TUMSAT-OACIS Repository - Tokyo

University of Marine Science and Technology

(AR T)

Genomics and genetics of flatfishes provide
insights into the mechanisms of sex
determination and disease resistance

558 eng

HARE:

~FH: 2015-06-24
*F—7—FK (Ja):
*—7— K (En):

YEf#&: Shao, Changwei
X=)LT7 KL R:

FiE:

https://oacis.repo.nii.ac.jp/records/ 1085




Doctoral Dissertation

GENOMICS AND GENETICS OF FLATFISHES
PROVIDE INSIGHTS INTO THE MECHANISMS OF
SEX DETERMINATION AND DISEASE RESISTANCE
EFREOT/LHFEEGRFIMERELMRED
INZALDFRAICFHNMNEL LT

March 2015

Changwei Shao



Sometimes I feel weighed down as a researcher. Sometimes I feel overwhelmed
by grant deadlines, unwritten papers, finicky experiments, endless forms, and
so forth. Why am I doing this? Isn’t there an easier way to earn a living?
During times like this, I’ll sometimes glance over to the corner of my desk.
There I display pictures of special people and things — my mother, my wife,
my little daughter ... and a DNA sequence. Now, pictures of family are

understandable, but why a DNA sequence?

Introduced from Harvey J. Armbrecht
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5 .I& K Shao Changwei
Ma jor Name

Genomics and genetics of flatfishes provide insights into the mechanisms of sex
e RE H | determination and disease resistance
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Flatfishes, members of the order Pleuronectiformes, comprise a biologically interesting and commercially
important species, with a unique asymmetric body shape developed as an adaptation to a lifestyle living on the sea
bottom. As a commercially important cultured flatfish, half-smooth tongue sole (Cynoglossus semilaevis) have a
great growth dimorphosism that females grow faster and attain larger size than males. Besides the tongue sole
possessed a ZZ/ZW genetic sex determination system and the functional sex reversal can be induced by
environmental factors. Therefore, the coexistence of GSD and ESD system within the tongue sole, coupled with the
availability of its genomic and genetic information, provides an opportunity to comprehensively investigate the
mechanism of sex determination and differentiation of this species. Besides, another target flatfish species, Japanese
flounder (Paralichthys olivaceus) is also one of the most desirable and highly priced marine fish species. With
extensive cultivation, however, farming of the Japanese flounder has been confronted with certain problems,
including a high mortality rate as well as a decline in growth. To further increase profitability and sustainability
while maintaining genetic variability in the cultured stock, it is urgent to carry out both classic selective breeding and
molecular marker assisted selection. In this thesis, a multi-level of genomic and genetic analysis focuses on the sex
determination and differentiation as well as the disease resistance of flatfishes were carried out. The main results are
as follows:

Two bacterial artificial chromosome (BAC) libraries for tongue sole were constructed in the BamHI and Hindlll
sites of the vector pPECBACI. The two libraries contain a total of 55,296 BAC clones with average insert size of
approximately 156.4 Kb and correspond to 13.36 haploid genome equivalents. The combined libraries have a greater
than 99% probability of containing any single-copy sequence. Screening high-density arrays of the libraries
generated 76 and 152 positive clones with average of 15.2 and 30 per probe for sex-related genes and female-specific
markers. Five positive BAC clones containing sex-related genes and female-specific markers were sequenced by
ABI 3730 DNA analyzer. A full-length BAC sequence with nine genes including cyp/9ala gene was further
analyzed on the structural characteristics such as repeats, GC content, transposable elements, etc. A comparative
analysis on the cyp/9ala gene was carried out among medaka, zebrafish, three-spine stickleback, Fugu rubripes and
Tetraodon, suggesting that the conservation of cyp/9ala gene structure and function, mainly including the same
pattern of exons and introns, five conserved functional domains, the common upstream regulatory elements and the
high expression in ovarian specificity for all the teleost cyp/9ala gene.

The single-base-resolution methylomes for tongue sole were depicted using the whole genome bisulfite



sequencing (WGBS). In total, 171 Gb methylome data were produced, which yielded an average depth of 22x per
strand for adult gonads of parental females (P-ZWf), parental pseudomales (P-ZWm), F1 pseudomales (F1-ZWm),
and females (F1-ZWf{) as well as the normal male (ZZm) as a control. The results show that the methylation patterns
of pseudomale testes were similar to those of normal male testes, and all three-testis samples were clearly
distinguished from the ovary samples by hierarchical clustering analysis. Only 60 Kb of differentially methylated
regions (DMRs) were identified between P-ZWf and F1-ZWf{. In contrast, an average of 15 Mb of DMRs was
identified between testes and ovaries. Interestingly, up to 86% of the DMRs between P-ZWm and ovaries were
maintained in F1-ZWm, indicating that the overall change in methylation status of the genome after sex reversal had
been inherited. Besides, 2,986 differentially methylated genes (DMGs) that harbored testis/ovary DMRs on their
promoter regions were identified. In total, 16 of 58 (28%) sex-determination-related genes in tongue sole displayed
significantly differential methylation patterns between testes and ovaries, which contrasts to 14% (2,986/21,516)
over the whole genome, suggest that the sex determination pathway is the target of DNA methylation regulation.
Transcriptome analysis revealed that the dosage compensation occurs in a restricted, methylated cytosine enriched Z
chromosomal region in pseudomale testes, achieving equal expression level in normal male testes. In contrast,
female-specific W chromosomal genes are suppressed in pseudomales by methylation regulation.

A total of 12,712 high-confidence SNPs were successfully high-throughput genotyped and then were assigned to
the 24 consensus linkage groups (LGs) based on the restriction-site associated DNA (RAD) sequencing in Japanese
flounder. The total length of the genetic linkage map was 3497.29 cM with an average distance of 0.48 cM between
loci, thereby representing the dentist genetic map in Japanese flounder. Ten quantitative trait loci (QTLs) forming
two main clusters for vibrio anguillarum disease were detected. All QTLs with logarithm of odds (LOD) value
ranged from 3 to 15.8 can explain the total of phenotypic variance from 1.19% to 8.38%. By synteny analysis of the
QTLs regions with genome assembly, twelve immune related genes were identified and among them, four genes
involved in the function of MHC were strong associated with V. anguillarum disease. Furthermore, 246 genome
assembly scaffolds with an average size of 21.79 Mb, accounting for 522.995 Mb totally, were anchored onto the
LGs, representing 95.8% of the assembled genomic sequences of the Japanese flounder. The mapped assembly
scaffolds in Japanese flounder were then used for genome synteny analysis against the zebrafish and medaka,
respectively. The flounder and medaka have almost one-to-one synteny, while the flounder and zebrafish have

multi-synteny correspondence, indicated that the medaka has a closer relationship with flounder.
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Chapter I Introduction
1. Sex determination and sex chromosome evolution
1.1 Sex determination systems

Sex determination is a plastic biological developmental process, which has always the
intriguing aspect in evolutionary biology and developmental biology. In vertebrates, the
sex determination including genetic sex determination (GSD) and environmental sex
determination (ESD) acts to differentiate an initially bipotential gonad primordium into
either testes or ovaries (Marshall Graves, 2008). GSD involves the inheritance of specific
elements at the genotypic level, which cause a zygote to develop into a particular sexual
fate. The mechanism of GSD was divided into two types. One is the male heterogamety
that all males are XY and females are XX. Another is the reverse of male heterogamety
where females are ZW and males are ZZ (Namekawa and Lee, 2009). The mechanism of
ESD was determined by environment factors such as temperature, social environment and
hormones after fertilization. This mechanism is known as temperature-dependant sex
determination (TSD). Controversy has surrounded the issue of the abundance of TSD
species, and in fact species that exhibit TSD under natural conditions of temperature are
less common than initially thought (Ospina-Alvarez and Piferrer, 2008). Among
vertebrates, teleost species have the highest variability of sex determining mechanisms
ranging from GSD system to ESD system and GSD+ESD controlled mechanisms (Stelkens
and Wedekind, 2010). Therefore the teleost with such polymorphism of sex determination
as a good research model to study on sex determination and differentiation as well as sex
chromosome evolution.

1.2 Sex determination genes in vertebrates

GSD is governed by a series of sex-related genes involving in genetic pathway that initiate
by sex-determining gene during critical periods of gonadal development. Though many
downstream genes in sex determination pathways are conserved, even among vertebrates
and invertebrates, the upstream sex determination gene can vary even between closely
related species (Shao and Chen, 2012). Up to now, eight sex-determining genes (sry, dmrtl,
dmy, dmw, amhy, gsdf, amhr2 and sdY) had been identified in vertebrates. Humans and
most other mammals have a strictly male heterogamety with XY for male and XX for
female. The smaller Y chromosome bears the master sex determination gene, sry (Sinclair
et al., 1990). It acts as a transcriptional factor to activate the downstream gene in the gene
pathway, which is the most clear sex determination pathway to date (Waters et al., 2007).
In the chicken and all other birds, the homogametic sex is male (ZZ) and the heterogametic
sex is female (ZW). The candidate sex determination gene for avain is dmrtl, which is a
conserved Z-linked gene (Smith et al., 2009). The amphibians have two systems of sex
chromosomes: one with heterogametic male (XX/XY) and another with the female
(ZZ/ZW). A W-linked sex determination gene, dmw was isolated from Xenopus laevis,
which employed a sex determination system of ZZ/ZW (Y oshimoto et al., 2008). Teleost



fishes (over 30,000 species) are the largest group of vertebrates, which exhibit kinds of sex
determination mechanism. The sex of medaka is genetically determined by a XX-XY male
heterogametic system and crossing-over between the sex chromosomes is possible.
Classical genetic approaches and candidate gene analyses have led to the identification of
dmy in a short region on the Y chromosome as a male sex determining gene, which is the
first reported sex determination gene in teleost (Matsuda et al., 2002; Nanda et al., 2002).
Recently four novel candidates for vertebrate SD genes including the amhy, gsdf, amhr2
and sdY were reported, all of them are in fishes. Gsdf is a strong candidate for the master
SD gene in Oryzias luzonensis, which diverged from O. curvinotus with a sex
determination gene of dmy approximately 10 Mya (Myosho et al., 2012). As a
male-specific, duplicated copy of the anti-Mullerian hormone gene (amh), amhy is a
candidate for the master SD gene in the Patagonian pejerrey, a teleost species, which
possesses an XX/XY sex determination system (Hattori et al., 2012). Amhr2 coding for a
receptor of amh was perfectly associated with the phenotypic sex in fugu, suggesting that it
is responsible for sex determination in fugu (Kamiya et al., 2012). The sdY gene was
shown to be tightly linked to the SD locus in rainbow trout with an XX/XY system (Yano
et al., 2012). It was considered as a first sex determination gene that was not followed the
expected evolutionary plasticity in the mechanisms underlying vertebrate sex
determination.

1.3 Co-evolution of sex determination gene and sex chromosome evolution

Generally, the sex chromosomes are doomed to be degenerate to some extent driving by
the evolutionary force of suppressed recombination, which was firstly appeared around sex
determination gene (Marshall Graves, 2008). Given all the sex determination genes from
the fish species mentioned above, together with the sex determination genes in mammalian,
bird and amphibians species, we can conclude that the sex-determining genes (sry and
dmrtl) are relatively conserved in higher vertebrate, therian and aves, respectively,
comparing to the sex-determining genes dmy, dmw, amhy, gsdf, amhr2 and sdY which are
unstable in their respective taxonomic systems. Correspondingly, the sex chromosomes in
higher vertebrate attained high differentiation during their evolution, whereas no obvious
(or even no) differentiation was observed in the sex chromosome of most extant lower
vertebrates. The appearance of sex-determining gene in certain organism was always
accompanied with the evolution of their sex chromosomes, which was defined by
coevolution. In consequently, the difference of conservation on sex-determining genes
between higher vertebrates and lower vertebrates may be caused by the sex chromosome
differentiation or not. Following these conclusions, two models on the relationship
between sex-determining gene and sex chromosome evolution were established. One is the
model of differentiation on sex chromosome that developed through diversification of one
region of the progenitor chromosomes. In this model, transposons and repetitive elements
were accumulated around a sex-determining gene and its homolog evolved into a
pseudo-gene because the recombination was ceased in the sex-determining region. In this
case, a dosage dependent sex-determining gene in homogametic sex or a heteromorphic
chromosome-linked (usually Y and W) determining gene in heterogametic sex such as
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dmrtl in chicken and sry in human were expected, respectively. The other model is
undifferentiation of sex chromosome where sex-determining gene derived from a
duplicated region from elsewhere in the genome that was inserted on it. The large region of
sex chromosomes in such case can still recombine, though the duplicated region could
accumulate few repetitive elements. In this case, the sex-determining genes would reside
on the heterogametic chromosome (usually Y and W) such as dmy, gsdf, dmw and amhy
(Shao and Chen, 2012). In all, sex determination is a complex biological process; these two
models cannot represent the types of sex determination in all species, but above models
proposed would make for the isolation of new sex-determining gene.

1.4 Molecular mechanism of sex reversal

In general, the GSD species in which sex ratios are established by a combination of genetic
and environmental influences are referred to as GSD + ESD species, which means the
primary sex can be altered during development under environmental factors. This great
plasticity of the sex determining mechanisms has been linked to the great diversity of
species in fish since plasticity in sex determination favors speciation (Qvarnstrém and
Bailey, 2009). This phenomenon is known as environmental sex reversal (ESR) (Stelkens
and Wedekind, 2010), which can lead to widely varying and unstable population sex ratios.
This indicates that environmental factors can directly or indirectly override sex
chromosomes or sex genes in ESR species. Those environmental factors include the abiotic
(e.g. temperature, pH, endocrine-disrupting hormones, photoperiod, hypoxia) and biotic
factors (crowding, pathogens like Wolbachia, population size) (Stelkens and Wedekind,
2010). Actually, in order to obtain the preferred sex in aquaculture, the exogenous steroids
or high temperature was used to artificially induced sex reversal in fish. To date, more than
50 fish species have been studied in such steroid- or temperature- mediated sex reversal
trials (Devlin and Nagahama, 2002; Cnaani and Levavi-Sivan, 2009). Although thermal or
chemical sensitivity of gonadal sex differentiation has been documented on different fish
species, the molecular mechanism and consequences of ESR are not yet well understood
(Devlin and Nagahama, 2002; Baroiller et al., 2009). It should be noted here that even in
species with ESR, selection is ultimately acting on genes that create a link between
offspring sex and a certain environmental factor. In consequence, the analysis of epigenetic
marker that significantly contributes to changes in gene expression in response to varying
environments was introduced to research on sex differentiation. One important insight
from recent work on the relationship between cyp/9ala gene expression and methylation
level involving in the gonad differentiation seems to be a well example in European sea
bass. The results show that the promoter of female benefit gene, cyp/9ala, was
hypermethylated in males when compared to females, and the high temperature increased
the methylation levels of cyp/9ala in both sexes, suggesting that an epigenetic mechanism
may be involved in environmental temperature induced change on gene expression
(Navarro-Martin et al., 2011).



2. Disease resistance mechanism and molecular assistant breeding
2.1 Evolutionary perspective on molecular mechanism of disease resistance

Traditional selection based on the phenotype has created a wide diversity of strains or
breeds of domestic animal that are adapted to different environments and are required to
feel comfortable for breeding purposes (Jovanovi¢ et al., 2009). Such phenotype selection
was in nature identification of the breeds with beneficial genetic mutation that occurs
because of nature selection over many generations and in large populations. Genetic
resistance to domestic animal disease has been recognised as an important kind of breeding
purpose. Such beneficial genetic mutation for disease resistance is difficult to select by
traditional breeding programmes (Pieter and Stephen, 2000). As a result, there is a
considerable interest in finding genetic markers that can be applied in breeding
programmes. However, it has only been fitfully exploited because of the limitation of
genetic resource as well as, in particularly, the trait of multifactorial genetics of disease
that controlled by an unknown number of quantitative trait loci (QTLs). From a personal
perspective, the collection of more accurate data on disease resistance and the development
of genomic approaches are particularly useful for improvement of disease resistance in
farm animals. Special attention has been focused on whole genome sequencing and
re-sequencing for detection of genetic variation in terms of the complex responses to
disease and in consequently the individuals with the beneficial genetic mutation for disease
resistance would be selected. Due to their genetic advantages when in responding to
disease, the maintenance of favorable genetic mutations in domestic animal populations is
crucial to maintaining breeding practices and the preservation of biodiversity for domestic
animals (Medugorac et al., 2011).

2.2 Molecular-assisted breeding techniques

Molecular-assisted breeding was defined by using of genetic manipulation performed at
DNA molecular levels to improve characters of interest in plants and animals, including
genetic engineering or gene manipulation, molecular marker-assisted selection,
genome-wide association study, genomic selection, etc (Collard and Mackill, 2008). The
discovery of the structure of DNA has enhanced traditional breeding techniques by
allowing breeders to pinpoint the particular gene responsible for a particular trait (Xu,
2009). And thus the technique for isolating one or more specific genes and introducing
them into a species was defined as gene manipulation. However, it is difficult to extend to
most of economical species especially the marine species, although improvement of some
species can be achieved by this technique. More often now, molecular-assisted breeding
was defined to improve plant or animal traits on the basis of genotypic assays by molecular
markers such as restriction fragment length polymorphism (RFLP), randomly amplified
polymorphic DNA (RAPD), simple sequence repeats (SSRs) and single nucleotide
polymorphism (SNP). Because of their abundance and importance in the genome,
molecular markers have been widely used in the fields of genetic mapping, marker-assisted
breeding, genome-wide association study and genomic selection. Molecular marker



technology has become a powerful tool in the genetic breeding. In particular, as a
marker-assisted breeding technique, the QTL mapping was extensively used for various
economical species and the associated QTLs for kinds of traits were identified (Wurschum,
2012). However, the application of QTLs to the breeding is difficult because it cannot
identify all trait-associated genes and transcript variants. Recently, the genome-wide
association studies have successfully identified numerous loci at which common variants
influence human disease risk (Lettre and Rioux, 2008). But it is still difficult for
quantitative traits of plant and animals. The genomic selection, of particularly, a new
approach for improving quantitative traits, were attained widely application on a
population that is different from the reference population in which the marker effects were
estimated. Genomic selection uses two types of datasets: a training set and a validation set.
The training set is the reference population, in which the marker effects were estimated
using certain statistical methods to incorporate with the phenotypic information and
pedigree information. The validation set contains the selection candidates (derived from
the reference population) that have been genotyped (but not phenotyped) and selected
based on marker effects estimated in the training set. Implementation of genomic selection
is likely to have major implications for genetic evaluation systems and for genetic
improvement programmes generally (Goddard et al., 2007). In conclusion, the aim of
genetic breeding is to reassemble desirable inherited traits to produce a species with
improved characteristics, and each of the objectives can be addressed in a specific breeding
technique.

2.3 Advance of fish disease resistance

Disease problems are a major cause of economic losses in fish aquaculture (Meyer, 1991).
Considering the relationship between innate immunity and disease resistance, and based on
experience from other farmed animals, selective breeding for resistant trait as a method of
improving disease resistance seems attractive (Sweta and Sahoo, 2014); and it had attained
successful application on different fish species, such as the selected lines against bacterial
pathogens in rainbow trout and Atlantic salmon (Fevolden et al.,, 1992, 1993). The
development of molecular-assisted techniques provides a chance to understand of the
numbers of genes and their relative effects that determine expression of a trait. Although
the genome-wide associated studies and genomic selection exhibit a promising application
on selection breeding as talked above, they have not widely used in fish species because of
the scarcity of genetic marker maps for most fish species. During the past years, QTL
mapping methods is more often to detect loci associated with traits related to common
stressors in commercial culture. So far, several QTL studies were conducted on varies
diseases in cultured fish species. For instance, the infectious salmon anemia (ISA) in
Atlantic salmon (Moen et al., 2004, Moen et al., 2007), the whirling disease in rainbow
trout (Baerwald et al. 2011), the Ceratomyxa shasta resistance in salmonids (Nichols et al.,
2003), the infectious hematopoietic necrosis virus (IHNV) in rainbow trout (Rodriguez et
al., 2004), the infectious pancreatic necrosis in Atlantic salmon (Houston et al., 2008), the
A. salmonicida resistance in turbot (Rodriguez-Ramilo et al., 2011), the Gyrodactylus
salaris resistance in Atlantic salmon (Gilbey et al., 2006), the Benedenia infections in
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yellowtail (Ozaki et al., 2013). Besides, an allele of a microsatellite, Poli9-8TUF,
associated with lymphocystis disease resistance (LD-R) in Japanese flounder was found to
have a dominant effect at a single major locus (Fuji et al, 2006). A successful
marker-assisted selection and further in farm trials confirm the feasibility of the selection
process (Fuji et al., 2007). Various diseased associated SNPs in different fish species were
also detected such as ISA in Atlantic salmon (Kjoglum et al. 2006), reovirus disease in
grass carp (Wan et al., 2013). These promising results from selective breeding, along with
the application of findings from molecular-assisted techniques, have shown that it is
possible to develop highly resistant strains of fish.

3. Genomic and genetic techniques
3.1 Next generation sequencing techniques

Since first introduced to the market in 2005, the next-generation sequencing (NGS)
technologies had a tremendous impact on genomic research. Therefore, several NGS
platforms have been developed that provide low-cost, high-throughput sequencing. Of note
were the 454 Genome Sequencers (Roche Applied Science), the Solexa Genome Analyzer
(Illumina), the SOLiD platform (Applied Biosystems) and the HeliScope Single Molecule
Sequencer (Helicos). The 454 system was the first next-generation sequencing platform
available as a commercial product (Margulies et al., 2005). In 454 system, the sequencing
is performed by the pyrosequencing method. Relative to other next-generation platforms,
the key advantage of the 454 platform is read-length, which can reach to 500 bp per read
currently. But the per-base cost of sequencing is much greater than that of other platforms.
The Genome Analyzer (GA) was release by Solexa in 2006 and then Illumina purchased
the company in 2007. The sequencer adopts the technology of sequencing by synthesis
(SBS) (Fedurco et al., 2006). The Illumina genome analyzer is the most successful
platform among next generation sequencing techniques because its output was 200 G per
run initially, improved to 600 G per run currently which could be finished in 8 days. As of
October 2014 all HiSeq instruments have been converted to the HiSeq 2500 platform, with
each instrument capable of generating one terabase of sequence data per run. AB SOLiD
platform has its origins in the system described by J.S. and colleagues in 2005 (Shendure et
al., 2005) and then was purchased by Applied Biosystems in 2006. The sequencer adopts
the technology of two-base sequencing based on ligation sequencing and consequently the
sequence accuracy can reach to 99.85% after filtering. The Helicos single-molecule
sequencing was developed in 2008 (Harris et al., 2008). It utilizes sequencing-by-synthesis
methodology with a key advantage that the per-base raw substitution error rate
(approaching 0.001%) may currently be the lowest of all the second-generation platforms.
While the increasing usage and new modification in next generation sequencing, the third
generation sequencing is coming out with new insight in the sequencing, such as PacBio
sequencing and Nanopore sequencing. Relative to the second next-generation platforms,
the third generation sequencing techniques have upgraded advantages including the shorten
DNA preparation time for sequencing and signal capture in real time. In short, with the
increasing maturity of the third generation sequencing technologies and market promotion,
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genomics research is bound to revolutionize happen again.
3.2 BAC libraries construction

Large-insert genomic libraries are powerful tools for map-based gene cloning, comparative
genomic studies and high-resolution physical map construction as well as the whole
genome assembly (Smith et al., 1996). From the 1980s, large-insert genomic libraries, such
as the Yeast Artificial Chromosome (YAC), the Bacterial Artificial Chromosome (BAC)
and the P1-derived Artificial Chromosome (PAC) were developed and then widely used in
genomics analysis. In particularly, BACs became widespread as an essential genomic
resource because of the genetic stability, the lower chimeric rate and the higher conversion
efficiency (Shizuya et al., 1992). For the construction of a BAC library, DNA is isolated
and fragmented by hydroshearing, nebulization, or partial restriction digestion followed by
preparative pulsed field gel fractionation. Fragments are size selected, ligated into a
specialized vector, and maintained in Escherichia coli that are archived in 384-well plates
at —80°C (Chakrabarty et al., 2012). Where the BAC vector has a large fragment carrying
capacity is the basic for BAC library construction. The quality of BAC libraries, typically
represented by average insert size, and shorter DNA cannot fully utilize the advantage of
BACs for the maximum cloning capacity. During the 1990s, a whole genome shotgun
sequencing (WGS) approach was gradually adopted analysis of organisms having a large
genome size (Adams et al., 2000), and paired-end sequencing of NGS is now drastically
reducing the time and cost required for the WGS strategy. However, BAC library still play
important roles in genome analysis, especially for analyzing genetically heterogeneous
species and specific genomic regions with rich in repeat sequence and transposable
elements. Therefore, several BAC libraries were constructed for aquatic animals,
especially for fish species. For instance, the Atlantic salmon BAC library contains 305,557
clones with an average insert size of 188 kb, covering approximately 18 times the genome
size (Thorsen et al., 2005); and the goldfish BAC library contains 128,352 clones with an
average insert size of 150.4 kb, covering approximately 11 times the genome size (Luo et
al., 2006). In addition, the other BAC libraries and associated resource are also available in
zebrafish (http://www.sanger.ac.uk), medaka (Matsuda et al., 2001), tilapia (Katagiri et al.,
2001), Japanese flounder (Katagiri et al., 2000), platyfish (Froschauer et al., 2002), channel
catfish (Quiniou et al., 2003), and so on. Sequencing of BAC clones from both ends of
inserts efficiently connects scaffolds separated by long gaps, which is difficult using
paired-end sequencing of NGS. Besides, BAC sequences are also useful to assign sequence
scaffolds onto chromosomes. In a word, in spite of the current widespread use of NGS,
BAC libraries have irreplaceable roles in genome analysis as described above.

3.3 Restriction-site Associated DNA Sequencing

Genetic linkage map shows the relative locations of specific DNA markers along the
chromosome, which was determined by the recombination rate during meiosis. It has the
potential to facilitate the gene mapping, genome assembly and comparative genome studies
(Jones et al., 2013). During the last few decades, the different types of molecular markers
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were used in genetic map construction. These DNA markers are differentiates in two types.
One is non-PCR based marker such as RFLP and another one is PCR-based marker such as
RAPD, AFLP, SSR and SNP. Among these markers, the SSR has been the most widely
used because of their polymorphism and transferability. To date, the SSR based genetic
maps were constructed in a variety of fish species such as Atlantic salmon, Atlantic cod,
sea bream, turbot, fugu, rainbow trout, tilapia, swordtail fish, medaka, three-spined
stickleback, carp, channel catfish, guppies, European seabass, flounder and tongue sole
(Yue, 2014). Although the SSR-based genetic map made a successful attempt to gene
mapping and comparative analysis, the commonly number of markers, restricted by level
of hundreds or few thousands, are inevitably difficult to carry out the fine-scale mapping
and thus the much higher resolution of genetic map is being needed. The SNP is thus on
the scene and has gained high attention because it represents the most abundant source of
genetic variation in the genome. With the advances onnext generation sequencing
technology, the large-scale development of SNP markers and genotyping technologies
have proliferated, with available platforms utilizing mass spectroscopy direct sequencing,
fluorescence detection, and microchip hybridization. The technique of restriction-site
associated DNA (RAD) tags, which provide a high-throughput manner and affordable cost
of SNPs, has been used for SNP discovery and genotyping. It was particularly attractive for
species with no reference genome (Etter and Johnson, 2012). The RAD-seq combines two
simple molecular biology techniques with Illumina sequencing: the use of restriction
enzymes to cut DNA into fragments, and the use of molecular identifiers (MID) to
associate sequence reads to particular individuals. RAD-seq was first applied to
investigation of the genetics of an important ecological trait in the three-spined stickleback,
and then was gained wide applications not only in measurement of genetic diversity and
investigation of population structure, but also in construction of high-resolution genetic
maps (Baird et al., 2008). Kakioka et al. (2013) constructed the first genetic linkage map
of Gnathopogon using a 198 F2 based on 1,622 RAD-tag markers. Genetic linkage maps
also have been produced using RAD sequence data in stickleback (Baird et al., 2008),
rainbow trout (Amish et al., 2012), guppies (Willing et al., 2011) and grouper (You et al.,
2013). Besides, Hohenlohe et al. (2010) investigated whether evolutionary trajectories of
stickleback were repeatable by comparing three independently derived freshwater
populations and two oceanic populations from south Alaska using RAD-seq technique.
Furthermore, the replicate parallel phenotypic evolution in stickleback may be occurring
through extensive, parallel genetic evolution at a genome-wide scale, and the detection of
population admixture and improved identification of hybrid and non-hybridized
individuals using RAD-seq technique (Amish et al., 2012), suggest that the RAD-seq
applicable utility in population genomics and phylogeography.

3.4 Whole Genome Bisulfite Sequencing

Epigenetics is defined as the study of heritable changes in gene expression without a
change in DNA sequence (Bird et al., 2007). In general, epigenetic mechanisms include
DNA methylation, chromatin structure and modification, and untranslated RNAs (Jones et
al., 2002). Of them, DNA methylation is probably the most well researched epigenetic
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marker that involves in multiple biological functions such as genomic imprinting,
X-inactivation and tissue-specific gene expression (Jones et al., 2001). Several methods
have been developed for detection of DNA methylation on a genome-wide scale such as
Amplification of Inter-Methylated Sites (AIMS) method (Frigola et al., 2002), Hpall tiny
fragments Enrichment by Ligation-mediated PCR (HELP) assay (Khulan et al., 2006) and
the chromatin immune-precipitation of methylated fragments (MeDip) (Weber et al., 2005).
Although these methods provide much epigenetic information on a species genome, they
had limited coverage on CpG poor regions and in turn cannot provide a single-base
resolution methylome. With the rapid development of next-generation sequencing
technology drive the sequence price down to a point, a very promising method that is able
to overcome limitations related to accurately quantify DNA methylation at the CpG
resolution on a genome-wide level is Whole Genome Bisulfite Sequencing (WGBS). This
method involves bisulfite conversion of unmethylated cytosines followed by adapter
ligation and whole genome sequencing. It was originally tested on Arabidopsis
thaliana genomic DNA because this species has a relatively small genome size (150 Mb),
which made testing and troubleshooting cost efficient. From 55,805,931 aligned reads
generated by WGBS, 39,113,599 were unique and nonclonal, yielding an average depth of
8.0 read coverage per base for each DNA strand, and overall unique read coverage of
78.5% of all cytosines in the A. thaliana genome with at least two reads (Lister et al.,
2008). Since the first single-base resolution DNA methylomes for A. thaliana constructed,
the other DNA methylomes have been sequenced such as human (Lister et al., 2009),
silkworm (Xiang et al., 2010), mice (Stadler et al., 2011), corn (Gent et al., 2013), and
soybean (Schmitz et al.,, 2013). However, few genome-wide methylation analyses of
teleost species were reported. In fugu, the WGBS result showed that, as other vertebrates,
the methylated cytosine sites in fugu are mainly distributed in CG context and further a
relatively lower methylation level in the upstream of transcript start sites (TSS) was
detected, indicating a negative correlation between methylation level and gene expression
(Zemach et al., 2010). A more recent and high-throughput methylome of zebrafish was
published. They generated nine single-base resolution DNA methylomes, including
zebrafish gametes and early embryos. They found that the oocyte methylome is
significantly hypomethylated compared to sperm and different inherent pattern between
paternal and maternal DNA methylation during early embryogenesis, suggesting that the
sperm DNA methylome is also inherited in zebrafish early embryos (Jiang et al., 2013).
Although the WGBS is now relatively cheaper, it is still difficult to sequence large
numbers of individual samples using this technique, especially for the species with bigger
genome size. As a result, reduced representation bisulfite sequencing (RRBS) was
developed in which 1% of the genome is studied making it possible to investigate large
numbers of individuals at the cost of surveying the entire genome.

3.5 Whole genome sequence on teleost species

As early as 1920, Winkles cast term GENOME from GENes and chromosOMEs with the
description of all genes and chromosomes in one species. In 1986, Thomas Roderick, an
American scientist, puts forward a new concept-Genomics. It is a concept for all genes
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which including genome mapping, nucleotide sequence analysis, gene localization and
analysis of gene function (McKusick, 1997). Since the officially implementation of the
Human Genome Project in the early 1990s, the genomics scientists were trying to sequence
the genome completely of several organisms of important groups. The reason of
sequencing the genome is it provides knowledge of total number of all genes; it shows
relationship between genes; it provides opportunities to exploit the sequence for desired
experimentation, all the genetic information of the organism and acts as an archive of all
genetic information. The genomics revolution ushered in the rapid development of
next-generation sequencing technology recently provides unprecedented opportunities for
non-model species. In a word, the genomic era is now a reality.

For an ever-increasing number of teleost species a complete genome sequence is now
known. The first fish with a completed genome sequence was the pufferfish. The compact
genome of Fugu rubripes has been sequenced to over 95% coverage, and more than 80%
of the assembly is in multigene-sized scaffolds. In this 365-megabase vertebrate genome,
repetitive DNA accounts for less than one-sixth of the sequence, and gene loci occupy
about one-third of the genome (Aparicio et al., 2002). Two years later, another pufferfish
genome was also deciphered (Jaillon et al., 2004). The zebrafish genome-sequencing
project was initiated in 2001. Now the Zv9 assembly version with a total size of 1.412
gigabases (Gb) provides evidence of more than 26,000 protein-coding genes (Howe et al.,
2013). Another model medaka fish was also sequenced in 2007. The genome size of
medaka is 700 Mb, which is less than half of the zebrafish genome. A total of 20,141 genes,
including ~2,900 new genes, were annotated (Kasahara et al., 2007). Threespine
sticklebacks is also a good model for studying the molecular basis of adaptive evolution in
vertebrates and therefore its genome assembly was generated with a length-weighted
median (N50) contig size of 83.2 kb, a length-weighted median (N50) scaffold size of 10.8
Mb and a total gapped size of 463 Mb. 20,787 protein-coding genes were annotated using
the Ensembl pipeline (Jones et al., 2012). Besides, the first non-mode fish (Atlantic cod)
genome was obtained exclusively by 454 sequencing of shotgun and paired-end libraries,
and automated annotation identified 22,154 genes (Star et al., 2011). With the explosion of
next generation sequencing, driving the sequence price down to a point, the non-model
teleost species genome have made encouraging progress within recent years. In particularly
a total of 5 teleost species genome assembly were obtained including sea lamprey (Smith et
al., 2013), tuna (Nakamura et al., 2013), coelacanth (Amemiya et al., 2013), platyfish
(Schartl et al., 2013) and zebrafish (Howe et al., 2013) in 2013. And to date in 2014, there
are already 5 teleost species genome sequence were successful completed. All of them are
considered as economical fish species including tongue sole (Chen et al., 2014), common
carp (Xu et al., 2014), tilapia (Brawand et al., 2014), fugu (Gao et al., 2014), rainbow trout
(Berthelot et al., 2014). Besides, at least 150 teleost species (most of them are economical
fish) genome projects were initiated and some of them have been finished. In short, we can
say that the development of the fish genome sequence has been the transition from model
fish to economically important fish. I believe that in the near future, the vast majority of
economical fish genome will be resolved. Such efforts will benefit to establish a platform
on the level of genome-wide analysis of economically important traits and genome
selection for aquaculture species.
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4. Flatfish species and out targets

Flatfishes, members of the order Pleuronectiformes, comprise a biologically interesting and
commercially important species for fisheries all over the world, with a unique asymmetric
body shape developed as an adaptation to a lifestyle living on the sea bottom. This order
comprises approximately 115 genera and around 700 extant species (i.e. hailihuts,
flounders, soles, turbot, and plaice); the majority of them show a tropical distribution in the
Indo-Pacific region (Sharina and Kartavtsev, 2010). With the general worldwide decline of
wild fishery and an essentially stable wild catch of these fish species, investigation into
producing them in aquaculture has been underway for the last thirty years. Aquaculture of
some flatfish species like Japanese flounder, turbot, tongue sole, Atlantic halibut and
others has now been successfully achieved, although improvements in the efficiency of
production are still needed.

Half-smooth tongue sole (Cynoglossus semilaevis) is a commercially important cultured
marine fish, distributing the coast of Temperate Zone in China. However, it is known that
females grow faster and attain larger size than males. It thus deserves to produce monosex
females’ population in aquaculture using artificial sex control. The methods involved in the
development of monosex require an understanding of the basis of sex determination.
Previously study reveals that the tongue sole possesses a ZZ/ZW genetic sex determination
system with a giant W chromosome. Interestingly, both wild and farmed tongue sole
populations show systematically male-skewed sex ratio, suggesting a phenomenon of sex
reversal in genetic female, although it was defined by exerting the genetic sex
determination (GSD). Among the environmental factors implicated in sex differentiation,
temperature is considered as a major determinant of reproductive activity and growth in
fish (Chen et al., 2009). To date, the tongue sole have been subjected to intensive genetic
studies, including the development of microsatellites (Liao et al, 2007) and
female-specific DNA markers (chen et al., 2012), the characterization of sex-related genes
(Dong et al., 2011), the artificial gynogenesis (Chen et al., 2009) and the construction of
microsatellite linkage maps (Song et al., 2012). Therefore, the coexistence of GSD and
ESD system within the tongue sole, coupled with the availability of its genomic and
genetic information, provides an opportunity to comprehensively investigate the
mechanism of sex determination and differentiation of this species.

Japanese flounder (Paralichthys olivaceus), one of the most desirable and highly priced
marine fish species, is widely cultured along the coast of Northeast Asian countries such as
China, Japan, and Korea. In addition to a booming Chinese market, more than 60,000 tons
of Japanese flounder were artificially produced in Japan and Korea in 2013, making P.
olivaceus one of the most important species in stock enhancement programs in these
countries. With extensive cultivation, however, farming of the Japanese flounder has been
confronted with certain problems, including a high mortality rate as well as a decline in
growth. Recently, a number of genetic studies have been performed on the improvement of
this species. For instances, at least four genetic maps have been constructed using various
types of molecular markers (Coimbra et al., 2003; Kang et al., 2008; Castano-Sanchez et
al., 2010; Song et al., 2012); and as followed, some economical traits were identified, such
as a single major genetic locus associated with /ymphocystis disease resistance (Fuji et al.,
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2006) and its candidate gene TLR2 was identified (Hwang et al., 2011) as well as four
QTLs for growth rate were identified on genetic linkage group (LG) 14 (Song et al., 2012).
To further increase profitability and sustainability while maintaining genetic variability in
the cultured stock, it is urgent to carry out both classic selective breeding and molecular
marker assisted selection.
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Abstract Half-smooth tongue sole (Cynoglossus semilae-
vis) is an increasingly important aquaculture species in
China. It is also a tractable model to study sex chromosome
evolution and to further elucidate the mechanism of sex
determination in teleosts. Two bacterial artificial chromo-
some (BAC) libraries for C. semilaevis, with large, high-
quality inserts and deep coverage, were constructed in the
BamHI and Hindlll sites of the vector pECBACI. The two
libraries contain a total of 55,296 BAC clones arrayed in
144 384-well microtiter plates and correspond to 13.36
haploid genome equivalents. The combined libraries have a
greater than 99% probability of containing any single-copy
sequence. Screening high-density arrays of the libraries
with probes for female-specific markers and sex-related
genes generated between 4—46 primary positive clones per
probe. Thus, the two BAC libraries of C. semilaevis
provided a readily useable platform for genomics research,
illustrated by the isolation of sex determination gene(s).
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Introduction

In contrast to mammals and birds, the sex-determining
systems of fish appear to be at a primitive stage of
evolution and display an amazing diversity, including male
heterogametic, female heterogametic, and temperature-
dependent systems (Matsuda 2003). The more complicated
systems can be polyfactorial, involving multiple gene loci
(Volff et al. 2007). Identification of the master sex-
determining gene, which controls sex-determining mecha-
nisms, should help to elucidate the whole sex determination
cascade in teleosts. In mammals, the sex-determining gene,
SRY, was identified on the human Y chromosome, but no
orthologue of SRY has been found in other non-mammalian
vertebrates (Sinclair et al. 1990). Recently, DMY, the first
sex-determining gene among non-mammalian vertebrates
was identified. DMY is at the top of the sex determination
cascade in the teleost medaka, Oryzias latipes (Matsuda et
al. 2002; Nanda et al. 2002). However, this gene, although
sex-specific in medaka and Oryzias curvinotus, is not the
master sex-determining gene in any other fish tested (Volff
et al. 2003). More importantly, SRY and DMY are male sex-
determining genes, carried on the Y chromosome of the
male heterogametic (XX-XY) sex determination system
(Sinclair et al. 1990; Matsuda et al. 2002). No female sex-
determining gene in teleosts with the ZW heterogametic
sex-determining system has so far been identified. Other
sex-related genes involved in the sex-determining mecha-
nism, such as Sox9 (Yokoi et al. 2002), DMRTI (Marchand
et al. 2000), and P450arom (Kitano et al. 1999; Deng et al.
2009), are also important. Therefore, knowledge of the
relationships between sex-determining genes and sex-
related genes should help us to understand the fundamental
pathways of fish sex determination and also to elucidate the
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conserved mechanisms that operate behind sex determina-
tion in teleosts. Development of sex-specific molecular
markers is an effective way to identify a sex-determining
gene within a chromosome. Recently, male-specific DNA
markers have been isolated and used for genetic sex
identification in salmonids (Devlin et al. 2001; Devlin and
Nagahama 2002). Also, sex-related amplified fragment length
polymorphisms (AFLPs) and microsatellite markers were
identified in the Nile Tilapia (Oreochromis niloticus; Lee et
al. 2003; Ezaz et al. 2004). Two male-specific AFLP markers
were also identified in the three-spined stickleback, Gaster-
osteus aculeatus L. (Griffiths et al. 2000). However, these
species are of XY-type sex determination. Also, other model
fish, such as green spotted pufferfish (Tetraodon nigroviridis)
and zebrafish (Danio rerio), do not appear to be suitable for
performing studies on genetic sex determination because of
the absence of obvious sex-linked markers and heteromorphic
sex chromosomes which can morphologically differentiated
(Li et al. 2002; Schartl 2004).

Half-smooth tongue sole (Cynoglossus semilaevis), with
its pleasant taste and high economic value, is an increas-
ingly important marine fish species in China. In addition, it
has been used as a model to study the sex determination
mechanism. The half-smooth tongue sole has 20 pairs of
euchromosomes and one pair of sex chromosomes (chro-
mosomes Z and W) (Zhou et al. 2005). More importantly,
the ZW sex-determining system of C. semilaevis is
confirmed by the presence of WW individuals in artificial
gynogenetic embryos (Chen et al. 2009). Seven female-
specific AFLP markers have been isolated from the half-
smooth tongue sole (Chen et al. 2007) and gynogenetic
stocks of C. semilaevis have been developed (Chen et al.
2009). Thus, the half-smooth tongue sole not only has
commercial value but is also an ideal model for the
isolation of sex-determining gene(s) and for the elucida-
tion of the mechanism of sex determination in teleosts.
Positional cloning of sex-linked genes and genetic
studies of C. semilaevis will be necessary to further
understand the sex determination mechanism of this
species and to develop molecular-assisted breeding pro-
grams. Recently, significant efforts have been made in
half-smooth tongue sole genetics research to develop
female-specific DNA markers (Chen et al. 2007), to
characterize sex-related genes (Deng and Chen 2009), to
develop molecular marker-assisted sex control (Chen et al.
2008), and to construct a genetic linkage map (Liao et al.
2009). In addition, a fosmid library of half-smooth tongue
sole has been constructed with an average insert size of
39 kb, covering 3.23x haploid genome equivalents (Wang
et al. 2009). However, this library may not be sufficient
for positional cloning, genome physical map construction,
and large-scale genome sequencing because of its rela-
tively small insert size and low genome coverage.

Bacterial artificial chromosome (BAC) library are widely
used in many areas of genomics and genetics research,
including positional cloning (Zhang et al. 2008), integrative
physical and genetic mapping (Xu et al. 2007), region-
targeted marker development (Xu et al. 2006), and
comparative genome analysis (Wang et al. 2007). Recently,
the BAC libraries of some important fishes have been
developed such as Japanese flounder (Paralichthys oliva-
ceus), medaka (O. latipes), rainbow trout (Oncorhynchus
mykiss), carp (Cyprinus carpio), tilapia (O. niloticus),
platyfish (Xiphophorus maculatus), sea bream (Pagrus
major), channel catfish (Ictalurus punctatus), cichlid
(Haplochromis chilotes), Atlantic salmon (Salmo salar),
European sea bass (Dicentrarchus labrax), threespine
stickleback (G. aculeatus), swordtail fish (Xiphophorus
helleri), and zebrafish (Takayuki et al. 2000; Matsuda et al.
2001; Katagiri et al. 2001; Katagiri et al. 2002; Froschauer
et al. 2002; Quiniou et al. 2003; Masakatsu et al. 2003;
Thorsen et al. 2005; Whitaker et al. 2006; http://bacpac.
chori.org/home.htm). However, no BAC libraries have been
previously constructed for half-smooth tongue sole. Thus,
we have constructed two BAC genomic libraries from the
genomic DNA of female half-smooth tongue sole. BAC
clones which contained a candidate master sex-determining
gene or sex-related genes were identified by hybridization
screening. These two BAC libraries provide sufficient clone
resources for comprehensive genome research, physical
map development, and positional gene cloning in C.
semilaevis. More importantly, in comparison to the other
fish species that have been used to study mechanisms of sex
determination, the half-smooth tongue sole has well-defined
sex chromosomes, with sex-linked molecular markers
allowing the positional cloning of the master sex-
determining gene. Thus, half-smooth tongue sole will
probably contribute considerably to our understanding of
the molecular and evolutionary mechanisms driving the
variability of sex determination in fish.

Results and Discussion
Sex Identification

Three fish were initially determined as females based on
morphological examination. Following sacrifice, routine
histology also showed that the gonads of the three selected
fish were ovaries containing of oocytes and not testis
containing spermatocytes (Fig. 1). However, the approaches
used above only identify the phenotypic sex in C. semi-
laevis. Since C. semilaevis can undergo the natural
phenomenon of sex-reversal, it was necessary to use a
female-specific AFLP marker (CseF783) to determine the
genetic sex of the selected fish (Chen et al. 2007). The three
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Fig. 1 Routine histology of the gonads. C is the control male testis and S/—S3 are the ovaries of the three female samples. White arrowhead
indicates the spermatocytes and black arrowheads indicate the oocytes. Bar=5 pm

sample fish, identified morphologically as female, along
with a female control produced a 749 bp band when
screened with the female-specific marker, as shown in
Fig. 2. This band was absent from the male control fish.
The three individuals that were phenotypically and genet-
ically identified as females were used for BAC library
construction.

Genome Size Estimation

To calculate the coverage of the BAC library, the genome
size of the half-smooth tongue sole was estimated by flow
cytometry. Flow cytometry is a well-established method for
nuclear DNA content analysis and characterization (Peruzzi
et al. 2005). The DNA content (C value) defined as the
amount of DNA per haploid nucleus is a fundamental
parameter of genomics studies. The C values of the three
half-smooth tongue sole individuals were 0.6462, 0.6541,
and 0.6228 pg, respectively (Fig. 3). The mean nuclear
DNA content (C value) of female C. semilaevis was
0.6410 pg. Using the conversion factor of 1 pg=978 Mb
(Dolezel et al. 2003), the genome size of the half-smooth
tongue sole is estimated to be 626.9 Mb. This is consistent
with a previous report of 606.4 Mb (Wang et al. 2009). In
comparison to the genome sizes of the other 33 flatfish
species (0.39-1.10 pg) (Wang et al. 2009), the half-smooth

Fig. 2 Genetic sex determination of half-smooth tongue sole fish
using a female-specific marker (CseF783). Female (?) and male (&)
controls are indicated. S7/—S3 are experimental samples. M is DNA
ladder DL2000 (TaKaRa)

@ Springer

tongue sole has a relatively small genome size which is
advantageous for genomic studies.

BAC Library Construction and Characterization

Two BAC libraries were constructed from the nuclear DNA
of female C. semilaevis in the BAC vector pECBACI. The
library constructed by BamHI partial digestion consists of
15,360 clones. The other library, constructed by HindlIll
partial digestion, consists of 39,936 clones (Table 1). To
evaluate the quality of the BAC libraries, 100 BAC clones
were randomly picked from each of the two libraries, and
their plasmids were isolated. After digestion with Notl and
separation of the fragments by pulsed-field gel electropho-
resis (PFGE), it was possible to resolve the vector DNA
band (7.5 kb) and one or more bands of insert DNA,
depending on the number of Notl sites in the cloned insert.
The size of each clone was estimated manually using a
standard pulsed-field DNA size marker (New England
Biolabs, Low Range Marker) as a reference. The average
insert size was 160.0 kb for the BamHI library, with inserts
ranging from 60 to 295 kb and 155.0 kb for the Hindlll
library, with inserts ranging from 45 to 280 kb (Fig. 4). The
very large average insert size increases the probability of
obtaining complete gene sequences within a single BAC
clone and will be beneficial for physical mapping (Thorsen
et al. 2005). Ninety-nine BamHI and 96 Hindlll BACs
contained inserts and only one BamHI (1%) and four
HindIl (4%) BACs had no inserts. The low frequency of
non-insert clones will increase the efficiency of transfor-
mation and reduce the costs of library storage and
utilization. The insert size distribution fits well with the
size of the DNA fragments that were used in the cloning
procedure. The majority of DNA inserts fell into the 120
to180 kb range, and only 5% of DNA inserts were less than
100 kb (Fig. 5). The two BAC libraries consisted of 55,296
clones with an average insert size of 156.4 kb, which were
manually arrayed into 144 384-well plates. Based on a
genome size of 626.9 Mb, the two libraries together provide
13.36 haploid genome equivalents, and they will enable the
isolation of clones containing virtually any gene of interest.



Mar Biotechnol (2010) 12:558-568

561

Counts

120 240 360 480 600

Counts
120 240 360 480 600

0
0

0 50 100 150 200 250

FL2-A FL2-A

Fig. 3 Flow cytometric analysis of DNA content of C. semilaevis
erythrocytes (S/—S3) and standard chicken erythrocytes (C). DNA
values are reported in arbitrary units expressed as fluorescence
channel numbers (FL2-area). The channel number of the control is
58.57. The channel numbers of the samples S/-S3 are 30.28, 30.65,

Also, we tested the stability of the BAC clones by
continuously growing eight random clones for 5 days,
followed by analyzing the restriction patterns of the DNA
of the culture cells on a pulsed-field agarose gel (Fig. 6).
Identical restriction patterns were observed between the
DNAs of all eight clones isolated from the day 1 and day 5
cultures, indicating that the clones of the libraries are stable
in the bacterial host for at least 100 generations. Moreover,
since the two libraries were developed using two different
restriction enzymes with non-complementary recognition
sites (Hindlll is AT-rich and BamHI is GC-rich), it is
expected that the genome coverage of these combined
libraries will be more representative of the half-smooth
tongue sole genome than the coverage based on a library
constructed with a single enzyme. This is especially
important for the development of physical maps using the
libraries (Chang et al. 2001); in the near future, map-based
cloning may become a reality in C. semilaevis.

BAC Library Screening

To isolate the master sex-determining gene and other sex-
related genes, we screened the two BAC libraries with ten
overgo (overlapping oligonucleotides) probes (Table 2).
Five of the ten probes (O-cyse01-05) are female-specific
and were designed from genomic DNA sequence; the other
probes (O-cyse06-10) were designed from either 3' UTR or
coding sequences of the sex-related genes. High-density

Table 1 Summary of the two-tongue sole BAC libraries

S1

Counts
120 240 360 480 600

0 50 100 150 200 250

S3

Counts

120 240 360 480 600

0
0

50 100 150 200 250
FL2-A

0 50 100 150 200 250 0
FL2-A

and 29.18, respectively. Thus, the DNA content (C value) of each
sample is 0.6462, 0.6541, and 0.6228 pg, respectively, following the
formula C=(CnS/CnC)x1.25. (CnS is the channel number of sample;
CnC is the channel number of the control; the C value of chicken
erythrocytes is 1.25)

filters representing the two half-smooth tongue sole BAC
libraries were screened with two sets of five-pooled probes,
resulting in the identification of 454 putative positive clones.
This demonstrated the feasibility of our screening strategy
using overgo probes and hybridization (Fig. 7). To identify
the correspondence between clones and individual probes, a
second hybridization experiment was performed for each
probe individually with new nylon filters containing all 454
clones. Of the 454 BAC clones identified in the primary
screen, 226 were verified in these secondary screening
experiments. The remaining 228 clones were not positive
clones because weak signals were also identified as positive
clones in the first hybridization.

Each sex-related gene probe identified an average of
15.2 positive clones (ranging from four to 25), with a total
of 76 positive BAC clones for the five gene probes. Taking
into consideration empty insert rate, the mean number of
positive clones per sex-related gene probe is consistent with
the library coverage (13.36 % genome equivalents; Table 3).
However, an average of 30 positive clones were identified
for each female-specific probe (ranging from 15 to 46),
which is almost two times higher than expected for single-
copy genes (Table 3). This can be explained if the half-
smooth tongue sole genome contains multiple copies of the
female-specific sequences. However, this observation could
also result from uneven distribution of restriction enzyme
sites along the genome and/or unbalanced coverage of the
two libraries. Further screening of the libraries with a large

Library name Clone Restriction Total Total Insert-empty Average insert Genome
vector enzyme used plates clones clones (%) size (kb) coverage
BamHI library pECBACI BamHI 40 15,360 <1 160 3.88x
Hindll library pECBACI1 Hindlll 104 39,936 <4 155 9.48x%
Combined library 144 55,296 <32 156.4 13.36%
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Fig. 4 Insert size analysis of the
Hindlll C. semilaevis BAC -
library. DNA was extracted from
randomly selected clones and
digested with Notl to release the
vector (the 7.5 kb band). The
first and last lanes (M) are
mid-range Il PFG markers and
the lanes between the markers
are the Notl digested BAC
DNAs

number of single-copy sequences will be needed to
accurately estimate the overall genome coverage of the
libraries (Tao et al. 2001). Furthermore, a possible over-
estimation of the genome size and an under-estimation of
the insert size may also partly account for the lower genome
coverage estimated by screening with the overgo probes.
We found that seven true-positive clones [Bam017M07
(CseF382 and CseF783), Bam021MO07 (CseF382 and
CseF464), Bam024M04 (CseF382 and CseF783),
Bam010B01 (CseF305 and CseF464), Bam038J11 (CseF136
and CseF464), Hind012D10 (CseF382 and CseF136), and
Hind027L15 (CseF382 and CseF464)] contained two female-
specific sequences. Two sex-related genes (P450B and
Dmrtla) were identified in one positive clone (Hind015C15).
This further explained the imbalance between the coverage
and the number of positive clones. The location of more than
one gene of interest will also make physical mapping feasible.
Further analysis of the true-positive clones that contain
female-specific sequences and sex-related genes will help us

10
= mBanHl ——

3 OHindIII

30

2%

20

(%) 4douonbaij 2sa131R[0Yy

<100 101-120 121-140 141-160 161-180 181-200 >200
Insert size (kb)

Fig. 5 Insert size distribution in the two C. semilaevis BAC libraries.
The black histogram (filled square) represents the BamHI library,
which has an average insert size of 160 kb. The white histogram (open
square) represents the Hindlll library, which has an average insert size
of 155 kb. The average insert size of the combined library was
156.4 kb
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to identify the female sex-determining gene and to understand
the mechanism of sex determination in C. semilaevis.

Materials and Methods
Fish and Sample Collection

Three half-smooth tongue sole individuals with an average
weight of 2-2.5 kg were collected from a commercial
hatchery (Laizhou Mingbo Aquatic Co., Laizhou City,
China). Blood was taken from the individuals using sterile
syringes, which had been pre-prepared with anticoagulant
solution (0.5 M EDTA, pH 8.0). Blood cells were stored at

Fig. 6 Stability detection of the half-smooth tongue sole BAC clones.
Clones having insert size of 150 kb or larger were selected, grown
continuously for 5 days, and analyzed by restriction digestion with
Hindlll. M lambda ladder PFG marker, /-8 restricted patterns of the
DNA isolated from day 1 cells; and 1'-8': restricted patterns of the
DNA isolated from day 5 cells
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Table 2 Description of the ten overgo probes from sex-specific AFLP markers or sex-related genes

Probe GenBank Sex-specific AFLP Input sequence GC content Left (L)and right (R) primer sequence
designation accession markers and sex-related region for overgo (%)/Tm (°C)
number genes design
O-cyse01 DQ487760 CseF382 Genomic DNA 52.6% L:AATTCACTGACCCCTGAGAGCGG
68.7°C R:AACTGCCTAACTTCGCCGCTCTC
O-cyse02 EU430410 CseF136 Genomic DNA 55.3% L:GGGTGGAGACCTAGTTAGTGCCT
68.4°C R:AAAAGCCCGGGTAGAAGGCACTA
O-cyse03 EU430411 CseF305 Genomic DNA 57.9% L:GACTGCGTACCAATTCACCACCTTC
69.2°C R:GATTTTTTCCTTCTCTGGAAGGTGG
O-cyse04 EU430412 CseF464 Genomic DNA 52.6% L:GCTGCACCTCTAGACTTATCCCA
67.4°C R:TGGCAGGGAAAAGAGTGGGATAA
O-cyse05 EU430413 CseF783 Genomic DNA 48.7% L:GTTTAGAGTGCGGACCGTAGAC
65.1°C R:GAAGTGTAGTTGGCATGTCTACGG
O-cyse06 EU070762 Sox9 Coding sequence 52.6% L:TACGCGTGAACGGATCTACGAAG
67.2°C R:GACGTGAGGCTTGTTCTTCGTAG
O-cyse07 EU070763 Sox10 3" UTR 50.0% L:ACCAGAACAAGACTGCAGCGAAG
67.7°C R:TGGTTGACACACTGACTTCGCTG
O-cyse08 EF198239 P450B 3" UTR 46.3% L:CATGTTGAAGTGTCTGGACAACATC
66.4°C R:CAATTGACCCATGTTCCGATGTTGT
O-cyse09 EF134716 P450A 3' UTR 46.3% L:AGGTAATTGGCAGCACGCTGTTGA
66.5°C R:GGTTTGTAGCGTCATTATCAACAGC
O-cysel0 EU070761 Dmrtla 3' UTR 45.2% L:CTAGTCTGGATGTTGTTCATAGTCA
64.3°C R:GGCTGGGGTGAGAATATTGACTATG

4°C for use in the estimation of genome size and for the
preparation of high-molecular-weight DNA. Muscle tissue
of the three fish was dissected and stored at —80°C for
DNA isolation. The preserved DNA of the control male and
female which had been identified by histological gonad
analysis were stored at —80°C in our laboratory.

Sexing of Fish by Histological Gonad Analysis
and Female-Specific AFLP Marker Typing

All fish were first sexed by macroscopic examination of the
gonads. Gonads were fixed in Bouin’s fixative for 12 h and

Fig. 7 Example of positive
clones identified from the
libraries using overgo probes. .
a Positive clones are indicated v
by double hybridization signals

because each clone was double-

spotted on the filter in first '5
hybridization. b One-spotted

positive clones in second hy- ;
bridization. Arrows showed the /
double-spotted and one-spotted
positive clones

were sexed using routine histological procedures, including
hematoxylin—cosin staining. To further confirm the sex, the
DNAs of the three fish were extracted from muscle tissue
using a standard proteinase K digestion, phenol-chloroform
extraction, and RNase treatment protocol (Liao et al. 2007,
Shao et al. 2008). Genetic sex identification was performed
using a female-specific AFLP marker, as previously
described (Chen et al. 2007). A pair of female-specific
polymerase chain reaction (PCR) primers (CseF783F: 5’
TGATGACACAGGATACGTCTGC3' and CseF783R: 5’
TCTGTGGCACTTAGTGGGATGT3') was used for PCR.
A female-specific DNA band of 749 bp was amplified from

op i iedd K.
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Table 3 The results of the tongue sole BAC libraries screening with sex-related gene probes and sex-specific AFLP marker probes

Sex-related genes and
sex-specific AFLP markers

Number
of hits

Clone positions in the library

Sox9

Sox10

P450B

P450A

Dmrtla

CseF382

CseF464

CseF783

CseF305

CseF136

18

20

25

27

38

46

24

BamO008L0O1, Bam010I18, Bam017P21

Hind002102, Hind015G24, Hind019F 14, Hind022H05, Hind023B04, Hind049N05
Hind062E01, Hind066C11, Hind066P10, Hind069H02, Hind081K03, Hind094DO01
Hind094P14, Hind096A06, Hind102A07

Bam001E21, Bam010M09, Bam015L02, Bam026J06, Bam027B07, Bam029D05
Bam030K 18, Bam034G03, Bam037E24

Hind007N14, Hind008P03, Hind009C06, Hind013E24, Hind021F08, Hind033H17
Hind047P03, Hind049A09, Hind075M09, Hind077K05, Hind099MO1

Bam007C16, Bam014L03, Bam021A04, Bam039D20

Hind001N04, Hind005D07, Hind007103, Hind012E04, Hind012G22, Hind015C15%
Hind016N14, Hind027A23, Hind031D16, Hind035G19, Hind042K08, Hind050007
Hind051G19, Hind054P07

Hind056H03, Hind062021, Hind063L03, Hind066D13, Hind067G04, Hind070C16
Hind085B23

Bam002D14, Bam023G20

Hind025N15, Hind085M14

Bam015H22, Bam018D20

Hind003024, Hind004B04, Hind015C15% Hind016K22, Hind076G15, Hind079P02
Hind82P06

Bam010C18, Bam013H14, Bam017M07°, Bam021M07°, Bam021G14
*Bam024M04, Bam029B14, Bam030C23

Hind005A11, Hind011L12,Hind012D10°, Hind017H20, Hind021102, Hind022E18
Hind025J17, Hind027L15°, Hind036K02, Hind037D16, Hind059D22, Hind059G18
Hind060C14, Hind066J22, Hind082K04, Hind089C15, Hind093J11, Hind098D08
Hind100K 18

Bam002C20, Bam010B01°, Bam010D19, Bam019L05, Bam020N17, Bam021M07°
Bam025103, Bam027119, Bam028A02, Bam028D22, Bam030H17, Bam035P03
Bam038J11°

Hind010N04, Hind012E04, Hind014B05, Hind017N07, Hind020M 14, Hind022G03
Hind027L15°, Hind034C07, Hind036D22, Hind036G01, Hind042H20, Hind043N14
Hind046E14, Hind054N21, Hind064F06, Hind074B16, Hind078P13, Hind081J24
Hind082H18, Hind084F21, Hind087014, Hind088E03, Hind094K01

Bam006M 12, Bam009P14, Bam011B08, Bam017M07°, Bam024M04°, Bam032B07
Bam034D12, Bam038106

Hind001F06, Hind004K09, Hind010C04, Hind014K24, Hind022J15, Hind024C04
Hind025013, Hind028H15, Hind029G14, Hind031L03, Hind032B19, Hind032J20
Hind034C02, Hind034N18, Hind035B10, Hind036D15, Hind036J04, Hind039E13
Hind041K19, Hind048H09, Hind048E04, Hind055F08, Hind056M 14, Hind057J06
Hind059120, Hind061E24, Hind061P12, Hind069A02, Hind074C23, Hind074P07
Hind078J07, Hind079A17, Hind088J07, Hind089B18, Hind091F23, Hind094G15
Hind097F07, Hind099MO06, Hind102C15

Bam006M04, Bam007H11, Bam008B21, Bam010B01°, Bam016N21, Bam032P24
Hind002G19, Hind007E07, Hind012B21, Hind012J22, Hind029014, Hind036J04
Hind044P04, Hind047G17, Hind048C16, Hind050C04, Hind063H07, Hind063F11
Hind066F11, Hind069C07, Hind076N11, Hind082E09, Hind084C23, Hind095H15
Bam001M20, Bam008L12, Bam016D04, Bam019H09, Bam037006, Bam038J11°
Hind005G01, Hind012D10°, Hind018A20, Hind022G03, Hind025D04, Hind026P03
Hind060C21, Hind092B12, Hind104P14°

?Indicated that two sex-related genes (P450B and Dmrtla) were identified in one positive clone (Hind015C15)

® Indicated that seven true-positive clones [Bam017M07 (CseF382 and CseF783), Bam021MO07 (CseF382 and CseF464), Bam024M04 (CseF382
and CseF783), Bam010B01 (CseF305 and CseF464), Bam038J11 (CseF136 and CseF464), Hind012D10 (CseF382 and CseF136), and
Hind027L15 (CseF382 and CseF464)] contained two female-specific sequences
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DNA of female individuals while no 749 bp band was
amplified from DNA of male individuals.

Estimation of the Half-Smooth Tongue Sole Genome Size

Blood samples were prepared for propidium iodide flow
cytometric analysis as described by Tiersch et al. (1989).
Fresh chicken blood was used as an external reference. The
blood cells were washed three times and then diluted to 10°
cells per milliliter using phosphate buffered saline (PBS)
(0.8% NaCl, 0.02% KCIl, 0.144% Na,HPO,, and 0.024%
KH,POy4, pH 7.4). The samples were suspended in 0.5 ml
of 50 mg/L propidium iodide solution, containing 25 ul
RNAase (1.0 mg/ml), 0.1% sodium citrate, and 0.1% Triton
X 100. After mixing, the samples were filtered through a
20-um nylon mesh and analyzed within 15 min by flow
cytometry. The mean DNA content of at least 10° cells per
sample was measured with a FACScan Flow Cytometer
(Becton Dickinson) and is reported in arbitrary units
expressed as fluorescence channel numbers (FL2-area).

Preparation of High-Molecular-Weight DNA

High-molecular-weight DNA was prepared according to
Zhang et al. (1995), with minor modifications (Zhang et al.
2009). Five milliliters of the stored blood was transferred to
two 50 ml conical screw-cap polypropylene tubes and three
volumes of ice-cold PBS were added to each tube and mixed
gently, followed by centrifugation at 1,500 g for 20 min. The
cell pellet was washed an additional three times with ice-cold
PBS under the same conditions. The cell pellet was
resuspended and diluted to 1x10%cells/ml with PBS. The
cell suspension was immediately mixed with an equal
volume of pre-warmed (50°C) 1% low melting point
(LMP) agarose in PBS. The cell/molten agarose mixture
was pipetted into100-ul plug molds (Biorad), and plug molds
were incubated at 4°C for 15 min to solidify the agarose. The
final agarose concentration was 0.5%, and the cell concentra-
tion was 5x107/ml. The cells embedded in the LMP agarose
plugs were lysed by incubation in lysis buffer (0.5 M EDTA;
pH 9.0-9.3, 1% sodium lauryl sarcosine, and 0.3 mg/ml
proteinase K) for 24 h at 50°C with gentle rotation. Plugs
were washed three times in Tris-EDTA (TE) buffer (10 mM
Tris HCI, 1 mM EDTA, pH 8.0) containing 40 mg/ml
phenylmethylsulfonyl fluoride (PMSF) for 30 min at room
temperature, and then the plugs were washed three times in
ice-cold TE buffer for 30 min to remove PMSF. Plugs were
stored in 0.5 M EDTA (pH 9.0-9.3) at 4°C.

Construction of the Half-smooth Tongue Sole BAC Library

The construction of the BAC library was performed as
described by Zhang and Wu (2001) and Ren et al. (2005).

Briefly, prior to partial digestion with BamHI or Hindlll,
the DNA plugs were washed three times (1 h each time) in
10-20 volumes of ice-cold TE buffer. Each plug was cut
into nine smaller pieces approximately equal in size, and
these were incubated in incubation buffer [1x React buffer
(Gibco BRL, Grand Island, NY) and 2 mM spermidine,
I mM DTT (dithiothreitol), and 0.2 mg/ml bovine serum
albumin] on ice for 1 h. Three pieces of the plug were
transferred into 170 ul digestion buffer with various
concentrations of BamHI or Hindlll, and reactions were
incubated on ice for an additional 1.5 h. The reactions were
transferred to a 37°C water bath, incubated for exactly
8 min, then a 1/10 volume of 0.5 M EDTA pH 8.0 was
added to the tubes to stop the reactions. The partially
digested samples were resolved on 1% agarose gels run in
0.5xtris borate EDTA buffer (TBE) buffer by PFGE at
6 V/cm, 12.5°C with 50 s switch times, and a linear ramp,
for 18 h. Optimum enzyme concentration was determined
by visualizing maximum fragment concentration in the 100
to 400 kb range. Based on these pre-determined enzyme
concentrations, eight plugs were treated as described above
for large-scale partial digestions. Digestions were separated
on a 1% LMP agarose gels in 0.5x TBE buffer with the
following PFGE conditions, 6 V/em, 12.5°C with a 90 s
switch time for 9 h, followed by 4 V/cm, and 12.5°C with a
5 s switch time for 7 h. Markers on the gel were stained for
visualization. The gel region containing 100 to 400 kb
DNA fragments was collected, and the DNA fragments
were recovered from the agarose gel slices by electroelution
in dialysis tubing (Spectra/Pro Dialysis 7, Spectrum
Laboratories Inc.) at 6 V/cm, 12.5°C, and a 35 s switch
time in 0.5x TBE for 4 h, followed by reversing the polarity
of the current for 60 s. The DNA was gently collected with
a wide-bore pipette tip, and then a second round of size
selection was applied to the collected DNA fragments to
further purify the desired size of DNA fragments and to
purge small trapped fragments. Electrophoresis parameters
were set to 4 V/em, 12.5°C, and a 5 s switch time for 8 h. In
the second size selection gel, the gel containing the size
fraction larger than 150 kb was excised and recovered by
electroelution, as above. The eluted DNA fragments were
dialyzed in the same tubing against 0.5% TE for at least 3 h
at 4°C with a change of TE every hour.

The concentration of the insert DNA was checked on a
conventional 1% agarose gel using known concentrations of
lambda DNA as a standard. DNA fractions were ligated into
the BamHI or Hindlll sites of pECBACI at 16°C overnight
in a total volume of 100 pl with a vector: insert ratio of 5:1.
Then 1.5 pl of the ligated DNA was electroporated into
20 uL of Escherichia coli DHI10B competent cells. The
electroporation procedure was carried out on a Cell Porator
and Voltage Booster System (Gibco BRL) at 350 V, 330 puF
capacitance, low ohm impedance, and fast charge rate, and
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the Voltage Booster was set at 4,000 €2. Electroporated cells
were immediately diluted in 1 ml of SOC medium and
incubated at 37°C for 1 h with shaking at 200 rpm and then
plated on Luria-Bertani (LB) agar medium containing
12.5 pg/ul chloramphenicol, 0.55 mM IPTG, and 80 pg/ml
X-Gal, followed by incubation at 37°C for 24 h.

The average insert size of white clones from each
ligation was determined by analyzing 50 to 100 random
BAC clones. The ligations that gave 600 white clones per
ligation transformation with the largest insert sizes were
chosen for the construction of the libraries and were
transformed into DH10B competent cells as above. White
colonies were picked into 384-well microtiter plates
containing 65 ul of freezing medium in each well (Zhang
et al. 1996). After incubation overnight at 37°C, the
microtiter plates were frozen and stored at —80°C. From
the original copy of the BAC library, two more copies were
reproduced and stored separately.

Characterization of the Half-Smooth Tongue Sole
BAC Library

To check the insert sizes of the clones, randomly selected
white colonies were inoculated into 5 ml LB broth
containing chloramphenicol (12.5 pg/ml) and grown
overnight at 37°C with agitation at 250 rpm. Cells were
harvested, and DNA was isolated using the alkaline lysis
method, as described by Zhang and Wu (2001). For insert
size estimation, 8 pl of BAC DNA was incubated at 37°C
for 3 h with 0.2 U of Nofl enzymes in a 40-ul reaction to
release the insert DNA from the vector. The Nofl digested
BAC DNA was separated on a 1% agarose gel by pulsed-
field gel electrophoresis with the following parameters, 5 to
15 s switch time at 6 V/cm, and 12.5°C in 0.5% TBE buffer
for 16 h. The gel was stained with ethidium bromide,
distained in water for 30 min, and photographed.

To examine the stability of half-smooth tongue sole
insert DNA in the vector pECBACI, eight selected BAC
clones that had insert sizes larger than 150 kb were each
inoculated into 5 ml LB medium containing 12.5 pg/ml
chloramphenicol and cultured at 37°C with 250 rpm
shaking overnight. Then, 1 ul of the overnight culture
was inoculated in another 5 ml LB medium overnight at
same growth condition. Serial cultures were made contin-
uously for 5 days, approximately 100 generations for E.
coli. BAC DNAs were isolated from day 1 and day 5
cultures, digested by Hindlll, and analyzed by electropho-
resis on 1% CHEF gel as above (Tao and Zhang 1998).

BAC Library Screening with Overgo Probes

To further validate the genome coverage and to assess the
quality of the BAC library, 55,296 BAC clones were
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gridded at high density onto 22.5x22.5 cm Hybond XL+
membrane filters (Amersham, Piscataway, NJ) using the
GeneTAC G3 Robotic Workstation (Genomic Solutions,
Inc., USA). Each clone was double-spotted in 4 x4 arrays,
thereby allowing representation of 18,432 different clones
per filter. Thus, the whole library was represented by three
filters. The filters were placed on LB media supplemented
with 12.5 mg/L of chloramphenicol and incubated over-
night at 37°C. The filters were then soaked in 10% SDS for
4 min, in denaturing solution for 5 min, in neutralizing
solution for 5 min, and then in 2x SSC, 0.1% SDS for
5 min, in 2x SSC for 5 min, soaked in 0.4 N NaOH for
20 min, rinsed in 5x SSC, 0.1% SDS for 20 min, in 2x SSC
for 10 min, and air-dried overnight and stored at 4°C. Then,
two sets of five-pooled overgo probes each were labeled
with *?P, hybridized to the high-density filters at 56°C and
subsequently washed using the overgo hybridization proto-
col (Zhang 2003). The filters were then exposed to X-ray
film for 1-3 days, depending on the strength of their
hybridization signals. The putative positive clones were
rearrayed into a small sublibrary, and filters were prepared
using this sublibrary. The sublibrary filters were hybridized
as above with individual probes to correlate the positive
clones with the individual probes.
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Characterization of the cypl9ala gene from a BAC sequence in half-smooth

tongue sole and analysis of its conservation among teleosts

Abstract

The cypl9ala gene encoding the aromatase plays a key role in sex differentiation of
gonad. We report here the first BAC sequence of half-smooth tongue sole
(Cynoglossus semilaevis) containing intact cyp/9ala gene, and characterization of the
common conservation of cyp/9ala gene as well as comparison of the gene synteny
among teleosts. The BAC is 107,367 bp in size with an overall GC content of 43.44%
and transposable elements of 4.38%. A total of 9 genes including 7 functional genes
and 2 hypothetical genes were predicted. The cypl9ala gene of all tested teleosts has
9 exons and 8 introns, and some conserved potential binding sites flanking the
transcriptional start site. The expression pattern was also similar during the ovarian
differentiation. Besides, gene syntenic analysis reveals a conserved gene cluster
PKH4B-SL9A45-FHOD3-CEBPG-CEBPA among teleosts. These findings suggest that
cypl9ala among teleosts are not only similar in the genomic structure but also
conserved in function, even though the genomic environment of cyp/9ala in tongue
sole is not universal in teleosts, reflecting the special evolution of tongue sole
cypl9ala after the split of the other teleosts.
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BAC; Cyp19ala; Conservation; Gene synteny; Half-smooth tongue sole



Introduction

Cytochrome P450 aromatase (P450arom) is a terminal enzyme of the aromatase
complex that catalyzes the synthesis of androgen to estrogen, which are generally
regarded as exogenous hormone responsible for reproductive physiology in vertebrate,
especially sex determination and differentiation in teleosts. For instance, inhibiting
aromatase activity can result in various degrees of masculinization including complete
phenotypic and functional males in some teleost fishes, such as Chinook salmon
Oncorhynchus tshawytscha (Piferrer et al. 1994), Nile tilapia Oreochromis niloticus,
rainbow trout Oncorhynchus mykiss (Guiguen et al. 1999), Japanese flounder
Paralichthys olivaceus (Kitano et al. 2000), and zebrafish Danio rerio (Uchida et al.
2004). Thus, P450 aromatase is considered to be a key steroid and aromatase for
ovarian differentiation and sex reversal occurred at the critical developmental stage of
some teleost species.

The cypl9 gene encoding P450arom is believed to occur as a single copy in the
genome of most mammals and the tissue-specific expression was achieved by
alternative splicing and/or different promoter usage in these species (Simpson et al.
1993). In human, for example, a single cyp/9 gene locates on the chromosome 15,
containing 9 coding exons and 1 noncoding exon. The multiple tissue-specific first
exons in human cypl/9 give birth to different transcripts in various tissues and
responsible for the tissue specific expression (Mendelson et al. 1987; Simpson et al.
1993). By contrast, most teleost species have two separate and distinctive genes,

designated cypl9ala and cypl9alb, resulting from the fish-specific genome



duplication (FSGD) (Callard and Tchoudakova 1997). The cypl9ala gene encodes
the P450aromA was predominantly present in gonad while the other is mostly brain
specific gene encoding P450aromB. Besides, for most teleost species, the initiation
codon of cypl9ala was located in the exon 1 (Chang et al. 2005; Galay-Burgos et al.
2006; Kanda et al. 2006; Zhang et al. 2008), whereas the start codon was resided in
the exon 2 for cypl9alb, which is consistent with the organization of the mammalian
cypl9 gene (Chang et al. 2005; Dalla Valle et al. 2005). Both of cyp/9 genes have
different tissue specificities, expression pattern, enzymatic activities and regulation
modes, as reported in zebrafish, Danio rerio (Kishida and Callard 2001; Trant et al.
2001); European sea bass, Dicentrarchus labrax (Blazquez and Piferrer 2004); Nile
tilapia, Oreochromis niloticus (Chang et al. 2005); Atlantic halibut, Hippoglossus
hippoglossus (Matsuoka et al. 2006; van Nes et al. 2005); common carp, Cyprinus
carpio (Barney et al. 2008); red-spotted grouper, Epinephelus akaara (Huang et al.
2009); yellowtail clownfish, Amphiprion clarkii (Kobayashi et al. 2010) and catfish,
Clarias gariepinus (Sridevi et al. 2012). A detailed example of existence of two cypl9
genes was first reported in goldfish. Cypl9alb was discovered as a 3 kb transcript in
brain with a high abundance by hybridation while a 1.9 kb ¢cDNA encoding the
cypl9ala was isolated through a stepwise PCR cloning strategy in goldfish. These
two genes have only 62% identity, which is evidently less than identity of cypl/9ala
between goldfish and other teleosts (68%-72%), but presumptive functional domains
are highly conserved (Tchoudakova and Callard 1998).

In half-smooth tongue sole (Cynoglossus semilaevis), as in other teleost species, the



cypl9 gene also has two isoforms encoding brain and gonadal aromatases,
respectively (Deng et al. 2009a). The tongue sole has a distinct trait that the female
grow two to four times faster than males; and more important the natural population
exhibits the skewed sex ratios with almost 70% offspring being male due to the
spontaneously sex reversal (Ji et al. 2010). It is undesirable for aquaculture that the
high ratio of male can result in overall reduction of output and thus leads to heavy
economic loss. Although the tongue sole employs a ZW/ZZ system of genetic sex
determination (GSD), the phenotypic sex was influenced by both genetic and
environmental factors including temperature, sex hormone and other environmental
factors. Treatment with high temperature (28°C) during a critical developmental stage
on offspring leads to about 70% sex-reversed ZW male individuals (Deng et al. 2007;
Tian et al. 2011). The same phenomenon was also observed by the effects of 80 pg/L
methyl-testosterone (MT) which was widely considered as inhibitor of aromatizable
estrogens, suggesting that the aromatase was involved in sex differentiation of tongue
sole (Chen et al. 2008).

The importance of aromatase in sex differentiation, particularly in teleost fishes,
makes it impressive to understand the common features of cyp/9 gene among
independent teleost lineages, such as conserved regulation mechanism and genomic
environment. To date, however, most of documents about the cyp/9 gene were
focused on the expression pattern, promoter activity and their function in sexual
differentiation for a species. Only a few studies have addressed structurally and

functionally conservation of cyp/9 gene among teleosts (Castro et al. 2005; Guiguen



et al. 2010).

In present study, we reported the sequencing and characterization of BAC clone
containing a full-length cyp/9ala gene of tongue sole and, consequently comparation
of cypl9ala gene including the genomic structure, expression pattern and gene

synteny, suggesting a relatively conserved pattern of cypl9ala gene among teleosts.

Material and Methods

Tongue sole samples

All the developmental stages of half-smooth tongue sole were collected from
Shandong Huanghai aquaculture Co., Ltd. For the early stages including the 4 days
post hathching (dph), 8 dph, 25 dph and 48 dph of tongue sole fries, the
undifferentiated gonads situating at the anterior part of the whole intestine were
removed and then cut into several parts using a fine forceps under a stereoscopic
microscope. We then assessed the suitability of isolated gonad parts using the sex
specific marker and gonad specific gene. Gonads (five to ten fries and three adults) of
same age group and same sex were pooled and stored at —80°C for RNA isolation.
BAC sequence and assembly

A BAC clone Hind025N15 containing the intact cypl/9ala gene was previously
identified by Overgo hybridization, originating from BAC libraries of tongue sole
(Shao et al. 2010). BAC DNA purified by Qiagen Q-Tipl00 was sheared by
nebulization to an average size of 0.6 kb. After end-filling, DNA fragments were

size-fractionated and cloned into the plasmid of pUC18. The resulting plasmids were



electroporated into DH5a competent cells (TAKARA). Clones were picked into
96-well trays filled with LB culture medium, grown for 12 h and frozen until needed.
Approximately 1,992 clones were sequenced with the ABI PRISM Dye Terminator
Cycle Sequencing Ready Reaction kit (Applied Biosystems) on ABI 3730 sequencing
analyzer. Sequences were manually edited, aligned, and assembled using Sequencer

software (PHRED and PHRAP) (Ewing et al. 1998) (http://www.phrap.org/).

Analysis of sequence data

Repetitive elements were identified by RepeatMasker (version 3.2.6) against the
Repbase TE library (version 2008-08-01). Then the BAC sequence was masked by
RepeatMasker to perform gene predictions using two de novo prediction software
programs: Genscan (Salamov and Solovyev 2000) and Augustus (Stanke and Waack
2003), trained by human genome annotation. The predicted genes were checked by
the domain search software interpro (http://www.ebi.ac.uk/interpro/). A gene with
significant homology [E less than (e-20)] to a known protein is classified according to
the protein name as human while the other gene without significant homology to any
protein is classified as hypothetical protein. The homology searches were carried out
using the Basic Blast program, at http://www.ncbi.nlm.nih.gov/blast/.

The synteny comparisons across different teleost species Takifugu rubripes,
Tetraodon nigroviridis, Oryzias latipes, Gasterosteus aculeatus and Danio rerio were
carried out in silico by means of reciprocal BLAST 'best-hit' searches using the

ENSEMBL database (http://www.ensembl.org). Orthologous gene location data were



retrieved from the genomes of these teleosts, and were arranged by reference to the
order of BAC genes.

For cypl9ala gene, the deduced amino acid sequences of tongue sole, together with
cypl9ala amino acid sequences reported for other teleost species were aligned by
Clustal W version 1.6 using default settings (Thompson et al. 1994). Furthermore, the
conserved domain was identified by GENEDOC program version 2.6.02
(http://www.psc.edu/biomed/genedoc/). A phylogenetic tree was constructed with the
neighbor joining method using Mega 5 (Tamura et al. 2011) and the cyp/9 gene from
chicken and human served as an out group to root the tree. The exon-intron
boundaries as well as the intron sequences were determined by comparing the
genomic sequence with the deduced amino acid sequence using Genewise2-2-0
(Birney et al. 2004). The transcription start site and putative transcriptional factor

binding sites were identified by Matlnspector (http://www.genomatix.de).

Expression of cypl9ala during the sex differentiation stage

Total RNA of gonads at different developmental stages was isolated and reversely
transcribed as described previously (Dong et al. 2011; Chen et al. 2001). A pair of
primers (F: GGTGAGGATGTGACCCAGTGT; R: ACGGGCTGAAATCGCAAQG)
for qRT-PCR analysis was designed using the Primer3 program. The final PCR
reactions contained 0.4 mM of each primer; 10 pL SYBR Green (Invitrogen) and 80
ng template of cDNA. qRT-PCR was performed on ABI PRISM 7500 Real-Time
PCR System using Hotstart Tag polymerase (Qiagen) in a final volume of 20 pL and
f-actin gene was used as internal reference. All reactions were subjected to: 95 for

35 s followed by 40 cycles at 95°C for 5s, 60°C 34 s and then 95C 15s, 60°C for



1 min and 95°C 15 s. Melting curve analysis was applied to all reactions to ensure
homogeneity of the reaction product. The result was analyzed using 7500 System

SDS Software.

Results

Characterization of BAC sequence

The assembly of the whole BAC Hind025N15 sequence (GenBank accession no.
JQO003881) is 107,367 bp from approximately 1,589 useful reads with average length
of 548 bp, covering about 7.69 times length of whole BAC. Two gaps in region
unable to be fully sequenced and/or assembled would be result from richness of repeat
sequence. The GC content in the whole BAC clone is 43.44% and the sequence
consists of totally about 4.38% of transposable elements (TE). DNA transposons are
predominant and make up 2.71% of the entire BAC clone covering 6,390 bp, whereas
retrotransposons account for 2.42% of the BAC length including 1.21% LINE (2,850
bp), 0.13 % SINE (307 bp) and 2,553 bp length of LTR alone accounts for 1.08% of
all transposable elements (Table 1).

Totally nine genes are predicted from the BAC Hind025N15 sequence using two
programs, Genscan and Augustus. Seven of them have homologous genes by
BLASTP, BLASTN and BLASTX to conserved regions while the other two genes
(G000I and G0002) were defined as hypothetical genes in the order of CP194,
IDH3A, PKH4B, SL945, FHOD3, G0001, CEBPG, CEBPA and G0002. The average
gene size of the 9 genes in this BAC is 5,469 bp and the average gene density is 1

gene/11,929 bp. The first one is the target gene, cypl9ala, which is 2,457 bp resided



from 3,854 to 6,311 on Hind025N15 (Table 1). The next three functional genes are
length of 2,448 bp (IDH3A4), 13,532 bp (PKH4B) and 6,150 bp (SL945) long,
respectively (Table 1). The IDH3A, isocitrate dehydrogenase 3 (NAD+) alpha, is an
enzyme that catalyzes the oxidative decarboxylation of isocitrate to
alpha-ketoglutarate (alpha-KG), requiring nicotinamide adenine dinucleotide (NAD)
as a cofactor (Huh et al. 1996). The PKH4B is the short name of pleckstrin homology
domain-containing family G member 4B involving the process of rho protein signal
transduction (Nagase et al., 2001). The SL9A45, solute carrier family 9 member 5,
takes part in the pH regulation to eliminate acids generated by active metabolism
(Klanke et al. 1995). The fifth gene FHOD3, formin homology 2 domain containing 3,
is the largest gene with length of 17,716 bp, and might play a role in the regulation of
the actin cytoskeleton (Iskratsch et al. 2010). The others two small genes (CEBPG
and CEBPA) encode CCAAT/enhancer binding protein (C/EBP) which is a
DNA-binding protein that recognizes two different motifs, the CCAAT homology
common to many promoters and the enhanced core homology common to many

enhancers (Hattori et al. 2003).

Genomic organization of cyp/9ala

The exon/intron organization of the tongue sole cyp/9ala gene was determined by the
BAC sequence compared with ¢cDNA of cypl9ala which was identified by
homology-based cloning method. Also, the genomic structure of other teleosts

cypl9ala was confirmed by the whole genome sequence and cDNA of cypi9ala. It



is of interest that comparison of the exon/intron structure among teleost
species revealed a common conservation with 9 exons and 8 introns, which
were inserted at exactly the same positions as those found in human (Tanaka et al.
1995) (Figure 1b). All donor and acceptor sites of these introns were GT and AG,
respectively, following the GT/AG rule. The total length of the introns of cyp/9ala in
different teleosts was distributed through 702 bp to 13,968 bp while the total length of
exons was resided from 1,402 to 1,578 bp, suggesting that the gene size of cypi9ala
was determined by the length of introns (Figure 1b). The examples are Takifugu and
Tetraodon cypl9ala gene span only 2,224 and 2,256 bp, being much smaller than the
zebrafish cypl9ala gene (15,519 bp), as a result of extremely small introns with a
total of 758 bp and 702 bp, respectively.

The deduced amino acid sequence of the tongue sole cypl9ala was aligned with other
teleost cypl9ala homologues (Figure 2) and a phylogenetic tree was further
constructed using human and chicken cypl/9ala as out group. The resulting tree
demonstrates that the two paralogs are distributed two main clades corresponding to
brain and ovary aromatase present in teleosts (Figure 3). Sequence alignment
demonstrated five conserved putative function domains, namely the membrane
spanning region, substrate binding region, distal helix I region, steroid binding region
and heme-binding helix region (Figure 2). Comparison of the deduced amino acid
sequence revealed that the tongue sole cypl/9ala gene shared a high degree of amino
acid sequence identity with medaka (77.7%), Takifugu (76.4%), Tetraodon (75.1%),

stickleback (76.3%), Japanese flounder (77.0%), southern flounder (76.1%) and barfin
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flounder (75.0%), respectively. But it had a relatively lower level of identity with
zebrafish (68.1%) and evidently higher than degrees of overall sequence identities
with human (58.4%) and chicken (60.2%), respectively. Besides, only 64.7% identity
was indicated when full-length cypl/9ala and cypl9alb in tongue sole were
compared.

To further explore the conservation of the teleost cypl9ala, we compared 1000 bp
upstream of the translation start sites, in detail, in zebrafish, tongue sole, medaka,
Takifugu, Tetraodon and stickleback. We identified a highly conserved TATA box
and several potential regulatory elements including C/EBP (CCAAT binding factors),
FKHD (Fork head domain factors), SF1F (Vertebrate steroidogenic factor), SORY
(SOX/SRY-sex/testis determinig and related HMG box factors), CREB
(cAMP-responsive element binding proteins), EREF (Estrogen response elements)
and GATA (GATA binding factors) among six different teleost species (Figure 1c).
However, the transcriptional binding site of SF-/ which is an important transcription
factor to regulate cyp/9 genes in human ovary was not identified in the 5’ flanking
region of tongue sole and Tetraodon cypl9ala. Also the EREF which is the binding
site of estrogen receptor was not detected on the Tetraodon cypl9ala. Besides, there
are other potential binding sites which were not conserved in most teleost species
were detected by Matlnspector such as an arylhydrocarbon receptor (AhR)
recognition site, a nerve growth factor inducible-B protein and a doublesex and mab-3

related transcription factor 1(DMRT).

11



Expression of cypl9ala gene of tongue sole

Expression of cyp/9ala during developmental stages from 4 dph to 2 years old in
tongue sole was quantified by real time PCR. The result showed that the expression of
cypl9ala gene was increased significantly in gonad samples of developing juveniles
for the first time at 70 dpf with the drastically dimorphic expression pattern between
male and female. Then the cypl9ala expression have increased evidently up to 160
dpf which is the stage of highest expression level both of male and female. Expression
decrease thereafter in females and persist at high level in mature ovary, while the

expression was sustained at lower level in male relatively to the female (Figure 4).

Gene synteny

Seven protein-coding genes of BAC Hind025N15 in tongue sole were further mapped
onto other teleost genomes by BLASTP and the location of orthologous in respective
genome were retrieved. The results showed that the gene order and orientation in the
PKH4B-SL9A45-FHOD3-CEBPG-CEBPA cluster are conserved among five teleosts
(medaka, Tetraodon, Takifugu, stickleback and tongue sole) except that the SL954
and CEBPA were missing in medaka and stickleback, respectively (Figure 1la).
Although the zebrafish have the same genes with other teleost species in this region, it
had not been exhibited obvious conservation because the intensively
interchromosomal arrangement caused gene disorder including the pair of FHOD3
and PKH4B and the pair of CEBPA and CEBPG. No significant similarity to /[DH3A4

was identified in the Tetraodon, Takifugu, stickleback and zebrafish genome. But in
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the medaka and tongue sole genome, it was detected in the corresponding region
where the synteny has not been well kept. The gene cypl9ala (CP19A4) was
distributed on the same chromosome with conserved cluster in Tetraodon
(Chromosome 5) and stickleback (Group II), but it kept at least 4 Mb distance to the
proximate gene PKH4B of conserved cluster. In contrast, it was detected on the
different chromosomes and/or scaffolds with conserved cluster in Takifugu (Scaffold
336 versus Scaffold 1), medaka (Ultracontig 49 versus Chromosome 3) and zebrafish

(Chromosome 7 versus Chromosome 18) (Figure 1a).

Discussion

BAC clones are highly useful for identifying specific gene organization across
relatively long chromosomal distances and thus facilitating the comparative analysis
among different species, especially for the non-model species with no whole genome
sequence available (Yasukochi et al. 2011). We reported here the first BAC clone
containing the entire cyp/9ala gene that exhibited the special function during the
embryonic development of tongue sole and further developed the comparison analysis
among different lineage of teleost species, revealed the common conservation of this
gene.

Cypl9ala, encoded P450aromatase catalyzing the synthesis of estrogens, is a well
studied gene found in species ranging from teleost to mammalian (Diotel et al. 2010).
In most teleosts, the structure and function of the cyp/9ala gene has been well

conserved during evolution (Callard and Tchoudakova 1997; Castro et al. 2005). The
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genomic structure of the tongue sole cyp/9ala gene containing 9 exons and 8 introns
was almost the same as those of other teleost species. It is noteworthy that although
the gene size variated among different teleost species, there are minor variations in the
sizes of the CDS region (1,402 bp-1,578 bp) while large dissimilarities are witnessed
in the introns of different species, especially a paradigmatic example of comparison
between zebrafish (13,968 bp) and Tetraodon (702 bp). As expected, the sizes of the
introns differ across species, and some are extremely long, mainly accounts for much
of the difference in genome size among teleost species.

A cross-species comparison of cypl9ala sequences among teleosts indicates five
regions of greatest conservation including membrane spanning region ( I ), substrate
binding region (II), distal helix I region (III), steroid binding region (IV) and
heme-binding helix region (V). Conceivably, the steroid binding region, denoted
aromatase-specific domain, is functionally essential in all tested species, while 1 ,1I,
I, and V have evolved conserved function within the teleosts (Huang et al. 2009).
Interestingly, similar to gold fish cyp/9ala (Callard and Tchoudakova 1997), the
tongue sole cypl9ala gene, despite having only about 64.7% identity with its
ortholog cyp19alb, is possess high identity with other teleost species (68.1%-77.7%),
reflecting their conserved expression pattern in ovary and brain, respectively.

DNA sequences denoted cis-acting elements that regulate expression of the cyp/9ala
gene by binding transcription factors are located within a region spanning -1000 bp
that flank the transcription start site. The teleost species with the genome sequence

available, has allowed us to examine the manner and conservation in which the

14



cypl9ala promoter to control the level of transcription initiation, which largely
determines gene expression in different teleost species. The major findings are that
the TATA box is consistently conserved with respect to position, and that the most
highly conserved regulatory elements of EREF, C/EBP, FKHD, SF1F, SORY, CREB
and GATA sequences clearly indicate a common mechanism of regulation in tested
teleost species. Imperfect consensus estrogen response element (ERE) were identified
in Tetraodon sequence, as in the case of the gonadal aromatase promoter from the
orange-spotted grouper sequence (Zhang et al. 2012). This would be interesting to
investigate whether there is another regulatory model to control the gonadal
development in Tetraodon or just a mistake for prediction by unconsensus of software.
As a binding site of transcriptional factor SF1 that mediated cyp/9ala expression
during vitellogenesis in Nile tilapia (Yoshiura et al. 2003), SF1F was also not detected
in the promoter of tongue sole and Tetraodon cypl9ala. Further investigations are
required to clarify this issue by experiment and it would be the same reason with ERE
in Tetraodon. FOXL2 is known as the earliest sexually dimorphic marker in ovarian
development and it is essential for granulosa cell differentiation and ovarian
maintenance (Baron et al. 2004). Several other studies implicated that FOXL2 is a
candidate regulator of the gonadal aromatase gene as shown in rainbow trout (Kanda
et al. 2006) and Nile tilapia (Wang et al. 2007). The other conserved potential sites
including C/EBP, SORY, CREB and GATA have previously been described in
gonadal aromatase promoters from tilapia, European seabass, medaka (Chang et al.

2005; Dalla Valle et al. 2002; Tanaka et al. 1995). Together, these studies contribute
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to our understanding of cypl/9ala transcriptional regulation mechanism, but how
transcriptional modulation and chromatin structure remodelling are controlled by the
promoter is still poorly understood and as yet there is no complete analysis of the
cypl9ala promoter.

In general, the expression level of cyp/9ala is consistent with the level of estrogen
which is essential for ovarian development. Previously study revealed that the tongue
sole cypl9ala transcript was mainly expressed in the ovary of female (ZW %) and a
low expression level in gonad of pseudo-male (ZW &) produced by both MT
immersion and high temperature treatment (Deng et al. 2009a). This result indicates
that cypl9ala is indispensable for ovarian differentiation in tongue sole. Thus, in the
present study, we determined the expression pattern of cyp/9ala during the stages of
sex determination and differentiation in tongue sole. The sexual dimorphisim between
female and male at 70 dph which the stage of gonadal differentiation accompanying
the appearance of primary oocytes indicated again that the pivotal role of cyp/9ala in
ovarian differentiation in tongue sole. The specific over-expression of cypl/9ala in
vitellogenic follicles during oogenesis has been also observed in many fish species
including Nile tilapia (Sudhakumari et al. 2005), rainbow trout (Guiguen et al. 1999;
Vizziano et al. 2007), European seabass (Blazquez et al. 2008) and medaka
(Nakamoto et al. 2006; Patil and Gunasekera 2008). The similar expression pattern of
cypl9ala gene among teleost species suggests their involvement in ovarian
differentiation.

Comparative genomic analysis has been used extensively to identify similar genomic
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features and to establish gene co-linearity to some extent among different species with
close taxonomic relationships (Deng et al. 2009b). Our analysis of gene synteny
between tongue sole BAC genes and their counterparts in other five teleost species
presents a conserved cluster PKH4B-SL9A5-FHOD3-CEBPG-CEBPA, suggesting a
microcolinearity between teleost genomes. However, we detected a distinct
alternation in manner of cypl/9ala gene which was not in the conserved syntenic
regions where it distribute far away from common conserved gene cluster in
Tetraodon and stickleback genome or even locate on different chromosomes and/or
scaffolds in medaka, Takifugu and zebrafish genome. Since the scaffolds containing
the counterparts of tongue sole genes in medaka and Takifugu had not mapped onto
the chromosome, we lack sufficient information to conclude whether the cypl/9ala
gene and the conserved cluster distribute linearly on the same chromosome. In order
to illustrate this issue, we analyzed the upstream and downstream of cyp/9ala gene in
other five teleost species based on the available genome sequences. Unexpectedly,
two conserved gene clusters distributing around cyp/9ala gene were detected. One is
the DMXL2-GLDN-CP19A-TNFAIPSL3 cluster which was detected in syntenic region
of medaka, stickleback, Takifugu, Tetraodon and zebrafish. Another cluster is
SCG3-LYSMD2-TMOD2-LEO1-MAPK6-USP50, which was conserved in medaka,
Takifugu, Tetraodon and zebrafish but not on the syntenic region of stickleback (data
not shown). Furthermore, we traced back to human and found that all the genes of two
conserved clusters exhibit linear arrangement on human chromosome 15, indicating

that cypl9ala gene have a common genomic environment (data not shown). Based on
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data that exists, the possibilities to explain the different manner of cypl/9ala gene
arrangement occurred in the syntenic region of tongue sole may be caused by the
insertions and/or translocations and/or duplication of cyp/9ala gene after the split of
the other teleost species. Taken together, despite the discrepancies exists in the
syntenic region between tongue sole and other teleost species, all the teleost species
still shared highly conserved gene content.

In conclusion, the BAC clone Hind025N15 we report is the first large genomic
sequence of tongue sole. Analysis of the TEs, GC content and gene organization of
BAC sequence give a profile of the whole genome sequence of tongue sole at a close
firstly. Comparison analysis revealed that the cyp/9ala gene had the common
conserved features such as the exon/intron pattern, the potential binding sites
upstream of the transcriptional start site, and its function in the ovarian differentiation
among teleosts. Although the cypl9ala of tongue sole was not followed the common
synteny, the detection of gene cluster (PKH4B-SL9A5-FHOD3-CEBPG-CEBPA) are
conserved in all tested fish species. These characteristics will make the BAC clone an
excellent starting platform for future functional studies of cyp/9ala gene. Additional
whole genome sequencing efforts will provide further insight into the evolutionary

history of the cyp/9ala in tongue sole.
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Table 1 Characterization of BAC sequence in half-smooth tongue sole

BAC size coverage Total Useful Average  Contigno. GC (%)
reads No. reads no. length

Hind025N15 107367 7.69 1992 1589 548 3 43.44
Repeat type DNA LINE SINE LTR Other Unknown Total
Length (bp) 6390 2850 307 2553 0 0 10289
% genome 2.72 1.21 0.13 1.08 0 0 4.38
Protein gene CP19A 1IDH3A PKH4B SLI9SA FHOD3 CEBPG CEBPA
Gene length (bp) 2457 2448 13532 6150 17716 491 935
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Figure Legends

a
CP19A IDH3A PKH4B SL9A5 FHOD3 CEBPG CEBPA
=% &= = CseBAC
""" TniChr5
— % 3 : TruSca1 and 336
- : : <= =) OlaChr3 and Con49
GacGroll
- - DreChr18 and Chr7

-

~—a.
-~

b
' 979 242 163 112 115 165 155 151 196
- 90 225 90 78 101 157 106 83 tongue sole
72 20 153 95 ) 72 76 74 tetraodon
184 151 154 165 114 112 167 234 185 Kifu
76 700 72 57 8 03 22 700 takifugu
187 151 155 165 115 112 163 242 264 medaka
- 75 77 77 92 81 112 138 215
305 242 163 112 115 165 155 151 145 o ieback
’s 212 23 149 o1 14 95 02 103
1242 163112 115 144 155151 205 ebrafish
2409 189 1970 2001 2005 925 4135

GATA EREF CREB SORY SF1F FKHD C/EBP  TATA

I stickleback
I zebrafish

] [ tongue sole
o I tetraodon
@ I takifugu

| @ | medaka
®
®

Fig. 1 Comparison of cypl9ala gene among six different teleost species.
a, Teleost gene synteny. Genomic organization and gene synteny comparisons across
teleost for genes annotated from tongue sole BAC clone Hind025N15. Genes are
depicted by colored arrows and arrowhead indicates orientation for each gene. Gene
names are indicated above the tongue sole genes, and orthologs across species are
depicted in the same colors. The black dashed lines from the genomic region of
Takifugu and stickleback indicate that the cyp/9ala and the other orthologs had a big
distance. For the genomic region of Tetraodon, zebrafish and medaka, the orthologs
distributed on the different chromosomes or scaffolds indicating by two color lines.
CseBAC: BAC sequence of tongue sole; TniChr5: Chromosome 5 of Takifugu;
TruScafl and 336: scaffold 1 and scaffold 336 of Tetraodon; OlaChr3 and Con49:

Chromosome 3 and ultracontig 49 of medaka; GacGroll: Group II of stickleback;



DreChrl18 and Chr7: Chromosome 18 and chromosome 7 of zebrafish. b, Exon and
intron structure of cypl9ala. Gene exon and intron structures are depicted for six
teleost species. Exons for cypl9ala are represented by red boxes connected by introns
depicted as blue lines. Exon and intron lengths are labelled in base pairs; exon lengths
are indicated directly below each exon, and intron lengths are indicated directly above
each intron. ¢, Transcription factor binding sites in the cypl9ala promoter region.
The green circle represent the conserved TATA box and the other colored circles with
the name above the tongue sole BAC sequence represent the potential binding sites
predicted by Matlnspector. The red arrows indicate the transcriptional start sites.
Transcription factor binding sites are absolutely conserved in different teleost species
but the order and spacing base pairs are poorly conserved and thus the schematic map
represent the conservation of promoter region was depicted after artificial
contraposition.
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Fig. 2 Amino acid sequence alignment of cypl9ala proteins from different teleost
species T.rub, Takifugu rubripes (BAF93500); T.nig, Tetraodon nigroviridis
(CAF99837),P.oli, Paralichthys olivaceus (BAA74777.1); P.let, Paralichthys
lethostigma (AAXS55671.1); V.mos, Verasper moseri (ACI04549);, G.acu,
Gasterosteus aculeatus (ACN70015); O.lat, Oryzias latipes (BAA11656); C.sem,
Cynoglossus semilaevis (ABL74474) and D.rer, Danio rerio (AAK00643). The five
conserved regions are coverd by red line and marked with Roman numerals I-V.
Identity is indicated by star, and gaps used to maximize the alignment are shown by
dashes.
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Fig. 3 Phylogenetic tree of vertebrate aromatase genes. The scientific names of the
organism followed by the gene name are shown. Distances are used to construct the
phylogenetic tree and bootstrap values based on 1000 resampling replicates. The
jade-green region represents the cypl9ala gene clade. The accession number of
different organisms were followed by Takifugu rubripes cypl9ala (BAF93506),
Takifugu rubripes cypl9alb (BAF93507), Tetraodon nigroviridis cypl9ala
(CAF99837), Tetraodon nigroviridis_cypl9alb (CAGO05537), Oryzias
latipes _cypl19ala (BAA11656), Oryzias latipes _cyp19alb (AAP83449), Gasterosteus
aculeatus cypl9ala (ACN70015), Gasterosteus aculeatus _cypl19alb
(ENSGACP00000007910),  Cynoglossus  semilaevis _cypl9ala  (ABL74474),
Cynoglossus ~ semilaevis _cypl9alb  (ABM90641),  Paralichthys  olivaceus
(BAA74777.1), Paralichthys lethostigma (AAXS55671.1), Verasper moseri
(ACI04549), Danio rerio cypl9ala (AAKO00643), Danio rerio _cypl9alb
(AAK00642), Homo sapiens (AAR37047) and Gallus gallus (AAA48738).
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Fig. 4 Reverse transcription polymerase chain reaction (RT-PCR) analysis of
cypl9ala during developmental stages in female (red bar) and male (black bar) of
tongue sole. Vertical bars mean + standard error (SE) (n = 3).

32



Chapter III Epigenetic inheritance of sex reversal in half-smooth tongue sole

Shao CW, Li QY, Chen SL, Zhang P, Lian JM, Hu QM, Sun B, Jin LJ, Liu SS, Wang
ZJ, Zhao HM, Jin ZH, Liang Z, Li YZ, Zheng QM, Zhang Y, Wang J, Zhang GJ.
Epigenetic modification and inheritance in sexual reversal of fish. Genome Research,
2014,24: 604-615.



Research

Epigenetic modification and inheritance in sexual

reversal of fish

Changwei Shao,'® Qiye Li,>**>® Songlin Chen,'-° Pei Zhang,? Jinmin Lian,?
Qiaomu Hu," Bing Sun,’ Lijun Jin,? Shanshan Liu,' Zongji Wang,?> Hongmei Zhao,?

Zonghui Jin,? Zhuo Liang," Yangzhen Li," Qiumei Zheng,? Yong Zhang,? Jun Wang,

and Guojie Zhang®*?

2,6,7

"Yellow Sea Fisheries Research Institute, CAFS, Key Lab for Sustainable Development of Marine Fisheries, Ministry of Agriculture,
Qingdao 266071, China; 2China National Genebank, BGI-Shenzhen, Shenzhen 518083, China; 3School of Bioscience

and Bioengineering, South China University of Technology, Guangzhou 510006, China; *Centre for Social Evolution, Department
of Biology, University of Copenhagen, DK-2100 Copenhagen, Denmark; *Centre for GeoGenetics, Natural History Museum of
Denmark, University of Copenhagen, 1350 Copenhagen K, Denmark; ®Department of Biology, University of Copenhagen,
DK-2200 Copenhagen, Denmark; ’King Abdulaziz University, Jeddah 22254, Saudi Arabia

Environmental sex determination (ESD) occurs in divergent, phylogenetically unrelated taxa, and in some species, co-
occurs with genetic sex determination (GSD) mechanisms. Although epigenetic regulation in response to environmental
effects has long been proposed to be associated with ESD, a systemic analysis on epigenetic regulation of ESD is still lacking.
Using half-smooth tongue sole (Cynoglossus semilaevis) as a model—a marine fish that has both ZW chromosomal GSD and
temperature-dependent ESD—we investigated the role of DNA methylation in transition from GSD to ESD. Comparative
analysis of the gonadal DNA methylomes of pseudomale, female, and normal male fish revealed that genes in the sex
determination pathways are the major targets of substantial methylation modification during sexual reversal. Methylation
modification in pseudomales is globally inherited in their ZW offspring, which can naturally develop into pseudomales
without temperature incubation. Transcriptome analysis revealed that dosage compensation occurs in a restricted,
methylated cytosine enriched Z chromosomal region in pseudomale testes, achieving equal expression level in normal male
testes. In contrast, female-specific W chromosomal genes are suppressed in pseudomales by methylation regulation. We
conclude that epigenetic regulation plays multiple crucial roles in sexual reversal of tongue sole fish. We also offer the first
clues on the mechanisms behind gene dosage balancing in an organism that undergoes sexual reversal. Finally, we suggest a
causal link between the bias sex chromosome assortment in the offspring of a pseudomale family and the transgenerational

epigenetic inheritance of sexual reversal in tongue sole fish.

[Supplemental material is available for this article.]

Mechanisms of sex determination can be broadly divided into two
major categories: genetic sex determination (GSD) and environ-
mental sex determination (ESD). In organisms with GSD (often
based on sex chromosomes), the primary sex of an individual is
determined at the moment of fertilization by heritable genetic el-
ements that differ between the sexes, whereas organisms with ESD
do not possess a primary sex at fertilization and have their sex
induced during ontogeny (Bull 1983; Stelkens and Wedekind
2010; Matsumoto and Crews 2012). Generally, the sex of GSD
species will be fixed for life, but in some GSD species, the primary
sex can be altered during development, such that individuals can
develop into the opposite sex without changing their genotype.
This phenomenon is known as environmental sex reversal (ESR)
(Stelkens and Wedekind 2010) and is relatively common in insects
(Vance 1996; Narita et al. 2007), fishes (Devlin and Nagahama
2002), amphibians (Wallace et al. 1999), and reptiles (Quinn et al.
2007). Diverse environmental triggers for ESR have been docu-

8These authors contributed equally to this work.

°Corresponding authors

E-mail zhanggj@genomics.cn

E-mail chensl@ysfri.ac.cn

Article published online before print. Article, supplemental material, and pub-
lication date are at http://www.genome.org/cgi/doi/10.1101/gr.162172.113.

mented, including abiotic (e.g., temperature, pH, hormones) and
biotic (e.g., crowding, pathogens) factors, of which temperature is
the most broadly studied (Kato et al. 2011). Currently, artificial
induction of sex reversal is widely used in aquaculture by exposure
of fish to exogenous steroids or different rearing temperatures in
order to produce the preferred sex (Stelkens and Wedekind 2010).
ESD lacks the flexibility of ESR, but may be adaptive because it can
preferentially produce the sex that benefits most from the best
possible hatching environment in terms of future reproductive
success (Janzen 1995; Warner and Shine 2005, 2008). However,
a common concern is that ESD systems may become a burden
under rapid environmental change, such as global warming and
ocean acidification, because it might result in nonadaptive sex
ratios that are skewed toward predominantly male or female off-
spring (Ospina-Alvarez and Piferrer 2008; Mitchell and Janzen
2010; Stelkens and Wedekind 2010). Understanding the mecha-
nisms by which genotype and environment interact to control
early sex determination is therefore both of fundamental interest
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Epigenetic regulation of sexual reversal

and of relevance for domesticated livestock and natural population
conservation.

Half-smooth tongue sole, Cynoglossus semilaevis, is a com-
mercially valuable flatfish that is widely distributed in Chinese
coastal waters. In contrast to many other teleost species, classical
karyotype analysis and artificial gynogenesis tests have revealed
that this species employs a female heterogametic sex deter-
mination system (ZW$/ZZ3) and has clear sexual dimorphism,
with females growing much faster and reaching final body sizes
that are 2—4 times those of males (Zhuang et al. 2006; Chen et al.
2009). However, despite the primary determination of sex by
chromosome inheritance, ~14% of ZW genetic females are known
to be sex-reversed to phenotypic males when reared under normal
conditions (22°C) (Chen et al. 2014). Furthermore, we have re-
cently demonstrated that exposure to relatively high temperatures
(28°C) during a sensitive developmental period early in life can
increase the sex reversal rate of ZW genetic females to ~73% (Chen
et al. 2014), suggesting that the sexual fate of tongue sole can be
overridden by environmental factors. Interestingly, these so-called
sex reversed “pseudomales” are fertile and can mate with normal
females to produce viable offspring. Furthermore, the F1 genera-
tion continues to exhibit an extremely high sex reversal rate
(~94%), even when reared in normal conditions (22°C) (Chen
et al. 2014). This implies that the ability of sex reversal can be
inherited. Therefore, with its complex sex determination system
governed by the interaction between genetic determination and
environmental factors, the tongue sole is an excellent model with
which to understand the molecular mechanism of sex deter-
mination and ESR in fishes. We recently sequenced the genome of
this fish and generated a 477-Mb high-quality assembly with up to
93.3% (445 Mb) sequences anchored to 22 chromosomes and
21,516 annotated protein-coding genes (Chen et al. 2014). Com-
parative genomic analysis revealed that the sex chromosome pair
of the tongue sole was derived from the same ancestral vertebrate
proto-chromosome that gave rise to the W and Z chromosomes of
birds. We also proposed that the sex of tongue sole is determined
through a Z-encoded mechanism, with male development being
driven by the Z-encoded gene dmrt1 (doublesex and mab-3 related
transcription factor 1), which is also the male determining gene in
birds (Chen et al. 2014). Thus the coexistence of GSD and ESD (in
fact juvenile ESR) within this species, coupled with the availability
of its full genome sequence, provides an opportunity to compre-
hensively investigate the gene expression and gene regulation
mechanisms mediating sex determination and ESR at the whole
genome level.

It has been proposed that the epigenetic regulation of gene
expression during gonad differentiation could provide a basis for
adaptive sex reversal in some GSD organisms (Manolakou et al.
2006; Matsumoto and Crews 2012), something that has been
demonstrated to date in a few fish examples. For example, exper-
iments in sea bass, Dicentrarchus labrax, suggested that the high
temperature incubation during the early development stage in-
creased the DNA methylation level of the promoter region of
cypl9ala (cytochrome P450, family 19, subfamily A, polypeptide 1a),
leading to suppressed cyp19ala expression and male development
(Navarro-Martin et al. 2011). However, previous studies have been
limited to individual genes, and a comprehensive assessment of
epigenetic regulation of sex reversal is still lacking. Here, we per-
formed thorough analyses of whole genome DNA methylome and
transcriptome data on half-smooth tongue sole, including gonadal
samples collected from different sexes (normal female, normal
male, pseudomale) of parental fish and F1 generations of pseudo-

male, and we offer several novel insights on the roles of epigenetic
regulation in sexual reversal of tongue sole fish.

Results

Gonadal DNA methylomes of half-smooth tongue sole

To assess the gonadal DNA methylome patterns across different
sexual types of tongue sole, we carried out BS-seq (Xiang et al.
2010) on bisulfite-converted DNA extracted from adult gonads of
parental females (P-ZWf), parental pseudomales (P-ZWm), F1
pseudomales (F1-ZWm), and females (F1-ZWf) from a cross be-
tween a parental pseudomale and a normal female. We also sam-
pled “normal” male individuals (ZZm) as a control for the ZZm
DNA methylation pattern. In addition, we obtained RNA-seq data
(Chen et al. 2014) for corresponding samples to quantify gene
expression (Fig. 1C; Supplemental Table S1).

In total, ~171 Gb methylome data were produced, which
yielded an average depth of 22X per strand for each sample (Sup-
plemental Table S2) with ~90% of genomic cytosines (Cs) being
covered by at least two unique reads (Supplemental Table S3). We
identified an average of 14.5 million methylated cytosines (mCs)
in each sample (see Methods), accounting for 9% of Cs and 86% of
CpGs in the reference genome (Supplemental Table S4). More than
99% of mCs were in the CpG context (Fig. 1D; Supplemental Fig.
S3A); therefore we decided to focus solely on CpG sites for sub-
sequent analyses. Analysis of the methylation status of CpGs in
various genomic elements showed that the majority of CpGs in
exons, introns, and repeats were hypermethylated (methylation
level >0.75), whereas hypomethylated CpGs (methylated level
<0.25) were relatively enriched in gene promoters and CpG islands
(CGIs) (Fig. 1E; Supplemental Fig. S3B). Furthermore, ovary har-
bored more partially methylated CpGs (methylation level between
0.25 and 0.75) compared with testis (Fig. 1E; Supplemental Fig.
S3B). As expected, gene promoter methylation was negatively
correlated with gene expression (Fig. 1F). In general, the charac-
teristics of DNA methylation as well as the genomic features related
to DNA methylation (e.g., CpG o/e, CGIs, and dnmt genes) in
tongue sole are similar to those observed in zebrafish (Supple-
mental Figs. S1, S2, S3; Jiang et al. 2013; Potok et al. 2013).

Genomic methylation patterns are consistent
with gonadal differentiation

To obtain an overview of DNA methylation patterns for the five
types of gonads, we first examined chromosome-wide methylation
levels. We found that the methylation patterns of pseudomale
testes were similar to those of normal male testes, and all three
testis samples were clearly distinguished from the ovary samples by
hierarchical clustering analysis (Fig. 2A). Moreover, the overall
methylation levels were consistently enhanced by ~10% in testes
compared to ovaries, except for the W chromosome (Fig. 2A;
Supplemental Table S5). The relatively high methylation levels of
the W chromosome in both ovaries and testes were probably as-
sociated with its high repeat content (Supplemental Fig. S4).

We subsequently investigated the regions that displayed sig-
nificant methylation changes among samples by performing
pairwise comparisons to identify differentially methylated regions
(DMRYs) (see Methods). In total, only 60 kb of DMRs (0.015% of the
genome) were identified between P-ZWf and F1-ZWf, indicating
their high concordance in DNA methylation patterns. Similarly,
only 160 kb of DMRs (0.040% of the genome) were identified be-
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Figure 1.

Morphology, phylogeny, and DNA methylation of half-smooth tongue sole. (A) Photos of a female, a normal male, and a pseudomale at 2 yr of

age. (B) Genome-based phylogenetic positions and sex chromosome systems of half-smooth tongue sole and other vertebrates. Red lines show that the sex
chromosome pairs of tongue sole and chicken were derived from the same ancestral vertebrate proto-chromosome pairs in spite of their distant evolutionary
relationship (Chen et al. 2014). (?) No sex chromosomes have been identified so far. (C) Experimental design: The offspring from a normal male (ZZ) and
afemale (ZW) were exposed to 28°C during the sensitive developmental period, which induced the development of genetic females (ZW) into pseudomales.
One of these pseudomales was subsequently crossed with one normal female to produce F1 pseudomales and females. F1 offspring carrying WW sex
chromosomes do not exist, as sperms with W instead of Z are not viable. (*) Samples used for both BS-seq and RNA-seq; (1) samples only used for BS-seq.
Brown letters in parentheses indicate the symbols for corresponding samples used throughout this paper. (D) Percentage of mCs in the CG, CHG, and CHH
contexts. (E) Fraction of CpG in low (methylation level less than 0.25), intermediate (between 0.25 and 0.75), and high (greater than 0.75) methylation levels
in different genomic elements. (F) Methylation profile along transcript start sites (TSS) of genes in different expression quintiles. The first quintile is the lowest
and the fifth is the highest. Dashed green line indicates the location of TSS. Band C are modified from Figures S16 and 3a in Chen et al. (2014), respectively.

tween P-ZWm and F1-ZWm, a figure close to that observed be-
tween ZWm and ZZm (~225 kb; 0.056% of the genome), sug-
gesting that methylation patterns of the three testis samples were
also highly similar. In contrast, we identified an average of ~15 Mb
of DMRs (4% of the genome) between testes and ovaries, orders of
magnitude more than that between two ovary samples or among
three testis samples (Fig. 2B). Taken together, our data suggest that
the genome-wide methylation patterns of genetic females have
been accurately shaped to the patterns of normal males after
phenotypic sex reversal.

Interestingly, up to 86% of the DMRs between P-ZWm and
ovaries were maintained in F1-ZWm (F1 pseudomale of P-ZWm)
(Fig. 2C; Supplemental Fig. S5), indicating that the overall change

in methylation status of the genome after sex reversal had been
inherited or re-established by the next generation. Furthermore,
~95% of these maintained DMRs were also observed between ZZm
and ovaries (Fig. 2C; Supplemental Fig. SS5), implying that the DNA
methylation changes after sex reversal were associated with gonad
differentiation in tongue sole.

Gonadal DMGs are associated with development,
morphogenesis, and reproduction
Because the overall methylation patterns of pseudomale testes

(P-ZWm and F1-ZWm) were very similar to those of normal male
testes, we next focused on DMRs where methylation levels were
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Figure 2. Genome-wide methylation level comparisons. (A) Methylation levels of different chromosomes. Numbers after the sample names represent
methylation levels of the whole genome. Only CpGs with =10 coverage were used for analysis. (B) Total length (Mb) of DMRs identified in each pairwise
comparison. (C) Venn diagrams for DMRs of P-ZWm/P-ZWf, F1-ZWm/P-ZWf, and ZZm/P-ZWf. Numbers represent the total length (Mb) of shared DMRs.
(D) Percentage of testis/ovary DMRs on different chromosomes. Background expectation for each chromosome was calculated as the covered length
(=6X in all five samples) of each chromosome divided by the total covered length of all chromosomes. (E) Percentage of testis/ovary DMRs on different
genomic elements. Background expectation for each element was calculated as the covered length of each element divided by the total covered length of

the genome.

concordant within all three testis samples but different from the
two ovary samples (see Methods). In total, we obtained ~18 Mb
DMRs between testes and ovaries. Overall, these DMRs were widely
distributed along the genome (Fig. 2D,E). However, in contrast
to the overall up-methylated (i.e., the methylation level of a region
in one sample is higher than that in the compared sample) bias
in testis samples, both sex chromosomes had relatively higher
amounts of DMRs up-methylated in the ovary samples, especially
for the W chromosome (Fig. 2D). This pattern appears to be related
to transposable element (TE) activity, as W and Z chromosomes
were shown to have high and moderate percentages of TE com-
ponents, respectively (Supplemental Fig. S4). Additionally, ovary-

up DMRs were relatively enriched in CGIs, promoters, and re-
peated elements compared with testis-up DMRs, whereas testis-up
DMRs tended to target introns and intergenic regions (Fig. 2E)
(separate views for Z and W chromosomes are presented in Sup-
plemental Fig. S6A,B).

We identified 2986 genes that harbored testis/ovary DMRs on
their promoter regions, which we henceforth referred to as differ-
entially methylated genes (DMGs). Gene ontology (GO) enrich-
ment analysis (see Supplemental Methods) showed that DMGs
that are up-methylated in ovaries were overrepresented in bi-
ological processes of development and morphogenesis, including
reproductive structure development, female gonad development,
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and oogenesis and spermatogenesis (Supplemental Table S6). In
contrast, DMGs that are up-methylated in testes were enriched not
only in developmental processes but also in the biological pro-
cesses of responding to stimulus (e.g., cellular response to steroid
hormone stimulus), signal transduction (e.g., steroid hormone
mediated signaling pathway), and biological regulations (Supple-
mental Table S7). Taken together, these results imply that DNA
methylation is involved in gonadal differentiation through regu-
lating a series of biological processes.

We then identified DMRs where methylation levels were
concordant within P-ZWm and F1-ZWm but different from ZZm,
and obtained ~155 kb DMRs and 71 DMGs, which were relatively
enriched in chromosome 9 and Z (Supplemental Fig. S6C,D),
nevertheless without significant functional enrichment. We also
compared the two pseudomale testis samples (P-ZWm + F1-ZWm)
with three other samples (ZZm + P-ZWf + F1-ZWf) to identify re-
gions with pseudomale specific methylation or demethylation
after sex reversal; however, no solid DMRs were identified.

The sex determination pathway is the target of DNA
methylation regulation

To gain insight into the role of epigenetic regulation in the sex
determination pathway, we investigated the methylation status of
58 genomic loci documented to be associated with sex determi-
nation in other vertebrates. We observed a remarkable methylation
contrast on the sex determination pathway between ZW female

versus pseudomale and normal male gonads. In total, 16 of 58
(28%) sex-determination-related genes in tongue sole displayed
significantly differential methylation patterns between testes
and ovaries (Fig. 3A; Supplemental Table S8), which contrasts to
~14% (2986/21,516) over the whole genome (Fisher’s exact test:
P =0.0063).

One of the DMGs, dmrtl, is a well-described and important
gene required for male sexual development in a wide range of in-
vertebrate (e.g., flies and worms) and vertebrate (e.g., birds and
human) species (Raymond et al. 2000; Matson and Zarkower
2012). We recently reported that the tongue sole dmrtl was
Z-linked, displayed testis-specific high expression during the
critical stage of gonadal differentiation, and harbored a DMR in
its promoter region which was up-methylated in ovaries com-
pared with ZW/ZZ testes (Chen et al. 2014). To further examine
when the differential methylation patterns emerge during gonad
development, we quantified both the DNA methylation levels
and the expression levels of this gene in gonad samples ranging
from 4 d to 2 yr of age (see Methods). We found that in male
gonads, this gene maintained low methylation levels throughout
life, whereas in female gonads it underwent increasingly high
levels of methylation at the start of the critical sex determination
stage (Fig. 3B). Furthermore, its expression was repressed once the
methylation had increased during this period. These results raise
the possibility that dmrtl is the critical gene that responds to
environmental change and triggers the sex reversal cascade in
tongue sole.
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Figure 3. Differential methylation and sex determination. (A) Differentially methylated and differentially expressed genes in the putative sex de-
termination pathway of tongue sole. For each gene presented in the pathway, the methylation (left square) or expression (right square) changes when
comparing testes with ovaries are shown by different colors. (B) DNA methylation and transcription of dmrt1 in different developmental stages after
hatching. The methylation levels of different stages were estimated using bisulfite-PCR followed by TA-cloning with a pair of primers targeting the first
exon, always using at least 10 randomly selected clones for sequencing for each stage. (C) DNA methylation profiles of gsdf in the five gonadal samples.
Green vertical lines indicate the methylation level of cytosines. The light gray box indicates the DMR upstream of gsdf. Profiles of other DMGs in the

pathway are presented in Supplemental Figure S8.
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In addition, we observed a number of other DMGs that are
reported to interact with each other in the sex-determining
cascade or display conserved methylation patterns among ver-
tebrates. gsdf (gonadal somatic cell derived factor) was recently
reported to be the downstream gene of dmY/dmrt1Y (the Y copy
that arose from duplication of the autosomal dmrt1) in the sex-
determining cascade of medaka fish (Shibata et al. 2010;
Myosho et al. 2012). RT-PCR analysis revealed that the tongue
sole gsdf showed a highly similar expression pattern with dmrt1
during sex differentiation (Supplemental Fig. S7; Supplemental
Methods), and its promoter region was up-methylated in ova-
ries compared with ZW/ZZ testes (Fig. 3C), which might corre-
spond to its approximately 23-fold up-regulated expression in
testes compared with ovaries. amh (anti-Mullerian hormone) is
another well-documented gene that mediates male sexual dif-
ferentiation, whose expression is consistently higher in males
than in females during sex differentiation in many vertebrates
(Josso et al. 2005; Wu et al. 2010). The tongue sole amh showed
a similar expression pattern (Supplemental Table S8) and har-
bored a DMR on the promoter region, which was up-methylated
in ZW/ZZ testes in comparison with ovaries (Supplemental Fig.
$8). Interestingly, we observed that amhr2, the receptor of amh
(Wu et al. 2010), and wtla and wtlb, potential activators of
amhr2 (Klattig et al. 2007), also showed differential methylation
between ZW/ZZ testes and ovaries (Supplemental Fig. $8). No-
tably, consistent with the observation in sea bass (Navarro-
Martin et al. 2011), the promoter of cyp19ala was up-methyl-
ated in ZW/ZZ testes compared with ovaries (Supplemental
Fig. $8), indicating the conserved regulatory role of DNA meth-
ylation on this gene.

Local dosage compensation of the Z chromosome
in pseudomale testes

A critical question for animals with both GSD and ESD is how
expression of genes in sex chromosomes is balanced after pheno-
typic sex reversal. We therefore investigated whether there is
a specific dosage compensation mechanism on the Z chromosome
to balance gene expression in pseudomales by calculating the ZZ
testis to ZW testis ratio of gene expression (see Methods). The
expected ratio for the complete absence of dosage compensation is
two and for the presence of full compensation is one. We found
that the expression levels of the Z chromosomal genes (Z-genes) in
77 testes were on average 1.76 times higher than those in ZW testes
(on average 1.73 for P-ZWm and 1.79 for F1-ZWm), a significantly
higher ratio than the average male to female expression ratio of
around 1.32 (Student’s t-test: P < 1072 for P-ZW and P < 10~ for
F1-ZW testis) estimated from the normal male and female whole
fish samples (excluding gonads) (Fig. 4A; Supplemental Fig. S9).
We then mapped the expression ratios along the Z chromosome
and observed that a large proportion of the Z chromosome, from
0-12 Mb and 16-20 Mb (covering ~73% of the entire Z chromo-
some), pervasively displayed expression ratios of around two in ZZ
testes versus ZW testes (Fig. 4A; Supplemental Fig. $9). This is dif-
ferent from the uniform distribution of dosage-compensated genes
across the Z chromosome in female versus male whole fish, in-
dicating a lack of dosage compensation for most of the Z chro-
mosome in pseudomale testes.

Nevertheless, 162 genes, consisting of 17% (162/926) of the
Z genes, showed different degrees of dosage compensation in ZW
testes (Supplemental Table S9). Of note, there is one region (from

A

o

= ZZm/P-ZWm expression ratio = mC densit L&

c — Male/Female expression ratio (whole fish) Y =

i) o <

7 B e S S Uit Nttt | At S 3 >
=

5 2

o

s° 8

—

o Q

$ - |||||IllllllLllllﬂll L] 9 E

= T 1

0 5 BDMR (P-ZWm up) B DMR (ZZm up) 20- PAR21_9

Locatlon in Z chromosome (Mb)

F1-ZWm

D ZZm

6
54
.-
3
2]

0 -

B, P-ZWm (o]
= 7 71
o
c 6 6
i) T
7} '
25 . 54
'
s44 - ! 44 T T
é " T T \ V! T
J ' [ T i ' '
031 T, R 3 [
£ ||l: Vo - ',-r:
' T '
Sef !t T i T | et
(%} \ ! ! Ty
91 IIIl I 1 l
S 14 4
<, | BesEHeigel H
o 04 + L L 0 =
= LIRS B B S S B B N T T
N N S © 0 ON © © 0O O N s © ©
ddsoTTeey 9y A+
2efiged
~ > T N
-

8~10 1 {IE- - - 4
10~12 4 - - - - - 4
12~13.6 { HEI) - - - - - 4

0~2 -+ NI - - - - - - - - -
2-4 - - DY - - - - -4
4-6 - DI - - - - - -+
6~5 + - (DY - - - - - - - -+
8~10 - + I~ - - - - - 4
10~12 4+ - - - -
12~13.6 4 + I - - - - -
13.6~15.6 | + I - - - - - A

18~20 { (I - - - 4
20~21.9- I - - -+

18~20 1

13.6~15.6 | - NN - - - - - - - 4
15.6~18 -| I - - 4
15.6~18 - HEIEH - - - - - - 4
20~21.9 [l - -+

Location in Z chromosome (Mb)
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autosomal genes, then the Z:A ratios in each interval were plotted.
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13.6 to 15.6 Mb) that is specifically enriched with dosage-com-
pensated genes in pseudomale testes (Fig. 4A). To answer whether
the dosage compensation in this region was the result of down-
regulating ZZ testis genes or up-regulating ZW testis genes, we
calculated the expression ratio of each Z-gene relative to the me-
dian of all autosome genes (Z:A) in ZW testes and ZZ testes sepa-
rately (see Methods). In ZW testes, the Z:A ratios in this region were
significantly higher than those in any other region of the Z chro-
mosome (Mann-Whitney U-test: P < 10~ for P-ZWm and P < 10~°
for F1-ZWm), displaying a median value close to one and close to
most Z regions in ZZ testes (Fig. 4B-D). This indicated that dosage
compensation of this region in ZW testes is due to general up-
regulation of gene expression. Interestingly, we also found that
this dosage-compensated region exhibited a very high density of
methylated cytosines (Fig. 4A; Supplemental Fig. S9) and was
enriched with Z-chromosomal DMRs between pseudomale and
normal male (harbored ~38% of the DMRs on the entire Z chro-
mosome). These results suggest that DNA methylation might play
an important role in regulating dosage compensation at the
13.6- to 15.6-Mb region of the Z chromosome.

The unique dosage compensation region found in pseudo-
male testes implies the potentially critical role of genes in this
region with regard to male development, particularly testis
development. As expected, we found that some genes from this
region were involved in spermatogenesis. For example, piwil2
(piwi-like 2), a member of the piwi family of genes that exhibit
conserved functions relating to transposon silencing during
spermatogenesis (Reuter et al. 2009; Wang et al. 2009; De Fazio et al.
2011), displayed a moderate degree of dosage compensation in both
ZW testes with ZZ to ZW testis expression ratios of 1.31 and 1.70 in
P-ZWm and F1-ZWm, respectively, but no compensation was ob-
served in ovaries (expression ratio of ZZ testis/ZW ovary is 3.69)
(Supplemental Table S9). Another example is pik3r1 (phosphoi-
nositide-3-kinase, regulatory subunit 1 [p85 alphal), a required com-
ponent in androgen-stimulated PI3K/Akt pathway activation (Cas-
toria et al. 2003; Sun et al. 2003), which plays a central role in the
self-renewal division of spermatogonial stem cells (Lee et al. 2007).
This gene displayed a high degree of dosage compensation, with
Z7 to ZW testis expression ratios of 0.61 and 0.79 in P-ZWm and
F1-ZWm, respectively (Supplemental Table S9), whereas highly
suppressed expression of this gene was observed in ovaries (ex-
pression ratio of ZZ testis/ZW ovary is 8.61). More examples are
listed in Supplemental Table S9.

Suppression of female-specific gene expression in pseudomales

We next investigated the expression of W-chromosomal genes
(W-genes) in ovaries and ZW testes and found that among the 317
annotated protein-coding genes on the W chromosome, up to 120
genes (38%) were silenced or had very low expression level (RPKM
<1) in both ovaries and ZW testes. Surprisingly, however, up to
94% (185/197) of the 197 remaining genes were still actively
transcribed (RPKM =1) in either P-ZWm or F1-ZWm. Furthermore,
among the 94 genes that were differentially expressed (twofold
RPKM change) between ovaries and ZW testes, 46% (43/94) were
up-regulated in both ZW testes relative to ovaries (Fig. 5A). Because
a large proportion of W-genes are still active in pseudomales, many
of the W-genes thus appear to be harmless for male phenotypic
development. This may be explained by the young age of the ZW
chromosome system in tongue sole, which evolved only around 30
Mya (Chen et al. 2014). We found that for all 317 annotated pro-
tein-coding genes on the W chromosome, the paralogs of 272

genes (86%) can be detected on the Z chromosome with high
identity (94% in median) (Fig. 5B). This implies that most of the W
genes are still too young to develop neofunction in comparison to
their counterparts on the Z chromosome; thus, they are generally
harmless for male development. Furthermore, their expression
may even compensate the gene dosage of their Z counterparts. This
is supported by the observation that the expression sum of Z-W
paralogous genes in pseudomale testes was close to the dosage of Z-
genes in normal males (Fig. 5C; Supplemental Fig. S10).

Despite the relatively young age of the ZW sex determination
system in tongue sole, there are three W-specific genes that do not
share any functional homologs on the Z chromosome or auto-
somes (Chen et al. 2014). Although two of these genes were si-
lenced both in ovaries and ZW testes, the third gene, figla (factor in
the germline alpha), which is a germ cell-specific basic helix-loop-
helix (bHLH) factor required for ovarian follicle formation (Liang
et al. 1997; Soyal et al. 2000; Bayne et al. 2004; Kanamori et al.
2008), displayed interesting expression patterns. RNA-seq data
suggested that it could produce two different transcripts by tar-
geting mutually exclusive first exons (Fig. 5SD). We found that the
transcript with the alternative first exon AFE1 was specifically
transcribed in ovaries (Fig. SE) and was the canonical splicing form
that is expressed and is functional in other vertebrate species
(Liang et al. 1997; Kanamori et al. 2008). However, the pseudomale
testes lack this splicing form, and only express the other transcript
with AFE2 (Fig. SF; see Supplemental Methods). Domain annota-
tion suggested that only the ovary-specific splicing form contains
the helix-loop-helix DNA binding domain that is critical to the
binding with other proteins (Fig. 5C), so that ovarian follicles can
be formed (Liang et al. 1997; Chaudhary and Skinner 1999). It is
interesting that the use of different splicing forms by ovaries and
pseudomale testes is strongly associated with DNA methylation.
There is a DMR between ovaries and pseudomale testes around the
AFE1 whose methylation pattern is consistent with the operation
of alternative splicing, as this region has a high level of methyla-
tion in ovaries (recruiting this exon) but hardly any methylation in
pseudomale testes (recruiting another exon) (Fig. 5D). It thus ap-
pears that this female-bias gene has been suppressed by alternative
splicing via DNA methylation regulation, leading to function loss
in pseudomales.

Discussion

Roles of epigenetic regulation in sex determination
and sex reversal

In this study, we used half-smooth tongue sole as a model to
characterize and compare the epigenetic and transcription pattern
of sex-reversed individuals and normal individuals, and to provide
insight into the molecular relationship between GSD and ESD. To
our knowledge, our study provides the first comprehensive in-
vestigation of gene expression and regulation at the whole genome
level in a GSD species that exhibits the ESD phenomenon.
Studies on model organisms have revealed that sex develop-
ment is regulated by a network of genes that have simultaneous
input on downstream cascades (Angelopoulou et al. 2012; Munger
and Capel 2012). These key master genes in the network are evo-
lutionarily highly conserved and expressed plastically across spe-
cies (Angelopoulou et al. 2012; Munger and Capel 2012). It has
been hypothesized that the functional conserved genetic compo-
nents involved in gonadal differentiation in GSD animals can also
be instrumental in the expression of ESD (Crews and Bull 2009).
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Figure 5. W-genes expression pattern in pseudomale testes. (A) Categories of W-genes based on gene expression levels in ovaries and pseudomale
testes. (B) Frequency distribution of protein identities for the 272 W-Z paralogous pairs. (C) Pseudomale to normal-male expression ratios calculated from
the 272 W-genes and their Z-counterparts. From Jeft to right: The first box represents expression ratios of P-ZWm W-genes to ZZm Z-genes; the second box
represents expression ratios of P-ZWm Z-genes to ZZm Z-genes; and the third box represents expression ratios of the sum of P-ZWm W- and Z-genes to
ZZm Z-genes, indicating that the expression sum of W-Z paralogous genes in pseudomale testes was close to the dosage of Z-genes in normal males. (D)
Alternative splicing and methylation profile of figla. The upper section indicates the gene model and the two splice forms of figla, with the dashed box
indicating the position of the basic helix-loop—helix domain, which is coded by first and second exons of splice form1. The lower section shows the DNA
methylation profiles in ovaries and pseudomale testes, with the light gray box indicating the position of DMR and green vertical lines indicating meth-
ylation levels of cytosines. (£, F) Expression of the two splice forms of figla in testes of normal and pseudomales and female ovaries as determined by RT-PCR.

(AFE) Alternative first exon.

However, due to the limited genetic resources available for ESD
animals, previous analysis has been limited to a few genes. Our
results show that a majority of the genes that are involved in sex
determination in other vertebrates are highly conserved in the
tongue sole genome. Furthermore, their orthologs display sub-
stantial differences in gonadal expression or methylation regu-
lation in tongue sole, suggesting a conserved evolutionary core of
the sex determination toolkit. We also show that the differences
in gonadal expression and methylation pattern of these key genes
are consistent between females and the pseudomales that de-
velop from sex-reversed females as a result of environmental in-
fluence. This result pinpoints how the master regulatory genes in
the sex determination network used in GSD are also utilized
during the ESD process to trigger the cascade of alternate gonad
development.

It has long been proposed that epigenetic regulation may
play an important role in ESD species in response to environ-
mental influences, leading to the gonad developmental change
(Manolakou et al. 2006). The cypI19ala is one of the first cases to

show an epigenetic mechanism that mediates temperature effects
in sexual reversal (Navarro-Martin et al. 2011). We demonstrate
here that regulation by DNA methylation in sexual reversal of
tongue sole is not limited to this gene but is applied across the
entire sex determination network, which shows an enrichment of
DMGs (Fig. 3A). Due to limits in the tissue size required for large-
scale sequencing, as well as the challenge of distinguishing the
phenotypic sex status of the premature gonad during the sensitive
development stage, it is impossible to compare the gene expression
and methylation between pre- and post-sexual reversal; thus it is
difficult to conclude whether the methylation difference is the
cause or consequence of sex reversal. To do so would require more
detailed functional experiments. However, our current results
provide some insight. For instance, our expression profiling reveals
that the first detectable high expression of the dmrtl gene starts
during the period of gonadal sex determination in tongue sole
at ~70 d after hatching and persists at high levels in testes once
sex has become differentiated (Fig. 3B). Interestingly, the male spe-
cific expression pattern seems to be implemented by the hyper-
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methylation in ovaries on its promoter region. Moreover, this
hypermethylation pattern can be eliminated in genotypic females
by high temperature incubation and prevent transcript silencing
during the critical developmental stage, leading the development
of undifferentiated gonad into testes. Of note, medaka also exhibit
reduced expression of dmY/dmrtlY when XY males change into
females (Matsuda et al. 2002). It thus appears that ESD can override
the standard GSD expression pathways through epigenetic regu-
lation of just a few core genes in the sex determination network,
with these affected genes inducing and cascading downstream
effects that mediate the expression of sex-specific morphological
and physiological traits. As shown in Figure 3, the transcription of
several key genes in ovary development is suppressed, whereas the
activity of testis development related genes is reactivated after the
sexual reversal from genotypic female to phenotypic males by the
regulation of DNA methylation.

The role of DNA methylation in mediating gene expression is
well documented. It has been proposed recently that the regula-
tion of gene activity by DNA methylation can also be achieved by
control of transcript splicing (Shukla et al. 2011). Here, we provide
an interesting example, showing that the transcript splicing of
a female specific gene figla is associated with DNA methylation.
The specific role of methylation in alternative splicing will have to
be determined by further experiments, but the case presented here
and its important function may shed light on the understanding of
this regulatory mechanism.

Resolution of sex-linked gene dosage inequality during
sex reversal

Dosage compensation is a process that normalizes the expression
level of genes from unequal copy numbers of sex chromosomes in
GSD species (Mank 2009, 2013). By comparison of gene expression
in females versus males, our previous study suggests that the
tongue sole has incomplete dosage compensation in its Z chro-
mosome (Chen et al. 2014). The phenomenon of sexual reversal in
tongue sole raises the similar scenario of Z chromosome dosage
during the sex reversal from genotypic females to phenotypic
males since they have only one copy of Z relative to the normal
males. Our result suggests that low dosage compensation on the
Z chromosome in the pseudomale is sufficient to achieve normal
testis function after sex reversal. Alternatively, the insufficient
dosage of Z genes in pseudomales may have been compensated by
their undifferentiated paralogs on the W chromosome. Therefore,
the dosage compensation is not necessarily fully developed in this
differentiating young ZW system, especially when the two sex
chromosomes have not been accumulating too many sex-linked
mutations and sexually antagonistic genes.

There is one region standing out from the Z chromosome and
clustering with a significantly high number of genes depending on
dosage compensation in testes (Fig. 4). Consistent with the above
hypothesis about dosage compensation, this region is extremely
diverged from the W chromosome, containing a significantly low
number of paralogous genes in W (19.7%, whole Z chromosome is
31.7%; P = 0.01). This region also bears a high density of methyl-
ated cytosine and is significantly hypermethylated (Fig. 4A). It is
worth noting that a similar dosage-compensated region has been
found on the chicken Z chromosome, where a majority of com-
pensated genes is also located within the so-called male hyper-
methylated region (MHM) (Teranishi et al. 2001; Melamed and
Arnold 2007). It has been suspected that dosage compensation in
chicken could be mediated by noncoding RNA in MHM, which

recruits a histone acetyltransferase to stimulate up-regulation of
genes in that region (Teranishi et al. 2001; Melamed and Arnold
2007). A similar scenario may also apply in pseudomales of tongue
sole but through a different trajectory of DNA methylation. Fur-
ther experiments are needed to elucidate the exact mechanisms.
In spite of the similar mechanisms of dosage compensation in
chicken and tongue sole, we found no significantly homologous
relationships between these two regions, suggesting that they
evolved independently.

Another potential dosage dilemma in the combined GSD and
ESD system of tongue sole fish concerns the W chromosome of
pseudomales, as pseudomales would need to develop a strategy
to inhibit the female-beneficial/male-detrimental genes, such as
the W-linked figla, during the development of a functional testis
instead of an ovary. The tongue sole figla provides an excellent
example as to how sex reversed individuals overcome this con-
tradiction. Instead of being completely silenced, this gene is sup-
pressed by an alternative splicing mechanism and associated with
DNA methylation regulation. Meanwhile, we also note that only
a fraction of the W genes have been repressed in pseudomales, due
to the ongoing diverging status of this recently evolved neo-ZW
system. We therefore propose that this incompletely differentiated
ZW chromosome system, in which neither of the sex chromo-
somes accumulates sex-specific antagonistic genes, together with
epigenetic regulatory mechanisms, may be important in creating
the plasticity to develop ESD within a GSD system.

Transgenerational epigenetic inheritance of sex reversal

Transgenerational epigenetic inheritance is the epigenetic effect on
the phenotype that can be passed down to subsequent generations
and cannot be explained by the changes in the primary DNA se-
quence and Mendelian genetics (Youngson and Whitelaw 2008;
Daxinger and Whitelaw 2010, 2012). It has only rarely been reported
in mammals due to the epigenetic reprogramming between gener-
ations in mammals that erases and resets most of the epigenetic
marks (Daxinger and Whitelaw 2010, 2012; Feng et al. 2010).
However, the erasing of epigenetic marks is not a universal rule in
animals. For example, DNA methylation is not reset in early de-
velopment in zebrafish (Macleod et al. 1999), pinpointing the pos-
sibility of transgenerational epigenetic inheritance in fishes. This has
been confirmed by a recent study in zebrafish, which revealed the
heredity of parental DNA methylatome in offspring embryo (Jiang
et al. 2013; Potok et al. 2013). A unique advantage of half-smooth
tongue sole is that the offspring of pseudomales can spontaneously
develop into functional pseudomales without environmental stim-
uli. An explanation for this is that novel DNA methylation patterns
are established in bipotential germ cells when the juvenile fish in-
cubate at high temperature and alter the developmental fate of the
germ cells to the opposite sex. These new methylation patterns are
then imprinted in the genome and not erased and reset during the
development of new generations, so they appear in the offspring.
This is supported by our observation that the methylation dif-
ferences between parental pseudomales versus females are highly
consistent with the differences between offspring pseudomales
versus females (Fig. 2C; Supplemental Fig. S5).

However, since it is only the methylation patterns of paternal
alleles in offspring originating from their pseudomale fathers that
are rewritten, while their maternal alleles, which have not been
subjected to high temperature exposure, do not contain the novel
methylation marks, the following question arises: Why (or how)
does the monoallelic methylation change in offspring promote
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sexual reversal, leading to most or all of the genotypic females’ off-
spring developing into males? Our previous population survey for
a chromosomal inheritance pattern revealed that most or all ZW
offspring of the pseudomale inherit their Z chromosomes exclusively
from their fathers, and no maternal Z chromosome has been ob-
served in ZW offspring (Chen et al. 2014). This can be explained by
the fact that during the spermatogenesis process, no germ cell with
only the W chromosome produced by pseudomales can develop to
sperm and survive (Chen et al. 2014). Therefore, the ZW offspring of
pseudomales only inherit the paternal Z allele, of which the meth-
ylation patterns have been altered by environmental stimulation and
switch off the ovary developmental pathways. Once the novel
methylation marks are inherited, the offspring, which do not have
epigenetic reprogramming mechanisms in early developmental
stages to reset the epigenetic marks, maintain their paternal meth-
ylation pattern through their lifetime, thus directly develop into
functional males. Finally, the stable inheritance pattern of the Z
chromosome in the pseudomale family offers the possibility of
consistent trans-generational epigenetic inheritance of sexual
reversal phenomenon in tongue sole fish (Supplemental Fig. S11).

Methods

Sample collection

Normal males (ZZm), parental females (P-ZWf), and induced
pseudomales (P-ZWm) were collected from Laizhou Mingbo, Co.,
from 2008 to 2010 (Fig. 1C). One of the pseudomales (P-ZWm) was
crossed with one of the females (P-ZWf) to produce the next gen-
eration of females (F1-ZWf) and pseudomales (F1-ZWm), which
were collected as F1 samples when they were mature (Fig. 1C). For
each of the five samples, two biological replicates were utilized,
with each replicate being pooled by five fish. The phenotype and
genotype of each selected fish were identified by the histological
analysis and PCR validation using the W chromosome specific
marker (Chen et al. 2012).

DNA isolation, BS-seq library construction, and sequencing

DNA were isolated from five pooled gonads of the same replicate,
then 5 pg DNA was used to perform the bisulfite conversion and
BS-seq. The bisulfite conversion of sample DNA was carried out
using a modified NH4HSO3-based protocol (Hayatsu et al. 2006).
The paired-end library construction and sequencing were carried
out using Illumina HiSeq 2000, according to the manufacturer’s
instructions (Illumina). We also mixed 25 ng cl857 Sam7 Lambda
DNA in each sample to use as a conversion quality control for
each library.

BS-seq analysis

The Lambda genome was merged with the reference genome of
Cynoglossus semilaevis so that reads originating from the unmeth-
ylated control DNA could be aligned. BS-seq reads were mapped to
the reference genome using SOAP2 (Li et al. 2009) as described in
Bonasio et al. (2012), allowing up to six mismatches for 90-bp
paired-end reads. Multiple reads mapping to the same position
were regarded as PCR duplicates, and only one of them was kept.
Bases with a quality score <20 were not considered for subsequent
analysis.

The error rate of each library (sum of the nonconversion rate
and T/C sequencing errors) was calculated as the total number of
sequenced Cs divided by the total sequencing depth for sites cor-
responding to Cs in the Lambda genome. The error rate for each

library was ~0.5% (Supplemental Table S2). To distinguish true
mCs from false positives, we used a model based on the binomial
distribution B(n,p) following Bonasio et al. (2012), and only the
mCs with FDR (Benjamini et al. 2001) adjusted P-values < 0.01
were considered true positives.

Methylation level calculation

The methylation level of an individual CpG was determined by the
number of reads containing a C at the site of interest divided by the
total number of reads covering the site. The methylation level of
a specific region was determined by the sum of methylation levels
of individual CpGs in the region divided by the total number of
covered CpGs in this region.

Differential methylation analysis

Two-way ANOVA was used to identify DMRs between two groups
of samples using a 500-bp sliding window with the step length of
250 bp. To ensure the power of statistical tests, only windows with
at least six (three per strand) informative CpGs (=3 X coverage) in
all replicates of the two compared samples were considered. The
two independent variables for ANOVA were sample and cytosine
position. For each window, we first calculated the variance be-
tween samples and the variance between two replicates of each
sample (variance caused by random error), then used F-test to
calculate the P-value of each window by comparing the sample
variance and random error variance. P-values were then adjusted
by FDR (Benjamini et al. 2001). Only windows with adjusted
P-value < 0.05 and greater than twofold methylation level change
were considered as DMRs. Differentially methylated genes (DMGs)
were defined as genes containing DMRs in their putative promoter
regions (TSS —2 kb to +500 bp).

Fisher’s exact test and x? test (BeifRbarth and Speed 2004) were
employed to estimate whether the DMGs were enriched in specific
GO categories when compared with background genes. P-values
were adjusted by FDR (Benjamini et al. 2001), and the adjusted
P-value < 0.05 was chosen as the significant threshold (see Sup-
plemental Methods for details).

To track the DNA methylation status of dmrt1 during gonadal
development, we performed bisulfite-PCR for genomic DNA ex-
tracted from genetic female and male gonads at different devel-
opmental stages using a pair of primers targeting the first exon
of dmrt1. PCR products were subjected to TA-cloning, and at least
10 clones were randomly selected for Sanger sequencing for each
stage (see Supplemental Methods for details).

Gene expression analysis

Gonadal transcriptome data of P-ZWf, P-ZWm, F1-ZWm, and ZZm,
as well as transcriptome data of whole fish (excluding gonads) of
female and normal male, were from the tongue sole genome pro-
ject (Chen et al. 2014), and these transcriptome data have been
deposited in the NCBI Sequence Read Archive (ZZm: SRX106096;
P-ZWf: SRX106097; P-ZWm: SRX106098; F1-ZWm: SRX106099;
female whole fish: SRX106100; male whole fish: SRX106103).
TopHat v2.0.4 package (Trapnell et al. 2009) was used to map
transcriptome reads to the tongue sole genome, with parameters
of -a/-min-anchor 8, -m/-splice-mismatches 0, -i/-min-intron-
length 50, -I/-max-intron-length 500000,-segment-mismatches
3 and-segment-length 25 for 75-bp reads and 30 for 90-bp reads.
Gene expression levels were measured by RPKM (reads per kilobase
of gene per million mapped reads) (Mortazavi et al. 2008) and
adjusted by a scaling normalization method (Robinson and
Oshlack 2010).

Genome Research 613
www.genome.org



Shao et al.

Expression of gsdf in different developmental stages and ex-
pression of figla in different adult gonads were quantified by
conventional RT-PCR (see Supplemental Methods for details). RT-
PCR analysis results of dmrtl at different developmental stages
were obtained from Chen et al. (2014) by adding the data of two
additional time points (8 m and 10 m) using the 1 y sample as
a control (Chen et al. 2014).

Dosage compensation analysis of Z chromosomal genes

The “male to female” or “male to pseudomale” gene expression
ratios were used to measure the degree of dosage compensation for
each Z-gene in female (ZW) or pseudomale (ZW) relative to normal
male (ZZ), calculated as the RPKM ratio of each Z-gene between two
compared samples. Only genes with RPKM greater than one in
both compared samples were considered, and genes with “male to
female” or “male to pseudomale” RPKM ratios between 1/1.5 and
1.5 were defined as dosage-compensated genes. In Figure 4A and
Supplemental Figure S9, RPKM ratios were log2-transformed,
and the running averages of 20 genes were plotted across the Z
chromosome to visualize the chromosome-wide dosage compen-
sation pattern.

To investigate whether dosage compensation of the 13.6-
t015.6-Mb region of the Z chromosome in pseudomale testes was
the result of down-regulating male expressions or up-regulating
pseudomale expressions, we calculated the expression ratio of each
Z-gene to the median of autosomal genes (Z:A) in pseudomale
testes and normal male testes separately, then Z:A ratios of the
Z-genes in each ~2 Mb interval were visualized by box plot (Fig.
4B-D). Only genes with RPKM greater than one in at least one of
the six transcriptome samples were used for Z:A analysis.

Data access

DNA methylome data of the five gonadal samples from this study
have been submitted to the NCBI Gene Expression Omnibus
(GEO; http://www.ncbi.nlm.nih.gov/geo/) under accession num-
ber GSE41129.
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Abstract

High-resolution genetic maps are essential for fine mapping of complex traits, genome assembly, and
comparative genomic analysis. Single-nucleotide polymorphisms (SNPs) are the primary molecular
markers used for genetic map construction. In this study, we identified 13,362 SNPs evenly distributed
across the Japanese flounder (Paralichthys olivaceus) genome. Of these SNPs, 12,712 high-confidence
SNPs were subjected to high-throughput genotyping and assigned to 24 consensus linkage groups
(LGs). The total length of the genetic linkage map was 3,497.29 cM with an average distance of
0.47 cM between loci, thereby representing the densest genetic map currently reported for Japanese
flounder. Nine positive quantitative trait loci (QTLs) forming two main clusters for Vibrio anguillarum
disease resistance were detected. All QTLs could explain 5.1-8.38% of the total phenotypic variation.
Synteny analysis of the QTL regions on the genome assembly revealed 12 immune-related genes,
among them 4 genes strongly associated with V. anguillarum disease resistance. In addition, 246 gen-
ome assembly scaffolds with an average size of 21.79 Mb were anchored onto the LGs; these scaffolds,
comprising 522.995 Mb, represented 95.78% of assembled genomic sequences. The mapped assem-
bly scaffolds in Japanese flounder were used for genome synteny analyses against zebrafish (Danio
rerio) and medaka (Oryzias latipes). Flounder and medaka were found to possess almost one-to-one
synteny, whereas flounder and zebrafish exhibited a multi-syntenic correspondence. The newly
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2 A high-resolution genetic map of Japanese flounder

developed high-resolution genetic map, which will facilitate QTL mapping, scaffold assembly, and
genome synteny analysis of Japanese flounder, marks a milestone in the ongoing genome project

for this species.

Key words: Japanese flounder, RAD-seq-based SNP, high-resolution linkage map, QTL mapping, genome synteny

1. Introduction

Japanese flounder (Paralichthys olivaceus), one of the most desirable
and highly priced marine fish species, is widely cultured along the
coast of Northeast Asian countries such as China, Japan, and
Korea." In addition to a booming Chinese market, >60,000 tons of
Japanese flounder were artificially produced in Japan and Korea in
2013,> making P. olivaceus one of the most important species in
stock enhancement programs in these countries. As a result of long-
term, high-intensity stocking and resource management, however,
farmed Japanese flounder have depressed immune systems that en-
hance individual susceptibility to microbial infections.> To increase
profitability and sustainability while maintaining genetic variability
in the cultured stock, the development of genetic breeding programs,
such as marker- and gene-assisted selection, is urgently required.
These approaches involve selection of genomic loci or genes related
to the economic trait of interest using genetic maps constructed by
molecular markers.*

An accurate genetic linkage map is therefore foundational to
genetic breeding of a species.’ To date, linkage maps have been con-
structed for at least 28 fish species; in addition, economically import-
ant traits have been mapped using these maps in over 13 fish species,
including tilapia, rainbow trout, channel catfish, Atlantic salmon,
common carp, and Asian seabass.® Following the construction of
the first generation of Japanese flounder genetic maps based on simple
sequence repeat (SSR) and amplified fragment length polymorphism
(AFLP) markers by Coimbra et al.” and SSRs alone by Kang et al.,®
the second generation of linkage maps has been developed with
various types of molecular markers, such as SSRs and a few single-
nucleotide polymorphism (SNP) markers, either alone or in combin-
ation.”'” Such efforts have resulted in the identification of several
quantitative trait loci (QTLs) for disease resistance and growth in Ja-
panese flounder. For instance, a single major genetic locus associated
with lymphocystis disease resistance has been detected'" and its can-
didate gene #lr2 identified,'* making the development of a lymphocys-
tis disease-resistant strain of Japanese flounder possible by
marker-assisted selection.'® In addition, four QTLs for growth rate
are clustered on genetic linkage group (LG) 14, suggesting that these
major loci contributing to growth trait variation are potentially useful
for marker-assisted selection in future genetic breeding programs of
Japanese flounder.'® Although previous genetic maps of Japanese
flounder have been successfully used to map QTLs for a few economic
traits, the number of commonly available markers, restricted to hun-
dreds to a few thousand, makes it difficult to carry out fine-scale map-
ping to shrink the genomic regions tightly associated with important
traits. A genetic map of much higher resolution is thus urgently needed
for Japanese flounder.

A high-resolution genetic linkage map is also an excellent tool for
genome map construction, which in turn allows direct comparison of
chromosomal organization and evolution.'* For instance, Caenorhab-
ditis briggsae chromosomes reconstructed by SNP-based genetic map-
ping were compared with the Caenorbabditis elegans genome. An
almost complete conservation of synteny was observed, with many

cases of perfect 1:1 orthologues found between these two distantly
related species.'* In addition, construction of a dense gene-based map
of the butterfly species Bicyclus anynana enabled broad-coverage ana-
lysis of synteny with the lepidopteran reference genome; this analysis
suggested strong conservation of gene assignments to chromosomes
and numerous large- and small-scale chromosomal rearrangements.'’
The application of genetic mapping allows genome-level analysis to be
extended to non-model species, conferring an advantage in the com-
parative analysis of chromosomal organization and evolution.

With the emergence of next-generation (massively parallel) se-
quencing and associated technological genotyping advancements
such as reduced representation library sequencing techniques,'® SNP
markers, representing the most abundant source of variation in the
genome, have become widely used for high-resolution genetic map
construction; they are also applied for measurement of genetic diver-
sity and investigation of population structure.'” As a reliable, high-
throughput, affordable method to reduce genomic complexity,
restriction-site associated DNA tag sequencing (RAD-seq) has been
particularly attractive for SNP discovery and genotyping.'® RAD-seq
technology has been successfully applied in the construction of genetic
maps for various species, such as stickleback,'? rainbow trout,* egg-
plant,?! barley,” chickpea,”® guppy,”* and lupin.*’ Furthermore, the
discovery that replicate parallel phenotypic evolution may be occur-
ring in stickleback on a genome-wide scale® as well as the detection
of population admixture and improved identification of hybrid and

20

non-hybridized individuals using RAD-seq”" suggest that this tech-
nique is applicable to population genomics and phylogeography.

Despite the availability of two generations of genetic maps, the
large-scale discovery and utilization of SNPs, the most promising mar-
kers for providing sufficiently dense genetic maps,>> has not been car-
ried out in Japanese flounder. In the present study, we consequently
performed a large-scale identification of genome-wide SNPs derived
from RAD-seq of a Japanese flounder mapping population containing
2 parents and 216 offspring. We then used the results to construct a
high-density (third generation) SNP-based map. We also successfully
detected QTLs for Vibrio anguillarum disease resistance and their re-
lated genes in Japanese flounder. Finally, we used our SNP-based gen-
etic map in conjunction with the P. olivaceus Genome Sequencing
Project (PoGSP) database, which is to be published in the near future.
In particular, the map was used to facilitate the anchoring and orient-
ing of scaffolds generated by whole genome sequence data assembly
and for chromosomal-level comparative analysis.

2. Materials and methods

2.1. Mapping population

Twenty-four full-sib families of Japanese flounder were bred by
Haiyang Yellow Sea Fisheries Co. (Yantai, China) in 2010.%” All
216 offspring of one of the families, with an average length of 12.61
+1.40 cm and average weight of 18.85+6.28 g, were challenged
through intraperitoneal injection with a 0.2-ml bacterial suspension
of ~7.16 x10° colony-forming units (CFU) of V. anguillarum.
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Another 20 individuals were injected with 1x phosphate-buffered sa-
line as a control. The median lethal concentration had been deter-
mined in our laboratory previously.”® The offspring were kept in
three 0.28-m> tanks supplied with fresh seawater at 23-« 0.5°C. This
challenge experiment was performed once and lasted for ~1 week.
Mortality was recorded every 3 h based on the appearance of dead
fish (Supplementary Table S1). Genomic DNA was isolated from the
fins of the parental fish and 216 offspring using traditional phenol-
chloroform extraction in combination with RNase treatment and
stored at —20°C.'° Before construction of RAD-seq libraries, all
DNA samples were quantified using a NanoDrop instrument (Thermo
Scientific, Wilmington, DE, USA), and their concentrations were ad-
justed to 50 ng/pl using Tris-EDTA buffer.

2.2. RAD library construction and sequencing

RAD-seq libraries were constructed using a protocol adapted from
Baird et al.'® Briefly, 250 ng of genomic DNA from each of 218 li-
brary individuals was digested separately with 20 units of Pstl and
then heat inactivated at 65°C. Various P1 adapters, each with a unique
4-8 bp molecular-identifying sequence (MID), were then ligated to de-
signated individuals, which were then pooled in groups of 24 indivi-
duals and randomly sheared to DNA fragments. Sheared DNA was
purified, eluted, and separated using gel electrophoresis, and a DNA
fraction corresponding to 300-700 bp was excised and purified.
After end repair, purification, and elution, dATP overhangs were
added to the DNA fraction. A paired-end P2 adapter containing T
overhangs was ligated to 20 pul of sheared, size-selected, P1-ligated,
and pooled DNA template with a specific adapter. The ligated mater-
ial was then purified, eluted, and subjected to PCR enrichment. Se-
quencing of the RAD products from the 218 individuals was
performed on a HiSeq2000 next-generation sequencing platform. Se-
quencing data for each individual were then extracted according to the
specific MID.

2.3. SNP discovery and genotyping

We first filtered out Illumina short reads lacking sample-specific MIDs
and expected restriction enzyme motifs. All the short reads from each
of the samples were then clustered into tag reads on the basis of se-
quence similarity (allowing one mismatch at most between any two
reads within each tag read cluster, with clusters having <2 or >100
reads discarded).”” Tag reads from the two parents were compared
and filtered to remove monomorphic DNA sequences, leaving only
the tag reads with SNPs. SNPs were selected according to the follow-
ing criteria: (i) alleles with a minimum coverage of five reads and a
score >20 (P > 0.05) were selected; (ii) the base at the SNP site was un-
ique (if at a homozygous locus) or bimorphic (if at a heterozygous
locus, with the minor base represented by at least three reads); and
(iii) the ratio of the two kinds of bases (major to minor) at a heterozy-
gous locus ranged from 1 to 5. Regions containing these putative SNPs
were used as reference SNP regions. The clean tag reads of offspring
individuals were then aligned to reference SNP regions, with geno-
types of individuals determined by reference to the parental genotypes.
Filtering of reads and SNP selection were performed following previ-

29,30

ously described algorithms as implemented using custom scripts

(available from the authors upon request).

2.4. Genetic map construction
A pseudo-testcross population was used to construct the linkage map.
For the linkage analysis, RAD-based SNPs were first tested against the

expected segregation ratio. Two SNP alleles heterozygous with respect
to the two parents were expected to segregate in a 1:2:1 ratio, whereas
a pair of SNP alleles, one heterozygous and the other homozygous,
were expected to segregate in a 1:1 ratio. To construct a genetic
map, markers showing significant segregation distortion (P <0.01,
7z test) were removed. The remaining SNPs were then used to con-
struct the genetic map with the recently developed software package
Lep-MAP.?! The genotype data were first filtered manually to remove
obvious Mendelian errors from the offspring. LG assignments were
then obtained using the separate chromosomes module with a loga-
rithm of odds (LOD) score limit of 10. The marker order was obtained
using the order markers module of Lep-MAP. Because this module
uses only paternally informative markers in the ordering, a second
genotype data file was constructed by swapping the parents of the ori-
ginal data. An integrated map was constructed by using both genotype
files as input, with paternal and maternal maps generated by using
only one input file. To speed up the computation, constant rates for
genotype errors and recombinations were used. Finally, the marker
positions and error parameters were established by order markers
module.

2.5. QTL mapping for V. anguillarum disease resistance
QTL analyses were conducted with the WinQTLCart2.5 software
program using the composite interval mapping (CIM) method.*?
The CIM analysis was run using Model 6 with four parameters for
forward and backward stepwise regression, a 10-cM window size,
five control markers, and a 1-cM step size. The LOD threshold
value was determined on the basis of 1,000 permutations at a whole
genome-wide significance level of P < 0.05. The location of each QTL
was determined according to its LOD peak location and surrounding
region. Other QTL reference values, including phenotypic variation
and a positive or negative additive effect for V. anguillarum disease
resistance, were also calculated by WinQTLCart2.5. Candidate
genes for V. anguillarum disease resistance were identified by mapping
the corresponding tags of SNPs in QTL regions to the scaffold assem-
bly followed by retrieval of the corresponding gene ID from the gene
annotation file.

2.6. Genome scaffold assembly and genome synteny
We used the high-resolution RAD-based SNP genetic map and
BLASTN (E-value <1 x 1075, identity >95%, and alignment rate
>50%) to map reads containing SNPs with less than two mismatches
to PoGSP-derived scaffolds. To reduce the complexity of scaffolds an-
chored to hundreds of SNP markers, a tag SNP was selected from each
scaffold with multiple SNPs. The position and orientation of scaffolds
were ordered and assembled onto 24 pseudo-chromosomes corre-
sponding to the 24 LGs based on genetic distances between SNPs.
Scaffolds with only one SNP marker could be anchored but not or-
iented because of the lack of markers. We then used the Japanese
flounder reference gene set generated from the PoGSP database
along with medaka (Oryzias latipes) and zebrafish (Danio rerio)
gene sequences from Ensembl (release 57). After filtering short genes
(coding sequence <150 bp), we chose the transcripts with the longest
coding sequences to represent each gene and then identified reciprocal
best-matching orthologous genes between Japanese flounder and the
other fish using BLASTP (E-value=1x1071). Syntenic regions
defined by the top hits of the homology search were plotted using
an in-house script.
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3. Results

3.1. RAD-seq library construction and sequencing

A total of 218 RAD-seq libraries from 2 parents and their 216 off-
spring were constructed and sequenced on an Illumina HiSeq2000
platform to generate 3.91 billion raw reads. After data trimming, 3.52
billion reads, comprising ~149.87 Gb of sequencing data, were indi-
vidually partitioned into RAD tags according to their MIDs. Finally,
female and male parental data sets, containing respectively 22.93
million filtered reads (comprising 947.96 Mb of data with a GC%
of 47.02) and 17.7 million filtered reads (comprising 796.52 Mb of
data with a GC% of 47.21), were correspondingly partitioned into
6,294,857 and 4,843,594 RAD tags. From the 216 offspring, a total
of 3.48 billion filtered reads (average of 16.12 million) corresponding
to 148,128.63 Mb of data (average of 685.78 Mb) were produced and
divided into 939,770,718 RAD tags (ranging from 1,627,621 to
8,329,563 with an average of 4,350,790) for individual SNP discovery
(Supplementary Table S1).

3.2. SNP discovery and genotyping

After stringent selection according to the above-described method,
RAD tags from each individual were clustered and compared. RAD
tags containing SNPs of the two parents were identified using a custom
k-mer matching algorithm that excluded exact sequence matches
(monomorphic loci) per 41-bp sequence. A panel of 13,362 high-
fidelity SNPs with fixed genotypes in both parents was identified
using these criteria described under ‘Material and methods’, and
alleles for each marker were assigned to their respective parental

donor. Using an in-house script, these SNPs were then analysed
using genotyping data across the 216 offspring and classified into
three categories: maternal heterozygous (6,741 SNPs), paternal het-
erozygous (4,128 SNPs), and heterozygous in both (2,493 SNPs).
All 13,362 SNPs and their flanking sequences are listed in Supplemen-
tary Table S2.

3.3. High-resolution genetic map construction

A high-resolution RAD-based SNP genetic map of Japanese flounder
based on a pseudo-testcross population was first constructed using
Lep-MAP. A total of 12,712 segregating SNPs (95.14%) were success-
fully classified into 24 LGs (Table 1 and Fig. 1). The paternal map con-
tained 8,784 SNPs with a total genetic distance of 2,561.17 cM; the
length of each LG ranged from 19.53 ¢M (LG8) to 145.08 cM
(LG19), with an average genetic length of 106.72 ¢M (Supplementary
Fig. S1). The corresponding maternal map consisted of 6,343 SNPs
representing a total length of 2,356.86 ¢cM and ranging from 0.6 cM
(LG8) to 187.33 ¢cM (LG1) (Supplementary Fig. S2). More interesting-
ly, LG8 was the smallest LG on both maternal (0.6 cM) and paternal
maps (19.53 cM). LG8 on the maternal map contained only 3 SNPs
heterozygous in both parents; on the paternal map, LG8 included
135 paternal heterozygous SNPs and 3 SNPs heterozygous in both
parents. The resulting integrated map consisted of 24 LGs including
12,712 SNPs, which corresponded to 7,430 effective loci. The total
map length was 3,497.29 cM, with an average inter-locus distance
of 0.47 cM; the genetic length of each LG ranged from 21.64 ctM
(LG8) to 221.14 cM (LG20), with an average inter-locus distance of
0.37-0.75 cM. LG1 was the densest, having 495 effective loci with

Table 1. Characteristics of genetic maps and anchoring scaffolds of Japanese flounder

LG_ID Paternal map Maternal map Integrated_Map

No. of Distance No. of Distance No. of No. of Distance Average No. of Length of

SNPs (cM) SNPs (cM) SNPs effective (cM) inter-loci  anchored anchored

loci distance scaffolds  scaffolds (Mb)

1 493 137.15 561 187.33 875 495 208.74 0.42 16 27.810
2 75 46.95 94 9.03 127 72 36.33 0.50 9 18.596
3 451 111.49 375 137.75 706 407 190.32 0.47 10 23.206
4 321 97.84 284 95.24 527 290 142.28 0.49 7 18.984
5 413 101.92 216 80.38 584 303 114.34 0.38 10 25.846
6 441 126.54 442 181.24 742 440 203.21 0.46 9 24.619
7 224 94.54 76 72.64 253 178 94.76 0.53 13 29.554
8 138 19.53 3 0.60 138 59 21.64 0.37 8 11.100
9 377 103.89 46 9.00 407 195 101.09 0.52 19 14.865
10 222 88.72 151 76.56 333 214 123.10 0.58 12 21.850
11 263 82.11 385 127.91 573 351 177.62 0.51 8 22.769
12 452 102.60 461 121.51 787 436 161.24 0.37 10 25.650
13 410 130.09 412 107.02 686 401 172.96 0.43 N 19.776
14 313 117.59 260 88.67 421 276 128.28 0.46 11 11.147
15 486 122.12 151 91.38 509 297 150.71 0.51 10 23.798
16 175 72.03 294 100.37 402 253 119.09 0.47 12 17.162
17 408 136.93 492 169.11 717 462 209.14 0.45 11 25.188
18 276 116.96 99 84.30 287 192 144.18 0.75 8 19.412
19 458 145.08 174 97.10 484 302 169.02 0.56 12 26.392
20 528 114.33 464 159.35 824 467 221.14 0.47 6 22.917
21 449 127.47 103 32.21 492 247 101.46 0.41 6 25.309
22 448 102.11 260 106.97 590 380 157.75 0.42 10 19.992
23 514 141.20 220 101.53 603 336 173.14 0.52 12 24.253
24 449 121.98 320 119.66 645 377 175.75 0.47 12 22.800
Total 8,784 2,561.17 6,343 2,356.86 12,712 7,430 3,497.29 0.47 246 522.995
Average 366 106.72 264 98.20 530 310 145.72 0.47 10 21.79
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Figure 1. Linkage group lengths and marker distribution of the high-resolution restriction site-associated DNA sequencing-based SNP genetic map of Japanese
flounder. Within each linkage group, red, blue, and yellow lines, respectively, represent maternal heterozygous SNPs, paternal heterozygous SNPs, and SNPs
heterozygous in both parents. Genetic map details are given in Supplementary Table S3.

Table 2. Characteristics of Vibrio anguillarum disease resistance QTLs

QTL Linkage group Genetic position Associated marker LOD *Exp% Additive effect
qVA-1 LG6 89.8-90.8 record_231777.7 3 5.10 0.210012
qVA-2 LG6 95.9-99.3 record_245752.29 5 8.38 0.309202
qVA-3 LGé 100.7-102.5 record_247030.22 3.6 7.59 0.287123
qVA-4 LGé6 104.1-105 record_246301.16 3.3 5.87 0.256509
qVA-5 LG6 105-105.4 record_254077.24 3.5 6.19 0.25732
qVA-6 LGé6 107.8-108.7 record_254548.37 3.4 5.95 0.263431
qVA-7 LG19 115.6-115.8 record_255627.24 15.8 1.19 —0.116882
qVA-8 LG21 98.7-99.6 record_245734.7 3.7 6.06 —-0.25436
qVA-9 LG21 100.6-100.9 record_255692.21 3.7 6.56 —-0.273719
qVA-10 LG21 100.9-101.3 record_245651.14 3.3 6.36 -0.261304

“Exp, percentage of explained phenotypic variation.

an average density of 0.42 cM, whereas LG8 had the least number of
effective loci (only 59). On average, each LG contained 310 effective
loci spanning 145.72 cM (Table 1 and Fig. 1). Locus names and SNP
positions on the 24 LGs of the integrated genetic map are listed in Sup-
plementary Table S3.

3.4. Vibrio anguillarum disease resistance-associated
QTLs and related genes

In total, 10 significant QTLs for V. anguillarum disease resistance were
distributed on LG6, LG19, and LG21 of Japanese flounder (Table 2
and Fig. 2). Most of these QTLs were clustered together on their
respective LGs. One major cluster containing six QTLs (qVA-1,
qVA-2, qVA-3, qVA-4, qVA-5, and qVA-6) was detected between the
narrow positions of 89.8-108.7 cM on LG6. Among them, qVA-2

located at 95.9-99.3 cM had the highest LOD value, 5, and corres-
pondingly had the highest contribution to phenotypic variation,
8.38%. The other QTLs on LG6 were detected at positions
89.8-90.8, 100.7-102.5, 104.1-105.0, 105.0-105.4, and 107.8-
108.7 cM, with LOD values of 3.0-3.6 and contributions to pheno-
typic variation of 5.1-7.59% (Supplementary Fig. S3). On LG21, an-
other cluster situated within a short region (98.7-101.3 cM) consisted
of three QTLs (qVA-8, qVA-9, and qVA-10) with a LOD value of 3.3-
3.7 and was able to explain 6.06-6.56% of the phenotypic variation
(Supplementary Fig. S3). Finally, QVA-7 containing a single SNP was
centred around 115.6 cM on LG 19; it had a LOD value of 15.8 and
explained 1.19% of the phenotypic variation. Although these 10
QTLs explained >59.25% of the total phenotypic variation, no
major loci (explaining >20% of the total variation) were detected.
The fact that these loci do not independently have higher contributions
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Figure 2. Genetic location of QTLs for Vibrio anguillarum disease resistance along the Japanese flounder genome. The blue horizontal line represents a linkage
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Figure 3. Circos diagram representing syntenic relationships between flounder and (a) zebrafish and (b) medaka, respectively. Each colored arc represents an

orthologous match between two species. - 7 a

to such a complicated trait is not unexpected. Several genes related to
V. anguillarum disease resistance were identified from the higher dens-
ity map based on the Japanese flounder genome assembly. As shown
in Supplementary Table S4, 218 genes were identified from the QTL
regions, 12 of which were immune-related genes (tap1, rfinl, satbl,
¢d40, cd69, aicda, mtss1, ccrd, azi2, mrcl, nodl, and tgfbr2) func-
tioning as key factors in different immune-gene signalling pathways
or as antigen receptors. Interestingly, zap1 and satb1 act as molecular
organizers for the major histocompatibility complex (MHC) class I,*
while ¢d40 and c¢d69 are accessory molecules of MHC class II°*
directly involved in V. anguillarum disease resistance in Japanese
flounder.

3.5. Genome assembly and synteny

The high-resolution genetic map was used in the present study for
genome scaffold assembly. Among the 12,712 SNPs on the high-
resolution map, 12,463 were successfully used to anchor 246 scaffolds
representing 522.995 Mb to create a genome map of Japanese floun-
der. In total, we constructed 24 pseudo-chromosomes based on the

LGs; each chromosome comprised an average of 21.79 Mb (10
scaffolds), corresponding to a mean linkage distance of 145.72 cM
and suggesting a physical/genetic distance ratio of 149.53 Kb/cM.
Among the LGs, LG7 holding 13 scaffolds corresponded to the largest
chromosome (29.554 Mb) and represented 95.78% of the entire as-
sembly, whereas the smallest LGs contained 8 scaffolds representing
67.85% of the assembly (16.36 Mb) (Table 1). In addition, 219 scaf-
folds covering 520.445 Mb were oriented by assigning multiple genet-
ically separated markers located on each scaffold. The orientation of
27 scaffolds covering 2.55 Mb could not be determined, because only
single markers were present on those scaffolds.

Following genome map construction, we compared the chromo-
somal orders of protein-coding genes of Japanese flounder on each
scaffold with their counterparts in medaka and zebrafish. A total of
6,768 1:1 best orthologues between Japanese flounder and zebrafish
were identified. As shown in Supplementary Table S5 and Fig. 3, 7
of the 24 chromosomes of flounder (Po. 4, 6, 10, 11, 12, 15, 18, 21,
and 22) were in relatively conserved synteny with zebrafish chromo-
somes Dr. 12, 16, 3, 2, 14, 9, 24, 15, and 19 respectively. Many of
the flounder chromosomes were found to have syntenic blocks with
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more than one chromosome of zebrafish and vice versa. An example of
the multi-syntenic correspondence between zebrafish and flounder
genomes is that of Po. 20, which exhibited one of the highest degrees
of synteny: Po. 20 had 519 hits on zebrafish chromosomes, most of
which (171, 142, and 136) were located on Dr. 05, 10, and 21,
respectively. Similarly, Dr. 06 was found to be highly syntenic with
Po. 01, 05, and 24, whereas Po. 01, 05, and 24 were in synteny
with Dr. 11, 01, and 22, respectively. With respect to flounder—me-
daka genome synteny, the alignment of 6,463 orthologues on the 24
flounder chromosomes revealed an obvious syntenic relationship with
the 24 corresponding chromosomes of medaka. Except for some chro-
mosomes with minor multi-chromosome hits (<50 genes), the results
of this comparison suggest that flounder is more closely related to
medaka than to zebrafish (Fig. 3).

4. Discussion

4.1. High-resolution genetic map construction
using RAD-based SNPs

Genetic maps constructed using molecular markers are important for
genomic and genetic analyses of individual species. SNPs are particu-
larly attractive for genetic map construction, because they represent
the most common type of DNA polymorphism in the genome and
are amenable to high-throughput genotyping.'” In the present study,
~950 million RAD tags were generated from 2 Japanese flounder par-
ents and 216 offspring individuals. We discovered 13,362 novel SNPs
evenly distributed throughout the entire Japanese flounder genome,
providing thereby a large number of genetic variation resources for fu-
ture genome selection and genome-wide association studies. Among
the identified SNPs, 12,712 SNPs were successfully genotyped and as-
signed to 24 LGs corresponding to the 24 chromosome pairs of the
Japanese flounder genome. The total length of the resulting map
was 3,497.29 cM, with an average marker spacing of 0.47 cM. Four
genetic maps of Japanese flounder have been previously constructed
using various markers,” % but those maps are characterized by rela-
tively larger genetic intervals and/or non-uniform marker distribu-
tions. The most recent genetic map'® containing 1,487 SSRs with an
average interval of 1.22 cM was formerly the densest reported flatfish
linkage map and worthy of acclaim. However, whole genome-level
analyses such as genome-wide association studies were still not
practical using this map because of the limits imposed by the types
of markers and their associated genotyping methods.”® The denser
SNP-based genetic map constructed in this study thus has greatly
expanded application. It represents a considerable improvement over
previous flounder genetic linkage maps based on SSR and AFLP
markers.

Most LGs on our genetic map were considered to be saturated with
an even distribution of three types of SNPs, namely, maternal hetero-
zygous, paternal heterozygous, and double heterozygous SNPs; a few
LGs, such as LG8, LG9, LG11, LG18, LG19, were not, however,
revealing a complex genome containing regions enriched in repeat se-
quences and transposable elements.>® Interestingly, LG8 encompassed
the smallest genetic distance, contained only paternal and double het-
erozygous markers, and corresponded to the smallest physical distance
(11.1 Mb). The fact that LG8 on the maternal map had only markers
heterozygous in both parents whereas the group on the paternal map
had only paternal heterozygous and double heterozygous markers
suggests specific suppression of homologous recombination in this
LG. Similar phenomena have been documented in other species having
recently evolved sex chromosomes with large pseudoautosomal

regions.*®3” To overcome this complication, additional markers
must be developed and a larger mapping population is required to in-
crease the density of the linkage map.

The Lep-MAP program used in this study offers several advantages
over JoinMap,>® currently the most popular linkage-mapping soft-
ware package. Lep-MAP, unlike JoinMAP, is suitable for use with
tens of thousands of markers. Furthermore, Lep-MAP is faster on
large data sets, requires no manual input, and handles genotyping er-
rors better because it estimates genotyping error rates for each marker.
Since its development in 2013, Lep-MAP has thus been heavily used
for genetic map construction, such as for the high-resolution genetic
map of Glanville fritillary.>® Finally, the RAD-seq technique is prov-
ing to be a highly valuable tool for SNP discovery and genotyping fol-
lowed by genetic map construction and has currently been applied to
various species. The success of RAD-seq is owing to advances in next-
generation technologies, which reduce the cost of DNA sequencing.
Genotyping by sequencing is therefore expected to become increasing-
ly popular for high-throughput genotyping, genetic map construction,

.40
and genome analysis.*

4.2. V. anguillarum disease resistance-related QTLs
and associated genes

The generated high-resolution genetic map allowed us to perform
QTL fine mapping for an economically important trait of Japanese
flounder. In the present study, 10 QTLs associated with V. anguillar-
um disease resistance were found to be distributed on three LGs (LG6,
LG19, and LG21). Interestingly, most of the QTLs were concentrated
within a narrow region (cluster) on the LGs. Six QTLs were clustered
together (89.8-108.7 cM) on LG6 corresponding to assembly scaf-
folds, scaffold196 (1.078 Mb), scaffold103 (1.062 Mb), scaffold31
(4.399 Mb), and scaffold36 (11.373 Mb), and three were found in an-
other cluster (98.7-101.3 cM) on LG21, corresponding to scaf-
fold190 (0.973 Mb) and scaffold70 (2.590 Mb). The quite small
genetic and physical distances among QTLs in certain clusters suggest
that the individual clusters are highly effective QTLs. One exception is
qVA-7 on LG19. Even though it had the largest LOD value (15.8),
qVA-7 contained only one SNP located in a physical gap between
two scaffolds, indicating that it may be a false-positive QTL or, alter-
natively, the result of an error arising during genetic map construction
due to segregation distortion. In addition, the smallest significant QTL
(other than qVA-7) explained 5.1% of the phenotypic variation,
whereas the maximum contribution was only 8.38%, reflecting the
complexity of this polygenically controlled disease trait in Japanese
flounder. Although the possibility exists that additional disease-
controlling QTLs are present, the positive QTLs detected in this
study, taken together, explained 58.06% of the total disease resistance
variation, suggesting that these two QTL clusters play major roles.
On the other hand, the results of our QTL analysis are not consistent
with a previous report that the major QTL for V. anguillarum disease
resistance is located on LG11 (LG7 in that study) in Japanese floun-
der.*! In the previous study, two V. anguillarum disease resistance-
associated polymorphic SSR markers were selected using bulked seg-
regant analysis and then directly anchored onto LG11. The QTLs were
finally identified by genotyping of 22 SSRs of LG11 in an F; popula-
tion.*" Because the QTL detection analysis was restricted to a specific
LG at the very start, other potential QTLs may have been missed. The
other possible explanation for the observed discrepancy is that it was
the inevitable result of using a different family under different environ-
mental conditions, just as repeated analysis of the same family treated
by two successive challenges would result in lower repeatability for
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QTL detection for such a complex quantitative trait.*>** To enhance
the accuracy of QTL detection, results from multiple full-sib families
should be integrated in the future.

To identify potential candidate genes, we compared the detected
QTLs with the scaffold assembly and annotation of the Japanese
flounder reference genome. A total of 12 immune-related genes were
discovered, corresponding to the multi-population QTL region. The
fact that four of these genes (tap1, satb1, cd40, and cd69) are asso-
ciated with V. anguillarum disease resistance in Japanese flounder is
unsurprising, as they are involved in the molecular function of the
MHC class-dependent pathway of antigen presentation. Extensive
studies have shown that MHC class I and II molecules play a pivotal
role in immune defence systems, because they allow T cells to distin-
guish self from non-self.** In particular, investigations of allelic poly-
morphism and the pattern of evolution in MHC genes in Japanese
flounder have indicated an association between MHC genes and
V. anguillarum disease resistance.”®*™*7 These latter results also
support the quality of our RAD data, because a key issue for QTL
detection and associated gene analysis, given adequate genome
coverage, is marker quality.

4.3. Comparative genome analysis

Next-generation sequencing technology has enabled generation of draft
genomes for individual species as well as rapid development of com-
parative analyses among multiple genomes based on chromosomal-
assembly levels.*® Nevertheless, the large amount of repetitive DNA
sequences and high heterozygosity levels in most species, especially
marine species, has hindered assembly accuracy and also prevented
direct assembly into chromosomal performance.*’ Consequently, a
high-quality genetic map is an appropriate way to anchor scaffolds
onto chromosomes. In this study, 24 pseudo-chromosomes of Japanese
flounder were constructed by anchoring 246 scaffolds totaling
522.995 Mb, accounting for 95.78% of assembly sequences, using a
high-resolution SNP genetic map. Such a high level of chromosomal-
level genome map integrity is due to the SNPs, which were abundantly
distributed across the genome by using the highest-throughput genotyp-
ing technique available.'” The constructed pseudo-chromosomes of Ja-
panese flounder provide a basic foundation to carry out extensive
comparative genomics. In the present study, we performed an i silico
analysis of orthologous gene pairs, because genes are evolutionarily
conserved relative to intergenic regions.’® From a general point of
view, the orthologues (6,768) of flounder-medaka were more abundant
than the orthologues (6,463) of flounder—zebrafish, reflecting the
relatively closer phylogenetic relationship of medaka and flounder.”!
Looking more closely at evolutionary relationships based on the
chromosomal segments, multi-syntenic correspondences were exhibited
between flounder and zebrafish, whereas almost all flounder and me-
daka chromosomes had a 1:1 correspondence. This difference in syn-
teny directly reflects that the flounder have a phylogenetic closeness to
medaka than to zebrafish and also suggests that a much larger number
of evolutionarily significant events, such as fusion, breakage, and trans-
location, have occurred in the zebrafish lineage. The medaka—flounder
comparative analysis uncovered little evidence of such inter-
chromosomal rearrangements in the medaka lineage despite the differ-
ence in chromosome numbers among those fish species (zebrafish has
25 chromosomes, whereas flounder and medaka have 24).>>~>* Further-
more, we inferred the occurrence of many intra-chromosomal events
that have interrupted syntenic linkage blocks both between flounder
and medaka and between flounder and zebrafish; these interruptions
may have been the result of gene loss or divergence after duplication,

which can contribute to deviations from synteny.>> Most teleost species
have experienced three rounds of whole-genome duplication. Thou-
sands of duplicated genes remaining after divergence of teleost species
have subsequently undergone non-reciprocal loss, pseudogenization, or
sub-functionalization, and may be associated with unequal microsyn-
teny in flounder and zebrafish.>®” From a different perspective, most
chromosomal regions among the three analysed teleost species generally
had a conserved syntenic relationship. This observation not only
supports the marker ordering on the map but also facilitates the func-
tional inference of genes in flounder and further benefits the analysis of
genome evolution and comparative genomics.

In conclusion, we used RAD-seq technology for large-scale identi-
fication of SNPs that were then successfully used for high-throughput
genotyping and construction of a high-resolution genetic map of Japa-
nese flounder. The developed genetic map is the most comprehensive
genetic map to date for this species. Through SNP mapping analysis,
we identified 9 positive QTLs for V. anguillarum disease resistance
that will be of interest to achieve breeding goals for Japanese flounder.
We also anchored the genome scaffolds to pseudo-chromosomes and
further identified complex syntenic relationships among flounder, me-
daka, and zebrafish by comparative genomic analysis. The large num-
bers of generated SNPs and the dense genetic map, coupled with future
re-sequencing of multiple breeding families, should not only lay a
foundation for chromosomal-level analysis of the flounder genome
but should also provide an excellent resource for future molecular
breeding efforts such as genome selection.

Supplementary data

Supplementary data are available at http:/www.dnaresearch.oxford
journals.org.
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Conclusion

Flatfishes are good model teleost for the scientific research on sex determination and
immune regulatory mechanism. In this thesis, we employed the half-smooth tongue
sole and Japanese flounder, which exhibit a novel and intriguing mode of sex
determination system and disease resistance, respectively, as target species. We firstly
constructed two BAC libraries with a total of 55,296 BAC clones, corresponding to
13.36 times of genome in tongue sole. We then isolated the positive clones containing
sex-related genes or female-specific markers, which further be performed to the
sequencing analyzer. A BAC sequence assembly containing cyp/9ala gene were
thoroughly analyzed, suggest a conserved structural characteristics and functional
evolution. In order to understanding of the sex determination and differentiation in
depth, we sequenced the male and female tongue sole separately and then analyzed
the sex reversal mechanism using the whole-genome level of methylation analysis.
Comparative analysis of the gonadal DNA methylomes of pseudomale, female, and
normal male fish revealed that methylation modification in pseudomales is globally
inherited in their ZW offspring, which can naturally develop into pseudomales
without temperature incubation. The dosage compensation in a specific Z
chromosomal region and special expression pattern of W chromosomal genes suggest
that epigenetic regulation plays multiple crucial roles in sexual reversal of tongue sole
fish. In Japanese flounder, we constructed a high-resolution genetic map using
RAD-seq technology. 10 QTLs and their associated genes for V. anguillarum disease
were found and the complex synenic relationships among three teleost (Japanese
flounder, medaka and zebrafish) were detected at the whole genome level.

In conclusion, the development of BAC recourses and genome sequence as well as the
methylation profiles in tongue sole provided a readily useable platform for genomics
and epigenetics research. In particularly, this is the first comprehensive investigation
of gene expression and epigenetic regulation at the whole genome level in a GSD
species that exhibits the ESD phenomenon. A special phenomenon of
transgenerational epigenetic inheritance of sexual reversal in tongue sole gives us an
exciting example to understanding the epigenetic changes have been linked to sex
determination in vertebrates, although we know that epigenetic marks can sometimes
be transmitted to offspring in mammals. These novel insights on the roles of
epigenetics from a distinctly non-model fish species would provide a reference for
other non-model species. Besides, the large numbers of generated SNPs and the dense
genetic map, coupled with future re-sequencing of multiple breeding families of
Japanese flounder, should not only lay a foundation for chromosomal-level analysis of
the flounder genome but should also provide an excellent resource for future
molecular breeding efforts such as genome selection.
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