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Charactering the ZFAND3 gene 
mapped in the sex-determining 
locus in hybrid tilapia (Oreochromis 
spp.)
Keyi Ma1, Minghui Liao1, Feng Liu1, Baoqing Ye1, Fei Sun1 & Gen Hua Yue1,2,3

Zinc finger AN1-type domain 3 (ZFAND3) is essential for spermatogenesis in mice. However, its function 
in teleosts remains unclear. In this study, we characterized the ZFAND3 gene (termed as OsZFAND3) 
in an important food fish, tilapia. The OsZFAND3 cDNA sequence is 1,050 bp in length, containing an 
ORF of 615 bp, which encodes a putative peptide of 204 amino acid residues. Quantitative real-time 
PCR revealed that the OsZFAND3 transcripts were exclusively expressed in the testis and ovary. In situ 
hybridization showed that the high expression of OsZFAND3 transcripts was predominantly localized 
in the spermatocyte and spermatid. These results suggest that OsZFAND3 is involved in male germ cell 
maturation. Three single nucleotide polymorphisms (SNPs) were detected in the introns of OsZFAND3. 
The OsZFAND3 gene was mapped in the sex-determining locus on linkage group 1 (LG1). The three SNPs 
in the OsZFAND3 gene were strictly associated with sex phenotype, suggesting that the OsZFAND3 
gene is tightly linked to the sex-determining locus. Our study provides new insights into the functions 
of the OsZFAND3 gene in tilapia and a foundation for further detailed analysis of the OsZFAND3 gene in 
sex determination and differentiation.

Zinc fingers are extremely abundant in higher eukaryotes1. As a kind of protein motif with finger-like protrusions, 
zinc fingers were first identified in a study of transcription in the African clawed frog, which revealed that the 
binding strength of a small transcription factor (TFIIIA) was due to the presence of zinc finger structures2. Since 
the TFIIIA was reported, the DNA-binding properties of zinc fingers have been explored1. Also, it has been later 
reported that zinc fingers can mediate protein-protein interactions3. Until now, numerous genes with varying 
functions have been verified to encode zinc finger proteins, including sex-determining and differentiation genes. 
For example, transformer-1 (tra-1) in the nematode Caenorhabditis elegans, which activates sex differentiation 
genes downstream, encodes two zinc fingers4; steroidogenic factor-1 (SF-1) in humans, which can cause XY sex 
reversal, contains two zinc fingers5; and different isoforms of male-specific fruitless (fru) in Drosophila melano-
gaster have diverse regulatory roles conferred by zinc finger domains6.

Among the important zinc fingers, the A20/AN1-type zinc finger protein family is conserved in animals and 
plants7. However, only a few A20/AN1-type proteins have been found in fish and mammals7. A20, which contains 
seven Cys2/Cys2 zinc fingers at its C-terminal, is firstly identified as a cytokine-inducible gene with the function 
of primary response in humans8. As an ubiquitin-like fusion protein, the AN1 domain was originally found at 
the C-terminus of AN1 type and localized to the animal hemisphere of Xenopus laevis eggs or in early embryos9. 
However, the function of AN1 domain had been unclear until the characterization of zinc finger AN1-type 3 
(ZFAND3) in mice in 199910. ZFAND3, also known as the testis-expressed sequence 27 (Tex27), was first isolated 
from the mouse testis and its expression is essential for spermatogenesis10. In humans, recent study showed that 
ZFAND3 is also involved in type II diabetes11. Although molecular cloning of ZFAND3 cDNA has been per-
formed in vertebrates, such as reptiles12 and amphibians9, the function of ZFAND3 remains largely unclear in fish.
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Tilapia is the common name for a group of cichlid fishes native to both fresh and salt water in Africa and the 
Middle East. As one of the most important food fish in the world13, tilapia could provide a good source of animal 
protein and high-quality meat with minimal inputs and efficient conversion from plant material to fish biomass14. 
In most tilapia species, there is a significant difference in growth performance between males and females. Males 
grow much faster than females and reach a larger size after reaching maturity14. The best way to obtain a male 
monosex population is through genetic control by developing YY “super males” which can sire more male prog-
enies15. This technology is therefore, reliable and consistent, and more and more sex-associated markers were 
identified and utilized in various tilapiine species. For example, microsatellite markers on linkage group (LG) 3 
and LG1 were linked or associated with sex phenotype in blue tilapia, respectively16. Sex-determining loci were 
mapped to LG1 and LG23 in Nile tilapia (Oreochromis niloticus)17,18, LG3 in hybrid population of O. niloticus ×  O. 
aureus19, and LG1 and LG22 in Mozambique tilapia and red tilapia13. By using RAD sequencing, a set of SNP 
markers highly associated with phenotypic sex were identified on LG1 in the O. niloticus families20. Recently, 
whole genome sequencing was performed in O. niloticus, in which a potential 8.8 Mb inversion was identified in 
a sex-determining locus on LG121. So far, one candidate sex-determining gene, amh on LG23, has been identified 
in O. niloticus22. Although our previous study showed that one sex-determining locus was mapped onto LG1 in a 
tilapia family13, no potential sex-determining gene has been identified on LG1 in this family yet.

The purpose of this study was to characterize the OsZFAND3 gene, which was mapped onto the 
sex-determining locus on LG1 in the family of hybrid tilapia (Oreochromis spp.) constructed by crossing a 
Mozambique tilapia male and a red tilapia female. We found that the gene was expressed exclusively in the tes-
tis and ovary. In situ hybridization showed that the high expression of OsZFAND3 transcripts was predomi-
nantly localized in the spermatocyte and spermatid. Additionally, three single nucleotide polymorphisms (SNPs), 
detected in the introns of OsZFAND3, were strictly associated with sex phenotypes. Our results suggest that 
OsZFAND3 is tightly linked to the sex-determining locus, and it may play an essential role in male germ cell 
maturation.

Results
Characterization of OsZFAND3 sequence and linkage mapping of the OsZFAND3 gene.  
Estimation of exon-intron boundaries by alignment of OsZFAND3 cDNA with the genomic sequence identified 
six exons and five introns in total (Supplementary Fig. S1A). All the observed splice acceptor and donor sites 
were in accordance with the consensus GT-AG rules. The OsZFAND3 cDNA sequence is 1,050 bp in length and 
contains an ORF of 615 bp, encoding a putative peptide of 204 amino acid residues (aa) (Supplementary Fig. S1B).  
The deduced amino acid sequence of OsZFAND3 has an A20-like zinc finger domain located from Pro19 to 
Ala41 at the N-terminal and a Serine-rich region from Ser102 to Ser164. After searching against the cNLS Mapper, 
potential nuclear localization signal (NLS) with consensus peptide sequences “RSRKRCHRC” was found in the 
OsZFAND3 protein. Targeted sequencing of the 279 tilapia F1 individuals of one family identified three SNPs 
(SNP1 T/C, SNP2 T/C and SNP3 A/G) in the OsZFAND3 gene (Supplementary Fig. S1A). SNP1 and SNP2 were 
located in the first intron, while SNP3 was found in the fifth intron. All the females (n =  151) were homozygous 
T/T for SNP1, T/T for SNP2 and A/A for SNP3, and the males (n =  128) were heterozygous C/T for SNP1, C/T 
for SNP2 and G/A for SNP3, respectively (Supplementary Table S1). This indicates that there is no recombination 
between the SNP genotypes and the sex phenotypes among the 279 individuals. In the following study, SNP1 
was selected for linkage mapping (Fig. 1). Using this SNP, which has a logarithm of odds (LOD) value of 408, 
OsZFAND3 was mapped onto LG1, between microsatellite markers Onil_1-89 and Onil_19-15 (Fig. 1).

Phylogenetic analysis of the OsZFAND3 gene. The deduced amino acid sequence of OsZFAND3 was 
compared with those of other vertebrates (Supplementary Table S2). OsZFAND3 showed a high identity (69–
99%) with the ZFAND3 of fish (except Danio rerio) and relatively low identity (45–52%) with those of mammals, 
reptiles and birds. The data were further analyzed to construct the molecular phylogenetic tree using amino 
acid sequences of ZFAND3 of selected species (Supplementary Fig. S2). The sequences could be divided into 
two clades, one of which included ZFAND3 from the selected fish, and another one contained the ones from 
other vertebrates. As expected, the OsZFAND3 and O. niloticus ZFAND3 was clustered with each other, with a 
well-supported bootstrap value of 100%. In addition, the selected species were used to analyze the adaptive evo-
lution of the ZFAND3 gene. Pairwise estimates revealed that the dN/dS values among these species were less than 
1 (Supplementary Table S3), suggesting that purifying selection could be playing an essential role in the evolution 
of the ZFAND3 gene.

Tissue distribution of the OsZFAND3 transcripts and its expression patterns. The expression pro-
files of OsZFAND3 transcripts in 11 tissues were analyzed with qPCR. As shown in Fig. 2, OsZFAND3 transcrip-
tional expression was observed exclusively in the testis and ovary. Moreover, the expression level of OsZFAND3 
transcripts in the testis was approximately 90 times than that in the ovary (P <  0.01). No product was detected 
from the other examined tissues or the negative control using deionized water as a template.

Tilapia testis is composed of numerous seminiferous tubules which contain abundant germ cells at diverse 
developmental stages (Fig. 3). Each of the seminiferous tubules is surrounded by the epithelium where the ser-
toli cells are located (Fig. 3A). As the initial stage of spermatogenesis, the spermatogonium is the biggest in size 
of all the germ cells in the tilapia testis, located close to the inside edge of the seminiferous tubule (Fig. 3A). 
Through mitosis, the spermatogonium transforms into spermatocyte, which undergoes meiosis to produce sper-
matids, which in turn produce spermatozoa. In our study, the tilapia spermatozoa were found in the center of 
the seminiferous tubule (Fig. 3A). To examine the spatial expression pattern of OsZFAND3 transcripts in the 
gonads, in situ hybridization was performed on the testis and ovary of the hybrid tilapia. However, we failed 
to detect the OsZFAND3 transcripts in the ovary, possibly due to its low expression levels. At the beginning of 
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Figure 1. Locations of SNP1 and microsatellite markers on LG1 of hybrid tilapia and linkage mapping of 
OsZFAND3. Locations of the four markers (Onil_1-89, Onil_19-15, Onil_27-3 and SNP1) developed in this 
study are labelled in the genetic map in cM and anchored in the O. niloticus draft genome in bp.

Figure 2. Tissue distribution of OsZFAND3 mRNA in 11 tissues from three female and three male hybrid 
tilapia individuals using qPCR. Each bar indicates the mean +  SE. ** Indicates that the difference is extremely 
significant.

Figure 3. Expression pattern of the hybrid tilapia OsZFAND3 transcripts as revealed by RNA in situ 
hybridization in the testis. (A) histological photograph of the testis development, and the section was stained 
with hematoxylin and eosin. (B) RNA in situ hybridization in the testis using the anti-sense probes, and (C) 
sense probes were used as the negative control. SE, sertoli cellls; ET, epithelia of the seminiferous tubule; SG, 
spermatogonium; SC, spermatocyte; SP, spermatid; SZ, spermatozoa.
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spermatogenesis, the signal detected was very weak in most of the spermatogonia. At later stages of development, 
strong signals were detected in the spermatocytes and spermatids. Subsequently, weak signals could also appear 
in the spermatozoa (Fig. 3B). No signal was detected in the epithelia (Fig. 3B), and when using a sense RNA probe 
in the testis as a negative control (Fig. 3C).

Subcellular localization of the OsZFAND3 protein. To determine the subcellular localization of the 
OsZFAND3 in vitro, we detected the fluorescence using the inverted confocal after transient transfection of tilapia 
nerve fiber cells with recombinant plasmid pEGFP-OsZFAND3, and empty pEGFP-N1 vector was used as a con-
trol. As shown in Fig. 4, the green fluorescence was observed throughout the cytoplasm and nuclei in pEGFP-N1 
transfected cells (lower row), while the green fluorescence of pEGFP-OsZFAND3 overlapped exactly with the blue 
fluorescence of nuclei stained by DAPI, indicating that the OsZFAND3 protein was only localized in the nuclei in 
the pEGFP-OsZFAND3 transfected cells (upper row).

Discussion
In the present study, we reported the identification and mapping of the OsZFAND3 gene in tilapiine species. 
Generally, ZFAND3 protein tends to contain two zinc-finger domains, the A20 zinc-finger domain and the 
AN1 zinc-finger domain12. However, the deduced OsZFAND3 protein has an A20-like zinc finger domain 
and a Serine-rich region located at N-terminal and C-terminal, but has lost the AN1 zinc-finger domain 
(Supplementary Fig. S1B). This could affect the three-dimensional structure and function of the OsZFAND3 pro-
tein. As a stable domain in protein structure, the Serine-rich region is often considered as a protein-interaction 
motif23. Furthermore, two (T/S) PXX sequences, existing in the Serine-rich region of the deduced OsZFAND3 
protein, could mediate DNA-protein interaction12. Animals exhibit high diversity of domain organization in the 
A20/AN1 zinc finger gene during evolution24, and the gain and loss of entire zinc finger domains could enable 
the appearance of functional divergence in proteins25. Compared to the ZFAND3s of the Japanese quail and the 
leopard gecko12, the missing AN1 zinc-finger domain in OsZFAND3 leads to a large region of difference outside 
the zinc finger at N-terminal and may generate the function diversity of ZFAND3 gene.

Vertebrates exhibit diverse sex determination systems26, resulting in different sex-determining genes depend-
ing on the species26–30. The tilapiine sex determination system is relatively complex13,17,18,31,32, as both XX/XY and 
ZW/ZZ sex-determination systems are known to occur in tilapia, implying that tilapia with divergent genetic 
backgrounds could have different sex chromosomes. In this study, the three identified SNPs in the OsZFAND3 
gene showed that our tilapia family might have an XX/XY sex determination system, which is consistent with the 
previous study in which the females were identified as homozygotes13,17. Due to prevalent interspecies crossing 
between the tilapiine species, the complexity of genetic backgrounds between families could be the main reason 
for this divergence of homozygosity or heterozygosity in both sexes. Additionally, various sex determination 
systems imply that different sex-determining genes may exist in tilapia families16.

One of the important characteristics of a sex-determining gene is its tight linkage with the non-recombinant 
part of the heterochromosome33. The three SNP loci of OsZFAND3 are strictly associated with the sex pheno-
type on LG1. Hence it implied that OsZFAND3 is tightly linked with the phenotype of sex in our tilapia family. 

Figure 4. Intracellular localization of OsZFAND3. Tilapia nerve fibers cells were transiently transfected with 
pEGFP-N1 control vector (below row) and pEGFP-OsZFAND3 (upper row). The localization of the nucleus was 
shown by DAPI staining.
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However, to determine whether it is a potential sex-determining gene that plays an essential role in controlling 
testis differentiation, further work such as carrying out a transgene method should be performed. Additionally, 
the sex-determining region in the present study is very long (approximately 1.0 million bps), therefore, families 
of different genetic backgrounds and more offspring of tilapia are needed to fine map and detect whether recom-
bination exists in this sex-determining locus in the future study.

According to the previous studies, ZFAND3 transcripts were expressed in various tissues in plants, and repre-
sented most of the expression profile of A20/AN1-type zinc-finger family genes7. The same result was also found 
in the mouse, where the ZFAND3 mRNA was expressed not only in the gonads, but also in the somatic tissues, 
such as kidney and liver10. In contrast to these studies, OsZFAND3 exhibits quite a distinct expression pattern, 
being exclusively expressed in the testis and ovary according to qPCR analysis (Fig. 2), suggesting that it could be 
essential for maintaining the function of testis and ovary. The determination of expression levels of OsZFAND3 
transcripts in the testis was fully supported by the results of in situ hybridization. Although the hybridization 
signal was very weak in most of the spermatogonia, high expression of the transcripts was detected to be pre-
dominantly localized in the spermatocyte and spermatid germ cells. At the last stage of spermatogenesis, the 
weak signal then re-appeared in the spermatozoa (Fig. 3B). The best explanation of the differential distribution is 
that OsZFAND3 could be related to the meiosis from the stage of spermatocyte to spermatozoa, suggesting that 
OsZFAND3 could be involved in male germ cell maturation in tilapia.

Nuclear proteins typically contain NLS, directing nuclear import for the relative protein34. Unlike the classical 
NLS consensus isolated from nuclear import pathway35, other proteins with NLS consensus sequences have not 
been very clear so far. Although OsZFAND3 protein is exclusively localized in the nucleus, strongly suggesting 
that it is a nuclear protein, there was no NLS of OsZFAND3 found after running the NLS search against the 
PredictProtein server. Since the database in the PredictProtein must undergo experimental verification, novel 
NLS could be missed, which may lead to false-negative result. In contrast to the PredictProtein, potential NLS 
was found in the OsZFAND3 protein after searching against the cNLS Mapper, indicating that OsZFAND3 is a 
nuclear protein with a new probable NLS.

As a confirmed family of transcription factors, SOX proteins usually contain NLSs36. Among the family, SRY 
and Sox9 are critical regulators of the mammalian sex-determining pathway30,36. OsZFAND3 is a sex-linked gene 
in tilapia with probable existing NLS, implying that it could be a functional transcription factor like the members 
in Sox family. However, future research such as yeast two-hybrid system and electrophoretic mobility shift assay 
should be performed to confirm this point.

In summary, we characterized the OsZFAND3 cDNA sequence in the food fish tilapia. Although OsZFAND3 
transcriptional expression was observed exclusively in the testis and ovary, the expression level in the tes-
tis was approximately 90 times than that in the ovary. In situ hybridization showed that the high expression of 
OsZFAND3 transcripts were predominantly localized in the spermatocyte and spermatid germ cells, and the weak 
signal appeared in the spermatozoa. Taken together, OsZFAND3 could be involved in male germ cell maturation 
in tilapia. In terms of the SNP genotype, the OsZFAND3 gene is tightly linked to the sex-determining locus on 
LG1 in our hybrid tilapia family constructed by crossing a Mozambique tilapia male and a red tilapia female. Our 
study sheds new insights on the function of OsZFAND3 in tilapia and provides the basis information for further 
detailed analysis of its function in sex determination and differentiation.

Materials and Methods
Ethics statement. All handling of fish was carried out in accordance with the guidelines on the care and 
use of animals for scientific purposes set up by the Institutional Animal Care and Use Committee (IACUC) of 
the Temasek Life Sciences Laboratory, Singapore. The IACUC approved this study with approval number, TLL 
(F)-12-004.

Fish rearing and tissue sampling. A total of 279 hybrid tilapia F1 offspring from crossing a Mozambique 
tilapia male and a red tilapia female, at the age of 140 days post-hatch (dph) with an average body weight of 
~120.0 g, were used in this study. This tilapia family was used in our previous study, and one sex-determining 
locus was mapped on LG113. Tilapia individuals were reared in a three-ton tank in the animal house of the marine 
fish facility of Temasek Life Sciences Laboratory, and fed twice daily with commercial pellet feed (Biomar, Nersac, 
France). Brain, gill, spleen, liver, kidney, muscle, intestine, heart, skin, testis and ovary tissues were collected from 
three males and three females, respectively. The samples were immediately frozen in liquid nitrogen and stored at 
− 80 °C until total RNA extraction. For histological observation and in situ hybridization, the ovarian and testis 
samples were fixed in 4% paraformaldehyde solution (PFA) overnight at 4 °C.

Sequence analyse of the ZFAND3 gene. The ZFAND3 gDNA (Genbank accession no. NC_022199.1) 
and cDNA (XP_005447615.1) sequences of Nile tilapia were obtained from the NCBI database. Primers were 
designed based on this gDNA sequence to confirm the OsZFAND3 cDNA sequence, and identify SNPs of the 
OsZFAND3 in the hybrid tilapia (Supplementary Table S4). All primers were designed by Primer3Plus (http://
primer3plus.com/). The open reading frame (ORF) of OsZFAND3 was identified using the ORF Finder (http://
www.ncbi.nlm.nih.gov/projects/gorf/). The NCBI alignment search tool, BlastN, was used to identify homologous 
sequences in GenBank (http://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences were aligned using CLUSTALW 2.037.  
Based on the deduced full-length ZFAND3 amino acid sequence alignments, a phylogenetic tree was constructed 
by the Neighbor-Joining (NJ) algorithm method embedded in the MEGA 6.0 software38. The reliability of the 
analysis was assessed by 1000 bootstrap searches. Maximum likelihood analysis was employed to detect adaptive 
evolution in the ZFAND3 gene using the YN00 program in the PAML X package39. The nuclear localization signal 
(NLS) of OsZFAND3 was identified using the PredictProtein server (https://www.predictprotein.org/) and cNLS 
Mapper (http://nls-mapper.iab.keio.ac.jp/).

http://primer3plus.com/
http://primer3plus.com/
http://www.ncbi.nlm.nih.gov/projects/gorf/
http://www.ncbi.nlm.nih.gov/projects/gorf/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.predictprotein.org/
http://nls-mapper.iab.keio.ac.jp/


www.nature.com/scientificreports/

6Scientific RepoRts | 6:25471 | DOI: 10.1038/srep25471

Genotyping of microsatellite markers. In order to fine map the sex-determining locus on LG1, gDNA 
was extracted from the caudal fin of the 279 tilapia F1 individuals mentioned above, according to the proto-
col developed previously40, and primers of three microsatellite markers (Onil_1-89, Onil_19-15, Onil_27-3, see 
details in Supplementary Table S4) flanking the sex-determining locus were designed in this study. The PCR 
amplification for each individual sample was performed in a 25 μ L volume, containing 10 ng gDNA, 1 ×  PCR 
buffer, 80 μ M of each dNTPs, 0.2 μ M forward and reverse primers and 1 U Taq DNA polymerase (Thermo Fisher 
Scientific, MA, USA). The reactions were carried out in a thermal cycler (MJ Research, CA, USA) using the 
following programme: one cycle of 3 min at 94 °C, 38 cycles of 30 sec at 94 °C, 30 sec at 55 °C and 30 sec at 72 °C, 
followed by a prolonged extension of 8 min at 72 °C. The PCR products were resolved on an ABI 3730XL DNA 
sequencer (Applied Biosystems, CA, USA) and genotyped against the internal size standard of GeneScan-500 
ROX. Then the genotypes of the 279 individuals were analysed in GeneMapper 4.1 (Applied Biosystems).

Genotyping of SNPs in OsZFAND3 gene, linkage and QTL mapping. To map the OsZFAND3 gene 
on the previous linkage map13, all the 279 F1 individuals were used to genotype SNPs of OsZFAND3. Briefly, a 
targeted region of OsZFAND3 gDNA was amplified using two primer sets: x3 SNP1 and x3 SNP2 (Supplementary 
Table S4). PCR amplification and programme for each individual sample were similar to those for the genotyping, 
except that the annealing temperature was 50 °C. The genotyping of identified SNPs was carried out by directly 
sequencing the PCR products in both directions with ABI 3730XL DNA sequencer (Applied Biosystems). SNPs 
among the resultant sequences were detected by alignment. Microsatellites Onil_1-89, Onil_19-15 and Onil_27-3,  
together with five microsatellites (Om251, Om432, Om188, Om287 and Om293) from Liu et al.13 were used for 
linkage mapping using the previous methods41–43. In order to determine whether OsZFAND3 was localized on 
the reported sex-determing locus13, one of the identified SNPs was used to map OsZFAND3 onto the linkage 
map using the method as described by Xia et al.41, and a LOD threshold of 3.0 was used to generate the Linkage 
map. Quantitative trait loci (QTL) analysis was carried out under BP model and LOD scores were obtained by 
bootstrapping with 10,000 permutations. QTL with LOD threshold of more than 95% (P <  0.05) at chromosome 
level were considered as significant.

Analysis of tissue distribution of OsZFAND3 with quantitative real-time RT-PCR (qPCR). To 
analyze the tissue distribution of OsZFAND3 mRNA, qPCR was used to determine the expression pattern. Total 
RNA from three males and three females was isolated using Trizol (Invitrogen, CA, USA), and treated with 
RNase-free DNase (Promega, WI, USA) for removal of contaminated gDNA. The A260/280 and A260/230 ratios of all 
the RNAs prepared were measured by Nanodrop 1000 spectrophotometer (Nanodrop Technologies, DE, USA), 
with the values within 1.80–2.00 and 2.00–2.50, respectively. The RNA quality was further accessed by electro-
phoresis on 2.0% agarose gel. The first strand of cDNA was synthesized using 5 μ g of DNase-treated RNA by 
Reverse Transcriptase M-MLV Kit (Promega). The reactions in triplicates were performed using the KAPATM 
SYBR FAST qPCR Kit (KapaBiosystems, MA, USA) in an iQTM 5 Real Time PCR Detection System (Bio-Rad, CA, 
USA) according to the manufacturer’s instructions. The primers used for OsZFAND3 amplification are shown in 
Supplementary Table S4. Relative gene expression was analyzed using the 2−∆∆CT method44, and the housekeeping 
gene β-actin was selected to normalize the relative expression level of OsZFAND3 in different tissues. One-way 
analysis of variance (ANOVA) with Tukey’s HSD test was performed using the SPSS statistics software package 
(SPSS, IL, USA)45,46. All results were expressed as mean +  SE. Significance was accepted at the level of P <  0.05.

Preparation of sense and anti-sense OsZFAND3 cRNA probes and in situ hybridization. A 
136-bp fragment of OsZFAND3 transcript was amplified and sub-cloned into pGEM®-T Easy vector (Promega). 
The recombinant plasmid was linearized either with Sac II or Spe I (Promega). Anti-sense and sense RNA probes 
labelled were synthesized with a DIG RNA Labelling Kit (Roche Diagnostics, Germany) using the SP6 and T7 
RNA polymerases (Roche), respectively. These probes were then treated with RNase-free DNase I (Promega) to 
remove the template DNA. In situ hybridization and histology was carried out as described previously44. Ovary 
and testis tissue sections (~5 μ m) were hybridized with DIG-labeled antisense or sense RNA probes. Slides were 
mounted using Canada balsam (Sigma-Aldrich, MO, USA). The DIG was visualized using colorimetric substrate 
NBT/BCIP solutions (Roche) according to the manufacturer’s instructions and microscope images were captured 
through a light microscope (Lecia, Germany).

Plasmid construction and subcellular localization. A pair of primers, containing restriction 
enzyme cutting sites of Xho I and Hind III, were used to amplify the ORF of OsZFAND3. The PCR products 
were cloned into expression vector pEGFP-N1 (Clontech Laboratories, CA, USA) and the recombinant plas-
mid (namely pEGFP-OsZFAND3) was confirmed by sequencing. To examine the subcellular localization of 
OsZFAND3, 2.2 ×  105 tilapia nerve fiber cells were transfected with 1 μ g of plasmid pEGFP-OsZFAND3 or the 
control vector pEGFP-N1, using Turbofect transfection reagent (Thermo) according to the manufacturer’s pro-
tocol. After 24 h transfection, cells were washed with PBS (pH 7.4), fixed with chilled methanol, stained with 
6-diamidino-2-pheny-lindole (DAPI) and observed through a LSM 510 META inverted confocal microscope 
(Zeiss, Germany).
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