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The study focuses on the critically endangered Dabry’s sturgeon (Acipenser dabryanus), a species on the brink of extinction in the wild. This research investigates the role of the Forkhead box protein L2 (foxl2) in the gonadal development and differentiation of this species. The foxl2 gene, known for its role in various physiological processes, including sexual maturation, is hypothesized to play a significant role in the sex differentiation of Dabry’s sturgeon. This study cloned the full-length cds sequence of the foxl2 gene and analyzed its expression across various tissues, focusing on its response to estradiol treatment. Our findings indicate that foxl2 is predominantly expressed in ovaries and shows a dose-dependent response to estradiol, suggesting its potential role in ovarian differentiation. This research underscores the importance of foxl2 in understanding reproductive biology and offers a foundation for future conservation strategies.
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1 Introduction

Dabry’s sturgeon (Acipenser dabryanus), belongs to the Actinopterygii class and the Acipenseridae family (Zhuang et al., 1997). This species predominantly inhabits the upper reaches of the Yangtze River and its tributaries (Zhang et al., 2011). Recognized as a living fossil (Zhang et al., 2012), it was classified as critically endangered by the International Union for Conservation of Nature (IUCN) in 2010 (Wei et al., 1997).

Sexual maturity in Dabry’s sturgeon is typically reached within 4-6 years for males and 6-8 years for females (Zhuang et al., 1997). As for its dietary habits, Dabry’s sturgeon is omnivorous, although food preferences differ between juvenile and adult stages. Overfishing, dam construction, and habitat degradation have resulted in a dramatic decrease in the natural population of Dabry’s sturgeon, with the species nearing extinction in the wild within the Yangtze River (Li et al., 2015).

Efforts to aid the recovery of this endangered species have included the establishment of a national nature reserve, controlled reproduction, and the release of cultured juveniles (Zhang et al., 2011). While the exact location of the natural spawning ground of Dabry’s sturgeon remains unknown, it is believed to be situated in the lower reaches of the Jinsha River, below Maoshui, with feeding grounds located upstream of the Yangtze River (Zhuang et al., 1997).

Fishing of Dabry’s sturgeon was outlawed in 1982. Between 1984 and 1993, 124 Dabry’s sturgeon were inadvertently caught in the Luzhou section of the upper Yangtze River, with an additional 27 caught in the Yibin section between 1994 and 1996. From 2006 to 2010, a total of 39 Dabry’s sturgeon were identified in the upper Yangtze River (Du and Wei, 2016). However, sightings of wild individuals in the upper Yangtze River have been sparse since 2010. Monitoring data suggest that natural breeding of wild Dabry’s sturgeon has not occurred since 2000 (Du and Wei, 2016; Zhang et al., 2020). Consequently, all Dabry’s sturgeon currently residing in the natural waters of the Yangtze River are a result of artificial propagation and release. As such, captive breeding may represent the final opportunity for the survival and sustainability of Dabry’s sturgeon.

Despite progress in our understanding, there is still a lack of standardized methodologies for investigating gonadal development and differentiation. The timing of gonadal sex differentiation is not only late but also varies among species. Hypothetically, genes implicated in sex differentiation may not be active or expressed in the gonads of mature females or males, but rather in immature individuals. The specific mechanism underlying the gonadal differentiation and development in Yangtze Sturgeon remains unreported, posing a significant obstacle to the effective conservation and artificial propagation of Dabry’s sturgeon.

In an effort to facilitate long-term conservation strategies, there is an emerging focus on molecular breeding research for this species. Consequently, a comprehensive investigation into the sex-differentiation mechanisms and reproductive biology of Dabry’s sturgeon is paramount for the sustainable management and preservation of this critically endangered species.

The Forkhead box (Fox) proteins, typified by a forkhead (FH) domain, play integral roles in various physiological processes, including embryogenesis, sexual maturation, and cellular differentiation (Georges et al., 2014; Shen and Wang, 2014). The Forkhead box protein L2 (foxl2), a constituent of the Fox gene family, serves as a pivotal transcriptional regulatory factor. Its significant roles in various physiological processes, particularly in gonadal differentiation and development, have been extensively documented across a broad spectrum of organisms, ranging from invertebrates to vertebrates (Wan et al., 2021).

Foxl2 contributes to the inhibition of follicular apoptosis and the preservation of ovarian reserve function, and has been implicated in sex determination, premature ovarian failure, infertility, neoplasms, and Blepharophimosis syndrome (Liu et al., 2016; Wu et al., 2018). For instance, the ratio of Log10 (DMRT1L/foxl2) derived from two molecular markers for testes and ovaries has been utilized to ascertain the molecular timing of sex differentiation in Yesso scallop (Li et al., 2018).

In vertebrates, foxl2 deletion in mice precipitates abnormal ovarian granulosa cell development, leading to follicular arrest and oocyte atresia (Schmidt et al., 2004). Moreover, homozygous mutations in the foxl2 gene impede the completion of squamous transformation in ovarian granulosa cells, resulting in the absence of secondary follicles and oocyte atresia in mice, thereby underscoring the indispensability of the foxl2 gene in ensuring granulosa cell differentiation and ovarian maintenance (Schmidt et al., 2004). foxl2 has also been implicated in the differentiation of granulosa cells in the ovaries of Oryzias latipes (Nakamoto et al., 2006). In Clarias fuscus, foxl2 expression peaks prior to gonadal differentiation and then significantly decreases post-differentiation (Deng et al., 2015).

In Oreochromis niloticus, foxl2 gene mutations have been associated with a significant upregulation of male differentiation-related gene expression (Sfl, Dmrtl, and Gsdf) and a considerable downregulation of female differentiation-related gene expression (Zhang et al., 2017). The foxl2 mRNA level has been proposed as a suitable early-stage sex identification marker in Amur sturgeon (Yarmohammadi et al., 2017b). In Huso huso, foxl2 is predominantly expressed in female gonads (Yarmohammadi et al., 2017a). Collectively, these findings suggest that the roles foxl2 gene plays in sex differentiation may be evolutionarily conserved.

Despite the critical roles the foxl2 gene plays in orchestrating gonadal development, limited literature exists concerning its function in Dabry’s sturgeon. In this investigation, we simulated the full-length cds sequence of the foxl2 gene in Dabry’s sturgeon and analyzed its expression across various tissues. The objective of this study is to elucidate the molecular mechanisms underpinning gonadal development in Dabry’s sturgeon. This research aims to lay a theoretical foundation for understanding the regulatory mechanisms governing gonadal development in this species.




2 Materials and methods

All fish handling and experimental procedures in this study were approved by the Chinese Sturgeon Research Institute, the China Three Gorges Corporation, and the Hubei Key Laboratory of Three Gorges Project for Conservation of Fishes. All experiments were performed in accordance with relevant guidelines and regulations.



2.1 Experimental fish, sampling and gender identification

All Dabry’s sturgeon specimens were procured from the Chinese Sturgeon Research Institute located in Hubei Province, China. The specimens were the product of controlled artificial spawning and had a consistent genetic background. These specimens were the product of artificial spawning and were hatched at a consistent temperature of 18.0 ± 0.5 °C. Following a 24-hour fasting period, three healthy 1-year-old male and female Dabry’s sturgeon individuals were selected for sampling. Sex determination was carried out using sex-linked markers (F: TAAAGGGAGACGGCAGAT; R: CAGGAAAGGCAAGGATGT) developed by our laboratory (Hu et al., 2021).

Deep anesthesia was induced via a 0.05% solution of ethyl 3-aminobenzoate mesylate-222 (MS-222) from Sigma. Subsequently, various organs and tissues, including the pituitary, brain, hypothalamus, heart, liver, stomach, intestine, muscle, testicles, and ovaries were surgically removed and promptly submerged in liquid nitrogen for subsequent gene cloning and tissue distribution analyses.




2.2 RNA extraction and cDNA preparation

Total RNA was isolated from a variety of tissues utilizing the Total RNA Extraction Kit (Promega, Shanghai, China), strictly adhering to the manufacturer’s guidelines. The integrity and purity of the extracted RNA were evaluated using a Nanodrop 2000 spectrophotometer (Thermo Scientific) and 1% agarose gel electrophoresis.

Following this, complementary DNA (cDNA) was synthesized in a 20 µL reaction mixture containing 1µg of total RNA, 4µL of 5×FastKing-RT SuperMix, and RNase-Free ddH2O (TIANGEN, Beijing, China), in accordance with the manufacturer’s instructions. The synthesized cDNA was subsequently diluted and conserved at -20°C for future use.




2.3 Molecular cloning of foxl2 and bioinformatic analysis

The open reading frame (ORF) of the foxl2 gene was obtained using primers designed in accordance with the expressed sequence tag (EST) sequences of foxl2. These sequences were derived from the transcriptome data previously sequenced in our laboratory. Subsequently, the cDNA fragments of the foxl2 gene from the Dabry’s sturgeon (Adfoxl2) were generated through PCR amplification.

The PCR reaction was conducted in a final volume of 50 μL, incorporating 2 μL of cDNA, 4 μL of a 10 mmol/L dNTP mix, 5 μL of reaction buffer, 1 μL of each primer solution (as per Table 1), 0.4 μL of Taq polymerase (Takara), and 36.6 μL of nuclease-free water. The PCR protocol involved an initial denaturation step at 94°C for 3 minutes, followed by 35 cycles of amplification (94°C for 30 seconds, gene-specific annealing temperature for 30 seconds, and extension at 72°C for 30 seconds). A final extension step was performed at 72°C for 10 minutes.


Table 1 | Primer used for the experiment.



Following PCR, the products were subjected to electrophoretic separation on a 1.5% agarose gel and subsequently visualized via ethidium bromide staining. The presumptive gene fragments were then cloned into the PMD18-T vector (Takara, Japan) after the purification of the PCR products. Sequencing was carried out with an ABI3730XL sequencer (Applied Biosystems, Foster City, CA).

The DNA sequence was translated and the conserved domains of Adfoxl2 proteins were analyzed using DNAMAN version 7 and the NCBI CDD tools, respectively. The molecular weight (MW) and theoretical isoelectric point (pI) of the inferred Adfoxl2 protein were calculated using the Compute pI/Mw tool on the ExPASy online platform. The SignalP-5.0 Server was utilized to predict signal peptide cleavage sites of largemouth bass lamps. The Simple Modular Architecture Research Tool (SMART) was employed to predict the protein domain features of Adfoxl2, while potential transmembrane regions were anticipated with TMHMM. NetNGlyc-1.0 was used to forecast putative N-linked sites, and NetPhos-3.1 was employed to predict potential phosphorylation sites. Gene ontology predictions were made using the PredictProtein online server. The secondary structure and 3D molecular modeling of Adfoxl2 protein were predicted using PSIPRED and SWISS-MODEL, respectively, under default parameters.

For sequence and phylogenetic analysis of foxl2, online bioinformatics tools were utilized. The sequenced foxl2 and its corresponding amino acid sequence were analyzed using BLAST. Amino acid alignments and phylogenetic analysis were performed using MEGA5.0 software, employing the boot-strapped neighbor joining method. The amino acid sequences of foxl2 from other species were obtained from the NCBI website for multiple sequence alignment with Adfoxl2 (Table 2).


Table 2 | The summary of amino acid sequences of foxl2 that were obtained from the NCBI website.






2.4 Quantitative real-time PCR

Quantitative real-time PCR (qRT-PCR) was conducted employing the TB Green® Premix Ex Taq™ II (Tli RNaseH Plus) kit, with β-actin serving as the internal control gene. Primer sequences are provided in Table 1. The cDNA templates were derived from various tissues and ovarian tissues of 1-year-old female and female Dabry’s sturgeon specimens.

The total volume for the qRT-PCR reaction system was set at 20 µL. The reaction protocol consisted of three steps: an initial denaturation at 95°C for 30 seconds, followed by 40 cycles of denaturation at 95°C for 5 seconds, and annealing at 60°C for 34 seconds. The melting curve program was executed as follows: initial denaturation at 95°C for 15 seconds, annealing at 60°C for 1 minute, and a final denaturation at 95°C for 15 seconds.

Quantitative results were analyzed using the 2−ΔΔCt method. SPSS 27.0 and Microsoft Office Excel 2016 were utilized for statistical analysis of the quantitative data. One-way ANOVA and LSD tests were performed to discern significant differences among the data sets. A p-value less than 0.05 denoted a significant difference, while a p-value less than 0.01 indicated an extremely significant difference. Graphs were constructed using GraphPad Prism 9 (GraphPad Software, San Diego, CA, USA).




2.5 Expression analysis of foxl2 in estradiol-treated

The Dabry’s sturgeon specimens used in this study were obtained from the Chinese Sturgeon Research Institute in Hubei Province, China. All specimens in this study were products of controlled artificial spawning and possessed a consistent genetic background. Water quality parameters were monitored daily throughout the experiment. The average conditions were as follows: pH 6.6 ± 0.7 (measured by a YSI PH100 pH meter), dissolved oxygen 6.2 ± 0.6 mg/L (measured by a YSI model 55 oximeter), ammonia concentration less than 0.1 mg/L, and nitrite concentration 0.11 mg/L.

Three cohorts of 5-month-old Dabry’s sturgeon were housed in 16 m3 tanks and fed a diet supplemented with either 0, 50, or 100 mg of 17β-estradiol (E2) per kg of food. The fish were provided with E2-enriched feed for a period of 90 days, from 5 to 8 months post-hatching (mph). This period was chosen as it precedes the critical phase of sexual differentiation for this species. Post the 90-day treatment, the juvenile fish were fed twice daily ad libitum with commercial powdered food devoid of any hormonal supplementation. Fish were sampled at 8 mph.

Three healthy 8-month-old female and male Dabry’s sturgeon were sampled from each group after a 24-hour fasting period. The sex of the Dabry’s sturgeon was determined by identifying sex-linked markers (F: TAAAGGGAGACGGCAGAT; R: CAGGAAAGGCAAGGATGT), a method developed in our lab. Deep anesthesia was induced using a 0.05% solution of MS-222. The testes and ovaries were surgically removed and immediately submerged in liquid nitrogen. Total RNA was then extracted from these samples, and complementary DNA (cDNA) was synthesized as described earlier. Primers for foxl2 (Table 1) were used to assess the impact of E2 on the expression of this gene in relation to sexual differentiation. The qRT-PCR reaction was carried out as per the previously described.





3 Results



3.1 Adfoxl2 gene sequence characteristics

A homolog of the foxl2 gene, termed as Adfoxl2, was identified from transcriptomic data of Dabry’s sturgeon and its accuracy was confirmed using PCR technology (GenBank No. PP942814). The Adfoxl2 gene encompassed an open reading frame (ORF) of 918 base pairs, encoding a protein comprised of 305 amino acid residues. The predicted theoretical molecular weight of this protein was 76.5 kDa, with a theoretical isoelectric point of 5.04. The protein did not possess any transmembrane or signal peptide regions but contained a 90-amino-acid forkhead (FH) domain located from the 45th to the 135th residue (Figure 1).




Figure 1 | Structure and sequence analysis of Adfoxl2. (A) CDS sequence and deduced protein sequence of Adfoxl2. (B) Schematic illustration of foxl2 protein structure. The nucleotide and amino acid positions are indicated on the left. The stop codon is represented by a black asterisk (*). Potential N-glycosylation sites are marked with circle.



The Adfoxl2 protein exhibited an FH domain, the specifics of which are illustrated in Figure 1. Furthermore, the number of signaling peptides, transmembrane regions, and potential N-glycosylation sites in Adfoxl2 were 0, 0, and 4, respectively.

Secondary structure analysis revealed that the Adfoxl2 protein comprises 8 alpha helices and 2 beta strands, as determined through online protein structure prediction tools (Figure 2A). A three-dimensional (3D) molecular model of Adfoxl2 was constructed using the SWISS-MODEL server. The sequence identity between Adfoxl2 and the template protein (Forkhead box protein L2, AlphaFold DB model of Q1JPV2_DANRE id: Q1JPV2.1.A) was found to be 85.62%. This high degree of similarity suggests that the 3D model of the Adfoxl2 protein is reliable and confirms its classification within the foxl2 protein family (Figure 2B).




Figure 2 | Secondary structure (A) and 3D structure (B) of the Adfoxl2 protein.



The predicted Adfoxl2 protein sequence was aligned with its homologs in different species (Figure 3). As shown in Figure 3 and Table 2, the deduced amino acid sequence of Adfoxl2 was very similar to that of the Acipenser ruthenus (99.7%), and Acipenser schrenckii (96.1%) in analyzed Acipenser. Phylogenetic analysis (Figure 4) showed that foxl2 proteins identified from Acipenser were clustered together. These phylogenetic relationships are consistent with the classification and evolutionary status of these species.




Figure 3 | (A) Multiple sequence alignments of Adfoxl2 amino acid sequences with that in other species. The putative conserved domain is indicated. (B) CDD analysis showing the conserved domain of foxl2 proteins.






Figure 4 | Phylogenetic tree of foxl2 constructed by the neighbor-joining method. Numbers at the tree nodes are bootstrap values with 500 replicates.



To elucidate the functions of Adfoxl2, its expression profile across various tissues was examined. As depicted in Figure 5A, the Adfoxl2 gene exhibited predominant expression in the ovary, with the expression level in the gonad significantly surpassing that in other tissues. Moreover, the expression of Adfoxl2 was generally higher in females compared to males across most tissues. Figure 5B presents the comparative expression levels of the Adfoxl2 gene in the ovaries and testes of the Dabry’s sturgeon at 8 and 12 months of age. Notably, the gene exhibits significantly higher expression in the ovaries compared to the testes for both age groups, as evidenced by the quantitative RT-PCR data. Moreover, there is a discernible increase in Adfoxl2 expression from the 8-month to the 12-month stage in both tissues. However, the rate of increase is substantially more pronounced in the ovaries, suggesting a potentially more critical role of Adfoxl2 in ovarian development or function within the observed period.




Figure 5 | (A) Expression pattern of Adfoxl2 in different tissues of Dabry’s sturgeon determined by qPCR analysis. (B) The expression pattern of Adfoxl2 in testes and ovaries at 8 and 12 month stages. Data with black asterisk was significantly different (p < 0.05).



The expression levels of the foxl2 gene were assessed in testes and ovaries under three different estradiol concentration experimental groups (0, 50, 100 mg/kg) (Figure 6A). In the testes, the expression levels of the foxl2 gene initially increased and then decreased, with significant differences observed between adjacent experimental groups. Specifically, the expression levels were higher in the 50 mg/kg group compared to the 0 mg/kg group and lower in the 100 mg/kg group compared to the 50 mg/kg group. In the ovaries, the foxl2 gene expression levels increased with increasing estradiol concentration. Significant differences were noted between the 100 mg/kg group and the other two groups (0 mg/kg and 50 mg/kg). When comparing the foxl2 gene expression levels between testes and ovaries within each experimental group, significant differences were found in the 0 mg/kg and 100 mg/kg groups (Figure 6B). These results suggest that estradiol concentration affects the expression of the foxl2 gene differently in testes and ovaries, highlighting its potential role in gonadal differentiation and function.




Figure 6 | (A) Changes in the expression levels of the foxl2 gene in testes and ovaries under three estradiol concentration experimental groups (0, 50, 100 mg/kg). (B) Comparison of foxl2 gene expression levels in testes and ovaries under the three estradiol concentration experimental groups (0, 50, 100 mg/kg). Data with black asterisk was significantly different (p < 0.05).







4 Discussion

While the mechanisms of sex determination and differentiation have been extensively studied in mammals and various teleost species, yielding the identification of several sex-determining genes, the process remains complex in Dabry’s sturgeon (Amberg et al., 2013; Amberg et al., 2010; Chen et al., 2016; Hale et al., 2010; Wang et al., 2019; Wang et al., 2017; Yarmohammadi et al., 2017a; Yarmohammadi et al., 2017b). In this study, we report the cloning and characterization of a foxl2 gene in Dabry’s sturgeon, including an analysis of its nucleotide and amino acid sequences. We further explored the expression pattern of this gene across different tissues in one-year-old Dabry’s sturgeon, comparing both females and males. In addition, the impact of E2 administration on foxl2 expression in the gonad was assessed.

The foxl2 gene in Dabry’s sturgeon exhibited a close relationship with the foxl2 gene in Acipenser. Similar to other foxl2 proteins, the Adfoxl2 gene cDNA encodes a protein of 305 amino acids, including a highly conserved forkhead (FH) domain, suggesting evolutionary conservation of Adfoxl2. Quantitative RT-PCR results revealed that Adfoxl2 was specifically expressed in the ovaries and testes, with significantly higher expression in the ovary compared to the testis (p < 0.01). As gene expression patterns are typically linked to function, the high expression of Adfoxl2 in the testis and ovary underscores its vital role in gonad development.

Previous studies on Acipenser species, such as Acipenser gueldenstaedtii and Acipenser schrenckii, have consistently reported higher levels of foxl2 expression in the gonad (Okada et al., 2017; Degani et al., 2019). foxl2 expression was observed in undifferentiated gonads in Siberian sturgeon at around 90-120 days post-hatch (dph), with significant variations in expression levels among the individuals studied (Vizziano-Cantonnet et al., 2016). Around the same period (270 dph) in Russian sturgeon, foxl2 demonstrated clear sexual dimorphism with significantly higher expression in presumptive females (Hagihara et al., 2014). A similar dichotomous pattern of expression was observed in Amur sturgeon at around 270 dph (Okada et al., 2017).

Interestingly, around 300 dph in Siberian sturgeon, foxl2 expression levels were higher in males than females, though no explanation was provided for this observation (Vizziano-Cantonnet et al., 2016). By the time of cytological differentiation of the ovaries (420–480 dph), foxl2 transcript abundance was clearly higher in females than males in several species, further emphasizing its importance in maintaining ovarian function in sturgeons. In contrast, in 4-year-old stellate sturgeon, no statistically significant differences in foxl2 expression were found between the sexes, although the expression in females was slightly higher (Burcea et al., 2018). In the beluga, foxl2 expression varied at different stages of oocyte development, likely due to seasonal changes in expression (Yarmohammadi et al., 2017a). The result in this study showed discrepancy between the expected role of foxl2 as a female-biased gene and the observed high expression in the testes of Dabry’s sturgeon. Upon further investigation, we found that this could be attributed to several factors that warrant further exploration. The high expression of Adfoxl2 in the testicle may be associated with its role in testicular function and differentiation, similar to its function in ovarian development. Further studies are needed to explore this aspect. It is possible that the high expression of Adfoxl2 in the testes is related to a yet unidentified function in male reproductive physiology, which might be specific to this species or a broader phenomenon in teleost fish. Collectively, these findings underscore the critical role of foxl2 in gonadal differentiation and development.

Estrogens are synthesized from androgens via the enzymatic action of cytochrome P450 aromatase, encoded by the cyp19a1a and cyp19a1b genes in most teleost fish species (Li et al., 2019). The expression of cyp19a1a and endogenous estrogen production are confined to female gonads during the crucial period of molecular sexual differentiation (Li et al., 2019). In this context, pre-exposure to 17β-estradiol before the critical window of gonadal differentiation has been demonstrated to trigger ovarian differentiation in genetic males across various fish families, including Salmonidae, Cichlidae, Poecilidae, Anguillidae, Sparidae, Cyprinidae, Belontiidae, and Characidae (Chang et al., 1994; Pandian and Sheela, 1995; Piferrer, 2001; de Bem et al., 2012; Díaz and Piferrer, 2017). On the contrary, the administration of aromatase inhibitors prior to sexual differentiation has been reported to induce masculinization in genotypic female fish, as observed in species such as rainbow trout (Oncorhynchus mykiss), protogynous orange-spotted grouper (Epinephelus coioides), tilapia (Oreochromis niloticus), chinook salmon (Oncorhynchus tshawytscha), and European sea bass (Dicentrarchus labrax) (Guiguen et al., 1999; Piferrer and Donaldson, 1992; Navarro-Martín et al., 2009; Tsai et al., 2011).

In this vein, E2 treatments or aromatase inhibitor applications have been extensively employed for sex control in aquaculture, especially for establishing monosex cultures in species demonstrating pronounced sexual dimorphism in weight, size, or growth rate (Piferrer, 2001). Investigations involving South American pejerrey (Odontesthes bonariensis) have demonstrated that E2 treatment during early gonadal development diminishes the expression of testicular differentiation-related genes like amh and dmrt1 (Fernandino et al., 2008a, b), while concurrently enhancing the transcript abundance of cyp19a1a, associated with ovarian differentiation (Fernandino et al., 2008a). Additionally, our gene expression analysis indicated that the relative mRNA levels of foxl2 were significantly upregulated in both male and female Dabry’s sturgeon individuals following E2 exposure. These results showed a concentration-dependent effect of E2 on the expression of Adfoxl2 in the ovary. However, Adfoxl2 expression in the testicle was higher in the group treated with 50 mg of 17β-estradiol/kg food compared to the groups treated with 100 mg/kg and the control group (0 mg/kg). This finding suggests a complex dose-response relationship between E2 exposure and Adfoxl2 gene regulation. We hypothesize that the heightened expression of Adfoxl2 at the 50 mg/kg E2 dosage may be attributed to a sensitive threshold effect, where this particular concentration optimally activates the signaling pathways leading to Adfoxl2 transcription. Beyond this threshold, as evidenced by the 100 mg/kg E2 group, there may be a downregulation or desensitization of these pathways, resulting in reduced Adfoxl2 expression. This phenomenon could be analogous to a bell-shaped dose-response curve, where an optimal stimulus elicits a maximal response, and deviations from this optimal level lead to diminished effects. Furthermore, it is plausible that the 50 mg/kg E2 dosage aligns more closely with endogenous hormonal levels or a biologically relevant threshold for Adfoxl2 upregulation in Dabry’s sturgeon testes. The higher dosage of 100 mg/kg might overload the system’s capacity to respond, leading to a plateau or even inhibitory effect on Adfoxl2 expression due to potential negative feedback mechanisms or saturation of the receptors involved in E2 signaling. Conversely, in the ovaries, Adfoxl2 expression increased progressively with the concentration of E2, suggesting a dose-dependent response.

We propose several hypotheses to elucidate these phenomena. For the testes, the heightened Adfoxl2 expression at the intermediate E2 dosage could be indicative of a sensitive threshold for gene regulation, where this concentration optimally activates specific signaling pathways, leading to increased Adfoxl2 transcription. The reduced expression at the higher dosage might be due to a downregulation or desensitization effect, potentially involving receptor saturation or negative feedback mechanisms that counteract the hormone’s influence at higher concentrations.

In contrast, the ovaries’ response to E2 suggests a more linear, dose-dependent relationship, where the increment in E2 concentration directly correlates with increased Adfoxl2 expression. This could imply a different regulatory mechanism in the ovaries, possibly involving a more direct and proportional response to E2 levels, which may play a role in the ovarian differentiation process as previously suggested.

Collectively, these findings suggest that E2 may influence the gonadal differentiation and development of Dabry’s sturgeon by modulating the expression of foxl2. Given the role of foxl2 in teleost fish, our results suggest that foxl2 is a female-biased gene in Dabry’s sturgeon, potentially playing a role in the ovarian differentiation of this species. As scientific researchers, we recognize the imperative for a deeper investigation into the role of the foxl2 gene in the gonadal differentiation of the Dabry’s sturgeon, a species listed as critically endangered. The elucidation of the gene’s function through gain-of-function and loss-of-function studies would significantly enhance our understanding of its regulatory mechanisms in both ovarian and testicular tissues. However, the execution of such experiments is fraught with challenges due to the species’ protected status and its protracted life cycle. The scarcity of available specimens for research, compounded by the ethical considerations and conservation efforts surrounding this first-class protected species, has restricted our ability to procure additional samples necessary for these experiments. In light of these constraints, we advocate for innovative approaches that could potentially circumvent the need for physical samples. For instance, the application of cutting-edge genomic techniques, such as CRISPR/Cas9-based in vitro assays, could offer a viable alternative for studying the gene’s function without further impacting the already vulnerable population. Furthermore, we call for collaborative efforts among researchers, conservationists, and regulatory bodies to establish guidelines that balance scientific inquiry with the imperative to protect this endangered species. It is through such interdisciplinary cooperation that we can hope to advance our knowledge of the foxl2 gene’s role in Dabry’s sturgeon reproduction while ensuring the species’ survival for future generations.

In summary, this investigation offers an examination of foxl2 expression profiles in Dabry’s sturgeon during the stages of molecular and morphological sex differentiation. The primary expression of foxl2 was observed in the ovary of 1-year-old Dabry’s sturgeon, with significantly less expression detected in various somatic tissues. Moreover, our analysis of gene expression indicated that relative mRNA levels of foxl2 were significantly up-regulated in both male and female Dabry’s sturgeon individuals following E2 exposure. This model opens new avenues for exploring the mechanisms of gonadal sex differentiation and the effects of environmental estrogenic exposure in Acipenser fish. Future research endeavors will aim to deepen our understanding of sex differentiation in sturgeon by studying other sex-related genes.
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Species Accession number Leng Similarity Identity
Acipenser dabryanus PP942814 305 1 1
Acipenser ruthenus XP_033894815.3 305 99.7% 99.7%
Polyodon spathula XP_041125750.1 305 97.7% 97.0%
Acipenser schrenckii BAZ96608.1 305 96.1% 96.1%
Hypomesus transpacificus XP_046892372.1 305 97.7% 94.1%
Salmo salar XP_029571554.1 305 95.7% 92.1%
Ornithorhynchus anatinus XP_028911073.1 379 66.8% 59.4%
Choloepus didactylus XP_037683851.1 377 66.6% 59.9%
Elephas maximus indicus XP_049726166.1 378 68.3% 61.4%
Mus musculus NP_036150.1 377 67.9% 61.0%
Homo sapiens AAY21823.1 388 66.0% 59.8%
Microcaecilia unicolor XP_030072398.1 306 90.8% 86.3%
Bufo gargarizans XP_044148447.1 306 89.9% 82.4%
Bombina bombina XP_053564950.1 328 80.5% 74.7%
Geotrypetes seraphin XP_033815285.1 306 86.3% 83.3%
Spea bombifrons XP_053316159.1 328 82.6% 75.3%
Semnornis frantzii NXR06044.1 305 89.8% 83.9%
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Dryobates pubescens XP_009903108.2 305 89.5% 83.6%
Eubucco bourcierii NXF84636.1 305 89.5% 83.6%
Tricholaema leucomelas NXX49841.1 305 83.6% 89.2%
Callorhinchus milii XP_007886320.1 | 313 84.7% 78.3%
Rhincodon typus XP_020370049.1 306 86.3% 82.0%
Hemiscyllium ocellatum XP_060690220.1 306 86.6% 82.0%
Carcharodon carcharias XP_041033020.1 306 86.6% 81.4%
Rhizoprionodon lalandii AFU74227.1 306 85.9% 81.0%
Platysternon megacephalum TFK00628.1 305 89.2% 84.6%
Chrysemys picta bellii XP_005282573.1 305 88.9% 84.3%
Chelydra serpentina KAG6935235.1 305 88.2% 83.9%
Chelonoidis abingdonii XP_032657316.1 305 88.5% 83.9%

Dermochelys coriacea XP_038272652.1 305 88.2% 83.0%
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