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Abstract

Russian sturgeon (Acipenser gueldenstaedtii) is a primitive freshwater fish
and a source of black caviar. The genes involved in sexual determination and
differentiation are still unknown and there are no molecular markers for sex
identification in this species. Studying the variation of the sex-based differ-
ences in genomic sequences and in gene expression in the sturgeon may lead
to markers of sex in early stages of development and advances in aquaculture,
as well as provide novel insights about the evolution of reproduction, sex de-
termination, and sexual differentiation mechanisms in vertebrates. Previous
studies by our and other groups have identified differentially expressed genes
in the gonads of adult female and male sturgeon. The current study aimed to
test whether these genes were also differentially expressed in non-gonadal tis-
sue, namely fins. We measured by qRT-PCR the mRNA levels of 29 known and
novel sex-related genes in the gonads and fins of males (4 years old) and females
(7 years old; sexual maturation is earlier in males than in females). Six genes
(ATP6, IGFRM, LIA1A, S1A, NPL1A, GAPDH and SOX9) showed higher ex-
pression in female fins. However, only ATP6 mRNA levels differed in fins of
males and females of the same age (4 years old). These findings underscore the
impracticality of sex identification based on gene expression in non-gonadal
tissue and the need for genetic sex markers in the Russian sturgeon.
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1. Introduction

The dramatic increase in the economic value of caviar (eggs in the vitellogenesis
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stage), as well as over-fishing, pollution and habitat destruction of fish species
belonging to the Acipenseridae (common name sturgeon) primitive freshwater
fish family [1] have encouraged studies of many aspects of biology, genetics, re-
production, growth and adaption to aquaculture conditions of sturgeon species
[2]-[8]. The Acipenseridae family includes 25 species, among them Russian
sturgeon (Acipenser gueldenstaedtii), which is an important source of black ca-
viar. The native habitats of Russian sturgeon include the Black Sea, the Azov Sea
and the Caspian Sea [3].

Among the various aspects of the adaptation of Russian sturgeon growth to
aquaculture conditions and in producing caviar, of special note are the hor-
mones that control oogenesis [2] [3] [6], growth [4] [7] and sex-related gonadal
development, sex identification and differences in gene expression [8] [9] [10]
[11] [12], and these have been studied extensively. Thus, expression differences
of various genes among sexes in Russian sturgeon have been described [8] [11]
[13]. In those studies, some genes were shown to have higher expression in
males, e.g., SOX9, and others in females, e.g., FOX12.

Sex determination and sexual differentiation have been examined on the mo-
lecular level due to the fact that no chromosome variation is found between sex-
es in Acipenseriformes. Based on the observation of sturgeon sex variation, sex
determination in the sturgeon is assumed to follow the heterogametic genetic
ZZ/ZW model, where the ZZ genotype leads to the development of males, and
the ZW genotype leads to the development of females [9]. In Russian sturgeon,
we previously described differential gene expression in gonads [8] [12] [13].
Several genes were more highly expressed in the ovary, e.g., FOX12 and
CYP19A1, and DMRT1 was more highly expressed in the male gonad [8] [12].

If similar differences in gene expression could be identified in non-gonadal
tissues that, unlike gonads, can be conveniently sampled for analysis without se-
verely wounding the fish, these could be the basis for a sex marker in sturgeon
aquaculture. However, to our knowledge, no prior studies have measured gene
expression in non-gonadal tissue which was easy to obtain without severely
wounding the fish, e.g. fins, and compared it to gonads.

In the present study, we examined the mRNA levels of a panel of candidate
genes in the fins of mature male and female Russian sturgeons using quantitative

RT-PCR, and compared their expression in fins to that in ovaries and testes.

2. Materials and Methods
2.1. Fish and Sampling Procedure

Samples were taken from 4- to 7-year-old male and female Russian sturgeon (4 -
6 kg) from a fish farm on Kibbutz Dan in Israel. They were anaesthetized with
0.03% tricaine methane sulfonate (MS222, Sigma-Aldrich), and their fork length
and body weight were quantified [8]. Gonad samples were removed by en-
dos-copy from males and females as described in detail by [3] and frozen in
1.5-ml tubes with RNALater (Ambion) at —25°C until further analysis. The
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morphology of the ovary and testis was examined by endoscopy as previously
described [3]. The fin samples were taken from 11 female (7 years old and 4
years old) and 8 male (4 years old) Russian sturgeons and frozen in 1.5-ml tubes
with RN ALater at —25°C until further analysis.

2.2. RNA Extraction

Tissue samples were removed from RNALater and homogenized using a Tissu-
eRuptor (Qiagen). Total RNA was extracted from each sample with TRI Reagent
(Sigma) using the manufacturer’s protocol. The concentration and integrity of
RNA were examined using a Thermo-Fisher Scientific NanoDrop 8000 Spec-
trophotometer and an Agilent 2100 Bioanalyzer. All RNA samples had OD,44,
> 1.8 and RNA integrity number (RIN) 2> 7.

2.3. Quantitative RT-PCR

RT, primer design and quantitative PCR using SYBR Green chemistry and DNA
primers were performed as previously described [8]. Primer sequences are pre-
sented in Appendix A (Table Al). All primers were tested for efficiency (by
serial dilutions) and specificity (by melting peak analysis). RT was performed on
an Applied Biosystems ABI-9600 with reagents from New England Biolabs.
qPCR was performed in technical quadruplicates on an Applied Biosystems
ABI-7900HT Sequence Detection System equipped with a 384-well block. Data
were analyzed using SDS 2.3 software (Applied Biosystems) and Microsoft Excel.
Relative quantification and the ACq method were used. Results were normalized
to the transcript abundance median of all measured genes per sample (global

normalization).

2.4. Statistics

The significance of differential mRNA levels as measured by qRT-PCR was es-
timated by Student’s t-test. Differences were considered statistically significant at
P<0.05.

3. Results

We measured by qRT-PCR the mRNA levels of 31 genes, most of them known
and some novel sex-related genes in the gonads and fins of males (4 years old)
and fe-males (4 and 7 years old). The older females were chosen a-priori since
Russian sturgeon males reach sexual maturity at an earlier age than females [3].
The genes included hormones, factors, receptors, transcription factors, subunits
and nucleosome protein genes, and were selected based on differential expres-
sion between the sexes in gonads, as observed by our and other groups’ prior
studies (sources are listed in Table A1).

Of these, 22 genes could be reliably quantified in gonads. Among these, transcripts
of GPR4, EOMES, PO5F1, ZP2 and ZP4 had significantly higher levels in the ovary,
while LH and GH mRNA levels were higher in the testis (Figure 1 and Table 1).
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Table 1. Genes showing significantly differential expression in the fins and gonads of
4-year-old males and 7-year-old females Russian sturgeon.

Tissue Gene
LH
Significantly higher in males
GH
GPR4
Gonads EOMES
POF1 Significantly higher in females
Zp2
ZP4
SOX9
ATP6
IGF1R
Fins Significantly higher in females
LISIA
NPL1A
GAPDH
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Figure 1. Relative mean mRNA levels (based on gqRT-PCR) of the listed genes in gonadal
samples from five female 7-years old and four male 4-year-old sturgeons. *: P < 0.05
(t-test). Mean + standard error (SE).

The differences between ovary and testis mRNA levels of Gpalphal, IGFI,
IGFR1, SOX9, ATP6, LIS1A, NPL1A, RBPS2, COX3, IGHM, SOX30 and trefoil
domain protein were not statistically significant.

In the fins of 4-year-old males and 7-year-old females, 22 of the 32 genes
could be reliably quantified by qRT-PCR. Of these, six genes (ATP6, IGFRM,
LIS1A, GAPDH, NPLIA and SOX9) showed significantly higher mRNA levels in
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females compared to males (Figure 2 and Table 1). However, when the male fin
samples were compared to the fins of similarly aged females (4 years old), the
only significant expression difference observed was in the ATP6 gene, which

showed ~5X higher expression in the female samples (Figure 3).
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Figure 2. Relative mean mRNA levels (based on qRT-PCR) of the listed genes in fin samples from
11 female (7 years old) and 8 male (4 years old) Russian sturgeons. *: P < 0.05 (t-test). Mean +
standard error (SE).
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Figure 3. Relative mean mRNA levels (based on qRT-PCR) of the listed genes in fin sam-
ples from 10 female (4 years old) and 8 male (4 years old) Russian sturgeons. *: P < 0.05;
(t-test), Mean + standard error (SE).

4. Discussion

The gametogenesis process during growth and/or maturation of fish, as in
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other vertebrates, is mainly controlled by the endocrine system according to
the BPG-_axis. Most of the genes involved in oogenesis [5] [6] [8] and sper-
matogenesis [14] [15] code for sex hormones and endocrine receptors that
control the differentiation. The genes involved in paracrine and autocrine se-
cretion have been less studied [16] [17] than those involved hormone control
of reproduction.

In the present study, several genes in Russian sturgeon had significant differences
in expression between ovary and testis, in agreement with prior studies [8] [12].
Thus, sex-based differences in the gonadal transcriptomes of various sturgeon spe-
cies were studied [8] [11] [13] [18] [19]. These studies identified genes which
showed higher expression in male gonads, e.g. SOX9, and others in females, e.g.
FOX12. Our previous study found higher expression in the ovary for the genes ZP1,
Cyp19p450, RBPS2 and Fox12 [8] in the testis. In the present study, the mRNA le-
vels of EOMES, PO5F1, ZP2 and ZP4 were found to be significantly higher in the
ovary, while the mRNA levels of LH and GH were higher in the testis.

Different endocrine and autocrine/paracrine functions of the same hormone
are not well understood, but have been described in other fish species. For ex-
ample, in blue gourami, the mRNA levels of GnRH1 and GnRH3 were higher in
oocytes at the previtellogenic stage compared to the vitellogenic and follicular
oocyte maturation (FOM) stages [17]. The different transcription levels of
GnRH1 and GnRH3 in the brain and of FSH and LH in the pituitary compared
to mRNA levels changed in the ovary during oogenesis, supporting the hypothe-
sis that differences exist between the endocrine and autocrine/paracrine func-
tions of these hormones [17].

Sexual maturation of Russian sturgeon occurs earlier in males than in females.
In this study, we observed higher expression of ATP6, IGFRM, LISA1A, GAPDH,
SOX9 and NPLI1A in the fins of 7-year-old females, compared to 4-year-old males.
However, only ATP6 mRNA levels diverged between the fins of similarly aged
(4-year-old) males and females. While the difference in ATP6 mRNA levels sug-
gests a sex-based difference in metabolic and oxidative processes soon after sexual
differentiation, this finding must be validated in a larger sample. Overall these re-
sults do not support the notion that gene expression differs substantially between
the sexes in non-gonadal tissues of Russian sturgeon.

Thus, identifying DNA sequence-based genetic markers for sex in this species,
which could be reliably detected in easily accessible non-gonadal tissues, remains
the most promising direction for future research and development. Efforts are

underway to identify such markers.
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Appendix A
Table Al. Nucleotide sequences of primers for quantification of gene expression using qRT-PCR.

Abbr. name Gene name Direction Sequence Source
ATP6 ATP synthase subunit a Forward ACTCGGCCTACTCACCTACA [8]
ATP6 ATP synthase subunit a Reverse ACGGTAGCAAGTCATAGGGG [8]

EOMES Eomesodermin homolog Forward CAAATCCTTGCCCCTCCAGA [8]
EOMES Eomesodermin homolog Reverse CCCATCCTGCTGCCATTGAA [8]
LIS1IA Lissencephaly-1 homolog A Forward AGCTCCTATCCCACCATCCT [8]
LIS1IA Lissencephaly-1 homolog A Reverse GCCAACCAGTGTCATAAGGC [8]
NPL1A Nucleosome assembly protein 1-like 1-A Forward CCCACATCGAAGCCAAGTTC [8]
NPL1A Nucleosome assembly protein 1-like 1-A Reverse GGCTGGTAGAGTGCTGCATA [8]
PO5F1 POU domain, class 5, transcription factor 1 Forward TGGAGAAAGATGTGGTGCGG [8]
PO5F1 POU domain, class 5, transcription factor 1 Reverse TCGAAATACTGCCCCTCTGC [8]
RBPS2 RNA-binding protein with multiple splicing 2 Forward CCCCATGCTGCCTTCACTTA [8]
RBPS2 RNA-binding protein with multiple splicing 2 Reverse GGCTAGTGTCAGATGGAGAAGG [8]
ZP2 Zona pellucida sperm-binding protein 2 Forward GCCCCAACAGCTTCCTAACT [8]
ZP2 Zona pellucida sperm-binding protein 2 Reverse GTAGCCTTTTGACCGAGCCT [8]
ZP4 Zona pellucida sperm-binding protein 4 Forward CAGACCAATGGCATCCCCTT [8]
ZP4 Zona pellucida sperm-binding protein 4 Reverse CGACCTTGCTAAACTGCTGC [8]
COX3 Cytochrome c oxidase subunit 3 Forward GGGCACATTTCAAGGACACC [8]
COX3 Cytochrome c oxidase subunit 3 Reverse GGGCTAGACTTGCGTGGTAA [8]
IGHM Ig mu chain C region Forward GCGGGGACAAATTCTTCTGC [8]
IGHM Ig mu chain C region Reverse TGGCGAGAGAAGAAACACCG [8]
SOX30 Transcription factor SOX30 Forward CTTCCCCACCCACACGTTTA [8]
SOX30 Transcription factor SOX30 Reverse AGGGAATGGAAAGCGAGGTG [8]
GPa Luteinizing hormone alpha subunit Forward GACTCCGATTTTCCAGTGTGTG [2]
GPa Luteinizing hormone alpha subunit Reverse GCCTCTGAAGTAATGTTCTTGGG [2]
IGF1 Insulin-like growth factor 1 (IGF1) Forward TGTGTGGGGAGAGAGGCTT [6]
IGF1 Insulin-like growth factor 1 (IGF1) Reverse TCTGGAAGCAGCACTCGTTC [6]
LH Luteinizing hormone Forward CCAAAGTGCCTCCTCATCCA [2]
LH Luteinizing hormone Reverse CGTGGAGAGAGCGGATTTGA [2]
GH Growth hormone Forward GCAACGTCACTCCAGCAAAA [20]
GH Growth hormone Reverse CTCCACGTCTGATCGCTGTT [20]
GPR4 G-protein coupled receptor 4 Forward ACCGATTCCTAGCTGTGGTC [8]
GPR4 G-protein coupled receptor 4 Reverse CAAACCACCACACACACCAG [8]
IGF1R Insulin-like growth factor Receptor Forward GCATCGAGTTCCTGAACGA [7]
IGF1R Insulin-like growth factor receptor Reverse AGCGAGCGTAGGTAGCTCTT [7]
Trefoil domain Trefoil (P-type) domain Forward TGTATGTCCTGACGGTGCTC [8]
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Continued

Trefoil domain
18S RNA
18S RNA
GAPDH
GAPDH

EF1A
EF1A
AMH
AMH
AR
AR
CYP19
CYP19
DMRT1
DMRT1
ERA
ERA
ERB
ERB
FOXL2
FOXL2
SOX9
SOX9
STAR
STAR
VTG

VTG

Trefoil (P-type) domain

18S ribosomal RNA gene

18S ribosomal RNA gene

Glyceraldehyde 3-phosphate dehydrogenase
Glyceraldehyde 3-phosphate dehydrogenase
Elongation factor 1-alpha (EF1A)
Elongation factor 1-alpha (EF1A)
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ACGTTGTCTCCAGGATTTGC
GTCCCCAGAGCGGATTCAAA
GGTTCCCTTTCTCCGGCATT
TACAGGTGGCGAGTTCCCTA
GCACCCCATTCGTTGTTCTG
AATGTGTGCTGGAGATGCTG
CCAGCAGTTTCCTCTCAACC
GAAGGCACTGGAAACAGCTC
GCAGATTGGTACGGCTCTCT
CAGGCCAAGTATGGAAGGCA
CACCGCACAGAACCTCATCT
TATCTGCCCCGCTACAAACC
CGCTCTCTTCTTGTACCGCA
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ATCCTAAACAGTCGGGGCAA
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