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Abstract

One of the most fundamental and fascinating processes of life is the determination of
sex. Scientists have worked for hundreds of years to understand the mechanism of sex
determination in the fields of developmental and evolutionary biology. In teleost, sex
determination system exhibits surprisingly diverse and plasticity during evolution.

Catfish has a XY male/XX female sex determination system, but the exact mechanism
of its sex determination is unknown at present. As a first step toward the identification of sex
determining gene(s) in catfish, we generated the first genome sequence assembly of the YY
catfish using next-generation sequencing. This allowed the generation of the Y-chromosome
sequences. QTL mapping and GWAS analysis were conducted to locate the sex
determination locus to linkage group 4. Comparative analysis of X chromosome and Y
chromosome sequences was performed to determine the similarity and differences of the sex
chromosomes with respect to chromosome size, sequence identities, gene contents and
expression patterns of their genes during early gonad development. This project would lay the
foundation for further downstream analysis of genes involved in sex determination and

differentiation in catfish.
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CHAPTER I. LITERATURE REVIEW: SEX DETERMINATION AND EVOLUTION

OF THE Y CHROMOSOME



1.1 Sex determination mechnism

Sex determination mechanisms vary with species in nature. Generally, the sexualities
can be categorized into either gonochorism, hermaphroditism or unisexual reproduction
(Juchault 1999, Prevedelli et al. 2006, Wilson et al. 2015). Hermaphroditism and unisexual
reproduction are rare, while, gonochorism is more common (Picq et al. 2014). In
gonochoristic species, different sexes could cause individual phenotypic differences, which
can be very small in just different appreances of gonads or quite significant in the external
phenotypes and behaviour (Janik 2006). With aquaculture species, most species exhibit sex
bimorphism in size and growth rates. In some species, females grow faster, while in others,
males grow faster. For instance, male channel catfish grow 15% faster than female channel
catfish (Davis et al. 2007). In contrast, female half-smooth tongue soles grows much faster
than their male counterparts (Chen et al. 2009), up to 2-3 folds faster.

Depending on primary sex determining factors, sex determination systems can be
categorized into two different types: genetic sex determination (GSD) and environmental sex
determination (ESD) (Penman and Piferrer 2008, Piferrer et al. 2012, Matsumoto et al. 2014,
Diaz and Piferrer 2015). The most extensive sex-determining mechanism is GSD. For most
mammals, the sex is determined by genetics, such as human (Veitia et al. 1997), mouse
(Washburn et al. 2005), and cattle (Hanset et al. 1992). However, for some animals, the
question of whether the progeny will be a male or a female has little to do with the genes. In
this case, external factors such as temperature, pH, behavior, hormones, physiological can
influence the fate of an organism and the process of gonad differentiation. For instance, sex
are mostly influenced by environmental factors in alligators and most turtle species

(Woodward and Murray 1993, Baroiller et al. 2009, Wyneken 2015).



Chromosomal sex determination (CSD) is the main mode of GSD in most mammalian
species (Coriat et al. 1994, Charlesworth 2002). In this case, sex is determined by a primary
switch located on one or both members of a differentiated sex chromosomal pair. The other
type of GSD is polygenic sex determination (PGSD), in which the genes with strong
influence on sex determination and/or gonad differentiation are distributed on several
chromosomes and the combination of their alleles determines the sex of an individual (Liew
et al. 2012, Moore and Roberts 2013). The mechanism is more complex in some fish species
that have a sex change (Chopelet et al. 2009). In many polygynous species, if the dominant
female on the group dies, the most dominant male will then quickly become female and take
her place. All the other males will move up one rank in the hierarchy (Kuwamura et al. 2014).

Early in the 1900s, sex chromosomes were discovered, which was considered to be
the first major breakthrough in understanding sex determination (Wessel 2011). After
analyses of various species over the years, scientists discovered that chromosomal differences
are primarily responsible for sex determination in most animals. In human and most other
mammals, sex is determined by XY sex-determination system. In this system, the sex of an
individual is determined by a pair of sex chromosomes (gonosomes). Females have two of
the same kind of sex chromosome (XX), and are called the homogametic sex. Males have
two distinct sex chromosomes (XY), and are called the heterogametic sex (Lovellbadge 1995,
Wallis et al. 2008). Most insects, like the majority of animals, have dimorphic sex
chromosomes that can be distinguished cytologically (Verhulst and van de Zande 2014).
However, sex determination mechanisms in insects are considerably diverse (Saccone et al.
2002). For instance, the sex determination mechanism in the fruit fly is relatively rare. It was
reported that the ratio (X:A) of the number of X chromosomes to the number of sets of
autosomes determined its sex (Cline 1993). Another variant is the X0 sex-determination

system, which is a system that determines the sex of offspring among grasshoppers, crickets,
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cockroaches, and some other insects (Nokkala and Nokkala 1984, Jaquiery et al. 2012). In
this system, there is only one sex chromosome, referred to as X. Males only have one X
chromosome (X0), while females have two (XX). Maternal gametes always contain an X
chromosome, so the sex of the offspring depends on whether a sex chromosome is present in
the male gamete. Working with birds and some reptiles, sex is determined by chromosomes
known as the Z and W, and Males are the homogametic sex (ZZ), while females are the
heterogametic sex (ZW) (Handley et al. 2004). Among teleost fish, both XY and ZW sex

determination systems have been found (Kikuchi and Hamaguchi 2013).

1.2 Sex determination genes

Although the molecular mechanisms underlying many developmental events are
conserved across vertebrate taxa, the lability at the top of the SD cascades has been evident
from the fact that four master SD genes have been identified: sry (mammalian), dmrtl
(chicken), dmy (medaka), and DM-W (Xenopus laevis) (Kondo et al. 2009, Smith et al. 20009,
Kikuchi and Hamaguchi 2013). Recently five novel candidates for vertebrate SD genes were
reported, all of them are in fishes. These include amhy in the Patagonian pejerrey, gsdf in
Oryzias luzonensis, amhr2 in fugu, sdY in rainbow trout (Salmo gairdneri) and sox3 in
medaka (Oryzias dancena) (Kikuchi and Hamaguchi 2013, Takehana et al. 2014).
Accumulation of knowledge on variant SD genes will allow us to distinguish conserved and
diversified SD pathways among vertebrates and lead us into a deeper understanding of the
vertebrate SD cascade.

The comparison of these sex determination genes indicates that vertebrate sex-
determining cascades are not as conserved as once thought. In eutherian mammals, sry is a

recently evolved key Y-linked testis determinant (Fechner 1996, Tanaka and Nishinakamura
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2014). Sry encodes a member of a large family of nuclear proteins characterized by a DNA-
binding domain, known as high mobility group (HMG) box. In mammals, the current
evidence favors the idea that sry acts with the orphan nuclear receptor Sf1 to activate sox9
expression in the developing male gonad (Kozhukhar 2012). As a result, sry is turned off by
sox9 which then maintains its own expression. In mammals, sox9 activates expression of the
fgf9 and genes encoding prostaglandin D synthase (Jiang et al. 2013, Kikuchi and Hamaguchi
2013, Kobayashi et al. 2013). Another key role for sox9 during testicular development is the
activation of Amh (Jiang et al. 2013). Amh may participate in testis determination by
blocking estrogen synthesis, namely by repressing expression of the aromatase encoding gene
cypl9al (Cutting et al. 2013). However, in the chicken embryo, dmrtl and amh expression
precedes that of sox9 by at least 2 days, and the gene is expressed in both males and females,
implying that other intervening genes are involved (Lambeth et al. 2014).

In birds and lower vertebrates, there is a pervasive role for DM domain of genes in
gonadal sex differentiation, and it is considered that these genes have an ancient association
with sex (Gilgenkrantz 2004). In birds, testis development requires presumably the conserved
Z-linked dmrtl gene. While in Xenopus laevis (ZZ/ZW-type sex determination), sex
determination is triggered by the ovary-determining gene, DM-W (Yoshimoto and Ito, 2011;
Yoshimoto et al., 2008). The activator of expression of amh in the chicken and other
vertebrates is unclear, but is likely to involve the orphan nuclear receptor SF1 which is
expressed in male gonads compared to females suggesting that a dosed Z-linked gene such as
dmrtl may activate its expression in avians.

The key ovary determinant in mammals has not yet been defined, but the canonical g-
catenin signaling pathway is required for ovarian morphogenesis (Caruso et al. 2015). The -
catenin signaling pathway appears to be conserved in the other vertebrates, including fishes,

reptiles, and chickens. In these cases, R-Spol, Wnt4, and/or g-catenin show female
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upregulation (Ayers et al. 2013, Suzuki et al. 2015).This female pathway appears to be deeply
conserved among vertebrates. The position of foxI2 in the ovarian pathway appears to vary
among the major groups (Benayoun et al. 2009). In the chicken embryo, foxI2 expression
from 5.5th embryonic day is one of the earliest known markers of ovarian development
(Hudson et al. 2005). FoxI2 activates the cyp19al in the tilapia fish and in mammals (L. et al.
2013). A major question related to ovarian development is how the foxI2 and R-SPO1/Wnt4
pathways interact to coordinate ovarian development (Biason-Lauber 2012). The two
pathways appear to be independent in goat and in chicken embryos (Kocer et al. 2008, Ayers

et al. 2013, Boulanger et al. 2014).
1.3 Evolution of the Y chromosome

Two features set Y chromosomes apart from the rest of the genome: 1) a lack of
recombination on the Y over some or most of its length (Charlesworth and Charlesworth
2000); 2) male-limited transmission of the non-recombining segment (Stillwell and
Davidowitz 2010). Investigating Y chromosomes is challenging, because their lack of
recombination prevents classical linkage mapping studies, and their high content of repetitive
elements has excluded them from most genome sequencing projects (Page et al. 2010). Sex
chromosomes carry the master-sex determining genes, are subject to unique evolutionary
forces (Bachtrog et al. 2011, Papadopulos et al. 2015), and play a prominent role in many
evolutionary processes, such as speciation (Presgraves 2008), adaptation (Zhou and Bachtrog
2012, Chen et al. 2014) and genomic conflict (Spencer et al. 2004).

The origin of sex chromosome is generally considered as ordinary autosomes and sex
chromosomes have evolved independently many times in different lineages (Charlesworth
1996, Yang et al. 2014). The human X and Y chromosomes originated about 200-300 million

years ago in eutherian mammals, and sex chromosomes evolved independently in birds,
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reptiles, amphibians and fish (Charlesworth 1991, Chandler et al. 2009, Deshpande and
Meller 2014). At the beginning, the sex is determined either by temperature-determination
system or polygenic determination with multiple loci on different autosomes (Moore and
Roberts 2013, Refsnider and Janzen 2015). The first step in the evolution of Y chromosomes
is likely to be the acquisition of a sex-determining gene on one member of a pair of
autosomes that ultimately will become the sex chromosomes, for instance, a male-
determining gene forming a proto-Y chromosome (Spigler et al. 2011). In the population, this
is a dynamic process via sex determination gene and other polygenic loci compete and
increase or decrease in their effect.

For heteromorphic sex chromosomes to originate after the acquisition of a male-
determination gene, recombination needs to become suppressed between the homomorphic
proto-sex chromosomes (Charlesworth 1996, Sun et al. 2008). This allows the Y
chromosome to evolve independently of its X homologue. Otherwise, genetic sex
determination with homomaorphic sex chromosomes is observed in many taxa in amphibians,
fish, reptiles and many invertebrates (Quinn et al. 2011). There are many theory to elucidate
the accumulation of the suppression of recombination. First one is due to accumulation of
sexually antagonistic alleles linked to the sex determination gene. Sexually antagonistic
mutations, which are beneficial to one sex, but detrimental to the other (Mank and Ellegren
2009), are thought to provide the selective force to suppress recombination between nascent
sex chromosomes (Innocenti and Morrow 2010). Sexually antagonistic mutations are more
likely to become established in a population if they are more often transmitted through the
sex that they benefit (Grossen et al. 2012), and restriction of recombination between the
nascent proto-X and proto-Y chromosomes may be a consequence of the positive selection
tends to suppress the crossover between the sexually antagonistic alleles and the sex

determination gene in one sex. Another source of recombination suppression could be the
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chromosome rearrangement. Evidence from mammals suggests that the elimination of
recombination might be achieved through chromosomal inversions on the proto-sex
chromosomes (Bellott and Page 2009, Lemaitre et al. 2009, Kirkpatrick 2010, Bachtrog
2013). Inversions are known to locally suppress recombination in heterozygotes (Kirkpatrick
2010). Thus, an inversion on one of the proto-sex chromosomes can repress recombination
between the proto-X and proto-Y in males, and allow them to accumulate mutations
independently and differentiate, such as in mammals, birds or plants (Nicolas et al. 2005,
Wang et al. 2012).

On a recombining chromosome, natural selection can act independently on each
mutation. However, in the absence of recombination, selection performs on part or even
entire chromosome (Rice and Chippindale 2001, Bachtrog and Gordo 2004). An entire
chromosome will be fixed in the population if a beneficial mutation arises on it, or an entire
chromosome will be purged if it carries a deleterious mutation (Grossen et al. 2012). Thus, Y
chromosomes are expected to accumulate deleterious mutations, and incorporate fewer
beneficial mutations. Consistent with these theoretical expectations, non-recombining Y
chromosomes generally show lower levels of adaptation, i.e. both increased rates of
accumulation of deleterious mutations and lower rates of adaptive evolution relative to
recombining regions of the genome in various species (Bachtrog and Charlesworth 2002,
Bachtrog 2003, Bartolome and Charlesworth 2006). When it comes to ZZ/ZW sex
determination system found in birds, reptiles and fishes, those mechanism could work
together. Overall, the lack of recombination of the partner chromosome results in
degeneration of the Y/W chromosome (Deshpande and Meller 2014, Smeds et al. 2015).

Some species groups, such as fishes and reptiles, contain taxa at various stages with
sex chromosome from morphologically identical to highly differentiated. Like the birds,

reptiles have a ZW system in which the Z chromosome is similar in size across species, but
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the W ranges from homomorphic to highly heteromorphic, with the hypothesis that they
represent different stages of W degradation (Vicoso et al. 2013). What is worth mentioning is
that many reptiles lack sex chromosomes, and that their sex will be determined by the
temperature at which the eggs are incubated (Quinn et al. 2007). Evidence shows fishes are
generally at the early stage of the sex chromosome evolution, thus maintain the
morphological similarity between X and Y chromosome (Tanaka et al. 2007). For instance, in
the medaka fish, their Y chromosome never inverted and can still swap genes with the
homomorphic X chromosome (Schartl 2004). There are also studies suggest that evolution of
such homomorphic sex chromosomes in fish has been attributed to the rapid turnover of sex
chromosomes with acquisition of total new genes (Kitano and Peichel 2012, Yoshida et al.
2014). Such mechanism is likely to be maintained by the translocation between sex
chromosome and autosome, function loss mutation of original sex determination gene or just
evolution of a novel gene in an autosome (van Doorn and Kirkpatrick 2007, Kitano and
Peichel 2012). Given the evidence from all the fish species mentioned, together with previous
studies of other nonmammalian species, it seems reasonable to imagine that many other
teleosts, reptiles and amphibians also have experienced a turnover of sex chromosomes (van
Doorn and Kirkpatrick 2007, Kitano and Peichel 2012, Yoshida et al. 2014). However, the
research on half-smooth tongue sole indicates the Z and W chromosome are heteromorphic,
and W chromosome has already lost about two-thirds of its original protein (Chen et al. 2014).
One of the major characteristic in W of tongue sole is the high percent of repetitive elements,
which would suggest that amplification of simple repetitive sequences may suppress the
recombination and played a major role in the evolution of Y and W chromosomes.

To date the most completely sequenced and annotated Y chromosomes are from three
primates: human, chimpanzee, and rhesus macaque (Rozen et al. 2003, Skaletsky et al. 2003).

Male-specific Y chromosome sequences are also available for marmoset monkey, cattle, pig,
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rat, mouse, cat and dog (Zimin et al. 2009, Li et al. 2013, Prokop et al. 2013, Soh et al. 2014,
Hughes et al. 2015, Skinner et al. 2015). However, Y-chromosome sequences have not been

available for fishes.
1.4 Studies on the sex determination in fish

A great variety of sex determination mechanisms exist in fish among individuals
within a population, contrary to the apparent conservation of the gene differentiation network
in vertebrates (Graves and Peichel 2010). Generally, the sex determination mechanisms in
fish include genetic and environmental regulation. In genetic systems, certain components
become dominant in influencing the direction of sex determination (Devlin and Nagahama
2002). In environmental regulation, the environment the fish live in affects the embryo
development crucially. In most cases, this influence is associated with the change of
temperature (Diaz and Piferrer 2015). For example, normally, the sex of channel catfish is
determined genetically by the XY system, but female-skewed sex ratios could be generated
by applying high temperature during the critical period for sex determination (Patino et al.
1996). This observation suggests that the sex of channel catfish is a combination of both GSD
and ESD, and similar phenomenon has been seen more widespread in fishes than previously
believed. The sex chromosome types in fish sex determination are varied. The male
heterogamety (XY) is the most common sex determination mechanism as reported in fish.
For example, medaka (Oryzias latipes) (Matsuda et al. 2002), channel catfish (Ictalurus
punctatus) (Patino et al. 1996), and rainbow trout (Oncorhynchus mykiss) (Yano et al. 2012)
have a XY system. However, many species have female heterogamety (ZW). Fish such as the
turbot (Scophthalmus maximus) (Martinez et al. 2009), half-smooth tongue sole

(Cynoglossus semilaevis) (Chen et al. 2014) have a ZW sex- determination system.
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Extensive research efforts have been made to study GSD in fish species, especially
with the rapid development of modern molecular genetics and genomics techniques. Two
major approaches have been used for studies of sex determining genes in teleost fish: 1)
Identification of Y-specific sequences; 2) Identification of male-specific transcripts.
Apparently, when the Y-chromosome is highly divergent from the X chromosome, the first
approach is quite advantageous. While the X and Y chromosome are very similar, analysis of
male-specific transcripts could provide more advantages. Sex-biased expressed genes in one
sex were thought to drive the phenotypic differences between males and females (Ellegren
and Parsch 2007, Leder et al. 2010, Assis et al. 2012). Both approaches requires genome or
transcriptome sequences, as well as QTL mapping to locate the candidate sex determination
region.

Six master sex-determining genes have been isolated in fish to date: DM-domain gene
on the Y chromosome (dmY), the major testis-determining factor in the Japanese medaka
(Oryzias latipes) (XX-XY) (Nanda et al. 2002), anti-Mdlerian hormone (amhY) in the
Patagonian pejerrey (Hattori et al. 2013) and anti-MUlerian hormone receptor, type Il (amhr2)
in fugu (Takifugu rubripes) (Kamiya et al. 2012), gonadal somatic cell derived factor (gsdf)
in the Luzon ricefish (Oryzias luzonensis) (Myosho et al. 2012), sexually dimorphic on the
Y-chromosome gene (sdY) in the rainbow trout (Yano et al. 2012) and finally SRY -related
HMG-Box gene 3 (sox3) in the medaka (Oryzias dancena) (Takehana et al. 2014). Until 2011,
all four vertebrate master SD genes were known to code for transcription factors which could
have been construed as evidence that gonadal sex determination in vertebrates is always
triggered by transcription factors. However, the three novel candidates for the master SD
genes in the Patagonian pejerrey, Oryzias luzonensis, and fugu code for growth factors or one
of their receptors. Thus, these findings suggest alternative mechanisms of genotypic sex

determination, in which the main trigger is not constrained to be a transcription factor
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(Graves 2013, Kikuchi and Hamaguchi 2013). Together with the sex-determining genes

identified in various species, here, we provide a brief overview of the research on sex-

determining genes as well as other important genes in sex determination pathway (Table 1.1)

Table 1. 1 Previously reported sex-determining genes in different species

Species important genes | important genes Other System | Reference
in testis in ovary important
formation formation genes in sex
determination
Mammals SRY (sex- Wnt4 Witl XX/XY | (McElreave
determining FoxI2 Sfl y et al.
region of Y) RSPO1 Gatad4/Fog2 1995,
Sox9 Koopman
Fgf9 2001)
Dmrtl
Chicken Z-linked DMRT1 FOXL2 77/7ZW | (Hudson et
Gallus gallus Sox9 WNT4 al. 2005,
RSPO1 Wang et al.
Aromatase 2014)
Estrogen
Stabilised (-
catenin
Reptilian DMRT1 Estrogen receptor Amh (MIS) XY/XX | (Deeming
SOX9 o Androgen or and
PDGFR Estrogen receptor (AR) 77/ZW Ferguson
receptor 3 DAXI1 1988, Ezaz
FOXL2 FGF9 et al. 2006)
Aromatase(cyp19a
1)
WNT4
RSPOI1
African Dmrtl DM-W SF1/ad4bp Z77/ZW | (Yoshimoto
clawed frog, (W-linked DM ERa and Ito
X. laevis domain) 2011)
cypl9
FoxI2
Medaka DM-domain gene cypl9ala sox9b XX/XY | (Matsuda et
Oryzias on Y chromosome amh al. 2002)
latipes (Dmy/Dmrt1b(y)) amhrll
dmrt1 fox12
sox9
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Medaka GsdfY (gonadal XX/XY | (Myosho et
Oryzias soma derived al. 2012)
luzonensis growth factor on
the Y
chromosome)
Medaka Sox3 XX/XY | (Takehana et
Oryzias al. 2014)
dancena
Patagonian amhy (anti- XX/XY | (Hattori et
pejerrey Mullerian al. 2012)
Odontesthes | hormone on the Y)
hatcheri
Tiger amhr2 XX/XY | (Kamiya et
Pufferfish al. 2012)
Takifugu
rubrupes
Rainbow Sdy (sexually XX/XY | (Yano etal.
trout dimorphic on the 2012)
Oncorhynchu Y-chromosome)
s mykiss
Tilapia dmrtl cypl9ala sox9 XX/XY | (Ijiri et al.
O. niloticus hsd17b1 amh 2008,
fox12 Baroiller et
al. 2009)
Zebrafish dmrtl cyp2la2 amh Polygen (von
D. rerio FTZ-F1 (nr5a)/ ic Sex | Hofsten and
Ffl(a-d) Determi Olsson
Wtl nation 2005,
or Bradley et
77/ZW al. 2011,
Liew et al.
2012,
Wilson et al.
2014)
Half-Smooth Dmrtla Cyp19a Sox9 XX/XY | (Chen et al.
Tongue Sole Cyp19b Sox10 2014)
Cynoglossus
semilaevis
Fruit Fly Sx/ (sex lethal) | XX/XY | (Steinmannz
Drosophila Tra wicky 1988,
melanogaster (Transformer) Bachtrog
Tra-2 2005)
(Transformer-2)
Dsx (Doublesex)
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CHAPTER Il. OVERVIEW AND RESEARCH OBJECTIVES

14



Molecular mechanisms for sex determination in fish have been well studies for only a
few species. Some of the best examples are medaka, fugu, and rainbow trout. Highly different
from mammals, teleosts exhibit remarkable plastic and diverse sex determination
mechanisms. Thus, studies using evolutionary approaches often ended with negative results
(Trukhina et al. 2013).

Channel catfish (Ictalurus punctatus), one of the lower teleosts, is the dominant
aquaculture species in the United States, accounting for more than 50% of U.S. aquaculture
production (Hanson and Sites, 2014). Male channel catfish usually grow faster than females
(Goudie et al. 1990, Davis et al. 2007). It normally possess a relatively simple genetic sex
determination system (XX/XY male heterogametic system), but environment, especially
temperature can have a major impact on phenotypic sex; high temperature applied during the
sex differentiation period could cause female-skewed sex ratios (Patino et al. 1996). Thus, a
better knowledge of the sex determination mechanism and its controlling genes in channel
catfish may have direct applications in aquaculture. In addition, sex is considered to be one of
the most fundamental features of life. Understanding sex determination and its evolution is
important for evolutionary biology.

Although a few studies on the sex differentiation were conducted and sex-linked
markers were identified for channel catfish (Ninwichian et al. 2012, Sun et al. 2013), little is
known for its sex determining locus. This was mostly due to the low marker densities for
QTL mapping of sex determination locus. In addition, the sequences of the sex chromosomes
were not available. In a historical genome project, our laboratory generated the reference
genome sequences for channel catfish. However, the genome was sequenced using a mitotic
gynogen (XX) individual, thereby missing the Y-chromosome sequences. It was reported that
no significant difference in DNA content was detected from male and female cells in channel

catfish, and male and female genomes carry identical or almost identical DNA, which makes
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the discovery of the Y-specific sequences difficult (Tiersch et al. 1990). It is possible that
only the subtle differences of sequences located on sex-determining region are responsible for
the sex determination, therefore, the study of sex determination gene of channel catfish would
then be extremely difficult.

The goal of my dissertation project is to 1) generate Y-chromosome sequences; 2)
perform comparative analysis between X and Y chromosomes of channel catfish; 3)
identification of the sex determination region on the sex chromosomes; and 4) identify the
candidate genes for sex determination in channel catfish. Understanding the mechanism of
sex determination in channel catfish is not only important for understanding of evolution of

sex determination, but also important for aquaculture applications.
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CHAPTER I1l. GENOME SEQUENCING OF A YY MALE CATFISH PROVIDES

INSIGHTS INTO SEX DETERMINATION GENE IN CHANNEL CATFISH
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3.1 Abstract

One of the most fundamental and fascinating processes of life is the determination of sex.
Scientists have worked for hundreds of years to understand the mechanism of sex
determination in the fields of developmental and evolutionary biology. In teleost, sex
determination system exhibits surprisingly diverse and plasticity during evolution. Catfish
has a XY male/XX female sex determination system, but the exact mechanism of its sex
determination is unknown at present. As a first step toward the identification of sex
determining gene(s) in catfish, we generated the first genome sequence assembly of the YY
catfish using next-generation sequencing. QTL mapping and GWAS analysis were conducted
to locate the sex determination locus to linkage group 4. This allowed the generation of
sequences of the first Y-chromosome in the aquaculture species, which size is 45.79 Mb.
Comparative analysis of X chromosome and Y chromosome sequences was performed to
determine the similarity and differences of the sex chromosomes with respect to chromosome
size, sequence identities and gene contents. This project would lay the foundation for further

downstream analysis of genes involved in sex determination and differentiation in catfish.

Keywords: sex determination, next-generation sequencing, target sequencing, QTL

mapping, GWAS
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3.2 Introduction

The processes of sex determination are tremendously diverse in teleosts, ranging from
hermaphroditism, environmental sex determination, to genetic sex-determination (Kikuchi
and Hamaguchi 2013, Shen and Wang 2014, Chalopin et al. 2015). In most cases, the
mechanisms of genetic sex determination of teleost fish are quite different from those of
tetrapod, even though they originated from the same lineage about 450 million years ago, and
share approximately 70% of genome similarity (Le Page et al. 2010). Unlike in mammals and
birds, where distinguishable sex chromosomes and common master sex-determining genes
are present (Sinclair et al. 1990, Smith et al. 2009), heterogametic sex chromosomes are only
observed in around 270 species (less than 1%) of teleost fish, with about 70% of species
being male heterogametic (XX females and XY males) and 30% being female heterogametic
(ZZ males and ZW females) (Pandian 2011). A wide variety of genetic sex-determining
mechanisms have been identified in teleost fish species, with various genes as the “master
sex-determining genes” such as dmrtl in medaka (Oryzias latipes and O. curvinotus) and
half-smooth tongue sole (Cynoglossus semilaevis) (Matsuda et al. 2002, Matsuda et al. 2003,
Chen et al. 2014), Gsdf in O. luzonensis (Myosho et al. 2012), Sox3 in Oryzias dancena
(Takehana et al. 2014), sdY in rainbow trout (Oncorhynchus mykiss) (Yano et al. 2012), and
amhy in Patagonian pejerrey (Odontesthes hatcheri) (Hattori et al. 2012). In addition to
specific sex-determining genes, a trans-species missense single nucleotide polymorphism
(SNP) in Amhr2 was reported to be responsible for sex determination in fugu (Takifugu

rubripes) (Kamiya et al. 2012) .

Generation of the Y-chromosome sequences has been difficult, and to date, Y-
chromosome sequences have been assembled for only a handful species including human,

chimpanzee, gorilla, rhesus macaque, mouse, and pig (Skaletsky et al. 2003, Hughes et al.
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2010, Hughes et al. 2012, Soh et al. 2014, Skinner et al. 2016, Tomaszkiewicz et al. 2016).
The fundamental reasons behind the difficulty of sequencing the Y chromosomes are quite
different, however, between the mammals and the teleosts. In the therian species including
the mammals, the X and Y chromosomes had a drastically different evolutionary path in the
last ~170-180 million years (Livernois et al. 2012, Cortez et al. 2014). From the original a
homologous pair of autosomes (Soukup 1971), the emergent X chromosome have been
subject to strong conservation across different mammalian species (Ross et al. 2005, Bellott
and Page 2009), while the Y chromosome, with its acquisition of a dominant male sex-
determining function and accumulation of male benefit genes, has been accompanied by
genetic isolation (recombination is limited only to the PAR, the homologous
pseudoautosomal region), degradation via accumulation of repeats and gene loss (Graves
2010, Bachtrog 2013). As a result, mammalian Y chromosomes are composed of PAR, and
X-degenerate, ampliconic, X-transposed, and heterochromatic regions (Skaletsky et al. 2003).
The ampliconic regions contain palindromic repeats that range from several kilobases to
several megabases long. Sequencing and assembly of such regions are very difficult.
Recently, Tomaszkiewicz et al. (2016) developed a strategy to efficiently sequence the Y
chromosome through flow sorting followed by next generation sequencing, droplet digital

PCR and bioinformatics.

In contrast, the sex chromosomes in most teleosts are not highly differentiated; the
karyotypes of sex chromosomes are undistinguishable, and their sequences are highly
homologous between the X- and Y-chromosomes. Therefore, even though genetic studies can
clearly map the sex determination gene to a chromosomal region, identification of sex
determination gene is still extremely difficult. In this study, we sequenced the Y chromosome

of channel catfish using a YY male template where the X chromosome is entirely absent,
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allowing precise generation and assembly of the whole Y-chromosome sequences.
Comparative genome analysis was then conducted between the Y chromosome sequences
and the X chromosome sequences we previously reported (Liu et al. 2016), allowing

identification of the putative sex determination gene in channel catfish.

3.3 Materials and Methods
3.3.1 Fish sources and sampling

All procedures involving the handling and treatment of used fish during this study was
approved by the Auburn University Institutional Animal Care and Use Committee (AU-
IACUC) prior to initiation of the project. All animal procedures were carried out according to
the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act in the
United States. Y'Y catfish is originally from US Department of Fish and Wildlife Hatchery in
Uvalde, TX (Waldbieser and Wolters 2007). The wild channel catfish used in this project
were obtained from 12 populations of 7 major watersheds in Alabama (Simmons et al. 2006).
The sex reversal of XY catfish was conducted as Goudie’s protocol (Cheryl A. Goudie 1983).
In brief, the fish were fed a 45% crude protein ration that contained 60}y testosterone/ g of
feed beginning at 6 days post hatch and continued for 3 weeks. This treatment produced
normal XX females and sex-reversed XY females. At two and three years of age, we
spawned those females with normal XY males. Consequently, all of offspring were examined
as fingerlings at 6 months for reproductive tissues indicative of male or female gender.

At two years of age, the putative Y'Y males were selected based on microsatellite data
and mated with normal, unrelated XX females. Furthermore, progeny test was conducted by

checking offspring’s reproductive tissues at 6 months of age.

21



3.3.2 DNA extraction, library preparation and sequencing

The blood sample of YY catfish was flash frozen in liquid nitrogen and shipped on dry
ice then stored at -80 € until DNA extraction. Genomic DNA was extracted using a Qiagen
DNeasy Blood and Tissue kit (cat. 69504). The concentration of genomic DNA was
measured using an Agilent 2100 Bioanalyzer. DNA integrity was checked through an easy
and fast way which is to use 0.8% agarose gel, run it at 80v for 45 minutes as previously
described. DNA-seq library preparation and sequencing was carried out by HudsonAlpha
Genomic Services Lab (Huntsville, AL, USA). Three libraries of DNA were constructed. The
DNA library that had an average insert length of 300 bp was sequenced with 100bp paired
end (PE) reads on an Illumina HiSeq 2000 instrument. Other two libraries were sequenced
with 150bp Nextera Mate pair (Mp) reads with insert length of 3kb and 8kb respectively on
an lllumina HiSeq 2500 instrument. PacBio sequencing was performed at Interdisciplinary

Center for Biotechnology Research (Gainesville, FL USA) with 16 SMRT cells.

3.3.3 Pre-assembly trimming

Illumina adapter sequences were trimmed from raw reads, then reads with average
quality scores less than 30 were shredded from the 3’ ends until it achieved 30, and reads
with  length  shorter than 30 bp were discarded using BBMap 35.10
(sourceforge.net/projects/bbmap/). The trimmed Nextera Mate Pair reads were further split to
both paired end reads and long mate pair reads by splitnextera module of BBMap based on
the linker orientation. The duplicated reads was removed by PRINSEQ (Schmieder and
Edwards 2011). In addition, the reads were error-corrected by BFC (Li 2015). At last, the

quality of trimmed reads were inspected by FastQC (Patel and Jain 2012).
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3.3.4 De novo assembly of YY genome

Illumina sequence from short insert fragments (300 bp) and mate-paired reads from 3-kb
and 8-kb fragments were assembled with the dominant software for genome sequencing, the
de bruijn graph based assembler SOAPdenovo2 (Luo et al. 2012). Multiple-kmer assemblies
(k-mer sizes from 51 to 95) were produced. The best assembly was evaluated according to the
number of contigs generated, N50 size, average contig size, and maximum contig length.
PRINSEQ (Schmieder and Edwards 2011) was used to remove assembly redundancy with the
minimal overlap length and percent identity in CAP3 to 100 bp and 99%. The resulting best

assembly was used in subsequent scaffolding.

3.3.5 Scaffolding and gap filling of the YY genome

The scaffolding was performed by taking advantage of not only different insert lengths of
the PE (300bp) and MP libraries (3kb and 8kb) but also the long distance connectivity of
PacBio reads. We built up the male genome scaffolding by using the publicly available
programs PBJelly (English et al. 2012) and SSPACE software (Boetzer et al. 2011). After the
scaffolding, gaps were closed by PBJelly and GapCloser (Luo et al. 2012). Finally, post

assembly polishment was conducted with Pilon (Walker et al. 2014).

3.3.6 Chromosome level scaffolding

Chromosome level scaffolding was conducted by integrating previously genome
assembly and high-density SNP-based genetic map of channel catfish (Li et al. 2015). The

final genetic linkage map was comprised of 54,342 markers (at 29,081 unique positions)
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distributed across a genetic distance of 3,505.4 cM. The 70 bp of sequence flanking each SNP
locus on the genetic map was mapped to the assembly scaffolds by BLASTN alignment (E-
value maximal threshold 1le-10, > 95% sequence similarity, >65bp alignment length).
Scaffolds that were adjacent on a chromosome were manually joined with a string of 100
“N’’s to represent the gaps between the two adjacent scaffolds based on the high-resolution

genetic map.

3.3.7 QTL Mapping and GWAS of the Sex determination region

For QTL mapping of sex determination (SD) locus of catfish, we firstly constructed a
single family genetic map by genotyping 187 fish in the family 3 using the catfish 250K SNP
array (Liu et al. 2014). The sex phenotype of each fish was determined by histological
examination of gonads after anesthetizing the individuals and recorded as binary traits. Then,
3,418 informative SNPs on the linkage map were selected based on the pedigree information
and quality value. Consequently, the linkages between each marker and SD locus were
estimated using the scanone function with EM algorithm and binary model integrated in R/qtl
software (Broman et al. 2003). Significant threshold of LOD was obtained by permutation
tests with 1, 000 replicates. 95% bayes confidence interval was determined by using the
bayesint function.

For GWAS analysis of SD locus of catfish, 199 wild catfish was genotyped using the
catfish 250K SNP array and their genders are identified by screening with sex-linked markers.
The analysis was performed with linear regression model with SNP & Variation Suite 7
(Golden Helix, Inc., Bozeman, MT, www.goldenhelix.com). Samples passing the quality

control (Dish value > 0.85) and SNP call rates threshold (>95%) were retained for analysis.
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SNPs with missing genotypes >5% and minor allele frequency <5% were removed. The

Manhattan plot was generated by Circos (Krzywinski et al. 2009) .

3.3.8 Annotation of the YY genome assembly

A library of catfish-specific repetitive sequences was first produced using
RepeatModeler v1.0.8 (http://www.repeatmasker.org/RepeatModeler.html). Next, the repeat-
annotated library was used to mask the genome assembly using RepeatMasker with the
option of -nolow and -s. Finally, Augustus (Stanke et al. 2004) and Fgenesh
(http://www.softberry.com) were used to predict genes within the repeat-masked assembly.
Gene model parameters for Augustus were trained from conserved genes from vertebrate
species using CEGMA (Parra et al. 2007). The amino acids predicted from the same genomic
positon shared by both algorithms were retained and integrated for the downstream homolog-
based annotation. Then, the amino acid sequences of the predicted genes were retrieved and
queried against the Uniprot and NCBI non-redundant (NR) databases using BLASTP to
identify the homologous genes with an E-value maximum threshold of 1e-5. The names of
predicted channel catfish genes were assigned based on their homologous proteins. For those
predicted coding regions with no blast hits, but containing more than 100 amino acids, both
Pfam A and B databases (Finn et al. 2014) were used to scan their conserved functional
domain with an E-value threshold at 1e-5. The names of matching genes were assigned based
on their domain families. All of the genes with names of retrotransposable element,
transposon, reverse transcriptase, RNA-directed DNA polymerase from transposon,
transposase, and transposable elements were treated as potential repetitive elements and
removed from the gene annotation. All of the genes with names of uncharacterized, unnamed,

unknown, hypothetical, predicted protein were treated as unnamed genes and searched
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against Uniprot and NR database as above to return the top ten matches. Any matches with
names of potential repetitive elements were excluded from the annotation. The chromosomal
position of each gene was assigned based on the chromosome level assembly, and genes with
adjacent locations and identical gene names were labeled. Then, the tandem duplicated genes
among the labeled genes were identified using MCScanX (Wang et al. 2013), and remaining
genes were treated as fragments of a same gene and sub- grouped separately based on their
position and names. Only the longest protein of each subgroup was kept to represent the
corresponding gene. The final YY genome annotation included genes with names derived

from BLAST analysis and genes with domain names derived from Pfam analysis.

3.3.9 Comparative analysis of X and Y chromosome sequences

In order to identify the Y-specific fragments, a comparative analysis was performed with
the rapidly genome aligning software MUMmer. Cross alignment was performed between Y
chromosome and X chromosome with the aim to identify the Y-specific sequences, and a
comparative analysis was performed between male catfish genome and the female genome by
BLASTN program as well. E-value cutoff was set to 1e-10, and the identity cutoff was set

more than 95%. MUMmer was employed to perform the genome-wide alignment as well.

3.4 Results and Discussion

3.4.1 Mapping of the sex determination locus

To identify the sex determination locus, our first step was to map the sex determination
locus to the chromosome. This was achieved through genetic linkage mapping (Li et al. 2015).
Genotyping was conducted with 187 fish of a single family, and linkage analysis indicated

that there was only one sex determination locus located on linkage group 4 (LG4, Figure 3.1).
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Figure 3. 1 Logarithm of odds (LOD) score versus genetic distance (cM) of 29 linkage
groups of channel catfish of QTL analysis for the sex trait.

The purple dotted line indicates the threshold P-value for linkage analysis.

This linkage analysis was validated with additional 380 fish of two families (data not
shown). Detailed linkage analysis indicated the sex trait was most tightly linked with 20 SNP

markers spanning a genetic distance of ~1.0 cM (Figure 3.2).
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Figure 3. 2 LG4 LOD score versus genetic distance (cM).
Blue dotted lines indicate the 95% bayes confidence interval of the sex determination region

of the QTL analysis.

However, placement of the linked SNP markers on the whole genome reference
sequence indicated that the sex determination region spanned a physical distance of ~17.4 Mb

on the sex chromosome.

Realizing the long haplotype blocks in F2 families, we attempted using GWAS analysis
to take advantage of historically accumulated recombinations in the sex determination region
with various unrelated fish individuals. A total of 199 wild channel catfish collected from 12

populations in seven watersheds (Simmons et al. 2006) were genotyped with the catfish 250K
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SNP arrays (Liu et al. 2014). 123,199 SNPs were remained after quality control and utilized
by GWAS. Consistent with the result of QTL mapping, four hundred sixty two SNPs were
found significantly associated with the sex trait on LG 4, but not on any other chromosomes

(Figure 3.3).
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Figure 3. 3 Manhattan plot of genome-wide association analysis (GWAS) for sex trait of

wild channel catfish.
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Red dots indicate the threshold P-value for genome-wide significance. The purple dots
indicate the threshold P-value for the significance of “suggestive association”. The green dots

indicate the P-value of no significance.

This allowed the sex determination region to be narrowed from 17.4 Mb as mapped
using F2 population (Figure 3.2) to 8.6 Mb (Figure 3.4). Obviously, the 8.6 Mb is still a large
genomic segment, but it allowed us to focus detailed analysis for sex determination of

channel catfish in this limited region of sex chromosome.
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Figure 3. 4 A regional plot of the -logio (P-values) for 123,199 high quality SNPs versus

physical genomic distances on LG 4
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The Red dots indicate the threshold P-value for genome-wide significance. The orange dots
indicate the threshold P-value for the significance of "suggestive association". The blue dots

indicate the P-value of no significance.

3.4.2 Sequencing and assembly of the YY genome

The normal channel catfish genome contains 28 pairs of autosomes plus the sex
chromosomes X and Y, with an estimated 1.0 Gb of DNA (LeGrande et al. 1984, Tiersch and
Goudie 1993). We produced a reference genome sequence using an XX gynogen female
template without the Y chromosome (Liu et al. 2016). Here we generated and assembled the
reference genome sequence of channel catfish from a YY male without X chromosome to
reduce assembly confusion between the homologous sequences from the X and Y
chromosomes. Intra-scaffold gaps were filled with Illumina and Illumina-corrected PacBio
sequence. Sequences of 103.3 X genome coverage were produced including 93X of Illumina
sequences and 7.3X of PacBio sequences. The final Y'Y channel catfish genome assembly
included 1,032 Mb in 100,021 contigs and 18,575 scaffolds, with a contig N50 of 23,642 bp

and a scaffold N50 of 1,031,626 bp (Table 3.1).

Table 3. 1 Sequencing and assembly of the Y'Y genome of channel catfish

A Sequences generated for the assembly of YY channel catfish genome

Libraries Number of | Average read length” Genome Usage

reads coverage
300bp PE 334,232,498 88.7 bp 30X Contig assembly
3kb mate | 291,352,572 113.3 bp 33X Scaffolding
paired
8Kb mate | 297,470,570 113.3 bp 33X Scaffolding
paired
Corrected 3,208,095 2,272 bp 7.3X Scaffolding & gap
PacBio reads filling
Total - 103.3X

B. Assembly statistics

Total number | Total number Contig N50 (bp) Scaffold N50 Total assembled
of contigs of scaffold (bp) genome size in
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scaffolds (bp)

100,021 18,575 23,642 1,031,626 1,032,689,779

3.4.3 Targeted sequencing of Y chromosomes

The success of identification of the sex determination gene through comparative
chromosomal analysis depends heavily on the completeness and contiguity of the sex
chromosome sequencing. We used a targeted sequencing (Figure 3.5) for Y chromosome
sequencing, using the XX genogen sequencing template and the YY male sequencing
template, respectively, to ensure maximal levels of contiguous sequences in the sex
determination region. A total of 5.9 Gb of PacBio sequences were generated from targeted
sequencing for the Y chromosome. Assembly of all the available sequences for Y
chromosome including all the sequences mapped to Y chromosome (discussed above) and the
3,245,015 PacBio reads from the targeted sequencing resulted in the assembly of 45.79 Mb of
Y chromosome sequences in 3,405 contigs and 99 scaffold. Although gaps still existed, but
the total of sequences in the gaps were estimated to be 997,081 bp, less than 2.2% of the sex

chromosome sequences.
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1. Target sources: DNA sequences of XX and YY catfish

Target region

2. Target Design: SeqCap EZ Developer Library (Roche NimbleGen)

robes robes robes robes robes robes

Target region

3. Target Capture and PacBio sequencing (Yale Center for Genome Analysis)
bead bead bead bead bead bead
o e o ©o

probes probes probes probes probes probes
Target region _Untargetregion

l Amplification

PacBio Sequencing

Figure 3. 5 Flow chart of target sequencing with Nimblegen probes and PacBio

sequencing

After the chromosome level scaffolding and target sequencing assembly, more than 95%
of scaffolds are assigned into 29 linkage groups of channel catfish (Table 3.2). Of the 18,575

scaffolds, 99 mapped to the Y-chromosome, spanning a physical size of 45.79 Mb.

Table 3. 2 Assignment of Y'Y sequences to chromosomes

Chr4 is highlighted as sex chromosome.

Chromosome Mapped SNPs # of scaffolds Physical size (bp)
1 1,843 222 49,100,713
2 2,159 273 47,970,275
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3 2,049 198 46,460,332
4 2,096 99 45,787,968
5 1,903 192 42,793,815
6 2,001 142 41,460,702
7 1,914 174 40,376,802
8 2,098 205 39,783,902
9 1,783 243 37,873,879
10 2,063 246 37,476,358
11 1,501 164 36,795,683
12 1,799 125 36,109,199
13 1,666 151 35,015,328
14 1,841 113 34,311,406
15 1,785 128 34,133,473
16 1,268 115 34,033,367
17 1,390 195 32,886,635
18 1,876 118 31,851,771
19 1,638 187 30,833,328
20 1,722 147 29,255,232
21 1,577 101 27,357,732
22 1,545 73 26,149,602
23 1,635 109 25,768,931
24 1,298 169 25,202,140
25 1,464 94 25,034,826
26 1,465 186 24,726,610
27 1,618 115 23,898,114
28 1,452 120 23,629,454
29 1,079 101 18,357,885

Total 49,528 4,505 984,435,462
(95.3%)

Unmapped 4,814 14,070 48,254,317
(4.7%)

One notion we had was that we can align all the Y'Y catfish genome sequence on the XX
catfish genome sequence and vice versa, which would allow us to identify X- and Y-specific
sequences. However, no chromosome-specific sequences were identified. Over 97.3% of XX
catfish genome sequences were aligned on the YY genome sequence assemblies, and
conversely, over 96.2% of the YY genome sequences were aligned on the XX genome

sequence. In addition, over 99% of the Y chromosome sequences aligned on the X
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chromosome sequence (Figure 3.6), suggesting that the catfish X chromosome and Y

chromosome is extremely similar in their sequences and gene contents.
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Figure 3. 6 Similarity and coverage plot of the alignment of X and Y chromosome of

channel catfish

Blue dots indicate forward alignment and red dots indicate reverse alignment.

3.4.4 Gene content in the X and Y chromosomes

In total of 950 genes were annotated for both X and Y chromosome, and no sex specific
genes were identified. In another way of saying, probably there is no extra gene in the catfish
SD region that contains a distinct male-specific segment. Therefore, the X chromosome and

Y chromosome are possibly undifferentiated. The sex of catfish could probably be controlled
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by a very tiny difference in the genomic sequence. Such difference could be a duplicated
copy of a specific gene, a single nucleotide polymorphism (SNP) locus or a
combination of alleles, or a significantly differential expression pattern of a gene at the
critical gonad developmental stage. The comparison result of X and Y chromosome in terms

of sequences, SNPs and gene content are showed in Table 3.3.

Table 3. 3 Comparison of X and Y chromosomes

Y chromosome X chromosome

Number of scaffolds 99 39

Size (bp) 45,787,968 34,590,240
(estimated 45.8Mb  with
degenerates)

Size without gaps (bp) 44,790,887 34,079,759

Number of SNPs on genetic | 2,096 2,270

map

Genes 950 950

Genes annotated only on 0 0

Sex specific genes after | 0 0

reciprocal mapping

3.5 Conclusion

We generated the first assembly of Y'Y genome sequence of channel catfish, which also
provided the first Y chromosome assembly of all of the aquaculture species. For sex
determination, one 8.6 Mb genome-wide significant QTL was identified on LG 4.
Identification of sex determination gene was made possible in this work by direct analysis of
sequences from the X chromosome and the Y chromosome. The use of the YY male, rather
than the normal XY male, allowed entire avoidance of confusions or mis-assemblies of the

X-chromosome sequences into Y chromosome or vice versa. This strategy should be
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applicable to any system where sex reversal is possible including all teleost fish species.
Technically, the sex reversal and production of YY males allowed pure templates of the Y
chromosome without its homologous X chromosome, functionally equating the use of
purified Y-chromosome as sequencing template (Tomaszkiewicz et al., 2016). As teleosts
account for over 50% of vertebrate species, and humerous genome projects are ongoing with

various fish species, the applicability of this strategy is very broad.
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CHAPTER IV. IDENTIFICATION OF SEX-BIASED EXPRESSED GENES IN MALE

AND FEMALE GONADS OF CHANNEL CATFISH AT THE ONSET OF OVARIAN

DEVELOPMENT
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4.1 Abstract

Channel catfish, Ictalurus punctatus, is the leading aquaculture species in the US. It’s
also a well-recognized model for study of sex determination mechanism due to its sexual
plasticity. The gonadal differentiation in channel catfish starts as early as 19 day post-
fertilization (dpf) in females, while the testicular differentiation in males occurs between 90
and 102 dpf. Toward the uncovering of processes involved in sex determination during sexual
development, efforts are needed to profile genes that are regulated during early ovarian
differentiation process. In this work, we conducted comparative transcriptome analysis of
male and female gonads during sex determination stage at 10-14 and 15-19 dpf using high-
throughput based RNA-Seq approach. Transcriptomic comparison between male and female
gonadal tissues identified male-preferential genes such as BCAR1. The candidate genes
identified in the study lay the foundation to unravel the mechanisms underlying sex
determination and differentiation processes in catfish.

Keywords: fish, sex determination, RNA-Seq, ovarian differentiation, sexual

development
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4.2 Introduction

Sexual reproduction is a universal feature shared by multicellular animals for species
propagation. Two major processes are involved in sexual development, sex determination and
sexual differentiation. The sex determination process determines whether the bi-potential
primordium will develop into a testis or an ovary, while the sexual differentiation process
takes place after sex determination and involves the actual development of testes or ovaries
from the undifferentiated gonad (Forconi et al. 2013). In vertebrate, sexual development is
determined by two main factors, the genetic makeup of an individual and the environment.
With genetic sex determination (GSD), genetic elements determine whether the individual is
developed into a female or male. With environmental sex determination (ESD),
environmental factors, such as temperature and photoperiod, control sex determination.

Gene pathways that control sexual development have been well documented in
several model organisms such as D. melanogaster, C. elegans, and mammals, in which a
master-switch sex-determining gene is determined. In humans, sex is determined by sex
chromosomes, XX females and XY males. The sex determination depends on the presence of
a single master sex-determining locus, the Sry gene, on Y chromosome. Expression of Sry
early in the embryonic development initiates testis differentiation by activating male-specific
developmental networks, while in its absence, the ovaries develop (Bachtrog et al. 2014).
Further sexual differentiation in non-gonadal tissues and organs is initiated by the sex
hormones (Ono and Harley 2013).

Sex-determining genes are mainly transiently expressed in the undifferentiated gonad,
which directly determine bi-potential gonad into either a testis or an ovary. Master-switch
sex-determining genes have been identified in several species and are highly conserved

across taxa. For instance, the Sry gene determines sexual development in nearly all mammals
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(Foster and Graves 1994). The dmrtl and its paralogs act as the primary sex determination
signal in African clawed frog (Xenopus laevis) (Yoshimoto et al. 2008), chicken (Gallus
gallus) (Smith et al. 2009), medaka (Oryzias latipes) (Matsuda et al. 2002), and tongue sole
(Cynoglossus semilaevis) (Chen et al. 2014). In insects, the transformer (tra) gene and its
paralogs act as the primary switch in sex-determination in fruit flies (Drosophila
melanogaster) (McKeown et al. 1987), house flies (Musca domestica) (Hediger et al. 2010),
the wasp (Nasonia vitripennis) (Verhulst et al. 2010) and the honeybee (Apis mellifera) (Beye
et al. 2003). However, several cases of master-switch sex-determining genes do not have
homologs found in closely related taxa, such as the gsdfY gene in medaka (Orysias luzonensis)
(Myosho et al. 2012), the amhr2 gene in pufferfish (Takifugu rubripes) (Kamiya et al. 2012),
and the 1rf9, an immunity-related gene in rainbow trout, (Oncorhynchus mykiss) (Yano et al.
2012). Polygenic sex determination mechanisms is also observed in some species. For
instance, multiple sex-associated regions have been identified in the zebrafish genome
(Bradley et al. 2011, Anderson et al. 2012, Liew et al. 2012). Polygenic sex determination has
been also reported in the cichilid fishes (Ser et al. 2010, Parnell and Streelman 2013) and
European sea bass (Vandeputte et al. 2007).

Channel catfish (Ictalurus punctatus) is the leading aquaculture species in the United
States. It's also a well-recognized organism for sex determination studies due to its sexual
plasticity. Channel catfish is a gonochoristic fish that have an XX female-XY male sex
determination system (Davis et al. 1990), but does not exhibit sex chromosome
polymorphism. The sex of channel catfish is mostly determined by genetic factors, and is
affected by environmental factors such as temperature, photoperiod and hormonal exposure
(Patirp et al. 1996). It has been reported that significantly biased sex ratios were observed
after thermal and hormone treatments during early period of gonadal differentiation (Davis et

al. 1990, Galvez et al. 1995, Patino et al. 1996). Relatively successful sex manipulation was
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achieved in channel catfish by controlling hormonal and temporal treatments. For instance,
feminization of channel catfish can be achieved by treatment of both aromatizable and
nonaromatizable androgens before 21 days post-fertilization (dpf). Another study reported
that a synthetic anabolic androgen, trenbolone acetate can suppress ovarian development to

result in sterile masculinized females (Davis et al. 2000). In addition, high temperature (34°C)

during early gonadal development also leads to increased ratio of females (Patino et al. 1996).
Genetic analyses of sex mechanisms have been conducted in channel catfish.
Genomic DNA hybridization analysis of several genetic elements were conducted in the
channel catfish, and identified no linkage of sex with SRY, ZFY, Bkm and Human
Teleomeric Repeats that are associated with sex in mammalian sex-determining systems
(Tiersch et al. 1992). In another study, according to an isozyme polymorphism, the
glucosephosphate isomerase-B was reported to be linked to the sex-determining gene in the
channel catfish (Liu et al. 1996). Moreover, sex-associated molecular markers have been
mapped by linkage analyses (Waldbieser et al. 2001, Ninwichian et al. 2012). Further fine-
scale mapping analysis resulted in the identification of one microsatellite marker
(AUESTO0678) that was closely associated with sex, and was effectively used for sex-typing
of channel catfish from four different strains with 100% accuracy (Ninwichian et al. 2012). In
order to identify the sex-determining gene in channel catfish, we assembled the testis
transcriptome in a previous RNA-Seq study, and identified a pool of putative male-biased
genes (Sun et al. 2013). However, only the adult testis tissue was sequenced in that study,
genes involved in sexual development and differentiation were not able to be investigated.
In this work, we collected gonadal tissues starting from 10 dpf to 19 dpf to include the
developmental stages involved in sexual determination. The sex-associated marker was used

to sex type the individuals to obtain separate female gonadal and male gonadal tissues at
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same development stages. RNA-Seq allowed direct comparison of gene expression of both

female and male gonadal tissues during the early sexual differentiation stage.

4.3 Materials and Methods
4.3.1 Experimental animals and tissue collection

Three year channel catfish with good sex maturity characteristics were harvested from
the ponds (E.W. Shell Fisheries Research Center, Auburn University, Alabama, USA) and
held in tanks in the greenhouse. The general artificial spawning, fertilization and husbandry
procedures were performed as previously described (Dunham et al. 2000, Su et al. 2013). In
brief, females were injected with luteinizing hormone releasing hormone analogue (LHRHa)
at 100 pg/kg body weight. Eggs were hand-stripped followed by artificial fertilization.
Embryos were hatched and fry were reared in the trough (304 cm X 60 cm X 30 cm). Water
temperature was maintained at 28 <C with 8~10 L/m water flow to control the ammonia to
zero. The dissolved oxygen was maintained at ~6 ppm. Water quality was monitored daily.
Fries were fed daily to satiation with the Aquamax Fry Starter100 (Cat#: 000-5553, Aquamax,
MO, USA).

About 50 fry were collected each day starting from the 10th day post fertilization (dpf)
to 19 dpf. Fry were euthanized with tricaine methanesulfonate (MS 222) at 300 mg/L before
samples collection. Each fry was cut into two portions of head and body. The samples were

flash-frozen and stored at -80 °C until DNA extraction and RNA extraction.

4.3.2 Sex genotyping

Thirty fry from each day were selected for genotyping to determine the sex with the

sex-linked microsatellite marker, AUESTO0678, following as previously described
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(Ninwichian et al. 2012). Genomic DNA was extracted from the head sample of each catfish
fry following previous protocols. Briefly, samples were digested in a 1.5 ml centrifuge tube
containing digestion buffer and Proteinase K at a concentration of 100 g/ml. DNA was
isolated using the Gentra Puregene Tissue Kit (QIAGEN, USA), following manufacturer's
instructions. The concentration and purity of isolated DNA were estimated using an
Ultrospec 1100 Pro spectrophotometer (GE Sciences, NJ, USA) as well as electrophoresis on
a 1.5% agarose gel. PCR amplification was performed in a 5-i reaction mixture containing 1
| of 50 ng/ i genomic DNA, 0.5 i of 10 PCR buffer, 0.2 i of 50 mM MgCl, 0.4 i of 2.5
mM dNTPs, 0.2 ul of 10 pmol/ul forward primer (5’ACATCGCTTTGAGAAGC TGC3’),
0.3 pl of 10 pmol/ul reverse primer (5’GTGAATGTGAGACTAACAGGAGG3’), 0.1 pl of 1
pmol/pAd primer label IRD700 [labeled with infrared dye (IRD)-IRD700 or IRD800 from LI-
COR Biosciences, Lincoln, NE] and 0.05 I of 5 U/ I of Platinum Taqg polymerase. A
touchdown PCR profile was performed as previously described (Ninwichian et al. 2012).
PCR products were analyzed on a 7% polyacrylamide gel using a LICOR 4300 DNA
Analyzer (LICOR Biosciences, Lincoln, NE). After gel electrophoresis, the sex of a catfish
fry was determined based on the specific banding pattern that is one shared band (~212 bp)
was observed in both males and females, while a 205-bp product was present only in male

channel catfish (Ninwichian et al. 2012).
4.3.3 High throughput RNA sequencing

A total of 10 female fry and 10 male fry with conclusive determination of sexes were
randomly selected from each day for RNA-Seq sequencing. The body portion of 10 male
catfish fry collected in the same day were pooled and homogenized with mortar and pestle in
the presence of liquid nitrogen. Similarly, the body portion of 10 female catfish fry that were

collected in the same day were also pooled and homogenized. RNA were extracted using the
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RNeasy Kit (Qiagen, Valencia, California) according to the manufacturer’s instructions.
RNA concentration and integrity were measured on an Agilent 2100 Bioanalyzer. Equal
amounts of RNA from every five days were pooled from 10-14 dpf and 15-19 dpf for male
and female, respectively. These four pooled samples were outsourced for RNA-Seq at the
HudsonAlpha Genomic Services Lab (Huntsville, AL, USA). The RNA-Seq libraries were
prepared following the standard TruSeq protocols, and were sequenced on an lllumina HiSeq

2500 instrument for 100 bp paired-end reads.

4.3.4 De novo transcriptome assembly

The de novo assembly of short reads was performed using Trinity (2012-10-05 release)
with RNA-Seq reads sequenced from all eight samples. Before assembly, raw reads were
trimmed by removing adaptor sequences and ambiguous nucleotides. Reads with quality
scores less than 20 and length below 30 bp were trimmed. The resulting high-quality
sequences were used in the subsequent assembly. The short reads were assembled into the
unique sequences of transcripts in Inchworm via greedy k-mer extension (k-mer = 25). After
mapping reads to Inchworm assembled contigs, Chrysalis incorporated reads into deBruijn
graphs and the Butterfly module processed the individual graphs to generate full-length
transcripts. In order to reduce redundancy, the assembly was passed to the CD-Hit (version
4.5.4) for multiple alignments (Li and Godzik 2006). The threshold of sequence identity was

set as 1.0, with the alignment covering >90% of the shorter sequence.
4.3.5 Transcriptome annotation

The assembled contigs were annotated by searching against the NCBI zebrafish RefSeq
protein database, the UniProtkKB/SwissProt database and the non-redundant (nr) protein

database using the BLASTX program with E-value cutoff of 1E-5.
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4.3.6 Identification of differentially expressed genes

The high quality reads from each sample were mapped onto the assembled transcript
sequences using Bowtie software (Langmead and Salzberg 2012) with default parameters.
The RSEM program (Li and Dewey 2011) was then used to estimate the expression
abundance of the transcripts. The total number of mapped reads for each transcript was
determined, and then normalized to determine FPKM (Fragments per Kilobase of transcript
per Million mapped reads). Differential expression analysis was performed using edgeR
package (Robinson et al. 2010). All the samples were normalized together. Normalization
was performed by trimmed mean of M values (TMM) (Robinson and Oshlack 2010). TMM
equates the overall expression levels of genes between samples under the assumption that the
majority of them are not differentially expressed. Transcripts with absolute fold change
values of greater than 1.5 and a FDR adjusted p-value < 0.05 were included in analysis as

differentially expressed genes.

4.4 Results and discussion
4.4.1 Sex phenotyping

A total of 300 individuals (30 fish each day from 10 dpf to 19 dpf) were selected for
genotyping to determine the sex phenotypes. The vast majority (291/300) of individuals were
determined with conclusive sex phenotypes, with 139 being female and 152 being male.
From each day, 10 individuals of female and male with clear sex phenotypes were pooled for
RNA isolation, respectively. Equal amount of RNA from every five sequential days starting

from 10 dpf to 19 dpf were pooled for female and male, respectively.
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4.4.2 RNA-Seq of catfish gonads during sexual differentiation

[llumina-based RNA sequencing (RNA-Seq) generated a total of 240.0 and 252.5
million reads for the female and male gonadal tissues, respectively. Reads from each sample
were retrieved through the use of multiple identifier (MID) tags (Table 4.1).

Table 4. 1 Statistics of RNA-seq data

Time-points Number of reads after trim  Average Total bases after trim (bp)
(dpf) length (bp)

Female Male Female Male Female Male
10-14 71,680,326 47,911,046 94.4 94.6 6,766,622,774  4,532,384,952
15-19 54,135,645 78,522,972 944 943 5,110,404,888  7,404,716,260
Total 125,815,971 126,434,018 - - 11,877,027,662 11,937,101,212

At least 46 million reads were obtained for each of the eight samples. After data
trimming to remove ambiguous nucleotides, low-quality sequences (quality scores < 20) and
reads with too short length (< 30 bp), a total of 125.8 and 126.4 million reads with average

read length greater than 94 bp were retained for female and male, respectively.

4.4.3 De novo transcriptome assembly

The de novo transcriptome assembly produced a total of 469,815 contigs with
minimum length of 200 bp (Table 4.2). Of which, 173,308 contigs had lengths greater
than 500 bp, and 94,094 contigs had length greater than 1000 bp. The largest contig had a
length of 45,308 bp, and the average contig length is 832.9 bp. A total of 72% short reads
were able to be mapped onto the assembly, while the rest of short reads either remain

singletons or were assembled into contigs with lengths less than 200 bp.

Table 4. 2 Summary of de novo assembly results of Illumina sequence data from catfish
using Trinity
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Trinity

Contigs(=200bp) 469,815
Large contigs (=500bp) 173,308
Large contigs (=1000bp) 94,094
Maximum length (bp) 45,308
Average length (bp) 832.9
N50 (bp) 1,718
Reads mapped to final reference 72.04%
(%)

4.4.4 Transcriptome annotation

The homology search-based annotation by BLASTX against various public protein
databases assigned protein identities to a portion of assembled transcript sequences. A total of
138,444 transcript contigs had hits to proteins in the NCBI zebrafish RefSeq protein database,
which had 20,210 unique protein hits and 2,486 of which are hypothetical proteins (Table
4.3). Similarly, a total of 116,739 transcript contigs had hits to proteins in UniProt database,
with a total of 23,403 unique protein hits. By searching against NCBI NR database, 148,313
transcript contigs had hits to 23,403 unique proteins and 2,473 of which are hypothetical

proteins.

Table 4. 3 Summary of gene identification and annotation of assembled catfish contigs
based on BLAST homology searches against various protein databases (Zebrafish,
UniProt, nr)

Putative gene matches were at E-value < le-5. Hypothetical gene matches denote those
BLAST hits with uninformative annotation. Quality unigene hits denote more stringent

parameters, including score>100, E-value < 1e-20

Contigs Annotated Annotated Unigene Hypothetical Quality
with contigs contigs matches  gene matches Unigene
putative >500bp >1000bp matches
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gene

matches
Zebrafish 138,444 98,091 75,229 20,210 2,486 13,244
UniProt 116,739 86,381 57,546 23,403 0 18,602
NR 148,313 101,596 64,279 33,303 2,473 24,442

4.4.5 Analysis of differentially expressed genes between male and female

1,999 differentially expressed genes between female and male gonad tissues were

identified by directly comparing the expression levels at same developmental stages. At 10-

14 dpf, 754 genes were expressed with higher levels in the females, while 511 genes were

expressed with higher levels in the males (Table 4.4). At 15-19 dpf, 516 genes were

expressed with higher levels in the females, while 800 genes were expressed with higher

levels in the males.

Table 4. 4 Identification of differentially expressed genes between male and female

catfish from 10 dpf to 19 dpf

Time points (dpf)

10-14

15-19

High in male

High in female

High in male

High in female

Number of
differentially
expressed contigs

589

885

946

609

Number of
differentially
expressed genes

o11

754

800

516

Number of genes
mapped on LG4

10

21

22

11

49




To qualify for the sex determination gene, the gene must be not only located in the sex
determination region in LG4 but also be sexually differentially expressed in the males and
females during early stages of sex determination, 10-19 days after fertilization (Patino et al.
1996). As shown in Figure 4.1A and Figure 4.1B, only 11 genes in the sex determination
region were differentially expressed, of which only one gene that was differentially expressed
in the males, but not in the females through the whole 10-19 dpf period. This gene was breast

cancer anti-estrogen resistance protein 1 (BCARL1).
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Figure 4.1 A Differentially expressed genes from 10 dpf to 14 dpf on the chromosome 4
Red bars indicate highly expressed genes in male, and blue bars indicate highly expressed

genes in female.
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Figure 4.1 B Differentially expressed genes from 15 dpf to 19 dpf on the chromosome 4

Red bars indicate highly expressed genes in male, and blue bars indicate highly expressed

genes in female.

BCAR1 was a docking protein which plays a central coordinating role for tyrosine kinase-

based signaling related to cell adhesion (Cabodi et al. 2010) and interacts with estrogen

receptor and modulates estrogen signaling. It was well known that estrogen is both necessary

and sufficient to drive ovarian development in many nonmammalian vertebrates (Pask 2012,

Trukhina et al. 2013). Also in human, overexpression of BCARL in estrogen-dependent

breast cancer cells was sufficient to drive cell proliferation in the presence of antiestrogens

(Brinkman et al. 2000). Conversely, lowering the amount of BCAR1 expression in ovarian
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cancer was sufficient to suppress tumor growth and progression of cancer cells (Nick et al.
2011, Tornillo et al. 2014), which suggested BCARL1 plays an antagonistic role against the
growth of the ovarian cells through stimulation of apoptotic and autophagic cell death. It was
also reported that a threshold number of developing germ cells could be one possible
mechanism of sex determination of ovarian fate in fish (Rodriguez-Mari and Postlethwait
2011, Kikuchi and Hamaguchi 2013). BCARL1 gene, therefore became the gene of interest for

further analysis of the sex determination.

4.5 Conclusion

In this study, we conducted comparative transcriptome analysis of male and female
gonads of channel catfish at 10-19 dpf that allowed expression profiling of genes expressed
differentially during critical sex determination stage. In this process, 1,999 differentially
expressed genes between female and male gonad tissues were identified. Among them, 11
unigenes were in the sex determination region. This RNA-Seq analysis generated a list of
candidate sex determination genes for following functional analysis and provided insights

into understanding the mechanism of the sex determination process of catfish.

52



References

Anderson, J. L., A. Rodr guez Mar 1 I. Braasch, A. Amores, P. Hohenlohe, P. Batzel and J. H.
Postlethwait (2012). "Multiple sex-associated regions and a putative sex chromosome in
zebrafish revealed by RAD mapping and population genomics.” PLoS One 7(7): e40701-
e40701.

Assis, R., Q. Zhou and D. Bachtrog (2012). "Sex-biased transcriptome evolution in

Drosophila.” Genome Biol Evol 4(11): 1189-1200.

Ayers, K. L., A. H. Sinclair and C. A. Smith (2013). "The molecular genetics of ovarian
differentiation in the avian model.” Sex Dev 7(1-3): 80-94.

Bachtrog, D. (2003). "Adaptation shapes patterns of genome evolution on sexual and asexual
chromosomes in Drosophila.” Nat Genet 34(2): 215-219.

Bachtrog, D. (2005). "Sex chromosome evolution: molecular aspects of Y-chromosome
degeneration in Drosophila." Genome Res 15(10): 1393-1401.

Bachtrog, D. (2013). "Y-chromosome evolution: emerging insights into processes of Y-
chromosome degeneration.” Nat Rev Genet 14(2): 113-124.

Bachtrog, D. and B. Charlesworth (2002). "Reduced adaptation of a non-recombining neo-Y
chromosome.” Nature 416(6878): 323-326.

Bachtrog, D. and I. Gordo (2004). "Adaptive evolution of asexual populations under Muller's
ratchet.” Evolution 58(7): 1403-1413.

Bachtrog, D., M. Kirkpatrick, J. E. Mank, S. F. McDaniel, J. C. Pires, W. Rice and N.

Valenzuela (2011). "Are all sex chromosomes created equal?” Trends Genet 27(9): 350-357.

53



Bachtrog, D., J. E. Mank, C. L. Peichel, M. Kirkpatrick, S. P. Otto, T.-L. Ashman, M. W.
Hahn, J. Kitano, I. Mayrose and R. Ming (2014). "Sex determination: why so many ways of
doing it?".

Baroiller, J. F., H. D'Cotta, E. Bezault, S. Wessels and G. Hoerstgen-Schwark (2009).
"Tilapia sex determination: Where temperature and genetics meet.” Comparative

Biochemistry and Physiology a-Molecular & Integrative Physiology 153(1): 30-38.

Baroiller, J. F., H. D'Cotta and E. Saillant (2009). "Environmental Effects on Fish Sex

Determination and Differentiation." Sexual Development 3(2-3): 118-135.

Bartolome, C. and B. Charlesworth (2006). "Evolution of amino-acid sequences and codon
usage on the Drosophila miranda neo-sex chromosomes." Genetics 174(4): 2033-2044.
Bellott, D. W. and D. C. Page (2009). "Reconstructing the evolution of vertebrate sex

chromosomes." Cold Spring Harb Symp Quant Biol 74: 345-353.

Benayoun, B. A., A. Dipietromaria, C. Bazin and R. A. Veitia (2009). "FOXL2: at the

crossroads of female sex determination and ovarian function." Adv Exp Med Biol 665: 207-

226.

Beye, M., M. Hasselmann, M. K. Fondrk, R. E. Page and S. W. Omholt (2003). "The gene
csd is the primary signal for sexual development in the honeybee and encodes an SR-type
protein." Cell 114(4): 419-429.

Biason-Lauber, A. (2012). "WNT4, RSPO1, and FOXL2 in sex development.” Semin Reprod
Med 30(5): 387-395.

Boetzer, M., C. V. Henkel, H. J. Jansen, D. Butler and W. Pirovano (2011). "Scaffolding pre-

assembled contigs using SSPACE." Bioinformatics 27(4): 578-579.

Boulanger, L., M. Pannetier, L. Gall, A. Allais-Bonnet, M. Elzaiat, D. Le Bourhis, N. Daniel,
C. Richard, C. Cotinot, N. B. Ghyselinck and E. Pailhoux (2014). "FOXL2 is a female sex-

determining gene in the goat.” Curr Biol 24(4): 404-408.
54



Bradley, K. M., J. P. Breyer, D. B. Melville, K. W. Broman, E. W. Knapik and J. R. Smith

(2011). "An SNP-based linkage map for zebrafish reveals sex determination loci.” G3: Genes

Genomes, Genetics 1(1): 3-9.

Bradley, K. M., J. P. Breyer, D. B. Melville, K. W. Broman, E. W. Knapik and J. R. Smith
(2011). "An SNP-Based Linkage Map for Zebrafish Reveals Sex Determination Loci." G3-

Genes Genomes Genetics 1(1): 3-9.

Brinkman, A., S. van der Flier, E. M. Kok and L. C. Dorssers (2000). "BCAR1, a human
homologue of the adapter protein pl130Cas, and antiestrogen resistance in breast cancer

cells." J Natl Cancer Inst 92(2): 112-120.

Broman, K. W., H. Wu, S. Sen and G. A. Churchill (2003). "R/gtl: QTL mapping in

experimental crosses.” Bioinformatics 19(7): 889-890.

Cabodi, S., M. del Pilar Camacho-Leal, P. Di Stefano and P. Defilippi (2010). "Integrin

signalling adaptors: not only figurants in the cancer story.” Nat Rev Cancer 10(12): 858-870.

Caruso, M., F. Ferranti, K. C. Scheri, G. Dobrowolny, F. Ciccarone, P. Grammatico, A.
Catizone and G. Ricci (2015). "R-Spondin 1/Dickkopf-1/Beta-Catenin Machinery Is Involved
in Testicular Embryonic Angiogenesis." Plos One 10(4).

Chalopin, D., J. N. Volff, D. Galiana, J. L. Anderson and M. Schartl (2015). "Transposable

elements and early evolution of sex chromosomes in fish." Chromosome Res 23(3): 545-560.

Chandler, C. H., P. C. Phillips and F. J. Janzen (2009). "The evolution of sex-determining
mechanisms: lessons from temperature-sensitive mutations in sex determination genes in
Caenorhabditis elegans.” J Evol Biol 22(1): 192-200.

Charlesworth, B. (1991). "The evolution of sex chromosomes.” Science 251(4997): 1030-
1033.

Charlesworth, B. (1996). "The evolution of chromosomal sex determination and dosage

compensation.” Current Biology 6(2): 149-162.
55




Charlesworth, B. (2002). "The evolution of chromosomal sex determination.” Genetics and

Biology of Sex Determination 244: 207-224.

Charlesworth, B. and D. Charlesworth (2000). "The degeneration of Y chromosomes." Philos

Trans R Soc Lond B Biol Sci 355(1403): 1563-1572.

Chen, S.-L., Y.-S. Tian, J.-F. Yang, C.-W. Shao, X.-S. Ji, J.-M. Zhai, X.-L. Liao, Z.-M.
Zhuang, P.-Z. Su and J.-Y. Xu (2009). "Artificial gynogenesis and sex determination in half-

smooth tongue sole (Cynoglossus semilaevis)." Marine biotechnology 11(2): 243-251.

Chen, S., G. Zhang, C. Shao, Q. Huang, G. Liu, P. Zhang, W. Song, N. An, D. Chalopin and
J.-N. Volff (2014). "Whole-genome sequence of a flatfish provides insights into ZW sex

chromosome evolution and adaptation to a benthic lifestyle.” Nature genetics 46(3): 253-260.

Chen, S. L., G. J. Zhang, C. W. Shao, Q. F. Huang, G. Liu, P. Zhang, W. T. Song, N. An, D.
Chalopin, J. N. Volff, Y. H. Hong, Q. Y. Li, Z. X. Sha, H. L. Zhou, M. S. Xie, Q. L. Yu, Y.
Liu, H. Xiang, N. Wang, K. Wu, C. G. Yang, Q. Zhou, X. L. Liao, L. F. Yang, Q. M. Hu, J. L.
Zhang, L. Meng, L. J. Jin, Y. S. Tian, J. M. Lian, J. F. Yang, G. D. Miao, S. S. Liu, Z. Liang,
F. Yan, Y. Z. Li, B. Sun, H. Zhang, J. Zhang, Y. Zhu, M. Du, Y. W. Zhao, M. Schartl, Q. S.
Tang and J. Wang (2014). "Whole-genome sequence of a flatfish provides insights into ZW

sex chromosome evolution and adaptation to a benthic lifestyle.” Nature Genetics 46(3): 253-

+.
Cheryl A. Goudie , B. D. R., Bill A. Simco & Kenneth B. Davis (1983). "Feminization of

Channel Catfish by Oral Administration of Steroid Sex Hormones." Transactions of the

American Fisheries Society 112(5): 3.

Chopelet, J., R. S. Waples and S. Mariani (2009). "Sex change and the genetic structure of

marine fish populations.” Fish and Fisheries 10(3): 329-343.

Cline, T. W. (1993). "The Drosophila Sex Determination Signal - How Do Flies Count to 2."

Trends in Genetics 9(11): 385-390.

56



Coriat, A. M., E. Valleley, M. W. J. Ferguson and P. T. Sharpe (1994). "Chromosomal and
Temperature-Dependent Sex Determination - the Search for a Conserved Mechanism."

Journal of Experimental Zoology 270(1): 112-116.

Cortez, D., R. Marin, D. Toledo-Flores, L. Froidevaux, A. Liechti, P. D. Waters, F. Grutzner
and H. Kaessmann (2014). "Origins and functional evolution of Y chromosomes across
mammals.” Nature 508(7497): 488-493.

Cutting, A., J. Chue and C. A. Smith (2013). "Just how conserved is vertebrate sex

determination?" Developmental Dynamics 242(4): 380-387.

Davis, K. B., C. A. Goudie and B. A. Simco (2007). "Sex genotype and sex phenotype

contribute to growth differences between male and female channel catfish.” North American

Journal of Aquaculture 69(4): 324-329.

Davis, K. B., J. Morrison and J. I. Galvez (2000). "Reproductive characteristics of adult
channel catfish treated with trenbolone acetate during the phenocritical period of sex
differentiation.” Aquaculture 189(3-4): 351-360.

Davis, K. B., B. A. Simco, C. A. Goudie, N. C. Parker, W. Cauldwell and R. Snellgrove
(1990). "Hormonal sex manipulation and evidence for female homogamety in channel

catfish." General and Comparative Endocrinology 78(2): 218-223.

Deeming, D. C. and M. W. J. Ferguson (1988). "Environmental-Regulation of Sex

Determination in Reptiles." Philosophical Transactions of the Royal Society of London

Series B-Biological Sciences 322(1208): 19-&.

Deshpande, N. and V. H. Meller (2014). "Sex chromosome evolution: life, death and
repetitive DNA." Fly (Austin) 8(4): 197-199.

Devlin, R. H. and Y. Nagahama (2002). "Sex determination and sex differentiation in fish: an
overview of genetic, physiological, and environmental influences." Aquaculture 208(3-4):

191-364.
57



Diaz, N. and F. Piferrer (2015). "Lasting effects of early exposure to temperature on the
gonadal transcriptome at the time of sex differentiation in the European sea bass, a fish with

mixed genetic and environmental sex determination.” Bmc Genomics 16.

Dunham, R. A., D. M. Lambert, B. J. Argue, C. Ligeon, D. R. Yant and Z. J. Liu (2000).
"Comparison of manual stripping and pen spawning for production of channel catfish x blue

catfish hybrids and aquarium spawning of channel catfish." North American Journal of

Aquaculture 62(4): 260-265.

Ellegren, H. and J. Parsch (2007). "The evolution of sex-biased genes and sex-biased gene
expression." Nat Rev Genet 8(9): 689-698.

English, A. C., S. Richards, Y. Han, M. Wang, V. Vee, J. Qu, X. Qin, D. M. Muzny, J. G.
Reid, K. C. Worley and R. A. Gibbs (2012). "Mind the gap: upgrading genomes with Pacific
Biosciences RS long-read sequencing technology.” PLoS One 7(11): e47768.

Ezaz, T., N. Valenzuela, F. Grutzner, M. I, A. Georges, R. L. Burke and J. A. M. Graves
(2006). "An XX/XY sex microchromosome system in a freshwater turtle, Chelodina

longicollis (Testudines : Chelidae) with genetic sex determination.” Chromosome Research

14(2): 139-150.

Fechner, P. Y. (1996). "The role of SRY in mammalian sex determination.” Acta Paediatr Jpn

38(4): 380-389.
Finn, R. D., A. Bateman, J. Clements, P. Coggill, R. Y. Eberhardt, S. R. Eddy, A. Heger, K.
Hetherington, L. Holm, J. Mistry, E. L. Sonnhammer, J. Tate and M. Punta (2014). "Pfam:

the protein families database.” Nucleic Acids Res 42(Database issue): D222-230.

Forconi, M., A. Canapa, M. Barucca, M. A. Biscotti, T. Capriglione, F. Buonocore, A. M.
Fausto, D. M. Makapedua, A. Pallavicini and M. Gerdol (2013). "Characterization of sex

determination and sex differentiation genes in Latimeria." PL0oS One 8(4).

58



Foster, J. W. and J. Graves (1994). "An SRY-related sequence on the marsupial X
chromosome: implications for the evolution of the mammalian testis-determining gene."”

Proceedings of the National Academy of Sciences 91(5): 1927-1931.

Galvez, J. I., P. M. Mazik, R. P. Phelps and D. R. Mulvaney (1995). "Masculinization of
Channel Catfish Ictalurus punctatus by Oral Administration of Trenbolone Acetate.” Journal

of the World Aquaculture Society 26(4): 378-383.

Gilgenkrantz, S. (2004). "[Bird sex determination].” Med Sci (Paris) 20(11): 1004-1008.

Goudie, C. A, B. A. Simco, K. B. Davis and G. J. Carmichael (1990). "Sex Influences

Growth of Channel Catfish in Mixed and Monosex Culture.” American Zoologist 30(4): A71-

ATl.

Graves, J. A. (2013). "How to evolve new vertebrate sex determining genes.” Dev Dyn
242(4): 354-359.

Graves, J. A. M. (2010). "Sex Chromosome Evolution and the Expression of Sex-Specific

Genes in the Placenta." Placenta 31: S27-S32.

Graves, J. A. M. and C. L. Peichel (2010). "Are homologies in vertebrate sex determination

due to shared ancestry or to limited options?" Genome Biology 11(4).

Grossen, C., S. Neuenschwander and N. Perrin (2012). "The evolution of XY recombination:
sexually antagonistic selection versus deleterious mutation load." Evolution 66(10): 3155-
3166.

Handley, L. L., H. Ceplitis and H. Ellegren (2004). "Evolutionary strata on the chicken Z
chromosome: Implications for sex chromosome evolution.” Genetics 167(1): 367-376.
Hanset, R., L. Grobet and C. Charlier (1992). "Y-Chromosome and Sex Determination in

Cattle." Annales De Medecine Veterinaire 136(2): 107-114.

Hattori, R. S., Y. Murai, M. Oura, S. Masuda, S. K. Majhi, T. Sakamoto, J. I. Fernandino, G.

M. Somoza, M. Yokota and C. A. Strussmann (2012). "A Y-linked anti-Mullerian hormone
59



duplication takes over a critical role in sex determination.” Proceedings of the National

Academy of Sciences of the United States of America 109(8): 2955-2959.

Hattori, R. S., C. A. Strussmann, J. I. Fernandino and G. M. Somoza (2013). "Genotypic sex
determination in teleosts: insights from the testis-determining amhy gene." Gen Comp
Endocrinol 192: 55-59.

Hediger, M., C. Henggeler, N. Meier, R. Perez, G. Saccone and D. Bopp (2010). "Molecular
characterization of the key switch F provides a basis for understanding the rapid divergence

of the sex-determining pathway in the housefly." Genetics 184(1): 155-170.

Hudson, Q. J., C. A. Smith and A. H. Sinclair (2005). "Aromatase inhibition reduces
expression of FOXL2 in the embryonic chicken ovary.” Dev Dyn 233(3): 1052-1055.
Hughes, J. F., H. Skaletsky, L. G. Brown, T. Pyntikova, T. Graves, R. S. Fulton, S. Dugan, Y.
Ding, C. J. Buhay, C. Kremitzki, Q. Wang, H. Shen, M. Holder, D. Villasana, L. V. Nazareth,
A. Cree, L. Courtney, J. Veizer, H. Kotkiewicz, T. J. Cho, N. Koutseva, S. Rozen, D. M.
Muzny, W. C. Warren, R. A. Gibbs, R. K. Wilson and D. C. Page (2012). "Strict evolutionary
conservation followed rapid gene loss on human and rhesus Y chromosomes." Nature
483(7387): 82-86.

Hughes, J. F., H. Skaletsky, N. Koutseva, T. Pyntikova and D. C. Page (2015). "Sex
chromosome-to-autosome transposition events counter Y-chromosome gene loss in
mammals." Genome Biol 16: 104.

Hughes, J. F., H. Skaletsky, T. Pyntikova, T. A. Graves, S. K. van Daalen, P. J. Minx, R. S.
Fulton, S. D. McGrath, D. P. Locke, C. Friedman, B. J. Trask, E. R. Mardis, W. C. Warren, S.
Repping, S. Rozen, R. K. Wilson and D. C. Page (2010). "Chimpanzee and human Y
chromosomes are remarkably divergent in structure and gene content.” Nature 463(7280):

536-539.

60



ljiri, S., H. Kaneko, T. Kobayashi, D. S. Wang, F. Sakai, B. Paul-Prasanth, M. Nakamura and
Y. Nagahama (2008). "Sexual dimorphic expression of genes in gonads during early
differentiation of a teleost fish, the Nile tilapia Oreochromis niloticus.” Biol Reprod 78(2):
333-341.

Innocenti, P. and E. H. Morrow (2010). "The sexually antagonistic genes of Drosophila
melanogaster.” PLoS Biol 8(3): e1000335.

Janik, A. (2006). "Sex and character: An investigation of fundamental principles.” Central

European History 39(2): 317-320.

Jaquiery, J., S. Stoeckel, C. Rispe, L. Mieuzet, F. Legeai and J. C. Simon (2012).

"Accelerated Evolution of Sex Chromosomes in Aphids, an X0 System." Molecular Biology

and Evolution 29(2): 837-847.

Jiang, T., C. C. Hou, Z. Y. She and W. X. Yang (2013). "The SOX gene family: function and
regulation in testis determination and male fertility maintenance.” Mol Biol Rep 40(3): 2187-
2194.

Juchault, P. (1999). "Hermaphroditism and gonochorism. A new hypothesis on the evolution

of sexuality in Crustacea." Comptes Rendus De L Academie Des Sciences Serie lii-Sciences

De La Vie-Life Sciences 322(5): 423-427.

Kamiya, T., W. Kai, S. Tasumi, A. Oka, T. Matsunaga, N. Mizuno, M. Fujita, H. Suetake, S.
Suzuki and S. Hosoya (2012). "A trans-species missense SNP in Amhr2 is associated with
sex determination in the tiger pufferfish, Takifugu rubripes (fugu)." PL0S genet 8(7):
e1002798.

Kamiya, T., W. Kali, S. Tasumi, A. Oka, T. Matsunaga, N. Mizuno, M. Fujita, H. Suetake, S.
Suzuki, S. Hosoya, S. Tohari, S. Brenner, T. Miyadai, B. Venkatesh, Y. Suzuki and K.
Kikuchi (2012). "A Trans-Species Missense SNP in Amhr2 Is Associated with Sex

Determination in the Tiger Pufferfish, Takifugu rubripes (Fugu).” Plos Genetics 8(7).
61



Kikuchi, K. and S. Hamaguchi (2013). "Novel sex-determining genes in fish and sex

chromosome evolution." Developmental Dynamics 242(4): 339-353.

Kirkpatrick, M. (2010). "How and why chromosome inversions evolve.” PLoS Biol 8(9).
Kitano, J. and C. L. Peichel (2012). "Turnover of sex chromosomes and speciation in fishes."
94(3): 549-558.

Kobayashi, Y., Y. Nagahama and M. Nakamura (2013). "Diversity and plasticity of sex
determination and differentiation in fishes." Sex Dev 7(1-3): 115-125.

Kocer, A., I. Pinheiro, M. Pannetier, L. Renault, P. Parma, O. Radi, K. A. Kim, G. Camerino
and E. Pailhoux (2008). "R-spondinl and FOXL2 act into two distinct cellular types during

goat ovarian differentiation." BMC Dev Biol 8: 36.

Kondo, M., I. Nanda, M. Schmid and M. Schartl (2009). "Sex Determination and Sex

Chromosome Evolution: Insights from Medaka." Sexual Development 3(2-3): 88-98.

Koopman, P. (2001). "Sry, Sox9 and mammalian sex determination.” EXS(91): 25-56.
Kozhukhar, V. G. (2012). "[SRY and SOX9: the main genetic factors of mammalian sex
determination].” Tsitologiia 54(5): 390-404.

Krzywinski, M., J. Schein, I. Birol, J. Connors, R. Gascoyne, D. Horsman, S. J. Jones and M.
A. Marra (2009). "Circos: An information aesthetic for comparative genomics." Genome
Research 19(9): 1639-1645.

Kuwamura, T., T. Kadota and S. Suzuki (2014). "Testing the Low-density Hypothesis for
Reversed Sex Change in Polygynous Fish: Experiments in Labroides dimidiatus." Scientific
Reports 4.

Lambeth, L. S., C. S. Raymond, K. N. Roeszler, A. Kuroiwa, T. Nakata, D. Zarkower and C.
A. Smith (2014). "Over-expression of DMRTL1 induces the male pathway in embryonic

chicken gonads." Dev Biol 389(2): 160-172.

62



Langmead, B. and S. L. Salzberg (2012). "Fast gapped-read alignment with Bowtie 2." Nat
Methods 9(4): 357-359.
Le Page, Y., N. Diotel, C. Vaillant, E. Pellegrini, I. Anglade, Y. Merot and O. Kah (2010).

"Aromatase, brain sexualization and plasticity: the fish paradigm.” Eur J Neurosci 32(12):

2105-2115.

Leder, E. H., J. M. Cano, T. Leinonen, R. B. O'Hara, M. Nikinmaa, C. R. Primmer and J.
Merila (2010). "Female-biased expression on the X chromosome as a key step in sex
chromosome evolution in threespine sticklebacks.” Mol Biol Evol 27(7): 1495-1503.
LeGrande, W. H., R. A. Dunham and R. O. Smitherman (1984). "Karyology of Three Species
of Catfishes (Ictaluridae: Ictalurus) and Four Hybrid Combinations.” Copeia 1984(4): 873-
878.

Lemaitre, C., M. D. Braga, C. Gautier, M. F. Sagot, E. Tannier and G. A. Marais (2009).
"Footprints of inversions at present and past pseudoautosomal boundaries in human sex

chromosomes." Genome Biol Evol 1: 56-66.

Li, B. and C. N. Dewey (2011). "RSEM: accurate transcript quantification from RNA-Seq

data with or without a reference genome." BMC Bioinformatics 12: 323.

Li, G., B. W. Davis, T. Raudsepp, A. J. Pearks Wilkerson, V. C. Mason, M. Ferguson-Smith,
P. C. O'Brien, P. D. Waters and W. J. Murphy (2013). "Comparative analysis of mammalian
Y chromosomes illuminates ancestral structure and lineage-specific evolution." Genome Res
23(9): 1486-1495.

Li, H. (2015). "BFC: correcting Illumina sequencing errors." Bioinformatics.

Li, M. H., H. H. Yang, M. R. Li, Y. L. Sun, X. L. Jiang, Q. P. Xie, T. R. Wang, H. J. Shi, L.
N. Sun, L. Y. Zhou and D. S. Wang (2013). "Antagonistic roles of Dmrtl and FoxI2 in sex
differentiation via estrogen production in tilapia as demonstrated by TALENSs."

Endocrinology 154(12): 4814-4825.
63



Li, W. and A. Godzik (2006). "Cd-hit: a fast program for clustering and comparing large sets

of protein or nucleotide sequences." Bioinformatics 22(13): 1658-1659.

Li, Y., S. Liu, Z. Qin, G. Waldbieser, R. Wang, L. Sun, L. Bao, R. G. Danzmann, R. Dunham
and Z. Liu (2015). "Construction of a high-density, high-resolution genetic map and its
integration with BAC-based physical map in channel catfish." DNA Res 22(1): 39-52.

Liew, W. C., R. Bartfai, Z. Lim, R. Sreenivasan, K. R. Siegfried and L. Orban (2012).
"Polygenic sex determination system in zebrafish.” PLoS One 7(4): €34397-e34397.

Liew, W. C., R. Bartfai, Z. J. Lim, R. Sreenivasan, K. R. Siegfried and L. Orban (2012).
"Polygenic Sex Determination System in Zebrafish.” Plos One 7(4).

Liu, Q., C. Goudie, B. Simco and K. Davis (1996). "Sex-linkage of glucosephosphate

isomerase-B and mapping of the sex-determining gene in channel catfish." Cytogenetic and

Genome Research 73(4): 282-285.

Liu, S., L. Sun, Y. Li, F. Sun, Y. Jiang, Y. Zhang, J. Zhang, J. Feng, L. Kaltenboeck, H.
Kucuktas and Z. Liu (2014). "Development of the catfish 250K SNP array for genome-wide

association studies." BMC Res Notes 7: 135.

Liu, Z., S. Liu, J. Yao, L. Bao, J. Zhang, Y. Li, C. Jiang, L. Sun, R. Wang, Y. Zhang, T. Zhou,
Q. Zeng, Q. Fu, S. Gao, N. Li, S. Koren, Y. Jiang, A. Zimin, P. Xu, A. M. Phillippy, X. Geng,
L. Song, F. Sun, C. Li, X. Wang, A. Chen, Y. Jin, Z. Yuan, Y. Yang, S. Tan, E. Peatman, J.
Lu, Z. Qin, R. Dunham, Z. Li, T. Sonstegard, J. Feng, R. G. Danzmann, S. Schroeder, B.
Scheffler, M. V. Duke, L. Ballard, H. Kucuktas, L. Kaltenboeck, H. Liu, J. Armbruster, Y.
Xie, M. L. Kirby, Y. Tian, M. E. Flanagan, W. Mu and G. C. Waldbieser (2016). "The
channel catfish genome sequence provides insights into the evolution of scale formation in
teleosts.” Nat Commun 7.

Livernois, A. M., J. A. Graves and P. D. Waters (2012). "The origin and evolution of

vertebrate sex chromosomes and dosage compensation." Heredity (Edinb) 108(1): 50-58.
64




Lovellbadge, R. (1995). "Sex Determination in Mammals - the Role and Evolution of the Sry

Gene on the Y-Chromosome." Molecular Biology of the Cell 6: 675-675.

Luo, R., B. Liu, Y. Xie, Z. Li, W. Huang, J. Yuan, G. He, Y. Chen, Q. Pan, Y. Liu, J. Tang,
G. Wu, H. Zhang, Y. Shi, Y. Liu, C. Yu, B. Wang, Y. Lu, C. Han, D. W. Cheung, S. M. Yiu,
S. Peng, Z. Xiaogian, G. Liu, X. Liao, Y. Li, H. Yang, J. Wang, T. W. Lam and J. Wang
(2012). "SOAPdenovo2: an empirically improved memory-efficient short-read de novo
assembler." Gigascience 1(1): 18.

Mank, J. E. and H. Ellegren (2009). "Sex-linkage of sexually antagonistic genes is predicted
by female, but not male, effects in birds." Evolution 63(6): 1464-1472.

Martinez, P., C. Bouza, M. Hermida, J. Fernandez, M. A. Toro, M. Vera, B. Pardo, A. Millan,
C. Fernandez, R. Vilas, A. Vinas, L. Sanchez, A. Felip, F. Piferrer, I. Ferreiro and S.
Cabaleiro (2009). “lIdentification of the Major Sex-Determining Region of Turbot
(Scophthalmus maximus)." Genetics 183(4): 1443-1452.

Matsuda, M., Y. Nagahama, T. Kobayashi, C. Matsuda, S. Hamaguchi and M. Sakaizumi
(2003). "The sex determining gene of medaka: a Y-specific DM domain gene (DMY) is

required for male development." Fish Physiology and Biochemistry 28(1-4): 135-139.

Matsuda, M., Y. Nagahama, A. Shinomiya, T. Sato, C. Matsuda, T. Kobayashi, C. E. Morrey,
N. Shibata, S. Asakawa and N. Shimizu (2002). "DMY is a Y-specific DM-domain gene
required for male development in the medaka fish." Nature 417(6888): 559-563.

Matsuda, M., Y. Nagahama, A. Shinomiya, T. Sato, C. Matsuda, T. Kobayashi, C. E. Morrey,
N. Shibata, S. Asakawa, N. Shimizu, H. Hori, S. Hamaguchi and M. Sakaizumi (2002).
"DMY is a Y-specific DM-domain gene required for male development in the medaka fish."

Nature 417(6888): 559-563.

65



Matsumoto, Y., B. Hannigan and D. Crews (2014). "Embryonic PCB Exposure Alters
Phenotypic, Genetic, and Epigenetic Profiles in Turtle Sex Determination, a Biomarker of
Environmental Contamination.” Endocrinology 155(11): 4168-4177.

McElreavey, K., S. Barbaux, A. lon and M. Fellous (1995). "The genetic basis of murine and
human sex determination: A review." Heredity 75: 599-611.

McKeown, M., J. M. Belote and B. S. Baker (1987). "A molecular analysis of transformer, a
gene in Drosophila melanogaster that controls female sexual differentiation.” Cell 48(3): 489-
499.

Moore, E. C. and R. B. Roberts (2013). "Polygenic sex determination.” Current Biology

23(12): R510-R512.

Myosho, T., H. Otake, H. Masuyama, M. Matsuda, Y. Kuroki, A. Fujiyama, K. Naruse, S.
Hamaguchi and M. Sakaizumi (2012). "Tracing the Emergence of a Novel Sex-Determining
Gene in Medaka, Oryzias luzonensis." Genetics 191(1): 163-+.

Myosho, T., H. Otake, H. Masuyama, M. Matsuda, Y. Kuroki, A. Fujiyama, K. Naruse, S.
Hamaguchi and M. Sakaizumi (2012). "Tracing the emergence of a novel sex-determining
gene in medaka, Oryzias luzonensis." Genetics 191(1): 163-170.

Myosho, T., H. Otake, H. Masuyama, M. Matsuda, Y. Kuroki, A. Fujiyama, K. Naruse, S.
Hamaguchi and M. Sakaizumi (2012). "Tracing the emergence of a novel sex-determining
gene in medaka, Oryzias luzonensis." Genetics 191(1): 163-170.

Nanda, I., M. Kondo, U. Hornung, S. Asakawa, C. Winkler, A. Shimizu, Z. H. Shan, T. Haaf,
N. Shimizu, A. Shima, M. Schmid and M. Schartl (2002). "A duplicated copy of DMRT1 in
the sex-determining region of the Y chromosome of the medaka, Oryzias latipes."

Proceedings of the National Academy of Sciences of the United States of America 99(18):

11778-11783.

66



Nick, A. M., R. L. Stone, G. Armaiz-Pena, B. Ozpolat, I. Tekedereli, W. S. Graybill, C. N.
Landen, G. Villares, P. Vivas-Megjia, J. Bottsford-Miller, H. S. Kim, J. S. Lee, S. M. Kim, K.
A. Baggerly, P. T. Ram, M. T. Deavers, R. L. Coleman, G. Lopez-Berestein and A. K. Sood
(2011). "Silencing of p130cas in ovarian carcinoma: a novel mechanism for tumor cell

death.” J Natl Cancer Inst 103(21): 1596-1612.

Nicolas, M., G. Marais, V. Hykelova, B. Janousek, V. Laporte, B. Vyskot, D. Mouchiroud, I.
Negrutiu, D. Charlesworth and F. Moneger (2005). "A gradual process of recombination
restriction in the evolutionary history of the sex chromosomes in dioecious plants." PLoS
Biol 3(1): e4.

Ninwichian, P., E. Peatman, D. Perera, S. Liu, H. Kucuktas, R. Dunham and Z. Liu (2012).

"Identification of a sex-linked marker for channel catfish." Animal Genetics 43(4): 476-477.

Ninwichian, P., E. Peatman, D. Perera, S. Liu, H. Kucuktas, R. Dunham and Z. Liu (2012).

"Identification of a sex-linked marker for channel catfish." Animal genetics 43(4): 476-477.

Nokkala, S. and C. Nokkala (1984). "The Occurrence of the X0 Sex-Chromosome System in
Dictyonota-Tricornis (Schr) (Tingidae, Hemiptera and Its Significance for Concepts of Sex-
Chromosome System Evolution in Heteroptera." Hereditas 100(2): 299-301.

Ono, M. and V. R. Harley (2013). "Disorders of sex development: new genes, new concepts."

Nature Reviews Endocrinology 9(2): 79-91.

Page, D. C., J. F. Hughes, D. W. Bellott, J. L. Mueller, M. E. Gill, A. Larracuente, T. Graves,
D. Muzny, W. C. Warren, R. A. Gibbs, R. K. Wilson and H. Skaletsky (2010).

"Reconstructing sex chromosome evolution.” Genome Biology 11.

Pandian, T. J. (2011). Sex determination in fish. St. Helier, Jersey, British Channel Islands ;

Enfield, NH

Boca Raton, Science Publishers ;

67



Distributed by CRC Press.
Papadopulos, A. S., M. Chester, K. Ridout and D. A. Filatov (2015). "Rapid Y degeneration

and dosage compensation in plant sex chromosomes.” Proc Natl Acad Sci U S A 112(42):

13021-13026.

Parnell, N. and J. Streelman (2013). "Genetic interactions controlling sex and color establish
the potential for sexual conflict in Lake Malawi cichlid fishes.” Heredity 110(3): 239-246.
Parra, G., K. Bradnam and I. Korf (2007). "CEGMA: a pipeline to accurately annotate core
genes in eukaryotic genomes." Bioinformatics 23(9): 1061-1067.

Pask, A. J. (2012). "A role for estrogen in somatic cell fate of the mammalian gonad."

Chromosome Res 20(1): 239-245.

Patel, R. K. and M. Jain (2012). "NGS QC Toolkit: a toolkit for quality control of next
generation sequencing data.” PLoS One 7(2): e30619.

Patino, R., K. B. Davis, J. E. Schoore, C. Uguz, C. A. Strussmann, N. C. Parker, B. A. Simco
and C. A. Goudie (1996). "Sex differentiation of channel catfish gonads: Normal

development and effects of temperature.” Journal of Experimental Zoology 276(3): 209-218.

Patifp, R., K. B. Davis, J. E. Schoore, C. Uguz, C. A. Strissmann, N. C. Parker, B. A. Simco
and C. A. Goudie (1996). "Sex differentiation of channel catfish gonads: normal development

and effects of temperature.” Journal of Experimental Zoology 276(3): 209-218.

Penman, D. J. and F. Piferrer (2008). "Fish Gonadogenesis. Part |: Genetic and

Environmental Mechanisms of Sex Determination." Reviews in Fisheries Science 16: 16-34.

Picg, S., S. Santoni, T. Lacombe, M. Latreille, A. Weber, M. Ardisson, S. lvorra, D.
Maghradze, R. Arroyo-Garcia, P. Chatelet, P. This, J. F. Terral and R. Bacilieri (2014). "A
small XY chromosomal region explains sex determination in wild dioecious V-vinifera and

the reversal to hermaphroditism in domesticated grapevines." Bmc Plant Biology 14.

68



Piferrer, F., L. Ribas and N. Diaz (2012). "Genomic Approaches to Study Genetic and
Environmental Influences on Fish Sex Determination and Differentiation." Marine
Biotechnology 14(5): 591-604.

Presgraves, D. C. (2008). "Sex chromosomes and speciation in Drosophila.” Trends Genet
24(7): 336-343.

Prevedelli, D., G. M. N'Siala and R. Simonini (2006). "Gonochorism vs. hermaphroditism:
relationship between life history and fitness in three species of Ophryotrocha (Polychaeta :

Dorvilleidae) with different forms of sexuality.” Journal of Animal Ecology 75(1): 203-212.

Prokop, J. W., A. C. Underwood, M. E. Turner, N. Miller, D. Pietrzak, S. Scott, C. Smith and
A. Milsted (2013). "Analysis of Sry duplications on the Rattus norvegicus Y-chromosome."

BMC Genomics 14: 792.

Quinn, A. E., A. Georges, S. D. Sarre, F. Guarino, T. Ezaz and J. A. Graves (2007).
"Temperature sex reversal implies sex gene dosage in a reptile.” Science 316(5823): 411.
Quinn, A. E.,, S. D. Sarre, T. Ezaz, J. A. Marshall Graves and A. Georges (2011).
"Evolutionary transitions between mechanisms of sex determination in vertebrates." Biol Lett
7(3): 443-448.

Refsnider, J. M. and F. J. Janzen (2015). "Temperature-Dependent Sex Determination under
Rapid Anthropogenic Environmental Change: Evolution at a Turtle's Pace?" J Hered.

Rice, W. R. and A. K. Chippindale (2001). "Sexual recombination and the power of natural

selection." Science 294(5542): 555-559.

Robinson, M. D., D. J. McCarthy and G. K. Smyth (2010). "edgeR: a Bioconductor package
for differential expression analysis of digital gene expression data." Bioinformatics 26(1):
139-140.

Robinson, M. D. and A. Oshlack (2010). "A scaling normalization method for differential

expression analysis of RNA-seq data." Genome Biol 11(3): R25.
69



Rodriguez-Mari, A. and J. H. Postlethwait (2011). "The role of Fanconi anemia/BRCA genes

in zebrafish sex determination.” Methods Cell Biol 105: 461-490.

Ross, M. T., D. V. Grafham, A. J. Coffey, S. Scherer, K. McLay, D. Muzny, M. Platzer, G. R.
Howell, C. Burrows, C. P. Bird, A. Frankish, F. L. Lovell, K. L. Howe, J. L. Ashurst, R. S.
Fulton, R. Sudbrak, G. Wen, M. C. Jones, M. E. Hurles, T. D. Andrews, C. E. Scott, S. Searle,
J. Ramser, A. Whittaker, R. Deadman, N. P. Carter, S. E. Hunt, R. Chen, A. Cree, P.
Gunaratne, P. Havlak, A. Hodgson, M. L. Metzker, S. Richards, G. Scott, D. Steffen, E.
Sodergren, D. A. Wheeler, K. C. Worley, R. Ainscough, K. D. Ambrose, M. A. Ansari-Lari,
S. Aradhya, R. I. Ashwell, A. K. Babbage, C. L. Bagguley, A. Ballabio, R. Banerjee, G. E.
Barker, K. F. Barlow, I. P. Barrett, K. N. Bates, D. M. Beare, H. Beasley, O. Beasley, A.
Beck, G. Bethel, K. Blechschmidt, N. Brady, S. Bray-Allen, A. M. Bridgeman, A. J. Brown,
M. J. Brown, D. Bonnin, E. A. Bruford, C. Buhay, P. Burch, D. Burford, J. Burgess, W.
Burrill, J. Burton, J. M. Bye, C. Carder, L. Carrel, J. Chako, J. C. Chapman, D. Chavez, E.
Chen, G. Chen, Y. Chen, Z. Chen, C. Chinault, A. Ciccodicola, S. Y. Clark, G. Clarke, C. M.
Clee, S. Clegg, K. Clerc-Blankenburg, K. Clifford, V. Cobley, C. G. Cole, J. S. Conquer, N.
Corby, R. E. Connor, R. David, J. Davies, C. Davis, J. Davis, O. Delgado, D. Deshazo, P.
Dhami, Y. Ding, H. Dinh, S. Dodsworth, H. Draper, S. Dugan-Rocha, A. Dunham, M. Dunn,
K. J. Durbin, 1. Dutta, T. Eades, M. Ellwood, A. Emery-Cohen, H. Errington, K. L. Evans, L.
Faulkner, F. Francis, J. Frankland, A. E. Fraser, P. Galgoczy, J. Gilbert, R. Gill, G. Glockner,
S. G. Gregory, S. Gribble, C. Griffiths, R. Grocock, Y. Gu, R. Gwilliam, C. Hamilton, E. A.
Hart, A. Hawes, P. D. Heath, K. Heitmann, S. Hennig, J. Hernandez, B. Hinzmann, S. Ho, M.
Hoffs, P. J. Howden, E. J. Huckle, J. Hume, P. J. Hunt, A. R. Hunt, J. Isherwood, L. Jacab, D.
Johnson, S. Jones, P. J. de Jong, S. S. Joseph, S. Keenan, S. Kelly, J. K. Kershaw, Z. Khan, P.
Kioschis, S. Klages, A. J. Knights, A. Kosiura, C. Kovar-Smith, G. K. Laird, C. Langford, S.

Lawlor, M. Leversha, L. Lewis, W. Liu, C. Lloyd, D. M. Lloyd, H. Loulseged, J. E. Loveland,
70



J. D. Lovell, R. Lozado, J. Lu, R. Lyne, J. Ma, M. Maheshwari, L. H. Matthews, J. McDowall,
S. McLaren, A. McMurray, P. Meidl, T. Meitinger, S. Milne, G. Miner, S. L. Mistry, M.
Morgan, S. Morris, I. Muller, J. C. Mullikin, N. Nguyen, G. Nordsiek, G. Nyakatura, C. N.
O'Dell, G. Okwuonu, S. Palmer, R. Pandian, D. Parker, J. Parrish, S. Pasternak, D. Patel, A.
V. Pearce, D. M. Pearson, S. E. Pelan, L. Perez, K. M. Porter, Y. Ramsey, K. Reichwald, S.
Rhodes, K. A. Ridler, D. Schlessinger, M. G. Schueler, H. K. Sehra, C. Shaw-Smith, H. Shen,
E. M. Sheridan, R. Shownkeen, C. D. Skuce, M. L. Smith, E. C. Sotheran, H. E. Steingruber,
C. A. Steward, R. Storey, R. M. Swann, D. Swarbreck, P. E. Tabor, S. Taudien, T. Taylor, B.
Teague, K. Thomas, A. Thorpe, K. Timms, A. Tracey, S. Trevanion, A. C. Tromans, M.
d'Urso, D. Verduzco, D. Villasana, L. Waldron, M. Wall, Q. Wang, J. Warren, G. L. Warry,
X. Wei, A. West, S. L. Whitehead, M. N. Whiteley, J. E. Wilkinson, D. L. Willey, G.
Williams, L. Williams, A. Williamson, H. Williamson, L. Wilming, R. L. Woodmansey, P.
W. Wray, J. Yen, J. Zhang, J. Zhou, H. Zoghbi, S. Zorilla, D. Buck, R. Reinhardt, A. Poustka,
A. Rosenthal, H. Lehrach, A. Meindl, P. J. Minx, L. W. Hillier, H. F. Willard, R. K. Wilson,
R. H. Waterston, C. M. Rice, M. Vaudin, A. Coulson, D. L. Nelson, G. Weinstock, J. E.
Sulston, R. Durbin, T. Hubbard, R. A. Gibbs, S. Beck, J. Rogers and D. R. Bentley (2005).

"The DNA sequence of the human X chromosome.” Nature 434(7031): 325-337.

Rozen, S., H. Skaletsky, J. D. Marszalek, P. J. Minx, H. S. Cordum, R. H. Waterston, R. K.
Wilson and D. C. Page (2003). "Abundant gene conversion between arms of palindromes in

human and ape Y chromosomes." Nature 423(6942): 873-876.

Saccone, G., A. Pane and L. C. Polito (2002). "Sex determination in flies, fruitflies and

butterflies." Genetica 116(1): 15-23.

Schartl, M. (2004). "A comparative view on sex determination in medaka." Mechanisms of

Development 121(7-8): 639-645.

71



Schmieder, R. and R. Edwards (2011). "Quality control and preprocessing of metagenomic

datasets.” Bioinformatics 27(6): 863-864.

Ser, J. R., R. B. Roberts and T. D. Kocher (2010). "Multiple interacting loci control sex
determination in lake Malawi cichlid fish." Evolution 64(2): 486-501.
Shen, Z. G. and H. P. Wang (2014). "Molecular players involved in temperature-dependent

sex determination and sex differentiation in Teleost fish." Genet Sel Evol 46: 26.

Simmons, M., K. Mickett, H. Kucuktas, P. Li, R. Dunham and Z. Liu (2006). "Comparison of
domestic and wild channel catfish ( Ictalurus punctatus) populations provides no evidence for
genetic impact.” Aquaculture 252(2): 133-146.

Sinclair, A. H., P. Berta, M. S. Palmer, J. R. Hawkins, B. L. Griffiths, M. J. Smith, J. W.
Foster, A. M. Frischauf, R. Lovellbadge and P. N. Goodfellow (1990). "A Gene from the
Human Sex-Determining Region Encodes a Protein with Homology to a Conserved DNA-
Binding Motif." Nature 346(6281): 240-244.

Skaletsky, H., T. Kuroda-Kawaguchi, P. J. Minx, H. S. Cordum, L. Hillier, L. G. Brown, S.
Repping, T. Pyntikova, J. Ali, T. Bieri, A. Chinwalla, A. Delehaunty, K. Delehaunty, H. Du,
G. Fewell, L. Fulton, R. Fulton, T. Graves, S. F. Hou, P. Latrielle, S. Leonard, E. Mardis, R.
Maupin, J. McPherson, T. Miner, W. Nash, C. Nguyen, P. Ozersky, K. Pepin, S. Rock, T.
Rohlfing, K. Scott, B. Schultz, C. Strong, A. Tin-Wollam, S. P. Yang, R. H. Waterston, R. K.

Wilson, S. Rozen and D. C. Page (2003). "The male-specific region of the human Y

chromosome is a mosaic of discrete sequence classes." Nature 423(6942): 825-837.

Skinner, B. M., C. A. Sargent, C. Churcher, T. Hunt, J. Herrero, J. E. Loveland, M. Dunn, S.
Louzada, B. Fu, W. Chow, J. Gilbert, S. Austin-Guest, K. Beal, D. Carvalho-Silva, W. Cheng,
D. Gordon, D. Grafham, M. Hardy, J. Harley, H. Hauser, P. Howden, K. Howe, K. Lachani,

P. J. Ellis, D. Kelly, G. Kerry, J. Kerwin, B. L. Ng, G. Threadgold, T. Wileman, J. M. Wood,

72



F. Yang, J. Harrow, N. A. Affara and C. Tyler-Smith (2015). "The pig X and Y
Chromosomes: structure, sequence and evolution.” Genome Res.

Skinner, B. M., C. A. Sargent, C. Churcher, T. Hunt, J. Herrero, J. E. Loveland, M. Dunn, S.
Louzada, B. Fu, W. Chow, J. Gilbert, S. Austin-Guest, K. Beal, D. Carvalho-Silva, W. Cheng,
D. Gordon, D. Grafham, M. Hardy, J. Harley, H. Hauser, P. Howden, K. Howe, K. Lachani,
P. J. Ellis, D. Kelly, G. Kerry, J. Kerwin, B. L. Ng, G. Threadgold, T. Wileman, J. M. Wood,
F. Yang, J. Harrow, N. A. Affara and C. Tyler-Smith (2016). "The pig X and Y
Chromosomes: structure, sequence, and evolution.” Genome Res 26(1): 130-139.

Smeds, L., V. Warmuth, P. Bolivar, S. Uebbing, R. Burri, A. Suh, A. Nater, S. Bures, L. Z.
Garamszegi, S. Hogner, J. Moreno, A. Qvarnstrom, M. Ruzic, S. A. Saether, G. P. Saetre, J.
Torok and H. Ellegren (2015). "Evolutionary analysis of the female-specific avian W
chromosome.” Nat Commun 6: 7330.

Smith, C. A., K. N. Roeszler, T. Ohnesorg, D. M. Cummins, P. G. Farlie, T. J. Doran and A.
H. Sinclair (2009). "The avian Z-linked gene DMRT1 is required for male sex determination
in the chicken." Nature 461(7261): 267-271.

Soh, Y. Q., J. Alfoldi, T. Pyntikova, L. G. Brown, T. Graves, P. J. Minx, R. S. Fulton, C.
Kremitzki, N. Koutseva, J. L. Mueller, S. Rozen, J. F. Hughes, E. Owens, J. E. Womack, W.
J. Murphy, Q. Cao, P. de Jong, W. C. Warren, R. K. Wilson, H. Skaletsky and D. C. Page
(2014). "Sequencing the mouse Y chromosome reveals convergent gene acquisition and
amplification on both sex chromosomes.” Cell 159(4): 800-813.

Soukup, S. W. (1971). "Sex chromosomes and sex-linked genes. By S. Ohno. Springer-
Verlag, Berlin, Heidelberg, New York. 192 pp. 1967." Teratology 4(1): 111-111.

Spencer, H. G., M. W. Feldman, A. G. Clark and A. E. Weisstein (2004). "The effect of
genetic conflict on genomic imprinting and modification of expression at a sex-linked locus."

Genetics 166(1): 565-579.
73



Spigler, R. B., K. S. Lewers and T. L. Ashman (2011). "Genetic architecture of sexual
dimorphism in a subdioecious plant with a proto-sex chromosome." Evolution 65(4): 1114-
1126.

Stanke, M., R. Steinkamp, S. Waack and B. Morgenstern (2004). "TAUGUSTUS: a web server

for gene finding in eukaryotes." Nucleic Acids Res 32(Web Server issue): W309-312.

Steinmannzwicky, M. (1988). "Sex Determination in Drosophila - the X-Chromosomal Gene
Liz Is Required for SxI Activity." Embo Journal 7(12): 3889-3898.

Stillwell, R. C. and G. Davidowitz (2010). "A developmental perspective on the evolution of
sexual size dimorphism of a moth." Proc Biol Sci 277(1690): 2069-2074.

Su, B. F., D. A. Perera, Y. Zohar, E. Abraham, J. Stubblefield, M. Fobes, R. Beam, B. Argue,
C. Ligeon, J. Padi, P. Waters, G. Umali-Maceina, N. Chatakondi, A. Kristanto, A. Hutson, C.
Templeton, J. Ballenger, A. Chaimongkol, A. Gima, M. Gima, A. Zuberi, D. M. Lambert, S.
Kim, M. Mandour and R. A. Dunham (2013). "Relative effectiveness of carp pituitary extract,
luteininzing hormone releasing hormone analog (LHRHa) injections and LHRHa implants for
producing hybrid catfish fry." Aquaculture 372: 133-136.

Sun, F., S. Liu, X. Gao, Y. Jiang, D. Perera, X. Wang, C. Li, L. Sun, J. Zhang and L.
Kaltenboeck (2013). "Male-biased genes in catfish as revealed by RNA-Seq analysis of the
testis transcriptome.”

Sun, F., M. Mikhaail-Philips, M. Oliver-Bonet, E. Ko, A. Rademaker, P. Turek and R. H.
Martin (2008). "Reduced meiotic recombination on the XY bivalent is correlated with an
increased incidence of sex chromosome aneuploidy in men with non-obstructive

azoospermia.” Mol Hum Reprod 14(7): 399-404.

Sun, F. Y., S. K. Liu, X. Y. Gao, Y. L. Jiang, D. Perera, X. L. Wang, C. Li, L. Y. Sun, J. R.
Zhang, L. Kaltenboeck, R. Dunham and Z. J. Liu (2013). "Male-Biased Genes in Catfish as

Revealed by RNA-Seq Analysis of the Testis Transcriptome.” Plos One 8(7).
74



Suzuki, H., M. Kanai-Azuma and Y. Kanai (2015). "From Sex Determination to Initial
Folliculogenesis in Mammalian Ovaries: Morphogenetic Waves along the Anteroposterior
and Dorsoventral Axes." Sex Dev 9(4): 190-204.

Takehana, Y., M. Matsuda, T. Myosho, M. L. Suster, K. Kawakami, I. T. Shin, Y. Kohara, Y.
Kuroki, A. Toyoda, A. Fujiyama, S. Hamaguchi, M. Sakaizumi and K. Naruse (2014). "Co-
option of Sox3 as the male-determining factor on the Y chromosome in the fish Oryzias
dancena.” Nat Commun 5: 4157.

Tanaka, K., Y. Takehana, K. Naruse, S. Hamaguchi and M. Sakaizumi (2007). "Evidence for
different origins of sex chromosomes in closely related Oryzias fishes: substitution of the
master sex-determining gene." Genetics 177(4): 2075-2081.

Tanaka, S. S. and R. Nishinakamura (2014). "Regulation of male sex determination: genital

ridge formation and Sry activation in mice." Cell Mol Life Sci 71(24): 4781-4802.

Tiersch, T., B. Simco, K. Davis and S. Wachtel (1992). "Molecular genetics of sex
determination in channel catfish: studies on SRY, ZFY, Bkm, and human telomeric repeats."

Biology of reproduction 47(2): 185-192.

Tiersch, T. R. and C. A. Goudie (1993). "Inheritance and Variation of Genome Size in Half-

Sib Families of Hybrid Catfishes." Journal of Heredity 84(2): 122-125.

Tiersch, T. R., B. A. Simco, K. B. Davis, R. W. Chandler, S. S. Wachtel and G. J. Carmichael
(1990). "Stability of Genome Size among Stocks of the Channel Catfish." Aquaculture 87(1):
15-22.

Tomaszkiewicz, M., S. Rangavittal, M. Cechova, R. Campos Sanchez, H. W. Fescemyer, R.
Harris, D. Ye, P. C. O'Brien, R. Chikhi, O. A. Ryder, M. A. Ferguson-Smith, P. Medvedev
and K. D. Makova (2016). "A time- and cost-effective strategy to sequence mammalian Y
Chromosomes: an application to the de novo assembly of gorilla Y." Genome Res 26(4): 530-

540.
75



Tornillo, G., P. Defilippi and S. Cabodi (2014). "Cas proteins: dodgy scaffolding in breast

cancer." Breast Cancer Res 16(5): 443.
Trukhina, A. V., N. A. Lukina, N. D. Wackerow-Kouzova and A. F. Smirnov (2013). "The

variety of vertebrate mechanisms of sex determination.” Biomed Res Int 2013: 587460.

van Doorn, G. S. and M. Kirkpatrick (2007). "Turnover of sex chromosomes induced by
sexual conflict.” Nature 449(7164): 909-912.

Vandeputte, M., M. Dupont-Nivet, H. Chavanne and B. Chatain (2007). "A polygenic
hypothesis for sex determination in the European sea bass Dicentrarchus labrax." Genetics
176(2): 1049-1057.

Veitia, R. A., M. Nunes, K. McElreavey and M. Fellous (1997). "Genetic basis of human sex

determination: An overview." Theriogenology 47(1): 83-91.

Verhulst, E. C., L. W. Beukeboom and L. van de Zande (2010). "Maternal control of
haplodiploid sex determination in the wasp Nasonia." Science 328(5978): 620-623.
Verhulst, E. C. and L. van de Zande (2014). "Insect Sex Determination: A Cascade of

Mechanisms Preface.” Sexual Development 8(1-3): 5-6.

Vicoso, B., J. J. Emerson, Y. Zektser, S. Mahajan and D. Bachtrog (2013). "Comparative sex
chromosome genomics in snakes: differentiation, evolutionary strata, and lack of global
dosage compensation." PLoS Biol 11(8): €1001643.

von Hofsten, J. and P. E. Olsson (2005). "Zebrafish sex determination and differentiation:

involvement of FTZ-F1 genes." Reprod Biol Endocrinol 3: 63.

Waldbieser, G. C., B. G. Bosworth, D. J. Nonneman and W. R. Wolters (2001). "A
microsatellite-based genetic linkage map for channel catfish, Ictalurus punctatus.” Genetics
158(2): 727-734.

Waldbieser, G. C. and W. R. Wolters (2007). "Definition of the USDA103 strain of channel

catfish (Ictalurus punctatus).” Anim Genet 38(2): 180-183.
76



Walker, B. J., T. Abeel, T. Shea, M. Priest, A. Abouelliel, S. Sakthikumar, C. A. Cuomo, Q.
Zeng, J. Wortman, S. K. Young and A. M. Earl (2014). "Pilon: an integrated tool for
comprehensive microbial variant detection and genome assembly improvement.” PLoS One
9(11): e112963.

Wallis, M. C., P. D. Waters and J. A. Graves (2008). "Sex determination in mammals--before

and after the evolution of SRY." Cell Mol Life Sci 65(20): 3182-3195.

Wang, J.,, J. K. Na, Q. Yu, A. R. Gschwend, J. Han, F. Zeng, R. Aryal, R. VanBuren, J. E.
Murray, W. Zhang, R. Navajas-Perez, F. A. Feltus, C. Lemke, E. J. Tong, C. Chen, C. M.
Wai, R. Singh, M. L. Wang, X. J. Min, M. Alam, D. Charlesworth, P. H. Moore, J. Jiang, A.
H. Paterson and R. Ming (2012). "Sequencing papaya X and Yh chromosomes reveals

molecular basis of incipient sex chromosome evolution.” Proc Natl Acad Sci U S A 109(34):

13710-13715.
Wang, Y., J. Li and A. H. Paterson (2013). "MCScanX-transposed: detecting transposed gene

duplications based on multiple colinearity scans." Bioinformatics 29(11): 1458-1460.

Wang, Z., J. Zhang, W. Yang, N. An, P. Zhang, G. Zhang and Q. Zhou (2014). "Temporal

genomic evolution of bird sex chromosomes." BMC Evol Biol 14: 250.

Washburn, L. L., S. M. Bello, D. L. Burkart, M. A. Cassell, H. Dene, M. Lennon-Pierce, I.
Lu, B. Richards-Smith, C. L. Smith, M. Tomczuk and J. T. Eppig (2005). "The mouse as a
model for mammalian primary sex determination: Identifying a genetic network." Biology of
Reproduction: 238-239.

Wessel, G. M. (2011). "Y does it work this way? Nettie Maria Stevens (July 7, 1861-May 4,

1912)." Molecular Reproduction and Development 78(9): I-I.

Wilson, A. M., T. Godlonton, M. A. van der Nest, P. M. Wilken, M. J. Wingfield and B. D.

Wingfield (2015). "Unisexual reproduction in Huntiella moniliformis.” Fungal Genet Biol 80:

1-9.
77



Wilson, C. A., S. K. High, B. M. McCluskey, A. Amores, Y. L. Yan, T. A. Titus, J. L.
Anderson, P. Batzel, M. J. Carvan, M. Schartl and J. H. Postlethwait (2014). "Wild Sex in
Zebrafish: Loss of the Natural Sex Determinant in Domesticated Strains.” Genetics 198(3):
1291-+.

Woodward, D. E. and J. D. Murray (1993). "On the Effect of Temperature-Dependent Sex

Determination on Sex-Ratio and Survivorship in Crocodilians.” Proceedings of the Royal

Society B-Biological Sciences 252(1334): 149-155.
Wyneken, J. (2015). "Loggerhead sea turtle environmental sex determination: Implications of
moisture and temperature for climate change based predictions for species survival (vol 324,

pg 295, 2015)." Journal of Experimental Zoology Part B-Molecular and Developmental

Evolution 324(5): 465-465.

Yang, X., M. Wang and S. Li (2014). "[The evolution of human Y chromosome]." Yi Chuan
36(9): 849-856.

Yano, A., R. Guyomard, B. Nicol, E. Jouanno, E. Quillet, C. Klopp, C. Cabau, O. Bouchez,
A. Fostier and Y. Guiguen (2012). "An Immune-Related Gene Evolved into the Master Sex-

Determining Gene in Rainbow Trout, Oncorhynchus mykiss." Current Biology 22(15): 1423-

1428.

Yoshida, K., T. Makino, K. Yamaguchi, S. Shigenobu, M. Hasebe, M. Kawata, M. Kume, S.
Mori, C. L. Peichel, A. Toyoda, A. Fujiyama and J. Kitano (2014). "Sex Chromosome
Turnover Contributes to Genomic Divergence between Incipient Stickleback Species." Plos
Genetics 10(3).

Yoshimoto, S. and M. Ito (2011). "A ZZ/ZW-type sex determination in Xenopus laevis."
Febs Journal 278(7): 1020-1026.

Yoshimoto, S., E. Okada, H. Umemoto, K. Tamura, Y. Uno, C. Nishida-Umehara, Y.

Matsuda, N. Takamatsu, T. Shiba and M. Ito (2008). "A W-linked DM-domain gene, DM-W,
78



participates in primary ovary development in Xenopus laevis." Proceedings of the National

Academy of Sciences 105(7): 2469-2474.

Zhou, Q. and D. Bachtrog (2012). "Sex-specific adaptation drives early sex chromosome
evolution in Drosophila." Science 337(6092): 341-345.

Zimin, A. V., A. L. Delcher, L. Florea, D. R. Kelley, M. C. Schatz, D. Puiu, F. Hanrahan, G.
Pertea, C. P. Van Tassell, T. S. Sonstegard, G. Marcais, M. Roberts, P. Subramanian, J. A.
Yorke and S. L. Salzberg (2009). "A whole-genome assembly of the domestic cow, Bos

taurus.” Genome Biol 10(4): R42.

79



