleles. Dosage compensation equalizes
expression levels of genes that have one allele in one sex and two alleles in the other sex.
In this way the relative expression of X-linked (or Z-linked) and autosomal genes is con-
stant, or “balanced”, in males and females. Dosage compensation has evolved indepen-
dently at least three times, relying on different mechanisms: upregulation of the single X
in Drosophila males, inactivation of one X in female mammals, and downregulation of
both Xs in Caenorhabditis elegans hermaphrodites. Dosage compensation has also been
recorded in the plant Silene latifolia and the mechanism is similar to Drosophila: upregu-
lation of the X-linked allele (Muyle et al., 2012).

In vertebrates, there is no evidence for global dosage compensation outside mammals.
It seems absent from sticklebacks (Leder et al., 2010) and in birds compensation varies by
tissue and ontogenetically (Mank and Ellegren, 2009), occurring on a gene-by-gene basis,
when and where balanced transcription is needed (Mank et al., 2011). A recent study by
Adolfsson and Ellegren (2013) showed no evidence for dosage compensation in the ostrich.
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Ratites, like the ostrich, have maintained homomorphic sex chromosomes for more than
120 MY (Tsuda et al., 2007). Adolfsson and Ellegren (2013) attributed the lack of evolu-
tion of dosage compensation as a constraint on sex chromosome divergence and that dosage
compensation should only evolve if the maintenance of ancestral expression levels is vital
for interactions with other genes. Therefore, mutations (i.e., chromosomal rearrangements)
that reduce recombination between sex chromosomes should be deleterious (Adolfsson and
Ellegren, 2013). This means homomorphic sex chromosomes may not elicit dosage com-
pensation.

In amphibians evidence of dosage compensation has not been found (Ohta, 1986; Hayes,
1998; Schmid et al., 1986; Schmid and Steinlein, 2001). Similar to ratites, a lack of a dosage
compensation mechanism may have constrained the evolution of sex chromosomes in am-
phibians. Dosage compensation has evolved within ~10 MY of sex chromosome evolution
(Muyle et al., 2012) and pseudogenization of genes on a newly formed sex chromosome
can occur with in an extremely short period of time (~1 MY) (Bachtrog et al., 2008), im-
plying that dosage compensation could arise even earlier. Sex chromosomes in African
clawed frogs have remained homomorphic for >10 MY, hence enough time has passed
for a dosage compensation mechanism to evolve. However, assessment of dosage com-
pensation in amphibians is biased since only one species of frogs (Buergeria buegeri) has
been tested for one Z-linked gene (Ohta, 1986). Also, this species is female heterogametic
and dosage compensation has been suggested to be a generality in this sex chromosome
system (Graves and Disteche, 2007; Mank, 2009; Vicoso and Bachtrog, 2009; Zha et al.,
2009; Vicoso and Bachtrog, 2011; Pease and Hahn, 2012). A global dosage compensation
mechanism is most likely not present in amphibians, but a more generalized; gene-by-gene
dosage compensation mechanism is possible. This has yet to be exhaustively tested and we
are only now beginning to acquire whole genome information on amphibians. This does
not rule out the possibility of other phenomena, which could be at work maintaining sex
chromosomes in a homomorphic sate.

4.7 Homomorphic sex chromosomes and the rate of poly-
ploidization

Polyploidization occurs more commonly in plants than in animals and reasons for this trend
is a central question in biology (Mable, 2004; Muller, 1925; Orr, 1990). Multiple expla-
nations have been put forward (reviewed in Gregory and Mable, 2005; Mable, 2004; Orr,
1990; Otto and Whitton, 2000). One possibility is that the propensity for a species to un-
dergo polyploidization is related to the extent of sex chromosome degeneration.

Polyploidization might be less common in species with degenerate sex chromosomes
because, after duplication, a degenerate ancestral sex chromosome could segregate as a
new autosomal chromosome, and the resulting homozygous null genotypes could be detri-
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mental (Evans et al., 2012). This is caused by “diploidization” of a polyploid genome.
Diploidization refers to the change in inheritance of chromosomes from polysomic, where
multivalents are formed during cell division, to disomic, where bivalents are formed (Wolfe,
2001). For example, with a degenerate Y-chromosome the nascent autosomal pair that
was previously a pair of sex chromosomes would initially have three possible genotypes:
AxAx, Ax0, and 00 where A x refers to an autosomal allele derived from an ancestral X-
chromosome and 0 refers to a missing allele that was lost on the ancestral Y-chromosome
(Evans et al., 2012) (Figure 4.3). If the 00 genotype is deleterious or lethal, there would be
reproductive incompatibilities in the early stages of diploidization until the degenerate chro-
mosome is lost (Evans et al., 2012). Also, species with a degenerate sex chromosome could
act as a barrier to genome duplication because dosage compensation is disrupted when a
newly formed polyploid individual backcrosses with a diploid parental individual during
the first stages of polyploid speciation (Orr, 1990). It is widely accepted that increase in
selective pressure for dosage compensation occurs as the gene content disparity increases
between diverging sex chromosomes (Bergero and Charlesworth, 2009; Charlesworth et al.,
2005). Consequently, these two hypotheses are not mutually exclusive. Nevertheless, if
sex chromosome degeneration acts as a barrier to polyploidization, this would predict that
polyploid species or species with polymorphism in ploidy levels would have minimally
degenerate sex chromosomes as compared with other species.

Fifty polyploid frog species have been described, including seven triploids, 30 tetraploids,

11 octoploids, and two dodecaploids derived from 15 families and 20 genera (reviewed in
Schmid et al., 2010; Mable et al., 2011; Evans et al., 2012). Three tetraploids and two
dodecaploids have been reported from the genus Xenopus but not yet formally described as
species (Evans, 2007, 2008; Evans et al., 2004, 2005; Tymowska, 1991). Stable triploids
are known from three frog genera (Bufo, Eusophus, and Rana), tetraploids from 16 (Aphan-
tophryne, Astylosternus, Bufo, Chaismocleis, Dicroglossus, Eleuthrodactylus, Hyla, Neo-
batrachus, Odontophrynus, Phyllomedusa, Pleurodema, Pyxicephalus, Scaphiophryne, Sil-
urana, Tomopterna, and Xenopus), octoploids from three (Ceratophrys, Pleurodema, and
Xenopus), and dodecaploids only from Xenopus. Spontaneous or experimentally induced
polyploidy has been reported in at least five frog species (Evans et al., 2012).

About one third of the described polyploid frog species belong to the genus Xenopus.
Why is polyploidization rampant in Xenopus? Potentially relevant to the high incidence of
polyploidization in Xenopus is the recent evolution of DM-W (Bewick et al., 2011). Not
surprisingly, the sex chromosomes of Xenopus are not cytologically distinct (Tymowska,
1991; Yoshimoto et al., 2008). Gene contents of the W- and Z-chromosomes of Xenopus
are therefore probably very similar, and Xenopus species presumably lack mechanisms of
dosage compensation operating over most sex-linked genes because both sexes have two
alleles at most loci on the sex chromosomes. The preponderance of polyploids in Xenopus
is therefore consistent with the proposal that polyploidization is more likely to occur in
lineages with young, minimally degenerate sex chromosomes.
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Figure 4.3: Segregation of the degenerate ancestral sex chromosome during diploidization
of a polysomic genome. With a degenerate Y-chromosome the nascent autosomal pair that
was previously a pair of sex chromosomes would initially have three possible genotypes:
(A) AxAx, (B) Ax0, and (C) 00 where A x refers to an autosomal allele derived from an
ancestral X-chromosome and O refers to a missing allele that was lost on the ancestral Y-
chromosome. Similar inheritance would be observed if the sex determining gene moved to
a different autosome, which now become the proto-X and -Y sex chromosomes in a male
heterogametic system.

It is not clear whether novel mechanisms for sex determination are more likely to evolve
and persist in species that have nondegenerate sex chromosomes, but this seems plausible
under the same reasoning discussed above with respect to the propensity for lineages to ex-
perience polyploidization, and evidence put forward by Evans et al. (2012). Also, Xenopus
provides anecdotal support for a negative negative correlation between the age of sex chro-
mosomes and a species propensity to undergo polyploidization. Another possible link be-
tween sex chromosome evolution and polyploidization is provided by Leiopelma hochstet-
teri. This species has intraspecific variation in the presence of a recently evolved univalent
W-chromosome that governs sex determination in females (Green, 1988). L. hochstetteri is
a diploid but also has spontaneous triploidy (that is, polyploidy without speciation; Green
et al. (1984)), which suggests tolerance of polyploidy (Evans et al., 2012).
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4.8 Conclusions

Sex chromosome evolution theory predicts the gradual divergence (“‘degeneration”) of sex
chromosomes over evolutionary time due to suppressed recombination. However, sex chro-
mosome degeneration has not always occurred; there exist evolutionarily old, but not di-
verged sex chromosomes. Additionally, there exist examples where sex chromosomes are
nondegenerate either because of recent turnover of the sex chromosomes or recombination
between the sex chromosomes. The question of why some sex chromosomes degenerate
and others do not thus has important implications for understanding evolutionary processes
at the initial stage of sex chromosome differentiation. Using frogs as a model we reviewed
phenomena that cause and maintain homomorphic sex chromosomes.

Recent turnovers of sex chromosomes and recombination between sex chromosomes
have been documented in frogs, helping to explain the prevalence of homomorphy in this
group of animals. Turnover of the sex chromosomes has been estimated to have occurred
~32 times in amphibians, and recent turnover events have been observed in African clawed
frogs and Bufo. The documented cases of recombination between sex chromosomes in frogs
have been defaulted to the “fountain-of-youth™ hypothesis. However, direct testing of this
hypothesis needs to be performed, and further research into other mechanisms that promote
the retention of homomorphic sex chromosomes need to be explored. Additionally, size
homoplasy of microsatellites may interfere with interpretations of recombination between
sex chromosomes. Size homoplasy is problematic under high mutation rates and large
population sizes together with strong allele size constraints (Estoup et al., 2002). Guerrero
et al. (2012) estimated rates of recombination between the X and Y in Hyla spp to occur 1 in
every 100,000 individuals; it is likely that the population size is large and homoplasy needs
to be considered. An alternative to the “fountain-of-youth” hypothesis is recombination
between sex chromosomes could be due to the presence of a small sex-specific region (and
subsequently a large pseudoautosomal region). Under this alternative hypothesis the sex
chromosomes are expected to recombine. Additionally, down-regulating the expression of
sexually antagonistic genes in the sex they harm can eliminate the selective pressure of
reduced recombination, thus maintaining homomorphic sex chromosomes.

Few vertebrate sex determining genes have been identified: SRY in mammals, Amhr2 in
fugu, and DMRT1 in birds and its homologs in fish and frogs. What other sex determining
genes might exist? Recently, it is has been suggested that some autosomes may have a
predisposition to become sex chromosomes, possibly due to the presence of conserved
sex determining genes or suitable genes capable to capture the dominant position of sex
determination (Graves and Peichel, 2010; O’Meally et al., 2012). The transcription factor
DMRTI is a prime example of a gene involved in sex determination in deeply divergent
taxa (Brunner et al., 2001; Matson and Zarkower, 2012; Gamble and Zarkower, 2012). But
the role of DMRT1I in sex determination could be due to shared ancestry or suitableness.
Also, little is known about how often heteromorphic sex chromosomes have either evolved
convergently from different autosomes or in parallel from the same pair of autosomes, or
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how universal patterns of molecular evolution on sex chromosomes really are. Empirical
studies including the comparison of sex chromosomes across taxa will provide support for
these hypotheses.

Polyploidization in some genera of frogs may be relevant to sex chromosome evolu-
tion. Whole genome duplication via allopolyploidization occurred numerous times during
the evolution of African clawed frogs and provides support for polyplopdization occurring
more frequently in species with homomorphic sex chromosomes. Partial duplication of
DMRT] gave rise to the female sex determining gene DM-W and the interaction of these
two transcription factors control gonad development. Paralogous copies of DMRT1 gener-
ated from whole genome duplication may interact differently with DM-W. Phylogenetically
biased pseudogenization of the DMRTI [ paralog offers some insights into the functional-
ity of DMRT1 paralogs, but further work is needed to determine the relative importance of
each copy. Duplication may also play a role in more recent events that produce homomor-
phic sex chromosomes, in addition to maintaining homomorphic sex chromosomes through
evolutionary time.

Several hypotheses can explain the lack of sex chromosome degeneration in frogs, and
some are more applicable to certain genera of frogs over others. Hypotheses that effect all of
frogs (and possibly all vertebrates) include recent turnover of the sex chromosome, recom-
bination between the sex chromosomes and expression regulation to resolve sexual conflict.
Since we do not know the sex determining gene(s) in all but one species of frogs, we can-
not determine at this time which hypothesis best accounts for the lack of sex chromosome
degeneration in frogs. However, evidence exists that support both the recent turnover and
fountain-of-youth hypothesis. With the complete genome of S. tropicalis, current sequenc-
ing of X. laevis and the identification of sex-linked genes in R. rugosa we will be able to test
hypotheses of dosage compensation and resolution of sexual conflict through sex-specific
gene regulation in terms of sex chromosome evolution. Precise testing of each of these
hypotheses would be of direct benefit to understanding the prevalence of homomorphic sex
chromosomes in frogs. Identification of sex determining genes in frogs, and analysis of
their evolutionary history and genomic context, is a promising direction for future research
that would further our understanding of how sex chromosomes evolve in general and the
early processes that altered autosomes during their transition to sex chromosomes. The
advent of less expensive and increasingly powerful next generation sequencing technology
will only advance the field of sex chromosome evolution further.
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CONCLUSION
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The family Pipidae is an evolutionarily old group of frogs found in the Old and New
Worlds with a derived morphology that facilitates aquatic life. Phylogenomic analysis re-
covered strong support for the ((Xenopus, Silurana)(Pipa, Hymenochirus)) topology, and
geologically calibrated divergence time estimates that are consistent with estimated ages
and phylogenetic affinities of many fossils. Therefore, diversification of pipid frog genera
Pipa, Hymenochirus, Silurana and Xenopus occurred dozens millions of years ago during
the breakup of Gondwanaland. The estimation of phylogenetic relationships is an essential
component for understanding evolution.

Females and males are almost ubiquitous in vertebrates, however the genomic and ge-
netic mechanisms that govern this evolutionary conserved phenotype vary. Using African
clawed frogs (genera Xenopus and Silurana) 1 investigated many aspects of sex chromo-
some evolution including mechanisms that determine sex and the effects of whole genome
duplication. Sex determination in Xenopus evolved at least once and the mechanism of sex
determination is most likely different in other genera of Pipidae and possibly within Xeno-
pus. Sex in Xenopus is determined by a dominant, female-specific gene called DM-W. This
gene evolved from a partial duplication event from one paralog of DMRT1; an autosomal
gene with conserved function in male sex determination. The exact pathway of sex deter-
mination is unknown, but DM-W and DMRTI may act competitively for binding sites. A
series of events including biased pseudogenization of the DMRT1 paralogs, differences in
regulation of DMRT] through development, and non-neutral evolution of DM-W probably
led to the infiltration and maintenance of DM-W as the dominant female sex determining
gene. DM-W is the only known sex determining gene in Anura (and in amphibians), but
homologous proteins involved in sex determination in other taxa have been identified. The
reappearance of certain proteins is interesting because it suggests shared ancestry of sex de-
termining genes or rediscovery by evolution of a few, suitable, genes for sex determination.

Sex chromosomes have evolved independently from different autosomes in plant and
animal species. Through evolutionary time many of these sex chromosomes have evolved
along a convergent path of restricted recombination and degeneration, and increased ge-
netic specialization. However, some sex chromosomes remain in an ancestral state of
autosome-like characteristics — notably, almost fully recombining and nondegenerative.
African clawed frogs represent a group of Anura with nondegenerate, or homomorphic,
sex chromosomes. In support of this, I demonstrated through next generation sequencing
technology and mapping of over 20 million single nucleotide polymorphisms (SNPs) that
male and female nucleotide diversity along the 10 major linkage groups of Silurana trop-
icalis 1s the same. This suggests that sex chromosomes of S. tropicalis constitute a large
pseudoautosomal region (PAR) and are recombining across most of their length. Homo-
morphic sex chromosomes in S. tropicalis most likely represent a recent turnover event of
the sex chromosomes (i.e., the “high-turnover” hypothesis). However, the persistence of
homomorphic sex chromosomes could be due to recombination between sex-reversed indi-
viduals (i.e., the “fountain-of-youth” hypothesis), or a small sex determining region (large
PAR).
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Whole genome duplication (WGD) through allopolyploidization has occurred frequently
during African clawed frog diversification, providing novel genetic material for natural
selection and has drastically changed their genomic architecture. Within a species, the
propensity to undergo WGD and sex chromosome evolution are potentially interrelated.
For example, WGD might be less common in species with degenerate sex chromosomes
because, after duplication, a degenerate ancestral sex chromosome could segregate as a new
autosomal chromosome, and the resulting homozygous null genotypes could be detrimen-
tal. Sex chromosome degeneration also creates imbalances in allelic copy number between
the sexes, which can lead to the evolution of dosage compensation — a factor that is also po-
tentially relevant to genome duplication. Species with a degenerate sex chromosome could
act as a barrier to genome duplication, because dosage compensation is disrupted when a
newly formed triploid individual backcrosses with a diploid parental individual during the
first stages of polyploid speciation. Our analyses suggest that the sex-specific region of S.
tropicalis is small, that sex chromosome degeneration is minimal, and therefore that dosage
compensation would have evolved in very few genes or not at all. These features may
have facilitated (or at least not impeded) WGD in Silurana and potentially in other African
clawed frogs.
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