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ABSTRACT

Vasa is a highly conserved ATP-dependent RNA helicase expressed mainly in germ cells.
The vasa gene plays a crucial role in the development of germ cell lineage and has become
an excellent molecular marker in identifying germ cells in teleosts. However, little is
known about the structure and function of the vasa gene in flatfish. In this study, the vasa
gene (Csvasa) was isolated and characterized in half-smooth tongue sole (Cynoglossus
semilaevis), an economically important flatfish in China. In the obtained 6425-bp genomic
sequence, 23 exons and 22 introns were identified. The Csvasa gene encodes a 663-amino
acid protein, including highly conserved domains of the DEAD-box protein family. The
amino acid sequence also shared a high homology with other teleosts. Csvasa expression
was mainly restricted to the gonads, with little or no expression in other tissues. Real-time
quantitative polymerase chain reaction analysis revealed that Csvasa expression levels
decreased during embryonic and early developmental stages and increased with the
primordial germ cell proliferation. A typical sexually dimorphic expression pattern of
Csvasa was observed during early development and sex differentiation, suggesting that the
Csvasa gene might play a differential role in the proliferation and differentiation of male
and female primordial germ cells (PGCs). Csvasa mRNA expression levels in neomales were
significantly lower than those in normal males and females, indicating that the Csvasa
gene might be implicated in germ cell development after sex reversal by temperature
treatment. In addition, medaka (Oryzias latipes) PGCs could be transiently labeled by
microinjection of synthesized mRNA containing the green fluorescence protein gene and
3'-untranslated region of Csvasa, which confirmed that the Csvasa gene has the potential to
be used as a visual molecular marker of germ cells and laid a foundation for manipulation
of PGCs in tongue sole reproduction.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

In sexually reproducing organisms, germ cells, derived
from primordial germ cells (PGCs), play important roles in
gonadal differentiation and transmission of genetic infor-
mation through the generations [1,2]. Primordial germ cells
differentiate from blastomeres during the early stages of
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embryogenesis and migrate into the presumptive gonads,
giving rise to sperm in males and eggs in females. Several
molecular markers have recently been used to study PGCs in
Metazoa, including vasa, dnd, and nanos [3]. Among these, the
vasa gene was the first molecular marker for PGCs in teleosts,
and researchers have developed a great interest in it [4].

The vasa gene encodes an ATP-dependent RNA helicase
belonging to the DEAD (Asp-Glu-Ala-Asp)-box family, which
was originally reported in fruit fly (Drosophila melanogaster)
and considered as the maternal-effect gene required for
abdominal segment formation and the proliferation and
differentiation of germ cells [5]. Many studies revealed that
the vasa gene was specifically expressed in germline cells and
played important roles in germline development [6-17].
Sequence analysis of the vasa gene demonstrated a high
conservation of gene structure during evolution. The vasa
gene is therefore an excellent germ cell marker and has been
used extensively for researching the formation, proliferation,
and differentiation of PGCs in teleosts [12-17].

Recent years have seen the development of techniques
to trace live PGCs in teleosts using microinjection of a
fusion gene containing regulatory regions of vasa gene and
green fluorescence protein (GFP) gene [17-22]. The 3’-un-
translated region (3’UTR) of vasa has been verified to be
sufficient for regulation of specific expression in the PGCs
of zebrafish (Danio rerio) [18], medaka (Oryzias latipes)
[21,22], Atlantic salmon (Salmo salar) [17], and a range of
teleost species [20]. Migration patterns of PGCs in embryos
and proliferation of PGCs during development can now be
analyzed by tracing live PGCs visually, and labeled PGCs
from some teleost species have been successfully isolated
for cryopreservation and surrogate broodstock of endan-
gered and commercial species [23,24].

Half-smooth tongue sole (Cynoglossus semilaevis) is one
of the most valuable marine flatfish in China, which pos-
sesses a ZZ|ZW genetic sex determination system. Females
of the species grow two to three times bigger than males
[25], the phenomenon of natural sex reversal in genetic
female tongue sole was observed [26], and it was also found
that physiological sex of juvenile tongue sole was subject to
reversal by an influence of temperature [27]. Artificial gy-
nogenesis was carried out to obtain the super-females and
some progress has been made [28]. Understanding the sex
determination mechanism will accelerate the development
of monosex female production. It was reported that germ
cells played a crucial role in female sex determination in
zebrafish [2], medaka [29], and three-spined stickleback
(Gasterosteus aculeatus) [30], but in loach (Misgurnus
anguillicaudatus) and goldfish (Carassius auratus), germ
cells were not the primary factor for sex determination
[31,32]. The role of germ cells in gonadal sex differentiation
remains unclear, partly because of limited knowledge
about the expression and functional analysis of germ cell
makers in flatfish species. In addition, the tongue sole
broodstocks cannot guarantee eggs production under arti-
ficial culture conditions. Primordial germ cell trans-
plantation and surrogate broodstock might be employed to
improve reproduction, yet no molecular marker for PGCs
has been reported in this species. Therefore, information
about the tongue sole vasa gene (Csvasa), a germ cell and
PGC molecular marker, would not only broaden our

understanding of sex determination but also provide the
basic knowledge of PGC labeling, cryopreservation, trans-
plantation, and surrogate broodstock in this species.

In this study, we cloned and characterized cDNA and
genomic sequence of Csvasa, studied Csvasa mRNA
expression levels in different tissues and embryonic stages
by real-time quantitative PCR (qPCR), and sex-linked dif-
ferential expression of Csvasa was also detected during
early developmental and sex differentiation stages. The
function of Csvasa 3’UTR was also analyzed by micro-
injecting synthesized mRNA into fertilized medaka eggs.

2. Materials and methods
2.1. Fish and samples

The half-smooth tongue sole used in this study were ob-
tained from Haiyang High-Tech Experimental Base (Haiyang,
Shandong Province, China) during the spawning season.
Tissue samples (which included heart, liver, gill, skin, blood,
kidney, intestine, brain, spleen, muscle, pituitary, and gonads)
were collected from 1-year-old tongue sole, and immediately
dipped into liquid nitrogen and stored at —80 °C until further
analysis. Twenty body trunks (4-66 days post-hatching, dph)
and ten gonads (80-150 dph) from different developmental
stages of tongue soles were collected and stored in liquid
nitrogen. To determine the genetic sex, the fins of these
samples were placed in 100% ethanol for DNA extraction. The
embryos that were cultured about 40 hours between fertil-
ization and hatching under the temperature of 23 £ 0.5 °C
and larvae of different developmental stages were placed in
liquid nitrogen and stored at —80 °C until RNA extraction. The
sex reversal induction of tongue sole fry by temperature
treatment was carried out as previously described [27].
Briefly, the fry at 28 dph were cultured in tanks with a tem-
perature of 28 °C until 100 days and then grown into adults
under a natural water temperature.

The work described in this article have been carried out
in compliance with the EU Directive 2010/63/EU for animal
experiments; http://ec.Europa.eu/environment/chemicals/
lab_animals/legislation_en.hem; Uniform Requirements
for manuscripts submitted to Biomedical journals http://
www.icmje.org.

2.2. Physiological sex and genetic sex identification

The physiological sex of each tongue sole was identified
using gonad-specific expression genes (dmrtl and
cyp19ala)[27]. Genomic DNA of each sample was extracted
using the traditional phenol chloroform method [28]. A pair
of sex-linked SSR primers (CseF-SSR1 and SChen-1) was
used for genetic sex identification [28]. The genetic male
produced a 206-bp band and the genetic female produced
two DNA bands of 206 and 218 bp. Fish with female genetic
sex but male phenotypic sex were regarded as neomales.

2.3. Cloning full-length cDNA and genomic DNA sequences of
Csvasa gene

Total RNA was isolated from the gonads of adult half-
smooth tongue sole using TRIzol reagent (Invitrogen, USA)
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according to the manufacture’s instructions. First-strand
cDNA was synthesized from 1 pg of total RNA, using tran-
script first-strand cDNA synthesis kit (Takara, Dalian, China).
A 1097-bp cDNA fragment of the Csvasa gene was amplified
by reverse transcription polymerase chain reaction (RT-PCR)
using primers Vasa-mid-A and Vasa-mid-S (Table 1), which
were designed according to the partial sequence of Csvasa
from whole-genome and transcriptome sequencing [33].
Then rapid amplification of cDNA ends (RACE)-specific
primers Vasa-5’GSP and Vasa-3'GSP (Table 1) were designed
based on the partial cDNA fragment. Using a BD SMART
RACE cDNA amplification kit (Clontech, Mountain View, CA,
USA), 5’- and 3'-RACE were employed to isolate a full-length
cDNA sequence according to the manufacturer’s protocol.
The PCR conditions were as follows: five cycles at 94 °C for
30 seconds and 72 °C for 3 minutes, five cycles at 94 °C for
30 seconds, 70 °C for 30 seconds and 72 °C for 3 minutes,
then 27 cycles at 94 °C for 30 seconds, 68 °C for 30 seconds,
and 72 °C for 3 minutes. The amplification products were
separated using 1.0% agarose gel using the DL2000 marker.
Purified fragments were cloned into pMD18-T simple vector
(Takara) for sequencing. Sequences were assembled using
the Vector NTI software package (Invitrogen). The Csvasa
cDNA sequence was analyzed by bioinformatics, and three
pair of primers (Vasa-DNA-S1, Vasa-DNA-A1; Vasa-DNA-S2,
Vasa-DNA-A2; and Vasa-DNA-S3, Vasa-DNA-A3) (Table 1)
were designed to amplify the genomic sequence. Polymer-
ase chainreactions were performed as follows: initial step at
94 °C for 3 minutes, followed by 35 cycles for 30 seconds at
94 °C, 30 seconds at 60 °C, and 3 minutes at 72 °C, and a final
extension at 72 °C for 10 minutes. DNA fragments were
ligated into pMD18-T vector and sequenced.

2.4. Sequence analysis and alignment
Homology searches were performed using an online

Website (http://www.ncbi.nlm.nih.gov/BLAST/). Exon-intron
boundaries were determined by comparing Csvasa cDNA and

DNA sequence. A phylogenetic tree was constructed with
Mega 5.2 software using the neighbor-joining method with a
bootstrap analysis of 1000 replications [34]. The deduced
amino acid sequences were aligned using the AlignX pro-
gram in Vector NTI software. Sequences used for alignment
were as follows: medaka (BAB61047), zebrafish (AAI29276),
human (Homo sapiens) (AAF72705), mouse (Mus musculus)
(EDL18409), fruit fly (AAF53438), frog (Xenopus laevis)
(AAC03114), and chicken (Gallus gallus) (BAB12337).

2.5. Real-time quantitative PCR of Csvasa gene

Owing to the difficulty of dissecting the gonads from fish
at 4 to 66 dph because of their small size, each body trunk
was divided into several parts. The putative gonad parts
(4-66 dph) and gonads were identified and confirmed using
gonad-specific expression genes (dmrtl and cypl9ala),
respectively [27]. Thirty embryos or three to six gonads
(gonad parts) of the same gender and age were pooled as
one sample for RNA isolation. Three samples were collected
from each stage for replicate experiments. Total RNA was
extracted from each sample of different developmental
stages and tissues of six healthy adults and reversely tran-
scribed as described above. cDNA was used as the template
for qPCRs. The expression of each sample was performed in
triplicate using qPCR. Quantitative PCR was carried outon an
ABI PRISM 7500 real-time PCR system (Applied Biosystems,
Foster City, CA, USA) in 20 pL reactions using SYBR Premix Ex
Taq (Takara). Reactions were performed using specific
primers (Vasa-RT-A, Vasa-RT-S; and Actin-RT-A, Actin-RT-S)
(Table 1) based on the manufacturer’s manual, and §-actin
was used as the internal reference [35]. Cycling parameters
were as follows: 95 °C for 10 seconds, 40 cycles at 95 °C for
5 seconds, 60 °C for 34 seconds, followed by disassociation
curve analysis to check amplification specificity. Csvasa
expression was analyzed using the relative quantification
method and 7500 system SDS software (Applied Biosystems).

Table 1

Primers and their sequences used in this study.
Primer Primer sequences (5-3") Usage
CseF-SSR1 GAGGCCGACAGGATCGTAC Genetic sex identification
SChen-1 TACGACGTACTCCGGTGGTTTT Genetic sex identification
P450a-A CAGGTAGGAGGTTGCTGGGTA Gonad identification
P450a-S CAGGAGGAAGAACTTGGGATTT Gonad identification
Dmrt1-A GGTGAGGATGTGACCCAGTGT Gonad identification
Dmrt1-S ACGGGCTGAAATCGCAAG Gonad identification
Vasa-mid-A TGACGACATACTGGTGAACG Partial fragment clone
Vasa-mid-S TGGAAATCAGAGGGCGAG Partial fragment clone
Vasa-5' GSP GAGTCGCACAGGGCAGCCTCCTCAAAT 5 RACE PCR
Vasa-3' GSP GCATTGATGAGTATGTTCACCGCATTGGG 3’ RACE PCR
Vasa-DNA-A1 GAATATGGATGACTGGGAAGAGACG DNA fragment PCR
Vasa-DNA-S1 ACACGGCTCGTGACTGTGAGCTA DNA fragment PCR
Vasa-DNA-A2 CGTCTCTTCCCAGTCATCCATATTC DNA fragment PCR
Vasa-DNA-S2 GAATATGGATGACTGGGAAGAGACG DNA fragment PCR
Vasa-DNA-A3 CATCCATTTATTGGTCCTTATCGTCA DNA fragment PCR
Vasa-DNA-S3 CCAAAAATGTCAGCAGATCTGGATATG DNA fragment PCR
Vasa-RT-A AGGGCGAGACAGATGACCG qPCR
Vasa-RT-S CCCAGGCAGCATTGATGAGTA qPCR
Actin-RT-A GCTGTGCTGTCCCTGTA qPCR
Actin-RT-S GAGTAGCCACGCTCTGTC qPCR
Vasa3U-A GGGGTACCGCTTGGATTACATCCATTTATTGG 3’ UTR clone
Vasa3U-S CCGCTCGAGGAGGAAGAGGAAGAATGGGAGTAG 3’ UTR clone
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Each relative expression result was calculated using the
_AN At
2 method.

2.6. Preparation of GFP-Csvasa 3'UTR mRNA and
microinjection

The 3'UTR of Csvasa mRNA was amplified using primers
(Vasa3U-A, Vasa3U-S) (Table 1) digested with Xhol and Kpnl,
and cloned into the corresponding site of GFP-Drnos 3'UTR
(supplied by Doctor Lin [22]), and then designed as the GFP-
Csvasa 3'UTR vector. The resultant vector was linearized by
Kpnl digestion for in vitro transcription. Chimeric mRNA
containing the GFP gene fused to 3’UTR of the Csvasa gene
was synthesized using a mMessage machine SP6 kit
(Ambion, Austin, TX, USA) according to the manufacturer’s
instructions. Japanese medaka (Oryzias latipes) were main-
tained and artificially induced for spawning as previously
described [22]. GFP-Csvasa 3'UTR mRNA (200 ng/uL, 0.05%
phenol red) was injected into fertilized medaka eggs at the
one-cell stage. Injected embryos were cultured in Holtfr-
eter’s solution at 28 °C. To visualize GFP expression, embryos
atdifferent stages were observed and photographed under a
fluorescence microscope (Nikon, Japan).

2.7. Statistical analysis

Statistical analysis was performed using SPSS 17.0 soft-
ware. Differences in Csvasa expression during different
development stages or between different tissues were
analyzed by one-way ANOVA followed by Duncan multiple
comparison tests. Differences in Csvasa expression between
males and females during the same and different devel-
opmental stages were analyzed by two-way ANOVA fol-
lowed by Duncan multiple comparison tests. Differences
between different sexes of the same stage were detected
using a Student’s t-test. The data were tested for normality
and log-transformed to ensure homogeneity of variances
before performing an ANOVA. A P-value of less than 0.05
was considered statistically significant.

3. Results
3.1. ¢cDNA and genomic sequences of Csvasa gene

The expected 1097 bp fragment of Csvasa was obtained
by RT-PCR, and the two remaining regions were produced by
3’- and 5-RACE. Fragments were cloned and sequenced,
overlapping segments were spliced via Vector NTI, and a full-
length 2445 bp vasa cDNA sequence (GenBank ID: KF819358)
was isolated. In the present study, the Csvasa sequence con-
sisted of a 5’'UTR of 100 bp, an open reading frame of 1992 bp,

200

90 10421 46 42 60 54
1102 109 17 593 221 384

and a 3'UTR of 353 bp containing a polyadenylation signal.
The sequence of the open reading frame encodes a 663-
amino acid protein. A total of 23 exons and 22 introns were
identified by comparing the Csvasa cDNA sequence with the
6425 bp genomic DNA fragments (Fig. 1). Exon lengths varied
between 21 bp and 452 bp, and all introns followed the GT-AG
splicing rule, except the intron 8, which was found to have
a GC-AG splice site. In accordance with the bioinformatics
analysis, the predicted protein contained eight conser-
ved domains of the DEAD-box protein family, including
GYRKPTPIQ (Q motif), AQTGSGKT, GG, TPGR, DEAD, SAT,
RGLD, and HRIGRTGR. In addition, the N-terminus comprised
10 arginine-glycine repeats, five arginine-glycine-glycine
repeats, and the sequence EARKF. Well conserved trypto-
phan (W), glutamic acid (E), and aspartic acid (D) residues
were also present in N-terminal and C-terminal regions as
typical characteristics of Vasa protein (Fig. 2).

3.2. Phylogenetic and alignment analysis

To support the homology of the putative amino acid
sequences of Vasa and determine the phylogenetic rela-
tionship between tongue sole Vasa (CsVasa) and other
species, a phylogenetic tree was constructed with full-
length Vasa sequences from 29 species belonging to six
phyla, including Chordata, Nematoda, Cnidaria, Arthro-
poda, Echinodermata, and Mollusca. Phylogenetic analysis
revealed that there were eight main branches, five of them
corresponding to invertebrates. The remaining three
branches belonged to vertebrates including teleost fish,
amphibians, birds, and mammals. CsVasa belonged to ho-
mologues of the teleosts and clustered with Senegalese sole
(Solea senegalensis) (Fig. 3A). The CsVasa sequence was
aligned with other typical Vasa sequences available in the
GenBank by the BLASTP program. The result revealed that
the putative CsVasa shared 43.3% to 71.3% identity with
typical Vasa of other organisms (Fig. 3B).

3.3. Csvasa expression in different tissues and during
embryogenesis

Real-time quantitative PCR was performed to study
Csvasa mRNA expression levels in different tissues
including heart, liver, gill, skin, blood, kidney, intestine,
brain, spleen, muscle, pituitary, and gonads of 1-year-old
tongue sole. The sampled fish had ovaries at stage III of
development and testes at stage IV. The results showed that
Csvasa expression was mainly restricted to the gonads, with
higher levels in the ovaries. Expression was also observed
at a very low level in gill, liver, and heart, but was unde-
tectable in other tissues (Fig. 4).

45 27 66 36 36 36 48 143 153 155 130 167 146 100 271 m 99+353

85 84 119109 113 87 86 105 79 91 86 81 78 79 85 84 3'UTR

Fig. 1. Schematic representation of the Csvasa gene. Exons are represented by boxes (coding region by black box; UTR by blank box) and introns are denoted by
black lines. Exon and intron lengths are indicated above and below the schematics, respectively. Scale bar = 200 bp.
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1 GCAGAAACGCTCTGCACACGGCTCGTGACTGTGAGCTAGGACAGTGCGGCGAAATCAAGCTGAAGTTTACCTCAGCTTACACTTCACCAG

91 gtatgatttcgaattaattatatacatgtttaagctttagattattttattttattatgaaatgttgataccttaatcgtttgttgctcg
181 agtaaggttaagttcatgtgacatcgtttgctgctaattttccgcecgecttcgaaagaatgttctcgattettttettttttttttttage
271 gaatgcaccttggtttttttatttcgttttaacttaatgtttgaaagatacatttggtgtttattggtatttgcagctcgttgattttct
361 gatctccattgtacgtcaatgtagttacgaagtgaggccaaaagtcttgaccctggttaactacgtaaaaagttaggagttaaagttaat
451 tttttgaaataatgcactaaataacaacgggtaggttcaaagattgagtgtattgcttttcaaacgtcagtgaaacgctgtaaattagga
541 gtcgttcgcaagagcacgaggctggatgtgttaaattgcacaaaacttaatttacgtctcgecgatgtttccaatttccecggtatttgttyg
631 cgcccttttgtgaagactacacaaaccagatccccataacggggttatacgatcctttttttaaaccacgttttttecttttettttatece
721 aagaatccgagacctgtctatgtaggaaaactattcgtgacctgtaatattataaaaattgctcactttcactcagtttgtttacattca
811 atattcccattttatctcaatcatatatgtcaaaatcatacttttgaataagcagcttttcattgctgectttatatgectggttgcacat
901 acaaattaatcattctttagttttttgtgacctatggaataatttaaattacactactgcctctcactgggtctgectttcttttggcaaa
991 ctacacctttcagagatgtcctggctgattatacaaaaaaggggggaaatgggcagataaggagaccacatgcagaatagaaaagcagag
1081 tttggcctgtacatgttctgtgtgtttatcaagataactgtaccagaataagtaagggtcatggctgcactgtgtcaaatgtggatgtgt

1 M D D W E E|T
1171 ctcattttaatttgcatttcagGCTGTTGAATATGGATGACTGGGAAGAGACGgtatgtttactgtaccaaccagtatcatagaaaacct
8 E N A E V V

1261 ttactatgctaattgtgtccaactgcagttctttctaactgtcaacacctgatcaatgacctttgattatagGAAAATGCAGAAGTGGTG
14s v I s C A S T E G

1351 TCTGTAATCAGCTGTGCCTCAACAGAAGgtgattttactttccctttctggtttctgtcatttctgggaaaaatattttatgatacatca
24 S R E H F W K D D S S

1441 tggtgtttactgctaaaattaaactatgtataactgtaagataacactgtttcagGTTCAAGGGAACACTTCTGGAAAGATGACAGTTCT
35 G K R

1531 GGAAAGAgtaagaaaaaaagagtgaacctgtttgccctttgtgaaccctgegtaagatttttgtcttaatttgttcaggcagtggaggtt

1621 ggcgaggcaggtggggaagatttacagattctcttttctcaagtaattcatttcaatctatgttgttgaacattttggaaattgctagat

1711 gacttgaaatgggacatagcagtcgctagatggcattttatgtcctggtttggaaaagaagggttggtgttcactagtataagacctgcea

1801 tggacagtgcagacaaggagtccggtgataaatacaactgttagaaacattgatttttctctccaaatgttaaataaaactagaatctct

1891 gagatgatgatgtgctttaatctaaaatctggcaaaactactatactaccattctctaaacaattgccacagttgttaatgcttctgect

1981 aatctgaacagtagagacacaatgaagctatagaagagagatgagtcccacaaacaaaacttaatgaattaatgaaatattaggggtttg
38 A D E K S N G T G T

2071 tggctgttgaggcacaaaactaactgggctgttttctctgtcattatgtgeccttctgcagGAGCTGATGAGAAAAGTAACGGCACTGGAA
48 I T 6 T s S F N Q D

2161 CCATTACAGGAACCTCAAGCTTCAACCAAGgttgagtttgttaatgataatatgttggattttgatttacttaattaagttttgatgttc

2251 tgccacacagtacatgtctggtttgttttccatatgttagaactagttgcaaactatcatatcataactatcgtgtcccttaatcegttt
58 w E F F K N

2341 aacgatgacacaatgaaggcttaaatgtaaaaagtcattaccccactgaccctctgatttgtcacaagcagATTGGGAATTCTTCAAGAA
64 T E G Q 0 G G I R G R G

2431 CACAGAAGGACAACAAGGTGGTATTAGAGGAAGAGgtgagaataatccgtcacctgcttcaagggacatttaaggcgaactatgtagete

2521 cctttcctgaaatccgtactgagctcattgttggaccctgtcaataattcacacaatcggcacactcaccattaaagacacaattcaagg

2611 atacaccacaccagtgtttacaatgacgtccctttagctttcaacaaaaaggaatacaagaaacaagacaaattgtgtgaagctagaaac

2701 cttattcaaaatgtttcactctcaaatatgctgtgtgactccctgtgaaattgaaattattcagtgttattttttaagaattcecctgtgt
76 R G R G F G R E N R

2791 agtaaatcctcaagattgtgtcattcattcatttcttcaattctatgtttatttgtcagGACGCGGCAGAGGATTTGGGAGAGAGAACAG
86 S D F N G

2881 AAGTGATTTCAATGgtatgttcatggttcctacttccttaatgtacattcaaatagectgctgcactgaacttattctactetttatttt
91 b s N G F C E S E

2971 ttttcacagGAGACAGCAATGGATTTTGTGAAAGCGgcaagtgttatggactatctttatattaatatattctgtttgatattgctaagt
100 F R GV S R G G H G G R G G R G R G F R

3061 gataataacagtgctggatgatgtgaacagAGTTCAGAGGAGTAAGCCGAGGAGGTCATGGTGGCCGAGGAGGAAGAGGAAGAGGCTTCA
120 R G

3151 GACGTGgtatgaactaccatttttttttcactttgtgtaatgatatgtgttcataataggaatatgtcagaaataaccacatccctcatt
122 T E G G S R G G F R E D

3241 ggtgccagtcagtgatgttgaccattttgctgcagGCACTGAAGGAGGCTCCAGGGGAGGCTTCAGAGAAGgtaataagatataataaca

3331 tgttttttaaaaaatattttgtcaatgtgcaaagatatttattttgtgttgttcagectattatgattaatgggtaataatttattgecag
134 G E Q R G R G G F R G G

3421 ACGGAGAACAAAGAGGTAGAGGAGGCTTTAGAGGAGgtacaaaaacactttttttgcccctgtgatccatataaaagtgacgatgataac
146 Y R G K G E N N F F

3511 cagtgatgtttcaggagacaagtagcttgtattaatccatggcatttgtgtaacggcagGTTACCGTGGAAAGGGCGAAAATAACTTTTT
156 Q E

3601 TCAAGgttgtatgtcaagtatttgtacaaaaatgttttgatggtttaaccttagtaccatttattttactgaagagactttgtttgatge
158 K E N K E L K Q R D E G S A D K

3691 agAGAAAGAAAACAAAGAATTAAAACAGAGGGATGAAGGCAGTGCTGACAgtaagtagatctgttcactgtactgtaaccagttctgcag

174 P K V S Y I P P A L A E D E
3781 tgggattgttcctcagcttactctttcctectgectctgacccacagAGCCAARAAGTCAGTTATATCCCTCCAGCCCTCGCTGAGGATGAA
188N S V F A H Y E T G I N F D K Y D D I L V N V S G T N P P Q
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To investigate the expression differences of Csvasa
mRNA in gonads of males, females, and neomales after
temperature treatment, expression of Csvasa mRNA was
detected by qPCR in fish 2 years old. The ovaries of 2-year-
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AACTCAGTTTTTGCTCACTATGAGACTGGAATCAATTTTGACAAGTATGACGACATACTGGTGAACGTCAGTGGAACCAACCCGCCACAG
A I M
GCAATAATGgtatgatcaaatgcagtatgtctagactgaaattatgcataagagctacaaatctgccccecctgecceccaccctectgacg
T F E E A A L CD S L S KNV S R S G Y V K
ccactgcatgtttactgtgtttagACATTTGAGGAGGCTGCCCTGTGCGACTCTTTATCCAAAAATGTCAGCAGATCTGGATATGTCAAG
P T P V Q KH G I P I I S A GURDILMATCIERIOQT G S G K T
CCGACTCCTGTACAGAAGCACGGCATTCCTATCATTTCTGCTGGCAGAGATCTCATGGCCTGTGCACAGACGGGGTCTGGAAAAACGgtLY
A A F L L
agatgagagcagagttgaatttaacatgagcagtaaatgtgattagatcgaaatgaaattcctcecgtceccttctgecagGCTGCATTCCTGCT
P I L HoLMTIGSGA AT S S STFTFSETLUGQTET?PZKA ATITIV AP T
GCCCATCCTGCATCAGCTGATGATAGGCGGAGCATCATCATCTTTCTTCAGTGAGCTGCAGGAGCCTAAGGCCATTATTGTGGCTCCAAC
RE LT 1] NI F L EATZ RTEKTFA Y G
CAGGGAGCTTATAAACCAGATTTTTCTGGAGGCCAGGAAATTTGCCTATGGgtataattttataacaaactgtggctatgattaaaaaaa
T VV R PV V VY [E ¢ Vv s
caaacaacattgaggtaataaaagagctgcttctgcttcttctttctcccagAACTGTTGTGCGTCCAGTGGTTGTTTACGGTGGAGTCA
I R H Q V S DILINZIKSGT CNUV UL CGII®PGRULMTDMTITETR G K
GTATTAGACACCAGGTTAGTGACCTTAACAAGGGATGTAATGTCCTTTGTGGAACACCAGGGCGGCTGATGGACATGATAGAGAGAGGAA
\
AGgtaaagataaacaaaaggatttgcaactgcttgagtttgttgtcattataaagggtctgaatacggatgctgtgtgatcatcttagGT
G L S K v ¥y ¥ VL D EADURMULwDMSG ¥ E P DM R R L V A
TGGGTTGAGCAAGGTGCAATACTTTGTTCTGGATGAGGCTGATCGAATGTTGGACATGGGCTTCGAGCCAGATATGCGCCGCCTGGTTGC
S P G M P S REGRIOQTTULMT FI [ A TqFUPETZEI Q K
CTCTCCTGGAATGCCATCTAGGGAGGGCCGTCAGACACTGATGTTTAGCGCTACCTTCCCTGAGGAAATCCAGAAgtatgagectttate
L A A D F L K P
tgctgcgattattttaactgttaaggagaaacatatgtttcacactttttcttttttecttttaaagACTTGCAGCGGACTTCCTCAAGCC
p yL. r L AV G I V GG GATCS DV E QT F I E V G K F S K R
AGACTATCTCTTCTTGGCTGTCGGAATAGTGGGTGGAGCTTGCAGTGACGTAGAGCAGACGTTTATCGAAGTTGGCAAGTTCTCAAAGAG
E 0 L L D L V K T C G
GGAACAGCTTCTTGATCTTGTGAAGACATGTGgtacttttttatttttagttttttttttagecttattcctgccacagacagatttctce
N E R T I V F VvV E K K R Q A D F I A T F L C Q
aatacagtctaatgttgcagGAAATGAGCGCACCATTGTGTTTGTGGAGAAGAAGAGACAGGCGGATTTTATCGCCACATTCCTGTGTCA
E NV P T T S I H G
GGAGAATGTTCCAACCACCAGCATTCATGGgtacgttacatgttcaacacttgtacagcaactactctggacttgtataggtgtaataat
b R E Q W Q R E Q A L A D F K Y G K C P V L V A
attttattttgtactgcagGGACCGTGAGCAGTGGCAGCGAGAGCAGGCCTTAGCAGACTTTAAATACGGCAAATGTCCAGTCCTGGTTG
T s vaR®ROG?LDIU®PDVQHVVNTFHDTILZPGSTIDEYF H
CAACCTCTGTGGCAGCCCGCGGTCTGGATATTCCTGATGTTCAGCATGTGGTCAACTTCGACCTCCCAGGCAGCATTGATGAGTATGTTC
R I 6 R T g R ¢C G N V GRAV S F F D T DV D G H L S R P L
ACCGCATTGGGAGAACTGGCCGCTGTGGGAACGTGGGTAGAGCGGTGTCTTTCTTTGACACAGATGTTGACGGTCATCTGTCTCGCCCTC
I s I L S K
TGATTTCCATCCTGTCGAAGgtgagagcttggaactgggctattttttccaaaagtgatttaaaaggaaaaactccagtggtcatgtttyg
A Q Q E V. P P W L A Q L A F S S A S S G G N F N A
agttgtcattgacagGCTCAGCAGGAGGTGCCTCCTTGGTTGGCGCAGTTGGCTTTTAGCAGTGCCAGCTCTGGAGGAAACTTCAACGCC
N K NN F A F T D S R K
AACAAGAACAACTTTGCTTTTACAGATTCCAGGAAGgtaacagtaccaagatcageccttttttattttcagttctectgtgecttttctcete
G 0 Q R G s S F Q G N T V Q S Q V T A V
agtgtttttttctatttcctttttgtttagGGTCAGCAAAGAGGATCATCTTTTCAGGGCAACACTGTGCAGAGCCAGGTGACAGCTGTG
L 0 p P P E E E E E W FE *
CTCCAGCCTCCACCTGAGGAAGAGGAAGAATGGGAGTAGAGAAATTACATGGAGCAGCAGTGCCACACATTGACCAGTTTAGTTGTTGTT
TTTCATTTGTTGCAGTGTGTGGAGTTTTATCACAGTATTTTTGCTACTGTGAACAAAAAAGACAAAAATGTTTATAATGTCATGTAAGAT
TCTGAGATTCAATCTGTTGTGGTTATACCAAAGGTTTTTTTTCCCCGCAAAAGTAGAAGTGAAAATGTGAATTGACGACAAAAGGGGTAA
AACCACTTCATGTCAGAGGAGACAACCATGGGATTTCTTTTATTCTTCTGTTTTTTTGATAAATAATTGCATTAAAATGGTTAATGTCTT
GACGATAAGGACCAATAAATGGATGTAATCCAAGCAAAAAAAAAAAAAAAAAAAAAAAAAAAARA

Fig. 2. (continued).

old sampled fish were at stage IV to V of development and and females (Fig. 5).

Fig. 2. Genomic and deduced amino acid sequence (GenBank accession number:K]664813 and KF819358) of CsVasa. Exons and introns are indicated in uppercase
and lowercase, respectively. Shaded boxes represent the eight conserved motifs of DEAD-box protein family. Arginine-glycine (RG) and arginine-glycine-glycine
(RGG) repeats in the N-terminus are marked by underline and double underline, respectively. The tryptophan (W), aspartic acid (D), and glutamic acid (E)
residues in the C-terminus and N-terminus are shown inside boxes. The stop codon is indicated by an asterisk. The polyadenylation signal and poly-A tail are in

bold.

testes were at stage V. The number of sperms in the neo-
male testis was less than that in the normal testis. Lower
expression levels of Csvasa mRNA were detected in the
neomales, and relative higher levels were detected in males
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To understand the expression patterns of Csvasa mRNA
during embryonic development, expression levels were
detected by qPCR. The results showed that Csvasa expression
persisted throughout all embryonic stages, and expression
levels gradually decreased from four-cell to hatching stage.
Expression levels were high in embryos before the late gas-
trula stage and dropped abruptly from the late gastrula stage
to the neurula stage. Expression levels decreased from the
somites stage to the hatching stage, and much lower
expression levels were detected at 1 dph (Fig. 6).

3.4. Sexually dimorphic expression of Csvasa during early
development and sex differentiation

Sexually dimorphic expression of Csvasa was observed
by qPCR from 4 to 150 dph. Csvasa expression levels grad-
ually decreased from 4 to 16 dph in males and females, the
lowest expression level in females was detected at 16 dph,
and in males was detected at 46 dph. Expression levels
increased continuously in both sexes until 150 dph. An
interesting sexually dimorphic expression of Csvasa was
observed during early development and sex differentiation,
the expression levels in males were higher than that in
females from 4 to 26 dph, and then females exhibited
higher expression levels than males from 36 to 115 dph, but
males showed higher expression levels again at 150 dph
(Fig. 7).

3.5. Visualization of medaka PGCs by microinjection of GFP-
Csvasa 3'UTR mRNA

In medaka fertilized eggs injected with GFP-Csvasa
3’'UTR mRNA, GFP fluorescence in PGCs was observed over
the whole blastodisc at stage 20 and was difficult to
differentiate from that of somatic cells in the early seg-
mentation period (Fig. 8A). Relatively strong GFP fluores-
cence in PGCs was observed (Fig. 8B, C) in presumptive
gonad region aligned bilaterally along the trunk as the
embryo developed, and the fluorescence signal gradually
diminished after stage 29 (Fig. 8D). Primordial germ cells in
medaka can be visualized by microinjection of GFP-Csvasa
3’UTR mRNA during embryogenesis.

4. Discussion

In the present study, a full-length 2445 bp cDNA and
6425 bp genomic DNA sequences of the Csvasa gene were
isolated and analyzed. The length of Csvasa cDNA sequence
in the N-terminus is shorter than another cDNA sequence
(2602 bp) from GenBank (GenBank ID: HQ727561). The
CsVasa sequence contained eight characteristic domains of
the DEAD-box protein family, which are essential for
ATPase-dependent RNA binding and unwinding activity
[36,37]. Rich arginine-glycine and arginine-glycine-glycine
repeats, G residues, and the EARKF sequence at the N-ter-
minal region were observed. In the C-terminal region, six of
the last eight amino acids were glutamic acid (E) residues,
as observed in several single-stranded nucleic acid binding
proteins [36]. These typical features indicated that the
CsVasa belonged to a member of DEAD-box family. Phylo-
genetic analysis indicated that the CsVasa was closely

aligned to the teleosts. Multiple sequence alignments
showed that CsVasa had a considerable identity with other
typical homologues. These results together provide further
evidence that the CsVasa is a member of the Vasa homo-
logues with an ATP-dependent RNA helicase function and
suggests high conservation during evolution.

Tissue distribution analysis of Csvasa was performed by
qPCR, and the gonadal stages of adult fish were determined
as previously described [38,39]. The results showed that
the Csvasa mRNA was mainly detected in gonads. Specific
expression of the vasa gene in germ cells was verified to
play a prominent role in germline development [40].
Except for the gonads, very low expression was observed in
the gill, liver, and heart of tongue sole. Vasa mRNA
expression has been reported in the heart and brain of
rainbow trout (Oncorhynchus mykiss) [13]| and the kidney
and brain of an adult frog species [41]. This could be
because Vasa is implicated in translational regulation of
mRNAs involved in the specification and differentiation of
tissue-specific cell types through its helicase activity [42]. It
is possible that the role of vasa might be multipotent rather
than confined to the germline. Tongue sole subject to high
temperatures during early development and sex differen-
tiation showed a high male phenotypic sex ratio (about
70%). Lower levels of Csvasa mRNA in neomales were
detected and compared with normal fishes, and the results
suggested that Csvasa expression might be restrained and
the Csvasa gene might be implicated in germ cell devel-
opment after sex reversal. We inferred that the Csvasa
expression pattern might be more related to the genetic sex
than to the physiological sex, and lower expression in
neomales is also probably due to worse development of
gonads under high temperature treatment. The exact
reason will need to be further studied.

Expression patterns of vasa mRNA during embryogenesis
have been studied using RT-PCR and whole-mount in situ
hybridization for many teleosts, such as zebrafish [4], grass
carp (Ctenopharyngodon idella) [8], Japanese flounder (Par-
alichthys olivaceus) [10], Atlantic cod (Gadus morhua) [15],
turbot (Scophthalmus maximus) [16], and catfish (Clarias
gariepinus)[43], and the consistent conclusion was that vasa
mRNA was a maternally supplied transcript. For example,
the expression levels in the grass carp during the early
embryonic stages were high, even in fertilized eggs, and
these high levels decreased gradually during cleavage and
blastula stages and continued to decrease to lower levels
until the gastrula stage. Four vasa transcripts have been
isolated from Senegalese sole, Ssvasal and Ssvasa2 were
maternally supplied, Ssvasa3 and Ssvasa4 were dependent
on the de novo expression of the growing juveniles, which
suggests that expression patterns of vasa mRNA could vary
[11]. In the present study, the results suggest that the Csvasa
transcript was also maternally supplied, as it was abundant
in embryos before the late gastrula stage and decreased
gradually from the late gastrula stage to the hatching stage,
and expression levels from somites to the hatching stage
were much lower than those of cleavage stages. Decreased
expression levels of Csvasa might be from degradation of
maternal vasa mRNA or a reduced PGC ratio caused by a rise
in the total number of embryonic cells. Further studies are
needed to determine the reasons.
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Fig. 3. Multiple alignment and phylogenetic tree of CsVasa and other DEAD-]

Caenorhabditis elegans (AAC27384)

box family proteins. (A) Phylogenetic tree of CsVasa constructed by MEGA 5.1 using

the neighbor-joining method. Bootstrap values of 1000 replicates (>80%) are indicated next to the branches. The sequences used for alignment are as follows:
Drosophila melanogaster (DmVasa, AAF53438); Homo sapiens (HsVasa, AAF72705); Mus musculus (MmVasa, BAA03584); Gallus gallus (GgVasa, BAB12337); Xenopus

laevis (XIVasa, AAC03114); Danio rerio (DrVasa, AAI29276); and Oryzias latipes

(Olvasa, BAB61047). (B) Multiple alignment was generated with the AlignX program.

Eight conserved motifs are framed in block. The identities of CsVasa to other Vasa proteins are indicated following the sequence alignment.

To understand the expression patterns of Csvasa in
males and females, respectively, the sex linkage microsat-
ellite marker and gonad-specific expression genes were
used to distinguish sex and gonad parts. This method was
used because sex could not be distinguished by the
morphological characteristics and gonads could not be
isolated during early development. In addition, the PGC
proliferation and gonad sex differentiation have been pre-
viously described [44]. Expression of Csvasa mRNA gradu-
ally decreased from 4 to 16 dph in both sexes, except for the
degradation of maternal vasa mRNA, a possible reason for
the expression is that the amount of the maternally
inherited vasa transcript became diluted with individual
growth. Interestingly, the lowest expression level in fe-
males was observed at 16 dph, and males at 46 dph. We
inferred that prolonged degradation of maternal Csvasa
mRNA might be caused by higher expression in male larvae,
and the Csvasa might play a more significant role in males
before sex differentiation. Expression levels increased
gradually in both sexes, and the primary gonads enlarged
concomitant with the start of PGC division and mass pro-
liferation at this stage. Similar expression trends have been
reported in tilapia (Oreochromis niloticus) [45], zebrafish
[46], and European sea bass (Dicentrarchus labrax) [9],
suggesting a switch from maternal to de novo vasa
expression. Expression levels in females were higher than
those in males from 36 to 115 dph, which was probably

because histological differentiation of the gonads in fe-
males was faster and earlier than that in males [47]. In
European sea bass and catfish, it was reported that vasa
expression levels in females were always higher than those
in males during early development and sex differentiation
[9,43]. It is, however, exceptional that the expression levels
in male tongue sole were higher than the expression levels
in females at 150 dph. The histological results suggest that
histological differentiation in females happened earlier
than in males, but cytological differentiation was faster in
males than in females [47]. Although males were immature
at 150 dph, a small population of sperm was observed by
chance during sampling. This is consistent with the phe-
nomenon that sexual maturity happens earlier in male than
in female tongue sole.

Vasa mRNA expression levels during gonad differentia-
tion have been reported for several fish species [9,43-46].
However, accurate quantification of vasa mRNA levels in
males and females during early development and sex dif-
ferentiation using the sex-linked microsatellite marker and
gonad-specific expression genes has been carried out in
very few fish species [48]. Results of the present study
suggest that vasa expression presented a sexually dimor-
phic pattern during this stage and that vasa gene might
play a differential role in the proliferation and differentia-
tion of male and female PGCs. Therefore, this information
on Csvasa expression during the early development and sex
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DrVasa(136) GGFGGGFRG-~ -GFRDGGNEDTG--RRGFGRENNENGNDEGEGRGRGR - -~~~ -GGFRGGFRDGGGDESGKRGFGR--GGFRGRNE
DmVasa(107) SRGGOGGSR-— -GGQGGFRGGEGGFRGRLYENEDGDER-—————— RGR---LDREERGGERRGRLDREERGGER----GERGDGG

GgVasa(106) TRFGRGRSS——
HsVasa(146) RRGGRGSFR-—

—~GSRDFQ--ERNSANDPGMQDQGFRRV----PGIFGQ-—
-GCRGGF--GLGSPNNDLDPDECMQRT---~-GGLFGS-—

—SKCFNSEERNSPLRGSPFAPG--GRGAVGGPA
~RRPVLSGTGNGDTSQSRSGSGSERGGYKGLNE
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XVasa(123) AFRGRGGFRNENEQRRGFGERGGFRSENGQRNFDNRGDFGNSGEEEDRPRS YGR- - - - ~GGFNNSDTGGRGRRGGRGGGS -QYGGYKGRNE

Consensug(183) R GRG R G RGGF G G N D G GR RG RGRG R GG GR GG GGYRG NE
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CsVasa(152) NNFFQEKENKELKQRDE---GSADKPKVSYIPPALAEDENSVFAH-YETGINFDKYDDILVNVSGTNPPQAIMTFEEAALCDSLSKNVSRS
DrVasa(209) E-VFSKVTTADKLDQEG---SENAGPKVVYVPPPPPEEESSIFSH-YATGINFDKYDDILVDVSGSNPPKAIMTFEEAGLCDSLSKNVSKS
DmVasa(175) FARRRRNEDDINNNNN--IVEDVERKREFYIPPEPSNDAIEIFSSGIASGIHFSKYNNIPVKVTGSDVPQPIQHFTSADLRDIIIDNVNKS
GgVasa(175) GVLKGRSE--EIDSG-------~ RGPKVTYVPPPPPEDEQSIFAC-YQSGINFDKYDECAVEMSGLDPPAPLLAFEEANFAQTLRKNISKT
HsVasa(217) EVITGSGKNSWKSEAEGGESSDTQGPKVTYIPPPPPEDEDSIFAH-YQTGINFDKYDTILVEVSGHDAPPAILTFEEANLCQTLNNNIAKA
MmVasa(190) EVVTGSGKNSWKSETEGGESSDSQGPKVTYIPPPPPEDEDSIFAH-YQTGINFDKYDTILVEVSGHDAPPAILTFEEANLCQTLNNNIAKA
OWNasa(114) D-VFAAGDGRGAENSDA---ADPERPKVTYIPPSLPEDEDSIFSH-YKMGINFDKYDDILVDVSGTNLPAAIMTFEEAKLCESLENNISRS

XVasa(208) EVGVESGKSQEEGNEK-----DEKPKKVTYIPPPPPDGEDNIFRQ-YQSGINFDKYDEILVDVTGKDVPPAILTFEEANLCETLRRNVARA
Consensug(274) EV G D GPKVTYIPPPPPEDEDSIFAH YQTGINFDKYD ILV VSG D P AILTFEEANLC TL N SKS
(365) 365 370 380 ATPase Motif A 400 410 420 430 440 455

CsVasa(239) GYVKPTPVQKHGIPIISAGRDLMAGAQTGSGKIAAFLLPILHQLMIGGASSSFFSELQEPKAIIVAPTRELINQIFLEARKFAYGTVVRPV
DrVasa(295) GYVKPTPVQKHGIPIISAGRDLMAGAQTGSGKIAAFLLPILQRFMTDGVAASKFSEIQEPEAT IVAPTRELINQIYLEARKFAYGTCVREV
DmVasa(264) GYKIPTPIQKCSIPVISSGRDLMAQAQTGSGKIAAFLLPILSKLLED----PHELELGRPQVVIVSPTRELAIQIFNEARKFAFESYLKIG
GgVasa(255) GYSKLTPVQKHSIPVIQAGRDLMSGAQTGSGKIAAFLLPIVDRMMKDGVTASFPKQQ-DPQCIIVAPTRELINQIFLEARKFVYGTCIRPV
HsVasa(307) GYTKLTPVOKYSIPIILAGRDLMAGAQTGSGKTAAFLLPILAHMMHDGI TASRFKELQEPECIIVAPTRELYNQIYLEARKFSFGTCVRAV
MmVasa(280) GYTKLTPVQKYSIPIVLAGRDLMAGAQTGSGKTAAFLLPILAHMMRDGITASRFKELQEPECI IVAPTRELINQIYLEARKFSFGTCVRAV
ONasa(200) GYVKPTPVOKYGLPIISAGRDLMAGAQTGSGKTAAFLLPILOQLMADGVAASREFSEIQEPEAVIVAPTRELINQTIYQOEARKFSFGTCVRPV
XVasa(293) GYVKLTPVQKHSIPIIMAGRDLMAGAQTGSGKIAAFLLPILSYMMNEGITASQYLQLOEPEATIIAPTRELINQIYLDARKFSYGTCVRPV
Consensus(365) GYVK TPVQKHSIPIISAGRDLMACAQTGSGKTAAFLLPIL MM DG TAS F ELQEPEAIIVAPTRELINQIYLEARKFS GTCVRPV

(456) 456 470 480 490 ATPase Motif B 510 520 RNA unwinding Motif 5,4
CsVasa(330) Vv STRHQVSDLSKGCNVLCATPGRLMDMIERGKVGLSKVQYFVIDEANRMLDMGFEPDMRRLVASPGMPSREGRQTLM: FPEEI
DrVasa(386) VVY(GGINTGYTIREVLKGCNVLCATPGRLHDLIGRGKIGLSKVRYLV]DEANRMLDMGFEPEMRKLVASPGMPSKEERQTLM YPEDI

DmVasa(351) IVYGATSFRHONECITRGCHVVIATPGRLLDFVDRTFITFEDTRFVV]DEAJRMLDMGESEDMRRIMTHVTMR -~ PEHQTLM FPEEI
GgVasa(345) VIY[GQTQTGHSIRQIMQOGCNILCATPGRILLDI IEKGKISLVEVKYLV]DEARMLDMGE GLDMKKLISYPEMPSKDRRQTLM FPEEV
HsVasa(398) VIYGQTOLGHSIRQIVQGCNILCATPGRLMDIIGKEKIGLKQIKYLVIDEANRMLDMGFGPEMKKLISCPGMPSKEQRQTLM FPEEI
MmVasa(371) VI TQFGHSVRQIVQGCNILCATPGRLMDIIGKEKIGLKQVKYLVIDEANRMLDMGFGPEMKKLISCPGMPSKEQRQTLL! FPEEI
ONasa(291) vV NTGYQMREIEKGCNVLCETPGRILLDMIGRGKVGLSKVRHLVIDEANRMLDMGFEPDMRRLVGSPGMPSKEERQTLM: FPEDI
XVasa(384) VVY|GdTQPVHAMRDVEKGCNILCATPGR[LLDIVSKEKIGLSKLRYLV]DEARMLDMGFAPE IEKLMTKPGMPTKEKRQTLM YPEET
Consensug(456) VVYGGTQ GH R I KGCN LCATPGRLLDIIG GKIGLSKVRYLVLDEADRMLDMGF P MRKL  PGMPSKE RQTLMFSATFPEEI

(547) 547 560 570 580 590 600 610 620 637
CsVasa(421) QKLAADFLKPDYLFLAVGIVGGACSDVEQTFIEVGKFSKREQLLDLVKTCGNEHT IVFVEKKRQADFIATFLCQENVPTTS IHGDREQWOR
DrVasa(477) QRMAADFLKVDYIFLAVGVVGGACSDVEQTIVQVDOYSKRDOLLELLRATGNERTMVFVETKRSADFIATFLCOEKI STTSITHGDREQRER

DmVasa(440) ORMAGEFLKN-YVEVAIGIVGGACSDVKQTTYEVNKYAKRSKLIEILSEQADG-TIVFVETKRGADFLASFLSEKEFPTTSTHGDRLOSOR
GgVasa(436) QRLAGEFLKTDY I FLVIGNTCGACSDVQONILQVPRLSKRDKLIEILQSTGGERTMVEVDTKKKADY LAAFLCQENLPSTSITHGDREQRER
HsVasa(489) QRLAAEFLKSNYLFVAVGOVGGACRDVQOTVLOVGOFSKREKLVEILRNIGDERTMVEVETKKKADEIATFLCOEKISTTSTHGDREQRER
MmVasa(462) QRLAGDFLKSSYLFVAVGQVGGACRDVQQTILQVGQYSKREKLVEILRNIGDERTMVFVETKKKADFIATFLCQEKISTTS THGDREQRER
ONasa(382) QRLAADFLKVDYLFVAVGVVGGACTDVEQTFLQVTKFNKREQLLDLLRT IGSERTMVEVETKRQADF IAAFLCQEKVPTTS ITHGDREQRER
XNasa(475) RRLASNYLKSEHLFVVVGLVGGACSDVAQTVLEMRENGKMEKLLEILKS SEKERTMI FVNTKKKADFIAGYLCQEKFSSTSTHGDREQYQR
Consensug(547) QRLAADFLK DYLFVAVG VGGACSDV QTILQV ~ SKREKLLEILR G ERTMVFVETK KADFIATFLCQEK TTSIHGDREQRER
(638) 638 650 660 570 RNA binding Motif

CsVasa(512) EQALADFKYGKCPVLVATSVARRGLI]I PDVQHVVNEFDLPGSIDEY\
DrVasa(568) EKALSDFRLGQCPVLVATSVAARGLIIEQVQHVVNEDMPSSIDEYY
DmVasa(529) EQALRDFKNGSMKVLIATSVASRGLYIKNIKHVINYDMPSKIDDY
GgVasa(527) EIALRDFRSGKCQILVATSVASRGLYIENVOEVINEDLPNTIEDY
HsVasa(580) EQALGDFRFGKCPVLVATSVAARGLIIENVQHVINFDLPSTIDEY?
MmVasa(553) EQALGDFRCGKCPVLVATSVAARGLIIENVQHVINFDLPSTIDEY
ONasa(473) EKALADFRSGKCPVLVATSVASRGLI|I PDVQHVVNEDLENTIDDY! CGNTGRAVSFYDPDVDSQLARSLVGILAKAQOEVESW
XNasa(566) ESALWDFRTGKCTVIVCTAVAARGLITENVQHVINYDVPKEVDEYY CGNTGKATSFENVQDDHV IARPLVKILTDAHQEVPAW
Consensug(638) EQAL DFR GKCPVLVATSVAARGLDIENVQHVINFDLPSTIDEYVHRIGRTGRCGNTGRAVSFFD SD HLARPLVK LS AQQEVP W

700 710 728
ICGNVGRAVSFFDTDVDGHLSRPLISILSKAQQEVPPW
ICGNTGRAVSFFNPESDTPLARSLVKVLSGAQQVVPKW
[VGNNGRATSFFDPEKDRAIAADLVKILEGSGQTVPDF
ICGNTGKAVSFFDDQSDGHLVQSLLKVLSRTQQEFQFG
ICGNTGRAISFFDLESDNHLAQPLVKVLTDAQQDVPAW
ICGNTGRAISFFDTDSDNHLAQPLVKVLSDAQQDVPAW

(729) 729 740 750 760 770 780 791  Species Identity
CsVasa(603) LEQLAFSSASS-GGNFNANK-NNFAFTDSRKGOORGSSFQGNTVOSQVTAVLOPPPEEEEEWE — Tongue sole 100%
DrVasa(659) LEEVAFSAHG--TTGFNPRG-KVFASTDSRKGGS-FKSDEPPPSQTSA--PSAAAAADDEEWE Zebrafish  61.2%

DmVasa(620) LRTCGAGGDG- - --GYSNQN---FGGVDVRGR---GN--YVG --DATNVEEEEQWD  Fruit fly 43.0%
GgVasa618) GRMAVQRTNIVASTWCPKGLMQAVAEWNPRE --MsyseTTFKSWE  Chicken 45.3%

HsVasa(671) LEEIAFSTYIP-GFSGSTRG-NVFASVDTRK----GKSTLNTAGFSSS---QAPNPVDDESWD Human 52.6%
MmVasa(644) LEEIAFSTYVPPSFSSSTRGGAVFASVDTRKNYQ-GKHTLNTAGISSS---QAPNPVDDESWD Mouse 53.0%
ONasa(564) LEESAFGAHG--SAAFNPSG-RTFASTDSRK----GGSFQDSSVKTQP--AAPPAAADEDDWE Medaka 66.6%
XVasa(657) LEEIAFGGHGALNSFYAADSMGEQAGGNAVT------— e SFAQEEEASWD Frog 48.3%
Consensug(729) LEE AFS G G FAS D RK G S AP DEESW

Fig. 3. (continued).
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Fig. 4. The relative expression of Csvasa in various adult tissues. The data
represent the mean normalized gene expression levels against the levels of
B-actin mRNA + the standard error of mean (SEM) from three separate in-
dividuals performed in triplicate (three biological replicates for gonads and
six replicates for other tissues). Values with different superscripts differed
with statistical significance (P < 0.05), calculated by one-way ANOVA fol-
lowed by Duncan’s multiple range tests using SPSS 17.0.

differentiation collected from this study may aid in the
understanding of sex determination in half-smooth tongue
sole.

Recently, PGC visualization and labeling in fish embryo
has attracted considerable attention. However, a marker to
identify PGCs of economically important flatfish species (e.g.,
tongue sole) is still lacking. Analysis of vasa transcriptional
regulatory region contributes to the study of germline cells.
The 3'UTR of vasa has an important function in the stabili-
zation of mRNA; this being that it can eliminate mRNA
from somatic cell lines by microRNA activity and stabilize
mRNA in PGCs of several fish species. Embryonic injection of
mRNA containing 3'UTR and the GFP gene have been used to

100+
80}
60}
40

20+

Relative expression of vasa mRNA

04

Female

Neomale Male

Fig. 5. The relative expression of Csvasa mRNA in the gonads of neomales,
normal males, and females. The data represent the mean + SEM from three
separate individuals (n = 3). Values with different superscripts differed at
P < 0.05.

Relative expression of vasa mRNA

Fig. 6. The expression profile of Csvasa at different developmental stages of
the embryos. Each sample consisted of a pool of 30 embryos, a pool of 30
larvae (1 dph). The data represent mean + SEM from three separate samples
(n = 3). Values with different superscripts differed at P < 0.05.

visualize and label PGCs in zebrafish [49], rainbow trout [20],
medaka [50], and Atlantic salmon [17]. In the present study,
GFP-Csvasa 3'UTR mRNA was injected into fertilized embryos
of medaka. The results indicated that the GFP signal intensity
gradually decreased in somatic cells because of the degra-
dation of injected chimeric RNA; however, the intensity
became clearer and larger in the presumptive gonad region.
This indicated that GFP-Csvasa 3'UTR mRNA was specifically
stabilized and expressed in PGCs of medaka during
embryogenesis. These data confirmed the function of Csvasa

6000 =
[ male L—‘
A

50001 | Female
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35
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0_

Relative expression of vasa mRNA

4d 8d 16d 26d 36d 46d 56d 66d 80d 115d150d

Proliferation of PGCs Sex differentiation

Fig. 7. The expression profile of Csvasa at different developmental stages of
the gonads. The data represent mean 4+ SEM from three separate samples
(n = 3). Each sample consisted of a pool of six body trunks (4-66 dph) and a
pool of three gonads (80-150 dph). Values with different superscripts
differed at P < 0.05, calculated by two-way ANOVA followed by Duncan’s
multiple range tests using SPSS 17.0. Asterisks show statistical significance
between sexes (* P < 0.05; ** P < 0.01) at each sampling time after a Stu-
dent’s t-test.
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Fig. 8. Green fluorescence protein-labeled PGCs observed by microinjection of GFP-Csvasa 3'UTR mRNA in medaka embryos. PGCs are denoted by white arrows.
(A-D) embryos of stage 20, stage 22, stage 25, and stage 29 were observed under light and fluorescence microscopy.

3’UTR, and will be helpful in the study of PGC visualization,
cryopreservation, and transplantation for tongue sole.

In conclusion, the Csvasa gene was cloned and charac-
terized in the present study. Csvasa mRNA was a maternally
supplied transcript during the embryonic stage, and it was
mainly observed in gonads of adult fish. Based on the ac-
curate distinction of sex and gonads, typical sexually
dimorphic expression of Csvasa was detected by qPCR
during early development and sex differentiation. The PGC
labeling function of Csvasa 3'UTR was verified in medaka
embryos. Our results confirmed that the Csvasa gene may
possibly be appropriate as a germ cell marker. In future
studies, the Csvasa gene will be used as a molecular marker
to illuminate the processes of PGC formation, migration
and differentiation, and investigate PGC biotechnology for
tongue sole reproduction.
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