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Lay Abstract

Whole-genome duplication (WGD) is considered a major source of evolutionary in-

novation and a driver of speciation. By increasing genetic content and introducing

redundancy, selective pressures are reduced and paralogous pairs diverge. We investi-

gate how sex and tissue type contribute to duplicate gene divergence following WGD

in a tetraploid African clawed frog. We find evidence for sex-dependent variation in

sex-biased expression patterns of duplicate genes in brain, heart and liver, and eval-

uate how molecular evolution of duplicate genes accounts for expression divergence

between sexes. This thesis provides a general framework for investigating sex-biased

duplicate gene evolution in an amphibious tetrapod.
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Abstract

By increasing genomic size, whole-genome duplication (WGD) is considered a major

source of evolutionary innovation and speciation. We examined sequence evolution

and expression divergence following WGD in a tetraploid African clawed frog (Sil-

urana). We hypothesized that the redundancy generated by WGD might allow for

sex-specific and/or tissue-specific divergence, contributing to sexual dimorphism in

this frog, and that such changes could be detected at both the expression and se-

quence levels. We investigated this hypothesis with a transcriptome-based approach,

comparing both sexes across brain, heart and liver. We compared molecular evolution

and expression divergence of duplicate gene homeologs to singleton genes and to an

extant diploid relative, and identified genes with evidence for sex-biased expression.

In doing so, we provide evidence for an allopolyploid mechanism of WGD and spe-

ciation in Silurana. Additionally, we find that female-biased gene expression is more

prevalent among duplicate genes than male-biased expression, particularly in brain

where expression levels are highest. We similarly identified antagonistically sex-biased

homeologs with indication of positive selection. Our results indicate that divergent

evolution at both the sequence and expression levels following WGD favors the co-

option of female-biased gene expression and may help resolve sexually antagonistic

selection in this frog, thereby facilitating the evolution of sexual dimorphism.

iv



Acknowledgements

I’d first like to acknowledge my Evans’ lab companions, Hermina Ghenu and Ben Fur-

man, my partner, Anthony Reis, and all my friends throughout McMaster University:

thank you for the hours of help and distraction, both academic and recreational, with-

out which I’m certain my time at McMaster would have been far less enjoyable (and

perhaps more productive, but who can ever really be sure?)

Next, my supervisory committee members, Dr. Brian Golding and Dr. Ben Bolker.

Brian: thank you for sparking an interest in bioinformatics and computational biology

that has guided my career ambitions for the past two years; I’m not sure I otherwise

would have ever discovered this passion. Ben: the hours of meetings with you were

not only a tremendous help towards my thesis but expanded my horizons and, really,

changed the way I thought about data, statistics and my project. Without any

exaggeration I can confidently say that both of you have strongly contributed to my

aspirations for the future.

Finally, to my advisor, Dr. Ben Evans: I could not thank you enough for the

opportunity to take this project. While I was expecting something different when

I signed up, frankly I could not be more pleased with the direction my project has

taken and how it has influenced me. You have been an excellent advisor: patient,

affable and relatable, and understanding of the need to balance science and life. We’ve

v



spoken many times about how strong a determinant the advisor-student relationship

is for a graduate experience, and I am certain I made a great choice. My experience

with you is something I will always look for in professional relationships.

vi



Contents

Lay Abstract iii

Abstract iv

Acknowledgements v

1 An Overview of the Roles of Gene Duplication 1

1.1 Gene Duplication in Evolution . . . . . . . . . . . . . . . . . . . . . . 1

1.2 The Vertebrate Two-Rounds Hypothesis . . . . . . . . . . . . . . . . 4

1.3 Whole-Genome Duplication in Plants and Animals . . . . . . . . . . 6

1.4 Gene Duplication in Human Disease . . . . . . . . . . . . . . . . . . . 7

1.5 The Scope of This Thesis . . . . . . . . . . . . . . . . . . . . . . . . . 9

2 Sex-specific Transcriptome Evolution in an Allotetraploid African

Clawed Frog 11

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1.1 Gene duplication and sexual antagonism . . . . . . . . . . . . 11

2.1.2 Polyploid African clawed frogs . . . . . . . . . . . . . . . . . . 13

2.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

vii



2.2.1 Experimental design and RNA-sequencing . . . . . . . . . . . 15

2.2.2 Identification of paralogous and orthologous sequences . . . . 15

2.2.3 Molecular evolution of expressed duplicates and singletons . . 19

2.2.4 Quantification of transcript abundance for expression studies . 21

2.2.5 Models for differential homeolog expression . . . . . . . . . . . 22

2.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.3.1 Transcriptome sequencing and assembly . . . . . . . . . . . . 24

2.3.2 An allopolyploid origin of S. new tetraploid . . . . . . . . . . . 25

2.3.3 Expression divergence in S. new tetraploid . . . . . . . . . . . 27

2.3.4 Sex-biased expression and evolution . . . . . . . . . . . . . . . 31

2.3.5 Molecular evolution of duplicate genes . . . . . . . . . . . . . 34

2.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4.1 An allopolyploid mechanism of WGD in S. new tetraploid . . 36

2.4.2 Sexually dimorphic expression in S. new tetraploid . . . . . . . 38

2.4.3 Molecular evolution following WGD in S. new tetraploid . . . 41

2.4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

2.5 Supplemental Tables and Figures . . . . . . . . . . . . . . . . . . . . 50

3 Concluding Remarks 58

3.1 Thesis Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

viii



List of Tables

S1 Reads and transcripts contributed from each library . . . . . . . . . . 51

S2 Percent-alignment of reads with Bowtie2 . . . . . . . . . . . . . . . . 52

S3 ANOVA for homeolog gene expression model . . . . . . . . . . . . . . 54

S4 ANOVA for duplicate and singleton gene expression model . . . . . . 55

ix



List of Figures

2.1 Phylogeny of Species in this Study . . . . . . . . . . . . . . . . . . . 44

2.2 Expectations from Polyploidy . . . . . . . . . . . . . . . . . . . . . . 45

2.3 Branch models of molecular evolution . . . . . . . . . . . . . . . . . . 46

2.4 Summary of expression counts . . . . . . . . . . . . . . . . . . . . . . 47

2.5 Modeling Homeolog Divergence . . . . . . . . . . . . . . . . . . . . . 48

2.6 Modeling Singleton and Duplicate Gene Expression . . . . . . . . . . 49

S1 Violin plot of log-transformed transcriptome sequence lengths . . . . 53

S2 Q-Q plot for homeolog gene expression model . . . . . . . . . . . . . 56

S3 Q-Q plot for duplicate and singleton gene expression model . . . . . . 57

x



Chapter 1

An Overview of the Roles of Gene

Duplication

1.1 Gene Duplication in Evolution

In 1970, Susumu Ohno published his seminal work, Evolution by Gene Duplication. In

it, he discussed the role of gene duplication in evolution and posited that the genetic

material introduced to the genome by gene duplication was a source for evolutionary

innovation, novel gene function conversion and speciation [1]. While gene and genome

duplication was known to biologists, this marked the first time the ability for duplicate

genes to shape evolutionary change had been succinctly and concretely recorded.

Prior to Evolution by Gene Duplication, other studies had shown the phenotypic

responses to gene duplication. One of the earliest observations came from studies of

the Bar gene mutations in the fruit fly, Drosophila melanogaster [2]. Bridges reported

that chromosomal band doubling and tripling in a Bar mutant fly was linked to a

notable reduction in eye size [2]. With this finding, others began to speculate on
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the possible role of gene duplication in evolution [3, 4, 5, 6, 7]. Their studies sug-

gested that gene duplication could drive evolutionary change through a combination

of genetic redundancy, relaxed purifying selection and mutation accumulation.

It was during this time that the mechanisms through which duplicate genes arise

were described, for example through unequal crossing over or chromosomal duplica-

tion. However, it was not until the late 1990s that a strong interest in gene duplication

came to the forefront of genetics, a shift that was accompanied by an increasing avail-

ability of genomic information and methods. Here, Ohno’s suspicion was confirmed:

while the null expectation for duplicate-gene fate was often pseudogenization through

the acquisition of silencing mutations in gene coding or regulatory regions [8, 9, 10, 11],

a surprising number of duplicate-genes persist over time [12, 13]. We would not expect

this to be the case, unless selection favors retention of both duplicate-gene copies. As

Ohno suggested, this indicates that gene duplication is an important driver of genome

evolution and evolution of novel functions [1, 14].

As mentioned above, duplicate-genes are generated by multiple mechanisms. How-

ever, a distinction should be made between small-scale gene duplication and large-

scale chromosome or whole-genome duplication (WGD). Chromosomal duplication

occurs, for instance, through meiotic non-disjunction, generates aneuploid individu-

als, and is associated with many human genetic disorders (See Section 1.4). WGD is

accompanied by an increase in ploidy level, such as from diploid (2n) to tetraploid

(4n), and individuals can be allopolyploid or autopolyploid. Allopolyploidy refers to

polyploids generated by the hybridization of two species, while autopolyploidy refers

to spontaneous within-genome doubling; in either case, the mechanisms responsible

for increased ploidy level, such as polyspermy or gametic nonreduction, are similar

2
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[15, 16]. This is an important distinction, as the probability of duplicate-gene reten-

tion for paralogous genes generated by large-scale duplication events is higher than

individual gene duplications [13, 17, 18, 19].

The evolution of novel function following gene duplication (termed neofunction-

alization) is well-documented and understood, and the model for this was originally

proposed by Ohno [1, 6]. Following duplication one paralog neutrally accumulates

mutations due to relaxed purifying selection from redundancy, while the other paralog

is preserved with the ancestral function. However, gene silencing never occurs; in-

stead, beneficial mutations arise and become fixed, allowing for functional divergence

and paralog retention. Often, the ‘novel function’ is not truly novel but rather a vari-

ation of the ancestral function, perhaps better suited for a particular environment.

For example, Zhang et al identified a case of neofunctionalization in a pancreatic

RNase gene in the douc langur (Pygathrix nemaeus). They determined that colobine

primates possessed a unique duplication of the RNase1 gene, and that one para-

log (RNase1B) underwent nucleotide substitution and positive selection, resulting in

functional divergence allowing for RNase1B catalytic activity at low pH (a property

of the douc digestive system) [20].

Other models exist for the preservation of duplicate-genes following WGD. Si-

multaneous genetic modification of both copies of a pleiotropic gene can partition

ancestral functions across both paralogs, such that both are maintained by selec-

tion, [9, 17, 21, 22] a process called subfunctionalization. Force and Lynch de-

scribed a model in which this occurs by complementary degradation of each par-

alog — the duplication-degeneration-complementation (DDC) model of subfunction-

alization [9, 13]. The DDC model proposes that neutral mutations due to relaxed
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purifying selection in both paralogs necessitates the retention of both duplicate-genes

to perform all ancestral activities [9, 13]. Additionally, subfunctionalization is not

specific to sequence-level genetic modifications, and can occur or be accompanied by

protein- and expression-level divergence between paralogous genes [9, 13, 17]. In fact,

gene expression variation between paralogous genes appears to occur quickly and fre-

quently [17, 23, 24, 25, 26]. It is also crucial to note that these mechanisms are not

independent, and multiple mechanisms contribute, either tandemly or successively,

to the stabilization of paralogous genes. Therefore, it is important to consider the

breadth of processes that affect paralogous genes following duplication to determine

the probability of duplicate-gene retention and the evolution of functional divergence

between paralogs.

Furthermore, it is now widely believed that gene duplication occurs across all do-

mains of life; this has been shown in such model species as the fruit fly D. melanogaster

[27], the common yeast Saccharomyces cerevisiae [27, 28, 29], the mustard plant Ara-

bidopsis thaliana [24, 30], African clawed frogs in the genera Xenopus and Silurana

[11], and of course Homo sapiens [31]. Thus, investigating post-duplication evolution

and mechanisms of duplicate-gene retention is of high importance to understanding

how functional divergence and speciation has occurred across all domains of life.

1.2 The Vertebrate Two-Rounds Hypothesis

Ohno famously proposed that two rounds of whole-genome duplication occurred im-

mediately prior to the origin of vertebrates [1, 6]. For many years though, this

hypothesis has been thoroughly debated [32, 33, 34, 35, 36, 37, 38, 39]. However,

evidence for ancient WGD in the evolutionary history of many lineages has emerged
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as well, and is generally supported [11, 27, 28, 30], including a potential third round

of WGD in teleosts [40]. Such species are termed paleopolyploid; that is, they under-

went an ancestral WGD in their lineage, but have since been functionally diploidized

[37].

Current research supports one WGD event following the divergence of urochor-

dates but before the divergence of jawless vertebrates, and a second WGD event

following the divergence of jawless vertebrates but before the divergence of jawed ver-

tebrates, although this is still debated [41, 42]. Evidence from the sea lamprey genome

project suggests one or two rounds of WGD prior to the divergence of lampreys and

gnathostomes [43]. This observation is termed the Two-Rounds (2R) Hypothesis, and

is believed to have contributed strongly to the adaptive radiation of vertebrates.

Evidence for the 2R hypothesis comes from multiple sources. For example, strong

support comes from HOX gene clusters in mammals and the cephalochordate am-

phioxus, where it is found that HOX gene clusters are in a 4 : 1 ratio [44, 45]. Further

evidence has emerged from other gene families, specifically globin genes where the

same 4 : 1 ratio has been described between humans and Amphioxus [41, 46, 47].

Despite criticism of the 4 : 1 rule, originating from unexpected tree topologies of

duplicate genes [33], these relationships are often explained by divergent evolutionary

rates of paralogous sequences [48]. Finally, a study by Dehal and Boore [36] found

that the distribution of homeologs (paralogous sequences generated by WGD) in the

human genome strongly supports the 4 : 1 ratio hypothesis and the 2R hypothesis in

vertebrates.
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1.3 Whole-Genome Duplication in Plants and An-

imals

The prevalence of WGD is much higher in plant lineages than in animal lineages

[15, 49, 50, 51]. Muller [49] was one of the first to suggest that the disparity of in-

cidence of polyploidy between plants and animals was based in the sex-determining

mechanism. However, the lack of polyploidy in dioecious mammals cannot be ex-

plained by disruption of sex-determination alone, as many dioecious plant genera

contain polyploid species [52]. Subsequently, Orr [50] modified Muller’s hypothesis,

demonstrating that heteromorphy of mammalian sex chromosomes likely results in

lethal genotypes (for example, through unbalanced gene dosage).

That is not to say that polyploid incidence is unheard of in animals. Among

parthenogenic animals and animals with homomorphic sex chromsomes, polyploidy is

disproportionately represented [53]. Interestingly, African clawed frogs in the genera

Xenopus and Silurana, a focus of this thesis that are noted for a high degree of

polyploidy, are known to possess homomorphic sex chromosomes [54]. That is to say,

while polyploidy is indeed exceptionally rare in birds and mammals, among animals

with other sex-determining systems, polyploidy may be surprisingly well tolerated.

Similar to the vertebrate 2R hypothesis, it has been proposed that two rounds of

WGD occurred ancestrally in plants, once before the diversification of seed plants and

once before the divergence of angiosperms, implying that 100% of flowering plants

are paeleopolyploid [55, 56]. It has been estimated that subsequent polyploidization

has occurred in up to 70% of angiosperms [57]. Comparatively, polyploidy in animals

is mostly limited to amphibians, including frogs and salamanders [15, 58, 59].
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Given the abundance of polyploid plants, it is unsurprising that many every-

day plants are polyploid, such as wheat (Triticum aestivum), coffee beans (Coffea

arabica), cotton (Gossypium hirsutum), maize (Zea mays) and the scientific model

species, Arabidopsis thaliana. Coupled with the overall high incidence of polyploidy

in plants [15], the success of these species as agricultural products is thought to be

related to the genomic plasticity offered by polyploidization, and contributed to their

domestication by allowing for rapid evolutionary changes following genome duplica-

tion [60, 61, 62, 63, 64].

1.4 Gene Duplication in Human Disease

As described above, signals of gene and genome duplication exists in modern humans

and provide evidence for the 2R Hypothesis [31, 32, 36, 38, 65]. However, examining

gene duplication through the lens of evolutionary catalysis and functional divergence

fails to convey the unfortunate detrimental role duplication has in human disease and

development.

Well-known instances of gene duplication in humans are trisomic chromosomal

duplications resulting in aneuploidy. Non-disjunction of a homologous chromosome

pair during meiosis characterizes and often causes defects in normal development. In

many cases, autosomal chromosome trisomies exhibit embryonic lethality, although

often there is a low but non-zero chance of survivorship through birth. Most notably,

Trisomy 21 (Down Syndrome) patients often have a life expectancy of > 50 years in

more economically developed countries where access to medical care is available and

constant. For most other chromosomal trisomies, survivorship through birth and past

infancy are extremely low, including Trisomy 8, Trisomy 13 (Patau Syndrome) and
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Trisomy 18 (Edwards Syndrome) [66]. Interestingly, compared to autosomal trisomy

disorders, aneuploid sex-chromosome syndromes – such as tetrasomic X, triple X syn-

drome, Klinefelter syndrome (XXY) and trisomy XYY syndrome – have a much higher

individual survivorship and life expectancy. Often, individuals with sex-chromosome

aneuploidy develop normally and are otherwise healthy [67].

The neurodegenerative disorders Parkinson’s disease and Alzheimer disease also

have phenotypic forms associated with gene duplication. Parkinson’s disease is char-

acterized by Lewy bodies, aggregates of protein that develop inside nerve cells, a

primary component of which is α-synuclein. In some cases of Parkinson’s disease,

it has been found that duplication or even triplication and quadruplication of the

α-synuclein gene (SNCA) results in overexpression, and the degree of overexpression

is correlated with the intensity of Lewy bodies [68, 69]. In Alzheimer disease, amyloid

plaque accumulation is a major factor in pathogenesis and progression. Similar to

α-synuclein in Parkinson’s disease, duplication of the amyloid β precursor protein

(APP) is associated with increased severity of amyloid plaque formation [70].

Another example of gene duplication in human disease comes from Charcot-Marie-

Tooth (CMT) disease, a high-incidence neuropathy of the peripheral nervous system

[71, 72, 73]. In CMT disease, it has been found that a ≈ 1.4-MB gene duplication

on the small arm of chromosome 17 is present in over 60% of clinical patients [71,

72, 74]. Specifically, gene dosage disruption of the peripheral myelin protein PMP-

22 contained within the region of gene duplication is characteristic of the disease

phenotype [75, 76]. Trisomy of the PMP-22 gene results in demyelinization and

nerve conduction deficiency.

Despite the evolutionary role of gene duplication discussed in previous sections,
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individual gene duplication events are often not well-tolerated, resulting in embryonic

lethality, premature death or diminished quality of life. The study of gene duplication,

then, encompasses the role of evolutionary mechanisms of innovation and speciation,

as well as the role of gene duplication in human health and disease.

1.5 The Scope of This Thesis

In this thesis, I investigate functional divergence following WGD in a currently un-

named tetraploid African clawed frog, Silurana new tetraploid. I borrow this name

from Evans et al., who referred to it as S. new tetraploid 1 [77]. Using a robust tran-

scriptome assembly generated from RNA-sequencing, I identified paralogous gene

pairs in over six-thousand S. new tetraploid genes. By comparing S. new tetraploid

paralogs with orthologous sequences in the closely-related diploid species, S. tropicalis,

I examine the evolutionary relationship between these two species as well as the par-

alogs within S. new tetraploid.

Through this method, the study investigates the mechanism of WGD in S. new

tetraploid and the genetic divergence attributable to WGD. It is a comprehensive

study which examines both molecular evolution of singleton and duplicate genes,

and divergent expression of homeologous transcripts following WGD. It validates the

hypothesis of an allopolyploid mechanism of speciation in S. new tetraploid, indicative

of hybridization between diploid ancestors, including the ancestor of the only extant

diploid Xenopus or Silurana lineage. Branch models of molecular evolution reveal

differential selective pressures among homeologs and singletons after gene duplication,

and we test hypotheses for relaxed purifying selection in S. new tetraploid predicted

by WGD. Additionally, the study provides evidence for expression-level divergence
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attributable to gene duplication between each sex and across multiple tissue types.

I then compare this finding to similar studies with post-duplication models of sex-

biased expression evolution that show how gene duplication may resolve sexually

antagonistic selection.

This study is one of the few to examine gene and expression divergence and evo-

lution following WGD in a tetrapod species, with direct comparison to an extant

diploid sister taxa. The use of RNAseq and a transcriptome-based design is a con-

temporary method through which to study both sequence and expression evolution.

Additionally, the study provides a framework for future research on the topic of sex-

ually dimorphic expression evolution following WGD in amphibious tetrapods.

10



Chapter 2

Sex-specific Transcriptome

Evolution in an Allotetraploid

African Clawed Frog

2.1 Introduction

2.1.1 Gene duplication and sexual antagonism

Genetic recombination associated with sexual reproduction offers several advantages

over asexuality [78] yet creates a genomic arena for sexual antagonism, wherein alle-

les advantageous for one sex are deleterious for another [79, 80]. Sexual antagonism

can be mitigated if alleles acquire sex-biased inheritance due to linkage to sex chro-

mosomes [81, 82], if they acquire a sex-specific splicing mechanism [83], and/or if

they acquire a sex-biased pattern of expression, such as being controlled by sex hor-

mones (reviewed in [84]). Gene duplication could also resolve sexual antagonism
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by allowing polymorphic ancestral alleles with differing sex-specific fitness effects to

independently fix in different paralogs, which can then diverge in expression in a

sex-biased fashion. Similarly, sex-biased divergence of paralogous expression could

present opportunities for alleles with sexually antagonistic function to evolve after

duplication. Gene duplication can also catalyze the movement of genes whose alleles

have sexually antagonistic function [81] to or from sex chromosomes [85].

Several factors apart from the resolution of sexual antagonism could promote the

functional persistence of duplicated genes. Novel function, or neofunctionalization,

could arise by chance in one paralog while the other retains the ancestral function

[1, 86]. Examples of neofunctionalization after gene duplication include a segmental

duplicate of the DMRT1 locus, which became a novel female-specific sex determining

gene [87, 88]. Alternatively or in addition, both duplicated paralogs could accumulate

complementary deleterious mutations that knock out complementary subfunctions in

each paralog (subfunctionalization) making both paralogs necessary to perform the

entirety of the ancestral functions [9, 13]. Similarly, activity compromising substitu-

tions could also promote the persistence of both paralogs without necessitating that

the ancestral gene have multiple functional domains [89]. Paralogs of the engrailed

gene, for example, show complementary patterns of expression in zebrafish that to-

gether resemble the expression pattern of a singleton gene in an outgroup species

[9]. Novel function could also evolve before gene duplication and then act to pro-

mote duplicate genes; this happened multiple times in the opsin gene of primates

[90, 91]. Following large scale gene duplication by polyploidization, the retention of

both duplicate gene copies could be favored by natural selection in order to balance

the dosage of suites of duplicated interacting proteins [9, 13, 92]. This mechanism for

12
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duplicate gene persistence need not involve functional change.

Consistent with this mechanism is the observation that duplicate genes generated

from WGD tend to persist longer than duplicates generated by segmental duplication

[12, 38, 93]. Duplicated genes with pleiotropic function, multi-domain proteins, high

expression levels, or a low rate of evolution also tend to persist longer than those that

lack these characteristics [94, 95, 96, 97].

2.1.2 Polyploid African clawed frogs

Our goal is to better understand how transcriptomes evolve after whole genome du-

plication, including divergence between the sexes and across tissue types. We use

as a model an unnamed tetraploid species of African clawed frog (Anura, Pipidae,

Xenopus). We refer to this species as Silurana new tetraploid, following Evans, 2004

[77]. This species is interesting in several respects. First, EST databases are available

from a closely related diploid species (S. tropicalis) and a tetraploid species (X. laevis ;

[98, 99]). Second, tetraploidization occurred independently in S. new tetraploid and

X. laevis [100], making X. laevis both a useful outgroup and an interesting genome for

comparison to S. new tetraploid (see Figure 2.1). And third, based on phylogenetic

analysis of cloned paralogs, the mechanism of tetraploidization of S. new tetraploid is

hypothesized to be allopolyploidization [100, 101, 102]. Because allopolyploidization

of the S. new tetraploid ancestor is hypothesized to have involved a recent diploid

ancestor of S. tropicalis, phylogenetic analyses have the potential to distinguish which

paralog within each pair of duplicated genes was inherited from each diploid ancestor,

thereby making possible tests related to subgenome biases in expression divergence.

Molecular studies indicate that S. tropicalis lacks a large sex-specific region on the
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sex chromosomes [103], and cytogenetic studies suggest that the sex chromosomes

of S. new tetraploid are also homomorphic [54]. This makes this species a useful

subject with which to evaluate expression divergence between males and females

whose genomes harbor only a very small genomic region with sex-specific inheritance.

Because sex-specific divergence in expression should be a key mechanism with which

to resolve sexual antagonism, we expected to recover evidence of pervasive sex-biased

expression patterns and also to find that sex-biased expression would be higher in

duplicate genes than in singleton genes.

In this study, we first use a large RNA-sequencing (RNAseq) dataset and or-

thologous sequences from S. tropicalis and X. laevis to identify functional paralogous

pairs and putative singletons (i.e. the surviving paralog of a WGD pair where one

was pseudogenized) in this species. We use these data to test the hypothesis that

the ancestor of S. new tetraploid formed by allopolyploidization between the ancestor

of S. tropicalis and another putatively extinct diploid ancestor. We then use these

same data to explore sequence-level and expression-level divergence between S. new

tetraploid paralogs, and between S. new tetraploid paralogs and S. new tetraploid sin-

gletons, including comparisons of expression differences in males and females. Our

results support an allopolyploid origin of S. new tetraploid, identify a strong signature

of sexually dimorphic expression across tissue types, and characterize fundamental

differences in expression and molecular evolution of duplicate and singleton genes in

this frog.

14
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2.2 Methods

2.2.1 Experimental design and RNA-sequencing

Three female and three male adult S. new tetraploid individuals were euthanized by

transdermal exposure to a saturated solution of tricaine mesylate (tricaine methanosul-

fonate; MS-222, Sigma). From each carcass we immediately harvested brain, heart

and liver tissue, and extracted total RNA from each tissue type using an RNeasy Mini

Kit (Qiagen) following the manufacturer’s protocol. Complete transcriptomes from

each tissue sample were sequenced using Illumina TruSeq v2 for paired-end RNA-seq

with the 18 transcriptomes (one for each of the three tissue types from each of the

six individuals) multiplexed over three Illumina lanes.

Adapter sequences and poor-quality read fragments were removed using Trimmo-

matic (v0.33; [104]). Transcriptome assembly was performed using a de novo ap-

proach with Velvet-Oases (v0.2.08; [105, 106]). For each cDNA transcript library, we

annotated start and stop codons based on homology with other transcriptomes with

high confidence annotations from four species including humans, zebrafish (Danio

rerio), chicken (Gallus gallus), and mouse (Mus musculus) [107]. As detailed below,

we then analyzed the transcript libraries from each tissue type from each individual.

2.2.2 Identification of paralogous and orthologous sequences

Here, we use the term homeolog to describe paralogous genes formed from a WGD

event, and the term segmental duplications to refer to within-genome duplication of

individual genes. Because S. new tetraploid is a tetraploid, we expect each ortholog in

S. tropicalis should have two homeologous genes in S. new tetraploid, except for S. new
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tetraploid homeologs in which one became a pseudogene, one or both homeologs were

not expressed in the transcriptomes we sequenced, or one or both homeologs were not

sequenced due to missing data. If S. new tetraploid underwent whole-genome dupli-

cation (WGD) via allopolyploidization between a diploid ancestor of S. tropicalis and

another (unidentified) diploid species, we expect that pairs of S. new tetraploid home-

ologs should consist of one homeolog that is more closely related to the S. tropicalis

ortholog (hereafter α homeologs) than to the other S. new tetraploid homeolog (here-

after β homeologs; Figure 2.2). If S. new tetraploid underwent WGD via autopoly-

ploidization, we expect S. new tetraploid paralogs to be monophyletic with respect to

an S. tropicalis ortholog. A summary of these expectations is provided in Figure 2.2.

We included as an outgroup ortholog(s) of X. laevis identified from an unpublished

cDNA database of unique sequences provided to us by the Xenopus Genome Project

Consortium, containing 35,543 genes. We included one or two X. laevis homeologs for

each gene analyzed depending on whether one or two were identified.

Our methods to identify S. new tetraploid homeologs were similar to those used

previously in other studies [22, 108]. We used an S. tropicalis cDNA database from

Ensembl (v7.2), which contained 19,921 genes, and the aforementioned unpublished

X. laevis cDNA database, which contained 35,543 genes, to identify homeologs and

orthologs. Alternatively spliced transcripts from each of these transcript databases

were filtered to include only one exemplar sequence from each gene. We used BLASTn

to attempt to match X. laevis homeologs with each S. tropicalis ortholog. We used

each X. laevis sequence as a query against the S. tropicalis database, and saved one

top hit to S. tropicalis if the expect score was < 1 × 10−10 and the length of the

match was > 100 bp. We then used each S. tropicalis sequence as a query against the
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X. laevis database, saving one or two top hits with the same criteria. We then used

a script written in Perl to match each S. tropicalis ortholog with one or two putative

X. laevis homeologs.

BLASTn was used to match S. tropicalis transcripts queries to S. new tetraploid

transcripts, saving all S. new tetraploid hits below an effect value of 1×10−10. This

identified a suite of S. new tetraploid sequences that were putative homeologs to many

of the S. tropicalis sequences (13,400 of 19,921 S. tropicalis sequences with one or two

X. laevis homeologs). If multiple S. new tetraploid transcripts aligned to the same

S. tropicalis sequence, we considered all of them to be putative paralogs. Silurana new

tetraploid genes for which at least one X. laevis and one S. new tetraploid orthologous

sequence could not be inferred were excluded from further analysis. The results

from BLASTn were parsed with a custom Python script including functions from

Biopython [109].

We used a phylogenetic approach to identify sets of α and β homeologs in S. new

tetraploid and to distinguish them from other S. new tetraploid sequences of unknown

origin or phylogenetic affinities. Gene sets consisting of one S. tropicalis ortholog, one

or two X. laevis homeolog(s), and at least one S. new tetraploid ortholog were aligned

with MAFFT (v7; [110]), allowing the program to automatically select an optimized

alignment algorithm, and allowing for sequence reverse-complementation. Identical

S. new tetraploid sequences from each gene set were clustered with CD-HIT (v4.6;

[111, 112]). Using aligned gene sets, we then constructed a maximum-likelihood (ML)

tree with RAxML (v8.00; [113]). For each gene, a ML phylogeny was constructed with

the default rapid hill-climbing algorithm with a general time reversible (GTR) model,

and a gamma distribution of rate heterogeneity (GTR-GAMMA model in RAxML).
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Using scripts written in Perl, we then generated a series of backbone constraint trees

(BCTs) for each gene set that were designed to evaluate the phylogenetic affinities of

the suite of putative S. new tetraploid homeologs with respect to the S. tropicalis and

X. laevis sequences. First, we checked for monophyly of S. new tetraploid transcripts.

Under the hypothesis of allopolyploidy, monophyly of the S. new tetraploid sequences

suggests that only one S. new tetraploid homeolog was present in the S. new tetraploid

data. Under the hypothesis of autopolyploidy, monophyly of the S. new tetraploid

sequences suggests that either one or two S. new tetraploid homeologs are present. Un-

der the hypothesis of allopolyploidy involving a recent ancestor of S. tropicalis, an ob-

servation of paraphyly of S. new tetraploid transcripts with respect to an S. tropicalis

ortholog is consistent with the possibility that both S. new tetraploid homeologs were

present in the S. new tetraploid data (i.e., an α and a β homeolog).

Silurana new tetraploid sequences frequently clustered into only one or two lin-

eages, and we inferred transcript homeology from filtering with BCTs consistent with

allopolyploidy. However, in some genes we identified transcripts with additional lin-

eages that did not fit our expectations for either autopolyploidy or allopolyploidy.

because the S. new tetraploid sequences clustered into more than two lineages. These

supernumerary lineages could be due to segmental duplications within gene families,

chimerical sequences (i.e., errors) from transcriptome assembly, errors in phylogenetic

inference, or other unknown causes. For these genes, we selected the two lineages most

closely related to S. tropicalis ortholog, using a script written in Perl, and assumed

that these represented the two S. new tetraploid homeologs. The S. new tetraploid se-

quences from the other lineages (which branch closer to X. laevis than to S. tropicalis

in an unrooted phylogeny) were discarded from all further analyses. As detailed
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above, when two S. new tetraploid homeologs were recovered, we designated the one

that was most closely related to S. tropicalis as the α homeolog and the other the

β homeolog. This exercise identified one or two S. new tetraploid homeologs with

homeolog relatedness and identity for each of 6,516 gene sets, each of which included

one S. tropicalis ortholog, and one or two X. laevis homeologs.

2.2.3 Molecular evolution of expressed duplicates and single-

tons

We used branch models [114] implemented by Codeml (v4.7), a program within PAML

[115], to test for differences in the rate-ratio of non-synonymous to synonymous sub-

stitutions per site (hereafter referred to as the dN/dS ratio) within genes for which

we identified only one S. new tetraploid homeolog (a singleton) and genes for which

we identified two S. new tetraploid homeologs. To perform analyses, we first selected

the longest transcript sequence from one or both S. new tetraploid homeologs (de-

pending on whether we identified one or two S. new tetraploid homeologs) from each

gene set. Gene alignments of these S. new tetraploid sequences, the corresponding

S. tropicalis ortholog, and one or two X. laevis orthologs were then realigned using the

codon-aware algorithm implemented by the program MACSE (v0.8; [116]). Following

this, the stop codon was removed from each sequence, as required by Codeml.

As discussed below, our phylogenetic analyses support the hypothesis of an al-

lopolyploid origin of S. new tetraploid because many genes had both an α and a β

S. new tetraploid homeolog. For these genes, we evaluated the hypothesis that WGD

is associated with a relaxation of purifying selection, and therefore a higher dN/dS

in the S. new tetraploid α homeolog than the S. tropicalis ortholog. More specifically,
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we tested whether dN/dS differed between the S. tropicalis ortholog and its S. new

tetraploid α-homeolog. The null model has no difference in the dN/dS of these lin-

eages and the alternative allows this parameter to vary among lineages (Figure 2.3a).

The significance of the difference between these models was evaluated with a likelihood

ratio test for each gene (with the χ2 statistic obtained from two times the difference in

the log-likelihood of each model). A combined probability test was performed across

all genes using Fisher’s method:

χ2
2k ∼ −2

k∑
i=1

ln (pi)

For genes with two S. new tetraploid homeologs, we also evaluated the hypothesis

that each S. new tetraploid homeolog evolves under a unique level of purifying selec-

tion. This was accomplished by evaluating a null model in which the dN/dS ratio

between homeologs was fixed, and comparing it to an alternative model in which the

ratio was estimated separately for each homeolog (Figure 2.3b). As above, we evalu-

ated significance of the alternative model over the null model with Fishers method.

Finally, we used dN/dS values to evaluate the hypothesis that S. new tetraploid

singleton genes are under a different level of purifying selection from their S. tropicalis

ortholog. As above, the null model had no difference in the dN/dS of the S. tropicalis

and S. new tetraploid lineages, while the alternative model allowed this parameter to

vary among these two lineages (Figure 2.3c). We again evaluated the significance of

the alternative model over the null model with Fisher’s method.
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2.2.4 Quantification of transcript abundance for expression

studies

We used eXpress (v1.5.1; [117]) to quantify transcript abundance based on the RNAseq

data. We estimated abundance separately for each of the eighteen transcript libraries

(each of three tissue types from each of six individuals).

Bowtie2 (v2.2.2; [118]) was used to index transcript sequences and perform read-

mapping. Each library was indexed separately with an offrate of 1. Here, the offrate

specifies how many Burrows-Wheeler rows are annotated with their genomic location;

an offrate of 1 specifies that every second row is annotated, which maximizes efficiency

[119]. Transcript libraries were indexed to facilitate and expedite read mapping. Fol-

lowing this, Bowtie2 was used to align processed RNA-seq reads from each tissue type

of each individual to their respective transcriptome library, using a read and reference

gap open penalty of 6 and an extend penalty of 5. The minimum alignment score

function was set to f (x) = −0.6− 0.4x where x is the read length. Bowtie2 produces

a SAM-formatted table which was piped to eXpress for quantification of transcript

abundance. This provided an estimated count value of transcript abundance for each

of the ≈4.2-million transcripts across all libraries.

We minimized the count set to include only S. new tetraploid transcripts in each

of the 6,516 high-confidence gene sets previously identified by BLASTn. With custom

Python scripts, we identified for each S. new tetraploid transcript the S. tropicalis or-

thologue based on previous steps (See Section 2.2.2) and only included those genes

for which homologous sequences had been previously determined. These were genes

for which we could identify an orthologous S. tropicalis sequence and a homologous
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X. laevis sequence, and for which we have estimated non-synonymous and synony-

mous rates of substitution. We then extracted the total count estimate for each of

these transcripts as provided by eXpress, and retrieved the relevant dN and dS val-

ues estimated previously by Codeml using the longest transcript for each homeolog.

Transcript sequences for which dN and dS values were absent, because no S. tropicalis

or X. laevis homeolog was identified, were not included in expression analyses.

2.2.5 Models for differential homeolog expression

We performed two separate analyses to test for expression-level divergence in S. new

tetraploid. The first analysis evaluated expression-level divergence between homeologs

among retained duplicate genes in S. new tetraploid. S. new tetraploid singletons

were not included in this analysis. For this, we obtained a count value for each

combination of sex, tissue and homeolog type for each gene by summing homologous

transcripts from the same library. Libraries from which no transcript count estimate

was determined were assumed to have a count of zero. Since a given gene could have

many transcripts, either from multiple libraries or within a library, in total the data

set contained 38,326 non-zero count estimates for 4,494 unique gene sets.

We then fit a generalized linear mixed-effects model (GLMM) to the count data

with a negative binomial conditional distribution, of the form:

Yi ∼ NegBinom(µi, θ)

µ = exp(Xβ + Zb)

b ∼ MVN(0,Σ)
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Hence, the model has two parameters: the mean, µi and the dispersion, θ. The

model contains a three-way interaction term between sex, tissue type and homeolog

type modeled as fixed effects, with genes modeled as a random effect. Because sam-

pling intensity may differ between transcript libraries, we added a small value (an

offset) to the expression levels of each gene. For each library we calculated an offset

equal to the median of the ratio of the counts to the geometric mean of the counts,

as described by Anders and Huber, 2010. [120]:

ŝij = median
i

Kij

(
∏m

v=1Kij)
1/m

Here, Kij represents the positive non-integer estimated count value, and normal-

ization with this method was performed separately for singleton and duplicate genes.

This model was fit with glmer.nb from the lme4 package [121] in R (v3.2.0). We

compared the fit of the model with an AIC value and verified the normality of the

residuals with a Q-Q plot (Supplemental Table S3; Supplemental Figure S2).

A second analysis of S. new tetraploid gene expression evaluated patterns of ex-

pression between S. new tetraploid singleton and each duplicate gene homeolog. There-

fore, we updated our model categories to indicate gene status as either singleton, alpha

or beta. Offsets for each library were again calculated using the method from Anders,

2010 [120] (these offset values were different than the first analysis due to summation

of homeolog counts in duplicate genes). Then, we again fit a GLMM with a negative

binomial distribution, of the same form and with the same parameters, to the count

data using lme4. As above, this model contained a three-way interaction term for

tissue type, gene status (singleton, α or β) and sex modelled as fixed effects, with

genes modelled as a random effect.
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For each model we evaluated the fixed effects for the three-way interaction term

with multiple contrasts. Contrasts were designed to compare β-homeologs to α-

homeologs, singleton genes to duplicate genes, males to females, and tissue types

(brain, heart, and liver). As above, we evaluated the fit of the model with an AIC

value and verified the normality of the residuals with a Q-Q plot (Supplemental

Table S4; Supplemental Figure S3).

In addition to total expression (T ), we calculated two other non-independent

expression summary statistics: expression evenness (E) and expression intensity (I),

from Chain et al., 2011 [108]. Expression intensity describes the mean expression of

a gene across all tissues rather than by a tissue, and is given by I =
∑

(L2
i ) /

∑
Li;

therefore, a gene that is highly expressed in only a few tissues will have a high

expression intensity. Conversely, expression evenness describes how broadly a gene

is expressed, and is given by E = (
∑
Li)

2 /
∑

(L2
i ); therefore, a gene with relatively

even expression distribution across tissue types will have an elevated evenness score

[108].

2.3 Results

2.3.1 Transcriptome sequencing and assembly

Paired-end, multiplexed RNA Illumina TruSeq sequencing provided ‘raw’, unpro-

cessed 100 bp RNA reads for eighteen libraries. These reads were processed with

Trimmomatic, which removed adapter/barcode sequences that were inserted from

the TruSeq v2 protocol, and removed short, damaged or otherwise poor-quality reads.

After processing, the RNA read data set used for transcriptome assembly contained
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a total 414,865,589 reads, across the eighteen libraries (3 males, 3 females, and 3

tissues per individual). Transcriptome assembly was performed separately on each

library, and 4,258,556 complete transcript sequences were assembled in total across

all libraries. A by-library description of read counts and transcript sequences is pro-

vided in Supplementary Table S1. For processed read libraries, the average number

of reads per library was 23,048,088 reads. The mean number of transcript sequences

per library was 236,586 sequences. The distribution of assembled transcript sequence

lengths is summarized in Supplemental Figure S1. The range of the length of as-

sembled transcripts was 101 bp to 92,002 bp and the mean and median length was

2,537 bp and 2,153 bp, respectively.

2.3.2 An allopolyploid origin of S.new tetraploid

We identified 13,394 S. tropicalis genes for which at least one orthologous S. new

tetraploid transcript and at least one orthologous X. laevis sequence were identified.

Multiple S. new tetraploid transcripts that best aligned to a single S. tropicalis gene

were assumed to be genes that were expressed in more than one treatment/library,

splice variants, or segmental duplicates. Gene sets containing X. laevis, S. tropicalis

and S. new tetraploid sequences were aligned with MAFFT. We filtered these data by

requiring a minimum sequence length of 300 bp, allowing for a maximum alignment

gap of 40 bp, resulting in a reduced data set size of 6,516 high-quality alignments,

which formed the basis of our study.

With a custom phylogeny-based bioinformatics approach described in Section 2.2.2,
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we then determined which gene sets supported monophyly of S. new tetraploid tran-

script sequences with respect to S. tropicalis, and which supported paraphyly of tran-

script sequences with respect to S. tropicalis. Of the set of 6,516 genes, we found 4,494

genes from which the presence of at least two paraphyletic S. new tetraploid lineages

were inferred, and 2,022 genes for which S. new tetraploid transcript monophyly was

inferred. Of the 4,494 genes containing at least two S. new tetraploid homeologs,

3,986 contained exactly two S. new tetraploid lineages and 508 (11.3%) contained

more than two S. new tetraploid lineages; for these latter alignments, we pruned the

more diverged S. new tetraploid lineages as described above, leaving only the two that

were most closely related to the S. tropicalis ortholog. Of the 4,494 genes containing

at least two S. new tetraploid lineages, 2,701 also had two X. laevis homeologs; the

other 1,793 genes had only one X. laevis homeolog. Of the 2,022 genes with one S. new

tetraploid lineage, 1,200 had two X. laevis homeologs and 822 had one X. laevis home-

olog. As described above, S. new tetraploid and X. laevis are both tetraploid species

that originated by independent genome duplication events. In order to test for a cor-

relation between duplicate gene retention in X. laevis and S. new tetraploid we used

Fishers exact test. This test did not recover a significant association for interspecies

duplicate-gene retention (p > 0.5)

If S. new tetraploid originated by autopolyploidization, we expect a monophyletic

relationship of S. new tetraploid homeologs with respect to the orthologs of other

species such as S. tropicalis could also arise if S. new tetraploid originated via allopoly-

ploidization involving two diploid species that were more closely related to each other

than either is to S. tropicalis. However, in agreement with previous studies based on a

much smaller sample of genome region [17, 101, 102] a preponderance of genes with a
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paraphyletic relationship with respect to the S. tropicalis ortholog (4,494 out of 6,516;

69%) supports the hypothesis that S. new tetraploid originated by allopolyploidiza-

tion, and that this allopolyploidization involved a diploid ancestor of S. tropicalis and

another unidentified, and possibly extinct, diploid species.

2.3.3 Expression divergence in S.new tetraploid

RNAseq read-mapping performed with Bowtie2 had high efficiency; for each library,

we obtained a percent-alignment above 65% with a mean percent-alignment of 72.5%.

Total read count values were estimated with eXpress for the 4,258,556 transcripts

summed across libraries. Total count values for transcripts included in the 6,516-

gene data set were extracted, indexed by S. tropicalis Ensembl ID, and homologous

S. new tetraploid transcripts were grouped by sex, tissue type and homeolog. For

genes with multiple homologous transcripts from the same library with the same

orthologous gene, the count value was summed across all transcripts.

A boxplot with median expression levels is presented in Figure 2.4. We found that

median expressions of singleton genes was higher in each tissue (Brain, B; Heart, H;

Liver, L) than either duplicate gene homeolog, in both males (x̃B,M = 5350.0, x̃H,M =

1416.5, x̃L,M = 1221.0) and females (x̃B,F = 8359.5, x̃H,F = 1539.5, x̃L,F = 1181.5).

To test whether these qualitative differences were significant, we performed two

analyses of expression-level divergence in S. new tetraploid. First, we tested differen-

tial expression between homeologs was attributable to sex and/or tissue type. Second,

we tested whether patterns of expression across tissue types differed between duplicate

and singleton genes.

To investigate differential expression between S. new tetraploid homeologs, we fit
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a GLMM with a negative binomial conditional distribution (See Section 2.2.5). We

found significant main effects of the sex of the individual (χ2
1 = 880.1, p < 0.001), the

tissue type of the library (χ2
2 = 2442.2, p < 0.001), and the origin of the homeolog

(χ2
1 = 10.4, p = 1.28 × 10−3). Additionally, there were significant interaction effects

between the sex and the tissue type (χ2
2 = 983.6, p < 0.001), and the tissue type

and the homeolog origin (χ2
2 = 98.1, p < 0.001), but not between the sex and the

homeolog origin (χ2
1 = 2.6, p > 0.05). Importantly, we also found a significant three-

way interaction effect between sex, tissue type and homeolog origin (χ2
4 = 776.7, p <

0.0001), indicating that the tissue type and homeolog origin interaction was different

in males and females. This indicates that the extent of expression divergence between

S. new tetraploid homeologs is sexually dimorphic. These results are summarized in

Supplemental Table S3.

We used multiple contrasts to further interpret the significance of the three-way

interaction between sex, tissue type and homeolog origin. The first contrast evaluated

whether the significant interaction effect between tissue type and homeolog in heart,

compared to brain, was significantly different in males than in females. This contrast

was significant (b = 0.894, z = 14.15, p < 0.001), revealing that the variation among

α and β homeologs in heart tissue, as compared to brain tissue, is greater in males

than in females. The second contrast assessed whether the significant interaction

effect between tissue type and homeolog in liver, as compared to brain, was also

significantly different in males than in females. Again, this contrast was significant

(b = 0.246, z = 3.83, p < 0.001), indicating that expression-level variation among

homeologs in liver tissue is different in males and females when compared to brain

tissue. The third contrast between liver and heart also recovered a significant overall
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expression decrease that was sex- and homeolog-dependent (b = −0.649, z = −8.92,

p < 0.001). The results of these models are summarized in Figure 2.5. Overall, these

results illustrate that the extent of expression divergence between homeologs in each

tissue type is more modest in females than in males.

We then fit a second negative-binomial GLMM to investigate patterns of expres-

sion between S. new tetraploid singleton and duplicate genes. Here our analysis con-

tains both singleton and duplicate genes, with the duplicate genes classified into α

and β homeologs based on their evolutionary affinities to S. tropicalis as detailed

above. As discussed above, for singletons it was not possible to distinguish α from

β homeologs using our phylogenetic approach. We refer to this classification (α, β,

or singleton) as the gene status. We found significant main effects for the sex of

the individual (χ2
1 = 780.19, p < 0.001), the tissue type (χ2

2 = 2540.02, p < 0.001)

and the gene status (χ2
2 = 168.05, p < 0.001). Additionally, we found significant

interaction effects between sex and the tissue (χ2
2 = 1108.61, p < 0.001), sex and

gene status (χ2
2 = 159.16, p < 0.001) and tissue type and gene status (χ2

4 = 389.51,

p < 0.001). Finally, we found a significant three-way interaction between sex, tissue

type and gene status (χ2
4 = 270.03, p < 0.001). This indicates that the interaction

between gene status and tissue type was different in males and females. These results

are summarized in Supplemental Table S4.

We again used multiple contrasts to parse the three-way interaction between tis-

sue type, gene status, and sex. These contrasts compared male and female expression

for α and β homeologs to singleton genes across each tissue type. The first contrast

evaluated whether the non-significant difference between α-homeolog and singleton

gene expression in heart, compared to brain, was different in males and females. This
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contrast was significant (b = −0.158, z = −2.42, p < 0.001). The second contrast

evaluated whether the significant difference between α-homeolog and singleton gene

expression in liver, compared to brain, is different in males and females. This interac-

tion was significant (b = 0.389, z = 5.77, p < 0.001), indicating that variation between

α-homeologs and singleton gene expression in liver compared to brain differs between

the sexes. The third and fourth contrasts both evaluated the difference between β-

homeolog and singleton gene expression in males and females. The third contrast

evaluated whether the significant difference in β-homeolog expression compared to

singleton gene expression in heart compared to brain, was significantly different in

males and females, and it was (b = 0.736, z = 11.37, p < 0.001). The fourth contrast

tested whether the significant decrease in β-homeolog expression compared to single-

ton gene expression, in liver as compared to brain, was significantly different in males

and females, and it also was (b = 0.635, z = 9.53, p < 0.001). The results of these

models are presented in Figure 2.6. Overall, these results indicate that the variation

in gene expression is more substantial in females than in males in duplicate genes and

in singleton genes. In both duplicate gene homeologs, female brain expression was

much higher than expression in other tissues in either males or females.

An analysis of expression intensity and expression evenness (See Section 2.2.5)

revealed patterns of expression between singleton and duplicate genes. Here, an even-

ness score of 1 indicates observed expression in only one tissue type and an evenness

score of 3 indicates equal expression in all three tissues. Similarly, an intensity score

equal to the total expression indicates observed expression in only one tissue type, and

an intensity score equal to one-third the total expression indicates equal expression

in all tissues. We evaluated the significance of these results with Welch’s t-test. We
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found that singleton genes (µ = 1.76) were significantly more evenly expressed than

duplicate genes (µ = 1.63; p < 0.001), corresponding to increased intensity among

duplicate genes. When comparing females to males, we noted a non-significant differ-

ence in expression evenness in singleton genes (p > 0.05) but a significant difference

in duplicate genes (p < 0.001). Similarly, we found significantly increased intensity

in females compared to males in duplicate genes (µM = 7670.18, µF = 11, 052.89;

p < 0.001) but not in singleton genes (µM = 30, 440.30, µF = 29, 120.59; p = 0.606).

The observed increased intensity in females reflects the high expression divergence

observed from our models in brain relative to other tissue types.

2.3.4 Sex-biased expression and evolution

As discussed above, the GLMM fits support sex-biased gene expression in single-

ton and in duplicate genes. To explore this finding on an individual gene basis, we

evaluated gene expression divergence between males and females using Welch’s Two

Sample t-test. In singleton genes, 296 genes exhibit significantly sexually dimorphic

expression in at least one tissue type, including male-biased and female-biased expres-

sion. Of these, 226 genes (76.4%) appear female-biased in at least one tissue type,

and 70 genes (23.6%) appear male-biased in at least one tissue type. We found that

female-biased genes are over-represented in brain (163 genes, 72.1%) compared to

heart (40 genes, 17.7%) and liver (36 genes, 15.9%). Male-biased genes were similarly

more abundant in brain (41 genes, 57.7%) than heart (17 genes, 23.9%) and liver

(13 genes, 18.3%). It is apparent that some genes exhibit sex-biased expression in

multiple tissue types. Among female-biased genes, we identified 8 (3.6%) that were

biased in both brain and heart, 4 (1.8%) biased in both brain and liver, and 1 (0.4%)
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biased in both heart and liver; there were no female-biased genes present in all three

tissue types. Among male-biased genes, we did not identify any genes with biased

expression in both brain and liver or both heart and liver, and only 1 gene (1.4%)

biased in both brain and heart.

Among duplicate genes, sex-biased duplicate genes may be paired with another

sex-biased homeolog or an unbiased homeolog. Below we describe our findings from

each tissue type with respect to these scenarios.

In brain, we found evidence for sex-biased gene expression in 303 genes. Of these,

292 genes (96.4%) showed female-biased expression and only 23 genes (7.6%) showed

male-biased expression. In both cases, sex-biased genes were more often found paired

with an unbiased homeolog: 275 female-biased genes (94.2%) were paired with an

unbiased homeolog and only 11 genes (3.8%) were paired with another female-biased

gene; similarly, 16 male-biased genes (69.7%) were paired with an unbiased homeolog

and only 1 (4.3%) was paired with another male-biased homeolog. Expression of 6

genes (2.0%) was antagonistically sex-biased in each homeolog, meaning the sex bias

was in the opposite direction for each homeolog.

In heart, sex-biased gene expression was identified in 68 genes. Of these, 46 genes

(67.6%) showed female-biased expression and 27 genes (39.7%) showed male-biased

expression in at least one homeolog. Sex-biased genes were most often found paired

with an unbiased homeolog. In heart, we did not find any genes showing female-

biased or male-biased expression in both homeologs. Expression of 5 genes (7.3%)

was antagonistically sex-biased in each homeolog.

In liver, sex-biased gene expression was identified in 44 genes. Of these, 34 genes

(77.3%) showed female-biased expression and 13 genes (29.5%) showed male-biased
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expression in at least one homeolog. No genes with male-biased expression were

detected in both homeologs, and only 1 gene (2.9%) showed female-biased expression

in both homeologs. Expression of 3 genes (6.8%) was antagonistically sex-biased in

each homeolog.

We hypothesized that sex-biased gene expression would be accompanied by un-

derlying sequence changes, increasing the respective dN/dS ratio. However, using the

dN/dS ratios discussed in further detail below, we did not recover support for this

hypothesis. In singleton genes, neither female-biased nor male-biased genes had sig-

nificantly higher dN/dS values compared to unbiased genes (Mann-Whitney U test:

p > 0.05). Among duplicate genes, we did not detect higher dN/dS values in the

α or β-homeologs of either male-biased or female-biased genes (Mann-Whitney U

test: p > 0.05), except specifically in female-biased genes expressed in brain (Mann-

Whitney U test: p < 0.01).

We also observed variance of expression evenness and intensity among sex-biased

genes compared to unbiased genes. We found female-biased duplicate genes to be less

evenly expressed than unbiased duplicate genes (µF = 1.37, µU = 1.59; p < 0.001);

however, we did not find a significant difference in male-biased duplicate genes com-

pared to unbiased genes (µM = 1.64, µU = 1.59; p > 0.05). Comparably we found

significantly higher expression intensity in female-biased duplicate genes compared to

unbiased genes (µF = 11, 609.56, µU = 8, 729.14; p < 0.001) but not in male-biased

genes (p > 0.05). Among sex-biased singleton genes, female-biased genes were less

broadly expressed than unbiased singletons (µF = 1.52, µU = 1.74; p < 0.001) but

we did not detect a significant difference in male-biased genes (µM = 1.80; p > 0.05).

33



M.Sc. Thesis - Brian Alcock McMaster - Biology

Importantly, we observed a significant difference in expression evenness between du-

plicate and singleton genes for both male-biased and female-biased genes. That is,

both female-biased and male-biased genes are less broadly expressed in duplicate

genes than in singleton genes (p < 0.001).

2.3.5 Molecular evolution of duplicate genes

Using Codeml, we tested for differences in the dN/dS rate-ratio in the tetraploid S. new

tetraploid lineage relative to the diploid S. tropicalis lineage that were attributable

to and indicative of increased tolerance for genetic modification after WGD. We per-

formed separate analyses for singleton genes, suggesting prior pseudogenization of one

paralog, and retained duplicate genes in S. new tetraploid.

For 2,022 genes we identified only one S. new tetraploid paralog was identified;

these genes probably include a combination of S. new tetraploid singletons in which

either the α or β homeolog was pseudogenized, or retained S. new tetraploid genes for

which the other homeolog was not sequenced or not identified by our bioinformatic

pipeline. For this set of genes, we tested two models with Codeml: a null model

in which the branch-specific rate parameters were constant for S. new tetraploid and

S. tropicalis, and an alternative model in which the branch-specific rate parameters

differed between the two species (Figure 2.3). Using a likelihood-ratio test and as-

suming a χ2 distribution with one degree of freedom (df), we calculated a p-value

for each of the 2,022 genes comparing the alternative model to the null hypothesis.

Across all singleton genes, we calculated that χ2 = 6247.9 with 4,044 df such that

p = 4.3×10−99 (Fishers method). We found the median dN/dS ratio among singleton

S. new tetraploid genes to be 0.153 under this model; the median dN/dS ratio among
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S. tropicalis genes under this model was very similar at 0.155.

As detailed above, we performed two analyses using the aforementioned set of

4,494 duplicate genes. With an assumption of an allotetraploid mechanism of WGD

in S. new tetraploid, we inferred that duplicate genes originating from different sources

could exhibit variant substitution and selective pressues. Assuming allotetraploidy, we

performed two separate tests: one, for substitution rate variation between S. tropicalis

and the S. new tetraploid α-homeolog; and two, for substitution rate variation between

the S. new tetraploid α- and β-homeologs (Figure 2.3). As with the singleton gene

tests described above, we calculated a p-value for each duplicate gene by assuming

the likelihood ratio was χ2 distributed with 1 df, and then combining probabilities

with Fisher’s method. We found that our alternative, more parameterized model

allowing for rate variation between S. tropicalis and the S. new tetraploid α-homeolog

was better supported than the null hypothesis with χ2 = 11, 743.5, p = 2.0×10−78 and

8988 df. Additionally, an alternate model with extra rate parameterization between

the S. new tetraploid α- and β-homeologs was also better supported than a null model

with equal rates, with χ2 = 9660.8, p = 4.7 × 10−7 and 8988 df. In the alternative

model, we found the median dN/dS ratio of S. new tetraploid α and β homeologs to

be 0.128 and 0.152, respectively. The median dN/dS ratio for S. tropicalis sequences

in this model was 0.139.

2.4 Discussion

Whole-genome duplication is a disruptive evolutionary event that can catalyze biolog-

ical innovation. Here we investigated transcriptome evolution following WGD in an

unnamed African clawed frog, S. new tetraploid, focusing in particular on sex-biased
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expression, expression divergence between homeologs, and expression differences be-

tween homeologs and singletons. We recovered strong support for a previously hy-

pothesized allopolyploid mechanism of WGD in S. new tetraploid [101, 102]. In con-

trast to several studies in Drosophila and birds which found that gene duplication is

associated with evolution of male-biased expression patterns [122, 123, 124] (reviewed

in [125]), we recovered evidence for the evolution of female-biased expression following

WGD, particularly in brain. This result is similar to findings of female-biased expres-

sion in the brain of the chicken (Gallus gallus) [126]. Our comparisons of homeologs

found more substantial expression divergence between homeologs in brain than in

liver or heart, and a prominent influence of sex on homeolog expression divergence

with expression divergence between homeologs being most pronounced in female brain

(Figure 2.4; Figure 2.5). These contrasts are consistent with the notion that expres-

sion subfunctionalization or neofunctionalization are a cause or consequence (or both)

of retained expression of homeologs. Our analyses of molecular evolution of S. new

tetraploid transcripts was consistent with observations in many other taxa [13, 127]

that duplicates evolve faster than singletons and that they evolve differently from one

another.

2.4.1 An allopolyploid mechanism of WGD in S. new tetraploid

Whole genome duplication (WGD) can occur spontaneously within a species (au-

topolyploidization) or in association with hybridization between species (allopoly-

ploidization). Analysis of a small number of autosomal genes previously suggested

that for most polyploid Xenopus species allopolyploidy is the probable mechanism of

WGD [17] (reviewed in [100]). It has been proposed that S. new tetraploid speciated
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from its sister species S. epitropicalis following an allotetraploid hybridization event

between two species, and that one of the diploid ancestors of this pair of tetraploid

sister species was also a recent ancestor of S. tropicalis [101, 102].

If tetraploidization of S. new tetraploid occurred by autopolyploidy, we expected

a monophyletic relationship between S. new tetraploid homeologs when analyzed

with orthologs of other species such as the diploid S. tropicalis. Conversely, follow-

ing allopolyploidization involving a recent diploid ancestor of S. tropicalis, we ex-

pected S. new tetraploid paralogs to be paraphyletic with respect to an ortholog

from S. tropicalis (Figure 2.2). To evaluate these evolutionary scenarios, we identi-

fied 6,516 S. tropicalis genes from a 19,921-sequence cDNA database for which we had

high-confidence S. new tetraploid homologous transcripts and identified a X. laevis ho-

molog (either a singleton or duplicate X. laevis gene). Of these, we found 4,494 genes

(69%) supported paraphyly of S. new tetraploid transcripts, indicating putative α-

and β-homeologs. This proportion is comparable to, albeit higher than, the observed

rate of duplicate gene retention in X. laevis [108], as expected because genome dupli-

cation occurred earlier in X. laevis [101, 102]. The high proportion of homeologs with

a paraphyletic relationship with respect to S. tropicalis supports an allopolyploid as

opposed to an autopolyploid mechanism of gene duplication in S. new tetraploid.

An allopolyploid mechanism of WGD in Silurana implies a prior hybridization

event between two diploid species. While many species are known to form hybrids

with other species, the establishment of new polyploid species is much less common,

presumably because polyploid offspring may be inviable or have decreased fertility or

survivorship compared to their diploid progenitors [128]. However, hybrid individu-

als may benefit from overdominance/hybrid vigor, and potential examples of this are
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evidenced by some polyploid Xenopus species being resistant to parasites that infect

closely related species with lower ploidy levels [129, 130]. Hybrid vigor, therefore,

may bolster the the ability to compete in a particular environment despite decreased

fitness [131] (reviewed in [16]). Allopolyploids also benefit from masking the effects of

deleterious alleles due to increased gene copies, however this also may slow genomic

purging of deleterious alleles. Similarly, beneficial mutations can affect a greater num-

ber of gene copies allowing for increased adaptability [15, 132]. In general, speciation

by polyploidy occurred more frequently in Xenopus than in other amphibians (re-

viewed in [58, 133]), opening the possibility that the benefits or tolerance of WGD

may be atypical.

2.4.2 Sexually dimorphic expression in S. new tetraploid

In dioecious species, although the male and female sexes possess nearly identical

autosomal genes, there are numerous physiological, behavioral and morphological

differences between them. In Xenopus, for example, males have a smaller body size, a

much larger vocal organ (the larynx), smaller cloacal lobes, and develop nuptial pads

on the forearms [134]. The development of sexually dimorphic traits is driven by (i)

differential expression between males and females [135] and (ii) differences in gene

content between males and females due to genes on sex-specific regions of the sex

chromosomes. The latter mechanism is probably of relatively small consequence in

S. new tetraploid based on the large pseudoautosomal region on the W chromosome of

the closely related species S. tropicalis [103] and lack of cytological differences between

S. new tetraploid sex chromosomes [136]. In contrast, sexually dimorphic expression

of key genes is well documented in Xenopus, including pronounced differences in
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laryngeal myosin expression in the larynx and steroid receptors in the brain [134,

137, 138].

A consequence of the necessity of orchestrating sexual differentiation of two sex

phenotypes from two almost identical genomes is that alleles may develop sexually

antagonistic function [139]. Gene duplication potentially may help resolve the in-

tragenomic conflict by catalyzing expression divergence of paralogs with sex-biased

expression and function [124, 140], making the exploration of S. new tetraploid tran-

scriptome evolution of particular interest.

To explore sex-biased expression in S. new tetraploid, we fitted a negative binomial

GLMM to model sex- and tissue-specific expression variation. When data from both

sexes are pooled, expression divergence between tissue types accounts for 70.9% and

86.3% of the variation in duplicates and singletons respectively. Thus, expression

divergence between tissue types was not more substantial in duplicates compared to

singletons. However, expression divergence between tissue types and sexes accounts

for 73.3% and 86.6% of the variation in expression across duplicates and singletons

respectively. Thus, the addition of sex as a factor in our analysis explained slightly

more of the expression variation in duplicates (73.3% with sex versus 70.9% without)

compared to singletons (86.6% with sex versus 86.3% without). Most strikingly,

expression divergence between the sexes within a tissue type was on the same order

of magnitude as that among tissue types within one sex.

We observe similar levels of sex-biased gene expression in both singleton and

duplicate genes (14% and 11%, respectively), a result authenticated by similar findings

in other studies [124, 141]. However in both singleton and duplicate genes, female-

biased or female-specific genes comprised a higher proportion than male-biased genes.
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In particular, we find that female-biased genes localized in brain tissue account for

70% of all female-biased duplicate genes and 55% of all female-biased singleton genes.

Evidence for female-biased gene expression abundance following WGD is sparse,

with studies typically supporting a preference for male-biased gene evolution [123,

124, 142, 143], although see [126]. In contrast to this, because the sex chromosomes

of S. new tetraploid probably have a very large pseudoautosomal region based on

analysis of the closely related diploid S. tropicalis [103], few genes would be expected

to have a difference in allele number between males and females.

Sex-biased genes often have expression limited mostly to a particular tissue type

or developmental stage as opposed to having a broad and even pattern of expres-

sion across tissue types or developmental stages [124, 143, 144]. Our analyses of

expression across sexes and tissue types in both singleton and duplicate genes sup-

port this observation in S. new tetraploid (Figure 2.5; Figure 2.6). Specifically, we

found that female-biased expression drives overall higher expression levels in brain

tissue compared to heart and liver. Expression in males was much more even, with

most male-biased genes found in liver tissue. However, in males we similarly observe

the highest expression levels in liver, and this corresponds with the highest proportion

of male-biased gene expression. Singleton genes exhibited a similar pattern of expres-

sion: brain tissue expression was higher than heart and liver tissue expression overall,

and most female-biased expression patterns were in brain and most male-biased genes

were in liver.

It is a frequent observation that sex-biased gene expression is negatively corre-

lated with expression breadth [143, 145, 146, 147], and it is suggested that this is

a factor that affects evolutionary rates. Here we report a comparable result. We
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consistently observed a decrease in expression breadth among female-biased genes

in both singletons and duplicates. Other studies have found that male-biased, not

female-biased, expression breadth is lowest [145, 148]; however, our result is unsur-

prising given the abundance of female-biased gene expression we observed in S. new

tetraploid compared to other species. The limited breadth of expression of female-

biased genes, coupled with the observed abundance of female-biased genes, could

allow for increased evolutionary rates and could suggest a sex-specific reproductive

effect in the brain [149].

2.4.3 Molecular evolution following WGD in S.new tetraploid

Following WGD, copies of duplicate genes may be lost (pseudogenization), or retained

and retained duplicates may undergo changes in expression or function associated with

new (neofunctionalization) or compromised activity (subfunctionalization), or other

evolutionary modifications (reviewed in [150]). In theory, redundancy of gene copies

is associated with relaxed purifying selection on homeologs [13] and an increased

ratio of nonsynonymous to synonymous substitutions per site. Subfunctionalization

and neofunctionalization could also be associated with a different rate of evolution

between each homeolog.

Based on models of molecular evolution in which natural selection is allowed to

vary among branches of a phylogeny, we found evidence for a reduction in the level

of purifying selection following WGD. We did not recover support for a bias in the

rate ratio of non-synonymous to synonymous substitutions per site among either α-

or β-homeologs in S. new tetraploid, where the α homeolog is the one more closely

related to S. tropicalis.
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Sémon and Wolfe [97] previously described convergent outcomes of evolution fol-

lowing WGD in X. laevis and the zebrafish, Danio rerio, in that slowly-evolving genes

were more likely to become subfunctionalized and therefore retained in duplicate. We

performed a similar analysis with the 6,516 genes we identified between S. tropicalis

and S. new tetraploid. Of 4,494 genes which were retained in duplicate in S. new

tetraploid, 2,701 homeologous genes (60%) were also retained in X. laevis. However,

of 2,022 identified singleton S. new tetraploid genes, 1,200 were retained duplicate

genes in X. laevis. In contrast to the results of Sémon and Wolfe [97], we did not

find evidence for a significant association between duplicate genes in X. laevis and

S. new tetraploid (Fishers exact test: p > 0.5). One explanation for these discordant

results is that the divergence time between S. new tetraploid and X. laevis is much

more recent than that between X. laevis and D. rerio.

Genes with sex biased expression often evolve more quickly than those without sex

biased expression, and this is typically evident in male-biased genes ([87, 124, 145];

reviewed in [135]). However, we did not find evidence for accelerated evolution in

male-biased genes; instead, compared to unbiased genes, we found elevated dN/dS

values in female brain tissue (Mann-Whitney U test: p < 0.05). We did, however, find

evidence for more rapid evolution among antagonistically expression duplicate gene

homeologs. Duplicate genes in which homeolog pairs were differentially sex-biased

exhibited mean dN/dS values up to twice that of the unbiased average. These genes

provide strong evidence that duplicate gene evolution alleviates sexually antagonistic

selection and allows for divergence of sex-biased gene expression [124, 125, 135, 140]
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2.4.4 Conclusions

Polyploidization in the S. new tetraploid species offers an opportunity to explore how

expression and molecular evolution of duplicate genes differs from singletons, and to

examine how and whether sex biases in expression are more prevalent in duplicates

as compared to singletons. Analyses presented here support an allopolyploid, as op-

posed to an autopolyploid, origin for S. new tetraploid. We further recovered support

for unique expression patterns in duplicates and singletons, wherein the former class

of genes tended to have more sex-biased expression and higher expression intensity

than the latter class. Perhaps most interestingly, we found several attributes of sex-

biased expression, including strongly female-biased expression patterns in the brain

and antagonistically sex-biased homeologs among duplicate genes. The abundance

of female-biased gene expression in the brain is correlated with decreased breadth

of expression and increased evolutionary rate among female-biased genes, a result

that is consistent with observations from other studies, suggesting a female-specific

reproductive function for these genes in the brain. We propose that WGD in S. new

tetraploid allows for the resolution of sexually antagonistic selection by reducing selec-

tive constraints, resulting in the co-option of duplicate gene homeologs for sex-specific

roles, particularly in the brain of females, and increasing sex-biased gene expression.
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Figure 2.1: Phylogenetic relationships of species and paralogues in this
study. Phylogenetic relationships are depicted among species for a diploid,
S. tropicalis (ST), and two tetraploids, X. laevis (XL) and S. new tetraploid (NT).
Speciation by allopolyploidization occurred independently in Silurana and Xenopus.
Tetraploid lineages are indicated with a double line, and extinct lineages are indi-
cated by a dagger and dashed lines. Numbered nodes indicate: (0) divergence of the
genera Silurana and Xenopus, (1) divergence of the diploid ancestors of Silurana, (2)
allotetraploidization in Silurana, (3) divergence of the diploid ancestors of Xenopus,
(4) allotetraploidization in Xenopus.
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Figure 2.2: Expectations from Allo- and Auto-polyploidy. Species in this
study are indicated on the tree: Silurana tropicalis (ST), Xenopus laevis (XT) and
S. new tetraploid (NT). Homeolog pairs are indicated where appropriate (α and β)
a) Allopolyploidy from species hybridization results in paraphyly of duplicate gene
homeologs (NTα and NT β), where one homeolog is more closely related to ST than
the other homeolog. b) Autopolyploidization results in monophyly of duplicate gene
paralogues (NTα and NTβ). In both cases, pseudogenization of paralogous sequences
over time diminishes the ability to resolve paralogy.
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Figure 2.3: Branch models for testing molecular evolution with Codeml.
For each comparison the alternative hypothesis model (Ha) is compared to the null
hypothesis model (H0) through an LnL ratio for each gene. Rate-ratios for each
branch are specified with ω. Rate ratio changes between H0 and Ha are highlighted
in red. Dashed lines indicate X. laevis lineages which may or may not be present
for a given gene due to pseudogenization. a) Test for relaxed purifying selection in
duplicate genes of S. new tetraploid. b) Test for rate-ratio variation between S. new
tetraploid α and β homeologs in duplicate genes. c) Test for rate-ratio variation
between S. tropicalis and S. new tetraploid singleton genes.
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Figure 2.4: Summary of expression counts of singleton and duplicate genes
across both sexes and all tissues. Displayed values are normalized count values
adjusted by a size factor for each library. Singleton genes (blue) and the α (red)
and β (green) homeologs of duplicate genes are shown separately. Outlier values are
indicated by black points. Median normalized count values are shown with upper and
lower quartiles for each library.
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b SEx̄ z

Sex

−1.5 −1 −0.5 0 0.5 1

-0.710 0.027 -26.4
Homeolog 0.290 0.028 -10.5
Heart -0.585 0.034 -17.0
Liver -1.353 0.035 -38.8
Heart:Homeolog -0.776 0.046 -17.0
Liver:Homeolog -0.287 0.046 -6.2
Heart:Sex 0.090 0.045 2.0
Liver:Sex 0.946 0.046 20.4
Homeolog:Sex -0.248 0.037 -6.6
Heart:Homeolog:Sex 0.894 0.063 14.1
Liver:Homeolog:Sex 0.246 0.064 3.8

Figure 2.5: Regression coefficients for the fit of a negative binomial GLMM
modeling homeolog divergence in S. new tetraploid. Coefficients (b) with
standard errors (SEx̄) indicate magnitude and direction of the effect. Coefficients
with appropriate confidence intervals are plotted on the X-axis. The dashed line at 0
indicates the Y -axis. 95% confidence intervals are given as 1.96·SEx̄. The significance
and direction of each effect is given by the z-statistic (z). Females, brain tissue and
α-homeologs are given as the baseline for sex, tissue type and homeolog comparisons,
respectively. Interaction terms for fixed effects are denoted by a colon.
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β SEx̄ z

Sex

−1 −0.5 0 0.5 1

-0.323 0.029 -11.3
Alpha -0.418 0.057 -7.3
Beta -0.128 0.057 -2.2
Heart -0.654 0.036 -17.9
Liver -0.659 0.038 -17.5
Heart:Alpha 0.061 0.051 1.2
Heart:Beta -0.715 0.051 -14.1
Liver:Alpha -0.701 0.052 -13.4
Liver:Beta -0.989 0.052 -18.9
Heart:Sex 0.253 0.045 5.6
Liver:Sex 0.561 0.047 11.9
Alpha:Sex -0.390 0.040 -9.8
Beta:Sex -0.638 0.040 -16.0
Heart:Alpha:Sex -0.158 0.065 -2.4
Heart:Beta:Sex 0.736 0.065 11.4
Liver:Alpha:Sex 0.389 0.067 5.8
Liver:Beta:Sex 0.635 0.067 9.5

Figure 2.6: Regression coefficients for the fit of a negative binomial GLMM
modeling expression divergence between singleton and duplicate genes in
S. new tetraploid. Coefficients (b) with standard errors (SEx̄) indicate magnitude
and direction of the effect. Coefficients with confidence intervals are plotted on the X-
axis. The Y -axis is given by the dashed line at 0. 95% confidence intervals are given
as 1.96 ∗ SEx̄. The significance and direction of each effect is given by the z-statistic
(z). Females, brain tissue and singletons are given as the baseline for sex, tissue type
and gene status, respectively. Interaction terms for fixed effects are denoted by a
colon.
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2.5 Supplemental Tables and Figures
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Tissue Individual
Number of
Transcripts

Number of
Reads

Brain

F01 446,588 28,779,998
F02 451,747 27,585,603
F03 426,838 25,763,088
M95 318,218 24,094,162
M96 408,225 25,438,659
M97 281,069 20,497,388

Heart

F01 154,231 25,755,812
F02 193,613 24,064,643
F03 160,460 23,651,201
M95 154,058 22,440,134
M96 167,794 21,580,463
M97 141,571 19,991,308

Liver

F01 160,594 21,843,062
F02 151,175 21,312,083
F03 195,990 24,001,863
M95 204,814 24,108,551
M96 82,760 15,870,406
M97 158,811 18,087,165

Total 4,258,556 414,865,589

Table S1: Number of reads and transcripts per library. Each read library was
separately assembled into a transcript library. Read counts are for processed reads and
do not contain poor-quality reads removed during processing. Transcriptomes were
assembled with the Velvet-Oases algorithm. The mean read library size is 23,048,088
reads. The mean transcript library size is 236,586 transcript sequences.
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Tissue Individual
Number of

Reads

Percent
Alignment

Brain

F01 28,779,998 77.15
F02 27,585,603 76.30
F03 25,763,088 74.59
M95 24,094,162 71.36
M96 25,438,659 73.63
M97 20,497,388 69.34

Heart

F01 25,755,812 69.16
F02 24,064,643 76.47
F03 23,651,201 76.93
M95 22,440,134 73.97
M96 21,580,463 71.88
M97 19,991,308 72.26

Liver

F01 21,843,062 66.74
F02 21,312,083 71.11
F03 24,001,863 71.18
M95 24,108,551 75.26
M96 15,870,406 65.14
M97 18,087,165 72.10

Mean 72.5

Table S2: Percentage of reads aligned by Bowtie2 for each transcript library.
Percent-alignment indicates the percentage of reads that were successfully aligned
from each library to the corresponding transcriptome. Read counts are for processed
reads and do not include poor quality reads removed during processing. Reads were
first indexed and then mapped with Bowtie2. The mean percent-alignment across all
libraries was 72.5%.
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Figure S1: Violin plot of log-transformed transcript sequence lengths.
4,258,556 transcripts from 18 transcript libraries are included. The mean tran-
script length is 2,537 bp, with a median of 2,153 bp. Transcript range from 101 bp to
92,002 bp in length.
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df lnL deviance Chisq Chi df Pr(>Chisq)
baseline 2 -3.298×105 6.596×105

tissue 4 -3.286×105 6.572×105 2.442×103 2 0.000
homeolog 5 -3.286×105 6.572×105 1.037×101 1 1.278×10−3

sex 6 -3.281×105 6.563×105 8.801×102 1 2.089×10−193

tissue:sex 8 -3.281×105 6.562×105 9.811×101 2 4.967×10−22

tissue:homeolog 10 -3.276×105 6.552×105 9.836×102 2 2.578×10−214

homeolog:sex 11 -3.276×105 6.552×105 2.610 1 1.062×10−1

tissue:homeolog:sex 13 -3.275×105 6.550×105 1.836×102 2 1.359×10−40

Table S3: Analysis of variance for homeolog expression model. Displayed
are log-likelihood (lnL), deviance and χ2 (Chisq) values for each fixed effect and
interaction term in the model. Interaction terms are denoted by a colon. ‘baseline’
refers to a model with only a random effect (no fixed effects or interaction terms).
Here, ‘homeolog’ may be α homeolog or β homeolog. Each fixed effect and interaction
term is significant in this model based on a χ2 test, except for the ‘homeolog:sex’
interaction term.
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df lnL deviance Chisq Chi df Pr(>Chisq)
baseline 2 -5.047×105 1.009×106

tissue 4 -5.035×105 1.007×106 2.540×103 2 0.000
status 6 -5.034×105 1.007×106 1.681×102 2 3.221×10−37

sex 7 -5.030×105 1.006×106 7.802×102 1 1.095×10−171

tissue:status 11 -5.028×105 1.006×106 3.895×102 4 5.134×10−83

tissue:sex 13 -5.022×105 1.004×106 1.109×103 2 1.853×10−241

status:sex 15 -5.022×105 1.004×106 1.592×102 2 2.749×10−35

tissue:status:sex 19 -5.020×105 1.004×106 2.700×102 4 3.148×10−57

Table S4: Analysis of variance for duplicate and singleton gene expression
model. Displayed are log-likelihood (lnL), deviance and χ2 (Chisq) values for each
fixed effect and interaction term in the model. Interaction terms are denoted by a
colon. ‘baseline’ refers to a model with only a random effect (no fixed effects or
interaction terms). Here, ‘status’ refers to the gene status and may be singleton, α
homeolog or β homeolog. Each fixed effect and interaction term is significant in this
model based on a χ2 test.
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Figure S2: Q-Q plot for homeolog gene expression model. Linearity of the
theoretical and sample quantiles is indicative of normality of the residuals, an expec-
tation from our model.
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Figure S3: Q-Q plot for duplicate and singleton gene expression model.
Linearity of the theoretical and sample quantiles is indicative of normality of the
residuals, an expectation from our model.
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Chapter 3

Concluding Remarks

3.1 Thesis Contributions

This thesis project represents one of only a few studies of evolution following whole-

genome duplication (WGD) in a tetrapod animal. The use of a previously identified

extant diploid sister taxon (Silurana tropicalis) to compare molecular evolution of du-

plicate and singleton genes in a tetraploid species (S. new tetraploid) is particularly

unique. Through the use of RNAseq and a transcriptome-based design, we were able

to identify homeologous genes in S. new tetraploid and orthologous genes in X. laevis

and S. tropicalis, investigate molecular evolution of homeologs and singleton genes in

S. new tetraploid with comparison to S. tropicalis, and model expression divergence

between singleton and duplicate genes across multiple tissue types (brain, heart and

liver) in S. new tetraploid. We then investigated evidence for sex-biased gene expres-

sion patterns in S. new tetraploid and explored factors contributing to the evolution

of sex-biased gene expression and the resolution of sexual antagonism. The study

offers a novel method through which to resolve relatedness of homeologous genes,
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illustrates how duplicate gene expression divergence can be modeled with general-

ized linear mixed-effects models, and contributes to the growing body of literature

on the topics of duplicate gene evolution, sex-biased expression divergence, and their

interaction.

Most studies of sex-biased gene expression evolution are from the fruit fly Drosophila

melanogaster [82, 124, 145, 151] or birds [85, 126, 152] (reviewed in [135]). This thesis

therefore contributes to the relative dearth of studies investigating sex-biased expres-

sion in Xenopus or other amphibians. Additionally, we found that female-biased gene

expression was more common among duplicate genes than male-biased expression, a

surprising finding given the literature on rapid evolution and high expression of male-

biased genes in Drosophila [124, 151]. We also described a disproportionate amount

of female-biased gene expression occurring in the brain suggesting differential gene

regulation and selective pressures in the brain of females and males, and implying

a reproductive function for female-biased genes in the brain. While an explanation

for this observation is beyond the scope of this thesis, we note that the Xenopus

genome contains substantial differences, particularly the ZW sex-determination and

the presence of sex-chromosome homomorphy with a large pseudo-autosomal region

[103].

A transcriptome-based experimental design lends itself to a comprehensive study,

with the ability to simultaneously analyze transcript expression, molecular evolution

and function. Additionally, since the transcriptome, unlike much of the genome, con-

tains sex-specific and tissue-specific features, we are able to model multiple factors

and their interactions in a single design. While this is not new, investigation of sex-
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and tissue-biased transcript expression in duplicate genes is a burgeoning field of re-

search, and we are able to unite findings from sex-biased gene expression in S. new

tetraploid with expectations from molecular evolution of duplicate genes following

allopolyploidization. Though not included in this thesis, we will also determine the

genomic location of duplicate genes and sex-biased genes to estimate if genomic distri-

bution of these genes is nonrandom in S. new tetraploid, as reported in other species

[124, 143, 152], and if so how sex-biased genes cluster in the genome. Addition-

ally, studies of sex-biased expression and gene evolution in S. new tetraploid would

greatly benefit from further sequencing of sex organs, or over multiple developmental

stages. Overall, this study contributes to research on sexual dimorphism, sexually

antagonistic selection and sex-biased gene expression in allopolyploid African clawed

frogs.
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