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Abstract

The Sox (SRY-related HMG-box) family of transcription factors is involved in
the regulation of embryonic development and determination of cell fate. Sox
proteins serve as transcriptional regulators that are complexed with other
proteins. For this study, we initially cloned and characterized the full-length
cDNAs, DNA sequences, and 5’-flanking regions of the common carp Cyprinus
carpio Sox30. The sequence analysis suggested that Ccsox30 carried a distinct
HMG-box of the Sox family within Cyprinus carpio. Phylogenetic and gene
structure analysis revealed that sox30 was homologous to mammalian Sox30,
whereas chromosome synteny analysis demonstrated that the position of
Cyprinus carpio Sox30 in the genome was different from that of other
vertebrates. This might have been due to the split of the Sox30 flanking gene
by several genes not yet found near the Ccsox30 in evolution, or because the
genome sequencing data was not annotated. The results of Real Tim
Quantitative-PCR (RT-gPCR) revealed that Sox30 expression was high in the
testes, and the expression was traced in other tissues by researching the tissue
distribution of C. carpio and ontogeny of Ccsox30 expression in the gonads.
This expression pattern suggested that Ccsox30 may be involved in
spermatogonial differentiation and spermatogenesis.
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Introduction

The Sox (Sry-related high mobility group box) gene family encodes multiple transcription
factors that share a DNA-binding motif known as the high mobility group (HMG) domain
(Sinclair et al., 1990). Moreover, as they share an HMG-domain with more than an 80%
sequence identity, Sox proteins are segmented into different sub-groups, which are
denoted A to K (Sarkar and Hochedlinger, 2013; Sarraj et al., 2003). The Sox A group
consists of Sry, and is specific to mammals, which is the testis-determining factor (TDF)
that initiates male sex determination (Janssen et al., 2018). The SOXB1, SOXB2, SOXC,
SOXD, SOXE, SOXF, and SOXH groups are found throughout vertebrates, which suggests
that they are the core SOX groups (Heenan et al., 2016).

The Sox31 of Xenopus belongs to SOXI (Mizuseki et al., 1998), and SOXJ is currently
only found in nematodes (Bowles et al., 2000). Furthermore, the Sox gene Olsox32 was
defined as the K subfamily by genome-wide analysis in Oryzias latipes (Cui et al., 2011).
Beginning with the groundbreaking discovery of Sry as a determinant of mammalian testes
(Gubbay et al., 1990), progressively more research has indicated that Sox3, Sox5, Sox6,
Sox8, Sox9, Sox11, and Sox30 facilitates spermatozoa formation, testis development, and
maturity in vertebrates (Bai et al., 2018; Bettegowda and Wilkinson, 2010; Mata-Rocha et
al., 2014; Melo et al., 2019; Wan et al., 2019; Weiss et al., 2003).

Sox30 may constitute an H subgroup of the Sox protein family, which was first cloned
from mouse and human, and subsequently from the teleost Nile tilapia (Sarkar and
Hochedlinger, 2013; Han et al., 2014a; Han et al., 2010b). In human and mouse, it was
observed that Sox30 is involved in the regulation of embryonic development and the
determination of cell fate (Osaki et al., 1999). Additionally, the antitumorigenic effect of
Sox30 is mediated by directly binding to the CACTTTG motif of the p53 promoter region,
thereby activating p53 transcription, which suggests that Sox30 is a novel transcriptional
activating factor of p53 (Han et al., 2015). In the Nile tilapia, expression analysis revealed
that Sox30 may be involved in female and male gonadal development at different stages
via alternative splicing (Han et al., 2010b). Although the Sox30 of the above three
vertebrates have been well documented for their essential roles in embryonic development,
cell proliferation and disease, the functional roles and molecular mechanisms that regulate
the sexual development of Sox30 in C. carpio are largely unexplored.

Cyprinus carpio is one of the most extensively cultured fish species, which currently
has high economic value (Winfield, 2016). Moreover, it is important for genetic research
toward the investigation of its cellular and molecular components (Xu et al., 2011).
However, the study of sex determination and sex regulation in the common carp remains
unknown.

In the present study, common carp Sox30 was characterized through bioinformatic,
phylogenetic and syntenic analysis. Moreover, we investigated the tissue distribution of
Sox30 in sexually mature carp via Real Tim Quantitative-PCR (RT-gPCR), and its
spatiotemporal expression pattern in carp development, with the goal of expanding
knowledge of the sex-determining mechanisms and functions of Sox genes.

Materials and methods
Ethics statement
All investigations in this study were performed according to the Animal Experimental
Guidelines of the Ethical Committee of the University of China. Following deep and
overdosed anesthesia with 2-phenxyethanol, the fish were euthanized by immediately
severing the spinal cord adjacent to the head.

Samples

The common carp used in this study were obtained from the aquaculture base of Henan
Normal University. Male and female C. carpio were reared in freshwater tanks under
ambient photothermal conditions. To obtain different hatchling age groups, in vitro
fertilization was conducted during the breeding season using mature males and gravid
females that were intraperitoneally injected with carp pituitary extract dissolved in 0.86%
saline (0.4 mg/kg BW). The fertilized eggs were transferred to small glass tanks containing
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filtered water with aeration. C. carpio embryos hatched within 24 h, and the hatchlings
could survive for 2-3 days by utilizing the yolk sac for nutrition without supplemental feed.

Following this period, the hatchlings were fed with yolk and soy milk until they were
capable of eating pelletized feed. The primordial germ cells (PGC) and gonads of both sexes
were collected at 45-50 days post-hatching (dph). It was recorded as O1 when PGCs
surrounded by supporting cells were observed in the abdominal region near the coelomic
cavity in the developing female gonad, and T1 when developing spermatogonia surrounded
by supporting/sertoli cells were observed in testicular differentiation.

Testis and ovary were collected at early stages of sex differentiation (T1 and O1) and
at the sexual maturity stage of adults (TA and OA). All samples were isolated under sterile
and RNase-free conditions and immediately fixed in RNAlater (Applied Biosystems, Foster
City, CA, USA) for total RNA extraction. Subsequently, the gonads, intestines, spleen,
hepatopancreas, brain, muscle, kidney, adipose tissue, swim bladder, and gills were
isolated from sexual mature C. carpio for the extraction of the total RNA.

2.3 Extraction of total RNA and genomic DNA

The total RNA was isolated from each sample using Trizol Reagent (Invitrogen, USA,
http://www.lifetechnologies.com/cn/zh/home/brands/invitrogen) following the
manufacturer’s protocols. The extracted RNA was further treated with DNase I (10 U/mL,
Ambion, USA, http://www.lifetechnologies.com/cn/zh/home/ brands/ambion) to eliminate
contamination by genomic DNA. The genomic DNA was extracted from the common carp
testis using the classical phenol-chlorophenol method. The quality and concentration of
RNA and genomic DNA were determined by gel electrophoresis and the Nano 6000 Assay
Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

Molecular cloning of Ccsox30

Three micrograms of total RNA were reverse transcribed to cDNA using the Oligo (dT)
20 primer and MMLYV reverse transcriptase. According to the expressed sequence tag (EST)
of Sox30 from the transcription database of the C. carpio gonad (unpublished), the rapid
amplification of cDNA ends (RACE) was performed using the 5' RACE (TaKaRa Code: D315)
and 3' RACE (TaKaRa Code: D314) systems to obtain the unknown 5' and 3' sequences.
To obtain the 3' ends of the common carp Sox30, primer pairs sox30-outer 32/3’ RACE-
outer primer and Sox30-inner 31/3’ RACE-inner primer (Table 1) were designed for the
primary PCR and the nested PCR, respectively.

Similarly, the 5' end of the Sox30 gene was obtained by the primary PCR and nested
PCR, using primer pairs Sox30-outer 52/5’ RACE--outer primer and Sox30-inner 51/5’
RACE-inner primer (Table 1). The full-length cDNA sequence was confirmed by sequencing
the PCR product amplified by sox30cf and sox30cr primers (Table 1) in the 5' and 3'
untranslated regions (UTR), respectively. The resulting PCR products were cloned into
pMD19-T easy vector (TaKaRa, Japan) and sequenced.

Based on the Ccsox30 cDNA sequence, the primers were designed to gradually amplify
the genomic sequence, where six pairs of primers worked well and six overlapping
fragments that covered the full-length cDNA sequence were amplified and sequenced
(Table 1). The introns were annotated by comparing the obtained sequence with the cDNA
sequence.

Detection of promoter activity of the 5' flanking sequence of Ccsox30

The 5' flanking sequence of the Ccsox30 gene was PCR-amplified from genomic DNA
using the Genome Walker™ Universal kit (Clontech). Briefly, in accordance with the
manufacturer's instructions, four Genome Walker libraries were constructed. Two adjacent
reverse primers, sox305-inner 1 and sox305-inner 2, were designed at the 5' UTR region
of Ccsox30 (Table 1) and employed for a two-step extension of the 5' flanking sequence
in combination with the forward adaptor primers AP1 and AP2 for each library. Then, the

5’-flanking DNA fragment was digested with BamH I /EcoRI enzymes, and subcloned into

the pEGFP (Clontech) vector, which was digested with BamHI/EcoRI enzymes. The
recombinant vector was designated as pSox30-EGFP and the 5’-flanking fragment of

The Israeli Journal of Aquaculture —Bamidgeh ¢ 1JA.73.2021.1117447



4 Cao et al.

Ccsox30 was located in the upstream of the Enhanced Green Fluorescent protein (EGFP)
gene.

Caudal fin cells (CFCs) (purchased from the China Center for Type Culture Collection)
were cultured in media containing 60% Dulbecco' s modified Eagle's medium, 20%
Leibovitz medium (L-15), 10% fetal calf serum (Gibco BRL; www.gelcompany.com/gibco-
br), and 10% tryptose phosphate (Difco) supplemented with 1% N-2-
hydroxyethylpiperazine-N-2'-ethanesulfonic acid (HEPES), 100 IU/ml of penicillin (Sigma),
and 100 pg/ml of streptomycin (Sigma). The cells were maintained at 28°C with 5% CO:
in 24 well tissue culture plates. The CFCs (3x106 cell/ml) were transfected with 0.5 ug of
purified pSox30-EGFP and pCMV-EGFP (a promoterless plasmid, as a control) using the
FUGENE HD Transfection Reagent (Roche). After 24h, the CFCs were observed under
microscope (Nikon AZ100).

Sequence analysis

Sequence homology was determined using the basic local alignment search tool
(BLAST) program (www.ncbi.nlm.nih.gov/blast) and matrix global alignment tool (MatGAT)
(http://Bitincka.com/ledion/matgat/). The protein structure was predicted using the expert
protein analysis system (www.expasy.org) and sequence manipulation suite programs
(www.bioinformatics.org/sms). The protein domain features were predicted using the
simple modular architecture research tool (SMART) (http://smart.embl-heidelberg.de/),
Pfam database search (http://pfam.sanger.ac.uk/search/), and putative conserved domain
database (Finn et al., 2008). Intradomain features were predicted by scanning the
sequence against the PROSITE database (http://us.expasy.org/tools/scanprosite/).

The phylogenetics of animal group Sox30 was constructed using the neighbor-joining
method by MEGA v. 7 (Molecular Evolutionary Genetics Analysis Version 7.0) (Kumar et
al., 2016) with yeast MATAl sequence as an outgroup. Furthermore, the nucleotide
sequences and their deduced amino acid (aa) sequences were aligned to analyze molecular
evolution by the multiple alignment software ClustalX.

The promoter region was predicted by PromoterScan (https://www-
bimas.cit.nih.gov/molbio/proscan/) based on the flanking of the Ccsox30 genome
sequence. The genomic DNA sequences of Homo sapiens (GenelD: 11063), Mus musculus
(Gene ID: 214105), Rattus norvegicus (Gene ID: 689918), Gallus gallus (GenelD:
416243), Anolis carolinensis (Gene ID: 114591400), Sus scrofa (Gene ID: 100521345),
Oreochromis niloticus (Gene ID: 100533980), and Rhinatrema bivittatum (Gene ID:
115079661) were downloaded from the NCBI (http://www.ncbi.nlm.nih.gov/) for
comparison of the genetic structure of the Sox30 genes from various species.

2.7 Real Tim Qanititative-PCR

RT-gPCR (Real Tim Qanititative-PCR) was performed to investigate the mRNA expression
patterns of the Ccsox30 gene in tissues, and ontogeny expression in the gonads of C.
carpio. According to the method above, the cDNA templates for RT-gPCR were obtained
and then stored at -20°C. The primers were designed using the Primer 5 software and
synthesized by Sangon (Shanghai, China) (Table 1). The gRT-PCR was performed using
an ABI 7500 system (Applied Biosystems, Foster City, USA), where beta-actin was
employed as an internal reference gene for cDNA normalization in the liver and brain.

The RT-gPCR mixture was comprised of a 2 ul cDNA sample, 7.6 ul huclease-free water,
10 pl 2 x SYBR Green PCR master mix (TaKaRa), and 0.2 pl of each gene-specific primer
(10 mM). The PCR cycling conditions were: 95°C for 30 s, and 40 cycles of 95°C for 5 s,
60°C for 30 s, and one cycle of 95°C for 15 s, 60°C for 30 s, and 95°C for 15 s; followed by
dissociation curve analysis (65-95°C at increments of 0.5°C for 5 s) to verify the
amplification of a single product. The relative expression of the target genes of the treated
group to the control group was calculated using the 2—-AACT method (Livak and
Schmittgen, 2001).
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Table 1 Primer sequences and their designated applications in this study.

Primer name Sequence (5'-3") Amplicon length (nt) and
primer information
Ccsox30

Sox30-inner51 CGCCTCACTGGACAAATTGC 5'RACE

Sox30-outer52 CTCGCTGATTGGCTGATGG

5'RACE Outer Primer CATGGCTACATGCTGACAGCCTA

5'RACE Inner Primer CGCGGATCCACAGCCTACTGATGATCAGTCGATG

Sox30-inner31 AGCAGAAGAAGCCATACTACGA 3'RACE

Sox30-outer32 CAGAAAGTGAGGTGGCAAGAT

3'RACE Outer Primer TACCGTCGTTCCACTAGTGATTT

3'RACE Inner Primer CGCGGATCCTCCACTAGTGATTTCACTATAGG

sox30cf ACGACATACTGACAAGCGAATG Sox30 full-length

sox30cr GAACAAACAGGAACCCAGAAGT cDNA

sox305-FR1 GTTCACTGACTCGTTGAGCTTTGACA 5'-flanking sequence

sox305-FR2 AGGCTGTTAACTTCAGTTGGTTCACT

Sox30F11 CCACGACCATTACTGCTGAG Intron detection 0 bp

Sox30R15 GTCTGTGAGTTGTTAGGCTGTT

Sox30F23 CCGCTGATAACGCAATTCCT Intron detection 290 bp

Sox30R24 CGCACTGATTGGCTGATGG

Sox30F31 ACAGCCTAACAACTCACAGACA Intron detection 76 bp

Sox30R33 GGAATTGCGTTATCAGCGGTTA

Sox30F44 CTTCACTCAGCCGCCTTCT Intron detection 487bp

Sox30R46 GACAGTTTGTGCCATTCTAACC

Sox30F52 AGCAGAAGAAGCCATACTACGA Intron detection 143bp

Sox30R53 CTGGGTAAGGGTTGGGTCTC

Sos30F61 CAGAGACCCAACCCTTACCC Intron detection Obp

Sos30R65 GAAGATACATCGAGGAGCAGAG

Sox30qF1 CCACGACCATTACTGCTGAG qRT-PCR 234bp

Sox30qR1 CCACGACCATTACTGCTGAG

AP1 GTAATACGACTCACTATAGGGC Genome walking

AP2 ACTATAGGGCAAGAGTGGT

Sox30-p-B AGTCggatccGTTGCGGGTCAGTGTTT Promoter amplification

Sox30-p-E AGTCgaattcTGGGTGAACTATCCCTTTA

Note: Lower case letters are introduced restriction sites

Results

Cloning and sequence analysis of Ccsox30 from C. carpio

The full-length C. carpio Sox30 cDNA sequence was 1469 bp in length, which contained an
open reading frame (ORF) of 1167 bp flanked by a 106 bp 5' UTR and a 293 bp 3' UTR with
a canonical polyadenylation signal (ATTAAA) (Figure 1). It revealed that Ccsox30
contained 5 exons (620, 237, 174, 127, and 311 bp) and four introns (290, 76, 487, and
143 bp) (Fi 1). The intron sequences began with GT and ended in AG. The cDNA encoded
a polypeptide of 389 amino acids (aa) with a calculated molecular mass of 43.97 kDa, and
an isoelectronic point of 8.27. The encoded protein of Ccsox30 contained a signal peptide
and HMG-box motifs, and the motif of DNA binding sites was RPMNAFMVW.
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TTTTGAATTG
GCACCTGTTA
AGTACTTTTG
CCACCTTTTA
ACTGTCTTAG
GGATGGGGAT
GACAAATCAG
ATTGGTATTT
GTCGATTTTA
TACTTTTTTT
CCATCAGGCA
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TTTAGATGAA
TGTAGCAAGC
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TAACATTTGG
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TCAGATATAG
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TACCTGACCG
ATGTGTGTGA
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ATAATAACAG
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TTTTGTCCAT
ATATTCAAAA
GTTTCTTATT

TTAATATTTA
AGTCACTCCT
TTTAATTTTT
TAATTTGAAG
AGGTTATTAA
GGCAAAATCC
CTCTTCCCTT
TAGTGTTACA
TCATATCCAT
GGTCAGTGTT
TTTCTCATAT
TGACCAAATC
TGAATACTTA

AATGTAAAGA GAAACATGAA ATCGAGCGCC TCTTTCATTA

TAGTTTCTTT TCAGATTTCA GTTTTTGATT TTATTGTACT GAGAAACCTT GTTTGACATT

181
241
301
361
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AAACAATTTC
CATTGGTGAA
ATGCAAAGAT
GTGATTTCAA
AACTTATCTG
TGTGCAATAA
TCGACACCTG
ATTTACTCAA
TTCATTTTTT
TTTGAAGATT
CATCTCAATA
TGCATCCATT
901 TAAAGGGATA
961 TCCAAACCTG
1021CTGGTAATCA
1081CTATGGAAGT
1141TATGTTCAAC
1201ATGACAGAAT
1261TTGTTTTTTA
1321CAATCATTAC
1381ATGTCTATCT
1441GTAGATTCTA
1501GATTTCAAGA
1561TGATTATCCA
1621TCAGGCTTTT
1681TACATGTTTT
1741TGACAACTCA
1801TTATAAAATC

ATCAAAAGCG
TTGTTGCTAA
GGATAATACC
TAGTGCTTCT
AAATATCTTG
TGGAAATGGG
GGAGAGTCAC
CCTGTTCTGT
AAGAATTAGT
ATTATATATT
ATCTACTAGA
GATGTCCTGT
GTTCACCCAA
TATGAGTTGC
AATAGTTGGT
CAATGGGAAC
ATAAGAAAGC
TTTCATTTTT
TGATCTCTAA
ATGCCTTCTG
TCAGGTTGTG
ATATTTTAAG
GTAATATTTC
TTTTTTTTCT
GAGGAACATT
TCCTCCCACA
TATGTATATG
AGTAATACGG

GTCTTTGTGA
AAGTATGTTT
TTTCATTTTT
ATTTGAAGAT
GCATCTCAAT
CTGCATCCAT
TTAAAGGGAT
CTTAAAACTT
TGTGCTACAA
ATTATATAAG
TCCAGTTTTG
CCTGTGGCTC
AAATGAATAT
TTTCTTATGT
GGTTGTGGTT
CACCAACTGT
AACTTATACA
GGGTGAACTA
ATTATCAATG
TCCTTTGATT
GTACACATGT
AGATTTTTAG
AAGATTCGAC
GAAAAATCAT
TATTTGTACA
GTTAAATTTC
CATTTTATGT
ATTTATCAAA

CTTGAATGGT
CTTGGTTCTG
TAAGAATTAG
TATTATATAT
AATCTACTAG
TGATGTCCTG
AGTTCACCCA
AAAATCAAGA
TTCAAAGAGG
TATTATGACA
AGGAGGAGTT
CCTCTAGTGT
TCTGTCATCA
TGAAGATAAA
GCCATTGACT
TTGATTACCA
GGTTTTGAAC
TCCCTTTAAG
TACAAAAATG
GATAGTTCTT
CTCTCTGCTG
TATACTTAAG
ATTTATTTAA
GATAAAACAT
TCTTTCAGTC
ATCTTTTGAC
AAGCAGTCTA
TTATTTTTTG

GTCTAGACTT
TCTTAAAACT
TTGTGCTACA
TATTATATAA
ATCCAGTTTT
TCCTGTGGCT
AAAATGAATA
TGCAAAGATG
TGATTTCAAT
ACTTATCTGA
GTGCAATAAT
CGACACCTGG
TTTACTCAAC
AGAAGATATT
TCCATAGTAG
GCAATCTTCA
GATATGAGGG
CCTATGAAGT
GGAGAAAAAA
ACTTTTTAAT
TAAAATCTTT
AATAATATTT
TGAAGCAACT
ATCAAAAATG
ATCACTGTAT
AGTTATTGGG
TTATACTGTT
ATTATTATTT

TTAGCGTTCT
TAAAATCAAG
ATTCAAAGAG
GTATTATGAC
GAGGAGGAGT
CCCTCTAGTG
TTCTGTCATC
GATAATACCT
AGTGCTTCTA
AATATCTTGG
GGAAATGGGC
GAGAGTCACT
CTCATGTCAT
TTGAAGATTG
GAAAAAAATA
AAATATCTTC
TGAGTTAATG
CTATTGTATC
CTGTTGTATA
AATTTTGAAA
ACAGATTTTA
TAAGATCAGA
TAAATTTACT
ATAAATATGA
TTTATTGCAT
AGATATAGAG
ATAAATACTG
CAAATATCAG

Figure 1 Full-length genomic sequence and predicted amino acid sequence of Ccsox30 gene. The
nucleotide and amino acid sequences are numbered on the left of each line. “1” marks the
transcription initiation site, and the introns are shown in lowercase. The predicted promoter region
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is underlined (-47/257nt)m and the TATA box is in bold and boxed. The “stop codon” in front of the
start codon is in bold and under the dotted line. The start codon (ATG) is boxed and the stop codon
(TAG) is designated by an asterisk. The canonical polyadenylation signal (AATAAA) is in bold and
under the double lines. In the deduced amino acid sequence, the putative sequence of the HMG-box
is marked with a bending line, and the conservative motif of RPMNAFMVW in the HMG-box is boxed.

Alignment and phylogenetic analysis

The Ccsox30 contained the characteristic HMG-box DNA binding domain with a
conservative motif between species. The HMG-box of Sox30 between C. carpio and other
fish showed a ~65.22% similarity, while the complete peptides of both showed ~28.81%
similarity (Figure 2).

Homo NERARPEPPPCP. . .. ......... RPLRPAPPPLPVEGT TLSAAASATL CPA. VRRLL LLLPC. . 83
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Anolis KEAGI KTEL! . PELKI PLTLEPVPPG 215
Maylandia i KCEEEEAEEGSSRNPV‘LSVSPGCETFRCCPVKKE GHCSGI SGP TTPRNKTSLASVEKG 66
Pundamilia | KCEEEEAEEGSSKHPWL SVSPGCETFRCCPVKI GHCSGI SGP. . TTPRNKTSLASVETG 66
Oreochromis. | KCEAS. AEEGSSKHKPVWL SVSPGCETFCCCPVRKK. . GHCTGI SGP. . TTPGNKTSLASVETG 65
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Cyprinus | NSPLTGDLG!I KCDSAEVDTFPLYPSGCTSNVLTADN. Al PCFFSFKONPCSFNCNLSSEAPI 137
Nanorana NYSNLDTCI KSPVCCGNACTG 21
Consensus Conservative motif
Homo ARI CFCGAPPSELI RLTKVPLTPVPTKNCSLLEPSVKI ETKOVPLTVLPSCAGI PCTPF SKCRNGI R 370
Mus ARI CFCGPPPSELI RLSKVPLTPVPI KNCSLLEPSVKI ETKCVPLTVLPSCAGI PDTPF SKCRNG! 399
Anolis ARI CFCGPPPPELI RVTKVPVTCVPLKNCSLLEPSVKI ETKOVPLTVLPSDAGI PDTPF SKDROG! 315
GVGGYLKEEPCHFART. 158
Pundamilia NNGNFCGCGVGGYLKEEPCHFART. . 158
Oreochromis. HSGNFCGCGVGGYNKAEPCHFTCT. . 157
Plecoglossus S. FSFRECEPCI TLSRVPFPLSI PLVP. 253
Cyprinus SETVFPI VTHCPI SAASVI NREPI S. 229
L+ T < R \ 73
Consensus
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Mus PGLCNTI THPVGEAPPAI CLPTPAVCRPSPI TLFCPSVSSTGPVAVPPPSLTPRPSLPPCRFSGPSCYDI HRLPSGSSRSVKRSTPGSLESTTRI PAGAS 580
Anolis PNVCNSI GHPVCEAPSTI CLPTPSVCHPGPI TLFCPNVGSTTPLAAPTGNLPI RPVLCPPRFAAPSPTEAHHVSSGTNCSI KRPNCI S| ESASRNLNNTS 515
Maylandif = ..ciiccccciciccastetcnsssetinsansesttssssssesssassensnnn FNPLKYTGCEATCHRGEHCSS. 225
Pundamilia . FTPVKYTGCEATCCRGCHCSS. 225
Oreochromis . . FTPVR. . . . EVRCCGGCHCSS. L. 220
Plecoglossus P YYCSSSPCPATVTPSTCSRCPRA! RA 419
Cyprinus o 0 N 10 o P i 275
Nanorana LLAPGVSPVSSSVGVGCRI 150
Consensus
Homo TAHARFATSTI CPPREYSSVSPCPRSAPI PCASP. . | PHPHVYCPPPLGHPATLFGTPPRF SFHHPYFLPGPHYFPSSTCPYSRPPFGYGNFPSSNPECL 649
Mus TAKARFATSPI CPPKEYASVSTCPRSTPI PPATP. . | PHSKVYCPPPLGHPATLFGTPPRF SFHHPYFLPGPHYFPSSTCPYSRPPFCYGNFPSSNPECL 678
Anolis TAHSRY SVSNSCPPKEYSGVSSCSRNGPI PCAPPP. | PHPHVYCPPPI GHPATLFGATPRF SFHHPYFLPGPHYFPSSTCPYSRPPFGYGNFPSSNPECL 614
Maylandia FPPFFPCEKTTLCSVCPTCRVPIISS. . .................. APAVSYKVYYNPYYLLPVPYVSS. LSYHI CLARSSNEEGR 290
Pundamilia .. FPPFFPCEKI TLCSVCPTCPVPI | SS. APAVSYK\IVVN"VLLPVPVVSS .. LSYHI CLARSSNEEGR 290
Oreochromis. oo .. VSVFFPCEKTTLCSACPTWRVPIISS. ..................LAPA..... FYNPYYLLPVPYVSS. . LSYHI CLARSFNEEGR 281
SRRPHYR EGP \CSRPPCGLTHPHLYP. SYSVPHFFSGPFVPFNPSFFFPGSPFVPTG FFNGSYSVFERPNP.ADV! 502
Cyprinus  ................... VSRRPPVVPATCIST. .. .......oiiiiiiiiiiinnnnnnnn PFILTVWACRPNP. . ............ PEPLTSAR 311
Nanorana  ..... YAHNNGWTNGAYSLNCOCLGYSCHRGNNS. . .. ... innnnnnnnnnns PCLCCNHRYDNSSLCYNPNNS. . SACYYNNMSYVS.SPAY 218
Consensus
Homo SYYEDRYPKHEGI FSTENRCY SFRCYSSEC TS’ NPVPCLDI GTLENVF TAP. TSTPSSI CCVNVTDSDEEEEEK 748
Mus. GYYECRYCKHEAI FSAI.NRIZVPFRCVPCENTHSEUSRSCESNCGPFVVSSHGNGEEVLNMIPYLBI GALENVFTAP. ASAPSGVCCVNVTDSCEEEEEK 777
Anolis GFYECCYCKHEANF SALNRCYPFREYPDEHTHSECSRSCESLEGASYYSSHSCTEEEYLNPNPCLEI GALENVF TAT. PSTPSSVCCVNVTDSCCEEEGK 713
Maylandia AHHCI HPQTGCI VPASL SGETACCPNSTEKVLSG. SFTLESHTCPSI LTNCCL SSNRNEANKSEGDI CVVGLF. . 362
Pundamilia AHHCI KPCTGCI VPASLSGETACCPNSTEKVLSG. SFTLESHTCPSI LTNCCLSSNRNEANKSEGEI CVVGLF. . 362
Oreochromis. CHNCI YLCTGCI VPAFLSGETGCCPNSTCKVLSG. SFTLESHTCPSVI TNCCLSSNRNEANKSEEDI DVVGLL. 353
LSALNRCYLYCAPVASTEVEG. ... .... SAFANPPPPPPSCGEYLSTAPGLDVGALETVLYTFSPENLAWCR\IVYANENCEEE\IL 594
Cyprinus GCSSLNSPGSATYLYSLCLEVFRF TN. 338
Nanorana NCCTSTVNSLGSNGSVVKSEPSSPPPAI TSHTCR. . ACLGCLRCNI SNYLPPGGCGSCPSSLCNSRLHSVHCHYCSAGTGVNGTVPLTHI . 306
Consensus
Homo VLRD 752
Mus VLRN 781
Anolis VLRD "7
Maylandia — 362
Pundamilia ceee 362
Oreochromis. cees 353
Plecoglossus VLRI 598
Cyprinus i 338
Nanorana cees 306
Consensus

Figure 2 Alignment of the amino acid sequences of Sox30s. The HMG-box is underlined, and the
conservative motif in the HMG-box is boxed. The protein IDs were as follows: Homo sapiens
accession: BAA37146.1; Mus musculus accession: NP_775560.1; Podarcis muralis accession:
XP_028574201.1; Maylandia zebra accession: XP_004550310.1, Pundamilia nyererei accession:
XP_005727929.1; Oreochromis niloticus accession: ADM52739.1; Plecoglossus altivelis accession:
AHK05944; Nanorana parkeri accession: XP_018419654.1.
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To analyze the sequence homology and molecular evolution, all known and predicted
Sox30 protein sequences were selected from GenBank to construct a phylogenetic tree and
employed the yeast MATA1 sequence as outgroup (Figure 3). These ortholog proteins
were divided into four groups: mammal, bird, reptile, and fish. The phylogenetic tree
revealed that the common carp and Clupea harengus belonged to the same cluster, which
was most closely related to the cluster including Plecoglossus altivelis and Esox lucius,
which thus formed a separate cluster of fish Sox30 that differed from other vertebrate

Sox30 genes.

Bos taurus
Bos mutus partial
Orcinus orca P
Physeter catodon P
Camelus partial
Sus scrofa

Trichechus manatus

Leptonychotes weddellii

Odobenus rosmarus divergens
Galeopterus variegatus

Myotis brandtii

Pteropus alecto transcript variant X1
Pteropus alecto transcript variant X2
Mus musculus

Nannospalax galili

Pan troglodytes

Homo sapiens transcript variant a
Homo sapiens transcript variant b
Homo sapiens
Anolis carolinensis
Pelodiscus sinensis

Pseudopodoces Humilis Bird
Lepisosteus oculatus
Cyprinus carpio
Clupea harengus
Plecoglossus altivelis
Esox lucius
[ Oreochromis niloticus
‘_Xiphophorus maculatus

— Mamal

g YUY Y g g

—Reptile

a-Ra-]

o]

— Fish

W oYy

MATAI-Yeast

Figure 3 Phylogenetic tree showing the relationship between CcSOX30 and other vertebrate SOX30s.
They include all known and predicted piscine SOX30 sequences, representative of reptile, birds, and
mammalian sequences in GenBank. The bar indicates distance. The common carp SOX30 is marked
with a pentagram (). The protein IDs are listed in the supplementary data 1. “P” refers to predicted

amino acid sequence.

Chromosome synteny and genomic analysis

The genomic sequence of CcSox30 was 6441 bp in length, which contained five exons
(620, 237, 174, 127, and 311 bp) and four introns (290, 76, 487, and 143bp) (Figure 1)
when comparing the cDNA sequences with genomic DNA sequences. The intron-exon
structure of Ccsox30 was similar to that of other species, except for human, which
contained six exons. Compared with the Sox30 of mammals, C. carpio Sox30 was shorter
at both the N- and C-terminal regions. Furthermore, the HMG-box domain in the putative
sox30 ORF was found to be interrupted by introns when compared to the cDNA sequence
with the genomic DNA sequence (Figure 4).
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Figure 4 Diagrammatic comparison of the gene structure of the Sox30 gene from various species.
Numbers on and under each schematic represent the lengths of exons and introns of the
corresponding genes, respectively. The genomic DNA sequence of various species were obtained
from the NCBI genomic database (https://www.ncbi.nlm.nih.gov/).

Subsequently, the chromosome syntenic relationship of the common carp Sox30 genes
with other animal orthologs was obtained by comparing their chromosome locations. The
orientation and chromosomal position of Sox30 were manually determined from the gene
orientations listed in BIOMART from the NCBI database. In pig, chicken, anole lizard and
coelacanth, Sox30 was adjacent to gene Thgll (tRNA-histidine guanylyltransferase 1-like)
and Adam19 (ADAM metallopeptidase domain 19). However, Sox30 in human, mouse, Nile
tilapia, and common carp were not. The orientation and chromosomal/scaffold position of
Sox30 from common carp were identical to that of Nile tilapia, which was on the scaffold

flanked by clintl (Clathrin interactor 1) and tcergl (Transcription elongation regulator 1)
(Figure 5).
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Human Mouse Pig chicken
Chromosome 5 Chromosome 11 Chromosome 16 Chromosome 13
ficp
rpi26p18 L“;:gf“": 284 clintt
nipal4 clintt _ Loc107054524
clint1
ncRNA
adam19
Ism11 Ism11 Ism11
rnu6-390p thg11
. Thgtl Thgitl
am
Sox) InCRNA oy S0
Loc105377675 sox30
ncRNA ~THD adam19
o1 Gm12165
pseudo nipal4 nipal4
sox30p1 Gm12166
pseudo cyfip2 fndc9
Loc105377676 nir8100
ncRNA fndc9 cyfip2
Thgtl
g nipal4 itk
green anole lizard common carp Coelacanth Nile tilapia
unplaced scaffold scaffold 000000011 Chromosome 13 Chromosome 5
itk
ficp
dgk loc100697254
itk cyfip2
PRSS/B crebrf
cyfip nipal4 peyoxit
nipal4 teergt adam19
tcerg1
adam19 Zoxl s0x30 sox30
lint1
sox30 cin Thil clint1
Loc1109073006 i i
ops
Thotl NCRNA tami1 proesd
lsmi1 Loc1109073008 tpst1
pseudo clint1
clint1 tgp1 crep
Loc106702957
ncRNA

Figure 5 Chromosome syntenic relationship of common carp sox30 genes with other animal
orthologs. Conserved syntenies are shown for chromosomal segments containing sox30. Rectangles
represent genes in chromosome/scaffold and arrows represent gene-coding direction. Sox1, arhgef7,
tubgcp3, atplla and mcf2la orthologs are shown in red, green, yellow, blue and purple, respectively.
Chr, chromosome; Sca, scaffold.

Verifying of promoter activity

The core sequence of the Ccsox30 gene promoter region was 250 base pairs in front of
the gene initiation region, including TATA box (Figure 1). Based on the prediction results
of the transcription initiation site, a 5'-flanking sequence was designed with two

endonucleases (BamHI/EcoRI), and then ligated to the pEGFP vector (a promoterless

report vector). The recombinant plasmid pSox30-EGFP was transferred into the caudal fin
cells (CFCs), and the fluorescence was observed after 24 h. The green fluorescence was
observed in the recombinant group, while the control group showed no fluorescence (Figure
6).
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Figure 6 The observation results for verifying the promoter activity of the 5'-flanking DNA fragment
of the Ccsox30 gene by fluorescent microscopy. The fin cells transfected with pEGFP (promoterless
plasmid as a control) were observed under fluorescent microscopy (A) and light microscopy (B),
respectively. The fin cells transfected with pSox30-EGFP were observed under fluorescent microscopy
(C), and the merging of fluorescent and light microscopy is shown in Figure D (100x magnification).

Tissue distribution and ontogeny expression of CcSox30 in gonads of C. carpio

The expression levels of CcSox30 in gonads, intestines, spleen, hepatopancreas, brain,
muscle, kidney, adipose tissue, swim bladder, and gill were quantified by RT-qPCR. The
results indicated that Sox30 expression levels in the gonads were highest compared with
other tested tissues in both male and female fish. Further, the expression level in the testis
was significantly higher than that of the ovary (Figure 7).

250+

Male Female

2004

Relative mRNA expression level

-
T
R S N R Y & D
LTI ST S
SIS N & TN T
- & S
& WO o

Figure 7 Expression patterns of CcSox30 mRNA in various adult tissues. The CcSox30 mRNA levels
were measured via a real-time quantitative polymerase chain reaction (RT-gPCR) and normalized
against the housekeeping gene B-actin. The values are shown as mean +£SE (n = 5). Each tissue
sample was a mix from five individuals.

Sox30 expression was detected in the gonads of the common carp at the stages of
PGC, T1, TA, O1, and OA via RT-gPCR. As shown in Figure 8, the expression levels of Sox30
at the initial (T1) and mature stages (TA) of testicular development were much higher than
that in other developmental stages of ovary and PGC stages. Moreover, the expression
level of Ccsox30 at sexual maturity was higher than that in the initial gender development
stage.
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Relactive expression level
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Figure 8 Expression levels of CcSox30 in different developmental stages of the gonads. CcSox30
mMRNA levels were measured RT-gPCR and normalized by the housekeeping gene B-actin. The values
are shown as mean £SE (n = 5). PGC, Primordial germ cells; testis and ovary were collected at early
stages of sex differentiation (T1 and O1) and at adult sexual maturity stage (TA and OA).

Discussion
To date, more than 30 Sox family transcription factors have been divided in A-K groups.
Accumulating evidence has documented that the Sox family shares a characteristic high-
mobility-group (HMG) domain that binds DNA in a sequence-specific manner, which is then
involved in embryonic development and cell fate decisions, such as sex differentiation,
maturation and/or sex changes (Bergstrom et al., 2000; Navarro-Martin et al., 2009;
Zhang et al., 2010; Zhou et al., 2002).

Sox30 was initially cloned from mouse and human, and then from the teleost Nile
tilapia, where several studies have identified its essential roles in embryonic development.
However, the gene structure of Sox30 and its potential regulatory roles in sex development
have remain unexplored. Therefore, this study initially cloned and characterized the full-
length cDNAs, DNA sequence, and the 5’-flanking regions of the common carp Cyprinus
carpio Sox30. Subsequently, various bioinformatics analyses were performed to further
detect its expression patterns in different C. carpio tissues, which suggested its key roles
in spermatogonial differentiation and spermatogenesis.

Based on data from the common carp gonad expression library, this study cloned the
full-length cDNA of Sox30, which was a novel testis-specific Sox family member (Osaki et
al., 1999). Accumulating evidence revealed that Sox proteins share a characteristic high-
mobility-group (HMG) domain that binds DNA in a sequence-specific manner, which is
involved in embryonic development, cell fate decisions, cell proliferation, and disease
processes (Kamachi and Kondoh, 2013).

As expected, protein structure analysis using the SMART program showed that Ccsox30
contained 389 amino acids with the HMG-box domain. On the basis of the Sox30 amino
acid sequence alignment across species, Ccsox30 showed the specific amino acid
(RPMNAFMVW) motif in the HMG-box domain, which was consistent with the Sox gene
family designated by Ralf (Janssen et al., 2018). The HMG-box of Sox30 between C. carpio
and other fish showed a ~65.22% similarity, while the complete peptides of both showed
a ~28.81% similarity, which suggested that the Ccsox30 amino acid sequence and HMG-
boxes domains were comparatively conserved.

This was consistent with the notion that SOX sequences are highly variable outside the
HMG domain, although common non-HMG domains can be identified among a number of
SOX proteins; further suggesting a recent shared ancestry (Bowles et al., 2000; Uchikawa
etal., 1999). Furthermore, the constructed phylogenetic tree of the Sox30 and Sox families
showed that Sox30 was evolutionarily conserved from fish to mammal. The genomic
structure of Ccsox30 contained five exons and four introns, which was similar to human,
mouse, chicken, pig, platypus, coelacanth, and Nile tilapia, except for the green anole
lizard. Compared with the Sox30 of mammals, the genomic organization of fish, including
the common carp was much shorter. Similar phenomenon were found for Sox30 in Nile
tilapia (Han et al., 2010b). Moreover, the HMG-box domain of the putative Sox30 ORF was
interrupted by introns, which was characterized similarly to the Sox30 of Nile tilapia (Han
et al., 2010b).
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The genetic order and orientation of Sox30 from the common carp were the same as
that of Nile tilapia, which was located on scaffold 0 000 00011 and flanked by clintl
(Clathrin interactor 1) and tcergl (Transcription elongation regulator 1). However, these
three genes (sox30-Thgll-Adam19) were clustered in pig, chicken, green anole lizard, and
coelacanth, while interspersed in human and mouse. There were considerable variabilities
in the genetic arrangement of different species. The results suggested that chromosome
rearrangements, such as translocations and inversions, had frequently occurred during
genomic propagation in fish. However, the conserved genetic order remained, which
indicated that the genes originated from a common ancestor.

Based on the amino acid sequence alignment and genomic comparison, although the
Sox30 protein is highly conserved from fish to human in primary structure, it is not similar
to the finding in gene synteny. These findings suggested that the C. carpio sox30 flanking
gene might be split by several genes not yet found in evolution, or the genome sequencing
data was not annotated. This is consistent with previous studies that human and mouse
Sox30 were assigned to chromosomes 5g33 and 11, respectively (Osaki et al., 1999).
Further, Sox30 and its adjacent genes Thgll and Adam19 were located on the same
chromosome/scaffold in the same gene order in human, mouse, chicken, green anole
lizard, and frog (Han et al., 2010b).

The 5’ upstream sequences play a critical role in the regulation of gene expression.
Based on applicable technology established with the GFP gene driven by the predicted
promoter regions of Ccsox30, green fluorescence was observed in the recombinant plasmid
pSox30-EGFP, while the control group showed no fluorescence. This result suggested that
the sequence with 250 base pairs in front of the Ccsox30 gene initiation region possessed
promoter activity. However, further verification is required to test this practicality, as well
as to gain a profound understanding of the transcriptional regulation mechanism of
Ccsox30. This, by identifying the transcription factor binding sites in the 5’ upstream
flanking region of Ccsox30.

Gene expression pattern analysis is the basis of the study of gene function. Human
and mouse Sox30 are reported to be exclusively expressed in normal adult testis,
specifically in germ cells (Han et al., 2014a; Osaki et al., 1999). This expression pattern
suggests that Sox30 may be involved in mammalian spermatogonial differentiation and
spermatogenesis (Bai et al., 2018). In the Nile tilapia, the gonad specific expression and
spatiotemporal expression patterns of the alternative splicing isoforms suggested that
Sox30 may play a key role in gonadal differentiation and development (Han et al., 2010b).

In contrast to mammals, the Sox family genes involved in sex determination and sex
differentiation are more obscured in fish. Therefore, the present study evaluated the mRNA
expression of Ccsox30 in different tissues of female and male C. carpio. The results
revealed that Ccsox30 began to express in gonads from the PGC stage, and was
significantly higher than that of other configurations (male and female), which showed a
gonad-specific expression pattern, at least in adults. Furthermore, the expression level of
Ccsox30 in the testis was much higher than in the ovary. This study suggested that
Ccsox30 may be involved in spermatogonial differentiation and spermatogenesis in male
fish, as in human and mouse (Han et al., 2014a; Osaki et al., 1999). Additional studies on
Sox30 will be required to elucidate its precise function.

Conclusions
In summary, the full-length cDNA sequence of Sox30 in Cyprinus carpio was obtained.
Amino acid sequence alignment revealed that Sox30 was poorly conserved except in the
HMG-box, which suggested the high diversity and rapid evolution of these proteins. The
construction of a phylogenetic tree revealed that Ccsox30 was homologous to the genes in
other species. Ccsox30 was confirmed to be co-ortholog derived from gene duplication
through genetic structural analysis. However, results of chromosome synteny indicated
that the DNA surrounding Sox30 in different species was active in the rearrangement.
Moreover, the expression patterns were surveyed by RT-qPCR, which showed potential
functionality in spermatogonial differentiation and spermatogenesis. These results provide
new information for further study of the potential function of Sox30 in the common carp.
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