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ABSTRACT

Genomic Insights into Sexual Selection and the Evolution of Reproductive Genes in
Teleost Fishes. (August 2012)
Clayton Matthew Small, B.S., University of Idaho

Chair of Advisory Committee: Dr. Adam G. Jones

Sexual selection has long been a working explanation for the elaboration of
appreciable traits in plants and animals, but the idea that it is an equally potent agent of
change at the level of individual molecules is relatively recent. Indications that genes
associated with reproductive biology evolve especially rapidly planted this notion, but
many details about the genomics of sex remain elusive. Numerous studies have
characterized rapid sequence and expression divergence of sex-related molecules, but
few if any have demonstrated convincingly that these patterns exist as a result of sexual
selection. This dissertation describes several genome-scale studies related to
reproduction and the sexes in teleost fishes, a group of animals underexploited in regard
to this topic.

Using commercial microarrays I measured the extent of sexually dimorphic
gene expression in the zebrafish, Danio rerio. Sex-biased patterns of gene expression in
this species are similar to those described in other animals. A number of genes expressed

at high levels in ovaries and testes relative to the body were identified as a product of the
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study, and these data may be useful for future studies of reproductive genes in Danio
fishes.

In a second study, the recent advent of high throughput cDNA pyrosequencing
was leveraged to characterize the relationships between tissue-, sex-, and species-
specific expression patterns of genes and rates of sequence evolution in swordtail fishes
(Xiphophorus). 1 discovered ample evidence for expression biases of all three types, and
a generally positive but idiosyncratic relationship between the magnitude of expression
bias and rates of protein-coding sequence evolution.

Pyrosequencing of cDNA was also used to explore the possibility that
postcopulatory sexual selection drives the rapid evolution of male pregnancy genes, a
novel class of reproductive molecules unique to syngnathid fishes (seahorses and
pipefishes). Genes differentially expressed in the male brooding tissues as a function of
pregnancy status evolve more rapidly at the amino acid level than genes exhibiting static
expression. Brooding tissue genes expressed during male pregnancy have evolved
especially rapidly in polyandrous lineages, a finding that supports the hypothesized
relationship between postcopulatory sexual selection and the adaptive evolution of

reproductive molecules.
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1. INTRODUCTION

In 1871 Charles Darwin published his ultimate thesis on why males of many
animal species possess extravagant, seemingly superfluous traits. Characters such as
brilliant plumage in songbirds and harrowing horns in beetles, Darwin argued, evolve as
a consequence of competition for access to mates. The understanding of sexual selection
as an especially potent evolutionary mechanism has been in place since Darwin’s
original work, as is evident on page 156, Chapter 5 of The Origin of Species: “... I think
it will also be admitted that species of the same group differ from each other more
widely in their secondary sex characters, than in other parts of their organization...”
(Darwin 1859). The rapid divergence of secondary sex characters among closely related
species, the striking phenotypic differentiation between males and females of the same
species, and in some cases the ability of sexual selection to drive cladogenesis, all
contribute to the prominence of this theory in modern evolutionary biology (Darwin
1871; Andersson 1994; Masta and Maddison 2002; Arnegard et al. 2010).

Missing from Darwin’s sexual selection synthesis, however, was the realization
that competition over reproduction continues after the instance of mating itself. Indeed,
an entire realm of competitive interactions involving gametes, reproductive tracts, and
post-mating behaviors ultimately influence fertilization and offspring development, all

of which were overlooked by Darwin and others until a century later (Eberhard 2009). It

This dissertation follows the style of Molecular Biology and Evolution.



was initially the concept of “sperm competition,” the notion that sperm from multiple
males ought to compete for the opportunity to fertilize a limited number of ova

(Parker 1970), that inspired a deep consideration of “postcopulatory” processes among
devoted students of sexual selection. A number of biological systems in which
postcopulatory sexual selection may be important have recently come to light, and a
variety of traits in these systems seem to have responded in a manner consistent with
general sexual selection theory. For example, many studies have suggested and in some
cases demonstrated that variations in morphology of male intromittent organs across a
diverse array of internally fertilizing animal species have arisen as a consequence of
postcopulatory sexual selection (Eberhard 2011). A well-known example of male
genitalia evolution in this context is the specialized penis of the damselfly Calopteryx
maculata, which males use to physically remove from the female reproductive tract the
sperm of prior mates (Waage 1979). Other traits involved in sperm competition include
attributes of the sperm themselves. Males that produce more and/or faster sperm may
increase their probability of fertilization relative to competitors, as is seen in guppies
(Boschetto et al. 2011). Competition after mating may also be mediated by attributes of
female biology, wherein paternity among multiple mates is biased by the female via
mechanisms analogous to mate choice in the pre-copulatory sense. These phenomena
are known as instances of “cryptic mate choice” (Thornhill 1983) and may be facilitated
by sperm storage, female egg-sperm interaction proteins, a host of female behaviors after

mating and/or fertilization, and other mechanisms as of yet unknown.



Though the evidence for and understanding of postcopulatory sexual selection is
dwarfed by the historical efforts made on behalf of its precopulatory counterpart, there is
reason to believe that postcopulatory sexual selection also plays a potent role in
generating biological variation. Most of this is evident in the impressive rates at which
genital morphology diversifies among closely related species, an echo of the similar
pattern long observed for more conventional secondary sex characters. This pattern may
be in part attributable to selection against hybridization via reinforcement, but some have
demonstrated conclusively that postcopulatory sexual selection is driving the
diversification of genital morphology (reviewed in Eberhard 2011). A poignant example
is a comparative study conducted by Goran Arnqvist (Arnqvist 1998), in which 19 insect
clade pairs, each consisting of a monandrous clade and a polyandrous clade, were
compared with respect to within-clade male genitalia diversity. Arnqvist showed that
morphological divergence of male genitalia was overwhelmingly faster among clades in
which females mate multiply, relative to the respective monandrous contrast clades.
Some debate still exists over which particular mechanisms and models of postcopulatory
sexual selection (e.g. intra- vs. intersexual effects) most broadly explain the rapid
evolution of animal genitalia (Hosken and Stockley 2004), but the understanding of
postcopulatory sexual selection as a driver of reproduction-related morphology is
generally accepted.

Several decades after behavioral ecologists began thinking about postcopulatory
sexual selection, molecular biologists interested in the evolution of reproduction noticed

some intriguing patterns within their own discipline. Foremost, genes expressed with



some specificity in reproductive tissues, genes expressed differentially between the
sexes, and many genes on sex chromosomes, appeared to demonstrate an elevated rate of
amino acid substitution relative to the genome-wide average. This pattern was initially
noted for male Drosophila reproductive tract proteins using two-dimensional gel
electrophoresis (Coulthart and Singh 1988; Civetta and Singh 1995), and later via the
comparison of protein-coding DNA sequences (Tsaur and Wu 1997). Since then
numerous studies have confirmed the phenomenon in multiple animal and some plant
taxa (Swanson and Vacquier 2002b; Swanson and Vacquier 2002a), by applying
approaches of various scale and increasingly powerful computational methods and tools
(Yang 2006). In many of these studies, for example, the authors provided evidence for
positive selection having caused reproductive protein divergence. The role of positive
selection in speeding up the rate of protein evolution can be distinguished from a
relaxation of constraint using d/V/dS, the ratio of the number of nonsynonymous
substitutions per nonsynonymous site to the number of synonymous substitutions per
synonymous site (Yang and Bielawski 2000). This ratio can be estimated for a set of at
least two homologous protein-coding DNA sequences using a variety of codon
substitution models and maximum likelihood approaches, but the general interpretation
is that a dNV/dS estimate less than one suggests purifying selection (evolutionary
conservation of the protein), a dN/dS estimate equal to one indicates neutral evolution
(absence of selection on the protein), and a dN/dS estimate greater than one implies
positive selection (adaptive diversification of the protein among lineages). In most of the

examples cited above, amino acid-changing DNA substitutions were shown to occur at a



higher rate than “selectively neutral” silent substitutions quite frequently during the
evolutionary divergence of reproductive proteins.

Another related pattern concerns large-scale differences in transcript abundance
of genes between male and female animals. Much like the obviously dimorphic
secondary sex characters Darwin described, it appeared that gene expression levels could
also differ quite strikingly between the two sexes, a phenomenon reviewed by Ellegren
and Parsch (Ellegren and Parsch 2007). Indeed, microarray-based transcriptional
profiling of the Drosophila melanogaster genome revealed that over half of its genes are
differentially expressed between adult males and females (Ranz et al. 2003). Such
extreme transcriptional differences between individuals possessing largely the same
genome (save sex-specific regions in many species) seem surprising, but these gross
differences make sense when one considers pleiotropy and complex gene network
architecture. A few key genetic (or environmental) differences between males and
females prior to and during sexual development could quite conceivably cascade into
massive transcriptomic differences at maturity. Furthermore, investigators have reported
that a majority of the sex-biased genes in Drosophila species demonstrate male-enriched
expression (Arbeitman et al. 2002; Singh and Kulathinal 2005). Within males there are
also many more testis-body differences in transcript abundance than there are ovary-
body differences in females (Parisi et al. 2004), and the expression levels of male-
enriched genes evolve more rapidly than those of female-enriched or unbiased loci

(Meiklejohn et al. 2003).



To summarize these key molecular results, reproductive proteins evolve more
rapidly than the genome average, gene expression is extremely sexually dimorphic in
some species, and those genes that do exhibit sexually dimorphic gene expression
change quickly over evolutionary time in both sequence and transcript abundance levels.
An extensive list of key studies that address these patterns, annotated with focal taxa,
molecule descriptions, and primary conclusions, may be found in Table 1.

A number of the authors responsible for the above work realized a natural
congruence between evolutionary patterns associated with secondary sex characters and
genitalia, and those patterns associated with reproductive molecules and their expression
profiles. In an extension of Darwin’s argument that sexual selection drives the rapid
evolution of secondary sex characters, and the behavioral ecologists’ argument that
postcopulatory sexual selection fuels the evolution of reproductive morphology,
molecular evolutionists proposed the hypothesis that sexual selection is also responsible
for the rapid evolution of reproductive genes (Civetta and Singh 1995; Wyckoff et al.
2000; Swanson et al. 2001; Swanson and Vacquier 2002b). Singh and Kulathinal (Singh
and Kulathinal 2005) placed emphasis on the male-specific nature of these patterns,
coining the terms “male sex drive” and “genomic masculinization” to describe these
phenomena.

Alternative hypotheses for the rapid and often adaptive molecular evolutionary
patterns associated with reproductive processes have also been proposed. Relaxation of
constraints on protein and gene expression evolution and neofunctionalization following

gene duplication, two general models for accelerated molecular evolution, are cited by



Table 1 Studies relevant to the unique evolutionary dynamics of sex-related molecules.

Focal Taxa

Study Molecules

Main Conclusions

References

2 sea urchin species (Echinometra)

bindin (sperm fertilization gene)

Positive selection on one protein region

(Metz and Palumbi 1996)

7 abalone species (Haliotis)

lysin and VERL (& and @ fertilization genes)

Positive selection (lysin) and relaxed selection (VERL)

(Swanson and Vacquier 1998)

4 great ape species

3 protamines (sperm-specific histone genes)

Positive selection; rapid divergence in human-chimp lineage

(Wyckoff et al. 2000)

Caenorhabditis elegans

Genome-wide analysis

Sex-biased expression for > 12% of the genome

(Jiang et al. 2001)

2 Drosophila species

176 male accessory gland genes

Positive selection on 19/176 protein-coding sequences

(Swanson et al. 2001)

2 Drosophila species

Genome-wide analysis

Rapid, adaptive expression divergence of male-enriched genes

(Meiklejohn et al. 2003)

15 primate species

CATSPERI (sperm calcium channel gene)

Positive selection on insertions and deletions

(Podlaha and Zhang 2003)

15 mammal species

7 male fertilization genes

Positive selection on 6/7 proteins

(Swanson et al. 2003)

2 Drosophila species

Genome-wide analysis

Rapid, adaptive expression divergence of reproductive genes

(Nuzhdin et al. 2004)

4 plant species (Brassicaceae)

oleopollenin gene family (7 paralogs)

Rapid, adaptive protein divergence and duplicate loss/gain

(Schein et al. 2004)

8 Drosophila species

169 female reproductive tract genes

Positive selection 6/169 protein-coding sequences

(Swanson et al. 2004)

8 Drosophila species

237 sex-biased and sex-unbiased genes

Rapid evolution of male- and female-enriched proteins

(Zhang et al. 2004)

2 Drosophila species

Genome-wide analysis

Most sex-biased expression is due to male adaptation

(Connallon and Knowles 2005)

Mus and Rattus Genome-wide analysis Positive selection on late-testis-development proteins (Good and Nachman 2005)
Anopheles gambiae Genome-wide analysis 71% of sex-biased genes are female-enriched in expression (Hahn and Lanzaro 2005)
Homo sapiens and Pan troglodytes ~ Genome-wide analysis Rapid evolution of X-linked relative to autosomal proteins (Lu and Wu 2005)

3 Drosophila species

19 male accessory gland genes

More rapid divergence in repleta relative to melanogaster group

(Wagstaft and Begun 2005)

5 cricket species (Gryllus)

30 male accessory gland genes

Focal proteins evolve more rapidly than housekeeping proteins

(Andres et al. 2006)

2 from species (Xenopus)

Genome-wide analysis

More rapid expression divergence of female-biased genes

(Malone et al. 2006)



Table 1 Continued

Focal Taxa

Study Molecules

Main Conclusions

References

15 deer mouse species (Peromyscus)

2 egg coat genes (ZP2, ZP3)

Positive selection on both proteins

(Turner and Hoekstra 2006)

15 bird species (Galliformes)

ZP3 egg coat gene

Positive selection on protein

(Calkins et al. 2007)

12 Drosophila species

Genome-wide analysis

Especially rapid divergence of male-enriched and male reproductive proteins

(Haerty et al. 2007)

16 primate species

zonadhesin sperm ligand

Rapid zonadhesin evolution in polyandrous relative to monandrous species

(Herlyn and Zischler 2007)

12 primate species

2 semen coagulum genes

Rapid, adaptive evolution of SEMG1 and SEMG2; no mating system effect

(Hurle et al. 2007)

Gallus gallus and Taeniopygia guttata

5020 genes

Rapid divergence of Z-liked proteins relative to autosomal proteins

(Mank et al. 2007a)

Gallus gallus and Taeniopygia guttata

> 4000 genes

Rapid divergence of female-enriched, brain-expressed proteins

(Mank et al. 2007b)

27 salamander species (Plethodon)

2 courtship pheromone genes

Presence of positive selection on pheromones varies among lineages

(Palmer et al. 2007)

7 Drosophila species

Genome-wide analysis

Rapid expression, sequence, and turnover evolution for male-enriched genes

(Zhang et al. 2007)

2 Caenorhabditis species

Genome-wide analysis

Especially rapid evolution of proteins expressed in sperm

(Artieri et al. 2008)

18 rodent species

7 male reproductive genes

Positive selection on 4/7 proteins; mating system effect for 1/7 proteins

(Ramm et al. 2008)

11 rodent species

2 protamines with promoters

Association between testis mass and protein/promoter divergence of Prm 2

(Martin-Coello et al. 2009)

18 rodent species

Seminal vesicle proteome

Rapid divergence of seminal vesicle proteome complexity

(Ramm et al. 2009)

Mus and Rattus

704 placenta-enriched genes

Positive selection inferred for 13% of placental proteins

(Chuong et al. 2010)

14 mammal species

25 ADAM genes

Positive selection on 12 testis ADAMs; mating system association for 2/12

(Finn and Civetta 2010)

3 primate species

>10000 genes

Testis-enriched genes evolve rapidly in chimpanzee relative to human lineage

(Wong 2010)

32 mammal species

Genome-wide analysis

No relationship between mating system and overall DNA substitution rate

(Sayres et al. 2011)

12 butterfly species (Heliconius)

18 seminal fluid genes

Positive selection on 2 proteins; relaxed constraint in monandrous lineages

(Walters and Harrison 2011)

4 Drosophila species

Genome-wide analysis

Rapid evolution of male-biased, reproductive, and X-linked proteins

(Grath and Parsch 2012)



some as possible explanations for patterns specific to reproductive genes (Swanson and
Vacquier 2002b). These hypotheses, however, are probably not good general
explanations but rather specifically appropriate for reproductive genes with very
repetitive motifs (Swanson and Vacquier 1998) or those that belong to large multi-gene
families (Swanson and Vacquier 2002b), respectively. A third hypothesis for the rapid
evolution of reproductive genes is diversifying selection imposed during reinforcement
of speciation (Geyer and Palumbi 2003), which seems especially plausible for systems in
which pre-copulatory sexual isolating mechanisms are weak or non-existent.
Coevolutionary arms races between pathogens and host reproductive systems provide
the impetus for a fourth hypothesis, which proposes that reproductive tracts and gamete
delivery methods are especially susceptible to infection via gamete exchange (Vacquier
et al. 1997). Transmission of pathogens through sex has historically received attention as
an important interface between sexual and ecological selection (Hamilton and Zuk
1989), so the relevance of this concept to reproductive molecules is significant.

In general the sexual selection hypothesis is the most commonly cited
explanation for rapid diversification of reproductive genes and gene expression, although
it is usually divided into components arising from different mechanisms or consequences
of sexual selection, namely intrasexual selection (e.g. sperm competition), intersexual
selection (e.g. cryptic female choice), and sexually antagonistic coevolution (Swanson
and Vacquier 2002b). Despite the popularity of the notion that sexual selection is
ultimately responsible for the molecular patterns reviewed here, three key issues keep

this explanation from validity as a general and satisfactory understanding within
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reproductive and evolutionary biology. First, the patterns this hypothesis was formulated
to explain have been confirmed in several animal and plant taxa, but there is a rather
heavy bias towards several organismal groups. Model genetic systems such as
Drosophila and Mus contribute to a majority of the findings, and marine gastropods and
echinoderms are well represented due to their historical use as models for the biology of
fertilization and reproductive isolation (Turner and Hoekstra 2008). A second issue
arises from the complicated nature of gene expression patterns, the criteria used to
identify genes as reproductive, male- or female-biased, and the fact that tissue specific
expression itself is related to the rate of molecular evolution for a given gene (Meisel
2011). The third and most significant problem, however, is that surprisingly few
published studies have directly tested for a relationship between the strength of sexual
selection and the rate of reproductive molecular evolution, and no study has
demonstrated unequivocally that such a relationship exits at a genomic scale (Wong
2011). The primary goals of this dissertation are to address these three empirical
shortcomings and contribute to the growing knowledge about sexual selection and the
genomics of reproduction using three very different groups of teleost fishes. Before |
present the three main dissertation sections, however, brief descriptions of each study
and the respective methodological motivations are warranted.

In Section 2 I report the results from a microarray study of sex- and gonad-biased
gene expression in adult Danio rerio, the zebrafish. Despite the zebrafish’s status as a
genetic model, explicit tests for sex-biased gene expression and large-scale efforts to

identify reproductive genes had not been conducted. The primary objectives of the study
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described in this dissertation were to confirm whether or not transcriptome-wide
sexually dimorphic gene expression occurs in zebrafish, identify putative “reproductive
genes” as those up-regulated in the gonads relative to the rest of the body, and test for a
major signal of male-biased gene expression in direction and magnitude, as is predicted
by the “genomic masculinization” model of Singh and Kulathinal (2005). The study is
rather descriptive in nature, but it addresses these relevant questions and provides
reproduction-related information about the expression of over 15000 genes in Danio
rerio.

The study presented in Section 3 takes advantage of recently developed
massively-parallel cDNA sequencing in order to interrogate divergence in both transcript
abundance and DNA sequences between two hybridizing swordtail fish species of the
genus Xiphophorus. Three different tissues (gonads, sensory organs, and the remaining
body) from males and females of the two species were used to generate separate
transcriptome libraries composed of hundreds of thousands of short sequencing reads.
The relative abundance of reads from each library permitted a quantitative evaluation of
gene expression for each tissue type, and assembly of the reads into transcripts allowed
for the estimation of protein-coding sequence divergence between the two species.
Armed with this information, the primary goal of the study was to identify whether sex-
and tissue-biased gene expression explains adaptive divergence at the amino acid level.
In addition to resolving this particular issue, the study tests the general prediction that

genes divergent in expression between species are also divergent at the sequence level.



12

In the final main section of the dissertation I present a comparative molecular
evolution study designed to directly test the sexual selection hypothesis for rapid,
adaptive evolution of reproductive proteins. The research described in Section 4 is
especially unique for several reasons. A focus on “male pregnancy” genes expressed in
the brooding structures syngnathid fishes provides a completely novel insight into the
evolution of reproductive genes. Furthermore, the study includes sequence data from
species with divergent mating systems. Two independent transitions from monogamous
to polygamous mating systems have occurred since the divergence among these species,
providing an ideal test for a statistical relationship between lineage-specific strength of
sexual selection and dN/dS. This study also takes advantage of next-generation cDNA
sequencing, so hundreds of orthologous coding sequences were analyzed in a massive
and powerful across-species comparison.

The genomic technologies (microarrays and next-generation DNA sequencing)
used to accomplish this dissertation work have only become commonplace within the
last decade. Massively parallel next-generation sequencing in particular has scarcely
been leveraged in efforts to explore the biological underpinnings of rapid reproductive
molecular evolution. The detailed work described in the following pages, therefore,
reflects an important milestone in the progress of biological research, and just one

application of the unprecedented technologies revolutionizing the post-genomic era.
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2. A MICROARRAY ANALYSIS OF SEX- AND GONAD-BIASED GENE
EXPRESSION IN THE ZEBRAFISH: EVIDENCE FOR MASCULINIZATION OF

THE TRANSCRIPTOME*

Introduction

The evolution of phenotypic differences between males and females, which are often
spectacular, has been a subject of intense scrutiny since Darwin (Darwin 1871). Several
well-studied, often-integrated forms of sexual dimorphism include morphological
(Darwin 1871), behavioral (Breedlove 1992), and physiological (Bardin and Catterall
1981) differences. Clearly, the evolutionary mechanisms ultimately responsible for
sexual dimorphism (i.e., sexual selection (Lande 1980), sex-specific ecological selection
(Lande 1980), and sexual conflict (Parker and Partridge 1998)) are of great interest.
However, a complete understanding of these processes is impossible without knowledge
of the proximate genetic and genomic underpinnings of sex-limited phenotypes.

Several proximate mechanisms can account for the phenotypic differences
between males and females. For instance, fixed genetic differences between males and
females via heteromorphic sex chromosomes (Charlesworth 1991) or a sex-
determination locus provide one basis for sexual dimorphism. In this case, the two sexes

possess partially distinct genomes. However, phenotypic sexual dimorphism may also be

*Reprinted with permission from A microarray analysis of sex- and gonad-biased gene
expression in the zebrafish: evidence for masculinization of the transcriptome, by
Clayton M. Small, Ginger E. Carney, Qianxing Mo, Marina Vannucci, and Adam G.
Jones. 2009. BMC Genomics 10:579. Copyright [2009] by Small et al.
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mediated by sex differences in gene expression when a key transcript differs in
abundance between males and females. These two mechanisms are by no means
mutually exclusive, as sex-specific aspects of the genome result in downstream sex
differences in gene expression at sex-shared loci, especially when the original sex-
unique genes are highly pleiotropic (e.g. they affect multiple developmental pathways).
Sexes need not have distinct genomes for sexual dimorphism to exist, however, because
species characterized by environmental sex determination nevertheless maintain a
considerable degree of sex-based phenotypic differentiation with respect to primary and
often secondary sexual traits (Viets et al. 1993; Ewert et al. 1994; Viets et al. 1994). In
these cases of non-genetic sex determination, sex differences in gene expression are
obviously important sources of sexual differentiation and dimorphism.

Some interesting gene expression patterns with regard to sex have been reported
over the past several years, initially in Drosophila melanogaster and later in other taxa
(see a recent review of sex-biased gene expression by Ellegren and Parsch (Ellegren and
Parsch 2007)). One observation is that of those genes that demonstrate sex-biases in
expression level, more tend to be male-enriched than female-enriched (Jiang et al. 2001;
Parisi et al. 2003; Rinn et al. 2004; Malone et al. 2006; Zhang et al. 2007), but there are
exceptions (Hahn and Lanzaro 2005; Zhang et al. 2007). This high level of observed
sexual dimorphism in gene expression is mostly attributable to differences between testis
and ovary (Parisi et al. 2003). Furthermore, male-enriched genes are more divergent in
their expression levels among species than are female-enriched or sex-unbiased genes

(Meiklejohn et al. 2003). These patterns, in addition to the discovery that male-enriched
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genes also demonstrate faster rates of DNA sequence evolution relative to female-
enriched and sex-unbiased genes (Zhang et al. 2004), have been interpreted as a general
signature of stronger sexual selection on males. This “male sex drive” hypothesis,
formally proposed by Singh and Kulathinal (Singh and Kulathinal 2005), is consistent
with findings across several animal taxa. However, additional independent tests of this
hypothesis should be carried out before it is accepted as a general pattern of evolution.
In this study we take advantage of the zebrafish as a model of vertebrate
reproduction to test predictions under the male sex drive hypothesis. Environment,
hormones, and genetic components likely influence sex differentiation in Danio rerio,
but the precise roles and interactions of these factors with respect to reproductive
development remain unclear (von Hofsten and Olsson 2005; Wang et al. 2007).
Takahashi (Takahashi 1977) originally described zebrafish gonad differentiation as a
transition from a two-weeks-post-fertilization ovary-like precursor to either the mature
ovary or the highly differentiated testis. This transition from ovary-like precursor to
testis in males is mediated by oocyte apoptosis, which is generally complete by 29 days
post-hatching (Uchida et al. 2002). More recently it has been shown that some male
zebrafish exhibit few ovary-like features and lack ovary-typical gene expression during
gonadal development (Hsiao and Tsai 2003). In fact, males vary dramatically in the
developmental timing and abundance of ovarian features (genetic and morphological)
leading up to testis formation, and there is even substantial variation within sibling
groups (Wang et al. 2007). Sexual maturity in zebrafish is attained well after gonad

differentiation, and usually is complete when individuals reach 23-25 mm standard
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length (approximately 75 days post-hatching for domesticated strains) (Spence et al.
2008).

One advantage to zebrafish is that Affymetrix GeneChip® technology is readily
available, permitting the assessment of large-scale patterns of expression in adults and
their gonads. The Zebrafish Genome Array design is based on sequence information
from RefSeq (July 2003), GenBank (release 136.0, June 2003), dbEST (July 2003), and
UniGene (Build 54, June 2003). With approximately 14,900 transcripts represented on
the array, this technology can provide a representative sample of sex differences in gene
expression patterns. Our goal was to compare gene expression patterns between testes
and ovaries as well as between male and female somatic tissue. A collateral benefit to
these comparisons was that we were also able to identify genes within each sex that were
up- or downregulated in the gonads. Under the male sex drive hypothesis, we expected
more genes upregulated in males relative to females. We predicted many of these genes
to be gonad specific, but also expected to find some genes expressed at different levels
in the somatic tissues of males compared to females.

While our study is the first to explicitly address the male sex drive hypothesis in
Danio rerio, several recently published microarray studies of gene expression in
zebrafish have addressed aspects of sexually dimorphic gene expression and gonad
specific expression patterns. In general these studies have revealed that the quantities of
particular transcripts often differ significantly in adult males and females, at the level of
the whole body (Wen et al. 2005), the gonads (Santos et al. 2007; Sreenivasan et al.

2008), the brain (Santos et al. 2008; Sreenivasan et al. 2008), the liver (Robison et al.
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2008), and other tissues (Sreenivasan et al. 2008). However, these studies do not
necessarily agree with ours on all points related to patterns relevant to the evolution of

sex-biased gene expression in zebrafish, so we will return to this topic in the discussion.

Materials and Methods

Affymetrix GeneChip® preparation

We allowed eight mating pairs of wild-type (AB laboratory strain) Danio rerio to spawn
under controlled laboratory conditions and subsequently separated the sexes for a period
of five days to prevent re-mating and standardize reproductive cycles. To minimize
inter-individual differences among the fish, all subjects were full siblings, between 4 and
12 months old. After sacrificing each individual by ice bath euthanasia, we quickly
excised all testicular tissue from males and all ovarian tissue from females. All methods
were approved by Texas A&M University’s Institutional Animal Care and Use
Committee (AUP2005-76). Tissues were flash-frozen in TRIzol® Reagent (Invitrogen),
and total RNA isolation was performed in accordance with the manufacturer’s
guidelines. Following quantification and quality assessment, total RNA samples from
three testis pairs, three male bodies, three ovary pairs, and three female bodies were sent
to the University of Kentucky Microarray Core Facility for cRNA labeling and
hybridization to 12 GeneChips® using standard Affymetrix protocols (described in the
GeneChip” Expression Analysis Technical Manual). Briefly, total RNA was reversed
transcribed, followed by production of biotinylated cRNA. After a fragmentation step

the biotinylated cRNA was hybridized to the arrays for a period of 16 hours. The
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samples were then stained with streptavidin phycoerythrin and amplified using a

biotinylated anti-streptavidin antibody prior to scanning.

Absolute expression analyses

The GeneChip® Zebrafish Genome Array contains ~15,500 probe sets, each set
consisting of 16 adjacent but non-overlapping probe pairs. These probe pairs are 25
bases long, each pair containing one probe (PM) that perfectly matches the target
transcript and another probe (MM) that mismatches the target sequence at a single base
pair. The presence of a mismatch probe is intended to control for background noise
caused by hybridization of non-target molecules. To convert array image information
into transcript abundance values, we employed four different “absolute expression
analysis” algorithms. Each of these analysis methods was used to generate a distinct
dataset from a given chip image file. We applied standard normalization procedures to
raw data prior to analysis, as suggested by each respective program manual. Normalized
expression values for all absolute analyses across all experimental replicates, along with
other pertinent microarray details, have been deposited into the NCBI Gene Expression

Omnibus (GEO) under accession number GSE14979.

GCOS
The algorithm implemented in the GCOS software package (Affymetrix), uses the one-
step Tukey’s biweight mean of

PM;- CT;
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across i probe pairs, where PM is the intensity of the perfect match probe cell, and CT is
the “contrast value” (Hubbell et al. 2002; Liu et al. 2002). CT is most often equal to MM
(the intensity value of the mismatch probe cell), but if many probe pairs within a set
demonstrate MM values larger than their corresponding PM values, an adjusted value is
used for CT to eliminate the computation of negative expression values (Rajagopalan
2003). This algorithm is therefore a simple calculation based on subtracting background

noise from the putative “true signal.”

GC-RMA
We also used the GC-RMA (GC Robust Multi-Array Analysis) algorithm, as
implemented in the microarray analysis software package GeneSpring GX 7.3.1
(Agilent). The GC-RMA algorithm is based on a linear additive model, and thus
considers all arrays in a given dataset when estimating expression values for each chip,
unlike the GCOS algorithm. The basic linear model is described by Wu et al. (Wu et al.
2004), and assumes that

Yeir= Ogir+ Ngij+ Sgir,
where Yg; 1s the PM intensity value for probe j in probe set g on array i. Oy is the
corresponding “optical noise” due to laser scanning errors, N 1s the corresponding
“non-specific binding noise,” and Sy;; 1s a quantity proportional to the actual abundance
of target transcript in a sample (which allows for estimation of the “true” expression

value). The GC-RMA algorithm uses many parameters from the observed data in all
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arrays to estimate components of Ng; and S, then it fits the model to calculate

expression values (Wu et al. 2004).

PM-MM, PM-Only
Two additional model-based approaches, available in the analysis package dChip (Li and
Hung Wong 2001; Li and Wong 2001), were also used to generate expression values.
The PM-MM model assumes that for every probe set in a group of 7 arrays,

PMy- MMjj= qifi+ ey,
where PM;; and MM;; are the perfect match and mismatch intensities for probe pair j in
array i, g; is the expression index for the probe set in array i (the value of interest), f; is a
coefficient that represents the relationship between probe pair j cell intensities and actual
target concentration, and e;; is the model’s error term (Li and Hung Wong 2001; Li and
Wong 2001; Rajagopalan 2003). Similar to GC-RMA, the PM-MM algorithm uses
information from all chips in a dataset, and then the model is fit to estimate the
expression value for each probe set on each chip. The PM-Only algorithm is similar to
PM-MM, but the mismatch intensities are completely ignored in the model:

PMy= qiti + e

This alternative model was created to avoid the occasional calculation of negative
expression values when MM probe intensities are high compared to PM intensities (Li

and Hung Wong 2001; Li and Wong 2001).
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Comparative expression analyses

To compare absolute expression values between different treatment groups, detect
differential transcript levels, and estimate fold changes, we conducted standard t-tests
using the Cyber-T web interface (Baldi and Long 2001). This approach yielded 4 sets
(one per absolute expression algorithm) of results for each of the following comparisons:
male body vs. female body, testis vs. ovary, testis vs. male body, and ovary vs. female
body. To control for the statistical problem of performing ~15,000 t-tests per
comparison, we set a false discovery rate (FDR) of 0.05, as described by Benjamini and
Hochberg (Benjamini and Hochberg 1995), for each analysis. To decide whether a gene
for a given comparison was to be considered “differentially expressed,” we adopted a
“strict consensus” criterion wherein the gene was required to demonstrate a significant
FDR-adjusted p-value across all 4 absolute analysis datasets. This procedure is

conservative, but justifiable in the name of controlling for false positives.

Real-time PCR

We used the remaining 5 male and 5 female zebrafish samples to conduct independent
tests of expression bias for seven genes identified as differentially expressed by our
microarray analyses. Within each of the testis-upregulated, male-enriched, and female-
enriched categories we randomly chose two of the top ten most upregulated genes. We
were able amplify a gene-specific PCR product for only one of the chosen male-enriched
transcripts (probe set 15637.1.S1_at). Within the ovary-upregulated category, we

randomly chose two of the top 200 most upregulated genes, in order to assess the
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accuracy of microarray results for genes demonstrating less striking differences in
expression. For each sample the same quantity of total RNA (1 pg) was reverse
transcribed into cDNA using the Superscript® First Strand Synthesis Kit (Invitrogen).
We performed real-time PCR using the SYBR"™ Green PCR Mastermix
(Invitrogen) and 2 ul of cDNA template. Reactions were run on an ABI 7700 real-time
PCR apparatus (Applied Biosystems) using default analysis settings. Each individual
reaction was performed in triplicate, and no-template controls were included for each
primer pair to confirm amplification specificity. A dilution series including five different
template concentrations was employed to facilitate the Relative Standard Curve Method
(Applied Biosystems) for estimating relative mRNA levels. Primer sequences for target
genes were designed using Primer Express® 3.0 (Applied Biosystems) and are available
upon request. Two sets of control primers (suggested in Tang et al. (Tang et al. 2007))
were used to normalize the abundance of cDNA in each reaction. EF'/a was used in the
gonad-body comparisons, and Rpl/l3a was used in the male-female comparisons. For
each comparison we calculated a 95% confidence interval about mean fold change,

based on the expression level estimates across the five experimental replicates.

Results

Sex-biased gene expression

To assess the extent of sex-biased gene expression in Danio rerio we compared male
body to female body transcript levels, and we performed a separate testis-ovary

comparison. This effectively allowed us to isolate the proportion of sex-biased gene
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expression attributable to differences between male and female gonads. To avoid any
confusion about references to the different gene expression categories, Table 2 outlines
the relevant terminology, to which we hereafter adhere. Based on our expression bias
criteria, 5899 out of 15502 probe sets (38%) represented on the Affymetrix zebrafish
GeneChip"™ demonstrated statistical testis-ovary differences, across all four absolute
expression analyses, in transcript abundance. 1737 probe sets yielded an insufficient
signal in all ovary and testis replicates. Of the 5899 sex-biased genes, 3387 were
positively biased in males (“male-enriched”), and 2512 were positively biased in females
(“female-enriched”) (Table 3), consistent with the overall direction of sex-biased gene
expression documented in other taxa (Parisi et al. 2003; Rinn et al. 2004; Malone et al.
2006; Zhang et al. 2007). Also represented in Table 3 are the numbers of sex-biased
genes corresponding to increasingly stringent fold change criteria. From this information
it is clear that the direction of sex-biased gene expression remains robust, even when
genes demonstrating small sex differences in expression are not considered. Additional
Files 1 and 2 (Appendix) contain lists of all male- and female-enriched genes,
respectively. Other zebrafish studies have detected male- and female-enriched genes via
comparison of testis and ovary (Santos et al. 2007; Sreenivasan et al. 2008).

We selected five male-enriched and five female-enriched genes from Santos et
al. (Santos et al. 2007) and from Sreenivasan et al. (Sreenivasan et al. 2008) to confirm
that these 20 genes fall into the same expression categories in our study (see “male-
enriched” and “female-enriched” sections of Table 4). We selected these genes because

they ranked at the top of their respective lists in regard to the magnitude of expression



24

bias. As Table 4 indicates, 18 out of these 20 major sex-biased genes from (Santos et al.
2007) and (Sreenivasan et al. 2008) are also among our list of sex-biased genes.

It is important to note that we detected no gene expression biases between male
and female body tissue under our strict criteria for significance (1574 probe sets
demonstrated an insufficient signal in all male body and female body replicates). If we

relax our criteria by allowing statistical significance in any one of the four analysis

Table 2 Terms Used to Describe Gene Expression Categories in this Study.

Term Explanation

Genes demonstrating greater transcript abundance in the testes

Male-enriched relative to the ovaries.

Female- Genes demonstrating greater transcript abundance in the ovaries
enriched relative to the testes.
Testis- Genes demonstrating greater transcript abundance in the testes

upregulated  relative to the male body (from which the testes have been removed).

Genes demonstrating greater transcript abundance in the ovaries
relative to the female body (from which the ovaries have been
removed).

Ovary-
upregulated

algorithms (as opposed to all four) to constitute evidence of differential expression, then
we find 112 genes that are differentially expressed between male and female body tissue.
This list of putative sexually dimorphic genes is included as supplementary information
(Additional File 3, Appendix), but these genes are not considered in further analyses
within this study. Indeed, other microarray studies of zebrafish have demonstrated sex

differences in isolated organs such as the liver (Robison et al. 2008) and the brain
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Table 3 Relative Numbers of Sex- and Gonad-biased Genes in Danio rerio.
Number of sex- and gonad-biased genes (strict consensus FDR = 0.05) under increasing
fold change thresholds. As the fold change criterion becomes more stringent, fewer
genes are deemed differentially expressed, but the male-biased patterns remains
consistent. The numbers above reflect genes that satisfy the indicated fold change
thresholds across all four absolute expression analyses.

Expression bias class No fold threshold >1.5fold >2 fold >4 fold > 6 fold

Male-enriched 3387 3219 2576 1196 728
Female-enriched 2512 2281 1684 664 413
Testis-upregulated 3002 2824 2159 925 554
Ovary-upregulated 981 842 426 0 0

(Santos et al. 2008), but according to our results, the vast majority of sex-biases in
zebrafish gene expression are due to transcriptomic differences between testis and ovary.
This observation is consistent with studies of other taxa in which tissue-specific
contributions to sex-biased gene expression have been parsed out (Parisi et al. 2003;
Parisi et al. 2004; Rinn et al. 2004).

To further examine whether the overall magnitude of sex-biased gene expression
in zebrafish is greater for male-enriched genes, we compared fold change values of
male-enriched genes to those of female-enriched genes. For each gene, the mean fold
change estimate across all four absolute expression analysis estimates (GCOS, GC-
RMA, PMMM, and PM-only) was used to represent the magnitude of expression bias.

The male-enriched and female-enriched distributions of this variable are significantly
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Table 4 Sex- and Gonad-biased Genes Identified by Other Danio rerio Studies.
List of sex- and gonad-biased genes identified by other recent zebrafish studies (Li et al.
2004; Santos et al. 2007; Sreenivasan et al. 2008). The sex-biased genes are based on
testis-ovary comparisons, as in our study. These genes were chosen from the above
studies based on reportedly high expression bias. We screened our lists of differentially
expressed genes to assess agreement with the other studies. The “fold rank” is the
position each gene occupies in our lists, based on the mean of rank across the four
absolute expression comparisons. sept4, for example, is the gene demonstrating the
second-highest male-enriched expression (out of 3387 total male-enriched genes). No
rank is listed if the gene failed to pass our “strict consensus” statistical criteria (see
Methods). Also listed are fold change estimates from each absolute expression analysis.

Gene Name, EST accession number Reference Fold Rank GCOS GC-RMA PMMM PM Only
(if applicable) (This Study) Fold Fold Fold Fold

Male-enriched Genes

anti-Mullerian hormone (amh) Santos et al. 18 328.39 154.95 78.09 80.60
2007

cyclin G2 (ceng2) Santos et al. 690 328.39 11.78 7.74 8.85
2007

heat shock cognate 70-kd protein (hsp70) Santos et al. - 3.64 2.63 220 2.63
2007

similar to septin 4 (sept4) Santos et al. 2 608.87 673.38 48.17 364.57
2007

tubulin, alpha 7 like (tuba7l) Santos et al. 19 235.72 985.76 46.06 66.53
2007

similar to tektin 1, CO352798 Sreenivasan 3 484.87 681.64 49.65 196.92

et al. 2008

dynein, axonemal, intermediate Sreenivasan 45 144.47 186.74 27.69 50.98

polypeptide 1 (dnail), CO355627 et al. 2008

similar to hiuman AKAP-associated sperm Sreenivasan 83 58.05 181.15 22.55 4438

protein, CO353327 et al. 2008

piwi-like 1 (Drosophila) (piwill), Sreenivasan 1261 6.81 8.28 5.12 5.01

C0O354057 et al. 2008

similar to testis-specific-A-kinase- Sreenivasan 4 409.79 416.74 58.48 174.20

anchoring protein, CO354405 et al. 2008

Female-enriched Genes

transmembrane phosphatase with tensin Santos et al. 1084 334 4.50 330 348

homology (tpte) 2007

RNA binding protein with multiple Santos et al. 216 26.94 48.76 14.73 20.47

splicing 2 (rbpms2) 2007

connexin 44.2 (cx44.2) Santos et al. 139 66.33 198.28 31.92 54.72
2007

SRY-box containing gene 11b (sox11b) Santos et al. 187 30.21 79.53 22.06 23.13
2007

cyclin B2 (ccnb2) Santos et al. 284 14.58 28.39 12.39 13.34
2007

similar to egg envelope glycoprotein, Sreenivasan 132 62.31 190.67 53.93 59.02

C0350790 et al. 2008

flap structure-specific endonuclease 1 Sreenivasan - 1.11 1.17 1.10 1.10

(fenl), EV603088 et al. 2008
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Gene Name, EST accession number Reference Fold Rank GCOS GC-RMA PMMM PM Only
(if applicable) (This Study) Fold Fold Fold Fold
Female-enriched Genes
hypothetical protein LOC556628, Sreenivasan 30 273.38 1679.77 110.57 156.60
C0350423 et al. 2008
B-cell translocation gene 4 (btg4), Sreenivasan 75 168.79 416.47 78.66 168.05
C0349959 et al. 2008
similar to transcription factor 1A, Sreenivasan 138 58.00 147.42 40.73 60.90
C0349799 et al. 2008
Testis-upregulated Genes
zge:162225, CO352964 Lietal 139 282.01 121.35 9.68 33.48
2004
WD repeat-containing protein 69, Lietal 82 59.34 175.15 21.17 41.71
C0355324 2004
zge:158652, CO353149 Li et al. - 113.93 392.11 30.49 42.58
2004
zge:112008, CO352835 Lietal 176 28.11 111.65 13.66 24.40
2004
similar to CG14551-PA, CO352954 Lietal 9 301.99 280.30 46.03 207.76
2004
hypothetical protein LOC558005, Sreenivasan 147 69.83 220.63 24.25 14.03
C0355049 et al. 2008
unknown transcript, CO355999 Sreenivasan 383 12.96 9.27 12.50 56.80
et al. 2008
hypothetical protein LOC100003104, Sreenivasan 13 165.59 1010.46 42.16 81.04
CO0353145 et al. 2008
similar to polyprotein, CO355597 Sreenivasan 63 51.37 131.92 47.53 48.39
et al. 2008
similar to tektin 1, CO353325 Sreenivasan 12 167.65 848.47 57.56 69.06
et al. 2008
Ovary-upregulated Genes
hypothetical protein LOC100001369, Lietal - 345 3.29 222 2.44
C0350972 2004
hypothetical protein LOC555929, Lietal - 2.66 5.13 2.19 321
CO351149 2004
similar to novel rhamnose binding lectin, Lietal. - 1.17 121 1.14 1.20
C0350303 2004
unknown transcript, CO350393 Lietal - 2.03 2.79 1.88 1.97
2004
similar to egg envelope glycoprotein, Sreenivasan - 1.37 1.92 1.48 1.52
C0350790 et al. 2008
wu:fi40a06, CO349940 Sreenivasan - 1.26 1.93 1.48 1.49
et al. 2008
DEAD (Asp-Glu-Ala-Asp) box polypeptide Sreenivasan 810 238 2.47 1.60 1.58
56, CO354027 et al. 2008
hypothetical protein LOC447813, Sreenivasan - 2.02 1.76 1.02 1.02
CO0350110 et al. 2008
clone MGC:55720, CO350755 Sreenivasan 909 2.13 2.37 1.35 1.35
et al. 2008
retinol saturase like (retsatl), CO350808 Sreenivasan - 1.75 2.49 1.79 1.85

et al. 2008
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different (Mann-Whitney U Test, p < 0.001), the male-enriched fold change values being
greater in magnitude. Frequency distributions of male- and female-enriched genes are
represented graphically in a mirrored histogram (Figure 1). Based on Figure 1, it is
evident that the male-enriched gene distribution includes more “high fold change”

observations than the female-enriched distribution.

Gonad-biased gene expression

It might be argued that transcripts more abundant in an organism’s gonads relative to its
body correspond to genes especially relevant to reproduction. In light of this, we thought
it would be informative and useful to identify putative reproductive genes in Danio
rerio. According to our criteria for differential expression, 3002 genes represented on the
array were upregulated in the testes, and 2338 were downregulated (1297 probe sets
yielded an insufficient signal in all testis and male body samples). 981 genes were
upregulated in the ovaries, and 1399 were downregulated (1917 probe sets produced an
insufficient signal in all ovary and female body samples). The numbers of differentially
expressed genes decline as one imposes more stringent fold-change criteria (Table 3),
and it appears that ovary-upregulated genes demonstrating high fold changes are scarce,
relative to high-fold testis-upregulated genes. Complete lists of testis- and ovary-
upregulated genes are included as Additional Files 4 and 5 (Appendix), respectively. Our
results indicate that male, compared to female, zebrafish possess many more genes

whose expression is elevated in gonads.
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Figure 1 The Magnitude of Female- and Male-Biased Gene Expression.

Histogram showing the distributions of fold change values for female-enriched (red) and
male-enriched (blue) genes. Recall that our differential expression criteria revealed 2512
female-enriched and 3387 male-enriched genes. Each observation represented in this
graph is a mean across four fold change values, corresponding to the four different
absolute expression analyses. Arrows at x-axis termini represent distribution tails, which
are not shown. These tails (approximately 200 observations each) were omitted for ease
of graphical representation, and their absence does not affect the interpretation of the
histogram. Comparison of the two distributions reveals that male-enriched genes are
more frequent at higher fold change intervals, relative to female-enriched genes, and a
Mann-Whitney U test formally confirms higher fold change values for male-enriched
genes (p <0.001).
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To identify which testis- and ovary-upregulated genes demonstrated the highest
gonad specificity, we ranked each gene based on its average fold change ranking across
each absolute expression analysis dataset. Tables 5 and 6 report the 15 highest ranking
testis- and ovary-upregulated genes, respectively. For some of the genes corresponding
to known or predicted Danio rerio mRNAs, functional annotation information is
available. In some cases (Table 5) this information confirms the presumed reproductive
functions of these genes. The testis-enriched gene odf3/, for example, codes for a
structural protein (SHIPPO 1) associated with the sperm flagellum (de Carvalho et al.
2002), and may therefore be of relevance with respect to sperm competition.

For the most part, however, it is difficult to speculate on the actions of gene products
that remain largely uncharacterized.

Other studies have identified genes upregulated in or specific to zebrafish
gonads, based on various methods and expression criteria (Zeng and Gong 2002; Li et al.
2004; Sreenivasan et al. 2008). We selected five testis-upregulated and four ovary-
upregulated genes from Li et al. (Li et al. 2004), and five testis-upregulated and six
ovary-upregulated genes from Sreenivasan et al. (Sreenivasan et al. 2008) to confirm
that these 20 genes fall into the same expression categories in our study (see “testis-
upregulated” and “ovary-upregulated” sections of Table 4). We selected these genes
because they ranked at the top of their respective lists in regard to the magnitude of
expression bias. While our study agrees with these other two studies quite well in terms

of testis-upregulated genes, there is rather poor agreement over ovary-upregulated genes.
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Table 5 Top Testis-upregulated Genes in Zebrafish.

Fifteen highest ranking testis-upregulated genes (of 3002 total), determined by the mean
of all four fold change rank values for each of the absolute expression analyses. Basic
annotation is represented by a top MegaBLAST hit for each GeneChip® probe set
sequence, obtained by a search of the GenBank reference mRNA database. Any
supplementary functional annotation information is included if available. E-values for
the above BLAST searches are all 0.0, except for sept4 (5 e-65) and cypl7al (1 e-123).
Several of the probe sets listed here lack any information with respect to a described
mRNA counterpart, and many correspond to hypothetical protein-coding transcripts.
Three of the well-annotated transcripts (in bold text), appear to be reproduction-related.

GenBa#nk acc. GenBank reference mRNA sequence Gf((i 138 GCf-:l{(llVlA ;:)1;/(; PD;{)I;:IIM
NM_001082815  similar to septin 4 (sept4) 590 1162 47 161
NM_212833 zgc:56699 404 1501 40 252
BI1709397 unknown. No significant BLAST hits. 254 1026 51 96
BI1709397 unknown. No significant BLAST hits. 412 451 36 331
NM_199958 outer dense fiber of sperm tail gene 3-like (odf3]) 162 787 71 97
NM_ 212806 ;{) ’l;;ﬁ;%z f ‘égyopflf‘;’:;l)y 17, subjamily 4, 157 368 92 184
NM_131057 vasa homolog (germ line development) 287 558 40 145
NM_001100021  UPF0722 protein, C110rf88 homolog 146 541 73 101
XM_692188 similar to CG14551 CG14551-PA 302 280 46 208
NM_001002357  zge: 92129 349 1785 69 61
NM 001118894 synaptonemal complex protein 1 (sycpl) 452 191 62 191
NM_001007397  zge:101797 168 848 58 69
XM _ 001342700 similar to predicted protein (LOC100003104) 166 1010 42 81
XM_692362 wu:fj98c04 187 401 34 185

NM 001089414  hypothetical protein zgc:162591 203 337 47 95
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Fifteen highest ranking ovary-upregulated genes (of 981 total), determined by the mean
of all four fold change rank values for each of the absolute expression analyses. Basic

annotation is represented by a top MegaBLAST hit for each GeneChip® probe set

sequence, obtained by a search of the GenBank reference mRNA database. Any
supplementary functional annotation information is included if available. E-values for

the above BLAST searches are all 0.0, except for nsmcel (2 e-152). Several of the probe
sets listed here lack any information with respect to a described mRNA counterpart, and
many correspond to hypothetical protein-coding transcripts.

GenBank acc. GCOS GC-RMA PM PMMM
4 GenBank reference mRNA sequence fold fold fold fold

XR_044724 zge:109744 52 9.8 34 5.5

NM_001123299  similar to CG14692-PA 5.0 8.8 3.8 44

XM_678859 similar to tripartite motif protein 33 4.7 9.6 34 5.5
microtubule associated serine/threonine kinase-like

NM_001003609 (mastl) [associated with amino acid phosphorylation] 4.4 7.6 3.6 4.0

BMO957577 unknown. No significant BLAST hits. 4.1 7.5 34 3.9
globoside alpha-1,3-N

NM 200329 acetylgalactosaminyltransferase 1-like 1 (gbgtlll) 5.0 5.6 3.6 3.8
[homologous to mammalian ABO transferase A)
similar to Tudor domain-containing protein 6

XM _ 001920491 (Antigen NY-CO-45) (Cancer/testis antigen 41.2) 4.9 7.2 2.6 4.6
(CT41.2)

NM 001017680  F-box protein 16 (fbxol6) 4.9 6.2 3.1 33

NM 001123056  zgc:172124 [homologous to protein kinase C, eta) 4.4 9.0 2.6 43
suppressor of variegation 4-20 homolog 2

NM_001098186 (Drosophila) (suv420h2) 3.6 12.2 39 5.4

NM_001020771  zgc:112481 43 53 3.1 4.0

XM 001339628  jumonji domain containing 2A-like (jmjd2al) 4.4 6.3 2.9 33

NM_001002551 non-SMC element 1 homolog (S. cerevisiae) (nsmcel) 4.1 6.1 2.6 43

NM 001077170  im:7162391, nephrocystin-1 3.9 6.5 2.8 33

NM_001100948  granulito 39 53 32 34
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There is a large categorical overlap with respect to sex- and gonad-biased gene
expression (Figure 2). Approximately 27% of the genes that were identified as being
either male-enriched or testis-upregulated intersect. This dual categorical identity also
exists for ~23% of genes that are either female-enriched or ovary-upregulated. In
general, a substantial proportion of genes upregulated in the gonads of each sex are also

expressed differentially between male and females.

Validation of microarray expression measurement

We used real-time PCR to confirm transcription bias in a subset of genes, representing
the four different microarray expression bias categories relevant in this study (See
Methods for details). Seven genes (two ovary-upregulated, two testis-upregulated, two
female-enriched, and one male-enriched) were selected based on high fold change rank

within each class and amenability to successful PCR amplification. A summary of the

i testis- ovary-
male-enriched upregulated female-enriched upregulated

2265 1230 1966 435

Figure 2 Overlap of Sex- and Gonad-biased Gene Expression.

Male (left) and female (right) Venn diagrams, demonstrating the proportion of genes that
fall into both sex- and gonad-biased expression categories. These numbers are based on
a “strict consensus” FDR = 0.05, and no fold change threshold. Roughly 33% of male-
enriched genes are also significantly testis-upregulated, whereas approximately 22% of
female-enriched genes are also significantly ovary-upregulated.
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validation experiment is shown in Table 7, and raw expression values and statistical tests
are reported in Additional File 6 (Appendix). We calculated 95% confidence intervals
for transcript abundance, and hence fold change, (N =4 - 5) in each case. The
confidence intervals are extremely wide for many of the genes, probably due to real
variation among individual fish and a small sample size. Nevertheless, each independent
test confirmed a significant expression bias in the expected direction, and confidence
interval width seems to scale with variation in array fold change estimates across the

four different absolute expression analyses.

Table 7 Real-time PCR Confirmation for Seven Differentially Expressed Genes.
Expression levels of sex- and gonad-biased zebrafish genes, as confirmed by quantitative
real-time PCR. Included are each gene’s expression bias category, GenBank identifier
and accession number, within-category expression rank, four microarray fold change
estimates based on different absolute expression analyses, and qPCR 95% confidence
interval for fold change. Some of the confidence intervals are quite wide, but in every
case statistically significant (p < 0.05) expression bias was confirmed.

Gene class Gene Name/ Rank GCOS GC-RMA PM PMMM qPCR 95%
GenBank acc. # fold fold fold fold CI
up(r)evgirlﬁ'ted NI\ZﬁIﬁ‘lm 121 3.0 47 2.4 2.7 46-15
up(r)e‘;rl};-ted NNT%((;)QIZO%?.’)W 187 2.4 6.1 2.5 2.7 1357
upj;egﬁililed NM758€6482815 ! 590 1162 47 161 189518
uprT:gsflzed vaffgbglzolozzz 57 10 349 1785 69 61 740 - 3665
er]:fif}féd 3&5;70157"2% 4 810 545 38 283 189 — 488
zfrinfﬂ:é XM 6f812§)3ggf98 : 458 2190 246 551 1982->9999
Female- wu:fd1 401 2 572 1458 174 479 609 — 3246

enriched XM_677844
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Discussion
Masculinization of the zebrafish transcriptome
Our results are consistent with the predictions of the "male sex drive" hypothesis. Three
lines of evidence from our study provide reason to believe that gene expression in the
zebrafish lineage is “masculinized.” First, we discovered a larger total number of male-
enriched than female-enriched genes (Table 3), consistent with other animal studies. A
recent study, for example, documented this asymmetry in five Drosophila species (D.
melanogaster, D. simulans, D. yakuba, D. ananasse, and D. virilis) using species-
specific microarrays (Zhang et al. 2007), and additional investigations have reported
similar findings in Drosophila (Parisi et al. 2003; Parisi et al. 2004; Singh and
Kulathinal 2005). Rin et al. also identified a substantially greater number of male-
enriched genes, especially within higher fold change classes, based on a transcriptomic
comparison of testis and ovary in mice (Rinn et al. 2004). In two closely related frog
species (Xenopus laevis and X. muelleri), Malone et al. revealed a greater overall number
of male-enriched genes and demonstrated an even more pronounced male-biased
asymmetry among genes that are also differentially expressed between species (Malone
et al. 2006). Indeed, others have described a related phenomenon, in which male-
enriched genes are greatly overrepresented among groups of genes that demonstrate
intra- and inter-specific expression polymorphism, relative to female-enriched and sex-
unbiased loci (Jin et al. 2001; Meiklejohn et al. 2003; Ranz et al. 2003).

Interestingly, recent studies of sex-biased gene expression in Danio rerio have

not yielded the same observation of more male-enriched than female-enriched
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transcripts. In fact, Santos et al. compared ovary and testis transcriptomes in adult
zebrafish and reported 1370 male-enriched genes and 1570 female-enriched genes
(Santos et al. 2007), which contrasts with our finding that more genes are male-enriched.
One possible source of the discrepancy might be that the experimental animals were
treated quite differently in our study. Santos et al. sampled individuals from a “breeding
colony” of six males and six females, and histological analysis of experimental ovaries
revealed great variation in oogenic stage among individual females (Santos et al. 2007).
Females in our study spawned on the same day, and were then isolated from males for
five days before being sacrificed. Separation of males and females may not reflect
conditions zebrafish experience in nature, but our design allowed us to prevent re-mating
and standardize reproductive cycles among experimental individuals. Still, a five-day
absence of any stimuli produced by the opposite sex might result in significant
behavioral and physiological consequences for males and females, and these could
explain the differences between the studies. For example, significant changes in gene
expression over a very short time period as a consequence of courtship exposure have
been documented in Drosophila (Carney 2007). Additional studies should be conducted
to assess the potential for plasticity of sex biases in the transcriptome due to behavioral,
environmental, developmental (Arbeitman et al. 2002; Sadate-Ngatchou et al. 2004), and
temporal factors.

Differences in array platform and analysis might also explain the discrepancy
between studies. Santos et al. (Santos et al. 2007) employed microarrays constructed

from the Sigma-Genosys (Cambridge, UK) Zebrafish OligoLibrary' ™, which represents
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approximately the same number of unique transcripts (15,806) as the Affymetrix arrays
(14,900), but not necessarily the same transcripts. Furthermore, the expression detection
algorithms tailored for Affymetrix GeneChips® are unique, and we applied four of these
in this study. It is also worth noting that the microarray fold change estimates from the
Santos et al. study are substantially lower (up to two orders of magnitude) than the
corresponding real-time qPCR fold change estimates, which the authors attribute to spot
saturation (Santos et al. 2007). Our microarray fold change estimates appear to be more
consistent with the real-time qPCR estimates (Table 7), suggesting that array feature
saturation is less of a problem in our study. Despite the discrepancy, however, there is
agreement between the two studies at the level of expression patterns for individual
genes, as nine out of ten top sex-biased genes identified by Santos et al. (Santos et al.
2007) also appear in our sex-biased gene list (Table 4).

Two other studies addressed sex-biased gene expression in zebrafish, but neither
of them is as relevant to this study as the Santos et al. experiment. Wen et al. conducted
a whole body male-female comparison of the zebrafish transcriptome using a cDNA
microarray representing 8793 unique EST clusters (Wen et al. 2005). The authors
identified 383 female-enriched genes in their study; however, they make no mention of
male-enriched transcripts, and gonads were not analyzed separately. Another microarray
study, by Sreenivasan et al., did separate the gonads, in addition to the brain and kidney,
from the “rest-of-body,” for males and females (Sreenivasan et al. 2008). They
employed cDNA microarrays containing 6370 unique genes derived from zebrafish

gonad EST libraries. Sreenivasan et al. reported 881 genes enriched by > 1.5 fold in the
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testis relative to the common reference control, and 1366 genes enriched by > 1.5 fold in
the ovary relative to the common reference control (Sreenivasan et al. 2008). The report
does not provide details regarding the total numbers of male- and female-enriched genes
for each organ comparison, so a direct comparison between this study and ours is
difficult.

Another surprising result is that we did not identify genes that, according to our
strict consensus criteria, demonstrate sex-biased expression at the level of the zebrafish
body. A recent study of sex differences with respect to hepatic gene expression, which
also utilized the Affymetrix platform, revealed 1249 sex-biased genes (792 male-
enriched, 650 female-enriched) in the adult zebrafish liver (Robison et al. 2008).
Another study, which examined sex differences of the zebrafish brain transcriptome,
identified 42 sex-biased genes (18 male-enriched, 24 female-enriched) (Santos et al.
2008). This is in stark contrast to Sreenivasan et al. (Sreenivasan et al. 2008), who report
3080 genes as differentially expressed between male and female brains, so it is clear that
major differences exist among the other zebrafish studies as well. Our study did not
involve a direct organ-to-organ comparison (except for gonads), so it is possible that
organ-specific signals of sex-biased gene expression were obscured by background gene
expression in other somatic tissues. The lack of sexually dimorphic body gene
expression in our study could also be a consequence of high among-individual variance
in body gene expression, although we took many steps experimentally to reduce this.
Furthermore, our statistical criteria for differentially expressed genes were very

conservative, so we likely missed some differentially expressed genes, especially if the
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differences were small. If we relax our criteria and consider a gene differentially
expressed if it appears significant in at least one of the four absolute expression
comparisons, then we find 112 body sex-biased genes (78 male-enriched, 34 female-
enriched). Of these genes, 26 (9 male-enriched, 17 female-enriched) were consistent
with the liver results from Robison et al. (Robison et al. 2008), but none were consistent
with the brain study (Santos et al. 2008). The list of 112 genes, and corresponding fold
change estimates from the four absolute expression comparisons are included as
Additional File 3 (Appendix).

The second pattern indicative of a masculinized transcriptome is an increase in
the magnitude of differential expression (i.e. fold change) for male-enriched genes
relative to female-enriched genes. Based on our results in Danio, male-enriched genes
on average demonstrate more extreme sex-biases in expression than female-enriched
genes (Figure 1). This trend was also described by Zhang et al. across seven different
Drosophila species (Zhang et al. 2007). If transcript abundance is viewed as a
quantitative trait, it becomes apparent that males demonstrate considerably more
exaggerated trait values for sex-biased genes than do females. In essence, for traits that
are sexually dimorphic (i.e. expression levels of sex-biased genes), males on average
appear to demonstrate more extreme phenotypes. This concept should be relevant to an
integrated understanding of transcriptomic masculinization, “male-driven” evolution,
and sexual dimorphism at additional phenotypic levels.

A third result of our study related to reproductive processes and sex-specific gene

expression patterns is simply that adult male zebrafish demonstrated many more gonad-
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soma differences in transcript abundance than females. We detected 5340 genes as
differentially expressed between testicular and male body tissue (3002 testis-
upregulated, 2338 testis-downregulated). In comparison, only 2380 genes were
identified as being differentially expressed between ovarian and female body tissue (981
ovary-upregulated, 1399 ovary-downregulated). These striking transcriptional
differences at a tissue-specific level are likely reflections of fundamental reproductive
differences between males and females. A microarray study of D. melanogaster adults
revealed a similar sex disparity in gonad-biased gene expression and also reported that
the expression magnitude of testis-upregulated genes is substantially greater than that for
ovary-upregulated genes (Parisi et al. 2004). Because none of the 981 ovary-upregulated
genes identified in our study demonstrated fold change values greater than four, whereas
fold change values for 554 testis-enriched genes exceeded six, zebrafish may also
conform to this pattern. A general interpretation of this trend might be that there are
more specific transcripts essential to processes that take place in the testes, relative to
specific transcripts in ovarian tissue.

A small comparison of testis-upregulated or testis-specific genes from other
zebrafish studies (Li et al. 2004; Sreenivasan et al. 2008) to those identified as testis-
upregulated in our study indicates a high level of agreement (see “testis-upregulated”
section of Table 4). In contrast, many of the top ovary-specific or ovary-upregulated
genes identified consistently in these studies are absent from our list of top ovary-
upregulated genes (Table 6). Why our study differs from the others in this respect

remains an open question. Again, the fact that we separated males from females five
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days prior to sample collection may partially explain the discrepancy, especially if
females experience major changes in hormone profiles in the absence of males. High
body gene expression variance among females in our samples could also explain why
ovary-upregulated genes from the other studies did not demonstrate statistically different
expression levels in our study. Additional File 7 (Appendix), a more detailed version of
Table 3, includes ten reportedly ovary-upregulated genes and the relevant expression
value means, standard errors, and fold change estimates from our data set.

A particularly important class of female reproductive genes, which correspond to
members of the zona pellucida egg coat glycoprotein superfamily, demonstrate ovary-
specific expression patterns according to several zebrafish studies (zp/ (Zeng and Gong
2002); zp2 (Wang and Gong 1999; Zeng and Gong 2002); zp3 (Wang and Gong 1999;
Del Giacco et al. 2000)). We, however, identified none of the zona pellucida homologs
represented on the zebrafish GeneChip® as significantly ovary-upregulated (See
Additional File 8 (Appendix) for a list of zp genes, expression value means, and standard
errors for each absolute expression analysis). This result is surprising, and the expression
values in Additional File 8 indicate high female body zp expression in addition to
expectedly strong expression in ovaries. Contamination of the body sample with ovarian
tissue could produce this result but is unlikely since we completely removed all visible
ovarian tissue from each individual. Even if a dissection left as much as half of the total
ovarian tissue inside a body sample, one would not expect equal or greater body
transcript abundance (for a truly ovary-upregulated gene), because the contaminating

ovary signal would be greatly diluted by the female body RNA. Furthermore, if the
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female body samples were contaminated with ovarian tissue, we would expect many
false positives with respect to male and female body differences, which is clearly not the
case. We, therefore, maintain that high female body zp expression in our experiment is
either real or a reflection of problematic zp array probesets. In general, there seems to be
some disagreement across studies with respect to tissue specific patterns of zp gene
expression. For example, significant expression of zp/ and zp2 has been documented in
ovary-excised females (Wen et al. 2005), and expression of zp3 in female skeletal
muscle has also been described (Zeng and Gong 2002). Furthermore, a recent study
(which also used Affymetrix zebrafish arrays) of sex-biased gene expression in the liver
of zebrafish reported that zp2.2, zp3, zp3a. 1, zp3b, and zpcx are all expressed at high
levels and are all female-enriched (Robison et al. 2008). Based on an estimate by Liu et
al., there are likely 10 - 15 zp2 and 17 - 21 zp3 paralogs alone distributed throughout the
zebrafish genome (Liu et al. 2006), so assaying expression of individual paralogs may
not be as straightforward as is assumed. We cannot say for certain that our results reflect
this specific problem, but across-study differences in zp probe composition might
explain some of the inconsistencies in tissue-specific expression patterns of zona

pellucida genes.

Genomic differences and sex-biased gene expression
In the absence of dosage compensation, having two copies of a sex chromosome (i.e. the
homogametic sex) could allow increased expression of sex chromosome genes in the

homogametic sex relative to the heterogametic sex (Ellegren et al. 2007). This is not
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likely the reason for sex-biased gene expression in zebrafish, however, because
karyotypes of the Danio rerio genome fail to reveal heteromorphic sex chromosomes
(Traut and Winking 2001). Furthermore, no sex-linked genetic markers or key sex-
determination loci have been described in zebrafish as of the completion of our study
(von Hofsten and Olsson 2005; Streelman et al. 2007). This suggests that sexually
dimorphic gene expression and sexual dimorphism are not explained solely or directly
by genome differences between male and female zebrafish. A more plausible scenario is
that environmental or genetic conditions initiate sexual differentiation, followed by
hormonal differences which cascade into large scale sex-biased gene expression and
ultimately into other phenotypic aspects of sexual dimorphism, such as morphological

and behavioral differences.

The evolution of sex-biased gene expression

Our study does not specifically address mechanisms potentially responsible for the
adaptive evolution of sexually dimorphic gene expression, but these are worth
considering here briefly. In general, two processes are capable of generating selection
for differential transcript abundance in males and females. Sexual selection could drive
the evolution of transcript abundance via mating or fertilization advantages to
individuals within a population. Because the general intensity of sexual selection may be
different between the sexes (Bateman 1948), it could generate an antecedent for different
adaptive trajectories between males and females. Similarly, sex-specific ecological

selection could drive the evolution of gene expression via survival, fecundity, or fertility
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advantages to members of one or the other sex. If there is intrinsic sex-limitation of the
novel transcript abundance from the outset, owing to existing sex-differences in genetic
background for example, sexual selection or sex-specific ecological selection can
automatically result in sexual dimorphism. If not, a secondary mechanism such as
intersexual conflict is required to reinforce stable sexual dimorphism in transcript
abundance. Under this scenario, a transition to the male- or female- selected expression
“optimum” is constrained, due to a different optimum in the opposite sex. This process
generates selection for sex-limited gene expression, and sexually dimorphic expression
is a possible response.

Few attempts have been made to rigorously test which (if any) of these processes
are responsible for the great degree of sex-biased gene expression observed across
animal taxa, but work by Connallon and Knowles (Connallon and Knowles 2005)
suggests a signature of sexual conflict in Drosophila sex-biased gene expression
patterns. Sexual selection in zebrafish has not been quantified formally, but the species
exhibits little morphological sexual dimorphism, and observations of mating patterns
suggest conditionally high variance in male and female mating success (Spence et al.
2008). More extensive studies comparing gene expression patterns among closely related
species that differ with respect to the above selective forces will become feasible in the
wake of advancing genomics resources for non-model organisms, and this should greatly
improve our evolutionary understanding of sex-biased gene expression.

In general, our microarray results suggest that adult zebratish demonstrate

sexually dimorphic gene expression profiles across a large proportion of the genome. We
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detected a greater abundance of male- than female-enriched genes, and found that male-
enriched genes demonstrate higher fold changes on average than female-enriched genes.
Male zebrafish also demonstrated many more expression differences between body and
gonads than did females. These findings are consistent with male-biased patterns of gene
expression described in studies of other animal taxa, although they are at odds in some
ways with recent zebrafish studies. The discrepancies are discussed, but identifying their
sources is difficult due to very different objectives, analyses, and experimental
approaches across studies. Sex-biases in gene expression deserve attention because they
may explain important differences between males and females, an extension of the

realization that gene regulation plays a major role in phenotypic evolution.
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3. SEX-, TISSUE-, AND SPECIES-SPECIFIC EXPRESSION PATTERNS
INFLUENCE RATES OF SEQUENCE DIVERGENCE BETWEEN TWO

HYBRIDIZING SWORDTAIL FISHES

Introduction

Genes expressed differentially between males and females of the same species are of
interest to biologists because many of them likely play a role in morphological,
physiological, and behavioral differences between the sexes. Phenotypic sexual
dimorphism in a species can arise as a result of differing selective regimes acting on
males and females, so sex-biased gene expression is of key relevance to those interested
in mechanisms of sex-specific selection, namely sexual selection and ecological
counterparts such as fecundity selection (Ellegren and Parsch 2007). The last decade of
research, fueled initially by microarray technology and now by next-generation
sequencing, has supplied many examples of extensive sex-biased gene expression across
animals (Jiang et al. 2001; Hahn and Lanzaro 2005; Malone et al. 2006; Zhang et al.
2007; Mank et al. 2008; Small et al. 2009; Prince et al. 2010). In addition to the common
occurrence of sex-biased gene expression, molecular evolutionists have shown that
protein-coding regions of sex-biased genes, particularly male-biased genes in the
Drosophila melanogaster subgroup (Meiklejohn et al. 2003; Grath and Parsch 2012),
tend to diverge more quickly than genes unbiased with respect to expression in the sexes

(Zhang et al. 2004; Cutter and Ward 2005; Mank et al. 2007b).
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Although some of the above observations have been interpreted as a pervasive
male-specific, transcriptome-wide response to strong sexual selection on male-biased
molecules and their expression (Singh and Kulathinal 2005), some caveats are now
understood. Female-biased genes, for example, sometimes diverge more rapidly at the
amino acid level than male-biased genes, which is the case for autosomal genes
expressed in the brain of developing chicken embryos (Mank et al. 2007b). Furthermore,
a great deal of sex-biased gene expression in animals is due to major biological
differences between male and female reproductive tissues (Rinn and Snyder 2005; Small
et al. 2009). Such differences may not reflect recent episodes of sexual selection as much
as ancient sex-specific developmental and physiological requirements for producing
eggs and sperm.

In general, current observations suggest that sex-biased gene expression and rates
of sequence evolution for sex-biased genes are highly context-dependent with respect to
the location and timing of transcription. Rapidly-evolving male-biased genes, for
example, could be mostly restricted to genes expressed in the male reproductive tract,
and male-biased genes in other tissues may not evolve especially rapidly. Furthermore,
genes that are expressed with some specificity in certain tissues, regardless of the tissue
type, tend to evolve more rapidly than broadly-expressed genes (Duret and Mouchiroud
2000; Zhang and Li 2004), a pattern that also confounds our understanding of sex-biased
molecular evolution. These issues have recently been addressed with a re-examination of
Drosophila microarray and mammalian EST data, in which the author attempts to

separate sex- and tissue-specific effects on gene expression and functional sequence
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divergence (Meisel 2011). The results from Meisel’s study suggest that the relationship
between sex-biased gene expression and sequence divergence is driven predominantly
by rapidly evolving proteins expressed mostly in the reproductive tract, but similar
studies should be executed in groups outside of Drosophila and mammals.

We used pyrosequencing to characterize expression biases and coding DNA
sequence evolution for gonad, head, and body transcriptomes in male and female
Xiphophorus birchmanni and Xiphophorus malinche. These two hybridizing swordtail
fishes, which belong to the live-bearing teleost family Poeciliidae, offer a unique
biological backdrop for a study of the relationship between expression patterns and
coding sequence divergence. Internal fertilization and postcopulatory influences on
mating success are important in other members of Family Poeciliidae (Pilastro et al.
2002; Pilastro et al. 2004), so there is reason to expect sexual selection on male and
female reproductive molecules in swordtails. Strong visual and chemical preferences in
females with respect to male trait variation have been demonstrated in X. birchmanni
(Fisher and Rosenthal 2006; Wong and Rosenthal 2006; Fisher and Rosenthal 2007,
Willis et al. 2011), so sex- and possibly species-specific patterns of gene expression in
“sensory tissues” are predicted. The two species also reside in quite different physical
environments regarding elevation, temperature, photic properties, and stream flow
dynamics (Rauchenberger et al. 1990; Rosenthal et al. 2003). Adaptive divergence is
therefore expected to have generated genomic and phenotypic differences between these
two species, a signature of which may be present in large transcript abundance

inequalities for many genes.
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In this study we analyzed separately the effects of sex-, tissue-, and species-
biased gene expression on the functional rate of protein-coding sequence divergence
between X. birchmanni and X. malinche sampled directly from the field. We detected a
tremendous amount of sex-biased gene expression across multiple tissue types, along
with male and female asymmetries in both the number of sex-biased genes per tissue
type and the average magnitude of sex-biased transcript abundance. Sex-biased genes
demonstrated especially high dN/dS ratios relative to unbiased genes for gonad and some
non-gonad comparisons. We also found that tissue-biased expression, measured as
differences between head and gonad transcript abundance, affects dV/dS but not likely in
an asymmetric fashion. Lastly, we detected a positive relationship between species
differences in gene expression and dN/dS, but only for those comparisons involving the

male gonad and the female head transcriptome.

Materials and Methods

Sample preparation and Roche 454 GS FLX sequencing

Eight adult male and eight adult female Xiphophorus malinche were captured by baited
minnow trap in March 2010 from Chicayotla, Arroyo Xontla in Hidalgo, Mexico. We
similarly collected eight adult male and eight adult female Xiphophorus birchmanni
from the nearby Rio Garces. All females used in this study possessed mature ova but
were devoid of developing embryos, in order to minimize variation among individuals
and minimize the probability of sampling embryonic tissues. Directly upon taking each

fish from the stream, we used sterile dissection tools to remove its gonads (including all
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ova in ovaries), major fin tissue (dorsal, caudal, and pectoral), and a dorsal section of the
cranium including the sensory organs but excluding the gills. Each tissue and the
remainder of each fish’s body were immediately frozen individually in TRIzol® Reagent
(Invitrogen) aliquots at -80 C until further processing.

In the laboratory we ground the tissues using a Polytron®™ homogenizer and
isolated total RNA from each sample according to the TRIzol® manufacturer’s
guidelines, except that a “double” extraction was performed by combining the aqueous
phase from the initial chloroform separation with a second volume of TRIzol® Reagent
and repeating the protocol from the beginning. For each tissue type we pooled 10 ug of
total RNA from each of eight individuals, yielding libraries composed of 80 pg of total
RNA. The 16 total RNA libraries were as follows: X. birchmanni female body, X.
birchmanni female fins, X. birchmanni female gonads, X. birchmanni female head, X.
birchmanni male body, X. birchmanni male fins, X. birchmanni male gonads, X.
birchmanni male head, X. malinche female body, X. malinche temale fins, X. malinche
female gonads, X. malinche female head, X. malinche male body, X. malinche male fins,
X. malinche male gonads, and X. malinche male head. We sent all pooled samples to the
Michigan State University Research Technology Support Facility, where Rapid Prep
cDNA libraries were generated, multiplexed, and sequenced in two runs on a Roche 454

GS FLX" sequencer using Titanium® chemistry.
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De novo transcriptome assembly, alignment of orthologous coding sequences, and
transcript abundance estimates

We trimmed all 454 reads to remove low quality regions, polyA tails, and remaining
library preparation artifacts using the program SeqTrim (Falgueras et al. 2010). After
discarding all cleaned reads less than 50 nt, we performed two de novo transcriptome
assemblies (one for each species) using the CLC Genomics Workbench® version 4.5
(CLC bio). Aside from default assembly parameters, we selected the remapping option
with similarity criterion set at 0.97 for the final assemblies. Nucleotides in the final
contig sequences were determined by a majority consensus, that is, the most common
base among all assembled reads for a given position.

Between-species orthologous sequence pairs were identified using a “reciprocal
best BLAST hit” criterion (Rivera et al. 1998), wherein the BLAST hit (Altschul et al.
1990) for each search with the highest bit-score was used to establish the “best hit.” This
approach mandates that orthologs are only identified when two sequences from different
species are each other’s top BLAST hit. After obtaining a set of putatively orthologous
transcripts for the two species, we used BLASTx (Camacho et al. 2009) to obtain
homologous protein-coding references from the NCBI non-redundant protein sequence
database. We translated X. birchmanni and X. malinche high-scoring segment pairs
(HSPs) from the BLASTx output into amino acids to define open reading frames,
aligned them using Clustal Omega (Sievers et al. 2011), and then reverse-translated the

alignment after excluding error-prone regions with a custom sliding window script (by
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R. Cui). A minimum alignment length of 70 codons was set to filter especially small
transcript fragments from downstream analyses.

For each orthologous contig containing an open reading frame greater than 70
codons we estimated transcript abundance in 12 libraries of interest (X. birchmanni
female body, X. birchmanni female gonads, X. birchmanni female head, X. birchmanni
male body, X. birchmanni male gonads, X. birchmanni male head, X. malinche female
body, X. malinche female gonads, X. malinche female head, X. malinche male body, X.
malinche male gonads, and X. malinche male head) by mapping sequencing reads from a
given library back to its respective species’ assembly with the RNA-seq module in the
CLC Genomics Workbench®. Transcript abundance was expressed as RPKM, the
number of reads per kilobase of contig per one million mapped reads (Mortazavi et al.
2008). All expression ratios for genes calculated in this study are simply RPKM

quotients.

Molecular evolutionary and statistical analyses

A pairwise maximum likelithood estimate of dNV/dS, the ratio of the nonsynonymous
substitution rate to the synonymous substitution rate, was obtained from each aligned
pair of protein-coding sequences using the codeml program (runmode = -2) within
PAML 4.5 (Yang 1997). Higher dN/dS values for particular genes or lineages suggest a
greater extent of diversifying selection or a relative relaxation of purifying selection
(Yang 1998). Because the interpretation of dNV/dS is questionable when the denominator

is zero, all observations of this nature were excluded from analysis. All statistical tests
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were either performed in Microsoft Excel® (Microsoft Corp.) or JIMP Pro® version 9
(SAS Institute Inc.). We analyzed the relationship between dN/dS and expression
differences separately on three levels: sex-biased gene expression, tissue-biased gene
expression, and species-biased gene expression.

Initially we assessed the general direction and magnitude of male-and female-
biased transcript abundance for six male-female library pairs (X. birchmanni body, X.
birchmanni gonads, X. birchmanni head, X. malinche body, X. malinche gonads, and X.
malinche head). For each transcript we calculated the degree of sex-biased gene

expression as

RPKMmaleij

log

RPKMfemaleij ’

where i is one of the six library types listed above and j represents the individual
transcript being assessed. To coarsely categorize transcripts as male- or female-biased,

we used the equivalent of an approximately two-fold expression difference cutoff, such

that if

RPKMmaleij

> 2,
RPKMfemaleij

the gene was considered male-biased, and if

RPKMmaleij

<0.5,

RPKMfemalei]-

the gene was considered female-biased. Genes with an RPKM value of zero in both
sexes for a given library comparison were excluded from analysis. For each of the six

library types we calculated the relative number of male- and female-biased genes using
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these criteria, and then we compared dV/dS among male-biased, female-biased, and
unbiased categories. A second “continuous” analysis, considering effects across all six
library types simultaneously, was carried out to examine the nature of the relationship
between dN/dS and the magnitude of sex-bias without regard to the direction of bias. To
accomplish this we fit a generalized linear model to the data, wherein the distribution of
the response variable dV/dS was modeled as exponential with an inverse link function.
The six explanatory terms in the model are expressed as

‘ RPKMmaleij

(0] .
g RPKMfemaleij

The relationship between dN/dS and tissue specificity with respect to head and
gonad library pairs was assessed in a similar manner. For each transcript we calculated

the degree of tissue-biased gene expression as

RPKMgonadij

log
RPKMheadij ’

where i is one of four gonad-head library pairs (X. birchmanni male, X. birchmanni
female, X. malinche male, and X. malinche female), and j represents the individual
transcript being assessed. Using the same strategy described for the sex-biased analysis,
we compared dN/dS among gonad-biased, head-biased, and unbiased groups of genes
separately for X. birchmanni male, X. birchmanni female, X. malinche male, and X.
malinche female library pairs. Likewise, we fit a generalized linear model to explain
variation in dN/dS as a function of four effect terms, which may be expressed as

RPKMgonadi]-

RPKMheadij

log

2
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where i represents each of the four gonad-head library pairs and j represents each
individual transcript.

Finally, to explore the relationship of protein-coding sequence divergence to
expression divergence between species, we calculated the degree of species-biased gene

expression as

RPKMX.birchmanniij

log

2

RPKM x malinche;;
where i is one of six X. birchmanni-X. malinche library pairs (male body, male gonad,
male head, female body, female gonad, and female head), and j represents the individual
transcript being assessed. Again, we fit the same type of generalized linear model with
the six effect terms expressed as

RPKMX.birchmanniij

log

RPKMX.malincheij

where i represents each of the four library pairs specified above and j represents each

individual transcript.

Results

454 sequencing, assembly, and orthology assignment

The two sequencing runs yielded a total of 2,136,022 passing reads with a mean read
length of 306 nt. The number and mean length of reads for each library are reported in
Table 8, along with assembly results for the two species. An especially poor yield was
obtained for the X. malinche female fin sequencing library, so we excluded all fin

libraries from analysis in this study. Also, the X. malinche female body library consisted



56

of many fewer reads than other libraries, so expression ratio results involving this library
should be interpreted cautiously. The two de novo assemblies resulted in a mean contig
number of 57,559 and a mean contig length of 684 nt, on par with or better than 454 de
novo transcriptome assemblies for a congener (Zhang et al. 2011) and other teleosts
(Elmer et al. 2010). We identified 31,991 putative orthologous pairs, based on our
reciprocal best BLAST criteria. Of these, however, only 10,222 were retained for
downstream analysis. The remaining 21,796 orthologous pairs were either devoid of an
open reading frame (most BLASTed to 3” or 5 UTRs of known genes) or consisted of

an amino acid alignment of less than 70 residues.

Sex-biased gene expression and dN/dS

All three tissue types (body, gonad, and head) in both species demonstrated a significant
amount of sex-biased gene expression. On average, ~71% of the transcripts represented
in a given library type were sex-biased, based on our two-fold-difference criterion. We
detected a strong asymmetry in the proportion of male- versus female-biased genes in all
tissue types (Table 9). There were significantly more male-biased than female-biased
genes in body and head library types for both species, but significantly more female-
biased than male-biased genes in gonad library types for both species (p < 0.0001,
sequential G-tests for goodness of fit). Multiple Mann-Whitney U tests also suggested
that the magnitude of sex-biased expression adheres to this same pattern, with the
exception of no significant difference between male and female X. birchmanni body

libraries (Table 9).
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We also detected differences in dV/dS among sex-biased and unbiased transcripts
for several library types (Figure 3). Both male- and female-biased genes expressed in X.
birchmanni gonads demonstrated a higher dN/dS than X. birchmanni gonad genes
unbiased with respect to sex (Kruskal-Wallis Test, p = 0.0002). The same trend was
observed for X. malinche body-expressed genes (Kruskal-Wallis Test, p = 0.0050) and
X. malinche gonad genes (Kruskal-Wallis Test, p = 0.0156). X. malinche sex-biased

genes (especially female-biased genes) expressed in the head also tended towards having

Table 8 Xiphophorus 454 Sequencing and de novo Transcriptome Assemblies.

Sequencing Library Read # Read Length  Contig# Contig Length

Mean (nt) Mean (nt)
X. birchmanni 3 Body 126,735 306
X. birchmanni &3 Fins 158,543 302
X. birchmanni & Gonads 142,000 327
X. birchmanni & Head 131,422 310
X. birchmanni @ Body 86,289 282 57,063 657
X. birchmanni ? Fins 88,729 303
X. birchmanni Q Gonads 182,941 315
X. birchmanni Q Head 116,629 284
X. malinche & Body 216,295 329
X. malinche & Fins 205,952 324
X. malinche 3 Gonads 145,087 325
X. malinche & Head 170,473 328
X. malinche Q Body 39,182 280 28,054 710
X. malinche Q Fins 2,781 223
X. malinche Q Gonads 173,162 322

X. malinche Q Head 149,802 317
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higher dN/dS ratios relative to unbiased genes (Kruskal-Wallis Test, p = 0.0097).

A generalized linear model for variation in dNV/dS as a function of sex-biased gene

expression across all six library types identified significant effects from X. birchmanni

gonad, X. malinche body, and X. malinche head library pairs. Results from the model are

reported in Table 10.

Table 9 Sex-biased Gene Expression Trends in Xiphophorus.

Sex-asymmetries in the number of sex-biased genes and the magnitude of sex-biased
expression for each tissue type. * The X. malinche female body library contains an
especially low number of sequencing reads, making comparisons less robust.

# of Male- # of Female- Sex Asymmetry in Sex Asymmetry in

Tissue biased biased Number of Sex- Magnitude of Sex-

(Species) Transcripts Transcripts biased Transcripts?  biased Expression?

Body 3192 1446 Yes, M>F No

X. birchmanni (p <0.0001) (p=0.2765)
Gonad 2452 3627 Yes, F>M Yes, F>M
X. birchmanni (p <0.0001) (p = 0.0046)
Head 3093 2160 Yes, M >F Yes, M >F
X. birchmanni (p <0.0001) (p <0.0001)
Body 5472 931 Yes, M >F Yes, M>F
X. malinche * (p <0.0001) (p <0.0001)
Gonad 2426 3325 Yes, F>M Yes, F>M
X malinche (p <0.0001) (p <0.0001)
Head 2539 2193 Yes, M >F Yes, M>F
X. malinche (p <0.0001) (p <0.0001)

Tissue-biased gene expression and dN/dS

Categorical comparisons of dN/dS among gonad-biased, head-biased, and unbiased

groups of genes revealed a positive relationship between tissue specificity in general and

dN/dS (Figure 4). Both ovary-biased and head-biased transcripts in X. birchmanni

females demonstrated a higher dN/dS than genes expressed evenly between the two
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Table 10 Magnitude of Sex-biased Gene Expression Explains variation in d/V/dS.
Generalized linear model for dNV/dS (exponentially distributed with reciprocal link
function), as a function of sex-biased gene expression in six different library pairs.
Model terms having a significant effect at o = 0.05 are in bold. As a result of the
reciprocal link function, a negative effect sign should be interpreted as a positive
relationship between explanatory and response variables.

Effect Parameter

Term ChiSquare DF P Estimate
Model (InLFull - InLReduced) 62.7574 6 <0.0001

[log(M/F)| X. birchmanni Body 0.1050 1 0.7460 0.0669

[log(M/F)| X. birchmanni Gonad 31.0285 1 <0.0001 -1.1364
llog(M/F)| X. birchmanni Head 0.009216 1 0.9235 0.0203

[log(M/F)| X. malinche Body 19.6744 1 <0.0001 0.9387

llog(M/F)| X. malinche Gonad 0.4869 1 0.4853 -0.1570

[log(M/F)| X. malinche Head 5.1031 1 0.0239 -0.5935

tissues (Kruskal-Wallis Test, p = 0.0006). We also found differences in dN/dS among
head-biased, gonad-biased, and unbiased genes in male X. birchmanni and male X.
malinche (Kruskal-Wallis Tests, p = 0.0146 and p = 0.0125, respectively). The X.
malinche female comparison, however, suggested minimal variation of dN/dS among the
three expression groups (Kruskal-Wallis Test, p = 0.0812).

A generalized linear model very similar to the one that was fit to the sex-biased
expression data identified significant effects of tissue-biased gene expression on dN/dS.
In particular, we found large positive effects of tissue-biased gene expression in X.
birchmanni and X. malinche females, but a significant negative effect of tissue-biased

gene expression on dN/dS in X. malinche males (Table 11).
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Figure 3 Sex-biased Gene Expression and dV/dS in Xiphophorus.

Mean dN/dS for male-biased, female-biased, and sex-unbiased genes in all six library
types (A. — F.) assessed with respect to sex-biased gene expression. Error bars represent
the standard error of the mean. Categories significantly different after three standard
Bonferroni-corrected Mann-Whitney U tests are linked by braces.
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Table 11 Magnitude of Tissue-biased Gene Expression Explains variation in
dnv/dsS.

Generalized linear model for dN/dS (exponentially distributed with reciprocal link
function), as a function of tissue-biased gene expression in four different library pairs.
Model terms having a significant effect at o = 0.05 are in bold. As a result of the
reciprocal link function, a negative effect sign should be interpreted as a positive
relationship between explanatory and response variables.

Effect

Term ChiSquare DF D Parameter

Estimate
Model (InLFull - InLReduced) 71.2714 4 <0.0001
[log(Gonad/Head)| X. birchmanni 9 10.5696 1 0.0011 -0.4277
llog(Gonad/Head)| X. birchmanni & 0.6122 1 0.4339 -0.1036
[log(Gonad/Head)| X. malinche % 39.3794 1 <0.0001 -0.8940
[log(Gonad/Head)| X. malinche & 11.8081 1 0.0006 0.4999

Expression and sequence divergence between X. birchmanni and X. malinche

We detected a subtle but positive relationship between expression divergence and dN/dS
with respect to some but not all tissue types examined in this study. The results from our
generalized linear model suggest that divergence in transcript abundance between the
two species is positively related to sequence divergence when expression comparisons
involve female head and male gonad tissues (Table 12; Figure 5 D. and E.). Six
scatterplots, demonstrating the nature of the weak relationship between dN/dS and each

term in the model, are presented in Figure 5.
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Figure 4 Tissue-biased Gene Expression and dN/dS in Xiphophorus.

Mean dN/dS for gonad-biased, head-biased, and tissue-unbiased genes in all four library
pairs (A. — D.) analyzed with respect to tissue-biased gene expression. Error bars
represent the standard error of the mean. Categories significantly different after three
standard Bonferroni-corrected Mann-Whitney U tests are linked by braces.
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Table 12 Expression Divergence Between Species Explains Variation in d/V/dS.
Generalized linear model for dNV/dS (exponentially distributed with reciprocal link
function), as a function of species-biased gene expression in six different library pairs.
Model terms having a significant effect at o = 0.05 are in bold. As a result of the
reciprocal link function, a negative effect sign should be interpreted as a positive
relationship between explanatory and response variables.

Effect

Term ChiSquare DF P Parameter

Estimate
Model (InLFull - InLReduced) 41.1489 6 <0.0001
[log(X. birchmanni/X. malinche)| 3.5074 1 0.0611 0.3927
Q Body
[log(X. birchmanni/X. malinche)| 0.09781 1 0.7545 -0.09131
Q Gonad
[log(X. birchmanni/X. malinche)| 19.7800 1 <0.0001 -1.0507
Q Head
[log(X. birchmanni/X. malinche)| 0.0009553 1 0.9753 0.007805
3 Body
[log(X. birchmanni/X. malinche)| 8.8954 1 0.0029 -0.7923
Jd'Gonad
[log(X. birchmanni/X. malinche)| 0.1816 1 0.6700 0.1244

& Head
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Figure 5 Sequence Divergence as a Function of Expression Divergence.

Regression of dNV/dS on the magnitude of expression divergence between X. birchmanni
and X. malinche for all six tissue types (A. — F.). A fitted least-squares regression line
(dashed) represents the relative strength of each relationship.
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Discussion

Sex-biased gene expression and coding sequence evolution in Xiphophorus

The fact that such a large proportion of the transcriptome for each of the three tissue
types in both species is sex-biased comes perhaps as no surprise, given that 20-40% of
the transcriptome may be sexually dimorphic in other animals (Ranz et al. 2003; Rinn et
al. 2004; Small et al. 2009). Our observation that nearly 70% (on average) of each
transcriptome is sex-biased in Xiphophorus, however, is almost certainly inflated due to
our relatively low throughput, non-replicated assays of transcript abundance. The fact
that the X. malinche body library consisted of relatively few reads is particularly
problematic, as sampling bias reduces the reliability of any expression comparison
involving this library. The results of this problem are apparent in the male-female X.
malinche body comparison (Figure 4 D.), which reflects an overestimation of the
number of male-biased genes.

We found a general asymmetry in the number of male- versus female-biased
genes for each of the three tissue types, which was concordant between the two species
(Table 9). For head and body tissue types we observed a greater number of male-biased
genes, a pattern commonly reported among vertebrates for testis-ovary comparisons
(Rinn et al. 2004; Malone et al. 2006; Small et al. 2009) and for most Drosophila species
in general (Zhang et al. 2007). Interestingly, we found a greater number of female-biased
genes for the Xiphophorus gonad comparison, which is a pattern consistent with male-
female comparisons of somatic tissues in other animals (Ranz et al. 2003; Yang et al.

2006). The average magnitude of expression bias for female-biased genes in
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Xiphophorus gonads was also greater than that for male-biased gonad genes (Table 9),
which is also at odds with results from zebrafish (Small et al. 2009). Why female-biased
genes in swordtail gonads surpass male-biased genes in both number and in magnitude
of expression bias is unclear. It is possible that one or more of the females used in this
study contained early-stage developing embryos, although no embryonic tissue was
observed during dissections.

In X. birchmanni we found evidence for elevated dV/dS among sex-biased genes,
but only when comparing sexes within the gonad library type (Figure 3 A. — C.).
Importantly, there was no difference between dV/dS among female-biased genes and
dN/dS among male-biased genes, which constitutes a lack of evidence for the kind of
uniquely rapid divergence of male-biased genes documented elsewhere (Meiklejohn et
al. 2003; Grath and Parsch 2012) . Information from the generalized linear model
confirms a general, positive relationship between dN/dS and the magnitude of within-
gonad sex-biased gene expression.

We observed slightly different results concerning sex-biased gene expression in
X. malinche tissues (Figure 3 D. — F.). As in X. birchmanni, genes expressed
differentially between ovary and testis have diverged rapidly relative to genes that are
not sex-biased in expression, although the generalized linear model failed to detect this
effect in continuous terms. Our discrete analysis appears to suggest especially rapid
divergence of sex-biased genes in the X. malinche body as well, but unreliable
expression ratios due to so few reads in female body library render this conclusion

dubious at best. According to our statistical model, the term for X. malinche within-body
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sex bias has a significant but negative effect on dN/dS. This result is also difficult to
interpret given the problematic nature of the female body data for X. malinche. Sex-
biased genes expressed in the X. malinche head, on the other hand, may actually tend to
evolve more rapidly, according to our discrete and continuous analyses. Why a parallel
relationship does not exist for X. birchmanni is puzzling, but any ecological explanation
for such a difference would be completely ad hoc. At the very least, a well-replicated,
higher throughput RNA-seq study might be conducted to confirm the validity of this

discrepancy before biological speculation.

Tissue-biased gene expression and coding sequence evolution in Xiphophorus

Because tissue-specificity in general can co-vary with the rate of sequence evolution
across the genome, it stands to reason that this explanation should be ruled out before
asserting claims, in the absence of data from other tissues, that gonad-specific genes
evolve especially rapidly (Duret and Mouchiroud 2000; Meisel 2011). We compared
transcript abundances between head and gonad libraries in an attempt to distinguish
effects of gonad-specificity from effects of tissue-specificity on dNV/dS. In general our
results failed to demonstrate a clean separation of these effects, as we found no evidence
to indicate that gonad-biased transcripts evolve more rapidly than head-biased transcripts
(Figure 4). Tissue-specificity in general does seem to influence dN/dS in the expected
direction when considering X. birchmanni male and X. birchmanni female tissues,
although a non-significant effect of tissue-biased expression on dN/dS was inferred from

our generalized linear model (Table 11). The results from X. malinche are less easily
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interpreted. Results from the continuous analysis suggest a relatively strong positive
relationship between within-female tissue bias and d/V/dS, but the discrete nonparametric
test for a difference in dN/dS among head-biased, gonad-biased, and unbiased genes is
less discerning. The discrete analysis of dV/dS among expression groups within X.
malinche males suggests higher dN/dS values for tissue-biased genes, but results from
the generalized linear model imply that dV/dS is negatively associated with the degree of
tissue-biased expression. Despite the ambiguity associated with the X. malinche results,
we found no strong evidence for particularly rapid evolution of ovary- or testis-biased
genes relative to head-biased genes. Given that gonad-specific genes do evolve more
rapidly than other tissue-specific genes in Drosophila and mammals (Meisel 2011), our
results in Xiphophorus either reflect a true paucity of rapidly evolving gonad-specific
genes, or demonstrate that head-specific genes as a group have also diverged rapidly.
Data from other specific tissues such as liver, spleen, and kidney would shed light on

this particular issue.

Expression and sequence divergence between X. birchmanni and X. malinche

A positive, genome-wide relationship between sequence divergence and divergence in
transcript abundance has been documented in Drosophila (Nuzhdin et al. 2004; Lemos et
al. 2005), but no such relationship was documented in a human-mouse comparison
(Jordan et al. 2004). We found some evidence for a weak but positive relationship
between these two variables, but only in two out of six tissue types (Table 12, Figure 5

D. —E.). Testes and female head tissues appear to adhere to this pattern, a finding that is
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subject to interpretation. Others (Khaitovich et al. 2005) have reported a positive
relationship between expression divergence and coding sequence divergence, but only
for the testis transcriptome in a human-chimpanzee comparison (brain, heart, kidney,
and liver tissues were also studied). In the brain tissue analysis from their study, only
male samples were examined, so we cannot say whether the pattern exists for female
brains. Expression levels of testis-expressed genes have been shown to diverge
especially rapidly (and adaptively) compared with transcriptomes of other tissues in
great apes (Khaitovich et al. 2005) and mice (Voolstra et al. 2007).

Sequence and expression divergence between X. birchmanni and X. malinche
may reflect species differences with respect to sperm competition or genetic
compatibility, and the divergence is suspected to be relatively rapid owing to sexual
selection, sexual conflict, and/or reinforcement of speciation. Our results suggest that
these or other selective forces may drive transcript abundance changes and protein
divergence simultaneously. According to this logic, however, divergence in expression
and sequence evolution are expected to be similarly coupled for ovarian tissue, which is
not the case. Also intriguing is the positive relationship between expression divergence
and coding sequence evolution for female head tissue. Intuitively, the female brain and
sensory tissues should play seminal and possibly unique roles with respect to female
mate choice and mate recognition, so perhaps the same evolutionary mechanisms stated
above affect testis and female sensory tissues in the same manner.

In general we have demonstrated that multiple “dimensions” of gene expression

variation (sex-, tissue-, and species-biased expression) are associated with functional
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substitution rates, although each of these relationships is highly context-dependent. Sex-
biased genes appear to evolve more rapidly than their unbiased counterparts particularly
in the case of gonad-expressed molecules. Tissue-biased genes evolve quickly in many
cases regardless of whether they are gonad- or head-biased. Lastly, genes demonstrating
species-biased patterns of expression evolve rapidly, but only when assessed within the
context of testis and female head transcriptomes. Data collected with better resolution of
expression differences in mind, and independent assays of both gene expression and
sequence variation among individuals in natural populations of X. birchmanni and X.
malinche, will ultimately be necessary in order to address the precise mechanisms

underlying the general relationships presented here.
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4. SEXUAL SELECTION AND THE EVOLUTION OF MALE PREGNANCY
PROTEINS AMONG PIPEFISH AND SEAHORSE LINEAGES WITH DIVERSE

MATING SYSTEMS

Introduction

Reproductive genes are among the fastest-evolving elements of animal and plant
genomes (Swanson and Vacquier 2002a; Torgerson et al. 2002). Though multiple
causative agents have been proposed, the fundamental reasons for this pattern remain
unclear after nearly two decades of research. The most popular hypothesis to date
stipulates that postcopulatory sexual selection is the driving force behind the rapid
evolution of reproductive molecules, but few studies have rigorously tested this notion
on a broad scale. Effective tests of the sexual selection hypothesis should measure the
relationship between the strength of sexual selection and the rate of reproductive protein
evolution across multiple lineages. If sexual selection is a common driver of rapid
reproductive molecular evolution, many orthologs from lineages in which one expects a
history of strong postcopulatory sexual selection a priori should demonstrate elevated
rates of sequence diversification relative to corresponding orthologs from lineages
lacking such a history. Given this prediction, an obvious strategy for assessing the
generality of the sexual selection hypothesis is to measure lineage-specific rates of
substitution for many putative reproductive genes, across a phylogeny of species in

which monogamous and polygamous mating systems are represented.
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At least six studies, reviewed in (Wong 2011), have applied the above approach
for one or several reproductive genes at a time. One study, for example, examined seven
male ejaculate proteins using coding sequence alignments from up to 20 rodent species
with diverse mating systems (Ramm et al. 2008). The authors used explicit comparisons
of codon substitution models in PAML (Yang 1997; Yang 2007) to assess whether these
proteins are likely to contain a proportion of sites under diversifying selection
specifically in lineages demonstrating high sperm competition. Although five out of the
seven ejaculate proteins were in general likely to contain positively selected sites, Ramm
et al. discovered a strong lineage-specific effect of mating system for only one of the
molecules, a primary component of the copulatory plug. Others (Hurle et al. 2007)
compared protein-coding sequences of six physically linked genes with putative
reproductive functions across 13 primate species, but failed to detect the predicted
relationship between mating system and lineage-specific rates of protein divergence. The
evolution of 18 seminal fluid proteins among 13 Heliconius butterfly species,
representing a pupal-mating monadrous clade and an adult-mating polyandrous clade,
has also been characterized recently (Walters and Harrison 2011). Results from this
study similarly revealed evidence for a few seminal proteins having diverged as a result
of positive selection. However, Walters and Harrison reported higher estimates of
protein diversification on average in the monandrous clade, perhaps because monandry
is actually the derived mating system, and elevated rates of protein evolution may be due

to historically relaxed selective constraints.
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Here we took advantage of massively parallel DNA pyrosequencing to survey
molecular evolutionary patterns for ~800 genes expressed in the brooding structures of
male-pregnant syngnathid fishes. Pipefishes and seahorses provide an ideal taxon in
which to test the sexual selection hypothesis for rapid reproductive protein evolution for
several key reasons. First, many species within the group are extremely variable and well
characterized with respect to mating system and sexual selection, by way of genetic
parentage analysis and detailed behavioral studies (Masonjones and Lewis 2000; Jones
and Avise 2001; Sogabe and Yanagisawa 2007). Some lineages are rather unique among
animals in that total sexual selection is actually stronger on females than on males (Jones
and Avise 1997), a condition known as “sex-role reversal.” Furthermore, the brooding
structures used by males to gestate developing embryos represent an entirely novel and
often complex reproductive tissue (Stolting and Wilson 2007). Indeed, the brooding
structures in some lineages are highly vascularized (Carcupino et al. 1997), facilitate
transfer of ions and nutrients from father to offspring (Ripley 2009; Ripley and Foran
2009), and may be involved in the mediation of postcopulatory sexual selection
(Partridge et al. 2008; Braga Goncalves et al. 2010; Paczolt and Jones 2010; Mobley et
al. 2011). Phylogenetic relationships for the focal taxa of this study are also well
supported (Wilson et al. 2003), so an effective comparative genomic analysis of “male
pregnancy” genes in multiple lineages, presumably different with respect to the
influence of postcopulatory sexual selection, is possible.

In this study we examined the evolution of over 800 protein-coding DNA

sequences expressed in pregnant male brooding tissue of four syngnathid species to
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address two key issues. We first assessed whether genes expressed differentially in the
male brooding structure during pregnancy evolve more rapidly at the amino acid level
relative to genes whose expression patterns do not change with respect to pregnancy
status. Based on transcriptome data from pregnant and non-pregnant brooding tissue
from two pipefish species, genes expressed at higher levels during pregnancy
demonstrated a higher nonsynonymous substitution rate (dV) than pregnancy-depressed
or non-differentially expressed genes. Second, we used two reciprocally monophyletic
species pairs to directly test the prediction that protein divergence should be faster in the
polyandrous relative to monogamous lineage within both pairings. Our results suggest
that the branch-specific ratio of nonsynonymous to synonymous substitution rates
(dNV/dS) is elevated for the polyandrous lineage in both comparisons, consistent with the
sexual selection hypothesis. We also compared several evolutionary models for each
gene by likelihood ratio test, identifying 10 male brood pouch genes that appear to have

undergone adaptive divergence specifically in the two polyandrous lineages.

Materials and Methods

Sample preparation and Roche 454 GS FLX sequencing

We obtained wild-caught adult male Gulf pipetish (Syngnathus scovelli), dwarf
seahorses (Hippocampus zosterae), wide-bodied pipefish (Stigmatopora nigra), and
banded pipefish (Corythoichthys intestinalis) through our own collection efforts, those of
our colleagues, and the aquarium fish trade. Animals were housed in 35-100-L volumes

of seawater in biologically filtered tanks at 25 C for varying periods of time following
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procurement, as was necessary to obtain both pregnant and non-pregnant individuals.
All pregnant males used for the study were in early stages of pregnancy, within the first
trimester of gestation, and were brooding embryos at or before “state 2 of Ripley and
Foran’s pipefish developmental series (Ripley and Foran 2009). Each male was
euthanized immediately prior to dissection with a lethal dose of MS222 buffered to
physiological pH. All brooding structures, including “pouch,” “flap,” and ventrally
suspended epithelial tissues were carefully and quickly excised from each animal and
snap frozen at -80 C. Embryos were cautiously removed and discarded from pregnant
males, and the remaining brooding tissue was rinsed with sterile water before freezing.

Table 13 summarizes relevant sample information for each study species.

Table 13 Summary of Syngnathid Specimens Used to Generate 454 Data.

Species Source Number of individuals
Syngnathus scovelli Texas, United States 5 pregnant, 5 non-pregnant
(authors)

Hippocampus zosterae Texas, United States 10 pregnant
(authors)
Stigmatopora nigra Victoria, Australia 5 pregnant

(K. Mobley & B. Wong)

Corythoichthys intestinalis Indonesia 1 pregnant, 1 non-pregnant
(aquarium trade)

We homogenized the collected brooding tissues by pestle and isolated total RNA

from each sample using TRIzol® Reagent (Invitrogen), in accordance with the
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manufacturer’s standard protocol. At this stage total RNA was pooled in equal amounts
across multiple individuals in some cases (see Table 13) in order to obtain sufficient
material (55 pg per library) for mRNA selection with the Oligotex™ mRNA Mini Kit
(Qiagen). We used 720 ng of the resulting mRNA from each library as template for
cDNA synthesis with the SMART™ cDNA Library Construction Kit (Clontech). In
general the manufacturer’s reagents and LD PCR guidelines were followed, but a
modified CDSIII/3’ cDNA Synthesis Primer (5'- TAG AGG CCG AGG CGG CCG
ACA TGT TTT GTT TTT TTT TCT TTT TTT TTT VN -3') and SuperScript® II
Reverse Transcriptase (Invitrogen) were used in place of kit reagents. All steps
following LD PCR were completed as described in the SMART™ protocol, without
cloning. We sent 15 pg of cDNA from each of the six libraries (pregnant S. scovelli,
non-pregnant S. scovelli, pregnant C. intestinalis, non-pregnant C. intestinalis, pregnant
H. zosterae, and pregnant S. nigra) to the Michigan State University Research
Technology Support Facility, where the libraries were multiplexed and sequenced in two
runs on a Roche 454 GS FLX" sequencer using Titanium® chemistry. Non-pregnant
libraries were not generated for H. zosterae due to insufficient RNA quantities, and no

non-pregnant S. nigra samples were available.

De novo transcriptome assembly, alignment of orthologous coding sequences, and
transcript abundance estimates
The 454 reads were trimmed to remove low quality regions, polyA tails, and cDNA

synthesis artifacts using the highly customizable pipeline clean reads, derived from the



81

ngs_backbone suite of bioinformatics tools (Blanca et al. 2011). After discarding all
cleaned reads less than 50 nt, we performed four de novo transcriptome assemblies (one
for each species) using the CLC Genomics Workbench® version 4.8 (CLC bio). After
varying assembly parameter values to achieve optimal results, we set the k-mer size at
20, and selected the remapping option with similarity criterion set at 0.97, for all final
assemblies.

Orthologous transcripts across the four species were identified using a
“reciprocal best BLAST hit” criterion (Rivera et al. 1998), wherein the BLAST hit
(Altschul et al. 1990) for each search with the highest bit-score is used to establish the
“best hit.” This stringent approach stipulated that four-way orthologs were only obtained
in the event that all 12 pairwise BLAST searches were reciprocally consistent. We
aligned the sequences within each orthologous group to a “reference” protein-coding
sequence, which was obtained from BLASTx (Camacho et al. 2009) queries of the NCBI
non-redundant protein sequence database. We used the alignment software MACSE
(Ranwez et al. 2011) to generate multiple sequence alignments. MACSE makes
adjustments to preserve open reading frames in the face of rampant insertion and
deletion errors encountered with 454 sequence data. We manually inspected all sequence
alignments to ensure reasonable representations of the protein-coding sequence for each
species.

We estimated per-contig transcript abundance in four of the libraries (pregnant S.
scovelli, non-pregnant S. scovelli, pregnant C. intestinalis, non-pregnant C. intestinalis)

by mapping sequencing reads from a given library back to its respective species’
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assembly with the RNA-seq module in the CLC Genomics Workbench®. The number of
uniquely mapped reads per contig was then used as a proxy of transcript abundance, and
we used the R package DEGseq (Wang et al. 2010) to statistically compare transcript
abundance between pregnant and non-pregnant libraries separately for the two species.
For each comparison DEGseq conducts a likelihood ratio test to assess whether there is
evidence for a difference between libraries in the proportion of reads mapped to a contig.
We used the likelihood ratio test p-values from DEGseq to categorize each S. scovelli
and C. intestinalis ortholog as “pregnancy-enriched,” “pregnancy-depressed,” or “non-
differentially expressed,” after setting a false discovery rate of 0.05 (Benjamini and

Hochberg 1995).

Molecular evolutionary and statistical analyses

Branch-specific maximum likelihood estimates of dN, dS, and dNV/dS were obtained from
806 protein-coding sequence alignments using the codeml “free-ratio” model within
PAML 4.5 (Yang 1997). Figure 6 depicts phylogenetic relationships among the four
focal species, along with species information relevant to the analyses presented here. All
statistical tests were either performed in Microsoft Excel” (Microsoft Corp.) or JMP
Pro® version 9 (SAS Institute Inc.). To test for different amino acid-changing
substitution rates (dN) among genes falling into the three aforementioned expression
categories we simply performed two Kruskal-Wallis Tests, one for the S. scovelli data
and one for the C. intestinalis data. For these tests, branch-specific dN was the response

variable of interest because it directly reflect protein divergence. We also performed two
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side-by-side comparisons (one for the S. scovelli — H. zosterae clade, and one for the S.

nigra — C. intestinalis clade) of polyandrous and monogamous branch-specific dV/dS

Species Mating System  Sexual Dimorphism
Syngnathus scovelli Polyandry Females are larger and
more ornamented.
Hippocampus zosterae Monogamy Low

Females are larger and
Stigmatopora nigra Polyandry * more ornamented.

Corythoichthys intestinalis Monogamy Low

Figure 6 Mating System Variation Across Four Syngnathid Fish Species.
Phylogenetic relationships among the four study species (adapted from Wilson et al.
2003), and key information regarding sexual selection (from Jones and Avise 2001,
Masonjones and Lewis 2000, and Sogabe and Yanagisawa 2007). Dashed branches
represent lineages along which sexual selection has intensified. *Polyandry is the
suspected mating system for S. nigra based on unpublished observations.

ratios across all orthologs, using Wilcoxon signed-rank tests. In the context here, the
dN/dS ratio is interpreted as a measure of amino acid divergence standardized by the
nearly neutral “background” rate of silent substitution (Yang and Bielawski 2000). It is
possible to obtain maximum likelihood estimates of dNV/dS that are undefined when dS is
equal to zero or effectively so. Due to the difficulty in interpreting these cases, we

excluded from analysis all dV/dS estimates for genes lacking synonymous substitutions.
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To assess the predicted role sexual selection might play in driving the divergence
of proteins that are potentially relevant to male pregnancy we performed two routine
likelihood ratio tests (LRTs) to compare codon models in PAML. First we performed the
M7-MS8 comparison for all alignments, which tests a model with a beta distribution of
dN/dS values among codons in a sequence and no proportion of positively selected sites,
against a model with the beta distribution and a class of codons for which dN/dS > 1
(Yang et al. 2000). If the positive selection model for a given alignment was
significantly more likely than the null model according to the appropriate likelihood
ratio test, we tentatively considered the gene to contain a class of sites with a history of
positive selection. We then subjected this subset of “positively selected” genes to
“branch-sites” tests for positive selection (Zhang et al. 2005), in which a class of
positively selected sites along specified branches only distinguishes the alternative from
the null model. We conducted the branch-sites test once, specifying polyandrous
branches as foreground, and again specifying monogamous branches as foreground. In
the case of a rejection of the null hypothesis in favor of the alternative, we recorded the
number and identity of amino acids assigned to the positively selected class by the Bayes
Empirical Bayes inference (Yang et al. 2005), requiring a minimum posterior probability

of 0.95.
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Results

454 sequencing, assembly, and orthology assignment

The two sequencing runs yielded a total of 1,772,265 passing reads with a mean read
length of 281 nt. The number and mean length of reads for each library are reported in
Table 14, along with species-specific assembly results. The four de novo assemblies
resulted in a mean contig number of 13,254 and a mean contig length of 543 nt, on par
with de novo transcriptome assemblies from similar studies (Elmer et al. 2010; Renaut et
al. 2010). Our reciprocal best BLAST hit approach resulted in 848 orthologous groups
across the four species. BLASTx queries of the NCBI nr database revealed that some of
these groups consisted primarily of 5* or 3’ UTRs, and several sequences lacked an
open-reading frame altogether. After excluding these alignments from the data set, 806
orthologous groups with a mean alignment length of 126.4 codons remained for

evolutionary analyses.

Table 14 Syngnathid 454 Sequencing and de novo Transcriptome Assemblies.
(P. = pregnant library; NP. = non-pregnant library).

Species Read # Read Length Contig # Contig Length
Mean (nt) Mean (nt)
S. scovelli P. 206,863 274 15,827 603
NP. 373,152 281
H. zosterae P. 481,449 312 11,439 509
S. nigra P. 194,818 301 8,868 540
C. intestinalis P. 305,934 317 16,881 520

NP. 210,049 200
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Pregnancy-related gene expression changes and dN in C. intestinalis and S. scovelli
We identified 122 putative “pregnancy-enriched,” 125 “pregnancy-depressed,” and 559
non-differentially expressed C. intestinalis orthologs. Likewise, we identified 39
putative “pregnancy-enriched,” 80 “pregnancy-depressed,” and 687 non-differentially
expressed S. scovelli orthologs. For both species dN differs significantly among the three
expression categories (C. intestinalis Kruskal-Wallis Test, p = 0.0220; S. scovelli
Kruskal-Wallis Test, p = 0.0003). Pairwise comparisons post hoc revealed that
pregnancy-enriched proteins have evolved more rapidly than pregnancy-depressed
proteins in C. intestinalis, and pregnancy-enriched proteins have evolved more rapidly
than non-differentially expressed proteins in S. scovelli (Bonferroni-corrected Mann-
Whitney U tests). Comparisons of dV/dS yielded identical results, and there were no
differences with respect to dS alone (results not shown). The mean, standard error of the

mean, and median for each group are reported in Figure 7.

Two independent tests of mating system and branch-specific dN/dS

The lineage-specific maximum likelihood estimate of dNV/dS across 806 genes expressed
in pregnant male brooding tissue differs among the four species (Kruskal-Wallis Test, p
<0.0001, Figure 8); however, this test does not take advantage of the repeated dN/dS
measures per gene, nor does it address whether mating system is in fact driving the
species differences. We therefore performed two Wilcoxon signed-rank tests (one for
each monogamous-polyandrous species pair), and discovered that in both cases the

polyandrous-specific dN/dS is significantly higher on average than the monogamous-
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Figure 7 Expression Status and the Evolution of Male Brooding Proteins.

The nonsynonymous substitution rate (d/V) across pregnancy-enriched, pregnancy-
depressed, and non-differentially expressed groups of genes in C. infestinalis (above)
and S. scovelli (below). Colored bars represent the mean for each group, dashed lines
mark the median, and error bars reflect standard errors of the mean. Any significant
differences (Bonferroni-corrected p < 0.05) between group pairs are represented by
brackets.
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The ratio of nonsynonymous to synonymous substitution rates (d/N/dS) for each lineage
in the study. Colored bars represent the mean dN/dS for each species across all 806
genes, dashed lines mark the median, and error bars reflect standard errors of the mean.
Any significant differences (Bonferroni-corrected p < 0.05) between group pairs are
represented by brackets.

specific dN/AS (S. nigra-C. intestinalis one-tailed test, N =753 comparisons, p =
0.0149; S. scovelli-H. zosterae one-tailed test, N = 772 comparisons, p = 0.0223;

Bonferroni-correction o/2 = 0.025).
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Sites and branch-sites likelihood ratio tests of positive selection

We initially carried out a M7-M8 likelihood ratio test for each of the 806 alignments to
identify a subset of the genes for which there is some evidence of positive selection on a
proportion of residues. A very small fraction (37 of 806) of the genes demonstrated a
likelihood ratio test p-value less than 0.05. We did not set a false discovery rate for this
panel of likelihood ratio tests because our intention was merely to identify liberally
candidates for further analysis. This list of genes, including the identity of top BLASTx
hits and relevant model comparison information, is reported in Table 15.

These 37 alignments were next subjected to 2 branch-sites likelihood ratio tests
of positive selection. The first LRT yielded evidence for a class of positively selected
sites along the two polyandrous branches in 10 of the 37 genes, and 11 individual amino
acids were identified as belonging to the positively selected class (BEB p >0.95). The
second LRT yielded evidence for a class of positively selected sites along the two
monogamous branches in 8 of the 37 genes, and 6 individual amino acids were identified
as belonging to the positively selected class (BEB p > 0.95). Table 15 presents these
results and includes the identities of the residues belonging to the positively selected

class for each model.



Table 15 Genes With Positively-selected Sites (M7-M8 Likelihood Ratio Test p < 0.05).
Residues under positive selection (BEB p > 0.95) in polyandrous (P) or monogamous (M) lineages are in bold.

Branch-Sites

Branch-Sites

Gene BLASTXx Hit Species BLich);Hit Dﬁ;-TM ; Positively-selected Positively-selected
: sites (P) sites (M)

14-3-3 zeta Artemia franciscana ABX80390 0.00001 31S,168T N.S. Branch-Sites LRT
60s ribosomal protein 14-a Pagrus major AAP20200 0.00002 144 S,199 G N.S. Branch-Sites LRT
keratin type II E3 Epinephelus coioides AER42657 0.00003 70 S 66 S
type i cytoskeletal 13 Anoplopoma fimbria ACQ58237 0.00005 678 55M,83Q
c-type lectin 1 Hippocampus comes AAQ56014 0.00024 N.S. Branch-Sites LRT  None with p > 0.95
cytochrome b-c1 complex subunit 7-like Tetraodon nigroviridis ~ CAF99385 0.00054 None with p > 0.95 N.S. Branch-Sites LRT
protein s100-al-like Oreochromis niloticus ~ XP 003450931 0.00115 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
pdz and lim domain protein 2 Salmo salar NP_001133275 0.00118 145N,146 S N.S. Branch-Sites LRT
sh3 domain-containing ysc84-like protein 1-
like Oreochromis niloticus ~ XP 003458002 0.00211 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
sarcolemmal membrane-associated Oreochromis niloticus ~ XP 003439061 0.00381 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
ribosomal protein s20 Anoplopoma fimbria ACQ59028 0.00536 N.S. Branch-Sites LRT 16 T
ceramide synthase 5-like Oreochromis niloticus ~ XP 003439062 0.00705 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
charged multivesicular body protein 2b-like Oreochromis niloticus ~ XP 003445352 0.00797 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
peptidylprolyl isomerase like Oreochromis niloticus ~ XP 003439534 0.00880 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
14-3-3 zeta Latrodectus hesperus ADV40156 0.01087 None with p > 0.95 N.S. Branch-Sites LRT
collagen type i alpha 3 Oreochromis niloticus  BAL40989 0.01101 6 W,388S N.S. Branch-Sites LRT
tpa: nadph oxidase-1 Oreochromis niloticus ~ XP 003445197 0.01126 N.S. Branch-Sites LRT 77 A
aquaporin 3 Dicentrarchus labrax ABG36519 0.01161 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT

06



Tablel5 Continued

Branch-Sites

Gene BLASTXx Hit Species BLQEE’;H“ 1\]:[17{%? Positively-selected Bra;i:;tsgée:ii(;s(ilt\sl\;ely-
sites (P)

dna-directed rna polymerase i subunit rpa43 Tetraodon nigroviridis  CAG11135 0.01190 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
tetraspanin 8 Osmerus mordax ACO09373 0.01360 None with p > 0.95 N.S. Branch-Sites LRT
rapunzel 2 Danio rerio NP 001138713 0.01579 89 P None with p > 0.95
type i keratin 7 Oreochromis niloticus ~ XP_003453824 0.01584 N.S. Branch-Sites LRT  None with p > 0.95
nucleolar protein 12 Oreochromis niloticus ~ XP 003443152 0.01646 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
barrier-to-autointegration factor Oreochromis niloticus  XP_003450522 0.01682 N.S. Branch-Sites LRT 48 E
inositol monophosphatase 1-like Oreochromis niloticus ~ XP 003439317 0.01687 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
ran-specific gtpase-activating protein Anoplopoma fimbria ACQ58002 0.01861 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
$100 calcium binding protein al0a Tetraodon nigroviridis ~ CAG10829 0.01953 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
envoplakin-like Oreochromis niloticus ~ XP 003443231 0.02088 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
14-3-3el protein Oreochromis niloticus ~ XP 003456351 0.02221 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
myelin protein zero-like protein 2 precursor Oreochromis niloticus ~ XP_003449346 0.02588 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
eukaryotic translation initiation factor 3
subunit e-b-like Oreochromis niloticus ~ XP 003447252 0.02747 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
partitioning defective 6 homolog alpha-like Oreochromis niloticus ~ XP 003449276 0.02968 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
costars family protein C6orfl15 Osmerus mordax ACO009013 0.03942 N.S. Branch-Sites LRT  N.S. Branch-Sites LRT
upf0552 protein c150rf38 homolog Oreochromis niloticus ~ XP_ 003439446 0.03974 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
myosin regulatory light chain smooth muscle
minor isoform-like Oreochromis niloticus ~ XP_003439283 0.04571 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
ubiquitin carboxyl-terminal hydrolase 14-like  Oreochromis niloticus ~ XP_003438130 0.04828 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT
cytolysin src-1-like Oreochromis niloticus ~ XP_003442214 0.04892 N.S. Branch-Sites LRT ~ N.S. Branch-Sites LRT

16
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Discussion
Variation in rate of protein divergence with respect to male pregnancy
Our results suggest that male brooding tissue proteins expressed at higher levels during
pregnancy may evolve more rapidly than those under- or evenly-expressed during
pregnancy relative to non-gestational periods (Figure 7). To some extent the effects of
individual variation in transcript abundance unrelated to pregnancy were minimized in
the S. scovelli comparison, because the pregnant and non-pregnant libraries were each
derived from the pooled tissues of five males. The C. intestinalis comparison, however,
is based on tissues from a single pregnant and a single non-pregnant male, which could
explain the differences in expression group dN rank order between the two species, and
the paucity of “differentially expressed” genes in S. scovelli relative to C. intestinalis.
Assuming the data accurately reflect gene expression differences between
pregnant and non-pregnant libraries, an important consideration is whether dN is higher
for differentially expressed genes because these genes play a functional role during
pregnancy and have been subject to positive selection, or because, being more
promiscuous in expression, they are also more likely to be under relaxed constraints.
Genes expressed evenly across multiple tissues, for example, commonly demonstrate
depressed nonsynonymous substitution rates (Duret and Mouchiroud 2000). A more
thorough, replicated RNA-seq experiment comparing pregnant and non-pregnant males
in several species would help discriminate between these two alternatives, because one
would expect an equal degree of relaxed purifying selection on both pregnancy-enriched

and pregnancy-depressed genes given the latter scenario. Tentatively, the data presented
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here suggest that proteins up-regulated during early pregnancy belong to a rapidly-
evolving class of male brooding tissue genes. If major pregnancy-induced cellular
changes in the male brooding structure are closely tied to offspring fitness (Carcupino et
al. 1997; Ripley and Foran 2009), the genes associated with these changes have likely

experienced natural and/or sexual selection in the past or present.

Elevated dN/dS in polyandrous syngnathid lineages
Previous studies assessing the predicted relationship between mating system and rates of
reproductive molecular evolution have generally suffered at least one of several
limitations. A substantial barrier, which inherently precludes the understanding of a
phenomenon that is predicted to affect at least hundreds of loci per genome, is simply
the small number of genes analyzed. In a recent review summarizing the evidence for a
relationship between mating system and rates of reproductive gene evolution, Wong
(Wong 2011) reported that the largest number of genes examined in a given study of this
nature is 13 (Finn and Civetta 2010). Another barrier is a lack of sufficient mating
system variation, or limited information on the precise nature of the history of sexual
selection in focal taxa. Indeed, an important requirement for the ideal framework in
which to test the sexual selection hypothesis is the existence of multiple, independent
changes to a derived mating system along the phylogeny, exemplified by a study of 20
rodent species (Ramm et al. 2008).

Though our study includes only four species, we analyzed over 800 protein-

coding sequences, and our choice of taxa allowed for two independent comparisons of
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polyandrous versus monogamous mating systems. The presumed ancestral mating
system for syngnathid fishes, as inferred through parsimony, is monogamy (Wilson et al.
2003). Since divergence of the four lineages examined in our study, ancestors of
Syngnathus and Stigmatopora species underwent independent transitions from
monogamous to polyandrous mating systems, while Hippocampus and Corythoichthys
presumably retained ancestral monogamy (Figure 6). As noted, this arrangement allows
for two separate tests of the prediction that lineages with a history of more intense
postcopulatory sexual selection should demonstrate more rapid rates of reproductive
protein evolution. Indeed, we found that this prediction holds for both of our
comparisons. Syngnathus-specific dN/dS is consistently higher than Hippocampus-
specific dN/dS, and Stigmatopora-specific dN/dS is similarly higher than
Corythoichthys-specific dN/dS across several hundred genes expressed in the male
brooding tissue during pregnancy. It does appear that the Syngnathus- Hippocampus
dichotomy may be weaker than the Stigmatopora- Corythoichthys difference (evident in
Figure 8), which could be due to highly derived brood pouch complexity in seahorse
ancestors (Carcupino et al. 2002; Stolting and Wilson 2007). Corythoichthys pipefishes,
on the other hand, have the least derived brooding morphology of the four genera in our
study (Dawson 1985), so future investigation should address the relative contributions of
mating system and brooding structure evolution to the divergence of male pregnancy
proteins.

A higher gene-wide dN/dS ratio in a given comparison among lineages does not

necessarily indicate protein modification through positive natural selection, because
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lineage-specific relaxation of purifying selection can produce the same pattern (Yang
1998; Fay and Wu 2003). In light of this, we must be somewhat cautious when
interpreting the true selective causes of observed lineage-specific patterns. In our study
the fact that the predicted pattern was consistent for two polyandrous-monogamous
comparisons is reassuring, but two historical relaxations of constraint are still within the
realm of possibility. This explanation becomes especially pertinent when one considers
that highly skewed mating systems are associated with lower effective population sizes
(Crow and Kimura 1970). Reductions in effective population size along a lineage can
reduce the efficacy with which natural selection purges slightly deleterious mutations
(Ohta 1973), which may result in a higher fixation rate of mildly deleterious
nonsynonymous substitutions in lineages with highly skewed mating systems. This
phenomenon should affect the entire genome, however, so future comparisons between
mating system- d/NV/dS associations for reproductive and non-reproductive proteins
should help discriminate between alternatives.

We performed likelihood ratio tests to compare positive selection codon models
with null alternatives for each gene. Our initial comparison of M7 vs. M8, a relatively
liberal likelihood ratio test, revealed some evidence for a proportion of positively
selected amino acids in 37 of the alignments (Table 15). This is a small fraction of the
806 brooding structure genes we analyzed, but the low number could reflect low power
of sites tests conducted on alignments of just four sequences. We fully expect analyses in
the near future to include data from a dozen or so syngnathid species, which should

greatly increase the power of these methods to detect sites under positive selection.
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Branch-sites tests (Zhang et al. 2005) for these 37 candidates were carried out to
assess the evidence for positive selection first on a class of sites in both polyandrous
lineages, and again in both monogamous lineages. As Table 15 indicates, there appears
to be no glaring disparity in the frequency of genes experiencing positive selection, or in
the number of positively selected residues, when considering polyandrous versus
monogamous lineages. Again, this result could be in part due to the evolution of
increased pouch complexity in the lineage leading to Hippocampus, but further study
involving more taxa, variable in both mating system and brooding morphology, is
clearly warranted.

In summary, our results indicate that male brooding tissue proteins expressed
differentially during pregnancy evolve more rapidly than those expressed statically.
Surprisingly, and in accordance with the sexual selection hypothesis for the rapid
evolution of reproductive proteins, male brooding tissue genes diverge more rapidly in
polyandrous relative to monogamous lineages of syngnathid fishes. It should be noted
that other modes of molecular evolution, particularly transcriptome-wide turnover in
genes recruited for reproductive function, may be an equally or more important
consequence of postcopulatory sexual selection. Some, for example, have established
evidence for rapid evolution of seminal fluid proteome composition among muroid
rodents (Ramm et al. 2009). It has already been established that genes such as astacin
metalloproteases, historically transcribed in kidney and liver, have been coopted for
expression in the brood pouch of Syngnathus pipefishes (Harlin-Cognato et al. 2006).

There may be substantial differences among lineages in the potpourri of molecules
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recruited for expression in this novel reproductive tissue, and the extent to which
postcopulatory sexual selection might drive such differences is an important and
interesting question. Answers to this question, and more complete data with respect to
the coding sequence evolution of male pregnancy genes, are well within grasp thanks to
the ever-transforming status of high-throughput DNA sequencing technologies. Both
thorough reappraisals of the preliminary results described here, and new insights into the
evolutionary genomics of reproduction in syngnathid fishes and beyond, are on the

immediate horizon.
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5. SUMMARY

To say the present is an exciting time for genome sciences is an understatement.
As is the case for many questions in molecular biology and evolution, genomic insights
into sexual reproduction are unfolding at an unprecedented rate thanks to the incipient
transformation of DNA sequencing technologies. One needs to look no further than the
contents of this dissertation to understand the remarkable transition in methodologies
that has recently taken biology by storm. In Section 2 of this document the issue of sex-
biased gene expression was addressed using microarray technology and a model
vertebrate, the zebrafish, for which this particular tool was commercially tailored.
Sections 3 and 4 describe the tackling of very similar questions, but they feature
massively parallel (Roche 454") cDNA sequencing as the means to gain insight, a tool
that permits the simultaneous acquisition of sequence and expression data along with a
relaxed constraint on the choice of study organism. It is now even apparent that, except
for special applications, 454 sequencing is being replaced as the technology of choice by
much higher throughput sequencing platforms.

I make this point because it is important to understand a few things about the
nature of the data and results published in this dissertation. Data quality issues are at
hand whenever new approaches are applied, and a lack of experience with results from
these approaches means interpretations of the data are made without a full realization of
the technological shortcomings. Another quandary associated with transitional science is

that imminent techniques far superior to the current ones will most likely adjust if not
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altogether shatter many present conclusions in the very near future. Keeping these issues
in mind, the conclusions presented in the preceding pages should be viewed as tentative
and subject to change in the face of new and higher-volume data.

Disclaimers aside, the contents of the three main sections within this document
do contribute to the burgeoning knowledge of how sex-specific selective processes affect
animal genomes. The primary aims of the dissertation were 1.) to review the current
literature regarding sexual selection and the evolution of reproductive molecules
(Section 1), 2.) to appraise the nature of sex-biased gene expression in organisms other
than those species already examined in this regard (Sections 2 and 3), 3.) to characterize
the relationship between spatial expression patterns of genes and their rates of sequence
evolution (Sections 3 and 4), and 4.) to explore the possibility that postcopulatory sexual
selection drives the rapid evolution of male pregnancy genes, a novel class of
reproductive molecules (Section 4). Teleost fishes were used as study subjects for a
variety of reasons, including convenience and available resources, but most importantly
because of unique taxon-specific attributes with respect to reproductive biology. Up until
this point our understanding of reproductive protein evolution and sexual selection at
molecular levels was based almost entirely on data from Drosophila, rodents, great apes,
and a few miscellaneous birds, other arthropods, and marine invertebrates. Through the
exploitation of the teleosts, a group extremely diverse in species, life history,
morphology, and behavior, one is able to greatly extend generalizations drawn from

traditional molecular biological model systems.
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To summarize the results from Section 2, male and female zebrafish demonstrate
a great deal of sex-biased gene expression (nearly 40% of the genome), a substantial
proportion considering that major genomic differences between male and female
zebrafish do not exist (Bradley et al. 2011). All statistically well-supported sex
differences were based on the ovary-testis comparison, and we found almost no sex-
biases in expression comparing gonad-dissected bodies. Furthermore, we discovered
more male-biased than female-biased genes, and male-biased genes as a group were
differentially expressed at higher levels than were female-biased genes.

In Section 3 I described a next-generation sequencing study of sex-, tissue-, and
species-biased gene expression in two naturally hybridizing swordtail species (genus
Xiphophorus). As expected, much of the transcriptome for each tissue analyzed (male
and female gonad, head, and body) was found to be sex-biased in both species.
Somewhat at odds with respect to sex-biased gene expression patterns in other
vertebrates, we found an excess of female-biased expression for gonads, and an excess
of male-biased expression for head and body tissues. Also, sex-biased genes in
Xiphophorus diverge more rapidly than non-sex-biased genes, particularly when the
focus is on reproductive tissues. Regarding tissue-specific gene expression and sequence
divergence, we found that tissue specificity likely has some bearing on whether or not
coding sequences of genes evolve rapidly. We found, however, that rates of sequence
divergence for gonad-biased genes are no higher than rates of divergence for head-
biased genes, an important result. Finally, an assessment of the relationship between

species differences in gene expression and coding sequence evolution revealed that
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genes more divergent in expression between X. birchmanni and X. malinche also tend to
be more differentiated at the level of the coding sequence, but only when species-biased
genes in the testes and female head are considered.

A novel reproductive tissue, the male brooding structure of syngnathid fishes,
was the focus of the study described in Section 4. High-throughput pyrosequencing of
cDNA libraries derived from brooding tissues of pregnant and non-pregnant males in
two pipefish species (Corythoichthys intestinalis and Syngnathus scovelli) revealed that
genes up- and possibly down-regulated during pregnancy evolve rapidly at the amino
acid level. Perhaps most interesting, however, is the evidence that branch-specific rates
of functional coding sequence evolution are higher for lineages presumed to have
experienced strong sexual selection in the past and present, relative to monogamous
lineages. This result, based on roughly 800 protein-coding genes expressed in the
pregnant male brood pouch, is consistent with the elusive hypothesis that postcopulatory
sexual selection drives the rapid evolution of reproductive molecules.

Much work remains to be done in these three teleost groups if they are to
contribute substantially to our knowledge of reproductive molecular evolution. An
especially useful expansion of the studies presented in this dissertation would simply
involve the addition of high quality sequencing data from many more species. The
power to detect real signals of selection in sequence data increases greatly with the
number of species sampled. Another improvement would be next-generation expression
data from multiple individuals per treatment or species of interest, so that variation in

transcript abundance that truly reflects biological processes such as pregnancy status can
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be captured. Fortunately these improvements are well within reach, thanks to the ever-
increasing power, and ever-decreasing cost, of DNA sequencing methods. It is my hope
that the initial observations reported here and elsewhere contribute to a “first wave” of
change in how we approach key questions in evolutionary genomics, and that the rich

data yet to come truly transform our understanding of evolution in molecular terms.
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APPENDIX
Additional files
Additional File 1. Annotation information and expression rankings for all male-
enriched genes.
Microsoft Excel® spreadsheet containing all male-enriched GeneChip® probe sets, gene
identifiers, fold change rank for each absolute expression analysis, overall mean rank,

and annotation details if available.

Additional File 2. Annotation information and expression rankings for all female-
enriched genes.

Microsoft Excel® spreadsheet containing all female-enriched GeneChip® probe sets,
gene identifiers, fold change rank for each absolute expression analysis, overall mean

rank, and annotation details if available.

Additional File 3. Genes potentially expressed differentially between male and female
body.
Microsoft Excel® spreadsheet containing sex-biased genes (body) significant (FDR =

0.05) in at least one absolute expression comparison, and relevant fold change estimates.
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Additional File 4. Annotation information and expression rankings for all testis-
upregulated genes.

Microsoft Excel® spreadsheet containing all testis-upregulated GeneChip® probe sets,
gene identifiers, fold change rank for each absolute expression analysis, overall mean

rank, and annotation details if available.

Additional File 5. Annotation information and expression rankings for all ovary-
upregulated genes.

Microsoft Excel® spreadsheet containing all ovary-upregulated GeneChip® probe sets,
gene identifiers, fold change rank for each absolute expression analysis, overall mean

rank, and annotation details if available.

Additional File 6. Real-time gPCR data.
Microsoft Excel® spreadsheet containing original gPCR expression values, relevant

calculations, and statistical test details.

Additional File 7. Detailed across-study comparison of sex- and gonad-biased gene
expression in zebrafish.

Microsoft Excel® spreadsheet containing the genes listed in Table 3, plus relevant
expression means, standard errors, and fold change estimates for each of the four

absolute expression comparisons.
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Additional File 8. Zona pellucida expression data
Microsoft Excel® spreadsheet containing zona pellucida genes represented in this

experiment, plus relevant expression means and standard errors for each of the four

absolute expression comparisons.
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